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ABSTRACT
The Tulancingo River basin is part of the upper Metztitlan River basin and has an aquifer
deficiency that covers 87 % of its surface area; however, floods have occurred in the valley
region. This disparity encouraged the current work, the goal of which was to estimate the
spatio-temporal availability of water in the soil within the basin from the modeling of surface
water balance elements. Sensitivity analysis of the model fit parameters was performed with
the SWATCUP program and the SUFI2 algorithm. The runoff values were estimated with the
SWAT program and were compared with the records of the Venados Hydrometric Station,
obtaining values of the statistical indicators R*= 0.89 and Nash Sutcliffe (NS) = 0.86 for the
calibration period (1982-2002); and R*=0.77 and NS = 0.62 for the validation period (2003-2013).
Of the nine sub-basins that make up the Tulancingo basin, the upper sub-basins of the Rio Chico
(11), Ventoquipa stream (12), and San Lorenzo River (13) showed values 2.2 times higher than
the rainfall depth of the lower sub-basins (5, 6, 7, 8, 9, and 10). Surface runoff and infiltration
reported maximum values from July to October and minimum values from April to May. The
maximum final water availability in the soil occurred in September. Regarding the analysis by
periods, the Generalized Additive Model provided a good fit for most of the variables (0.6 < R?
< 0.94); during the last period, higher values were observed than in the previous periods (p <
0.001), identifying a change in the hydrological state of the basin. This was mainly associated

with a significant change in rainfall, which was reflected in the trend of surface runoff.

Keywords: water balance, calibration, SWAT, Generalized Additive Model.

INTRODUCTION
The surface area of the Tulancingo River basin is subject to 87 % of the “Decree
establishing a ban on the abstraction of groundwater,” as it is located within aquifer
1317, “Valle de Tulancingo.” This aquifer tripled its average annual water availability
deficit in just seven years, from -6.84 to -20.93 hm? year" (DOF, 2020). This situation,
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while reflecting the scarcity of groundwater resources within the same region,
contrasts with the presence of extreme hydrometeorological events.

Herrera et al. (2018) mention that these phenomena are related to the interaction of
easterly waves with westerly flow and tropical cyclones from the Gulf of Mexico,
mainly from August to October, and have motivated two-dimensional hydraulic
modeling to obtain flood risk maps in the city of Tulancingo, such as the one carried
out by Bonasia et al. (2017). Similarly, Valdez-Lazalde et al. (2011), Ortiz-Gémez et
al. (2015), and Mendoza-Carifio et al. (2018) developed basin-wide studies of land
use change, water allocation by type of use, and hydrological analysis, down to the
Metztitlan River.

These studies present the general conditions of the basin to which the Tulancingo
River belongs; however, as they have been oriented towards the analysis of a particular
element, runoff or land use and vegetation, without considering the relationship that
exists between them or with other elements of the balance (infiltration, base flow, etc.),
they do not explain the deficit-excess phenomenon that occurs locally. In this sense,
the integration of the elements that constitute the water balance, analyzed geospatially
and temporally, can help in the assimilation of the problem of origin, zoning the
availability, and planning the management of water resources in a sustainable manner.
In a water balance, the spatio-temporal distribution of precipitation determines the
amount of water reaching the land surface; temperature, humidity, and vegetation
cover influence the proportion of water evapotranspired; slope and soil characteristics
and conditions influence infiltration and runoff (Siad et al., 2019). Thus, soil water
storage and availability at the catchment level are influenced by each element, given
their interaction and influence.

A large number of hydrological models have been developed to quantify the elements
that make up the hydrological cycle at the catchment level. Lopes et al. (2021) mention
that it is necessary to take into account model factors such as purpose, level of
complexity, and availability of information for the selection of the most appropriate
model in a study. The Soil and Water Assessment Tool (SWAT) hydrological model
has been used and tested in a number of areas, including water balances (Shawul et al.,
2019). The evaluation and critical review by Keller et al. (2023) of the 21 most widely
used hydrological models gave SWAT an “H” (high) rating, highlighting it in terms of
functionality, catchment applicability, and scales, among other aspects.

The results provided by such a program have proven to be favorable if sufficient
climate data are available to establish a validation and calibration time period (Marin
et al., 2020). Given the above, the objective of this study is to quantify spatially and
temporally the availability of water in the soil from the water balance in the Tulancingo
River basin, identify the areas with availability and deficit, and observe its historical
behavior in sub-periods. It was considered that the SWAT model has sufficient capacity
and accuracy for this purpose, so that the results obtained can serve as a basis for the
implementation of specific measures for the conservation and proper management of
water resources at the basin level.
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MATERIALS AND METHODS

The Tulancingo River rises at the border of the states of Hidalgo and Puebla, crosses
the valley and the city of the same name in a north-westerly direction, continues its
course as the Alcholoya River, and finally receives the name of Metztitlan within
Hydrological Region 26 “Rio Panuco.” The modeling of the basin, which was carried
out with the help of the SWAT program, covers the basin from its origin to the
hydrometric station 26024 “Venados” on the Metztitlan River, at coordinates 20° 28’
2.38” N and 98° 40’ 15.52” W. Information for calibration and validation is available at
this site. The Tulancingo basin (Figure 1) is indicated as having its outlet at coordinates
20° 10" 36.3” N and 98° 22’ 28.19” W.
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Figure 1. Geographic coordinates for the Tulancingo basin’s sub-basins and main streams (INEGI,
2014).

After calibrating using hydrometric data 83 km downstream, the considerations
made to the model described below in the input data were applied to the Venados
catchment, with output at the hydrometric station. The representation, quantification
of hydrological balance elements, and analysis carried out for the Tulancingo basin
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reflect the most realistic condition possible for its surface area, which covers almost
40 % of the total area (733 out of 1953 km?).

Model input data

Weather information

Daily precipitation and temperature data from nine meteorological stations within
the watershed were included, covering a 38-year period (1980-2017). Missing data
estimation was performed using the U.S. National Weather Service method (Ramirez-
Cruz et al., 2015), which is an average obtained with the inverse of the squared
distance as the weighting factor. Solar radiation, dew point temperature, and wind
speed values were obtained with the help of the Climate Forecast System Reanalysis
(CFSR) (Table 1).

Land use and vegetation (USV)

Seven USV coverages were analyzed in vector type format, denominated: Series II,
2001 edition; Series 2.5, 2002 edition; Series III, 2005 edition; Series IV, 2009 edition;
Series V, 2013 edition; Series VI, 2016 edition; and Series 6.5, 2017 edition. These series
are published by the National Institute of Statistics and Geography (INEGI) and the
Mexican Carbon Program and are freely available for download (INEGI, 2019). When
plotting the areas covered by the USV types associated with the year of their image,
the most noticeable change was observed in 2002 (Series III), with a 22 % reduction
in the area of forest (oak plus oak-pine) and a 168 % increase in shrub secondary
vegetation (Table 1). For this reason, the distribution and surface areas of Series Il were
assigned to the period 1980-2001, and, by means of percentage changes by USV in
each sub-basin, the differences identified in Series III were incorporated for the period
2002-2017.

Soil type

The spatial distribution by soil type was taken from Series II (INEGI, 2014), serving
as a complement to the laboratory analysis of 32 soil samples taken at the following
depths: 040, 40-80, 80-120, and < 120 cm, in eight sites distributed within the basin
(two in each of the four soil types that dominate 92 % of its surface: Phaeozem,
Luvisol, Vertisol, and Umbrisol). Hydraulic conductivity values associated with the
main streams, with variations ranging from 13.74 to 48.1 mm h", were measured
with infiltration tests using a Guelph model 2800K1 permeameter (ICT International,
Australia).

Losses due to water demand for different uses

The volumes concessioned by type of use, currently in the Public Registry of Water
Rights (REPDA, 2018), were taken. Once located and differentiated by sub-basin, they
were separated by type of source (surface and groundwater). For the estimation of the
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Table 1. Characteristics of the SWAT model’s information and input data.

Type Information Format Source Image
Precipitation and Climate Computing Project
temperature (CLICOM)
Climatological  ggjar radiation. dew csv/txt
. ’ Climate Forecast System
point temperature and .
. Reanalysis (CFSR)
wind speed
Series II (1993)*
Series 2.5 (1999)
Series III (2002)*
\L/antiiss:nd Series IV (2007) Vector USV INEGI
& Series V (2011) (polygon) scale 1:250 000
(Usv)
Series VI (2014)
Series 6.5 (2016)
. Vector Edaphology Series II, INEGI, gwma 7 ™ g
Edaphological (polygon) scale 1:250000 2.
Laboratory analysis of soil
. txt
) pH, electrical samples
Soil conductivity, organic T T o Bl
matter, texture, bulk "4 221?:1’15’;‘3@;#7;32 4 !
density, and moist i v !
e e Sollpoes sre 1, NEG ‘
(poms scale 1:250,000. F 1
information)
—— o
Slopes and Elevation Raster Mexican Elevation Continuum # 1 f
elevations (CEM 3.0) :

*USV series used directly within the program, year to which the image corresponds in parentheses. INEGI:
National Institute of Statistic and Geography (Mexico).

volume of returns, the Official Mexican Standard NOM-011-CONAGUA-2015 (DOF,
2015) was used as a basis. Both the average daily water removal from the riverbed
and the average daily water removal from the shallow aquifer, both in m® d?, were
assigned on a monthly basis as appropriate in each sub-basin after subtracting the

volume of returns.
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Special considerations

The proportion of surface area covered by the aquifers within the Venados basin is:
1317 Valle de Tulancingo 60 %, 1315 Huasca-Zoquital 25 %, and 1314 Metztitlan 15 %,
the three of the free type and with availability of -20.93, 9.5, and 9.9 hm?®, respectively.
The method selected for the calculation of evapotranspiration was Penman-Monteith
(Allen, 2005), and for surface runoff, the USDA Soil Conservation Service (SCS)
numerical curve method (Mishra and Singh, 2003).

Calibration and validation

Sensitivity analysis of the parameters was performed with the SWATCUP program.
The Sequential Uncertainty Fitting algorithm was selected to find the best-fit
parameters, so SUFI-2, of Bayesian structure, was chosen (Ma et al., 2022). The Nash
Sutcliffe performance indicator (NS) and the coefficient of determination (R?) were the
target functions in the calibration and validation processes for 1982-2002 and 2003—
2013, respectively. The equilibrium period, warming, or number of years omitted, was
1980 and 1981.

Hydrological balance
The elements that constitute the soil-water balance equation were determined, which
is expressed by an adaptation of the equation of Neitsch ef al. (2011) that uses daily
values, considering monthly values through two proposals. In the first, the water
stored in the soil profile (SW) is assumed to be the initial water content, deriving the
following equation:

SW1,.=SW _+3(PREC, - SURQ —ET, - PERC, -GW, ) (1)

mi

where SW1
month i (mm), and the amount of water in the soil profile at the end of the period

.. is the final water availability in soil number one, the mean value of
(month); SW _is the initial water content in the soil profile, mean value of month
i (mm); PREC, , is the amount of precipitation (rainfall in this case), mean value of
month i (mm); SURQ, ' is the amount of surface runoff, mean value of month i (mm);
ET, is the amount of evapotranspiration, mean value of month i (mm); PERC , is the
amount of water infiltrating into the soil profile, mean value of month i (mm); and
GW . is the contribution of groundwater or baseflow entering the mainstream, mean
value of month i (mm).

For the construction of the present surface approach model, limited subway
hydrological information was available, where aquifer 1317 presents a deficit of -20.93
hm?® yr* (DOF, 2020). In the second proposal, the nullity of water stored in the soil
profile was assumed in the balance equation:

SW2 =SW1 -SW +Z%(PREC -SURQ, -ET,  -PERC -GW ) (2)

mi
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where SW2 , is the final water availability in soil profile number two, the mean value
of month i (mm).

Temporal analysis

Temporal variation in water balance elements and water availability was analyzed.
After 36 years of modeling (38 years of data minus two years of warming), 12-year
subperiods were chosen for each subbasin, for which the final monthly mean soil
water availability (SW1_ ) was estimated in three subperiods: A) from 1982 to 1993, B)
from 1994 to 2005, and C) from 2006 to 2017. The Generalized Additive Model (GAM)
was used to compare their behavior at the level of monthly mean values. This is a
smoothed, non-parametric regression model, which is considered an extension of the
Generalized Linear Models (GLM) (Dubos et al., 2022), choosing the Gaussian family
for the response variable. The plots and statistical parameters derived from the GAM
application were obtained with the help of the ggplot2 and mgcv libraries within the
RStudio software (R Core Team, 2022).

RESULTS AND DISCUSSION

Calibration

In the sensitivity analysis to the model fit parameters, it was found that the variables
moisture condition curve number 2 (CN2), initial depth in the shallow aquifer
(SHALLST), groundwater lag time (GW_DELAY), and depth of water in the shallow
aquifer required for return flow (GWQMN) had a significant effect on the results
(p < 0.05), so their incorporation into the final model resulted in the hydrographs
with monthly mean flows estimated in SWAT (Figure 2). When comparing these
hydrographs with those observed at the Venados Hydrometric Station, three periods
stand out in which the model underestimated the flow during the calibration period,
occurring in September 1984, October 1998, and October 1999, whose progressive
order in the graph corresponds to numbers 33, 202, and 214, respectively.

The overall performance of the model was adequate according to the statistical
indicators, the coefficient of determination (R?), and the Nash-Sutcliffe index (NS).
Both calibration (R* = 0.89 and NS = 0.86) and validation (R* = 0.77 and NS = 0.62)
were favorable (Molnar, 2011). Higher calibration and validation parameters were
identified than those obtained by Mengistu et al. (2019) in arid and semi-arid areas of
Southern Africa, which reached R? and NS > 0.71 for both periods.

Elements of the Balance
The percentage distribution at the sub-basin level of land use and vegetation, as well
as soil type (Table 2), is useful for understanding and analyzing the results of the
balance elements, highlighting that the predominant land use is agricultural
(46.85 %) and the soil type is Phaeozem (45.31 %). The most significant changes during
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Figure 2. Hydrographs with mean monthly flow values observed at the Venados Hydrometric Station (20° 28" 2.38” N, 98°
40" 15.52” W), estimated with SWAT, in m®s™. 95PPU: 95 % uncertainty in the prediction. A: calibration period (1982-2002);
B: validation period (2003-2013).

the period analyzed (1982-2017) were the 168 % increase in secondary vegetation and
the 22 % reduction of the different forest types, as indicated in the model as of 2002.
This condition was not considered to have a great impact on the water balance since
its changes represent low percentages of the basin’s total, 6 and 4 %, respectively.
However, the reduction in forest types can potentially impact annual discharge, as
suggested by Sharma et al. (2022) in a study conducted in the Sabarmati River basin in

western India.
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Table 2. Land use and vegetation distribution (INEGI Series 11,1993), and soil type by sub-basin (in percentage)
in the Tulancingo River basin, Mexico (INEGI, 2019).

] Sub-basin

Land Use and Vegetation 5 6 - 3 9 10 1 1 3 Total
Vsa / Pine-oak B 2.70 0.66
B oak-pine 9.72 5.56 11.03 0.40 8.66 2.84 4.29
Vsa / B for tasteless 1.67 5.25 0.23 0.48
Rainfed and irrigated agriculture ~ 68.20 71.41  73.29 29.03 73.72 5141 66.98 4345 65.95 64.85
B oak 2.12 0.89 10.16 2.32 1.31
Vsa / B oak 6.17 3.39 5.11 0.78 3.79 1.47 0.74 2.55
B pine 3.51 5.30 0.71 20.73  21.14 3514 18.36 14.08
Vsa /B pine 0.85 0.18
Crassicaule scrub 3.32 0.15
Vsa 1.19 0.11
Induced pasture 3.88 5.80 372 2112 8.78 0.25 7.63 6.06
Urban area 18.43 2.86 334 47.77 26.28 1.22 1.21 4.18 4.14 5.23
Water body 0.09 0.58 0.02 0.05
Soil type
Andosol 15.98 0.98 3.98
Leptosol 0.86 1040 39.44 0.46 1.30 1.10
Luvisol 1.42 0.03 2644 51.11 20.08 17.40 19.39 20.11
Phaeozem 3241 64.88 48.45 55.52 041 46.47 1434 58.25 45.31
Regosol 16.75 7.89 3.43
Umbrisol 13.03 40.93 59.63  14.84 12.85
Vertisol 61.45 16.88 1122 1194 60.56 7.54 8.97 5.83 4.49 11.71
Urban soil 4.73 1.46 22.13 0.14 2.79 0.75 1.51

Vsa: shrub secondary vegetation; B: forest. Underlined values indicate maximum percentages per sub-basin.

When comparing the elements of the water balance at the sub-basin level, it was
consistently identified that the highest estimates were associated with the upper sub-
basins (11, 12, and 13), whose main streams are the Rio Chico (upstream), Ventoquipa
Stream, and San Lorenzo River, respectively. On the contrary, the lower values were
related to the lower sub-basins (5, 6, 7, 8, 9, and 10), where their main streams are
the Tulancingo River (downstream), San Vicente stream, Los Enlamaderos River, Rio
Chico (downstream), Tulancingo River (upstream), and Camarones stream, in that
order (Figure 3). As an example, the element water stored in the soil profile (SW)
presented, on average, values of depth 2.8 times higher in the upper sub-basins than
those obtained in the lower sub-basins.

The second element of the balance, rainfall (PREC), showed a similar behavior in
which the upper sub-basins obtained 220 % more depth height than the lower sub-
basins, with a maximum period from May to October and a minimum from November
to April. This condition in the rainfall of the present study coincides with what was
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Figure 3. Mean monthly distribution of water balance elements by sub-basin for the 1982-2017 period in the

Tulancingo River basin, Mexico. SW: initial soil water content; PREC: precipitation; ET: evapotranspiration;
SURQ: surface runoff; PERC: infiltration; GW: baseflow, water depth in millimeters.
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previously reported by Herrera et al. (2018), where when analyzing the Tulancingo
basin, they grouped the rainy months (May—-October) into two periods: May—July and
August-October, warning of a high probability of an extreme event in the second one.
In relation to the average monthly behavior of the third element, evapotranspiration
(ET), it was observed that the maximum levels occur during the summer (July to
September), when crop production in Mexicois highest (Monterroso-Rivas and Gémez-
Diaz, 2021). This could be associated with evapotranspiration in the agricultural zone,
which dominates 64 % of the basin. However, the forest zone in the upper watersheds,
which covers 18 to 35 % of its surface, also has an impact on this condition. In fact, both
uses in basins 10, 11, and 12 occupy more than 80 % of their surface area, and their
average annual average evapotranspiration level is 38.4 mm, 202 % higher than the
average evapotranspiration level of the rest of the sub-basins (18.9 mm).

The maximum surface runoff (SURQ) occurred in September, which coincides with
the wettest month in all sub-basins. Sub-basins 7 and 10 stand out in this case for
their lower runoff. In these areas, the dominance of rainfed and irrigated agriculture,
combined with the good porosity of their soils (Phaeozen and Umbrisol), explain the
increase in evapotranspiration and, in this case, the reduction of surface runoff (Qiu
et al., 2011).

According to Bernal-Santana et al. (2022), the characteristics that influence a lower
infiltration rate determine the higher runoff rate in a watershed, such as soil
permeability or slope. In the Tulancingo watershed, the dominant soil type is
Phaeozem (45.3 %), which is characterized by good fertility and porosity (IUSS, 2015)
and contributes to the period of maximum infiltration (PERC). However, the period of
maximum infiltration coincides with the period of maximum runoff, so it is assumed
that it is due to the magnitude of rainfall, so this assertion does not apply in this case.
Of the elements analyzed in the balance, sub-basins 11, 12, and 13 showed higher values
of rainfall depth, evapotranspiration, and infiltration, reflecting their contribution to
baseflow (GW) and highlighting their influence in sub-basins 11 and 13, where the sum
of their monthly average values was 250 % higher than the sum in sub-basins 5, 6, 7, 8,
9, 10, and 12. It is in these same sub-basins (5 to 12) that, when the maximum surface
runoff occurs, the lowest baseflow depth is generated, similar to what happened in the
Awash River in Ethiopia (Shawul et al., 2019).

Surface Balance
The mean monthly final water availability in soil number one (SW1_) showed
temporal and spatial variation, accentuated in some months (Figure 4). The time of
highest availability was observed in September in sub-basins 11, 12, and 13, in which
the estimated rainfall depth was 139.6, 143.9, and 139.5 mm, respectively, exceeding
sub-basin 5 (63.8 mm), where the outlet of the Tulancingo basin is located, by a little
more than 200 %. The difference is greater (over 300 %) in the sub-basins where the
settlements of the city of Tulancingo are located (sub-basins 8 and 9), with depths
of 45.6 and 40.6 mm, respectively. This result is attributable to the difference in the
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Figure 4. Mean monthly final water availability in soil number one (SW1_) by sub-basin, in millimeters, in the

Tulancingo River basin, Mexico.

proportion of vegetation present in both groups of watersheds, since the upper
watersheds have a greater area of forest and shrub secondary vegetation, while the
lower watersheds have a greater proportion of induced grassland and settlements.
This condition is similar to that of the Luanhe River basin in northern China, where
it was identified that the forested area not only increased infiltration and soil water
storage but also reduced surface runoff by 11 % (Yang et al., 2019).

The trend when comparing the availability of high basins with low basins was
analogous for most of the seasons; however, in April and May, the difference was
accentuated. For example, in April, the basin with the highest availability was number
13 with 40.3 mm, while sub-basin 9 presented a deficit (negative value) of -1 mm. The
decrease in soil moisture content in the lower basins is associated with the increase in
evapotranspirative demand and scarcity of rainfall in that season, in addition to the
impermeability that characterizes the soil in the urban area established in basins 8 and
9. According to Puskas and Farsang (2009), these urban land modifications frequently
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cause changes in fluvial dynamics, highlighting the modification in soil moisture
regimes, so it is expected that phenomena associated with these modifications will be
reflected in watersheds 8 and 9.

In the mean monthly final water availability in soil number two (SW2_ ), which was
calculated under the assumption of no initial availability, a deficit (negative values)
was observed from November to May, which ranged from -20.81 mm of depth (in
December for watershed 13) to-0.31 mm (in February for watershed 10) (Table 3). On the
contrary, availability (positive values) was observed from June to September. October
showed a mixed performance. This scenario, although unlikely, provides evidence of
the importance of initial soil moisture content and warns about the continuation of
overexploitation of the 1317 Valle de Tulancingo aquifer. Thus, with rainfall being the
only source of supply for the requirements within the basin, it will only be enough to
cover four of the eight months. Except for the construction of hydraulic infrastructure
for water retention and catchment, the deficit trend could be on the rise.

Table 3. Mean monthly final water availability in soil number two (SW2mi) by sub-basin, in
millimeters, in the Tulancingo River basin, Mexico.

Sub-basin
Month
5 6 7 8 9 10 11 12 13
Jan -3.09 -2.62 -2.86 -2.46 -2.45 -2.24 -3.03 -5.55 -4.18

Feb -1.22 -0.81 -0.93 -1.28 -1.14 -0.31 0.62 -4.02 -0.42
Mar -2.42 -1.88 -2.75 -2.50 -1.64 -3.83 -8.81 -15.74 -10.69
Apr -12.86 -10.96 -13.64 -8.89 -9.55 -11.72 -8.42 -14.90 -11.66
May -5.99 -5.11 -8.38 -5.00 -4.57 -8.50  -11.19 -14.65 -13.44
Jun 12.24 1220 1212 8.80 7.70 13.01 30.18 24.19 26.94
Jul 4.08 3.93 5.09 1.59 0.36 7.45 14.01 21.55 8.93
Aug 10.90 10.36  11.33 6.46 6.28 11.45 13.44 16.97 9.40
Sep 16.75 1599  18.39 11.48 9.02 20.38 41.48 39.41 31.53

Oct 1.32 1.19 2.19 -0.97 -1.70 3.72 1.03 7.96 -7.27
Nov -5.66 -5.50 -5.91 -5.71 -5.23 -546  -16.63 -9.50 -20.81
Dec -5.61 -5.19 -5.83 -4.87 -4.52 -540  -14.26 -9.57 -16.69

Temporal analysis
The Generalized Additive Model (GAM) was applied to each set of monthly mean
values of the balance depth variables (Equation 1): PREC, SURQ, ET, PERC, GW, SW,
and SW1, in addition to potential evapotranspiration (PET) and water productivity
(WYLD), in three time periods (A: 1982-1993, B: 19942005, and C: 2006-2017). Such a
model provided smoothed trend lines for each analysis period, flexible in the form of
the relationships between the explanatory variable (months) and its response (balance
depth item under study) (Ouarda et al., 2018). The level of adjustment was considered
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positive based on the extent to which its variance is explained by more than 60 %
(Table 4), according to the calculated coefficient of determination R2.

The model best represented the behavior of monthly mean potential evapotranspiration
(PET) by presenting a value of R*> 0.9 in all sub-basins, followed by ET 0.79 <R?<0.95,
SW 0.83 <R?2< 0.3, SW1 0.66 < R? < 0.84, PREC 0.64 < R? < 0.81, GW 0.65 < R? < 0.75,
and WYLD 0.61 < R? < 0.64. The presence of empty spaces in the table of coefficients
of determination is due to R? values lower than 0.6, a condition that was assumed
to be an insufficient adjustment of the model to the monthly mean behavior of the
variable. The absence of surface runoff observed in each sub-basin (SURQ) and water
infiltrating into the soil profile (PERC) is due to the same reason.

Table 4. Coefficients of determination (R?), obtained from the application of the Generalized
Additive Model (GAM) model, for each variable by sub-basin.

Sub-basin PREC ET GW WYLD PET SW SW1
5 R? 0.64 0.79 - - 0.94 0.83 0.71
Cx* ACH* B* Cx* Cx*
6 R? 0.64 0.81 0.72 - 0.94 0.84 0.71
(Sia A O O B* O (Sa
7 R? 0.64 0.81 0.72 - 0.94 0.84 0.73
ot ACH* [Gica B* Cx* Cx*
8 R? 0.64 0.84 0.68 - 0.94 0.85 0.71
(Sia ACHH* O B* (Ssa (Sa
R? 0.64 0.81 0.75 0.61 0.94 - 0.68
9 st ACH* (G O+ B* Cx*
R? 0.77 0.93 - 0.63 0.94 0.84 0.75
10 AR CFF BC* Ok Ot (Sda
1 Rr? 0.77 0.93 - 0.63 0.94 0.84 0.67
AR CFE BC* O+ Cx* AFEE
R? 0.81 0.95 - - 0.94 0.93 0.84

12 AFEF C* B*CH** ACH*
13 R? 0.77 0.93 0.65 0.64 0.93 0.84 0.66
AR O BC* CFr* CFr* (Gaa AFEE

A: 1982-1993; B: 1994-2005; C: 2006-2017; *p < 0.05, **p < 0.01, ***p < 0.001; PREC: rainfall;
ET: evapotranspiration; GW: baseflow; WYLD: water productivity: PET: potential
evapotranspiration; SW: initial soil water content; SW1: final soil water availability.

Additional to that proven by Dubos ef al. (2022), who demonstrated the effectiveness
of applying the GAM model to climate data, the significance level obtained in this
study for the fit function in the period 2006-2017 (C), mostly p < 0.001, indicates that
the line describes very well the monthly mean behavior for the variables ET, GW,
WYLD, PET, SW, and SW1. It is evident that their increase separates them from the
previous periods A and B (Figure 5).
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The results obtained show that the response of runoff in relation to rainfall during
the three periods analyzed is consistent with studies focused on the analysis of the
effects of climate change, such as those of Swain ef al. (2021) and Xuan ef al. (2021),
where the temporal variation patterns of flow are complementary to those of rainfall.
Thus, the lower sub-basins, from 5 to 10, show a significant increase in groundwater
availability in the last period of analysis (2006-2017), as a result of the increase in
rainfall depth. This situation is congruent with the separation that the last period of
available information presents both the Venados Hydrometric Station (2006-2013) and
the runoff of sub-basin 1 (2006-2017).
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Figure 5. Smoothed trend functions with the Generalized Additive Model (GAM) for mean monthly mean final soil
water availability by sub-basin (SW1) (mm); mean monthly runoff flow measured at the Venados Hydrometric Station;
and SWAT-estimated flows to the outlet basin (sub-basin 1) (m? s?). The gray area indicates a 95 % confidence interval.

CONCLUSIONS
The Generalized Additive Model presented a good statistical fit for most of the
hydrologic balance variables (0.6 < R* < 0.94), so its performance was adequate. In the
2006-2017 period, values notoriously higher than the two previous periods of analysis
were observed, identifying a change in the hydrological state of the basin associated
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with rainfall in this last period of analysis. Consequently, an analogous change in the
surface runoff trend was identified, both in the values modeled with SWAT and those
measured at the Venados Hydrometric Station.

Final soil water availability showed a marked spatial and temporal variation. The
upper sub-basins had a higher water supply than those located in the lower zone;
however, it is in the latter where the largest population is concentrated, as well as
the economic activities with the highest demand, mainly agricultural, and therefore,
where greater volumes of water are required. In relation to temporal availability,
under the scenario of no initial water available in the soil, a water deficit was estimated
for most of the year (from October to May) and availability only in the period from
June to September. Surface runoff, which is greater in the upper sub-basins during
the months of August to October, represents a flood risk in the lower areas, especially
considering that in the last period of analysis these differences were accentuated.

The marked differences in water availability, both spatially and temporally, call for
the implementation of management actions in the highlands, primarily focused on
the conservation and restoration of native vegetation forests to slow runoff, increase
aquifer recharge, and reduce peak flows. It is important to manage this resource more
efficiently in low-lying areas, mainly those related to agricultural activities, and which
correspond to the highest land use in the study basin, in order to prevent a more
adverse scenario, similar to that of zero initial soil water availability (SW2).
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