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SUMMARY

Climate change and land-use/land-cover change (LUCC) are among the main
anthropogenic factors affecting flood risk, as they change the frequency and
magnitude of floods. Specifically, native forest deforestation in tropical humid basins
reduces the forest capacity for flood regulation during small and medium-size storms
events. Also, while climate change affects at regional scales, the LUCC influences
occur at a smaller, local scale. Consequently, forest protection and reforestation are
considered a nature-based solutions (NbS) for flood regulation, especially on small
basins (<100 Km?). However, there are few studies that analyze the combined
effects of both forcings (i.e., climate change and LUCC) on floods, and generally
they focus on the discharge at the basin outlet only. Thus, the continuous variation
of interactions in the stream network has not been identified yet. On the other hand,
little is known about the effects of different deforestation spatial patterns over floods.
Together, these knowledge gaps limit the understanding of the ecosystem services
provided by the forest for flood regulation within the context of NbS and climate
change adaptation. Therefore, this research evaluates the effects of LUCC on floods
distinguishing forest location and forest fragmentation in a humid tropical basin within
the Ecuadorian Amazon. Additionally, it analyzes the individual and combined
effects of climate change and LUCC on floods across the basin’s altitudinal gradient.

In the first stage (Chapter Ill), this study applied the use of storm event
sampling and flood-survey data to validate a modeling framework for flood hazard
assessment in data-scarce watersheds. Specifically, the hydrologic modeling
system (HEC-HMS) was coupled with the Nays2Dflood hydrodynamic solver to
simulate the system response to several storm events including one, that flooded
urban areas located within the basin. In the second stage (Chapter IV), the spatially-
distributed hydrological model TETIS was calibrated and validated using nine storm
samples in order to evaluate the effects of forest location and forest fragmentation
on floods. The TETIS model was applied to simulate the influence of five LUCC
scenarios, including forest location and forest fragmentation. The Kruskal-Wallis and
the post-hoc Dunn tests were used to analyze the differences between scenarios. In
the third stage (Chapter V), LUCC scenarios were prepared with two homogeneous
land cover types, forest and agriculture, while precipitation scenarios were obtained
through the Global Climate Model (GCM) IPSL SSP5-8.5 (CMIP6). The hydrological
response of the scenarios was evaluated at 42 points across the stream network
using the TETIS model previously calibrated. The individual and combined effects of
climate change and LUCC were analyzed using absolute differences and the
aforementioned statistical tests, including the Sheirer-Ray-Hare test.
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Results from the coupled approach, showed satisfactory model performance in
simulating streamflow and water depths. In almost all events, the Nash-Sutcliffe
coefficient (NSE) was within the range 0.40 < NSE < 0.95, while the range of Percent
Bias (PBIAS) was -3.67% < PBIAS < 23.4%. Forest location and forest
fragmentation had greater influence on overland flow than on stormflows at the basin
outlet. However, forest location had more influence than forest fragmentation over
both, overland flow and storm flows. Deforestation of the upper basin represented
the worst scenario for flood regulation. In addition, the climate change effect on
floods was more homogeneous than the LUCC effect, across the altitudinal gradient
of the basin. Moreover, the relative influence of deforestation on stormflows was
greater than that of climate change in the upper part of the basin, while in the lower
part of the basin, the climate change was more important than LUCC for flood
changes. For small floods the altitudinal range from 590 to 906 meters above sea
level (m.a.s.l) was identified as a transitional area in terms of influence of
deforestation on stormflows. However, a relatively stable threshold of absolute
differences in peak flows and stormflow volume was obtained at 590 m.a.s.|. Finally,
a slightly and statistically non-significant interaction between climate change and
LUCC was identified, with an antagonistic effect in the lower part.

In conclusion, native forest protection and/or reforestation, in the upper part of
the basin are crucial for flood risk mitigation during small and moderate events, while
maintaining several ecosystems services through implementation of NbS. The flood
magnitude changes in the lower part of the basin are closely related to the scale
effect and the sensitivity of the ecosystem in the upper part. Moreover, the
importance of forest for flood regulation will be even greater in the future due to the
climate change-induced precipitation projections. However, as storm intensity and
catchment area increases, the capacity of forest to regulate floods decreases in the
downstream direction and in a non-linear manner. Thus, the NbS needs to be
integrated to other strategies within a broader context in order to achieve an effective
flood management. The applied methodology can be used by modelers and
decision-makers for flood impact assessment under climate change and LUCC
scenarios in data-scarce watersheds. Moreover, the results improve our
understanding of ecosystem services of Andean foothills forests and provide
guidelines to implement NbS for flood regulation and climate change adaptation.

Keywords: hydrological modeling, TETIS, Floods, climate change, land-use/land-
cover changes, nature-based solutions, Ecuadorian Amazon.
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RESUMEN

El cambio climatico y el cambio de uso/cobertura del suelo (LUCC; por sus
siglas en inglés) estan entre los principales forzantes antropicos que afectan la
frecuencia y magnitud del riesgo de inundacién. Especificamente, la deforestacion
de bosques nativos en cuencas humedas tropicales reduce la capacidad de
regulacién de inundaciones (crecidas hidroldgicas) durante eventos de tormentas
pequefias y medianas. Mientras que el cambio climético afecta a escalas regionales,
la influencia del LUCC ocurre a una escala local mas pequefia. En consecuencia, la
proteccion y reforestacion de bosques se consideran soluciones basadas en la
naturaleza (SbN) para la regulacion de inundaciones, especialmente en cuencas
pequefas (<100 Km2). Sin embargo, hay pocos estudios que analizan los efectos
combinados del cambio climatico y LUCC en las inundaciones, y generalmente se
centran solo en el caudal a la salida de la cuenca. Por lo tanto, la variacion continua
de las interacciones en la red fluvial ain no ha sido identificada. Por otro lado, se
sabe poco acerca de los efectos de diferentes patrones espaciales de deforestacion
en las inundaciones. Estas brechas de conocimiento limitan la comprensién de los
servicios ecosistémicos proporcionados por los bosques para la regulacion de
inundaciones en el contexto de las SbN y la adaptacion al cambio climatico. Por lo
tanto, este estudio evalua los efectos del LUCC en las inundaciones distinguiendo
la ubicacién y fragmentacion del bosque en una cuenca hiumeda tropical dentro de
la Amazonia ecuatoriana. Ademas, analiza los efectos individuales y combinados
del cambio climéatico y el LUCC en las inundaciones a lo largo del gradiente
altitudinal de la cuenca.

En la primera etapa (Capitulo Ill), este estudio utiliz6 un muestreo de eventos
de tormenta y datos de inundaciones en terreno para validar un marco metodoldgico
de modelacion de peligrosidad en cuencas con escasez de datos. EI modelo HEC-
HMS se acoplé con el modelo hidrodindmico Nays2Dflood para simular la respuesta
del sistema a varios eventos de tormentas, incluido uno que inundé &areas urbanas
en de la cuenca. En la segunda etapa (Capitulo 1V), se calibré y validé el modelo
hidroldgico distribuido TETIS utilizando nueve eventos de tormentas para evaluar
los efectos de la ubicacion y fragmentacion del bosque en los caudales de crecida.
El modelo TETIS se aplicé para simular la influencia de cinco escenarios LUCC,
considerando diferente localizacién y fragmentacion del bosque. Se utilizé el test
estadistico de Kruskal-Wallis y el test post-hoc de Dunn para analizar las diferencias
entre los escenarios. En la tercera etapa (Capitulo V), se prepararon escenarios
homogéneos de LUCC con dos escenarios, bosque y agricultura, mientras que los
escenarios de precipitacion se obtuvieron a través del Modelo Climatico Global
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(GCM,; por sus siglas en inglés) IPSL SSP5-8.5 (CMIP6). La respuesta hidrolégica
de los escenarios se evalué en 42 puntos a lo largo de la red fluvial utilizando el
modelo TETIS previamente calibrado. Los efectos individuales y combinados del
cambio climatico y el LUCC se analizaron utilizando diferencias absolutas y los tests
estadisticos ya mencionados, incluido el test de Sheirer-Ray-Hare.

Los resultados del enfoque acoplado mostraron un rendimiento satisfactorio
de los modelos en la simulacion de caudales y niveles de agua. En casi todos los
eventos, el coeficiente de Nash-Sutcliffe (NSE) estuvo dentro del rango 0.40 < NSE
< 0.95, mientras que el rango de Sesgo Porcentual (PBIAS) fue —3.67% < PBIAS <
23.4%. Los patrones espaciales de LUCC tuvieron una influencia mayor en la
escorrentia superficial que en los caudales de tormenta en la salida de la cuenca.
Sin embargo, la localizacion del bosque tuvo més influencia que la fragmentacion
tanto en la escorrentia superficial como en los caudales de tormenta. La
deforestacion de la parte alta de la cuenca representd el peor escenario para la
regulacion de inundaciones. Por otro lado, el efecto del cambio climéatico en las
inundaciones fue mas homogéneo que el efecto del LUCC a lo largo del gradiente
altitudinal de la cuenca. Ademas, la influencia relativa de la deforestacion en la parte
alta de la cuenca sobre el caudal de tormenta, fue mayor que la del cambio climatico,
mientras que en la parte baja, el cambio climatico fue mas importante. Para
inundaciones pequefas, el rango altitudinal de 590 a 906 metros sobre el nivel del
mar (m.s.n.m) fue identificado como un area de transicion en términos de la
influencia de la deforestacion en los caudales de tormenta. Sin embargo, se obtuvo
un umbral relativamente estable de diferencias absolutas en caudales maximos y
volumen de caudal a 590 m.s.n.m. Finalmente, se identificé una interaccion leve y
estadisticamente no significativa entre el cambio climatico y el LUCC, con un efecto
antagonico en la parte baja.

En conclusion, la proteccion y/o reforestacion de bosque nativo en la parte alta
de la cuenca es crucial para la mitigacion del riesgo de inundaciones, durante
eventos pequefios y moderados. Al mismo tiempo se mantienen varios servicios
ecosistémicos mediante la implementacion de SbN. Los cambios en la magnitud de
las inundaciones en la parte baja de la cuenca, estan estrechamente relacionados
con el efecto de escala y la sensibilidad del ecosistema en la parte superior. En este
sentido, la importancia del bosque para la regulacion de inundaciones sera aun
mayor en el futuro debido a las proyecciones de precipitacion por cambio climatico.
Sin embargo, a medida que aumenta la intensidad de las tormentas y el area de
captaciéon, la capacidad del bosque para regular inundaciones disminuye en
direccién aguas abajo y de manera no lineal. Por lo tanto, las SbN deben integrarse
con otras estrategias dentro de un contexto mas amplio para lograr una gestion
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efectiva de inundaciones. La metodologia aplicada puede ser utilizada por
modeladores y tomadores de decisiones para la evaluacion del impacto de
inundaciones bajo escenarios de cambio climatico y de LUCC en cuencas con
escasez de datos. Estos resultados mejoran la comprension de los servicios
ecosistémicos de los bosques de las estribaciones Andes-Amazonia y proporcionan
pautas para implementar SbN para la regulacién de inundaciones y la adaptacion al
cambio climatico.

Palabras clave: modelacion hidrolégica, TETIS, inundaciones, cambio climatico,

cambio de uso/cobertura del suelo, soluciones basadas en la naturaleza, Amazonia
Ecuatoriana.
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1. Introduction
1.1. Deforestation and Floods. Implications for Ecuadorian Amazon

Flooding is the most common type of natural hazard. During the 2000-2017
period, it affected more than 86 million people worldwide (EM-DAT, 2023). Flash
floods are a type of flood that causes the most severe damage in terms of fatalities
and economic losses (Jonkman, 2005; UNISDR, 2017). Climate change and land-
use/land-cover change (LUCC), such as deforestation, are among the main drivers
than can exacerbate flood magnitude and frequency (Bronstert et al., 2002; Chang
& Franczyk, 2008; IPCC, 2021). The interaction between climate change and LUCC
on floods is non-lineal and complex scale-dependent processes within the basin
(Bloéschl et al., 2007; Rogger et al., 2017). Moreover, the effect of different LUCC
spatial patterns makes it even more difficult to predict the results of these interactions
(Hou et al., 2018). It is therefore paramount understand the individual and combined
effects of climate change and LUCC on floods to apply land-cover based solutions
for flood risk management and climate change adaptation (Bloschl et al., 2019;
Dadson et al., 2017; Lane, 2017).

Globally the deforestation rate per year has decreased from 10.6 million
hectares in the 1900s to 6.5 million hectares between 2010 and 2015 (UNEP, 2019).
In Ecuador deforestation rates decreased between 1900 and 2010 (Sierra, 2013).
However, native forest has experienced a decline from 51.5% in 1990 to 50.9% in
2014 (Ministerio de Ambiente, 2015). Approximately 74% of this native forest is
located within the Ecuadorian Amazon Region (EAR). Among the main drivers or
factors promoting deforestation in the EAR are: proximity to roads and populated
centers (access to markets), population density, land tenure and primary education
(Kleemann et al., 2022; Mena et al., 2006; Sierra, 2013; Southgate et al., 1991). In
the Tena River Basin (TRB), natural coverage (native forest and herbaceous
vegetation) decreased from 17027 hectares in 1990 to 16219 hectares to 2014,
representing a reduction of 5 % approximately (Ministerio de Ambiente, 2015). In
this regard, the presence of the protected area Colonso-Chalupas Biological
Reserve (RBCC) since 2014, with 9154 hectares (38 % of TRB) helps to decrease
deforestation rates within the TRB (Cuenca et al., 2018; Kleemann et al., 2022).

However, the deforestatioin within the EAR and TRB remains a serious
problem that compromises several ecosystem services, including water flow
regulation associated with river flooding. This is explained by the close relationship
between water and the landscape (H. Gao et al., 2018). This becomes even more
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relevant considering that ecosystems and forests are key elements in establishing
climate change adaptation measures (Cohen-Shacham et al., 2019). Furthermore,
the loss of native forest has been recognized as a significant factor contributing to
changes in flood risk (Q. Gao & Yu, 2017). Consequently, the implementation of
forest protection and reforestation measures has been recognized as nature-based
solutions (NbS) to complement the efforts for floods management (Dadson et al.,
2017; llieva et al., 2018; Lane, 2017). Moreover, the NbS are especially relevant for
Tropical Andean Regions as forest are related to several ecosystem services such
as water regulation and supply, carbon sequestration, soil erosion control
(Bonnesoeur et al., 2019).

1.2. General Relationships Between Forest and Floods

The Tropical Andean Forest (TAF) serves as a natural barrier where
interception may account for 40% of total precipitation (Fleischbein et al., 2006).
Moreover, the presence of trees and root systems in TAF enhances the soil water
retention capacity, reducing the amount of water entering the stream network (Ataroff
& Rada, 2000; Qi & Liu, 2019; Tobon, 2008, 2021). The relatively high saturated
hydraulic conductivity by Andisols with high organic matter content, enhances the
Infiltration capacity (Sanchez et al., 2018). All these characteristics together make
TAF special ecosystems capable of acting as natural buffers against floods
(Bonnesoeur et al., 2019; Tobon, 2008). However, the flood regulation capacity of
forest is limited to small and medium size storms (Bathurst et al., 2011, Birkel et al.,
2012; lacob et al., 2017; Salazar et al., 2012). For instance, Bathurst et al. (2020)
indicate that forest reach the maximum capacity to mitigate floods with moderate
return periods of 5-20 years. Also, Birkel et al. (2012) found, in a humid basin in
Costa Rica, small effect of LUCC on peak flows for discharges with return period >
1-year. Nevertheless, downstream lowland areas would still be prone to flooding,
even if the forests upstream remained undisturbed (Laurance, 2007). Moreover, as
soil moisture increases the effect of forest on high flows is lower (Bathurst et al.,
2020; Bronstert et al., 2002; Sriwongsitanon & Taesombat, 2011).

The LUCC and its relationship with floods have different spatial and temporal
scales (Chang & Franczyk, 2008). Anthropogenic activities such as forest
management, agricultural practices (including weed burning), drainage, and others
can modify chemical-biological interactions as well as spatial connectivity, thus
affecting flooding (Rogger et al., 2017). However, the topography and land-cover are
among the main features that define a landscape (H. Gao et al., 2018). In this regard,
the forest location and forest fragmentation (spatial patterns), under certain
conditions, can influence the runoff and flooding process (Kim & Park, 2016; Liu et
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al., 2020). Forest location refers to the presence of aggregated forest coverage on
different slopes (Hou et al., 2018). On the other hand, forest fragmentation is the
conversion of continuous forest to disaggregated mosaic of forest patches (Fahrig,
2003). Some studies found differences on high flows when forest is located at
different slopes (Descheemaeker et al., 2006; Hou et al., 2018; Jourgholami et al.,
2020). In this regard, the evidence suggests a greater effect of LUCC in the upper
basin than the lower part (Edokpa et al., 2022; Hung et al., 2020; Olang & Furst,
2011). However, the proportion of forest area is important. Bathurst et al. (2011)
suggests that changes in peak discharge can be observed from a minimum alteration
of 20-30% in the forested area. Furthermore, locate dense vegetation near
watercourses has the greater effect on floods (Dadson et al., 2017). Nevertheless, it
is expected that flood attenuation decreases with the downstream distance to the
perturbation (Lane, 2017). Moreover, due to scale effect, as watershed area
increases the influence of LUCC on high flows becomes smaller (Bléschl et al., 2007;
Dadson et al.,, 2017). Similarly, with the increase in watershed size, hydraulic
processes in the channel become more important than slope runoff processes (i.e.,
overland flow, interflow) when determining response times (lag-time) in relation to
water movement (Asano & Uchida, 2018). Thus, on small watersheds (<100 km?)
riparian vegetation and floodplains in the lower parts of the basin can contribute to
flood reduction, desynchronizing flow, by increasing roughness and lag-time (Lane,
2017). For instance, Dixon et al. (2016) found 19% of reduction on peak flows for
riparian forest restoration of 20-40% of the total catchment area. However, NbS
focusing on channel and flood plain storage is only effective for small flood events
and inadequate for larger ones (Metcalfe et al., 2017).

Finally, few studies have related the landscape spatial metrics, to hydrological
response of the basin. For instance, Boongaling et al. (2018) indicates that
connectivity, aggregation, and size of forest patches within the landscape are the
metrics most closely related to overland flow and sediment load. Moreover,
Boongaling et al. (2018) suggest that forest fragmentation increases overland flow
and reduces the base flow. However, the study conducted by Kim & Park, (2016) in
Texas, found that the role of connectivity in surface runoff is not clear, as they
obtained contradictory results in some cases. Nevertheless, they found that metrics
related to size and shape were correlated with runoff. Another study carried out in
humid tropical catchments in Puerto Rico suggest that fragmentation may increase
freshwater supply, whereas raise large discharges during extreme events (Q. Gao
& Yu, 2017).



1.3. Climate Change and Floods. Implications for Ecuadorian Amazon

For high emission scenarios (CMIP5: RCP8.5; CMIP6: SSP5-8.5) derived from
General Circulation Models (GCMs), the short-duration and high-intensity
precipitation events are projected to become more intense, leading to increased
global flood occurrences (Hirabayashi et al., 2013; IPCC, 2021; Merz et al., 2014;
Vu et al., 2017). However, when discussing floods and precipitation, it is crucial to
consider the co-dependence of climate and landscape. In this regard, some studies
suggest that floods are more responsive to the spatial variability rather than the
temporal variability of precipitation (Perdigdo & Bldschl, 2014). Thus, the effect of
spatial variability becomes more apparent as the watershed size increases.
Furthermore, the interaction between soil surface conditions and precipitation must
be considered (Bronstert et al., 2002). For instance, in some catchments, soill
moisture is the major control on runoff generation processes (Bldschl, 2022).

Although an increase in global-scale flash floods would be expected under
climate change scenarios, increasing temperatures would enhance precipitation
intensity and surface runoff (Yin et al., 2018); other authors argue that an increase
in temperature does not necessarily result in more floods, and it cannot be directly
linked to a global-scale increase in flooding (Wasko & Sharma, 2017). Despite the
rise in extreme precipitation events in various regions worldwide, the occurrence of
floods does not exhibit an equal response. This can be partly explained by the fact
that temperature increase in certain cases leads to a decrease in antecedent
moisture conditions, thereby enhancing soil infiltration capacity (Sharma et al.,
2018). Furthermore, it should be noted that the influence of antecedent moisture
diminishes in smaller basins (Johnson et al., 2016; Sharma et al., 2018). However,
the relationship between temperature, precipitation, and floods within the context of
climate change and flash floods remains a topic of ongoing debate within the
scientific community, lacking a general consensus at present (Wasko et al., 2019;
Yin et al., 2019). This suggests that the effect of climate change on floods cannot be
generalized, emphasizing the need for case-specific studies.

The climate in Ecuador is mainly influenced by the Pacific Ocean, the Andes
Mountains, and the Amazon Rainforest, from which large moisture masses originate
(Junquas et al., 2022). Specifically, the foothills such as the eastern slope of the
Andes Mountains, are influenced significantly by the Intertropical Convergence Zone
(ITCZ; Vargas et al., 2022) and by moist air masses from the eastern part of the
Amazon basin. Therefore, the combination of orographic effect and the influence of
the ITCZ favor the formation of convective storms in foothill basins such as TRB.
Among the most significant impacts of climate change in Ecuador are: temperature
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increases, glacier retreat, prolonged droughts, and changes in precipitation patterns
(Cadilhac et al., 2017). The Amazon basin is prone to future extreme events related
to floods (Hirabayashi et al., 2013). Palomino-Lemus et al., and Solman (2017; 2013)
indicate that the average annual precipitation would decrease in the Amazon, but
with an increase in the northwest region, near the foothills of the Andes Mountains.
Similarly, the average annual runoff would increase (Pabodn-Caicedo et al., 2020;
Sorribas et al., 2016).

On the other hand, an increase in precipitation is projected in the tropical Andes
of Ecuador (Sarmiento & Kooperman, 2019). Furthermore, increasing trends in
maximum flows and decreasing trends in minimum flows are expected (Pabdn-
Caicedo et al., 2020). However, the studies on precipitation projections due to
climate change in South America are based on GCMs and Regional Circulation
Models (RCMs). Thus, part of the uncertainty associated with GCMs or RCMs is due
to the weak representation of orographic effects or relief with coarse resolutions
(Buytaert et al., 2010; Sarmiento & Kooperman, 2019), especially for rainfall hotspots
with greater topographical gradient, such as Andes-Amazonian foothills (Espinoza
et al., 2015).

1.4. Individual and Combined Effects of Climate Change and LUCC on Floods

Climate change and LUCC simultaneously impact hydrological processes at
the basin scale. However, since the impacts acts at different spatial scales, the
analysis of their individual contributions is necessary for watershed planning and
management (Lian et al.,, 2020; Zhang et al., 2018). Bloschl et al. (2007)
hypothesized that climate change impact on floods across different basin scales, is
more homogeneous than LUCC. Moreover, they indicate that at smaller scales,
LUCC has a larger impact than climate variability on hydrological response.
Depending mainly on data availability and research purpose, several methodologies
exist to separately identify these contributions (Yang et al., 2017). However,
hydrological modeling and paired catchment analysis are among the most common
(Zhang et al., 2018). Given the increasing data availability, development of
distributed hydrological models and computing capabilities, the hydrological
modeling approach have been widely used (Hung et al.,, 2020; Lamichhane &
Shakya, 2019; Yang et al., 2017). This approach combines hypothetical scenarios
(“what-if approach”) and the one-factor-at-a-time analysis (“OFAT method”).

The experimental design based on hydrological modeling combines different
scenarios (i.e.: base scenario, LUCC-based scenarios and climate change-based
scenarios), to assess the individual and combined effects on hydrological variables.
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Previous studies (Chawla & Mujumdar, 2015; Tian et al., 2022; Zhang et al., 2018)
have examined the individual and combined effects of climate change and LUCC on
floods using hydrological modeling. In this regard, the interaction is one of the main
characteristics related to the combined effects of climate change and LUCC.
Specifically, interaction refers to the relationship between two or more variables that
affects the response variable in a non-additive or non-independent manner (Dunne,
2010; Rothman, 1976). Thus, the interaction can be either synergistic or
antagonistic. Synergistic interaction occurs when the combined effect of two
variables (e.g., climate change and LUCC) exceeds the sum of their individual
effects, resulting in an amplified outcome such as increased peak flows or runoff
volume. Conversely, antagonistic interaction occurs when the combined effect is less
than the sum of their individual effects, leading to a diminished outcome. Some
studies have reported both synergistic interactions (Hung et al., 2020; Tian et al.,
2022) and antagonistic interactions (Lamichhane & Shakya, 2019) between climate
change and LUCC regarding hydrological response at basin scale.

1.5. Flood risk Management and Land Planning in Ecuador

The flood risk management in Ecuador is under the responsibility of the Risk
Management Secretariat (SGR). However, the risk management in Ecuador is
decentralized through different institutions that comprise the National Decentralized
System for Risk Management, including the decentralized autonomous governments
(GADs) on both levels, cantonal and provincial. According to the competencies
established by the Constitution of the Republic of Ecuador and other laws such as
the Organic Code for Territorial Organization, and the National Plan for Risk
Reduction; the SGR generates various instruments, one of which is the Risk
Reduction Agendas (SGR, 2018). The Risk Reduction Agendas is aimed at
integrating and mainstreaming risk management into planning, aligning with the
actors of the SNDGR to achieve their objectives. In this sense, the policy generated
by the SGR recognizes the GADs as key actors in risk reduction since, based on
their competencies, they can link the Risk Reduction Agendas to the Territorial
Planning and Development Plans (SGR, 2019).

The risk management model proposed by the SGR considers both prospective
and corrective risk management. Additionally, the SGR recommends that the GADs,
during the diagnostic stage of the Territorial Planning and Development Plans,
generate prospective risk scenarios that incorporate climate projections proposed by
the Ministry of Environment (MAE), such as heavy rainfall scenarios. Furthermore,
SGR indicates that climate change is a trigger factor for the generation of floods and
landslides (SGR, 2019). In addition to GADs, SGR and MAE (Vice Ministry of Water),

7



other institutions are involved within the food risk management such as the National
Institute of Meteorology and Hydrology (INAMHI) through the national monitoring
network and more recently with GeoGloWS Portal (INAMHI, 2023).

1.6. Research Proposal
a. Related to flood management and data scarcity in TRB

Hydrological and hydrodynamic models are widely used tools for water
resources planning and flood management (Diez-Herrero et al., 2009). The reliability
of hydrological and hydrodynamic models depends on model formulations and input
data quality (Smart, 2018; Teng et al., 2017). However, in developing countries, the
availability of long-term and quality of hydrometeorological observations, is a
constrain (Ochoa-Tocachi et al., 2016), especially on remote regions such as the
Ecuadorian Amazon. The data-scarcity of reliable input data hinders the model’s
capacity to correctly simulate the hydrological response of a basin under different
scenarios (e.g., climate change and LUCC). Therefore, flash flood hazard
assessment requires method strategies to cope with data scarcity, such as event
sampling (Correa et al., 2016) and survey data (Ciervo et al., 2015). Consequently,
the first research question is: Can event sampling and survey data cope with data
scarcity for flash flood hazard assessment where robust monitoring networks
are not available?

b. Related to forest spatial patterns and floods

Forest location and forest fragmentation are common land-cover spatial
patterns. Previous studies indicate that forest fragmentation and forest location have
effects on runoff generation and high flows (e.g., Boongaling et al., 2018; Q. Gao &
Yu, 2017; Hou et al., 2018). However, in some cases, this relationship is unclear and
changes with the scale of analysis (Kim & Park, 2016). Additionally, previous
analyses do not maintain a constant area of forest, since fragmentation is related to
a reduction in forest area (Q. Gao & Yu, 2017). Similarly, the analysis of forest
location on upper and lower basin, does not maintain the same proportion of forest
on different slopes (lacob et al., 2017; Salazar et al., 2012). Thus, in this context, the
changes on flows can be the result of a combination of both variables, forest spatial
pattern (i.e., fragmentation and location) and forest area. Furthermore, previous
studies do not compare simultaneously the effects of location and fragmentation on
floods. In consequence, the effect of different forest spatial patterns on floods
remains unknown, which hinders the integration of NbS with land-planning
processes for natural flood management. Therefore, there is a need to evaluate,
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within the same experiment, both spatial patterns, while maintaining the same
proportion of forest area. In this regard, the second research question is: Is the
forest location more important than forest fragmentation for flood regulation?

c. Related to individual and combined effects between climate change and LUCC
on floods

Climate change and LUCC are among the main drivers that can affects the
occurrence of flood in frequency and magnitude. Since climate change and LUCC
can affect the hydrological processes at different spatial and temporal scales
(Bldéschl et al., 2007; Bronstert, 2004; Chang & Franczyk, 2008) it is important to
analyze both individual and combined contributions (Lian et al., 2020). One of the
main methods of analysis is through hydrological modeling (Zhang et al., 2018).
However, previous studies have a coarse temporal and spatial scale. In other words,
the analysis is generally conducted at monthly or annual time scales and also
evaluates mean values within the basin or using few sampling points. Therefore,
very little is known about the dynamics of the interactions between climate change
and LUCC on floods across the altitudinal gradients within the basins. This
knowledge gap difficult the application of NbS for flood management in the context
of climate change adaptation. Hence, the third research question is: How is the
variation of individual and combined effects of climate change and LUCC on
floods across the altitudinal gradient in the basin?

2. Introduccién

A continuacion, se presenta una traduccion al castellano de la seccién anterior
titulada ‘Introduction’:

2.1. Deforestacion e Inundaciones. Implicaciones para la Amazonia
Ecuatoriana

Las inundaciones son uno de los tipos mas comunes de peligro natural.
Durante el periodo 2000-2017, afectaron a mas de 86 millones de personas en todo
el mundo (EM-DAT, 2023). Las inundaciones repentinas son el tipo de inundacién
gue causa mas dafos en términos de fatalidades y pérdidas econémicas (Jonkman,
2005; UNISDR, 2017). El cambio climético y el cambio en el uso/cobertura del suelo
(LUCC, por sus siglas en inglés), como la deforestacion, se encuentran entre los
principales forzantes o drivers que pueden incrementar la magnitud y frecuencia de
las inundaciones (Bronstert et al., 2002; Chang y Franczyk, 2008; IPCC, 2021). La
interaccion entre el cambio climatico y el LUCC en las inundaciones, es un proceso
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no lineal y complejo, dependiente de la escala en la cuenca (Bloschl et al., 2007,
Rogger et al., 2017). Ademas, el efecto de diferentes patrones espaciales de LUCC
hace aun mas dificil predecir los resultados de estas interacciones (Hou et al., 2018).
Por lo tanto, es fundamental comprender los efectos individuales y combinados del
cambio climatico y el LUCC en las inundaciones para aplicar soluciones basadas en
la cobertura del suelo para la gestion del riesgo de inundacion y la adaptacién al
cambio climatico (Bloschl et al., 2019; Dadson et al., 2017; Lane, 2017).

A nivel mundial, la tasa de deforestacion anual ha disminuido de 10.6 millones
de hectareas en la década de 1900 a 6.5 millones de hectareas entre 2010 y 2015
(UNEP, 2019). En Ecuador, las tasas de deforestacion disminuyeron entre 1900 y
2010 (Sierra, 2013). Sin embargo, el bosque nativo ha experimentado un declive,
pasando del 51.5% en 1990 al 50.9% en 2014 (Ministerio de Ambiente, 2015).
Aproximadamente el 74% de este bosque nativo se encuentra en la Region
Amazonica Ecuatoriana (RAE). Entre los principales impulsores o factores que
promueven la deforestacion en la RAE estan: la proximidad a carreteras y centros
poblados (acceso a mercados), densidad poblacional, la tenencia de la tierra y la
educacion primaria (Kleemann et al., 2022; Mena et al., 2006; Sierra, 2013;
Southgate et al., 1991). En la Cuenca del Rio Tena (CRT), la cobertura natural
(bosque nativo y vegetacion herbacea) disminuyé de 17027 hectareas en 1990 a
16219 hectareas en 2014, lo que representa una reduccion de aproximadamente el
5% (Ministerio de Ambiente, 2015). En este sentido, la presencia de la Reserva
Biol6gica Colonso-Chalupas (RBCC) desde 2014, con 9154 hectareas (38% de la
CRT), contribuye a disminuir las tasas de deforestacién en la CRT (Cuenca et al.,
2018; Kleemann et al., 2022).

Sin embargo, la deforestaciéon dentro de la RAE y la CRT sigue siendo un
problema grave que compromete diversos servicios ecosistémicos, incluida la
regulacién del flujo de agua asociada a inundaciones fluviales. Esto se explica por
la estrecha relacion entre el agua y el paisaje (H. Gao et al., 2018). Esto cobra aun
mas relevancia considerando que los ecosistemas y los bosques son elementos
clave para establecer medidas de adaptacion al cambio climatico (Cohen-Shacham
et al., 2019). Ademés, la pérdida de bosque nativo ha sido reconocida como un
factor significativo que contribuye a cambios en el riesgo de inundacion (Q. Gao y
Yu, 2017). En consecuencia, la implementacion de medidas de proteccion forestal
y reforestacion ha sido reconocida como parte de las soluciones basadas en la
naturaleza (SbN) para complementar los esfuerzos en la gestion de inundaciones
(Dadson et al.,, 2017; llieva et al., 2018; Lane, 2017). Ademas, las SbN son
especialmente relevantes para las Regiones Tropicales Andinas, ya que los
bosques estan relacionados con varios servicios ecosistémicos como la regulacion
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y el suministro de agua, la captura de carbono, el control de la erosién del suelo
(Bonnesoeur et al., 2019).

2.2. Relaciones Generales Entre Bosque e Inundaciones

El Bosque Tropical Andino (BTA) actia como una barrera natural donde la
interceptacion puede representar el 40% de la precipitacion total (Fleischbein et al.,
2006). Ademas, la presencia de arboles y sistemas radiculares en el BTA aumenta
la capacidad de retencién de agua en el suelo, reduciendo la cantidad de agua que
ingresa a la red de arroyos (Ataroff y Rada, 2000; Qi y Liu, 2019; Tobdn, 2008,
2021). La conductividad hidraulica saturada relativamente alta de los Andisoles con
un alto contenido de materia organica mejora la capacidad de infiltracion (Sanchez
et al.,, 2018). Todas estas caracteristicas en conjunto hacen que el BTA sea un
ecosistema especial capaz de actuar como amortiguador natural contra las
inundaciones (Bonnesoeur et al., 2019; Tobén, 2008). Sin embargo, la capacidad
de regulacion de inundaciones del bosque se limita a tormentas de tamafio pequefio
y mediano (Bathurst et al., 2011; Birkel et al., 2012; lacob et al., 2017; Salazar et al.,
2012). Por ejemplo, Bathurst et al., 2020 indican que el bosque alcanza su
capacidad maxima para mitigar inundaciones con periodos de retorno moderados
de 5-20 afios. Ademas, Birkel et al. (2012) encontraron en una cuenca humeda de
Costa Rica un efecto pequefio del LUCC en los caudales maximos para periodos
de retorno > 1 afio. Sin embargo, las zonas bajas de las cuencas seguirian siendo
propensas a inundaciones, incluso si los bosques aguas arriba permanecieran
intactos (Laurance, 2007). Ademas, a medida que aumenta la humedad del suelo,
el efecto del bosque en los caudales altos es menor (Bathurst et al., 2020; Bronstert
et al., 2002; Sriwongsitanon y Taesombat, 2011).

La relacion entre el LUCC vy las inundaciones presenta diferentes escalas
espaciales y temporales (Chang y Franczyk, 2008). Actividades antropogénicas
como la gestion forestal, practicas agricolas (incluida la quema de maleza) y drenaje
pueden modificar las interacciones quimicas-bioldgicas y la conectividad espacial,
afectando asi las inundaciones (Rogger et al., 2017). Sin embargo, la topografia y
la cobertura del suelo se encuentran entre las principales caracteristicas que definen
un paisaje (H. Gao et al., 2018). En este sentido, la localizacion y fragmentacion del
bosque (patrones espaciales), bajo ciertas condiciones, pueden influir en los
procesos de escorrentia e inundaciones (Kim y Park, 2016; Liu et al., 2020). La
localizacion del bosque se refiere a la presencia de cobertura forestal agregada en
diferentes pendientes (Hou et al., 2018). Por otro lado, la fragmentacion del bosque
es la conversion de un bosque continuo en un mosaico desagregado de parches de
bosque (Fahrig, 2003). Algunos estudios han encontrado diferencias en los
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caudales altos cuando el bosque se encuentra en diferentes pendientes
(Descheemaeker et al., 2006; Hou et al., 2018; Jourgholami et al., 2020). En este
sentido, la evidencia sugiere un mayor efecto del LUCC en la parte superior de la
cuenca que en la parte inferior (Edokpa et al., 2022; Hung et al., 2020; Olang y Frst,
2011). Sin embargo, la proporcion del area forestal también es importante. Bathurst
et al. (2011) sugieren que se pueden observar cambios en el caudal maximo a partir
de una alteracion minima del 20-30% en el area forestal. Por otro lado, ubicar
vegetacion densa cerca de los cursos de agua tiene un mayor efecto en las
inundaciones (Dadson et al., 2017). No obstante, se espera que la atenuacion de
las inundaciones disminuya a medida que aumenta la distancia aguas abajo de la
perturbacion (Lane, 2017). Ademas, debido al efecto de escala, a medida que
aumenta el area de la cuenca, la influencia del LUCC en los caudales altos
disminuye (Bloschl et al., 2007; Dadson et al., 2017). Asi mismo, con el aumento del
tamafio de la cuenca, los procesos hidraulicos en el canal se vuelven mas
importantes que los procesos de escorrentia en laderas (i.e., escorrentia superficial,
interflujo) al determinar los tiempos de respuesta de la cuenca (Asano y Uchida,
2018). Por lo tanto, en cuencas pequefias (<100 km2), la vegetacion riberefia y las
llanuras de inundacién en las partes bajas de la cuenca pueden contribuir a la
reduccion de inundaciones, desincronizando el flujo al aumentar la rugosidad y el
tiempo de retardo (Lane, 2017). Por ejemplo, Dixon et al. (2016) encontraron una
reduccion del 19% en los flujos maximos debido a la restauracion del bosque
riberefio, que cubria del 20 al 40% del area total de captacion. Sin embargo, las SbN
centradas en el cauce y almacenamiento en las llanuras de inundacién son efectivas
solo para eventos de inundacion pequefios e inadecuadas para los mas grandes
(Metcalfe et al., 2017).

Finalmente, pocos estudios han relacionado las métricas espaciales del
paisaje con la respuesta hidrologica de la cuenca. Por ejemplo, Boongaling et al.
(2018) indican gue la conectividad, agregacion y tamafio de los parches de bosque
dentro del paisaje son las métricas mas estrechamente relacionadas con el flujo
superficial y la carga de sedimentos. Ademas, Boongaling et al. (2018) sugieren que
la fragmentacion del bosque aumenta el flujo superficial y reduce el flujo base. Sin
embargo, el estudio realizado por Kim y Park (2016) en Texas (EU) encontré que el
papel de la conectividad en la escorrentia superficial no es claro, ya que obtuvieron
resultados contradictorios en algunos casos. Sin embargo, encontraron que las
métricas relacionadas con el tamafio y la forma estaban mas correlacionadas con
la escorrentia. Otro estudio realizado en cuencas himedas tropicales en Puerto
Rico sugiere que la fragmentacion puede aumentar tanto el caudal base como los
caudales altos durante eventos extremos (Q. Gaoy Yu, 2017).
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2.3. Cambio Climéatico e Inundaciones. Implicaciones para la Amazonia
Ecuatoriana

Para los escenarios de emisiones altas (CMIP5: RCP8.5; CMIP6: SSP5-8.5)
derivados de Modelos de Circulacion General (MCGSs), se proyecta que los eventos
de precipitacion de corta duracion y alta intensidad se vuelvan mas intensos (IPCC,
2021). Esto, a su vez, llevara a un aumento en la frecuencia de inundaciones a nivel
global (Hirabayashi et al., 2013; Merz et al., 2014; Vu et al., 2017). Sin embargo, al
discutir inundaciones y precipitaciones, es crucial considerar la interdependencia
entre el clima y el paisaje. En este sentido, algunos estudios sugieren que las
inundaciones responden mas a la variabilidad espacial que a la variabilidad temporal
de la precipitacién (Perdigdo y Bloschl, 2014). Por lo tanto, el efecto de la
variabilidad espacial se hace mas evidente a medida que aumenta el tamafio de la
cuenca. Ademas, se debe considerar la interaccion entre las condiciones de la
superficie del suelo y la precipitacion (Bronstert et al., 2002). Por ejemplo, en
algunas cuencas, la humedad del suelo es el principal factor de control en los
procesos de generacion de escorrentia (Bloschl, 2022).

Aunque por un lado se espera un aumento en las inundaciones repentinas a
escala global bajo escenarios de cambio climatico por el incremento de las
temperaturas e intensidad de la precipitacion (Yin et al., 2018). Por otro lado,
algunos autores argumentan que un aumento en la temperatura no necesariamente
resulta en mas inundaciones (Wasko y Sharma, 2017). A pesar del aumento en
eventos de precipitacion extrema en varias regiones en todo el mundo, la ocurrencia
de inundaciones no muestra una respuesta igual. Esto se puede explicar en parte
por el hecho de que, en ciertos casos, el aumento de temperatura conduce a una
disminucién en las condiciones de humedad previa, mejorando asi la capacidad de
infiltracién del suelo (Sharma et al., 2018). Ademas, debe indicarse que la influencia
de la humedad previa disminuye en cuencas mas pequeiias (Johnson et al., 2016;
Sharma et al., 2018). Sin embargo, la relacién entre temperatura, precipitacion e
inundaciones en el contexto del cambio climatico e inundaciones repentinas sigue
siendo un tema de debate continuo en la comunidad cientifica, careciendo de un
consenso general en la actualidad (Wasko et al., 2019; Yin et al., 2019). Esto sugiere
gue el efecto del cambio climatico en las inundaciones no puede generalizarse,
destacando la necesidad de estudios especificos para cada caso.

El clima en Ecuador esta principalmente influenciado por el Océano Pacifico,
la Cordillera de los Andes y la Selva Amazobnica, de donde provienen grandes
masas de humedad (Junquas et al., 2022). Especificamente, las estribaciones como
la vertiente oriental de la Cordillera de los Andes estan influenciadas de manera
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significativa por la Zona de Convergencia Intertropical (ZCIT; Vargas et al., 2022) y
por masas de aire humedo provenientes de la parte oriental de la cuenca
amazonica. Por lo tanto, la combinacion del efecto orogréfico y la influencia de la
ZCIT favorecen la formacion de tormentas convectivas en cuencas de estribaciones
como la CRT. Entre los impactos mas significativos del cambio climéatico en Ecuador
se encuentran: aumentos de temperatura, retroceso de los glaciares, sequias
prolongadas y cambios en los patrones de precipitacion (Cadilhac et al., 2017). La
cuenca amazobnica es propensa a futuros eventos extremos relacionados con
inundaciones (Hirabayashi et al., 2013). Palomino-Lemus et al. y Solman (2017,
2013) indican que la precipitacién anual promedio disminuiria en la Amazonia, pero
con un aumento en la region noroeste, cerca de las estribaciones de la Cordillera
de los Andes. De manera similar, el caudal anual promedio aumentaria en esta zona
(Pabon-Caicedo et al., 2020; Sorribas et al., 2016).

Por otro lado, se proyecta un aumento en la precipitaciéon en los Andes
tropicales de Ecuador (Sarmiento y Kooperman, 2019). Ademas, se esperan
tendencias crecientes en los caudales maximos y tendencias decrecientes en los
caudales minimos (Pabdn-Caicedo et al., 2020). Sin embargo, los estudios sobre
proyecciones de precipitacion debido al cambio climatico en América del Sur se
basan en MCGs y Modelos de Circulacion Regional (MCRs). Por lo tanto, parte de
la incertidumbre asociada con los MCGs o MCRs se debe a la representacion débil
del efecto orografico o el relieve con resoluciones gruesas (Buytaert et al., 2010;
Sarmiento y Kooperman, 2019). Esto ocurre especialmente en &reas de alta
precipitaciébn con un mayor gradiente topografico, como las estribaciones Andes-
Amazonia (Espinoza et al., 2015).

2.4. Efectos Individuales y Combinados del Cambio Climéatico y LUCC en
Inundaciones

El cambio climatico y el LUCC afectan simultaneamente los procesos
hidrolégicos a nivel de cuenca. Sin embargo, debido a que los impactos actlan en
diferentes escalas espaciales, el andlisis individual de sus contribuciones es
necesario para la planificacion y gestion de cuencas hidrogréficas (Lian et al., 2020;
Zhang et al., 2018). Bloschl et al. (2007) propusieron la hipotesis de que el impacto
del cambio climatico en las inundaciones en diferentes escalas es mas homogéneo
gue el del LUCC. Ademas, indican que, a escalas mas pequeiias, el LUCC tiene un
impacto mayor que la variabilidad climatica en la respuesta hidrologica.
Dependiendo principalmente de la disponibilidad de datos y el propésito de la
investigacién, existen varias metodologias para identificar estas contribuciones por
separado (Yang et al., 2017). Sin embargo, el modelado hidroldgico, el analisis de
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cuencas emparejadas, enfoques conceptuales, disefios experimentales y enfoques
analiticos se encuentran entre los mas comunes (Zhang et al., 2018). Debido a la
creciente disponibilidad de datos, de capacidades de computo y al desarrollo de
modelos hidroldgicos distribuidos, el enfoque con modelos hidrolégicos se ha
utilizado ampliamente (Hung et al., 2020; Lamichhane & Shakya, 2019; Yang et al.,
2017). Este enfoque combina escenarios hipotéticos ("what-if approach™ en inglés)
y el analisis de un factor a la vez (“one-factor-at-a-time analisis” en inglés).

El disefio experimental basado en modelado hidrolégico combina diferentes
escenarios (i.e.. escenario base, escenarios basados en LUCC y escenarios
basados en cambio climatico) para evaluar los efectos individuales y combinados
sobre las variables hidroldgicas. Estudios previos (Chawla y Mujumdar, 2015; Tian
et al.,, 2022; Zhang et al., 2018) han examinado los efectos individuales y
combinados del cambio climéatico y el LUCC en inundaciones utilizando modelado
hidrologico. En este sentido, la interaccion es una de las principales caracteristicas
relacionadas con los efectos combinados del cambio climatico y el LUCC.
Especificamente, la interaccion se refiere a la relacion entre dos o méas variables
gue afecta a la variable de respuesta de manera no aditiva o no independiente
(Dunne, 2010; Rothman, 1976). Por lo tanto, la interaccion puede ser sinérgica o
antagonista. La interaccion sinérgica ocurre cuando el efecto combinado de dos
variables (e.g., cambio climatico y LUCC) supera la suma de sus efectos
individuales, lo que lleva a un efecto amplificado, como aumentos en los caudales
maximos o el volumen de escorrentia. Por el contrario, la interaccién antagonica
ocurre cuando el efecto combinado es menor que la suma de sus efectos
individuales, lo que lleva a un efecto disminuido. Algunos estudios han informado
tanto interacciones sinérgicas (Hung et al., 2020; Tian et al., 2022) como
interacciones antagonistas (Lamichhane y Shakya, 2019) entre el cambio climatico
y el LUCC con respecto a la respuesta hidrolégica a nivel de cuenca.

2.5. Gestion del Riesgo de Inundaciones y Planificacion Territorial en
Ecuador

La gestion del riesgo de inundaciones en Ecuador esta a cargo de la Secretaria
de Gestion de Riesgos (SGR). Sin embargo, la gestién del riesgo en Ecuador se
descentraliza a través de diferentes instituciones que conforman el Sistema
Nacional Descentralizado de Gestion de Riesgos, incluyendo los gobiernos
autébnomos descentralizados (GAD) a nivel cantonal y provincial. De acuerdo con
las competencias establecidas por la Constitucion de la Republica del Ecuador y
otras leyes, como el Cédigo Orgéanico de Organizacion Territorial, y el Plan Nacional
de Reduccion de Riesgos; la SGR genera varios instrumentos, uno de los cuales es
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la Agenda de Reduccién de Riesgos (SGR, 2018). La Agenda de Reducciéon de
Riesgos tiene como objetivo integrar y incorporar la gestion del riesgo en la
planificacién, alineandose con los actores del SNDGR para alcanzar sus objetivos.
En este sentido, la politica generada por la SGR reconoce a los GAD como actores
clave en la reduccion del riesgo, ya que, en funcién de sus competencias, pueden
vincular las Agendas de Reduccién de Riesgos con la Planificacién Territorial y los
Planes de Desarrollo (SGR, 2019).

El modelo de gestion de riesgos propuesto por la SGR considera tanto la
gestion del riesgo prospectiva como la correctiva. Ademas, la SGR recomienda que
los GAD, durante la etapa de diagndstico de los Planes de Ordenamiento Territorial
y Desarrollo, generen escenarios prospectivos de riesgo. A su vez, estos escenarios
deberian incorporar las proyecciones climéticas propuestas por el Ministerio del
Ambiente (MAE), como los escenarios de lluvias intensas. Por otro lado, la SGR
sefiala que el cambio climatico es un factor desencadenante en la generacion de
inundaciones y deslizamientos (SGR, 2019). Ademas de los GAD, la SGR y el MAE
(con el Viceministerio de Agua), otras instituciones estan involucradas en la gestion
de riesgos hidricos. Por ejemplo, el Instituto Nacional de Meteorologia e Hidrologia
(INAMHI) a través de la red de monitoreo nacional y mas recientemente con el Portal
GeoGIloWS (INAMHI, 2023).

2.6. Propuesta de Investigacion
a. Relacionado a la gestion de inundaciones y datos escasos en la cuenca

Los modelos hidrologicos e hidrodindmicos son herramientas ampliamente
utilizadas para la planificacion de recursos hidricos y la gestion de inundaciones
(Diez-Herrero et al., 2009). La confiabilidad de estos modelos depende de las
formulaciones del modelo y la calidad de los datos de entrada (Smart, 2018; Teng
et al., 2017). Sin embargo, en paises en desarrollo, la disponibilidad de
observaciones hidrometeoroldgicas a largo plazo y de calidad es limitada (Ochoa-
Tocachi et al.,, 2016), especialmente en regiones remotas como la Amazonia
Ecuatoriana. La escasez de datos confiables de entrada dificulta la capacidad del
modelo para simular correctamente la respuesta hidrolégica de una cuenca bajo
diferentes escenarios (e.g., cambio climatico y LUCC). Por lo tanto, la evaluacion
del peligro de inundaciones repentinas requiere estrategias metodologicas para
enfrentar la escasez de datos, como el muestreo de eventos (Correa et al., 2016) y
los datos de levantados en terreno (Ciervo et al., 2015). En consecuencia, la primera
pregunta de investigacion es: ¢Permite el muestreo de eventos y los datos de
terreno manejar la escasez de datos para la evaluacion del peligro de
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inundaciones repentinas en lugares donde no estan disponibles redes de
monitoreo robustas?

b. Relacionado a los patrones espaciales del bosque e inundaciones

La localizacion y fragmentacion del bosque son patrones espaciales comunes
de la cobertura del suelo. Estudios anteriores indican que la fragmentacion y
localizacion del bosque tienen efectos en la generacion de escorrentia y caudales
altos (por ejemplo, Boongaling et al., 2018; Q. Gao y Yu, 2017; Hou et al., 2018).
Sin embargo, en algunos casos, esta relacion es poco clara y cambia con la escala
de andlisis (Kim y Park, 2016). Por otro lado, los analisis previos no mantienen un
area constante de bosque, ya que la fragmentacion esta relacionada con una
reduccion en el area forestal (Q. Gao y Yu, 2017). Del mismo modo, los analisis
sobre la localizacion del bosque en la parte alta y baja de la cuenca no mantienen
la misma proporcién de bosque en las diferentes pendientes (lacob et al., 2017,
Salazar et al., 2012). En este contexto, los cambios identificados en los caudales,
pueden ser el resultado de una combinacion de ambas variables, patron espacial
del bosque (i.e., fragmentacion y localizacién) y area forestal. Ademas, los estudios
anteriores no hacen una comparacion simultanea de los efectos de la localizacion y
la fragmentacion sobre las inundaciones. En consecuencia, no se conoce sobre el
efecto de los diferentes patrones espaciales del bosque sobre los caudales altos, lo
gue dificulta la integracion de SbN con procesos de planificacion territorial para la
gestién natural de inundaciones. Por lo tanto, es necesario evaluar, dentro del
mismo experimento, ambos patrones espaciales, manteniendo la misma proporciéon
de éarea forestal. En este sentido, la segunda pregunta de investigacion es: ¢Es la
localizacion del bosque mas importante que la fragmentacion para la
regulacién de inundaciones?

c. Relacionado a los efectos individuales y combinados del cambio climético y
LUCC en las inundaciones

El cambio climatico y el LUCC se encuentran entre los principales forzantes
gue pueden afectar la ocurrencia de inundaciones en términos de frecuencia y
magnitud. Dado que el cambio climatico y el LUCC pueden afectar los procesos
hidroldgicos a diferentes escalas espaciales y temporales (Bloschl et al., 2007,
Bronstert, 2004; Chang y Franczyk, 2008), es importante analizar tanto las
contribuciones individuales como combinadas (Lian et al., 2020). Uno de los
principales métodos de andlisis es a través de la modelizacién hidrologica (Zhang
et al., 2018). Sin embargo, los estudios anteriores tienen una escala temporal y
espacial gruesa. En otras palabras, el analisis generalmente se realiza en escala de
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tiempo mensual o anual y con valores medios a nivel de cuenca, o el mejor de los
casos, utilizando pocos puntos de muestreo. Por lo tanto, se sabe muy poco sobre
la dinamica de las interacciones entre el cambio climatico y el LUCC en las
inundaciones a lo largo de los gradientes altitudinales dentro de las cuencas. Esta
brecha de conocimiento dificulta la aplicacidbn de las SbN para la gestion de
inundaciones en el contexto de la adaptacion al cambio climatico. En este contexto,
la tercera pregunta de investigacion es: ¢(Coémo es la variacion del efecto
individual y combinado del cambio climéatico y el LUCC en las inundaciones a
lo largo del gradiente altitudinal de la cuenca?
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CHAPTER II

HYPOTHESIS AND OBJECTIVES
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1. Hypothesis and Objectives
1.1. Hypothesis

The following hypothesis related to main research questions are proposed:
H1. The influence of LUCC on flood regulation is greater in the upper basin and
decrease in downstream direction, and the aggregated forest patches on the upper
basin have more influence on flood regulation than fragmentation across the basin.
H2. Climate change effects across the basin are more homogeneous than LUCC,
and the combined effects are greater in the upper basin and decrease in downstream
direction in a non-linear manner.

1.1.1. Predictions

1) The deforestation of native forest in the upper basin will be the worst scenario
for flood regulation.

2) Theinfluence of LUCC on floods in the upper basin is greater than the influence
of climate change.

1. 2. Objectives

To evaluate the hypothesis, the objectives of this research are:
1.2.1. General Objective

Analyze the combined effects of climate change and LUCC on floods in a
tropical basin, with a specific emphasis on landscape configuration and the role of
native forests for flood regulation.

1.2.2. Specific Objectives

1) Analyze past flash floods in the basin using model coupling, storm sampling,
and survey data.
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2) Analyze the effect of different deforestation spatial patterns, such as, forest
location and forest fragmentation for flood regulation, using hypothetical
scenarios.

3) Analyze the individual and combined effect of climate change and LUCC on
floods across the altitudinal gradient in the basin.

1.3. Research Strategy

This research was carried out in three consecutive stages that allowed the
achievement of the proposed objectives. The objective 1 was addressed in Chapter
[ll, and among the main purposes of this chapter was the validation of existing data
for flood hazard assessments through hydrological and hydrodynamic modelling.
Then, in the following stages, hypothetical scenarios were evaluated using as a
reference the hazard assessment of chapter Ill. The Chapter IV analyzed the effect
of forest location and forest fragmentation on floods maintaining the same proportion
of forest area in the basin (50%). Thus, on the experiment design of Chapter 1V, the
effect of forest area was isolated, and did not consider the scale effect on stormflow,
since the analysis focused on the basin outlet. Finally, on the next stage, the Chapter
V analyzed scale effects using 42 stormflow sampling sites across the basin. The
chapter V had an experiment design that isolate the effect of spatial variability of
LUCC (same land cover for each scenario) and explicitly analyzed the scale effect
of climate change and LUCC across the basin. Therefore, Chapters IV and V, were
complementary to analyze both the spatial pattern and scale effect of LUCC,
including the interaction with climate change on floods.

The TRB located in the Ecuadorian Amazon was selected as the study area.
The basin includes flood-prone areas, particularly in the downstream city of Tena,
where multiple significant flash flood incidents have occurred in the past decade
(GADM-TENA, 2021). Various factors, such as intense rainfall, saturated soils, and
steep terrain in the upper basin, contribute to the increased risk of flash flooding
(Jodar-Abellan et al., 2019; Nikolopoulos et al., 2011). Furthermore, the TRB is
expected to be significantly affected by climate change, with projected alterations in
precipitation patterns, rising temperatures, and more extreme weather events.
Consequently, conducting hydrological research in the TRB is crucial due to its
vulnerability to flash floods, as well as the opportunity to enhance the management
of ecosystem services and NbS within the basin.
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1. Hipotesis y Objetivos

A continuacion, se presenta una traduccion al castellano de la seccion anterior
titulada ‘Hypothesis and Objectives’:

2.1. Hipotesis

Se proponen las siguientes hipétesis relacionadas con las principales
preguntas de investigacion:

H1. La influencia del LUCC en la regulacion de inundaciones es mayor en la cuenca
alta y disminuye en direccion aguas abajo, y los parches de bosque agregados en
la cuenca alta tienen mas influencia en la regulacion de inundaciones que la
fragmentacion a lo largo de la cuenca.

H2. Los efectos del cambio climatico en toda la cuenca son mas homogéneos que
los del LUCC, y los efectos combinados son mayores en la cuenca alta y disminuyen
en direccién aguas abajo de manera no lineal.

2.1.1. Predicciones

1) La deforestacion del bosque nativo en la cuenca alta sera el peor escenario
para la regulacion de inundaciones.

2) Lainfluencia del LUCC en las inundaciones de la cuenca alta es mayor que la
influencia del cambio climatico.

2. 2. Objetivos

Para evaluar las hipotesis, los objetivos de esta investigacion son:
2.2.1. Objetivo General

Analizar los efectos combinados del cambio climatico y el LUCC en las
inundaciones de una cuenca tropical, con énfasis en la configuracion del paisaje y

el rol del bosque nativo para la regulacién de inundaciones.

2.2.2. Objetivos Especificos
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1) Analizar crecidas repentinas pasadas en la cuenca utilizando modelos
acoplados, muestreo de tormentas y datos de campo.

2) Analizar el efecto de diferentes patrones espaciales de deforestacion, como la
localizacion y la fragmentacién forestal, en la regulacion de inundaciones,
utilizando escenarios hipotéticos.

3) Analizar el efecto individual y combinado del cambio climético y el LUCC en
las inundaciones a lo largo del gradiente altitudinal en la cuenca.

2.3. Estrategia de Investigacion

Esta investigacion se llevé a cabo en tres etapas consecutivas que permitieron
alcanzar los objetivos propuestos. El objetivo 1 se abord6 en el Capitulo Ill, y uno
de los principales propésitos de este capitulo fue la validacion de los datos
existentes para la evaluacion de peligros de inundacion a través de la modelizacion
hidrolégica e hidrodinamica. Luego, en las etapas siguientes, se evaluaron
escenarios hipotéticos utilizando como referencia los resultados del Capitulo Ill. El
Capitulo IV analizé el efecto de la localizacion y fragmentacion forestal en las
inundaciones, manteniendo la misma proporcion de area forestal en la cuenca
(50%). Por lo tanto, en el disefio experimental del Capitulo 1V, se aisl6 el efecto del
area forestal y no se considero el efecto de escala sobre los caudales de crecida,
ya que el andlisis se centrd en la salida de la cuenca. Finalmente, en la siguiente
etapa, en el Capitulo V, se analiz6 los efectos de escala utilizando 42 sitios de
muestreo de caudales de crecida en toda la cuenca. El Capitulo V tuvo un disefio
experimental que aislo el efecto de la variabilidad espacial del LUCC (cobertura del
suelo homogénea) y analiz6 explicitamente el efecto de escala del cambio climatico
y el LUCC a lo largo de toda la cuenca. Por lo tanto, los Capitulos IV y V fueron
complementarios para analizar tanto el patron espacial como el efecto de escala del
LUCC, incluida la interaccién con el cambio climatico en la generacion de crecidas
repentinas.

La CRT, ubicada en la Amazonia Ecuatoriana, fue seleccionada como area de
estudio. La cuenca incluye areas propensas a inundaciones, especialmente aguas
abajo en la ciudad de Tena, donde han ocurrido multiples inundaciones repentinas
en la ultima década (GADM-TENA, 2021). Factores como las lluvias intensas, los
suelos saturados y el terreno empinado en la cuenca alta, contribuyen al aumento
del riesgo de inundaciones repentinas (Jodar-Abellan et al., 2019; Nikolopoulos et
al., 2011). Ademas, se prevé que a futuro la CRT se vea significativamente afectada
por el cambio climéatico, con alteraciones en los patrones de temperatura,

23



precipitacibn y eventos climaticos mas extremos. En este contexto, realizar
investigaciones hidrolégicas en la CRT es crucial debido a su vulnerabilidad a las
inundaciones repentinas, asi como a la oportunidad de mejorar la gestion de
servicios ecosistémicos y de SbN dentro de la cuenca.
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CHAPTER IlI

FLOOD HAZARD ASSESSMENT IN DATA-SCARCE
WATERSHEDS USING MODEL COUPLING, EVENT
SAMPLING, AND SURVEY DATA

This chapter is based on:

Hurtado-Pidal, J., Acero Triana, J. S., Espitia-Sarmiento, E., & Jarrin-Pérez, F.
(2020). Flood Hazard Assessment in Data-Scarce Watersheds Using Model

Coupling, Event Sampling, and Survey Data. Water.
https://doi.org/10.3390/w12102768
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Abstract

The application of hydrologic and hydrodynamic models in flash flood hazard
assessment is mainly limited by the availability of robust monitoring systems and
long-term hydro-meteorological observations. Nevertheless, several studies have
demonstrated that coupled modeling approaches based on event sampling (short-
term observations) may cope with the lack of observed input data. This study
evaluated the use of storm events and flood-survey reports to develop and validate
a modeling framework for flash flood hazard assessment in data-scarce watersheds.
Specifically, we coupled the hydrologic modeling system (HEC-HMS) and the
Nays2Dflood hydrodynamic solver to simulate the system response to several storm
events including one, equivalent in magnitude to a 500-year event, that flooded the
City of Tena (Ecuador) on 2 September, 2017. Results from the coupled approach
showed satisfactory model performance in simulating streamflow and water depths
(0.40 = Nash-Sutcliffe coefficient < 0.95; —3.67% < Percent Bias < 23.4%) in six of
the eight evaluated events, and a good agreement between simulated and surveyed
flooded areas (Fit Index = 0.8) after the 500-year storm. The proposed methodology
can be used by modelers and decision-makers for flood impact assessment in data-
scarce watersheds and as a starting point for the establishment of flood forecasting
systems to lessen the impacts of flood events at the local scale.

26



Keywords: flood hazard assessment; data scarcity; model coupling; event
sampling; survey data

1. Introduction

The assessment of natural hazards, such as flash floods, remains a
challenging issue in environmental sciences [1]. Flash floods caused by extreme
rainfall events associated with climate change have increased in the past few years
[2-4]. Thus, the development and implementation of measures that diminish flash
flood impacts and safeguard people and civil infrastructure are imperative. In this
context, numerical models have been found to be reliable tools for flash flood hazard
assessment. Specifically, hydrological and hydrodynamic models have been widely
applied to describe flash flood dynamics at the watershed scale and project potential
impacts on urban areas. Hydrological models (e.g., HEC-HMS, SWAT, MIKE 11,
HBV, Top Model) have been widely used to simulate precipitation-runoff processes
due to the ease of their implementation [1]. Although these models can accurately
estimate streamflow patterns across complex watersheds, they do not provide a
comprehensive representation of water flow in riverbanks and floodplains. On the
other hand, hydrodynamic models (e.g., MIKE 21, LISFLOOD-FP, DELFT-2D, IBER,
Nays2Dflood), which are based on more complex formulations, can represent
streamflow data in terms of water depths and flow velocities across river channels
and floodplains [5-9] but with a larger expense in computational and data resources
[10,11]. External coupling approaches that combine hydrological and hydrodynamic
models have shown satisfactory performance in representing flood extents while
requiring a reduced computational burden and data [12-16]. The information
generated by combining these models may be used to reconstruct historical flood
events or evaluate the plausible response of the hydrologic system to present or
future stressors (e.g., climate and land-use changes) [17]. Given that hydrologic and
hydrodynamic models play a crucial role in the design of flooding control structures,
flood risk management, and mitigation policy-making, they need to be tested from a
strict scientific point of view [18-22]. Model reliability depends on two key factors,
namely, the model formulation that describes the system and the input data used to
set up the model [11,23-26].

In developing countries, the availability and quality of hydrometeorological data
represent a significant constraint for the implementation of hydrological and
hydrodynamic models due to the absence of robust monitoring networks and the
lack of long-term hydro-meteorological observations [27]. The scarcity of reliable
input data hinders the models’ ability to represent the hydrological dynamics.
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Consequently, the application of hydrological and hydrodynamic models in data-
scarce environments is prone to equifinality (i.e., to generate a similar systemic
response under distinct model parameterizations) and high uncertainty, even after a
successful calibration/validation process [28]. In other terms, modeling outputs
under data scarcity conditions may not enhance the basic understanding of the
processes taking place in the hydrologic system and appropriately represent the
watershed’s natural characteristics [29].

In the absence of long-term observations, event sampling data may provide
sufficient information to perform hydrological and hydrodynamic simulations. In this
sense, several studies have found that the degree of hydrological information
obtained by processing data from several storm events is comparable to that
obtained by processing long-term data series [30—-36]. The implementation of
externally coupled models with event sampling data for flood hazard assessment
may be quite relevant in zones with high spatial precipitation variability such as those
located in the Andes-Amazon transition [37], where monitoring networks are sparse
and recently established.

This study evaluated the potential use of event sampling and survey data for
flash flood hazard assessment in data-scarce watersheds. Specifically, this study
was geared to (1) implement a coupled framework to simulate in-stream flow and
flow velocity and water depths across floodplains against short precipitation-runoff
events in the data-scarce Tena River Watershed in Ecuador, and (2) evaluate the
ability of the modeling framework to recreate the flood intensity due to a 500-year
precipitation event that flooded the city of Tena on 2 September, 2017. Despite the
fact that this city, like many others in the Amazon Basin, has experienced several
flood events during recent years (2008, 2010, 2016, 2017) that have caused fatalities
and significant economic losses [38,39], no flood management system has been
implemented. The methodology and findings from this study may be used in similar
watersheds with scarce data and for the establishment of flood forecasting systems.

2. Materials and Methods

2.1. Study Area

The study area comprises the Tena River Basin (TRB) and the Pano River
Basin (PRB), which converge on the city of Tena (Napo province, Ecuador) and
cover a drainage area of 235 km? (Figure 3.1). The basins depict a very steep relief
with a terrain elevation ranging from 500 to 2500 m above mean sea level (mamsl;
Figure 3.1c) and an average slope of approximately 22.4%. The main stem of each

28



river extends for 28 and 25 km for TRB and PRB, respectively, with a mean slope of
7%. The domain for the flood hazard assessment in the city of Tena considered a
river segment of 1.7 km (Figure 3.1d) that has a mean slope of 0.03%. Its width and
bankfull area are equal to 50 m and 362 m?, respectively, and its bed is composed
of coarse material such as gravels (~5 cm) and cobbles (~25 cm). TRB and PRB
have similar characteristics in terms of their geology, morphology, soil composition,
land use, and climate. Both basins are part of a tertiary cretaceous sedimentary
basin with predominant alluvial deposits. The soils, classified as hydrated Andisols
formed in volcanic ash, that are predominantly sandy clay and sandy loam in the
upper and lower parts of the watershed, respectively [40], remain saturated most of
the time. This is explained by the low evapotranspiration rates of the cloud forest
located in the upper part of the watershed [41], which, together with shrubs and
herbaceous plants, cover 65% of the area. The lower part, on the other hand, is
covered by secondary forest, pasture, and crops such as corn, cacao, and cassava
(35%) [42].
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Figure 3.1. General features of the study area. (a) Location of the Napo province in Ecuador;
(b) study area within the Napo province; (c) terrain elevation and location of the precipitation
and streamflow gauges; (d) domain used for flood hazard assessment (red polygon) in the
city of Tena.

In accordance with the Koppen climate classification, the study area can be
defined as tropical rainforest (Af), i.e., the climate is strongly influenced by humid air
masses coming from the remaining portion of the vast Amazon Basin in the east
[43]. The mean annual precipitation in the city of Tena is estimated at 3500 mm,
while in the upper zone of the study area, it could exceed 4000 mm. The mean
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annual temperature is approximately 25 °C [38]. The city has experienced a
disorderly urban growth in recent decades that has occupied areas susceptible to
flooding (low terraces), where nowadays approximately 3000 people live [44].
Several climate scenarios for this region have projected a progressive increase in
the occurrence of extreme precipitation events until the end of the century [45-48],
which may imply a higher flood risk.

2.2. Data

Soil characteristics and land cover data for the TRB and PRB were derived
from thematic maps of the SIGTIERRAS project (STP), available at the spatial scale
of 1:25,000 [42]. The watershed morphological parameters for the hydrological
modeling (Table 3.1) were derived from a 30-m digital elevation model (DEM)
produced by the SRTM (Shuttle Radar Topographic Mission) [49], while the
topography of the river segment and floodplains for the hydrodynamic modeling were
derived from a 5-m DEM surveyed by the STP through Aerial Photogrammetry. In
the latter, the topography of the main channel was adjusted with ground control
points, and false elevation values were corrected [42]. It is important to note that the
DEM described the terrain elevation, and consequently, it did not represent objects
and obstacles such as buildings.

Table 3.1. Morphological and hydrological parameters of PRB and TRB.

Parameter Description [Units] PRB TRB
A Drainage area [km?] 99.96 134.86

P Perimeter [km] 54.97 54.13
El_min Minimum elevation [m] 499.00 499.00
El_max Maximum elevation [m] 2494.00 2448.00
El_ave Mean elevation [m] 982.00 1087.00

SI_min Minimum slope [%)] 0.00 0.00
SI_max Maximum slope [%] 95.93 106.23

S| _ave Mean slope [%] 24.09 27.51

Lh Hydraulic length [km] 25.43 27.99

Le Equivalent length [km] 23.17 20.48

Lr Relative length of the largest reach (Lh / A*0.5) [-]; 554 241

Lr > 1: elongated basin, Lr < 1: basins prone to floods

CN Curve number for saturated conditions [-] 90.00 87.00
Tc Time of concentration [minutes] 180.00 190.00
Lag Lag time [minutes] 108.00 114.00

Bf Baseflow [m®/s] 6.00 9.00
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Hydrometeorological monitoring initiatives in the watershed started in 2013 with
the foundation of the Ikiam University, which installed an automatic weather station
and an automatic radar streamflow gauge [50] in 2015 and 2018, respectively
(Figure 3.1). These gauges record precipitation, streamflow, water depth, and flow
velocity patterns using a one-minute time step. The data is available at
http://meteorologia.ikiam.edu.ec:3838/meteoviewer/. The streamflow gauging
station is a SOMMER RQ-30, which comprises a radar sensor for water level and
flow velocity measurement [50]. The cross-section area (A) is computed as a
function of the water level, and then used to calculate the streamflow (Q = A x V x k;
k = correction factor). A discharge table is generated from the cross-section areas
and the k-factors as a function of the water level corrected by a reference
measurement. The cross section of the channel at the measuring point was
determined with a detailed topographic survey.

Given that this study focuses on flash flood hazard assessment, for the
calibration and validation of the modeling framework, we only considered storm
events that have generated a significant streamflow. These were events that
generated a streamflow over 211 m3/s. This streamflow threshold was defined
following the methodology proposed by Reynolds et al. [30], using the annual
minimum from monthly maximum records instead of the annual mean. This obeyed
the short time-series available for the streamflow (1 year; Figure 3.2). As a result,
eight events were selected for the period between July 2018 and May 2019 (Table
3.2). E1 and E8 were the storm events with the longest durations (48 h), while E3
the event with the shortest (20 h) (Table 3.2). Likewise, the maximum and minimum
peak flows were recorded for E1 (714.2 m3/s) and E3 (234.8 m?/s), respectively
(Table 3.2).
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Figure 3.2. Time series of precipitation (P) and streamflow (Q) from July 2018 to May 2019.
The orange dashed line represents the 211 m3/s threshold for storm event selection.

Table 3.2. Duration and peak flow of the eight storm events considered for model calibration
and validation.

Event Start (Date, Time) End (Date, Time) [():::Ircs); Pe(?rlf;sl)o W
El 21 Jul 2018, 12:00 23 Jul 2018, 12:00 48 714.20
E2 03 Sep 2018, 12:00 04 Sep 2018, 18:00 30 356.00
E3 14 Oct 2018, 12:00 15 Oct 2018, 08:00 20 234.80
E4 24 Nov 2018, 00:00 24 Nov 2018, 24:00 24 403.30
ES 07 Jan 2019, 12:00 08 Jan 2019, 12:00 24 435.60
E6 10 Mar 2019, 06:00 11 Mar 2019, 06:00 24 395.60
E7 27 Apr 2019, 00:00 27 Apr 2019, 24:00 24 589.80
E8 13 May 2019, 00:00 14 May 2019, 24:00 48 424.40

In September 2017, an extreme precipitation event flooded the city of Tena. It
had a duration of 13 h with a 1.25-h period that registered a maximum intensity of
120 mm/h. In accordance with a study of heavy precipitation events in Ecuador
developed by the National Hydrometeorological Institute (INAMHI) [51], the
characteristics of the 2017 extreme event were equivalent to those of an event with
a 500-year return period. This INAMHI study used a meteorological station located

10 km to the northeast of our study area and with more than 50 years of records to
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determine the characteristics of precipitation events with different return periods.
Among them, a 500-year event was described as that with a maximum intensity of
120 mm/h for a period of at least 1.25 h. In order to reproduce the flooding generated
by the 2017 event and evaluate whether it may serve as a starting point for the
establishment of a regional flood forecasting system, we employed our modeling
framework to cope with the lack of streamflow records for the period when this 500-
year event took place.

2.3. Hydrological Modeling

We set up a lumped HEC-HMS model (4.2.1 version) [52] to simulate
streamflow in the main stem of PRB and TRB using the curve number (CN) and the
synthetic unit hydrograph methods, both of which were developed by the Soil
Conservation Service (SCS; now NRCS) [53-55]. The resulting hydrographs for
PRB and TRB were combined without implementing any routing technique at the
junction of the rivers in the city of Tena (Figure 3.1d). The CN is defined in terms of
land cover, soil type, and antecedent soil moisture conditions. The latter is a crucial
parameter that may reduce or increase the soll infiltration capacity [56], and hence,
affect the amount of runoff. Initial values of CN, time of concentration (tc), and lag
time (lag) were derived from previous studies performed in the study area, DEM
processing, and the analysis of precipitation and streamflow time series, and then
adjusted during calibration. According to Fernandez et al. [57], CN values of 90 for
PRB and 87 for TRB (Table 3.1) accurately represent the soil saturated and the high
surface runoff conditions in the basins. The tc, representing the hypothetical time
that water would require to reach the watershed outlet from the remotest point [54],
was expressed in terms of the river channel length and the elevation difference
between the highest and lowest points of each basin using the Kirpich’s equation
[58]. The lag, which corresponds to the delay or time difference between the peak
precipitation and peak streamflow, was calculated as 60% of tc [52]. The initial lag
values for PRB and TRB were equal to 108 and 114 minutes, respectively. All the
initial hydrological parameters used in this study are shown in Table 3.1.

The built-in automatic parameter estimation algorithm within the HEC-HMS
interface [59] was employed for model calibration, where the model was calibrated
for event E1 and validated for events E2-8. The goodness-of-fit of the model was
evaluated by comparing the observed and simulated streamflow using the Nash-
Sutcliffe efficiency coefficient (NSE) and the Percent Bias (PBIAS). The NSE
indicates how well the observed and simulated data fit a 1:1 line [60], while the
PBIAS measures the average tendency of the simulated data to underestimate or
overestimate the streamflow compared to the observations [22]. The model
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parameters were adjusted until the model reached a ‘very good’ performance in
accordance with the Moriasi et al. [21] ratings, where the model performance metrics
were computed considering all values at one-minute time steps over the event
duration (Table 3.2).

2.4. Hydrodynamic Modeling

Nays2Dflood solver (3.0.0 version) [8] was used for hydrodynamic modeling.
Nays2Dflood is an open-source flood flow solver for two-dimensional unsteady flow
problems. It implements the continuity and momentum equations in a curvilinear
coordinate system where water depths and flow velocities are the main model
outputs [61,62]. For the domain used for flood hazard assessment in the city of Tena,
we employed a 1-km? structured grid that comprises 10,000 x 10-m square cells
(Figure 3.3). This simulation area encompassed the overflown section of the main
channel and the urban areas that are more prone to flooding. The upstream
boundary conditions were defined using the hydrographs generated by the
hydrologic model for the Tena and Pano rivers (Figure 3.3a) while the downstream
boundary conditions, located before the confluence of the Tena and Misahualli rivers
(Figure 3.1), were set as free outflow. Free outflow means the simulation results for
the grid cells adjacent to the boundary grid cells are given to the boundary grid cells
as their boundary condition [8]. Specifically, the initial water depth was set to 0.5 m,
which corresponds to the water depth at the baseflow. Additionally, model
calculations were performed using a time step of 0.05 s with the model outputs being
printed every 60 s.
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Figure 3.3. Hydrodynamic domain and control points for calibration and validation. (a)
Modeling domain for the hydrodynamic simulations and location of the streamflow gauging
station; (b) Polygon of flooded areas (black line), additional control points of flooded sites
(greenish dots), and high-water mark (reddish dot) used to validate the results of the
hydrodynamic model in simulating the 2017 flood event.

The cell roughness characteristics were estimated by comparing aerial
photographs and land cover data with tabulated roughness values. Among all the
parameters, the Manning’'s coefficient (n) is one of the most important for
hydrodynamic modeling [11]. It represents the average flow resistance in the water
profile [8]. We used an initial n value of 0.025 (natural channels with no vegetation)
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for the main channel [63]. For the floodplains, an equivalent Manning coefficient was
implemented resembling the roughness of pavement and other urban areas (n =
0.05) [64]. Given that Nays2Dflood employs an implicit finite difference scheme to
solve the advection equation, during the simulation, the water flow variables need to
be spatially interpolated at each time step. Specifically, this study used the
constrained interpolation profile (CIP), which is a high-order, accurate method that
fits a third-order polynomial to reduce numerical diffusion. One of the CIP
advantages is that a small number of adjacent cells is required to obtain an accurate
estimation of the advection terms [12].

There are several techniques for the calibration and validation of hydrodynamic
models based on single or multiple data sources such as remote sensing, survey
data, and historical records [65—69]. In this study, the coefficient of Manning was
manually adjusted until the error between the observed and simulated water depths
and flow velocities was the minimum possible at the radar streamflow gauge located
in the main channel (Figure 3.1). It is important to note that during flash flood events,
the kinematic wave (gravitational forces) prevails over the dynamic wave (inertial
forces). Therefore, the use of flow velocities and water depths is suitable for
calibrating the Manning’s coefficient for the main channel, where the flow is
predominantly one-dimensional [70,71]. The calibration and validation of the
Manning'’s coefficient of the river reach took into account the six storm events that
were calibrated and validated for the hydrologic model (i.e., E1-E3, E5, E6, and E8)
and one that occurred in 2017. Events E4 and E7 were not considered because of
the unsatisfactory performance of HEC-HMS in simulating their streamflow patterns
(Figure 3.4). The same model metrics (NSE and PBIAS) used for the hydrological
modeling were used to evaluate the performance of Nays2Dflood.
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Figure 3.4. Observed (black line) and simulated (red line) streamflow (m3/s) for the
calibration and validation events (E1-E8).

In addition to the water depths and flow velocities at the gauging station, we
used a polygon of flooded areas, additional control points of flooded sites, and a
high-water mark (Figure 3.3b) to validate the performance of the model in simulating
the 2017 extreme event. The flooded areas generated by the hydrodynamic model
were evaluated using the fit index (better known as F index) [65,72], which measures
the degree of overlap between the observed and simulated flooded areas from 0 to
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1, where F = 1 represents a perfect overlap, and F = 0 represents no overlap. The F
index is computed by dividing the spatial intersection between the observed and
simulated flood areas by their spatial union.

2.5. Flood Hazard Mapping

The most relevant physical characteristics of flood events are flow velocity,
water depth, and duration, which may determine their intensity and destructive
capacity, and hence, may provide a measure of its hazard [73,74]. We built flood
intensity maps for the 2017 flood event, postprocessing the results from the
hydrodynamic simulations in GIS tools and using the flood intensity categories
proposed by Cancado et al. [75] (Table 3.3). The flood hazard mapping was only
implemented for the 2017 event because, within the available precipitation records,
this flood event had survey data (flooded areas and points) which was useful for
validation.

Table 3.3. Flood intensity as a function of flow velocities and water depth.

Flood Intensity Depth (D) [m]-Velocity (V) [m/s]

High D>150rV>15
Medium 05<D<150r05<V<15
Low 0.1<D<05and0.1<V<0.5

3. Results and Discussion
3.1. HEC-HMS Calibration

The performance of HEC-HMS in simulating the streamflow at one-minute time
steps showed satisfactory results (Table 3.4 and Figure 3.4). In accordance with the
Moriasi et al. [21] guidelines for calibrating hydrologic models, the NSE (0.88) and
PBIAS (16.6%) for the calibration event (E1; Figure 3.4) indicated a good fit between
the observed and simulated streamflow. Similarly, in four (E2, E3, E6, E8) of the
seven validation events, the hydrologic model had a satisfactory performance (0.76
< NSE =£ 0.95; -3.67% < PBIAS < 10.46%; Figure 3.4). Since high performance
metrics are difficult to achieve using a one-minute time step, and the Moriasi et al.
[21] performance ratings are for monthly time-step evaluations, we considered that
our model had also an acceptable performance in simulating event E5, which
obtained a NSE of 0.42 and a PBIAS of 23.44% (Figure 3.4).
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Table 3.4. Observed and simulated peak flow, time at peak, and runoff volume for events
E1-ES8.

Observed Simulated
Event Time at Peak Flow Runoff Time at Peak Flow  Runoff
Pgak (m3/s) Volume (mm) P?ak (m3/s) Volume
(Time) (Time) (mm)
El 09:24 714.20 100.66 09:47 641.10 83.96
E2 01:49 356.00 25.34 02:16 306.30 24.52
E3 23:09 234.80 16.92 22:42 263.70 17.54
E4 11:19 403.30 30.25 11:33 760.80 43.94
E5 00:09 435.60 241 01:36 178.10 18.45
E6 17:54 395.60 25.21 17:36 319.90 22.57
E7 14:24 589.80 33.76 14:53 178.10 14.63
E8 04:40 424.40 48.01 04:24 404.60 49.67

This was supported by other studies [76,77] that have stated that simulations
with a daily (or smaller time steps) NSE as low as 0.4 may be considered acceptable.
Consequently, five of the seven validation events had satisfactory results. Despite
the fact that the performance of the model was not validated in two events (E4 and
E7; Figure 3.4), our modeling framework was reliable in 71.4% (75% if considering
the calibration event as well) of the cases, making it suitable for flood modeling. The
low performance in the aforementioned two events may be explained by the spatial
variability of the precipitation across the study area, which could not be fully
described by the single weather station available for this study. Recall that
precipitation is not monitored in PRB; this may explain some of the differences
between the observed and simulated streamflow. Despite these limitations, the
results were promising, taking into account the data-scarce condition of the study
area and the fact that nowadays, flood prediction systems have not been deployed
by the local authorities. The time difference between the observed and simulated
peak flow ranged from —27 minutes to 87 minutes, with a mean value of 15 minutes,
where the highest error was observed for E5 (Table 3.4).

The latter may imply some limitations for flood progress monitoring and
forecasting, and a late response to such events from the local authorities. We believe
that the modeling errors were related to the difficulty of describing the spatio-
temporal patterns of every precipitation event that occurred across PRB and TRB
due to the lack of multiple monitoring points. However, the results showed that in
most of the cases, the single precipitation gauge available in the study area was able
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to provide sufficient information for simulating the streamflow in the Tena River. More
efforts should be made to improve the monitoring system in the study area.

The adjusted CN values for PRB and TRB were 84 and 81, respectively, being
very close to the initial assumption. The optimum lag time values, on the other hand,
were 125 minutes for PRB and 130 minutes for TRB, approximately 15% greater
than the initial values. Similar results for the lag time were obtained in previous
studies based on morphometric analyses [57]. The high CN and low lag values
indicated a fast watershed response to precipitation. This was explained by the
combined effect of intense precipitation patterns, steep slopes, and high-water
storage capacity of clay and loam soil types. Recall that soils are saturated most of
the time due to the humid environment and the cloud forest in the upper part of the
study area, which has low evapotranspiration rates and allows the soil to remain
moist [41]. Moreover, steep hillslopes in the upper zones of PRB and TRB facilitate
surface runoff [78,79]. Under these conditions, surface runoff may be generated by
both infiltration and saturation excess [80-82]. It is important to note that although
TRB and PRB are densely forested, the ability of this cover to attenuate floods is
limited [83,84].

3.2. Nays2Dflood Calibration and Reconstruction of the 500-Year Flood Event

The Manning coefficient for the channel and the floodplains was simultaneously
calibrated and validated. As a result, a value of 0.05 for both generated the best
results (highest performance metrics; Figures 5 and Figure 3.7c). Our findings
matched those from other studies that estimated an equivalent Manning’s n for urban
floodplains [64,72,85]. Moreover, several studies have found that the calibrated
Manning coefficient for the channel and floodplains can be very similar under certain
conditions. For example, Mosquera-Machado et al. [86] obtained Manning’s n values
of 0.056 and 0.048 for the floodplains and channel, respectively, in a flood hazard
study in Colombia. Horrit and Bates [65] also obtained similar values for the Manning
coefficient in both the channel and floodplains of 0.02 and 0.05 using the TELEMAC
and the LISFLOOD-FP models, respectively. In our case, the same value of
Manning'’s n for the river channel and floodplains may be explained by the coarse
bed material of the channel (gravel and cobble) [87] and the urban cover of the
floodplains, which have similar roughness characteristics.
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Figure 3.5. Observed (black line) and simulated (reddish line) water depth (m) and flow
velocity (m/s) for the calibration and validation events (E1-E3, E5, E6, ES8).

The Nays2Dflood showed satisfactory results in simulating water depths and
flow velocity in the main channel (Figure 3.5). For the water depths over the
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calibration and validation events (E1-E3, E5, E6, E8), the NSE values ranged
between 0.64 and 0.85, while the PBIAS varied from —3.17% to 8.62% (Figure 3.5).
Overall, the model was able to simulate the magnitude and timing of the water depths
with a general tendency to underestimate its magnitude by 5.6%, which represents
‘very good’ performance in conformity with the Moriasi et al. [21] performance
ratings. For the flow velocity, the NSE (0.57-0.84) and the PBIAS (-11.03-10.79%)
described a reasonable goodness-of-fit in five of the six evaluated events (E1-E3,
E6, E8; Figure 3.5). The model was not able to recreate the water velocity during
event E5 (NSE = -0.08; PBIAS = 40.73%; Figure 3.5). This error in the flow velocity
was associated with the low accuracy of the hydrologic model in simulating the
streamflow for this event due to the complexity of describing precipitation patterns
across the study area with a single weather station. However, we believe these
limitations can be overcome in the near future by improving the precipitation
monitoring network in the study area and/or using remote sensing data.

Given that there were no streamflow records for the precipitation event that
flooded the city of Tena in September 2017, they were recreated using the calibrated
HEC- HMS model (Figure 3.6a). At the junction of the Pano and Tena rivers, the
simulated peak flow was equal to 1967 m3/s (Figure 3.6a), i.e., 5.1% less than that
estimated by Fernandez and Bateman [57] for the same area based on the
precipitation event that INAMHI described with a 500-year return period [51].
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Figure 3.6. Spatio-temporal evolution of the flood event generated by the 500-year storm
on September 2, 2017. (a) HEC-HMS-reconstructed hydrograph. Flood stage (b) at the
beginning of the river overflow, (c) when the overflow took place along several river
segments, and (d) at the time of peak flow.

According to the simulation results, the river started overflowing 150 m
downstream of the confluence of the Pano and Tena rivers at 23:07 (111 minutes
after the peak precipitation was observed; Figures 6a—b), and only 8 minutes later
(23:15), several river segments near the meanders were overflowing simultaneously.
Moreover, when the peak flow was observed (23:40), most of the floodplains were
almost covered. These results may help stakeholders to develop flood emergency
plans that consider evacuation plans, the establishment of early warnings, the
construction of levees, or urban planning strategies to relocate vulnerable
communities.

As mentioned in 2.4, the Nays2Dflood results were further validated using
survey data of the flooded areas and control points of flooded sites. A high
agreement between the simulated and observed flooded areas was obtained based
on the fit index (F = 0.8). Additionally, six of the eight control points of flooded sites
were within the simulated flooded areas, and the simulated water depth (1.23 m)
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matched that observed in a high-water mark (1.2 m) left on a building after the flood
event (Figure 3.7c).

Figure 3. 7. Reconstructed 500-year flood event. (a) water depths; (b) flow velocities; (c)
simulated flood extent against surveyed flooded areas (black line) and control points of
flooded sites (greenish dots), and location of the high-water mark (reddish dot); (d) flood
intensity map as a function of flow velocity and water depth in compliance with Cancado et
al. [75] guidelines (Table 3.3).

The values reported In Figure 3.7 correspond to the instant at which the peak
flow in the channel was reached (11:40 pm; Figure 3.6a). The flood intensity map
(Figure 3.7d) indicated that 71% of the flooded areas (40.9 ha) were under a high
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intensity, while 23% and 6% were under medium and low intensity, respectively. The
flood intensity map also showed that the Bellavista and El Tereré neighborhoods
were the most affected, being within high flood intensity areas (water depth > 1.5 m
or flow velocity > 1.5 m/s). Accordingly, the maximum water depths in the floodplains
were approximately 2 m and 4 m in the Bellavista and El Tereré neighborhoods,
respectively, while the maximum water depth in the main channel was 8.5 m. The
maximum flow velocity in the floodplains, on the other hand, was approximately 3
m/s across both neighborhoods, while in the main channel, a maximum of 9.4 m/s
was reached (Figure 3.7). These areas with medium and high flood intensities may
represent a threat to individuals and hinder evacuation and rescue tasks, given that
at a water depth of at least 0.3 m and a flow velocity of 2.0 m/s, humans and cars
become unstable [88,89]. Moreover, a water depth of 1.5 m may represent a damage
factor of 0.84 on South American residential buildings [90]. Governmental reports
stated that one person died and 1312 people, 324 houses, 36 private goods, and
three public goods were affected during this extreme flood event [91].

4. Conclusions

This study coupled HEC-HMS and Nays2Dflood with event sampling and
survey data to simulate the hydrologic response of data-scarce watersheds for a
flood hazard assessment in the city of Tena. The results showed that this approach
Is suitable for calibrating and validating hydrologic and hydrodynamic models and
recreating extreme flood events. Our modeling framework was reliable in simulating
the streamflow and water depths of the main channel in 75% of the evaluated storm
events, indicating that under certain conditions, data from a single precipitation
gauge can accurately represent the spatio-temporal patterns of precipitation across
the study area. Additionally, survey data such as polygons of flooded areas, control
points of flooded sites, and high-water marks can provide sufficient information to
constrain hydrodynamic models in the two-dimensional space. We appropriately
reproduced an extreme flood event that occurred in September 2017 due to a 500-
year precipitation event, where streamflow records were not available. According to
our flood intensity map, 94% of the floodplains were under medium or high intensity,
which may represent a threat to life, hinder evacuation and rescue tasks, and
significantly damage residential and civil infrastructure.

The framework that we developed in this study facilitated the evaluation of the
possible impacts of flood events on urban areas located in watersheds where robust
monitoring networks are not available. Despite the assumptions that long-term data
and multiple monitoring points are required for flood hazard assessment and the
establishment of flood forecasting systems, we found that event sampling and survey
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data can cope with data scarcity and pave the way for flood research and the
establishment of flood monitoring/forecasting systems in developing countries while
their monitoring systems are being improved. This will enable stakeholders to
formulate timely adaptation and mitigating plans to lessen the impacts of flood events
at the local scale.
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Abstract

Native forest deforestation has been identified as one of the main land cover
changes affecting flood risk specially during small and moderate storm events. In
this regard, forest protection and reforestation are considered a nature-based
solution (NbS) for flood regulation. However, there is a lack of knowledge about the
effects of different deforestation spatial patterns over floods. Effects of land cover
changes on floods in a humid tropical basin within the Ecuadorian Amazon are
assessed distinguishing forest location and forest fragmentation. The hydrological
distributed model TETIS was applied to simulate the hydrological response of a
basin to extreme storms having return periods of 1, 10 and 100 years, considering
five land cover scenarios. The model was calibrated and validated using nine storm
samples collected at a gauge station during the years 2018 and 2020. The simulated
overland flow in hillslopes and stormflows within the river channel were analyzed to
I) assess the statistical differences among all land use scenarios with the Kruskal-
Wallis test; ii) assess the statistical differences among pairs of both location and
fragmentation scenarios through the post-hoc evaluation Dunn test; iii) assess the
statistical differences in relation to the baseline. Obtained results indicate that
stormflow is less sensitive than overland flow to land cover changes. Forest location
have more influence than forest fragmentation over both, overland flow and storm
flows. Deforestation of the upper basin represents the worst scenario for flood
regulation, thus protection of existing forest, as well as reforestation of deforested
areas located in the upper watersheds is a priority for flood risk mitigation and forest
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conservation. The results enhance our understanding of ecosystem services
provided by tropical Andean foothills forests.

Keywords: TETIS, overland flow, stormflow, land cover change, tropical humid
basin, Ecuador

1. Introduction

Between January 1975 and June 2002, freshwater floods, including flash
floods, killed 176,864 people producing 2.27 billion losses worldwide (Jonkman,
2005; Merz et al.,, 2014; UNISDR, 2017). The synergy between land cover and
climate change will likely increase, exacerbating flood risk (Chang and Franczyk,
2008; De Roo et al., 2003; Guneralp et al., 2015; Hirabayashi et al., 2013; IPCC,
2021; Yin et al., 2018). Native forest deforestation has been identified as one of the
main land cover changes affecting flood risk (Gao and Yu, 2017). Consequently,
there is a general concern in searching for land cover based solutions to approach
flood risk management as land cover is a fundamental hydrological driver (Barbedo
et al., 2014; Bin et al., 2018; Bloschl et al., 2007, Lane, 2017; Rogger et al., 2017).

Forest protection and reforestation are considered a nature-based solution
(NbS) for flood regulation (Dadson et al., 2017; llieva et al., 2018; Seddon et al.,
2020). NbS gained much attention in Tropical Andean regions as forests also provide
ecosystem services, such as carbon storage, soil erosion control, and water
regulation (Ataroff and Rada, 2000; Bonnesoeur et al., 2019; Tobo6n, 2021, 2008).
For instance, the forest can intercept up to 30% of the rainfall (FAO-CIFOR, 2005),
returning it into the atmosphere through evaporation. Therefore, soil moisture is
reduced by forests through evapotranspiration or enhanced infiltration, especially in
tropical regions. Forests can also delay the overland flow acting as a water flow
obstacle that increases the terrain roughness (lacob et al., 2017; Shuttleworth et al.,
2019; Yang et al., 2016). Therefore, forest protection and reforestation are related
to the buffering effect of forest over floods affecting the overland flow in hillslopes
and the stormflows within the river channels (Dadson et al., 2017; Lane, 2017; Van
Noordwijk et al., 2017). At the same time, implementing such NbS provides the
possibility to increase or conserve areas covered with native forest and fight global
biodiversity loss.

Experimental catchments and simulation modeling demonstrated the forest
potential to reduce peak flows during small and moderate storm events (Bathurst et
al., 2020; Salazar et al., 2012), which is consistent with the literature (Bathurst et al.,
2011; Hamilton, 1987; Laurance, 2007). An essential attribute affecting flow
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reduction is forest fragmentation and patch location (Kim and Park, 2016; Liu et al.,
2020). Forest fragmentation is defined as the conversion of continuous forest into a
mosaic of forest patches (Fahrig, 2003). Forest location is described as the arboreal
vegetation within discrete categories of slopes and altitudes (Hou et al., 2018). Field
experiments performed in humid tropical catchments in Puerto Rico suggest that
fragmentation intensifies medium- and large-scale floods (Gao and Yu, 2017).
Moreover, Boongaling et al. (2018) argued that forest fragmentation increases the
overland flow while reducing the base flow. Also, a number of investigations
(Descheemaeker et al., 2006; Himann et al., 2011; Jourgholami et al., 2020; Zhang
et al., 2014) have shown that the forest location in different slopes may affect the
storm and peak flow at the basin outlet. For example, lacob et al. (2017) have shown
through model simulations that forest plantations in lowlands reduce peak flows
during small and medium-size storms compared to large ones. According to Hou et
al. (2018) forests located in the lower part of a basin can more efficiently mitigate
floods than forests in the upper part of the basin.

However, there is a lack of scientific evidence to clarify the effects of
deforestation on floods distinguishing forest fragmentation, location, and area
reduction. To evaluate the effects of forest fragmentation and forest location on
floods, in our study the percentage of the basin covered by forest remained constant,
and forest fragmentation and location were varied among different simulation
scenarios, which were constructed following two spatial patterns, namely: random
forest fragmentation and forest location by slopes. A comparative analysis of floods
obtained for the different deforestation scenarios is presented to establish the
relative importance among different deforestation spatial patterns, allowing NbS to
be optimized for flood management setting priorities for native forest protection and
reforestation areas.

2. Materials and Methods

2.1. Study Area

The Tena River Basin (TRB) lies in the Napo province (Ecuador; Figure 4.1) in
the Eastern Andes. It comprises a drainage area of approximately 240 km2 at the
Pano and Tena Rivers junction. The TRB is part of the Napo River Basin that is one
of the main tributaries of the Amazon River. The terrain elevation across the TRB
ranges from 500 to 2500 m.a.s.l. It has a mean slope of 40% and 9% in the upper
and lower parts. Following the Képpen-Geiger climate classification, the basin has a
tropical rainforest climate (Af; Kottek et al., 2006) with a mean annual temperature
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of 23°C. The annual precipitation ranges from 2400 to 5300 mm (Ikiam-University,
2021), describing a bimodal regime that peaks between June and November.
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Figure 4.1. Main features of the TRB. (a) Terrain elevation and monitoring network; (b) land
cover 2016 (scenario baseline) and; (c) soil textures; Location of the TRB in (d) Ecuador
and | Napo province. RBCC in the symbology (red polygon) are the acronym in Spanish of
Colonso-Chalupas Biological Reserve.

The geology of the upper basin is composed of Paleozoic-Mesozoic granites.
The lower basin contains sandstones and limestones from the Cretaceous and
Paleogene periods. Fluvial deposits from the Quaternary period are also common in
the lower basin (MAGAP-SIGTIERRAS, 2016). The soils are primarily Andisols, with
sandy clays and sandy loams across the basin (Figure 4.1c). Soils extend to a
maximum depth of 1.5 m, with high organic content (~6%) within the first 0.5 m
(MAGAP-SIGTIERRAS, 2016). Due to this feature, soils in the TRB have a high
water retention capacity and reduced infiltration rates (Moreno et al., 2018). Native
forest (87%) covers most of the basin, followed by grassland, scrubland, and
herbaceous vegetation (7%). Urban areas represent 3% of the basin and agricultural
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lands 1% (Figure 4.1b). Corn, cacao, and cassava are cultivated in the lower part of
the basin, close to urban areas.

The upper basin is part of the Colonso-Chalupas Biological Reserve (RBCC)
that retains primary forests (Cuenca et al., 2018). The city of Tena (Figure 4.1c),
located in the lower part of the watershed, has more than 23000 inhabitants living in
flood-prone areas (INEC, 2010). High-intensity precipitation events, moist soils, and
steep relief in the upper basin increase the risk of flash flooding (Hurtado-Pidal et
al., 2020; Jodar-Abellan et al., 2019).

2.2. Hydro-meteorological records

Despite meteorological and hydrological records (i.e., rainfall gauge and flow
gauge, depict in Figure 4.1c) started in 2015 and 2018 respectively, we used rainfall
and flow records from July 2018 to July 2020 because data loss was minor during
these years (0.001% for rainfall and 8% for flow). The rainfall and streamflow data
are available at 1-minute intervals (Hurtado-Pidal et al., 2020; lkiam-University,
2021; Sommer-gmbh, 2014). However, these data series were resampled to 10-
minute intervals to optimize the modeling framework.

High-flow events were identified using a flow threshold of 342.5 m3/s that was
defined following Reynolds et al. (2019) and the top 75% of maximum monthly flows.
All the analyses were conducted in R environment (R-Development-Core-Team,
2020). As a result, nine events were identified (Table 4.1) having a minimum and
maximum peak flow of 347 (E2) and 751 (E5) m3/s, respectively, and a duration
range between one and two days. Although the events are spread along the year,
July is the month with more events (3 events) than the other months.

Because evapotranspiration is negligible during short flash floods, it was
excluded as a variable (Adamovic et al., 2016; Segura-Beltran et al., 2016).
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Table 4.1. Main characteristics of observed and simulated storm events. Note that
differences correspond a statistical metrics presented by Nikolopoulos et al. (2011), were
positive values denote overestimation of the model.

Observed Simulated Differences
. Time Peak Stormflow Time Peak Stormflow Time Peak Stormflow
Event Start Duration at at at
flow volume flow volume flow volume
peak peak peak
(date, time) (hours)  (time) (m/s) (HmM®) (time)  (m%s) (HmM?3) (min) (%) (%)
21 Jul 2018, . . -
E1l 12:00 48 09:30 689.04 23.66 09:40  600.31 20.40 10 1288 -13.78
g2 03 51‘32?02()018' 30 02:10  346.92 5.94 02:30  362.35 5.94 20 445 0.00
s 1° “3?120019' 24 18:00  387.08 5.92 17:50  370.69 5.71 10 -4.23 -3.55
E4 13 '\g%).loémg’ 48 04:50 417.23 11.29 04:40  393.29 11.05 -10 -5.74 -2.13
E5 18 iLéIéSlQ, 30 03:10 751.75 12.93 03:00 839.09 9.50 -10 11.62 -26.53
27 Jul 2019, . ) -
E6 06:00 24 22:00 494.22 7.89 22:40  244.70 3.73 40 5049 52.72
E7 04 %%9020019’ 30 12:30 437.17 10.68 13:30 483.57 11.08 60 10.61 3.75
E8 14 ’\106\'1020019, 24 05:50 628.97 10.42 06:00 939.35 14.13 10 49.35 35.60
E9 18 J1u7n.020020, 30 00:30 484.57 17.94 00:20 546.92 14.69 -10 12.87 -18.12

2.3. Hydrologic modeling

The flood simulations were carried out using the conceptual and spatially-
distributed hydrological model with physically based parameters TETIS (Francés et
al., 2007). TETIS has been previously applied for simulation of humid and mountain
environments with similar conditions to the study area (Siswanto and Francés,
2019), including study cases located in the Colombian Andes (Pefa et al., 2016).
Moreover, TETIS has been successfully applied for flood studies by several authors
(Beneyto et al., 2020; McGrane et al., 2017; Segura-Beltran et al., 2016; Velasquez
et al., 2020). The simulations included five deforestation scenarios following the
parameterization of TETIS model, for hillslopes and river channel, recommended by
Francés et al. (2007), Vélez et al. (2009), Barrientos et al. (2020) and Buendia et al.
(2016). Raster maps of overland flow and the stormflow hydrograph at the basin
outlet corresponding to the instant with maximum rainfall intensity were obtained and
compared for the different simulation scenarios.

Land cover and soil properties (Figure 4.1b, 1c) were derived from vector maps
at spatial scale 1:25000, obtained free from SIGTIERRAS project (STP) of
Ecuadorian Government (MAGAP-SIGTIERRAS, 2016). Lithology vector map at
spatial scale 1:250000, was obtained from the Geological Institute of Ecuador
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(INIGEMM). Catchment morphometric parameters, were derived from Digital
Elevation Model (DEM). Specifically, we used the 90 m version of the SRTM (Shuttle
Radar Topographic Mission) that has a minimum vertical accuracy of 16 m and
absolute error (90% confidence) of 9.73 m worldwide (Mukul et al., 2017). Despite
its original resolution (90 m), the DEM was resampled to 100 m, and all model
parameters in TRB were estimated using a 100 x 100 m mesh, achieving a good
compromise between spatial resolution and computation time.

Parameters maps such as slope, flow direction, flow accumulation and
overland flow velocity required by TETIS were obtained from DEM. The overland
flow velocity was calculated using the kinematic wave approximation for hillslopes
proposed by Francés et al. (2007).

Soil properties such as texture class, organic matter content, soil deep and
salinity, contained into the corresponding vector map database (i.e. shapefile) were
used to estimate soil parameter maps. The static storage parameter map, was
obtained by the sum of the available water content of soil and superficial storage of
roughness topography and pounds. In turn, available water content was calculated
by the difference between field capacity and the wilting point. Both of these
parameters were calculated as a function of soil texture class, organic matter,
salinity, and gravel content, following the pedo-transfer functions by Saxton and
Rawls (2006). Available water content was multiplied by the minimum between soll
and root depth. The superficial storage, was calculated from land cover and slope
maps following Francés et al. (2007) and Vélez et al. (2009). Infiltration capacity and
percolation capacity were obtained from shallow (0-20 cm) and deep (20-50 cm) soil
properties respectively, following the pedo-transfer functions of Saxton and Rawls
(2006). Also, considering the hydrologic expertise and available data, the interflow
and base flow velocities were estimated from infiltration and percolation values
respectively. Regarding groundwater outflow this parameter was estimated based
on literature values according to lithological characteristics of geological formations
in the catchment, taking into account the degree of fracturing and macro porosity
(Puricelli, 2008). In addition, land cover types (Figure 4.1b), were used to estimate
the canopy interception capacity using reference values for similar vegetation types
published by Herwitz (1985), Fleischbein et al. (2006) and Gomez-Peralta et al.
(2008).

The parameters to implement the geomorphological kinematic wave method,
for flow propagation in stream network, were those recommended by Leopold and
Maddock (1953), Francés et al. (2007), and Vélez et al. (2009). The model was run
at the event scale using a split storm sampling following Hurtado-Pidal et al. (2020).
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2.4. Hydrologic model calibration and validation

Calibration and validation of the model was made through the comparison
between observed and simulated stormflows at the mouth basin (flow gauge
location, Figure 4.1a). The model was calibrated for event E1 and validated for
events E2-E9 using the baseline land cover scenario (Land cover 2016).

The efficiency index, NSE (Nash and Sutcliffe, 1970) and the Percent Bias
(PBIAS) were used to evaluate the model’s performance, following the guidelines by
Moriasi et al. (2007). Additionally, deviations in time at peak (min), peak flow (%) and
stormflow volume (%) were computed following Nikolopoulos et al. (2011).
Calibration started by adjusting manually the correction factors (CFs) in order to find
acceptable values based on NSE and PBIAS evaluation. After the first approximation
of CFs values, the calibration was performed automatically using the SCE-UA
(Shuffled Complex Evolution—University of Arizona) optimization algorithm (Duan
et al., 1994) with the NSE index as objective function. Finally, the CFs values
obtained during the calibration process (Table 4.2), were used for both, model
validation and scenarios evaluation.

Table 4.2.Correction factors, limits for possible values, and final values obtained with SCE-
UA algorithm in TETIS for TRB.

Correction factor Lower Limit  Upper Limit Initial Value  Final Value
Soil static storage 0.1 1 0.5 0.102
Evapotranspiration - - - 1
Infiltration capacity 0 0.6 0.3 0.4
Overland flow velocity - - - 0.1
Percolation capacity 0 1 0.1 0.001
Interflow velocity 0 1000 500 296.504
Groundwater outflow
capacity - - - 0.01
Base flow velocity 0 1000 500 854.192

o
(SN

Channel flow velocity 0.5 0.468

Note that overland flow velocity and groundwater outflow capacity were not
calibrated because those parameters were uninfluential according to preliminary
results obtained during the sensitivity analysis.
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2.5. Hydrologic model performance

Figure 4.2 and Table 4.1 show model performance in the calibration and
validation events.
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Figure 4.2. Stormflow hydrographs. Observed (black solid lines) and simulated (red solid
lines) stormflow against precipitation (blue bars) for the calibration (E1) and validation (E1-
9) events.
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For the calibration event (E1, Figure 4.2) the model obtained a NSE of 0.86
and PBIAS of 13.76 % indicating a good fit between observations and simulations of
stormflow. For the validation events, in six (E2-5, E7, E9) of the eight events, the
model has a satisfactory performance (0.80sNSE<0.94; -3.70<PBIAS<26.52; Fig 2).
The events E6 and E8 had the lower performance (NSE<O0.5; -35.60<PBIAS<52.75;
Fig 2).

In addition, considering both calibration and validation events, the mean
absolute differences (deviations) in time at peak (min), peak flow (%) and stormflow
volume (%) were 20, 18.02 and 17.35 respectively (Table 4.1). In the case of time to
peak, 20 minutes can be considered a very good fit, since our simulations have a
10-minute time step. Together these results suggest that, despite data scarcity in the
region, the hydrological model has an acceptable confidence level, in order to make
simulations to evaluate scenarios proposed in this study.

Regarding to static storage in the soil, the effective parameter was calibrated
using a CF of 0.1 (10% of the fist estimation) (Table 4.2). The average value of the
effective static storage in the soil within the basin was only 10 mm. Therefore, the
soil was highly saturated during the storms. Finally, according to the simulations of
the stormflows, approximately 39 % correspond to overland flow, 60% correspond
to interflow and base flow was virtually absent (< 1%).

2.6. Design storms

Design storms were used to evaluate the influence of different deforestation
patterns on floods. Storms having return periods of 1 (Rpl), 10 (Rp10) and 100
(Rp100) years were obtained from the equations proposed by the National
Hydrometeorological Institute (INAMHI, 2019), and the non-symmetric altering
blocks method (Chow et al., 1988). The maximum rainfall intensity for Rp1, Rp10
and Rp100 was 14, 22 and 35 mm/10 min respectively.

2.7. Deforestation scenarios

The impact of deforestation was investigated distinguishing the effects of forest
fragmentation through random scenarios S1 and S2, and of forest location through
slope scenarios S3 and S4. In all scenarios the forest cover was 50% of the basin
area. The observed situation in year 2016 was considered as the baseline case.
Thus, a total of 5 land cover scenarios was considered: baseline, random scenario
1 (S1), random scenario 2 (S2), slope scenario 1 (S3) and slope scenario 2 (S4).
The baseline scenario was used as a reference to quantify the effects of land cover
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changes on floods. The model parameters changing among the scenarios are:
canopy interception capacity and soil static storage, shown in Table 4.3. Note that in
general the soil static storage has higher variations in comparison with canopy
interception, especially among scenarios 3 and 4.

Table 4.3. Mean values of canopy interception and soil static storage in the basin for
baseline and scenatrios.

Baseline Scenariol Scenario2 Scenario 3 Scenario 4
Canopy Interception (mm) 9.12 5.46 5.46 5.56 5.44
Soil Static Storage (mm) 100.94 81.72 81.98 83.51 80.56

The R environment (R-Development-Core-Team, 2020) was employed to built-
up, both, fragmentation (random) and location (slope) scenarios. Specifically, the
function ‘randomHabitat’ contained in the ‘secr-package’ (Efford, 2021) was used for
fragmentation scenarios S1 and S2. The function has three parameters, namely: ‘p’,
‘A’ and ‘minpatch’, to control the degree of forest fragmentation, the proportion of
basin area to be fragmented and the minimum size of patches (in pixels),
respectively. In order to generate scenarios with different degree of fragmentation
(p), but maintaining 50% of forest cover (A) and using a minimum patch size of 1 ha
(minimum patch size of forest cover in the baseline map). The values of the
parameters ‘p’, ‘A’ and ‘minpatch’ for scenario S1, were 0.1, 0.5 and 1 respectively,
and the values for scenario S2, were 0.5, 0.5 and 1, respectively. Note that the only
parameter changed was ‘p’, the degree of forest fragmentation (S1 with higher
fragmentation than S2). Location scenarios S3 and S4, were defined using the
‘While’ loop function in R environment to find the slope threshold that correspond to
the half basin area, obtaining a slope of 21.3%.

The degree of fragmentation of each scenario was determined with the
landscape metric called ‘contagion index’ (%) (McGarigal, 2014) which is very
common to evaluate the forest fragmentation (Boongaling et al., 2018; Riitters, 2018;
Turner, 1989). Higher values of contagion index indicate a less fragmented
landscape. In this regard, we use the functions within the ‘landscapemetrics-
package’ (Hesselbarth et al., 2019) for R environment. Obtained values were 72.7,
5.12, 23.3, 29.4, 29.4 for baseline and S1-S4, respectively, confirming that S1 is
more fragmented than S2, and that S3 and S4 have the same fragmentation level,
while the baseline scenario is the less fragmented scenario. Figure 4.3 shows the
fragmentation scenarios (3d, 3e) but also the location scenarios (3f, 39).
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Figure 4.3. Rainfall and land cover scenarios. Left side: Design storms for three different
return periods: 1 year (a), 10 years (b) and 100 years (c). Right side: Scenarios of
deforestation with different spatial patterns: fragmentation (random deforestation) (d, ) and
location (slope deforestation) (f, g). The Graphical Abstract of this paper also shows the
scenarios of deforestation used.

2.8. Scenarios Analysis

The three design storms (Rpl, Rp10, Rp100) were combined with the land
cover scenarios (baseline, S1-S4) to simulate both, the stormflow and the overland
flow. Simulation results were analyzed to investigate the effects of forest location
and forest fragmentation on floods, following three approximations described in the
following sections.
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Evaluation of inter-scenario differences, first approximation: for the three return
periods, the absolute differences among all scenarios, regarding time to peak (min),
peak flow (m?3/s) and overland flow volume (hm3) were analyzed. Also the differences
of stormflows and overland flow, among all scenarios (baseline, S1-S4), were
evaluated statistically using the non-parametrical Kruskal-Wallis test (Kruskal and
Wallis, 1952). Kruskal-Wallis test is the non-parametric alternative to the one-way
analysis of variance (one-way ANOVA). Therefore, prior to its application the non-
normality of the data (stormflow and overland flow) was verified using the Shapiro
test (Shapiro and Wilk, 1965). Also, in Kruskal-Wallis test the null hypothesis was
evaluated with a certain confidence level (a=0.05). Hence, a p-value < 0.05 can be
considered significant difference among scenarios. Note that this test has been
applied in hydrological studies to evaluate the effects of land cover changes over
floods (Jodar-Abellan et al., 2019; Singh et al., 2005). Additional details about this
statistical test and its implementation can be found in (MacFarland and Yates, 2016).

Comparison of random and slope scenarios, second approximation: the
absolute differences of peak flow, and overland flow, among pairs of random (S1-
S2) and slope (S3-S4) scenarios were evaluated. Also, a statistical analysis among
pairs was performed in order to discover significant differences. Therefore, after the
Kruskal-Wallis test a post-hoc analysis was performed with Dunn test (Dunn, 1964).
Similarly, to Jodar-Abellan et al. (2019), a ‘BH’ method was used to adjust the p-
values. In addition, a Pearson’s correlation test (a=0.05) was performed in order to
complement the comparisons among pairs. All statistical tests were achieved with R
environment.

Comparison in relation to baseline, third approximation: Regarding to baseline
a simple differences and relative differences both in peak flow and overland flow
volume were evaluated for each scenario of deforestation and for the three return
periods. In addition, the results from Dunn test were analyzed to discover significant
differences in peak flow and overland flow volume among pairs respect to baseline.
Finally, a spatial visualization of overland flow differences was obtained from
subtraction of raster maps (Figure 4.7 in Results section). Note that raster maps of
overland flow (mm), correspond to the instant of maximum rainfall intensity. Overland
flow volume (Hm?) was obtained by the sum of all pixels within the raster map.
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3. Results
3.1. Inter-scenario differences

Figure 4.4 and Table 4.4 presents an overview of stormflow and overland flow
for all scenarios. The time to peak was similar for all scenarios. For a given return
period, differences in land cover have a negligible effect on the time to peak. The
time to peak slightly decreased as the return period increases. Scenario S4
(deforestation in the upper basin) presented the maximum values of both peak flow
and overland flow volume, for all return periods. From Figure 4.4, it can be seen that
stormflow presents less differences than overland flow among scenarios.
Differences in stormflow among the land use scenarios were not statistically
significant (p-value > 0.05) for all return periods. However, in case of overland flow,
differences among land cover scenarios were statistically significant (p-value <
0.0001) for all return periods. Overall, the results suggest that stormflow is less
sensitive than overland flow to land cover changes.
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Figure 4.4. Hydrographs and Boxplots of five scenarios for three return periods (Rp1, Rp10,
Rp100). (a) Hydrographs. Boxplots of (b) stormflow (Q) and (c) overland flow (OF).
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Table 4.4. Time to peak, peak flow and overland flow volume of five scenarios for three
return periods. Additionally, the p-Values of Kruskal-Walllis test, for storm flow and overland
flow are presented.

1-year return period 10-years return period 100-years return period
Time to Peak Overland Time to Peak Overland Time to Peak Overland
flow flow
peak flow peak flow peak flow flow volume
volume volume
(min) (m3/s) (HmM®) (min) (m3/s) (HmM®) (min) (m¥/s) (HM®)
Baseline 250 809.40 0.699 230 1604.17 1.553 210 2807.46 2.618
Scenariol 240 947.91 0.875 230 1734.99 1.667 210 2953.29 2.679
Scenario 2 250 946.17 0.878 230 1734.27 1.669 210 2952.63 2.682
Scenario 3 250 901.91 0.801 230 1692.43 1.628 210 2897.57 2.653
Scenario 4 240 991.59 0.944 220 1775.12 1.703 210 2998.72 2.702
p-value 0.986 0.996 0.997
(stormflow)
p-value
(overland <0.0001 <0.0001 <0.0001
flow)

In summary, the stormflow is less sensitive than overland flow regarding both
forest location and forest fragmentation. Also, forest fragmentation scenarios S1 and
S2 are more similar in comparison to forest location scenarios S3 and S4.
Additionally, scenario S3 representing forest in upper basin is the most similar
scenario respect to baseline. Consequently, S3 generates less peak flow and
overland flow volume. Conversely, scenario S4 (forest in lower basin) is the most
different scenario respect to baseline. Consequently, it generates more peak flow
and overland flow volume. Overall, results suggest that floods are more affected by
forest location than by forest fragmentation. However, the differences between
effects caused by the different scenarios vanish as the return period of the design
storm increases.

3.2. Differences between fragmentation (random) and location (slope)
scenarios

Table 4.5a shows a comparison between fragmentation scenarios (S1, S2) and
location scenarios (S3, S4). The mean value of absolute differences between
fragmentation scenarios was 1 m3/s and 0.003 Hm? for peak flow and overland flow
volume, respectively. Also the mean value of absolute differences between location
scenarios (S3, S4), was 91 m3/s and 0.089 hm? for peak flow and overland flow
volume, respectively. The absolute differences among return periods for these
variables was relatively small or practically non-existent.
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Table 4.5. (a) Differences between scenarios and respect to baseline both peak flow (m3/s)
and overland flow (hms3) for three return periods. (b) Post-hoc Dunn test of stormflow and
overland flow for the three return periods.

(a) 1-year return period 10-year return period 100-year return period
Overland flow Overland flow Overland flow
Peak flow volume Peak flow volume Peak flow volume
difference difference difference difference difference difference

(m3/s) (HmM®) (m3/s) (HM®) (m3/s) (HM®)
Scenario 1 — Scenario 2 1.75 0.003 0.71 0.002 0.66 0.003
Scenario 3 — Scenario 4 89.68 0.143 82.69 0.075 101.15 0.049
Baseline — Scenario 1 138.51 0.176 130.82 0.115 145.84 0.061
Baseline — Scenario 2 136.76 0.179 130.10 0.116 145.17 0.064
Baseline — Scenario 3 92.50 0.101 88.26 0.075 90.11 0.035
Baseline — Scenario 4 182.18 0.244 170.95 0.150 191.26 0.084

(b) 1-year return period 10-year return period 100-year return period

Stormflow Overland flow Stormflow Overland flow Stormflow Overland flow

p-value p-value p-value p-value p-value p-value

Scenario 1 — Scenario 2 0.958 0.480 0.972 0.810 0.975 0.728
Scenario 3 — Scenario 4 0.669 <0.0001 0.736 <0.0001 0.757 <0.0001
Baseline — Scenario 1 0.713 <0.0001 0.804 <0.0001 0.824 <0.0001
Baseline — Scenario 2 0.753 <0.0001 0.831 <0.0001 0.848 <0.0001
Baseline — Scenario 3 0.593 <0.0001 0.711 <0.0001 0.749 <0.0001
Baseline — Scenario 4 0.915 <0.0001 0.974 <0.0001 0.992 <0.0001

Table 4.5b show the results for the Dunn test. The p-values indicate that
fragmentation scenarios (S1, S2) are not statistically different in both stormflow
(0.958 < p-value < 0.975) and overland flow (0.480 < p-value < 0.810). Moreover, in
relation to stormflow, location scenarios (S3, S4) are not different each other either
(0.669 < p-value < 0.757). However, in terms of overland flow, location scenarios are
statistically different (p-value < 0.0001). Note that p-values of stormflow for
fragmentation scenarios are slightly higher than p-values of location scenarios,
suggesting a bit more similarity among fragmentation scenarios. Pearson’s
correlation coefficient | of overland flow confirms the aforementioned result.
Fragmentation scenarios show higher R than location scenarios, especially for Rpl
(Figure 4.5). Nevertheless, as the return period increased differences decreases,
with R being the same (= 0.99) for Rp100.
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Figure 4.5. Scatterplots of overland flow (mm) simulated with TETIS at the moment of
maximum rainfall intensity. (a) Fragmentation scenarios (S1, S2). (b) Location scenarios
(S3, S4). The Pearson’s correlation coefficient | with p-Value < 0.05 are presented for three
return periods, l-year (Rpl), 10-year (Rpl10) and 100-year (Rpl00). Black circles
correspond to Rp1, red triangles to Rp10 and the blue crosses to Rp100. Green dashed line
represents 1:1 line (slope =1).

In summary, these results show that, the pair of fragmentation scenarios are
more similar to each other, respect to location scenarios. Therefore, slope
deforestation (S3, S4) within the basin can cause higher effects on stormflow and
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overland flow than random deforestation (S1, S2). However, in all cases, the
difference between scenarios decrease as the return period increases.

3.3. Comparison of forest location and forest fragmentation scenarios with
baseline

Table 4.5a and Figure 4.6 show differences between overland flow and storm
flow for scenarios with respect to the baseline. Results indicate that scenario S3 is
the most similar and conversely scenario S4 is most different to the baseline. Also
fragmentation scenarios (S1, S2) are very similar, with intermediate values of peak
flow and overland flow volume, between location scenarios (S3, S4). Likewise, both
the peak flow and the overland flow volume, show a tendency to converge to a
constant value as the return period increases.
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Figure 4.6. Percentage differences in (a) peak flow and (b) overland flow volume, between
baseline and scenarios for the three return periods.
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However, for 100-year return period, the relative difference of overland flow
volume (around 2%) are less than relative difference of peak flow (around 5%),
suggesting again that stormflow is less sensitive than overland flow to forest cover
spatial pattern.

The post-hoc analysis with Dunn test show that differences in stormflow are
not statistically significant among scenarios (p-value > 0.05) (Table 4.5b). However,
in the case of overland flow, the differences are statistically significant (p-value <
0.0001) in all cases. Also, slight changes in the p-value for both stormflow and
overland flow, confirms that scenario S3 is the most similar and conversely scenario
S4 is most different to the baseline. Finally, the post-hoc analysis of stormflow
confirms the similarity among fragmentation scenarios (S1, S2) with similar p-values.
The p-values increased slightly as the return period increases, indicating that the
difference between scenarios and the baseline decreases.

Figure 4.7 shows the overland flow difference among scenarios and baseline.
The maximum and minimum differences are close to 4 and -6 mm respectively.
According to our model setup, these differences are conditioned mainly by infiltration
capacity, soil static storage, canopy interception and superficial storage. However,
despite the dispersed deforestation in scenarios S1 and S2, the upper part of the
TRB generated more overland flow than the lower part of the TRB, which can be
explained by the greater infiltration capacity in this area. Also the values close to 0
(green color) prevalence as the storm intensity (or return period) increases.
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Figure 4.7. Overland flow difference between baseline and land cover scenarios, at the
moment of maximum rainfall intensity for three return periods. Negative values (red, yellow
and green) correspond to the situation where the scenarios generate more overland flow
than baseline and conversely for positive values (blue and violet).

In summary, the storm flow was less sensitive than overland flow regarding
forest spatial pattern. Also, fragmentation scenarios (S1, S2) were more similar in
comparison to location scenarios (S3, S4). Additionally, the scenario S3 (forest in
upper basin) was the most similar scenario respect to baseline. Consequently, it
generates smaller peak flows and overland flow volume. Conversely, scenario S4
(forest in lower basin) is the most different respect to baseline. Consequently, it
generates more peak flow and overland flow volume. Overall these results indicate
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that, aggregated deforestation in steep slopes (S4), has the major implications for
floods, rather than random or spread fragmentation within the basin. Differences
between scenarios vanish as the storm return period increased.

4. Discussion
4.1. Hydrological Model Performance

Performance metrics NSE and PBIAS, as well as deviations, suggest that the
hydrological model achieved a satisfactory level of confidence. VanLiew et al. (2005)
establish that daily (or smaller time step) simulation, with NSE as low as 0.4 is
acceptable. Also, Hurtado-Pidal et al. (2020) found similar NSE and PBIAS values
during the calibration and validation process in the TRB using a 1-minute time step.
Therefore, we consider that E6 and E8 had also an acceptable performance. In
addition, the deviations in time to peak, peak flow and stormflow volume, obtained
in our study, have been observed in other flash flood studies (Nikolopoulos et al.,
2011; Segura-Beltran et al., 2016).

The low effective static storage in the soil (10 mm), during the hydrological
model calibration, indicates a high level of saturation. This condition was reported in
previous studies in the basin (Chancay and Espitia-Sarmiento, 2021; Hurtado-Pidal
et al., 2020). Specifically, Hurtado-Pidal et al. (2020) reported high values of Curve
Number (CN), of 84 and 81 for Pano and Tena River Basins respectively. Finally,
our study found a higher contribution of interflow (60%) respect to overland flow (39
%) during storms. The predominance of interflow during storms were stablished by
several studies (Asano and Uchida, 2018; Gomi et al., 2008; Whipkey, 2010).
Moreover, Birch et al. (2021) found that interflow contribution is over 50% during
storm flows in forested catchments of the humid tropics.

4.2. Deforestation and floods in humid catchments

We presented for the first time an evaluation of floods produced with different
spatial patterns of deforestation in a humid tropic catchment, distinguishing the
effects of forest location and forest fragmentation. This is a significant step forward
in the understanding of the influence of forest location and forest fragmentation over
floods. In particular, our results show that the spatial pattern of deforestation (i.e. by
slope and random) can cause a significant difference in the spatial distribution of
overland flow during intense storms. However, stormflow was found to be less
sensitive to the spatial pattern of deforestation, showing non-significant differences
among scenarios. Obtained differences in the time to peak flow among all scenarios
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was relatively low (10 minutes) in line with previous findings of the low influence of
land cover in tropical humid catchments on floods and time to peak (Asano and
Uchida, 2018; Bathurst et al., 2020; Birkel et al., 2012).

Through the comparison of stormflow and overland flow among scenarios, this
research showed that the influence of the spatial pattern of forest cover decreases
as storm intensity increases. This is consistent with Buendia et al. (2016), Dadson
et al. (2017), Laurance (2007) and Soulsby et al. (2017). For a return period of 10-
yr, we found an increase in the peak flow from deforestation scenarios, that ranges
between 5-10% respect to the baseline. In contrast, Cosandey et al. (2005) and
Horton et al. (2021), reported reductions (afforestation) and raising (deforestation)
of about 5 and 25% for 10-years peak floods, respectively. Also, Salazar et al. (2012)
found a peak reduction around 30% for annual peak floods, while this study
stablishes, for annual events, a peak flood variation around 23% for S3 (worst
scenario). According to Bathurst et al. (2020), the mitigation effect of forest varies
between catchments, reaching the maximum capacity with moderate return periods
of 5-20 years. However, this author also indicates, that peak flow moderation
depends on soil moisture. Therefore, our results are consistent with previous
research, showing a reduction effect for low and moderate floods, until 10-year
events.

In our model, the overland flow depends on the land cover change through the
initial abstractions. Conversely, the stormflow, simulated at the outlet basin, is the
result of the flow routed downstream through river channels. As a consequence, the
relatively low sensitivity of stormflow (including time to peak), to deforestation in
TRB, may be partly explained by soil moisture conditions and hydrological
connectivity. According to Bracken and Croke (2007), the hydrological connectivity
determines the generation of stormflow during intense storms, and depends of soil
moisture and stream network. Previous research (e.g. Bathurst et al., 2018;
Sriwongsitanon and Taesombat, 2011) indicates that peak flow during small and
middle size events is function of soil moisture; therefore, if the watershed is saturated
the response is the same despite the differences in land cover. Birkel et al. (2012)
found in a humid catchment in Costa Rica, that land cover change had relatively little
effect on peak discharges with return periods greater than 1-year. Also, the variation
in lag times is small when hillslopes are sufficiently wet. In this regard, Asano and
Uchida (2018) suggest, that the catchment-scale variation in lag times can be
explained almost entirely by channel processes. Therefore, since TRB is a humid
catchment with very steep relief, hillslope deforestation would have low influence
over both stormflow and time to peak during intense storm events.
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The land cover change area, also determine the effect over stormflow.
According to Bathurst et al. (2020), the threshold for measurable impact on peak
flows is around 20% in land cover area. However, for statistical significance of
differences the changes have to be drastic. For example, Jodar-Abellan et al. (2019)
found significant stormflow differences, with p-values less than 0.05 using Kruskal-
Wallis test, due to aggressive urbanization process, around 75% of basin areas.
Considering in one hand, that urban areas generate more stormflow than agriculture
areas (Liu et al., 2005), and in the other hand, our study represent a deforestation
area of only 37 %, (i.e. from 87 % in baseline to 50 % in scenarios). Therefore, it is
expected that changes in storm flow in TRB are lower or even statistically non-
significant.

4.3. Spatial patterns of deforestation and floods

The most important finding in the current research, regarding deforestation
spatial pattern, is that location is more important than fragmentation. Previous
studies suggested that the fragmentation of vegetation does not show an obvious
effect on floods (Hou et al., 2018; Kim and Park, 2016). In contrast, the location of
forest in different slopes can alter the peak flows in a more obvious way (Hou et al.,
2018; lacob et al., 2017). In our study, effects of forest location and fragmentation
on floods were evaluated separately. We showed for Andean catchments in the
humid tropics, such as the TRB, that deforestation (by slope) in the upper basin it is
the most unfavorable scenario regarding the hazardousness of floods. Which is
explained by the lower infiltration capacity in the upper basin, composed mainly by
soils with clay content and the lithological material such as granite, but also by the
steep relief. Therefore, the hillslopes are actually the area with highest contribution
to stormflows during more intense and larger storm events in agreement with several
studies (Birch et al.,, 2021; Gomi et al., 2008; Hopp and McDonnell, 2009).
Consequently, our results indicate that hillslopes should be reforested and protected
with priority to mitigate flood risk and for native forest conservation.

Forest cover reduce small floods, while it has the capacity to generate more
runoff during intense storms due to retention of soil moisture from previous storms
due to the deep roots in forest zones (Sriwongsitanon and Taesombat, 2011). In
addition, lower evapotranspiration rates, especially in the upper basin, due to the
presence of cloud forest, can maintain the soil moisture (Ataroff and Rada, 2000;
Cérdenas et al., 2017; Moreno et al., 2018). Hence, forest cover generates fast-
responding storm flow by both overland flow and subsurface flow (Asano and
Uchida, 2018; Chifflard et al., 2019; Crespo et al., 2011; Hopp and McDonnell, 2009).
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In these conditions, the hillslopes are more sensitive to deforestation generating
stormflows and overland flow during intense storm events.

Although there are several salient strengths of this work, such as the evaluation
of floods for different spatial patterns of deforestation maintaining the same amount
of forest cover, our findings may be extended in the future through the analysis of
additional scenarios focusing on the role of riparian forest on floods.

4.4. Implications for Nature Based Solutions

Despite the potential of forest to reduce floods, especially in the upper basin,
our finding suggests that the influence of forest cover to reduce floods vanishes as
return period increases. Other studies also found, a convergence in the flood
response of the basins, with higher storm events, despite the forest coverage
(Bathurst et al., 2011; Salazar et al., 2012). Therefore, the use of Nature Based
Solutions (NbS), such as protection and reforestation efforts for flood management,
need to be integrated in a broader context of land-use planning and water resources
management (Cohen-Shacham et al., 2019).

We demonstrate, regarding floods, the importance of the forest cover located
in the upper basin, which is rich in biodiversity and part of the Colonso-Chalupas
Biological Reserve. This would allow that NbS initiatives within the basin to be
advanced within the wider context of an integrated catchment management strategy
to deliver multiple ecosystem services.

5. Conclusions

The effect of land cover changes on floods considering forest location and
forest fragmentation in a humid tropical basin within the Ecuadorian Amazon were
analyzed through simulations of different land cover scenarios with the hydrological
distributed model TETIS.

Forest location presented higher effects than forest fragmentation on both,
overland flow and stormflows. However, stormflow was less sensitive than overland
flow to analyzed land cover changes. Deforestation of the upper basin represented
the worst scenario for flood regulation. Finally, as storm intensity increases the effect
of land cover scenarios decreases. Moreover, forest location and forest
fragmentation has more influence over flows during small and medium-size storms.
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Obtained results enhance our understanding of ecosystem services provided
by the tropical Andean foothills forests.
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Abstract

Climate change and land-use/land-cover change (LUCC) are among the
largest anthropogenic forcings that alter floods, especially their frequency and
magnitude. Although climate change can affect floods at regional spatial scales,
LUCC effects on floods are local and occure at small spatial scales. Few studies
analyzed the combined effects of LUCC and climate change forcing on floods
focusing on the discharge at the basin outlet. Thus, the continuous variation of
interactions in the stream network has not yet been identified. This constrain limits
current understanding of the ecosystem services provided by the forest for flood
regulation in the context of climate change, even though flood control using forest is
an excellent nature-based solution for disaster mitigation. Therefore, this study
evaluates the relative importance of and interactions between the effects of climate
change and LUCC on floods for a humid tropical basin within the Ecuadorian
Amazon. To achieve this goal, deforestation scenarios with two land cover types
(forest and agriculture) were designed. Precipitation scenarios were obtained
through the projected precipitation of the Global Climate Model (GCM) IPSL SSP5-
8.5 (CMIP6). The hydrological response of the basin with the different LUCC and
precipitation scenarios was simulated using the distributed hydrological model
TETIS. The changes in stormflow were analyzed at 42 points across the stream
network, using absolute differences and the statistical tests: Kruskal-Wallis, Dunn,
and Sheirer-Ray-Hare tests. Our results show that the effect of climate change on
floods is more homogeneous over the basin than that of LUCC. Floods in the upper
part of the basin were more sensitive to LUCC, i.e., deforestation, while floods in the
lower part of the basin were more sensitive to climate change than to LUCC. For a
two-year return period (Rp2) the altitudinal range from 590 to 906 meters above sea
level was identified as a transitional area where the influence of LUCC on stormflows
appears. The threshold of absolute differences in peak flows and stormflow volume
was 590 m.a.s.l. A slightly and statistically non-significant interaction between
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climate change and LUCC was identified in the lower part. The magnitude of
changes in stormflows in the lower part of the basin is closely related to the scale
effect and the sensitivity of the ecosystem in the upper part. Therefore, native forest
Is crucial for downstream flow regulation and flood control, and its importance is
expected to increase in the future due to the climate change-induced precipitation
projections.

Keywords: TETIS, stormflow, land-use/land-cover change, climate change,
interactions, floods, nature-based solutions, Ecuador.

1. Introduction

Flash floods are one of the most damaging natural hazards around the world
causing multiple fatalities and economic loses (Jonkman, 2005; UNISDR, 2017).
Climate change and land use/ land cover change (LUCC) are among the largest
anthropogenic forcings driving floods. The deforestation of native forest, has been
recognized as one of the main drivers that can exacerbate the occurrence and
magnitude of floods (Chang & Franczyk, 2008). Moreover, flood prediction is difficult
as it depends on non-linear and scale-dependent processes controlling the
interactions between LUCC and climate change effects (Bloschl et al., 2007; Rogger
et al., 2017). Consequently, it is imperative to understand the variations across the
basin of the individual and combined effects of climate change and LUCC on floods
for watershed planning and flood management.

Climate change is a significant factor increasing frequency and intensity of
floods worldwide (Hirabayashi et al., 2013; IPCC, 2021). Future climate change
scenarios for the northwestern Amazon basin are expected to be associated with
rising temperatures and changing precipitation patterns. These changes will likely
result in more frequent extreme weather events, such as heavy rainfall, which can
trigger floods (Palomino-Lemus et al., 2017; Solman, 2013; Sorribas et al., 2016).

Forest protection and reforestation have been recognized as nature-based
solutions (NbS) for flood management (Dadson et al., 2017; llieva et al., 2018; Lane,
2017). The Tropical Andean Forest (TAF) is a natural barrier that intercept part of
the precipitation (Ataroff & Rada, 2000). The vegetation can enhance the surface
rugosity and slow down the runoff, allowing it to be absorbed gradually by the soil
and vegetation (Tobon, 2008, 2021). In particular, infiltration helps to reduce the
amount of runoff and surface flow during rainfall events reducing downstream flood
risk. Additionally, trees and other vegetation in TAF also help to retain water in the
soil, increasing the soil’'s capacity to absorb water and reducing the amount of water
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that flows into rivers and streams. These characteristics make the TAF special
ecosystems that can act as a natural buffer against flooding, especially during small
and medium-sized floods (Bonnesoeur et al., 2019; Bathurst et al., 2011, 2020;
Birkel et al., 2012). Thus, the implementation of NbS in these areas allow the
conservation of various ecosystem services related to biodiversity conservation,
climate change adaptation and water resources management (Cohen-Shacham et
al., 2016).

Climate change and LUCC simultaneously impact hydrological processes at
the basin scale (Bloschl et al., 2007; Bronstert, 2004; Chang & Franczyk, 2008).
However, since the impacts acts at different spatial scales, the analysis of their
individual contributions is necessary for watershed planning and management (Lian
et al., 2020; Zhang et al., 2018). The main methodologies to separate the individual
contributions are: hydrological modeling, paired catchment, conceptual,
experimental and analytical approaches (see: Yang et al., 2017 and Zhang et al.,
2018). The hydrological modeling-based approach is combined with hypothetical
scenarios (‘what-if approach’; e.g., lacob et al., 2017) and one-factor-at-a-time
analysis (‘OFAT method’; e.g., Zhang et al., 2018).

The experimental design based on hydrological modeling includes a base or
reference scenario, to analyze the individual and combined contributions of climate
change and LUCC on hydrological variables. Hydrological modeling has been used
to decompose the individual effect of climate change and LUCC on floods (Chawla
& Mujumdar, 2015; Tian et al.,, 2022; Yang et al., 2017; Zhang et al., 2018).
Synergies and antagonisms are key features of the combined effects of climate
change and LUCC interactions. The interaction is the relationship between two or
more variables that affects the outcome or response variable in a way that is not
simply additive or independent (Dunne, 2010; Rothman, 1976). A synergistic
interaction occurs when the combined effect of two variables (eg., climate change
and LUCC) is greater than the sum of their individual effects, resulting in an amplified
outcome (eg., peak flows, runoff volume). Conversely, an antagonistic interaction
arises when the combined effect of two variables is less than the sum of their
individual effects, leading to a diminished outcome. Some hydrological studies have
reported both, synergistic and antagonistic interactions of climate change and LUCC
on basin hydrological response (Hung et al., 2020; Tian et al., 2022; Lamichhane &
Shakya, 2019). However, studies that analyzed interactions of climate change and
LUCC, presented a coarse spatial scale, (i.e., mean values at basin scale or few
sampling points). Additionally, climate change has a homogeneous effect on floods
at the basin scalecompared with the LUCC effects that is a non-linear and complex
scale-dependent process (Bloschl et al.,, 2007; Rogger et al., 2017). Moreover,
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LUCC has a greater effect in the upper than in the lower basin. As a basin becomes
larger, the effect of LUCC becomes smaller (Edokpa et al., 2022; Hurtado-Pidal et
al.,, 2022; Olang & Furst, 2011). Furthermore, the analysis of the contribution of
climate change and LUCC is generally conducted at monthly or annual time scales.
Consequently, it has not been possible to identify the variation of the interactions
across the basin during floods. This limitation hinders understanding to improve the
application of NbS for flood regulation within the context of climate change
adaptation.

In consequence, the goal of this study is to evaluate the effects of climate
change and LUCC on stormflows across an altitudinal gradient. To achieve this goal,
we used the spatially-distributed hydrological model TETIS at event time scale,
applying hypothetical scenarios of climate change and LUCC. The analysis was
carried out using 42 stormflow sampling sites across the study area covering a full
range of elevations. A comparative analysis of stormflows obtained for multiple
scenarios is presented to determine the contributions and interaction of climate
change and LUCC on floods.

The Tena River Basin (TRB), located within the Ecuadorian Amazon, was used
as a study case. Many people in the basin live in flood-prone areas, especially in the
city of Tena located in the downstream part of the basin, where at least three
significant incidents related to flash floods occurred in the past decade (GADM-
TENA, 2021). Moreover, some features such as high-intensity precipitation events,
humid soils, and steep relief in the upper basin, increases the chance of flash
flooding (Jodar-Abellan et al., 2019; Nikolopoulos et al., 2011). Additionally, the
climate change is expected to have significant impact on TRB, including changes in
precipitation patterns, increased temperatures, and more extreme weather events.
Thus, the TRB is of critical importance for hydrological research due to its
susceptibility to flash floods but also due to the opportunity to better manage the
ecosystem services of the basin.

2. Materials and Methods
2.1. Study Area

The study was carried out in the TRB located in the foothills of the Eastern
Andes in the Napo province, Ecuador (Figure 5.1b, 5.1c). It is a small watershed in
the upper part of the Amazon basin, covering a drainage area of 240 km? at the

junction of Tena and Pano rivers in the city of Tena (flow gauge; Figure 5.1a).
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Figure 5.1. Main features of the TRB. (a) Terrain elevation, gauge stations, and stormflow
sampling sites; Location of the TRB in (b) Ecuador and (c) Napo province. RBCC in the
symbology (red polygon) refers to the Colonso-Chalupas Biological Reserve.

The terrain elevation within the TRB ranges from 500 to 2500 m.a.s.l, with a
mean slope of 40% and 9% in the upper and lower regions, respectively. The mean
annual temperature and precipitation are 23°C and 3500 mm, respectively.
According to Kdppen-Geiger climate classification (Kottek et al., 2006), the basin
can be defined as tropical rainforest (Af). The climate in this area is influenced
significantly by the Intertropical Convergence Zone (ITCZ; Vargas et al., 2022).
Specifically, by moist air masses from the eastern part of the Amazon basin. Thus,
the combination of orographic effect and the influence of the Intertropical
Convergence Zone (ITCZ) favor the formation of convective storms in the basin.
Therefore, it is common that the annual precipitation and rainfall intensities in this
area reach 5000 mm and 65 mm/h respectively (Chancay & Espitia-Sarmiento,
2021; Ikiam-University, 2021). Although the base flow of the Tena river is 13 m3/s at
the basin outlet, it is common to record high flows of 700-800 m?/s, at least once a
year. This amount is approximately half of the bankfull discharge at the reach located
downstream of the Tena and Pano rivers junction, as indicated by the flow gauge in
Figure 5.1a. The geology of the basin consists of Paleozoic-Mesozoic granites in the
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upper basin and sandstones and limestones from the Cretaceous and Paleogene
periods in the lower basin. The soils are mainly Andisols, composed by sandy clays
and sandy loams textures, with a maximum depth of 1.5 m. Also, the soils have a
relatively high organic content (6%) within the first 0.5 m (MAGAP-SIGTIERRAS,
2016). Overall, these characteristics result in a high-water retention capacity with
low infiltration rates (15.6 mm/h) (Hurtado-Pidal et al., 2022; Sanchez et al., 2018).
The native forest cover most of the area (87%) and is located mainly in the upper
basin, that is part of the Colonso-Chalupas Biological Reserve (Figure 5.1.a). Other
land uses represent minor coverage, such as grassland, scrubs, crops (8%) and
urban areas (3%), located in the lower part of the basin. Additional details of the
study area can be found in Hurtado-Pidal et al. (2020, 2022).

2.2. Hydrological modeling

The stormflows were simulated at event time scale and 10 min time step using
the spatially -distributed hydrological model with physically based parameters TETIS
(Francés et al., 2007). TETIS has been widely used for flood studies including humid
and mountain environments (Salazar et al., 2012; Siswanto & Franceés, 2019). TETIS
was previously calibrated and validated for the TRB (Hurtado-Pidal et al., 2022)
showing good performance reproducing extreme events according to Moriasi et al.
(2007) guidelines. Specifically, Hurtado-Pidal et al. (2022) reported values of 0.80 <
Nash-Sutcliffe coefficient < 0.94 and -3.70 < Percent Bias < 26.52. The
parameterization of TETIS in TRB was caried out using soil, land cover/use and
lithology maps at spatial scale 1:25.000 (MAGAP-SIGTIERRAS, 2016). The
catchment morphometric parameters were obtained from 90 m version of SRTM-
DEM and all raster parameters in TETIS were resampled to 100 x 100 m. Split time
series of stream flow and rainfall of nine storm events recorded by gauge stations
within the basin, from July 2018 to June 2020, were used for calibration and
validation of TETIS in TRB. Thus, the effective parameters obtained from this
parameterization and calibration were used in the simulations. Additionally, the
parameters recommended by Frances et al. (2007) were utilized for the
implementation of the kinematic wave approximation for flow routing in the streams
network. Further details of parameterization of TETIS model (including calibration
and validation) in TRB can be found in Hurtado-Pidal et al. (2022).

2.3. Climate change scenarios and data

The climate change scenarios of extreme precipitation were obtained following
three sequential stages based on Vu et al. (2017) methodology as follows: Firstly,
the bias correction was applied over precipitation series (raw-data) of three General
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Circulation Models (GCM; SSP5-8.5), using the quantile mapping method (QM) with
rain gauge observations. In the second stage, five probability distribution functions
(PDF) were fitted for series of 30 years of maximum annual precipitation in 24 hours
from both GCM-BC and observations. Finally, design storms were obtained for both,
current climate (gauge observations) and future climate (GCM-BC), using three
return periods: 2 (Rp2), 10 (Rp10) and 100 (Rp100) years.

2.3.1. Climate data

The observed daily precipitation was obtained from the M1219 meteorological
station (Tena Hda. Chaupishungo) located close to the TRB (Figure 5.1a). The
station maintained by the National Institute of Hydrology and Meteorology of Ecuador
(INAMHI) was selected due to the high quality of data andrecording span (1981-
2016 after homogenization) in relation to other gauge stations in the area (Figure
5.2a).

The Coupled Model Intercomparison Project Phase 6 (CMIP6) climate
projections for the study area were downloaded from Copernicus (Copernicus,
2021). Specifically, three GCM were selected; IPSL (CM6A-LR, France; Boucher et
al., 2020), MIROC (MIROC-ES2L, Japan; Hajima et al.,, 2020) and NorESM2
(NorESM2-MM, Norway; Seland et al., 2020). These GCM’s have been previously
used to analyze reanalysis datasets and future scenarios of precipitation on Ecuador
and the Northern Andes (Armenta et al., 2016; Campozano et al., 2017; Palomino-
Lemus et al., 2017). Time series of daily precipitation were downloaded for the period
from 1981 to 2010 and future climate from 2041 to 2070. Future climate projections
are related to emission scenarios hamely Shared Socioeconomic Pathways (SSP).
In this study the SSP5-8.5 (very high emission scenario) was considered. Note that,
the SSP5-8.5 (corresponding to RCP8.5) is commonly used for climate change
iImpact assessment of floods (Liu et al., 2023; Mishra et al., 2018) and is suitable for
our experiment goals since possible underestimation of precipitation rates is
reduced.

2.3.2. Bias correction

The GCM precipitation raw-data have systematic deviation called ‘bias’ in
frequency and intensity (Mishra et al., 2018; Piani et al., 2010). Bias correction (BC)
techniques are routinely used to produce regional or local climate outputs from
GCM’s (Heredia et al., 2018; Manzanas et al., 2020). Thus, Quantile Mapping (QM)
bias correction (BC) method was employed to reduce the bias in frequency and
intensity. The QM is a non-parametric BC method that can be applicable for all
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possible distributions and have been widely used as a statistical downscaling
technique to correct bias from climate models (e.g., see Campozano et al., 2016 and
Fang et al., 2015). The QM uses empirical Cumulative Distribution Functions (CDF)
of observed and modelled values instead of assuming parametric distributions.
Thus, the modelled CDF is fitted to the observed CDF. More details of QM method
can be found in (Gudmundsson et al., 2012).

The QM method was applied in R (R-Development-Core-Team, 2020) using
the gmap-package (Gudmundsson, 2016; Gudmundsson et al., 2012). The daily
data from 1981 to 2010 (30 years of daily data) were used as a common period of
observations and simulations. Similarly to Tripathi et al. (2006), the data was split
into 70 and 30 % for training and testing, respectively. Thus, the QM fitted function
was applied for BC of future climate simulations. This procedure was repeated three
times, one for each GCM. The Figure 5.2b, shows the CDFs fitted for each GCM
with historical climate, using the testing data (30%). The 30-year time series of
maximum annual precipitation (MAP, mm/day) for the observed (M1219) and three
GCM-BC (IPSL, MIROC and NorESM2) under SSP5-8.5 scenario are shown in
Figure 5.2c.
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Figure 5.2. Precipitation intensity corrections of RAW GCM’s. (a) Observed daily
precipitation from gauge M1219 (Tena Hda. Chaupishungo, the red square outside the basin
in Figure 5.1.a); (b) CDF for three GCM’s (IPSL, MIROC and NorESM2, ensemble of current
climate); (c) 30-year time series of MAP for observations (1980-2010) and future climate
simulations (GCM-BC SSP5-8.5; 2041-2070); time series (left) and boxplots (right). Note
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Finally, the performance evaluation of three GCM-BC was carried out in order
to select one GCM for the following stage (fitting distributions). Due to the purpose
of the BC in this study is to fit frequency and intensity (overlapping observed and
simulated CDF’s) rather than reproduce the daily time series. Thus, following the
approach by Fang et al. (2015) and Manzanas et al. (2020), frequency-based
statistics and the PDF score (-) were employed in the evaluation (see Table 5.1).
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Table 5.1. Frequency-based statistics for the evaluation of GCM-BC simulations. Note that
the observed and historical values correspond to the 30 % of testing data.

o IPSL MIROC NorESM2
Frequency-based statistics Observed ——— — —
Historical Future Historical Future Historical Future
mean (mm) 11.16 1159 1432 1215 1456 10.79 9.53
median (mm) 5.70 4.97 6.80 4.84 5.50 5.45 4.90
maximum (mm) 182.20 149.69 233.50 224.80 23340 130.92 135.30
Standard Deviation (mm) 15.91 18.64 2319 2196 25.74 14.62 13.35
3" quartile (mm) 15.00 1430 17.30 13.65 1550 14.87 12.70
PDF score (-) - 0.88 - 0.88 - 0.95

The PDF score that ranges from 0 to 1 is a measure of the degree of overlap
between two distributions, where 1 is a perfect coincidence. Although NorESM2 has
the higher PDF score (0.95), in general terms, all GCM’s have a very good
overlapping among distributions (>0.8). Also, the CFD of NorESM2 (Figure 2b)
shows a slightly better fit. Additionally, while NorESM2 (-30%) and IPSL (-18%)
underestimates the maximum values, the MIROC overestimates (23%). However, is
important to note that future maximum value of NorESMZ2 is lower than observations.
Thus, can’t be used for the evaluation of floods under scenarios of increasing
precipitation due to climate change. Although the three GCM’s produced consistent
results, enhaced overestimations and underestimations were produced by the
MIROC and NoeESM2 respectively. The IPSL model was selected for the next stage
as is produced the best performance and is considered the best performing model
for Ecuador according to the Ministry of Environment (Armenta et al., 2016).

2.3.3. Fitting distributions

The extreme value distributions (EVD) are a type of probability density
functions (PDF) used to model the behavior of extreme events such as floods or
droughts (Gumbel, 1941; Kotz & Nadarajah, 2000). The observed (M1219) and
simulated (IPSL) MAP were fitted to extreme value distributions using the maximum
likelihood method (Engeland et al., 2004). Specifically, five distributions such as
Gamma, Gumbel, log-Normal, Normal and Weibull, were fitted to obtain the MAP for
three return periods: 2 (Rp2), 10 (Rp10) and 100 (Rp100) years (Figure 5.3).
Additional details of distributions (e.g., definitions and equations) can be found in
(Chow et al., 1988; Lima et al., 2021).
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Figure 5.3. Fitted EVD for observations (M1219, left) and future climate simulations (IPSL,
right). (a) Density plots; (b) CDF plots; (c) MAP for three return periods (Rp2, Rp10, Rp100).

An important aspect to consider when modeling probability distributions is the
seasonality (Menéndez et al., 2009), as it can significantly affect the parameters and
shape of the distribution over time. Thus, prior to fit distributions, the seasonality of
MAP time series was corroborated with a certain confidence level (a = 0.05) using
the Dickey-Fuller test (Dickey & Fuller, 1979) implemented in tseries-package in R
(Trapletti et al., 2023). Then, fitted distributions were obtained (Figure 5.3a, 5.3b),
but also MAP for three return periods (Figure 5.3c).

The goodness of fit was evaluated for each probability distribution using the
Kolmogorov-Smirnov (KS) test, Anderson-Darling (AD) test and Akaike’s
Information Criterion (AIC) (Stephens, 2017). The KS and AD were evaluated with a
confidence level of 0.05. With respect to AIC, the lower the value, the more
parsimonious the model and better fitted to data. The fitted distributions (Fig. 5.3a,
5.3b) and the statistical test/criteria for the goodness of fit evaluation (Table 5.2)
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were obtained using the functions implemented in the fitdistrplus-package in R
(Delignette-Muller & Dutang, 2015).

Table 5.2. Goodness of fit statistics/criteria of fitted distributions.

Goodness of fit Observed IPSL
. . . . I - . I _ ]
statistics/criteria  Gamma  Gumbel 09 Normal Weibul Gamma Gumbel 9 Normal  Weibull
Normal Normal

Kolmogorov-Smirnov
test (-)
Anderson-Darling test
¢

Aka"éeritse'r?gzrga“o” 293.49 29158 292.06 299.14 300.65 278.01 28054 27813 27833 281.37

0.14 0.11 0.12 0.18 0.18 0.07 0.11 0.07 0.08 0.10

0.53 0.41 0.44 0.94 1.17 0.16 0.35 0.17 0.16 0.36

In general, all distributions had good performance (>0.05) with both KS and AD
test. The AIC criterion indicates that log-Normal and Gumbel distributions performed
slightly better for observations, while log-Normal and Normal distributions perform
slightly better for IPSL. Thus, the log-Normal distribution was selected for design
storms in the following section. Note that, all distributions have very similar
performance, especially for Rp2 and Rp10 (Figure 5.3c).

2.3.4. Design storms

Design storms were used to evaluate the influence of climate change and
LUCC on floods. Storm intensities for different return periods (Rp2, Rp10, Rp100)
were obtained from the maximum annual precipitation and equations proposed by
the National Hydrometeorological and Institute (INAMHI, 2019). Then, storms were
constructed following the non-symmetric altering blocks method (Chow et al., 1988)
with a total duration of 220 minutes, equivalent to concentration time of TRB
(Hurtado-Pidal et al., 2020). For the current climate, the maximum rainfall intensity
for Rp2, Rp10 and Rp100 was 16, 24 and 32 mm/10 min respectively. While for the
future climate, the maximum rainfall intensity for Rp2, Rp10 and Rp100 was 27, 33
and 38 mm/10 min respectively (Figure 5.4).
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Figure 5.4. Design storms for three return periods (Rp2, Rp10, Rp100). (a) Current climate
(observations, M1219). (b) Future climate (GCM-BC IPSL SSP5-8.5).

Note that the increment of maximum intensities due to climate change is 11, 9
and 5 mm/10 min for Rp2, Rp10 and Rp100 respectively. Thus, as the return period
increases, the relative effect of climate change diminishes.

2.4. LUCC scenarios

The impact of LUCC (i.e., deforestation) was analyzed using two simple
hypothetical scenarios: either a forest or agriculture covering the entire basin (what
if approach). This approach has the advantage of isolating the effect of spatial
variability of LUCC on the hydrological system since the entire basin has the same
land cover. Moreover, this approach avoids the need to use a specific base line
period, which could increase uncertainties in the analysis of contribution (Zhang et
al., 2018). In addition, the contrast between scenarios is enhanced allowing the
differentiation on stormflows changes. Thus, the scenario of forest with current
climate (S1, Figure 5.5a) was established as base line scenario. Similarly to Hurtado-
Pidal et al., 2022, the model parameters changing among the scenarios are: canopy
interception capacity, and solil static storage. Evapotranspiration was not considered
as a variable due to its negligible impact during short flash floods. Therefore, the
mean values of canopy interception capacity and soil static storage were 10 and 105
mm for forest and 1 and 58 mm for agriculture, respectively.
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2.5. Stormflow sampling sites

One advantage of using a fully spatially-distributed hydrological model such as
TETIS is the ability to obtain outputs for any cell within the simulation domain
(watershed). However, it is important to achieve a good compromise between the
number of sampling sites and the stability of the results. Thus, a total of 42 points
were automatically generated at intervals of 3 km to simulate the stormflows (m?/s)
along the TRB stream network (see Figure 5.1a). This systematic sampling allowed
analyze the effect of climate change and LUCC at different scales along the
altitudinal gradient. The ‘st_line_sample’ function from the ‘sf-package’ (Pebesma,
2023) in R was used for this purpose.

2.6. Scenarios analysis

The hydrological simulations were carried out following a factorial design of two
variables, with two levels each one. This resulted in four (22) possible scenarios
(combinations) between climate change and LUCC (Figure 5.5a) for three return
periods. Following the methodology proposed by Zhang et al., 2018, the scenarios
were used to separate (and combine) the effect of climate change and LUCC on
stormflows with one-factor-at-a-time (OFAT) analysis. Since the S1 was established
as the base line scenario, the pairs to evaluate the individual effect of climate change
and LUCC were S2-S1 and S3-S1 scenarios, respectively. The combined effect was
evaluated with S4-S1 scenarios. These scenarios were analyzed with two
approaches described in the following sections.

(a) (b)
Current climate Future climate
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Figure 5.5. Schematic representation of (a) Scenarios: S1: forest with current climate, S2:
forest with future climate, S3: agriculture with current climate, S4: agriculture with future
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climate, (b) Point (x,y) of maximum curvature as a threshold of abrupt changes in peak flow
(and stormflow volume) difference, where x-axis is the critical elevations and y-axis is the
critical difference. Note that, the upper and lower basin, from maximum curvature, P(X,y),
have small and high differences, respectively.

Evaluation of effects of climate change and LUCC with statistical tests: For
the three return periods, the statistical differences of stormflows among scenarios
S1 to S4 were analyzed using the non-parametric Kruskal-Wallis test (Kruskal &
Wallis, 1952). The Kruskal-Wallis test is a non-parametric alternative to one-way
ANOVA and has been applied to evaluate the effects of climate change and LUCC
on floods when data was non-normal (Jodar-Abellan et al., 2019; Singh et al., 2005).
Therefore, the non-normality of the stormflow series was corroborated with the
Shapiro Test (Shapiro & Wilk, 1965). The null hypothesis in the Kruskal-Wallis test
(no difference among scenarios) is generally evaluated with a confidence level of
0.05. However, this value was used only as a reference since our goal was to
evaluate general change patterns in the altitudinal gradient, rather than a specific
confidence level (i.e., a = 0.05). This reasoning applies to the other tests (i.e.: Dunn
and Scheirer-Ray-Hare tests). Further details about this statistical test can be found
in (MacFarland & Yates, 2016).

The individual and combined contribution of climate change and LUCC was
determined comparing the statistical differences among pairs: S2-S1 for climate
change; S3-S1 for LUCC; and S4-S1 for both, climate change and LUCC. Therefore,
after the Kruskal-Wallis test, a post-hoc analysis was carried out with Dunn test
(Dunn, 1964) using the '‘BH’ method to adjust p-values, similarly to Hurtado-Pidal et
al. (2022) and Jodar-Abellan et al. (2019). Additionally, as a complementary
analysis, the contribution of independent variables (climate change and LUCC) over
dependent variable (stormflows) and their interaction, was assessed with the
Scheirer-Ray-Hare test (Sokal & Rohlf, 1969). This test is the non-parametric
alternative to two-way ANOVA and is used to analyze the individual contribution and
interactions among factors (variables) with two or more levels. Finally, the
exponential decay equations were fitted to analyze the relationship among
elevations (m.a.s.l, x-axis) and p-values (y-axis) for the three return periods. The
coefficient of determination R? was used to measure the goodness of fit, which
guantifies the proportion of the variance present in the observed data that can be
explained by the model. R? ranges from 0 to 1, where higher values imply reduced
error variance and values greater than 0.5 are considered acceptable (Moriasi et al.,
2007).
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Evaluation of effects of climate change and LUCC with absolute differences:
For the three return periods, the absolute differences of peak flows (m?3/s) and
stormflow volumes (SFV, Hm?3) were evaluated applying the methodology proposed
by Yang et al. (2017) and Zhang et al. (2018) with the following equations:

AQpc = 5 [1(QpED) — (QpED) + (QpfD) — (QpfD] (1)
AQp, = 51(Qpf) — (QpfD) + (@pfD) — (QpD] (2)
AQp = AQpc + AQp, = QpiZ — Qpii (3)

where AQp., AQp; and AQp are the individual and combined effect on peak flows (or
SFV) of climate change, LUCC and climate change and LUCC, respectively. Note
that L1, L2, C1, C2 are forest, agriculture, current climate and future climate
respectively. Thus, for peak flows, Qptl, QpfZ, Qptl, Qpf? are the S1, S2, S3 and
S4, respectively. Additionally, the interaction was assessed as follows:

10p = (Qpf% — QpfH) — ((Qpf? — Qpfd + (@ - QpfD) (4)

The univariate exponential decay equations were fitted to analyze the
differences and interactions of peak flows and SFV across the altitudinal gradient.
As a complementary analysis, a lineal equation was fitted between SFV interaction
and flow accumulation. The goodness of fit was assessed with the coefficient of
determination R?. Additionally, the maximum curvature was evaluated in the fitted
exponential decay equations. The maximum curvature is proposed as a point of
abrupt change in the differences of peak flows and SFV along the altitudinal gradient
(Figure 5.5b). Thus, the point coordinates of maximum curvature are the critical-
elevation (x-axis) and the critical-difference (y-axis). The maximum curvature point
of exponential decay fitted equations, was determined with the ‘maxcurv’ function
from the ‘soilphysics-package’ in R (Silva & Lima, 2017). Finally, the peak flows at
the basin outlet were obtained, in order to analyze specifically the implications of
climate change and LUCC for floods in the city of Tena. All statistical analysis and
graphics were achieved with R.

3. Results
3.1. Effects of climate change and LUCC with Kruskal-Wallis test

The results of Kruskal-Wallis test to evaluate the effect of climate change and
LUCC with three return periods (Rp2, Rp10, Rp100), are shown in Figure 5.6. The
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fitted exponential decay equations indicate excellent performance, with R? values
higher than 0.8 for Rp10 and Rp100. Thus, the pattern of changes across elevations
is clear. The difference in stormflow among scenarios is higher in the upper basin
(low p-values) indistinctly of the return period from elevations above 1250 m
approximately (p-value = 0.005). However, as the altitude decreases from medium
to lower elevations within the basin (= < 1000 m.a.s.l), the scenarios become more
similar. Additionally, as the storm intensifies, the differences between them further
decrease. Using a confidence level of 0.05 as a reference, the Table 5.3 show the
percentage of stormflow sampling sites with p-values below this value. For Rp2
almost all sampling sites (95%) has a statistically significant difference among
scenarios. While, for Rp10 and Rp100 less than a half have p-values below 0.05,
especially in the upper basin.

Kruskal-Wallis test
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Figure 5.6. Relationship between p-values of Kruskal-Wallis test (y-axis) and elevations in
the basin (x-axis) for three return periods; Rp2 (black dashed line and square points), Rp10
(blue solid line and circle points), Rp100 (red dashed line and triangle points).

Table 5.3. Percentage of stormflows sampling sites with p-values below 0.05.

Factor Kruskal-Wallis test Dunn Test Scheirer-Ray-Hare test
Rp2 Rpl0 Rpl00 Rp2 Rpl0 RplO0 Rp2 Rpl0 Rpl00
Climate change 0.24 0.00 0.00 1.00 0.12 0.00
LUCC 095 043 036 0.17 0.14 0.12 0.62 050 0.50
Climate change and LUCC 0.98 0.50 0.24 0.00 0.00 0.00
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3.2. Effects of climate change and LUCC with Dunn test

Figure 5.7 shows the results of post-hoc analysis with Dunn test for evaluating
both the individual and combined effects of climate change and LUCC on floods. For
climate change effect (Figure 5.7a), the fitted exponential decay equations indicate
satisfactory results in general terms, with R? values higher than 0.7 for Rp10 and
Rp100. The effect of climate change is relatively homogeneous for Rp2, while the
fitted curve for Rp100 and especially Rp10 shows an abrupt change in the gradient
on the lower part of the basin (= < 750 m.a.s.l). Overall, the effect of climate change
in the upper basin is higher than in the lower basin. Also, as storm is more intense
the influence of climate change on floods becomes marginal. Regarding the
significance level, only the Rp2 has sampling sites (24%, Table 3) with p-values
below 0.05 (702 m.a.s.l).
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Figure 5.7. Relationship between p-values of Dunn test (y-axis) and elevations in the basin
(x-axis) for three return periods in the evaluation of (a) Climate change, (b) LUCC and (c)
Climate change and LUCC. Symbology description is the same as Figure 5.6.
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The LUCC effect over stormflows with Dunn test (Figure 5.7b) show
satisfactory fitted equations in all cases (R?> > 0.6). The effect of LUCC is
heterogeneous with higher effect in the upper part of the basin (e.g., for Rp2, p-value
= 0.05, elevation = 874 m.a.s.l) and smaller effect in the lower part (p-values > 0.05).
The stormflow sampling sites with p-values below 0.05 decreases progressively
(Table 5.3) as storm increases (e.g. 17 and 12% for Rp2 and Rp100 respectively).

Figure 5.7c depicts the results of the combined effect of climate change and
LUCC through the Dunn test. The fitted exponential decay equations indicate
excellent performance for Rp100 and Rp10 (R? > 0.8), and moderate performance
for Rp2 (R? = 0.4). Also, the combined effect is relatively homogeneous for Rp2 (p-
values with lower dispersion) but heterogeneous for Rp10 and Rp100 (p-values with
higher dispersion, Figure 5.8a). In this regard, the combined effect of climate change
and LUCC is higher in the upper part of the basin, and the smaller in the lower part
(e.q., for Rp2, p-value = 0.05, elevation = 906 m.a.s.|).

Note that for Rp2, almost all sampling sites (98%) has p-values below 0.05 for
combined effect using Dunn test. However, as the storm intensity increases, the
percentage of sampling sites with p-values below 0.05 is smaller (Table 5.3). Thus,
these results suggest that smaller stormflows (Rp2) are more strongly affected by
both climate change and LUCC.
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(CC) and LUCC with three return periods (Rp2, Rp10, Rp100). (a) Dunn test and (b)
Scheirer-Ray-Hare test. The black circle in the boxplots indicate the median value.

3.3. Effects of climate change and LUCC with Scheirer-Ray-Hare test

Figure 5.9 shows the results of the Scheirer-Ray-Hare test, which is the non-
parametric analysis equivalent for a two-way ANOVA. The results show the
individual effects of climate change and LUCC. The effect of climate change is
relatively homogeneous across the gradient, with greater dispersion in the lower
basin (Figure 5.9a). The effect of climate change is higher in the upper basin and
smaller in the lower basin. Also, as storm is more intense the influence of climate
change is smaller. Note that only for Rp2, all sampling sites (100%) have p-values
below 0.05 (see Table 5.3).
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Figure 5.9. Relationship between p-values of Scheirer-Ray-Hare test (y-axis) and elevations
in the basin (x-axis) for three return periods in the evaluation of (a) Climate change and (b)
LUCC. Symbology description is the same as Figure 5.6.

The LUCC effect over stormflows with Scheirer-Ray-Hare test (Figure 5.9b)
shows satisfactory fitted equations in all cases (R?> 0.7). The effect of LUCC varies
across the basin, with a higher effect in the upper part (e.g., for Rp2, p-values = 0.05,
elevation = 661 m.a.s.l) and a smaller effect in the lower part (p-values > 0.05). For
Rp2, 60% of stormflow sampling sites have p-values below 0.05, whereas for Rp10
and Rp100, only 50% of sampling sites are below this confidence level (Table 5.3).
Also, the combined effects of climate change and LUCC indicate no significant
interaction between these factors (p-values > 0.05, Figure 5.8b, Table 5.3).
However, a very small interaction is observed for Rp2 events, which decreases
progressively with increasing storm intensity.
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In summary, the results obtained with the three statistical tests (Kruskal-Wallis,
Dunn, and Scheirer-Ray-Hare test’s) indicate the same spatial pattern across
elevations regarding the effects of climate change and LUCC over stormflows. In
general terms, the stormflows in the upper part of the basin are more sensitive to
perturbations triggered by climate change or LUCC and their combination, than
those in the lower part. Additionally, when the factors are isolated, the climate
change have greater influence for Rp2, and LUCC greater influence for Rp10 and
Rp100 (Table 5.3). Also, the LUCC influence is higher in the upper than in the lower
basin (= > 1000 m.a.s.l), regardless of the storm intensities. However, the effect of
LUCC is more varied than climate change across elevations because of the p-value
dispersion (Figure 5.8a and 5.8b). It is worth noting that the combined effect notably
enhances the changes in the upper part of the basin, especially for Rp2 (98% of
sampling sites with p-values < 0.05, as indicated in Table 5.3). Nevertheless, as
storm intensity increases, the effect of these factors in the lower part of the basin
becomes smaller.

3.4. Effects of climate change and LUCC with absolute differences

Figure 5.10 and Table 4 show the individual and combined effect of climate
change and LUCC over peak flows (m?/s) and SFV (Hm?3) from three return periods.
The fitted exponential decay equations indicate in all cases satisfactory results (R?
= 0.7) for both variables (peak flows, SFV). Also, the individual effect of climate
change produces greater differences, than those generated by LUCC (Figure 5.10a,
5.10b). However, as expected, the combined effect of these factors produces even
higher differences for peak flows and SFV (Figure 5.10c, Figure 5.11).
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Figure 5.10. Relationship between absolute differences (y-axis) and elevations in the basin
(x-axis) for three return periods in the evaluation of (a) Climate change, (b) LUCC and (c)
Climate change and LUCC. The left and right panel correspond to peak flows difference and
SFV difference respectively. Symbology description is the same as Figure 5.6.
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Table 5.4. Coordinates (x,y) of maximum curvature related to abrupt changes in Figure 5.10.
(a) critical elevation (m.a.s.l), (b) critical difference of peak flows (m®s) and SFV (Hm?3).

(a) Critical elevation (x-axis)

Factor Peak flow Stormflow volume
Rp2 Rpl0 Rpl100 Rp2 Rpl0 RplO0
Climate change 590.12 590.21 589.67 588.77 588.77 588.77
LUCC 590.39 588.86 589.10 588.95 588.98 588.98

Climate change and LUCC 590.18 589.88

589.49

588.83 588.83 588.83

(b) Critical difference (y-axis)

Factor Peak flow Stormflow volume
Rp2 Rpl0 Rpl100 Rp2 Rpl0 Rpl00
Climate change 9.15 7.93 4.69 0.06 0.05 0.03
LUCC 2.56 1.96 1.91 0.02 0.02 0.02
Climate change and LUCC 11.70 9.85 6.59 0.08 0.07 0.05

In general terms, the critical elevations (threshold of changes by the maximum
curvature) for peak flows and SFV are localized, in average, at 590 and 589 m.a.s.|
respectively (Table 5.4a). In addition, as storm intensity increases the critical
difference declines (Table 5.4b). However, the isolate effect of LUCC over SFV
generates the same difference (0.2 Hm?) regardless of storm intensity (Figure 5.10b,

Figure 5.11b).
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Figure 5.11. Boxplots of absolute differences from individual and combined effects of
climate change (CC) and LUCC with three return periods (Rp2, Rp10, Rp100) for (a) peak
flow difference and (b) stormflow volume difference. The median value is represented by the
black circle in the box plots. Note that the y-axis was limited to enhance visualization of
values near the mean: 0-1000 for peak flow and 0-5 for stormflow volume.

For Rp2 the combined results of break points of statistical tests (p-value = 0.05)
and absolute differences (maximum curvature), allow the establishment of an
altitudinal range from 590 to 906 m.a.s.| approximately. This is the transitional area
in terms of influence (individual and combined with climate change) of LUCC on
stormflows.

3.5. Interactions between climate change and LUCC with absolute differences

Figure 5.12 shows the interaction between climate change and LUCC, from
stormflow volume with different return period. The fitted exponential and linear
equations show an antagonistic interaction pattern. In other words, the individual
sum of factors is greater than the combined effect. The fitted exponential equations
(Figure 5.12a) show satisfactory results, especially for Rp10 and Rp100 (R? 2 0.7).
The interaction is very small, regardless the storm intensity, up to 590 m.a.s.|
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(elevation for maximum curvature, Table 4). However, from this elevation to
downstream the interaction increases slightly, especially for Rp2.
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Figure 5.12. Relationship between climate change and LUCC interaction (y-axis, equation
1) using SFV with (a) elevation in the basin (x-axis), (b) flow accumulation (x-axis, drainage
area expressed in number of cells of 100 x 100 m) for three return periods; Rp2 (black
dashed line), Rp10 (blue solid line), Rp100 (red dashed line). Also, the Strahler order is
represented by different point symbols; 1 (circle), 2 (triangle), 3 (square), 4 (plus).

The relationship of interactions between climate change and LUCC with flow
accumulation (Figure 5.12b), fitted with linear equations, show satisfactory results
overall, especially for Rp2 and Rp10 (R? = 0.9). The sampling sites with Strahler
order 3 and 4 (downstream) show different level of interactions across return periods.
In this regard, the Rp2 show higher interaction. However, Strahler order 1 and 2
(mainly upstream) show small interaction values for all return periods.

In summary, the results suggest that there is a very small antagonistic
interaction between climate change and LUCC. This interaction increases slightly to
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downstream as storm intensity decrease, especially for streams with Strahler order
3 and 4.

3.6. Effects of climate change and LUCC at the basin outlet

Finally, Table 5.5 shows the results of relative contribution (%) both the
individual and combined effects, of climate change and LUCC over peak flows (m?3/s)
at the basin outlet (city of Tena, Figure 5.1). The isolate effect of climate change is
greater than LUCC effect, especially for Rp2 (131 %). However, as storm becomes
more intense, the individual and combined effect of factors decline.

Table 5.5. Relative contribution of individual and combined effect of climate change (CC, %)
and LUCC (%) over peak flows (m?/s) at the basin outlet (TRB).

Rp Forest Agriculture CcC LUCC CC and LUCC
Current Future Current Future effect (%) effect (%) effect (%)
Rp2 894 2066 1212 2358 131.10 35.57 163.76
Rp10 1683 2670 1996 2973 58.65 18.60 76.65
Rp100 2628 3285 2929 3552 25.00 11.45 35.16

Additionally, it is shown an antagonistic interaction with regard peak flows at
the outlet, since the sum of the individual effect of factors are greater than the
combined effect. For instance, Rp2 generates a change of 166.67 and 163.76 %, for
individuals and combined effects respectively. However, in concordance with
previous results, the difference among individual and combined effects decreases
as storm intensity increase.

In summary, the results suggest that in the upper basin stormflows are more
sensitive to LUCC, while in the lower basin stormflows are more sensitive to climate
change. Therefore, even with the hypothetical scenario of whole basin covered by
forest, the climate change will have a much greater contribution, especially for
frequent storm events (Rp2). However, as storm intensity increases the interaction,
and the relative effect of factors over peak flows decreases.

4. Discussion

4.1. Climate change projections in the Ecuadorian Amazon and implications
for the city of Tena
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Our results showed and increment of 28 % in mean daily precipitation between
observed (M1219) and middle future simulated climate (2041-2070; IPSL SSP5-8.5).
Segarra (2022) found an increment of 21 % in daily precipitation for Colonso basin
(within the TRB) due to climate change under RCP8.5. However, the difference (28
vls 21%) can be attributed to the fact that CMIP6 simulates, in general, more
precipitation than CMIP5 (Kim et al., 2020). Moreover, one of the improvements of
IPSL-CMIP6 is the capacity to better simulate extreme precipitations and reducing
the dry Amazon basin bias (Boucher et al., 2020). However, despite the small
discrepancies in magnitude, several studies consistently project an increase in
precipitation in the northwest Amazon region, near the Andes foothills (Almazroui et
al., 2021; Pabon-Caicedo et al., 2020; Palomino-Lemus et al., 2017; Sarmiento &
Kooperman, 2019; Solman, 2013). The ensemble regional climate model of Ecuador
under RCP8.5 also indicates a projected increase of approximately 15% in monthly
precipitation for the north-central Ecuadorian Amazon region, as reported by the
Environmental Ministry of Ecuador (Armenta et al., 2016). Additionally, mean annual
runoff and floods are projected to increase in this region due to climate change
(Hirabayashi et al., 2013; Sorribas et al., 2016). Our results about IPSL SSP5-8.5
middle future projections (2041-2070) are in agreement with the projections of
precipitation intensity and floods for the study area.

The peak flow at the basin outlet changed from 894 to 2066 m?3/s for Rp2, with
the considered climate change scenario (Table 5.5). Previous studies in TRB
simulated, with different modeling approach, the flood occurred in the city of Tena in
September 2017. For instance, Chancay & Espitia-Sarmiento (2021), simulated with
GR4H model at hourly time step a peak flow of 1379 m?/s. Also, Hurtado-Pidal et al.
(2020) simulated with HEC-HMS model at minute time step a peak flow of 1967 m3/s,
for the same event. Thus, in the future (2041-2070), climate change alone has the
capacity to produce floods in the city of Tena every two years on average, even when
the entire basin is covered by forest.

In the base scenario (forest with current climate), the peak flow for Rp10 is
1683 m?/s (Table 5.5) which is enough to overflow the channel banks and cause
floods (Chancay & Espitia-Sarmiento, 2021). Therefore, due to climate change, it is
probable that the frequency of floods will change from once every 10 years to at least
once every 2 years, in average. In other words, the probabilities of producing floods
in the city of Tena during any given year will change from 10 (current) to 50 %
(future). Considering the numerous floods that have occurred in recent years (3 in
the last 10 years), this scenario is even more discouraging from the perspective of
the risk it poses to the inhabitants (GADM-TENA, 2021).
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4.2. Individual effects of climate change and LUCC on floods

We presented for the first time an evaluation of the effect of climate change
and LUCC across the altitudinal gradient in a humid tropic catchment distinguishing
the individual and combined effect on stormflows. Despite the relatively high effect
of LUCC on stormflows in the upper basin, our results also indicate that climate
change has greater influence by absolute differences in peak flow and stormflow
volume, SFV (Figure 5.10 and Figure 5.11). Although the effects of climate change
and LUCC on floods are site-specific, it appears that, in general, climate change has
a greater influence on key hydrological variables such as annual runoff. Shang et al.
(2019) found a relative contribution from climate change and LUCC to the runoff
generation over a basin in China of 87% and 53%, respectively. Additionally, Lian et
al. (2020) reported that human activities such as LUCC and management practices
account for 57% and 78% of runoff in two basins, respectively, while precipitation in
non-flood season accounts for 84% and 172%, respectively. Furthermore,
Lamichhane & Shakya, (2019) observed an increment in river runoff of 37% and
21% for the individual effects of climate change and LUCC, in a basin in Nepal,
respectively. On the other hand, the individual effects of climate change and LUCC
can be in the opposite direction, resulting in a decrease in mean annual runoff, such
as the results reported by Krajewski et al. (2021), regarding a contribution on runoff
reductions due to climate change and LUCC of up to 80% and 40%, respectively.
Therefore, in general, the climate change has a greater contribution than LUCC to
runoff and floods (Chawla & Mujumdar, 2015; Hung et al., 2020; Tian et al., 2022;
Wang & Stephenson, 2018; Zhang et al., 2018). Specially for small LUCC variations
below 20% of the basin area (Bathurst et al., 2020). However, even in landscapes
dominated by saturation-excess overland flow, the processes of runoff are
susceptible to scale (Edokpa et al., 2022). Thus, the effect of LUCC on stormflows
is not only limited, but is gradually decreasing in the downstream direction which can
be explained in part by the scale process (Rogger et al., 2017). In other words, even
with large scale of intervention, such as deforestation, the greater the distance
downstream the smaller will be the impact even when large scale deforestation takes
place (Lane, 2017). Therefore, while LUCC is more important at smaller basins (e.g.,
< 100 km2), climate can have effects even at higher scales (Bléschl et al., 2007,
Chang & Franczyk, 2008; Hung et al., 2020). Bléschl et al. (2007) and Dadson et al.
(2017) indicate that the impact of LUCC on river flows is small compared with natural
climate variability. Moreover, they indicate that at smaller scales, LUCC has a larger
impact than climate variability on hydrological response. In this regard, this research
showed that LUCC has a greater and significant influence on floods in the upper
basin than climate change. Then, as the flow moves downstream the influence is
reduced. Similar to Bloéschl et al. (2007), the climate change showed a more
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homogeneous effect than LUCC on stormflows across the altitudinal gradient, being
more important climate change than LUCC in the downstream part of the study
basin.

The higher effect of LUCC observed in the upper basin is explained by higher
connectivity during storms due to soil moisture and steep slopes. Previous research
in the TRB (Hurtado-Pidal et al., 2022) showed that deforestation in the upper part
of the basin is the worst scenario regarding floods. Olang & Furst, (2011), also found
that upper basin deforestation produces the highest effects on peak flows due to the
steep slopes. Additionally, Shuttleworth et al. (2019) found that restoration of upland
basins in UK can contribute to natural flood management reducing peak flows by
27% and increasing lag times by 106%. The soil moisture and steep slopes play a
determinant role in the flow connectivity and thus in the increment of subsurface
stormflow rates (Bloschl, 2022; Crespo et al., 2011). The higher influence of LUCC
in the upper basin is related to the scale processes and physical characteristics such
as soil moisture, saturated soil conductivity and steep slopes that enhance basin
connectivity (Asano & Uchida, 2018; Birch et al., 2021; Edokpa et al., 2022; Gomi et
al., 2008; Hopp & McDonnell, 2009).

The obtained results also show that as storm becomes more intense the
relative influence of forest cover on stormflows decrease, which is in agreement with
other studies (Bathurst et al., 2020; lacob et al., 2017; Laurance, 2007). Bathurst et
al. (2011) conducted a study in Latin American basins using data analysis and model
applications, which supported the hypothesis that the effect of forest cover
decreases with increasing flood magnitude. Also, Birkel et al. (2012) showed for a
humid catchment in Costa Rica that LUCC has relatively little effect on peak flows
with return periods > 1-year.

4.3. Combined effects of climate change and LUCC on floods

The most important finding in the current research is related to the interaction
between climate change and LUCC across the altitudinal gradient. The results using
stormflow series show a statistically non-significant interaction (Scheirer-Ray-Hare
test, p-value > 0.05). Also, the absolute differences of SFV indicate a slightly
antagonistic effect in the lower part. These results together indicate a slightly but
statistically non-significant interaction between climate change and LUCC. Some
studies have show both antagoninstic and synergistic interactions at basin scale
(e.g.: Hung et al., 2020; Lamichhane & Shakya, 2019). Lamichhane & Shakya,
(2019) obtains an antagonistic interaction for future projections in annual river runoff,
since the percentage of change for climate change, LUCC and combined were 37,
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21, 12 %, respectively. In contrast, Hung et al. (2020) found at monthly time scale,
an increase in peak discharges, respect to base line, of 118% for the combined
effects, while the individual effect of climate change and LUCC, were 83 and 27 %,
respectively (= 8 % due to synergistic interaction). However, differences can be
attributed to the use of different time scales (i.e., event vs monthly time scales). This
suggest that the nature of interaction between climate change and LUCC depends
on the temporal time scales of hydrological processes. More research is needed in
this regard.

Furthermore, the combined effect of climate change and LUCC over
stormflows in the altitudinal gradient, is more like individual effect of LUCC (Fig 7b).
Also, the Kruskal-Wallis test and the post-hoc Dunn test demonstrate that the
combined effect of factors is crucial in the upper basin, regardless of rainfall intensity.
However, as elevation decreases and rainfall intensity increases, the combined
effect of climate change and LUCC on floods diminishes in a non-linear manner
(exponential decay function).

4.4. Implications for ecosystem services to regulate floods

It is crucial to protect forests in the upper basins as forest provide irreplaceable
flood regulation services especially with ongoing and projected climate change.
Although for Rp2 the altitudinal range from 590 to 906 m.a.s.| approximately, would
be the transitional area between upper and lower basin in terms of influence of LUCC
on stormflows. The relatively stable critical elevation (= 590 m.a.s.l), associated with
abrupt changes in peak flows and SFV, can aid in zoning the TRB for nature-based
flood management strategies. Thus, we propose prioritizing the protection and/or
restoration of hillslopes from 590 m.a.s.| to the upper part of the basin. Similarly,
protecting the main channel and its influence areas, such as low terraces and
riparian zones, from 590 m.a.s.| to the lower part of the basin, specifically the high-
flow areas in Figure. 1a (green polygon). Although the critical elevation of 590 m.a.s.|
is site specific, the methodology based on OFAT together with Zhang et al. (2018)
equations can be replicated in other basins with abrupt changes in the altitudinal
gradient such as TRB, in order to establish the zoning proposed in this study.

The zoning proposed in this study (High-flow areas in Fig. 1a) can enhance the
management of ecosystem services for flood mitigation in TRB especially during
small and medium storm events (< Rp2). Other flood management strategies such
as the peri-urban landscapes planning can be based on our proposal (Barbedo et
al., 2014). However, combining the ecosystem services and peri-urban planning are
increasingly important in the context of climate change projections in the study area.
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5. Conclusions

This study evaluates, through hypothetical scenarios and spatially-distributed
hydrological modeling, the individual and combined effect of climate change and
LUCC on stormflows across the altitudinal gradient in a humid tropic basin within the
Ecuadorian Amazon.

A slightly and statistically non-significant interaction between climate change
and LUCC was identified, with an antagonistic effect in the lower part. However, in
practical terms can be considered a null interaction. The probabilities of producing
floods downstream during any given year will change due to climate change from 10
to 50 % even with the hypothetical scenario of the entire basin being covered by
forest. Additionally, climate change has more homogeneous effect than LUCC
across the altitudinal gradient. However, the combined effect of factors is greater in
the upper basin and decreases as storm intensity increases. Therefore, maintaining
or restoring the native forest in the upper basin is crucial to help in the mitigation of
climate change effects during small and medium-size storms. For Rp2 the altitudinal
range from 590 to 906 m.a.s.| approximately, would be the transitional area between
upper and lower basin in terms of influence of LUCC on stormflows. Nevertheless,
the 590 m.a.s.l is the elevation where the abrupt changes of peak flow and stormflow
volume occurs. Finally, a spatial zoning is proposed based in this elevation to
prioritize the protection of hillslopes and river channel areas.

The results of this study provide clear guidelines for the application of NbS for
flood regulation in humid tropical basins and enhance our understanding of
ecosystem services in a context of climate change.
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1. General Discussion
1.1. Hydrologic and hydrodynamic modeling of September 2017 flood event

Flash floods are the main natural hazard in the city of Tena in the Ecuadorian
Amazon. This is due to the combination of heavy rainfall, steep terrains (40% in the
upper part), small drainage areas (= <135 km2), and saturated soils (~90%). From
1996 to 2017, floods in this area have affected 16,422 people and 923 households,
causing thousands of victims and hundreds of destroyed homes. For instance, the
September 2017 flood event alone, affected 974 inhabitants (GADM-TENA, 2021).
This event supplied the essential data for its reconstruction, and thus was used as a
reference to understand the main features of a flash flood in the city of Tena through
hydrological and hydrodynamic modeling.

Performance metrics NSE and PBIAS suggest that the hydrological models
used in Chapters Ill, IV and V (HEC-HMS, Hurtado-Pidal et al., 2020; and TETIS,
Hurtado-Pidal et al., 2022; Hurtado-Pidal et al., 2023 in prep), achieved a satisfactory
level of confidence according to Moriasi et al. (2007) guidelines. Moreover, VanLiew
et al. (2005) established that daily or smaller time step simulations the NSE can be
as low as 0.4 to be considered acceptable. Thus, despite the context of
hydrometeorological data scarcity, the simulations with HEC-HMS and TETIS (1-
minute and 10-minute time step, respectively) reproduced a reliable hydrological
response during extreme events.

The HEC-HMS model allowed the reconstruction of the flood hydrograph of the
flash flood event occurred in the city of Tena on 2 September 2017. According to the
simulation, the peak flow of this event was 1967 m?3/s. Additionally, Chancay &
Espitia-Sarmiento (2021) through the GR4H model, with hourly time step simulation,
establish a peak flow of 1379 m?/s for the same event. However, the differences can
be attributed in part to the different time step simulations between HEC-HMS (1-
minute) and GR4H (1-hour). For instance, the change of the GR4 model time step
results in large and monotonous changes of the internal fluxes (Ficchi et al., 2019).
Additionally, the simulation for TRB carried out by Chancay & Espitia-Sarmiento
(2021) exhibits a - 27% difference with respect to the observed peak flow of 1896
m3/s. Consequently, using this value as a reference (1896 m?d/s), the peak flow
estimated by HEC-HMS (1967 m?/s) is only overestimated by 4%.

The results with 2D hydrodynamic modeling (Nays2DFlood) for September
2017 flood event show satisfactory performance for both flow velocity (m/s) and flow
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depth (m), according to Moriasi et al. (2007) guidelines applied for this task (Chapter
[1l). Furthermore, a very good level of spatial agreement was achieved between the
observed and modeled flood areas with the F index (0.8) proposed by Horritt and
Bates (2002), as well as with control points (6/8). Therefore, the hydrodynamic
reconstruction and maps derived from this simulation can be used as a reference for
flood management in urban areas (with residential, commercial and tourism uses)
within the city of Tena. The published maps in the Territorial Planning and
Development Plans (TPDP) of the Municipality of Tena do not indicate flow levels or
velocities within the flood-prone areas (GADM-TENA, 2021). It is highly probable
that these maps are currently based on spatial analysis and geomorphic analysis
using geographic information systems and digital elevation models. However, relying
solely on flood-prone areas without considering flow levels and velocities limits urban
planning for housing construction, design of infrastructure and public spaces, as well
as flood contingency plans (Maranzoni et al., 2023).

In this regard, the flood intensity map indicates that 71 % of flooded areas were
under high intensity flood (water depth > 1.5 m or flow velocity > 1.5 m/s). The
maximum water depth and flow velocity in flooded areas were approximately, 4m
and 3 m/s, respectively. Also, the medium intensity flood (0.5 < depth < 1.5 m; 0.5 <
flow velocity < 1.5 m/s) reach 23% of flooded areas. Therefore, a scenario similar to
the September 2017 flood event, implies that human lives, infrastructure and
vehicles are at risk in 94% of the projected flooded areas (Bocanegra et al., 2020;
Huizinga et al., 2017). These areas may require evacuation and rescue operations,
as well as damage to residential buildings is also expected.

1.2. Climate change projections and implication for floods in the city of Tena

The results showed that the daily precipitation in the basin would change from
11.16 mm (historical) to 14.32 mm (future), which represents an increase of 28%.
Additionally, there would also be a change in the precipitation range (maximum -
minimum), shifting from 182.20 mm (historical) to 233.50 mm (future), meaning also
an increase of 28% (in both periods, the minimum value is 0 mm). In general, climate
change simulations related to high emission scenarios (SSP5-8.5, RCP8.5) indicate
an increment in precipitation for the northwest Amazon including the Ecuadorian
Amazon and Andes foothills (Almazroui et al., 2021; Armenta et al., 2016; Pabon-
Caicedo et al., 2020; Palomino-Lemus et al., 2017; Sarmiento & Kooperman, 2019;
Solman, 2013). Specifically, Segarra (2022) found an increment of 21% in daily
precipitation for Colonso basin (within the TRB) due to climate change.
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In the future (2041-2070), climate change alone has the capacity to produce
floods in the city of Tena every two years on average (Rp2), even in the extreme
scenario of the entire basin being covered by forest. Thus, the probabilities of
producing floods in the city of Tena during any given year will change from 10
(current, Rp10) to 50 % (future, Rp2). These results are in agreement with
Hirabayashi et al. (2013) that found a projected change in the range of 5 to 25 year
in flood frequency for this region using the scenario RCP8.5. Moreover, is probably
that these changes are already taking place due to the increase of flood events in
recent years (at least 3 in the last 10 years; GADM-TENA, 2021).

1.3. LUCC spatial patterns and floods

Through the analysis of different LUCC spatial patterns, such as, fragmentation
and location scenarios, the results of Chapter Il shows that, deforestation in the
upper basin produces the worst scenario for flood regulation (Hurtado-Pidal et al.,
2022). Further, the effect of LUCC is higher in the upper basin and decreases
progressively to downstream direction (Chapter V), which can be explained by scale
processes (Rogger et al., 2017). However, the higher influence of LUCC in the upper
basin is related not only to the scale processes but also to specific physical
characteristics in this part of the basin that can enhance the connectivity, such as
soil moisture, saturated soil conductivity and steep slopes (Asano & Uchida, 2018;
Birch et al., 2021; Edokpa et al., 2022; Gomi et al., 2008; Hopp & McDonnell, 2009).

Additionally, the forest fragmentation scenarios show smaller influence than
location scenarios. These results are in concordance with Hou et al. (2018) that
found relatively low effect of fragmentation. Contrarily, Boongaling et al. (2018) and
Gao & Yu, (2017) suggest that forest fragmentation is related to greater runoff and
high flows. Nevertheless, previous studies (Boongaling et al., 2018; Q. Gao & Yu,
2017) do not considered the area of forest, in other words higher fragmentation is
also related to forest loss. In our experiments the area of forest is constant (50% of
the basin). Thus, the results presented in this research (Chapter 1V) isolate the effect
of forest loss on floods, and only considers the different LUCC spatial patterns.

The lower basin is characterized by smaller terrain slopes and higher infiltration
capacity compared to the upper basin. As a result, the overland flow in this area is
lower. Also, the lower basin has greater fragmentation of forest due to the presence
of agriculture, infrastructure and other anthropic land covers. Thus, it is possible
found in the lower basin, an inverse correlation, between fragmentation and overland
flow (greater fragmentation with relatively lower overland flow). However, this inverse
correlation does not represent causation.
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In general terms, the soil infiltration capacity and terrain slopes would have
more influence than LUCC in the response during small and middle size events.
Previous research (e.g., Bathurst et al., 2018; Sriwongsitanon & Taesombat, 2011)
indicates that peak flows regulation is function of soil moisture content and if the
watershed is saturated the response is the same despite the differences in land
cover. Moreover, as storm intensity increases the effect of LUCC decreases
(Bathurst et al., 2020; lacob et al., 2017; Laurance, 2007).

1.4. Effects of climate change and LUCC across the basin

This research presents a detailed analysis of variations of individual and
combined effects of climate change and LUCC on floods across an altitudinal
gradient in a tropical humid basin. The results in Chapter V, shows that climate
change is more homogeneous than LUCC across the altitudinal gradient. Bloschl et
al. (2007), hypothesized that as the spatial scale increases the impact of LUCC on
hydrological response decreases progressively. In contrast, climate variability has a
homogeneous impact across different spatial scale. In other words, at smaller
scales, LUCC has a larger impact than climate variability on hydrological response.

The combined effects of climate change and LUCC on stormflows across
altitudinal gradient, also follow a non-lineal pattern. Thus, the LUCC effect in the
altitudinal gradient with an exponential decay function, prevails when the factors are
combined. Moreover, changes localized in the upper basin produce larger effects
than those produced downstream. These findings are in concordance to the results
presented by Hung et al. (2020) and Olang & Furst (2011) related to greater
sensitivity of stormflows to LUCC in small watersheds or headwaters. Also, one of
the more important findings shown in Chapter V is related to the interaction analysis.
A slightly and statistically non-significant interaction between climate change and
LUCC was identified, with an antagonistic effect in the lower part. Although some
studies found either, synergistic (Hung et al., 2020) or antagonistic interactions
between climate change and LUCC (e.g.: Lamichhane & Shakya, 2019), the
differences could be attributed to modeling setups (e.g., event v/s monthly time
scales).

The exponential decay function of absolute differences in the altitudinal
gradient of the study basin, indicates a relatively stable point of abrupt changes
located at 590 m.a.s.l. This elevation represents a threshold where the effect of
climate change and LUCC on stormflows is notably greater. Abrupt changes occur
in this part of the basin because, for the same elevation range (e.g., 50 m), the
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difference in accumulated draining area is much greater in the lower part than in the
upper part. Additionally, the results in Chapter V corroborate the findings shown in
Chapter 1V, regarding the decrease in the effect of LUCC as storm intensity
increases. Nevertheless, the different rainfall intensities (Rp2, Rp10, Rp100) slightly
alter the effect of LUCC on stormflows in the upper basin.

1.5. Implications for nature-based solutions and flood management

The results demonstrate the importance of the forest cover, located in the
upper basin, which is part of the biological reverse Colonso-Chalupas (RBCC, Figure
5.1a in Chapter V), to regulate floods. Moreover, considering the unfavorable
scenarios of climate change due to increased precipitation and flooding, the forest
in the upper basin plays a key role as a nature-based solution for flood regulation.
However, the results also indicate that, the influence of forest to regulate floods is
limited to small and medium size storms (sRp2). In this regard, for Rp2 the altitudinal
range from 590 to 906 m.a.s.l., approximately, would be the transitional area
between upper and lower basin in terms of influence of LUCC on stormflows
(Chapter V). In agreement with our findings, Birkel et al. (2012) found in a humid
catchment in Costa Rica that LUCC has relatively little effect on peak flows with
return periods > 1-year. Also, other studies emphasize the limited potential of forest
to reduce floods with higher storm events (Bathurst et al., 2011; lacob et al., 2017;
Salazar et al., 2012). Therefore, the application of nature-based solutions related to
the capacity of forest to regulate floods need to be completed with other initiatives
for an effective flood management (llieva et al., 2018; Soulsby et al., 2017).

This research defined the areas of greatest flow change (high-flow areas in
Figure 5.1a, Chapter V), based on a relatively stable critical elevation, localized at
590 m.a.s.l. In this elevation, abrupt changes on peak flows and stormflow volume
occurs due to the effects of climate change and LUCC. Thus, based on the evidence,
it is reasonable to prioritize the protection and/or restoration of hillslopes outside of
these high-flow areas (>590 m.a.s.l.). While inside high-flow areas <590 m.a.s.l), can
be established to prioritize the protection of river channel, low terraces and riparian
zones. Additionally, initiatives within the basin can be based on this spatial zoning,
such as peri-urban planning landscapes (Barbedo et al., 2014). This is important
considering that 6000 inhabitants live within high-flow areas, most of them
indigenous, with relatively high socioeconomic vulnerability (INEC, 2010).”

NbS and territorial planning (urban and peri-urban) can incorporate fluvial
corridors (with flooding parks) as multifunctional landscapes for flood attenuation,
recreation, conservation, among other purposes (Martin-Vide, 2015; Miguez et al.,

143



2015; Rotger, 2018). In this regard, the urban zoning contained within the TPDP of
the Municipality of Tena (GADM-TENA, 2021) indicates that many flood-prone
areas, close to the rivers Tena and Pano, are designated, as tourist development
zones (Al7) and conservation areas (A16). Therefore, the establishment of fluvial
corridors is necessary and compatible with the urban zoning of the city of Tena
serving effectively for both purposes (A17, A16). The establishment of NbS for risk
management, and territorial planning, should be together with the
hydrometeorological monitoring within the basin.

It is reasonable to assume that, during flood events, below 590 m.a.s.l., the
stormflow volume is moving mainly in the river channel. Whereas above this
elevation, an important percentage of water moves through interflow within the soil
profile. Thus, in agreement with findings of Asano & Uchida, (2018), it is possible
establish that, below 590 m.a.s.l., the response time of the basin (lag-time) during
storm events, is defined by the channel processes. On the other hand, above 590
m.a.s.l., the lag is defined by both interflow and stream flow.

The results presented in Chapter I, indicate a fast hydrological response of
the basin with short lag times during storm events. Additionally, the Chapter Il
suggest densifying precipitation monitoring to capture the spatial variability of non-
homogeneous storms in the basin. Thus, hydrometeorological monitoring for water
resources and flood management (early warning systems) is recommended
prioritizing river flow gauging below 590 m.a.s.| and rainfall gauging for areas above
590 m.a.s.l. The Universidad Regional Amazénica (Ikiam) located within the basin
has started working in this regard (Ikiam-University, 2021).

2. Discusion General

A continuacion, se presenta una traduccion al castellano de la seccién anterior
titulada ‘General Discussion’:

2.1. Modelacion hidrolégica e hidrodinamica del evento de inundacion de
septiembre 2017

Las crecidas repentinas son la principal amenaza natural en la ciudad de Tena
de la Amazonia Ecuatoriana. Esto se debe a la combinacion de fuertes
precipitaciones con relieves escarpados (40 % en la parte alta), areas de drenaje
pequenas (=<135 km2) y suelos saturados (~90%). Desde 1996 hasta 2017 las
inundaciones en esta zona han afectado a 16422 personas y a 923 hogares,
generando miles de damnificados y cientos de hogares destruidos. Por ejemplo,
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solamente la inundacion del 2 de septiembre de 2017 produjo 974 afectados
(GADM-TENA, 2021). Este evento, al contar con informacién necesaria para su
reconstruccion, fue usado de referencia para entender por medio de modelacion
hidrolégica e hidrodinamica las caracteristicas de una inundacion en la ciudad de
Tena.

Las métricas de desempeiio NSE y PBIAS sugieren que los modelos
hidrolégicos utilizados en los Capitulos 1ll, IV y V (HEC-HMS, Hurtado-Pidal et al.,
2020; y TETIS, Hurtado-Pidal et al., 2022; Hurtado-Pidal et al., 2023 in prep),
alcanzaron un nivel satisfactorio de confianza segun las directrices de Moriasi et al.
(2007). Ademas, VanLiew et al. (2005) establecen que en simulaciones diarias o
con intervalos de tiempo mas pequefios, el NSE puede ser tan bajo como 0.4 para
considerarse aceptable. Por lo tanto, a pesar del contexto de escasez de datos
hidrometeorologicos, las simulaciones con HEC-HMS y TETIS (con intervalos de
tiempo de 1 minuto y 10 minutos, respectivamente) fueron confiables para
reproducir la respuesta hidrolégica durante eventos extremos.

El modelo HEC-HMS permitid la reconstruccion del hidrograma de crecida de
la inundacion repentina ocurrida en la ciudad de Tena el 2 de septiembre de 2017.
Segun la simulacién, el caudal maximo de este evento fue de 1967 m3/s. Ademas,
Chancay y Espitia-Sarmiento (2021), a través del modelo GR4H con simulaciones
de intervalo horario, establecen un caudal maximo de 1379 m3/s para el mismo
evento. No obstante, estas diferencias pueden atribuirse, en parte, a los diferentes
intervalos de tiempo usados las simulaciones de HEC-HMS (1 minuto) y GR4H (1
hora). Por ejemplo, el cambio en el intervalo de tiempo del modelo GR4H resulta en
cambios significativos en los flujos internos del modelo (Ficchi et al., 2019). Ademas,
la simulacion de la cuenca del rio Tena realizada por Chancay y Espitia-Sarmiento
(2021), muestra una diferencia del -27% con respecto al caudal médximo observado
de 1896 m3/s. De esta manera, utilizando este valor como referencia (1896 m3/s),
el caudal maximo estimado por HEC-HMS (1967 m3/s) esta sobreestimado solo en
un 4%.

Los resultados con el modelo hidrodinamico Nays2DFlood para el evento de
inundacion de septiembre de 2017, muestran un rendimiento satisfactorio, tanto
para velocidades (m/s) como para niveles de agua (m), segun Moriasi et al. (2007)
(Capitulo 111). Ademas, se logré un buen nivel de concordancia espacial entre las
areas de inundacion observadas y modeladas con el indice F (0.8) propuesto por
Horritt y Bates (2002), asi como con puntos de control (6/8). Por lo tanto, la
reconstruccion hidrodinamica y los mapas derivados de esta simulacion pueden ser
utilizados como referencia para la gestion de inundaciones en areas urbanas (con
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usos residenciales, comerciales y turistico) dentro de la ciudad de Tena. Los mapas
publicados en el Plan de Desarrollo y Ordenamiento Territorial (PDOT) de la
municipalidad de Tena no indican niveles ni velocidades de flujo en las é&reas
inundables (GADM-TENA, 2021). Es muy posible que, actualmente, estos mapas
estén basados en técnicas de analisis espacial y geomorfolégico a partir de
sistemas de informacién geografica y modelos digitales de elevacion. Sin embargo,
utilizar simplemente el area inundable y no los niveles y velocidades del flujo, limita
la planificacién urbana para construccion de vivienda, disefio de equipamiento y
espacios publicos, asi como planes de contingencia por inundacién (Maranzoni et
al., 2023).

En este sentido, el mapa de intensidad de inundacion indica que el 71 % de
las areas inundadas corresponden a una alta intensidad (niveles de agua > 1.5 m o
velocidad del flujo > 1.5 m/s). Sin embargo, en las areas inundadas, los valores
maximos tanto de velocidades como de niveles de agua fueron alrededor de 4 my
3 m/s, respectivamente. Ademas, la inundacion con intensidad media (0.5 < niveles
de agua < 1.5 m; 0.5 < velocidad del flujo < 1.5 m/s) cubrié el 23 % de las areas
inundadas. Por lo tanto, un escenario similar al evento de inundacion de septiembre
de 2017 implica que el 94% de las areas inundadas proyectadas representan riesgo
para vidas humanas, infraestructura y vehiculos (Bocanegra et al., 2020; Huizinga
et al., 2017). Estas areas pueden requerir operaciones de evacuacion y rescate, asi
como también podria esperarse dafios en edificaciones residenciales.

2.2. Proyecciones de cambio climético e implicaciones para inundaciones en
la ciudad de Tena

Los resultados mostraron que la precipitacion diaria en la cuenca cambiaria de
11.16 mm (historico) a 14.32 mm (futuro) lo que equivale a un incremento del 28%.
Ademads, también habria un cambio en el rango (méaximo - minimo) de precipitacién,
pasando de 182.20 mm (histérico) a 233.50 mm (futuro) lo que significa también un
incremento de 28% (en ambos periodos el valor minimo es 0 mm). En general, las
simulaciones de cambio climético relacionadas a escenarios con altas emisiones
(SSP5-8.5, RCP8.5) indican un aumento de precipitacion para el noroeste de la
Amazonia, incluyendo la Amazonia ecuatoriana y las estribaciones de los Andes
(Almazroui et al., 2021; Armenta et al., 2016; Pabon-Caicedo et al., 2020; Palomino-
Lemus et al, 2017; Sarmiento & Kooperman, 2019; Solman, 2013).
Especificamente, Segarra (2022) encontr6 un incremento del 21% en la
precipitaciéon diaria para la cuenca del Colonso (dentro de la TRB) debido al cambio
climatico.
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En el futuro (2041-2070), el cambio climatico por si solo tendria la capacidad
de producir inundaciones en la ciudad de Tena cada dos afos en promedio (Rp2;
periodo de retorno de 2 afios), incluso en un escenario extremo con toda la cuenca
cubierta de bosque. Por lo tanto, las probabilidades de que se produzcan
inundaciones en la ciudad de Tena durante cualquier afio cambiarian del 10% en la
actualidad (Rp10; periodo de retorno de 10 afios) al 50% en el futuro (Rp2). Estos
resultados concuerdan con Hirabayashi et al. (2013), quienes encontraron un
cambio proyectado en el rango de 5 a 25 afios en la frecuencia de inundaciones
para esta region utilizando el escenario RCP8.5. Ademas, es probable que estos
cambios ya estén ocurriendo debido al aumento de eventos de inundaciones en los
ultimos afios (al menos 3 en los dltimos 10 afios; GADM-TENA, 2021).

2.3. Patrones espaciales de la deforestacion e inundaciones

Analizando diferentes patrones espaciales del cambio de uso/cobertura del
suelo (LUCC), los resultados del Capitulo IV muestran que la deforestacion en la
cuenca alta es el peor escenario para la regulacién de inundaciones (Hurtado-Pidal
et al., 2022). Ademas, el efecto del LUCC es mayor en la cuenca alta y disminuye
progresivamente hacia aguas abajo (Capitulo V), lo cual puede explicarse por
procesos a escala (Rogger et al., 2017). Sin embargo, la mayor influencia del LUCC
en la cuenca alta también se debe a las caracteristicas especificas en esta parte
gue pueden mejorar la conectividad, como la humedad del suelo, la conductividad
hidraulica y las pendientes pronunciadas (Asano & Uchida, 2018; Birch et al., 2021,
Edokpa et al., 2022; Gomi et al., 2008; Hopp & McDonnell, 2009).

Por otro lado, los escenarios de fragmentacion de bosque muestran una
influencia menor que los escenarios de localizacion. Estos resultados concuerdan
con Hou et al. (2018) que encontraron un efecto relativamente bajo de la
fragmentacion. Por el contrario, Boongaling et al. (2018) y Gao & Yu, (2017)
sugieren que la fragmentaciéon del bosque estad relacionada con una mayor
escorrentia y caudales altos. Sin embargo, los estudios anteriores (Boongaling et
al., 2018; Q. Gao & Yu, 2017) no consideran la superficie, es decir, una mayor
fragmentacion de bosque también estaba relacionada con una menor superficie. En
esta investigacion, la superficie de bosque es constante (50% de la cuenca). Por lo
tanto, los resultados presentados en esta investigacion (Capitulo 1) aislan el efecto
de la pérdida de bosque en las inundaciones y solo consideran los diferentes
patrones espaciales de LUCC.

La cuenca baja se caracteriza por tener pendientes de terreno mas pequefias
y una mayor capacidad de infiltracion respecto a la parte alta. Como resultado, el
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flujo superficial en esta parte es menor. Ademas, la cuenca baja tiene una mayor
fragmentacion del bosque debido a la presencia de agricultura, infraestructura y
otras coberturas antropicas. Por lo tanto, es posible encontrar en la cuenca baja una
correlacion inversa entre la fragmentacion y el flujo superficial (mayor fragmentacion
con flujo superficial relativamente menor). Sin embargo, esta correlacion inversa no
representa una causalidad.

En términos generales, la capacidad de infiltracién del suelo y las pendientes
del terreno tendrian mas influencia que el LUCC en la respuesta hidroldgica de la
cuenca durante eventos de pequefa y mediana magnitud. Investigaciones
anteriores (por ejemplo, J. Bathurst et al., 2018; Sriwongsitanon & Taesombat, 2011)
indican que la regulacion de caudales de crecidas es una funcién del contenido de
humedad del suelo. Ademas, si la cuenca esta saturada, la respuesta es la misma
independientemente de las diferencias en la cobertura del suelo. Finalmente, a
medida que aumenta la intensidad de las tormentas, el efecto del LUCC disminuye
(J. C. Bathurst et al., 2020; lacob et al., 2017; Laurance, 2007).

2.4. Efectos del cambio climético y LUCC en la cuenca

Esta investigacion presenta un analisis detallado de las variaciones de los
efectos aislados y combinados del cambio climatico y el LUCC en crecidas a lo largo
de un gradiente altitudinal en una cuenca humeda tropical. Los resultados en el
Capitulo V muestran que el cambio climatico es mas homogéneo que el LUCC a lo
largo del gradiente altitudinal. Bléschl et al. (2007) hipotetizaron que a medida que
aumenta la escala espacial, el impacto del LUCC disminuye progresivamente en la
respuesta hidrologica. Por otro lado, la variabilidad climatica tiene un efecto mas
homogéneo en las diferentes escalas espaciales. En otras palabras, a escalas
pequefas, el LUCC tiene un impacto mayor que la variabilidad climatica en la
respuesta hidrologica.

Los efectos combinados del cambio climatico y el LUCC en los caudales de
crecida a lo largo del gradiente altitudinal también siguen un patrén no lineal. Asi, el
patron de exponencial descente que sigue el efecto del LUCC en el gradiente
altitudinal prevalece también cuando los factores se combinan. Ademas, los
cambios producidos en la cuenca alta producen mayores efectos sobre el caudal,
gue aquellos producidos en la cuenca baja. Estos hallazgos concuerdan con los
resultados presentados por Hung et al. (2020) y Olang & Fiirst (2011) relacionados
con una mayor sensibilidad de los caudales de crecida al LUCC en cuencas
pequefias o de cabecera. También, uno de los hallazgos mas importantes
mostrados en el Capitulo V se relaciona con el analisis de interaccion. Se encontro
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una muy pequefa interaccion antagonica entre el cambio climatico y el LUCC. Esta
interaccion es mas pequefa en la cuenca alta y aumenta ligeramente hacia aguas
abajo. Algunos estudios han encontrado interacciones sinérgicas (Hung et al. 2020)
y antagonicas entre el cambio climatico y el LUCC (por ejemplo, Lamichhane &
Shakya, 2019). Sin embargo, las diferencias podrian atribuirse principalmente al uso
de diferentes configuraciones en la modelacion hidrolégica (por ejemplo, escala de
evento versus escala mensual).

La funcidn exponencial descendente de las diferencias absolutas en el
gradiente altitudinal de la cuenca de estudio indica un punto relativamente estable
de cambios abruptos ubicado a 590 m.s.n.m. Esta elevacion representa un umbral
donde el efecto del cambio climatico y el LUCC en los caudales de crecida es
notablemente mayor. Los cambios abruptos ocurren en esta parte de la cuenca
porque, para el mismo rango de elevacion (por ejemplo, 50 m), la diferencia en el
area de drenaje acumulada es mucho mayor en la parte inferior que en la parte
superior. Ademas, los resultados en el Capitulo V corroboran los hallazgos
mostrados en el Capitulo IV con respecto a la disminucion del efecto del LUCC a
medida que aumenta la intensidad de las tormentas. Sin embargo, en la cuenca alta
las diferentes intensidades de lluvia (Rp2, Rp10, Rp100) alteran ligeramente el
efecto del LUCC sobre los caudales de crecida.

2.5. Implicaciones para las soluciones basadas en la naturaleza y la gestion
de inundaciones

Los resultados demuestran la importancia de la cobertura forestal, ubicada en
la cuenca alta, que forma parte de la reserva biologica Colonso-Chalupas (RBCC,
Figura 5.1a en el Capitulo V), para regular las inundaciones. Ademas, considerando
los escenarios desfavorables del cambio climatico debido al aumento de la
precipitacién e inundaciones, el bosque en la cuenca alta desempefia un papel clave
como solucion basada en la naturaleza (SbN) para la regulacion de inundaciones.
Sin embargo, los resultados también indican que la influencia del bosque para
regular las inundaciones esta limitada a tormentas pequefias y moderadas (SRp2).
En este sentido, para Rp2, aproximadamente el rango altitudinal de 590 a 906
m.s.n.m., seria el area de transicién entre la cuenca alta y la cuenca baja en
términos de influencia del LUCC en los caudales de crecida (Capitulo V). En
concordancia con nuestros hallazgos, Birkel et al. (2012) encontraron en una cuenca
humeda en Costa Rica que el LUCC tiene un efecto relativamente pequefio en los
caudales maximos con periodos de retorno > 1 afio. Ademas, otros estudios
enfatizan el potencial limitado del bosque para reducir inundaciones con eventos de
tormenta mayores (J. C. Bathurst et al., 2011; lacob et al., 2017; Salazar et al.,
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2012). Por lo tanto, la aplicacién de SbN relacionadas con la capacidad del bosque
para regular crecidas debe complementarse con otras iniciativas para una gestion
efectiva de inundaciones (llieva et al., 2018; Soulsby et al., 2017).

Esta investigacion definié las areas de mayor cambio de caudal (High-flow
areas en la Figura 5.1a, Capitulo V), basadas en una elevacion critica relativamente
estable, localizada a 590 m.s.n.m. En esta elevacion ocurren cambios abruptos de
caudal maximo y de volumen de caudal debido a los efectos del cambio climéatico y
el LUCC. Por lo tanto, basandose en los resultados, es razonable dar prioridad a la
proteccién y/o restauracion de laderas fuera de estas areas de mayor cambio de
caudal (>590 m.s.n.m.). Mientras que dentro de las areas (<590 m.s.n.m), se puede
establecer la prioridad de proteger el cauce del rio, las terrazas bajas y las zonas
riberefias. Ademas, otras iniciativas dentro de la cuenca pueden basarse en esta
zonificacion espacial, como la planificacién periurbana de paisajes (Barbedo et al.,
2014). Esto es muy importante considerando que dentro de estas zonas viven
aproximadamente 6000 personas, la mayoria de origen indigena con una
vulnerabilidad socioecondmica relativamente alta (INEC, 2010).”

Las SbN y la planificacion territorial (urbana y peri-urbana) pueden incluir
parques fluviales como paisajes multifuncionales para amortiguar crecidas,
recreacion, conservacion, entre otros (Martin-Vide, 2015; Miguez et al., 2015;
Rotger, 2018). En este sentido la zonificacion urbanistica del PDOT de la
municipalidad de Tena (GADM-TENA, 2021) indica que muchas de las areas
inundables cerca de los cauces, son areas de desarrollo turistico (A17) y areas de
conservacion (A16). Por lo tanto, el establecimiento de parques fluviales es
necesario y compatible con la zonificacion urbanistica de la ciudad de Tena
cumpliendo efectivamente con ambos propdsitos (A17, A16). El establecimiento de
SbN para la gestion de riesgos y planificacion territorial en general, debe ir
acompafnado de monitoreo hidrometeoroldgico en la cuenca.

Es razonable suponer que, durante eventos de crecidas, por debajo de 590
m.s.n.m., el volumen de caudal de crecidas se desplaza principalmente en el cauce
del rio. Mientras que, por encima de esta elevacion, un porcentaje importante de
agua se mueve a través del perfil del suelo como interflujo. Por lo tanto, en
concordancia con Asano & Uchida, (2018), es posible establecer que, por debajo de
590 m.s.n.m., el tiempo de respuesta de la cuenca (desfasaje) durante eventos de
tormenta esta definido por los procesos en el canal. Mientras que, por encima de
los 590 m.s.n.m., el tiempo de respuesta esta definido tanto por el interflujo como
por el movimiento del agua en el canal.
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Los resultados presentados en el Capitulo Il indican una rapida respuesta
hidroldgica de la cuenca con tiempos de retraso cortos durante eventos de tormenta.
Ademas, el Capitulo Ill sugiere una densificacion de estaciones para el monitoreo
de precipitacion que permita capturar la variabilidad espacial de tormentas no
homogéneas en la cuenca. Por lo tanto, es factible recomendar que el monitoreo
hidrometeoroldgico priorize la medicién de caudales por debajo de los 590 m.s.n.m.
y el monitoreo de precipitacion por encima de los 590 m.s.n.m. La Universidad
Regional Amazdnica (lkiam) ubicada dentro de la cuenca de estudio ha comenzado
a trabajar en este sentido (Ikiam-University, 2021).
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CHAPTER VII

GENERAL CONCLUSIONS
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1. General Conclusions

The general objective of this research was to analyze the combined effects of
climate change and LUCC on floods in a tropical basin, with a specific emphasis on
landscape configuration and the role of native forests for flood regulation. The
hydrological models HEC-HMS (semi-distributed) and TETIS (fully spatially-
distributed) as well as the hydrodynamic model Nays2DFlood (2D) were applied in
this research in a complementary modelling framework. The event-sampling
approach was used within the context of data-scarce watershed for a humid tropic
basin of Ecuadorian Amazon. Specifically, the HEC-HMS and Nays2DFlood models
were coupled to reproduce the flood event occurred in the city of Tena in September
2017 (Chapter 1l1). On the other hand, the TETIS model was used to evaluate the
effect of forest location and forest fragmentation on floods (Chapter V) as well the
individual and combined contribution of climate change and LUCC (Chapter V).

The results showed that the proposed approach was suitable for the calibration
and validation of hydrological models and for the simulation of extreme flood events.
Moreover, the results indicate that the HEC-HMS model, accuratelly reproduced the
flood event occurred in the city of Tena in September 2017 (Chapter I1lI). Also,
regarding the effect of forest spatial patterns, the stormflows were more sensitive to
forest location than forest fragmentation. Specifically, the deforestation in the upper
basin is the worst scenario to regulate floods (Chapter IV). Therefore, the hypothesis
H1 is accepted. However, even with the hypothetical scenario of the entire basin
being covered by forest, the probabilities of producing floods in the city of Tena
during any given year will change due to climate change from 10 (Rp10) to 50%

(Rp2).

The interaction between climate change and LUCC is slightly and statistically
non-significant with an antagonistic effect in the lower part. Therefore, in general, the
interaction is null. Although the individual effect of climate change is more
homogeneous than LUCC on floods, the combined effect is greater in the upper
basin and decreases progressively to downstream direction in a non-lineal manner.
Therefore, the hypothesis H2 is also accepted. Therefore, the native forest in the
upper basin is crucial to mitigate climate change induced floods during small and
medium-size storms (SRp2). However, as storm intensity increases the influence of
forest cover decreases. Also, the 590 m.a.s.| is the elevation where the abrupt
changes of peak flow and stormflow volume occurs. Thus, the forest
protection/restauration is proposed using this critical elevation. Additionally,
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hydrometeorological gauging efforts within the basin can be based on this threshold
of abrupt changes.

The results of this research can be used by decision-makers and institutions
related to water resources management, risk management, and territorial planning
in general. The analyzed hypotheses contribute to the integrated knowledge of the
interaction between climate change, deforestation, and floods, with a focus on
landscape configuration in a tropical basin with a pronounced altitudinal gradient.
Obtained results enhance our understanding of ecosystem services provided by the
Andean-Amazonian foothills forests and provide guidelines for the implementation
of NbS for flood regulation and climate change adaptation. Finally, the application of
NbS related to the forest's capacity to regulate floods need to be integrated in a
broader context with other initiatives for effective flood management.

2. Conclusiones Generales

A continuacion, se presenta una traduccion al castellano de la seccion anterior
titulada ‘General Conclusions’:

El objetivo general de esta investigacion fue analizar los efectos combinados
del cambio climético y el LUCC sobre las inundaciones de una cuenca tropical, con
un énfasis en la configuracion del paisaje y el rol del bosque nativo en la regulacion
de crecidas. Los modelos hidrolégicos HEC-HMS (semi-distribuido) y TETIS
(totalmente distribuido), asi como el modelo hidrodinamico Nays2DFlood (2D), se
aplicaron en esta investigacion en un marco de modelado complementario. Se utilizé
un enfoque de muestreo de eventos en el contexto de una cuenca con datos
escasos de la Region Amazonia Ecuatoriana. Especificamente, los modelos HEC-
HMS y Nays2DFlood se acoplaron para reproducir el evento de inundacion ocurrido
en la ciudad de Tena en septiembre de 2017 (Capitulo II1). Por otro lado, el modelo
TETIS se utilizo para evaluar el efecto de la localizacidon y fragmentacion del bosque
en las crecidas (Capitulo 1V), asi como la contribucion individual y combinada del
cambio climatico y el LUCC (Capitulo V).

Los resultados muestran que el enfoque propuesto fue adecuado para la
calibracion y validacion de modelos hidrologicos, asi como para la simulacion de
eventos extremos de inundacion. Ademas, los resultados indican que el modelo
HEC-HMS reprodujo adecuadamente el evento de inundacion ocurrido en la ciudad
de Tena en septiembre de 2017 (Capitulo 1ll). Respecto al efecto que tienen los
patrones espaciales del bosque, los resultados indican que los caudales de crecida
fueron mas sensibles a la localizacion del bosque que a su fragmentacion.
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Especificamente, la deforestacion en la cuenca alta es el peor escenario para
regular crecidas (Capitulo 1V). Por lo tanto, la hipdtesis H1 es verdadera. Sin
embargo, incluso con el escenario hipotético de que toda la cuenca esté cubierta
por bosque, las probabilidades de producir inundaciones en la ciudad de Tena
cambiarian en el futuro debido al cambio climatico de 10 (Rp10) a 50% (Rp2).

La interaccion entre el cambio climatico y el LUCC es muy pequeia y
estadisticamente no significativa con un efecto ligeramente antagonico en la parte
baja. Por lo tanto, de forma general la interaccion es nula. Aunque el efecto aislado
del cambio climatico es mas homogéneo que el del LUCC en las crecidas, el efecto
combinado es mayor en la cuenca alta y disminuye hacia aguas debajo de manera
no lineal. Por lo tanto, la hipétesis H2 también es verdadera. En este contexto, el
bosque nativo en la cuenca alta es crucial para ayudar en la mitigacion de los efectos
del cambio climatico en las crecidas durante tormentas pequefias y moderadas
(sRp2). Sin embargo, a medida que aumenta la intensidad de la tormenta, la
influencia del bosque sobre las crecidas disminuye. En la elevacion de 590 m.s.n.m.
ocurren cambios abruptos en el caudal maximo y el volumen de caudal. Por lo tanto,
se propone la proteccidn/restauracion del bosque utilizando esta elevacion critica.
Ademas, los esfuerzos de medicidn hidrometeorolédgica dentro de la cuenca pueden
basarse en este umbral de cambios abruptos.

Los resultados de esta investigacion pueden ser usados por tomadores de
decisiones e instituciones relacionadas a la gestion de recursos hidricos, gestion de
riesgos y planificacion territorial en general. Las hipétesis analizadas, contribuyen al
conocimiento integrado de la interaccion entre cambio climatico, deforestacion y
crecidas con una mirada desde la configuracion del paisaje en una cuenca tropical
con marcado gradiente altitudinal. Los resultados obtenidos mejoran la comprensién
de los servicios ecosistémicos de los bosques de las estribaciones Andino-
Amazonicas y proporcionan directrices para la implementacion de SbN para la
regulacion de crecidas y la adaptacidon al cambio climatico. Finalmente, la aplicacion
de SbN relacionadas con la capacidad del bosque para regular crecidas debe
complementarse con otras iniciativas para una gestion efectiva de inundaciones.
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Abstract: The application of hydrologic and hydrodynamic models in flash flood hazard assessment is
mainly limited by the availability of robust monitoring systems and long-term hydro-meteorological
observations. Nevertheless, several studies have demonstrated that coupled modeling approaches
based on event sampling (short-term observations) may cope with the lack of observed input
data. This study evaluated the use of storm events and flood-survey reports to develop and

validate a modeling framework for flash flood hazard assessment in data-scarce watersheds.

Specifically, we coupled the hydrologic modeling system (HEC-HMS) and the Nays2Dflood
hydrodynamic solver to simulate the system response to several storm events including one,
equivalent in magnitude to a 500-year event, that flooded the City of Tena (Ecuador) on 2 September,
2017. Results from the coupled approach showed satisfactory model performance in simulating
streamflow and water depths (0.40 < Nash-Sutcliffe coefficient < (.95; —3.67% < Percent Bias < 23.4%)
in six of the eight evaluated events, and a good agreement between simulated and surveyed flooded
areas (Fit Index = (1.8) after the 500-year storm. The proposed methodology can be used by modelers
and decision-makers for flood impact assessment in data-scarce watersheds and as a starting point for

the establishment of flood forecasting systems to lessen the impacts of flood events at the local scale.

Keywords: flood hazard assessment; data scarcity; model coupling; event sampling; survey data

1. Introduction

The assessment of natural hazards, such as flash floods, remains a challenging issue in
environmental sciences [1]. Flash floods caused by extreme rainfall events associated with climate
change have increased in the past few years [2-4]. Thus, the development and implementation
of measures that diminish flash flood impacts and safeguard people and civil infrastructure are
imperative. In this context, numerical models have been found to be reliable tools for flash flood
hazard assessment. Specifically, hydrological and hydrodynamic models have been widely applied
to describe flash flood dynamics at the watershed scale and project potential impacts on urban areas.
Hydrological models (e.g., HEC-HMS, SWAT, MIKE 11, HBV, Top Model) have been widely used to
simulate precipitation-runoff processes due to the ease of their implementation [1]. Although these

Water 2020, 12, 2768; doi:10.3390/w12102768 www.mdpi.comfjournal/water
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ARTICLE INFO ABSTRACT

Keywords: Native forest deforestation has been identified as one of the main land cover changes affecting flood risk specially

TETIS during small and moderate storm events. In this regard, forest protection and reforestation are considered a

gmwﬂw nature-based solution (NbS) for flood regulation. However, there is a lack of knowledge about the effects of

Land cover change different deforestation spatial patterns over floods. Effects of land cover changes on floods in a humid tropical

Tropical humid besin basin within the Ecuadorian A are d distinguishing forest location and forest fragmentation. The

Ecuador hydrological distributed model TETIS was applied to the hydrological of a basin to extreme
storms having return periods of 1, 10 and 100 years, considering five land cover scenarios. The model was
calibrated and validated using nine storm samples collected at a gauge station during the years 2018 and 2020.
The simulated overland flow in hillslopes and stormflows within the river channel were analyzed to i) assess the
statistical differences among all land use scenarios with the Kruskal-Wallis test; if) assess the statistical differ-
ences among pairs of both location and frag ion scenarios through the post-hoc evaluation Dunn test; iii)
assess the statistical differences in relation to the baseline. Obtained results indicate that stormflow is less
sensitive than overland flow to land cover changes. Forest location have more influence than forest fragmen-
tation over both, overland flow and storm flows. Deforestation of the upper basin represents the worst scenario
for flood regulation, thus protection of existing forest, as well as reforestation of deforested areas located in the
upper watersheds is a priority for flood risk mitigation and forest conservation. The results enhance our un-
derstanding of ecosystem services provided by tropical Andean foothills forests.

1. Introduction Bloschl et al., 2007; Lane, 2017; Rogger et al., 2017).

Forest protection and reforestation are considered a nature-based

Between January 1975 and June 2002, freshwater floods, including
flash floods, killed 176,864 people producing 2.27 billion losses
worldwide (Jonkman, 2005; Merz et al., 2014; UNISDR, 2017). The
synergy between land cover and climate change will likely increase,
exacerbating flood risk (Chang and Franczyk, 2008; De Roo et al., 2003;
Giineralp et al., 2015; Hirabayashi et al., 2013; IPCC, 2021; Yin et al.,
2018). Native forest deforestation has been identified as one of the main
land cover changes affecting flood risk (Gao and Yu, 2017). Conse-
quently, there is a general concern in searching for land cover based
solutions to approach flood risk management as land cover is a funda-
mental hydrological driver (Barbedo et al., 2014; Bin et al., 2018;
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solution (NbS) for flood regulation (Dadson et al., 2017; llieva et al.,
2018; Seddon et al., 2020). NbS gained much attention in Tropical An-
dean regions as forests also provide ecosystem services, such as carbon
storage, soil erosion control, and water regulation (Ataroff and Rada,
2000; Bonnesoeur et al., 2019; Tobon, 2021, Tobon, 2008). For instance,
the forest can intercept up to 30% of the rainfall (FAO-CIFOR, 2005),
returning it into the atmosphere through evaporation. Therefore, soil
moisture is reduced by forests through evapotranspiration or enhanced
infiltration, especially in tropical regions. Forests can also delay the
overland flow acting as a water flow obstacle that increases the terrain
roi (lacob et al., 2017; Shuttleworth et al., 2019; Yang et al.,

Received 2 March 2022; Received in revised form 28 April 2022; Accepted 29 July 2022

0925-8574/© 2022 Elsevier B.V. All rights reserved.



APPENDIX I

RESUMEN PARA DIFUSION

172



RESUMEN PARA DIFUSION

El cambio climatico con el aumento de la precipitacion y el cambio de cobertura
del suelo, como la deforestacion, son dos de las principales razones por las cuales
las inundaciones pueden ocurrir mas seguido o ser de mayor magnitud. El efecto
del cambio climatico sobre el caudal de los rios puede abarcar grandes regiones,
mientras que la deforestacion, tiene un impacto mas localizado, por ejemplo, en
cuencas hidrogréficas pequefias con menos de 100 kildmetros cuadrados de area.
Por esta razon, la proteccion y reforestacion de bosques, es considerado como una
de las Soluciones Basadas en la Naturaleza (SbN) para regular inundaciones en
cuencas pequefias. Sin embargo, aun asi, la capacidad del bosque para regular
inundaciones es limitada, siendo efectiva solamente durante eventos de
precipitacién pequefios y medianos. Sin embargo, hay poca informacién sobre como
el cambio climatico y la deforestacion actian de forma combinada magnificando sus
efectos sobre las inundaciones. Ademas, tampoco se conoce como las diferentes
formas de puede tener la deforestacion, impactan las inundaciones. En
consecuencia, esto limita nuestra comprensiéon de como los bosques, ayudan a
prevenir inundaciones en el contexto de las SbN y la adaptacién al cambio climatico.
Para resolver este problema, este estudio analizd, en una cuenca tropical en la
Amazonia Ecuatoriana, como la deforestacion en diferentes partes de la cuenca
afecta el régimen de caudales y las inundaciones. También se examind, cémo el
cambio climatico y la deforestacion se combinan para alterar los caudales en la
cuenca.

En la primera parte del trabajo, se usaron modelos matematicos que simulan
el comportamiento del agua en el rio, pero también cuando se desborda y produce
inundaciones. De esta forma se pudo simular como la cuenca responde a diferentes
intensidades de precipitacion y eventos de inundacion, incluido un evento que
inundo la ciudad de Tena en la Amazonia Ecuatoriana, el 2 de septiembre de 2017.
En la segunda parte del trabajo se construyeron escenarios hipotéticos de
deforestacion en la cuenca, para ver como cambian los caudales por este
fendmeno. Se evalud, el efecto que se produce en los caudales, la deforestacion en
la parte baja de la cuenca, en la parte alta o cabeceras, pero también la
deforestacion dispersa en toda la cuenca. Por ultimo, en la tercera parte del trabajo,
se analiz6 también el efecto que tiene en los caudales el cambio climatico con el
aumento de precipitacién y también como se puede potenciar con la deforestacion.
Se evaluaron, asi mismo, los efectos individuales y combinados del cambio climéatico
y la deforestacion en 42 puntos de la red hidrica de la cuenca (puntos de muestreo
de caudales en la Figura 1).

173



Cuenca Alta (2500 - 906 m s.n.m):
Mayor influencia de la deforestacion que
Colombia el cambio climéatico en las inundaciones

&

8

&§

5 2 Zona de transicion(906 - 590 m s.n.m)

=

\g E‘cuador /

0 ”

Pérd Cuenca Baja( 500-590m s.n.m}:

Menor influencia de |la deforestacidon que
el cambio climético en las inundaciones

Simbologia {

Estacion hidrologica
Estacion meteorologica
Muestreo de caudales
Rios

Limite de la cuenca
Ciudadde Tena

G0 e

o1 2 4 6 £, ...
e kilOmetros

Figura All. 1. Zonificacién de la cuenca en funcién de la importancia del cambio climatico y
la deforestacion en las inundaciones.

Se encontro que, independientemente de la superficie del bosque, la ubicacién
de la cubierta forestal si es importante para regular caudales durante tormentas.
Especificamente, el bosque ubicado en la parte alta de la cuenca tiene mas
capacidad para regular caudales, respecto al bosque en la parte baja. Sin embargo,
se observo que a medida que las tormentas se vuelven més intensas, el bosque
pierde su capacidad de regulacion de caudales, independientemente de su
localizacion. Por otro lado, se verificd que el cambio climatico afecta a los caudales
de forma mas homogénea, o similar, a lo largo de la cuenca. En general, el cambio
climatico tuvo mas efecto en los caudales en la parte baja de la cuenca; mientras
gue la deforestacion tuvo mas efecto en la parte alta. Ahora bien, cuando el cambio
climatico y la deforestacion se combinaron, su efecto también fue mayor en la parte
alta y disminuy6 progresivamente hacia la parte baja, haciéndose casi imperceptible
al final. En base a estos resultados se pudieron establecer tres zonas en funcion de
la importancia del cambio climético y la deforestacion en las inundaciones (cuenca
alta, zona de transicion y cuenca baja; Figura 1).

En resumen, la proteccion y reforestacion de los bosques en la parte alta de la
cuenca son esenciales para reducir el riesgo de inundaciones. Sin embargo, a
medida que las tormentas se vuelven mas intensas y el area de la cuenca se hace
mas grande, los bosques tienen menos capacidad para prevenir inundaciones. Por
lo tanto, debemos combinar las SbN con otras estrategias para gestionar

eficientemente las inundaciones.
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