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ABSTRACT

Waterfalls are normally vertically steep falls sitting on a river. Since they create barriers that cut
the river network, they cause river and habitat fragmentation which has a series of environmental
significance such as promoting the isolation of aquatic populations and facilitating genetic
diversification. Waterfalls can also alter the global carbon cycle, benefit fisheries, provide
recreation sites, support hydropower, and even modify air characteristics. However, large-scale
studies on river fragmentation by waterfalls are constrained by the lack of high-quality dataset
with sufficient spatial coverage and completeness. This thesis improves the current version of the
global waterfall database HydroFALLS vla by drawing new waterfall points from various
datasets. After data preparation, consolidation, and validation, a national dataset of China
contributes 74 new waterfall points that are later co-registered with digital river network of
HydroSHEDS and subsequently merged into HydroFALLS vla to produce the updated version
HydroFALLS v1b. Another 53,205 points are collected from two supplemental global dataset,
which are ranked to 25 different priorities of workflow based on their proximities to rivers of
different sizes. Upon further examination into each rank, the 53,205 points serve as a data pool
for the development of future database version HydroFALLS v1.0. The global-scale usage and
applicability of HydroFALLS v1b is tested with the relationship between freshwater fish
diversity distribution and the presence of waterfalls as a natural habitat fragmenting factor. A
variety of levels of correlation in different ecozones reveal large-scale impacts of natural river
fragmentation and the feasibility of related studies, which highlights the necessity of building a
high-quality global waterfall database.



CHAPTER 1: INTRODUCTION

1.1. Overview and Background

A waterfall normally refers to a steep, rapid or vertical fall on a stream. These abrupt changes in
riverbed topography and river networks can lead to natural river fragmentation in multiple
aspects, including the longitudinal flow connectivity, aquatic species migration, flow regime,
hydrodynamics, sediment transport, and fluvial geomorphology, thus having a variety of
ecological and environmental impacts (Hudson, 2013). Numerous local studies have shown that
waterfalls have the potential to modify the spatial pattern of gene flow and evolutionary
processes, influence the physicochemical properties of riverine water, play a part in quantities
and timing in the global carbon cycle, bring benefits or changes to fisheries, provide natural sites
for hydroelectricity, serve as scenic attractions or cultural heritages for local people, and even
alter air electricity and composition (Rahel, 2007; Natchimuthu et al., 2016; McLachlan et al.,
1990; Zhang et al., 2000; Luts et al., 2009; Dibiase et al., 2014; Thé and Nordi, 2006;
Uhunmwangho and Okedu, 2009).

However, large-scale waterfall studies are constrained by the lack of high-quality global
waterfall datasets. Due to the absence of clear and systematic definitions, classifications, data
development, and interdisciplinary studies (Hudson, 2013), current waterfall databases are
neither complete and accurate in spatial coverage, locations, and related properties, nor being
georeferenced with river networks. Many definitions, criteria, classification systems, and rating
scales proposed are inconsistent. Ford (1986) specified a waterfall as a vertically steep fall on a
river but did not address certain thresholds for the degree of steepness and flow magnitudes.
Mabin (2000) and Dias et al. (2013) proposed the slope thresholds to be 25% and 30%
respectively. At the same time, some classifications proposed by scientists and magazines such
as National Geographic (2012) based on different criteria including the height, discharge, width,
water speed, shape, slope, and possession of plunge pools are mixed in one single system without
being comprehensively consolidated for different purposes, making these properties unorganized

and unclear for usage by other disciplines. The lack of georeferencing and co-registration



between locations of waterfalls and river networks makes it unknown whether the waterfalls are

sitting on the river that causes fragmentation or appear at another location nearby.

The current version of a global waterfall database, HydroFALLS vla (Lehner, 2013), contains
some major spatial gaps, particularly in Asia and some other countries that lack national datasets.
Meanwhile, the attribute information of a portion of waterfall features recorded is not accurate
and complete. Therefore, it is of great interest to develop a unified global waterfall database by
building upon HydroFALLS vla to add more clear, systematic, accurate, and complete waterfall

points worldwide.

The digital river network that is part of global hydrographic data framework termed
HydroSHEDS (Lehner et al., 2008) was derived from a SRTM Digital Elevation Model (DEM)
at a 15 arc-second resolution, which provides high-quality mapping of rivers consistently at a
global scale. However, it does not always reflect the exact location of the true river network.
Therefore, it is also necessary to co-register the waterfall points with the digital river network to
identify the relative location of the waterfall and the river.

1.2. Research Objective and Questions

This thesis aims to develop a systematic, complete, and unified global waterfall database,
HydroFALLS, that contains related waterfall parameters, as well as to co-registers the database
with the existing digital river network that is part of global hydrographic data framework termed
HydroSHEDS (Lehner et al., 2008). To achieve this, a variety of data sources are explored to fill
major spatial gaps in HydroFALLS vla. Points collected from multiple global and regional
datasets are further cleaned, merged, consolidated, validated, and co-registered with digital river
networks. Depending on properties such as cleanness, completeness, reliability, and level of
details of the data sources, different steps are tried and tested to develop a standardized workflow
accordingly that allows for the continued mapping of waterfall locations beyond this thesis.
Metadata and related attributes of current data points and newly added points are updated with
supplemental data sources. In the end, global maps and summary statistics are created regarding

data quality and waterfall properties to provide an overview of notable waterfalls and the global



pattern of natural river fragmentation, with particular insights into the spatial relationship

between waterfalls and land cover types. To investigate the usage and applicability of the data
product, as well as understand potential remaining challenges in global studies of natural river
fragmentation, genetic diversity of freshwater fish populations separated by major waterfalls is

examined as an ecological application of the database.

1.3. Thesis Format

Following this introductory chapter, chapter 2 provides a review of waterfall studies conducted
in related fields. I will start by explaining how local studies have shown that waterfalls around
the world are participating in a variety of environmental processes. | will introduce the
development of waterfall studies and the complexities of defining and classifying waterfalls, as
well as how the current system can be problematic. Meanwhile, data availability and the
performance of current datasets are assessed, which show the necessity of this thesis. I will
introduce the methodology adopted in chapter 3 and results of this project in chapter 4, followed
by comprehensive evaluations and discussions about the results in chapter 5. Chapter 6

summarizes and extends the findings and potential implications of this thesis.



CHAPTER 2: RELATED LITERATURE

2.1. Waterfalls’ Roles in Earth Systems

2.1.1. Habitat Fragmentation and Ecological Regulations

Although waterfalls have been understudied systematically on a global scale, numerous local
studies have shown that waterfalls are playing important roles in environmental systems.
Similarly to dams, waterfalls as natural barriers that can cause habitat fragmentation which
controls the evolution of fish species (Rahel, 2007; Cote et al., 2009; Northcote, 2010). In
comparison with other types of habitats that allow random intra-range and extra-range dispersal
and movement of organisms, riverine freshwater species are regulated by the directional water
flow and the hydrographic pattern of river networks, which closely relates aquatic habitats with
river connectivity (Dias et al., 2013). With waterfalls cutting the river, watersheds upstream
would receive lower immigration of aquatic organisms, reducing the population size of species
and making them more likely to become extinct. With low connectivity, different species and
sub-populations have a lower chance to genetically interact in watersheds upstream, giving them
a longer genetic distance and a smaller genetic variation. Therefore, upstream populations tend to
experience genetic divergence (Losos and Parent, 2009), leading to a lower species richness as a
result of the homogenized distribution along the genetic gradient (Oberdorff et al., 2011).
Meanwhile, different populations of the same species separated by barriers can also go through

parallel evolution towards different genetic responses.

These effects have been proven by numerous case studies around the world, especially in large
rivers. The spawning migration of endangered species Xyrauchen texanus and Ptychocheilus
lucius in the Colorado River Basin is blocked by a recently formed waterfall (Cathcart et al.,
2018); the extinction and speciation rate of fish in the Orinoco River Basin was higher in
watersheds isolated by waterfalls (Dias et al., 2013); the genetic distances of Rhinogobius sp.
(goby) YB and BR in the Iriomote Island in Japan are highly correlated with the waterfall height

(Figure 2.1.), suggesting that the waterfalls have been driving parallel evolution of goby at



different isolated basins (Kano et al., 2012). These studies cover almost all the major regions in

the world and involve a great variety of aquatic species that are important to the ecosystem.
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Figure 2.1. Waterfalls and river basins on Iriomote Island, Japan. Rivers are indicated with blue
(below waterfall) and green (above waterfall) lines. Distribution of morphological samplings
sites are indicated with circles (YB), squares (BR), triangles (neither) and pentagons (both)
(Kano et al., 2012).

In addition to genetic interactions, waterfalls can also affect fish species distribution through
selective and adaptive pressures on body morphologies and migratory abilities. For example, the
genetic response of fish to movement in water current is found to be more positive in above-
waterfall populations of Oncorhynchus mykiss in the Kokanee River in Canada (Northcote,
1981); the presence of Gastromyzon fish and the absence of Cyprinidae taxa above-waterfall in
multiple streams in Brunei were related with their different climbing capabilities controlled by
the possession of ventral suckers (Baker et al., 2017). Some waterfalls are accompanied by
plunge pools downstream which act as isolated habitat patches with distinct water dynamics and
physicochemical properties such as the sediment stock, water temperature, and pH, leading to the



formation of special species assemblages or genetic responses such as adaptations to the high-

energy environment (Ramsay, 2001).

The alteration of fish species composition interplays with other biotic and abiotic impacts such as
the distribution of aquatic invertebrates, periphyton, and aquatic insects, as well as the variation

in litter decomposition rate and water properties (Baker et al., 2017).

Since anthropogenic fragmenting factors such as dams also have similar ecological effects, it is
important to differentiate waterfalls from dams so that natural factors can be ruled out from
anthropogenic impacts. Notably, this has been applied by Grill et al. (2019)’s study which
excludes dams below waterfalls from assessing the fragmentation level of upstream reaches,
since the waterfalls have been acting as a disconnecting factor.

2.1.2. Physicochemical Alterations of Air and Fluvial Content

Other than habitat fragmentation, waterfalls might be contributing to a considerable amount of
emission of Greenhouse Gases (GHG), toxic gases and other organic chemicals through locally
generated jet aeration and low pressure (Natchimuthu et al., 2016; McLachlan et al., 1990;
Leibowitz et al., 2017; Zhang et al., 2000), which alters the global carbon cycle. The
spatiotemporal pattern of riverine GHG emission can also be regulated by waterfalls through
variations in discharge, steepness, and height. In karst areas where water calcium ions are often
supersaturated, degassing processes soften water by releasing carbon into the air and converting
calcium ions to deposits on the riverbed, which lowers the water pH, cements coastal
unconsolidated materials, and helps to form speleothems in the riverine system (Usdowski et al.,
1991; Zhang et al., 2000; Chen et al., 2004). Along with the permanent modification of air ion
spectra through autoionization, fluctuating electric charge rearrangement, collisions, surface
protrusion, and Coulomb explosion (Luts et al., 2009), the release of chemicals also alters local

air characteristics.

2.1.3. Control of Channel Morphology and Landscape Development



As so-called “knickpoints” in hydraulic geometry and fluvial dynamics, waterfalls may facilitate
or inhibit riverbed retreat and landscape adjustment to external forcing depending on the rock
strength, sediment supply, water discharge, and riverbed morphology (Haviv et al., 2010). For
example, the retreat of the knickzone around Lower Big Tujunga Falls created strath terraces and
an inner gorge with oversteepened hillslopes behind (Dibiase et al., 2014). Niagara Falls are also
undergoing recession through the detachment of small particles from the waterfall face rock as a
result of surface water erosion and frost weathering (Hayakawa and Matsukura, 2010). This

would require attention for the relocation of surrounding settlements and urban infrastructures.

Along with bedrock erosion, waterfalls also regulate sediment connectivity in rivers through
sediment reservation in plunge pools. Scheingross and Lamb (2016) found that the depth controls
jet hydrodynamics and sediment export from the pool as a natural reservoir, while upstream
sediment supply conversely regulates the equilibrium of sediment stock in the plunge pool.
Adding to the sediment size, waterfall height, and discharge, the waterfall zone alters fluvial

sediment transport similarly to dams, although normally at a much smaller magnitude.

2.1.4. Direct Human Uses

Further understanding of fragmentation helps to develop fisheries by optimizing selections of
species, sites, timing, and techniques. At the waterfall of Buritizeiro on the Sao Francisco River
in Brazil, fishing spots built in the rapids that are regarded as “Channel’s Head” by local
fishermen are considered to be a part of Common Property Systems (Thé and Nordi, 2006). The
sites are selected to be “locations where fish pass in the waterfall”, fishes such

as curimbata and piau can be caught when they jump or get stranded on the rock during low
discharge. In Southern Laos, local people take the advantage of the Khone Falls on the Mekong

River where seasonal fish spawning migration occurs (Roberts and Baird, 1995).

At the same time, these abrupt changes in rivers make them potential spots for hydroelectricity
due to hydraulic turbulence and elevation difference. Several sites such as Agbokim Waterfalls
in Nigeria, Kihansi Waterfall in Tanzania, as well as Sapchari Waterfalls and Sahasradhara

waterfall in Bangladesh are assessed to be feasible for hydropower generation, despite some



discussions about potential impacts on local ecosystems, ecotourism, and human livelihoods
(Uhunmwangho and Okedu, 2009; Zilihona and Nummelin, 2001; Jui et al., 2015; Wazed and
Ahmed, 2009).

Other values such as aesthetics and tourism are widely shown by waterfall tourism sites around
the world, such as the well-known Niagara Falls, Victoria Falls, and Yellowstone National Park
(Hudson, 1998). In many countries, waterfalls are important scenery attractions that have been
bringing enormous recreation value and economic income. In some places, waterfalls compose
an important part of indigenous cultures, natural heritages, and spiritual symbols. A variety of
geographical and cultural contexts such as in China, Jamaica, Europe, North America, Europe,
Australia, and New Zealand historically regard waterfalls as “beautiful, sometimes sublime,
sometimes picturesque” sites that widely appear in poetry, paintings, and myths (Hudson, 2001,
p. 9). However, many of these waterfalls, e.g., Dunn’s River Falls in Jamaica, are undergoing
unsustainable exploitation for tourism which has caused issues such as declined flow (Hudson,
1999). This highlights the demand for a balance between tourism development and

environmental protection.

2.2. Waterfall Studies, Definitions, and Classifications

For a long period, waterfalls were absent in scientific research (Hudson, 2013). They were firstly
studied in various fields including geology, geomorphology, tourism and freshwater ecology, as
well as mentioned in tourism guides. Smethurst (2020) raised the need to develop mountain
geography, which implicates the potential field of waterfall geography. Recently, waterfalls are
receiving an increasing level of scientific attention, but are still lacking systematic and precise
investigations on many aspects such as the definition, classification, and interdisciplinary

significance (Hudson, 2013).

Ford (1968) claimed a waterfall as a synonym of cataract to be a vertically steep fall sitting on a
river, while a cascade means one or a series of falls with a lower magnitude; rapids are less steep
but the flow is still distinctively fast for water to appear to be white. Later in 2000, Mabin added
that waterfalls are marked by an abrupt steepening in the stream. He also defined the threshold of
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the horizontal gradient across the lip and the plunge pool to be less than 25% of the height.
Different definitions may exist for different purposes. For example, Dias et al. (2013) proposed a
slope threshold to be 30% between two neighboring pixels of 30 arc-second (approximately 1
km) resolution to efficiently limit fish migrations.

Since waterfalls have multiple parameters affecting their visual magnitudes, it is also a problem
to evaluate the relative size of waterfalls. Beisel (2006) developed a waterfall rating scale that
defines a waterfall’s size by the base e logarithm of the average water volume present on the fall.
This system considers the average discharge, width, and height because the average water
volume on the entire fall would depend on both the volume of water flowing through a unit area
within a unit of time and the time it takes for water to travel from the top to the bottom of the
fall. It also includes the slope and the complexity of the shape by specifying that with the height
and average discharge being equal, the more complicated or the less steep ones receive a higher
rating as they geometrically have a larger area of the waterfall surface. It then ranks waterfalls
from class one to ten with the smallest falls such as Cucumber Falls in the USA in class one and
the largest falls such as Niagara Falls in Canada in class ten. This system provides a way to unify

different variables measuring the waterfall size to a single all-inclusive standard.

In addition to the size, there are multiple ways to classify waterfalls depending on the purpose.
National Geographic (2018) proposed a system that puts waterfalls into block waterfalls,
cascades, cataracts, chutes, fan waterfalls, horsetail waterfalls, multistep waterfalls, plunge
waterfalls, punchbowl waterfalls and segmented waterfalls based on the morphology and flow
shape. A genetic method proposed by Lobeck (1939) classifies waterfalls according to their
origins, such as hanging tributary, landslide, and fault.

Some waterfalls also show seasonality in discharge and water state. For example, Yosemite Falls
have a large discharge during spring snowmelts but tend to be dry at the end of summer (Plumb,
1993). Some high-latitude waterfalls such as Niagara Falls are frozen in the winter (Hayakawa
and Matsukura, 2010), contributing to an even higher scenery value but also a greater complexity

of environmental impacts and classification methods.



2.3. Current Database and Remaining Problems

The current version of the waterfall database HydroFALLS vla (Lehner, 2013) was developed in
2013 as part of a larger research effort to study global river fragmentation and resulted in a first-
ever, unpublished draft of a global waterfall database. It contains 4054 waterfall points (Figure
2.2.) mainly collected from global datasets including NGA Geonames, Digital Chart of the
World (DMA, 1992), World Waterfall Database (World Waterfall Database, 2018), and
Encyclopedia of Hydrology and Lakes (Herschy, 1998). Nine regional datasets drawn from
governmental, academic, and private databases covering Norway, Iceland, Mexico, Canada,
USA, Australia, Tasmania, Brazil, and New Zealand were taken as supplemental sources for
further investigation and correction of individual points provided by global datasets. The
prioritization of global datasets when discrepancies existed aimed to avoid biases towards
regions or spatial inconsistency on the data standard. Data quality ratings on a scale of 1-5 from
“Confident” to “Uncertain” were assigned as a measure of the confidence level of the waterfall’s
existence and location, depending on whether it was consistently verified by multiple
supplemental data sources and the visual clarity on satellite images (Figure 2.3.). With
standardized attributes, the name, country, height, catchment area, discharge, quality rating,
description, and coordinates were developed for each waterfall point (Table 2.1.), and co-

registration with the HydroSHEDS digital river network (Lehner et al., 2008) was applied.

HydroFALLS Overview
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Figure 2.2. Overview map of HydroFALLS vla (Lehner, 2013). The red dots mark the waterfall

locations on the global river network.
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Figure 2.3. Confidence level of waterfall points in HydroFALLS Version vla (Lehner, 2013)

Table 2.1. Attributes of waterfall points in HydroFALLS vla (Lehner, 2013).

Attribute Description

Falls ID Unique point identification number (1-4311)

Name Most common name of the waterfall feature

Alt Name The second most common or suspected likely waterfall name, in the
presence of a naming conflict. When there is no naming conflict the field
is left NULL.

Country Country which waterfall feature is located

Height m Waterfall feature height as specified in source datasets. If not specified it
is left NULL.

Catch KMS Area of the catchment which waterfall feature is located as specified in
source datasets. If not specified it is left NULL

Flow CMS Waterfall feature discharge as specified in source datasets. If not specified
it is left NULL

Quality Indicates the user’s confidence in the accuracy of the point:

1: (Highly Confident) Waterfall feature is verified by multiple reliable
data and supplementary sources and there is no evidence to the contrary
2: (Confident) Waterfall feature is sourced by multiple data sources and
uniquely identified.
3: (Suspected) Waterfall feature is sourced by one reliable data source or
multiple unreliable data sources.
4: (Possible) Waterfall feature is not uniquely identifiable but there
suspicion that waterfall feature exists at location.
5: (Uncertain) Waterfall feature is not expected to exist at location but
there is no contradictory evidence.
Comment Textual descriptions of conflicts, overflow of attribute conflicts in the
event that there are more than two suspected names, or more than one
height or discharge value.
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While the broad variety of data source types used raises the completeness and reliability of the
database, it introduces strong variation in data accuracy, spatial coverage, and attribute
completeness. National and governmental datasets usually have relatively high reliability, but
they only provide data points for a very limited region. Countries without national data are left as
gaps that are underrepresented at a global scale. Many national datasets are hard to obtain due to
language, regional access authentication, and variation in data type. EXxisting private global
datasets are strongly affected by personal interests, which omit regions that are less accessible
and popular. Some waterfalls such as those with large heights but small discharges might have
high touristic and aesthetic values due to their spectacular falling distance from high mountains,
but they are less important to river fragmentation since they do not affect any large streams or
freshwater habitat. These global datasets are also less accurate without verification of
information uploaded by the public. Many data sources failed to provide official data or to be

updated with new waterfalls being discovered.

These disadvantages of source data result in poor applicability of HydroFALLS vla for global or
regional studies that consider waterfall properties or require georeferenced locations of waterfalls
as barriers sitting on particular streams. Some attributes are not available for most of the points.
For instance, 209 data points do not have a name registered in the database and a large portion of
waterfall points are lacking variables such as height. Even for those with height noted, a large
part of them was drawn from unofficial sources. Duplication of data points with different labels

from multiple datasets also added difficulties to the differentiation of these features.

In addition, there is still a considerable number of major waterfalls not covered in the database.
For instance, China and Russia are left almost completely unaddressed. Meanwhile, many
existing waterfall points were suspected to be dams, especially in Europe where numerous dams

are present, making it difficult to isolate waterfall points based on online data sources.
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CHAPTER 3: METHODOLOGY

To develop HydroFALLS v1b from HydroFALLS vla, the same principles were adopted but
with new and more consistent source data. As shown in the method overview (Figure 3.1.),
regional datasets with a relatively manageable number of waterfall points extracted were cleaned
up, examined, processed to the final product, and merged into HydroFALLS vla to produce
HydroFALLS v1b. Basic information and map statistics of this new version were studied to get a
general idea of the spatial pattern of global waterfalls and data quality. The applicability of this
new version was then tested with a global-scale analysis of fish diversity above and below major
waterfalls to study the ecological fragmentation effect of waterfalls. To fill the inadequacy of
regional datasets, two global datasets with large base numbers of new points were processed and

tested for in-depth investigations into individual waterfall points.

All the processing steps were operated with ArcMap 10.7.1 and organized as point layers in
geodatabases. The coordinate system of all layers was standardized to GCS_WGS_1984.
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Figure 3.1. Methodology overview.
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3.1. Regional Dataset of China

To fill the geographical gap of the current version of HydroFALLS, several regional datasets
from governmental, academic, and private sources were explored and tested. However, most of
these datasets were not accessible or failed to provide any waterfall points. Eventually, the

National Basic Geographic Database of China (https://www.webmap.cn/main.do?method=index)

successfully provided waterfall points which were accessed by querying water features with
specified Chinese keywords. Extracted points from different provinces were merged.

Among the 132 newly added data points, 58 duplicates were discarded. The 74 points were
examined with details: each point was mapped with rivers drawn from HydroSHEDS onto the
satellite imagery that is available online as part of ArcMap. Any visible waterfall point within 5
km of the original point location was checked on the relative location with the river channel, the
size and shape, and confidence of the feature being a waterfall. The existence and exact location
of each point were validated with additional sources including Google Earth and various tourism
media such as Tripadvisor (https://www.tripadvisor.ca). If the waterfall was confirmed to locate

on the river channel, the original point was snapped to the target location on the river network
respecting the topology of river lines (Figure 3.2.) by manually moving the point to the
corresponding raster cell. The original relative location of waterfalls and special marking
features on the river such as any meandering bends was preserved in the co-registered product so
that the mapped river network with waterfall points can realistically reflect the relationship

between waterfalls and channels.
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Figure 3.2. The original point location (yellow dot) of the waterfall was moved onto the river

line (blue line) at the bending vertex (red dot), preserving its original relative location with the
actual river channel (left). Another waterfall point at the straight section of a river was moved
onto the corresponding position on the river line, as the entire digital river line segment is

slightly displaced towards the northwest from the true river segment (right).

Once all the point locations were modified, data quality ratings were assigned based on
combined observations from the base map and supplemental validation sources (Table 3.1.). The
original location and the adjusted location after co-registration were recorded for each data point.
Unique point IDs were added for these newly processed points following the originally existing
points in HydroFALLS vla. By cleaning up the attribute information, HydroFALLS v1b was

produced with 74 new points in China.

Table 3.1. Data quality rating assignment

Quality Rating Description
. Waterfall feature is verified by multiple reliable data and supplementary
1 (Confident) - .
sources and there is no evidence to the contrary
Waterfall feature is sourced by one reliable data source and verified by
multiple unreliable data sources
Waterfall feature is sourced by one reliable data source, but not verified by
other data sources.
Waterfall feature is not uniquely identifiable but there is suspicion that
waterfall feature exists at location
Waterfall feature is not expected to exist at location but there is no
contradictory evidence

2 (Strongly Suspected)

3 (Weakly Suspected)

4 (Possible)

5 (Uncertain)
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3.2. Global Datasets

Due to the difficulty of accessing individual national databases with varying data schemes,
formats, completeness, and languages, governmental sources failed to contribute sufficient data
points that cover the missing areas. Alternatively, 49,316 new data points were drawn from
OpenStreetMap (OSM) (https://www.openstreetmap.org) with queries built from specified
feature tag. Another 9545 new data points were extracted from the Geonames database
(http://www.geonames.org/). In comparison with OSM which is characterized by

unauthenticated features reported by users, Geonames is more systematic and accurate with
relatively clean and ordered data points, thus serving as a good supplemental dataset for

comparison and correction.

Step 1 aims to fill the missing name in HydroFALLS vla with OSM or Geonames information.
Points drawn from OSM and Geonames within 1 km of any nameless points in HydroFALLS
v1b were paired up with these HydroFALLS v1b points based on proximity. Each pair of points
were examined and verified using supplemental sources to make sure that they represent the
same waterfall. If multiple names from OSM and Geonames existed or names with different
languages were available, the feature name was formatted using a primary name with priorities
on the English name or the name drawn from Geonames after verification. Another column
containing alternative names was created to keep the full information, which was normally filled

by secondary names.

In step 2, the 49,316 waterfall points obtained from OSM were queried with HydroFALLS v1b
using selection by distance to clean up features that are already present in HydroFALLS v1b.
2229 points lying within 1km from any waterfalls in HydroFALLS v1b were separated since we
can assume that they represent the same feature being mispositioned or marked differently due to
their close proximity. Same procedures were applied to the 9545 points collected from
Geonames, with 7702 points left more than 1km away from any points in HydroFALLS v1b.
Since Geonames has higher accuracy than OSM, Geonames was prioritized if the same feature
appear in both datasets. To clean up these duplicating features from OSM but keep them in

Geoneames, the OSM dataset was then further filtered so that those within 1km from the
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Geonames points were removed, leaving 45,503 points in OSM. Unique feature IDs were added
to the 45,503 OSM points and the 7702 Geonames points, which produced 53,205 new waterfall
points from the two global datasets.

In step 3, these points were then merged to a single layer to be mapped and co-processed with
HydroFALLS v1b, with all the attribute information from both OSM and Geonames preserved.
Since a standardized workflow of investigation from points with the highest to the lowest
likelihoods of sitting on large rivers was aimed to be developed, these points were put into 25
ranks with different priorities based on the proximity to rivers with different discharges (Table
3.2.). Waterfalls closer to larger rivers are prioritized. The ranking scheme aims to prepare the
data pool for future works following the workflow designed. To avoid repetitively counting the
same set of points into multiple ranks (e.g. the point is located within 5 km of a large river and 1
km of a small river at the same time), points that have been grouped are separated from the pool
before querying for the next rank. The thresholds of minimum river discharge and maximum
distance to the targeting river of interest were set to be 1 m®/sec and 5 km since waterfalls on
minor tributaries or very far away from the river channel are not important in terms of river
fragmentation at a global scale. These left-over points beyond the minimum or maximum

thresholds were put into the lowest rank r25.

Table 3.2. Ranking scheme applied to the 53,205 points from OSM and Geonames.

Rank River Discharge (cm®/yr) Distance to Rivers (km)
ri <1
r2 > 1000 1-3
r3 3-5
r4 <1
5 [500, 1000) 1-3
ré 3-5
r7 <1
8 [100, 500) 1-3
r9 3-5
rio [50, 1000) <1
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ril 1-3
ri2 3-5
ri3 <1
ri4 [10, 50) 1-3
ris 3-5
ri6 <1
ri7 [5, 10) 1-3
rig 3-5
ri9 <1
r20 [1,5) 1-3
r21 3-5
r22 <1
r23 <1 1-3
r24 3-5
r25 Points left over

The highest rank, r1, were further examined following the same method as the regional database
to estimate the general reliability and value of these new points. Specifically, the points were
paired with the closest point from HydroFALLS v1b and checked whether the two points in each
pair have a similar name. The names were considered to be the same as long as they have similar
special words, e.g., Vermilion Falls in English vs. Vermilion Chutes in French, as well as
Mocona, Saltos del vs. Gran Salto de Macona, despite the format or the spelling might not be

exactly the same.

3.3. Application: Natural River Fragmentation and Fish Diversity

To test the applicability of the database in scientific studies, a global-scale analysis of freshwater

fish diversity above and below waterfalls in large rivers was investigated to reveal potential

fragmentation effects of waterfalls on fish evolution. By comparing the Freshwater Fish Species

Richness (FFS) as a diversity index that refers to the number of freshwater fish species found,
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the geographic relationship between the genetic content of fish populations and waterfall

locations can be evaluated.

Since other factors affecting fish diversity such as water properties, net primary productivity
(NPP), habitat size, and longitudinal position of the watershed at the river network all add to the
complexities of the fish biodiversity (Currie, 1991; Ricklefs, 1987), the method was designed to
minimize the effects of these disturbing factors. Three global spatial datasets including
BioMatrix, HydroSHEDS, and HydroFALLS v1b were overlaid. The basin-scale freshwater fish
species listing BioMatrix (IUCN, 2021) includes comprehensively assessed taxonomic
freshwater groups at a basin scale mapped to basins provided by HydroSHEDS. Only large rivers
with an annual average discharge that is no less than 10 m3/s were selected for analysis to
maximize the potential FFS detected so that a more obvious comparison can be obtained.

These datasets were then grouped by 6 ecozones (Nearctic, Palearctic, Neotropic, Afrotropic,
Indo-Malaya, Australasia) adopted from Udvardy (1975)’s division system to take rough controls
on the commonality of evolutionary history and biotic characteristics, which also to some degree
coincide with the NPP. To minimize the impact of habitat size, the watersheds directly upstream
and downstream of the waterfall must have a visually similar size to be selected. While the
confluence of small tributaries was unavoidable due to the nature of watershed division, those
without visible tributaries (large ones with an annual discharge no less than 10 m3/s) joining the
target stream in three consecutive watersheds were preferred, as this normally leaves only
watersheds with a similar discharge upstream and downstream by restricting the confluence of
large tributaries into the main stream. Furthermore, waterfalls with a larger height and discharge
were prioritized. Based on the data availability and result after initial clean-ups specified by the
criteria, most of the waterfall points were ruled out from further analysis, leaving only
approximately 10 target points in each ecozone. In the end, 11 suitable waterfalls were selected

for each of them as treatment groups due to comprehensive consideration for all ecozones.

To further filter out the disturbing impact of the longitudinal position and the order of the

watershed along the river, a control group with the same sample size of 11 but with no waterfall
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present in the middle watershed was also selected for each ecozone for further comparison

(Figure 3.3.). Thus, 2 groups each with 11 locations were analyzed for each ecozone.

Figure 3.3. Example of treatment sites (left) with the waterfall (red dot) on the river (blue line)
crossing watersheds (green polygon), and control sites (right) without waterfalls in the middle
watershed. The upstream and downstream watersheds (outlined in black) were selected to have a
visually similar size, the middle watershed must have no large tributaries joining in the main

stream.

For each location, the FFS in the two watersheds directly upstream and downstream of the
middle watershed where one or multiple waterfall(s) sit were recorded as specified in BioMatrix.
The difference between downstream and upstream FFS was calculated. Lastly, the statistical
significance of the overall difference between the control group and the treatment group for each

ecozone was analyzed using the two-sample t-test.
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CHAPTER 4: RESULT

4.1. Regional Gap-filling in China

The 74 waterfalls added for China (Figure 4.1.) were merged into the global database, creating
the new version HydroFALLS v1b containing 4128 points in total. Most of the waterfalls are in
southern China falling within the Yangtze River Basin, Pearl River Basin (PRB), a small part of
the Lancang River (Upper Mekong River) Basin, with Huangguoshu Fall being the highest
waterfall in China. Six waterfalls sit on the Yellow River Basin (YRB), including Hukou Fall
which has the largest discharge among waterfalls in China. Less than 10 waterfall points were

found in the Brahmaputra River Basin in the Tibetan Plateau, including high mountain regions.

Newly Added Waterfall Points in China

® \Waterfalls 0 370 740 1,480 Miles

—— Large Rivers

Coordinate System: GCS_WGS_1984

Figure 4.1. Overview map of the 74 newly added waterfall points in China, co-registered with
HydroSHEDS.
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With over half of the points receiving the highest quality rating and none of the points falling in
the poorest two quality ratings (Table 4.1.), the overall accuracy of this dataset is relatively high.
However, 33% of the points are not identified on satellite images or other sources. Many of the
features are blocked by ground features such as forests or failed to be spotted due to shades or
unclear scenes. The other 16% are verified by unreliable data sources such as tourism websites

and personal blogs.

Table 4.1. Data quality rating assigned to the 74 newly added waterfall points in China.

Quality Rating Number of Points Percentage (%)
1 (Confident) 38 51
2 (Strongly Suspected) 12 16
3 (Weakly Suspected) 24 33
4 (Possible) 0 0
5 (Uncertain) 0 0

4.2. Global Gap-filling

Spatial overlaps between HydroFALLS v1b points and the other two global datasets are
concentrated in regions where HydroFALLS v1b points are present (Figure 4.2.). This suggests
that OSM and Geonames do coincide with the majority of HydroFALLS v1b, confirming their
validity. At the same time, they provide more extensive coverage of waterfall points, which serve
as good supplemental data pools for new points after further examination and clean-up. The
major regions missing or insufficient in HydroFALLS v1b but present in Geonames or OSM are
the west coast of North and South America, Mexico, Europe, the Middle East, as well as West

and Central Asia.

At a global scale, the distribution of waterfalls roughly follows the ground relief, such as
transitions from high mountains to plains. Major regions with high waterfall density include the
Rocky Mountains, Colorado Plateau, and Laurentian Plateau in North America, Andes

Mountains, Brazilian Highlands, and Amazon Basin in South America, Great Rift Valley and
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Congo Basin in Africa, entire Europe, as well as some coastal areas such as Japan, New Zealand,

and Southeast Asia.

A Waterfall Points in Each Dataset

@ Points from Geonames @ Points in HydroFALLS v1b
Points from OSM —— Large Rivers 0 1900 3,800 7,600 Miles

L ! L 1 1 1 1 ! |

Coordinate System: GCS_WGS_1984

Figure 4.2. Overview Map of waterfall points in OSM, Geonames, and HydroFALLS v1b.

The 53,205 new points extracted from OSM and Geonames after clean-ups were ranked to 25
priority classes (Table 4.2.) based on the river discharge and distance to the target river.
Although the number of points does not show a monotonically increasing trend with lower
prioritization, the general pattern shows that more waterfalls are found near small rivers and

further away from the target rivers.

Table 4.2. Priority ranking of newly collected points from OSM and Geonames.

Rank Number of Points River Discharge (cm®/yr) Distance to Rivers (km)
rl 240 <1
> 1000
r2 218 1-3
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r3 153 3-5
r4 172 <1
r5 135 [500, 1000) 1-3
ré 93 3-5
r7 1146 <1
r8 765 [100, 500) 1-3
r9 565 3-5
r10 959 <1
ri1 671 [50, 1000) 1-3
ri2 590 3-5
ri3 3434 <1
ri4 2423 [10, 50) 1-3
rl5 2160 3-5
rl6 1782 <1
ri7 1653 [5, 10) 1-3
ri8 2002 3-5
ri9 7250 <1
r20 5873 [1,5) 1-3
r21 5331 3-5
r22 7678 <1
r23 5512 <1 1-3
r24 1284 3-5
r25 1116 Points left over

Among the 240 points in the highest rank r1, 21 points have the same name as the closest point
found in HydroFALLS v1b (Figure 4.3.). Considering their proximity and name consistency, the
two points in each pair are considered to represent the same feature. Since the point locations in
HydroFALLS v1b have already been snapped to the river network of HydroSHEDS, these 21
points from OSM or Geonames only provide supplemental attribute information such as
alternative names and height. Among the other 219 points with different names from the closest
point in HydroFALLS v1b, 27 points do not represent any waterfalls as multiple supplemental

sources confirmed that no waterfalls exist nearby. 76 waterfall points are not seen at the location.
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One possibility is that the waterfall is seasonal, which is not present as a water feature at the time
when the satellite image was taken. Other cases include being too small to be discovered, getting
blocked by ground features such as forests, or simply non-existing as the previous 27 points.

For the remaining 116 points, waterfall-like features were confirmed nearby. Of those, 18 of
them being confirmed to be actual waterfalls whereas the other 98 points were supported by
partial or related visual confirmation. Several cases include (1) Only part of the waterfall system
is seen. Features normally appearing together with waterfalls such as plunge pools are signs of
waterfall presence, but they do not necessarily claim a waterfall nearby; (2) White water splash is
seen, but the elevation discontinuity is not clear; (3) It is hard to differentiate whether the
structure is natural (e.g. rocky cliff) or man-made (e.g. concrete wall), which confuses waterfalls

with dams; (4) The satellite image is not clear to give the distinct shape of the waterfall.

1 (240 points) |

st waterfa
HydroFALLS v1b

- L . . L
Same Name (21) Different Name (219)
. 4 < e L3 . - L] N
| Exist (116) | | Unseen (76) |  Does not exist (27)
Likely(98) | | Confident (18) |

Figure 4.3. Data quality of waterfall points in rank 1.

4.3. Natural River Fragmentation and Fish Diversity

For all ecozones, the mean difference between downstream and upstream FFS is larger in the
treatment group than in the control group (Table 4.3.). For Nearctic, Palearctic and Australasia,
this is further supported by the general pattern of range and distribution of values in the two
groups (Figure 4.4.). In comparison, the general pattern in Neotropic, Afrotropic and Indo-

Malaya is less pronounced. This is confirmed by the low statistical significance (<90%) of the
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difference between the control and the treatment group in these three ecozones, in comparison to
the result for Nearctic, Palearctic and Australasia with a significance larger than 95% or between
90% and 95%. The main spread of values in Neotropic shows a similar pattern except for a high
upper outlier in the control group. The result for Afrotropic has a large variance with differences
in both the control and the treatment group spread out over a larger range. The control group for

Indo-Malaya also has a larger variance than the treatment group.

The occurrence of negative difference values representing a higher FFS upstream is more
frequent in the control group for each ecozone, suggesting that sites in the control groups are
more affected by natural variabilities and complex factors. The mean difference between
downstream and upstream FFS occurs to be positive for both treatment groups and control
groups for all ecozones, with an exception of the control group for Afrotropic.

Table 4.3. The mean difference, standard deviation, and the confidence level of the difference

between the control group (C) and the treatment group (T).

Mean Difference Standard Confidence Level of the
Deviation Difference Between C and T
C T C T
Nearctic 0.55 3.36 3.00 7.06 90-95%
Palearctic 1.56 3.55 1.71 2.39 > 95%
Neotropic 1.09 3.18 3.42 4.22 <90%
Afrotropic -1.91 1.73 10.26 | 10.45 < 90%
Indo-Malaya 2.82 545 2.72 3.37 <90%
Australasia 1.73 8.91 4.94 7.34 > 95%
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Difference in FFS Between Downstream and Upstream Watershed
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Figure 4.4. Difference in FFS between the downstream and upstream watershed (Downstream
FFS - Upstream FFS) for the treatment group (T) and the control group (C) for each ecozone. A
positive value means that the FFS in the downstream watershed is higher than that upstream.
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CHAPTER 5: DISCUSSION

5.1. Waterfalls in China

The distribution of waterfalls in China well matches with major river basins, with the majority of
them falling in the southern part, particularly the southwest region. The Yellow River originates
from the Tibet Plateau, flowing through the Loess Plateau to the North China Plain (Figure 5.1.).
Faults and mountain ranges in the YRB are mostly in the east-west direction align with the flow
direction. High-order streams of the Yellow River rarely cross vast regions with highly
fluctuated topography. In comparison, southern rivers flow through a series of north-south
mountain ranges. The Hengduan Mountain Range at the transition from Tibet Plateau to Sichuan
Basin and Yunnan-Kweichow Plateau further east cuts the surface into topographically isolated
pieces. A few small-ranged fault systems at Yangtze Plain and southeastern hill regions also
create waterfalls at the Yangtze River Basin and the PRB.

BHB  Bohai
% Sea

v

Figure 5.1. Topographic map of China with major rivers (blue line) and faults (Zheng et al.,
2013).
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Adding to the overall high data quality rating (Table 3.1.), the consistency between the waterfalls
collected and the topographic pattern of China confirms the reliability of the data source.
However, this dataset only catches 74 major waterfalls at a national scale. It is highly likely that
numerous smaller waterfalls exist that are not included in the data. Therefore, this dataset gives
relatively reliable, high-quality, but incomplete data. Nevertheless, these major waterfalls have
higher environmental significance than smaller ones excluded from this dataset, so it

successfully fills the major gap of HydroFALLS vla in China.

5.2. Waterfalls from OSM and Geonames

At a global scale, the distribution of waterfalls in HydroFALLS v1b generally matches with
points in OSM and Geonames, but it has a much smaller coverage and point density than the two
supplemental datasets, particularly OSM which is contributed and updated extensively by users
all around the world. Major geographical gaps in HydroFALLS v1b that are present in OSM or
Geonames reflect regions that are either underrepresented in global datasets or lack national
datasets. Regional completeness in global datasets is affected by a variety of factors such as the
accessibility of the regional language, interest of local groups to waterfall points, personal
preferences of dataset builders, and access to geographical resources (e.g. internet, satellite

images, tourism development).

As suggested by the broad spatial coverage and a large number of waterfall points collected,
OSM and Geonames serve as data pools with a high level of detail. They contain waterfalls of
various sizes sitting on water features from small gullies to major river channels. However,
completeness coexists with mess, duplication, suspicion, and wrong information that raise
challenges on data cleaning and processing. Since waterfalls on larger rivers are prioritized, the
ranking scheme effectively extracts those of higher interest by isolating a small portion within a
few high-order ranks and leaving the other to low-order ranks which are contributing less
important information to the database. Of the 240 points in rl, 18 are confidently identified
waterfalls sitting on large rivers, which can be added to later versions of HydroFALLS. The 184
unseen and suspect points also have the potentials to be confirmed as waterfalls as long as further
data sources or updated satellite images are available. In-depth examinations on these points
would be necessary to accurately spot, locate, and verify the features. Since HydroFALLS v1b
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already covers major waterfalls on large rivers, it is expected that lower ranks with a smaller
targeting river but higher proximity to the river might have higher potentials to contribute new

points, despite these waterfalls being less important.

Of waterfalls that exist in both HydroFALLS v1b and at least one of the two supplemental
datasets, most points in HydroFALLS v1b are verified by nearby data points in the other two
datasets via similar names and descriptions. From this point of view, the two supplemental

datasets not only contribute extra data points but also serve for validation purpose.

5.3. Natural River Fragmentation and Fish Diversity

The relatively clear pattern of larger differences between downstream and upstream FFS
obtained from the treatment groups for Nearctic, Palearctic and Australasia indicate that
waterfalls in these regions are potentially contributing to a larger gradient in fish biodiversity and
genetic compositions of local populations above and below waterfalls. For Neotropic, Afrotropic
and Indo-Malaya, the pattern does not statistically support the same argument. Although the
mean difference is always higher for treatment groups, the result involves obvious complexities,
outliers and variabilities. Although the division of world ecozones is not based on the climate or
physical characteristics of the regions, the result shows that the three ecozones with an unclear
pattern roughly coincide with regions that have more tropical characteristics, such as South and
Southeast Asia, Africa, and South America. This might be explained by the complicated and
actively interacting ecological processes in the tropics and other highly productive regions
(Brown, 2013). This spatial pattern of FFS has further implications on fisheries and human
livelihoods along the river. Processes such as the seasonal migratory behaviours underpinning
the variation in fish species and population size above and below waterfalls might help fishers to
optimize the timing, practices, as well as the choice of fishing sites and species (Ikpi et al., 2009;
Thé and Nordi, 2006; Sant'/Anna et al., 2014; Roberts and Baird, 1995). Moreover, this pattern
helps to recognize that in addition to human activities that have been disconnecting fluvial
processes such as dam construction, water degradation and water use (Grill et al., 2019), natural

factors such as waterfalls are also affecting the aquatic ecosystems. This is important in
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differentiating and isolating anthropogenic fragmentations so that natural factors can be ruled

out.

However, these natural factors are not limited to waterfalls. Complicated environmental
processes as well as interplaying biotic and abiotic conditions are adding large complexities and
uncertainties to the study, which might explain the ambiguous result for Neotropic, Afrotropic
and Indo-Malaya. The entire Lower Congo River Basin is found to be fragmented by the special
flow regime, hydrological processes, and water properties as a result of the complicated climate
and topography (McKaye and Gray, 1984). The reaches with high-gradient riverbeds, high
annual discharge, and dense distribution of waterfalls of different sizes are rich in rapids that
create small shelters in relatively still areas, isolating fish species and promoting speciation; the
presence of interior drainages since Miocene and large lakes in the Cuvette Centrale trap
considerable aquatic populations, forming isolated inland water habitats; the evaporative cooling
generated by strong turbulence and the confluences of numerous tributaries give downstream
reaches a lower water temperature, which is also responsible for the reverse trend of lower
downstream FFS. This large-scale isolation is further supported by the discovery of 34 species
endemic to near-rapid habitats along the main stream of the Lower Congo (Roberts and Stewart,
1976), as well as the high occurrence of negative differences in both the treatment group and the
control group for Afrotropic. The large variance and the presence of large downstream and
upstream differences are caused by the high FFS inherent to the Afrotropic, which is consistent

with the rich biodiversity and productive land covers in this ecozone.

A characteristic of Indo-Malaya is the mixed distribution of oceans and islands with long
coastlines (Loucks et al., 2008), which has potentially strengthened the biogeographical island
effect and promoted gene exchanges between freshwater and marine water. Although the first 3
ecozones show a pattern potentially caused by waterfalls, there are plenty of regional
complexities as well. For example, the headwater systems of many rivers in Australasia are only
a few watersheds inland from the river mouth, which tends to give these aquatic habitats a steep
longitudinal gradient of FFS as a result of the absence of aquatic species in the inland desert

followed by a sudden increase in FFS as moving downstream.
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In addition to natural complexities, anthropogenic disconnectivity such as damming, fishing, and
sediment mining are already playing a role in the current spatial pattern of freshwater fish
species, which makes it difficult to achieve the aim of distinguishing natural and anthropogenic
fragmentation. Studies focusing on either topic are strongly influenced by the other, this
disturbance is particularly strong in regions with highly disconnected rivers, such as China,
India, the US, and some parts of Europe (Grill et al., 2019). The spatial unevenness of the degree
of disturbance is also contributing to the variation in the powerfulness of the pattern shown for
different ecozones.

5.4. Challenges and Limitations

To filter out potential new features from a large population of data points extracted, the distance
threshold was set to 1km. Although a data point falling within 1km from an existing one are
likely to represent the same feature as its joint point, there is still a small portion of cases in
which it indeed introduces a new waterfall. Nevertheless, the differentiation would not be
scientifically significant as large-scale or even global fragmentation studies mainly focus on

scales that are large enough to omit processes that occur within 1km.

In addition, many waterfall points are not clearly spotted on satellite images, which adds
difficulties to co-registration with HydroSHEDS. Locations of waterfalls blocked by clouds or
ground features are not able to be identified on clearly visible water channels. Some waterfalls
joining from mountain tributaries into the central river are hanging on the cliff and easy to be
confused with the cut-section of rocks. Due to the low-quality DEM used in HydroSHEDS for
northern high-latitude regions, the digital river network in these areas is misplaced from the
actual location of rivers and distorted in topology, making it harder to co-locate waterfalls onto
HydroSHEDS.

Due to the lack of systematic and reliable waterfall metadata, related attributes such as height,
width, and seasonality are partly or completely missing for a large portion of the waterfalls
collected. The lack of an appropriate classification scheme also makes it hard to specify the type
of the waterfall, leading to inconsistent criteria of defining waterfalls at a global scale. Without
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specific waterfall information, their impact is more difficult to be quantified and correlated with

other environmental consequences.

These problems lead to obvious constraints on the application of the database. To study natural
river fragmentation and FFS pattern, a size of eleven points in each group is insufficient in the
context of thousands of waterfalls in the world. Although the sample size is limited by the
accuracy of watershed delineation of the fish species data, it is worth noting that a more
complete global waterfall database would effectively enlarge the pool of waterfall points that
satisfy the criteria specified for watershed-scale FFS comparison. If attribute information is
available, regression analysis between waterfall parameters (e.g. height) and the FFS difference
would also be achieved to investigate the quantitative relationship between factors of

fragmentation and FFS distribution.

Nevertheless, other problems of this application study in addition to data constraints are also
causing inaccuracies and biases. The simple approach taking species richness as the single index
evaluating biodiversity is insufficient to tell the full story, such as the migratory behaviors,
morphological adjustments, and spatial uniqueness of certain species potentially created by
waterfall fragmentation. Other studies conducting laboratory genetic and taxonomic analysis on
fish samples, taking multiple speciation metrics such as the endemic FFS as well as the ratio of
the number of genera with two or more endemic species to the number of genera with one or
more endemic species, or comparing the occurrences of individual species are helpful in
revealing detailed mechanisms of speciation processes influenced by waterfalls (Deiner et al.,
2006; Haugen et al., 2008; Decru et al., 2015; Phillips et al., 2009). In fact, these metrics might
be less disturbed by natural complexities of the surrounding environment, as they focus

specifically on certain aspects of speciation which accurately reflect fragmentation effects.

Meanwhile, this study fails to quantify the impacts of common disturbing factors as statistical
predictors. The habitat size, longitudinal position of the watershed, and NPP are estimated and
roughly controlled to be similar between pairs of comparison, but their exact influences are not
modelled as dependent variables into the approach. This also loses control on the comparison
between control and treatment groups because it is not guaranteed that the overall level of

discharge, local NPP and habitat size of the sample locations selected for control and treatment
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groups as well as for different ecozones are always similar. Many waterfalls in the Palearctic,
Indo-Malaya and Australasia sit on low-discharge streams, which might produce biased results
considering other ecozones rich in high-discharge waterfalls. The analysis scale is also relatively
small with high-order watershed division, which tends to include local variabilities.

5.5. Future Works

To extract valuable waterfall points from OSM and Geonames, each rank needs to be further
examined, compared, and verified with supplemental data sources. It is estimated that a few
hundred new points would be collected from the 25 ranks, despite requiring a large amount of
work. National datasets with high reliability would also be a main focus. Many countries already
built their governmental datasets but it requires further exploration to access each dataset and
collect waterfall points. Attributes of each waterfall need to be filled and verified using other
data sources to improve the completeness of quantitative parameters. In the end, differentiation
between natural and anthropogenic river fragmentation requires in-depth investigation of each
waterfall, co-registration with global dam databases, and consolidation of the two fragmentation

types.

The application study highlights the feasibility of global studies on natural habitat fragmentation
by waterfalls, as shown by the clearly higher difference spotted from treatment groups for
Nearctic, Palearctic and Australasia as well as the weak but visible pattern in Afrotropic,
Neotropic and Indo-Malaya. This result is caused by various degrees of disturbances by natural
complexities regulating freshwater fish biodiversity in different ecozones, regional uniqueness,
and intrinsic limitations of the approach taken. Considering these regional variations, it is not
practical and meaningful to generalize the fragmentation effect to the entire world as a single
study region, but this phenomenon can definitely be globalized by systematic and large-scale
studies to assess its commonality across larger extents with similar environmental characteristics,
such as evaluations grouped by continents, ecozones or entire major river basins, to add onto
random case studies targeting at individual waterfalls or river reaches. Comparisons and
contrasts among different study regions can also be made to investigate the spatial similarities

and variations of different regions composing the globe.
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CHAPTER 6. CONCLUSION

This thesis explored potential approaches of building a global waterfall database by adding new
points from various national and global datasets, as well as tested the usage of the database
developed by studying the relationship of basin-scale FFS difference and waterfall distribution.
Through data preparation, consolidation, validation, and co-registration, 74 new points were
collected from a national dataset of China and located on HydroSHEDS, which filled a major
spatial gap in HydroFALLS vla. 53,205 points extracted from two global datasets, OSM and
Geonames, were ranked to 25 classes with different priorities. The highest rank produced 18 new
waterfall points that can be added to later versions of HydroFALLS, which gave a rough
estimation of a few hundred points in total that can potentially be drawn from the 25 classes in

reasonably short time.

Nevertheless, the updated database, HydroFALLS v1b, still has remaining problems. As a global
database, different regions differ tremendously in data completeness, accuracy, and coverage.
Attributes are strongly incomplete with a large portion of related waterfall parameters left empty.
Together with the lack of consistent classification schemes of waterfalls, there is a spatial
unevenness in waterfall type and seasonality, thus there are different levels of environmental
significance that are hard to be quantitatively analyzed. These limitations add constraints to
applications of the database via spatial variation in data availability and lack of waterfall

attributes as factors of the fragmentation level.

In addition to data limitation, global-scale natural river fragmentation studies are also disturbed
by spatial variations in natural conditions, making it hard to produce unified and consistent
fragmentation processes at a global scale. However, large-scale studies grouped by regions with
similar natural and ecological conditions are feasible and meaningful, which would require
further improvement and updates of global datasets. In this sense, the standardized workflow
developed in this thesis following the data point ranking scheme provides important approach for

consistent works in the future.
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