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Abstract

The Woliso town, originally centered around the natural spring 'Filwuha,' features
abundant natural resources like the valuable hot spring 'Hora Ayetu,' scenic landscapes,
and perennial streams sustaining fertile soil year-round. However, rapid population
growth and urban expansion are disrupting the delicate ecological balance.
Understanding the spatial organization of surface water in urbanized areas (s crucial
for sustainable water resource management and mitigating environmental impacts. In
the study area, the majority of potential blue spots and wetlands are encroached upon
by impermeable surfaces, leading to fragmented hydrological channels and limited
connectivity with the broader stream network, exacerbating flood risks during extreme
events. The research aims to assess the spatial and temporal connectivity of urban
streams, considering the influence of land use changes and raising awareness of surface
water management in the Omo Gibe sub-basin region. Employing GIS and remote
sensing techniques, the study evaluates watershed characteristics and stream
connectivity using morphometry, graph metrics, and spatial analysis. Results indicate
that urban expansion has significantly altered surface water bodies and riparian zones,
leading to their reduction, disappearance, and pollution. Addressing these challenges
requires an integrated, proactive approach to land management and planning at both
regional and local scales, emphasizing the importance of incorporating water bodies
and riparian areas into sustainable urban design strategies to preserve their social and

environmental value.

Key words:  Graph Metrics, Morphometric, Stream connectivity, Watersheds,

Wetlands/blue-spot, Woliso town;
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CHAPTER ONE
INTRODUCTION

1.1. Back ground of the study

The Woliso town, located 114 kilometers south of Addis Ababa on the Jimma Road, has a
long history dating back to 1923 (1919 EC) when it was first established and gained its
urban status in 1930. Before the Italian occupation in 1935, a considerable amount of
people had already congregated around the hot springs known as "Hora-Ayetu" or
"Filwuha", as well as the market, some small business owners, and military personnel in
the vicinity of the "Abune-Gebremenfes-Qidus" Church. The town originated from the
natural spring, 'Filwuha' at the back of the church and in the area of the hilly rock called
'Gara'. This area is known for its natural beauty, including its hot springs (‘Hora Ayetu’),
green hills, panoramic views, and perennial streams that nourish the rich soil throughout

the year (Source: Woliso town socio-economic & spatial report, 2018).

The expansion of urban areas, both in terms of their geographical footprint and
population density, profoundly impacts the natural infrastructure and disrupts its inherent
processes (Ampatzidis, et al. 2020). This urbanization trend often entails a proliferation
of impervious surfaces, hindering the unimpeded flow of water along interconnected
stream networks and infiltration into the soil (Snyder et al. 2005). In the specific study
area under consideration, a significant portion of potential blue spots and wetlands has
been enveloped by impermeable materials, resulting in the disconnection of urban
streams from the broader network of watercourses. Consequently, these areas are
particularly susceptible to flooding, as evidenced by observations in the region.
Moreover, this phenomenon exerts a detrimental impact on the health and ecological
integrity of the urban landscape, leading to ecosystem degradation and biodiversity loss
attributable to the disregard for stream connectivity and the wetland components of the

natural watershed.

Putting the current surge of scientific interest in water systems interconnectivity and the

cumulative effect of land use on bodies of water into account, the study provides an
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overall understanding of the topic and approaches to the problem. The purpose of the
research is to evaluate the Spatial Connectivity of urban water streams for Rehabilitation,
with the aim of raising its environmental and communal value by upholding the eco-
hydrologic functionality of detached streams with a Water Sensitive Urban Design

approach.

1.2. Statement of the problem

The expansion of urban areas leads to a proliferation of impervious surfaces, obstructing
natural water flow into the ground and through interconnected streams. This disruption
alters the hydrological characteristics of watersheds, resulting in significant physical and
ecological repercussions, including ecosystem degradation and biodiversity loss

(Ampatzidis, P. 2020).

However, the implementation of water-sensitive urban design, (WSUD), particularly
pertinent to inner-city development, is hindered by the existing built environment's failure
to account for natural surface water patterns and streams. Consequently, rapid urban
population growth and infrastructure demands have escalated imperviousness levels and

associated physical and ecological consequences.

Within the study area, nearly all potential blue spots and wetlands have succumbed to
impermeable coverings, severing streams from the broader network and escalating flood
risk during extreme events. This exacerbates urban environmental degradation,
diminishing biodiversity and ecosystem health due to inadequate consideration of natural

watershed streams and wetlands.

The Assessment on Spatial Connectivity of Urban Hydrologic Streams for Rehabilitation
of Ginfile sub-watershed in Woliso Town, Ethiopia, identifies a research gap regarding
insufficient information on spatial stream connectivity and hydrological analysis. While
previous hydrological studies exist, they lack detailed insights into stream connectivity
and its contribution to watershed hydrology. Hence, this study aims to bridge this gap by
conducting a spatial stream network analysis and assessing connectivity to provide

recommendations for watershed rehabilitation.
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1.3. Objectives

1.3.1. General Objective
To identify a potential solution for spatially disconnected watershed of Urbanized areas.

1.3.2. Specific Objective

—_

To characterize the geo-morphological characteristics of the sub watersheds.
2. To identify the level of stream disconnectedness.
3. To investigate the land use dynamics causing the stream disconnection.
4. To assess the spatial impact of urban flood inundation due to stream

disconnectedness.

1.4. Research Questions

1. What are the Geo-morphological characteristics of Ginfile sub watershed that shape
the existing stream patterns?

2. What is the degree of disconnectedness of the streams in the sub-watershed?

3. How the change in land use dynamics influence stream connectivity?

4. What are the spatial impacts of urban flood inundation due to stream disconnection

within the study area?

1.5. Significance of the study

The primary importance of this study is to address critical surface water management
issues within spatial planning and urban development processes. By enhancing the
understanding of landscape connectivity in relation to surface-water dynamics and land
use variations, particularly in urban environments, this study contributes to maintaining
the eco-hydrologic performance of disconnected streams. Moreover, it serves to raise
awareness among planners and policymakers regarding the spatial connectivity of urban
streams and their linkages to the broader stream network. The research underscores how
fabricated land cover, such as imperviousness, alters hydrological characteristics and

stream connectivity within the Ginfile sub-watershed.
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The study holds both academic and administrative significance:

For city authorities and local governments, the findings provide valuable insights that aid
in the formulation of informed strategies for managing development plans, significantly
enhancing surface water management practices in urban growth and spatial planning
processes. Academically, the research offers a foundation for future studies in urban
hydrology. Other researchers can build on these findings to explore watershed
hydrological characteristics and stream-wetland connectivity, contributing to a broader

understanding and sustainable water resource management in urban environments.

1.6. Scope of the study

The research delves into the thematic domain of urban hydrology, specifically honing in
on the spatial connectivity of surface water, notably streams, within a designated sub-
watershed. It aims to dissect the intricate interplay between changes in land use dynamics
and imperviousness, seeking to unravel their impacts on hydrological characteristics.
While the concept of connectivity may harbor multifaceted connotations, this study

primarily delves into its spatial dimension.

The study area encompasses the Ginfile watershed within Woliso town, spanning 460
hectares. Geographically, it extends between 37° 58" 18" and 37° 59’ 40" east longitude,
and between 8° 31" 10" and 8° 33’ 35" north latitude. This geographical boundary aligns
with the recommended range of 200-500 hectares for effective watershed planning, as

proposed by CPWD (Central Public Works Department).
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Figure 1. google imagery of the study area delineated watershed using ArcGlIS.
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1.7. Research limitations

While this study has provided valuable insights into the impact of urbanization on the
spatial connectivity of surface water, it is important to acknowledge several limitations
that warrant further investigation. Firstly, the imprecision of topographic data,
particularly contour maps, may have introduced inaccuracies into the analysis. Ground
surveys and total station measurements, although commonly used, are prone to errors
and may not fully capture the complex terrain of the study area. Additionally, the
accessibility of data on groundwater table depths was limited, which could have
influenced the accuracy of the analysis. The difficulty in defining the base and
thicknesses of the clogging layer within the streambeds further compounded this
limitation, as large-scale heterogeneity posed challenges to accurate measurements.
Moreover, the availability of data pertaining to aquifers and hydraulic conductivities
was lacking, hindering a comprehensive understanding of groundwater dynamics.
Addressing these limitations through improved data collection methods and enhanced
accessibility to relevant data sources would strengthen future research efforts aimed
at unraveling the complexities of hydrological stream connectivity in urban

environments.
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CHAPTER TWO
LITRATURE REVIEW

2.1. Introduction

The volume of water on Earth is the same as it has been since its inception. This volume
is approximately 1.386 billion cubic kilometers, with most of it being in the ocean (97%),
and the rest being fresh water. This includes all forms, such as liquid, vapor, and solid
forms (USGS, U.S. Geological Survey). As shown in (figure 2), the global hydrologic cycle
is made up of three subsystems: atmospheric water, surface water, and subsurface water.
Surface water flows through rivers and eventually reaches the ocean, and ground water

moves laterally until it reaches the rivers and then the ocean. Solar radiation causes
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—
o
=
=
9
= R
5 . / \
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.é | Groundwater Recharge ——  Groundwater Flow |
|
4

Figure 2. The three subsystems of hydrologic cycle adapted from Mays (2005, p. 229).

evaporation and mixing of vapor in the atmosphere, and gravity is a driving force for the
water to move from one reservoir to another. Precipitation falls on land or oceans in the
form of rainfall or snow. When it falls on land, it may be intercepted by vegetation,
infiltrate the soil, or become surface runoff. The water may then evaporate or transpire

back to the atmosphere, or percolate down to the aquifer and become groundwater.
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2.1.1. Recent Studies on Aquatic Connectivity
Recently, aquatic sciences have progressed from analyzing the characteristics and
behavior of singular ecosystems (Valiela and Teal 1979) to comprehending the
connections between multiple ecosystems and how these connections play a role in
larger-scale landscape operations (e.g., Cohen et al. 2016). Aquatic ecosystem (e.g.,
streams, rivers, lakes, and wetlands) are able to interact because of their capacity to
transport and exchange energy and material, and by their capacity to modify the fluxes
of these substances. A key factor influencing these interactions is connectivity, which is
the level to which components of a river system are linked, or connected, by various
transport systems (USEPA 2015). Therefore, numerous studies have looked into aquatic
connectivity, including: (1) connectivity between wetlands (e.g. Mcintyre et al. 2014; Uden
et al. 2014; Hayashi et al. 2016; Leibowitz et al. 2016; Vanderhoof et al. 2016); (2)
connectivity between hillslopes and streams (i.e. Jencso et al. 2010; Jencso and McGlynn
2011; Bracken et al. 2013; Reaney et al. 2013; Janzen and McDonnell 2015); (3) connectivity
between rivers, floodplains, and floodplain wetlands (Rooney et al. 2013; Vilizzi et al. 2013);
(4) connectivity between wetlands found in non-floodplain areas and rivers (McLaughlin
et al. 2014; McDonough et al. 2015); and (5) connectivity between other river system
components (Giblin et al. 2014; Harvey and Gooseff 2015; Moore 2015; Hauer et al. 2016).
Recent research has also explored how connectivity plays a role in providing ecosystem
services (Mitchell et al. 2013; Jordan and Benson 2015) and its significance for watershed
and aquatic ecosystem supervision and protection of delicate waters (Uden et al. 2014;

Crook et al. 2015).

Much of the recent research done on cities and metropolitan areas has been devoted to
examining the impacts of spatial development patterns on quality of life. One particular
area of interest is the measurement of the hydrologic connectivity of streams, which looks
into the connections between upstream parts of urban streams and their downstream
tributaries. This is of paramount importance because of its relevance to the Clean Water
Act (CWA) of the United States, which seeks to restore and maintain the chemical,
physical, and biological integrity of the country's waters (Wohl, 2017). Thus, there has
been a focus on connectivity with respect to the effects of wetlands and non-perennial

streams on downstream waters (Leibowitz and Nadeau 2003; Caruso 2011). Additionally,
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the lack of connection (i.e., isolation) has been identified as a contributing factor to these
systems (USEPA 2015). As a result, research is now focusing on the full connectivity-
isolation spectrum of aquatic ecosystems (Cohen et al. 2016; Rains et al. 2016), including
ephemeral and intermittent streams, as well as geographically isolated wetlands

(wetlands surrounded by uplands); (Leibowitz 2015; Mushet et al. 2015).

2.1.2. Concept and definition of Urban Hydrology

Hydrology is the discipline of water that studies its origin, movement, distribution, and
properties in the environment (Gburek, 1998). In urban environments, extensive
modifications to the physical landscape, including the construction of roads, buildings,
and various structures, have significantly altered the natural hydrological processes
(Dhakal et al., 2018). These alterations influence the flow, storage, and movement of water
within the area, particularly during precipitation events. In addition to natural factors such
as soil and topography, man-made structures such as roads, walls, and impermeable
surfaces play a crucial role in shaping water movement by creating physical barriers
(Herrmann et al., 2016). While these modifications facilitate the prediction of water flow
patterns, they also present challenges due to the rapid transition in materials across urban
landscapes. Moreover, urban water flows exhibit dynamic changes over time, driven by
high levels of impermeability and the presence of infrastructure such as channels and
underground pipes designed to swiftly drain water from the area and mitigate flood risks

(Zhang et al., 2019).

2.1.3. Stream, river, and wetlands
Rivers and streams provide a major source of water for people, supplying it for activities

such as irrigation, food production, energy generation, drinking, and transportation.
Though these two words may seem interchangeable, they are not. Streams are a
necessary precursor for rivers, without which they could not exist (Robert, et all., 2018).

There are distinct differences between a stream and a river.

Before delving deeper into streams and the details of their processes, it is important to
familiarize oneself with the wider fields of geo-morphology and fluvial geomorphology,
which involve the movement of water before it reaches a stream and the subsequent

actions of the stream.
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Geomorphology concerning the passage of water across the landscape is referred to as
fluvial geomorphology. Two significant fluvial activities are surface runoff and
watercourse streamflow. Surface runoff carries away eroded particles to streams where
many of the materials are moved as sediment in the liquid. Then, watercourse streamflow

can take the sediment load downstream. (George; Robert E; et all., 2018)
a) Streams

Streams, essential components of hydrological systems, significantly influence landscapes
and ecosystems. They form the fundamental units that converge to create larger river
systems (Vannote et al., 1980), characterized by their shallow depths and turbulent flows,
which shape surrounding terrain (Gregory et al,, 1991). Commonly known as creeks in
certain regions, streams traverse diverse landscapes, carving valleys and molding
topography as they flow from higher to lower elevations (Wohl et al., 2015). With variable
flow patterns and volumes, streams can exhibit consistent flow year-round, experience
seasonal fluctuations, or rely solely on rainfall (Stanley et al, 2002). Despite these
differences, streams serve as vital pathways for water, sediment, and nutrients, facilitating

ecological processes across landscapes (Benda et al., 2004).

stream Length: According to Horton's second law, the stream patterns of a sub-watershed
can be explained by the 'laws of stream length', which suggests a direct geometric ratio
between the average length of streams of each order in a drainage basin (Horton 1945).
Research has revealed that the number of streams of a particular order is logarithmically
related to its order, and the points on the graph generally form a straight line (Chow

1964).

i.  What Happens Before the Stream Forms?

Precipitation that brings water to a watershed can have a major effect on bare soil. When
rain drops fall onto exposed earth, they can push particles into new locations, known as
splash erosion (Figure 3a). If the rainfall is more than the soil can absorb, it will create
surface runoff, and thin layers of soil may be taken away in sheet erosion (Figure 3b). This
can lead to deeper channels formed by the flow of water in rill erosion (Figure 3c). (George

Z. etall, 2018).
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When a river's depth increases, the speed of the current can cause the erosion of sail,
forming channels, known as gullies (Figure 3d). The formation of these gullies is preceded

by rill erosion, a process between sheet and gully erosion.

d e f

Figure 3. Different types of soil erosion: (a). splash erosion (Courtesy of NRCS); (b). sheet
erosion, (c). rill erosion; (d). gully erosion, (e). and (f). streambank erosion
(Sourse: courtesy of G. Zaimes,).

ii. Stream Classifications

Streams display a wide array of characteristics and behaviors, contributing to considerable
diversity within their ecosystems. To effectively implement restoration efforts, it is crucial
for watershed managers to classify streams based on their distinct attributes. The main
objectives of stream classification include assessing stream behavior based on physical
characteristics, establishing hydrological and sediment connections unique to specific
streams or conditions, comparing streams with similar geomorphic features, and applying
data from streams with comparable traits (Montgomery and Buffington, 1997; Rosgen et
al., 1996). This classification process provides administrators with valuable insights into
stream dynamics, enabling them to choose appropriate management strategies tailored

to the specific characteristics of each stream within the watershed.

Classification of a streams can differ depending on the location and may change over

time. Common classifications include:

M|Page



e C(Classification Based on Stream Pattern: The shape of a channel (planimetric view) can

be described by its stream pattern. Differentiating between them can be done by

observing the quantity of streams (one or several), the degree of winding, and the

a) straight: streams
with a single

thread that is
straight.

b) meandering:
streams with a
single thread
but the channel
has many

d «——

c) braided: streams
have multiple
threads with many
sandbars that
migrate frequently.

d) anastomosed:
streams that also
have multiple threads
but do not migrate
laterally.

Figure 4. The different stream patterns: a) straight, b) meandering, c) braided, and d) anastomosed.

permanence of islands when there are multiple streams. Streams that have a

curvature index greater than 15 are considered to be meandering. The four

mainstream patterns are shown on Figure 4.

e (lassification Based on Stream Flow Conditions: This classification is based on the

ephemeral streams

flow with water only

after precipitation
events, and the stream
are well above the
water table.

Ephemeral

Intermittent

Different streams based

on stream flow

Perennial

Figure 5. Ephemeral, intermittent and perennial streams.

Intermittent streams
have water flowing
only part of the year
but the stream is still
in direct contact with
water table.

<«

Perennial streams have
water flowing in the
channel year around
and the stream is
indirect contact with
water table.

characteristics of the water flow and how it is connected to the groundwater (Figure

5). Some deep, short-lived gullies may be categorized as ephemeral streams. (George;

Robert E; et all., 2018).

e (lassification Based on Stream Order: Stream order is a system of numerical

designations that show the place of a certain stream segment in a drainage basin.

Small flows from the highlands, like springs and seeps, which keep a consistent stream
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bed every season, are assigned as first order. When two of these first order streams
join, they form a second order stream, and when two second order stream join, they
form a third order stream (Strahler, 1952). The hypothetical stream system at left has

been labeled to indicate the stream order of the various segments. (fig. 6).

\

Figure 6. Stream order classification systems and numerica\[ designations that indicate the

particular stream segments (according to Strahler, 1952.)
The middle reaches are comprised of 4th through 6th order streams. The streams are
wider in these sections so even with natural undisturbed riparian vegetation, more
sunlight gets to the water and the larger rocks and logs can support films of algae and
bacteria, known as periphyton. Lower reaches are of 7th order and greater. These large
rivers drain areas of thousands to more than a million square miles (i.e., Nile River). Fine

particulate organic material (FPOM), in the drift from upstream segments, remains a

feature and an important energy input.
b) River

Rivers, primarily originating from elevated terrains such as hills and mountains, serve as
essential components of Earth's hydrological cycle. As precipitation descends from higher

elevations, it coalesces into numerous streams, progressively merging at confluences to
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form larger, more formidable watercourses known as rivers (Wohl et al., 2015). Unlike their
smaller counterparts, rivers exhibit greater depth, width, and flow volume, enabling them
to transport substantial quantities of sediment and dissolved substances across vast
landscapes (Stanley et al, 2002). These watercourses play a pivotal role in the
redistribution of materials, conveying them from upstream sources to larger water bodies
such as oceans or lakes (Benda et al., 2004). Distinguished by their expansive banks and
sustained flows, rivers occupy a crucial position in aquatic ecosystems, harboring diverse
flora and fauna and supporting a multitude of ecological functions (Vannote et al., 1980).
Within the framework of stream order classification, rivers typically fall within the higher
orders, ranging between 6th and 12th order, reflecting their significant size and hydraulic
complexity (Ward and Stanford, 1995). At the terminus of rivers where they meet oceans
or lakes, anaerobic respiration processes often predominate, shaping unique aquatic

environments characterized by distinct biological communities (Smith et al., 1999).

i. The River Continuum Concept

The River Continuum Concept offers an explanation for the differences in physical and
biological components along and within a stream from its source to the end of the
watershed. It is dependent on the quantity of organic matter, the type of vegetation that
can be found along the banks, the sedimentation, and the amount of light that penetrates
the stream. This concept explains the interrelationship between the various parts of a river
system, how riverside vegetation influences the stream's environment, and how macro

invertebrates are impacted by these changes. (Vannote, 1980; Schultz et al., 2000).

ii. Urban Wetlands/ blue spots

According to the Ramsar Convention on Wetlands (RCW), wetlands within urban areas
encompass both natural and constructed elements. Natural wetlands include rivers, lakes,
swamps, and estuaries, while constructed wetlands comprise artificial features like
channels, ponds, and stormwater management sites (Ramsar Convention, n.d.). These
ecosystems, with a typical water depth of up to six meters, play a vital role in urban
environments, offering benefits such as water purification, flood reduction, carbon
storage, and habitat provision for diverse flora and fauna (Mitsch and Gosselink, 2007).
Despite their ecological significance, wetlands face significant threats and require

conservation efforts to safeguard their integrity (Davidson et al., 2015). Research has
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revealed that the modification of landscapes and the degradation of upstream wetlands
can be damaging to downstream and watershed health. The placement of the wetland in
the landscape, as well as its quality and size, can have a big effect on the stream condition.

(Robert P Brooks, Abbey Tyrna. et.al. 2021).

iii. Watershed

A watershed, often referred to as a hydrologic unit, constitutes a contiguous area of land
that channels water runoff into a common outlet, typically a stream, lake, or wetland
(USGS, 2019). This concept, fundamental in hydrology, provides a vital framework for the
effective management and planning of water resources within its delineated boundaries
(Bosch & Hewlett, 1982). Watersheds play a crucial role in regulating the distribution and
flow of water across landscapes, exerting significant influence on the ecological,
hydrological, and geomorphological processes within their confines (Bosch & Hewlett,
1982). By understanding the intricacies of watershed dynamics, stakeholders can devise
informed strategies for water conservation, flood control, and sustainable land use
management, thereby ensuring the resilience and integrity of aquatic ecosystems and

human communities alike.

iv. Watershed spatial characteristics

Water is a critical component for both physical and chemical weathering. It has the
capability to break down rocks, move soil particles, or even change the contours of an
entire hillside. These geological processes are essential for watersheds as they shape the
surface which water is transported through (George; Robert et all., 2018). The movement
of water within urban environments is influenced by the topography and morphological
characteristics of the watershed, mirroring the dynamics observed in natural watersheds
(George et al, 2018). Investigating the attributes of a watershed is instrumental in
mitigating hydrological issues encountered in uncharacterized or ungauged watersheds,
particularly where data availability is limited. Such studies facilitate the quantification of
patterns and inherent characteristics of the watershed, thereby aiding in the development

of effective management and conservation strategies (George et al., 2018).
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2.1.4. Hydrologic connectivity of urban stream and wetland
2.1.4.1. Urban stream connectivity

Urban stream connectivity, crucial for urban ecosystem health, denotes the extent to
which streams in urban areas interconnect with each other and their surrounding
landscapes (Leibowitz et al., 2018). It enables the movement of water, nutrients, and
organisms within the system, establishing vital pathways for physical, chemical, and
biological components (Fullerton et al.,, 2010; Fausch et al., 2002). This hydraulic network
facilitates the alteration of material and energy fluxes as water traverses through streams

and wetlands (Newbold et al., 1981; Ensign and Doyle, 2006).

Understanding connectivity entails recognizing both structural and functional aspects,
with the former concerning the level of connection between system components and the
latter focusing on material movement (Pringle, 2001). Isolation, characterized by a lack of
transport pathways, inhibits material flow between components. Various factors, such as
physical barriers, impervious surface cover, and stream habitat quality, influence urban
stream connectivity (Booth & Roy, 2012). Addressing these factors through land use
planning, stormwater management, and habitat restoration is imperative for enhancing
connectivity and restoring urban stream health (Roy et al., 2011). Implementation of green
infrastructure, utilizing natural systems to manage stormwater, is an effective strategy for
improving connectivity and restoring hydrological balance in urban areas (Pitt et al., 2015;
Shuster et al, 2005). Overall, enhancing urban stream connectivity is essential for
promoting sustainability and resilience in urban ecosystems, benefiting both natural

habitats and human communities (Fletcher et al., 2015).

2.1.4.2. Connectivity and Transport of Materials to and from Streams and
Wetlands
Connectivity encompasses the intricate interplay and interdependence among diverse

components within a system, facilitated by various modes of transportation. This
structural understanding as tried to be illustrated in (figure 7) contrasts with the functional
perspective, which centers on the actual flow of materials between components (Pringle,
2001). Extensive research on river systems underscores the importance of comprehending
these connections. The River Continuum Concept, for instance, views rivers as gradients

of hydrologic structure and function, emphasizing the influence of upstream processes
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on downstream communities (Vannote et al., 1980). Similarly, the Spiraling Concept
examines how materials cycle downstream through various forms, such as dissolved

substances and living organisms (Webster and Patten, 1979; Newbold et al., 1981; Elwood

a Common River-Floodplain Hydrologic Flowpaths

Ripalrla:'l
1 wetlan 1

1-overland flow 4 - regional ground water
2 - overbank flow 5-hyporheicflow
3 -local ground water 6 -wetland overflow

b Hyporheic Zone Cross-Section

Stream

I ~—p ground-waterflow e _Jp hyporheicflow I

¢ Hyporheic Zone Longitudinal Profile

| e ground-waterflow  meeep hyporheicflow |

Figure 7. Water movement in river systems. Common hydrologic flow paths, laterally,
and longitudinally. Source: USEPA (2015), as modified from Winter et al. (1998).

et al,, 1983). The Flood Pulse Concept considers lateral connectivity between river channels
and floodplains, particularly during seasonal expansions and contractions (Junk et al.,

1989). Ward (1989) introduced four dimensions of connectivity in running water
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ecosystems, highlighting their interactive nature with contiguous habitats. Euliss et al.
(2004) expanded on these concepts with the Wetland Continuum Concept, elucidating

wetland changes over time amid dynamic climate variations.

Hydrologic connectivity involves the movement of water (figure 7), creating pathways for
the transportation of materials and organisms (Fullerton et al., 2010). This process varies
depending on connectivity types, such as fill and spill or fill and merge (Leibowitz et al.,
2016). Fill and spill occurs when water input exceeds a wetland's capacity, leading to
overflow into other water bodies (Leibowitz and Vining, 2003). Conversely, fill and merge
happens when one basin's depth surpasses another's, but combined, they can manage
total water input. Wetland expansion can establish continuous surface-water connections
to streams over long distances (Vanderhoof and Alexander, 2016). Moreover, hydrologic
connectivity can occur through groundwater, linking rivers, the hyporheic zone (figure 7),

and alluvial aquifers.

Streams and rivers are not simply pipes but dynamic systems that interact with their
surroundings, altering material fluxes as they flow (Bencala, 1993; Bencala et al.,, 2011).
Connectivity between streams and wetlands enables the modification of material and
energy along their path downstream, potentially changing the composition and form of
materials reaching their destination. Sediment retention or biological uptake can extend
the time it takes for materials to reach their endpoint (Newbold et al., 1981; Ensign and
Doyle, 2006), impacting downstream water condition and function. Connectivity can
facilitate nutrient spread and flood reduction, but isolation can prevent contaminant,
pathogen, and invasive species spread, enhancing local adaptation (Fraser et al., 20171;
Hess, 1996; Bodamer and Bossenbroek, 2008). Therefore, both connectivity and isolation
must be considered to comprehend material fluxes from streams and wetlands, striking

a balance between the two (Hess, 1996; Bodamer and Bossenbroek, 2008).

Directionality is crucial when evaluating the influence of streams and wetlands on
downstream waters. In riparian or floodplain settings, wetlands can exhibit lateral and
bidirectional hydrologic connections, while non-floodplain wetlands are generally
connected to the stream network via unidirectional, lateral flows (G'orski et al., 2014; Yurek
et al., 2016). However, the type of connection can determine directionality, with fill and

spill connections being unidirectional, and fill and merge connections potentially
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bidirectional. Land slope, relief, and climate can affect the frequency of hydrological
connections (Tromp-van Meerveld and McDonnell, 2006). Non-floodplain wetlands
linked through filling and overflowing can only transport water-borne substances away
from the wetland into the river network, while those connected through filling and
merging, as well as riparian or floodplain wetlands, can both receive and send material.
However, the direction of hydrological connections doesn't necessarily dictate the
directionality of geochemical or biological flows, as demonstrated by mobile creatures
such as fish moving against the current to upstream areas (Leibowitz et al., 2016; Schofield
et al., 2018). Geographically isolated wetlands, surrounded by higher ground, can still link
to downstream waters through various hydrological connections, influencing the water,
chemical, and biological state of other watershed areas (Tiner, 2003; Marton et al., 2015;
Cohen et al,, 2016). Yet, further research is needed to fully comprehend the hydrologic

connection of these wetlands (Leibowitz, 2015; Mushet et al., 2015).

2.1.4.3. Spatial and Temporal Variability of Connectivity

Connectivity is not a constant element of a system, but varies over time and distance
(Ward 1989; Leibowitz et al. 2003/16). According to Cohen (2016), the hydrologic operation
of watersheds is reliant on the connection-isolation continuum generated by this
variability. This variation in hydrological connection comes from the longitudinal, lateral,
and vertical extension and contraction of the river network (figure 5), as well as short-
term connections with other parts of the watershed (e.g., through temporary and sporadic
connections). Poff et al. (1997) discussed this variation in terms of frequency, duration,

magnitude, timing, and rate of change of links between system components.

The extent, amount, timing and type of hydrological linkages are all altered by the growth
and shrinkage of river networks. This is particularly noticeable with intermittent and
ephemeral streams, which comprise the majority of streams in the contiguous United
States (Nadeau and Rains 2007). During seasonal or brief high-flow events, the exchange
of water between rivers, wetlands and downstream waters increases dramatically (Fig. 8)
(Wigington et al. 2005). Expansion and contraction of rivers also alter the magnitude of
connectivity, with larger flows having a greater potential to transport material (Fritz et al.

2018).
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Changes in the size and strength of hydrologic linkages have an effect on the timeframe
and sequence of flows along different streams gave examples that showed (fig. 8) the
importance of intermittent and ephemeral streams (Goodrich et al. 2018). The temporal
relationship of these connections is determined by the length, intensity, and timing of
precipitation. Similarly, the connection between wetlands and downstream waters could

be constant, seasonal, or irregular.

Spring Valley Creek Spoon Creek
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*= = Intermittent stream Road ditch
——— Ephemeral stream I Ephemeral water bodies (depressions)

— — -~ Surface field drainage

Figure 8. Examples of longitudinal expansion of river networks. Source: (a, b) USEPA
(2015), () and (d) maodified from Wigington (2005).

The fluctuation in the size of river systems can also influence the kind of hydrological

connection (Rains et al. 2008; Leibowitz et al. 2016). When the outflow of water decreases
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due to a dry spell, hydrological connectivity can only take place through underground

water sources (Rains et al. 2006; Rains et al. 2008).

Finally, as changes in the amount of water in channels can impact downstream waters, so
too can the lack of water (i.e., isolation). When streambeds dry up temporarily, this
provides a unique habitat for aquatic life adapted to wet and dry environments, and
serves as a storehouse for eggs and seeds of aquatic invertebrates and plants (Steward
et al. 2012). Additionally, a decrease in microbial activity, combined with increased oxygen
levels and inputs of organic matter and nutrients from the land, can alter nutrient
dynamics in these areas (Steward et al. 2012). During rewetting, these materials are carried

downstream.

2.1.4.4. Factors that influence connectivity
Numerous components influence physical, chemical, and biological connectivity in river

systems, operating at multiple spatial and temporal scales and interacting in intricate ways
to determine the connectivity-isolation gradient at any given time (Schofield et al. 2018).
This paper examines three key aspects: climate and watershed characteristics, the spatial
patterns of water bodies, and human activities and alterations. Though not an exhaustive
list of all factors, these illustrate how numerous elements can shape physical, chemical,
and biological connectivity. It is necessary to explain these variables since they are

essential to the framework.

i. Climate and Watershed Characteristics
The way in which water is transported and stored in watersheds is affected by the
geographical, geological, topographical, and soil conditions of river systems (Winter 2007;
Wigington et al. 2013). At a large scale, the climate determines the volume, timing, and
duration of water available to the rivers and their basins. Factors that influence the degree
of connectivity over different periods of time include the amount of precipitation surplus
and the seasonality of the surplus during the year (Stieglitz et al. 2003), which is largely
dependent on when and in what form the precipitation occurs (e.g., rain or snow); as well

as the intensity of the precipitation (Gomi et al. 2008).

Rainfall intensity can have an effect on hydrologic connectivity in areas with surface layers

that have limited infiltration in comparison to the intensity of the rain (Gomi et al. 2008).
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When the intensity of rainfall surpasses the infiltration rate of the surface layer, infiltration-
excess runoff can occur, providing a key means of delivering water to wetlands and river
systems (Goodrich et al. 1997; Levick et al. 2008). In urban environments, where there are
many impermeable surfaces, overland flow can develop in any scenario (Booth et al.
2002). The depth of the water table can have an impact on connectivity across a variety
of hydrologic landscapes, particularly inside floodplains (Wigington et al. 2003; Wigington
et al. 2005).

Within various hydrologic landscape structures, the permeability of soil and geological
formations plays a crucial role in determining the direction of water flow (Wolock et al.
2004). Soils with high permeability facilitate infiltration, leading to groundwater flow
paths, while the presence of impermeable soils with limited infiltration capacity
encourages surface runoff. In scenarios where groundwater discharge from watersheds
or landscapes prevails, the eventual path of the water partly relies on the permeability of
the underlying geological layers.

a. h.

Wetland with Headwater stream |
surface outlet m—— Stream/river
7// Geographically = = == Groundwater flow
2 I~ -
isolated wetland = Swale

Figure 9. Types of hydrologic connections between no floodplain wetlands and streams or rivers.

(Note that in a—c, flows connecting the wetland and river may be perennial, intermittent,
or ephemeral). Source: USEPA (2015).

Fig. 9a: wetland connected to a river by surface flow through a headwater stream channel.
Fig. 9b: wetland connected to a river by surface flow through a non-channelized swale.
Fig. 9c: geographically isolated wetland connected to a river by groundwater flow.

Fig. 9d: geographically isolated wetland that is hydrologically isolated from a river.
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ii. Spatial Distribution Patterns

Climate and watershed features have an effect on the timing and scope of waterway
network extension and contraction (Wigington et al. 2005) and on the spatial division of
water bodies within a catchment. These factors shape the spatial and temporal patterns
of interconnectivity between streams, wetlands, and downstream waters (Tihansky, et all.,

1999).

The connection between streams and rivers is largely dependent on the distance between
them. Water from upstream reaches of lower order streams may be more altered or
mixed with other substances when it reaches its destination than water from higher order
streams due to the longer path it must take. However, because there are more low-order
streams, collectively they are just as important to the overall hydrologic connectivity of a

river network (Bracken and Croke 2007).

The distance between a riparian/floodplain wetland and downstream waters affects the
connectivity between the two. Riverine wetlands that originate from the headwaters of a
main river (e.g., first-order streams connected to fifth-order streams) have a stronger
connection to that river than wetlands that start from higher up the drainage network
(e.g., first-order streams connected to second-order streams).  Similarly,
riparian/floodplain wetlands that have direct surface-water connections to streams or
rivers will have a greater influence on the incoming water than those wetlands that border
higher order streams (Whigham et al. 1988). If geographically isolated non-floodplain
wetlands have pathways that allow surface water to enter (e.g., depressions or
groundwater seeps) (Fig. 9b), the amount of water that is able to infiltrate or be lost
through evaporation decreases with increasing distance, and can vary significantly

depending on the region (Cohen et al. 2016).
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The distribution of distances between wetlands and rivers can vary significantly
depending on different factors, such as drainage density, wetland density, climate,
geological history, watershed characteristics, and human activities. The landscape settings
of wetlands range from having a few rivers close by with a high density of wetlands (Fig.
10a-10c), to less spatially consistent wetlands (Fig. 10d), to areas with higher drainage
density combined with either riparian wetlands (Fig. 10e) or larger, more extensive

wetlands (Fig. 10f).

a. Prairic potholes (Missouri Coteau) <. Bottomland hardwood wetlands
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Figure 10. Examples of different landscapes showing interspersion of wetlands and streams or
rivers, based on National Wetlands Inventory maps (http.//www.fws.gov/wetlands)

These maps demonstrate how the environment can significantly influence the blending
of wetlands and rivers, as well as the average gap between them. The distances between

them can vary considerably, resulting in varying levels of connection.

Wetland connectivity to downstream waters is generally greater when they are located
nearer to the stream network. However, other factors such as terrain, gradient, and soil
absorption can alter this relationship and cause more distant wetlands to possess higher
hydrological and ecological connectivity. In flat, open areas, small modifications in water
levels can bring together wetlands that were once distant by more than a kilometer
(Vanderhoof and Alexander 2016). The overall hydrologic function of a watershed

depends on the continuity of wetland connection and detachment (Cohen et al. 2016).
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iii. Human Activities and Artificial Alterations

Human activities frequently alter the connectivity between headwater streams,
riparian/floodplain wetlands, non-floodplain wetlands, and downstream rivers, affecting
the movement of energy and materials (Fullerton et al., 2010). While some interventions
like dam construction, levee building, and water extraction can be detrimental, others
such as wetland draining, irrigation, and basin transfers can be beneficial (Fullerton et al,,
2010). The loss of headwater streams and wetlands due to human activity can impair river

network conditions by reducing connectivity (Fullerton et al., 2010).

Landscape modifications can either decrease or increase hydrologic and biological
connections, depending on the waterway's location. Channelization, for instance,
accelerates water flow between river segments but may decrease flow to floodplain
wetlands. Agricultural ditches and tile drainage facilitate rapid water transport to channels
or wetlands but may reduce hydrologic connectivity by filling wetlands with soil and
lowering the water table (De Laney, 1995; Blann et al., 2009). Furthermore, wetland loss
increases mean distances between wetlands, reducing biological connectivity (Van Meter
and Basu, 2014). Drainage enhances hydrologic connectivity between the landscape and
downstream waters, leading to increased water runoff, sediment, pollutants, and
organism dispersal (Wiskow and van der Ploeg, 2003; Blann et al., 2009; Babbitt and
Tanner, 2000). However, drainage and ditching can decrease biological connectivity as
the distance between wetlands increases, limiting organism dispersal between systems

(Leibowitz, 2003).

2.1.4.5. Approaches for quantifying connectivity.

Quantifying connectivity serves several purposes, including establishing benchmarks for
comparison, understanding watershed functions, and guiding rehabilitation efforts. The
choice of assessment methods depends on factors such as the assessment's purpose,
environmental context, type of connection, and available data (Calabrese and Fagan,

2004, Lexartza-Artza and Wainwright, 2009).

Water movement plays a crucial role in the transfer of chemical elements between
upstream and downstream areas. Various techniques, including field measurements,

topographical mapping, hydrological modeling, and satellite imagery, can be employed
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to assess hydrologic connectivity (Michalzik et al., 2001; Borselli et al., 2008; Golden et al.,,
2017).

Field-based approaches help understand linkages between water elements, assess water
volume and material transport, and identify functional connectivity using water quality

metrics (Johnston et al., 1990).

Topographic indices, alone or combined with other watershed characteristics, predict
landscape features and estimate the spatial extent of hydrologic connectivity. These
indices include the Topographic Wetness Index and quasi dynamic indices assessing

effective contributing areas (Quinn et al., 1995; Creed and Beall, 2009).

Various models and indices, such as simulations of water or material fluxes and
predictions of water movement based on topography, analyze functional and structural
connectivity in watersheds (Chu et al., 2013). Geostatistical approaches are also used,
primarily focusing on structural connectivity within stream networks (Fagan, 2002; Ganio

et al,, 2005).

There is no consensus on the most effective measures or models to evaluate hydraulic or
chemical connectedness. Combining different assessment techniques and models is
necessary for a comprehensive understanding of connectivity (Lexartza-Artza and

Wainwright, 2009; Golden et al., 2017).

2.1.5. Urban green-blue infrastructure

Urban green-blue infrastructure plays a crucial role in mitigating the adverse effects of
climate change, improving air and water quality, reducing noise pollution, providing
recreational opportunities, and enhancing the aesthetic appeal of public spaces (Haase
et al., 2017). However, the expansion and densification of urban areas, characteristic of
urbanization, pose significant threats to natural infrastructure, as highlighted by a United
Nations assessment (Ampatzidis, P. 2020). The repercussions of urbanization include
vegetation degradation, water pollution, and biodiversity loss, which detrimentally impact
the health and ecological functions of urban environments. Moreover, urban areas often
exhibit lower levels of vegetation and water compared to surrounding regions, and

existing green-blue infrastructure faces jeopardy due to population growth. Hence, it is
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imperative to study the impact of urban natural infrastructures, such as GBI, on urban

climate (Ampatzidis, P. 2020).

Integration of blue infrastructure, such as wetlands and ponds, into urban landscapes
offers various benefits, including the regulation of the urban heat island (UHI) effect.
These features alter the land surface, enhancing sunlight absorption, reducing air
convection cooling, and minimizing water evaporation. Additionally, city wetlands often
create microclimates that are more temperate than surrounding areas, enhancing
inhabitant comfort and environmental conditions (Ampatzidis, P. 2020). Many cities
recognize the importance of conserving and restoring urban wetlands as part of urban
design to enhance resilience against climate change impacts. However, urban expansion
and development activities pose significant challenges to wetland preservation, leading
to habitat destruction, water system alterations, contamination, and introduction of

invasive species (Ampatzidis, P. 2020).

Improperly planned and uncontrolled urbanization threatens urban wetlands through
population growth, resulting in wetland draining, contamination, and destruction due to
housing, agricultural, and industrial development (Ampatzidis, P. 2020). Loss of natural
wetlands and unsuccessful wetland creation and restoration projects diminish the
landscape's ability to absorb pollutants, store floodwaters, and support dependent
species. Recognizing the adverse impacts of urbanization on wetlands underscores the
urgent need for effective conservation measures to safeqguard urban ecosystems from the

detrimental effects of climate change (Ampatzidis, P. 2020).

Urban Wetlands as Part of Green-Blue Infrastructure

Green-blue infrastructures (GBI) are proposed as a way to address climate change in
urban areas (Alikhani, S. 2018). GBI optimizes land use, promoting sustainability while
satisfying both human needs and environmental requirements (Sleegers, F. 2010). These
infrastructures increase the biodiversity of urban areas, minimize the effects of global
warming, connect ecological systems, and improve public health and welfare (Ingrao, C.

2020; and Well, F. 2020).

The existence of green infrastructure (GBI) in urban areas such as trees, rivers, and ponds

can improve thermal comfort and create cities that are better equipped to handle the
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impacts of climate change (Perini, K. 2017). When the GBI covers over one hectare, the
cooling effect is more pronounced, especially during summer (Yang, G. 2020).
Additionally, GBIs provide positive health benefits and foster more positive emotions in
cities (Chan, S. et al 2017). Moreover, access to these green areas encourages physical

activity, social cohesion, and livable surroundings (Labib, S. 2020).

2.2. Methodological Review
2.2.1. Morphometric analysis

The flow of water through urban areas is influenced not only by soil structure, but also
the landscape features, quantifying the water in the catchment difficult. To decide which
modelling techniques to use, it is important to take into account the characteristics of the
watershed such as climate, geology and soils. Geo-morphological analysis of a watershed
can be used to create regional hydrological models to address hydrological issues in
watersheds where data is unavailable. This is accomplished by examining the sub-
watersheds in the area and determining the morphometric patterns and characteristics

of the streams (Gajbhiye et al. 2014).

The morphometric analysis is an evaluation of a hydrological unit that is done through
quantification. This is a widely used method for studying watersheds and their
development, which involves stream segments, watershed length, basin area, altitude,
volume, slope, profiles of the land. The arrangement of a drainage basin's stream system
can be expressed numerically through stream order, drainage density, bifurcation ratio,
and stream length ratio (Horton 1945). Horton's law of stream lengths suggested a
geometric correlation between the lengths of channels in successive stream orders.
Subsequently, the law of basin areas was developed, demonstrating a linear relationship
between the mean basin area of successive stream orders. This was further refined by
geomorphologists such as Strahler (1952 & 1964), Schumn (1956) and Gregory (1966, 1968)

among other geoscientists.

Quantitative examination of the watershed, featuring elements such as stream segments,
basin perimeter, basin area, height difference, slope and land profile, has been integral in

the natural progress of the watershed (Horton 1945).
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Table 1. Description of components computed in the method of morphometric analysis of watershed
(the linear and areal aspects of morphometric parameter)

Component

Descriptions

equation

Streams
Number (Ny)

Number of streams is also described as total
counts of stream segments of different order
separately and is inversely proportional to the
stream order. Stream number is denoted by N..

total counts of stream
segments using GIS

Total stream
length (Lu)

The total stream length in a watershed is
determined with the use of GIS by measuring the
length of all ordered perennial streams. This is
denoted by Lu.

total stream length in a
watershed using GIS

The mean stream length, denoted by L is

Mean stream calculated by dividing the total length of streams _ Lu _
length (La) of a certain order by the total number of streams Nu
of the same order.
The watershed perimeter is the total length of the
Watershed P 9

perimeter (P)

outer edges of the watershed.

Computed Using GIS

Maximum
length of the
watershed (Lp)

It is the distance between the remotest point of the
watershed and the outlet, as measured along the
main watercourse.

Compute using GIS

Stream length
ratio (Ry)

The stream length ratio (Ry) is the ratio of the mean
length of the stream of a given order (Lg1) to the
mean length of the streams of the next smaller
order (Lg-).

In case the n+1 will be considered as number of
stream orders. i.e., if 4, then n=3.

Equation 1

_ La _

Lg—1

Li Ly L3 . Ln ]
L2 L3 Li Lpt+1

n

Bifurcation
ratio (Rp)

The bifurcation ratio is an indication of the geology
and tectonics of a watershed (Gajbhiye et al. 2014).
It is calculated by dividing the number of streams
at a lower order (Ny) by the number of streams at
the next order (Nu.1). The value range of the Ry
classifications varies among the researchers, there
is even no statement about it. Based on most
papers, it can be concluded that less than five (5)
may be classified into low, and more than five (5)
into high (Chandrashekar H, Lokesh K'V, Sameena
M, Roopa J and Ranganna G et all., 2015),
(Yangchan J, Jain A K, Tiwari A K and Sood A 2015)
Lower value of Ry, indicates the partially disturbed
watershed without any distortion in drainage
pattern (Nag 1998). High value of Ry indicates the
severe over land flow and low recharge for the
sub-watershed.

Ry =

Ny

Ny+1

Form factor
(Ry)

Most scholars have proposed that the form factor
for a perfectly round basin should be less than
0.7854 (Rekha et al. 2011; Gajbhiye et al. 2014). The
form factor is a measure of the shape of a basin,
with a low value indicating a basin that is more

= Lbz

Ay

Aw: Area of watershed
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elongated and a higher value showing a basin that
has a higher peak in a shorter amount of time.
There are some different value ranges of form
factor. The range values for form factor are <0.78
(elongated) and >0.78 (circular). (Abboud | A and
Nofal R A 2017). The form factor of a watershed is
determined by the proportion of its basin area (Ay)
to the squared maximum length of the basin (Ly).
A lower the value of form factor indicates a more
elongated watershed, which will have higher peak
flows of shorter duration (Horton 1932).

Lb: maximum length of

The elongation ratio (Re) is determined by
measuring the size of a circle with the same area
as the watershed and comparing it to the longest

watershed

Equation 4.........
_d _ 2 |Ay
e Lp - Lp !

which is when diameter is
written in terms of area:

Elongation dimension of the basin.
ratio (Re) Elongation ratio value is generally classified into zm
three classes, less elongated (< 0.7), oval (0.8 - d= T
0.9), and circular (>0.9), which is related to a variety
of climate and geological factors (Strahler 1964).
Aw : Area of watershed
Equation 5..........
_ Ay _ 4mAy
The circularity ratio is a measure that is ¢~ mrz_ pZ
comparable to the elongation ratio, which was 12.574y
Circulator initially formulated by Miller in 1953. It is expressed _ Prz_ ' ‘ _
. Y as the ratio of the area of the basin to the area of When radius is written in
ratio (R¢) . . . terms of circumference of
a circle with the same circumference as the _ S _
. . . . . . thedcircle which is perimeter
perimeter of the basin (Rc).. The circularity ratio is of the watershed as well
affected by the length and interval of the stream. P,
T 2m
Drainage density is the linear parameter of
morphometric analysis that is used to measure
erosion by streams and the effect of the
topography on the outflow. There are five classes
of drainage density with the following value
ranges, i.e., very coarse (<2), coarse (2-4),
moderate (4-6), fine (6-8), and very fine (>8) .
Equation 6............
(Chandrashekar H, Lokesh K V, Sameena M, Roopa
Drainage J and Ranganna G 2015), (Vittala S S, Govindaiah S L,
density (Dq) and Gowda H H 2004). However, based on some Dy = 7

definitions about D classes, it can be highlighted
that there are two main classes, low/coarse and
high/fine class.

It is calculated by dividing the sum of the lengths
of all streams in an area by the area of the basin.
This figure gives an indication of the closeness of
the channels and the amount of land in the
watershed  (Strahler 1964). The unit of
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measurement for this density is km/km2 and is
represented by (Dg).

Stream or
Drainage
frequency (Fs)

Drainage frequency is determined by the number
of streams per area of the watershed. This is
strongly influenced by the geology of the
catchment, which gives an indication of the type of
drainage pattern. There is no mention about
classifications and their value ranges. The relative
value ranges of stream frequency sometimes make
different implications of low and high class.

Equation 7....

Fs:

Ny
A

Total No of stream

Area of watershed

Texture ratio

M

The texture ratio of a basin is determined by
several factors, including the properties of the
lithology, soil infiltration capacity, climate,
vegetation, and terrain relief (Vijith and Satheesh
2006). The classification of drainage texture is the
same with the classification of drainage density.
Classification of drainage texture mostly do not
use a classification by applying certain values
range for each class, but the classification tends to
be more relative among studied watersheds by
comparing one to another (Vittala S, Govindaiah S
and Gowda H et all,, 2004).

Total
Watershed
relief (H)

Basin relief is a crucial element in determining the
characteristics of a watershed. It is measured by
the difference in height between the highest and
lowest points within the given watershed. This has
a huge impact on the formation of landforms,
drainage patterns, and the permeability and
erosive qualities of the terrain.

Compactness
coefficient (Co)

The Compactness coefficient is a factor that
measures the shape of a watershed and is
calculated by dividing the perimeter of the
watershed by the circumference of a circle with an
area equal to the watershed. It is independent of
the size of the watershed and rather based on the
topography of the area, according to Horton
(1945).

Equation 8............

Ny

T —_—

P

Equation 9............
1 ,P

Ce=sm (@~

0.2821(%)
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The relief ratio is the relationship between the
elevation of the highest and lowest points of a
watershed, and the length of the primary drainage
line running through it (Schumm, 1956). No

Relief ratio (Rn) one mentioned about the value range of relief _H
ratio (Vinutha D N and Janardhana M R 2014). R Ly
Generally, the low value of relief ratio means low
relief and the high value means steep slope and
high relief.

Equation 10.............

The Length of Overland Flow (Lg) is the distance
that water travels over the ground before it
accumulates into streams and rivers, influencing
the water cycle and landscape of a drainage basin.
It is roughly equal to half of the inverse of the
drainage density (Horton, 1945). There are three 1
classes of Ly i.e., low value (< 0.2), moderate value 2Dg
(0.2 - 0.3), and high value (>0.3). Low value of Lg

indicates high relief (Vinutha D N and Janardhana

M R 2014) , short flow paths, more runoff, and less

infiltration [2] which leads to more vulnerable to

the flash flooding

Length of
overland flow

(Lo)

2.2.2. Graph Metrics analysis of hydrologic stream Network

Graphs serve as visual representations of real-world networks, offering insights into their
complexity. To analyze these networks effectively, graph metrics are computed to
quantify specific features based on the nodes and edges within the graph (Newman,

(a) (b)

£ %
N

. <D

Figure T11. lllustrative example of directed and undirected graph. (a). directed
graph, (b). undirected graph

AN
\7
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2010). In the context of hydrologic stream connectivity analysis, it is essential to employ a
graph that considers the number of indegree and outdegree streams along the water
flux, as water typically flows downhill (Yang et al., 2020). Measuring connectivity provides
a crucial benchmark for observing modifications, linking connectivity levels to watershed
activities, and establishing standards for restoration and conservation efforts (Tockner et
al., 2017). The directed graph average degree emerges as a robust tool for assessing
connectivity between streams within a watershed. For instance, when comparing similar
stream networks of equal size, significant variations in the average degree may indicate
differing levels of connectivity. Understanding these connections enables insights into
why one network may have failed while another maintained its connectivity, offering

valuable guidance for watershed rehabilitation initiatives (Guo et al., 2019).

Table 2. Description of the method of Graph metric analysis of the stream connectivity

Component

Descriptions

equation

Graph Order
(the number of

The order of a graph (denoted by n) is the
number of nodes in the graph, which is equal to
the cardinality of the node set (n=|V|).

n?:e; |rr:)the Cardinality is a mathematical term that describes
graph, the number of elements in a set.
Graph Size The size of a graph (generally noted as m) is

(number of edges
in the graph, m)

equivalent to the number of edges in the graph,
which is the cardinality of the edge set m=|E|.

The Directed
Graph Degree Set
(how many times
the nodes are
connected)
number of edges.
k)

Computing the degree of each node in the
network produces a vector (called k) that shows
the degree of each node. This vector has the
same number of elements as the number of
nodes in the network, meaning the size of the
degree set is equal to the size of the node set. In
other words, |k|=|V|.
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When studying a network, we are commonly
interested in the degree of connectivity. The
maximum degree (Kmay) is the highest number

Minimum and of connections something has in the network,
Maximum Degree  while the minimum degree (k(min)) is the least
(the range of number of neighbors something has. Knowing
connectivity) the contrast between these values helps us

comprehend the contrast in the connectivity
between the best-connected and least-
connected components in the graph.

The correlation between the total degree of all
nodes and the number of edges in a directed
graph is a direct one, meaning the sum of the
degrees of each node is equal to the total

Equation 12
number of edges. This can be expressed (in case of directed
mathematically as equation 12: graph ...

The cardinality of the edge set of a graph is often
Sum of Degrees referred to as the first theorem of graph theory,
which is equal to the number of edges (m) in the Z ki =m

(In the case of
stream network, its
one way, downflow)

graph (Benjamin, Chartrand, and Zhang 2015,
20). Knowing the relationship between the total
number of degrees of a graph and the number
of edges it contains, we can start to compute
other important graph metrics, such as the
average degree.

In this situation, it is not necessary to calculate

the number of lines twice, as it would be with an

undirected graph. We can simply figure out Equation13....
either the average indegree or the average m
outdegree for each node, and the result will be K(avg) = o
the same since each link only serves one

purpose with regards to the indegree or

outdegree of each node. Accordingly, the

average degree in the directed case is:

Average Degree
in directed Graphs

2.2.3. Analyzing Factor causing the stream disconnection using GIS overlay
of Urban Hydrologic features and Infrastructures.

Several elements have an influence on physical, chemical, and biological interconnectivity
in river systems. These elements act at multiple scales in both space and time, and the
complexity of their interaction determines the level of connectivity or isolation of different

parts of the system at any given moment. (Schofield et al. 2018).

Strong physical forces are actively affecting the energy, sediment, and life of a stream.

Although streams are constantly changing, even with minimal human or natural influence,

34|Page



they still maintain their fundamental qualities. Knowing the right techniques for
preserving or altering a graded stream is essential for having functional streams and

watersheds.

Comprehending the characteristics of streams and how they evolve in a dynamic
watershed is essential for successful stream and watershed preservation and restoration.
Consequently, it is imperative for those engaged in stream and watershed monitoring,
management, and restoration to possess a fundamental grasp of stream processes and

their categorization in order to manage them effectively

Streams can be affected by a variety of factors, and shifts in these variables can cause
instability. Urbanization, deforestation, construction of roads, and the withdrawal of
groundwater can all lead to changes in the flow of a stream, potentially transforming it
from a perennial to an intermittent or ephemeral waterway. Similarly, sediment loads can
be altered by activities like urbanization, timber harvesting, mining, grazing, road

construction, and wildfire.

In the analysis of factors contributing to stream disconnection, Geographic Information
System (GIS) overlay techniques played a pivotal role by facilitating the integration of
urban hydrologic features and infrastructures. Through this approach, a thorough
exploration of the spatial interplay among different components influencing stream
disconnection in urban settings was made possible. GIS overlay allowed for the
simultaneous visualization and assessment of diverse elements such as impervious
surfaces, drainage systems, land use patterns, and urban development, providing
valuable insights into the complex dynamics affecting stream connectivity (Liu et al., 2017).
By overlaying and analyzing these spatial datasets, patterns and correlations between
urban infrastructure and hydrological features could be discerned, aiding in the
identification of key factors driving stream disconnection and informing targeted

management and mitigation strategies.

The importance of GIS overlay analysis in understanding the complex interactions
between urban features and hydrological processes. By overlaying datasets representing

urban infrastructure, such as roads, buildings, and drainage systems, with hydrological
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features like streams and watersheds, researchers can identify areas where these elements

intersect, potentially leading to stream disconnection (Song and Li et al. 2016)

The significance of using GIS overlay techniques to assess the impact of urbanization on
hydrological processes. By overlaying land use and land cover data with hydrological
features, researchers were able to identify areas where changes in land use, such as urban

expansion, contribute to alterations in hydrological connectivity (Peng et al. 2018).

The integration of GIS overlay analysis with urban hydrological features and
infrastructures provides valuable insights into the factors influencing stream
disconnection in urban areas. This approach enables researchers to identify specific urban
features and land use patterns that contribute to stream disconnection, ultimately
informing decision-making processes aimed at mitigating the negative impacts of

urbanization on hydrological systems (Chen et al., 2020).

2.2.4. Analysis of the urban flood inundation extent and important water
patches that require priority protection using ArcGIS Map Algebra.

Urban wetlands, often referred to as the "city's kidney" and "biodiversity library," play
crucial roles in urban ecological infrastructure and contribute to the physical and mental
well-being of city residents (Bhattarai & Hammitt, 2015). These ecosystems provide
essential services such as flood prevention, water purification, air purification, and habitat
conservation (Mitsch & Gosselink, 2015). Additionally, urban wetlands offer social and
cultural amenities, including recreational and leisure activities for urban dwellers (Gould,
2015). However, the negative impacts of urbanization have led to the fragmentation and
isolation of these wetlands, resulting in reduced biodiversity within urban areas (Kirkwood

et al., 2019).

Flooding, characterized by the inundation of land due to an excess of water, is a
phenomenon with significant implications for both human populations and natural
ecosystems. According to the findings of the Intergovernmental Panel on Climate Change
(IPCQ), flooding events are becoming more frequent and severe due to climate change,
exacerbating their impact on communities and infrastructure (IPCC, 2014). These events
often result from heavy rainfall, storm surges, or the overflow of rivers and other water

bodies, leading to widespread damage to property, disruption of essential services, and
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loss of life (Merz et al,, 2010). Furthermore, flooding can have detrimental effects on
agricultural productivity, water quality, and biodiversity, with long-lasting consequences
for ecosystems and the economy (Winsemius et al., 2016). As such, understanding the
mechanisms and drivers of flooding is essential for developing effective mitigation and
adaptation strategies to minimize its adverse effects and enhance resilience in the face of

changing climatic conditions.

In analyzing the extent of urban flood inundation and prioritizing water patches for
protection, ArcGIS Map Algebra is utilized as a powerful tool. This method facilitated the
comprehensive assessment of flood-prone areas and the identification of critical water

patches in need of priority protection measures.

The effectiveness of ArcGIS Map Algebra in analyzing flood inundation extents by
integrating topographic, hydrological, and land cover data. By applying spatial analysis
techniques within ArcGlIS, researchers were able to delineate flood-prone areas and

identify vulnerable water patches that require immediate attention (Liu et al. 2019)

The utility of ArcGIS Map Algebra in prioritizing water patches for protection based on
their ecological significance and vulnerability to urban development. By overlaying
ecological data with flood inundation extents, researchers identified areas with high
ecological value that are at risk of inundation, thus informing decision-making processes

for conservation and management strategies (Yang et al. 2020)

The integration of ArcGIS Map Algebra with spatial analysis techniques enables
researchers to accurately delineate urban flood inundation extents and prioritize water
patches for protection. This approach provides valuable insights into the spatial
distribution of flood-prone areas and helps identify critical water patches that play a

crucial role in urban ecosystems (Xu et al., 2021).
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CHAPTER THREE
MATERIALS AND METHODS

3.1. Description of the study area
3.1.1. Ethiopia Major River Basin Characteristics

A river basin is an area of land where all the runoff from rain and snowmelt drains into a
single body of water, usually a river that drains into the sea. These areas are usually

delineated by the tops of the highest points on the land, forming a physical boundary, as
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Figure 12. the 12 major Ethiopia River Basin map (source: UN OCHA, 2006

of the 12 major Ethiopian river basin (fig. 12).

The research site is located in Woliso, which is in the upper catchment of the Omo-Ghibe

River basin among the 12 major river basins in the country.

3.1.2. The Omo-Ghibe Basin

The Omo-Ghibe River Basin, nestled in the southwestern corner of Ethiopia, extends
from approximately 4°00" N to 9°22' N latitude and 34°44' E to 38°24' E longitude. This

basin, the country's second largest, covers an expansive surface area of about 79,000
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km2. It's fed by two significant rivers: the Ghibe River, meandering southwards, and the

Gojeb River, which flows eastwards. Serving as an enclosed drainage area, it ultimately

empties into Lake Turkana in Kenya, located at 3°35' N 36°7' E (Woodroof and

associates, 1996).

3.1.3. The study area

The Ginfile sub watershed is among the upper catchment areas of the Omo-Ghibe Basin,

situated within South West Shewa, Oromia. It occupies the eastern sector delineated by

coordinates of 37° 58’ 18" to 37° 59' 40" longitude and 8° 31" 10" to 8° 33’ 30" latitude.
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This watershed serves as the largest mixed residential hub southeast of Woliso, a
burgeoning urban locale developing rapidly along the banks of the Ginfile River. Woliso,
the focal point of this study, lies approximately 114 km to the south west of Addis Ababa,
serving as the administrative capital of both the South West Shewa administrative zone

and the Woliso district.

3.1.1.  Historical background of the study area

The historical background of Woliso dates back to its establishment in 1923 (1919 EC),
gaining urban status in 1930. Prior to the Italian invasion in 1935, the area was already
urbanized, centered around "Hora-Ayetu" or "Filwuha" hot spring, featuring markets,
small businesses, and a military station with the "Abune-Gebremenfes-Qidus" or "Abo"
Church. The region encompassing Woliso is captivating due to its landscape and climate,
with the hot spring serving as a popular leisure destination near the town center.

Additionally, Woliso offers attractions like the Wenchi Crater Lake.

3.1.2. Sub watershed of the study Area
The primary drainage basin in the area of focus is particularly delineated for study as it is
a hydrological unit that produces runoff due to rainfall.
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Stream networks has been delineated from the digital elevation model (DEM) using GIS
(ArcMap) from the Flow Accumulation, which is the number of upslope cells that flow into

each cell.

The array of local wet lands or blue spots creates a stream. The region is divided into
three distinct watersheds. The area of the total planning region is 460ha, with the Ginfile,

Filwuha, and Dololo sub-watershed measuring 252, 105, and 155 ha respectively.

The assemblage of individual streams into a drainage network is one of the defining
features of stream ecosystems. Frequently termed hydrologic connectivity, this linkage
between upstream and downstream reaches and defines many of the physical,

biogeochemical, and biological attributes of a stream.

Each stream segment identified along the Natural stream order within the watershed are
delineated from the flow accumulation raster cell, which is derived from a submeter

resolution digital elevation model (DEM).

The drainage system was delineated using ArcMap 10.7, utilizing topographical maps
sourced from the regional urban planning and development agency. Coordinates were
aligned with NASA's ASTER Global Digital Elevation Model (GDEM) for each sub-

watershed.

3.2. Data

3.2.1. Data Type

In this study, a diverse array of data types was employed to comprehensively analyze the
hydrological characteristics and spatial dynamics of the study area. Both secondary and
primary data have been used for this research. Central to this analysis was the utilization
of a Digital Elevation Model (DEM), which provided crucial information about the
topographical variations within the study area, including elevation, slope, and aspect. This
DEM data facilitated the characterization of terrain steepness, which directly influences
water flow energy and direction, thereby impacting surface runoff and erosion patterns.
Furthermore, a Land Use/Land Cover (LU-LC) dataset, generated through supervised

classification techniques, allowed for the assessment of spatial distribution of land use

42|Page



and land cover types, including surface permeability, vegetation cover, and impervious

surfaces. Aerial photographs and real-time information supplemented quantitative data

with qualitative insights obtained through aerial surveys, field observations, and

interviews with local stakeholders. Moreover, a structural map sourced from the regional

planning administration office provided detailed information about urban infrastructure,

facilitating analysis of urbanization impacts on surface water dynamics.

Finally, drainage density metrics were calculated from spatial data to quantify the density

of stream networks within the study area, aiding in the assessment of watershed

connectivity and hydrological processes.

3.2.2. Source of Data and Method of Data Collection

Table 3. Source of Data and Method of Data Collection

Data Type

Source and Descriptions of Data Collection Method

Contour map

(Planning Administration office The Planning Administration office
of the Woliso town has made available a contour map obtained
from a ground survey to create a raster data set with the highest
possible resolution. (Source: Planning Admin of the Woliso town)

Structural Map:

The structural map utilized in the research study was sourced from
the zone planning administration office of Woliso. The map is DWG
file format. Obtaining the structural map from the regional planning
administration office ensures its reliability and accuracy, as it is likely
to be based on official records and surveys conducted by municipal
authorities. The use of this map in the research study provides
valuable information about the structural layout and characteristics
of the study area, facilitating a comprehensive analysis of urban
development patterns and infrastructure planning considerations.

Digital elevation
model (DEM)

Generated using “Topo to Raster” tool from the ArcGIS spatial
analysis suite was used to generate hydrologically accurate digital
elevation models (DEMs). It is based on the ANUDEM program
developed by Michael Hutchinson and ensures a connected
drainage system and accurate representation of ridges and streams
from the input contour data through interpolation.
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In the absence of a detailed LULC map with sufficient resolution, an
Interactive Supervised Classification feature in ArcGIS was
Land Use/Land employed, utilizing high-resolution Google Earth imagery as the
Cover dataset (LU- data source. This feature expedites the maximum likelihood
LC): classification process and allows for rapid visualization of the
classification result, eliminating the need for the Maximum
Likelihood Classification tool.

Calculated from spatial data, drainage density metrics quantify the
Stream Order map density of stream networks within the study area, aiding in the
assessment of watershed connectivity and hydrological processes.

These data sources offer valuable visual and qualitative information

Aerial obtained through aerial surveys, field observations, and interviews
Eholtngraphs & with local stakeholders. They supplement quantitative data with
eal-Time

Information qualitative insights into land wuse changes, infrastructure

development, and community perceptions.

3.3.  Sampling technique

For this research study, the sampling technique will involve a comprehensive approach
to address the unique challenges presented by the flood-prone and water-logging
characteristics of the study area. Initially, the study area will be thoroughly assessed
through physical observation to understand its specific morphological features and flood
dynamics. Subsequently, a stratified random sampling technique will be adopted to
ensure the representation of different strata within the Ginfile sub watersheds. The study
area, encompassing various morphological characteristics within the sub watersheds, will
be stratified based on geo-morphological attributes such as elevation, slope, and land

use dynamics identified through satellite imagery and GIS data.

In the sampling procedure, the Ginfile sub watersheds will be stratified into distinct strata
based on these geo-morphological characteristics. Data collection will involve a
combination of field surveys, remote sensing techniques, and GIS analysis to collect
comprehensive information on the geo-morphological characteristics, stream
disconnectedness, land use dynamics, and urban flood inundation within the selected

samples.
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After data collection, rigorous analysis will be conducted to characterize geo-
morphological features, identify stream disconnectedness, assess the impact of land use
dynamics on stream connectivity, and spatially evaluate urban flood inundation, to finally
propose alternative planning solutions. This comprehensive approach will address
research objectives, offering valuable insights for managing flood-prone areas and

guiding sustainable planning strategies.
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3.4. Research Framework

Assessment on Spatial Connectivity of Urban Stream
development on the Hydrological Connectivity of Natural Streams

/\
o N
street (structural plan) + Generate blue-spot +
drainage infrastructure + + watershed + vector stream
LU/LC /\ network
( )

To be used to demonstrate the geo-morphological characteristics of the sub
watersheds. using Morphometric analysis.

To be used to identify the level of stream disconnectedness using
integral index of connectivity metrics and component analysis.

To be used to verify the factors and changes in the Land use dynamics
causing the stream disconnection using overlay and correlation analysis.

To be used to evaluate the spatial impact of urban flood inundation due to

J
k stream disconnectedness using GIS Map algebra & Suitability study J

hd

[ Identify Sustainable and water sensitive strategic solutions

Figure 16. Graphic lllustrations of the Research framework

Figure 16 illustrates the research framework for assessing the spatial connectivity of urban
stream development on the hydrological connectivity of natural streams. It combines
street plans, drainage infrastructure, and land use/land cover (LU/LC) with blue-spot
generation, watershed delineation, and vector stream networks. These components help
demonstrate the geomorphological characteristics of the Ginfile sub-watersheds, identify
stream disconnectedness using connectivity metrics, verify factors causing disconnection
through overlay and correlation analysis, and evaluate the impact of urban flooding using
GIS. The goal is to identify sustainable and water sensitive strategic solutions.
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3.5. Research Design
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Figure 17. Graphic illustration of research design.
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3.6.  Methods of data analysis

The following are the data analysis methods employed in the study to respond to each

thematically interdependent research objectives.

3.6.1. The geo-morphology and natural characteristics of the sub watershed
using Morphometric analysis. (Obj. 1)
To characterize the sub-watershed, morphometric analysis was conducted. This analysis

provided a means to measure the current water circulation and erosion within the
catchment area. Erosion occurred as a result of obstructions to the natural stream channel
and water flow, primarily caused by man-made impediments. This phenomenon was
closely associated with stream connectivity (Gregory and Walling, 1973; Langbein et al.,
1947). ArcGIS was utilized (using TmxTm resolution DEM generated form ground survey
contour map) for the analysis, offering precise and reliable data for characterizing
watersheds and their physical behavior, including stream segments, watershed length,

basin area, altitude, volume, slope, and land profiles.

The spatial arrangement of the drainage basin's stream system was quantified using
stream order (fig. 19), drainage density, bifurcation ratio, and stream length ratio (Horton,
1945). Horton's law of stream lengths proposed a geometric relationship between the
lengths of channels in successive stream orders, while the law of basin areas
demonstrated a linear relationship between the mean basin area of successive stream

orders.

Sub-watersheds were evaluated by assigning ranks to their respective values. Linear
parameters, (such as bifurcation ratio, drainage density, texture ratio, length of overland
flow, and stream frequency), showed a direct correlation with erodibility. Conversely,
shape parameters, (such as circularity ratio, form factor, elongation ratio, and compactness
coefficient), exhibited an inverse relationship with erodibility (Biswas et al., 1999; Ratnam

et al., 2005; Javed et al., 2009).

A compound parameter was derived by averaging all individual parameters within each
sub-watershed. The resulting highest value signified the highest degree of erosion
vulnerability, while the lowest value indicated the least vulnerability. Subsequently, sub-

watersheds were ranked based on their parameter values. Linear parameters such as
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bifurcation ratio, drainage density, texture ratio, length of overland flow, and stream
frequency, directly associated with erodibility, were ranked highest to lowest (highest
value was attributed rank 1, the second highest rank 2, and the least rank 3). Conversely,
shape parameters including circularity ratio, form factor, elongation ratio, and
compactness coefficient, inversely related to erodibility, were ranked lowest to highest (the
lowest value was assigned rank 1, the next lower rank 2, and the highest rank 3) (Biswas
et al., 1999; Ratnam et al.,, 2005; Javed et al., 2009). Finally, the compound parameter was
calculated by averaging all parameters, with the highest value denoting the greatest

erosion vulnerability and the lowest value representing the least vulnerability.

[ METHODOLOGY ]
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| i
i

- Analysis Morphormetric
( (" i Parameters

/ <
{ Linear Aspects l [ Areal Aspecis ] [ Relief Aspects 1

J

<

_::' Stream Order (Nu) Drainage Texture (Dy Basin Relief (R) 3

= Streamlengih(l) Lengthof Overiandfiow(Ly ||  ReliefRatio(R) :

Mean stream Lengih (L) Circularity Ratio (C) =

Stream Length Ratio (L3)

Form Factor (F) |:
__- _ e A -__---_I _____________________ I
Bifurcation Ratio (Ru) Elongation Ratio (R : / E
Compaiess Coalligent(C) E i of Ginfile Sub watershed i
g PTPEIRVNERETETRLE o 1 1
compound K=
- TP TITR PR .........-é p !
h para meter ;
1
\\ i _—- JJ
[ | #
— 1
1

Figure 18. Method of Morphometric analysis.
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3.6.2. Stream connectivity analysis using graph metrics. (Obj /)

Connectivity was assessed by examining structural elements, such as watershed
topography or the spatial arrangement of habitat patches, and functional metrics, which

consider how processes and interactions affect hydrological flows or biological dispersal.

Directed Graph metrics (fig. 20) were employed to establish the distance limits between
interconnected habitats, identify hubs and stepping stones, and pinpoint water sources

requiring special attention for protection or development.

Initially, the maximum possible number of edges in a stream network graph was
determined by considering the natural flow of every stream in the network (complete
graph). This provided insight into the potential connections within the network of order

n.

Subsequently, comparisons among several similar stream networks of the same size
within the sub-watersheds revealed significant variations in the average degree. This
discrepancy indicated that some networks had more connections than others. Analyzing
these connections shed light on why certain networks had failed while others maintained
their connectivity, offering valuable insights for further watershed investigation and

rehabilitation approaches.

Key

/ \ Node (stream joint or blue spot)
\ / \\ —> Edge (stream segment)

v

>

Figure 20. llustrative sample of directed graph
The graph size in this study focuses on the second, third, and fourth stream orders. The
key node that is taken for the connectivity analysis can be found at the beginning of the
second order stream and also where the stream order changes. Additionally, this is where

the depth of the third layer blue spot has been discovered.
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Figure 21. Woliso town Ginfile sub watershed stream and wetland map (GIS
generated)

The connection between the stream segment and the wetland location to the stream
network has been evaluated with the application of remote sensing and GIS overlay tools
(fig. 21), along with satellite imagery. Factors such as the imperviousness of the land and
any natural obstructions to water flow are taken into account when determining the

connection status.
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3.6.3. Factors causing the stream disconnection using GIS overlay and
correlation analysis. (Obj /)

In order to determine the origins of the hydrological spatial connectivity problem, a GIS
overlay technique was employed. This involved analyzing man-made impediments and
the land use and land cover (LULC) in regions that might serve as water features,
particularly wetlands and waterways. Subsequently, the collected data was examined to

determine the underlying cause of the issue.

i. Spatial analysis of Artificial impediments using GIS overlay

The process of combining multiple maps to obtain new information can be used to
determine the source of stream spatial disconnection. By overlaying the existing Urban
infrastructure (street and drainage layout) with generated full graph stream network data,
new spatial elements are created (fig. 22). GIS is used to perform this operation, and the
spatial distribution of the land cover in the affected area is analyzed. The potential cause
(which has been called factor) of specific disconnections within the area was then
identified. The structure of the raster data is particularly appropriate for this kind of

analysis, as all the maps have the same geographical reference.

ii. Analysis of the spatial distribution of LULC over the potential wetlands

This process began with the identification of all prospective wetlands within the study
area (see fig. 21). Next, a supervised image classification approach was employed to
digitize and analyze the land cover and imperviousness associated with the anticipated
wetland areas. The first step in this analysis was to partition and digitize the feature space
where the potential wetlands were located. This was achieved by defining the spectral
characteristics of the classes and identifying sample areas for training purposes. Each
sample, representing a specific class, consisted of several training cells to form a
representative dataset for the given class. The selection of these clusters ensured diversity

within the class while also meeting a minimum threshold of observations per cluster.
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3.6.4. Assessing the risk of urban flood inundation and stream
disconnectedness using GIS Map algebra & flood
venerability study. (Obj Iv)

Flooding takes place when a large quantity of water fills an area and submerges it. The

GIS spatial analysis is used to generate the attribute of areal coverage for blue spot
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Figure 23. wetland and stream overlay with existing built environment.

dataset and the supervised classification of land use within the prospective wetlands.
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The method of Assessment for evaluating the spatial impacts and consequences of
hydrologic stream disconnectedness involved employing GIS Map Algebra techniques
and conducting a flood vulnerability study. To begin, GIS Map Algebra was utilized to
analyze the spatial distribution of urban wetlands and their connectivity status across the
study area. This analysis involved overlaying various spatial datasets, including land cover,
land use, hydrological features, and urban infrastructure, to identify areas of wetland

disconnection and fragmentation caused by urbanization.

Subsequently, a flood vulnerability study was conducted to assess the susceptibility of
identified wetland areas to flooding events. This study considered factors such as rainfall
intensity, surface water connectivity, and land use modifications to determine the
potential inundation extent, depth, and damage in the study area. By integrating the
results of the GIS Map Algebra analysis with the findings from the flood vulnerability
study, a comprehensive understanding of the spatial impacts of hydrologic stream

disconnectedness on urban wetlands was obtained.

Furthermore, the analysis quantified the extent of urban wetland fragmentation and its
implications for biodiversity loss and flood risk management. Areas of high flood
vulnerability within disconnected wetlands were identified. Additionally, the social and
cultural amenities provided by urban wetlands, such as recreational opportunities and
ecosystem services, were considered in the analysis to highlight the importance of

preserving and restoring these valuable urban ecosystems.
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CHAPTER FOUR
RESULT AND DISCUSSION

The study successfully examined various stream characteristics and their responses to
changes in the watershed. The subsequent sections present the outcomes and

discussions corresponding to the specific objectives outlined in the research.

4.1 Geo-morphological characterizations of the Ginfile Sub
watershed.

The results for morphometric analysis of various characteristics of the three sub

watersheds have been summarized below.

Table 4. Results of linear morphometric analysis for Ginfile sub watershed in Woliso town

Area Perimeter Number of streams
S.No Sub Watershed name (Km2)  (Km) 1 2 3 4
1 Ginfile sub watershed | 2.5254  11.5951 49 9 2 1
3 Filwuha sub watershed  1.0529  6.2934 27 4 1 0
4 Dololo Sub watershed 15553 8.0779 36 8 1 0
Total watershed  5.13 112.00 21 4.00 1
Area Perimeter Streams Length in km
S.No Sub Watershed name  (Km2) (Km) 1 2 3 4
1 Ginfile sub watershed | 2.5254  11.5957 10.0268  4.6798  0.2380  2.5885
3 Filwuha sub watershed  1.0529  6.2934 38660 24148 09038  0.0000
4 Dololo Sub watershed 15553 8.0779 47526 14926 21477  0.0000
Total watershed 513 18.68 8.59 3.29 2.59

As depicted in Table 4, the analysis reveals the presence of three sub-watersheds. Among
these, the Ginfile sub-watershed stands out with four ordered streams, while the
remaining two sub-watersheds each possess streams of third order. The bifurcation ratio
is found to be influenced by both stream order and the total number of streams present
within each sub-watershed. Across all orders, the total number of streams amounts to

138, with a cumulative stream length of 33.11 km
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Table 5. Analytic result of the Morphometric parameter (cont.. table)

Morphometric Parameter

S. No Sub Watershed name Area Elevation (m) Perimeter
(Km 2) Max Min (Km)
1 Ginfile sub watershed | 2.5254 2,110.00 2,009.00  11.5951
3 Filwuha sub watershed 1.0529 2,065.00 2,009.00 6.2934
4 Dololo Sub watershed 1.5553 2,072.00 2,010.00 8.0779
Morphometric Parameter
S. No Sub Watershed name Watershed Watershed Total No Total Stream
Length (Km)  relief (m) of length in Km
stream
1 Ginfile sub watershed | 3.8004 101.0000 61 17.53
3 Filwuha sub watershed 2.9309 56.0000 32 7.8
4 Dololo Sub watershed 2.6700 62.0000 45 8.39

Table 6. morphometric analysis calculation result (Using formulas in the data analysis)

Bifurcation Drainage Stream Circulatory ~ Form
S.No | Sub Watershed name ratio density frequency ratio factor
1 Ginfile sub watershed ~ 3.9815 6.9427 241546 2.7377 0.1749
3 Filwuha sub watershed  8.7500 6.8236 30.3922 2.1030 0.1226
4 Dololo Sub watershed ~ 8.5000 5.3964 28.9341 2,4201 0.2182
Length
of
Elongation  Texture Compactness  Relief  overland
S.No | Sub Watershed name ratio ratio coefficient ratio flow
1 Ginfile sub watershed 0.4717 4.2259 2.0583 0.0266 0.0720
3 Filwuha sub watershed 0.3950 4.2902 1.7302 0.0191 0.0733
4 Dololo Sub watershed 0.5269 4.4566 1.8272 0.0232 0.0927
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Table 7. Descriptions of the morphometric finding

Characteristic
component

Study Result (Finding)

Description and Analytic Implications

Bifurcation ratio:

Lower value Dololo: 3.98
Higher value Ginfile: 8.75

The study has showed the mean bifurcation
ratio varied from 3.98 to 8.75 Lower value of Rb
indicates the partially disturbed watershed
without any distortion in drainage pattern. On
the other hand, a high Rb value points to a
large amount of surface runoff and low
groundwater recharge for the sub-watershed.

Drainage
density:

Lower value Dololo: 5.39
Higher value Ginfile: 6.94

The amount of drainage in a watershed is
determined by both climate and the physical
characteristics of the region. The drainage
density values of entire sub-watersheds are
above 5 revealing that the subsurface strata are
impermeable characteristic feature.

(See Table 6.)

Stream
frequency:

Ginfile lowest frequency
value: 24.15

Filwuha: highest frequency
value: 30.39

The drainage frequency, or the number of
channels per unit area of the watershed, is
closely linked to the stream population in that
area. The higher the frequency, the greater the
runoff. In this study, the Filwuha sub-watershed
had the highest runoff rate

Circulatory ratio:

Filwuha Lowest (R¢) value:
2.1030
Ginfile Highest (R¢) value:
2.7377

Circulatory ratio (Rc) is influenced by the length
and frequency of the stream, geological
structures, land use land/cover (LULC), climatic
variability, relief and slope of the sub-
watersheds

Form factor:

Lowest form factor: 0.1226
highest form factor: 0.2182

Most scholars have proposed that the form
factor for a perfectly round basin should be less
than 0.7854. The form factor is a measure of the
shape of a basin, with a low value indicating a
basin that is more elongated and a higher value
showing a basin that has a higher peak in a
shorter amount of time. In this study, the form
factor was found to range from 0.1226 to
0.2182, indicating that the Dololo sws is more
elongated than the other two and creating
higher peaks over a shorter period.

Elongation ratio
(Re):

Lowest (Re): 0.395
Highest (Re): 0.5269
(all are less elongated
watershed (< 0.7))

Generally, the elongation ratio (Re) of a
watershed can range from zero (most
elongated shape) to one (circular shape), which
is related to a variety of climate and geological
factors. The values close to 1.0 are typical of
regions of very low relief, whereas that of 0.6 to
0.8 are followed with high relief and steep
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ground slope. The study found elongation ratio
varies between 0.3950 (Filwuha sws) and 0.5269
(Dololo sws), both max and min lies in the
category of ‘less elongated (<0.7)" group.
Therefore, in this case the Ginfile sws, which
relatively has high relief ratio, is elongated.

Texture ratio:

Lower texture ratio: 4.22
Highest texture ratio: 4.45

The texture ratio of the sub-watersheds in this
study ranges from 4.2259 (Ginfile sws) to
4.4566 (Dololo sws). This indicates that the
basin is mostly flat and has a lower degree of
slopes.

Compactness
coefficient:

Highest value: 2.0583
Lowest value: 1.7302

A circular basin is the most hazardous from a
drainage stand point because it will yield the
shortest time of concentration before peak flow
occurs in the basin

Relief ratio:

Highest value: 0.0266
Lowest value: 0.0191

The relief ratio values across the studied sub-
watersheds vary from 0.0191in the Filwuha sub-
watershed to 0.0266 in the Ginfile sub-
watershed. These values signify the steepness
of each basin and serve as indicators of the
erosion intensity within the watershed's slopes.
Higher relief ratio values suggest a more
pronounced topographical variation and
potentially greater erosion activity within the
watershed's terrain.

Length of

overland flow:

Highest value: 0.0927
Lowest value: 0.0720

The length of overland flow factor, which
inversely correlates with the average slope of
the channel and is akin to the length of sheet
flow, exhibits variability across the sub-
watersheds. Specifically, the values range from
0.0720 in the Ginfile sub-watershed to 0.0927 in
the Dololo sub-watershed. These values
provide insight into the distance over which
water travels across the surface before entering
the channel network, with lower values
indicating steeper slopes and potentially
shorter overland flow distances.
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The results of the analysis of the three sub-watersheds are presented in a bar graph (Fig

24) demonstrating the characteristics of the drainage pattern.

Morphometric Analysis result
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Figure 24. graphic illustration of morphometric analysis result

The highest value of the compound parameter represents the greatest degree of erosion
vulnerability, while the lowest value is the least degree of erosion vulnerability. The scores
of the sub-watersheds analysis, from maximum to minimum compound parameter value,

Table 8. the compound parameter (CP) result of the morphometric analysis

Bifurcation  Drainage Stream Circulatory Form

S.No | Sub Watershed name ratio density frequency ratio factor
1 Ginfile sub watershed 3 1 3 3 2
3 Filwuha sub watershed 1 2 1 1 1
4 Dololo Sub watershed 2 3 2 2 3

Length  Average

of (Degree
S. Elongation Texture Compactness Relief  overland of
No Sub Watershed name ratio ratio coefficient ratio flow erosion)
1 Ginfile sub watershed | 2 3 3 1 3 2.40
3 Filwuha sub watershed 1 2 1 3 2 1.50
4 Dololo Sub watershed 3 1 2 2 1 2.10
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were found to be 2.40 (Ginfile SWS), 1.50 (Filwuha SWS), and 2.10 (Dololo SWS)
respectively (figure 25).

compound parameter result (Ranking values)
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Figure 25. Graphic illustration for the compound parameter results of the Morphometric

Analysis
The rehabilitation practices and measures urban hydrology should be tailored to the
degree of erosion vulnerability based on the final assessment. Runoff peak, speed, and
volume are all factors which can be used to calculate erosion. Drainage density, a linear
parameter, is a key indicator of this, as it links the form of the watershed to the processes
in the course (Gregory and Walling 1973). Langbein (1947) suggested that drainage
density played a role in determining the time that water takes to travel within the
watershed. The drainage density values of entire sub-watersheds are above 5, and the
Ginfile sub-watershed is the highest value (6.9427) in particular revealing that the
subsurface strata are impermeable characteristic feature. Meanwhile, erosion occurs
when the natural stream channel and water flow are obstructed by various physical,
primarily man-made impediments. This is closely related to stream connectivity. In this
study, it was determined that the Ginfile sub-watershed had the highest degree of erosion
(2.40), indicating that it is a highly vulnerable area. Consequently, prioritizing
comprehensive investigation and remedial action in the Ginfile sub-watershed is

imperative to address erosion challenges effectively.
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4.2 Level of Stream Disconnection.

i. Spatial positions of important nodes and edge of hydrologic stream

The spatial analysis conducted through GIS revealed the presence of six significant
wetlands along the Ginfile tributaries within the sub-watershed area (fig. 26). Among
which, five (5) wetlands, which constitute 71.85% of the entire wetland area, were located
in privately-owned parcels with public access. These wetlands are not completely
protected from most anthropogenic disturbances, and they are entirely surrounded by
impervious land cover such as asphalt streets, buildings, and pavements. The remaining
wetland, with a high degree of connectivity value, is situated in a grassy/loamy and
undeveloped area with swampy characteristics. Additionally, the study identified a total
of 49 first-order stream segments, 9 second-order, 2 third-order, and 6 fourth-order
streams were identified. Among these, the second, third, and fourth-order streams
(subdivided into six segments due to nodal junctions) were considered for the
connectivity analysis. However, five second-order streams and two nodal segments of the
fourth-order stream reaches are at risk of increased stress or alteration due to the lack of
protection and exposure to anthropogenic disturbances and potential development in

the contributing area.
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Figure 26. (A). graphic illustration of spatial positions of important nodes and edge of hydrologic

stream and wetland of the study area, Ginfile sub watershed. (B). Node spatial connectivity graph.
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ii. The Directed Graph Network Components
Degree Measures in a Weighted, and Directed stream Network

By modeling node degree, the places in the graphed network with the highest (area and
depth) local cumulative wetland influence were highlighted. The study has identified 24
Nodes, which are associated with the longest and highest quality stream and wetland and
were directly connected to neighbors with large, high-quality wetlands had the highest
in- degree scores. i.e., node ‘N22, N3, and N11" had the highest in-degree score in the

case of assumed directed full graph scenario, because they have high quality wetlands

Table 9. second, third and fourth order hydrologic stream and important wetland node
label and their existing connectivity status of the Ginfile sub watershed.

Stream stream from to stream length
Labele order Node node (m) connection Status
S50 2 N1 N3 1786.0800 spatialy disconnected
S51 2 N2 N3 406.5318 spatialy disconnected
S52 2 N4 N6 587.9914 spatialy disconnected
S53 2 N5 N6 104.8068 spatialy connected
S54 2 N8 N9 481.8583 spatialy disconnected
S55 2 N10 N11 459.9098 spatialy disconnected
S56 2 N12 N13 148.2192 spatialy connected
S57 2 N14 N15 65.6394 spatialy connected
S58 2 N16 N17 638.8039 spatialy disconnected
S59 3 N6 N7 112.1371 spatialy connected
S60 3 N3 N7 125.8741 spatialy connected
S61 4 N7 N9 252.9079 spatialy connected
S62 4 N9 N11 112.2552 spatialy connected
S63 4 N11 N13 151.6599 spatialy disconnected
S64 4 N13 N15 770.2993 spatialy disconnected
S65 4 N15 N17 1214.0331 spatialy connected
S66 4 N17 N18 87.3095 spatialy connected
wetland as
node |wetland lebel |from Node |to node |wetland Area connection Status
N19 wetland 1 N19 N3 4,324.1818 sq.m |disconnected wetland
N20 wetland 2 N20 N2 7,983.4677 sq.m |spatialy connected
N21 wetland 3 N21 N4 5,688.3314 sq.m |disconnected wetland
N22 wetland 4 N22 N9 12,358.1629 sq.m |[spatialy connected
N23 wetland 5 N23 N1l |5,522.9898 sq.m |disconnected wetland
N24 wetland 6 N24 N12  |8,028.7969 sq.m |disconnected wetland

(N22), covering 28.15% of the entire wetland area coverage and directly connected
neighbor that contained a high-quality stream (2nd and 4th order). Node N6, N7, N13,

N15, and N17 have the second highest in-degree score in case of fully connected network
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graph. The other 16 node has the third indegree value. According to the existing graph
indegree measure, 22 out of the 24 nodes in the network carried 62.85% of all the

attribute weight in the connected network.

The graph in Figure 27 illustrates the interpretations of the graph metric analysis result of

Interpretation of graph metric analysis of stream connectivity
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Figure 27. Graphic illustration for the graph metric analysis result of Ginfile stream connectivity

stream connectivity. The blue bar shows the degree of stream connectivity when each
stream maintained it natural flow within the watershed. Whereas, the orange bar reveals
the existing scenario which shows 37.14% of stream and wetland disconnection. It's a
serious sense of heterogeneity or range of stream disconnectedness, which needs an
intervention to restore the stream richness and boost the ecological value and the

biodiversity.

iii. Statistical Analysis of Functional Connectivity Metrics

The Statistical Analysis of Functional Connectivity Metrics of complete/full directed graph
revealed the indegree sum of 35 whereas, with the existing urban environment (physical
scenario) is 22. (See table 9) This figure shows 37.14% sense of heterogeneity or range of

stream connectivity within the watershed.
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Table 10. The graph metric analysis result of hydrologic stream and wetland

connectivity of Ginfile sub watershed

full Existing | Range of
Graph graph |[connectiv
No Node indegree | indegree ity Remark
1 N1 1 1 0 No change
2 N2 1 1 0 No change
3 N3 3 0 3 significant impact
4 N4 1 0 1 Impacted
5 N5 1 1 0 No change
6 N6 2 1 1 Impacted
7 N7 2 2 0 No change
8 N8 1 1 0 No change
9 N9 1 1 0 No change
10 N10 1 1 0 No change
11 N11 3 1 2 Impacted
12 N12 1 0 1 Impacted
13 N13 2 1 1 Impacted
14 N14 1 1 0 No change
15 N15 2 1 1 Impacted
16 N16 1 1 0 No change
17 N17 2 1 1 Impacted
18 N18 1 1 0 No change
19 N19 1 1 0 No change
20 N20 1 1 0 No change
21 N21 1 1 0 No change
22 N22 3 1 2 Impacted
23 N23 1 1 0 No change
24 N24 1 1 0 No change
sense of
Degree sum 35 22 13 heterogeneity of
Avg degree | 1.4583 0.9167 0.5417 the two directed

Overall, the implications of these findings highlight the need for holistic approaches to
urban watershed management that prioritize the preservation and restoration of
wetland-stream connectivity. Urban areas can better mitigate the impacts of urbanization,

support biodiversity, and ensure the long-term sustainability of watershed health.
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4.3 Factors causing stream disconnection.
The examination of drainage density within the study area revealed elevated values

exceeding 5, indicating impermeable subsurface strata and implying potential hindrances
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Figure 28. the overlayed hydrologic stream, street and existing drainage lines
of Ginfile sub watershed.

to natural water flow along stream lines. This observation underscores three key

contributing factors: the watershed's characteristics, the spatial arrangement of
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waterbodies, and the influence of human activities and alterations in land cover and
artificial impediments. Together, these factors provide valuable insights into the intricate
interplay among various components impacting physical, chemical, and biological

connectivity. While many of these factors align with fundamental hydrological and

Table 11. illustration of factor causing the stream disconnection

Stream stream Number of Disconnecting
from Node | tonode stream length (m) | disconnected
Labele order Factors
edge
S50 2 N1 N3 1786.08 m 13 Factor 1
S51 2 N2 N3 406.5318 m 4 Factor 2
S52 2 N4 N6 587.9914 m 4 Factor 3
S54 2 N8 N9 481.8583 m 1 Factor 4
S55 2 N10 N11 459.9098 m 3 Factor 5
S58 2 N16 N17 638.8039 m 7 Factor 6
S63 4 N11 N13 151.6599 m 1 Factor 7
S64 4 N13 N15 770.2993 m 7 Factor 8
N19 wetland 1 N19 N3 4,324.1818 sgq.m 2 Factor 9
N21 wetland 3 N21 N4 5,688.3314 sq.m 2 Factor 10
N23 wetland 5 N23 N11 5,522.9898 sq.m 2 Factor 1
N24 wetland 6 N24 N12 8,028.7969 sq.m 1 Factor 12
total impacted stream length 5283.1344 m 47 12
Total of impacted wetland| 23,564.2999 sq.m

biological principles, it is essential to recognize that they represent only a subset of the

myriad elements influencing connectivity within the ecosystem.

Factors causing stream disconection

Number of impediments
= =
H (o)} [00] o N

N

S50 S51 S52 S54 S55 S58 S63 S64 N1S9 N21 N23 N24

Disconnected stream lable

Figure 29. Graphic ilustrations of disconnected stream and number of physical
impediments observed.
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As illustrated on table 11, it has been identified 47 case circumstances that cause stream
spatial disconnection. Among these 13 is on the stream line S50 between the two node

N1 and N3, two stream lines (S58 and S64) with 7 disconnection and so on (see table 11).

Table 12. Description of the spatial phenomenon of the factors causing disconnection
between important nodes.

Description of the spatial phenomenon of labeled factors (see

Factor label
table 7.)

The water flow along Stream line (S50) was revealed to be interrupted
Factor 1 by roadways and redirected 13 times before it reached at its destination
(N3).

The second order stream (S51) connects nodes N2 and N3, which
Factor 2 appear to align the artificial drainage line along the street and traverse
about four streets without a culvert.

This second order stream accumulates in the residential neighborhood
above St. Lukas Hospital and runs towards a tiny wetland on the
condominium site near the hospital, where the stream must flow down
Factor 3 : . .
to pass the hospital compound. However, the hospital complex is
surrounded by an HCB wall fence, which completely impairs surface

water movement and creates a barrier or stream disconnection.

The stream route between nodes N8 and N9 has been disturbed and
Factor 4 imposed by the street drainage line, resulting in a lengthier course
before joining the wider marsh (N22).

The stream emanates from the St. Lukas Hospital compound and
Factor 5 intercept built up and impervious surfaces before it hits the swampy area
wetland (N22).

It begins at the 04-Kuteba neighborhood village on the NE side and runs
Factor 6 through the Panafric residences on the right side. Its natural flow is
actor : : -
interrupted seven times before it hits the next large stream order at

(N17)

Short considerable stream segment disturbed and dislocated its channel

Factor 7 . , . .
owing to cut and fill of the ground surface for housing construction. We
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also discovered through interviews that the natural stream route was
previously filled by earth debris dumped from nearby settlements.

Factor 8

A lengthier fourth-order stream segment and extensions to the stream
S63 that have been influenced by factor 7. The stream dislocation is still
an issue for the same reason.

Factor 9

An isolated/disconnected wetland and completely impacted due to land
use change and introductions of impervious land cover. The wetland is
covered with the 26.40% built up, 44.97% street, 27.53% of grass cover
and generally the wetland is found severely impacted (71.37% impact)

Factor 10

prospective blue spots are totally sealed with an impervious surface
cover which is leading to isolation and disconnection of wetland. The
wetland is covered with the 63.57% built up, 31.05% street, 51.53% of
grass cover and generally the wetland is found seriously impacted
(94.63% impact)

Factor 11

The wetland (N23) is physically situated on the Addis to Jimma highway
road passing the town center. And since the street is relatively elevated
at this particular spot, the wetland magazine which supposed to retain
the storm water rush the runoff to the commercial buildings at the side
of the road mainly in the form of flash floods and water logging of
streets due to high intensity short spell rainfall. The wetland is covered
with the 24.40% built up, 22.66% street, 5.34% of grass cover and
generally the wetland is found significantly impacted (94.40 % affected)

Factor 12

the same physical scenario as of the N23 wetland. The wetland is
covered with the 29.39% built up, 38,35% street, 10.28% of grass cover
and 20.38% of paved surface. generally, the wetland is substantially
impacted (88.14 % impacted)
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Figure 30. the existing LULC dominating the six potential wetlands taken within the
watershed

The analysis of existing land use and land cover areas has revealed significant impacts on
the potential wetlands within the watershed. Wetlands labeled N19, N20, N21, N22, N23,
and N24 exhibit varying degrees of impact from built-up areas, streets, and paved cover,

with percentages ranging from 14.93% to 94.63%. Notably, wetlands N19, N21, N23, and
Table 13. the existing land use land cover areal analysis of potential wetlands within the

watershed
wetland  Wetland Area wetland wetland wetland Wetland Impact in .

. Connectivity status
Lable (Sq.m) Builtup cover  streetcover Grass cover Paved surface percent (%)
N19 43241818 11415720 19445405 1905212 7137 disconnected wetland
N20 7,9834677 980.0497  1738.4264 29805144 3405 spatialy connected
N21 56883314 36162222  1766.3885 29313171 9463  disconnected wetland
N22 12,358.1629 835.0838 10103186  10359.5908 1493 spatialy connected

N23 55229898 1348.1266 12515342 2962796 26138968 94.40 disconnected wetland

N24 8,028.7969 23603567 30793260 8253565  1636.50894 88.14  disconnected wetland
Total 43,905.9305 10281.4109 10790.534 18583.5796  4250.4057  57.67

N24 are particularly affected, with percentages of impacted areas exceeding 70%. Overall,
approximately 57.67% of the total blue spot, representing potential wetlands, has been
impacted by land use and cover changes. These alterations have contributed to the
disconnection of wetland areas within the watershed, highlighting the significant

influence of human activities on the landscape and loss of wetland habitats.
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Figure 31. Analytical result of land use land cover over the potential wetland

across the strudy area watershed.

The study ascertains that human-made obstructions to the natural stream network, such

as those caused by urban development, along with the topography of the area, play a

major role in determining the water flux and the degree of its interconnectedness.

Additionally, the lack of maintenance and utilization of the organic water flow has an

effect on the pattern of the streams

The graph (figure 32) illustrates the different land cover types in six wetlands in the study

area. The amount of impervious area blocking the infiltration of stormwater after it has

been held in the wetland is seen as an effect.
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Figure 32. imperviousness impact of prospective wetlands within the study area watershed.

Approximately 57.67% of the wetland area has been affected by impermeable surfaces,
resulting in a prolonged period of flooding due to the low absorption rate of the
magazine. The chart illustrates how the potential wetlands are affected and the lack of
hydrological connection through ground water when the amount of water added

surpasses the storage capacity of the wetlands (fill).
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4.4 Spatial impacts and consequences of the hydrologic stream

disconnectedness
The analysis reveals that approximately 43,905.93 m* of the studied region qualifies as a

potential wetland. Among these wetland areas, 23.42% is composed of built-up cover,
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Figure 33. the overlayed hydrologic stream, street and existing drainage lines of
Ginfile sub watershed.
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24.58% is made up of streets, 42.33% is grass cover, and 9.68% is paved surfaces,
amounting to 57.67% of the wetland area which is susceptible to heavy precipitation.

These potential wetlands are also impacted by modifications in land utilization.

The findings of the study indicate that urban flooding has affected an area spanning
25,322.35 square meters, comprising built-up infrastructure, streets, and paved surfaces,
over the years 2020 to 2022. This observation is corroborated by photographic evidence

(Figure 34A, C, and D), which captures instances of urban flooding occurring at identical

spatial locations as identified through GIS analysis.

A  Amin Bakeryon@htway road in town \Universi inum C Hospital Conaomimrg

Figure 34. The urban flood inundation impact observed across the study area watershed.
@Woliso, photo: on May 20- 2020.

(A): (N24) venerable 'Amin bakery’ on the main road, (B): surviving 2nd order stream around
Irsha sebil. Mazoria, (C): flood victim in the hospital condominium ground-floor, (D): Heavy

rainfall occurred at the condominium residential zone

The destruction of buildings, mostly commercial and residential, was widespread in the
affected area. Areas within the designated blue spot circle faced the highest levels of
destruction to properties and households. According to socio-economic data of the
Woliso town, the household dwellings have mud as predominant material for wall. Such
materials generally may not be able to endure the strong flood inundation when heavy
rains experienced during the rainy seasons. Exposure to more risks of structural damage,

wearing out, and aging quickly, thus increasing maintenance and replacement costs. This
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has caused major damage to urban infrastructure, socioeconomic systems, and those

living in the area, thus creating a serious concern.

I Built up cover [ Street cover Paved cover I Grass cover

Figure 35. the existing LULC dominating the six potential wetlands taken within the watershed

Meanwhile, species richness and plant abundance in soil were positively related to
inundation and negatively related to intense historic land use. The abundance of native
species was significantly higher in more frequently inundated areas. Abundances of exotic

and ruderal species were higher in areas of intense prior land use.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

This study characterized the case area watershed and the hydrologic stream connectivity
in Woliso using multiple methodologies (GIS spatial analysis, and graph metric of

connectivity).

In this research, it was found that the Ginfile sub-watershed was the most affected by
erosion and soil loss, correlating to the obstruction of natural stream channels and water
flow, primarily due to man-made impediments. Therefore, it is imperative that further

studies be conducted on the Ginfile sub-watershed to fully understand the erodibility.

The analysis of the stream and wetlands revealed that the wetland features were situated
in a private plot with open access to the public, leaving them vulnerable to human-caused
disturbances. The presence of hard surfaces such as asphalt roads, buildings and
pavements have further increased the risks, as these areas are not safeguarded from
flooding during the rainy season. This has had a serious negative effect on urban
infrastructure, economic systems and the people who live in the city, raising widespread

concerns.

Generally, it is evident that unplanned growth of cities within a watershed has a
detrimental effect on the watershed's hydrology, groundwater recharge, stream
geomorphology, climate, bio-geochemistry, and stream ecology. As a result, those
involved in urban planning, construction, the public, and government officials are held
accountable for not correctly anticipating the calamities that might arise due to any
changes in the constructed environment and should therefore put into practice

integrated watershed planning and management (IWM).
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5.1. Recommendation

Based on the research finding, exploring integrated approaches to urban planning and
management that prioritize the protection and enhancement of water systems. This could
involve incorporating watercourse spatial requirements into urban planning procedures
at both regional and local levels, acknowledging their social and ecological importance.
To address the impacts of urban stream disconnectedness, potential solutions could
include implementing green infrastructure projects such as bioswales and rain gardens
to promote hydrological connectivity, restoring riparian habitats to facilitate streambank
stabilization and wildlife corridors, and employing innovative stormwater management
techniques to reduce runoff and pollution. Additionally, fostering community
engagement and collaboration among stakeholders can enhance the effectiveness of
these solutions and promote sustainable urban water management practices. By
adopting a comprehensive and proactive approach, cities can work towards mitigating
the adverse effects of urbanization on water systems while simultaneously promoting

resilience and sustainability.

To address the impacts of urban stream disconnectedness, the following

Recommendations have been proposed:

a) Develop an integrative and proactive land use planning and management
system at both regional and local levels. This system should incorporate
sustainable water resource management principles to preserve and enhance the
natural hydrologic functions of streams and wetlands.

b) Prioritize the restoration and rehabilitation of the most affected streams and
wetlands. Focusing on the areas with the highest degree of erosion vulnerability,
such as the Ginfile sub-watershed, will help optimize resource allocation and
achieve the most significant improvements.

c) Implement green infrastructure solutions, including permeable pavements,
rain gardens, and bioswales, to reduce impervious surfaces and enhance
stormwater infiltration. This will help mitigate flooding risks and improve water

quality in urban streams.
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d) Establish buffer zones along streams and wetlands to protect riparian
habitats and maintain ecological connectivity. These zones should be free of
development, and native vegetation should be encouraged to grow to provide
habitat for wildlife and stabilize stream banks.

e) Raise public awareness and engage local communities in the preservation
and restoration of urban streams and wetlands. Community participation can
foster a sense of stewardship and promote sustainable land use practices that
benefit both people and the environment.

f) Conduct regular monitoring and assessment of urban stream connectivity to
track progress and inform adaptive management strategies. This will help identify
emerging threats and ensure that management interventions remain effective

and responsive to the evolving urban landscape.

5.1.1. Proposed Alternative Planning Solutions and Indicated Potential
Strategy.

Given the impermeable nature of the subsurface strata and the elevated drainage density
values, particularly observed in the Ginfile sub-watershed, urgent action is needed to
address erosion vulnerabilities and mitigate flooding risks. To achieve this, a
comprehensive approach to urban watershed management is essential, with a focus on
preserving and restoring wetland-stream connectivity. The following recommendations

are proposed:
a) Develop an Integrative and Proactive Land Use Planning and Management System:

e This system should operate at both regional and local levels, incorporating
sustainable water resource management principles to preserve and enhance the

natural hydrologic functions of streams and wetlands.
b) Prioritize Restoration and Rehabilitation:

e Focus on the areas with the highest degree of erosion vulnerability, such as the
Ginfile sub-watershed, to optimize resource allocation and achieve significant

improvements.
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) Implement Green Infrastructure Solutions:

This includes the creation of permeable pavements, rain gardens, and bioswales
to reduce impervious surfaces and enhance stormwater infiltration. These
interventions will help mitigate flooding risks and improve water quality in urban
streams.

Additionally, increasing vegetative cover and permeable surfaces, such as parks

and green roofs, will help absorb and infiltrate stormwater.

d) Establish Buffer Zones:

Buffer zones should be established along streams and wetlands to protect riparian
habitats and maintain ecological connectivity. These zones should remain free of
development, and native vegetation should be encouraged to provide habitat for

wildlife and stabilize stream banks.

e) Raise Public Awareness and Engage Local Communities:

Engaging local communities in the preservation and restoration of urban streams
and wetlands can foster a sense of stewardship. Community participation is vital
for promoting sustainable land use practices that benefit both people and the

environment.

f) Conduct Regular Monitoring and Assessment:

Regular monitoring and assessment of urban stream connectivity will track
progress and inform adaptive management strategies. This will help identify
emerging threats and ensure that management interventions remain effective

and responsive to the evolving urban landscape.

g) Strategic Land Use Planning and Zoning Regulations:

Implementing strategic land use planning and zoning regulations can limit the
encroachment of built-up infrastructure and impervious surfaces into wetland
areas. This includes establishing buffer zones around wetlands and implementing

regulations to restrict development in flood-prone areas.
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e Incentivizing sustainable development practices, such as low-impact
development techniques and stormwater management systems, can minimize the

impact of urbanization on wetland ecosystems and reduce the risk of flooding.

Overall, a multifaceted approach that integrates green infrastructure, land use planning,
and sustainable development practices is essential for addressing the challenges posed
by urbanization. By prioritizing the preservation and restoration of wetland-stream
connectivity and implementing strategic interventions, communities can enhance

resilience to flooding and safeguard valuable ecosystem services for future generations.

82|Page



8°32'0"N 8°32'20"N 8°32'40"N 8°33'0"N 8°33'20"N

8°31'40"N

37°58'20"E 37°58'40"E 37°59'0"E 37°59'20"E 37°59'40"E
Displace the bluespot off the main highway street to immediate (adjucent) lower \/{

altitude and implementing green infrastructure projects such as bioswales and

rain gardens to enhance the absorption and infiltration capacity of the

landscape and promote hydrological connectivity, restoring aquatic habitats to X

facilitate streambank stabilization and wildlife corridors, and employing \}}\

innovative stormwater management techniques to reduce runoff and pollution. &/

i

1
=]

SIS
;

N20

Establish buffer zones
along streams and
wetlands to protect riparian
habitats and maintain
ecological connectivity.
These zones should be free
of development, and native
vegetation should be
encouraged to grow to
provide habitat for wildlife
and stabilize stream banks.

Legend

grid_code
1
2

-3

4
I 5infi_dptha_bspot

- ginfile_dpth3 bluespot
I ginfile_dpth2_bluespot
- ginfile_drainage_flow direction

— Ginfile_Road_50m
—— QGinfile_Road_30m
— Ginfile_ Road 25
— Ginfile_Road_20m
— Ginfile_Road_16
— Ginfile_Road_12m
— Ginfile_Road_10m
—— ROAD_ginfile
ginfile_swshed

0 0.1250.25 0.5 0.75

1

o e |(ilometers

37°58'20"E 37°58'40"E 37°59'0"E

37°59'20"E

37°59'40"E

Figure 36. Proposed watercourse spatial planning solutions for the Ginfile sub watershed.

83|Page

8°32'0"N 8°32'20"N 8°32'40"N §°33'0"N §°33'20"N

8°31'40"N



6. BIBLOGRAPHY/ REFERANCE

Alexander, L.C. 2015. “Science at the Boundaries: Scientific Sup- port for the Clean Water
Rule.” Freshwater Science 34: 1588—594.

Alexander, L.C., K.M. Fritz, K.A. Schofield, B.C. Autrey, J.E. DeMeester, H.E. Golden, D.C.
Goodrich, W.G. Kepner, C.R. Lane, S.D. LeDug, S.G. Leibowitz, M.G. McManus, A.l. Pollard, H.
Raanan Kiperwas, C.E. Ridley, M.K. Vanderhoof, and P.J. Wigington, Jr. 2018. “Featured
Collection Introduction: Connectivity of Streams and Wetlands to Downstream Waters.”
Journal of the American Water Resources Association 54 (2). https:// doi.org/10.1111/1752-
1688.12630.

Ali, G.A., and A.G. Roy. 2010. “Shopping for Hydrologically Representative Connectivity
Metrics in a Humid Temperate Forested Catchment.” Water Resources Research 46: W12544.

Ali, G., C. Birkel, D. Tetzlaff, C. Soulsby, J.J. McDonnell, and P. Tarolli. 2014. “A Comparison of
Wetness Indices for the Prediction of Observed Connected Saturated Areas Under
Contrasting Conditions.” Earth Surface Processes and Landforms 39: 399—413.

Alikhani, S. Urban Wetlands. 2021. “A Review on Ecological and Cultural Values.” Water, 13,
3301. https://doi.org/10.3390/w13223301.

Ameli, A.A., and I.F. Creed. 2017. “Quantifying Hydrologic Connectivity of Wetlands to Surface
Water Systems.” Hydrology and Earth System Sciences 21: 1791-808.

Ampatzidis, P.; Kershaw, T. “A review of the impact of blue space on the urban microclimate."
Sci. Total Environ. 2020, 730, 139068.

Atkinson, E. 1995. “Methods for Assessing Sediment Delivery in River Systems.” Hydrological
Sciences Journal 40: 273-80.

Babbitt, K.J., and G.W. Tanner. 2000. “Use of Temporary Wetlands by Anurans in a
Hydrologically Modified Landscape.” Wetlands 20: 313-22.

Baber, M .J., D.L. Childers, K.J. Babbitt, and D.H. Anderson. 2002. “Controls on Fish Distribution
and Abundance in Temporary Wetlands.” Canadian Journal of Fisheries and Aquatic Sciences
59: 1441-50.

Barling, R.D., I.D. Moore, and R.B. Grayson. 1994. “A Quasi- Dynamic Wetness Index for
Characterizing the Spatial Distribution of Zones of Surface Saturation and Soil Water
Content.” Water Resources Research 30: 1029-44.

Battin, T.J., L.A. Kaplan, S. Findlay, C.S. Hopkinson, E. Marti, A.l. Packman, J.D. Newbold, and
F. Sabater. 2008. “Biophysical Controls on Organic Carbon Fluxes in Fluvial Networks.” Nature
Geoscience 1: 95-100.

Bencala, K.E., M.N. Gooseff, and B.A. Kimball. 2011. “Rethinking Hyporheic Flow and Transient
Storage to Advance Understanding of Stream-Catchment Connections.” Water Resources
Research 47: WOOHO3.

84|Page



Bencala, K.E. 1993. “A Perspective on Stream-Catchment Connections.” Journal of the North
American Benthological Society 12: 44—-47.

Benda, L., N.L. Poff, D. Miller, T. Dunne, G. Reeves, G. Pess, and M. Pollock. 2004. “The
Network Dynamics Hypothesis: How Channel Networks Structure Riverine Habitats.”
BioScience 54: 413-27.

Beven, K.J., and M.J. Kirkby. 1979. “A Physically Based, Variable Contributing Area Model of
Basin Hydrology.” Hydrological Sciences Bulletin 24: 43—69.

Bishop-Taylor, R.; Tulbure, M.G.; Broich, M. ‘Surface-water dynamics and land use influence
landscape connectivity across a major dryland region’. Ecol. Appl. 2017, 27, 1124-1137.

Blann, K.L., J.L. Anderson, G.R. Sands, and B. Vondracek. 2009. “Effects of Agricultural
Drainage on Aquatic Ecosystems: A Review.” Critical Reviews in Environmental Science and
Technology 39: 909-1001.

Bodamer, B.L., and J.M. Bossenbroek. 2008. “Wetlands as Barriers: Effects of Vegetated
Waterways on Downstream Dispersal of Zebra Mussels.” Freshwater Biology 53: 2051-60.

Bodin, O.; Saura, S. “Ranking individual habitat patches as connectivity providers: Integrating
network analysis and patch removal experiments.” Ecol. Model. 2010, 221, 2393—-2405.

Booth, D.B., D. Hartley, and R. Jackson. 2002. “Forest Cover, Impervious-Surface Area, and
the Mitigation of Stormwater Impacts.” Journal of the American Water Resources Association
38: 835-45.

Borselli, L., P. Cassi, and D. Torri. 2008. “Prolegomena to Sediment and Flow Connectivity in
the Landscape: A GIS and Field Numerical Assessment.” Catena 75: 268-77.

Boulton, A.J., S. Findlay, P. Marmonier, E.H. Stanley, and H.M. Valett. 1998. “The Functional
Significance of the Hyporheic Zone in Streams and Rivers.” Annual Review of Ecology and
Systematics 29: 59-81.

Bracken, L.J., and J. Croke. 2007. “The Concept of Hydrological Connectivity and Its
Contribution to Understanding Runoff-Dominated Geomorphic Systems.” Hydrological
Processes 21: 1749-63.

Bracken, L.J., J. Wainwright, G.A. Ali, D. Tetzlaff, M.W. Smith, S.M. Reaney, and A.G. Roy. 2013.
“Concepts of Hydrological Connectivity: Research Approaches, Pathways and Future
Agendas.” Earth-Science Reviews 119: 17—-34.

Calabrese, J.M., and W.F. Fagan. 2004. “A Comparison-Shopper’s Guide to Connectivity
Metrics.” Frontiers in Ecology and the Environment 2: 529-36.

Calhoun, A.J.K., D.M. Mushet, L.C. Alexander, E.S. DeKeyser, L. Fowler, C.R. Lane, M.W. Lang,
M.C. Rains, S.C. Richter, and S.C. Walls. 2017. “The Significant Surface-Water Connectivity of
‘Geographically Isolated Wetlands’.” Wetlands 37: 801-06.

Chan, S.; Chau, C.K.; Leung, T. 2017. “On the study of thermal comfort and perceptions of
environmental features in urban parks: A structural equation modeling approach.” Build.
Environ. 122, 171-183.

85|Page



Caruso, B.S. 2011. “Science and Policy Integration Issues for Stream and Wetland
Jurisdictional Determinations in a Semi- Arid Region of the Western U.S.” Wetlands Ecology
and Management 19: 351-71.

Chu, X. 2015. “Delineation of Pothole-Dominated Wetlands and Modeling of Their Threshold
Behaviors.” Journal of Hydrologic Engineering 22: D5015003.
https://doi.org/10.1061/(ASCE)HE. 1943-5584.0001224.

Chu, X., J. Yang, Y. Chi, and J. Zhang. 2013. “Dynamic Puddle Delineation and Modeling of
Puddle-to-Puddle Filling-Spilling- Merging-Splitting Overland Flow Processes.” Water
Resources Research 49: 3825-29.

Cohen, MJJ., I.F. Creed, L. Alexander, N.B. Basu, A.J.K. Calhoun, C. Craft, E. D’Amico, E.
DeKeyser, L. Fowler, H.E. Golden, J.W. Jawitz, P. Kalla, L.K. Kirkman, C.R. Lane, M. Lang, S.G.
Lei- bowitz, D.B. Lewis, J. Marton, D.L. MclLaughlin, D.M. Mushet, H. Raanan-Kiperwas, M.C.
Rains, L. Smith, and S.C. Walls. 2016. “Do Geographically Isolated Wetlands Influence
Landscape Functions?” Proceedings of the National Academy of Sciences of the United States
of America 113: 1978-86.

Cowardin, L.M., V. Carter, F.C. Golet, and E.T. LaRoe. 1979. “Classification of Wetlands and
Deepwater Habitats of the United States.” Washington, D.C.: Fish and Wildlife Service, Office
of Biological Services.

Creed, |.F., and F.D. Beall. 2009. “Distributed Topographic Indicators for Predicting Nitrogen
Export from Headwater Catchments.” Water Resources Research 45: W10407.

Creed, |.F,, C.R. Lane, J.N. Serran, L.C. Alexander, N.B. Basu, A.J.K. Calhoun, J.R. Christensen,
M.J. Cohen, C. Craft, E. D’Amico, E. DeKeyser, L. Fowler, H.E. Golden, J.W. Jawitz, P. Kalla, L.K.
Kirkman, M. Lang, S.G. Leibowitz, D.B. Lewis, J. Marton, D.L. McLaughlin, H. Raanan-Kiperwas,
M.C. Rains, K.C. Rains, and L. Smith. 2017. “Enhancing Protection for Vulnerable Waters.”
Nature Geoscience 10: 809-15.

Crook, D.A., W.H. Lowe, F.W. Allendorf, T. Er}os, D.S. Finn, B.M. Gillanders, W.L. Hadwen, C.
Harrod, V. Hermoso, S. Jennings, R.W. Kilada, I. Nagelkerken, M.M. Hansen, T.J. Page, C. Rigi-
nos, B. Fry, and J.M. Hughes. 2015. “Human Effects on Ecological Connectivity in Aquatic
Ecosystems: Integrating Scientific Approaches to Support Management and Mitigation.”
Science of the Total Environment 534: 52—64.

De Laney, T.A. 1995. “Benefits to Downstream Flood Attenuation and Water Quality as a
Result of Constructed Wetlands in Agri- cultural Landscapes.” Journal of Soil and Water
Conservation 50: 620-26.

Devitio, K.J., A.R. Hill, and N. Roulet. 1996. “Groundwater-Surface Water Interactions in
Headwater Forested Wetlands of the Canadian Shield.” Journal of Hydrology 181: 127-47.

Elwood, J.W., J.D. Newbold, R.V. O’Neill, and W. Van Winkle. 1983. “Resource Spiralling: An
Operational Paradigm for Analyzing Lotic Ecosystems.” In Dynamics of Lotic Ecosystems,
edited by T.D. Fontaine and S.M. Bartell, 3—23. Ann Arbor, MI: Ann Arbor Science Publishers.

Ensign, S.H., and M.W. Doyle. 2006. “Nutrient Spiraling in Streams and River Networks.”
Journal of Geophysical Research- Bio-geo-sciences 111: GO4009.

86|Page



Euliss, N.H., J.W. LaBaugh, L.H. Fredrickson, D.M. Mushet, M.K. Laubhan, G.A. Swanson, T.C.
Winter, D.O. Rosenberry, and R.D. Nelson. 2004. “The Wetland Continuum: A Conceptual
Framework for Interpreting Biological Studies.” Wetlands 24: 448-58.

Beven, K.J., and M.J. Kirkby. 1979. “A Physically Based, Variable Contributing Area Model of
Basin Hydrology.” Hydrological Sciences Bulletin 24: 43—69.

Evenson, G.R., H.E. Golden, C.R. Lane, and E. D’Amico. 2016. “An Improved Representation of
|.II

Geographically Isolated Wetlands in a Watershed-Scale Hydrologic Mode
Processes 30: 4168-84.

Hydrological

Fagan, W.F. 2002. “Connectivity, Fragmentation, and Extinction Risk in Dendritic
Metapopulations.” Ecology 83: 3243-49

Fausch, K.D., C.E. Torgersen, C.V. Baxter, and H.W. Li. 2002. “Landscapes to Riverscapes:
Bridging the Gap Between Research and Conservation of Stream Fishes.” Bio-Science 52: 483—
98.

Fossey, M., and A.N. Rousseau. 2016. “Can Isolated and Riparian Wetlands Mitigate the
Impact of Climate Change on Watershed Hydrology? A Case Study Approach.” Journal of
Environmental Management 184 (Pt. 2): 327-39.

Fraser, D.J., L.K. Weir, L. Bernatchez, M.M. Hansen, and E.B. Taylor. 2011. “Extent and Scale
of Local Adaptation in Salmonid Fishes: Review and Meta-Analysis.” Heredity 106: 404—20.

Fritz, K.M., K.A. Schofield, L.C. Alexander, M.G. McManus, H.E. Golden, C.R. Lane, W.G.
Kepner, S.D. LeDuc, J.E. DeMeester, and A.l. Pollard. 2018. “Physical and Chemical
Connectivity of Streams and Riparian Wetlands to Downstream Waters: A Synthesis.” Journal
of the American Water Resources Association 54 (2). https://doi.org/10.1111/1752-
1688.12632.

Fullerton, A.H., K.M. Burnett, E.A. Steel, R.L. Flitcroft, G.R. Pess, B.E. Feist, C.E. Torgersen, D.J.
Miller, and B.L. Sanderson. 2010. “Hydrological Connectivity for Riverine Fish: Measurement
Challenges and Research Opportunities.” Freshwater Biology 55: 2215-37.

G'orski, K., KJ. Collier, D.P. Hamilton, and B.J. Hicks. 2014. “Effects of Flow on Lateral
Interactions of Fish and Shrimps with Off-Channel Habitats in a Large River-Floodplain
System.” Hydrobiologia 729: 161-74.

Gajbhiye S, Sharma SK, Meshram C. 2014. “Prioritization of watershed through sediment yield
index using RS and GIS approach.” Int J u- e-Serv Sci Technol 7(6):47—60. ISSN:2005-4246

Ganio, L.M., C.E. Torgersen, and R.E. Gresswell. 2005. “A Geostatistical Approach for
Describing Spatial Pattern in Stream Networks.” Frontiers in Ecology and the Environment 3:
138-44.

Giblin, S.M., J.N. Houser, J.F. Sullivan, H.A. Langrehr, J.T. Rogala, and B.D. Campbell. 2014.
“Thresholds in the Response of Free-Floating Plant Abundance to Variation in Hydraulic
Connectivity, Nutrients, and Macrophyte Abundance in a Large Floodplain River.” Wetlands
34: 413-25.

Gleeson, T., L. Marklund, L. Smith, and A.H. Manning. 2011. “Classifying the Water Table at
Regional to Continental Scales.” Geophysical Research Letters 38: L05401.

87|Page



Golden, H.E., H.A. Sander, C.R. Lane, C. Zhao, K. Price, E. D’Amico, and J.R. Christensen. 2016.
“Relative Effects of Geographically Isolated Wetlands on Streamflow: A Watershed- Scale
Analysis.” Ecohydrology 9: 21-38.

Golden, H.E., I.F. Creed, G. Ali, N.B. Basu, B. Neff, M.C. Rains, D.L. McLaughlin, L.C. Alexander,
A.A. Ameli, J.R. Christensen, G.R. Evenson, C.N. Jones, C.R. Lane, and M. Lang. 2017. “Scientific
Tools for Integrating Geographically Isolated Wetlands In to Land Management Decisions.”
Frontiers in Ecology and the Environment 15: 319-27.

Gomi, T., R.C. Sidle, S. Miyata, K. Kosugi, and Y. Onda. 2008. “Dynamic Runoff Connectivity of
Overland Flow on Steep Forested Hillslopes: Scale Effects and Runoff Transfer.” Water
Resources Research 44: \W08411.

Goodrich, D.C., LJ. Lane, R.M. Shillito, S.N. Miller, K.H. Syed, and D.A. Woolhiser. 1997.
“Linearity of Basin Response as a Function of Scale in a Semiarid Watershed.” Water
Resources Research 33: 2951-65.

Goodrich, D.C., W.G. Kepner, L.R. Levick, and P.J. Wigington, Jr. 2018. “Southwestern
Intermittent and Ephemeral Stream Connectivity.” Journal of the American Water Resources
Association 54 (2). https://doi.org/10.1111/1752-1688.12636.

Gooseff, M.N. 2010. “Defining Hyporheic Zones - Advancing Our Conceptual and Operational
Definitions of Where Stream Water and Groundwater Meet.” Geography Compass 4 (8): 945—
55.

Hamad, R.; Balzter, H.; Kolo, K. 2017. “Multi-Criteria assessment of land cover dynamic
changes in halgurd sakran national park (hsnp), kurdistan region of irag, using remote sensing
and GIS.” Land 6- 18.

Han W., Burian S.J. 2009. “Determining effective impervious area for urban hydrologic
modelling.” J/ Hydrol Eng ASCE 14(2):111-120

Harbaugh, A.W. 2005. “MODFLOW-2005, the U.S. Geological Survey Modular Ground-Water
Model: The Ground-Water Flow Process.” U.S. Geological Survey Techniques and Methods 6-
A16. Reston, VA: U.S. Geological Survey

Harvey, J., and M. Gooseff. 2015. “River Corridor Science: Hydrologic Exchange and Ecological
Consequences From Bedforms to Basins.” Water Resources Research 51: 6893—-922.

Hauer, F.R., H. Locke, V.J. Dreitz, M. Hebblewhite, W.H. Lowe, C.C. Muhlfeld, C.R. Nelson, M.F.
Proctor, and S.B. Rood. 2016. “Gravel-Bed River Floodplains Are the Ecological Nexus of
Glaciated Mountain Landscapes.” Science Advances 2: e1600026.

Hayashi, M., G. van der Kamp, and D.O. Rosenberry. 2016. “Hydrology of Prairie Wetlands:
Understanding the Integrated Surface-Water and Groundwater Processes.” Wetlands 36
(Suppl. 2): S237-54.

Herold, M.; Scepan, J.; Clarke, K.C. 2002. “The use of remote sensing and landscape metrics
to describe structures and changes in urban land uses.” Environ. Plan. 2002, 34, 1443—-1458.

Hess, G.R. 1996. “Linking Extinction to Connectivity and Habitat Destruction in
Metapopulation Models.” The American Naturalist 148: 226-36.

88|Page



Hewlett, J.D., and A.R. Hibbert. 1967. “Factors Affecting the Response of Small Watersheds
to Precipitation in Humid Areas.” In Proceedings of the International Symposium on Forest
Hydrology, edited by W.E. Sopper and H.W. Lull, 275-90. Oxford: Pergamon Press.

Hooke, J. 2003. “Coarse Sediment Connectivity in River Channel Systems: A Conceptual
Framework and Methodology.” Geomorphology 56: 79-94. Huang,

Horton, R.E. 1945. “Erosional development of streams and their drainage basins:
Hydrophysical approach to quantitative morphology.” Geol. Soc. Am. Bull. 56:275-370.

Hou, L.; Wu, F.; Xie, X. 2020. “The spatial characteristics and relationships between landscape
pattern and ecosystem service value along an urban-rural gradient in Xi’an city, China.” Ecol.
Indic. 108: 105720.

Huang, S., C. Young, M. Feng, K. Heidemann, M. Cushing, D.M. Mushet, and S. Liu. 2011.
“Demonstration of a Conceptual Model for Using Lidar to Improve the Estimation of
Floodwater Mitigation Potential of Prairie Pothole Region Wetlands.” Journal of Hydrology
405: 417-26.

Huang, C., Y. Peng, M. Lang, |.-Y. Yeo, and G. McCarty. 2014. “Wetland Inundation Mapping

”

and Change Monitoring Using Landsat and Airborne Lidar Data.” Remote Sensing of

Environment 141: 231-42.

loja, I.-C.; Osaci-Costache, G.; Breuste, J.; Hossu, C.A.; Gradinaru, S.R.; Onose, D.A.; Nitd, M.R.;
Skokanova, H. 2018. “Integrating urban blue and green areas based on historical evidence.”
Urban. For. Urban Green. 34: 217-225.

Ingrao, C.; Failla, S.; Arcidiacono, C. 2020. “A comprehensive review of environmental and
operational issues of constructed wetland systems.” Curr. Opin. Environ. Sci. Health, 13, 35—
45,

Jackson, C.R., and C.M. Pringle. 2010. “Ecological Benefits of Reduced Hydrologic Connectivity
in Intensively Developed Landscapes.” BioScience 60: 37—-46.

Jaeger, K.L.,, J.D. Olden, and N.A. Pelland. 2014. “Climate Change Poised to Threaten
Hydrologic Connectivity and Endemic Fishes in Dryland Streams.” Proceedings of the National
Academy of Sciences of the United States of America 111: 13894-899.

Jaeger, J.A.G. 2000. “Landscape division, splitting index, and effective mesh size: New
measures of landscape fragmentation.” Landsc. Ecol. 15: 115-130.

Janzen, D., and J.J. McDonnell. 2015. “A Stochastic Approach to Modelling and Understanding
Hillslope Runoff Connectivity Dynamics.” Ecological Modelling 298: 64—74.

Jencso, K.G., and B.L. McGlynn. 2011. “Hierarchical Controls on Runoff Generation:
Topographically Driven Hydrologic Connectivity, Geology, and Vegetation.” Water Resources
Research 47: W11527.

Jencso, K.G., B.L. McGlynn, M.N. Gooseff, K.E. Bencala, and S.M. Wondzell. 2010. “Hillslope
Hydrologic Connectivity Controls Riparian Groundwater Turnover: Implications of Catchment
Structure for Riparian Buffering and Stream Water Sources.” Water Resources Research 46:
W10524.

89|Page



Johnston, C.A., N.E. Detenbeck, and G.J. Niemi. 1990. “The Cumulative Effect of Wetlands on
Stream Water Quality and Quantity. A Landscape Approach.” Biogeochemistry 10: 105-41.

Jones, C.N., D.T. Scott, C. Guth, E.T. Hester, and W.C. Hession. 2015. “Seasonal Variation in
Floodplain Biogeochemical Processing in a Restored Headwater Stream.” Environmental
Science & Technology 49: 13190-98.

Jordan, S.J.,, and W.H. Benson. 2015. “Sustainable Watersheds: Integrating Ecosystem
Services and Public Health.” Environmental Health Insights 9 (Suppl. 2): 1-7.

Junk, W.J., P.B. Bayley, and R.E. Sparks. 1989. “The Flood Pulse Concept in River-Floodplain
Systems.” In Proceedings of the International Large River Symposium, edited by D.P. Dodge,
110-27. Ottawa: Fisheries and Oceans Canada.

Labib, S.; Lindley, S.; Huck, J.J. 2020. “Spatial dimensions of the influence of urban green-blue
spaces on human health: A systematic review.” Environ. Res. 180, 108869.

Lane, C.R., S.G. Leibowitz, B.C. Autrey, S.D. LeDuc, and L.C. Alexander. 2018. “Hydrological,
Physical, and Chemical Connectivity of Non-Floodplain Wetlands to Downstream Waters: A
Review.”  Journal of the American Water Resources  Association  54(2).
https://doi.org/10.1111/1752-1688.12633.

Lane, S.N., S.M. Reaney, and A.L. Heathwaite. 2009. “Representation of Landscape
Hydrological Connectivity Using a Topographically Driven Surface Flow Index.” Water
Resources Research 45: \W08423.

Lang, M., O. McDonough, G. McCarty, R. Oesterling, and B. Wilen. 2012. “Enhanced Detection
of Wetland-Stream Connectivity Using Lidar.” Wetlands 32: 461-73.

Larsen, L.G., J. Choi, M.K. Nungesser, and J.W. Harvey. 2012. “Directional Connectivity in
Hydrology and Ecology.” Ecological Applications 22: 2204-20

Leibowitz, Scott G., and T.-L. Nadeau. 2003. “Isolated Wetlands: State- of-the-Science and
Future Directions.” Wetlands 23: 663—84.

Leibowitz, Scott G. 2015. “Geographically Isolated Wetlands: Why We Should Keep the Term.”
Wetlands 35: 997-1003.

Leibowitz, Scott G., D.M. Mushet, and W.E. Newton. 2016. “Intermit- tent Surface Water
Connectivity: Fill and Spill vs. Fill and Merge Dynamics.” Wetlands 36 (Suppl. 2): S323-42.

Leibowitz, Scott G. Wigington, Parker J. Schofield, Kate A. Alexander, Laurie C. Vanderhoof,
Melanie K. Golden, Heather E. 2018. “Connectivity of Streams and Wetlands to Downstream
Waters: An Integrated Systems Framework.” Journal of the American Water Resources
Association, pp. 298-322. doi:10.1111/1752-1688.12631.

Levick, L., J. Fonseca, D. Goodrich, M. Hernandez, D. Semmens, R. Leidy, M. Scianni, P.
Guertin, M. Tluczek, and W. Kepner. 2008. “The Ecological and Hydrological Significance of
Ephemeral and Intermittent Streams in the Arid and Semi-Arid American Southwest.
Washington, D.C.” U.S. Environmental Protection Agency, Office of Research and
Development and U.S. Department of Agriculture/Agricultural Research Service, Southwest
Watershed Research Center.

O|Page



Lexartza-Artza, I., and J. Wainwright. 2009. “Hydrological Connectivity: Linking Concepts with
Practical Implications.” Catena 79: 146-52.

Liu, J.; Liu, X.; Wang, Y.; Li, Y.; Jiang, Y.; Fu, Y.; Wu, J. 2020. “Landscape composition or
configuration: Which contributes more to catchment hydrological flows and variations?”
Landsc. Ecol. 2020, 35, 1531-1551.

Marton, J.M., |.F. Creed, D.B. Lewis, C.R. Lane, N.B. Basu, M.J. Cohen, and C.B. Craft. 2015.
“Geographically Isolated Wetlands Are Important Biogeochemical Reactors on the
Landscape.” BioScience 65: 408-18.

McCauley, L.A., and M.J. Anteau. 2014. “Generating Nested Wetland Catchments with Readily
Available Digital Elevation Data May Improve Evaluations of Land Use Change on Wetlands.”
Wetlands 34: 1123-32.

McCauley, L.A., M.J. Anteau, M.P. van der Burg, and M.T. Wilter- muth. 2015. “Land Use and
Wetland Drainage Affect Water Levels and Dynamics of Remaining Wetlands.” Ecosphere 6:
1-22.

McDonnell, J.J. 2013. “Are All Runoff Processes the Same?” Hydrological Processes 27: 4103—
11.

McDonough, O.T., M.W. Lang, J.D. Hosen, and M.A. Palmer. 2015. “Surface Hydrologic
Connectivity between Delmarva Bay Wet- lands and Nearby Streams Along a Gradient of
Agricultural Alteration.” Wetlands 35: 41-53.

Mcintyre, N.E., C.K. Wright, S. Swain, K. Hayhoe, G. Liu, F.W. Schwartz, and G.M. Henebry.
2014. “Climate Forcing of Wetland Landscape Connectivity in the Great Plains.” Frontiers in
Ecology and the Environment 12: 59-64.

McLaughlin, D.L., D.A. Kaplan, and M.J. Cohen. 2014. “A Significant Nexus: Geographically
Isolated Wetlands Influence Landscape Hydrology.” Water Resources Research 50: 7153—66.

Michalzik, B., K. Kalbitz, J.H. Park, S. Solinger, and E. Matzner. 2001. “Fluxes and
Concentrations of Dissolved Organic Carbon and Nitrogen - A Synthesis for Temperate
Forests.” Biogeo- chemistry 52: 173-205.

Ming, D.; Meng, J.; Xiaotai, N.; Ju, R. 2016. “Analysis of evolution characteristics of urban
water system form based on remote sensing data.” Eng. J. Wuhan Univ. 49: 16-21.

Mitchell, M.G.E., E.M. Bennett, and A. Gonzalez. 2013. “Linking Landscape Connectivity and
Ecosystem Service Provision: Current Knowledge and Research Gaps.” Ecosystems 16: 894—
908.

Modica, G.; Pratico, S.; Di Fazio, S. 2017. “Abandonment of traditional terraced landscape: A
change detection approach (a case study in Costa Viola, Calabria, Italy).” Land Degrad. Dev.
28:2608-2622.

Moore, J.W. 2015. “Bidirectional Connectivity in Rivers and Implications for Watershed
Stability and Management.” Canadian Journal of Fisheries and Aquatic Sciences 72: 785-95.

Mulhouse, J.M., and S.M. Galatowitsch. 2003. “Revegetation of Prairie Pothole Wetlands in
the Mid-Continental US: Twelve Years Post-Reflooding.” Plant Ecology 169: 143-59.

91|Page



Mushet, D.M., A.J.K. Calhoun, L.C. Alexander, M.J. Cohen, E.S. DeKeyser, L. Fowler, C.R. Lane,
M.W. Lang, M.C. Rains, and S.C. Walls. 2015. “Geographically Isolated Wetlands: Rethinking
a Misnomer.” Wetlands 35: 423-31.

Nadeau, T.L., and M.C. Rains. 2007. “Hydrological Connectivity between Headwater Streams
and Downstream Waters: How Science Can Inform Policy.” Journal of the American Water
Resources Association 43: 118-33.

Naiman, R.J., and R.E. Bilby. 1998. “River Ecology and Management: Lessons from the Pacific
Coastal Ecoregion. New York, NY: Springer-Verlag.

Neff, B.P., and D.O. Rosenberry. 2017. “Groundwater Connectivity of Upland-Embedded
Wetlands in the Prairie Pothole Region.” Wetlands. https://doi.org/10.1007/s13157-017-
0956-7.

Newbold, J.D., J.W. Elwood, R.V. O’Neill, and W. Van Winkle. 1981. “Measuring Nutrient
Spiralling in Streams.” Canadian Journal of Fisheries and Aquatic Sciences 38: 860—63.

Newbold, J.D., P.J. Mulholland, J.W. Elwood, and R.V. O’Neill. 1982. “Organic Carbon Spiralling
in Stream Ecosystems.” Oikos 38: 266—72.

Peterson, E.E., D.M. Theobald, and J.M. Ver Hoef. 2007. “Geostatistical Modelling on Stream
Networks: Developing Valid Covariance Matrices Based on Hydrologic Distance and Stream
Flow.” Freshwater Biology 52: 267—79.

Phillips, R.W., C. Spence, and J.W. Pomeroy. 2011. “Connectivity and Runoff Dynamics in
Heterogeneous Basins.” Hydrological Processes 25: 3061-75.

Pringle, C.M. 2001. “Hydrologic Connectivity and the Management of Biological Reserves: A
Global Perspective.” Ecological Applications 11: 981-98.

Perini, K.; Sabbion, P. 2017. “Green and Blue Infrastructure in Cities. Urban Sustain.” River
Restor, 1-9.

Quinn, P.F., K.J. Beven, and R. Lamb. 1995. “The In(a/Tanb) Index: How to Calculate It and
How to Use It Within the Top- model Framework.” Hydrological Processes 9: 161-82.

Rains, M.C., G.E. Fogg, T. Harter, R.A. Dahlgren, and R.J. Wil- liamson. 2006. “The Role of
Perched Aquifers in Hydrological Connectivity and Biogeochemical Processes in Vernal Pool
Landscapes, Central Valley, California.” Hydrological Processes 20: 1157-75.

Rains, M.C., R.A. Dahlgren, G.E. Fogg, T. Harter, and R.J. Wil- liamson. 2008. “Geological
Control of Physical and Chemical Hydrology in California Vernal Pools.” Wetlands 28: 347-62.

Rains, M.C., S.G. Leibowitz, M.J. Cohen, I.F. Creed, H.E. Golden, J.W. Jawitz, P. Kalla, C.R. Lane,
M.W. Lang, and D.L. McLaughlin. 2016. “Geographically Isolated Wetlands Are Part of the
Hydrological Landscape.” Hydrological Processes 30: 153— 60.

Ravagnani F, Pellegrinelli A, Franchini M. 2009. “Estimation of urban impervious fraction from
satellite images and its impact on peak discharge entering a storm sewer system.” Water
Resource Manage 23:1893-1915

Reaney, S.M., LJ. Bracken, and M.J. Kirkby. 2013. “The Importance of Surface Controls on
Overland Flow Connectivity in Semi-Arid Environments: Results from a Numerical
Experimental Approach.” Hydrological Processes 28: 2116—-28.

9|Page



Reid, M.A., M.C. Reid, and M.C. Thoms. 2015. “Ecological Significance of Hydrological
Connectivity for Wetland Plant Communities on a Dryland Floodplain River, Macintyre River,
Australia.” Aquatic Sciences 78: 139-58.

Robinson, C.T., K. Tockner, and J.V. Ward. 2002. “The Fauna of Dynamic Riverine Landscapes.”
Freshwater Biology 47: 661-77.

Rooney, R.C., C. Carli, and S.E. Bayley. 2013. “River Connectivity Affects Submerged and
Floating Aquatic Vegetation in Flood- plain Wetlands.” Wetlands 33: 1165-77.

Sass, G.Z., and |.F. Creed. 2008. “Characterizing Hydrodynamics on Boreal Landscapes Using
Archived Synthetic Aperture Radar Imagery.” Hydrological Processes 22: 1687-99.

Saura, S.; Estreguil, C.; Mouton, C.; Rodriguez-Freire, M. 1990-2000. “Network analysis to
assess landscape connectivity trends: Application to European forests.” Ecol. Indic. 2011, 11,
407-416.

Schindler, D.E., P.R. Leavitt, C.S. Brock, S.P. Johnson, and P.D. Quay. 2005. “Marine-Derived
Nutrients, Commercial Fisheries, and Production of Salmon and Lake Algae in Alaska.” Ecology
86:3225-31.

Schofield, K.A., L.C. Alexander, C.E. Ridley, M.K. Vanderhoof, K.M. Fritz, B.C. Autrey, J.E.
DeMeester, W.G. Kepner, C.R. Lane, S.G. Leibowitz, and A.l. Pollard. 2018. “Biota Connect
Aquatic Habitats throughout Freshwater Ecosystem Mosaics.” Journal of the American Water
Resources Association 54 (2). https://doi.org/10.1111/1752-1688.12634.

Schumm S.A. 1956. “Evolution of drainage systems and slopes in bad lands at perth Amboy.
New Jersey.” Bull Geol Soc Am 67:597-646

Scott, D.T., R.F. Keim, B.L. Edwards, C.N. Jones, and D.E. Kroes. 2014. “Floodplain
Biogeochemical Processing of Floodwaters in the Atchafalaya River Basin during the
Mississippi River Flood of 2011.” Journal of Geophysical Research: Bio-geosciences 119: 537—
46.

Shaw, D.A,, A. Pietroniro, and L.W. Martz. 2013. “Topographic Analysis for the Prairie Pothole
Region of Western Canada.” Hydrological Processes 27: 3105—-14.

Sleegers, F. 2010. “Phytoremediation as green infrastructure and a landscape of experiences.
In Proceedings of the Annual International Conference on Soils, Sediments, Water and
Energy, Amherst, MA, USA.” Volume 15, p. 13.

Simon, R.N., T. Tormos, and P.A. Danis. 2015. “Very High Spa- tial Resolution Optical and Radar
Imagery in Tracking Water Level Fluctuations of a Small Inland Reservoir.” International
Journal of Applied Earth Observation and Geoinformation 38: 36—39.

Smiraglia, D.; Ceccarelli, T.; Bajocco, S.; Perini, L.; Salvati, L. 2015. “Unraveling landscape
complexity: Land use/land cover changes and landscape pattern dynamics (1954—2008) in
Contrasting Peri-Urban and Agro-Forest Regions of Northern Italy.” Environ. Manag. 2015,
56, 916-932.

93|Page



Smock, L.A. 1994. “Movements of Invertebrates Between Stream Channels and Forested
Floodplains.” Journal of the North American Benthological Society 13: 524-31.

Snyder MN, Goetz SJ, Wright RK. 2005. “Stream health rankings predicted by satellite derived
land cover metrics.” J Am Water Resour Assoc 41(3):659-677

Spence, C., and R.W. Phillips. 2015. “Refining Understanding of Hydrological Connectivity in a
Boreal Catchment.” Hydrological Processes 29: 3491-503.

Steward, A.L., D. von Schiller, K. Tockner, J.C. Marshall, and S.E. Bunn. 2012. “When the River
Runs Dry: Human and Ecological Values of Dry Riverbeds.” Frontiers in Ecology and the
Environment 10: 202—-09.

Stieglitz, M., J. Shaman, J. McNamara, V. Engel, J. Shanley, and G.W. Kling. 2003. “An Approach
to Understanding Hydrologic Connectivity on the Hillslope and the Implications for Nutrient
Transport.” Global Biogeochemical Cycles 17: 16-1-15.

Strahler, A.N. 1952. “Dynamic basis of geomorphology.” Bull Geol Soc Amer 63:923-938

Strahler, A.N. 1964. “Quantitative geomorphology of drainage basins and channel networks.”
In Handbook of applied hydrology, ed. V.T. Chow, Section 4.2. New York: McGraw-Hill.

Tarboton, D.G. 1997. “A New Method for the Determination of Flow Directions and Upslope
Areas in Grid Digital Elevation Models.” Water Resources Research 33: 309-19.

Thorp, J.H., M.C. Thoms, and M.D. Delong. 2006. “The Riverine Ecosystem Synthesis:
Biocomplexity in River Networks Across Space and Time.” River Research and Applications 22:
123-47.

Tihansky, A.B. 1999. “Sinkholes, West-Central Florida.” In Land Subsidence in the United
States. USGS Circular 1182, edited by D. Galloway, D.R. Jones, and S.E. Ingebritsen, 121-40.
Reston, VA: U.S. Department of the Interior, U.S. Geological Survey.

Tiner, R.W. 2003. “Estimated Extent of Geographically Isolated Wetlands in Selected Areas of
the United States.” Wetlands 23: 636-52.

Tockner, K., F. Malard, and J.V. Ward. 2000. “An Extension of the Flood Pulse Concept.”
Hydrological Processes 14: 2861-83.

Tromp-van Meerveld, H.J., and J.J. McDonnell. 2006. “Threshold Relations in Subsurface
Stormflow: 2. The Fill and Spill Hypothesis.” Water Resources Research 42: W02411.

Tronstad, L.M., B.P. Tronstad, and A.C. Benke. 2007. “Aerial Colonization and Growth: Rapid
Invertebrate Responses to Temporary Aquatic Habitats in a River Floodplain.” Journal of the
North American Benthological Society 26: 460—-71.

Uden, D.R., M.L. Hellman, D.G. Angeler, and C.R. Allen. 2014. “The Role of Reserves and
Anthropogenic Habitats for Functional Connectivity and Resilience of Ephemeral Wetlands.”
Ecological Applications 24: 1569-82.

94|Page



USEPA (U.S. Environmental Protection Agency). 2015. “Connectivity of Streams and Wetlands
to Downstream Waters: A Review and Synthesis of the Scientific Evidence.” EPA/600/R-
14/475F. Washington, D.C.: Office of Research and Development, U.S. Environmental
Protection Agency.

Valiela, I., and J.M. Teal. 1979. “The Nitrogen Budget of a Salt Marsh Ecosystem.” Nature 280:
652-56.

Van Meter, K.J., and N.B. Basu. 2014. “Signatures of Human Impact: Size Distributions and
Spatial Organization of Wetlands in the Prairie Pothole Landscape.” Ecological Applications
25:451-65.

Vanderhoof, M.K., L.C. Alexander, and M.J. Todd. 2016. “Temporal and Spatial Patterns of
Wetland Extent Influence Variability of Surface Water Connectivity in the Prairie Pothole
Region, United States.” Landscape Ecology 31: 805-24.

Vanderhoof, M.K., J.R. Christensen, and L.C. Alexander. 2017. “Patterns and Drivers for
Wetland Connections in the Prairie Pothole Region, United States.” Wetlands Ecology and
Management 25: 275-97.

Vanderhoof, M.K., H.E. Distler, M.W. Lang, and L.C. Alexander. 2017. “The Influence of Data
Characteristics on Detecting Wet- land/Stream Surface-Water Connections in the Delmarva
Peninsula, Maryland and Delaware.” Wetlands Ecology and Management 1-24.
https://doi.org/10.1007/5s11273-017-9554-y.

Vannote, R.L., G.W. Minshall, K.W. Cummins, J.R. Sedell, and C.E. Cushing. 1980. “The River
Continuum Concept.” Canadian Journal of Fisheries and Aquatic Sciences 37: 130-37.

Vilizzi, L., B.J. McCarthy, O. Scholz, C.P. Sharpe, and D.B. Wood. 2013. “Managed and Natural
Inundation: Benefits for Conservation of Native Fish in a Semi-Arid Wetland System.” Aquatic
Conservation: Marine and Freshwater Ecosystems 23: 37-50.

Ward, J.V. 1989. “The Four-Dimensional Nature of Lotic Ecosystems.” Journal of the North
American Benthological Society 8: 2—8.

Webster, J.R.,, and B.C. Patten. 1979. “Effects of Watershed Perturbation on Stream
Potassium and Calcium Dynamics.” Ecological Monographs 49: 51-72.

Whigham, D.F., C. Chitterling, and B. Palmer. 1988. “Impacts of Freshwater Wetlands on
Water Quality: A Landscape Perspective.” Environmental Management 12: 663—71.

Wigington, P.J., S.M. Griffith, J.A. Field, J.E. Baham, W.R. Hor- wath, J. Owen, J.H. Davis, S.C.
Rain, and J.J. Steiner. 2003. “Nitrate Removal Effectiveness of a Riparian Buffer Along a Small
Agricultural Stream in Western Oregon.” Journal of Environmental Quality 32: 162-70.

Wigington, P.J., T.J. Moser, and D.R. Lindeman. 2005. “Stream Network Expansion: A Riparian
Water Quality Factor.” Hydrological Processes 19: 1715-21.

95|Page



Wigington, P.J., S.G. Leibowitz, R.L. Comeleo, and J.L. Ebersole. 2013. “Oregon Hydrologic
Landscapes: A Classification Framework.” Journal of the American Water Resources
Association 49: 163-82. Wigington,

Winter, T.C. 2001. “The Concept of Hydrologic Landscapes.” Journal of the American Water
Resources Association 37: 335-49.

Winter, T.C., J.W. Harvey, O.L. Franke, and W.M. Alley. 1998. “Ground Water and Surface
Water: A Single Resource. USGS Circular 1139. Washington, D.C.” U.S. Government Printing
Office. Wipfli,

Wiskow, E., and R.R. van der Ploeg. 2003. “Calculation of Drain Spacings for Optimal
Rainstorm Flood Control.” Journal of Hydrology 272: 163-74.

Wolf, K.L., G.B. Noe, and C. Ahn. 2013. “Hydrologic Connectivity to Streams Increases
Nitrogen and Phosphorus Inputs and Cycling in Soils of Created and Natural Floodplain
Wetlands.” Journal of Environmental Quality 42: 1245-55.

Wolock, D.M., T.C. Winter, and G. McMahon. 2004. “Delineation and Evaluation of
Hydrologic-Landscape Regions in the United States Using Geographic Information System
Tools and Multivariate Statistical Analyses.” Environmental Management 34: S71-88.

YouTube. (2020, October 13). “Morphometric analysis of drainage basin by prof. Rameshwar
Bali.” YouTube. Retrieved September 27, 2022, from
https://www.youtube.com/watch?v=3i9FwgFBIPc

Xu, X.; Liu, J.; Zhang, S.; Li, R.; Yan, C.; Wu, S. 2018. “Remote sensing monitoring dataset of
multi-period land use and land cover in China (CNLUCC).” Data Regist. Publ. Syst. Data Cent.
Resour. Environ. Sci., Chin. Acad. Sci. 2018.

Yang, G.; Yu, Z.; Jergensen, G.; Vejre, H. 2020. “How can urban blue-green space be planned
for climate adaption in high-latitude cities? A seasonal perspective.” Sustain. Cities Soc. 2020,
53,101932.

Yurek, S., D.L. DeAngelis, J.C. Trexler, J.A. Klassen, and L.G. Lar- sen. 2016. “Persistence and
Diversity of Directional Landscape Connectivity Improves Biomass Pulsing in Simulations of
Expanding and Contracting Wetlands.” Ecological Complexity 28: 1-11.

Zilli, F.L., and A.C. Paggi. 2013. “Ecological Responses to Different Degrees of Hydrologic
Connectivity: Assessing Patterns in the Bionomy of Benthic Chironomids in a Large River-
Floodplain System.” Wetlands 33: 837—45.

Liu, Y.; Long, H.; Li, T.; Tu, S. 2015. “Land use transitions and their effects on water
environment in Huang-Huai-Hai Plain, China.” Land Use Policy 47: 293-301.

9% |Page



ANNEX 1

Addis Ababa University.
AL0:AN:0CAT 7

SEEK WISDOM, ELEVATE YOUR INTELLECT AND SERVE HUMANITY !

Assessment on Spatial Connectivity of Urban Hydrologic Streams for

Rehabilitation of Ginfile sub-watershed in Woliso Town, Ethiopia.
Manuscript Homepage: http://etd.aau.edu.et/

- Addis Ababa University, Ethiopian Institute of Architecture, Building Construction and City
Development (EiABC)., Addis Ababa, Ethiopia

- Postgraduate Program Office in Partial Fulfillment of the Requirement of Master of Science
in Urban Design and Development.

- Demelash Geremew (Author). Email: eyos.tamrt@gmail.com, Adviser: Alazar A (PhD)

KEY WORDS ABSTRACT

Woliso town is renowned for its natural resources, including the hot spring (Filwuha),
"Hora Ayetu”, and abundant yearly water sources. However, due to increasing population
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1. Introduction downstream, which can change the overall proportion and form of
the material reaching its destination (Newbold et al. 1987; Ensign
The amount of water on Earth is the same as it has been since its and Doyle 2006).

inception. This volume is approximately 1.386 billion cubic
kilometers, with most of it being in the ocean (97%), and the rest
being fresh water. This includes all forms, such as liquid, vapor, and
solid forms. The global hydrologic cycle is made up of three
subsystems: atmospheric water, surface water, and subsurface water.

Surface water flows through rivers and eventually reaches the ——— +
ocean, and ground water moves laterally until it reaches the rivers |_> Transpiration ‘

and then the ocean. Rivers and streams provide a major source of
water for people, supplying it for different activities. Streams and ‘ I
| Overland Flow Surface Runoff ’—\R“"::]‘(?)csc‘f"“
TR I Lo et \«/i\ N

rivers are not pipes (Bencala 1993; Bencala et al. 2011); they are
Ll mfilraton s Sub Flow %)

dynamic systems that interact with their environment and alter
|
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i jcmundwam Recharge —»  Groundwater Flow
1

material fluxes along the way. Connectivity between streams can
enable material and energy to be altered in sequence as it moves

Figure 1. The three subsystems of hydrologic cycle adapted from
Mays (2005, p. 229).
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Urban Expansion in a broad sense means, increasing in imperviousness
or in other word imperviousness is a direct measure of urbanization.
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The expansion of a city, both in terms of area and density, is affects
the natural infrastructure and disrupt its natural process (Ampatzidis,
P. 2020). This increase in urbanization typically results in an increase in
the number of impervious surfaces, blocking the free flow of water
along connected stream networks and into the ground surface (Snyder
et al. 2005).

1.1. Urban Stream

Streams are small waterways that join together to form larger rivers,
characterized by water flowing through a channel and descending to
lower elevations. Streams are usually shallow and turbulent, with
powerful erosive force and narrow banks. Types of streams include
headwater, year-round, seasonal, and rain-dependent.

Springs, seeps, and other small flows from the highlands are assigned
an order of one. When two of these streams join, they form a stream
of order two, and when two of those join, they form a stream of order

Figure 2. Stream order classification systems and

numerical designations that indicate the particular

stream segments (according to Strahler, 1952.)

three. Fourth to sixth order watercourses make up the middle stretches
of streams, which are wider than the upstream counterparts and allow
more sunlight to reach the water, creating habitats for periphyton.
Lower reaches of seventh order or higher are even larger, with
drainage basins spanning thousands to millions of square miles, and
are characterized by FPOM from upstream, providing an energy
source for the river.

Much of the recent research done on cities and metropolitan areas has
been devoted to examining the impacts of spatial development
patterns on quality of life. One particular area of interest is the
measurement of the hydrologic connectivity of streams, which looks
into the connections between upstream parts of urban streams and
their downstream tributaries. This is of paramount importance because
of its relevance to the Clean Water Act (CWA) which seeks to restore
and maintain the chemical, physical, and biological integrity of the
country's waters (Wohl, 2017).

1.2. Recent Studies on Aquatic Connectivity

Aquatic sciences have progressed from analyzing singular ecosystems
(Valiela and Teal 1979) to understanding connections between multiple
ecosystems and their role in larger-scale landscape operations (Cohen
et al. 2016). Connectivity between wetlands (Mcintyre et al. 2014; Uden
et al. 2014; Hayashi et al. 2016; Leibowitz et al. 2016; Vanderhoof et al.
2016), hillslopes and streams (Jencso et al. 2010; Jencso and McGlynn
2011; Bracken et al. 2013; Reaney et al. 2013; Janzen and McDonnell
2015), rivers, floodplains, and floodplain wetlands (Rooney et al. 2013;
Vilizzi et al. 2013; Wolf et al. 2013; Zilli and Paggi 2013; Scott et al. 2014;
Jones et al. 2015; Reid et al. 2015), non-floodplain wetlands and rivers
(McLaughlin et al. 2014; McDonough et al. 2015; Cohen et al. 2016;
Evenson et al. 2016; Fossey et al. 2016; Golden et al. 2016; Rains et al.
2016), and other components of river systems (Giblin et al. 2014;
Harvey and Gooseff 2015; Moore 2015; Hauer et al. 2016) is essential
for understanding interactions between components. This connectivity
also provides ecosystem services (Mitchell et al. 2013; Jordan and
Benson 2015) and is essential for watershed and aquatic ecosystem
management (Uden et al. 2014; Crook et al. 2015; Moore 2015; Creed
et al. 2017). Research into cities and metropolitan areas has specifically
examined how space configuration affects water sources and
downstream areas, to preserve water integrity according to the Clean
Water Act (US). Studies have looked into the full connectivity-isolation
gradient of aquatic ecosystems, including ephemeral and intermittent
streams, and isolated wetlands.

1.3. Hydrologic connectivity of urban stream and wetland
Urban stream connectivity is important for the health and functioning
of urban ecosystems, as it allows for the movement of water, nutrients,
and organisms. Factors that can impede stream connectivity include
barriers such as roads and buildings, as well as the amount of
impervious surface cover in the surrounding landscape. To improve
connectivity, land use planning, stormwater management, and habitat
restoration should be combined with green infrastructure, such as rain
gardens, bioswales, and green roofs, to reduce the amount of
impervious surface and promote infiltration. These steps are necessary
for creating sustainable and resilient urban ecosystems.

1.3.1. Connectivity and Transport of Materials to and from
Streams and Wetlands

Connectivity in river systems is the linkages between components and
their interaction. The River Continuum Concept looks at the river from
source to mouth as a gradient of hydrologic structure and function,
while the Spiraling Concept evaluates and measures material
circulation. Additionally, the Flood Pulse Concept considers the lateral
connectivity of river channels to floodplains. Ward (1989) proposed
four dimensions of connectivity in running water ecosystems:
longitudinal, lateral, vertical, and temporal connections. Euliss et al.
(2004) added the Wetland Continuum Concept, which explains
wetland changes due to dynamic climate changes.

1.3.2. Spatial and Temporal Variability of Connectivity
Connectivity of a system varies over time and distance (Ward 1989;
Leibowitz et al. 2003/16). This generates a connection-isolation
continuum impacting the hydrologic operation of watersheds (Cohen
2016). Variation in hydrological connection comes from longitudinal,
lateral, and vertical extension and contraction of the river network (fig.
15), as well as short-term connections (e.g. temporary and sporadic)
(Poff et al. 1997). Exchange between rivers, wetlands and downstream
waters is affected by seasonal or high-flow events (Wigington et al.
2005, Fig. 18). Expansion and contraction of rivers also affects
magnitude of connectivity (Fritz et al. 2018).
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Goodrich et al. (2018) showed that changes in hydrologic linkages,
such as length, intensity, and timing of precipitation, can affect the
timeframe and sequence of flows along different streams, including
intermittent and ephemeral streams, as well as the connection
between wetlands and downstream waters.
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Figure 3. . Examples of longitudinal expansion of river networks. Source:
(a, b) USEPA (2015); (c) and (d) modified from Wigington (2005).

Fluctuations in river systems can impact the type of hydrological
connection (Rains et al. 2008; Leibowitz et al. 2016). Dry spells can
reduce outflow and have the potential to connect only through
underground waters (Rains et al. 2006; Rains et al. 2008). These
temporary dry environments can provide an unusual habitat for
aquatic life adapted to dry and wet conditions, as well as store eggs
and seeds of aquatic invertebrates and plants (Steward et al. 2012).
Decreased microbial activity, along with increased oxygen and organic
matter, can alter nutrient dynamics (Steward et al. 2012). Upon
rewetting, materials are carried downstream.

1.3.3. Factors that influence connectivity

Climate and watershed characteristics, the spatial arrangement of
water bodies, and human activities and modifications are three key
aspects that influence physical, chemical, and biological connectivity in
river systems (Schofield et al. 2018). These factors, operating at multiple
spatial and temporal scales, interact to determine connectivity-
isolation gradients.

1.3.4. Human Activities and Artificial Alterations

Human interventions often modify the connection between headwater
streams, riparian/floodplain wetlands, non-floodplain wetlands, and
downstream rivers, impacting the transmission and movement of
energy and materials. These interventions can be detrimental (e.g.
dams, levees, water extraction) or beneficial (e.g. draining wetlands,
irrigating, paving over, basin transfers). Loss of headwater streams and
wetlands can lead to impaired conditions due to decreased

connectivity. Channelization and agricultural ditches/tile drainage can
both increase and decrease hydrologic and biological linkage. Loss of
wetlands can decrease water storage, leading to increased runoff,
stormflows, and flooding risk; and reduced dispersal of organisms. This
can also lead to increased sediment and pollutant delivery to
downstream waters, and transport of water-dispersing organisms
(Fullerton et al. 2010; De Laney 1995; Blann et al. 2009; Wiskow and van
der Ploeg 2003; Leibowitz 2003; Babbitt and Tanner 2000).

1.4. Urban green-blue infrastructure as a water sensitive
planning strategy
Urban green-blue infrastructure (GBI) helps reduce the impacts of
climate change by improving air and water quality, reducing noise
pollution, providing recreational opportunities, and creating attractive
public spaces. It also regulates the urban heat island (UHI) by altering
the land surface to absorb sunlight, reduce air convection cooling, and
lower evaporation. However, urban expansion and development can
lead to habitat destruction, alterations to the water system,
contamination, and the introduction of alien species, which puts
wetland preservation at risk. According to Ampatzidis (2020), the rising
trend of urbanization is harming and disrupting natural infrastructure
and negatively impacting the urban environment's health and
ecological functions. Thus, it is important to protect wetlands and
incorporate GBI into urban design to make cities more resilient to the
effects of climate change.

1.5. Objective/Aim of the study

The objective of the study is to assess the spatial connectivity of urban
hydrologic streams and its relationship to the general stream network.
Additionally, explore the effect of changes to land use and land cover
patterns on the spatial connectivity of urban streams, and bring
enhanced focus to surface water management issues in the spatial
planning of Woliso town.

2. Materials and methods

2.1. Study area

The study area for the Ginfile watershed, located in Woliso town, is
limited to 460 hectares and stretches between 37° 58’ 18" and 37° 59’
40" east longitude and between 8° 31" 10” and 8° 33" 35" north latitude.
This area falls within the suggested range of 200-500 hectares for
watershed planning as suggested by CPWD.
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Figure 4. Basin map of the Woliso Province (the natural division
along the three main high order streams in the town (source: the
author)
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In regards to the scope and size of the research area, the region is
divided into three distinct watersheds. The area of the total planning
region is 460 hectares, with the Ginfile sub-watershed measuring
252.54 hectares, the Filwuha sub-watershed at 105.29 hectares, and
the Dololo sub-watershed at 155.52 hectares.

2.2. Spatial analysis
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Figure 5. google imagery of the study area
delineated watershed using ArcGlS.

2.3. Data collection

A strategy combining Geographic Information System (GIS) and
remote sensing techniques has been commonly adopted in many
studies to gain insight into the stream connectivity and hydrologic
characteristics of the research area (Ravagnani et al. 2009).

2.3.1. Methods of data collection and tools
Interviews and Questionnaires

Direct Observation and aerial photography

Maps from local and regional planning administration
Hydrometeorological (satellite data Acquisition, local inventory)
Maps & Satellite Images (satellite data Acquisition, local inventory)
GIS Classification of the raw data

2.4. Data analysis

ESDA facilitated by GIS is often utilized to generate Decision Support
Systems (DSS) and GIS Hydrology specifically for hydrologic data
analysis. This study used GIS-based calculation of MCE and ReFH2
storm surge modelling to analyze the effective connectivity and flood
inundation of an urban stream in a suburban watershed. Data analysis
methods were used to answer the research objectives.

2.4.1. Morphometric analysis of watershed

Flow of water in urban areas is influenced by soil structure and
landscape features, making quantifying the water difficult.
Morphometric analysis can identify the patterns and features of
streams, helping to develop regional hydrological models (Gajbhiye et
al. 2014; Horton 1945).

Morphometric analysis is a method of evaluating a hydrological unit via
quantification. It is used to study watersheds and their development, by
measuring elements such as stream segments, length, area, elevation,
quantity, inclination, landscape profiles, etc. (Horton 1945). Horton's law
of stream lengths suggested a geometric correlation between lengths of
channels in successive stream orders, and the law of basin areas
demonstrated a linear relationship between mean basin areas of
successive stream orders. This was refined by geomorphologists such as
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Figure 6. Stream order of sub-watersheds

Strahler, Schumn and Gregory.

A morphometric analysis of three sub-watersheds was conducted to
determine parameters such as stream order, stream length, bifurcation
ratio, drainage density, stream frequency, circulatory ratio, form factor,
elongation ratio, texture ratio, compactness coefficient, length of overland
flow, watershed area, perimeter, elevation difference, basin length, total
relief, number of streams and total stream length.

2.4.2. Graph Metrics analysis

Measuring connectivity is important as it provides a baseline to
observe changes, connects watershed activities to connectivity levels,
and sets standards for restoration and protection. Structural elements
such as watershed shapes and habitat layouts, and functional metrics
considering water flow and animal dispersal are used to set limits on
the distance between connected habitats, identify hubs and stepping
stones, and determine important water sources that require special
attention for protection or development.
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The directed graph average degree is a useful metric for analyzing
hydrologic stream connectivity, as it allows comparison between

Figure 7. lllustrative example of directed and undirected
graph. (a). directed graph, (b). undirected graph

similar stream networks of the same size to identify differences in
connectivity. By understanding the connections between streams,
insights can be gained into causes of network failure and maintained
connectivity, which can aid in watershed rehabilitation.

The correlation between the total degree of all nodes and the number
of edges in a directed graph is a direct one, meaning the sum of the
degrees of each node is equal to the total number of edges. This can
be expressed mathematically as:

Equation .... in case of directed graph: ... Z ki =m (In the case of

stream network, its one way, downﬂow)

The cardinality of the edge set of a graph is often referred to as the
first theorem of graph theory, which is equal to the number of edges
(m) in the graph (Benjamin, Chartrand, and Zhang 2015, 20).

Knowing the relationship between the total number of degrees of a
graph and the number of edges it contains, we can start to compute
other important graph metrics, such as the average degree.

Average Degree in directed Graphs

The average degree in a directed graph can be found by calculating
either the average indegree or the average outdegree for each node;
the result will be the same since each link only serves one purpose with
regards to the indegree or outdegree of each node (Fischer, 2020).

Equation

2.4.3. overlay and correlational analysis.

The hydrologic connectivity of a river system is determined by the flow
of water, which transports physical,
components. Factors that influence connectivity include characteristics
of the watershed, spatial configuration of waterbodies, and impacts of
human activities and changes (Fullerton et al. 2010; Newbold et al. 1981;
Ensign and Doyle 2006; Pringle 2001; Schofield et al. 2018). GIS overlay
is used to analyze any man-made impediments and the land use and

chemical and biological

land cover (LULC) that could be water sources. This data is examined
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Figure 8. wetland and stream overlay with existing built
environment.

to identify the cause of the hydrologic spatial connectivity issue.

Spatial analysis of Artificial impediments using GIS
overlay

GIS can be used to determine the source of stream spatial
disconnection by overlaying street and drainage layout with natural
stream network data, creating new spatial elements and analyzing the
land cover in the affected area (raster data structure is particularly
suitable).

2.4.4. Map algebra & flood venerability study.

Flooding takes place when a large quantity of water fills an area and
submerges it. Geographic Information System (GIS) analysis can be
used to determine the size of the area impacted and the type of land
use in the potential flooded zone.

Urban wetlands provide a variety of social and cultural amenities,
including recreational and leisure activities for city dwellers. However,
urbanization has had a negative impact on these wetlands, causing
them to become disconnected and physically isolated. As a result,
urban wetlands have become scattered and discontinuous, resulting
in a reduction of biodiversity in urban areas.
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Figure 9. the existing LULC dominating the six potential wetlands taken within the watershed

3. Result/finding

3.1. Result of the Morphometric Analysis.

A morphometric analysis of three sub-watersheds was conducted to
determine parameters such as stream order, stream length, bifurcation
ratio, drainage density, stream frequency, circulatory ratio, form factor,
elongation ratio, texture ratio, compactness coefficient, length of
overland flow, watershed area, perimeter, elevation difference, basin

Table 1. morphometric analysis calculation result (Using
formulas in the data analysis)
Morphometric Analysis

Result of morphometric analysis for the four sub-watersheds of Ginfile watershed in Weliso

S.No  Sub Watershed name  Bifurcation Drainage  Stream  Circulatory Form
ratio density  frequency ratio factor
1 Ginfile subwatershed | 3.9815 6.9427 24.1546 2.7377 0.1749
3 Filwuha subwatershed 8.7500 6.8236 30.3922 2.1030 0.1226
4 Dololo Subwatershed 8.5000 5.3964 28.9341 24201 0.2182
S.No  Sub Watershed name  Elongation ~ Texture ~ Compactness  Relief Length of

ratio ratio coefficient ratio overland flow

1 Ginfile subwatershed | 04717 4.2259 2.0583 0.0266 0.0720

3 Filwuha subwatershed 0.3950 4.2902 1.7302 0.0191 0.0733

4 Dololo Subwatershed 0.5269 4.4566 1.8272 0.0232 0.0927

length, total relief, number of streams and total stream length. The
results of this analysis are summarized in the tables below.

A morphometric analysis is an effective way to measure the current
water circulation and erosion in the catchment area. The traditional

methods of this analysis can be laborious and prone to mistakes, so
GIS techniques can be used to provide precise and reliable data. The
results of the analysis of the three sub-watersheds are presented in a
bar graph (Fig 36) demonstrating the characteristics of the drainage
pattern.

3.2. Result from connectivity Analysis

Analysis of the sub-watershed wetlands revealed six significant
wetland locations on private land with public access, as well as a
grassy/loan area unbuilt and swampy. The connectivity analysis
considered 49 first-order, 9 second-order, 2 third-order, and 1 fourth-
order streams (with six nodal divisions). Five second-order streams and
two fourth-order nodal segments were at risk of human development
due to lack of protection.

3.3. Result from Overlay and correlational study
The urban flood inundation impact observed across the study area
watershed. (A). (N24) venerable Amin bakery on the main road, (B).
surviving 2nd order stream around Irsha sebil. Mazoria, (C). flood
victim in the hospital condominium ground-floor, (D). Heavy rainfall
occurred at the condominium residential zone @Woliso.

6|Page




LEGEND

—>» Connected stream
- —» disconnected stream

stream Node

numerous benefits for

cities,

including flood prevention, water

purification, air purification, and habitat conservation, as well as social
and cultural amenities. However, urbanization has led to fragmentation

of these wetl

ands, resulting in decreased biodiversity.

O Wetlands/blue spot

Figure 10. graphic illustration of spatial positions of important nodes
and edge of hydrologic stream and wetland of the study area, Ginfile
sub watershed

3.4. Result from flood inundation study

This investigation reveals an understanding of how to manage flood risks,
create urban flood prevention techniques, and construct flood avoidance

Table 2. the graph metric analysis result of hydrologic stream and

wetland connectivity of Ginfile sub watershed

The connectivity graph metric analysis
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Figure 11. spatial distribution and relative position of
wetlands thought out the study are.

Summary of Finding

No Node f.uII Graph Exi.sting graph Range.of Remark
indegree indegree connectivity
1 N1 1 1 0 No change
2 N2 1 1 0 No change
3 N3 3 0 3 significant impact
4 N4 1 0 1 Impacted
5 N5 1 1 0 No change
6 N6 2 1 1 Impacted
7 N7 2 2 0 No change
8 N8 1 1 0 No change
9 N9 1 1 0 No change
10 N10 1 1 0 No change
11 N11 3 1 2 Impacted
12 N12 1 0 1 Impacted
13 N13 2 1 1 Impacted
14 N14 1 1 0 No change
15 N15 2 1 1 Impacted
16 N16 1 1 0 No change
17 N17 2 1 1 Impacted
18 N18 1 1 0 No change
19 N19 1 1 0 No change
20 N20 1 1 0 No change
21 N21 1 1 0 No change
22 N22 3 1 2 Impacted
23 N23 1 1 0 No change
24 N24 1 1 0 No change
sense of
Degree sum 35 22 13 heterogeneity of
the two directed
Avg degree 1.4583 0.9167 0.5417 graphs

measures. Urban wetlands are commonly known as a "city's kidney" and
"biodiversity library" due to their part in Urban wetlands provide

4.1. Morphometric
A morphometric analysis can be used to measure water circulation and
erosion in a catchment area using GIS techniques, providing precise
and reliable data. The analysis results of three sub-watersheds are
presented in Fig 12 and Table 1, showing the drainage pattern
characteristics.

The sub-watersheds were evaluated by assigning ranks to their
respective values. Linear parameters such as bifurcation ratio, drainage
density, texture ratio, length of overland flow and stream frequency
had a direct correlation with erodibility, so the highest value was
attributed rank 1, the second highest rank 2, and the least rank 3.
Conversely, shape parameters like circularity ratio, form factor,

elongation

ratio and compactness coefficient had an

inverse

relationship with erodibility, so the lowest value was assigned rank 1,
the next lower rank 2, and the highest rank 3.
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The compound parameter was calculated by averaging all parameters
in the sub-watersheds; the highest value of the compound parameter
indicates the greatest degree of erosion vulnerability, while the lowest
value is the least degree of erosion vulnerability. Scores of sub-
watersheds analysis, from highest to lowest compound parameter
value, were 2.40 (Ginfile SWS), 2.10 (Dololo SWS), and 1.50 (Filwuha
SWS). To manage the issue of erosion, appropriate rehabilitation
practices and measures should be tailored to the degree of erosion
vulnerability. As the Ginfile sub-watershed had the highest degree of
erosion (2.40), extra attention should be given to this area. (Langbein,
1947).

Morphometric Analysis result
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Figure 12. graphic illustration of morphometric analysis result

4.2. Graph Metrics

Evaluating connectivity levels is important to identify variations, relate
them to basin activities, and create standards for rehabilitation and
conservation.

The graph in Table 2 shows a 37.14% disconnection of streams and
wetlands compared to their natural state, highlighting the need to
restore streams for increased ecological value and biodiversity.

4.3. Overlay and correlational study

Streams may be affected by urbanization, deforestation, construction
of roads, withdrawal of groundwater, timber harvesting, mining,
grazing, road construction, and wildfire, potentially transforming them
from perennial to intermittent/ephemeral watercourses. To effectively
manage streams and watersheds, it is important to understand stream
processes and their categorization. Therefore, those involved with
stream and watershed surveillance, administration, and rehabilitation
must possess a basic knowledge of stream dynamics and how to
preserve or alter a graded stream

Human-made obstructions and topography affect the movement of
water and its interconnectedness, resulting in a changed stream
network due to lack of maintenance and utilization.

The key factor which the study identified for the phenomenal cause
are illustrated in the above tables. These are the descriptions of factors
causing the stream disconnection.

The graph (figure 9) illustrates the different land cover types in six
wetlands in the study area. The amount of impervious area blocking
the infiltration of stormwater after it has been held in the wetland is
seen as an effect

57.67% of wetlands affected by impermeable surfaces, leading to
prolonged flooding due to low absorption rate. Chart illustrates
potential wetlands affected and lack of hydrological connection when
water surpasses storage capacity.

Analysis result of LULC over the potential wetlands
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Figure 13. Analytical result of land use land cover over the
potential wetland across the strudy area watershed.

4.4. flood venerability study

25,322.35 m2 of built-up infrastructure, streets and paved surfaces have
been affected by floods from 2020-2022. Woliso Town data shows that
most houses have mud walls, which are not strong enough to withstand
the flooding. Soil diversity and plant quantity were positively impacted by
flooding, but negatively affected by prior land use. Native species had
higher presence in frequently flooded areas, while exotic and ruderal
species had higher presence in intensively used land.

5. Conclusions & Recommendation

This research examined the watershed in the area of Woliso, revealing
that the Ginfile sub-watershed is most affected by erosion and soil loss
due to man-made impediments obstructing natural stream channels and
water flow. Wetland features are situated in a private plot with open
access, leaving them wvulnerable to human-caused disturbances.
Unplanned growth of cities within a watershed has a detrimental effect
on the watershed's hydrology, groundwater recharge,
geomorphology, climate, bio-geochemistry, and stream ecology. As a
result, IWM (integrated watershed management) should be put into
practice to anticipate calamities that may arise due to changes in the
constructed environment.

stream

5.1. Research Recommendation

Wetlands provide many ecosystem services, such as water efficiency,
biodiversity, flood control, and climate regulation, and can be used as
nature-based solutions to tackle environmental, social, and economic
issues (Mclnnes, R.J. 2014). Sustainable urban growth and planning are
necessary to maximize the benefits of wetlands to an expanding
population. To protect and enhance water systems, land use planning
and management must be done proactively at both regional and local
levels (Song, F. 2020). Urban planning should take into account the needs
of watercourses and their surrounding areas for their social and
ecological significance.

To address the impacts of urban stream disconnectedness, the following
solutions have been proposed:

- Develop an integrative and proactive land use planning and
management system at both regional and local levels.
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- Prioritize the restoration and rehabilitation of the most
affected streams and wetlands.

- Implement green infrastructure solutions, including permeable
pavements, rain gardens, and bioswales, to reduce impervious
surfaces and enhance stormwater infiltration.

- Establish buffer zones along streams and wetlands to protect
riparian habitats and maintain ecological connectivity.

- Raise public awareness and engage local communities in the
preservation and restoration of urban streams and wetlands.

- Conduct regular monitoring and assessment of urban stream
connectivity to track progress adaptive
management strategies.

and inform
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ANNEX 2

Stream stream from Node | to node stream length (m) connection Status Remark
Labele order
S1 1 initial N1 552.6688 Null 1st ord stream segment
52 1 initial N1 71.9280 Nu 1st ord stream segment
S3 1 initial S50 25.4305 Null 1st ord stream segment
54 1 initial 550 25.4305 Nu 1st ord stream segment
S5 1 initial S50 43.4124 Null 1st ord stream segment
S6 1 initial S50 76.2912 Nu 1st ord stream segment
§7 1 initial 550 86.8248 Null 1st ord stream segment
S8 1 initial S50 68.8428 Nu 1st ord stream segment
59 1 initial 550 143.8561 Null 1st ord stream segment
510 1 initial N2 203.4432 Nu 1st ord stream segment
S11 1 initial N2 50.8608 Null 1st ord stream segment
512 1 initial N4 442.614 Nu 1st ord stream segment
513 1 initial N4 76.2912 Null 1st ord stream segment
S14 1 initial S52 485.0312 Nu 1st ord stream segment
S15 1 initial 552 35.964 Null 1st ord stream segment
S16 1 initial S52 126.2295 Nu 1st ord stream segment
517 1 initial 552 100.2765 Null 1st ord stream segment
5138 1 initial N5 161.6709 Nu 1st ord stream segment
519 1 initial N5 25.4304 Null 1st ord stream segment
S20 1 initial 561 50.8608 Nu 1st ord stream segment
521 1 initial 561 541.0936 Null 1st ord stream segment
522 1 initial N8 17.982 Nu 1st ord stream segment
523 1 initial N8 50.8608 Null Ist ord stream segment
524 1 initial S61 179.8201 Nu 1st ord stream segment
S25 1 initial N10 79.3765 Null 1st ord stream segment
526 1 initial N10 76.1731 Nu Ist ord stream segment
527 1 initial 555 450.661 Null 1st ord stream segment
528 1 initial S61 25.4304 Nu 1st ord stream segment
S29 1 initial S61 335.0074 Null 1st ord stream segment
530 1 initial N13 130.1191 Nu Ist ord stream segment
$31 1 initial N12 56.8641 Null Ist ord stream segment
532 1 initial N12 50.8608 Nu 1st ord stream segment
S33 1 initial S61 115.141 Null Ist ord stream segment
534 1 initial 561 516.9411 Nu Ist ord stream segment
535 1 initial 561 423.9424 Null 1st ord stream segment
536 1 initial N14 452.106 Nu 1st ord stream segment
S37 1 initial N14 162.1934 Null Ist ord stream segment
538 1 initial S61 143.856 Nu 1st ord stream segment
539 1 initial S61 623.2484 Null 1st ord stream segment
540 1 initial S61 429.88 Nu 1st ord stream segment
541 1 initial 561 443.6169 Null 1st ord stream segment
542 1 initial 561 112.2552 Nu 1st ord stream segment
543 1 initial 561 556.4548 Null 1st ord stream segment
544 1 initial 561 71.9281 Nu 1st ord stream segment
545 1 initial N16 230.6809 Null 1st ord stream segment
546 1 initial N16 341.3238 Nu 1st ord stream segment
s47 1 initial S58 296.4385 Null Ist ord stream segment
548 1 initial $58 107.892 Nu Ist ord stream segment
549 1 initial 558 151.3044 Null Ist ord stream segment
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|
1

C oo

1786.0800

spatialy disconnected

S50 2 N1 N3 Physical impediment
S51 2 N2 N3 406.5318 spatialy disconnected Physical impediment
S52 2 N4 N6 587.9914  spatialy disconnected Physical impediment
S53 2 N5 N6 104.8068  spatialy connected Pervious
S54 2 N8 N9 481.8583 spatialy disconnected Physical impediment
S55 2 N10 N11 459.9098 spatialy disconnected Physical impediment
S56 2 N12 N13 1482192 spatialy connected Pervious
S57 2 N14 N15 65.6394  spatialy connected Pervious
S58 2 N16 N17 638.8039 spatialy disconnected Physical impediment
S59 3 N6 N7 112.1371  spatialy connected Pervious
S60 3 N3 N7 125.8741  spatialy connected Pervious
S61 4 N7 N9 252.9079  spatialy connected Pervious
S62 4 N9 N11 112.2552,  spatialy connected Pervious
S63 4 N11 N13 151.6599 spatialy disconnected Physical impediment
S64 4 N13 N15 770.2993| spatialy disconnected Physical impediment
S65 4 N15 N17 1214.0331  spatialy connected Pervious
S66 4 N17 N18 87.3095  spatialy connected Pervious
wetla:d @ wletll)arlid from Node = to node wetland Area connection Status Remark
node ebe
N19 wetland 1 N19 N3 4,324.1818 sq.m  disconnected wetland Artificially isolated
N20 wetland 2 N20 N2 7,983.4677 sq.m spatialy connected|  in and outgoing stream
N21 wetland 3 N21 N4 5,688.3314 sq.m  disconnected wetland  Artificially isolated
N22 wetland 4 N22 N9 12,358.1629 sq.m spatialy connected’  in and outgoing stream
N23 wetland 5 N23 N11 5,522.9898 sq.m  disconnected wetland  Artificially isolated
N24 wetland 6 N24 N12 8,028.7969 sq.m  disconnected wetland Artificially isolated
Stream stream stream length Stream stream f stream length
from Node  to node rom Node to node
Labele order r (m) Labele order (m)
0 1 184.07
$1 1 initial 194.71687 5 1 25.43
s2 1 initial 25.4304 9 1 64.84
s3 1 initial 205.250487 " : o
s4 1 initial 58.191003 3 1 50.86
55 1 initial 167.360994 43 1 71.93
$6 1 initial 50.8608 . . .
s7 1 initial 61.354418 a 1 79.28
S8 1 initial 441572481 60 1 128.79
s9 1 initial 17.982009 20 2 23020
L 63 1 254.50
510 1 I-ﬂl-'tl-al 251.580973 = 1 P
$11 1 initial 17.982009 9 1 68.94
$12 1 initial 43.412409 D L I
o 103 1 94.16
$13 1 | nl-tl- al 393.678716 110 1 2543
514 1 initial 140.770845 117 1 65.64
515 1 initial 17.982009 122 1 107.83
S16 1 initial 194.716869 125 1 50.86
— 127 1 309.89
$17 1 initial 158.467516 159 1 53.95
$18 1 initial 25.4304 166 1 71.93
519 1 initial 94.273209 109 ! 606.57
o 156 1 17.98
520 1 initial 202.165263 181 1 119.70
$21 1 initial 387.508264 170 1 286.95
522 1 initial 122.788834 192 1 209.61
initial Ep—— 199 1 133.32
523 1L it ] 204 1 133.32
$24 1 initial 220.989423 202 1 110.81
525 1 initial 115.340443 213 1 68.84
526 1 initial 35.964017 ’ 2 317.10
L 14 2 296.44
527 1 initial 140.770843 e z P
528 2 1566.531363 91 2 40.21
529 2 419.060159 105 2 68.84
530 2 162.193488 ii; i ;2251;
531 2 267.000316 197 2 35.95
$32 3 503.777369 m 3 T
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