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Abstract: Population growth, poorly planned industrial development and uncontrolled production
processes have left a significant footprint of environmental deterioration in the Alto Atoyac watershed.
In this study, we propose using the integrated pollution index (PI) to characterize the temporary
variations in surface water quality during the rapid urbanization process in the municipalities of
San Martin Texmelucan (SMT) and Tepetitla de Lardizabal (TL), in the states of Puebla and Tlaxcala,
between 1985 and 2020. We assessed the correlation between the population growth rate and the
water quality parameters according to the Water Quality Index (ICA). The contribution of each
polluting substance to the PI was determined. The industry database was created and the increase in
population and industry, and their densities, were estimated. The results indicated that the temporal
pattern of surface water quality is determined by the level of urbanization. The water integrated
pollution index (WPI) increased with the passage of time in all the localities: SLG 0.0 to 25.0; SMTL
25.0 to 29.0; SRT 4.0 to 29.0; VA 6.0 to 30.0; T 3.5 to 24.0 and SMA 4.0 to 27.0 from 2010 to 2020,
respectively. The correlation coefficients between the five parameters (BOD5, COD, CF, TU and TSS)
in the six localities were positive with the population. The values that showed a higher correlation
with the population were: SLG (FC 0.86), SMTL (BODs 0.61, COD 0.89, TSS 0.64) and SRT (TU 0.83),
corresponding to highly polluted localities, which generates complex and severe environmental
implications due to the unsustainable management of water resources. Achieving the sustainability
of water in the watershed is a challenge that should be shared between society and state. This type of
research can be a useful tool in making environmental management decisions.

Keywords: water quality; urbanization; social, economic, and environmental transformations

1. Introduction

The process of urbanization, as well as the accelerated growth of population and
industry make up, are, without a doubt, the most important global phenomena in the
development of human society due to their impact on environmental deterioration [1,2].
In Mexico, the situation is no different; urbanization trends are dynamic and face risks that
force the low-income population to concentrate in cities in sectors with high environmental
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impact [3-7]. Such is the case of the Balsas Hydrological Region, formed by 15 hydrographic
basins, among them the Alto Atoyac basin (Puebla-Tlaxcala) [8], where the Atoyac River is
located [9,10].

The Atoyac River is the second most polluted river in Mexico, mainly because it
receives untreated wastewater from more than 8000 companies, including industries such
as textile, food, pharmaceutical and automotive, that produce hazardous waste [11-14].
Several studies carried out in the basin have shown that factors such as increasing urban-
ization, improper land use, overexploitation of natural resources and the construction of
industrial drains have influenced water and soil pollution. All studies agree that the river
is anoxic and that most of the physical and chemical parameters exceed the maximum
permissible limits of the Official Mexican (NOMs) and International Standards [15-27].

The urbanization process is associated with population growth and industrial and
agricultural development and, consequently, the chemical composition of water is possibly
influenced by human activities [28-31]. In this regard, numerous studies have shown that
there is a close relationship between water quality and urban development [32-36]. It has
also been shown that human activities are positively correlated with the degradation of
water quality in the river [36-38].

The study was carried out in the municipalities of (SMT) and (TL), where the environ-
mental problem of pollution of the Atoyac River and its tributaries is mainly due to the
increase in anthropogenic activities [29,30,37]. Within the last 35 years, the municipalities
have experienced a profound transition from rural activities to intensive industrialization,
leading to the diversification of pollutants, including heavy metals and volatile organic
compounds (chloroform, chlorine methyl and toluene, among others) [14,23,37]. These
types of substances affect the health of ecosystems and inhabitants [25-27].

In Mexico, and specifically in the Alto Atoyac watershed, there is information and
evidence on the impact of the urbanization process [29,39,40]. However, there is no re-
search in which the process of urbanization and industrialization in SMT and TL and
its environmental implications are analyzed and related to the water quality of hydric
resources. The objective of the study was to evaluate the Alto Atoyac watershed between
the states of Puebla and Tlaxcala in the municipalities of SMT and TL as a case study. The
index proposed, PI, is based on the permissible standard limits for surface water parameter
recommended by the WHO. This index produces a single numerical result, which expresses
and categorizes all water quality by transforming a large number of variable data using an
integrated approach [41]. This method has been widely accepted and applied in various
countries [42]. In this document, the (PI) will be used to analyze the temporal changes in
water quality during the period of rapid urbanization from 1985 to 2020 based on the rate
of population growth and industrial development according to the (ICA), established in
Mexico between 2012-2019 [43]. Some socioeconomic aspects related to the environmental
problems in the Alto Atoyac watershed are also highlighted. The relevance of this research
consists in analyzing the water pollution of the Atoyac River generated over eight years
(2012-2019) using the integrated pollution index (PI), and associating it to the urbanization
process, taking into account territorial transformations, its impact on hydric resources and
the severe environmental implications the watershed has suffered, which have contributed
to serious deterioration and have prevented its conservation and sustainable regeneration,
since works of this type have not been reported.

2. Materials and Methods
2.1. Area of Study

The Atoyac River belongs to the Alto Balsas basin [10]. It originates from the ice on
the Iztaccihuatl volcano in the state of Puebla-Mexico, melting at an altitude of 3250 m
above sea level and measuring 84.97 km [10]. On its descent, the Atoyac River is divided
into three sections; in the first section, the current runs through the state of Puebla (SMT)
(~30 km), in the second it runs through Tlaxcala (TL) (~22 km) and then returns to Puebla
(~32 km), where it is dammed at the Valsequillo dam [44]. The study was carried out in
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the municipalities of SMT and TL, located between the boundaries of the states of Puebla
and Tlaxcala, respectively. Both municipalities are crossed entirely by the Atoyac River and
belong to the Basin of the Alto Atoyac Balsas Hydrological Region (RH18). SMT has an area
of 71.45 km?; its coordinates are latitude 19.2834 and longitude —98.4332 19°17/0” north,
98°25'60" west. Its altitude fluctuates between 2200 and 2500 m above sea level. The main
localities of the study in SMT were San Martin Texmelucan Labastida (SMTL) and San
Lucas el Grande (SLG), the latter belonging to the municipality of San Salvador el Verde but,
for the purposes of this study, it is included in the SMT area because, though its population
and area are very small, it is important as a point of reference given that the areas of study
(Z1 and Z2) are in this town. TL has an area of 28.68 km?, its coordinates are latitude 19.2664
and longitude —98.3773 19°15'59” north, 98°22'38" west. Its altitude fluctuates between
2200 and 2500 m above sea level. The main towns of study were: San Mateo Ayecac (SMA),
San Rafael Tenanyecac (SRT), Villa Alta (VA) and Tepetitla (T) [45,46] (Figure 1).
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Figure 1. Alto Atoyac hydrological basin with water sampling area [43,47].

2.2. Industrial and Population Growth

The municipalities of SMT and TL began to develop an important industrial presence
in 1970 due to public policies favoring industrialization and urban development; this
development was consolidated in the 1980s. The data on the industries were obtained from
the National Statistical Directory of Economic Units (DENUE) during 2019. The DENUE
began its activities in 2010, and every five years since this date, the information is updated
automatically; therefore, it is difficult to obtain records from previous years. It is published
on the National Institute of Statistics and Geography (INEGI) website through a system
that allows one to see the establishments that are georeferenced in digital cartography and
satellite images. The industry presented was established in the 1970s and consolidated in
the 1980s, with increases in subsequent decades [47]. They identified and quantified those
economic units active in the geographical area of SMT and TL that, due to their productive
activity, generate pollution and waste, among which are large, medium and small industries.
Industrial complexes and corridors are also located (Figure 1); however, the DENUE does
not count the industries located in those places. The main activities are textile, chemical,
petrochemical, metalworking, food and paper. Additionally, microenterprises such as
blacksmith shops, textile workshops and printing presses were considered, which are the
source of various toxic substances such as metals, inks, solvents, dyes, acids and bases,
among others. Microenterprises that are not registered in the DENUE [47], since they
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operate underground, are not included, as well as those that do not generate pollutants
from their activity (Table 1).

Table 1. Industrial density in the localities of the hydrological basin.

Number of

. Sampling  Area . Industrial
State Locality Areas (km?) Industry Type Ind[l;ls7t]r1es Density
Paper Chemical .
Food Metallurgy industry  industry Textile
Puebla San Lucas el Grande 71,72 5.8 7 11 1 - 26 45 7.8
San Martin 73,74 7145 13 102 37 11 166 329 4.6
Texmelucan L.
Tlaxcala Villa Alta z5 5.67 2 9 2 2 7 22 39
San Mateo Ayecac 76 117 - 2 1 - 12 15 12.8
San Rafacl z7 177 - 3 - - 46 49 27.7
Tenanyecac
Tepetitla z8 3.55 - 2 1 - 16 19 54
The information on the population was obtained from the National Institute of Statis-
tics and Geography (INEGI), the entity responsible for generating information every ten
years on the volume, structure and spatial distribution of the population, as well as its main
demographic, socioeconomic and cultural characteristics, both as a nation and by state.
Population information was consulted in the [48,49] censuses in each town. For purposes
of comparison, the population density of the period from 1980-2000 is presented. The
estimate of population density was obtained by dividing the population by the area of the
town (Table 2).
Table 2. Population and its density in the municipalities of the Atoyac River basin.
Stat L Sampling Area Pop. Density Pop. Density Pop. Density Pop. Density  Pop. (2020)  Density
ate o¢ Areas (km?  (1980)  (1980)  (1990)  (1990)  (2000)  (2000)  (2010)  (2010) [461. (2020)
Puebla SLG 71-72 5.8 SI SI 6480 1117.2 7183 12384 8546 1473.4 9138 1575.5
SMTL 73-74 7145 79504 11127 94471 13222 121,071 16945 141,122 19751 155,738 2179.7
Tlaxcala VA 75 5.67 SI SI 2844 501.6 3937 694.3 5974 1053.6 7756 1367.9
SMA 76 117 SI SI 1896 16205 2352 20103 3366 2877 4401 3762
SRT z7 17 SI SI 1957 1105.6 2463 13915 2699 1525 3048 1722
T Z8 3.55 St SI 6227 17541 7405 20859 8316 2342 9606 2706

Note: Loc = Locality. SLG = San Lucas el Grande. SMTL = San Martin Texmelucan Labastida. T = Tepetitla.
VA = Villa Alta. SMA = San Mateo Ayecac. SRT = San Rafael Tenanyecac. Pop = Population. SI = Without
information. Density = Inhabitants/ kmZ2.

The degree of development of a population is a spatial concept that incorporates eco-
nomic, population, social and ecological indicators, and is described according to the guide-
lines of [49], indicating that a “population is rural when it has less than 2500 inhabitants, its
cost of living is low, they are dedicated to the production of raw materials, like agriculture,
livestock and fishing, the nature that surrounds it does not suffer great damage, economic
and technological resources are scarce.” It is considered urban when it is “made up of more
than 2500 people, the population has better infrastructure, is surrounded by large-scale in-
dustrialization, produces all kinds of products and services, is exposed to greater pollution
and the cost of living is high”. A conurbation is “that area that is not totally linked to the
urban area itself, but rather is located on the periphery of it and its inhabitants depend on
the urban axis” [50]. One of the crucial factors in defining the level of urbanization is the
size and density of the population. To analyze the evolution suffered by urban and rural
areas in the areas of study from 1985-2020, satellite images from Google Earth were used,
as well as the Polygon Tool (Figure 2).
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Figure 2. Increase in the urban area in the study area from 1985 to 2020. Own elaboration.

2.3. Water Samples

The Atoyac River runs a total length of 18.78 km (Figure 1) in SMT and TL. The quality
of water in the Atoyac River has been measured by the National Water Commission [44],
which is an administrative body of the Ministry of Environment and Natural Resources in
Mexico, and has carried out, through the National Water Quality Measurement Network
(RNM), the systematic monitoring of bodies of surface water since 2012. The dataset
measured each month between 2012 and 2019 was used to characterize the change in water
quality during rapid urbanization in the Alto Atoyac basin. The RNM measured the quality
of water in SMT at four surface sites—three located in the Atoyac River (Z1, Z2 and Z3) and
one in the Cotzala River (Z4), in the state of Puebla. In TL, water quality was measured at
four surface sites located in the Atoyac River (Z5-Z8) in the state of Tlaxcala (Figure 1); two
areas of study were not reported due to lack of data [43]. The RNM qualifies water quality
as Excellent, Good, Acceptable, Polluted or Strongly Polluted; therefore, the highly polluted
water will have an ICA near or equal to 0% and water with excellent quality will have an
ICA near or equal to 100%. The surface water (ICA) looks at seven indicators, which are
Five-day Biochemical Oxygen Demand (BODs), Chemical Oxygen Demand (COD), Total
Suspended Solids (TSS), Fecal Coliforms (FC), Escherichia coli, (E. coli) and Percentage of
Oxygen Saturation (OD%); toxicity is also indicated in toxicity units (TU). Additionally,
depending on the range in which it is located, each indicator is assigned a color, which
indicates the degree of toxicity of the sample. Five water quality parameters were used
in the study: BODs, COD, TSS, FC and TU (OD and Escherichia coli parameters were not
considered due to lack of data in area of study). The data of five parameters were taken
into consideration, in eight sampling zones for 12 months over the course of eight years,
equivalent to 3840 monthly records, and the annual average was quantified, equivalent
to 320 records, to analyze the correlation between water quality and population, which
represents a set of solid data to be analyzed.

2.4. Correlation Analysis

We used the (PI) to annually assess the impact of anthropogenic activities in each area
of study of the Atoyac River on the water quality of the river [35,36,38,51], with the aim of
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analyzing the effect of the population and industry located in the basin on water quality.
The formula given in Equation (1) was used to calculate the (PI) of water quality at each
sampling site.

m
PI=1/m) Cb/Co(b=1,2, ..., m) (1)

b=0
where PI is the Integrated Pollution Index, Cb is the actual value of the water quality
parameter for each sample and Co is the water’s standard value (ICA). The average
annual value of each of the five real parameters of water quality at each site, obtained
by the RNM [43], was taken. The standard water quality values for each parameter were
selected in the category of Excellent (drinking water). The m represents the number of

parameters monitored.

The water integrated pollution index in surface water (PI) is classified into six cat-
egories (WPI), such as very Pure, when WPI < 0.3, Pure, when WPI varied from 0.3 to
1.0, Moderately Polluted, when it varied between 1.0 and 2.0, Polluted, when WPI was
between 2.0 and 4.0, Impure, when WPI varied from 4.0 to 6.0 and Heavily Impure, when
WPI was >6 (Table 3). The quality of the PI can be classified into these classes according to
the water pollution index (WPI) [38] (Table 3).

Table 3. Water quality classification according to WPIL.

Class Characteristics WPI
I Very pure <0.3
1I Pure 0.3-1.0
111 Moderately polluted 1.0-2.0
v Polluted 2.04.0
A% Impure 4.0-6.0
VI Heavily impure >6

The contribution of each pollutant to the integrated pollution index of all pollutants

was calculated as follows:
Cb

Ki = (;"Qj) % 100 2)

where Ki is the contribution of each substance to the integrated pollution index, Cb is the
actual value of parameter b, Co is the standard value of parameter b and PI is the integrated
pollution index.

2.5. Determination of Industrial Density

A key factor in defining the level of urbanization is industrial density (ID). The greater
the economic and business activity in a territory, the greater the probability that more
pollutants will be emitted into the environment. This parameter shows the relationship
between the number of industries over the territory occupied by them (Table 1), and the
formula of Equation (3) is applied:

D — Num. of industries in the town x 100

®)

Territory in km?

With the results obtained, the PI of each area of study was correlated with the level of
urbanization to identify the greatest negative effect on the quality of water in each town.
Pearson’s correlation coefficient was used to analyze how the variables correlated with the
population. Its values range from —1 to +1. The PI and ID data were analyzed using the
Pearson correlation test with 0.01 significance, and the Minitab 19 statistical program was
also used.
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3. Results and Discussion
3.1. Population and Industrial Growth

According to the density of the population [48,49] and due to the process of conurba-
tion between the municipal capitals and the communities in the 1990s, due to the growth
of the secondary sector and population expansion, the population in the Alto Atoyac
basin is defined as urban and is predominant (Table 2). Previous studies made a similar
comparison [28,29,37]. In Tables 1 and 2 and Figure 2, it is seen that in the same years of
development and boom of industrial activity (1980-2020), the highest rates of population
growth are recorded and the process of conurbation in the territory begins, which means the
urban areas extend to more than one town and/or more than one administrative political
unit to form a continuous urbanized space.

This information allows us to affirm that the profound social and economic trans-
formations that have occurred in SMT and TL are largely related to the process of
industrialization [28,37,52]. The population increase between 1980 and 2000, 2000 and
2010 and 2010 and 2020 in SMT was 13.9, 3.0 and 11.7%, respectively, and in TL it was
4.9, 6.8 and 12.5%, respectively. The largest population increase occurred from 1980 to
2000, with 13.9%, in SMT, which coincides with the rapid industrial growth of the area
(Table 2), [28]. From 2000 to 2010, the population growth in SMT decreased while, in the
following decade, it increased again in both municipalities.

In the area of study, a total of 479 polluting industries were identified, among which
textile, metallurgical, petrochemical and metalworking industries stand out. The largest
number of industries was in SMTL, followed by SRT and SLG, and the highest industrial
density was 27.7 and 12.8 in the towns of SRT and SMA, respectively, which have similar
territorial area and are equivalent to 2.47% of the territory occupied by SMTL (Table 1).
When comparing industrial density with population density (Table 2), results are simi-
lar. It is worth noting that 189,687 people live in an area of 89.41 km? and coexist with
479 polluting industries. Urban expansion due to industrial and population growth is
accompanied by a gradual increase in the urbanized area, coupled with the diversification
of economic activities which occurs in both municipalities and is reflected in the spatial
changes in land coverage and use (Figure 2).

The main land coverage was the agricultural zone, urban area, industrial zone, vegeta-
tion and wetlands (1985). For the year 2010, a decrease in the agricultural area was seen
over 1102.7 ha and the vegetation area lost 187.6 ha, while the human settlements and the
industrial zone gained 1129.7 ha and 230.2 ha, respectively. It is important to mention that
urban expansion occurs on agricultural, forest or water harvesting land, causing deterio-
ration in natural ecosystems and affecting the resources that sustain productive activities.
These results are due to the state, in the 1970s and 80s, seeking to attract new industries
through tax exemption and the expropriation or acquisition of land, mostly agricultural, for
the development of infrastructure (energy, mining, roads, tourism, real estate, commercial
and recreational projects were privileged). As the change of use from agricultural land to
housing was legitimized, a whole infrastructure was generated that would ensure economic
development to the detriment of the quality of the water in the basin [52,53].

3.2. Temporal Trend in Water Quality

According to Section 2.2, the six towns of study are categorized as urban. Figure 3
presents the level of impact urbanization has on surface water quality during the 20122019
monitoring years in the Alto Atoyac basin. In the towns of San Lucas el Grande and San
Martin Texmelucan, there are two sampling areas; the average value was calculated so that
each town corresponded to a PI value.
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Figure 3. Temporal pattern of the integrated pollution index to urbanization level.

The highest PI value (34.1) occurred in zone 5 during 2017 (Figure 3) and corresponds
to the town Villa Alta of TL, probably due to the increase in microenterprises of the
underground textile sector that produces highly toxic industrial waste, therefore impacting
human health [28,29,34,37]. The lowest PI was seen in the towns of San Lucas el Grande
and San Mateo Ayecac during the years 2012 (1.0) and 2013 (1.0-0.8) and belongs to class
III, which means the quality of the water is moderately polluted and is within the standard
value (Table 3), [38]. For the same period in the rest of the areas, the annual average varied
between 25.1 and 6.0 and is highly polluted; except for the year 2013, zone 7 had 0.8 on the
PI. As of 2014, in all towns, the PI increased and ranged between 13.5 and 34.1, exceeding
the standard value between 1250 and 3310%, with a WPI belonging to class VI (Table 3),
which means the water is highly polluted in all sampling areas of the basin. During 2016
and 2018, in some towns, the PI decreased; however, it is above the standard value. From
2017 to 2019, PI values are high and similar, implying that the contribution rate of pollutant
loads for each category showed the highest PI values in recent years and is similar in all
towns. This means that, in this section of the river, the load of BOD5, COD, TSS, FC and
TU surpasses the standard value between 1250 and 3310% and is constant, with slight
variations. This implies that the river has lost its capacity for self-regeneration and the
physical, chemical and biological phenomena that cause biodegradation of matter do not
occur, because the oxidation rate of the organic matter by bacteria is greater than the supply
of oxygen; therefore, the loads of BODs5, COD, TSS, FC and TU do not decrease and remain
constant (Figure 4). A similar result was obtained by J. Wang (2008) when identifying the
impact of population on water quality [32].

In this study, the associations of the temporal variations in surface water quality
(2012-2019) with spatial variations in land use and the urbanization process that brought
with it an increase in population (2010-2020) by industrialization are seen (Table 2). The
results indicate that in the Alto Atoyac basin, the impact of human activities is posi-
tively correlated with the decrease in water quality and coincides with the research of
Chamara P. Lianage et al., 2017 [35]. The increase in population leads to an increase in the
production and consumption of goods and services that leads to a greater demand for
water, as well as a greater generation of wastewater, impacting the quantity and quality of
environmental services as well as loss of biodiversity in the basin. This temporal pattern of
the integrated pollution index is also similar to other studies [31-33,35,36].
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Figure 4. Annual average WPI (Water Pollution Index) and relative contributions of each pollutant to
WPI in the Atoyac River.

Figure 5 presents the relationship between WPI and the level of urbanization in
monitoring towns. The level of urbanization in each town was determined, taking as
a reference the one with the highest population density by municipality, in this case
SMTL in Puebla and SMA in Tepetitla de Lardizabal, Tlaxcala (Table 2). These towns
represent 100% urbanization. The WPI increased with the passage of time in all the
localities: SLG 0.0 to 25.0; SMTL 25.0 to 29.0; SRT 4.0 to 29.0; VA 6.0 to 30.0; T 3.5 to 24.0
and SMA 4.0 to 27.0 from 2010 to 2020, respectively.
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Figure 5. Relation between the integrated pollution index and the level of urbanization [47,48].
considering the increment of population in 2010 and 2020.

To be more specific, we calculated the correlation coefficients between the five parame-
ters in the six populations (Table 4).

Table 4. Correlation coefficients of quality parameters and population.

Parameters Correlation Coefficients (p < 0.01) Locality Number
BODs 0.61 2
COD 0.89 2
TSS 0.64 2
FC 0.86 1
TU 0.83 5

1 SLG = San Lucas el Grande; 2 SMTL = San Martin Texmelucan Labastida; 5 SRT = San Rafael Tenanyecac.

The correlation coefficients between the five parameters (BODs, COD, CF, TU and TSS)
in the six localities were positive with the population. The values that showed a higher
correlation with the population were: SLG (FC 0.86), SMTL (BODs 0.61, COD 0.89, TSS 0.64)
and SRT (TU 0.83), that corresponds to highly polluted localities, which generates complex
and severe environmental implications due to the unsustainable management of water
resources. In general, the values of the correlation coefficients between 1.0 and 0.5 may be
considered to indicate a strong correlation [43]. The data used in the study suggested that
the five parameters, BOD5 COD, TSS, FC and TU, may be used as a model, given that their
correlation coefficient was greater than 0.5. The comparison of the results illustrates the
relationship between population, industry and water quality in the basin. Additionally, it
is seen in Table 4 that three parameters (BODs5, COD and TSS) of the five have the highest
coefficient and belong to the town of SMTL (Figure 4). The highest correlation was seen
in the COD parameter, which showed an increase of 31% regarding BODs, 28% regarding
TSS, 3% and 7% regarding the quality of FC and the degree of TU. These findings suggest
that the town of SMTL has shown the greatest deterioration in water quality, in the period
studied, by urban growth (Tables 1 and 2).

The contribution of each pollutant to the WPI was calculated according to Equation (2).
The results indicated that the main pollutants in the river were BOD5 COD, FC and TU
and, to a lower level, the TSS that presents different trends of variation (Figure 4).

The increase in the number of FC and TU indicates considerable pollution from BODs,
which determines the degree of water pollution by biodegradable organic matter, both
in domestic and industrial wastewater. During the years 2012-2013, the highest level
of BODs and COD was 60% in SMTL in 2013 and Villa Alta in 2012, respectively, for
underground textile industrial waste [28,37]. The level of FC varied in all areas, except
in SMTL, where it was 100%. Since 2014, the level of BOD5s and COD has decreased;
however, the level of fecal coliforms increased 80-100%, coinciding with the increase in
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the human population, which generates large amounts of organic matter susceptible to be
degraded by bacteria. The standard WPI values obtained from 2014 to 2019 have remained
constant with slight variations, which means, on one hand, that the water quality of the
watershed is highly polluted due to the lack of efficient treatment of the municipal and
industrial wastewater (Table 3 and Figure 4), making it unacceptable for any use [29,31];
on the other hand, the elevated concentrations of BOD5, COD, TSS, FC and TU in the river
exceed the natural self-cleansing of the ecosystem, and the low oxygen level impedes the
biodegradation process of matter, so the river has lost its natural balance and has come
to its environmental limit. Additionally, there are extrinsic factors in the basin, such as
wastewater discharges characterized by their bacterial content, an increase in phosphate
content and the presence of more than 50 toxic compounds (EPT, POC, VOC and PCB) and
pathogenic microorganisms in water, sediment and agricultural soil due to the basin from
the underground textile, petrochemical and metallurgical industries, among others, located
outside of the basin [22,28,34].

Therefore, it is urgent that real measures be implemented that mitigate the environ-
mental problem in the watershed. It is necessary to identify the origin of the pollutants,
as well as to identify the origin of pollutants from underground discharges, and that compe-
tent authorities apply the laws with no restriction, together with the increase in wastewater
treatment infrastructure. In this way, the sanitation processes of the wastewater would
allow the reduction of polluted loads, not only by being dumped into natural watersheds,
but rather through their reuse as an alternative hydric resource. The active participation of
the local organized population is also imperative, with support from public and private
institutions and the state. These measures will contribute significantly to achieving the
appropriate and rational use of natural resources to achieve optimal and sustained produc-
tion of these resources, with minimum damage to the environment, for the benefit of those
living near the watershed and those linked to it.

3.3. Social, Economic, and Environmental Transformations

The pollution of the Alto Atoyac basin is historic, and the close relationship between
society and nature is based on the role the basin has played over time. It has provided
the local society with the materials and energy needed for its development. In the 16th
to 18th centuries, it was used for textile works in Puebla and Tlaxcala. Then, in the 19th
century, its waters were used as a source of energy to drive textile factories, and from the
mid-20th century to date, it has been a sewer for all urban, industrial and agricultural waste,
exceeding the maximum permissible limits that the river is capable of decomposing [54],
as has been shown in this article.

Until the mid-20th century, in the basin, natural resources were controlled by the state
or community, or simply were not controlled by anyone because they were understood to
be common goods. Since the 1970s, natural resources have been privatized and assigned
ownership and can be controlled and transferred, meaning the resource went from being
a public good to being an economic good [28,52,53]. This situation favored, on the one
hand, accelerated urban growth, together with a series of incentives, such as free access to
resources, subsidies and tax extensions, low cost of exploitation concessions and incentives
for the import and application of high-yield technologies, but was inadequate to achieve
sustainability of natural resources, the application of subsidized exploitation rates and, to
further aggravate this problem, we must add the lack of supervision and the application
of a defective environmental regulation on the forms of exploitation of natural resources,
in the specific case of water [55,56].

On the other hand, this process is characterized by the increasing concentration of the
urban population, which operates through the growth of a conurbation that, over time,
becomes part of existing urban areas, and/or new urban towns arise. It should be noted
that, in 1990, the population in SMT and TL was 100,951 and 12,924 inhabitants, respectively,
while in 2020, it reached 164,876 and 24,811, increasing 63.32 and 92%, respectively (Table 2);
additionally, a need for food and goods was generated for the population. Consequently,
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the increase in industries, population and infrastructure increased the production of dif-
ferent products derived from this activity, such as heavy metals, hydrocarbons, pesticides,
solvents, etc., which are emptied into the Atoyac River or municipal drains, causing serious
problems to human health and the water system [11-15,20,27-29].

4. Conclusions

In this research, the impact of anthropogenic activities over eight years on the water
quality in the Alto Atoyac watershed in the SMT and TL municipalities was analyzed,
using the integrated pollution index, as well as a correlation analysis between the water
quality parameters and population growth considering its impact on water resources and
the severe transformations that the watershed has undergone.

The standard WPI values obtained from 2014 to 2019 have remained practically con-
stant, which means that the water quality in the watershed is highly polluted, exceeding
the natural self-cleansing of the ecosystem, so the river has lost its natural balance and
has come to its environmental limit. All the parameters, including: Biochemical Oxygen
Demand (BODs), Chemical Oxygen Demand (COD), Total Suspended Solids (TSS), Fecal
Coliforms (FC) and Toxicity Units (TU), were positively correlated with the population,
suggesting that they can be used as indicators of urbanization. Three of them—BODs5, COD
and TSS—presented a strong correlation in SMTL. This shows that it is the location with the
greatest degradation in water quality due to urban growth. The comparison of the results
illustrates the relationship between population, industry and water quality in the basin.

Industrial development leads to a strong socioeconomic reactivation and improve-
ments in the individual’s quality of living; on the other hand, it may cause the imbalance
of ecosystems, various forms of pollution and other environmental and social problems,
such as in the Alto Atoyac watershed in the SMT and TL municipalities, where industrial
development has not been compatible with the sustainability of the watershed. The urban-
ization process has a direct impact on the use of the land, which has shown over time a
disorderly land development incongruous with the proper environmental sustainability
process. In particular, the results during the period analyzed were the reduction of the
agricultural zone and the expansion of the urban and industrial zones, which led to the
decline in primary activities for the benefit of the secondary and tertiary sectors. The
urbanization process also leads to strong disruptions in the ecosystems and in the water
cycle. It eliminates the natural vegetation and impacts biodiversity. Intensive growth of
cities may generate more poverty, implying problems of socioeconomic imbalance, going as
far as the overexploitation of resources, the inequality of expenses and a severe degradation
of the environment.
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