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ABSTARCT  15 

Lake Atotonilco is a shallow saline waterbody located in the center-west portion of Mexico. 16 

The lake is in the low plain of an endorheic watershed. it is shallow with a large area of 17 

surrounding wetlands and is a refuge for dozens of native and migratory waterfowl. Its 18 

extremely flat morphometric features coupled with the precipitation and runoff regime from 19 

the watershed cause significant changes in the lake surface area and storage volume 20 

throughout the year. In recent years, the lake has behaved as an intermittent lake, remaining 21 

practically dry in June and reaching its highest storage volume in October. An ecological 22 
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water volume that the lake must have to support its biodiversity was estimated. This 23 

minimum lake storage volume can only be achieved if public policies are implemented to 24 

rationalize the use of water resources in the basin and to protect the few forest areas that 25 

remain in the watershed. 26 

Keywords: Lake Atotonilco, Lake Villa Corona, endorheic watershed, intermittent lake, 27 

playa lake, Mexico. 28 

INTRODUCTION 29 

Lake Atotonilco is a shallow lake located at 20°18’25.49” N and 103°39’04.11” W and at an 30 

altitude of 1352 m a. m. s. l. It is in the center-west of Mexico and to the southwest of the 31 

Guadalajara Metropolitan Area, the second largest city in the country (Figure 1). Officially 32 

Lake Atotonilco is known as “Laguna de Villa Corona” and, for the purposes of technical 33 

hydrological studies, its catchment has been subdivided as Laguna de Villa Corona “A” (337 34 

km2) and Laguna de Villa Corona “B” (390 km2), the total catchment area is approximately 35 

727 km2 (DOF, 2016) (Figure 1). The Spanish word “laguna” is used to refer to small shallow 36 

lakes. In fact, the size of the lake fluctuates with the seasons, depending on temperature and 37 

rainfall. According to historical records, its maximum surface area is 2,252 ha and the 38 

maximum depth of the lake is around 1.00 m during the wet season (SEMADET, 2005).  39 
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 40 

Figure 1. Location of Lake Atotonilco and its catchment area. 41 

According to Mexican regulations, Lake Atotonilco has a medium level of ecological 42 

importance, which means that there is a presence of populations of several species of regional 43 

relevance due to their contribution to ecosystem services or socioeconomic development (SE, 44 

2012). In Lake Atotonilco and its surroundings, there are around 241 species of birds, fish, 45 

reptiles and rodents, in addition to a significant range of insects (GBIF, 2022). Of the total 46 

number of species reported, 13 are in some degree of threat or in danger of extinction 47 

(SEMARNAT, 2010). The catchment area and habitat are moderately altered. They retain to 48 

some extent their operation, structure, and basic services, despite having undergone physical 49 

changes. The presence of anthropogenic infrastructure is evident in the lake since there is a 50 

road that fragmented the lake in its northern part. Obvious and significant alterations, but 51 
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certain components of the hydrological regime remain. According to the National Water 52 

Commission, the pressure for the use of water in the basin is classified as very high because 53 

the volume allocated for the different uses between the average annual availability in the 54 

basin and the aquifer exceeds 80% (REPDA, 2022). On the other hand, the conservation 55 

actions of the lake are still very limited compared to the serious pollution problems and the 56 

overexploitation of its water resources; which is why the watershed has been classified as a 57 

very high priority for attention, so actions that contribute to its recovery or rehabilitation 58 

should be considered. 59 

In the region where this lake is located, there is a series of small shallow lakes of tectonic 60 

origin (Atotonilco, Cajititlán, Zacoalco, San Marcos, Sayula, and Zapotlán), aligned from 61 

north to south and characterized by the Lakes’ endorheic features (INEGI, 2001) (Figure 2). 62 

As shown in Figure 2, the elongated Lake Zacoalco and Lake San Marcos are located in the 63 

named San Marcos watershed. According to recent geological studies, these lakes originally 64 

were interconnected with Lake Chapala covering an extensive region of western Mexico. 65 

They were divided because of volcanic and geological processes that occurred since Late 66 

Miocene to Early Pliocene (Zárate-Del Valle et al., 2005; Alatorre-Zamora et al., 2015). In 67 

particular, Lakes Atotonilco, San Marcos, and Sayula can be considered as playa (beach) 68 

lakes because when they are dry during the dry season, there are large visible areas of plains 69 

that give the appearance of being beaches (Last, 2002; Arche, 2007). In recent years, it has 70 

been observed that periods of drought in these lakes have been extended due to increased 71 

exploitation of underground water resources and the effects of climate change in the central 72 

and northern regions of the country (de Anda-Sánchez, 2020).  73 
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 74 

Figure 2. Geographic location of the closed watersheds Atotonilco, Cajititlán, San Marcos, 75 

Sayula, and Zapotlán, in the state of Jalisco, Mexico. 76 

In particular, Lakes Atotonilco, Zacoalco, San Marcos, and Sayula show significant 77 

reductions in water storage volume due to natural sedimentation processes that have occurred 78 

over thousands of years. This has resulted in saline soils with high concentrations of sodium 79 

and high electrical conductivity (1.0769 mS/cm in Lake Sayula, 6.7151 mS/cm in Lakes 80 

Zacoalco and San Marcos, and 6.9680 mS/cm in Lake Atotonilco) (INEGI, 2001). The high 81 

levels of salinity of the soil means that the waters of these lakes are not suitable for 82 

agricultural use (Richards, 1954). 83 
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To protect the integrity of the ecosystem, Lake Atotonilco was recognized as a wetland of 84 

international importance and designated as a Ramsar site on March 16, 2006 (SEMADET, 85 

2005; CONANP, 2006, p.63).  Its protection area covers around 2,850 hectares. In this 86 

protected area, the typical biodiversity of the continental wetlands of western Mexico is well 87 

represented. The area has been the habitat for a wide variety of endemic and migratory 88 

waterfowl. This shallow lake and its marshes are the sanctuary of dozens of endemic and 89 

migratory bird species, such as the cinnamon teal (Anas cyanoptera), the northern shoveler 90 

(Spatula clypeata), the northern pintail (Anas acuta), the roseate spoonbill (Platalea ajaja), 91 

the snow goose (Chen caerulescens), and the American white pelican (Pelecanus 92 

erythrorhynchos) among many others. The site offers protection to some species in the 93 

Federal Register such as the Cane Toad (Bufo marinus), the Mexican Garter Snake 94 

(Thamnophis eques), the Common Stripped Whiptail lizard (Cnemidophorus communis), the 95 

Bigfoot Leopard Frog (Rana megapoda), and the White-nosed Coati (Nasua narica) 96 

(CONANP, 2006). More recently some otters (Lontra longicaudis) have been sight in the 97 

western shore of the lake. 98 

Despite the ecological importance of this lake, its bathymetry, the hypsographic curves, and 99 

morphometric features of the lake and its watershed, were unknown. Likewise, there is no 100 

criterion to determine the minimum ecological volume that this lake must have to ensure the 101 

conservation of its biodiversity. This work describes the main morphometric features of Lake 102 

Atotonilco and its watershed. It includes the hydrographic characteristics of the catchment 103 

area, the monitoring of the temporary variations of the wet surface extension of the lake and 104 

its corresponding storage volume in the period from August 2020 to September 2021 and 105 
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proposes a method to determine the ecological volume required to sustain the lake’s 106 

biodiversity. 107 

METHODS 108 

Precipitation 109 

Lake Atotonilco watershed has an extreme variation of monthly rainfall by season. Table 1 110 

shows the calculated mean monthly precipitation in the basin from1963 to 2019.The rainfall 111 

period comprises 6 months starting in May and ending in October. The month with the most 112 

rain is July, with an average rainfall of 197.47 millimeters. The dry period of the year lasts 113 

for 6 months, from November to April 15. The month with the least rainfall is March, with 114 

an average rainfall of 2.37 millimeters. Figure 3 shows the distribution of mean monthly 115 

precipitation in Lake Atotonilco according to the data reported on Table 1. 116 

Table 1. Mean monthly precipitation in Lake Atotonilco basin in the period of 1963 to 117 

2019. 118 

 
Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Minimum - - - - 0.81 46.99 114.11 101.28 59.92 1.17 - - 

Mean 6.56 7.49 2.37 3.52 21.19 158.04 197.47 156.05 138.86 53.12 15.53 12.21 

Maximum 32.65 43.75 30.13 38.94 66.05 239.09 308.18 229.61 250.70 125.00 90.82 72.65 

 119 
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 120 

Figure 3. Distribution of mean monthly precipitation in Lake Atotonilco basin from 1963 121 

to 2019. 122 

Lake Bathymetry 123 

To generate the topographic and bathymetric maps of Lake Atotonilco a portable water level 124 

gauge was used to take direct measures of the water column depth in selected sites described 125 

in Figure 4. To measure altitude and geographical location a portable GPS System was used. 126 

The field work was carried out in October 2020. With the ArcGIS 10.8 program, a 127 

bathymetric model classification was performed every 0.10 meters from which the depth 128 

weighted average value was obtained.  129 

Hypsographic curves are graphs used to provide a visual representation of the relationship 130 

between the surface area of a lake basin and its depth (Håkanson, 1977; Florida 131 

LAKEWATCH, 2001). To generate the area-volume curve, it was necessary to use the ranges 132 

indicated above (0.10 m), to estimate the volumes of water for each class considered. The 133 
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Golden Software Surfer 20 software was used with the “Grid Volume” function (Surfer®, 134 

2021) to generate the graphs. The area (ha) was defined on the abscissa axis and the volume 135 

(Mm3) was defined on the ordinate axis. 136 

 137 

Figure 4. Measurement sites used to determine the topography and bathymetry of Lake 138 

Atotonilco. 139 

Morphometric parameters 140 

Basin area  141 

The area of Lake Atotonilco watershed was estimated using the ArcMap program. The 142 

catchment area is probably the most important morphometric and hydrological characteristic 143 

of a watershed. According to Jiménez & Materón (1986), the size of the hydrographic basin 144 

can be classified according to the criteria established in Table 2. 145 
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Table 2. Proposed basin classification according to its size (Jiménez & Matrón, 1986). 146 

 147 

Basin size (km²) Description 

< 25 Very small 
25 a 250 Small 
250 a 500 Intermediate-Small 

500 a 2,500 Intermediate-Large 
2,500 a 5,000 Big 

> 5,000 Very Large 

Perimeter  148 

The perimeter (P) is the length of the watershed dividing line (Campos, 1987). The area and 149 

perimeter of the basin are closely related to the present lithology; a soft rock gives rise to a 150 

well-drained basin with relatively large area and tendencies to rounded shapes. On the 151 

contrary, resistant rock gives rise to an elongated basin, with steep slopes, low drainage 152 

density and small areas (Díaz et al., 1999). The perimeter was calculated by using the 153 

ArcMap program. 154 

Slope of the basin   155 

Slope (S) is one of the main parameters that characterizes the relief of basin and allows 156 

comparison between basins (Guilarte, 1978). The slope of the basin is important in the 157 

relationship amongst infiltration, surface runoff, soil moisture and underground flows to the 158 

flow of the surface channels. This concept is representative of different slopes and is closely 159 

related to the erosive phenomena that manifest themselves on the surface. Table 3 shows the 160 

slopes classification according to Guilarte (1978). 161 

 162 

Table 3. Basin topography classification according to the degree of slopes. 163 

 164 
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Slope % Type of Land 

0 – 2 Plain 
2 – 5 Smooth 
5 – 10 Medium rough 
10 – 15 Rough 
15 – 25 Heavily Rugged 
25 – 50 Steep 

> 50  Very steep 
 165 

The Digital Elevation Model (DEM), necessary to estimate the slope, was generated using 166 

the information of six digital topographic charts that encompass the basin of Lake Atotonilco 167 

at a scale of 1:50000 of the National Institute of Statistics and Geography (INEGI). The 168 

interpolation of the ordinary Kriging model was used. The spatial data structure was 169 

quantified using linear variogram.  It is assumed that the closest data have greater weight or 170 

influence on interpolation, decreasing as the data move away from the point of interest 171 

(Schloeder et al., 2001). The estimate the slope was obtained from the DEM applying the 172 

Horn method (1981). This method is used for the calculation of the value of the nearest 173 

neighbors and the diagonal neighbors, the former having greater weight. The value is 174 

assigned to the central point, even if its elevation is not used in the calculation (Meza et al., 175 

2017). 176 

Average height  177 

The average height, H, is the mean elevation referred to the level of the gauging station at 178 

the mouth of the basin. The elevational variation of a hydrographic basin has a direct impact 179 

on its hydrological regime, thermal distribution, and therefore on the existence of 180 

characteristic microclimates and habitats according to prevailing local conditions (Rentería-181 
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Guevara et al., 2019). This parameter was obtained from the DEM by using the ArcMap 182 

program.    183 

Relief  184 

The relief parameter (R) represents the difference of the greater height and the lower height 185 

of the basin. The influence of the relief on the surface runoff is even more evident. A higher 186 

slope corresponds to a shorter duration of runoff water in the drainage network and tributaries 187 

of the main stem (Campos, 1987). This parameter was obtained from the DEM by using the 188 

ArcMap program.  It is represented by the equation (1). 189 𝑅 = 𝐻𝑚𝑎𝑥 − 𝐻𝑚𝑖𝑛                                       Eq. (1) 190 

Where:  191 

Hmax: Maximum basin height (m),  192 

Hmin: Minimum basin height (m) 193 

Length of the basin  194 

In endorheic watersheds, the watershed length is defined as the largest dimension that exists 195 

along a straight line from the mouth of the mainstream that discharges into the lake to the 196 

dividing line parallel to the mainstream (Schumn, 1956; Campos, 1987). This parameter was 197 

estimated by using the ArcMap program. 198 

Compactness Index  199 

The compactness index (C) corresponds to the relationship between the perimeter of the basin 200 

and the circumference of the circle that has the same surface of the basin (Sánchez, 1987).  201 

The closer the index is to 1.0 it is closer to be of circular form and therefore more compact 202 



 

13 

 

and increases as compactness decreases. This coefficient can reach values of 3.0 in the case 203 

of very elongated basins (Sánchez, 1987; Campos, 1987). It is represented by equation (2) 204 

and are classified according to Table 4. 205 

𝐶 = 0.282 𝑃√𝐴                                            Eq. (2) 206 

 207 

Where:  208 

P: Basin Perimeter in (km),  209 

A: Basin Area (km²),  210 

Constant: 0.282. 211 

 212 

Table 4. Shape classification table, determined by the compactness index parameter. 213 

 214 

Class Values of values Forms 

K1 1.00 a 1.25 Almost round to oval - round 

K2 1.26 a 1.50 Oval round to oval - oblong 

K3 1.51 a 1.75 Oval – oblong to rectangular oblong 

Shape index  215 

The shape index (Rf) is very often used to define the unit ideograph of the basin. When the 216 

value of the shape index is less than 0.5 or tending to zero , it represents the known 217 

characteristics of the basin with long slopes and canyoned shaped hydrological network with 218 

high sloped gradients and high drainage density. When the shape index is less than 0.5 the 219 

basin is elongated, runoff predominates and the regime is usually of the torrential type 220 

because there is more runoff concentrated in these basins, and when it presents values greater 221 

than 0.5 it indicates that they are rounded or compacted basins, with less torrential runoff and 222 

(Sánchez, 1987). It is represented by the equation (3). 223 
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𝑅𝑓 = 𝐴𝐿𝑎2                                              Eq. (3) 224 

Where:  225 

A: Basin area in (km²),  226 

La: Basin length (km). 227 

Hypsometric curve  228 

This curve represents the drained area varying with the height and surface of the basin, these 229 

elevation data are significant in the behavior of temperature and precipitation, and graphically 230 

represent the elevations of the terrain as a function of the corresponding surface (Campos, 231 

1987). The hypsometric curve can be modified according to the relative height and thus 232 

allows an estimation of the potential dynamic equilibrium state of the basin. According to 233 

Strahler cited by (Llamas, 1993), these show the characteristic curves representing the 234 

geological stage, as well as the erosive cycle of the basin and the type of basin, with different 235 

evolutionary potential. To estimate this parameter, it was necessary to classify the elevations 236 

using the ArcMap program. 237 

Order number   238 

It is the number that has a close relationship with the number of branches found in a drainage 239 

network of a basin, where the mainstem has the highest order. Where the order number is 240 

greater, the erosive potential will be greater, the sediment transport will be greater and 241 

therefore the direct runoff will also be greater than in another basin of the same area (Campos, 242 

1987). Horton (1945) pointed out that the higher the order of the basin, the greater its degree 243 

of river development. To estimate the following parameter, the ArcMap program was used 244 

under the Geographic Information System.  245 
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Number of runoffs  246 

It is represented by the total number of channels of order N1 + N2 + N3... etc., which we can 247 

find in a basin, this parameter indicates the number of branches found in the basin (Campos, 248 

1987).  To count the runoff, the ArcMap program was used under the Geographic Information 249 

System. 250 

Length of runoff  251 

This represents an indicator of the degree of slope of the basin, as well as the degree of 252 

drainage density. Areas with slopes or very steep slopes present a greater degree of branching 253 

of tributary currents, unlike valley areas with deep soils present long and perennial tributary 254 

currents (Guerra & González 2002).  To estimate the length of the runoff, the ArcMap 255 

program was used. 256 

Length of main runoff  257 

The length of the main river represents the distance between the mouth and the source of the 258 

stream (Klohn, 1970).  To estimate the length of the runoff, the ArcMap program was used 259 

to identify the main channel. 260 

Drainage density  261 

This physical parameter reflects the dynamics of the basin, the stability of the hydrological 262 

network, and the type of surface runoff, in general, is the relationship between the length of 263 

all river streams and the area of the basin (Sánchez, 1987; Llamas, 1993). In this way high 264 

values reflect a strong runoff, mountainous relief, with scarce vegetation cover and 265 
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impermeable soils. High drainage density results in faster runoff and increases the peak of 266 

the hydrograph (Campos, 1987). It is represented by the equation (4). 267 

𝐷𝑑 = 𝐿𝑒𝐴                                                        Eq. (4) 268 

Where:  269 

Le: Total length of runoff (km),  270 

A: Basin area (km²). 271 

Hydrological density  272 

The hydrologic density (Cf) represents the number of flow channels per surface unit. This 273 

parameter is interpreted as the number of channels per square kilometer that we find in the 274 

basin and that must be maintained to have stable hydrological conditions (Díaz et al., 1999). 275 

It is represented by the equation (5). 276 

𝐶𝑓 = 𝑁𝑤𝐴                                                          Eq. (5) 277 

Where:  278 

Nw: Number of Runoffs,  279 

A: Basin area (km²).  280 

Branch ratio  281 

Horton (1945), developed a system to order the networks of the surface streams of rivers. 282 

This was modified by Strahler (1964); the system known as Horton-Strahler is the best known 283 

and widely used method (Campos, 1987). Strahler's numerical criterion considers that the 284 

bifurcation relation (RB) is a dimensionless property and that drainage systems in 285 

homogeneous materials tend to show geometric similarity (Campos, 1987).  286 
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The value of the bifurcation from Horton's method is defined as the relationship between the 287 

number Ni of channels of order i and the number Ni +1 of channels of order i + 1. Horton 288 

found that the relationship is relatively constant from one order to another. It is represented 289 

by the equation (6). 290 

𝑅𝐵 = 𝑁𝑖𝑁𝑖+1                                                       Eq. (6) 291 

On the other hand, obtaining the value of the bifurcation of the basin by means of the 292 

numerical criterion of Strahler, shows the order of the currents in the abscissas and the 293 

algorithm of the frequencies of the currents in the ordinate, where the simple regression 294 

between both variables is obtained the relation of the algorithms and with an anti-logarithm 295 

of value of the slope of the line is obtained the bifurcation relationship for the basin (Sánchez, 296 

1987).   297 

Slope of the mainstem  298 

This average slope of the main channel is directly related to erosion at depth and to the 299 

transport capacity of suspended sediments (Campos, 1987).  The value of the slope of the 300 

mainstream is obtained from the DEM. 301 

Concentration time  302 

The concentration time (Tc), also called equilibrium time, is defined as the time it takes a 303 

drop of rain to move from the furthest point of the basin to the exit of the basin. Very short 304 

concentration times have intense flows and very fast sections, while longer concentration 305 

times determine attenuated flows and sustained recessions, considering that there is no 306 
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evaporation and that the surface is impermeable (Kirpich, 1940). It is represented by the 307 

equation (7). 308 

𝑇𝑐 = (0.87𝐶𝑓3𝐷𝑎 )0.385
                                           Eq. (7) 309 

Where:  310 

Cf: Mainstream length (km),  311 

Da: Maximum height – Minimum height,  312 

Constants: 0.87, 3, and 0.385. 313 

Lake surface area method 314 

According to Browne (1981) and Shang (2013) the lake surface area is an appropriate index 315 

for the habitat protection of lake ecosystems because the biodiversity increases with the 316 

surface area. Besides, lake storage is taken as an index of water quantity. Both lake surface 317 

area and storage volume increase with water level. The relationship between lake mean depth 318 

(Z) and surface area (S) can be expressed by Z= Z(S), and the relationship between surface 319 

area (S) and the storage volume (V) can be expressed by S=S(V). The lake surface area 320 

method was proposed to define minimum ecological lake level from lake level–area–storage 321 

volume curves, with detailed calculation procedures. The relationship between lake surface 322 

area and storage can be expressed by equation (8). 323 𝑆 = 𝑆(𝑉)                                                       Eq. (8) 324 

Where S is the lake surface area, and V is the lake storage. To eliminate the scaling effect of 325 

lake surface area and storage, dimensionless lake surface area (S) and storage volume (V) are 326 

used instead, which are defined as: 327 
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𝑠 = 𝑆𝑆𝑚𝑎𝑥                                                    Eq. (9) 328 

𝑣 = 𝑉𝑉𝑚𝑎𝑥                                            Eq. (10) 329 

Where s and v are dimensionless lake surface area and storage volume, respectively, and Smax 330 

and Vmax are maximum lake surface area and lake storage volume, respectively. Then s can 331 

be expressed as a function of v, which is: 332 𝑠 = 𝑠(𝑣)                                         Eq. (11) 333 

Using the slope method described by Shang (2013), the dimensionless minimum ecological 334 

lake storage volume (ve) is determined by the breakpoint of the dimensionless lake surface 335 

area-storage volume curve with the slope equal to a specified value, usually equal to 1: 336 

𝑑𝑠𝑑𝑣|𝑣=𝑣𝑒 = 1                                           Eq. (12) 337 

After the determination of ve, minimum ecological lake storage (Ve) can be calculated from  338 𝑉𝑒 = 𝑣𝑒𝑉𝑚𝑎𝑥                                         Eq. (13) 339 

From equations (2), (3) and (5), Ve can also be defined directly from: 340 

𝑑𝑆𝑑𝑉|𝑉=𝑉𝑒 = 𝑆𝑚𝑎𝑥𝑉𝑚𝑎𝑥                                     Eq. (14) 341 

Therefore, the minimum ecological lake storage volume is that one at which the slope of the 342 

S-V curve (dS/dV) equals to the average value of lake surface area per unit storage volume 343 
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namely the ratio of maximum lake surface area to maximum lake storage, Smax/Vmax (Shang, 344 

2013). 345 

RESULTS 346 

Lake topography and bathymetry  347 

Figure 5 shows the results of the topography (A) and bathymetry (B) of Lake Atotonilco after 348 

processing the data obtained during the measurement campaigns at the sites described in 349 

Figure 4.  350 

 351 

(A)                                                                    (B) 352 

Figure 5. Topography (A) and bathymetry (B) of Lake Atotonilco. 353 

Morphometric and hydrographic parameters of the lake watershed 354 
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Table 5 shows the morphometric and hydrographic parameters of Lake Atotonilco watershed. 355 

From this table the shape of Lake Atotonilco watershed is intermediate-large and oval-oblong 356 

to rectangular oblong with a dendritic drainage. The total area of the watershed was estimated 357 

in 755.32 km2 with a perimeter of 170 km. The average slope of the basin is 12% and its 358 

maximum length is 30 km. 359 

Table 5. Morphometric and hydrographic parameters of Lake Atotonilco watershed. 360 

Parameter Symbol Units Value 

Watershed name   Lake Atotonilco 
Elevation  m a. m. s. l. 1364 - 2956 
Watershed description   Intermediate-Large 
Classification   Endorheic 

Watershed shape   
Oval - oblong to 

rectangular oblong 
Drainage type   Dendritic 
Area A km2 755.32 
Perimeter P km 170 
Average height H m a. m. s. l. 1,581 
Relief R m 1,592 
Slope of the basin S % 12 
Basin length  km 30 
Compactness index  [ - ] 1.74 
Form factor  [ - ] 1.90 
Hypsometric curve   Valley basin 
Order number  No. 6 
Number of runoffs  No. 2,147 
Runoff length  km 1,426 
Length of main runoff  km 59 
Drainage density  km/km2 1.88 
Hydrological density  n/km2 2.84 
Bifurcation ratio  [ - ] 3.13 
Main river slope  % 1.15 
Concentration time  h 6.17 

Morphometric features of Lake Atotonilco 361 
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Table 6 shows the estimated morphometric parameters for Lake Atotonilco. According to the 362 

reported figures, the lake has a maximum area of 26.45 km2 with a maximum depth of 1.87 363 

m and a storage capacity of 62.47 hm3. The perimeter of the lake at its maximum water level 364 

is 45.71 km with a maximum length of 12.44 km and average slope of 0.64%. According to 365 

Håkanson (2004) the shape of the lake could be classified as convex (Cx). The transparency 366 

of the lake waters is very low because the shallowness of the lake and the clay soil that 367 

comprises its bottom, which are in constant resuspension due to wind. 368 

Table 6. Morphometric features of Lake Atotonilco. 369 

Parameters Symbol Units Value 

Maximum width  Wmax km 4.55 
Average width  W km 2.13 
Watershed area Ac km2 755.32 
Lake area AL km2 26.45 
Light attenuation coefficient K [-] 1.05 
Rivera development DL [-] 0.68 
Elongation index Ia [-] 5.85 
Coast development index Dl [-] 2.51 
Insularity IA   0.00 
Maximum length P km2 12.44 
Average slope S % 0.64 
Perimeter P km 45.71 
Photic zone depth  m 0.06 
Maximum depth Zmax m 1.87 
Medium depth Zm m 0.99 
Average depth  m 1.10 
Relative depth Zr % 3.49 
Major axis direction    N – S 
Lake shape    Cx 
Schindler relationship  [-] 12.45 
Transparency  m 0.02 
Volume V hm3 62.47 
Development volume DV [-] 1.60 
Zm / Zmax  [-] 0.53 
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Ac/A  [-] 33.55 
Ac/V  [-] 12.09 

Development of depth, area, and volume of the lake 370 

Table 7 shows the temporary variations of perimeter, surface area, and storage volume of the 371 

lake calculated from the topographic and bathymetric vector data processed in a Geographic 372 

Information System.  373 

Table 7. Variations of the surface area, perimeter, maximum depth, and storage volume of 374 

Lake Atotonilco in the period from August 2020 to December 2021. 375 

Month Year 

Storage 

volume 

(hm3) 

Storage 

volume (m3) 

Surface 

area 

(km2) 

Surface area 

(m2) 

Perimeter 

(km) 

Maximum 

depth (m) 

Mean 

depth 

(m) 

Aug 2020 34.54 34,541,507.53 20.90 20,899,190.00 32.15 1.04 0.38 

Sep 2020 36.74 36,736,729.68 21.94 21,940,000.00 32.54 1.08 0.42 

Oct 2020 42.52 42,521,800.36 23.10 23,097,210.00 35.80 1.27 0.61 

Nov 2020 41.05 41,046,806.62 22.87 22,873,120.00 33.10 1.22 0.56 

Dec 2020 37.90 37,900,457.08 23.07 23,069,580.00 32.82 1.06 0.39 

Jan 2021 33.41 33,407,384.26 20.51 20,505,885.00 31.30 0.98 0.34 

Feb 2021 30.30 30,295,388.60 19.65 19,647,160.00 31.27 0.87 0.29 

Mar 2021 28.01 28,012,489.53 19.03 19,025,870.00 30.53 0.78 0.25 

Apr 2021 21.29 21,294,320.79 16.54 16,537,090.00 26.87 0.54 0.14 

May 2021 12.76 12,760,909.34 11.67 11,670,000.00 20.71 0.30 0.03 

Jun 2021 1.32 1,319,115.93 1.28 1,284,812.00 12.71 0.22 0.01 

Jul 2021 28.52 28,517,090.07 18.99 18,988,120.00 33.76 0.84 0.26 

Aug 2021 33.77 33,765,195.16 21.09 21,090,000.00 33.99 1.13 0.47 

Sep 2021 46.51 46,508,037.82 24.15 24,147,470.00 41.31 1.38 0.72 

Oct 2021 62.47 62,469,385.11 26.45 26,450,310.00 45.72 1.87 1.10 

Nov 2021 54.03 54,034,143.42 25.44 25,443,000.00 42.11 1.61 0.84 

Dec 2021 47.38 47,384,660.30 25.20 25,200,000.00 42.10 1.36 0.61 

According to the data reported in Table 4 and in Figure 6A and 6B, from August 2020 to 376 

December 2021, Lake Atotonilco had a maximum depth of 1.87 m with a maximum surface 377 

area of 26.45 km2 and a maximum storage volume of 62.47 hm3 in October 2021. The 378 
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minimum values during the period were in June 2021, corresponding to the end of the dry 379 

season, where the depth diminished to scarcely 0.22 m, the wet surface area was 1.28 km2 380 

and the storage volume was barely 1.32 hm3. 381 

 382 

Figure 6A. Temporary variations of surface area and mean depth in Lake Atotonilco during 383 

the period of August 2020 to December 2021. 384 

 385 
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Figure 6B. Temporary variations of storage volume and maximum depth in Lake 387 

Atotonilco during the period of August 2020 to December 2021. 388 

DISCUSSION 389 

Hypsographic and volume curves  390 

The respective hypsographic and volume curves namely mean depth (Z) - area (S) curve, and 391 

the area-volume (S-V) curve with its respective fitting equations are shown in figures 7A and 392 

7B respectively. 393 
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 396 

(B) 397 

Figure 7. Hypsographic (Z-S) curve and area-volume (S-V) curve for Lake Atotonilco. 398 

To have a first approximation to the ecological volume of Lake Atotonilco, the data from 399 

Table 7 were used to build the curve shown in Figure 7A, which shows the best fit achieved 400 

correlating the average depth of the lake (Z) and the surface of it (S), which follows an 401 

exponential expression: 402 

𝑍 = 0.0074𝑒0.0019𝑆                                   Eq. (15) 403 

This equation has a correlation coefficient R2 of 0.9591. In the same way, Figure 8B shows 404 

the behavior of the lake surface area data (S) with those of its volume (V), which follows a 405 

quadratic expression: 406 

𝑆 = −0.6789𝑉2 + 81.931𝑉 + 117.55                  Eq. (16) 407 

This equation has a high correlation coefficient achieving a R2 de 0.9905. 408 

S = -0.6789V2 + 81.931V + 117.55
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According to Table 7, in October 2021 the conditions with the highest storage volume were 409 

reached during the monitoring period, with a Zmax of 1.87 m, a maximum surface area of Smax 410 

= 2,645 ha, and a maximum storage volume of Vmax = 62.47 hm3. With these data and 411 

applying Eq. (14) on the correlation Eq. (16), an ecological volume for Lake Atotonilco of 412 

Ve = 29.16 hm3 was obtained. This ecological volume corresponds to an ecological surface 413 

of Se = 1,929.23 ha (19.29 km2). The ecological mean depth for Lake Atotonilco could also 414 

be calculated with Eq. (15) giving a value of Ze = 0.29 m. 415 

CONCLUSION 416 

According to results the lake is currently practically without water in June. The storage 417 

volume and the surface area of the lake depends in an important way on the precipitation 418 

regime and the runoff of the watershed. It has been mentioned that the water pressure in the 419 

basin is very high because the volume in concession of the available surface and underground 420 

water exceeds 80%. This fact allows to assume that if there are no policies to protect the 421 

water resource, the lake may soon enter an intermittence regime with even longer periods of 422 

drought affecting the lake as a refuge of local and migratory bird species. In this work, a 423 

relevant indicator is proposed, which is the ecological volume of the lake, which determines 424 

to what extent protection measures for surface and groundwater should be implemented to 425 

ensure the minimum storage volume that the lake need to ensure the conservation of the 426 

aquatic and terrestrial species. It is important to highlight, this is one of the first research 427 

works where an ecological volume is proposed for a lake in Mexico, which originally didn’t 428 

have any specific bathymetric information. 429 
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