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The typical vegetation cover
of the Andes in southern
Ecuador is composed of
grassland wetland
ecosystems. These form the
basis of the area’s hydrology,
regulating water flows and
supplying water to the lower

regions of the basins. This study focuses on the Rircay River
subbasin, where the dynamics of human activities have
transformed natural ecosystems to alternative land uses,
particularly cattle pastures. My study examines the change from
native wet grasslands to introduced grasslands for livestock
grazing. The research uses cartographic land use and land cover

change data from 1990 to 2015. Subsequently, I evaluate the

effect of these changes on river flow. Flow is measured at a control

point at the exit of the total area. At this point, specific water

quality parameters resulting from livestock contamination are

measured and related using nonlinear models. The results are
conclusive and indicate a marked decrease in river flows and an

increase in the concentration of pollutants due to the increased

area occupied by livestock pastures.

Keywords: hydrological regulation; Andean grassland; livestock

grassland; water quality; streamflow; land use and land cover

change.
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Introduction

By the year 2055, it is projected that 64% of the world’s
population will live in watersheds with water stress and 33%
in areas with absolute water scarcity (FAO 2007). Most of
these areas will be used for livestock production. In many
cases, the impact of livestock on the water sector is not well
understood, since water management varies according to
location. Depending on how it is managed, the highest water
consumption could be for pasture irrigation, cleaning, or
direct consumption by animals (Schlink et al 2010). The type
of livestock also plays a fundamental role in how the
resources are used. Inadequate management techniques have
led to decreased resources, including a loss of quality and
quantity of water, soil compaction, and degradation of
ecosystems (Walker and Salt 2006).

Water quality, resource availability, and habitat are
adversely affected in many areas because of the need for
water for livestock and space for pastures. Conversions of
native ecosystems for livestock production affect the
availability of water in Andean basins and represent
additional consumption of water. This directly affects public
health management because of pollution problems that put
water security at risk, especially in downstream areas (Mateo-
Sagasta et al 2009).

Proper water management within areas where it is used
for irrigation and maintenance of pasture for livestock
reduces shortages at times of the year when there is not
enough rainfall. Drought has adverse effects on agriculture
and aggravates management problems since more water is

used than can be replenished, thus disrupting the ecological
balance (Ortega-Gaucin et al 2008).

Concern for the adequate maintenance of these water
systems is the focus of several studies (eg Niyonzima et al
2013). These prioritize access to water for livestock, while
giving less consideration to the impact on the resource. It is
important to analyze both water quality and water quantity
resulting from the loss of native ecosystems or from high
extraction. Nyachieo (2016) describes specific cases from
Kenya where strategic management of water together with
community training achieved sustainable maintenance of
livestock pastures.

The transformation of forest cover into pastures,
cropland, or urban areas is a global problem (Kareiva and
Marvier 2015). Land use change is driven by combinations of
resource depletion, changes in economic dynamics, political
intervention, and changes in organizations (Lambin et al
2003). Change is not linear but associated with various
environmental and social dynamics (Lambin and Meyfroidt
2010).

In order to propose adequate strategies to address the
problem of changes from native vegetation to other land
uses, we need to understand the dynamics of land use change
(Quintero-Gallego et al 2018). Land use change is a
phenomenon that occurs within a complex system that
affects ecosystem services within a territory (Berrio-Giraldo
et al 2021). The transition to pasture is the main trigger for
the loss of landscape in Andean areas (Cocca et al 2012).

In Ecuador, land use has evolved since the time of the
haciendas. Back then, most people engaged in agricultural
activities within organized territories with private owners.
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There were fewer landowners, the work was more
homogeneous, and there was no excessive pressure on
resources. Over the years, the territories split up into smaller
landholdings and the number of landowners and thus
stakeholders increased. People practiced agropastoralism
based on family agriculture; pasture use was limited and
considered a capital reserve, and the primary source of
income was crops, grown in rotation on the agricultural
frontier of the páramo.

In the 1990s, livestock production was intensified and
páramo lands were used exclusively for grazing. Agrarian
reforms encouraged this activity (López-Sandoval and
Maldonado 2019). This change in land use was economically
beneficial and was promoted without adequate planning
and, above all, without considering the environmental
consequences.

Research is needed on ways to address global and local
changes and their effects on the loss of natural resources and
the reduction of ecosystem services. This is particularly
important in unique ecosystems, such as the páramo, wet
grasslands, and native forests of the Andes.

Recent studies on human water security reveal global
threats to the population and economic growth, misuse of
water, climatic extremes, and a general failure to protect
landscapes effectively. Approximately 85% of humanity
depends on freshwater sources that are moderately to
severely threatened as a byproduct of unplanned
development (V€or€osmarty et al 2021).

Alternatives that are showing results include integrating
the main actors in the conservation and proper management
of these resources, analyzing the drivers of change and
response variables from the local to the national scale, and
emphasizing the importance of monitoring. Llambı́ et al
(2019) suggest integrating monitoring of land use change
drivers and their effects along environmental (eg elevation)
and land use gradients (eg mosaics of productive systems,
ecosystems with different levels of degradation).

Assessing vulnerability in socioecological systems can
serve to identify the degree to which environmental change
affects ecology, functioning, and social wellbeing. This type
of evaluation provides valuable information for the design
and implementation of land use planning policies. The
approach shows that society is threatened when the integrity
of the biophysical system changes and it cannot maintain a
given level of ecosystem services (Berrouet et al 2020).
Therefore, knowing these changes gives us a fundamental
basis for land use planning that contributes to the
sustainable development of high mountain basins under
heavy human intervention.

At the same time, this intimate connection between
water, space, and the identity of social groups has caused
struggles over the material control of the use of water,
systems, and territories. Both scientific and local
communities need to know the true impact of changes in the
quality and quantity of this resource (Boelens 2014).

This study aims to verify land use change from natural
cover to agricultural use and to link these changes with water
flow and quality over the period of 1990–2015.

The aim of achieving universal water security under the
Sustainable Development Goals motivates a serious
consideration of strategies for analyzing the impact of land
use changes on water and the implementation of new
alternatives as nature-based solutions (High Level Panel on

Water 2018). A coupled framework is required to realize the
global potential of linking these studies with the application
of viable options. This research analyzes past land uses to
determine the impact they have on the quality and quantity
of water (Celleri et al 2017).

Methods and study area

This study analyzed the subbasin of the Rircay River in the
province of Azuay in southern Ecuador (Figure 1). Its
territory occupies an area of 830 km2 within the Jubones
River basin. The Rircay subbasin has particular
characteristics typical of high Andean basins, such as
maximum elevations over 4000 masl. However, having
Pacific slopes, it has a very marked hypsometry, presenting
minimum heights of 960 masl.

In the Rircay subbasin, natural pastures constitute a large
part of the páramo vegetation, especially the grasslands (Stipa
ichu) that, in this analysis, I have considered simply as páramo
or páramo vegetation. In addition, other herbaceous plants
are generally present in the more humid parts, such as rabbit
foot (Geranium sp), sigse (Cortederia sp), and horned deer
(Halenia weddelliana), among others. For the purposes of this
analysis, these species are considered herbaceous vegetation
that forms high-elevation natural pastures.

The Rircay River subbasin is an area of great importance
because of the dynamics of land use changes that have
occurred over the last 3 decades. These changes have been
marked by variables such as the region’s productive activity,
local development, migration, and mining. In addition, the
area has agrarian importance because of livestock
production, supply of drinking water for various
populations, and its contribution to hydropower
production.

In this area, water is mainly used for grazing activities
(Valladares and Boelens 2019). The water is supplied through
a series of diversions, channels, and infiltration ditches that
have been built for years and that allow the cattle pastures to
be constantly irrigated. For the water to reach the entire
pasture area, an adaptation of pre-Inca systems is used that
improves infiltration into the soil, keeping the grasslands in
good condition, especially during the dry period (Grainger
et al 2019).

Within the subbasin, the area of land used for livestock
production has grown year on year. Several authors relate
these behavioral dynamics to variables such as migration,
which has changed the patterns of productive systems in the
region (Vasco et al 2016). Local producers see livestock
production as an activity with better economic returns and
requiring less physical effort than agriculture.

These changing dynamics are affecting the environment,
causing loss of the amount of water available in the basin and
a decrease in water quality. There is also a loss of ground
vegetation cover typical of the area, such as wetland and
páramo grasslands. These are characterized as having
excellent water retention capacity, being flow regulators, and
guaranteeing water security in both quantity and quality for
the populations living in the lower basin.

The change in land use in the basin was evaluated over
time using official maps for the years 1990, 2000, 2008, 2011,
and 2015. Common land uses were identified so that the
change over the years of study could be verified. This allows
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comparisons with global changes and quantification of the
effects of change in land use in ecosystem services under
different scenarios (Sun et al 2021).

Classification of land use and land cover types

Land cover and land use are 2 different, but linked, criteria.
Land cover reflects the area’s surface characteristics, and
land use refers to anthropic activities over the area
(Khamchiangta and Dhakal 2020). For this study, I
considered natural covers, such as grassland wetland
ecosystems that were replaced by livestock grazing land. This
intensive change is causing issues with water resources.
Further, degraded wasteland is replacing cultivated
grasslands.

In this study, I classified land use and land cover into 11
classes (Figure 2). The increase in livestock grassland areas
and the decrease in vegetation cover of grassland wetland
and páramo ecosystems were correlated. I also show temporal
changes in coverage and varying land uses to illustrate the
dynamics of land use change across the area.

I used satellite data from official sources in Ecuador: the
Ministry of Agriculture, the Secretary of Territorial
Planning, and the Ministry of the Environment. These were
combined with historical data available from 1990 to 2015.

Data analysis, water quantity, and water quality

The percentages of the area according to the classifications
of land use and the monthly mean flows measured at the
station at the basin’s outlet were correlated (Li et al 2021).

The water quality was measured at the same monitoring
point at the outlet of the basin. Monthly data were collected
from January 2000 to December 2015. Five water quality
parameters associated with contamination from livestock
activities were analyzed: chemical oxygen demand (COD),
biochemical oxygen demand (BOD), nitrates (NO3

�),
suspended solids (SS), and total coliforms. Normality tests
were applied to the data for each parameter. Then the data
were analyzed using the Pearson correlation coefficient and
the Spearman rank correlation test to evaluate the
relationship between land use and the concentration of
pollutants (Helsel et al 2020).

Nonlinear models that included exponential regressions,
potential regressions, second-order polynomial regressions,
and logarithmic regressions were used to identify the
relationships between different percentages of livestock
pasture use with the water quality data. Models were used to
find the best-fit relationship between land use and pollutant
concentration (Bates et al 2015).

Before the nonlinear models were obtained, an initial
descriptive analysis of water quality and flow data was

FIGURE 1 Location of the study area.
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FIGURE 2 Land cover patterns in 5 selected years within the study period. (A) 1990; (B) 2000; (C) 2008; (D) 2011; (E) 2015.
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conducted to see how they varied. Table 1 shows the
statistical values of central tendency (mean and median),
maximum and minimum values, the standard deviation of
the sample (SD), and the standard error (SE) that allows the
data to be extrapolated since it represents the variability of
the samples.

Results

During the analysis period of 25 years (1990–2015), several
changes in land use were observed, with increases and
decreases in the same use for different periods. Reasons for
this include public policies or even social dynamics in the
study area. These results highlight the issues caused by
livestock, tourism, urbanization, and even mining.

Figure 2 shows land cover patterns for the period
analyzed. The maps show how land use has changed over this
period. Figure 3 shows how the percentage area of each land
use has changed over the period considered. The changes
reflect the implementation of support policies for livestock.

This analysis shows that there is undoubtedly a
substantial decrease in native vegetation. In 1990, native
forest covered 11.3% of the basin’s total area; by 2015, it
comprised only 2.6%. Páramo decreased from 21.2% to
15.9%, and wet grassland decreased from 29% to 12.9%.
Most of this land was converted to livestock grasslands, which
in 1990 only covered 6% of the basin’s total area, but by 2015
had increased to 34.5%.

Table 2 shows the percentage area for each land use type
and how this changed over the years of analysis. The marked
decrease in agricultural land illustrates the trend in social
and production dynamics toward livestock production in the
area, partly caused by incentives for livestock production.

These changes have had a significant impact on
resources, especially water. First, Pearson and Spearman
tests were used to examine the correlation between the
increase in livestock pastures, water use, and flow measured
at the outlet of the basin for the period of analysis. There is a
significant correlation (Figure 4) between the 3 variables,
indicating water consumption increases with an increase in
livestock area.

The research results were validated according to the
monotonic relationships that were found. The Spearman
correlation does not necessarily measure linear
relationships, but rather those between the data in each year
of land use change analysis.

For the relationship between livestock grassland area and
water demand, there is a relationship of 0.83. For streamflow,
the relationship is �0.78. That is, consumption is directly
related to the change in land use and the presence of pasture
for livestock.

As land use area for cattle pasture increased, the
concentration of all the pollutants monitored also increased
(Figure 5). A similar trend was found for all land uses that
altered native cover to specific anthropic uses, including
agricultural use.

TABLE 1 Information on nonlinear model fits.

Parameter Mean Median Maximum Minimum SD SE

Livestock grassland area (km2) 231.65 196.34 437.48 50.21 142.63 63.79

Water demand 4379.0 4805.4 7689.8 451.4 2944.92 1317.01

Mean flow stream 11.41 11.54 18.48 4.70 5.20 2.32

COD (mg/L) 14.34 15.30 20.00 8.10 5.36 2.40

BOD (mg/L) 10.88 11.20 17.50 5.50 5.00 2.23

SS (mg/L) 95 110 125 30 37.57 16.80

NO3
� (mg/L) 2.96 2.50 5.47 1.46 1.55 0.69

Total coliforms (MPN/100 mL) 576.6 80.0 1450.0 13.0 731.15 326.98

Note: MPN, most probable number.

FIGURE 3 Shares of land uses in total area by year.
FIGURE 4 Correlation analysis for land use, water demands, and streamflow.
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The adjusted R2 values for the exponential models were
0.69 and 0.82 for the relationships for COD and total
coliforms, respectively. The potential models were adjusted
for BOD and NO3

� with R2 of 0.66 and 0.62, respectively.
Finally, for SS, the best-fit model was logarithmic, with R2 of
0.87 as the best-fit nonlinear model for all the data analyzed
(Table 2).

Table 3 gives the Spearman correlation value to verify the
correlation between the analyzed water quality data.

Discussion

The results show an apparent decrease in water flow related
to the change in land use in the study years. Unlike similar
studies that project future land use changes, such as Avil�es et
al (2020), this research analyzes past changes in the study
area along with their causes, making it possible to consider
potential effects of unplanned or controlled changes when

planning future land use in the area. For the years of
analysis, a marked trend has been evidenced in the increase
in area of cattle pastures; this goes hand in hand with the
decrease in flow. This can be attributed, in the first instance,
to the reduction of water retention capacity of the soil
occupied by livestock pasture (Mosquera et al 2022).

In basins without such marked changes in land use, water
flow responds to other global changes, as shown by Kim et al
(2013). The results of another study conducted by Balthazar
et al (2015) show the impact of land use change on all
ecosystem services in the basin. The loss of water retention
observed, especially the shift from páramo grasslands to forest
plantations, was scored. The storage of water in the soil of
native forests cannot be recovered through afforestation.
The benefits in terms of hydrological regulation are at the
expense of a reduction in total water from supply, as forest
cover is associated with increased water use in most Andean
countries (Bonnesoeur et al 2019).

TABLE 2 Land uses for the analysis period.

Land use

Area (%)

1990 2000 2008 2011 2015

Native forest 11.3 10.6 7.4 5.6 2.6

Grassland for livestock 6.1 22.7 23.7 52.7 34.5

Crops 16.4 12.9 8.0 1.8 2.4

Shrubland vegetation 14.6 21.6 28.7 13.6 26.7

Páramo 21.2 25.0 21.4 21.7 15.9

Wet grassland 29.0 2.3 6.0 0.1 12.9

Wasteland 1.4 5.0 4.9 4.5 5.0

Total area 100.0 100.0 100.0 100.0 100.0

FIGURE 5 Nonlinear models for relationships between livestock grassland and water quality parameters: (A) COD; (B) total coliforms; (C) BOD; (D) NO3
�; (E) SS. MPN,

most probable number.
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In the Andean páramos, Pati~no et al (2021) conducted a
systematic search on the effects on hydro-physical soil
properties due to the change in land use. They found a
relationship similar to that established in the current study
but viewed this from the perspective of soil characteristics
and their direct relationship with water storage and
conservation of water flows.

A similar investigation was conducted by Ochoa-Tocachi
et al (2016), analyzing the impact of land use change on
hydrological response in Andean basins. They found
variations ranging from extremely high discharges to highly
seasonal base flows. The effects of land use are equally
diverse, and their magnitudes are a function of watershed
properties, original and replacement vegetation, and type of
management. The impacts of grazing are more variable but
have the greatest effect on hydrological regulation of the
basin.

In the studies conducted by Heerspink et al (2020), the
entire Amazon basin was analyzed. The analysis indicated
significant variations in streamflow that were due to changes
in land use and variability in precipitation, which is similar
to the findings of Haghtalab et al (2020), but they also
included daily changes and extreme events. These studies all
support the link between changes in land use and the global
changes in rainfall patterns and evapotranspiration. This
allows a precise forecast of the variability of the flows within
a basin to be obtained. Land use and land cover change
emerge from the interaction between biophysical, social,
economic, and institutional factors (Geist and Lambin 2002).

In terms of water quality, there is clear evidence that
livestock activities are directly related to a decrease in water
quality and quantity, as analyzed by Strauch et al (2009). In
this case, the different types of livestock are evaluated. I did
not analyze different livestock production techniques, but
rather examined the direct effect of these activities on water
quality. Taniwaki et al (2017) found a direct relationship
between pasture crops for livestock and the increase in
organic matter in water flows, especially in the wet season.
This is related to the increase in runoff caused by rainfall
carrying pollutants from pasture soils to water courses. This
effect is not observed in humid grasslands and páramo areas,
since these are not grazed and thus have no major input of
organic matter from livestock. Their soils have a great
capacity to retain, in addition to water, organic matter.

This research points to ways to increase the sustainability
of mountain areas, including improving the quality of life of
local populations that depend on livestock and agricultural
activities. However, agricultural activities are increasing to a
lesser extent. In a study conducted by Blackmore et al (2021)

in the central highlands of the Ecuadorian Andes, land
degradation and activities of local populations were
analyzed, showing the relationship between eroded and
nonproductive lands and the vulnerability of livelihoods.
Properly managing land could significantly reduce the
exposure of the livelihoods of populations and contribute to
sustainable development.

Addressing the hydro-social territorial issues highlighted
here requires that the populations inhabiting and farming
livestock in these areas be involved in participatory practices
to develop public policies to manage and conserve resources
(Mills-Novoa et al 2020), such as soil and water, and the
benefits they provide.

Conclusions

Land cover and use in the Rircay river subbasin have
changed dramatically over the last 3 decades. These
dynamics do not have a linear trend but are due to social
behavior that the area’s productive activity has influenced. A
loss of 116 km2 of native forest and páramo and 134 km2 of
natural pastures is observed. Almost all this loss of vegetation
cover has been due to cattle pastures that, by 2015, occupied
286.1 km2, 34.5% of the total area. These changes in land use
mean a difference not only in the hydrological behavior of
the site but also in water demands. By 2020, the average daily
water use for pasture irrigation was 7.7 m3/s, compared to
the provision for human consumption, which was 0.13 m3/s.
This high increase in water consumption for irrigation is
observed as a directly proportional relationship with water
extracted from the river channel.

In addition to the pressure on water consumption, the
problem worsens when the quality of the remaining river
water is reduced. There is an increase in the concentration
of the 5 pollutants analyzed in this research. The nonlinear
models of percentage land use (such as cattle pasture) and
contaminants have different adjustments and different
growth rates, but all indicate an increase in pollutant
concentration. If the quantity of water decreases and the
quality is impoverished, we face an imminent risk to the
water security of the area.

The dynamics of land use change from native vegetation
to cultivated grassland is a common problem within the high
mountain basins in Ecuador. There are issues of water
regulation, pollutants in water flows, and loss of ecosystem
services

This research contributes to and complements other
studies. Above all, it serves as a base study on the combined
effects of the quality and quantity of water. Further analyses
are needed that include climate variables, which play a
fundamental role in the variability of the flows in a specific
area.

It is necessary to evaluate the tangible impacts of the
changes and land cover on the quality and quantity of water,
and land management alternatives to reduce these impacts.
Managing the territory to obtain the greatest advantages
without accelerating degradation is one way toward
sustainable development in mountain areas.
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