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Climate change will cause alterations in the hydrological cycle, a topic of great
relevance to the scientific community due to its impacts on water resources.
Investigating changes in hydrological characteristics at the watershed level in the
context of climate change is fundamental for developing mitigation and
adaptation strategies against extreme hydrological events. This study aimed to
analyze the impacts of climate change on flow and sediment production in the
Puyango-Tumbes watershed. Projected climate data from CMIP6 were used,
corrected through a bias adjustment process to minimize discrepancies between
model data and historical observations, ensuring a more accurate representation
of climate behavior. The analysis combined two representative climate change
scenarios (SSP2-4.5 and SSP5-8.5) with two land use and land cover (LULC)
scenarios: (a) an optimistic scenario with reduced anthropogenic effects (LULC_
1985) and (b) a pessimistic scenario reflecting future impacts (LULC_2015). The
SWAT model estimated future flow and sediment production for two periods
(2035-2065 and 2070-2100), following model calibration and validation against
the reference period 1981-2015 at three hydrometric stations: Pindo, Puyango,
and El Tigre, located in Ecuador and Peru. The simulations revealed a significant
increase in sediment generation under the pessimistic scenario SSP5-8.5,
followed by SSP2-4.5, while lower sediment yields were observed in the
optimistic scenarios. Even in the best-case scenario (optimistic SSP2-4.5),
sediment yields remained substantially higher than the reference conditions.
Additionally, higher flows were anticipated in some scenarios, with the El Tigre
station in the lower watershed being the most affected area. These findings
underscore the high probability of more frequent flooding events due to
increased sediment yields and flow variability. The results highlight the urgent
need for implementing adaptation measures, such as improved land use
management and hydrological infrastructure, to enhance social resilience and
mitigate the impacts of climate change in the watershed.

climate change, CMIP6, hydrological modeling, future scenario, flow, sediments,
Puyango-Tumbes basin, Ecuador-Peru
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1 Introduction

Variability in climate and long-term climate change, along with
human activities, are the primary factors influencing flow and
erosion in watersheds (Dai et al., 2020). Global climate change is
widely recognized (Oliveira et al, 2018), and numerous studies
address the increasing concentration of greenhouse gases and the
associated changes in climatic factors, which have altered
precipitation patterns, increased surface evapotranspiration, and
modified river flows, thus accelerating the hydrological cycle (Liu
et al., 2020; Marin et al., 2020).

Global reports highlight that the increase in the frequency of
extreme hydrological events, such as floods and droughts, has led to
unprecedented environmental issues, including water quality
degradation and biodiversity loss (Zhang et al, 2020; Santos
et al,, 2021), with direct impacts on the global economy and the
lives of large segments of the population (Igbal et al., 2022). These
effects include more frequent floods and droughts, contamination of
water resources, soil erosion, sediment accumulation, and a decline
in the soil’s ability to support plant growth and maintain fertility
over time (Chanapathi and Thatikonda, 2020). These changes have a
profound impact on land use and land cover (LULC), as natural
systems sustaining our planet are being pushed to their limits, with
agriculture and urbanization being the primary drivers. This has led
to habitat destruction, as well as increased pollution and other
environmental challenges (Chanapathi and Thatikonda, 2020).
Report of the
Intergovernmental Panel on Climate Change (IPCC), climate change

According to the Sixth Assessment
is accelerating, and its impacts may become more extreme in the future.
Ali et al. (2023) concluded that the sustainability of water resources is
more vulnerable to socioeconomic changes than to climate trends. To
mitigate the effects of climate change and adapt to its impacts, the
Coupled Model Intercomparison Project (CMIP) offers a valuable tool
for predicting future climate conditions under changing scenarios
(Farjad et al., 2019). CMIP6, the latest version of CMIP, featured in
the IPCC’s sixth assessment report, presents climate projections from
multiple models based on alternative scenarios directly relevant to
societal concerns regarding mitigation, adaptation, or impacts of
climate change. These climate projections are driven by a new set of
emission and land-use scenarios produced with Integrated Assessment
Models (IAMs), based on new future pathways of social development,
the Shared Socioeconomic Pathways (SSPs), and Representative
Concentration Pathways (RCPs) (Calvin et al.,, 2023).

Recent studies on climate change have explored various aspects of
precipitation patterns and climate extremes. Moradian et al. (2023)
analyzed results from 12 CMIP6 models in Northern Europe,
evaluating the performance of a multi-model ensemble approach.
Their findings highlighted the superior effectiveness of the multi-
model ensemble over individual models in projecting precipitation for
the study region. Similarly, Rhymee et al. (2022) assessed
CMIP6 datasets for daily and monthly precipitation projections
using two multi-model ensemble methods. Both approaches
revealed a significant decrease in future precipitation. Additionally,
Zhu et al. (2021) focused on projections of climate extremes in China
using CMIP6, reporting that CMIP6 models outperformed CMIP5,
particularly in simulating extreme precipitation events.

Hydrological modeling is one of the most common and
comprehensive methods used to determine how climate change
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can affect water resources (Mendoza et al., 2015). According to the
literature, many researchers have adopted the SWAT (Soil Water
and Assessment Tool) model to assess the impact of climate change
onriver discharge (Jajarmizadeh et al., 2014). For instance, Narsimlu
et al. (2023) used the SWAT model and regional climate
meteorological data for impact studies to investigate the influence
of future climate changes in the Upper Sind River basin, India. They
estimated that discharge would increase by 16% and 93% in the
medium and long term, respectively. Mohseni et al. (2023) based
their study on assessing the impact of climate change and land use
on discharge in the present and future according to CMIP6 climate
scenarios using SWAT. Additionally, the research by Paiva et al.
(2023), which focused on evaluating the hydrological response to
land cover change in a Peruvian Amazon basin affected by
deforestation using the SWAT model, determined that replacing
12% of evergreen broadleaf forest area with bare land resulted in a
significant increase in surface runoff by 38% monthly, a 1% annual
reduction in evapotranspiration, and a 12% average monthly
increase in streamflow.

The Puyango-Tumbes basin, a transboundary watershed shared
between Ecuador and Peru, faces significant challenges, particularly
water scarcity. This issue arises from the intensive extraction of water
resources for agricultural purposes, a critical economic sector at the
binational level. The situation is exacerbated by the prevalent use of
inefficient irrigation systems, notably flood irrigation practices. In
both countries, the agricultural sector accounts for over 90% of total
water consumption, leading to declining water volumes in specific
regions. For instance, recent data indicate a 26% reduction in water
volumes at the El Tigre monitoring station within the Tumbes basin.
Another pressing concern is the rate of deforestation, especially in
areas adjacent to river mouths, streams, and aquifer recharge zones.
Stakeholders have observed a notable decrease in water volumes and
flows, a trend that could worsen if the impacts of climate change
continue to escalate (UNDP, 2015).

In this context, it is essential to understand the impact of climate
change and land use/land cover (LULC) under two future climate
scenarios (optimistic and pessimistic). The main objective of this
research is to establish a solid foundation for long-term water
resource projection and policy by understanding how streamflow
responds to climate change and LULC in the Puyango-Tumbes
basin. The specific objectives are: (a) to quantify the potential impact
of climate change and LULC on streamflow and sediment
generation under different scenarios for future time projections
(2035-2065) and distant future (2070-2100); (b) to investigate the
effect of climate change on precipitation and temperature under
different scenarios (SSP2-4.5 and SSP5-8.5). The findings of this
study can be applied to long-term planning and policy formulation,
particularly in water resource management.

2 Materials and methods

2.1 Study area

The Puyango-Tumbes basin has an area of 4,800 km?, of which
60% belongs to the provinces of El Oro and Loja, located in the
southeast of Ecuador, and 40% is in the Department of Tumbes,
located in the north of Peru. The Puyango-Tumbes River originates
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FIGURE 1
Map of the geographical location of the Puyango-Tumbes Basin.

at an altitude of 3,500 m above sea level in the Portovelo area, where
it is called the Pindo River, then becomes the Puyango River, and
finally the Tumbes River in Peruvian territory (Figure 1). Annually,
the average annual precipitation is 1,200 mm with marked variations
from 100 mm to 2,700 mm, and the temperature on the plains is
24.5°C and in the mountainous area is 22°C (UNDP, 2015).

Approximately 70% of the area has soil suitability for protection
and/or restoration; almost two-thirds of the basin consists of fragile
lands, whose natural conditions are not suitable for agricultural
production, and their utilization implies severe risks of soil erosion
and degradation (MAP and GIS, 2019).

The basin is of very high socioeconomic interest for both
countries since it contains a large part of the population and
their productive activities. However, the economy of these areas
largely depends on water availability and, therefore, is vulnerable to
poor management, overexploitation, and contamination of the
resource, as well as the effects of variability and climate change
(Jones et al., 2017).

2.2 Data description

This study used a daily time scale and sub-basin scheme derived

from the digital elevation model (DEM). The sub-basin
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configuration through the TauDEM tool preserved natural
channels and flow paths. Stream reaches were defined by
choosing the minimum surface threshold automatically set by
SWAT as a criterion to create them, thus obtaining a rigorous
representation of the channels (Abbaspour et al.,, 2015a) (Figure 2A).
Hydrological Response Units (HRUs) were obtained considering
soil type, land use, and landscape slope (Zhang, 2014). Modeling
with SWAT also considered daily climatic information, specifically
precipitation, maximum and minimum temperatures for
determining the main processes related to the hydrological cycle
(Abbaspour et al., 2015a), and thus, with the calibrated parameters,
served for application in future projections (Figure 4).

Climatic information, specifically precipitation, was obtained
from the gridded product RAIN4PE (Rain for Peru and Ecuador)
(https://dataservices.gfz-potsdam.de), and maximum and minimum
temperatures were obtained from the gridded product PISCO v2.
0 for the period 1981-2015 (http://iridl.Ideo.columbia.edu).

Historical hydrometric information was obtained from the
National Institute of Meteorology and Hydrology (INAMHI) of
Ecuador and the National Service of Meteorology of Hydrology of
Peru (SENAMHI) from three hydrometric stations “Pindo,”
“Puyango,” and “El Tigre” for the period 1992-2015 (Figure 2C).

The SWAT model divided the slope into three categories, based
on information obtained from the DEM (Figure 2A). The global soil
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FIGURE 2

Elevation map (A), soil map (B) and meteorological and hydrometric stations (C).

map was obtained from the Harmonized World Soil Database v1.2
(HWSD) (Figure 2B).

2.3 Land use/land cover (LULC) scenarios

In analyzing the LULC of the Puyango-Tumbes watershed over
a 35-year period (1981-2015), two LULC scenarios from the
MODIS product (https://ladsweb.modaps.eosdis.nasa.gov) were
selected to assess the influence of future climate on streamflow
and sediment yield: (a) an optimistic scenario characterized by
(LULC_1985), and (b)
pessimistic scenario, representing the most realistic impacts
(LULC_2015), considering the intensification of monoculture

reduced anthropogenic impacts a

with pasture.

The configuration of the LULC scenarios in this research was
based on an analysis of historical land-use trends, acknowledging
that land-cover changes in the region are driven by local factors,
policies, and

including  agricultural land-use

demographic pressures. This approach is justified by the fact

practices,
that the SWAT model requires inputs that accurately reflect

local conditions in order to perform precise simulations of
hydrological behavior.
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2.4 Accuracy of simulation and SWAT
performance evaluation

The model was calibrated and validated on a daily scale using
daily flows along the Puyango-Tumbes River at three hydrometric
stations: “Pindo,” “Puyango,” and “El Tigre” (Figure 2A). 28 years
(1988-2015) were utilized for calibration and validation, including
4 years for model warm-up.

Parameter calibration was performed using the SWAT_CUP
uncertainty procedures software (Abbaspour, 2015b). Based on
previous studies (Cibin et al., 2010; Funk et al,, 2015), 16 sensitive
hydrological parameters were selected for analysis (Table 1).

A global sensitivity analysis was conducted to obtain both relative
and absolute sensitivity. The Sequential Uncertainty Fitting algorithm,
version No. 2 (Sufi-2) (Abbaspour et al., 2015a), was implemented to
identify the most sensitive parameters according to the model’s
response. In Sufi-2, parameter uncertainty, expressed as ranges
(uniform distributions), accounts for all sources of uncertainty, such
as uncertainty in input variables (e.g., rainfall), the conceptual model,
parameters, and measurement data. The propagation of uncertainties in
the parameters leads to uncertainties in the model’s output variable,
expressed as 95% probability distributions, referred to as the 95%
Prediction Uncertainty or 95 PPU.

frontiersin.org
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TABLE 1 Parameters used for sensitivity analysis of the SWAT CUP model.

Parameter Description

CH_N1 Valor “n” de Manning for tributary channels

CNCOEF Curve number coefficient ET of the plant

ALPHA_BF Base flow alpha factor (days)

GW_DELAY Groundwater delay time

SURLAG Surface runoff delay time

GWQMN Threshold depth of water in the shallow aquifer required for
return flow to occur (mm)

SLSUBBSN Average slope length (m)

SOL_AWC Available water capacity of the soil layer

SOL_BD Bulk density

RCHRG_DP Fraction of deep aquifer percolation

ESCO Soil evaporation compensation factor

SOL_Z Depth from the soil surface to the bottom of the layer

SOL_K Saturated hydraulic conductivity

GW_REVAP Groundwater revap coefficient

CANMX Maximum canopy storage

CN2 SCS runoff curve number

These 95 PPU represent the outcomes of the models in a
stochastic calibration approach. It is important to realize that we
do not have a single signal representing the model results, but rather
a set of good solutions expressed by the 95 PPU, generated by certain
parameter ranges (Abbaspour et al., 2015a).

The calibrated parameters at the three hydrometric stations
“Pindo,” “Puyango,” and “El Tigre” were used in the future flow
projections. For the assessment of sediment load, the bottom solids
discharge curve in liquid discharge fusion (Equation 1), developed
by (Goyburo, 2017) for the El Tigre station, was employed. This
involved characterizing the sediment evolution based on liquid flows
during extreme events using the database of the Peruvian
Geophysical Institute (IGP) and the total sediment transport
(Jan-May/2016). It was
determined that the methodology proposed by Rennie, Millar,
and Church (2002) best approximates the observed data of
bottom solid discharge, obtaining a correlation R = 0.43 between

during the sampling campaign

bottom solid discharge and observed liquid discharge.
Sy = 0.602Q"*® (1)

where S,: sediment bedload yield (tday™); Q: Flow (m’s™).

2.5 Future climate projections and bias
correction

To generate long-term simulations of future climate, climate
change scenarios were defined based on CMIP6 data, as they
provide climate projections from multiple models based on
alternative scenarios that are directly relevant to societal concerns
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regarding climate change mitigation, adaptation, or impacts (Riahi
et al,, 2016). The “Shared Socioeconomic Pathways” scenarios were
used in this study:

SSP2-4.5 (this scenario represents the middle part of the range of
future forcing pathways and updates the RCP4.5 pathway. SSP2 was
chosen because its land use and aerosol pathways are not extreme
compared to other SSPs) and SSP5-8.5 (this scenario represents the
upper extreme of the range of future pathways, updating the
RCP8.5 pathway). SSP5 was chosen for this forcing pathway because
it is the only SSP scenario with emissions high enough to produce a
radiative forcing of 8.5 W/m? in 2,100). The methodology applied in this
study is based on the integration of 24 CMIP6 models, which allowed
for the generation of more robust climate projections and minimized
long-term uncertainties, especially in simulating critical variables such
as precipitation and temperature (maximum and minimum) were
downloaded for the near future (2035-2065) and far future
(2070-2100) for the two scenarios. This was crucial for the
hydrological analysis in the SWAT model, providing a solid
foundation to assess the impacts of climate change on the
Puyango-Tumbes River watershed under different radiative forcing
scenarios (SSP2-4.5 and SSP5-8.5). By combining the mean of multiple
models with delta change bias correction techniques applied to the
23 sub-watersheds, the reliability of the obtained results is ensured.

To correct CMIP6 data, bias correction was performed using the
delta change method, which is an adjustment factor derived from
simulated data and applied to the observed data series from 1981 to
2015. This procedure was applied to all records of the 23 obtained sub-
catchments of the setup hydrological model, this method involves
calculating an adjustment factor by dividing the averages of all
months of the observed data by the averages of all months of the
modeled data (Guo et al., 2022; Golian, El-Idrysy, and Stambuk, 2023).
It is important to note that this method was also applied in the same
manner for the 5th percentile (value below which 5% of the data lie) and
95th percentile (value below which 95% of the data lie) of
the CMIP6 data.

Subsequently, a new series is obtained by multiplying the
previously calculated adjustment factor with the modeled data
series (Equation 2).

xqbs
__J
X ;= —x’?“’d’ (2)
J
* _ymod
Xi,j— OCJXi,]-

Where oc j= adjustment factor, x?hs = observed data, xg.””d =
modeled data, and XZ“J-"”’ = scaled series.

The modeling of the Puyango-Tumbes basin was performed with the
combination of land use and land cover scenarios (LULC_
1981 and LULC_2015) and future projections (SSP2-4.5 and SSP5-
8.5) (Figure 3).

3 Results
3.1 SWAT model sensitivy analysis

According to the sensitivity analysis, six parameters significantly
affect the modeled surface runoff in the Puyango-Tumbes basin.
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FIGURE 3

General conceptual methodology used for projecting future simulation in the Puyango-Tumbes Basin.

TABLE 2 Sensitive parameters in surface flow calculations. Calibrated values.

Parameter Parameter description

Adjusted value

Calibrated values

Minimum value Maximum value

ALPHA_BF Baseflow alpha factor (days) 0.74 0 1
GW_DELAY Groundwater delay time 0.12 —-0.25 0.25
GWQMN (subsurface) 41.61 30 450
SLSUBBSN Threshold depth of water in shallow 1291 0 25
SOL_AWC aquifer for return flow (mm) —-0.02 -0.2 0.1
SURLAG Average slope length (m) 9.45 0.05 24

These parameters include the soil available water capacity (SOL_
AWC), the average slope length (SLSUBBSN), and other
parameters related to surface runoff (SURLAG) and
groundwater (ALPHA_BF, GW_DELAYMM, GWQMN). These
parameters were calibrated to fit the actual water balance based on
literature information (Le et al., 2012). Calibration was executed
using the Sequential Uncertainty Fitting version 2 (SUFI-2)
algorithm (Arnold et al., 2012), a widely recognized method for
automatic calibration and sensitivity analysis in SWAT models.
Sensitive parameters affecting surface runoff and groundwater
flow, such as soil available water capacity (SOL_AWC), average
slope length (SLSUBBSN), and groundwater parameters (ALPHA _
BF, GWQMN, GW_DELAYMM), were identified through global
sensitivity analysis with SWAT-CUP. Defined parameter ranges
enabled simulations that varied one parameter at a time,
quantifying their sensitivity on model outputs. Subsequently,

Frontiers in Remote Sensing

the SUFI-2 algorithm was applied to systematically adjust these
parameters, aligning modeled outputs with observed water balance
data, which ensured an accurate representation of hydrological
processes in the Puyango-Tumbes basin and enhanced the
reliability of water management decisions.

If compared to the default values, the ALPHA_BF parameter
was increased in the model to facilitate the flow of water from the
aquifer to the river, thus increasing the flow rate.

When compared to the default values, the ALPHA_BF
parameter was increased in the model to facilitate the flow of
water from the aquifer to the river, thereby increasing the base
flow. Additionally, the GWQMN and GW_DELAY parameters were
increased, leading to higher surface flows and consequently
decreasing groundwater flow. The remaining parameters related
to hydrological processes were calibrated to adjust both base and
peak flows (Table 2).
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FIGURE 4
Map of spatial distribution of precipitation.

TABLE 3 Flow and sediment averages according to LULC.

Pindo Puyango El tigre
Flow (m®s™) Sediment (t year?) Flow (m3™) Sediment (tyear™?) Flow (m®s™) Sediment
(t year™)
1985 159 8.1 104.3 47.1 17.7 527
1995 136 7.0 823 377 102.8 46.4
2005 124 6.4 736 339 97.4 44.1
2015 118 6.1 70.9 328 95.9 435
Average 1.8 0.9 15.1 6.5 10.0 42
Deviation 134 69 82.8 379 103.5 46.7
Coefficient of Variation (%) 133 12,5 183 17.1 96 9.0

3.2 Evaluation of downscaling for future
climate scenarios

This section presents a comparison of the SSP2-
4.5 and SSP5-8.5 scenarios with observed precipitation data,
regarding the spatial distribution of precipitation throughout
the basin (Figure 4). Table 4 shows the comparison between
observed and downscaled monthly average precipitation, with
coefficient of determination (R?) values of 0.95, indicating a

Frontiers in Remote Sensing 07

good correspondence between observed and downscaled
data after bias correction by delta change. The analysis
revealed that by the end of the 2065 decade, the annual
mean precipitation is projected to increase by up to 6% for
SSP2-4.5, with a similar trend for SSP5-8.5 showing an increase
of 14% by 2065, indicating a rising trend. The projected

temperature increases ranges from 2.8°C to 4.3°C and
3.7°C-7.4°C in the SSP2-4.5 and SSP5-8.5 scenarios,
respectively.
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FIGURE 6
Spatial distribution maps streamflow (A) and sediment yield (B).

3.3 Streamflow and sediment yield

The streamflow records in response to LULC change
allowed the evaluation of sediment yield for the Puyango
Tumbes river basin. The results indicate that sediment yield in
the basin is directly related to precipitation, suggesting that this
region has a rapid flow response. The highest sediment yield
values occurred in 1985, as there was less anthropogenic
influence. The lowest estimated sediment yield occurred in
2015, indicating a lower streamflow generation. Furthermore,
the results show a variation in the standard deviation for
streamflow and sediment yield data between LULC_1985 and
LULC_2015 for Pindo equal to 4 m® s™'~ and 13%; Puyango equal
to 33 m’ 7' and 18%; and El Tigre equal to 21 m’ s7'~ and 9%,
respectively (Table 3).
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3.4 Analysis of land use and land
cover change

As illustrated in Figures 5A, B, a comprehensive analysis of
LULC transitions was conducted, revealing significant changes
among various land cover classes during the study period. It is
noteworthy that the forest, grassland, and savanna classes exhibited
a high probability of persistence, exceeding 80%, indicating their
stability within the basin. However, the grassland class emerged as
the most dynamic, demonstrating a significant increase of 18.3%.
This pronounced change suggests that grasslands are undergoing
accelerated conversion, likely due to anthropogenic pressures and
environmental changes.

These dynamics are crucial as they not only influence the current
land cover but also have profound implications for future land
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TABLE 4 Annual averages of precipitation. Streamflow. And sediment under different climate change and LULC scenarios.
Station Processes Percentile SSP 245 SSP 585

1981-2015 2035-2065 2070-2100 2035-2065 2070-2100

Precipitation (mm) 2,478.90 2,637.86 2,979.97 2,828.90 3,633.95

Flow (m’s™") 5% 15.9 17.4 219 21.3 229

50% 19.0 22.8 26.5 29.6

95% 235 26.5 34.8 37.7

Sediment discharge (tyear™) 5% 8.1 8.8 10.9 10.6 11.4
50% 9.5 11.3 13.0 14.4

95% 11.6 13.0 16.8 18.1

Flow (m’s™") 5% 11.8 19.5 24.6 20.8 224

50% 21.2 26.5 27.8 30.8

95% 28.1 34.0 259 37.3

Sediment discharge (tyear™) 5% 6.1 9.8 12.1 10.4 11.1
50% 10.5 13.0 13.6 15.0

95% 13.7 16.5 12.7 17.9

Flow (m’s™") 5% 104.3 114.8 1232 1343 137.2

50% 122.2 134.6 137.4 141.8

95% 144.9 142.1 157.4 162.0

Sediment discharge (tyear™") 5% 47.1 51.5 55.0 59.7 60.9
50% 54.6 59.8 61.0 62.8

95% 64.1 62.9 69.2 71.1

Flow (m’s™) 5% 70.9 116.6 127.5 127.8 138.1

50% 1232 137.1 139.2 149.2

95% 145.0 143.8 152.4 161.7

Sediment discharge (tyear') 5% 32.8 52.2 56.8 56.9 61.2
50% 55.0 60.8 61.7 65.8

95% 64.1 63.6 67.2 71.0

Flow (m’s™) 5% 117.7 124.2 158.1 133.1 169.5

50% 130.7 165.2 144.5 178.6

95% 165.9 179.9 177.3 205.5

Sediment discharge (tyear™) 5% 52.7 55.5 69.5 59.2 74.2

(Continued on following page)
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TABLE 4 (Continued) Annual averages of precipitation. Streamflow. And sediment under different climate change and LULC scenarios.

Station Processes Percentile Base® SSP 245 SSP 585

50% 582 725 63.9 78.0

95% 72.8 785 77.4 88.9

Pessimistic

Flow (m’™") 5% 95.9 135.9 153.6 143.0 166.5

50% 142.1 168.3 150.5 181.6

95% 163.2 175.8 174.4 201.9

Sediment discharge (tyear™) 5% 43.5 60.3 67.7 63.3 73.0

50% 62.9 73.7 66.4 79.2

95% 71.6 76.8 76.2 87.5

“Baseline: Period used for hydrological modeling in the SWAT, model.

management and ecological health in the region. The observed
changes in grassland cover may contribute to alterations in
hydrological cycles, habitat availability, and biodiversity, which in
turn affect ecosystem services. Furthermore, the characteristics of
these changes in land use and land cover are critical for future
projections, as presented in Figures 7-9. Understanding these trends
is essential for developing adaptive management strategies aimed at
mitigating adverse impacts on the basin’s resources. This expanded
analysis underscores the need for continuous monitoring and
evaluation of land use dynamics to inform policies and enhance
the sustainable management of resources in the Puyango-Tumbes
River Basin.

3.5 The combined impacts of climate
change and LULC on streamflow and
sediment yield

Figure 6B shows the spatial distribution of sediment yield in the
sub-basins. The results indicate that sediment production was
higher in the sub-basins located in the upper part due to the
predominance of areas with pasture cultivation and the influence
of higher precipitation, resulting in increased streamflow
(Figure 6A), contributing to accelerated erosion in these sub-
basins. It was affirmed that the increase in river flow in the
future depends mainly on increases in precipitation.

Table 4 shows the results of estimated streamflow and sediment
yield for the Puyango-Tumbes River basin using future climate data,
for the 5th percentile, mean, and 95th percentile. In this context, at
the Pindo station, streamflow based on SSP2-4.5 and optimistic
LULC increased relative to the baseline period (1981-2015) by 20%
and 43%, respectively, in the periods 2035-2065 and 2070-2,100.
According to SSP5-8.5, the expected streamflow exceeded the
observed in the baseline period by 66% in the period 2035-2065,
and by 86% in 2070-2,100 (Figure 7). The figure shows how the
streamflow projections for future periods vary compared to the
historical period, highlighting potential changes in flow patterns
over time under different climate change scenarios.

At the Puyango station, a similar behavior to the Pindo station

was observed. Streamflow based on SSP2-4.5 and optimistic LULC
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increased relative to the baseline period (1981-2015) by 17% and
29%, respectively, in the periods 2035-2065 and 2070-2,100.
According to SSP5-8.5, the expected streamflow exceeded the
observed in the baseline period by 32% in the period 2035-2065,
and by 36% in 2070-2,100 (Table 4; Figure 8).

At the El Tigre station, streamflow based on SSP2-4.5 and
optimistic LULC increased relative to the baseline period (1981-
2015) by 11% and 40%, respectively, in the periods 2035-2065 and
2070-2100. According to SSP5-8.5, the expected streamflow
exceeded the observed in the baseline period by 23% in the
period 2035-2065, and by 52% in 2070-2100. In all three
stations, this increase is due to the increase in estimated
precipitation relative to SSP2-4.5 (Table 3; Figure 9). This
figure provides a comparison of projected streamflow for the
future and its difference from historical values, showing
potential trends in flow as time progresses under different
climatic scenarios.

In this study, the SWAT hydrological model, driven by climate
simulations, estimated an overall increase in the flow of the
Puyango-Tumbes ~ River =~ for ~ both  optimistic ~ and
pessimistic scenarios.

The results obtained showed that the simulated mean annual
streamflow will mainly increase between 2035 and 2065 in SSP5-8.5,
while in SSP2-4.5, it presented the lowest values. Between 2035-
2065 and 2070-2100, there is less variation between the SSPs and
scenarios, but also with an increase in values compared to the
baseline. The results of the simulated annual streamflow showed
an increase in the optimistic scenario in both climate scenarios
(SSP2-4.5 and SSP5-8.5). This result is sensitive to the outcome of
future climate projections (Santos et al., 2021; Silva et al., 2020)
affirmed that the increase in river flow in the future depends mainly
on increases in precipitation.

As evidenced in Table 4 and Figure 10, sediment production in
the watershed showed the same trend as streamflow in both climate
change scenarios. Projected sediment yield values for SSP2-
4.5 exceeded those of the baseline by 18%-40% for the Pindo
station, 16%-27% for the Puyango station, and 10%-37% for the
El Tigre station. Regarding SSP5-8.5, the values were even higher,
ranging from 61% to 79% in Pindo, 30%-33% in Puyango, and 21%-
48% in El Tigre, for the different analysis periods. The pessimistic
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FIGURE 7

Streamflow behavior at the Pindo station for the near and distant future based on SSP 2035-2065 period (A); 2070-2010 period (B) and historical

period, near future and distant period (C)

LULC scenario showed increases in sediment yield for all years from
72% to 113% for Pindo, 68%-86% for Puyango, and 45%-69% for El
Tigre compared to SSP2-4.5. As for SSP5-8.5, the increase was
greater, ranging from 122% to 145% for Pindo, 88%-101% for
Puyango, and 53%-82% for El Tigre compared to the optimistic
scenario, demonstrating that soil erosion in the region is more
sensitive to climatic variability than streamflow, and that LULC
changes can have serious impacts on the watershed. These results
serve as an urgent call for the adoption of mitigating measures to
prevent associated environmental problems and improve land and
water resource management.

In the pessimistic scenario, at the Pindo station for SSP2-4.5, the
flow rate exceeds the optimistic scenario by 11% in the period 2035-
2065 and by 16% in the period 2070-2100. The flow rate results for
the pessimistic scenario SSP5-8.5 show a slight increase of four%-
5% compared to the optimistic scenario. At the Puyango station for
SSP2-4.5, there is a slight elevation of the pessimistic scenario
compared to the optimistic one by 1% in the period 2035-
2065 and by 2% in the period 2,070-2,100. The flow rate in the
pessimistic scenario SSP5-8.5 shows an increase of 1-5% compared
to the optimistic one. Regarding the El Tigre station in SSP3-4.5, it
surpasses the pessimistic scenario by 9% in the period
2,035-2,065 and by 2% in the period 2,070-2,100. The flow rate
results for the pessimistic scenario SSP5-8.5 show an increase of 4%
in the period 2,035-2,065 and 2% in the period 2,070-2,100.

The flow rate in the pessimistic scenario SSP5-8.5 shows an
increase of between 1 and 5% compared to the optimistic one.
Regarding the El Tigre station in SSP3-4.5, it exceeds the pessimistic
scenario by 9% in the period 2,035-2,065 and by 2% in the period
2,070-2,100. The flow rate results for the pessimistic scenario SSP5-
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8.5 show an increase of 4% in the period 2,035-2,065 and 2% in the
period 2,070-2,100.

The highest values of flow rate and sediment yield in the SSP2-
4.5 and SSP5-8.5 scenarios occurred in 2,070-2,100, which is related
to the precipitation pattern, as this period is the rainiest in these
scenarios. The results suggest that in the near future (2,035-2,065),
there may be negative impacts on the dynamics of the Puyango-
Tumbes River basin, including floods, river sedimentation, affecting
conservation and preservation efforts in the area.

Based on the SWAT model projections, the results show an
increase in sediment yield for the analyzed LULC scenarios and
climate change. These values suggest that responsible decision-
makers should implement measures for flood management and
avoid land use/land cover change transitions.

4 Discussion

This study has analyzed the impact of climate change and LULC
on the discharge and sediment yield in the Puyango-Tumbes River
basin, using a combination of two models (climate and
hydrological), which allowed for a more integrated assessment of
sediment dynamics. The model’s behavior for future projections was
based on the basin’s discharge behavior under different LULC
scenarios, and the selection of the most sensitive parameters
characterizing the basin. Similarly, the study conducted by
Goyburo (2017) focuses on the evolution of suspended and bed
sediment discharge in the Tumbes River in relation to liquid
discharges during major floods in the El Nifio phenomenon
occurring from January to May 2016.
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FIGURE 8

Streamflow behavior at the Puyango station for the near and distant future based on SSP 2035-2065 Period (A); 2070-2010 period (B); historical

period, near future and distant period (C).

The research drew guidelines from studies conducted in
different latitudes. Additionally, it utilized tools and validation of
LULC characterization at a global level. For instance (Santos et al.,
2021), employed the SWAT hydrological model driven by climate
simulations, estimated flow, and annual sediment yield in a strategic
watershed in northeastern Brazil using GCM data for two different
greenhouse gas emission scenarios. On the other hand (Kiprotich
etal, 2021), utilized SWAT + to assess the feasibility of using high-
resolution gridded data as an alternative to station observations to
investigate the response of surface runoff to continuous land use
change and future climate change. Silva et al. (2012) analyzed the
impact of potential climate and land use changes in the semi-arid
region of Brazil, while (Krause et al., 2019) evaluated combinations
of Shared Socioeconomic Pathways (SSPs) and Representative
Concentration Pathways (RCPs) as input for three global
dynamic vegetation models to assess impacts and associated
uncertainty on various ecosystem functions: terrestrial carbon
storage and fluxes, evapotranspiration, surface albedo, and runoff.
These studies provided useful contextual understanding and
methodological advances, allowing for the establishment of an
integrated assessment and validation methodology of the effects
of LULC change on flow and sediment yield within the context of
alternative climate change scenarios. As it constitutes a binational
basin, the strategy of cooperation guides research efforts toward
generating a water management strategy.

The hydrological model provided insights into the relative
importance of land use/land cover (LULC) compared to the
effect of climate change on streamflow. The combined impact of
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climate variability and optimistic and pessimistic LULC scenarios
was evaluated using multiple projections with the SSP2-4.5 and
5-8.5 scenarios.

In the future, the results during the studied period using
projected datasets indicate that this watershed clearly exhibits
that
precipitation does not show a uniform trend in past observations

high variability during the study period, and also
or future projections. Additionally, both pessimistic and optimistic
climate scenarios yielded streamflows higher than those of
the baseline.

Furthermore, as observed in the projected data, bias correction
concerning the 5th percentile, mean, and 95th percentile tends to
characterize precipitation behavior relative to the baseline, which
likely accounts for the increase in modeled flow and sediment for
these periods compared to the baseline. Similar behavior occurred in
South America in the Tapacuara River basin, where streamflow and
sediment production results are influenced by the scenarios used
and the selected bias correction in the model (Santos et al., 2021).

Concerning historical conditions, higher streamflows and
sediment yields can be anticipated in this watershed; results that
serve to alert decision-makers about the value of using hydrological
models like SWAT to highlight potential changes in flow behavior
and sediment yield, thereby providing technical information and
potentially (MAP
GIS, 2019).

Furthermore, limitations arise from the lack of studies on

improving binational ~management and

modeling the impacts of future LULC and climate change on
runoff and sediment yield for the Puyango-Tumbes River basin,
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which could be used for decision-making by stakeholders and
establish the availability
consumption for the economic activities of the basin population.

relationship between water and
Future studies are needed to use other SSPs to improve precipitation
simulation for Puyango Tumbes. Despite these uncertainties, the
results of the SWAT model have contributed to developing a better
understanding of the future behavior of runoff and sediment in the
Puyango-Tumbes River basin.

5 Conclusion

In conclusion, this study comprehensively examined the impacts of
climate change on streamflow dynamics and sediment production
within the Puyango-Tumbes River Basin. The calibration and
validation of the SWAT model were performed utilizing the
Sequential Uncertainty Fitting version 2 (SUFI-2) algorithm, which
incorporated downscaled and bias-corrected climate projections under
various projected land use and land cover (LULC) scenarios. The
hydrological model demonstrated robust performance in simulating
erosion processes, achieving satisfactory to excellent thresholds in
model evaluation metrics. Notably, streamflow and sediment
production were markedly intensified in sub-basins characterized by
predominant pasture grass coverage, particularly in the upper and
middle reaches of the basin. Additionally, significant contributions to
sediment load were attributed to illegal mining activities, underscoring
the complex interplay between land use changes and hydrological
responses. These findings provide critical insights for developing
targeted management strategies aimed at mitigating the adverse
effects of climate change on water resources and sediment dynamics
in the region.

It is anticipated that the mean streamflow and, in particular,
sediment yield within the basin will experience a significant increase
under the SSP5-8.5 scenario, largely attributable to expected rises in
mean precipitation levels. Simulation results indicate that erosion rates
are projected to be highest under the pessimistic SSP5-8.5 scenario,
followed closely by the pessimistic SSP2-4.5 scenario. Conversely, lower
sediment yields are anticipated for both the optimistic SSP5-8.5 and
SSP2-4.5 scenarios, though the latter remains substantially above
baseline levels. These findings suggest that, despite inherent
uncertainties in climate change impact simulations, the basin is
likely to face severe environmental challenges and water availability
issues arising from extreme climatic conditions.

The peak values of streamflow (16%) and sediment yield (101%)
under the SSP2-4.5 and SSP5-8.5 scenarios are projected to occur
between 2070 and 2,100, correlating with anticipated precipitation
patterns during the rainiest period, estimated at 3,634 mm.
Furthermore, in the near term (2035-2065), the basin dynamics
may experience detrimental impacts, including increased flooding
and enhanced river sedimentation, which could compromise
conservation and preservation efforts in the area.

According to our study, the Puyango-Tumbes River basin will
experience increased streamflow for both LULC and climate change
scenarios. While this may lead to increased water availability at the
three hydrometric stations, it also correlates with the associated
increase in sediment yield, generating susceptibility to floods during
extreme events, especially at the El Tigre station located in the lower
part of the basin.
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In recent decades, significant alterations in land use and land cover
(LULC), primarily due to the proliferation of pasture monocultures,
have already modified streamflow dynamics and sediment production
in the Puyango-Tumbes River basin across both seasonal and long-term
time scales. As the demand for LULC modifications within the basin
continues to escalate, it is imperative to systematically incorporate
assessments of their impacts on the projected runoff and erosion
regimes into the water resource decision-making processes.
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