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Abstract

The research question addressed in this study is "To what extent does the presence of a cloud forest
canopy impact the Mestela River catchment and how will this affect the various involved stakehold-
ers?”. The study aims to investigate the importance of cloud forests in the Mestela River catchment,
Alta Verapaz, Guatemala, related to water security and the social impact of cloud forest conservation
and management. The research methods used in this study were a combination of quantitative and
qualitative methods.

Cloud forests play a vital role in regulating water flow in catchments. The Mestela River catchment,
where the NGO Community Cloud Forest Conservation (CCFC) is situated, is the focus of this re-
search. The project’s primary aim was to establish a long-term canopy setup, ensuring future data
collection. The project’'s scope encompasses a range of methodologies, including the installation of a
long-term measurement station in the canopy, computation of the Mestela River discharge, the devel-
opment of a rating curve, and the utilisation of a FLEX-Topo model to simulate the hydrological cycle
in the catchment. Additionally, a stakeholder management analysis was conducted to understand the
complex impact of cloud forests (conservation) on various stakeholders.

The study did not explicitly formulate any hypotheses, but the findings provide evidence for the impact
of cloud forest canopies on river catchments and discharge. The study also has limitations, including
the small sample size and the lack of long-term data. However, the study provides valuable insights
into the importance of cloud forest ecosystems for water security and the social impact of cloud for-
est conservation and management. The stakeholder analysis reveals that for CCFC two methods of
advocacy can be used. Whilst the CCFC is effective in bottom-up engagement with the community,
in addition, a strip for small children was constructed. For top-down advocacy, using the FLEX-Topo
model for visualising water security in combination with cloud forest protection holds promise.

The implications of this work are substantial for cloud forest conservation and associated ecosystems.
The findings offer valuable insights for developing effective conservation strategies that consider the
canopy’s impact on the catchment and its stakeholders. It is important to note that the FLEX-Topo
model is currently conceptual and requires further refinement and detail for the Mestela River catchment.
Nevertheless, this study contributes significantly to the understanding of cloud forest ecosystems and
offers practical and theoretical applications for future research and conservation efforts.
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Table 1: Abbreviations and Definitions

Abbreviation

Definition

CCFC
COCODE
CONAP
DEM

EDM
GTM
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INAB
LAl
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NDVI
NDWI
NGO
NSE
TMCF
WGS

Community Cloud Forest Conservation
Consejo Comunitario de Desarrollo
Consejo Nacional de Areas Protegidas
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Electronic Distance Measurement
Guatemala Transverse Mercator
Height Above Nearest Drainage
Hydrologiska Byrans Vattenbalansavdelning
Instituto Nacional de Bosques

Leaf Area Index

Local Drain Direction

Multidisciplinary project

Normalised Difference Vegetation Index
Normalised Difference Water Index
Non-Governmental Organisation

Nash-Sutcliffe Efficiency
Tropical Montane Cloud Forest
World Geodetic System
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Introduction

1.1. Introduction

This multidisciplinary project (MDP) is situated in Alta Verapaz, Guatemala, a region with various Mayan
communities. One of the largest Mayan communities in Alta Verapaz is the Q’eqchi’ community, with
more than 1,300,000 individuals who mainly speak the Q'eqchi’ language [28, 76]. The study area
is focused on the Mestela River catchment, which serves as an important water source for the city
of Coban, see Figure 1.1. A substantial part of the local population, particularly the Q’eqchi’-speaking
community, relies on the Mestela River for their essential water needs, which encompasses drinking and
household purposes. Our project is conducted on behalf of the Community Cloud Forest Conservation
(CCFC), a non-governmental organisation dedicated to community education and the preservation of
cloud forests. Cloud forests are essential for base water flow and peak attenuation, acting as natural
reservoirs by capturing, storing, and slowly releasing water. Tropical montane cloud forests are unique
ecosystems with a unique hydrological characteristic: persistent fog influx. In this project, we explore
the critical role of cloud forests in sustaining downstream water resources, with a primary focus on their
significance for ensuring water security in the Mestela River catchment.

: e

g

Water extraction

‘Ij Mestela Catchment
[] Cahabon Catchment

Figure 1.1: Mestela River ends up in the Cahabdén River, being one of the main water resources for the city of Coban. In this
picture, the Mestela catchment represents the upstream area from the CCFC. In reality, the catchment is larger. The city of
Coban lies north of the water extraction point.
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1.2. Relevance

One of the key challenges facing the region is the poverty of the community. Therefore, concerns such
as deforestation, polluted rivers and climate change are not preoccupying the community around the Ca-
habdn River. Next to that, the low water security of the Cahabon River results in large socio-economical
impacts. Droughts and floods often damage the area, as can be seen in Figure 1.2. Moreover, the
Mestela River, which is a significant tributary of the upper Cahabdn River, serves as an important wa-
ter source for the city of Coban. A substantial part of the local population relies on the Mestel& River for
their essential water needs, which encompasses drinking and household purposes. By understanding
the hydrological cycle of the Mestela River catchment, and showing the importance of cloud forests, it
is possible to characterise the water security of the Cahabdn River. With this information, tackling prob-
lems such as deforestation and pollution is made possible. By constructing a stakeholder framework,
CCFC is further supported to carry out our conclusions to the local community.

L

Figure 1.2: Flooding in Alta Verapaz in November 2020 [2].

1.3. Scope and Objectives of the Project

The scope of this MDP includes the following components: acquiring hydrological information about the
canopy and the Mestela River, developing a hydrological model and setting up a stakeholder framework.
These topics will be elaborated upon and constitute the project’s primary objectives. The project’s
broader vision is to lay the foundation for a long-term research initiative, with the current objectives
serving as the initial phase.

1.3.1. Rainfall-Runoff Processes

A good understanding of rainfall-runoff processes within a cloud forest is essential for effectively mod-
elling these phenomena and providing accurate information to stakeholders. These rainfall-runoff pro-
cesses are special in cloud forests due to their ability to capture a significant amount of fog, resulting
in not only traditional vertical precipitation but also horizontal precipitation processes. To gain more
insight into these processes, we break down this objective into two sub-goals. The first is to explain
the dynamics within the forest canopy and the second one is to grasp the hydrological workings of
the Mestela River. Once both components are fully understood, they can be combined to get a better
understanding of the rainfall-runoff processes in a cloud forest.

Canopy Monitoring
The project entails the collection of hydrological data via a self-constructed long-term setup to be de-
ployed within the Mestela River catchment. This inspiration for this long-term setup is derived from the
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temporary setup built by Cloud Chasers I. While certain components of their temporary setup will be
retained and enhanced, supplementary sensors will be added to the setup [1]. A detailed exploration
of these modifications is provided in Section 3.3. Moreover, careful site selection is necessary due to
the substantial costs of the equipment, as detailed in Section 3.2.

Mestela River Hydrology

Scarce data exists concerning the characteristics of the Mesteld River such as water depth and dis-
charge. This scarcity arises from the absence of water level gauges in the immediate surroundings
and the lack of historical flood data. Consequently, addressing this lack of information constitutes a
secondary objective: to establish a basic understanding of the Mestela River’s hydrology by quantifying
water depth and discharge by creating a rating curve. Understanding this regard will enable the devel-
opment of a model by integrating this information with the canopy monitoring data. Further elaboration
on this objective will be provided in Sections 3.4 and 3.5.

1.3.2. Stakeholder Management

The second main objective is to develop a framework for effective stakeholder management tailored
for the use by CCFC, utilising insights gathered through interviews and a comprehensive analysis of
challenges faced and strategies currently employed. This research aims to bridge the gap between
stakeholder needs and the practices of CCFC, ensuring alignment with the concerns and needs ex-
pressed by stakeholders involved in or affected by the cloud forest ecosystem.

To accomplish this an exploration and analysis of the challenges is performed. This includes an un-
derstanding of the strategies currently employed by these stakeholders. To achieve this, qualitative
interviews will be conducted with a diverse group of stakeholders and other relevant actors, facilitating
an in-depth examination of challenges, issues, and perspectives. Subsequently, collected data will
undergo story analysis to uncover common themes, patterns, and interdependencies, resulting in a
comprehensive overview of challenges and potential strategies. This analysis will serve as the basis
for constructing the stakeholder management framework.

This comprehensive and broad exploration of challenges ensures that CCFC’s stakeholder manage-
ment practices align with stakeholder and broader community concerns and needs, taking into account
the unique context and objectives of the organisation. Ultimately, the research seeks to implement one
of these stakeholder management strategies in collaboration with CCFC, translating research findings
into practical actions.

1.4. Research Question
The research question which is accompanied by these objectives is defined as follows:

”To what extent does the presence of a cloud forest canopy impact the Mestela River catchment and
how will this affect the various involved stakeholders?”.

The research question is divided into three sub-questions:

1. How should a long-term measurement station be established to monitor hydrological processes
within the cloud forest canopy?
This question will be answered in Sections 2.3 and 3.2. The data resulting from the long-term
measurement station will be discussed in Sections 4.1 and 4.3.

2. How should a hydrological model be developed to clarify the relationship between cloud forests
and the water security of the Mestela River?
The answer to this question will be elaborated on in Sections 3.4 and 3.5. The results will be
shown in Sections 4.4, 4.5 and 4.6.
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3. How can the socio-ecological impact of CCFC be enhanced through effective stakeholder man-
agement?
In Section 3.6 the methodology of answering this question is explained. The resulting stakeholder
management framework will be presented in Section 4.7.

1.5. Structure of the Report

This report will first provide background information and delve into previous research, which can be
found in Chapter 2. Also, the basic principles of the research will be elaborated on, such as the impor-
tance of cloud forests (Section 2.2), the hydrological processes at the canopy (Section 2.3), as well as
an introduction to two types of hydrological models (Section 2.4) and stakeholder management (Sec-
tion 2.6).

Chapter 3 consists of the substantial part of the report. First, the Mestela River catchment is classified
using GIS and satellite imagery (Section 3.1). Following this, the construction of the long-term mea-
surement station is explained (3.2) and how the fluxes and states are measured (Section 3.3). Next, in
Section 3.4, the computation of the Mestela River discharge is explained. In Section 3.5, all information
from the previous sections will come together as influxes and ouflux for the FLEX-Topo model. Finally,
in Section 3.6, the execution of the stakeholder management analysis is elaborated on.

The results of this study will be presented in Chapter 4. Another important chapter is related to the
discussion (Chapter 5), where the limits and assumptions of the research are explained extensively.
Finally, a conclusion will be drawn in Chapter 6 and recommendations for further research are explained
in7.



Literature Review

2.1. The Role of CCFC and the Challenges of Cloud Forests

2.1.1. The Socioeconomic Struggle of Cloud Forests in Alta Verapaz

Alta Verapaz, Guatemala, is marked by extreme poverty. The region’s poor socioeconomic conditions
are linked to numerous environmental problems and social disparities; such as lack of access to edu-
cation [94].

The cloud forests in Alta Verapaz play a vital role in providing water resources for local communities
and agriculture. The rivers and streams originating in these forests serve as essential sources of drink-
ing water and irrigation. Additionally, these ecosystems act as natural regulators of water quality and
quantity and reduce erosion [84]. Despite their significance, cloud forests in Alta Verapaz face severe
threats, including (illegal) land use changes and climate change. The main reason for land use changes
is deforestation for the expansion of livestock, and the expansion of agricultural land for the production
of basic grains and wood production. The major incentives to change land use are: the low relative
profitability of forests, food security, and the need for direct gains and benefits for the survival of poor
small producers [99]. A significant concern revolves around the rapid transformation of cloud forests
into agricultural areas, driven by the increasing demand for farmland due to the exponential population
growth in this region. [81]. This deforestation is reducing the ecosystem’s capacity to regulate the wa-
ter cycle and resulting in habitat loss. This results in increased runoff, erosion, and floods, negatively
impacting water quality and availability [68].

2.1.2. Community Cloud Forest Conservation

CCFC’s work is concentrated within the villages bordering the cloud forests of the Sierra Yalijux, Sierra
Caquipec, Sierra Xucaneb, and Sierra Sacranix in the central highlands of Guatemala. CCFC’s mis-
sion centres around holistic community-based approaches to conserve cloud forests while addressing
pressing issues of poverty, education, and social development.

CCFC’s mission is underpinned by a vision that stands on two pillars: the socio and ecological dimen-
sions. This dual focus recognises the intimate relationship between social well-being and ecological
conservation, a perspective that is fundamental to their approach. The goal is not only to save cloud
forests but also to enhance the quality of life for local inhabitants, thus addressing both social and
environmental challenges. CCFC acknowledges the connection between poverty and environmental
degradation. Therefore CCFC’s mission is seen as a holistic community-based approach to cloud for-
est conservation.

The primary threat to the survival of cloud forests in this region is the expansion of agriculture within the
mountain villages. The remote, rural nature of these villages underscores the importance of CCFC’s
community-based approach in addressing the unique challenges posed by their social and geographic
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context. Within this context, the social factors encompass widespread poverty, a rapidly growing pop-
ulation, Mayan culture, and educational deficiencies. On the geographical front, the challenges are
intricately tied to the mountainous ecosystem. These villages are not only located adjacent to cloud
forests but also face obstacles associated with limited accessibility and their upstream position, which
means that activities upstream can significantly impact downstream regions.

CCFC’s initiatives span the fields of education, reforestation, ecotourism and agriculture. Each of
these areas receives targeted projects aimed at maximising conservation impact, alleviating poverty,
enhancing nutrition, increasing family incomes, and fostering community and individual development.
By integrating education, conservation, and socio-economic development, CCFC addresses not only
the challenges of deforestation and biodiversity loss but also the interconnected issues of poverty and
lack of education [18].

2.2. Cloud Forests and Water Security in Alta Verapaz

In this section, the role of cloud forests is elaborated alongside the challenges they face within the
department of Alta Verapaz.

2.2.1. Characteristics of a Cloud Forest

The main principles of a Tropical Montane Cloud Forest (TMCF) will be introduced in this section. The
most important distinction between cloud forests and other (tropical) forests is the ability to intercept fog,
also called horizontal precipitation. Fog interception is observed when a cloud passes through a forest
canopy, causing moisture to condense on the leaves and other vegetation [41]. Cloud passing can
exclusively take place at specific elevations. In Central America, fog interception is common between
the elevation of 840 m and 3475 m [55]. The amount of fog intercepted by a cloud forest is determined
by various local variables, including canopy height, canopy structure, wind speed, leaf surface area,
slope orientation, as well as the orientation of leaves and branches [41]. TMCFs are generally divided
into two classes, lower montane cloud forest and upper montane cloud forest. The distinction between
the two is the level of persistent cloud condensation. The moisture content and temperature of the
atmosphere influence the lower elevation of cloud formation, and the more humid the uplifted air is, the
quicker it will condense [11].

The cloud forest’s property of intercepting fog provides the ability to extract water during periods of
no precipitation. These storage characteristics lead to increased base flow in streams and water level
fluctuations being dampened. Next to that, there are more general ecosystem services that forests
provide such as preventing soil erosion and sedimentation of the river.

2.2.2. Water Security in Alta Verapaz

Alta Verapaz features a karst topography, characterised by its gradual formation through the erosion
of soluble carbonate rock layers like limestone. In such areas, it is typical for little surface water to be
present, resulting in limited storage capacity. This leads to rivers responding quickly with significant
fluctuations in water depth. In combination with the climate of the Alta Verapaz region, where it is com-
mon to have high humidity and heavy rainfall, this results in even larger fluctuations in the water level.
Thus, the river overflows during floods, carrying along debris from the riverbeds and contributing to
increased river pollution. Conversely, during periods of low precipitation, droughts become a concern.

In Sierra Yalijux, the mountain range where the Mestela River catchment is situated, the cloud forest
cover decreased by 17.7% between 1986 and 2006 [75]. The main reason for deforestation is to expand
agricultural land, which is even more increased due to population growth. Other reasons are logging
for firewood and the subdivision of land [75]. The deforestation of a cloud forest results in reduced
fog interception during the dry season, leading to a decline in base flow. Additionally, it reduces the
attenuation in a catchment [9].
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2.3. Canopy Monitoring

In order to monitor the canopy and collect input data for the model, it is essential to understand the
most critical processes in the hydrological balance. Afterwards, in Chapter 3 the different devices to
measure the meteorological conditions and components are discussed.

2.3.1. Hydrological Balance of the Canopy

Conceptual hydrological models serve as simplified representations of hydrological processes occur-
ring within a specific catchment. Their primary purpose is to refine complex interactions into key ele-
ments, facilitating a conceptual grasp of the movement of water through the system [58]. Within this
framework, the canopy is the first interface between atmospheric and terrestrial water. Therefore, it
becomes essential to acquire a good understanding of the hydrological balance of the canopy.

This hydrological balance encompasses three fundamental components: influx, states, and outflux,
each of which further subdivides into distinct hydrological processes. For the influx, we delineate be-
tween vertical precipitation and horizontal precipitation. The states consists of interception storage,
unsaturated soil storage, saturated soil storage and fast (overland) flow. Finally, the outflux is gov-
erned by throughfall, stemflow and evaporation processes [22].

2.3.2. Canopy Influx

Precipitation is the primary driver of the influx component in a hydrological balance. Its nature varies
across different climates, thereby influencing the hydrological balance. In the context of a cloud for-
est, two distinct forms of influx can be distinguished: vertical precipitation, commonly known as "con-
ventional rainfall’, and horizontal precipitation, which encompasses the capture of cloud water by the
canopy and is commonly referred to as "fog interception”. The next two paragraphs delve into the
specifics of these precipitation types and their contributions to the hydrological balance within cloud
forests.

Vertical precipitation

Vertical precipitation occurs when ascending air undergoes cooling and condensation processes, lead-
ing to the formation of clouds. Eventually, the clouds form precipitation in different forms like rain, snow,
hail, etc. In the case of cloud forests, the most common type of vertical precipitation is rain. A more
elaborate explanation behind vertical precipitation can be summarised as follows:

1. Moisture-laden air approaches elevated terrain such as a mountain.

2. As the air rises over the mountain, its temperature decreases due to the decrease in atmospheric
pressure with the altitude.

3. The cooling of the air prompts the condensation of water vapour, leading to the formation of
clouds.

4. As the air continues to ascend, the water droplets in the clouds may combine and grow eventually
becoming heavy enough to fall down as vertical precipitation [36].

Horizontal precipitation

Horizontal precipitation, phenomena such as dew, fog, and mist, is water vapour that is carried hor-
izontally over the earth’s near-surface. In specific ecological environments, like cloud forests, this
atmospheric water vapour can be carried at a higher altitude and thus over extended distances by pre-
vailing winds [57]. When the wind carries this water vapour over a long distance and blows through the
cloud forest, small droplets can be intercepted by surfaces, such as trees and plants, thereby providing
a water source for the vegetation. It is noteworthy that horizontal precipitation typically contributes a
relatively small proportion to the overall water influx within a hydrological balance. Nonetheless, cloud
forests form an exception, where this particular type of precipitation assumes a substantial role in the
overall water balance [79].

2.3.3. Interception Storage
Interception refers to the process of interrupting the flow of water within the sequence of events that
transport it to streams. This interruption can occur through the presence of vegetation cover or by
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collecting water in depressions like puddles, as well as in topographical features such as rills and fur-
rows [20]. The present vegetation intercepts precipitation and stores it on leaves, branches, mosses
and other surfaces before it reaches the forest floor or evaporates. Cloud forests, which are charac-
terised by persistent fog and high levels of precipitation, are particularly important sites for interception
research. There are different types of interception that occur. The most important are canopy intercep-
tion, stemflow, forest floor interception on leaves and moss interception [16]. An overview of the cloud
water interception is visualised in Figure 2.1.
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Figure 2.1: Overview of the enhanced processes occurring in cloud forests as a result of their characteristics [38].

Canopy storage capacity refers to the amount of water that can be stored temporarily on the leaves,
branches, and stems of vegetation. A seminal investigation into the hydrological attributes of epiphyte
masses within the TMCFs of Colombia conducted in 1990 unveiled the remarkable water-intercepting
capabilities of non-vascular epiphytes [95]. These epiphytes effectively capture substantial amounts of
rainfall, with a slow release through drainage and evaporation processes. In addition to non-vascular
epiphytes, which serve as the primary storage component in this research, the overall canopy stor-
age encompasses various other elements, namely vascular epiphytes, bromeliads, deceased organic
material and tree foliage [35].

2.3.4. Canopy Outflux

The outflux of the canopy in the hydrological balance of the canopy is the sum of all the water that
leaves the canopy, including the throughfall, stemflow and evaporation. The outflux of the canopy is
typically expressed in millimetres, such as per hour, per day or per year. It is an important component of
the hydrological balance of the canopy because it determines how much water ends up in the surface
flow, subsurface flow and groundwater flow [15].

Throughfall

Throughfall, as defined in the literature, represents the precipitation that either passes directly through
the canopy or is first caught by above-ground vegetative surfaces and then drips or splashes down the
canopy [60]. This component significantly contributes to the canopy’s hydrological balance, typically
comprising approximately 50 to 80% of the total precipitation input [61]. In the case of cloud forests,
research by L.A. Bruijnzeel in Guatemala suggests throughfall can account for as much as 80% of
the total precipitation [10]. Notably, rain forests can experience even higher throughfall proportions,
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reaching up to 83 + 8.8% in specific regions like Western Amazonia [25]. The magnitude of through-
fall is subject to various factors including forest type, vegetation density, climatic conditions, seasonal
variations and the overall precipitation volume [60].

Stemflow

Stemflow is a hydrological phenomenon wherein water flows down the trunk or stem of a tree, eventually
reaching the ground. This process occurs when precipitation is intercepted by various parts of the tree,
including its bark, branches and leaves, and subsequently flows downward along the tree’s bark [5].
While stemflow typically constitutes a smaller fraction of the total precipitation compared to throughfall,
it can still be a significant contribution to surface and groundwater dynamics. In the context of cloud
forests, stemflow typically contributes 5 to 15% of the total precipitation. However, it varies depending
on a number of factors, such as the type, density and size of the vegetation, the seasonal variations
and the amount of precipitation. For example, in areas with densely vegetated forests, stemflow tends
to be more substantial due to the increased surface area available which allows the precipitation to flow
down, even though throughfall may be comparatively reduced. Additionally, a forest in a humid climate
will have more stemflow than a dry climate because the humid climate promotes the growth of dense
vegetation [10].

Evaporation

In the context of the hydrological cycle, evaporation is the process by which liquid water is converted
into water vapour over a given area and subsequently enters the atmosphere. This process is driven
by the radiant energy of the sun, which is the magnitude of solar radiation. As the water heats up, its
molecules begin to move more quickly and gain more energy. Consequently, when these molecules
have enough energy, they break free from the surface water and escape into the atmosphere [15]. The
rate of evaporation depends on a number of factors, such as solar radiation, wind speed, humidity and
surface area. This also includes transpiration, a process in which plants absorb liquid water from the
soil and emit water vapour into the atmosphere through their leaves [91]. In Chapter 3, the influencing
factors and the methodologies for the quantification of evaporation will be discussed in more detail.

2.4. Introduction to Hydrological Models

In this section, an introduction to hydrological models is given. The aim of a hydrological model is to
simulate the hydrological cycle using a simplification of the real-world system. These simplifications
and simulations of the hydrological cycle can be performed in different ways, resulting in different types
of models. In this Section, two of such models will be explained. In section 3.5, the model developed
for the catchment will be further elaborated on.

2.4.1. HBV Model

A Hydrologiska Byrans Vattenavdelning (HBV) model is a conceptual rainfall-runoff model, which is very
common in the research of hydrology [4]. It is designed to simulate physical properties, aspects and
relationships. Rainfall-runoff models are used to estimate runoff as a function of various parameters
that describe catchment characteristics [23]. It does this by taking into account different hydrological
processes, such as precipitation, snowmelt (not applicable to our research), infiltration, evapotranspi-
ration, and runoff.

The best model is one that uses the fewest number of parameters, is as simple as possible and pro-
duces results that are very similar to reality. More parameters lead to either a larger simulation quantity
and/or issues of equifinality. If the system is too large and/or there is too much variability in the system,
lumped models fail to resolve the difference [44]. To give an example, a lumped HBV model may prove
inadequate in capturing different forms of canopy cover and flux distribution within a partially cloud
forest-covered catchment. To address this, one potential solution is the usage of a semi-distributed
model, like the FLEX-Topo model.

2.4.2. FLEX-Topo Model
The FLEX-Topo model, a semi-distributed model, uses the same principles as the HBV model, but it is
altered so that the landscape is classified based on topography. Topography is closely related to soil,



2.5. Introduction to the Key Stakeholders of CCFC 10

climate and land cover. As a result, it may reflect the dominant hydrological processes in a catchment.
FLEX-Topo uses elevation data indirectly, through Height Above Nearest Drainage (HAND) and slope.
The landscape classes within the model include low drainage areas (low HAND and slope), hillslopes
(high HAND and steep slope), and plateaus (high HAND and gentle slope). These landscape classes
show slight variations in hydrological processes and contain different parameter sets in the classes [33].
The choice of the FLEX-Topo model for this project is grounded in its topographic emphasis, which is
relevant in cloud forests. The classification of the model can also be altered such that it is a combination
of landscape-based as well as topographically-based. This will be done in the project by inclusion of
the leaf area index. The advantage of this approach is that it retains maximum simplicity, reducing
computational cost, while still taking into account observable landscape characteristics [87].

2.4.3. Notes on Modelling

The primary challenge in hydrological modelling is to express the response of a catchment in terms of
its state variables and characteristics [29]. Normally, a warm-up period is used to establish appropriate
initial states for better calibration. However, due to limited measurement data in this project, the warm-
up period cannot be applied. Also, because of the short historical data available, validation of the
hydrological model is not feasible. The lack of validation makes overfitting a potential concern.

2.5. Introduction to the Key Stakeholders of CCFC

CCFC prioritises multi-level relationships, spanning from collaborations with local communities to na-
tional and departmental governmental bodies. These stakeholders are essential for achieving CCFC'’s
mission and goals [18]. This section will provide an overview of the key stakeholders and existing
policies relevant to CCFC’s conservation efforts and mission. This overview is intended to define the
landscape of stakeholders within which CCFC is conducting their work, explaining their responsibilities
and relationships to CCFC.

2.5.1. Governmental Institutions

Governments are important stakeholders, as they create the legal and regulatory environment within
Non Governmental Organisations (NGOs) function [59]. To expand this environment, NGOs have to
present a clear plan of why they would like to and how this would benefit the values the government
resembles. In this section, the relationship between NGOs and government is further explained.

National level

INAB

The Instituto Nacional de Bosques (INAB) is a government institution in Guatemala tasked with the man-
agement and preservation of forests and natural resources. INAB was established in 2001 under the
Forest Law of Guatemala. Its mission is to regulate the sustainable use and conservation of forests and
forest-related resources. INAB’s objectives include the promotion of sustainable forest management,
the protection of forest ecosystems, and the enhancement of social and economic benefits derived from
forest resources. The institution is responsible for granting and regulating forest concessions, monitor-
ing and enforcing forest laws and regulations and supporting forest-related research and development
initiatives.

INAB has a regulatory oversight role, while CCFC works at the community level to engage local commu-
nities. INAB’s regulations and permits affect CCFC in their reforestation and forest protection initiatives
[45].

CONAP

Consejo Nacional de Areas Protegidas (CONAP) is a government institution in Guatemala responsible
for the preservation and management of natural environments. CONAP is focused on environmen-
tal protection and biodiversity conservation. CONAP was established in 1990 under the General Law
of the Environment and Natural Resources of Guatemala. Its primary mission is to safeguard the
nation’s protected areas, including national parks, wildlife reserves, and other ecologically sensitive
regions. CONAP’s main objectives encompass the protection, conservation, and sustainable man-
agement of Guatemala’s natural heritage. This includes preserving biodiversity, promoting ecological
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research, and fostering environmental education and awareness. The institution has designated and
manages a network of protected areas that cover approximately 30% of Guatemala’s territory. Further-
more, CONAP has been actively engaged in reforestation initiatives, ecological monitoring, and wildlife
preservation programs [19].

CONAP registers conservation zones and establishes regulations to protect those areas. CCFC’s con-
servation zones need to be registered by CONAP and they need to comply with the regulations while
conducting their conservation activities. Conducting research in natural settings requires approval from
CONAP.

Forest incentive programs

Forest incentive programs are aimed at encouraging the maintenance of existing forests and the ex-
pansion of tree cover. There are two forest incentive programs active: the Smallholder Forestry In-
centives Program (PINPEP, 2010-present) and the Program to Promote the Establishment, Recovery,
Restoration, Management, Production and Protection of Forests (ProBosque, 2017-present). Both are
managed by INAB, in collaboration with CONAP.

* PINPEP

This stands for Forest Incentives Program Law for Owners of Small Areas of Land with a Forest or
Agricultural-Forest Vocation. The program gives out incentives to plant trees or to manage natural
forests. The program is special for small land owners of forestry or agroforestry land. The objec-
tives of the PINPEP program are the active participation of small landowners in the benefits of
economic incentives in forestry matters. It promotes the improvement of the standard of living of
smaller and local communities. The program wants to contribute to socio-environmental and ter-
ritorial management for mitigation and adaptation to the effects of variability and climate change,
strengthening the resilience of forest ecosystems to support national efforts in food security, civil
protection, water resources management, comprehensive rural development and reduction of
risks to natural disasters. The goal is particularly to reach small landowners and therefore to
reach local communities, including participation of the poorer people [45].

* ProBosque
This is another forest policy instrument. It has a twofold objective: promoting forest plantations
and agroforestry systems. It supports the sustainable management of natural forests. It encour-
ages forest conservation and restoration in upper catchments, mangrove forests, and riparian
zones, offering financial incentives to land owners for activities such as tree planting, forest main-
tenance, and protection. The ProBosque program is more focused on larger parcels of land [45].

Critique
According to research by the World Bank, the incentive programs receive multiple critiques regarding
their efficiency and effectiveness.

* Lack of efficiency

The efficiency of the program is low due to several institutional inefficiencies. The information
and process management of INAB and CONAP are not automated and non-compatible with each
other. Meaning that there is a weak exchange of interinstitutional information between INAB and
CONAP. Also, monitoring of the program is done through physical visits, meaning that 90 percent
of the total time of the personnel of INAB is dedicated to that. Next to this the intuitional staff do
not all have the expertise and capacity to provide quality services. All this leads to excessive
progress time. The time to approve a request is: 131 days for PINPEP and 471 days for Pro-
Bosque. While in the regulations a processing time should not exceed 60 days [99].

* Lack of effectiveness
Information regarding incentive distribution is lacking, particularly for the PINPEP program, which
is intended to benefit the poorer segments of society. Both incentive programs aim to combat
deforestation, a problem strongly associated with poverty. Consequently, these programs should
primarily target poorer communities. Although indigenous people are a major part of this category,
they experience difficulties with accessing these programs. Firstly, there is limited awareness of



2.6. Stakeholder Management Principles and Possible Interventions 12

the existence of these initiatives due to ineffective outreach efforts. Also, language barriers and
illiteracy are not taken into account during those campaigns and in preparing the necessary incen-
tive paperwork. Secondly, the associated costs for submitting an incentive request are prohibitive,
stemming from the need to travel to INAB offices and the preparation of a forest management
plan [99].

Provincial level (Department of Alta Verapaz)

Ministry of Education (MINEDUC)

The Ministry of Education (MINEDUC) in Guatemala formulates and administers educational policies,
ensuring the quality and accessibility of both public and private education in compliance with the law. Its
primary objective is to transform the educational system with inclusivity and socio-cultural relevance,
aiming to enhance students’ capabilities in the learning process [64]. Responsibilities are given to
departmental offices. Their responsibilities are promoting, coordinating and supporting educational
programs that operate in their jurisdiction; seeking the expansion of educational coverage in their juris-
diction as well as improving the quality of the education. They have the responsibility to develop and
implement educational initiatives tailored to the specific needs of the local community, including the
execution and coordination of curriculum adaptation, development, and assessment in alignment with
current national educational policies while considering local characteristics and requirements [63].

CCFC was able to collaborate with the Departmental Office of Alta Verapaz to successfully integrate
environmental education into the educational curriculum of the region. CCFC assumed the responsibil-
ity of designing and implementing environmental education initiatives within the educational programs
of Alta Verapaz.

2.5.2. Local Governance

In Guatemala, villages are situated within the administrative jurisdiction of municipalities. However,
many governance responsibilities are delegated to village-level councils and committees. These vil-
lage governance structures typically include a council referred to as Consejo Comunitario de Desarrollo
(COCODE). Additionally, there are several committees, each assigned specific areas of focus such as
Education, Health, Access, and Water. However, their practical responsibilities typically do not en-
compass concerns related to maintaining water quality or ensuring water availability [70]. COCODEs
representing villages located around the Cahabdn River have mentioned their concerns about water
security among the local population. They have attributed water stress to factors like meteorological
drought, deforestation, and population growth as was mentioned in the report of Cloud Chasers 1 [1].

CCFC maintains strong relationships with various village councils and committees in the villages where
they operate. This collaboration is crucial because these local councils and committees hold significant
responsibilities in the various areas where CCFC seeks to drive positive changes; like education, health
and water security [18].

Community level

The remote villages surrounding the cloud forests are the centre of CCFC'’s efforts to combat poverty
and protect the cloud forest ecosystems. The local population is predominantly Q' eqchi’ Maya, and
their worldview is deeply rooted in Maya traditions. CCFC'’s initiatives are designed to align with this
worldview, fostering an understanding of the environment within the cultural context. Their community-
based approach thrives on fostering ties within these communities and stands as the most viable strat-
egy, given the social realities, geography, and their profound impact on the cloud forests. From the
beginning, CCFC has developed relationships with families in these villages, particularly with young
women and local schools [18].

2.6. Stakeholder Management Principles and Possible Interventions
There are numerous individuals and communities that rely and depend on the services of the cloud
forests in the Mestela River catchment. Simultaneously, various stakeholders play a significant role in
shaping and influencing the cloud forest ecosystem through their actions. Conservation efforts of cloud
forests in the department Alta Verapaz encompass a wide variety of challenges, involving multiple
stakeholders with diverse and different interests.
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2.6.1. Stakeholder Management
As described by Jonson and Scholes stakeholders are: “Those individuals or groups who depend on
the organisation to fulfil their own goals and on whom, in turn, the organisation depends” [49].

In literature and practice, it is known that the management of these stakeholders is a crucial aspect.
Stakeholder management involves identifying relevant stakeholders and analysing their concerns, inter-
ests and expectations [7]. Efficient stakeholder management guarantees that stakeholders’ concerns
and interests are taken into account in the development of solutions or initiatives. This ensures the
alignment between the goals and initiatives of an organisation with the concerns and interests of its
stakeholders. This approach creates support from the stakeholders for the organisational goals [85].

Stakeholder engagement is central to effective stakeholder management. Effective stakeholder man-
agement helps to develop and implement strategies to engage with stakeholders. Therefore stake-
holder management involves the organisation, monitoring, and improvement of relationships with the
involved stakeholders. This helps to maintain and build strong relationships. Making it possible to co-
ordinate the various interactions [48, 30].

Next to that, problem-solving capabilities can be improved by effective stakeholder management and
actively engaging stakeholders. Effective stakeholder engagement provides organisations with access
to diverse perspectives, expertise, and knowledge. Engaging diverse stakeholders can bring new per-
spectives and ideas to the table, fostering innovation and creativity. Actively engaging stakeholders
and involving them in the development of solutions allows for a comprehensive assessment of options
and considers the implications of their actions on the various stakeholders [88].

Effective stakeholder management also contributes to better compliance with relevant laws, regulations,
and policies. It involves a deep understanding of which policies are in place and the stakeholders with
whom collaboration is essential. This strategic engagement enables organisations not only to remain
compliant but also to leverage these laws and policies to their advantage [13].

Another benefit of effective stakeholder management is that it fosters open communication and relation-
ship building. Transparent communication with stakeholders builds trust and encourages collaboration.
When executed effectively, stakeholder management helps develop and sustain good relations with
stakeholders. Stakeholder management can enhance an organisation’s reputation by demonstrating
a commitment to stakeholder concerns, ethical practices, and social responsibility. Organisations that
actively engage with stakeholders tend to enjoy better relationships which can lead to increased stake-
holder support, increasing possibilities for collaboration, and a positive reputation. A positive reputation
also attracts support, partnerships, funding and can increase their influence [30, 31, 17].

Stakeholder management must be contextualised for CCFC, considering the unique challenges and
opportunities faced in their socio-ecological initiatives.

2.6.2. Multi-Stakeholder and Multi-Issue Environment

The stakeholder landscape within which CCFC operates is quite complex and diverse, involving nu-
merous stakeholders. This landscape can be seen as a multi-stakeholder system. A multi-stakeholder
system can be described as the presence of multiple stakeholders who pursue divergent or partially
overlapping issues or objectives, through which they depend on each other [69].

A multi-stakeholder system represents an interdependent system of a diverse range of stakeholders
who are connected through relationships and interactions with each other within a specific context, in
the context of CCFC this is the cloud forest ecosystem and the related catchment. Ecosystems are
complex and subject to a large amount of internal and external relationships [66]. Stakeholders are
not a homogeneous group but come from diverse backgrounds and levels of authority [12]. These
stakeholders shape and influence the experience of other stakeholders doing it intentionally or uninten-
tionally [96]. Within such multi-stakeholder systems, stakeholders depend on each other’s resources,
expertise, or support to achieve their common goals or to address complex challenges [51, 21].
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The interconnections within this system also extend to the issues and challenges these stakeholders
are experiencing. These stakeholders may have diverse concerns, varying objectives, and different
levels of interest in the interrelated issues, reflecting their unique challenges and strategies [12]. Be-
cause of this interdependence between the issues means they cannot always be addressed in isolation,
as they influence one another. When considering this diversity of interests and issues, it's essential to
consider the potential conflicts that may emerge among these interests and issues [46, 21]. Managing
this system of stakeholders, each with their interconnected issues requires a deep understanding of
the relationships between the various stakeholders and how their interests align or diverge. This under-
standing guides the process of engaging, disengaging, or collaborating with stakeholders to effectively
achieve goals.

Distinguishing between internal and external stakeholders, it's important to note that while formal
agreements within an organisation are typically governed by legal documents like contracts and laws
(pertaining to internal stakeholders), the interactions and relationships among stakeholders in this
multi-stakeholder system often lack such formal structures (external stakeholders) [65]. In the multi-
stakeholder system, where formal agreements are often absent, it's important to recognise that no
single actor holds the authority to impose solutions independently. The relationships with external
stakeholders rely heavily on collaboration, negotiation, and the exchange of information [26]. Further-
more, it's crucial to understand that the multi-issue environment extends beyond the control of any
single actor. The complexity and interconnected nature of the challenges at hand make it impossible
for a single actor to fully manage or govern the situation or issues at hand, all have partial responsibility
to act [12]. Instead, it necessitates the collective efforts of multiple stakeholders to address the diverse
range of issues and interests present in this complex system [24].

Bryson underscores that stakeholders play a pivotal role in shaping an organisation’s strategy and
the achievement of its goals [12]. As described above and recognised by Bryson many stakeholders
possess resources, expertise, or support that an organisation may require to implement its strategies
effectively. For example, they may provide funding, knowledge, or advocacy. Organisations that ac-
knowledge and engage with stakeholders in a meaningful way are better positioned to develop strate-
gies that align with diverse interests and values while also achieving their goals effectively. Ignoring
or mismanaging stakeholders can lead to challenges and hinder an organisation’s success. Therefore,
having a deep understanding of the complex multi-stakeholder system is valuable for understanding,
engaging, and collaborating with this multifaceted network of individuals and groups [12].

Stakeholder management becomes even more important in these interconnected multi-issue and multi-
stakeholder environments [12]. These systems are characterised by their complexity and the need to
manage and navigate the interactions and relationships among these diverse stakeholders. Effectively
managing these interactions is essential for achieving successful outcomes in such complex systems.
Engaging multiple stakeholders ensures diverse perspectives, unique insights, experience and exper-
tise are brought to the table, improving the likelihood of finding effective solutions [66].

As mentioned in ?? ...REFerence the landscape within which CCFC operates is complex and diverse,
involving numerous stakeholders and issues. If CCFC wants to achieve its goals, it needs the coopera-
tion of a whole range of stakeholders, not only governmental authorities on the national and local level
but also on the community level [26]. Successful stakeholder management helps in reaching more
effectively and efficiently their goals.

2.6.3. Interventions

Interventions are dynamic tools that can help to bridge the gap between research findings and practical
actions. They can take various forms and may have different goals to achieve. They play a pivotal role
in addressing complex issues and achieving positive outcomes [50].

Interventions serve as a means to convey critical messages, raise awareness, and engage stakehold-
ers in a meaningful way. The primary role of interventions is to share knowledge and understanding
about the issues at hand with the involved stakeholders, generate interest and capture attention from
stakeholders or drive behavioural change, by influencing stakeholders’ practices and behaviours. The
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nature of interventions can vary [92]. As mentioned in 2.1.2 CCFC has two pillars, environmental and
social. Therefore in this literature review, we will look at social and environmental interventions.

Environmental interventions

Environmental and Conservation Interventions are strategies and actions aimed at preserving and pro-
tecting the natural environment. These interventions are essential for addressing environmental chal-
lenges. They can be carried out by governments, NGOs, or even individuals. Such interventions en-
compass diverse strategies and actions. These interventions can be categorised into three key groups:
command-and-control/disincentives (e.g., protected areas), incentives (e.g., Payment for Ecosystem
Services), and enabling measures (e.g., capacity-building) [73]. Effective environmental and conser-
vation interventions have key features that include sustainable land and resource management, biodi-
versity conservation, habitat restoration and community engagement [98]. Community engagement is
less of a direct intervention, but successful environmental and conservation interventions often involve
local communities and other stakeholders. This engagement fosters support, knowledge sharing and
a growing shared responsibility for the environment [37].

Social interventions

In the domain of community and social interventions, actions are designed to address a wide array of
societal issues. These interventions target specific communities or groups, recognising their unique
needs and circumstances. They serve as essential tools for addressing complex social issues and
driving positive change at the community level. These interventions typically focus on improving the
well-being, relationships, and overall quality of life. They are often implemented by government agen-
cies, nonprofit organisations, or community leaders to promote positive social change and address
issues such as poverty, education, healthcare, social justice, and more. Social interventions often
seek to create sustainable, long-term change within the community by building local capacity, foster-
ing collaboration, and empowering individuals and groups to continue and expand the impact of the
intervention. They often involve the active participation and engagement of community members or
stakeholders in the planning, decision-making, and implementation processes. This participatory ap-
proach aims to ensure that interventions are relevant and effective. Key characteristics of community
and social interventions include local focus, participation, social impact, a holistic approach, long-term
sustainability, and empowerment of individuals and groups [56, 72, 73, 67].

Interventions used by CCFC will involve a holistic approach, recognising the interconnections of envi-
ronmental challenges and social challenges.

The choice between a "bottom-up” or "top-down” approach for interventions depends on the specific
context and objectives of the intervention. Table 2.1 gives an overview of the advantages.

In practice, many interventions may combine elements of both approaches. This involves for example
using top-down guidance and resources to support and facilitate bottom-up participation. The choice
of the approach should be based on the specific objectives, context, and stakeholders involved in the
intervention. It's important to consider which approach best aligns with the desired outcomes and the
capacity of stakeholders to participate effectively [62, 34, 80].

While interventions offer promising pathways for change, they come with their challenges. Their effec-
tive implementation requires planning, stakeholder engagement, and ongoing evaluation. To ensure
that interventions are effective, it's essential to measure their impact through for example pre- and
post-intervention assessments or monitoring indicators. Monitoring is vital for ensuring the interven-
tion’s effectiveness and efficiency. It enables the assessment of whether the initiative is meeting its
intended goals and objectives and aids in determining if desired outcomes are being achieved. Fur-
thermore, monitoring is essential for continuous learning and adaptation. By collecting data on what
works and what doesn’t, such as its resonance with the children, provides valuable insights that can
lead to ongoing improvements and the refinement of our approach over time [73].
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Table 2.1: Overview advantages top-down and bottom-up interventions.

Advantages top-down

Advantages bottom-up

Centralised Control: decision-making and con-
trol are typically centralised at higher levels of au-
thority [80, 34, 42]

Local Empowerment: decision-making and con-
trol are decentralised, involving local commu-
nities, grassroots organisations, or individual
stakeholders [80, 34, 42]

Efficiency: making it possible to implement poli-
cies and initiatives on a large scale, allowing for
uniform implementation across a wide area [80,
34]

Community Engagement: active involvement
and engagement of local communities or stake-
holders, which can lead to solutions that are
more contextually relevant [80, 34]

Clear Accountability: Accountability is clear, re-
sponsibility for the implementation and action lies
with higher-level authorities. [34]

Tailored Solutions: Bottom-up approaches allow
for the development of tailored solutions that ad-
dress specific local needs and concerns [80]

Resources: Top-down approaches may benefit
from the resources available at the centralised
level [34]

Ownership: Stakeholders have a sense of own-
ership and are more likely to be committed to the
success of the intervention because they have
been actively involved in its design and imple-
mentation [80, 34]

Inclusivity: This approach promotes inclusivity
and may lead to more equitable outcomes, as
it takes into account diverse perspectives and lo-
cal knowledge [80, 34, 42]




Methodology

In this chapter, the methodology of the project is described. The research is divided into three stages
so that the research question can be answered. In the first stage, the different parameters of the cloud
forest canopy are quantitatively determined and analysed. For the second stage, the Mestela River
catchment is analysed and the total water discharge is determined. The results of these two stages are
eventually combined to give a total overview of the correlation between the cloud forest canopy and
the Mestela River water discharge. With this information, stakeholder interviews are conducted.

3.1. Mestela River Catchment Delineation

As shown in Figure 1.1, the Mestel& River is a tributary of the Cahabdn watershed. The actual outflow
boundary of the Mestela River catchment is around the water extraction point, as seen in Figure 3.1.
However, the boundary of the catchment area has been moved upstream such that the outflow is at
the stilling well on the CCFC property, which will be further discussed in Section 3.5. This adjustment
was made to align the outflow, measured at the stilling well, with the fluxes entering the model. The
remainder of the project refers to the Mestela River catchment as the attributing area upstream of the
stilling well.

A ater extraction

[ Full Mestela Catchment
[] Clipped Mestela Catchment
@ Hydraulic Structures

Figure 3.1: Mestela River catchment indicated in black. The clipped catchment of the Mestela River is shown in red. The
clipped area is the contributing area of the Mestela catchment upstream from the stilling well.

The catchment delineation was conducted in QGIS using the PCRaster plugin developed by Hans van
der Kwast. The PCRaster plugin is especially useful and well-functioning in hydrological modelling and
analysis [54]. The delineation of the catchment takes as only input the Digital Elevation Model (DEM),
which was converted into a compatible PCRaster format. From there, the Local Drain Direction (LDD)
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was derived, providing a general indication of water flow directions, such as north, northeast, east, and
SO on.

With the LDD, the stream order (also known as Strahler order) was created, resulting in a raster clas-
sification ranging from 0 to 12. To define the catchment streams, a threshold value of 5 was chosen,
so that order of 6 and higher will be exported as the streams in the catchment. This threshold was
visually validated through comparison with the OpenStreetMap. It's important to note that due to the
30x30-meter raster grid and human activity affecting river flow, the resulting stream flow raster is only
an estimation of actual river flow based on elevation, as depicted in Figure A.1 in Annex A. We chose
not to burn' the actual river flow from the OpenStreetMap into the DEM, since this will also alter the
results of further analysis. After selecting an outflow cell nearest to the stilling well, the catchment
boundaries were derived with the LDD raster. The total area of the Mestela catchment upstream from
the stilling well is 34.1 km?, or 3410 hectares.

3.2. Measurement Site for Canopy Monitoring

One of the project’s objectives was to establish a long-term measurement site to collect data related to
the hydrological cycle of the Mestela River catchment. In this chapter, the location of the measurement
site is elaborated on. Next, a reconnaissance of the measurement site is performed and a summary of
all equipment is given.

3.2.1. Decision Location Measurement Site

The location of the measurement site was based on the following considerations: security, proximity,
accessibility, internet connection, cloud cover presence and height within the catchment. The previous
group recommended installing the measurement site in the reserve of Ranchitos del Quetzal or on the
private grounds of CCFC. However, Ranchitos del Quetzal is not inside the boundaries of the Cahabdn
watershed, making it irrelevant to the scope of this research. After conducting several field trips, the
following three potential sites were selected:

1. Brecha: This site is situated at 1792 meters above sea level and is located just outside of the
border of CCFC.

2. Hillside CCFC: This option is at an elevation of 1655 meters, is located on the property of CCFC
but is also the lowest of the three options (referred to as ‘site’ in Figure 3.2).

3. Xucaneb: This site is located on the southern borders of the catchment and is the highest point
at 2628 m. This site features a radio tower atop the mountain and is continuously guarded.

In Figure 3.2, the location of the three sites is presented. In coordination with the directors of CCFC, it
was concluded that Hillside CCFC is the best location for the long-term setup. This conclusion is based
on multiple pros and cons that are explained in Table 3.1.

"To burn river flow through QGIS analysis is to alter the raster DEM values so that the Strahler results better follow the actual
river location.
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Figure 3.2: Locations of the different site options shown in orange. The decided location of the measurement site is called
”site” in the figure. The property of CCFC is indicated in yellow.

Initially, the site Xucaneb seemed like the preferred location due to its security against potential theft
and the frequent presence of clouds. However, one major drawback of Mount Xucaneb was its lack of
internet connectivity, which was a crucial requirement for our project. Within the proximity of Brecha,
some well-travelled trails existed, as well as some logging activity to the east. These logging activities
resulted in the rejection of the Brecha site by the directors of CCFC. As a result, the Hillside CCFC was
selected as the site for the long-term setup.

Table 3.1: Table of the pros and cons of the different sites, which was used to decide the location. The decided location for this
project is "Hillside CCFC”, indicated in green.

Location Hillside CCFC (++) Mount Xucaneb (--) Brecha (-)
Pros + Close by, simplifying + Cloudy area, resulting in more + Close by, simplifying
maintenance data on fog interception maintenance
+ Ontheland of CCFC + Altitude is more typical for the
+  Altitude is more typical for the area

area
+ Guaranteed internet

connection
Cons - Lesssignificant cloud - Car needed for transportation - Not cloudy and humid enough
interception - Extra people needed to help - Not guarded or on the land of
- Risk of damage or tree felling carrying the equipment CCFC
due to no surveillance - Altitude is not typical for the - No trail available, leads to
area safety risks and logistical
- Little to no internet connection challenges
HOBOLink

3.2.2. Introduction to Measurement Site
This section is meant to give a brief introduction and reconnaissance of the measurement site. The
following points characterise the measurement site:

 Elevation: 1655 m, which is relatively low for the catchment.

+ Slope Orientation: South-oriented, with the prevailing wind direction being southeast. This orien-
tation facilitates fog interception as clouds pass through the trees.

» Experimental Area: The dimensions of the site are 10 m by 15 m.

* Measurements: At the site, the following measurements are performed; horizontal precipitation,
throughfall, soil moisture content and stemflow.

* Tree selection: Within the experimental area, one large oak tree was found with a circumference
of 3.7 meters. This tree was used to install the canopy measuring devices.
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In Table 3.2, an overview is given of the different types of equipment that were used at the measurement
site. Furthermore, improvements have been made to extend the product lifetime of the measurement
site. Because the goal is that the measurements continue after the project's completion. These en-
hancements include protecting cables from insects and vandalism with plastic pipe covers, adding
filters to gutters and fog traps to prevent tipping bucket clogs, and installing the HOBO station at a
minimum height of 2 meters to discourage vandalism. In Figure 3.3, an overview of the site is given,
showing the location of the throughfall gutters, the tipping bucket and the soil moisture sensor. In
Appendix D, the specifications of the sensors and the station are found.

Table 3.2: An overview of the equipment used at the measurement site, including the dimensions. Further details about the
measurements can be found in Section 3.3.

Measurement type Equipment Dimensions

Horizontal precipitation 3 Fog traps Installation height: 14 m
1 Tipping bucket Diameter fog trap: 0.20 m
3 Funnels Height fog trap: 0.46 m
3 Connection tubes (garden hoses)

Throughfall 4 Gutters Diameter gutter: 0.1 m
1 Tipping bucket Length gutter: 2.5 m
4 Funnels Total collection area: 1 m?

4 Connection tubes (PVC-pipes)

Soil moisture content 1 Soil moisture sensor Installation depth: 0.4 m
Stem flow 1 Cut-open tube Circumference stem: 3.7 m
1 Diver Diameter tube: 0.03 m
1 Collection bottle Length tube: 7.4 m

Volume bottle: 14 L

Data collection 1 HOBO station
1 Solar panel

10 m

Tree

Tipping Bucket

/ . . Tree with Stemflow
and Fog Traps
L 4
o
[ |

Soil Moisture Sensor

. I Throughfall Gutter

——— Connection Tubes
77777 Cable

15m

A
v

Figure 3.3: Top view of the site (10 by 15 meters). The tree which was used for measuring the stem flow and the installation of
the fog traps is indicated as an orange hexagon. The soil moisture sensor and the tipping bucket are also located close to this
large tree because the HOBO station was located there as well. The other trees, with a diameter larger than 0.3 m, are
indicated as a grey hexagon. The throughfall gutters are indicated as blue bars.
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3.3. Canopy Monitoring

This paragraph describes the different measurements done at the site, as well as the data collection
devices, data conversions and calculations.

3.3.1. Canopy Influx

As mentioned in Section 2.3, the influx of the canopy in cloud forests can be divided into two parts:
vertical precipitation and horizontal precipitation. Both of these forms of precipitation are crucial for
understanding the hydrological balance of the canopy.

Vertical precipitation

To assess vertical precipitation, various methods can be employed. One such approach, utilised by
Cloud Chasers | [1], involves the development of homemade rain gauges created from 3L water bot-
tles. Figure 3.4a shows an example of a homemade rain gauge made by Cloud Chasers I. These
homemade instruments offer a straightforward way of collecting vertical precipitation and are accessi-
ble for the local communities to use. The water collected in these bottles is measured using a pressure
sensor known as a "diver”. However, for this research, which aims for a long-term setup, homemade
rain gauges would not serve the needs, as the diver has to be replaced after a while to collect the data.

Consequently, a weather station (ICOBN4, Figure 3.4b) located in the surrounding of the experimen-
tal area is used for this research, which is still situated on the grounds of CCFC. This specific station
is an Alecto WS-5500 weather station connected to the online platform Weather Underground. The
weather station provides plenty of information, including temperature, dew point, humidity, wind speed
and gusts, air pressure, precipitation and incoming solar radiation. Data is provided with an interval of
5 minutes.

(a) Homemade rain gauge by Cloud (b) Weather station ICOBN4
Chasers | [1]

Figure 3.4: Various methods to measure vertical precipitation.

For the assessment of vertical precipitation, the data from the weather station is used as input data.
Other measurements from the weather station are used to calculate different input parameters, which
will be discussed later. It is important to note that this reliance is based on an assumption since the
weather station is not located in the experimental area. Nevertheless, the measurements obtained are
considerably more accurate than those from a homemade device. Furthermore, the weather station is
still within the catchment and the distance between the weather station and the experimental area is
only about 800 meters.

Horizontal precipitation
Measuring horizontal precipitation, or in other words, fog interception by the canopy, comes with chal-
lenges. The diverse amount of vegetation types, each with unique interception capabilities, makes it



3.3. Canopy Monitoring 22

difficult to obtain a precise estimate of intercepted fog. To obtain insights into the temporal distribution
and variation of potential fog deposition, homemade "fog traps” are used. It is important to note that
these fog traps provide an indication and do not fully reflect the characteristics of the vegetation to
capture the fog.

Cloud Chasers | developed an initial prototype of the fog trap, a cylindrical wire harp fog trap inspired by
previous studies [6, 32, 82]. They identified various factors influencing the fog trap’s efficiency. While
the goal of the fog trap is capturing horizontal precipitation, there is a possibility of measuring vertical
precipitation as well. Their prototype includes a roof shield intended to block a part of the vertical pre-
cipitation. However, due to the fog trap’s open structure and the angle of incoming vertical precipitation,
it still affects the measurements. Moreover, efficiency is influenced by wind speed and drop size, which
are accounted for in their design.

Atogtrap = 920 cm?

Figure 3.5: Cross-sectional area fog traps, which is used to calculate the correction factor.

The fog trap is constructed using a nylon fishing line and has dimensions of 46 cm in height, 20 cm
in outer diameters and a cross-sectional area of 920 cm? for capturing fog. A visualisation of how the
cross-sectional area is determined is visible in Figure 3.5. This collection surface comprised vertically
arranged 0.5 mm nylon fishing lines spaced 2 mm apart. The nylon threads are wound around a saw
blade with 2 mm spacing to ensure an even distribution. The plastic cover, originally with a diameter
of 40 cm in length in the first prototype, was replaced with a plastic cover of 70 cm in diameter in this
study to account for the measurement of vertical precipitation by Cloud Chasers I. Figure 3.6 provides a
visual comparison between the initial prototype created by Cloud Chasers | and the fog trap developed
for this research. Notably, the larger size of the plastic cover is clearly visible.

(a) Fog trap by Cloud Chasers | [1] (b) Improved fog trap by Cloud Chasers Il (c) Improved fog trap by Cloud Chasers I

Figure 3.6: Comparison between fog traps of Cloud Chasers | & Il

In total, three fog traps are utilised to measure horizontal precipitation, strategically positioned around
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the tree at approximately 14 meters in height. These fog traps are hung on big branches, with attach-
ments to lower branches for stability, as visualised in Figures 3.6b and 3.6c. The water collected by the
fog traps is channelled through hoses (Figure 3.7a) affixed to the fog traps and is eventually directed to
a tipping bucket (Davis, S-RGF-M002), as shown in Figure 3.7b. This tipping bucket has a precision of
0.2 mm when it tips. To avoid dirt clogging in the tipping bucket, a filter is installed between the tipping
bucket and the hoses, as can be seen in Figure 3.7c. The tipping bucket is connected to a data logger
that transmits the data to an online server, facilitating data retrieval.

. 4 ARV
(a) Hoses channelling the water (b) Tipping bucket in the tree (c) Filter between tipping bucket and hoses

Figure 3.7: Overview of the tree including hoses, tipping bucket and filter

3.3.2. Interception and Storage of Non-Vascular Epiphytes

In this section, we focus on the interception and storage properties of epiphytic mosses. In this case,
only non-vascular epiphytes are considered, as described in Section 2.3, as these organisms cover
approximately 80-90% of branches and vegetation in our research area. The thickness of the mosses
depends on branch thickness and inclination, as shown in previous research [95]. The moss thickness
varies from 1-2 cm at the junction of primary branches with the trunk to 10-20 cm when positioned
more than a meter from a primary branch. Secondary or tertiary branches typically exhibit minimal
moss cover, generally less than 1-2 cm. Additionally, large “moss balls” exceeding 20 cm are observed,
typically forming on primary branches.

Storage capacity of non-vascular epiphytes

To assess the storage capacity of non-vascular epiphytes, we drew inspiration from a study conducted
by Veneklaas E. et al. [95] in the high TMCF regions of Colombia. This approach involved determining
the interception capacity of mosses through a mass balance analysis, considering variations in moss
weights across various moisture content conditions.

The moss samples can be assessed under three conditions: when fully saturated (Wg4t), which means
they are weighted initially when they are removed from the branches; after gentle wringing (Wsqueezed);
and after undergoing air drying throughout a dry spell (Wgyy). The choice of air drying over oven drying,
as practised by Veneklaas E. et al. [95], was made to replicate the authentic field conditions, particu-
larly during wet periods following droughts.

From these measurements, three distinct portions of water can be delineated: total water retention
(WReta1), externally held water (WRexternal) @nd internally held water (WRinternar)-

WRiotal = Saturated Weight — Dry Weight = Weat — Wy (3.1)
WRexternal = Saturated Weight — Squeezed Weight = Wsat — Wsqueezed (3.2)
WRinternal = Squeezed Weight — Dry Weight = Wsqueezed — Wary (3.3)

These portions of water can be expressed as percentages of dry weight.
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Wsat — W
WRtal = — (34)
dry
Wsat — W.
WRexternal = —al____sdueszer Wy saueezed (3.5)
y
W, - W
WRinternal = squee;\(;j dry (3.6)
ry

Evaporation of non-vascular epiphytes
We identified two distinct phases in the drying process of saturated mosses:

1. The drainage phase: during which water, seemingly exceeding the retention capacity, is rapidly
lost primarily through dripping. The drainage phase was considered complete when the rate of
dripping fell to less than one drop per minute.

2. The evaporation phase: where water loss occurs solely through evaporation. It's important to
note that some evaporation also takes place during the drainage phase but at significantly lower
rates compared to the drainage rates [95].

To estimate the evaporation occurring during the day, we calculated the weight loss over a period
starting one hour after the conclusion of the drainage phase. The mosses were experimentally wetted.
In Figure 3.8, the measurement setup of the experiment is shown. This is a typical epiphyte mass with
some proportion of vascular and non-vascular plants.

Figure 3.8: The measurement setup related to the experiment of the evaporation of water in epiphytes.

3.3.3. Canopy Outflux
The outflux of the canopy consists of three parts: throughfall, stemflow and evaporation. These three
parts are discussed in the following sections.

Throughfall

In order to quantify the throughfall within the study area, four gutters are constructed, each measuring
250 cm in length and 10 cm in width. These gutters collectively cover an area of 1.0 m? and are placed
beneath the canopy to collect the throughfall. Figures 3.9 and 3.10 give an overview of the gutters in
the study area to collect throughfall. Given the non-uniform nature of the tree canopy, with variations in
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spatial distribution, the gutters are randomly positioned under the canopy to provide a representative
sampling of the average throughfall throughout the study area. These gutters are connected via PVC
pipes to a single tipping bucket (Davis, S-RGF-M002), which is connected to a central data logger
(HOBO, RX3000). This data logger transmits the data every 15 minutes.

Figure 3.10: Details of the gutters.

To maintain the efficiency of the throughfall collection system, measures are taken to prevent debris
from interfering with the process. Chicken wire is applied to the gutters to act as a barrier against falling
debris and potential blockages. Furthermore, fine sieve filters were introduced within each gutter and
the tipping bucket to prevent the accumulation of dirt.

The incorporation of a tipping bucket system reduced the need for frequent manual maintenance, as
the data was transmitted through an online platform. However, routine visual inspections were con-
ducted on a weekly basis to ensure the proper functioning of the system and to address any potential
disturbances caused by new debris within the water collection system.
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Stemflow

To quantify the stemflow from the tree, a PVC tube with a 3 cm width is wrapped around the trunk of
the tree. This tube was carefully cut along its length to form a flexible gutter that could be adapted to
the tree’s irregular contour. To ensure a tight seal between the tube and the tree trunk, the tube made
two complete loops around the trunk, effectively sealed with silicone sealant. Given that the tree had
a diameter of 3.7 meters, the tube required a minimum length of 7.4 meters to complete two full loops,
a requirement based on prior research by [16].

The stemflow was channelled into a large plastic container for precise measurement. Within this con-
tainer, a diver (VanEssen, DI801) was placed to gauge the water pressure. Another diver was posi-
tioned externally to measure the atmospheric pressure, enabling compensation when determining the
water pressure. These divers collected data at 15-minute intervals, and once a week, they were re-
trieved for data download. Using the recorded water pressure data and the container’s surface area,
we calculated the total stemflow volume accurately.

Figure 3.11: Overview of the tree collecting stemflow.

Potential evaporation

To calculate the potential evaporation, the Penman-Monteith formula (Equation 3.7) is used instead of
the Penman formula. This choice arises from the fact that the Penman formula is suitable for estimat-
ing the potential evaporation of open water surfaces, while the Penman-Monteith formula is valid for
vegetated surfaces [101]. As the soil and vegetation in the study area remained consistently wet, the
actual evaporation within the cloud forest could be considered approximately equivalent to the potential
evaporation. The measurement data from the weather station ICOBN4, which is close (+ 800 meters)
to the study area), are used in the calculation of the potential evaporation. Table 3.3 summarises the
parameters used in the Penman-Monteith equation.

s(Ry—G) + CpPaes—eq

E,——0 (3.7)

s+ (1 + %)

In the next paragraphs, each parameter of the Penman-Monteith formula is discussed in a logical order,
following the methods used in previous research [100].

The aerodynamic resistance r, is determined based on the wind speed at 2 m elevation u; obtained
from the weather station ICOBN4, using Equation 3.8.
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Table 3.3: Parameters of the Penman-Monteith equation.

Symbol Parameter Unit
Ep Potential evaporation m/s

s Slope of saturation vapour-pressure curve kPa/K
Ry Net radiation at the Earth’s surface J/(s m?)
G Ground heat flux JI(s m?)
p Density of water (= 1000 kg/m?3) kg/m®

A Latent heat of vaporisation (= 2.45e6 J/kg) [100] J/kg

Cp Specific heat of air at constant pressure (= 1004 J/(kg K)) [100] J/(kg K)
Pa Density of air (= 1.2 kg/m?) kg/m3
es Saturation vapour pressure for temperature at 2 m elevation kPa

€q Actual vapour pressure of air at 2 m elevation kPa

Ta Aerodynamic resistance s/m

~ Psychrometer constant (= 0.0669 kPa/°C) [74] kPa/K
Te Canopy diffusion resistance (= 150 s/m) [100] s/m

245

Ta

(3.8)

= 0.54uy + 0.5

Saturation vapour pressure for temperature at 2 m elevation e, is calculated based on the temperature
T in Kelvin, as can be seen in Equation 3.9. This formula is known as the Tetens Equation [90]. It is
important to note that there is a clear difference in the formula for temperatures above and below 0°C.
The formula used in this study is applicable for temperatures above 0°C, as it maintains a constant
value above this threshold in this area.

(3.9)

17.27T
65:0.61078exp( 727 )

T+ 2373
The actual vapour pressure of air at 2 m elevation can be calculated using Equation 3.10 and is derived
from e and the relative humidity A [-].

(3.10)

The slope of the saturation vapour-pressure curve s is calculated using e, and the temperature T in
Kelvin.

eq=¢€s-h

4 s
o= e (3.11)
(T +237.3)
Net radiation at the Earth’s surface R is more complex to calculate and takes more intermediate steps.
The net radiation is composed of two components: net short-wave R, and netlong-wave R,,; radiation.
RN = Rns -

R (3.12)

Equation 3.13 describes the net short-wave radiation, denoted as R,,, and its unit of measurement
is in [57{12]. R, is dependent on a parameter known as the Albedo » specifically for cloud forests,
with a value of 0.12 [-], as documented in [89]. The Albedo signifies the fraction of sunlight that is
diffusely reflected by an object and it is quantified as a fraction between 0 and 1. In this scale, 0
corresponds to an object that absorbs all incoming light, while 1 signifies an object that reflects the
entirety of incoming radiation. Furthermore, the net short-wave radiation is dependent on the incoming
short-wave radiation on the Earth’s surface R;,,. This value can be extracted from the weather station

ICOBN4 and is expressed in [~Z5].
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Rns = (1 - T) Rin (313)

The net long-wave radiation, referred to as R,,; and measured in [s 7{12 ] , is the second component of Ry .

Its calculation is detailed in Equation 3.14, according to [100]. This equation involves various factors.
It relies on variables such as n and N, where n signifies the actual hours of sunshine recorded at the
weather station ICOBN4, and N represents the mean daily duration of maximum possible sunshine
hours. The value of N fOr each month can be extracted from Table 3.4 and varies for different months.
The latitude of the experimental area is situated at 15°North, resulting in a value of 11.8 for N in the
month of October. Additionally, R,,; depends on two other parameters: the actual vapour pressure of
air at 2 m elevation ¢,, which is computed in preceding sections, and the temperature 7' in Kelvin.

Ry = (0.9% + 0.1) (0.34 — 0.139\/eq) o (T + 273)" (3.14)

Table 3.4: The mean daily duration of maximum possible sunshine hours [77].

Northern

Lats Jaa Fet Mar Apr May June July Aug Sept Oct Nov Dec
Sotgigm July Aug Sept Qct Nov Dec Jan Feb Mar Apr May June
50° 8.5 10.1 1.8 13.8 15.4 16.3 15.9 14.5 12.7 10.8 9.1 8.1
48 8.8 10.2 11.8 13.6 15.2 16.0 15.6 14.3 12.6 10.9 . 9.3 8.3
46 9.1 10.4 11.9 13.5 14.9 15.7 154 14.2 12.6 10.9 9.5 B.7
L4 9.3 10.5 11.9 13.4 14.7 15.4 15.2 14.0 12.6 11.0 9.7 8.9
42 9.4 10.6 11.9 13.4 14.6 15.2 14.9 13.9 12.6 11.1 9.8 9.1
40 9.6 10.7 1.9 13.3 4.4 15.0 14.7 13.7 12.5 11.2 10.0 9.3
35 10.1 11.0 11.9 13.1 14.0 14.5 14.3 13.5 12.4 11.3 10.3 9.8
30 10.4 1.1 12.0 12.9 13.6 14.0 13.9%  13.2 12.4 11.5 10.6 10.2
25 10.7 11.3 12.0 12.7 13.3 13.7 13.5 13.0 12.3 11.6 10.9 10.6
20 11.0 11.5 12.0 12.6 13.1 13.3 13.2 12.8 12.3 b 11.2 10.9
15 11.3 11.6 12.0 i2.5 12.8 13.0 12.9 12.6 12:.2 11.8 11.4 11.2
10 11.6 11.8 12.0 12.3 12.6 12.:7 12.6 12.4 12.1 11.8 11.6 11.5
5 11.8 11.9 12.0 12.2 12.3 12.4 12.3 12.3 12.1 12.0 11.9 11.8

0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0 12.0

The last parameter that needs to be determined is the ground heat flux G. This parameter can be
assumed to be 0, according to [100].

3.4. Mestela River Discharge

The discharge of the Mestela River is an important measure because it is one of the main input values of
the hydrological model. Therefore, detailed computation of the river discharge is of utmost importance
to guarantee a model that develops trustworthy simulations. The computation of the discharge of the
Mestela River is based on topographic measurements, water level measurements, and multiple water
pressure sensors.

3.4.1. River Bathymetry

To analyse the bathymetry of the Mestela River, a total station from the University of San Carlos was
used. This surveying instrument integrates the function of a theodolite with Electronic Distance Mea-
surement (EDM), to measure angles and distances from the instrument to a particular point. The
bathymetry of the Mesteléd River was measured at two locations, with 5 meters distance in longitudinal
direction. Eventually, only one cross-section was used in the computation of the river discharge (Sec-
tion 3.4). The spacing between each point was 0.25 m.

The coordinates of the cross-section were initially measured in the GTM projection, a local Guatemalan
projection. These were later corrected to the standard WGS projection. Additionally, since the measure-
ments were not taken along a straight line, a line was fitted, and the projection was adjusted accordingly.
Figure 3.12 illustrates the fitted line through the measurement points. Next, the Haversine formula was
used to calculate the distances in meters, which resulted in the final cross-sections. In Figures 3.12
and 3.13, the cross-section is shown.
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Figure 3.12: In this figure the topographic measurements are shown in longitude and latitude. The fitted lines show how these
measurements are projected to form a straight line of the cross-section. This line is then used for the discharge model to
calculate certain parameters.
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Figure 3.13: Cross-section 2, at the location of the stilling well.

3.4.2. Water Level Measurements

To measure the water level of the river a stilling well was placed. This is a commonly used construction
for monitoring surface waters. This stilling well consists of one vertical PVC pipe (400 x 5 cm) connected
to a horizontal PVC pipe (200 x 5 cm). In the horizontal pipe, holes are drilled where the water can
enter the stilling well. Due to the extra friction in the horizontal pipe and the absence of direct vectors
such as flow velocity and wind waves, the stilling well displays the actual water level. In the vertical
pipe, a diver (TD-Diver, Van Essen) was placed that recorded and stored the recorded pressure every
15 minutes. Throughout the day, the air pressure can fluctuate with a lower pressure as the air heats up
and a higher pressure when it cools down. The diver that measures the water pressure is also affected
by the fluctuating air pressure. Therefore, an extra diver is installed on top of the stilling well, which
measures the barometric pressure. With both pressures known at each time, the water column above
the diver can be calculated with Equation 3.15 [93].

WC = (pdiver - Pbaro) (3.15)
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Table 3.5: Parameters of the water column formula, based on the water pressure.

Symbol Parameter Unit
wcC Water Column above diver cm
Ddiver Water pressure cm H,O
Dbaro Barometric pressure cm H,O
p Density of water (= 1000 kg/m?) kg/m3

g Gravitational constant (= 9.81 m/s?) m/s?

3.4.3. Velocity Measurements

To determine the average flow velocity, a diver is placed in the river. It measures the total pressure
at that certain point. By comparing this pressure with the pressure from the diver that is placed in the
stilling well, the flow velocity at that point can be calculated with Bernoulli’s principle. This can be ex-
plained by comparing the situation with a Pitot meter, see Figure 3.14.

il
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Figure 3.14: Pitot meter, based on the principle of Bernoulli.

The figure shows the difference in hydraulic pressure when the velocity increases. A higher flow ve-
locity results in a higher water column above the second tube. This can be explained when looking at
Bernoulli’'s Principle (Equation 3.16). The total hydraulic pressure equals a constant or another point
in the same energy balance. When looking at the system in the river, the stilling well is represented
by the first tube and measures the static water pressure. The second tube, represented by the diver in
the river, measures to total hydraulic pressure at that point. Both divers are placed at the same height
and when assuming there is no velocity within the stilling well, only the velocity in the river is unknown.
The formula can therefore be rewritten in the formula of Torricelli (Equation 3.17). Here, the potential
energy, represented by the increase in the water column, becomes kinetic energy.

Bernoulli Equation: Py + %pv% + pghy = Py + %pvg + pgha (3.16)
Torricelli Equation: vy = \/29Ah (3.17)

3.4.4. Computation River Discharge

The water level in the river is highly fluctuating, which has a large effect on the flow velocity, and thus the
discharge of the river. To calculate the discharge as accurately as possible, a hydraulic model is made.
This model takes as input the previously mentioned measurements: water level, river bathymetry and
measured flow velocity.
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Assumptions

In the model, the following assumptions are made. In the river shallow water is assumed, this can also
be seen in a cross-section of the river bathymetry, the vertical length scales are much smaller than the
horizontal length scales. With shallow water assumed, the advection terms in the vertical direction can
be neglected and the water can be seen as hydrostatic.

When looking at the path of the river there are no sudden changes in the bathymetry, therefore the
flow in the river is described as a uniform flow. Here, the flow velocity does not change in the stream-
wise direction and there are no accelerations and decelerations in the flow direction. The absence of
changes in the flow pattern causes the turbulent boundary layer to fully develop, covering the whole
water depth. In these uniform flow conditions, the bed shear stress increases linearly, with zero at the
water level and maximum near the bed. The bed shear stress has a direct influence on the advection
in stream-wise directions and yields a logarithmic vertical velocity profile [97].

Procedure

The logarithmic velocity profile can be plotted as a function of the water depth with Equation 3.18 [3]. In
this equation, the shear velocity is divided by the Von Karman constant £ and multiplied by the natural
logarithm of the vertical height divided by the roughness coefficient z;.

u(z) = (1;) ‘In (;) (3.18)

Table 3.6: Parameters of the velocity profile formula.

Symbol Parameter Unit
u(z) Stream wise particle velocity at depthz  m/s
u* Shear velocity m/s
K Von Karman constant (= 0.41) -

20 Roughness level m

First, the boundary resistance coefficient c; is calculated. This dimensionless coefficient characterises
resistance in fluid flow over a solid surface based on wall shear stress. There are multiple ways to
calculate c;. In this case, it was decided to base c¢; on Manning’s coefficient n using Equation 3.19 [3].
By assuming natural river channels with pools and shoals, Manning’s coefficient is set to 0.035 m™"3s.
The hydraulic radius R is based on the area of the river’s cross-section and the wetted perimeter.

Ac

ith R=— 3.19
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Table 3.7: Parameters of the equation for the boundary resistance coefficient.

Symbol Parameter Unit
cr Boundary resistance coefficient -

g Gravitational constant (= 9.81 m/s?)  m/s?
R Hydraulic radius m

n Manning’s coefficient (= 0.035 m"3s) m3s
A, Area cross-section m?2

P Wetted Perimeter m

Second, an iteration needs to be performed to calculate the shear velocity «(z) and «* simultaneously.
As can be seen, the flow velocity u(z) is dependent on the shear velocity «*, which is again dependent
on the depth-averaged velocity. Therefore, an iteration process is required using Equations 3.18 and
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3.20 [3].
It is assumed that the depth-averaged flow velocity is equal to the flow velocity at 40% of the water
depth. The initial value used for the depth-averaged flow velocity is based on a linear flow-velocity

profile. The iteration process is done in such a way that the measured flow velocity corresponds with
the modelled velocity.

ut = e x U (3.20)

Table 3.8: Parameters of the shear velocity equation.

Symbol Parameter Unit
u* Shear velocity m/s
cr Boundary resistance coefficient -

U Depth-averaged flow velocity m/s

Third, to determine the average flow velocity for the whole river, the cross-section is divided into small
parts Az. In each Ax the logarithmic velocity profile is modelled and the average flow velocity is cal-
culated. Then, these flow velocities are averaged over the whole cross-section to end up with the
cross-sectional average flow velocity.

Finally, the discharge per 15 minutes is computed using the cross-sectional average flow velocity and
the area of the cross-section. This data, in combination with the water level, is used to fit the rating
curve. The fitted line is based on the power law equation [39], which is given in Equation 3.21. The
resulting rating curve is shown in Section 4.4.

Q=a i (3.21)

Table 3.9: Parameters of the power law equation.

Symbol Parameter Unit
Q Discharge m3/s
h Water level m

a Fitting parameter -

b Fitting parameter -

3.4.5. Long-term Measurement Setup

Measurements conducted by the divers were limited to the project’s duration as they were borrowed
from the Waterlab at Delft University of Technology. To continue measuring the water level after the
project's completion, a stage was constructed and installed in the Mestela River. This, along with
the fitted rating curve, enables the measurement of the Mestela River Discharge post-project. The
constructed stage can be seen in Figure 3.15.
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Figure 3.15: The installed stage to measure the water level of the Mestela River.

3.5. FLEX-Topo Model

In this section, the development of the FLEX-Topo model is elaborated upon in detail. First, the Mestela
River catchment is classified based on its landscape. Second, the adaptations of the model are ex-
plained. Finally, it is explained how the model is run.

3.5.1. Landscape Classification

The FLEX-Topo model is a conceptual model that bases the hydrological processes on the topography
of the catchment. The classification of the landscape of the Mestelda River catchment is based on
several basin characteristics. All visualisations of these analyses can be found in Appendix A. The
following analyses were used:

» Height Above Nearest Drainage (HAND): Initially, a unique ID was allocated to every raster pixel
in the Strahler stream raster. Using the 'Subcatchments’ function of the PCRaster plugin and LDD,
each unique ID was linked to corresponding subcatchments. This led to the creation of a sub-
catchment raster that delineated runoff areas for every river pixel. Subsequently, the drainage’s
elevation was determined as the minimum elevation within each subcatchment. The HAND was
then computed by subtracting the drainage elevation from the DEM.

» Slope: The slope was directly derived from the DEM.

Leaf Area Index (LAI): This index is a commonly used measurement to describe the canopy. It
quantifies the layers of leaves of the canopy per square meter. For instance, a canopy with
an LAI of 1:1 has only one leaf layer per square meter, while a canopy with an LAl of 3:1 has
three leaf layers per ground square meter [14]. To determine the LAIl, Sentinel-2 data of the
catchment is analysed with the SNAP plugin in QGIS, which uses an algorithm developed by the
European Space Agency (ESA). The Copernicus Sentinel-2 mission comprises two polar-orbiting
satellites to monitor the variability in land surface conditions [27]. The satellites send out different
bandwidths of light (15 ., up to 175 u,,), with a high-resolution pixel size of 10 to 60 meters,
which measures how much light is reflected. With the ratio of reflected light different indexes can
be calculated, such as the Normalised Difference Vegetation Index (NDVI) and the Normalised
Difference Water Index (NDWI), and with the SNAP plugin the LAl is calculated. All the sentinel
data can easily be downloaded from the Sentinel EO browser. For this research, the data file
of 04-04-2023 is chosen as this date has a cloud coverage of 0.0% over the catchment area.
For this analysis, a pixel size of 10x10 m was initially used but was resized to 30x30 meters for
compatibility.
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» Spectral analysis: A spectral analysis was used to validate the find patterns in the catchment, of
which the code can be found in Appendix A. The analysis was done using Landsat 8 data with
bands 1 up to 7. The classification was executed with the ‘Semi-Automatic Classification Plugin’
in QGIS. With the use of a training set, three general categories were found within the catchment:
Agriculture, Plantation and Cloud Forest. Validation of these categories was done with Tara de
Vries, one of the directors of CCFC who has lived in the area for over twenty years. The results,
which can be found in Appendix A were used as a visual basis upon which the LAl and HAND
will be changed.

The definition of the classes of the FLEX-Topo model are not the same as the classification of the
spectral analysis, as the model classes are based on different conditions as the spectral analysis. The
model classes are defined by changing the values of the LAl and the HAND and matching it with the
result of the spectral analysis. Thresholds of 8 meters for HAND and 1.8 for LAl were found satisfac-
tory. With these thresholds, Agriculture contains 45% of the catchment, (cloud) forests 44% and low
drainage areas 11%. The resulting classification is displayed in the Figure 3.16. The code used for the
classification can be found in Appendix A.

Landscape classification
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Figure 3.16: Landscape classification of the Mestela River catchment, with low drainage areas being indicated in blue, (cloud)
forests in dark green and agriculture in light green. The result of the landscape classification is used to set up the FLEX-Topo
model.

3.5.2. Adaptations

The framework and code for the FLEX-Topo model are based on the 2023 ENVM1502 lecture at Delft
University of Technology. Some adaptations were performed such that the model matches the Mestela
River catchment and its hydrological processes the best. Initially, the model contained three classifica-
tions:

1. Plateau: HAND > 5 meter and slope < 11 degrees.
2. Hillslope: HAND > 5 meter and slope > 11 degrees.
3. Low drainage area: HAND < 5 meters and no restriction on slope.

The FLEX-Topo model bases its classification on HAND and slope. In this case, the landscape classi-
fication is based on HAND and LAl instead, because only a small portion of the catchment has a low
slope. This resulted in the initial class of hillslope being used as a basis for the modified classes Cloud
Forest and Agriculture. The initial class Low drainage area is unaltered in the model structure. The
modified class Agriculture is only altered in name, the model structure remains the same. However,
Cloud Forest has been modified to fit the dynamics of the system better. These modifications will be
explained in the following paragraph. All fluxes, states and parameters are shown in both Figure 3.17
and Appendix B.

Cloud forest structure alterations

The goal of the model is to simulate the processes occurring within cloud forests in the catchment. In ad-
dition to the processes already defined within the FLEX-Topo framework, the processes that the model
should mimic include condensation and moisture release from epiphytes and mosses. All parameters,
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including those newly added to the structure, are described in Table 3.10. The following modifications
have been made to the model to reproduce these processes:

» Horizontal precipitation only occurs when a cloud is pushed up against a mountain, or when the
relative humidity exceeds the saturation threshold, and condenses. Since our model does not in-
clude orographic influences and cloud travel, we focused on the condensation in the system. How
this process is calculated is explained in Section 3.5.2. In the model structure, the condensation

is added as the flux Py, that enters the interception bucket in class Cloud Forest.

» Two new parameters were introduced to mimic the buffer release from the interception bucket:
Si min @nd K; pr. The parameter S; ,,,;,, is intended as a threshold, below this threshold no buffer
release occurs. If the volume in the interception bucket is above this threshold, water will slowly
leak with the volume above this minimum threshold, times the factor K; pr. This parameter
K7 pr is an arbitrary parameter that will be calibrated. The volume that "leaks” is added to the
throughfall (P.).

Cloud forest

Agriculture

Low drainage area

= (—)b
P (S X)

Figure 3.17: Modified FLEX-Topo flowchart. The fluxes are indicated in orange, the states in blue, and in red the parameters
that can be adjusted.

Table 3.10: Quantification and description of the parameters used in the FLEX-Topo model.

Parameter Description Unit Low Agriculture  Cloud
drainage Forest
area

fer Coefficient for evaporation recy- - 0-0.4

cling

K, Baseflow recession coefficient - 0.0000005-
0.0000200

Tlag Weighting function for modelled 60/15min72-288

discharge

C. Evaporation coefficient - 0.1-0.9 0.1-0.9

Su,maz Maximum water storage in un- mm 10-150 5-100

saturated bucket

B Coefficient for throughfall distri- - 0.2-5 0.6-6

bution

Crnaz Recharge coefficient - 0.02-0.8
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Table 3.10: Continued from previous page

Parameter Description Unit Low Agriculture  Cloud
drainage Forest
area

Ky Fast flow recession coefficient - 0.00002-  0.00002-

0.00009 0.00015

Lax Maximum water storage in inter- mm 6-28 4-20 7-40

ception bucket

Inin Minimum water storage in inter- mm 1-4

ception bucket
D Distribution coefficient for over- - 0.2-0.9 0.6-0.99
land flow or groundwater infiltra-
tion

KiBr Epiphytes and mosses buffer re- - 0.0002-
lease coefficient 0.03

Moisture buffer release

The typical epiphytes in a cloud forest are mosses, orchids and bromeliads. These epiphytes contribute
to the storage and slow release of accumulated water on the tree. To simulate this release of water
into the system, the same system as snow release is used. In this system, a threshold temperature is
used, above which water stored as snow starts to melt and is added to the unsaturated bucket. Only
volume above the threshold of I,,,;, can leak out of the interception bucket. The factor with which it
leaks is the K; pr. The resulting formula can be found in Equation 3.22.

MOiSturebuffer release — (Si - Si,min)Ki7br (3-22)

Mist condensation

During the late night and early morning hours, as temperatures continue to decrease, the air’s ability
to retain moisture also decreases. This reduction in the air’s water-holding capacity is illustrated in the
psychrometric chart provided in Appendix E. When the relative humidity reaches its maximum level, the
air is saturated with moisture. Subsequent cooling of the air leads to the condensation of water vapour
onto epiphytes, mosses and plants. This condensation of water can be quantified through the change
in specific humidity (also called humidity ratio). Specific humidity is expressed as the weight of water
vapour in kilograms per kilogram of air [78] and is presented in Equation 3.23. The related parameters
are explained in Table 3.11.

q= 0.662%“ (3.23)

The calculation of the actual vapour pressure (¢, ) relies on Equation 3.9, which requires the saturation
water vapour pressure determined by Formula 3.9 as an input. As the model is designed to work
with input data in millimetres per square meter (mm/m?), the horizontal precipitation in the form of mist
condensation should also be expressed in the same unit. By analysing the change in the humidity ratio,
we can determine the quantity of water vapour in kilograms per cubic meter (kg/m?) that has condensed
within the system. To convert this ratio into a weight, the density of humid air should be considered,
which can be computed using the following formula:

pdry(]- + Q)
1+ 1.609¢

It is assumed that the average tree height in the cloud forest is 8 meters. 8 m? volumes of air, stacked
on top of each other results in a weight [kg], which can be converted to volume [L], which is the same as
mm/m2 in the case of water. This flux will be added in the model to the class Cloud Forest as horizontal
precipitation. Horizontal precipitation in the model only occurs when the temperature in the previous

with  pary, = (3.24)

p
Phumid = m
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Table 3.11: Parameters for the mist condensation formulas.

Symbol Parameter Unit

q Specific humidity -

€q Actual vapour pressure Pa

P Pressure Pa

R, Gas constant of dry air  J/(kg K)
RH Relative Humidity %

T Temperature K
Phumia  Density humid air kg/m?3
Pdry Density dry air kg/m?3

time step is higher than the temperature in the current time step and the relative humidity is larger than
99%.

3.5.3. Model Run

In hydrological models, timesteps are commonly 1 day. In this case, the FLEX-Topo model is run in both
a 15-minute time step, to match the measurement time of the river discharge, and a 1-hour time step.
The same simulation technique was applied for both time steps. For all 19 parameters, a minimum and
a maximum value were taken. Between this minimum and maximum value, a sampler of uniform type
was used as a parameter input for the FLEX-Topo model. The model run that for the 1-hour time step
utilised 500,000 parameter sets, while the 15-minute time step used 1,000,000 sets. The goodness of
fit between the simulated and measured discharges was determined with an objective function using
the Nash-Sutcliffe-Efficiency (NSE) coefficient.

3.6. Stakeholder Management
3.6.1. Research Design

1. Qualitative Interviews
Conduct semi-structured interviews with a diverse group of respondents to explore their expe-
riences, perspectives, strategies and challenges related to the cloud forest ecosystem. During
the project, plenty of interviews were conducted to get interaction with various respondents. An
overview of the main challenges and strategies they experienced resulted from the interviews.

2. Story analysis
Analyzed the qualitative data collected from interviews using open coding, axial coding, and selec-
tive coding methods. Categorized challenges, issues, and strategies identified in the interviews.
The analysis aimed to uncover patterns, themes, and dependencies within the collected data.
Through this method, challenges experienced by different respondents were linked to a certain
challenge category and stakeholder engagement strategy category.

3. Construct the framework
Developed stakeholder engagement strategies for CCFC. Based on the insights gained from qual-
itative interviews and story analysis, formulated a range of stakeholder engagement strategies.
These strategies were designed to address the identified challenges, align with stakeholders and
their concerns, and cater to the specific context and objectives of CCFC.

4. Translating it into action
Worked collaboratively with CCFC to translate one of the stakeholder engagement strategies into
actionable steps and initiatives. Ensured it aligned with CCFC’s goals and the broader commu-
nity’s needs. The insights derived from the interview analysis were instrumental in selecting and
developing the most appropriate interventions. The interventions were based on the strategies
and ideas mentioned during the interviews, ensuring that the challenges collected during the in-
terviews were covered, thereby trying to maximise their impact and effectiveness. The chosen
interventions were chosen to cover needs in CCFC’s operations. Additionally, recommended a
monitoring program to track the success and intended impact.
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By achieving these objectives, the research aimed to conduct a thorough qualitative analysis of the chal-
lenges encountered by stakeholders within the cloud forest ecosystem. This analysis would enhance
our comprehension of ecosystem dynamics and stakeholder interactions, facilitating the formulation
of effective stakeholder management strategies. Ultimately, these efforts would benefit both CCFC
and the various stakeholders connected to or impacted by the cloud forest ecosystem, as the research
findings were translated into practical/tangible initiatives.

3.6.2. Method: Qualitative research

For evaluating this research objective, a qualitative research approach was used. With a qualitative
research approach, an in-depth understanding of the challenges experienced and strategies used by
stakeholders and other relevant actors was gained. A qualitative approach was suitable for exploration
and interpretation, which was needed for this research objective [40].

3.6.3. Data collection: Interview

A qualitative approach to data-gathering was the most suitable. Therefore, data collection was done
through conducting interviews. Interviewing was a qualitative research method that involved engaging
in direct, interactive conversations with participants to gather in-depth and rich data and gain insights
into their experiences, perspectives, and knowledge [52, 47]. The goal of these interviews was to iden-
tify current strategies and challenges experienced by stakeholders and other relevant actors.

The interviews were in the form of semi-structured interviews. Semi-structured interviews were perfect
for ensuring a systematic process while allowing flexibility for participants to share their perspectives
and experiences [52]. The goal was to have around 15 interviews. The selection of respondents had a
wide variety to get a full picture of the challenges and strategies currently experienced and used. It was
important that all different sorts of relevant actors were included: clients, environmental organizations,
local residents, etc.

The interview contained about 10 open questions regarding or coupled with the Cloud Forest ecosystem
of the area and the issues surrounding that.

Limitations

Interviews can have some limitations. One important risk of this form of data collection and research is
the possibility of subjectivity and bias in the collected qualitative data. This includes the biases of the
one conducting the research as well as the biases of the participants. The bias of the one conducting
the research can have an influence on assumptions and interpretations. Because the researcher will
interpret the data from the interview as well as will set up the interview. Therefore it is important to be
reflexive as a researcher. Also, the possibility of subjectivity in the answers from the participants needs
to be taken into account. As for practical limitations, the research design suggested here is time and
resource-intensive. Allocation of sufficient time is therefore important as also to be aware of the fact
that there is access needed to the different stakeholders [53].

Conducting interviews with external stakeholders can lead to difficulties. They do not have a direct
interest in the project, which means that it can be difficult to bring these stakeholders on board. Con-
ducting interviews it is important to be mindful of the varying levels of knowledge among participants.
Some stakeholders may have a deep understanding of the subject matter, while others may have lim-
ited knowledge. Tailoring questions and explanations to the participants’ knowledge levels is therefore
important.

Especially in this research, the diverse group of stakeholders can lead to language barriers which
impede effective communication. A translator will be used to conduct the interviews. Also, cultural
differences can significantly impact communication and interpretation during interviews. It is therefore
important to be sensitive to cultural differences and employ culturally competent approaches to ensure
respectful and meaningful interactions.
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3.6.4. Analysis

Interviews were conducted to gather insights into the challenges faced and strategies employed by
various stakeholders and other relevant actors. To analyze the qualitative data collected, the grounded
theory method was used. Grounded theory involved a multi-step process, including open coding, axial
coding, and selective coding. This method was used to develop a tailored stakeholder management
framework for the NGO CCFC based on the data gathered from the interviews.

For analysing the collected qualitative data, the first step was open coding. Open coding broke down
the data collected from the interviews into discrete parts which were referred to as “mini-stories”. Open
coding made it possible to deconstruct the collected data. The goal was to accumulate around 30 mini-
stories. Following up the open coding was axial coding. The aim of axial coding was to identify con-
nections between the mini-stories developed with open coding. By using axial coding, the mini-stories
were organized into challenge categories. The challenge categories emerging from axial coding were
derived from the data and were not predetermined. The final step was selective coding. Selective
coding aimed to find key categories that interlinked and harmonized the categories from axial coding.
The selective coding categories were the proposed stakeholder engagement strategies for CCFC, to
adopt for solving the challenge categories of the axial coding. Figure 3.18 illustrates the coding pattern.
This analysis helped to uncover patterns, themes, and dependencies within the collected qualitative
data [71].

This process resulted in a stakeholder management framework designed to align with the challenges
presented by stakeholders and other relevant actors and the objectives of CCFC. Doing this analysis
resulted in bridging the gap between stakeholder needs and CCFC'’s practices, resulting in a practical
and tailored stakeholder management framework that enhanced the organization’s ability to meet its
conservation goals while addressing the concerns and needs expressed by the stakeholders involved
in or affected by the cloud forest ecosystem.
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Results

In this Chapter, the results of the MDP project are elaborated upon. First, the construction of the
long-term measurement site is reviewed. Second, multiple parameters related to some hydrological
processes are plotted. Third, the data of the Mestela River discharge is shown, in combination with
the fitted rating curve. Then, the output of the FLEX-Topo model is shown, in combination with the
measured data. Finally, the stakeholder framework is presented.

4.1. Long-term Measurement Site

A substantial part of the results related to the measurement site are presented in Section 3.3 because
the construction of the setup was the main objective. In extension, the goal is to establish a station that
will provide long-term measurements in the future. To guarantee this, multiple considerations needed
to be made. Firstly, the power supply should be sufficient at all times. In the setup, this is done by using
a solar panel. During the project duration, the battery of the HOBO station was between 84 and 90 %.
Next, the internet connection should be sufficient to provide data transmission, this also resulted in no
problems. Data accessibility is also important; the data will be presented on the HOBO-link website,
which will be accessible for CCFC. Moreover, the maintenance will be done by CCFC. In this way, the
long-term measurement station is established.

4.2. Interception and Storage of Epiphytes

As described in Section 3.3.2, the interception and storage capacity of non-vascular epiphytes can be
determined through two types of experiments: storage capacity and evaporation. While the evaporation
experiment was executed and its results are presented in Figure 4.1, the storage capacity experiment
was not conducted, which is further discussed in Section 5.2.3.

The evaporation experiment, spanning approximately 4 days, involved linear interpolation between
data points to illustrate the evaporation pattern. The starting weight of the epiphyte was 103 grams,
the end weight was 69 grams. The results indicate higher evaporation rates during the day compared
to the night, with greater rates at the experiment’s outset, as can be seen in Figure 4.1.

41
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Figure 4.1: Evaporation of water in epiphytes indicated by the difference in weight of the epiphyte in grams. The measurement
points are indicated in black, and the interpolation is in blue. The starting weight of the epiphyte was 103 grams.

4.3. Evaporation, Relative Humidity and Temperature

Potential Evaporation

The potential evaporation is calculated with the Penman-Monteith formula, as described in Section 2.3.
In the top plot of Figure 4.2, the potential evaporation is plotted from the 10th of October until the 22nd
of October. In the plot, the daily potential evaporation varies between 0 at night and a maximum of
0.200 mm on the 11th of October. The data of the potential evaporation during the time frame is stored
in the forcing file and used for the FLEX-Topo model (see Section 4.6 for further details). During the
night, the temperatures are relatively low, there is no or little solar radiation or evaporation. During the
day there can be seen some peaks and dips in the evaporation rate. This can be explained by the
varying relative humidity, temperature and solar radiation during the day, which is shown in the plots
below the potential evaporation in Figure 4.2. When the relative humidity is high, the air is already
highly saturated and can not take up a lot of extra water, therefore the potential evaporation is also
lower.

Relative Humidity

The relative humidity is defined as the ratio between the water vapour in the air and the maximum
saturated water vapour for that temperature. This ratio is expressed in percentages and is measured
at the local weather station (ICOBN4). In this research, the relative humidity is used to calculate the
potential evaporation and to calculate the specific humidity, which is used to determine the amount
of condensation. Both these calculated parameters are used in the FLEX-Topo model as forcing data.
The measured relative humidity is shown in the middle plot of Figure 4.2. It can be seen that the relative
humidity is often at a maximum during the night. This can be explained when looking at the temperature
plot in the same figure. Here you can see that the temperature drops in the night and the air molecules
cool down. This results in less vibrant molecules and a lower dew point, therefore, the air can take in
a lower amount of water vapour.

Temperature

The temperature is measured at the local weather station (ICOBN4) as well. In Figure 4.2, in the lowest
plot, the temperature is shown for the whole time frame. Here you can see the temperature ranges
from the lowest point of 11.5°C at night and a maximum of 30°C during the day. Next to that, the total
figure shows a clear correlation between the relative humidity and the temperature, which was already
described in Section 4.3.
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Figure 4.2: Three plots of the potential evaporation (top), the relative humidity (middle), and temperature and solar radiation
(bottom). The plots are based on the data retrieved from the local weather station (ICOBN4)

4.4. Mestela River Discharge

In this Section, the results of the computation of the Mestela River discharge are presented. Figure 4.3
shows the discharge over time, starting on the 5th of October and ending on the 21st. The range of
the discharge is between 4.5 and 10.5 m3/s. One distinguished peak in the discharge can be seen, of
about 10.5 m3/s, which occurred on the night from the 17th of October to the 18th.
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Figure 4.3: Computed discharge of the Mestela River over time, starting on 05-10-2023 and ending on 21-10-2023.

Based on the discharge computation, the rating curve is computed. The relation between the discharge
and the water level is based on the power law. The resulting relation is shown in Equation 4.1. To create
the rating curve, a logical data point is added. Namely, at a water level of zero meters, the discharge
is assumed to be zero as well. The fitted rating curve and the data points are presented in Figure 4.4.
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Figure 4.4: Rating curve of the Mestela River, plotted with the power law described in Equation 4.1.
The variation in the data is indicated with error bars in Figure 4.5. The variation in water height is based
on the accuracy of the diver, which is 0.02 meters [93]. And the variation in discharge is based on the

accuracy of the computations, which is heavily influenced by the assumptions made. Therefore, this
variation is based on 10% of the river discharge.
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Figure 4.5: Rating curve of the Mestela River including the variation in water level (0.02 m) and the river discharge (10%).
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4.5. Rain and Fog Events

In this Section, rain and fog events in the measured time frame are further analysed. First, the rain
and fog events are put into relation to the Mestela River discharge. Second, both events are used to
describe moisture recycling occurring in the cloud forest.

Impact on the Mestela River Discharge

As discussed in Section 4.4, the Mestela River discharge exhibited a prominent peak within the mea-
surement period. The upper plotin Figure 4.6 illustrates that the primary driver of this peak is the vertical
precipitation data. About 28 hours before the peak in the river discharge, a maximum in the vertical
precipitation can be seen. For most of the next 24 hours, it kept on measuring vertical precipitation
at the water station. Another result that can be seen in the upper plot of Figure 4.6 is one prominent
peak in the vertical precipitation of about 38 mm, on the 12th of October. However, this peak did not
influence the Mestela River discharge, this will be further discussed in Section 5.2.2 of the discussion.

In the lower plot of Figure 4.6 the horizontal precipitation and the computed discharge are plotted. The
figure shows little relation between the horizontal precipitation and the Mestela River discharge peaks.
For example, on the 13th of October, despite a peak in the interception of the fog traps, there is no
increase in the river discharge for another 2 days. Next to that, the tipping bucket of the fog traps
was clogged between the 14th and the midday of the 17th of October. This resulted in 6 days of fog
measurements for a total of 17 days.
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Figure 4.6: The Mestela River discharge and the vertical (blue, upper plot) and horizontal (green, lower plot) precipitation, in
the period between 05-10-2023 and 22-10-2023. Between 14-10-2023 00:00 and 17-10-2023 12:00, the tipping bucket of the
horizontal precipitation measurements was clogged.

Timing of rain and fog events

The data collected at the long-term measurement station also showed a relation between the timing of
rain and fog events. This analysis involved comparing the moment of occurrence of rain events and fog
events. In this case, the rain events are indicated using the throughfall measurements, as it is measured
at the same location as the horizontal precipitation measurements, making the timing of the rain and
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fog events as accurate as possible. The analysis, depicted in Figure 4.7, shows that fog interception
often occurs immediately following heavy rain events. Several explanations could account for this
phenomenon. Clouds from the rain event may be intercepted by the fog traps, requiring time to saturate
before dripping, which results in the tipping buckets recording fog interception. Another possibility is
that rain intercepted by the canopy evaporates and then condenses, resulting in fog interception. This
post-rain evaporation process is depicted in Figure 4.8. While it may appear contradictory due to the
simultaneous evaporation and condensation, the dynamic nature of a cloud forest, characterised by
rapid fluctuations in relative humidity and temperature, could make this possible. However, further
research is needed to draw definitive conclusions.
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Figure 4.7: The relation between the measured throughfall (yellow) and the horizontal precipitation (green). The lower three
plots present in more detail the time lag after a heavy rain event.

Figure 4.8: The evaporation of moisture from the forest canopy after a heavy rain event. Picture taken on 17/10/2023 at Rubel
Chaim.
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4.6. FLEX-Topo Model

This section presents the results of the developed FLEX-Topo model, explaining horizontal precipitation,
the simulated buffer release and the modelled discharge of the Mestela River. Next, the parameters
that were simulated in the model are further discussed.

4.6.1. Modelled data

The FLEX-Topo model was executed four times in total: twice with a 15-minute time step, in which one
used altered forcing data. And twice with a one-hour time step, also varying with altered forcing data.
These alterations were made to account for an outlier in the precipitation data, as explained in Section
4.5. This outlier was associated with a localised rainfall event that occurred on October 12th at the
measurement station, with no other nearby stations detecting any rainfall that day. These two altered
scenarios are run to check whether the model would respond better to the removal of the outlier.

Horizontal precipitation and buffer release

The model results indicate an overestimation of horizontal precipitation with the current dynamics. In
the unaltered fifteen-minute run, the total accumulated horizontal precipitation of the data series is
134.78 millimetres, whilst that of the precipitation is 159.05 millimetres. Indicating that the eight-meter
multiplication done in Section 3.5.2 is overdimensioned. The model does capture the expected real-
world observations that the timing of the mist condensation is in the night and early morning. This
matches the result from the site. As can be seen in Figure 4.10, on the 12th of October a peak of mist
condensation occurs. This peak is due to a sudden temperature drop in combination with an already
high level of relative humidity.
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Figure 4.9: Horizontal precipitation simulated in the class Cloud Forest in the 15-minute unaltered run.

Figure 4.10 shows the moisture buffer release simulated by the hydrological model. As can be seen, the
moisture buffer release from the interception bucket is in the range of 0 to 0.5 millimetres. Moreover, the
release occurs almost continuously, indicating that I,,,;,,, the minimum water storage in the interception
bucket, is seldom reached.
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Throughfall by moisture buffer release
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Figure 4.10: Moisture buffer release in the class Cloud Forest on the unaltered 15-minute run.

Modelled discharges
In this Section, the modelled discharge of the FLEX-Topo model is presented and elaborated upon.
First, the modelled data of the 15-minute timestep is discussed, which is shown in Figure 4.11. Sec-

ond, the one-hour run is explained using Figure 4.12. Finally, some general notes about the results
are given.

The 15-minute run shows heavy attenuation, as can be seen in Figure 4.11. This is particularly evident
in the case of the run with unaltered forcing, where the discharge does not respond to day-long rain
events. This indicates that the model has sufficient interception storage to attenuate peak discharges
resulting from smaller rain events. However, the runs inadequately capture larger rain events.
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Figure 4.11: Output of the FLEX-Topo model using a 15-minute timestep and using two different types of forcing data. One
which is unaltered, resulting in the discharge plotted in blue. And one in which the fording data was edited, leading to the
discharge indicated in black. The observed discharge is indicated in grey.

The runs with a one-hour timestep are illustrated in Figure 4.12. It is evident that the run with edited
forcing data accurately simulates the peak discharge. In contrast, the unaltered run exhibits a substan-
tial response to the peak on October 13th, comparable to the response to the one-day rain event on
October 16th and 17th.
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Figure 4.12: Output of the FLEX-Topo model using a 15-minute timestep and using two different types of forcing data. One
which is unaltered, resulting in the discharge plotted in blue. And one in which the fording data was edited, leading to the
discharge indicated in black. The observed discharge is indicated in grey.

As described in Section 3.5, the Nash-Sutcliffe Efficiency (NSE) coefficient is used to asses the model’'s
goodness of fit. These values, as well as the parameter values of all four runs, can be found in Appendix
G. The NSE values indicate that the model’s performance is not satisfactory. The positive NSE values
for the 15-minute and 1-hour unaltered forcing simulation runs suggest slightly better performance com-
pared to the runs with altered forcing. This suggests that the model’s performance is adversely affected
by the removal of outliers from the data set. However, visually, both the 15-minute and 1-hour altered
forcing runs seem to respond better to rainfall events while maintaining reasonable base flow.

The simulation demonstrates that the runs react differently to the model’s beginning states, whether it
uses a one-hour time step as opposed to a fifteen-minute one. Even though the initial conditions are
equal in all runs, except for the translations between 15-minute timesteps and one-hour timesteps. It
is worth noting that the coefficient for evaporation recycling (fc1) is highest in the 1-hour altered run,
and this run performs best in capturing peak discharges during rain events. However, the NSE of this
run suggests a poor fit, possibly because it exhibits extremely high discharges in the first three days.
These discharges were so high that they exceeded the y-axis limit, reaching 20 millimetres on the first
day.

4.6.2. Parameters

In this section, the different parameters that are used in the FLEX-Topo model are discussed. First of
all, the maximum water storage in the unsaturated bucket, Su,,.., is expected to be small. But when
examining the unsaturated buckets S,,, it appears to fill the first two days. This may be attributed to the
model’s design, where evaporation is initially drawn from the interception bucket, and extraction from
the unsaturated bucket occurs only once the interception bucket is empty, which hardly ever happens
during the two-week run. This behaviour could also account for the scattered nature of the 5 parameter.
The tendency of factor D in the class Cloud Forests to be 1 indicates that it prefers to flow into the
groundwater (S,) bucket, instead of directing it to fast flow (Qf). Next to that, the analysis of the
parameters showed that the coefficient for evaporation recycling, fc 1., exhibits very small values for all
runs. When looking in detail at the runs with a high NSE score, the value of f, is between 0 and 0.1.

4.7. Stakeholder framework

During this research 18 interviews were conducted with a wide variety of respondents to collect quali-
tative data, concluding in 12,5 hours of interview data. During these interviews the respondents were
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questioned about their experiences, challenges as well as strategies for coping with these challenges.
In H the overview of all the interviews can be found. During the interviews, mini-stories were collected.
These mini-stories contain a challenge as well as a strategy and intervention to cope with this chal-
lenge. To further analyse the mini-stories collected from the qualitative interview data. The mini-story
was split up into the challenge, strategy and intervention. Table (Table 4.1) gives an overview of the
mini-stories, from which respondents it was collected, and which challenge, strategy and intervention
it includes. The mini-stories are further categorised into several challenge categories. This method is
known as open coding, axial coding and selective coding. This is used in the grounded theory method
of analysing qualitative data. The open codes leading to an axial code are eventually lined to an ag-
gregate category. The challenges extracted from the mini-stories act as open codes that are linked to
a challenge category. Finally, the categories lead to recommendations for stakeholder engagement
strategies for CCFC. This is showed in a constructed figure (Figure 4.13) based on the research of
Ninan & Sergeeva, 2022.



Table 4.1: Overview mini-stories, including challenges and strategies.

No Source Mini-story Challenge Strategy Intervention
1 NGO CCFC Despite the Environmental Min- While the deficiency in  Facilitate collaboration Stakeholder dialogue,
Owner istry and the Education Ministry environmental educa- through a joint stake- development of edu-
recognising the deficiency of tion is acknowledged, holder dialogue with cation programs and
environmental knowledge within  the Environmental both parties, to trigger environmental aware-
education programs, they have Ministry and Educa- the government to ac- ness campaigns.
yet to collaborate. This collab- tion Ministry have yet tion.
oration is within their respective to unite and devise a
mandates, but it's now our re- coordinated plan to
sponsibility to bridge this gap. address it.
2 NGO CCFC While the Water Distribution Lack of collaborative Facilitate  collabora- Stakeholder dialogue.
Owner Centre  acknowledges the initiatives between the tion through a joint
critical role of cloud forests in en- water distribution cen- stakeholder dialogue
suring water security, they have tre and environmental between the two
not yet pursued collaboration institutions. parties.
with environmental institutions
to further this understanding.
We should help them to start
this conversation.
3 NGO CCFC Women in communities often The social marginali- Empower women Community-centered
Co-owner face social marginalisation, in- sation and limited ac- through targeted ed- education programs,
cluding limited access to educa- cess to education that ucation programs, development of edu-
tion. However, they possess sig- women in communities leveraging their inher- cation programs and
nificant advocacy capacity, as face. ent advocacy capacity advocacy .
they play essential roles in car- to drive  positive
ing for their families. Initiat- change within their
ing conversations with women communities.
and implementing education pro-
grams for women and girls can
be a powerful step forward.
4 NGO CCFC The quality of education is poor The quality of edu- Efforts to raise aware- Awareness campaigns
Co-owner and there is a lack of access to cation and access to ness about the impor- and development of

education, which is the respon-
sibility of educational institutions,
the effectiveness of those insti-
tutions is therefore questionable.
Education is a crucial factor influ-
encing various aspects of quality
of life, including income, health,
resource access, and family size.
To effectively address these chal-
lenges, it is needed to develop a
well-rounded education program
that addresses the entirety of
these issues.

education is affected
by the effectiveness

of educational insti-
tutions. Both have a
wide-ranging effect

on various aspects of
people’s lives.

tance of education,
coupled with the
development of a com-
prehensive education
program enhance
education quality and
access.

education programs.
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Local  uni- There is a lack of funding for re- Conducting research The use of inter- Collaborating with
versity search, it is less than 0.5% of in cloud forest ecosys- national resource other entities with
Professor the GDP. Conducting research tems is financially mobilisation (fund- more influence.
Hydrology in cloud forests is particularly challenging due to ing, knowledge and

challenging due to its high cost high costs, logistical researchers).

and logistical complexities. Con- complexities and

sequently, there is a scarcity of the limited funding

researchers who choose to work  provided by the gov-

in this field, leading to a reliance ernment.

on international funding and re-

search initiatives.
Local  uni- Government officials should be Lack of expertise at Engaging experts Development of
versity well-informed by, engaging ex- top levels and unwill- through making al- networks and mech-
Professor perts who understand local re- ingness to seek exter- liances with relevant anisms to facilitate
Hydrology alities. Except there is a lack nal input in decision- stakeholders to work knowledge exchange,

of expertise at top levels and making processes at together and share data sharing and

also a lack of willingness to con- higher levels. knowledge. collaboration among

sult external experts. Make al- relevant stakeholders.

liances with other relevant stake-

holders to work together and

share knowledge.
Local  uni- Access to reliable and up-to- Lack of up-to-date Effective data sharing Development of
versity date government data is limited, data sharing from gov- among lower-level networks and mech-
Professor hindering  research  efforts. ernmental authorities, stakeholders anisms to facilitate
Hydrology However, there is a culture hindering research knowledge exchange,

of research, data collection, efforts. data sharing, and

and knowledge sharing among
universities, researchers, and
NGOs, facilitating collabora-
tion and information exchange
among these entities and
researchers.

collaboration among
relevant stakeholders.

Cloud forest
nature re-
serve Owner
and Con-
servation
specialist

To have influence at the gov-
ernment level, data plays a cru-
cial role as they provide strong
arguments and evidence. We
lack the expertise and capac-
ity to conduct research. There-
fore, we create space for re-
search and data collection that
can be used to convince govern-
ment authorities.

Data plays a crucial
role as they provide
data-driven advocacy.
Limited influence at
the governmental
level without research
findings, while self not
having the capacity to
conduct research.

Provide space for re-
search and use these
research findings for
data-driven advocacy
to influence govern-
mental policies and
authorities

Creating space for
research, data-driven
advocacy, and devel-
opment of networks
and mechanisms
to facilitate knowl-
edge exchange, data
sharing, and collabo-
ration among relevant
stakeholders.

Cloud forest
nature re-
serve Owner
and Con-
servation
specialist

The population we work with pri-
marily focuses on their cornfields
and often sees the forest as an
obstacle to their income. How-
ever, part of our approach in-
volves fostering an appreciation
for the forest. We help them un-
derstand their role as members
of the ecosystem and encourage
diversifying income streams.

The local population
primarily views the for-
est as an obstacle to
their income and is
concerned with their
cornfields, not seeing
the importance of the
services the forest pro-
vides.

Fostering an appre-
ciation for the forest
among the local
population.  This is
achieved by helping
them understand their
role as members of
the ecosystem and
encouraging them to
diversify their income
streams.

Community  engage-
ment through building
appreciation, environ-
mental awareness
campaigns, and
community-centered

education  programs
for skill development.
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10 Nature re- Nature reserves face vandalism Vandalism in nature Community protection Community engage-
serve Owner from intruders seeking to profit reserves for financial againstvandalismand ment through the
and Con- from the illegal sale of trees, en- gain, driven by immedi- illegal deforestation employment of locals
servation demic species, and experimen- ate gain and a lack of and communities.
specialist tal setups. To counteract this, environmental appreci-

collaboration is sought with local  ation.
communities, establishing dedi-
cated protection groups.

11 Nature re- It's essential to demonstrate the The lack of incentive Fostering opportuni- Community engage-
serve Owner tangible benefits of conservation. and understanding ties for income gen- ment through the
and Con- We believe that people are more among local commu- eration and advocacy employment of locals
servation likely to engage in conserva- nities regarding the within communities by and communities and
specialist tion efforts when they can see tangible benefits of employing community advocacy.

its profitability, providing oppor- conservation, only members.
tunities for income and job cre- engaging in efforts

ation. By involving community when they see it as

members as guides and advo- profitable.

cates, they become responsible

for their own community’s wel-

fare.

12 NGO Fun- The incentives are designed to Incentives provided by Assist local residents Community-centred
daeco promote reforestation in rural ar- the government are through the enrolment education programs
Conserva- eas, with a specific focus on ben- difficult to access for process of incentives  for skill development
tion science efiting local residents who own local residents, there- through workshops.
strategies smaller land parcels. However, fore marked by weak
advisor they are challenging for the av- effectiveness and a

erage local resident to access. failure to achieve the
Our goal is to simplify the en- intended goals.
rolment process, provide assis-

tance, and support them in effec-

tively utilising these incentives

for their benefit.

13 NGO Fun- Due to the inefficiency in enforc- Presence of govern- Addressing chal- Community engage-
daeco ing governmental policies and a mental  deficiencies lenges with grassroots- ment through actively
Conserva- lack of government responsibil- in addressing chal- level solutions through building relationships
tion science ity, the solution lies in address- lenges, such as the building relationships with communities and
strategies ing challenges from the grass- inefficiency in enforc- and collaborating with community-based
advisor roots level. This necessitates ing policies and the communities and their solutions.

the development of strong rela- lack of government leaders
tionships with communities and responsibility.

their leaders and active collabo-

ration with them.

14  Student Deforestation poses the most There is a need for po- Conduct awareness Awareness cam-
Local Envi- significant threat to cloud forests. litical will to solve the campaigns aimed at paigns.
ronmental The potential for managementor problem of deforesta- urging the government
Manage- complete reversal of this threat tion, but this will be to acknowledge the
ment hinges on the political landscape. lacking. threat of deforestation

Unfortunately, in Guatemala, a
deficiency of political will per-
sists. Therefore, there is a need
for awareness campaigns to ad-
dress this environmental chal-
lenge.

and the need for action
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15  Student Language diversity is an educa- Language diversity Create a more inclu- Development of edu-
Local Envi- tional challenge in Guatemala, and the associated sive and effective cation programs and
ronmental where 24 different languages are  language barrier in the educational environ- community-centered
Manage- spoken.  Addressing the lan- education system. ment accommodating education programs.
ment guage barrier should be done the needs of the local

through providing education and communities
resources in multiple languages,

ensuring that language diver-

sity is recognized and accom-

modated in the learning environ-

ment.

16  Researcher: Each community has its unique Due to unique com- Solve challenges with Community-based
specialised characteristics, their own lan- munity characteristics community-based so- solutions and em-
in conser- guages, histories, and topogra- like languages, histo- lutions tailored to the ploying recognisable
vation and phies. Thereis nouniversal solu- ries, and topographies. characteristics of the icons, symbols, and
community tion that fits all circumstances. It There is no universal community. Impor- terminology.
engagement requires tailored approaches for solution that fits all cir- tant to employ influen-

each community, emphasising cumstances. tial and recognisable
the need for community-based icons, symbols, and
solutions. It is crucial to em- terminology that reflect
ploy influential and recognisable the community’s iden-
icons, symbols, and terminology tity and resonate with
that reflect the community’s iden- members.

tity and resonate with members.

17 Researcher: Limited education complicates Lack of education hin- Raise awareness, Environmental chil-
specialised explaining processes like the hy- ders the understand- particularly among dren programs and
in  conser- drological cycle and its connec- ing of essential ecolog- children and let them advocacy.
vation and tion to the cloud forest. Start ical processes. be advocates
community the conversation with the chil-
engagement dren. Let them be the ad-

vocates of environmental chal-
lenges, to friends and family. In-
volving their parents through ed-
ucational and reforestation pro-
grams.

18 Researcher: Conservation efforts depend Conservation efforts Empower the commu- Community-centered
specialised largely on privately owned capi- depend largely on nities through training education program for
in conser- tal. Additionally, making tourism privately owned cap- and capacity building skill development.
vation and a sustainable income source ital. Economically
community can be complex, requiring disadvantaged com-
engagement significant upfront investment. munities may face

This is particularly challenging financial challenges

when working with economically
disadvantaged communities.
Training and capacity building
are essential to empower these
communities.

when trying to lever-
age tourism as a
conservation strategy.
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19  Non-local In general, there is a lack Lack of research in Creating an RCN to Development of
university of research done in the cloud cloud forest ecosys- collaborate and collect networks and mech-
Professor forest ecosystem. There is tems, with only a funds more easily anisms to facilitate
Forest eco- only a small community of re- small community of knowledge exchange,
physiology searchers. Therefore we cre- researchers. data sharing, and
and canopy ated aresearch coordination net- collaboration among
scientist work (RCN), making it easier to relevant stakeholders.
working area collect funds and pull together
cloud forests these researchers all over the

world.

20  Non-local The cloud forest research com- Because of the small Collaborate together Development of
university munity comprises a small num- number of cloud for- with the local experts networks and mech-
Professor ber of experts, which led to est experts, there andcommunities anisms to facilitate
Forest eco- a big influx of international re- is a significant pres- knowledge exchange,
physiology searchers. One concern with ence of international data sharing, and
and canopy international researchers is the researchers, lead- collaboration among
scientist risk of fostering a sense of supe- ing to the potential relevant stakeholders.
working area riority. This can be detrimental development of a
cloud forests to effective collaboration, under- sense of superiority

standing, and knowledge shar- among international
ing. To mitigate this risk, in- researchers, which is
clude and collaborate with local detrimental to effec-
experts and communities. tive collaboration and
knowledge sharing.

21  Researcher: There is migration of small-scale Farmers do not rec- Develop environ- Environmental aware-
special- farms higher up the mountain ognize the connection mental education for ness campaign and
ized Mayan slopes, leading to more defor- between their agricul- better environmental community-centered
Q’'eqchi’ estation. This shift is driven by tural practices and awareness of farmers education program
communi- the decline in soil quality due their challenges, as and promote better for environmental
ties and to increased surface runoff, de- well as the environ- agricultural practices. education and skill
agriculture creasing agricultural productivity. mental consequences development.

It is not recognized that this is of these practices.
related to their own agricultural
practices, like deforestation.

22 Researcher: Some community members The lack of options Improving educational Community-centred
specialised have a lack of opportunities for available to com- andeconomicopportu- education programs
Mayan further education or alternative munity members nities for young peo- for skill development
Q’'eqchi’ career paths.  Consequently, contributes to a cy- ple in these communi- and community-
communi- they often follow the traditions of cle of limited career ties through initiatives centered education
ties and their fathers, becoming farmers choices spanning that provide a broader programs.
agriculture like the generations before them. multiple generations. range of options for al-

This trend is a reflection of the
community’s limited opportuni-
ties available. Addressing this
community-specific  challenge
should be done by providing
tools and resources to enhance
available opportunities.

ternative career paths
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23 Local farm- Governmental campaigns for Governmental commu- Organising effective Awareness campaigns
ers of larger the incentive programs are nity outreach for the awareness campaigns through posters, radio
parcel currently lacking, resulting in incentives is ineffec- that reach the commu- programs, and social

many individuals in these areas tive in reaching the in- nities and the intended media.
remaining uninformed about the tended recipients, they recipients

existence of these programs. are unaware of the ex-

To address this issue, others istence of these incen-

need to proactively organise tives.

awareness campaigns.

24  Local resi- The village's spring dried up. A Limited understanding Provide environmental Environmental aware-
dent Q’eqchi’ consequence of the significantly among community education by using ness campaigns
mountain vil- reduced rainfall that occurred members of the hydro- environmental cam- through radio pro-
lage during that period. This link was logical cycle and the paigns that reach grams and social

not initially recognised. Because fundamental concept remote communities media and community-
of this, they need to walk further that spring water pri- centered  education
to another spring to collect wa- marily originates from programs for environ-
ter. precipitation. mental education.

25 CONAP Institutions work on different top-  Although CONAP Institutions collab- Making alliances and
Commu- ics, meaning that there is not yet recognizes the need orating together to collaborating with
nication a collaboration on topics and pro- to work together with create more influential other actors related to
Manager grams. Although there is a need other institutions in programs the topic.

and overlap in the realms of wa- the realms of water,
ter, education, and the environ- education, and the
ment. Until now, other organiza- environment, this
tions have filled this gap. collaboration is not yet
established.

26 CONAP For communities, economic vi- Community members Non-profit organi- Community-centered
Commu- ability is essential; conserva- lack the business sations providing education program:
nication tion may not yield immediate acumen and long-term programs to enhance for skill development.
Manager profits and requires a long-term  perspective needed to business skills and

perspective. Many individuals engage in conserva- income diversification
may lack the business acumen tion efforts, especially strategies.

necessary to think about initiat- when immediate prof-

ing and growing a business, as its are not guaranteed.

they might not be accustomed

to saving and reinvesting prop-

erly. Nonprofits can help build

this skill and help with income di-

versification strategies.

27 INABProject Cloud forests are often viewed Cloud forests are Leverage awareness Environmental aware-

manager as obstacles rather than prof- seen as obstacles campaigns, using ness campaign,
itable assets, which makes con- rather than profitable water security as a community engage-
servation less appealing. To by locals, making persuasive argument. ment through building
bridge this gap, it's crucial to find  conservation less appreciation.
common ground. Water security appealing. This is

serves as a vital focal point and
a compelling argument to initiate
conversations about the impor-
tance of cloud forest conserva-
tion.

reinforced by a limited
understanding of the
importance of them for
water security.
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28 INAB Project INAB does not actively seek en- INAB is not proac- INAB delegates re- Making alliances and
manager gagement with communities but tively engaging with sponsibility to other collaborating with
provides support and assistance communities; they organisations for other actors related to
to others who take the lead inor- depend on external community initiatives.  the topic.
ganising initiatives for communi- parties to initiate
ties. community-oriented
initiatives.

29 World Bank International NGOs often have International NGOs Fit-for-purpose inter- Community-based so-
Project direc- practices and actionsthatdonot use a generalised ventions to the needs Ilutions.
tor effectively address root causes, approach for their and concerns of the

and they tend to apply a gen- interventions, not con- area or community.
eralised approach by repeating sidering the specific

identical projects without consid- context of the area

ering the specific contexts where or community they

they operate. operate in.

30 World Bank There is a concern that finan- Lack of transparency Development of moni- Monitoring programs.
Project direc- cial resources allocated for envi- in financial resources toring programs.
tor ronmental protection are not be- allocated for envi-

ing managed in an open, clear, ronmental protection
or accountable manner. This can lead to misman-
lack of transparency can lead to agement of funds,
problems such as mismanage- corruption, or ineffi-
ment of funds, corruption, or in- ciency in achieving
efficiency in achieving environ- environmental goals.
mental goals. Therefore, moni-

toring programs have started.

31 NGO Water The government’s strategy in- The government de- NGOs are address- Making alliances and
for the Peo- volves delegating tasks to other liberately depends ing governmental collaborating with
ple Project entities rather than taking direct on other organisa- shortcomings. other actors related to
director responsibility. This delegation of tions for initiatives the topic.

responsibility to NGOs shouldn’t and delegates tasks,
be the primary method of ad- instead of taking direct
dressing these gaps, butin prac- responsibility.

tice, NGOs often end up filling

these voids.

32 NGO Water INAB acknowledges the impor- INAB recognises the Facilitate  collabora- Stakeholder dialogue.
for the Peo- tance of forests for recharge importance of forests tion through a joint
ple Project zones and, by extension, wa- for water security but stakeholder dialogue
director ter security. However, their has not integrated a between INAB and

programs currently lack a spe-
cific focus on these recharge
zones, and they have not ac-
tively sought collaboration with
water institutions.

specific focus on these
recharge zones into
their programs. There
is also a lack of active
collaboration between
INAB and water institu-
tions.

the water institution to
trigger the government
to action.
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33  Water distri- Around 100,000 city residents Residents relying Conducting a resident- Environmental aware-
bution cen- rely on water from the cloud on the water from wide environmental ness campaign
tre  Coban forest catchment area. Sur- the cloud forest awareness campaign. through radio pro-
Owner prisingly, 80% are unaware of catchment area are grams, posters, social

the water’s source, perceiving it unaware of the water’s media, and presenta-
solely as what flows from their source, meaning a tions.

taps. This lack of awareness lack of awareness

about the cloud forest’s vital role  about cloud forests’

in providing this resource under- important services.

scores the need for an aware-

ness campaign.

34  Water distri- Water quality and the consistent Lack of awareness Environmental aware- Environmental aware-
bution cen- flow of water are major concerns, among upstream com- ness campaign to ness campaign
tre  Coban particularly due to a lack of munities regarding the raise understand- through radio pro-
Owner awareness regarding the down- consequences of their ing of downstream grams, social media,

stream consequences of actions. action on the water consequences. posters, and presenta-
People residing upstream often quality and quantity in tions.

have limited knowledge of how downstream areas.

their actions can significantly im-

pact downstream areas.

35 Researcher: Begin conversations with chil- Conservation efforts Initiate conversations Environmental chil-
biodiversity dren who are naturally fasci- in the future are un- with children to raise dren programs, a
and Mayan nated by biodiversity and ani- certain because of their awareness and community-centred
Q’'eqchi’ mals, fostering their appreciation insufficient  environ- appreciation of the for- education program for
communities for the forest. By focusing onthe mental awareness and est and its biodiversity environmental educa-

younger generation, we ensure knowledge. to ensure ongoing con- tion and appreciation.
that future generations possess servation in the future.

the knowledge and understand-

ing required to continue conserv-

ing the cloud forest.

36 Researcher: The challenge is to foster a Fostering a sense of Find common ground Community-based
biodiversity sense of responsibility for car- responsibility for en- by using Catholic solutions, community
and Mayan ing for the environment, find- vironmental conserva- teachings and Mayan engagement through
Q’eqchi’ ing common ground is needed. tion and finding com- cosmology as a actively building
communities This can be achieved by using mon ground between shared framework to relationships with

Catholic teachings and Mayan conservation work and emphasise the respon- communities, com-
cosmology, which emphasise the values of the com- sibility of caring for munity engagement
the responsibility to care for the  munity. the environment and through building

ecosystem and provide a shared
framework and a strong founda-
tion to promote conservation ef-
forts.

promoting conserva-
tion efforts within the
community.

appreciation and envi-
ronmental awareness
campaigns.
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ﬁ'le incentives are designed to promote reforestation in rural
lareas, with a specific focus on benefiting local residents who
lown smaller land parcels. But they are challenging for

the average local resident to access. Our goal is to simplify
the enroliment process, provide assistance, and support
Qem in effectively utilizing these incentives for their benefit.

(Each community has its unique characteristics, their own:
languages, histories and topographies. It requires tailored
lapproaches for each community, emphasizing the need for
lcommunity based solutions. Solving it from the governmental
level is complicated because there is no universal solution
‘at fits all circumstances.

[/There is a lack of funding for research, it is less than 0.5% of\
the GDP. Conducting research in cloud forests is particularly

overnmental campaigns for the incentive programs is
currently lacking, resulting in that many individuals in these
areas remain uninformed about the existence of
these programs. To address this issue, others need to
\proactively organize awareness campaigns.

nternational NGOs often have practices and actions that do
Inot effectively address root causes, and they tend to apply a
lgeneralized approach by repetition of identical projects e
(without considering the specific contexts where they
\gperate in.

INAB do not actively seek engagement with communities but
provide support and assistance to others who take the lead
in organizing initiatives for communities.

work on different topics. Meaning that there is not
lyet a collaboration on topics and programs. Although there is
@ need and overlap in the realms of water, education and the
lenvironment. Until now other organization fill in this gap.

Momen in communities often face social marginalization,
including limited access to education. However, they possess|
significant advocacy capacity, as they play essential roles in
caring for their families. Initiating conversations with women
land implementing education programs for women and girls
‘can be a powerful step forward.

onservation efforts depend on private funding due to limited,
Igovernment support. Additionally, making tourism a

(The government's strategy involves delegating tasks to other
lentities rather than taking direct responsibility. This
delegation of responsibility to NGOs shouldn't be the primary
imethod of addressing these gaps, but in practice, NGOs
\eften end up filling these voids.

L income source can be complex, requiring
isignificant upfront investment. This is particularly challenging =—
iwhen working with economically disadvantaged communities
[Training and capacity building are essential to empower
‘these communities.

ing due to its high cost and logistical complexities.
Consequently, there is a scarcity of researchers that choose ™
lto work in this field, leading to a reliance on international
funding and research initiatives.

(Access to reliable and up-to-date government data is limited)
this hinders research efforts. However, there is a culture of
research, data collection, and knowledge sharing among ]
universities, researchers, and NGOs, facilitating collaboration|
and information exchange among these entities and

Legend

elective coding:
|Stakeholder
lengagement
trats

n general there is a lack of research done in the cloud forest
n. There is only a small community of researchers.

hile the Water Distribution Centre acknowledges the critical
role of cloud forests in ensuring water security, they have not
lyet pursued collaboration with environmental institutions to
(further this understanding. We should help them to start this
\conversation.

(Canguage diversity is an educational challenge in Guatemala
iwhere 24 different languages are spoken Addressing the
language barrier should be done through providing education
land resources in multiple languages, ensuring that language
diversity is recognized and accommodated in the learning
‘environment.

6ue to the inefficiency in enforcing governmental policies
land a lack of government responsibility, the solution lies in
laddressing challenges from the grassroots level. This

Inec i the pment of strong relationships

lwith communities and their leaders and active collaboration
@th them.

INAB acknowledges the importance of forests for recharge
[zones and, by extension, water security. However, their
lprograms currently lack a specific focus on these recharge
lzones, and they have not actively sought collaboration
\ith water institutions.

(fhere is a concern that financial resources allocated for
lenvironmental protection are not being managed in an open,

Bome community members have a lack of opportunities for ™\
further education or alternative career paths. Consequently,
they often follow the traditions,becoming farmers like the
lgenerations before them. This trend is a reflection of the —
lcommunity's limited opportunities available. Addressing this
lcommunity-specific challenge should be done in providing
Qols and resources to enhance available opportunities.

Therefore we created a research coordination network J—
RCN, making it easier to collect funds and pull together
hese researchers all over the world.

{To have influence at government level, data plays a crucial
role as they provide strong arguments and evidence. We lacl
expertise and capacity to conduct research. Therefore we =y
create space for research and data collection that can

‘be used to convince govermnment authorities )
(One concern with international researchers is the risk of
fostering a sense of superiority. This can be detrimental to

effective collaboration, understanding, and knowledge [
sharing.To mitigate this risk, include and collaborate with
ocal experts and communities.

/he challenge is to foster a sense of responsibility for caring
[for the environment, finding common ground is needed. This

Community

’can be achieved by using Catholic teachings and Mayan —
icosmology, which emphasize the responsibility to care for the|

haracteristics

Weak Consultative
‘esearchers. . e a. .
_ _ _ insttitutions collaboration
Government officials should be well-informed engaging = L
experts and professionals who understand local realities.
Except there is a lack of expertise in top levels and decision |_J
making positions and also there is a lack of willingness to Collaborate with
consult external experts. Make alliances with other relevant Lack of data /
takeholders to work together and share knowledge. knowl J;, researchers and

universities

Community-
based solutions

lecosystem, provides a shared framework and a strong
ion to promote conservation efforts.

Lack of
wvironmental

clear or accountable manner. This lack of 1Gy can
lead to problems such as mismanagement of funds,
icorruption, or inefficiency in achieving environmental goals.
(herefore monitoring programs have started.

(fhe quality of education is poor and there is a lack of access
to education. Education is a crucial factor influencing various
laspects of quality of life, including income, health, resource
laccess, and family size. To effectively address these
challenges, it's needed to develop a well-rounded education
ferogram that addresses the entirety of these issues.

Despite the Environmental Ministry and the Education
Ministry recognizing the deficiency of environmental
knowledge within education programs, they have yet to
collaborated. This collaboration is within their respective
mandates, but it's now our responsibility to bridge this
\gap.

Deforestation poses the most significant threat to cloud
forests. The potential for management or complete
reversal of this threat hinges on the political landscape.
Unfortunately, in Guatemala, a deficiency of political will
persists. Therefore, there is a need for awareness
campaigns to address this environmental challenge.

(Rature reserves face vandalism from intruders seeking to
profit from the illegal sale of trees, endemic species, and
lexperimental setups. To counteract this collaboration is ™
isought with local communities, establishing
dedicated protection groups.

awareness

(The village's spring dried up. a consequence of the
significantly reduced rainfall that occurred during that period. | __
[This link was not initially recognized. Because of this they
\need to walk further to another spring to collect water.

(Cloud forests are often viewed as obstacles rather than
profitable assets, makes conservation less appealing. To
lbridge this gap, it's crucial to find common ground. Water —
isecurity serves as a vital focal point and a compelling
largument to initiate conversations about the importance of
‘cloud forest conservation.

(fhere is migration of small-scale farms higher up the Y
imountain slopes, leading to more deforestation. This shift is
driven by the decline in soil quality due to increased surface
runoff, decreasing agricultural productivity.It is not recognized
that this is related to their own agricultural practices, like
\deforestation.

(It's essential to demonstrate the tangible benefits of Y
lconservation. We believe that people are more likely to
lengage in conservation efforts when they can see its
profitability, providing opportunities for income and job —
lcreation. By involving community members as guides and
ladvocates, they become responsible for their own
‘community's welfare.

(Around 100,000 city residents rely on water from the cloud
forest catchment area. Surprisingly, 80% are unaware of the
\water's source, perceiving it solely as what flows from their
taps. This lack of awareness about the cloud forests' vital
role in providing this resource underscores the need for an
wareness campaign. -

(he population we work with primarily focuses on their
cornfields and often sees the forest as an obstacle to their
income. However, part of our approach involves fostering an

lappreciation for the forest. We help them understand their L
role as members of the ecosystem and encourage
\diversifying income streams.

{for communities economic viability is essential; conservation
imay not yield immediate profits and requires a long-term
perspective. Many individuals may lack the business acumen
Inecessary to think about initiating and growing a business,
as they might not be accustomed to saving and reinvesting
properly. Nonprofits can help build this skill and help by
income diversification strategies. )

/ater quality and the consistent flow of water are major
concerns, particularly due to a lack of awareness regarding
the downstream consequences of actions upstream. People (=
residing upstream often have limited knowledge of how their
‘actions can signil ly impact downstream areas.

((imited education complicates explaining processes like the
lhydrological cycle and its connection to the cloud forest.
Start the conversation with children. Let them be the
advocates of environmental challenges, to friends and 'amily.—
Involving their parents through educational and reforestation
Yarograms. v
[Begin conversations with children who are naturally
fascinated by biodiversity and animals, fostering their
appreciation for the forest. By focusing on the younger
Igeneration, we ensure that future generations possess the
knowledge and understanding required to continue
‘conserving the cloud forest. 4
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Figure 4.13: Analysis of qualitative data through grounded theory method using open coding, axial coding, and selective
coding.

u The following describes the challenge categories and stakeholder engagement strategies men-
tioned in Figure 4.13

Weak institutions
The challenge of "Weak Institutions” revolves around the inefficiency of government bodies in effectively
implementing and enforcing policies, their lack of responsibility, and the ineffectiveness of programs,
often failing to achieve their objectives. Additionally, it underscores the absence of collaboration among
different institutions working on overlapping realms or issues. This challenge indicates a potential lack
of commitment of governmental bodies to address pressing issues adequately. Resulting in limited
support for conservation efforts, inadequate policy enforcement, and insufficient engagement with local

communities.

Consultative collaboration
Consultative collaboration with the government is a process where external entities actively engage
with government bodies to provide advice and recommendations on policy development and gover-

Community

capacity
building
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nance processes. In this role, they offer input and suggestions on government policies, programs, and
projects. Entities engaged in consultative collaboration may also play a crucial role in bringing together
the right stakeholders, like multiple governmental institutions, for constructive dialogues. It is instru-
mental in capacity building within governmental institutions, ultimately contributing to more informed
decision-making, improved policies, and better governance. Enhancing the quality and effectiveness
of government actions [83].

Lack of data/knowledge

The category challenge "lack of data/knowledge”, underscores issues stemming from the insufficiency
or absence of essential knowledge, data, or expertise. This categorisation, with a specific emphasis on
cloud forests in the context of Guatemala, addresses both a scarcity of data and a shortage of knowl-
edge in the research field, both of which present obstacles to conducting meaningful research. This
research is necessary to understand, address or make informed decisions about the unique issues,
challenges and opportunities associated with cloud forests. The categorisation of "lack of data/knowl-
edge” is intended to focus on challenges related to higher-level research and knowledge, distinct from
issues of local awareness and knowledge.

Collaborate with universities and researchers
Addressing the "lack of data/knowledge” challenges requires enhanced data collection and knowledge
sharing. Which can be achieved through collaboration with universities and researchers. Enhanced
data collection and knowledge sharing from these collaborations hold a significant influence on policy
development, providing evidence-based support.

Community characteristics

The "community characteristics” challenge category addresses issues arising from the distinct features,
values, traditions, and attributes of a specific community. These characteristics can encompass a wide
range of elements including socioeconomic disparities, cultural practices, beliefs, traditions, histories,
and language. These unique characteristics can pose challenges when addressing a community’s
specific issues and also impact the success of implementing other programs and initiatives.

Community-based solutions

Community-based solutions are tailored to address the specific challenges and needs of each com-
munity, adapting to the unique characteristics of each one. Therefore, community-based solutions are
well-suited for addressing challenges linked to the challenge category “community characteristics” be-
cause they acknowledge and adapt to the distinctive traits of each community. These characteristics
play a guiding role in community engagement efforts and solution development. By recognising and
comprehending community characteristics, the development of more effective approaches to address
the community’s challenges as well as successfully integrating other types of initiatives seamlessly.
These solutions can be crafted by external stakeholders with community input, although the level of
community control may vary [8].

Lack of environmental awareness

The challenge category "Lack of Environmental Awareness” refers to situations where individuals, com-
munities, or institutions lack a fundamental understanding of environmental issues, their significance,
and the consequences of human actions, such as deforestation. This deficiency in environmental
awareness poses obstacles to the community’s capacity to respond to changing conditions. Addition-
ally, a lack of awareness regarding the crucial role of cloud forests in ensuring clean water further
complicates endeavours to address water quality and the consistent flow of water.

Conflict of interest: direct benefit

The challenge category "Conflict of Interest: Direct Benefit” involves situations where communities pri-
oritise immediate, short-term financial gains over the long-term benefits of conservation efforts, posing
a significant challenge to the conservation of cloud forests. In these scenarios, communities may be mo-
tivated by immediate financial gains, such as through activities like logging, land clearance, or selling
valuable forest resources. The root of this challenge lies in the community’s potential lack of under-
standing or appreciation for the long-term environmental and ecological advantages of conservation.
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Instead, their primary focus centres on immediate financial gains. This focus on short-term economic
benefits can lead to actions that harm the environment, including deforestation, unsustainable resource
extraction, and even vandalism of protected areas. Moreover, communities pursuing direct financial
gain may find themselves in a conflict of interest with conservation efforts.

Community capacity building

Community capacity building is the process of strengthening a community’s skills, knowledge, re-
sources, and capabilities of a community. The goal of community capacity building is to empower
the community to effectively address its own challenges and make informed decisions, and pursue
sustainable development. It involves investing in community members by providing education, training,
and tools. This approach fosters ownership and responsibility among community members, making
solutions more sustainable. The focus is on ensuring that the capacity developed within the community
is sustainable over time. This involves planning for continuity and ongoing development. It encourages
knowledge sharing and collaboration within the community and with external partners, to access addi-
tional resources. By enhancing a community’s skill, knowledge and abilities, it increases resilience to
cope and recover from challenges [43, 86].



Discussion

The following chapter is dedicated to discussing and interpreting the research findings, presented in
Chapter 4. The research aims to find an answer to the research question: "To what extent does the
presence of a cloud forest canopy impact the Mestela River catchment and how will this affect the
various involved stakeholders?”. This discussion chapter will thoroughly examine the outcomes of this
research, carefully considering any limitations. To maintain a structured approach, this chapter will
adopt the structure of Chapter 3: Methodology, and systematically analyse the findings on a section-
by-section basis.

5.1. Long-term Measurement Site

In this Section, the general performance of the measurement site is discussed. Next to that, the chal-
lenges of the construction and maintenance of the site are further explained. One of the important
aspects of the construction of the site was to find a suitable location. The drivers for the decision were
based on security, proximity, accessibility, internet connection, cloud cover presence and height within
the catchment. After careful consideration and cooperation with CCFC, the definitive location was de-
cided upon, as summarised in Figure 3.1.

The advantage of the decided location of the measurement site is its proximity, which resulted in a
large logistical advantage. However, the altitude of the site is quite average for the catchment, which
can be a disadvantage for cloud interception. The altitude of the measurement site is about 1655 m,
which is quite average for the Mestela catchment with an altitude ranging from 1400 to 2600 meters.
The formation of clouds is highly dependent on relative humidity and temperature, these parameters
are much more favourable at higher altitudes. Therefore, to measure more clouds and have more data
available about cloud interception it would be better to have an experimental area at a higher altitude.
However, in this research, it was not possible to achieve this due to the logistical challenges.

Next to that, some of the parameters that are used to describe hydrological processes were not mea-
sured at the site, due to the presence of a local weather station (ICOBN4) at a distance of 500 me-
ters. The hydrological processes that were monitored at the measurement station are fog interception,
throughfall and stemflow. Other processes such as vertical precipitation, evaporation and pressure
were measured at the local weather station. The combination of the data retrieved from two different
locations results in difficulties when looking at the timing between events. Moreover, parameters such
as temperature and relative humidity can differ a lot in the climate of the Mestela River catchment, due
to the high variability in vegetation and topography.

Another point of discussion is the durability and lifetime of the long-term measurement site. During
the first maintenance period of the station, clogging of both tipping buckets occurred. This proved that
regular maintenance is one of the most important ways to ensure that the station keeps working. Next
to that, the possibility of vandalism is a great risk to the durability of the measurement station.
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5.2. Canopy Monitoring

5.2.1. Site Location

As detailed in Section 3.2.2, the decision to construct the long-term canopy site close to CCFC proved
wise. However, post-construction, it became evident that maintenance requirements and logistical
challenges had been underestimated. Additionally, the measurement site’s vulnerability to vandalism
remained due to the unavailability of extension cables for the sensors, which is further explained in
Chapter 7. Furthermore, a more thorough reconnaissance of the measurement site could be refined,
as tree locations were estimated instead of being surveyed, hindering a clear site overview and under-
standing of the topography for future researchers.

5.2.2. Canopy Influx

During the research, various meteorological events were monitored through the use of the local weather
station (ICOBN4), throughfall measurements, and fog traps. In this Section, the results of Section 4.5
are analysed, which involve the measured vertical and horizontal precipitation.

Vertical precipitation

Vertical precipitation is measured at the weather station (ICOBN4), located 500 meters from the mea-
surements site. The area’s dynamic topography, characterised by steep mountainsides between the
weather station and the measurement site, may introduce variability in rain event behaviour. This
variation can be noticed as a time lag for the vertical precipitation at the weather station to reach the
long-term measurement station. To mitigate this time lag and enhance the precision of the throughfall
measurements, a rain gauge could be installed at the experimental area.

Next to that, a noticeable enhancement to the hydrological FLEX-Topo model would be the addition of
an extra weather station within the Mestela River catchment. In Figure 4.6 the vertical precipitation is
plotted together with the Mestela River discharge. In the upper graph, the response of a heavy and long
rain event on the Mestela River discharge can be seen, with a noticeable time lag of 28 hours between
the onset of rain and the initial peak in discharge. However, the rain event occurring on the 12th of
October does not have a similar response to the discharge. In this event, the vertical precipitation was
short and intense but did not lead to an increase in river discharge. This discrepancy can be explained
when looking at the data of another weather station on the same day. The ITAMAH1 weather station is
located just outside and on the other end of the catchment. On this day little to no rain was measured.
This suggests that the intense rain measured by ICOBN4 was likely a highly localised event, impacting
only a small fraction of the catchment and not enough to be noticed in the discharge. This variation in
weather patterns can once again be explained due to the topography of the catchment. To resolve this
issue, multiple weather stations could be placed in the catchment or the hydrological model could be
expanded to a distributed model. This model creates a grid structure of the catchment and interpolates
satellite weather data to form a more accurate representation of reality.

Horizontal precipitation

The amount of horizontal precipitation measured at the long-term measurement station was rather lim-
ited. During the period of 10 to 14 October, the fog traps were clogged with small debris, resulting in
minimal fog interception. Other contributing factors may include the design and positioning of the fog
traps. To extract moisture from the air effectively, a significant surface is required. In nature, the leaves
of mosses are evolved so that they have enough surface for the moisture to accumulate. To mimic
this process, the fog traps are fitted with fishing wire to capture the water from the air. To enhance this
process, the addition of an extra set of fishing wire to increase the effective surface could be beneficial.

Due to these limitations and the duration of the project, it was not possible to draw a conclusion re-
lated to Figure 4.7, in which fog interception typically occurs after a rain event. An explanation of this
phenomenon can only be done when more data is available. This data should be expanded in time
(measuring for longer periods) and in space (installing more fog traps).

Next to that, the limited quantity of measured horizontal precipitation is influenced by the climate of
the experimental area. The parameters for fog formation are typically preferable at higher altitudes,
but also the seasonality could influence this. To address these problems additional fog traps could be



5.2. Canopy Monitoring 64

installed at higher altitudes, which could perform measurements throughout the whole year. This could
lead to more comprehensive data on horizontal precipitation and give a better understanding of the
seasonal varieties.

Another noteworthy point is the need for further normalisation of the measured intercepted fog com-
pared to the actual horizontal precipitation input in the system. Currently, the fog interception is nor-
malised based solely on the surface area of the fog traps. However, a more comprehensive approach
would involve defining the amount of intercepted fog in terms of millimetres per square meter of ground
area. This would involve an extensive survey of all the epiphytes in the catchment, to determine the
total effective surface per square meter of ground area. While this study does not undertake that anal-
ysis, it has the potential to provide a more meaningful relationship between the amount of intercepted
fog and horizontal precipitation in mm/m?.

5.2.3. Interception and Storage

In this Section, the physical interpretation of the interception and storage processes are discussed. At
the beginning of the project, two experiments concerning the storage capacity and evaporation of non-
vascular epiphytes were intended. However, due to road blockades in Guatemala that delayed the
tree climbing instructor’s arrival, the necessary samples were collected later than planned. In addition,
limited measuring equipment capacity led to the decision to execute only the evaporation experiment,
foregoing the storage experiment.

The results of the evaporation experiment showed that over 4 days, the epiphyte’s total weight de-
creased by 33%, illustrating the slow release of water from epiphytes in the cloud forest climate. This
demonstrates their role as a buffer, collecting both vertical and horizontal precipitation and gradually
releasing it through dripping and evaporation into the ecosystem. This illustrates why there is no visible
increase in the river discharge due to fog events. As the adsorbed water is only released very slowly.
However, the evaporation experiment also has its limitations. Time constraints may have prevented
the evaporation rate from stabilising, suggesting ongoing water evaporation from the epiphyte. Addi-
tionally, because no measurements were conducted at night, and considering the high relative humidity
during those hours, it's possible that the epiphyte resumed intercepting water.

5.2.4. Canopy Outflux

Throughfall

The throughfall measurements were performed by installing 4 collecting tubes at the measurement site.
The total collection area was 1 m2. However, these measurements are maintenance-dependent as
the tipping bucket can fill up with debris and clog the system. As mentioned before, a noticeable time
lag can be seen between the vertical precipitation and the throughfall. One explanation for this could
be the difference between the two measurement points and the topography of the area, but it could
also be explained by the interception capacity of the canopy. As it starts raining, the canopy of the
trees delays the time it takes for the water to reach the ground. During this path, the water can also
be absorbed by different epiphytes and mosses. Once they have reached their water capacity, they
start to slowly release the water. This, together with the canopy interception, results in a significant
delay between the start of the rain and when it is measured in the tipping bucket. To better understand
this delay and reduce measurement errors, a weather station should be placed close to the throughfall
measurements.

Stemflow

In this project, stemflow is measured by wrapping a flexible tube around the large oak tree’s stem at
the site. The installation posed challenges due to the tree’s irregular shape. Additionally, the narrow
tube is prone to clogging as debris can easily enter, potentially resulting in an incomplete collection of
the stemflow. Next to that, there were some difficulties concerning the size of the collection bottle. In
the beginning, it was decided to use a 2.3 L bottle, but this ended up filling up in 5 days as can be seen
in Figure 5.1. Then, it was decided to install an 18 L bottle for the collection. However, this has proven
to be too big - the water level in the bottle started to fluctuate as water began to evaporate.
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Stem Flow Measurements Over Time
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Figure 5.1: The water level in the bottle stabilises around the maximum volume of 2200 millimetres.

Potential evaporation

The potential evaporation is calculated based on the parameters of temperature, solar radiation and
relative humidity. These parameters were all measured at the local weather station (ICOBN4). To
improve the accuracy of the potential evaporation, these parameters should be measured at the location
of the canopy site.

Soil moisture content

The soil moisture sensor installed at the long-term measurement site does not yet enhance the canopy
monitoring system or the hydrological model. This is because the FLEX-Topo model is conceptual,
meaning its parameters contain no physical meaning, making it impossible to refine them based on
physical measurements such as the soil moisture content. Additionally, the sensor’s single-point instal-
lation within the entire catchment provides limited insights into hydrological processes over the whole
catchment.

5.3. Mestela River Discharge

The discharge model for the Mestela River demonstrates promising performance, further enhancing the
overall effectiveness of the hydrological FLEX-Topo model. The calculated diver velocity and average
flow velocity of the river correspond closely with the initial expected river flow. This would suggest that
the discharge model is accurate and represents the characteristics of the Mestela River hydrological
behaviour.

The methodology for determining the river’s flow velocity, as described in Section 3.4, involves fitting «*
for each data point from the stilling well to match the known diver velocity at a specific point in the river.
The obtained logarithmic velocity profile gives an accurate representation of the actual flow velocity for
that point in the river. To calculate the average velocity for the whole river, the model estimates the
flow velocities of other water depths based on the curve specific to the diver’s location. This estimation
would be relatively close to the actual value, but to achieve even greater precision, it would be ideal
to install multiple divers across the rivers’ cross-section. This allows the model to better estimate the
vertical average flow velocity for different water heights and therefore also a more accurate discharge.
Regrettably, this could not be achieved due to the limitation in the availability of divers borrowed from
the Delft University of Technology.

With the obtained discharge from the model a rating curve for the Mestela River is made, see Figure 4.4.
The power law function used for this rating curve demonstrates a strong fit when compared to rating
curves from rivers with similar cross-sections. While this is a positive indication, additional measures
should be considered to assess the model’'s accuracy. Such as evaluating the variance associated
with each data point and calculating the confidence interval for the rating curve.

In Figure 4.5, the variation of each data point is shown. Here, a variation for the water level is 2 cm, as
provided by the manufacturer, and the variation of the discharge is estimated to be 10% of the output.



5.4. FLEX-Topo Model 66

With this variation, a 95% confidence interval could be constructed around the rating curve. It is impor-
tant to acknowledge that the accuracy of the rating curve can be improved by increasing the number of
data points, expanding the range of water level measurements, or reducing the variation of data points.

Another aspect related to the accuracy of the model is the changing bathymetry of the river. As the
water level can fluctuate heavily after periods of rain, the flow velocity changes with it. This causes
some points of the sandy river bed to erode with high water velocity and other points to accumulate
with lower flow velocities. This has an impact on the calculated effective surface that is used to deter-
mine the discharge.

The discharge model contributes significantly to the long-term vision of the research. The recently
installed river beacon provides the opportunity to monitor the water levels without the need for divers.
The systematic monitoring of this beacon allows that, with the rating curve, an indication of the discharge
can be made.

5.4. FLEX-Topo Model

In this section, the landscape classification, adaptations and model performance of the FLEX-Topo
model are discussed in detail.

5.4.1. Landscape Classification

The classification of the Mestela River catchment is based on the Leaf Area Index (LAI) and the height
above the nearest drainage (HAND). The HAND is currently set at 8 meters but could potentially be
adjusted to 5 meters, which is the initial value upon which FLEX-Topo is based. The LAl was used as
a classification constraint because it is directly related to the amount of leaves per square meter. The
value of LAl was chosen to best match the spectral analysis. However, it is worth considering using this
spectral analysis as the basis for the model’s classifications. Currently, a significant portion of the pine
plantation in the west of the catchment, of which it is known that there are no epiphytes and mosses
on the trees, is being classified as cloud forest.

5.4.2. Adaptations

First, the adaptation of the moisture buffer release is discussed. The moisture buffer release now takes
place when the volume in the interception bucket is larger than a threshold parameter value (1,,;,)
which is calibrated in the model. It is important to note that this release process follows a linear pattern.
This linear pattern results in large moisture leaking, even when the volume in the interception bucket
is just slightly above the minimum. An addition to the method would be to calculate the volume leaking
using a logarithmic approach. This approach would result in more significant water leakage when the
volume in the interception bucket is high. Alternatively, increasing the minimum calibration value, de-
noted as I,,;,, could be considered to reduce water leakage. This adjustment is necessary because
the current volume leaving the interception bucket exceeds expectations.

Next to that, the process of mist condensation, which enters the class cloud forest as horizontal pre-
cipitation, is now calculated as the moisture in the air that condenses when the temperature drops and
the relative humidity exceeds 90%. The reason mist condensation was applied, rather than the influx
of horizontal precipitation measured at the site was that the current collected data was minimal. To
still introduce horizontal precipitation in the model, moisture condensation due to saturation in the air in
combination with temperature drops was added. With this process, the influx of horizontal precipitation
is still added as a result of measurements, rather than a percentage of moisture recycling. One thing to
note is that the measurements used for this calculation are solely from the measuring station at CCFC.
Given that the calculation is sensitive to pressure, this single-source data, which is not situated in a
forest, can be very influential. Better would be to measure the relative humidity and temperature at the
site, after which it can be normalised for the entire catchment using a method yet to be determined.
However, with this approach, the amount of horizontal precipitation that now enters the system is of
the same volume as the vertical precipitation, which might be an overestimate. To decrease this vol-
ume, two solutions can be used: (1) increase the relative humidity threshold from 90% to 98% or (2)
decrease the assumed average forest height, which is now set at 8 meters.
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5.4.3. Model Performance and Value

The choice of adopting a FLEX-Topo model is rooted in its topography-based nature, which aligns well
with the characteristics of cloud forests. Opting to choose a FLEX-Topo model over a simpler HBV
model, is that the model is more extensive and it will be further optimized in future research. The FLEX-
Topo model has more potential for adaptations and future improvements, such as land-use change, and
classification adaptations. Next to that, it is worth noting that horizontal precipitation is only relevant
in the catchment area containing cloud forests, a distinction that cannot be made in an HBV model.
The current format of the FLEX-Topo model contains 19 parameters, some of which are shared among
classes. This sharing is justified in the sense that agricultural and cloud forest plots are similar in to-
pography, but different in above-ground dynamics. Moreover, combining them reduces the number of
parameters to simulate.

It is essential to acknowledge that the model’s time range is too short for an in-depth analysis, in which
hydrological signatures are used. This short time range makes overfitting a concern. Additionally, the
absence of spin-up time to initialise the model states prior to objective function calculations adds to
the issue. One potential solution for the absence of spin-up time could be to duplicate the forcing data
and the measured discharge and focus on the objective function calculations in the second half of
the results. Unfortunately, time constraints hindered the implementation of this solution. Next to that,
the parameter plots shown in Appendix G reveal a lack of patterns, indicating equifinality among the
model runs, meaning that multiple configurations of parameter sets could lead to a well-fitted model
simulation.

5.5. Stakeholder Management

In this Section, the following topics related to stakeholder management are discussed: the stakeholder
engagement strategies and the developed stakeholder framework.

5.5.1. Stakeholder engagement strategies

As seen in the results of the stakeholder framework the stakeholder engagement strategies recom-
mended for the NGO CCFC are: consultative collaboration, collaboration with universities and re-
searchers, community-based solutions and community capacity building. The following sections de-
scribe these stakeholder engagement strategy recommendations in more depth.

Consultative collaboration

Many challenges identified during interviews related to 'weak institutions’ can be effectively addressed
through consultative collaboration. The consultative collaboration facilitates advising to enhance oper-
ational effectiveness, resulting in the collaborative design of impactful programs. The interventions and
strategies in Table 4.1, related to challenges under weak institutions, are well-aligned with the principles
of consultative collaboration. The interventions used are the development of education programs and
awareness campaigns, fostering stakeholder dialogue, and making alliances and collaborating with
other actors related to the topic.

Among the listed strategies and interventions, some stand out and are further explained. These include
(1) the development and oversight of governmental programs, (2) fostering community engagement at
the grassroots level to tackle problems by establishing relationships and collaborating with communi-
ties and their leaders, (3) assisting local residents in navigating incentive enrolment processes and (4)
organising impactful awareness campaigns that reach communities effectively. These strategies and
interventions were proposed as solutions because the challenges are primarily linked to institutional
shortcomings. They are closely aligned with the approach of addressing these institutional shortcom-
ings by bridging the gaps in governmental policies through community-based solutions and monitoring
programs. However, it is important to note that solely relying on community-based solutions and moni-
toring programs may not fully address the underlying causes of the challenges associated with "weak
institutions.”

Consultative collaboration represents a holistic approach to addressing issues arising from weak insti-
tutions, through advisory and collaborative efforts and fostering dialogue among relevant institutions
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to enhance the design and effectiveness of government policies. Consultative collaboration involves
the initiation of specific stakeholder dialogues with the appropriate parties, to initiate collaborative ini-
tiatives between them. These dialogues serve as a constructive platform for interaction, enabling the
collaborative development of more impactful programs in overlapping domains of institutions, such as
environmental and water issues. Also through consultative collaboration deficiencies and inefficien-
cies of policies can be addressed by collaborating to come up with strategies aimed at mitigating the
identified weaknesses. Resulting in more fitting and impactful programs making government actions
more effective in solving the identified problems and reaching its intended goals. For example, through
collaborative and consulting efforts, improving governmental awareness campaigns and streamlining
the enrolment process to ensure that incentives are better aligned with their objectives and effectively
reach communities.

Collaboration with universities and researchers

‘Lack of data/knowledge’ in the context of Guatemala’s cloud forests should be addressed through
collaboration with universities and researchers. These partnerships are essential as they bring spe-
cialised expertise and research skills to the table, enabling in-depth studies and data gathering critical
for effective conservation strategies and data-driven advocacy. When organisations or entities lack the
expertise and capacity for research, making collaborative efforts with universities and researchers is
vital for knowledge and data acquisition. These collaborations, whether local or international, foster the
exchange of best practices and resources, enhancing research quality in the relatively small cloud for-
est expertise community. The research findings from these collaborations hold a significant influence
on policy development, providing evidence-based support for environmental policies.

The interventions and strategies found in Table 4.1, which pertain to challenges categorised as "lack of
data/knowledge,” demonstrate a strong alignment with the strategy of collaborating with researchers
and universities. For example, strategies such as facilitating research opportunities for others when
in-house research capacity is lacking, building networks and mechanisms for knowledge exchange, pro-
moting data sharing and collaboration among various stakeholders, including fellow researchers and
universities, and forming partnerships with influential entities, such as international researchers with
funding access. These approaches contribute to addressing the challenges associated with the lack of
data and knowledge in the cloud forest research field. Ultimately, this leads to data-driven advocacy for
more informed decision-making and conservation efforts. In sum, collaborating with universities and re-
searchers is instrumental in overcoming the "lack of data/knowledge” challenge, ultimately contributing
to the sustainable conservation and management of Guatemala’s cloud forests.

Community-based solutions

Community-based solutions take into account community characteristics such as socioeconomic dis-
parities, cultural practices, beliefs, traditions, histories, geography and languages. These characteris-
tics play a guiding role in community engagement efforts and solution development. Recognise that
what works in one community may not work in another due to differences in characteristics. By recog-
nising and comprehending these characteristics, the development of more effective approaches to
tackle the community’s challenges while also implementing other types of initiatives seamlessly. The
interventions and strategies in Table 4.1, related to challenges under 'community characteristics’, are
well-aligned with community-based solutions. For example, they involve community-centred educa-
tion programs and community advocacy. These strategies are customised to fit the needs and unique
characteristics of each community, recognising the importance of language, addressing issues like
women’s marginalisation, overcoming economic disadvantages rooted in traditions, and creating tai-
lored interventions. In essence, community-based solutions are community-focused and adapt to local
conditions, promoting both community development and conservation efforts.

Community capacity building

Challenges of 'Conflict of interest: Direct benefit’ and ’lack of environmental awareness’ go hand in
hand together. Without awareness, individuals and communities may lack the motivation to adopt sus-
tainable behaviours and practices, make environmentally responsible choices, or support conservation
efforts. By raising awareness about the importance of preserving the cloud forest, its role in water sup-
ply, and the consequences of deforestation, it becomes possible to foster a deeper appreciation for the
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environment and drive positive changes in behaviours and practices. Environmental awareness helps
individuals and communities understand that prioritising short-term financial gains, as seen in activi-
ties like logging, they can lead to environmental degradation and the loss of vital ecosystem services.
Which may have detrimental long-term consequences for both the environment and the community’s
well-being.

The interrelated challenges can be effectively addressed by implementing community capacity building
strategies that build on environmental consciousness as well as skill development. Community capacity
building empowers individuals and communities with the knowledge and skills they need to understand
and address environmental issues. Through educational initiatives like skill development and envi-
ronmental awareness, communities get informed about the interconnection between their actions with
environmental changes and the importance of environmental conservation. Community capacity build-
ing can help to provide programs for skill development, to consider alternative environmentally friendly
economic opportunities, helping them to diversify their incomes and develop sustainable economic al-
ternatives for communities.

Moreover, capacity building can help bridge the gap between short-term financial interests and the
long-term benefits of conservation. By fostering a deeper understanding of ecological systems and the
interdependence between humans and the environment, both challenges can be mitigated, promoting
more sustainable and environmentally responsible behaviour. Capacity-building programs can lead to
changes in behaviour, practices and attitudes leading to being better equipped to make informed deci-
sions regarding their economic activities and environmental conservation. They are better equipped to
assess the ecological impact of their actions, reducing environmental harm and increasing their aware-
ness of the impact of their actions.

Establishing mechanisms for shared benefits, where communities can derive economic value from
conservation efforts, for example, the intervention of employing locals/communities as guides. These
environmentally aware individuals can serve as advocates for conservation within their communities.
They become advocates for change, spreading awareness to friends, family, and broader networks.

The interventions and strategies in Table 4.1, related to challenges under “lack of environmental aware-
ness” and “conflict of interest: direct benefit”, are well-aligned with community capacity building. These
interventions and strategies include environmental awareness campaigns and community-centered
education programs: for environmental education and skill development, environmental children pro-
grams, advocacy and community engagement through employment of locals/communities and appre-
ciation.

5.5.2. Stakeholder management framework

As outlined in the literature review, CCFC operates in a multi-stakeholder and multi-issue environment.
To effectively address the challenges specific to CCFC in this setting, there is a need for a comprehen-
sive approach which is designed to address the environment’s complexity. The recommended stake-
holder engagement strategies for CCFC involve effectively engaging with the diverse stakeholders in
the multi-stakeholder environment to address the multiple issues/challenges present in this complex,
multi-issue context. The recommended stakeholder engagement strategies for CCFC encompass spe-
cific approaches tailored to multiple stakeholders.

+ Institutions of the government: Consultative collaboration
» Communities: Community capacity building through community-based solutions
» Researchers and universities: Collaboration

The stakeholder engagement strategies, based on insights from interviews, adopt a two-fold approach,
engaging stakeholders at multiple levels. As highlighted in the literature review, interventions can be
implemented through both top-down and bottom-up approaches. To initiate top-down strategies at
the institutional level and leverage their advantages, CCFC should employ consultative collaboration
through data-driven advocacy. Meanwhile, bottom-up approaches can be executed through commu-
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nity capacity building through community-based solutions.

As mentioned in the methodology one step is to come up with interventions. Working collaboratively
with CCFC to translate the stakeholder engagement strategies into actionable steps and initiatives. The
interventions are based on the strategies and ideas mentioned during the interviews, ensuring that the
challenges collected during the interviews are covered, thereby trying to maximise their impact and ef-
fectiveness. The interventions are chosen to cover needs in CCFC’s operations, fitting the stakeholder
engagement strategies that are derived from the analysis. The findings of this part of the research and
their importance are acknowledged by CCFC. It is worth noting that these findings serve as not just a
discovery, but also an affirmation of their commitment and efforts in addressing the identified issues.
This reinforces the significance of CCFC’s work in this context. The intervention and related actions
that resulted from the stakeholder framework are discussed in the following sections.

Top-down intervention: Consultative collaboration through data-driven advocacy

As mentioned addressing the ’lack of data/knowledge’ in the context of Guatemala’s cloud forests ne-
cessitates a strategic partnership with universities and researchers.CCFC currently lacks the research
capacity required, underscoring the importance of collaborating with academic institutions and experts.
Our project serves as such a collaboration, focused on enhancing data collection and knowledge acqui-
sition of the role of the cloud forest in the Mestela River catchment. In this way, the project contributes
to expanding the body of research and data available within the relatively small cloud forest expertise
community, directly addressing the challenges associated with ‘lack of data/knowledge’. Moreover, the
strategy proposed incorporates consultative collaboration with the government to solve the challenges
of 'weak institutions’, a process in which external entities actively engage with government bodies to
provide advice and recommendations for policy development and governance processes. In this role,
CCFC can offer input and suggestions on government policies, programs, and projects. Entities en-
gaged in consultative collaboration play a crucial role in bringing together the right stakeholders, like
multiple governmental institutions, for constructive dialogues. It is instrumental in capacity building
within governmental institutions, ultimately contributing to more informed decision-making, improved
policies, and better governance. Enhancing the quality and effectiveness of government actions.

To achieve this, the recommendation is the use of data-driven advocacy as the starting point for initiating
critical conversations. This involves bringing together the right stakeholders, most importantly the right
institutions which are essential for the collaborative development of more influential programs. The lack
of data/knowledge is an obstacle to this data-driven advocacy. Our project can be seen as a catalyst
for policies and conversations on an institutional level. The research findings resulting from projects
building upon our work and model can be used for consultative collaboration through data-driven ad-
vocacy, with a focus on water security. For instance, this could involve collaborations between water
distribution centres and INAB and CONAP to start the conversation about the development of protec-
tion programs for water recharge zones. Using water security as an important focal point. Data-driven
advocacy serves as a tool to raise awareness within these institutions and facilitate the development
of more influential, evidence-based programs.

This holistic approach integrates consultative collaboration with data-driven advocacy, using the in-
sights generated from our (future) data. In essence, our project not only contributes to filling the ex-
isting knowledge gap but also plays a pivotal role in engaging government stakeholders to ensure the
development of effective conservation efforts. The approach and recommendation are fitting for initiat-
ing top-down interventions because they actively engage government institutions, contribute to policy
development, build institutional capacity, and influence stakeholder dialogues. Initiating top-down ap-
proaches makes it possible to leverage the advantages listed in Table 2.1.

CCFC actively engages in collaborative efforts with researchers and universities to expand knowledge,
data, and awareness regarding the significance of cloud forests. They offer research spaces, as demon-
strated in this project, making their valuable contribution to addressing the lack of data and knowledge
about cloud forests. CCFC recognises the significance of engaging in and initiating stakeholder dia-
logues and the need for collaborative action and using data-driven advocacy, through using our project,
to strengthen the foundation and enhance the rationale for their initiatives. They have also highlighted
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the potential for further development in building sustainable partnerships with these stakeholders in the
future.

Bottom up interventions: Community capacity building through community-based solutions
As mentioned addressing challenges of 'Conflict of interest: Direct benefit’ and 'Lack of environmen-
tal awareness’ can be both addressed with the use of solutions in the form of community capacity
building. Community capacity building is a recognised community-based solution as it directly empow-
ers and engages the community in addressing its challenges and needs by providing essential skills,
knowledge, and abilities to individuals and groups within the community, ultimately enhancing the com-
munity’s capacity. As previously mentioned, the application of community-based solutions to address
challenges linked to community characteristics is instrumental. These community-based solutions men-
tioned then take into account the community characteristics as well as seek to solve the community’s
unique challenges. This integration allows for the inclusion of these community-specific traits in commu-
nity capacity-building programs. In doing so, it not only helps to address the unique challenges within
the community but also tailors capacity building initiatives to the community’s specific characteristics.
This can significantly enhance the effectiveness of community capacity building initiatives. Therefore,
the solutions that arise from capacity-building efforts are tailored to the community’s specific situation,
ensuring that they are relevant and effective [86], [8].

When capacity building is designed to be context-specific. It recognises that each community has its
unique characteristics, needs and strengths. It is designed to incorporate local customs, traditions, and
languages, making the educational efforts more culturally relevant and engaging for the community. It
ensures inclusivity and addresses the unique challenges. When integrated into community-based so-
lutions, environmental awareness campaigns can better resonate with the community, making it more
likely that they will engage with the information and consider the importance of finding common ground.
In those campaigns, it is crucial to employ influential and recognisable icons, symbols and terminol-
ogy that reflect the community’s identity and resonate with members. These solutions incorporate
community-specific needs, values, and traditions, streamlining the process of finding common ground
between economic interests and ecological goals. As well as balance the needs of the community and
the preservation of valuable ecosystems. Integration facilitates a shared understanding and facilitating
the successful implementation of initiatives.

Community-based solutions can encourage active participation from community members in imple-
mentation processes. This involvement fosters a sense of ownership and commitment to the solutions,
which is often lacking in top-down interventions and externally imposed approaches. Therefore these
forms of solutions focus on mobilising local resources, both human and material, to address community
issues. This includes leveraging local talent, assets, and traditional knowledge. Building community
capacity leverages local knowledge and expertise. Communities often have a deep understanding of
their specific environmental challenges and cultural context. By tapping into this expertise, solutions
can be even more tailored and effective. Engaging local communities and empowering them to par-
ticipate aligns with a bottom-up intervention, allowing to utilise of the advantages listed in Table 2.1.
Leveraging community capacity building through community-based solutions harnesses the benefits of
bottom-up approaches, making it a fitting strategy. Environmentally aware individuals can become ad-
vocates for conservation within their communities. They can educate others about the ecological value
of cloud forests Community capacity building is not just about short-term fixes but aims for long-term
positive change. As the community becomes more capable, it creates a sustainable model for address-
ing ongoing and future challenges. The community becomes better equipped to identify, respond to,
and adapt to issues, reducing the need for external interventions.

As mentioned in the interviews, there is a consensus about the importance of beginning with children
as they often have a higher receptivity to environmental concepts due to their higher appreciation for
biodiversity. Therefore, they have the potential to become passionate advocates. Initiating programs
that involve children, thereby motivating their parents and family, can help cultivate a culture of envi-
ronmental stewardship throughout the entire community. Resulting in a long-term impact, as future
generations inherit and continue to build on environmental awareness and practices. Community ca-
pacity building through community-based solutions therefore focuses on long-term sustainability and
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tailoring solutions to each community’s unique needs and characteristics. Given that CCFC’s mission
revolves around holistic, community-centered approaches to conserving cloud forests and addressing
critical challenges related to poverty, education, and social development. CCFC is already actively
implementing community-based initiatives and is dedicated to enhancing the capacity of mountainous
village communities. The discovery that community-based solutions and community capacity building
are the most appropriate stakeholder engagement strategy, establishes a strong foundation for future
endeavours. It also forms a compelling argument for the effectiveness of their community-based solu-
tions.

Translating interventions into action: Comic strip

One intervention resulting from the stakeholder framework was also put into action; a comic strip was
developed. The comic represents a means of translating the knowledge gained throughout our project
into accessible information for local children, fostering their environmental awareness. This is done in
collaboration with CCFC and a local student from the University of San Carlos. We are transforming this
knowledge into an educational comic for children. This initiative is fitting to the bottom-up interventions.

It is chosen to develop a comic specifically designed for children aged 8 to 10. This age group is ideal
because they have likely been introduced to fundamental concepts of the hydrological cycle in school.
Through this comic, our objective is to cultivate their understanding of the critical role that cloud forests
play in maintaining water resources. Our goal is to make this information accessible and engaging
for children in the local communities. Next to this, CCFC hosts the “kids & birds” children’s program,
which serves as a valuable platform for the distribution of the comic. The comic can serve as educa-
tional material for the environmental education given during the program. Enabling children to bring
the knowledge back home in the form of a comic and share what they have learned with their parents
and friends.

Also, the comic tries to empower girls by featuring Chaim, a resilient Q’eqchi’ girl as the main charac-
ter, to try to address the challenges faced by girls and women due to social marginalization. Chaim’s
name, inspired by Rubel Chaim, reflects the essence of the place and carries the meaning of "star” in
the Q’eqchi’ language. This approach promotes inclusivity and aligns seamlessly with CCFC’s WALC
program, which is dedicated to addressing the issue of social marginalization of women within commu-
nities.

The other main character is Chipi Chipi, a tree frog native to the unique ecosystems of Rubel Chaim
and the Cloud Forests. Chipi Chipi serves as a symbol of the critical role played by these cloud forests
in preserving biodiversity. The name is derived from the Q’eqchi’ language, translates to "drizzling,” re-
flecting the frog’s connection to the water cycle. Through the insights of this character the water cycle
and the services of the cloud forests are explained.

This initiative aims to promote environmental awareness and address the conflict of interest between
immediate benefits and conservation efforts. Our approach not only fosters environmental awareness
but also takes into account the unique characteristics of the local communities. Incorporating commu-
nity characteristics significantly enhances the likelihood of the initiative’s acceptance and success. It
empowers community members to become advocates for the importance of the cloud forest ecosys-
tem, utilising water security as a persuasive argument. This intervention effectively falls under the
category of community capacity building, addressing the challenges of lack of environmental aware-
ness, conflicts of interest related to immediate gains (conflict of interest: direct benefit), and the unique
characteristics of the communities within CCFC’s working area.

The development of this approach is based on insights gathered from the strategies discussed during
the interviews. It is chosen to make the comic culturally relevant, following the recommendations for
community-based solutions that align with the unique characteristics of the communities. This approach
involves integrating local customs and traditions into the comic, enhancing its cultural relevance and
making it more engaging for the children in the communities. Additionally, the comic can be developed
in multiple languages to maximise its accessibility and impact. Furthermore, a comic is highly suitable
for distribution to remote towns due to its ease of dissemination. As mentioned during the interviews,
integrating environmental awareness campaigns necessitates a strong resonance with the community
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members, making it more likely that they will engage with the information. Therefore it is crucial to incor-
porate influential and recognisable icons, symbols and terminology that reflect the community’s identity
and effectively connect with the children. The imagery used includes the quetzal, a young Q’eqchi’ girl,
Mount Xucaneb, and a pila. This imagery has been selected to establish a deeper connection with
children, making the message more relatable and impactful.

The entire comic strip was crafted in collaboration with a local student. Together, we made the storyline
and laid the foundation with initial conceptual drawings. This invaluable contribution played a pivotal
role in shaping a storyline making sure it resonates with little Guatemalan children. The collaboration
between CCFC helped on the cultural and community relevance of the comic. This collaboration not
only ensures that the comic aligns with the requirements of the local communities but also fulfils the
needs of CCFC. The chosen intervention is now in the process of being developed. This develop-
ment phase involves collaborative planning, with a local student and in partnership with CCFC, both
actively involved in this effort. The storyline and conceptual drawings are complete, and an external
professional is sought to handle the digitalisation. An example of a digitalised page is provided in the
appendix.

Since the comic is currently in development, a set of recommendations for monitoring the initiative’s
success is provided for utilization by CCFC.

Regularly collecting data will help evaluate the comic’s effectiveness in achieving its intended goals and
influence. This information can guide adjustments and improvements to the intervention to ensure its
long-term impact. Itis important to measure the effectiveness of the environmental comic in increasing
knowledge, awareness, and behavior change related to the hydrological cycle, conservation, and the
importance of cloud forests among children in mountain villages, as well as its influence on community
engagement and emotional connection to nature. Key components of a monitoring plan include the
following:

» Conduct pre- and post-intervention assessments to measure the knowledge gained by children
about the hydrological cycle, importance of cloud forests, deforestation, and conservation.

» Administer surveys with children to understand how the comic has influenced children’s emotional
connection to nature and the environment.

+ Administer surveys with teachers to gauge changes in awareness, attitudes, and behaviors re-
lated to conservation. Gather feedback from them about the impact of the comic on children’s
understanding of environmental issues.

Monitor the establishment of community initiatives or programs related to environmental conser-
vation that may have been inspired by the comic. Track specific actions taken by children and the
community, such as planting trees, and assess whether these actions are linked to the comic’s
influence.

| contains survey monitoring questions tailored for childrens and teachers, designed to be utilized by
CCFC. Also, an assessment list for CCFC to evaluate the impact of the comic based on the responses
obtained from children and teachers in other surveys is given.



Conclusion

This research related to studying the cloud forest in Alta Verapaz, Guatemala was based on the follow-
ing research question. "To what extent does the presence of a cloud forest canopy impact the Mestela
River catchment and how will this affect the various involved stakeholders?”. This preparatory project
represented the first step in researching the importance of Cloud Forests in Alta Verapaz, related to
water security and the social impact of CCFC.

To address this question, the hydrograph in relation to both horizontal and vertical precipitation was
examined, as explained in Section 4.5. This showed that the Mestela River seems to be sensitive to
vertical precipitation. However, the data range is too short to draw any lasting conclusions on the river
sensitivity. The relation between the horizontal precipitation and the discharge in the Mestela River
is difficult to distinguish. Consequently, the hydrograph did not yet provide insights into the extent to
which the presence of the cloud forest impacts the river discharge.

To further understand the behaviour of the Mestela River in combination with the characteristics of the
catchment, a FLEX-Topo model was developed. At this time, the model does not accurately illustrate
the positive impact of cloud forests on the Mestela River’s base flow. The model’s limitation in achiev-
ing a discharge match with observed data is primarily due to the constraints of limited measurements.
A more refined and better-fitted model would require an extended forcing time series. However, the
existing FLEX-Topo model serves as a strong foundation for future enhancements, particularly in ad-
dressing key aspects such as moisture buffer release and horizontal precipitation.

In terms of the model’s value, the use of the FLEX-Topo model holds significant promise for stake-
holder engagement in discussions regarding water security and cloud forest protection. With an im-
proved model, it becomes feasible to decompose the modelled discharge, effectively showing how
cloud forests contribute to a stable base flow. Furthermore, the model can be run with different scenar-
ios, showcasing how land-use changes affect the river discharge. The ability to visually demonstrate
the importance of cloud forest contribution to the Mestela River’s base flow is a powerful tool for con-
sultative collaboration with the appropriate authorities.

Since CCFC is in a multi-stakeholder environment it was derived from the results the importance of
top-down as well as bottom-up interventions. The mentioned consultative collaboration is one of the
strategies concluded from the analysis focusing on effective stakeholder management and engage-
ment. The challenges and strategies identified from the analysis showed a close link to the research
question of the project. Such as the lack of data and knowledge, which proves the relevance of the
canopy monitoring site. Next to that, the intervention related to the challenge of weak institutions is
data-driven advocacy. Data-driven advocacy can help in initiating top-down initiatives. The developed
hydrological model can serve as a tool to perform this advocacy.

To address the challenges lack of environmental awareness, conflicts of interest:direct benefit and com-
munity characteristics, the stakeholder management framework recommends implementing bottom-up
interventions through community capacity building. The insights from the project’s knowledge can guide
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these efforts. To make these insights accessible and engaging, a comic is developed.

Considering these points, we must conclude that the research question could not be fully addressed.
However, this project serves as a comprehensive foundation for future research, offering detailed ex-
planations of all the steps, beginning with data collection, followed by modelling and analysis, and
concluding with a recommendation of interventions regarding stakeholder engagement for CCFC. This
strong foundation, coupled with extensive data analysis, will enable future researchers to fully address
the research question.



Recommendations

Canopy Monitoring
+ Installation of a relative humidity sensor at the measurement station would provide extra insight
into the hydrological processes related to condensation, moisture recycling and fog interception.

» Improvements of the fog traps could be made to enhance fog interception. This can be done by
adding an inner cylinder with fish wire to the already existing fog trap.

Soil moisture data could be used to verify the soil moisture content recovery time. Moreover,
when the FLEX-Topo model is expanded to a distributed model, the soil moisture data could be
used as an input value.

» When using tipping buckets, the installation of filters is necessary to prevent clogging of the sys-
tem. Especially in the case of the installation of a long-term station.

Proximity and accessibility of a monitoring site should be taken into account when deciding on
the location of a long-term measurement site.

» The construction and installation of a long-term measurement site in a cloud forest canopy can
be physically challenging, therefore a team of persons is recommended for the installation of the
station.

Anti-vandalism and anti-theft of the site could be improved. This can be done by e.g. moving the
HOBO-link higher into the tree. For this, the sensor cables should be extended.

Discharge Model
» The accuracy of the discharge computation could be further improved by using multiple pressure
sensors in the same cross-section, at different water levels. Based on this, the shape of the
logarithmic profile is improved.
» Regularly re-measure the cross-section between the bank due to changes in the morphology after
storm events.

» The rating curve should be expanded with water level and discharge measurements, leading to
an accurate power-law fit. Next, the rating curve fit can be used to estimate the discharge when
measuring a water level. This results in a long-term measurement system where no expensive
pressure sensors are involved, only the already constructed water level measuring pole.

Hydrological Model
» The FLEX-Topo model is currently only set up and run with the 20-day data. Normally, a hydro-
logical model is trained with data from multiple years. It is recommended to first try to run the
model with extra data before changing the structure and/or parameters in the model.
* When the FLEX-Topo model is reliable, it is possible to run the model with different scenarios
such as deforestation versus reforestation. The outcome of the model can show the impact of
the scenarios on the Mestela River discharge.

» Next to that, it could be possible to further analyse periods of droughts and floods.
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» A good method to analyse catchments and find patterns is to find hydrological signatures from
the data series. Signatures such as the base flow index, declining limb density and the Budyko
curve too name a few.

* It's also recommended to improve the method of calculating the goodness of fit with the objective
function. Kling Gupta Efficiency is one that is being used more recently, but even a R? would be a
good objective function, which is better at fitting peaks. Using the R? complementary to the NSE
can be a very powerful method. This way, euclidean distance can be applied so as to find model
parameter sets that respond well to both objective functions.

» Using several parameter sets as an ’envelope’ is a better way to show how uncertainty propagates
through the use of several models. The General Linear Unbiased Estimator (GLUE) is a method
to could be used to showcase this uncertainty of the model results.

» The FLEX-Topo model currently contains 19 parameters. Normally, a model with a shorter range
of data is tested with a simpler model using parameters to prevent over fitting. It is recommended
to also look at the possibilities of a simpler model, as a complementary model to the FLEX-Topo
model.

» Currently, some parameters are shared within the model, so as to decrease the total number of
parameters. For further research, it is recommended to look critically at these groupings.

» Note is that this project used Monte Carlo simulation for parameter selection. This is an ineffi-
cient method for parameter sampling. We recommend exploring different sampling techniques,
either stochastic or evolutionary strategies. Stochastic sampling techniques such as Latin Hyper-
cube Sampling or Stratified sampling are better at the homogeneous exploration of the parameter
space [44].

+ Literary review from the previous Cloud Chasers group showed that the use of the FIESTA model
is widespread for horizontal precipitation generation in TMCF’s. The FIESTA model is able to
generate oreographic influences. Due to time constraints and a lack of knowledge in remote
sensing, the FIESTA model was not included. However, for a follow-up group that will focus more
on the modelling side of the catchment, it is highly recommended to incorporate it in the model.

+ With a well-fitted model, it becomes feasible to deconstruct how and which parts of the catchment
contribute to the flow of the Mestela River. Using model decomposition to show how cloud forest
contribute to the base flow of the river is a visual method for cloud forest conservation advocacy.

» Expanding the study area to the Cahabén River Watershed instead of the Mestela River would
increase the socio-economic impact and relevance for stakeholders. The discharge could be
computed at the weir near Coban. However, this expansion would bring added complexities,
such as data availability, collaboration with other institutions, and increased data variability.
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Classification Figures
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Figure A.1: Strahler stream flow visualisation
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Listing A.1: Python code for landscape classification

1 # Make landscape classification
2 plateau = (np.array(hand) > 8) & (np.array(resized_LAI) <= 1.8)
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cloud_forest = (np.array(hand) > 8) & (np.array(resized_LAI) > 1.8)
wetland = np.array(hand) <= 8
basin = np.array(np.array(slope) >= 0, dtype=int)

# Matrics with landscape classes
nrows, ncols = basin.shape

landscapes = np.zeros((nrows, ncols))
landscapes[plateau] = 1

landscapes [cloud_forest] = 2
landscapes [wetland] = 3
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Spectral analysis

& —~ i G
s | oy
20 - f. .yl :i O .--"'I e : Y Agriculture
E, i
o
™
x Cloud forest
[9]
[v]
hel
—_
o
Plantations
and forest

0 50 100 150 200 250 300 350
gridcel x30 [m]

# Plot landscapes

bounds = [1, 2, 3, 4]

clrs = ['palegreen', 'green', 'blue', 'blue'l]

cmap, norm = colors.from_levels_and_colors(bounds, clrs, extend='max')

plt.figure(figsize=(10, 6))

plt.imshow(landscapes, cmap=cmap, norm=norm) # Adjust aspect ratio
plt.xlabel('gridcel x30 [m]', fontsize=12)

plt.ylabel('gridcel x30 [m]', fontsize=12)

plt.title('Landscape classification', fontsize=16)

# Create a custom colorbar

cbar = plt.colorbar(orientation='vertical', shrink=0.45, extend='neither')
cbar.set_ticks([1.5, 2.5, 3.5, 3.5]) # Set tick locations to match levels
cbar.set_ticklabels(['Agriculture', '(cloud) Forest', '', 'Wetlands']) # Set tick labels

plt.tight_layout ()

plt.grid(True, linestyle='--', alpha=0.7)

plt.savefig('Model _classification.png', dpi=300, transparent=True)
plt.show ()
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Correction Factors

C.0.1. Throughfall

The surface area of the throughfall gutters is exactly 1 m2. The unit of the tipping bucket is in mm/m? and
is based on the area of the collection funnel, which is 214 cm?. So, the collection funnel is approximately
47 times smaller than the collection area of the throughfall gutter. This means that the measured mm
throughfall in the system should be corrected. The correction factor of the measured throughfall is the
fraction of the collection area of the tipping bucket and the collection area of the throughfall, as is shown
in Equation C.1.

i Avtippi 214 %104
Correction Factory — —uppingbucket _ *

=0.0214 (C.1)
throughfall 1

C.0.2. Fog Traps

The amount of fog intercepted by the fog traps needs to be rewritten to the amount of horizontal pre-
cipitation in mm units. The vertical, cross-sectional area of the fog traps determines the amount of fog
that can be intercepted. This cross-sectional area is 920 cm? per fog trap. The number of fog traps is 3.
The collection area of the tipping bucket is 214 cm?, just as explained in C.0.1. The resulting correction
factor for the fog traps is shown in Equation C.2.

[ Ay = 920 cm?

Figure C.1: Cross-section of 1 fog trap.

Atippingbucket . 214 % 1074

Correction Factorg = = —
Avog traps 3%920 %10

=0.0775 (C.2)
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Sensor and Station Specifications

Table D.1: Specifications of the sensors and stations.

Tipping bucket

Soil moisture sensor

HOBO station

Formal name

Model name
Measurement range

Resolution

Rain Gauge Smart Sensor

S-RGF-M002
0-10.2 cm per hour
0.2 mm

88

10HS Soil Moisture
Smart Sensor
S-SMD-M005

0to0 0.570 m3/m?3

0.0008 m3*/m?* (0.08%)

HOBO Remote
Monitoring station
RX3000



Psychrometric Chart
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Figure E.1: Psychrometric chart displaying the relation between temperature, relative humidity and specific humidity.
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Figure F.1: Detailed plot of the evaporation, relative humidity, temperature and solar radiation on 15-10-2023

Stemflow [ml] over time

18:00 19:00 20:00 21:00 22:00 23:00 00:00

Stemflow [ml]

—=200

—400

=600

A8
&
»

D

&

N 9o Q ~
& oS = o

5 5 S
& o i o
° P ° »

Figure F.2: Water level measured in the collection bottle of the stemflow. The volume of the collection bottle is 18.9 L, which

was too big because significant evaporation occurred.



Monte Carlo Parameter Visualisation

Table G.1: Parameters from the Monte Carlo simulation. With the 15 minute using in total 1.000.000 simulations, whilst the
other runs used 100.000 simulations. Class names: C stands for Cloud forest, A for Agriculture and W for Wetland.

Parameter Class 15 min 15 min altered 1 hour 1 hour altered

for C 3.18E-4 4.22E-4 5.14E-3 7.833E-2

K, C 1.40E-5 1.521E-5 7E-6 5.2E-5

Tiag C 205.613 159.4 267.051 41.576

C. w 0.775 0.852 0.726 0.831

C, A, CL 0.224 0.229 0.156 0.898

Su.maz w 78.151  126.2 79.269  105.863

Su.maz A,CL 7.091 14.25 15.100  8.513

B w 0.530 0.386 4.598 4.138

s A,CL 4.997 5.267 4.301 3.883

Crnas w 0.437 0.761 0.413 0.484

Ky w 2.5E-5  5.412E-5 8.4E-5 1.42E-4

Ky A, CL 1.23E-4 1.412E-4 1.14E-4 5.92-4

Imas w 25575 17.16 25.733  14.832

Inmas A 17.655  8.460 15.224  5.436

Inmas CcL 18.351 28.54 34.479  37.733

Lnin CcL 2.217 2.49 2.983 1.629

D A 0.868 0.898 0.847 0.209
CcL 0.773 0.921 0.921 0.665

K, Br CcL 2.56E-2 1.09E-2 9.3E-3  6.412E-2

NSE - 0.076 -0.390 0.281 -0.056
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Figure G.1: Results of the 15-minute time step’s 0.1% best parameter plots. The original parameter space is specified in Table
3.10. The y-axis displays the NSE coefficient.
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Figure G.2: Results of the altered 15-minute time step’s 1% best parameter plots. The original parameter space is specified in
Table 3.10. The y-axis displays the NSE coefficient.
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Figure G.3: Results of the 1 hour time step’s 1% best parameter plots. Note that the parameter range for the parameters fc .,
K, Ky (both for W and for A+CL) and K; pr were multiplied by four to account for the increase in timestep. The original
parameter space is specified in Table 3.10. The y-axis displays the NSE coefficient.
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Figure G.4: Results of the 1 hour time step’s 1% best parameter plots, for the altered dataset. The y-axis displays the NSE
coefficient.



Interviews Table

Table H.1: Table including specifications of the interviews.

No Date Organisation / Designation

1 1-10 NGO CCFC Owner

2 1-10 NGO CCFC Co-owner

3 3-10 Local university Professor Hydrology

4 4-10 Cloud forest nature reserve Owner and Conservation specialist

5 4-10 Nature reserve Owner and Conservation specialist

6 5-10 NGO Fundaeco Conservation science strategies advisor

7 5-10 Student Local Environmental Management

8 6-10 Researcher: specialised in conservation and community engagement
9 8-10 Non-local university Professor Forest ecophysiology and canopy scientist
10 9-10 Researcher: specialised Mayan Q’eqchi’ communities and agriculture
11 9-10 Local farmer of larger parcel

12 10-10 Local resident Q’'eqchi’ mountain village

13 10-10 CONAP Communication Manager

14 11-10  INAB Project manager

15 13-10  World Bank Project director

16 15-10 NGO Water for the People Project director

17 16-10  Water distribution center Coban Owner

18 18-10 Researcher: biodiversity and Mayan Q’eqchi’ communities
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Monitoring

Children monitoring survey questions

Enjoyment and Understanding: Did you enjoy reading the environmental comic? What was your fa-
vorite part?

Learning about Nature: Can you name one thing you learned from the comic about nature or the
environment?

Favorite Character or Scene: Who is your favorite character in the comic, and why? Is there a scene
that you liked the most? Did you feel a personal connection to any of the characters or scenes in
the comic? Can you provide specific examples of scenes or characters that you found particularly
engaging?

Sharing with Others: Have you talked to your friends or family about the comic? What did you tell
them?

Drawing Connections: Did the comic make you think differently about trees, cloud forests, water, or
taking care of the environment? How so?

Distribution Question: How did you get your copy of the comic? Was it given to you at school, in the
community, kids and birds program, or somewhere else?

Teacher monitoring survey questions

Integration into Lessons: How easily were you able to incorporate the environmental comic into your
teaching materials, and do you feel it complemented your existing lesson plans?

Classroom Engagement: Have you noticed an increase in students’ enthusiasm or interest in environ-
mental topics since the introduction of the comic into the curriculum?

Student Discussions: Have you observed students discussing the environmental comic among them-
selves? What aspects of the comic do they seem most interested in?

Knowledge and awareness: Have your students shared any specific insights or knowledge about the
hydrological cycle, the importance of cloud forests and environmental issues gained from the comic?

Assesment list CCFC

Knowledge and awareness: a. Are children more aware of the challenges related to deforestation and
environmental conservation as a result of reading the comic? b. Have the children in the area gained
knowledge about the hydrological cycle, conservation, and the importance of cloud forests through the
comic?

Community Engagement: a. Has the comic sparked discussions and activities within the local commu-
nity related to environmental conservation? b. Are parents, teachers, and community leaders getting
involved in educating children about conservation after the comic’s introduction?

Emotional Impact: a. Has the comic influenced children’s emotional connection to nature and the
environment? b. Are children expressing a greater sense of responsibility and empathy toward nature
and wildlife? c. The images and symbols used in the comic effectively resonate with children, making
the environmental messages more memorable and impactful?
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