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Abstract: Temperate forests are key to the balance and provision of hydrological and environmental 

services. Currently, these forests are subject to human alterations as well as to the effects of global 

change, including warming, variability, deforestation, and forest fires. As a consequence, the hy-

drological balance has been modified. The present study simulates the effects of climate change and 

land use change on the hydrological balance of micro-watersheds in Mexico using the hydrological 

model Water Evaluation and Planning (WEAP). The land use change between 1995 and 2021 was 

estimated to establish a baseline. Climate scenario SSP585 was projected using three global models, 

MPI-ESM1-2-LR, HadGEM3-GC31-LL, and CNRM-CM6-1 by the 2081–2100 horizon, along with 

two scenarios of land use change: one with forest permanence and another with loss of forest cover 

and increased forest fires. Results indicate that future climatic conditions will modify the hydrolog-

ical balance at the microbasin level. Even with positive conditions of forest permanence, increases 

in surface runoff of 124% (CNRM), 35% (HadGEM3), and 13% (MPI) are expected. The projections 

of coverage loss and fires showed surface runoff increases of 338% (CNRM), 188% (HadGEM3), and 

143% (MPI). In the high areas of the microbasins where temperate forest predominates, climatic 

variations could be contained. If the forest is conserved, surface runoff decreases by −70% (CNRM), 

−87% (HadGEM3), and −89% (MPI). Likewise, the moisture in the soil increases. In areas with tem-

perate forests, there will be modifications of the hydrological balance mainly due to the increase in 

evapotranspiration (due to the increase in temperature and precipitation). This will cause a signifi-

cant decrease in flow and interflow. The alteration of these flows will decrease water availability in 

soil for infiltration. It is expected that the availability of hydrological and environmental services 

will be compromised in the entire study area due to climate change. 
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1. Introduction 

Temperate forests provide numerous ecosystem benefits, but among them, hydro-

logical provision and regulation stand out. In watersheds with forest cover, trees ensure 

the continuous flow of the hydrological cycle [1]. The forest is the layer of the earth’s sur-

face responsible for the capture and buffering of rainfall, the control of surface runoff pro-

cesses, the promotion of water infiltration, and the influence on the recharging of aquifers 

in order to maintain stable levels, among other functions [2–4]. However, the capacity of 

a basin to provide hydrological services also depends on climatology, land use, and topo-

graphic characteristics [5,6]. 

Despite their importance, the current capacity of ecosystems for the provision of hy-

drological services is in decline [7] since they are subject to alterations and effects of global 

change, the rates of change of which are increasing rapidly. According to Vitousek [8], the 
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components of global change are (i) climate change (global warming, increased climate 

variability, etc.); (ii) changes in biogeochemical cycles (increased carbon emissions into 

the atmosphere, increased nitrogen and sulfur deposition, changes in ozone concentra-

tion, etc.); and (iii) changes in land management and use (deforestation, ecosystem frag-

mentation, changes in logging regime, fire management, etc.). However, the global change 

affects terrestrial ecosystems differently according to the type of community and the dom-

inant factor [9]. 

Climate change affects water resources worldwide, particularly at the basin level [10–

12]. The hydrological cycle will accelerate with an increase in temperature and will change 

evapotranspiration and precipitation [10,13,14]. The change in the distribution of the in-

tensity and frequency of rainfall will affect the flow of surface runoff [15,16]. Temperature 

increases affect the structure of forests [17] and their geographical distribution [18,19], 

their phenological cycles [18,20], and their fecundity [21]. The ability of forests to provide 

ecosystem services can be severely impacted by these disturbances [22]. In addition, an 

increase in climate-related disturbances may exceed the ecological resilience of forests. As 

a result, ecosystems may be permanently altered as tipping points are crossed [22]. 

Changes in land use imply a loss of forest cover that alters the hydrological cycle 

[23,24]. These changes generate a decrease in aquifer recharge and dry bodies of water 

and generate intense runoff [25]. Changes in forest land use endanger the accessibility of 

hydrological ecosystem services [26]. The main change in land use in the study area is due 

to high-severity forest fires [27]. Anthropogenic action and extreme climate changes have 

altered the natural fire regime in several forest ecosystems, and these changes affect the 

health of forests, with increases in fires, pests, and forest diseases [28]. Climate changes 

mean that warmer and drier conditions particularly facilitate disturbances by fires, 

droughts, and insects, while warmer and wetter conditions increase disturbances caused 

by wind and pathogens [22]. 

For this reason, it is necessary to have a knowledge of the current and future state of 

water resources at the level of the hydrographic basin in Mexico [29], given the effects of 

global changes related to climate and land use. One of the ways to demonstrate climate 

change and the effects of land use changes on the availability and distribution of water 

resources is through scenario modeling. Scenarios are conceived and model alternative 

futures as a strategy to explore trajectories of change [30]. If the effects of climate change 

on the hydrological cycle are incorporated into these models, the models are even more 

effective [29]. In Mexico, applied models have been mostly related to the supply and de-

mand of hydrological resources and climate change [15,29,31]. However, besides results 

with acceptable effectiveness, evidence is scant on the importance of relating the natural 

processes that are generated from the effects of climate change, changes in forest cover, 

and the provision of hydrological ecosystem services. 

WEAP software was developed by SEI [32] and is a tool used for the modeling, plan-

ning, and distribution of water resources. It can be applied at a variety of scales, from a 

small watershed to a large watershed [33]. WEAP includes routines designed to analyze 

the distribution of water among different types of users from a human and ecosystem 

perspective; these characteristics make WEAP an ideal model for climate change studies, 

in which it is important to estimate changes in the water supply. (e.g., changes in projected 

precipitation) and in water demand (e.g., changes in demand due to changes in land use), 

which will produce a different hydrological balance at the basin level [32]. It solves water 

allocation problems at any time step using a standard linear programming model [34,35]. 

The WEAP tool operates under the water balance model, based on the variation of the 

volume of water stored in the soil, and has the ability to simulate processes such as: sur-

face runoff, base flow, and infiltration, among others [33,36,37]. Scenarios provide a basis 

for decision-making, the development of adaptation strategies, and regional policies for 

the conservation of ecosystems and water [15,38]. The WEAP model can be adapted ac-

cording to the existing data; in regions with limited data, the model can build a full hy-

drological representation [39]. 
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The present research aimed to analyze the impact of land-use change and climate 

change on the hydrological balance of micro-watersheds in temperate forests of central 

Mexico. In this study, we use the classification of “micro-watershed” as the land area of 

less than 100 km2 that drains all streams. To this end, scenarios were projected with esti-

mates of land use change (positive and negative) and climate scenarios called shared so-

cioeconomic pathways (SSPs 5-8.5) recently proposed in the sixth evaluation report of the 

Intergovernmental Panel on Climate Change [40], of three global models, MPI-ESM1-2-

LR, CNRM-CM6-1, and HadGEM3-GC31-LL (CMIP6), using the WEAP hydrological 

model. The importance that the changes represent to the hydrological balance in the 2081–

2100 time horizon was determined. This horizon was selected because it best visualizes 

the changes in the watersheds, given the scenarios applied. 

2. Materials and Methods 

2.1. Study Area 

The Chapingo, Texcoco, and San Bernardino Rivers micro-watersheds in the munic-

ipality of Texcoco, near Ciudad de Mexico, are included in the study area (Figure 1). The 

micro-watersheds belong to the Texcoco aquifer, which is part of the Pánuco River Hy-

drological Region and the “Aguas del Valle de México” Administrative Hydrological Re-

gion. This is the most densely populated region in Mexico, so its aquifers are classified as 

overexploited since they have an extraction volume greater than the value of their re-

charge [41]. The hydrographic system of the aquifer consists of torrential runoff, with 

short duration, and dry during the dry season [41]. The micro-watersheds are located be-

tween coordinates 509 117 and 529 827 W, 2 146 699, and 2 157 465 N. They have an aver-

age altitude gradient of 3161 m asl and cover a total land area of 77.4 km2. The mean an-

nual temperature is 11 °C and 652.5 mm of mean annual precipitation. The predominant 

climate according to Koeppen classification is classified as dry temperate with main rains 

in summer [42]. 

 

Figure 1. Geographic location of the study area. 

Geologically, micro-watersheds are covered mainly by sedimentary breccia material 

[43]. Hydrogeologically, micro-watersheds have medium to high permeability. According 

to INEGI [44], the type of soil with the greatest distribution is the epipetric Phaeozem. 

According to Ruiz-Garcia [27], in the study area, there are 10 classes of predominant land 

use and vegetation (Table 1): rainfed agriculture (29.6%), temperate forest (26.1%), refor-

estation (14.8%), urban (12.3%), irrigated agriculture (7%), secondary vegetation (5.7%), 

mine (2.7%), protected agriculture (1%), grassland (0.7%), and water (0.1%). 
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Table 1. Land use and occupied surface (hectares) in the studied micro-watersheds (based on 

Ruiz-García, 2022). 

Land Use 
Total  

Surface 
% 

Chapingo 

River 
% 

Texcoco 

River 
% 

San Bernardino 

River 
% 

Agriculture (rainfed) 2294.8 29.6 420.4 21.6 1042.8 26.7 831.6 44.2 

Temperate forest 2021.4 26.1 472.1 24.2 1448.5 37.1 100.8 5.4 

Reforestation 1145.6 14.8 395.4 20.3 199.9 5.1 550.3 29.2 

Urban 949.9 12.3 300.0 15.4 545.9 14.0 104.0 5.5 

Agriculture (irrigated) 540.3 7.0 89.1 4.6 354.6 9.1 96.7 5.1 

Secondary vegetation 438.7 5.7 160.9 8.3 166.3 4.3 111.5 5.9 

Mine 212.2 2.7 87.0 4.5 39.4 1.0 85.9 4.6 

Agriculture (protected) 80.8 1.0 18.7 1.0 60.2 1.5 1.9 0.1 

Pasture 52.2 0.7 3.6 0.2 48.6 1.2 0.1 0.0 

Water 4.6 0.1 1.3 0.1 3.3 0.1 0.0 0.0 

Total 7740.6 100.0 1948.5 100.0 3909.4 100.0 1882.6 100.0 

Source: Own elaboration based on Ruíz-García, 2022.   

2.2. Hydrological Simulation 

We chose to use WEAP because it can be used to analyze a wide range of issues that 

water planners face using a scenario-based approach. In addition, WEAP uses monthly 

data instead of daily data, which represents an advantage over models that use daily data 

since such robust databases are not available in the study area. WEAP has five methods 

to calculate the hydrological simulation, although, in this study, the soil moisture method 

was applied as it is the most robust of the five. The method divides the soil into two layers: 

root zone and deep zone, to estimate through specific functions the processes of surface 

runoff, evapotranspiration, interflow, base flow, and soil moisture [31,37] (Figure 2). Ac-

cording to Yates et al. [37], Equations (1) and (2) are used to calculate the water balance in 

the root zone and in the deep zone, depending on the type of coverage. 

𝑆𝑊𝑗

𝑑𝑧𝑖,𝑗

𝑑𝑡
=  𝑃𝑒(𝑡) − 𝑃𝐸𝑇(𝑡)𝐾𝑐𝑗(𝑡) (

5𝑧1,𝑗 − 2𝑧1,𝑗
2

3
) − 𝑃𝑒(𝑡)𝑧

1,𝑗

𝐿𝐴𝐼𝑗

2 − 𝑓𝑗𝑘𝑠𝑧1,𝑗
2 − (1 − 𝑓𝑗)𝑘𝑗𝑧1,𝑗

2  (1) 

𝐷𝑤𝑗

𝑑𝑧2,𝑗

𝑑𝑡
= (1 − 𝑓𝑗)𝑘𝑗𝑧1,𝑗

2 −𝑘2𝑧2,𝑗
2  (2) 

where: Swj: is the water storage capacity in the root zone (mm), z1,j: initial moisture in the 

root zone (1, 0), Pe(t): effective precipitation over time (mm), PET (t): potential evapotran-

spiration of the reference crop (mm time−1), kc,j(t): crop coefficient over time (dimension-

less), LAIj: leaf area index (m2 m−2), fj: preferential flow direction (1 = 100% horizontal, 0 = 

100% vertical), kj: storage conductivity (mm time−1), Dwj: water storage capacity in the 

deep zone (mm) and z2,j: initial humidity in the deep zone (1, 0). 
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Figure 2. Soil moisture distribution (adapted from Yates, 2005). 

2.3. Data and Sources of Information 

A climatic database line was established, which served as a reference to analyze the 

behavior of the information estimated in the simulation of scenarios. Through the down-

load of the historical records of precipitation and monthly minimum and maximum tem-

perature of the 15 stations closest to the micro-watersheds [43], the study area was climat-

ically characterized by calculating isotherms and isohyets according to Gómez et al. [44]. 

The wind and relative humidity data were obtained from Gómez and Monterroso [45] 

and were classified by height, considering a historical monthly average for all the time 

series of the three microbasins. All weather variables were entered into the Catchments 

depending on their location. 

2.3.1. Hydrological Catchment Units or Catchments 

In WEAP, the subbasins are divided into hydrological catchment units or Catch-

ments, which are defined by SEI [33] as basic spatial modeling units that correspond to 

specific catchment areas and allow to know with greater precision the value of the flow in 

a given area at a given time while applying the model. Following the methodology of 

Young et al. [46], 22 Catchments were delimited for the entire study area [27]. Through 

this process, specific information was obtained on the areas and distribution of the ten 

classes of land use and vegetation, as well as the climatological characteristics within each 

hydrological unit. 

2.3.2. Climate Change 

Within the sixth assessment report of the IPCC, the use of scenarios called SSPs that 

seek to incorporate the dimensions of the expected social change that could affect both the 

levels of emissions and the adaptation to climate change was proposed [30]. From the 

database of the SSPs, the information of the general circulation models (GCMs) of CMIP6 

was downloaded: CNRM-CM6-1, HadGEM3-GC31-LL, and MPI-ESM1-2-LR (CMIP6, 

2022) from the WorldClim page (https://www.worldclim.org/data/index.html Accessed 

on 25 july 2022). These models were selected because they have shown good results in 

other studies for the country [47–49]. From the GCMs, the values of the meteorological 

data were obtained: minimum temperature (tn), maximum temperature (tx), and precipi-

tation (pr) for the most drastic scenarios of SSP5-8.5, with a spatial resolution of 30 s (lon-

gitude/latitude degree), this is about 900 m at the equator, which is acceptable for the size 

of the watershed. The data corresponded to the 2081–2100 horizon. 

  



Appl. Sci. 2023, 13, 2503 6 of 20 
 

2.3.3. Land Use Change 

Through a supervised classification, the estimation of the change in land use that the 

study area has suffered in the last 26 years was made. The supervised classification was 

developed in the QGIS software using the plugin proposed by Congedo [50] called Semi-

Automatic Classification Plugin (SCP, Lansing, MI, USA) that allows downloading satel-

lite images from the United States Geological Survey (USGS), preprocessing and postpro-

cessing them. For this research, the chosen satellites were Landsat 5 and 8. The images 

correspond to the years: 1995, 2008, and 2021, with a pixel size of 30 m and with a percent-

age of cloud cover of less than 20%. First, the images were preprocessed using an ensemble 

of false-colored bands, which were used as input for classification. 

According to Ruiz-Garcia [27], ten land cover classes were defined for the study area: 

(1) temperate forest (TF); (2) reforestation (R); (3) secondary vegetation (SV); (4) grassland 

(G); (5) mine (M); (6) rainfed agriculture (RA); (7) irrigated agriculture (IA); (8) protected 

agriculture (PA); (9) urban (U); and (10) water bodies (W). In the supervised classification, 

the SCP tool called Random Forest Classification [50] was used, where at least ten recon-

naissance polygons were drawn per land-use class. Subsequently, a pixel-level modeling 

reliability report was evaluated to determine the performance of the tool, and some errors 

were identified and corrected by creating new reconnaissance polygons to change the 

value of the pixels identified as incorrect. 

Through the application of the SCP tool called Land cover change, the results of the 

classifications of the periods 1995–2008 and 2008–2021 were compared to evaluate 

changes in land cover and obtain confusion matrices that quantify said changes as well as 

permanence of unchanged areas. Cartography was also obtained with the specific spatial 

location of the surfaces that have undergone some type of change in the determined time 

periods (Figure 3). 
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Figure 3. Land use and vegetation in year 1995 (a), 2008 (b) and 2021 (c). Areas with land use change 

in period: (d) 1995–2008 and (e) 2008–2021. 

2.3.4. Hydrological Parameters 

To calculate the hydrological balance with the soil moisture method, WEAP requires 

the estimation of nine land use parameters, of which six correspond to the root zone and 

three to the deep zone: The first one included: coefficient of crop (Kc), leaf area index 

(LAI), preferential flow direction (f), root zone conductivity (Ks), initial moisture of the 

upper layer (Z1) and water storage capacity in the root zone (Sw). The deep zone included 

three parameters: initial moisture of the lower layer (Z2), conductivity of the deep layer 

(Kd), and water storage capacity in the deep zone (Dw). For further reference, please refer 

to WEAP algorithm (https://www.weap21.org/WebHelp/index.html#BasicParame-

ters.htm). 

2.4. Construction of the Model 

In the WEAP platform, shapefiles of land cover, microbasins, channels, centroids, 

and Catchments were incorporated, which served as a guide to building the model 

through a base scheme. Once the base scheme was created, the data structure of the Catch-

ments was created, which included specific information for each of them, on climate data, 

land use parameters, and land use and vegetation classes. All land use parameters were 

incorporated into the model using the Key Assumptions tool, although a specific value 

was incorporated for each class of land use and vegetation in the root zone parameters 

and a single value per microbasins in the watershed parameters in the deep zone [32]. 

2.5. Calibration and Validation 

The model was calibrated based on the coincidence between the historical precipita-

tion series [43] and the monthly flow measurement records reported by the “National 

Data Bank of Surface Waters (BANDAS)” [51]. The calibration periods correspond to those 

reported by Ruiz-García [27]. The selection of the periods considered the continuity and 

extension of the records, as well as the variability of wet and dry periods. During this 

process, the model was fed with data on land use and vegetation for the period corre-

sponding to 1995, which were described in Section 2.3.3 of this investigation. 

In the calibration of the parameters of the hydrological balance, the sensitivity anal-

ysis proposed by Jantzen et al. [52] was used. They mention that the model is highly sen-

sitive to changes in climate and land use parameters: precipitation, land use area, Dw, Kc, 

and LAI. The calibration was carried out manually, although in the calculation of the value 

of the parameters: Dw, f, kd, Z1 and Z2, the WEAP called PEST tool [32] was used to define 

their values with greater precision. 

In the validation, the model was executed with a data period different from the one 

used in the calibration to determine the predictive capacity of the simulated flows, in ad-

dition to detecting any bias in the calibrated parameters [53,54]. The validation periods 

correspond to those reported by Ruiz-García [27]. The simulation of the calibration and 

validation periods was evaluated graphically to compare the simulated and observed 

monthly mean flows and statistically with the measurement of the goodness of fit. 

Measurement of Goodness-of-Fit 

Four estimators were applied [55]: the Nash-Sutcliffe efficiency or NSE, coefficient of 

determination or R2, the percentage bias or PBIAS, and the standard observation devia-

tion or RSR (Table 2). Equations 3, 4, 5, and 6 show the parameters used and ranges. The 

value of estimators was calculated in Rstudio using hydroGOF library [56–59]. 
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Table 2. Statistics to estimate the goodness of fit of the calibration and validation. 

Function Description Range of Values Ecuation *  

R2 
It presents the linear correlation between 

both data series (Lu and Chiang, 2019). 
0 to 1 =

∑ (𝑌𝑖
𝑠𝑖𝑚 − 𝑌𝑚𝑒𝑎𝑛)

2𝑛
𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑚𝑒𝑎𝑛)2𝑛

𝑖=1

 (3) 

NSE 

It indicates the closeness between the simu-

lated and observed data (Nash and Sut-

cliffe, 1970). 

-ꝏ to 1 = 1 − [
∑ (𝑌𝑖

𝑜𝑏𝑠 − 𝑌𝑖
𝑠𝑖𝑚)

2𝑛
𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑚𝑒𝑎𝑛)2𝑛

𝑖=1

] (4) 

PBIAS 

It indicates whether the simulated values 

are overestimated or underestimated (Vijai 

et al., 1999). 

>0 underestimated 

<0 overestimated 
=  

∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑖

𝑠𝑖𝑚)𝑛
𝑖=1

∑ 𝑌𝑖
𝑜𝑏𝑠𝑛

𝑖=1

× 100 (5) 

RSR 
Defines the performance of the simulation 

(Singh et al., 2005). 
0 to 1 =  

√∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑖

𝑠𝑖𝑚)
2𝑛

𝑖=1

√∑ (𝑌𝑖
𝑜𝑏𝑠 − 𝑌𝑚𝑒𝑎𝑛)2𝑛

𝑖=1

 (6) 

* where: 𝑌𝑖
𝑠𝑖𝑚 = simulated data; 𝑌𝑖

𝑜𝑏𝑠 = observed data; 𝑌𝑚𝑒𝑎𝑛 = mean of the observation. 

2.6. Scenario Construction 

Six scenarios were integrated by microbasin: three from future models of climate 

change and two from models of land use change (one positive for forest conservation and 

one negative that includes the occurrence of forest fires). 

The climate change scenarios were built using the values from the general circulation 

models.: CNRM-CM6-1, HadGEM3-GC31-LL and MPI-ESM1-2-LR under the conditions 

of the SSP5-8.5 scenario. The scenarios were projected for the distant time horizon 2081–

2100 to be compared with the current data (2021). The comparison was made through the 

evaluation of the behavior of the inflows and the outflows of the hydrological balance 

produced by both simulations. The flows were used as indicators to determine how the 

hydrological resource is distributed among the micro-watersheds in the area studied. That 

is, the values obtained in both periods (2081–2100 and 2021) were compared to determine 

the percentage changed or evolved under the projected scenarios. The reasons for the 

summary change are presented in Table 3. Under these scenarios, it is projected that the 

temperature will continue to increase until the middle of the century, and it is estimated 

that global warming thresholds of 1.5 °C and 2 °C will be exceeded during the 21st century 

[40]. 

The scenarios with a positive trend of change in land use were built considering that 

the temperate forest will increase the area it currently covers due to the establishment of 

commercial forest plantations and restoration in preferably forest areas, that is, in those 

areas where it currently has been displaced by rainfed agriculture, it was also contem-

plated that natural regeneration will be established in those areas where previous fires 

have affected them. Under these conditions, it is expected that there would be no high-

severity forest fires that would affect the temperate forest cover. The scenarios included 

new surface values for each of the classes of land use and vegetation and were kept con-

stant for the three GCMs. 

However, the negative scenarios considered a high frequency of severe forest fires. 

Important impacts on the cover of temperate forests due to high-severity forest fires were 

considered in a cyclical manner (10 years), taking into account the current trend of change 

calculated between 1995 and 2021, in which forest fires have decreased between 200 and 

300 hectares of forest. It is estimated that the fires would not allow for the establishment 

of new reforestation or the natural regeneration of the forest. A considerable advance of 

agricultural areas over preferably forested areas would be expected. This information re-

mained constant for the three GCMs. 
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Table 3. Average projections of climate change models. 

Model Trend Period 
Average Temperature 

(°C) 

Precipitation 

(mm) 

Current 

Pessimistic SSP5-8.5 

2021 11.0 652 

CNRM-CM6-1 

2081–2100 

17.8 931 

HadGEM3-GC31-LL 18.7 861 

MPI-ESM1-2-LR 16.6 783 

2.7. Hydrological Balance 

The hydrological balance was calculated with the current conditions of land use and 

vegetation and historical climatic data in order to establish a reference line or baseline and 

to know the current trends of the distribution of the balance flows. In order to determine 

the distribution of hydrological resources in the microbasins of the study area, the distri-

bution of inflows and outflows was used as an indicator. Subsequently, the values of land 

use and vegetation were replaced according to the scenario used (positive–negative) and 

combined with climate change data to compute the change or evolution of the hydrolog-

ical balance in the scenarios predicted in the period 2081–2100. 

3. Results and Discussion 

3.1. Changes in Land Use 

It is extremely important to know the historical and current trends of the spatiotem-

poral variability of surface cover and changes [60]. Changes can modify the hydrological 

ecosystem balance. Figure 3 shows the results of the supervised classification for the years 

1995, 2008, and 2021. In the 1995–2008 period, land use changed to 1246 ha, which repre-

sents 16% of the total area, as shown in Figure 3d. For the period 2008–2021 (Figure 3e), 

the change in land use affected 1906 ha or 24% of the total area. Between 1995 and 2008, 

the loss of temperate forest was 57.6 ha, but the loss in the period 2008–2021 was 323.9 ha. 

(Table 3). A decrease of 16.3% (in both periods) was mainly because of the affectation of 

two forest fires that occurred in 2012 and 2017 [61,62]. 

The changes in land use as a consequence of forest fires coincided with León [63]. 

High-severity forest fires have the capacity to disturb hydrological processes in forested 

watersheds, such as interception, infiltration, storage, and evapotranspiration [64,65]. The 

effects can be an increase in surface runoff, soil erosion, and sediment deposition [66–68]. 

Changes in the frequency and intensity of forest fires induced by climate change, out-

breaks of insects and pathogens, and extreme phenomena, such as strong winds, may be 

more important than the direct impact of higher temperatures and elevated CO2 [19]. 

As a result of forest degradation due to fires, secondary vegetation growth was 301.7 

ha between 1995 and 2021 (Table 4) since it was able to sprout quickly after a fire. This 

type of vegetation could thrive for a long time without succession being able to displace 

it [69]. The frequency of forest fires in Mexico has resulted in forest areas where secondary 

vegetation predominates [70]. 

However, there was a positive response in terms of restoring degraded land, with 

184.2 ha of reforestation, which would greatly favor infiltration levels since by reducing 

surface runoff, the infiltration capacity of rain increases within the mineral soil [71,72]. 
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Table 4. Land use and vegetation (ha) in years 1995, 2008 and 2021; changes between 1995–2008 and 

2008–2021. 

Land Use Class 1995 % 2008 % 2021 % 
1995– 

2008 

2008–

2021 

Total 

Change 

Change 

ha/Year 

Temperate forest 2403.0 31.0 2345.4 30.3 2021.4 26.1 −57.6 −323.9 −381.6 −14.7 

Reforestation 968.3 12.5 1104.6 14.3 1145.6 14.8 136.4 41.0 177.4 6.8 

Secondary vegetation 137.0 1.8 300.7 3.9 438.7 5.7 163.7 138.0 301.7 11.6 

Pasture 74.0 1.0 102.6 1.3 52.2 0.7 28.6 −50.3 −21.8 −0.8 

Mine 147.8 1.9 124.2 1.6 212.2 2.7 −23.6 88.0 64.4 2.5 

Rainfed agriculture 2530.0 32.7 2399.8 31.0 2294.8 29.6 −130.3 −105.0 −235.3 −9.0 

Irrigated agriculture 664.4 8.6 483.6 6.2 540.3 7.0 −180.8 56.8 −124.1 −4.8 

Protected agriculture 20.0 0.3 32.2 0.4 80.8 1.0 12.2 48.6 60.8 2.3 

Urban 791.7 10.2 844.3 10.9 949.9 12.3 52.6 105.6 158.2 6.1 

Water 4.3 0.1 3.2 0.0 4.6 0.1 −1.1 1.4 0.3 0.0 

Table 5 shows changes in land use. In the period 1995–2008, 32.6 and 49.3 ha of the 

temperate forest changed to reforestation and secondary vegetation, respectively. Refor-

estation areas changed mainly to secondary vegetation (100.2 ha) and rainfed agriculture 

(49.3 ha). For the period 2008–2021, the temperate forest changed to secondary vegetation 

(280.9 ha), and 131.5 ha changed to reforestation areas. 

Table 5. Land use changes (has) matrix between 1995–2008 and in the period 2008–2021. 

 Land use classes TF 1 R 2 SV 3 G 4 M 5 RA 6 IA 7 PA 8 U 9 W 10 

  2008 

19
95

 

Secondary vegetation 34.7 4.3  - 0.9  -  - 2.7  -  -  - 

Reforestation 18.2  - 100.2 0.1 5.4 49.3 8.9 0.4 35.0  - 

Pasture 3.5  - 1.2 0.0  -  -  -  -  -  - 

Temperate forest  - 32.6 49.3 31.7  - 2.7  - 0.8 0.4  - 

  2021 

20
08

 

Pasture 68.9 0.1 0.5  -  - 0.2  -  -  -  - 

Secondary vegetation 26.6 106.2  - 0.9  - 42.2 0.2 0.6 0.6 0.1 

Reforestation 14.4  - 31.9 0.1 8.2 197.1 53.8 3.4 42.6 0.2 

Temperate forest - 131.5 280.9 18.3  - 4.1  -  -  -  - 
1 temperate forest, 2 reforestation, 3 secondary vegetation, 4 grassland, 5 mine, 6 rainfed agriculture, 7 

irrigated agriculture, 8 protected agriculture, 9 urban, 10 water bodies. 

3.2. Future Scenarios (Land Use) 

Aspects of vegetation cover change due to future trends can be considered in the land 

use scenarios. For example, they can consider a decrease or an increase in forest area or a 

change in the type of crops caused by economic trends. All of the scenarios should be 

studied so that when the scenario is implemented, it is clear what variables and functions 

will be taken into account when the scenario is defined [33]. The land cover areas used to 

design and project the scenarios are shown in Table 6. 

Table 6. Area (%) of reference years and current and future scenarios. 

Land Use Class 

Area (%) 

1995 2008 Current 
Positive  

Scenario 

Negative  

Scenario 

Temperate forest 31.0 30.3 26.0 48.5 13.6 

Reforestation 12.5 14.3 14.9 9.6 2.4 

Secondary vegetation 1.8 3.9 5.7 0.3 4.9 
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Pasture 1.0 1.3 0.7 0 2.8 

Mine 1.9 1.6 2.7 2.8 3.6 

Agriculture (rainfed) 32.6 31.0 29.6 18.2 48.7 

Agriculture (irrigated) 8.6 6.3 6.9 3.6 5.6 

Agriculture (protected) 0.3 0.4 1.1 2.6 2.1 

Urban 10.2 10.9 12.2 14.3 16.3 

Water 0.1 0.0 0.1 0.1 0.1 

3.3. Calibration 

Calibration is a step to improve a model for a given set of local circumstances [53]. 

Calibration reduces the uncertainty of the prediction and can be considered parameter 

estimation or parameter optimization [73]. 

Figure 4a shows the comparison of observed and model-simulated monthly stream-

flow data in the Texcoco River. The model prediction of the hydrological response of the 

watershed was very good according to estimators (NSE = 0.98, R2 = 0.93, RSR = 0.15, and 

PBIAS = 5.3). It was also observed that the model was not able to simulate the peak flow 

rates and that the simulation was closer to the base flow rates. This performance of the 

model was different from the results of other studies [74], which described that WEAP 

better simulated the peak runoff of the base flows with data for the Conchos River basin 

in Mexico. 

 

Figure 4. Monthly flow rate observed and simulated in Texcoco River (a), Chapingo River (b) and 

San Bernardino River (c). 

In the San Bernardino micro-watershed, the goodness-of-fit indicated that it was very 

good (NSE = 0.84, R2 = 0.76, and RSR = 0.38) and good (PBIAS = −13.5). The simulated flow 

showed repetitive behavior because the software accepts the results to be performed even 

if there are no rainfall records in the period. This was possible because the software allows 
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the model to run with a full degree of accuracy when the data are available, or it can cal-

culate it when the data are not available [75]. It was observed that when precipitation data 

were inputted with values estimated using isohyets, the model failed to reproduce the 

variation in peak flows, and the simulation was closer to the variation in base flows. 

In Chapingo River, the goodness-of-fit indicated that the ability of the model to pre-

dict the hydrological response was very good (NSE = 0.93, R2 = 0.81, and RSR = 0.26). The 

simulation has overestimated the flow rate according to the PBIAS = −13.1 since, in most 

years, the peak flows were above the observed values. However, this percentage is con-

sidered good, and it was observed that the modeled curves (Figure 4b) of the base flows 

were closer to the records. 

Goodness-of-fit. The ranges of calibration values were classified as very good, which 

indicated that the model properly simulated the hydrological responses of the three mi-

cro-watersheds [76]. Different studies have proved the capacity of WEAP to replicate hy-

drological processes in different parts of the world [77–80]. However, according to the 

sensitivity analysis, the validation presented values lower than those of the calibration 

period; however, it can be considered that the model maintained a satisfactory, good, and 

very good general performance based on the classification of the ranges of the estimators 

in the three microbasins. The difference between the ranges of the estimators of the cali-

bration and validation period may be due to the fact that the conditions in the validation 

period were significantly different due to the increase in wastewater in the canals caused 

by the changes in land use that occurred in the study area. 

3.4. Hydrological Balance 

Estimating a basin’s water resources requires an understanding of the cycle in its 

various stages: the water inputs (precipitation or mist) is distributed between the runoff, 

infiltration, and evapotranspiration process [81]. The analysis includes the inflow varia-

bles (precipitation and water stored the preceding year) and the outflow (evapotranspira-

tion, water storage in the soil, base flow, interflow, and surface runoff) of the hydrological 

balance. To determine how the hydrologic resource is distributed in the micro-watersheds 

of the study area, streamflow was used as an indicator. The results were compared with 

current information (2021) and the change (evolution in %) estimated in the projected sce-

narios by 2081–2100 (Table 7). The WEAP model assumes that land use does not change; 

however, it was possible to include the variable only by entering the projected values of 

land use change. 

Table 7. Hydrological balance (inflow and outflow) for three watersheds studied. 

Scenario Current 
Negative Positive 

CNRM HADGEM MPI CNRM HADGEM MPI 

Units (mm/Year) Evolution (%) 

Texcoco River 

In
-

fl
o

w
s Precipitation 652.5 42.7 32.0 20.0 42.7 32.0 20.0 

Water stored * 130.7 23.8 9.5 3.9 43.1 23.8 17.5 

O
u

tf
lo

w
s 

Evapotranspiration 533.7 32.7 30.7 19.1 41.7 37.3 24.9 

Water storage in the soil 199.8 29.6 13.4 7.1 46.7 24.8 17.7 

Base flow 4.1 −70.1 −74.3 −75.8 −67.1 −72.8 −74.6 

Inter flow 2.7 146.4 115.8 100.0 116.3 89.0 75.1 

Surface runoff 25.9 355.6 184.2 142.4 137.7 32.6 12.0 

Chapingo River 

In
-

fl
o

w
s Precipitation 652.5 42.7 32.0 20.0 42.7 32.0 20.0 

Water stored * 108.5 −22.5 −25.5 −34.9 33.4 19.7 8.8 

O
u

t-

fl
o

w
s Evapotranspiration 534.7 23.9 23.7 13.5 37.7 34.3 22.6 

Water storage in the soil 153.3 1.8 6.1 −15.0 46.5 27.9 17.3 
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Base flow 4.2 −80.9 −81.5 −81.7 −80.3 −81.2 −81.5 

Inter flow 12.3 86.8 68.2 59.8 97.7 74.6 65.1 

Surface runoff 40.0 332.1 187.8 140.6 125.1 36.9 12.6 

San Bernardino River 

In
-

fl
o

w
s Precipitation 652.5 42.7 32.0 20.0 42.7 32.0 20.0 

Water stored * 108.5 −6.4 −8.7 −20.6 106.3 82.3 67.5 

O
u

tf
lo

w
s 

Evapotranspiration 534.7 17.7 18.3 8.6 34.3 30.9 19.5 

Water storage in the soil 153.3 21.1 13.0 2.5 103.7 76.2 62.7 

Base flow 4.2 −35.5 −41.2 −43.5 −29.8 −39.6 −42.6 

Inter flow 12.3 77.5 59.2 51.2 84.5 57.9 48.5 

Surface runoff 40.0 326.1 190.8 145.1 110.1 35.2 13.2 

* Refers to water stored in the soil from the previous rainy season. 

3.4.1. Projections of Future Hydrological Conditions 

The simulations of the hydrological balance under the conditions of the positive sce-

nario of land use change mainly implied an increase in the cover of the temperate forest 

(85.9%). The increase assumes that there will be no forest fires for the next 60 years, a 

situation that would allow for significant ecosystem restoration through both reforesta-

tion and natural regeneration. Similarly, a reduction in agricultural rain-fed use (−38.7%) 

near or within the preferred forest area was considered. 

The results show that under the climatic conditions, mainly due to the influence of 

the precipitation regimes proposed by the GCMs, and despite the recovery of the ecosys-

tem according to the positive scenario, an increase in surface runoff in the three micro-

basins is expected as follows: CNRM-CM6-1 model: Chapingo River (125.1%), Texcoco 

River (137.7%) and San Bernardino River (110.1%); HadGEM3-GC31-LL: Chapingo River 

(36.9%), Texcoco River (32.6) and San Bernardino River (35.2%); and MPI-ESM1-2-LR, 

Chapingo River (12%), Texcoco River (12.6%), and San Bernardino River (13.2%). These 

increases are indicators that despite the implementation of actions (reforestation, stimula-

tion of natural regeneration, commercial plantations, control of fires, pests, and diseases) 

that mitigate the effects of climate change, it will be impossible to completely reverse the 

changes in the balance of the hydrological conditions, mainly due to the increase in pre-

cipitation and temperature values. However, a considerable decrease in surface runoff 

was observed: −46.2% (CNRM), −68.6% (HadGEM3), and −83.8% (MPI) in the entire study 

area compared to the scenario with negative land use change. With the increase in forest 

cover, there would be a smaller speed of runoff [72,82]. 

It was also observed that in the inflows by 2081–2100, there would be an average 

increase in the three microbasins of the water stored in the soil the previous year: 60.9% 

(CNRM), 41.9% (HadGEM3) and 31.3% (MPI), which for all the study area represents 

53.7% more than that in the percentages of the scenarios under the conditions of the neg-

ative scenario of land use change. This input will increase water infiltration and recharge 

of aquifers [83]. An average increase in evapotranspiration of 37.9% (CNRM), 34.2% 

(HadGEM3), and 22.3% (MPI) would also be expected to be directly related to the increase 

in temperature and forest cover [84]. 

The hydrological balances under the conditions of the negative scenario of land use 

change were simulated with a decrease of 50.1% of forest cover due to the persistence of 

high-severity forest fires; additionally, these fires would cause a decrease of 81.7% of re-

forestation and would not allow the establishment of the natural regeneration of the for-

est. Therefore, in degraded areas, there would be a significant advance of rainfed agricul-

ture (64.2%), preferably forest. The model indicates that surface runoff would increase 

under these conditions [60,63] in the three micro-watersheds: Chapingo River (332.1%, 

187.8%, and 140.6%), Texcoco River (355.6%, 184.2%, and 142.4) and San Bernardino River 

(326.1%, 190.8% and 140.1%) according to the CNRM, HadGEM3, and MPI, respectively. 

Water stored in the soil decreased by −22.5% compared to the previous year (CNRM), 
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−25.5% (HadGEM3), and −34.9% (MPI) for the Chapingo River would also be expected, 

and −6.4% (CNRM), −8.7% (HadGEM3) and −20.6% (MPI) for the San Bernardino River. 

The ability of the soil to store and control the flow of water depends largely on its pene-

tration rate and depth, but disturbances such as changes in land use and fire are capable 

of altering the rate of these soil capacities [85]. These alterations occur because the soil is 

exposed to water erosion, compaction [86], and alterations in structure (disappearance of 

organic matter and microfauna, lower field capacity, and higher apparent density) [85]. 

The modification of these flows suggests that the availability of water that provides the 

hydrological ecosystem service will be compromised in the study area [87]. However, in 

the Texcoco River basin, the three models indicate increases of 23.8%, 9.5%, and 3.9%, 

respectively, in this inflow. This result may be related to the increase in the estimation of 

precipitation by the GCMs. 

Although actual evapotranspiration is significantly related to the proportion of forest 

cover [88], despite the decrease in the forest according to the conditions of the negative 

scenario, the three models indicate an average increase in evapotranspiration in the three 

micro-watersheds: 24.8%, 24.2%, and 13.7%, respectively. This result could be related to 

the increase in precipitation and temperature values by the GCMs and may also be related 

to the modification of the hydrological balance [63,89]. 

3.4.2. Hydrological Environmental Service 

Distributions of inflows and outflows of the hydrological balance by watershed as a 

percentage of the evolution (Ev%) of the change in the proposed scenarios are shown in 

Table 7. The evolution was estimated based on the current flows of the study area [27]. 

The results indicated that under the conditions of the positive scenario, together with the 

increase in the precipitation values estimated by the GCMs, there would be an increase in 

the water kept in the soil the preceding year: by 138.3% according to the CNRM model, 

by 102.7% according to the HadGEM3 model and by 91.5% according to the MPI model. 

These percentages mean that in the parts of the micro-watersheds where temperate forest 

cover predominates, 77.4% (CNRM), 61% (HadGEM3), and 60% (MPI) would be stored 

more than in the current scenario at the micro-watershed level. Soil cover significantly 

influences the distribution of soil moisture [90,91]. 

However, although it is estimated that there would be much more moisture in the 

soil that would lead to the infiltration and recharge of the aquifers, the simulations indi-

cate that there would be a decrease in the base flow, even under the conditions of the 

positive scenario: −52.5% (CNRM), −61.3% (HadGEM3) and −62.5% (MPI). This decrease 

could be related to the increase in evapotranspiration: 50.8% (CNRM), 43.3% (HadGEM3), 

and 30.2% (MPI). Climate change will accelerate the hydrological cycle with a tendency to 

increase temperature [10]. An increase in air temperature leads to higher rates of evapo-

transpiration [14]. These results coincide with the research conducted by Bazzi et al. [10], 

who reported that the greatest increase in evapotranspiration rates will occur in the period 

2071–2100. Given that evapotranspiration is key in the hydrological balance, a disturbance 

to this flow can change the distribution between the dominant water flows, such as infil-

tration and surface runoff [65]. Some simulation studies suggest that increased precipita-

tion, together with warmer temperatures in the summer, cause severe reductions in base 

flows [92,93]. However, at the local scale, high summer temperatures and increased evap-

otranspiration rates could lead to an increase in convective precipitation, which would 

compensate for the reductions in base flow [94]. The decrease in base flow may be related 

to the increase in forest cover, mainly due to the establishment of reforestation that has 

positive responses to the increase in soil moisture [95]. Regarding the evolution of the 

change that the surface runoff would present, under a negative scenario, it is expected 

that climatic changes will considerably increase the surface runoff in these parts of the 

micro-watersheds: 275% (CNRM), 127.7% (HadGEM3) and 133.8% (MPI). This result rep-

resents that in this part of the micro-watersheds, 81.6% (CNRM), 68.1% (HadGEM3), and 
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93.8% (MPI) of the total runoff from the micro-watersheds are generated. Removal of veg-

etative cover and soil organic matter leads to changes in hydrological processes by reduc-

ing interception of precipitation and altering soil structure (compaction and erosion), 

which results in an increase in the amount and speed of surface runoff [23,24,96]. The 

decrease in forest cover as a consequence of forest fires influences the increase in surface 

runoff, erosion, and the increase in sediments to the channels [66–68]. 

However, under the conditions of the positive scenario of land use change, the results 

contrary to the data presented at the microbasin level are observed, and it is emphasized 

that the variations in climate change would be contained at least in the parts of the micro-

basins where forest cover is present. The simulations indicate that there would be an av-

erage decrease in surface runoff of −69.9% (CNRM), −86.5% (HadGEM3), and −89.3% 

(MPI). This represents a decrease of −194.2% (CNRM), −121.1% (HadGEM3), and −101.9% 

(MPI) with respect to the data presented at the microbasin level for the same scenarios. 

The decrease in surface runoff is related to the interception of rain by the canopy [97]. The 

canopy is essential for soil conservation due to its role in decreasing the erosive impact of 

precipitation [98]. Another factor that reduces surface runoff is the incorporation of or-

ganic matter [99], promoting water infiltration to the root zone. 

In this context, the results obtained highlight that forest cover itself plays a funda-

mental role in mitigating the impacts of climate change [100,101]. The forests of Mexico 

are the central axis of the institutional design that the country must face its commitments 

on climate change since it is estimated that 30% of the reduction of CO2 emissions can be 

achieved if deforestation is avoided and if forest degradation and recovery of forest areas 

are achieved [102]. Forests are a viable way to combat the effects of climate change because 

they are efficient at sequestering and storing atmospheric carbon [20]. Therefore, the hy-

drological functions are more efficient in watersheds with forest cover [103]. 

4. Conclusions 

A major cause of the decline in temperate forest cover in the study area is the fre-

quency of forest fires; between 1995 and 2021, forest area declined by 16%. The climatic 

changes and land use changes could be integrated into WEAP software to measure the 

trajectories and hydrological responses of the micro-watersheds. The WEAP model was 

calibrated and validated to predict the hydrological response in the three micro-water-

sheds in an acceptable manner. 

According to the models, the climatic changes presented by the GCMs under the 

most drastic scenario conditions, SSP5-8.5, will significantly modify the balance and dis-

tribution of the hydrological balance flows at the microbasin level, mainly due to the in-

crease in the values of precipitation and temperature. Even under the conditions of the 

positive scenario of land use change that would imply the application of actions (refor-

estation, stimulation of natural regeneration, commercial plantations, fire control) that 

would mitigate the effects of climate change, it would be impossible to completely reverse 

the changes in hydrological balance. The imbalance would be reflected mainly in the 

amount and distribution of surface runoff, evapotranspiration, soil moisture, and base 

flow. 

However, in the upper parts of the microbasins where temperate forest predomi-

nates, the climatic variations of the SSP5-8.5 scenarios could be contained under the con-

ditions of the positive scenario of land use change. The simulations of the three GCMs 

indicated that there would be an average decrease in surface runoff and an increase in soil 

moisture compared with the current values and with the negative scenarios of land use 

change. This means that the conservation, management, and increase in the cover of the 

temperate forest can mitigate part of the impacts caused by climate change. However, 

under these conditions in the surfaces where the temperate forest predominates, there 

would also be modifications of the hydrological balance, mainly the increase in evapo-

transpiration (caused by the increase in temperature and seasonal precipitation), which 
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would influence significant decreases in the low flow and interflow. The alteration of 

these last two flows will decrease the water available in the soil. 

It is expected that the decrease in temperate forest cover caused by forest fires will 

intensify due to extreme climate changes (temperature and wind), conditions that will 

modify the natural regime of fire. This will cause significant alterations in the hydrological 

balance, mainly by reducing the rain interception of the canopy, increasing surface runoff 

velocity and flow, and altering soil structure and composition; therefore, there would be 

a reduction in the infiltration and recharge rates of aquifers. Therefore, the availability of 

hydrological and environmental services will be compromised in the aquifer to which the 

study area belongs. It will not be possible to meet the demand for groundwater, especially 

for public use in the urban areas of the region. 
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