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Preface

While water management under changing climate is approached uniformly under 
well-documented theoretical approaches in developed countries, the same does not 
happen in developing countries because the application circumstances differ sharply. 
This book examines this issue via a multi-country, multi-aspect approach.

Climate change impacts natural resources, the most important of which is water. To 
protect water resources, it is critical to plan, conserve, and manage the river basin, 
which is a primary water source. This book discusses several aspects of water manage-
ment in terms of their impact under particular circumstances with an emphasis on 
diversity extending to goal, country locality, and point of view.

Several authors belonging to research and public institutions from different parts of 
the world have collaborated in the technical discussion of this topic, reporting their 
experience and presenting advances in critical research for water resources planning, 
conservation, and management on selected river basins globally. The book contains 
five sections and fourteen chapters covering important research aspects of river 
basin management under a changing climate using field experiments, modeling, and 
analysis at various scales.

Section 1, “Introduction”, includes an introductory chapter that presents an overview 
of water resources planning, management, conservation, and monitoring of any river 
basin that must address complex science and issues using available resources, tools, 
and techniques under a changing climate.

Section 2, “Water Resources Planning and Conservation”, includes three chapters 
focusing on approaches to improve water productivity and livelihood resilience, the 
efficacy of artificially assembled boulder installations in improving migration routes 
for aquatic animals, and a hierarchical approach to fish conservation in semiarid 
landscapes.

Section 3, “Water Resources Management”, includes four chapters on trend analysis 
of streamflow and rainfall, characteristics and process interactions in natural fluvial 
riparian ecosystems, the impact of hydraulic structures on water resources manage-
ment, and assessing water availability for the environmental flow in selected river 
basins.

Section 4, “Water Quality Monitoring and Management”, includes three chapters on 
monitoring conditions of rivers and streams using biological indices, pollution evalu-
ation of industrial effluents from consolidated breweries, and assessment of water 
quality using physicochemical parameters and aquatic insect diversity.



VI

Section 5, “Community’s Role in River Basin Management”, includes three chapters 
that discuss community participation in river basin management. They also discuss 
managing water demands and investigating water control, impacts, and sub-regional 
cooperation around a transboundary hydrological system.

This book contributes to the understanding of water resource communities and the 
potential approaches for planning, managing, conserving, and monitoring water 
resources in river basins under climate change.

The editors wish to thank all authors for their valuable contributions. We also wish to 
thank the staff at IntechOpen, particularly Author Service Manager Ms. Ana Cink for 
her assistance in finalizing the work.

Ram L. Ray
Prairie View, A&M University,

Prairie View, USA

Dionysia G. Panagoulia
National Technical University of Athens,

Athens, Greece

Nimal Shantha Abeysingha
Rajarata University of Sri Lanka,

Anuradhapura, Sri Lanka
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Chapter 1

Introductory Chapter: Water 
Resources Planning, Monitoring, 
Conservation, and Management
Ram L. Ray and Nimal Shantha Abeysingha

1. Introduction

River Basin Management (RBM) is an integral process to protect several wildlife 
species, sources of drinking water for animals, plants, and humans, sources of 
navigation channels, flood regulation, and others. On the other hand, RBM relies on 
effective public participation and management from all beneficiaries. RBM can be 
considered as the integration of strategic planning and management of quantity and 
quality of water resources through sustainable development [1, 2].

The rapid growth of population and water demand globally developed stress on 
the river basin to meet water demands, including municipal, agricultural, recre-
ational, industrial, and other water demands. In addition, climate change impact is 
imposing threats/stresses on small to large river basins globally [3]. With projected 
global climate change and water demands, there are potential risks to the river basin, 
including loss of native biodiversity, ecosystems, and humans from increased flood 
and drought disasters [4]. Global climate change and global warming might cause 
frequent droughts, shifts in precipitation, lower water levels in water bodies, and 
consequently, less water to dilute pollutants.

Therefore, an integrated approach that includes planning, monitoring, and 
management using in situ and satellite measurements and modeling should be imple-
mented to reduce the stresses on the river basin. This integrated approach requires 
significant contribution and participation from stakeholders, such as policymakers, 
watershed/water resources managers, researchers, forest managers, industries, farm-
ers, growers, and several other natural resource users who are directly or indirectly 
responsible for additional stresses to the river basins.

The primary goal of this book is to address some of the critical issues of river 
basins through effective planning and management under the changing climate. This 
book includes the following four sections and 13 book chapters.

2. Water resources planning and conservation

Currently, we are concerned about the potential water scarcity in the face of 
increasing, primarily population-driven, water demands and its impact on energy and 
food production and food security [5]. In addition, the combined pressures of popula-
tion growth and climate change significantly increased water demand [6]. Therefore, 
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water resource planning and conservation are critically important globally. The effec-
tive planning and conservation of water resources provide water resource security, 
which is important for agricultural, municipal, and industrial water demands.

Water resource planning and conservation are strongly connected because both 
processes complement each other. For example, the best and most effective plan-
ning is needed to conserve water resources. The best management practices in any 
watershed, whether agricultural, urban, or forested watersheds, help conserve water 
resources. For example, if farmers practice climate-smart farming for an agricultural 
watershed, they can conserve water resources and increase food production.

This section includes three highly diverse chapters focusing directly and indirectly 
on water resources planning and conservation. For example, while one chapter 
focused on approaches to improve water productivity, the other discussed the multi-
scale perspective for the conservation planning of riverine fishes. Further, this section 
focused on multiscale environmental relationships, which are important for water 
resource conservation and river basin planning. This section also discussed potential 
approaches to improve migration routes for aquatic animals, which are critical for 
biodiversity and the ecosystem.

3. Water resources management

Freshwater, which includes water in glaciers, lakes, reservoirs, ponds, rivers, 
streams, wetlands, and groundwater, is a limited natural resource. Therefore, many 
countries globally are experiencing water scarcity due to increased water demand due 
to the increasing population and living standards [7]. Some of the potential chal-
lenges associated with water resources management are low availability per capita, 
uneven temporal and spatial distributions, inconsistency in spatial distributions and 
productivity, and fragile water ecology and environment [7]. Traditional approaches 
for water resource management were to provide adequate water for municipal use 
without paying enough attention to its sustainable development and management [8].

Water resource management includes political, economic, cultural, social, tech-
nical, legislative, and organizational ingredients in one river basin or a total water 
cycle [8]. River basin management is indeed a complex process that requires several 
components to be incorporated, such as precipitation, evaporation, evapotranspira-
tion, infiltration, and other inputs and withdrawals from the river basin system 
(Figure 1). Therefore, new strategies, advanced tools, techniques, monitoring, and 
evaluation system are critical and must include most aspects for effective water 
resource management in a river basin.

The challenge is that integrated water resources management (IWRM) should 
address complex water issues to maximize economic and social welfare equitably 
without compromising the sustainability of vital ecosystems [9, 10]. In addition, cli-
mate change impacts increased water demand and the challenges for integrated water 
resources management [11]. Despite several challenges, at a conceptual level, IWRM 
has gradually become an accepted framework for good water governance [12].

This section includes four chapters focusing on water resources management. For 
example, while one chapter focused on trend analysis of streamflow and precipita-
tion in a river basin to support water resources management, the other discussed 
the characteristics and process interactions in natural fluvial riparian ecosystems. 
Further, this section investigated the impact of hydraulic infrastructures on the water 
resources management of the river basin. This section also conducted a comparative 
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analysis of the precipitation variation in relation to the water availability in the rivers 
for the previous period and subsequent periods to determine the change in the avail-
ability of water in the ecosystem.

4. Water quality monitoring and management

Water quality monitoring is a basic tool for managing freshwater resources. 
Monitoring water quality in a river and its status gives clues for the health of the 
river and also the health of the river basin. River basin approach has been introduced 
to monitor and manage water quality in all most all countries in the world [13]. 
Therefore, this book introduces the section on water quality monitoring and manage-
ment under the river basin.

There are many ways to monitor water quality. The conventional method of 
assessing water quality is evaluating the physical, chemical, esthetic, and biological 
properties of water. However, biological measurements of the abundance of animal 
life and aquatic plant and the use of bioanalytics, use of remote sensing, and IoT are 
becoming popular. Biomonitoring is considered more efficient and effective than 
traditional methods. It is widely used worldwide to monitor river pollution as bio-
indicators are sensitive enough to detect environmental change [14]. Biomonitoring 
is of two types active and passive. Active biomonitoring uses organisms under 
controlled conditions into the site to be monitored, whereas passive biomonitoring 
uses organisms, organism associations, and parts of organisms that are a natural 
component of the ecosystem and appear there spontaneously [15]. Aquatic insects 
can be used as bioindicators in aquatic ecosystems. Each aquatic insect has a dif-
ferent tolerance value to environmental conditions in which only a few species can 
survive in polluted ecosystems. One chapter discusses the use of aquatic insects to 
assess water quality along with some physical and chemical parameters. In addition 
to aquatic insects, algal communities are robust indicators of the physical, chemi-
cal, and biological changes of water induced by environmental flows which alter 

Figure 1. 
Driving parameters essential to quantify for effective river basin management.



River Basin Management - Under a Changing Climate

6

nutrient concentration, salinity, and alkalinity. One chapter in the book offers a 
comprehensive review of the monitoring conditions of rivers and streams using 
biological indices with an emphasis on algae. However, monitoring the point source 
pollution, such as effluent disposal from the industry to a waterbody, can be done 
efficiently using the conventional evaluation technique for the chemical, physical, 
and biological status of the water. One another chapter in this section deals with 
the pollution evaluation of industrial effluents from consolidated breweries using 
conventional approaches.

Improving access to clean water for drinking, bathing, and irrigation as per the 
standard is a top priority in all countries. The nature-based solution that leverages 
ecosystem functions is gaining more attention and is widely used to manage water 
quality [16]. The watershed management approach considers the nature-based con-
cepts where forests, wetlands, and grasslands, as well as soils and crops, are managed 
properly. These well-managed watersheds provide high-value green infrastructure for 
enhancing source water protection.

5. Community’s role in river basin management

It is now well recognized that the use of engineering measures with regulation-
based management strategies has limited capacity to manage river basin and their 
water resources. Participatory approaches that engage stakeholders and the public in 
river basin management are promising and sustainable. Different basin users have 
conflicting water quantity, quality, flood risk, and ecological health demands. These 
demands can be managed while introducing best management practices to differ-
ent land uses of the basin through a participatory approach. In addition, river basin 
management is data-intensive as it requires a picture of the entire socioeconomic 
and ecological health of the basin where stakeholders have these fragmented data in 
different scales [17]. Therefore, the role of the stakeholders is well understood.

Once the river basin or watershed of the river basin management plan is set, stake-
holders are the entities that implement the agreed management activities. Therefore, 
getting their consent is highly encouraged even though sometimes agreed decision 
is not that quality [18]. Community participation has the power to make decisions 
autonomously in order to be able to solve the needs and interests of life and improve 
the standard of their living. Thus, one chapter of this section discusses in detail the 
community participation in river basin management.

Particularly, when managing the water demand and conserving the water in 
the basin, the stakeholder’s role is highly acknowledged, and giving incentives is 
one way of getting users involved in conserving water in a river basin or a catch-
ment. One chapter of this section discusses how water users use the property rights 
theory to conserve water. The results from the analyses indicated that property 
rights would be significant in curtailing water demands in a catchment by acting as 
incentives in water resource utilization, specifically by motivating water users to 
conserve water.

The catchment area becomes transboundary when it extends between two or more 
countries. The cooperation of the stakeholders is important for better managing the 
water of such river basins. Transboundary cooperation incorporating robust water 
diplomacy pathways for sustained water management is required rather than techni-
cal water management [19]. One of the chapters of this section discusses the impacts 
and sub-regional cooperation around a transboundary hydrological system.
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6. Concluding remarks

Water resource planning, management, conservation, and monitoring of any river 
basin must address complex science and issues using available resources, tools, and 
techniques under a changing climate. While much of the complexities of river basin 
management are human-induced, climate change has increased the complexities and 
challenges. Each river basin/water resources system is unique with respect to its man-
agement issues, challenges, and climatic and environmental conditions. Therefore, 
river basin planning, management, and conservation approaches must adapt to these 
situations. River basin planning, management, and conservation strategy should be 
based on those situations, especially when we have to plan, manage, and conserve 
water resources of the river basin under changing climate.

This book has focused on using an integrated approach, which includes modeling, 
trend analysis, the role of infrastructure, and community participation in river basin 
management under changing climate. The participation and contribution of stake-
holders in river basin management are critical to building sustainable water resource 
management in a river basin. This chapter has summarized the 13 chapters of the 
book in four sections for water resources planning, conservation, monitoring, and 
management, including modeling.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Approaches to Improve Water
Productivity and Livelihood
Resilience in the Karkheh
River Basin: A Case Study
from Iran
Nader Heydari

Abstract

The CGIAR Challenge Program on Water and Food (CPWF) was conducted in
the Karkheh River Basin (KRB) as one of the nine benchmark basins and a represen-
tative basin in the arid and semi-arid regions of the world in its phase one of imple-
mentation. The CPWF Program in the KRB began in 2003 and ended in 2008. Four
focal projects, namely: 1) Water Productivity Improvement (WP), 2) Improvement of
Livelihood Resilience of Local Communities in the Upper Catchments (LR), 3) Kar-
kheh Basin Focal Project (BFP), and 4) a small grant project for Stakeholder Partici-
pation (SG) were implemented in the KRB. The international focal institutes in charge
of these projects were ICARDA, IWMI, and the CENESTA Center (an NGO), respec-
tively. These institutes implemented the mentioned projects in collaboration with the
Iran country’s national institutes/centers (NARES). In this chapter, the approaches of
CPWF in implementing the program in KRB are explained and discussed. Moreover,
some major achievements and lessons learned from implementing the mentioned
focal projects are provided. Based on the results, it can be stated that the roadmap for
improving water productivity from the plant to the basin scales, by considering the
policy and institutional issues, has been drawn in the CPWF program in KRB. More-
over, for better management of upstream watersheds in KRB, integrated watershed
management principles have been well formulated and developed, taking into account
the livelihood resilience improvement issues of local communities. In general, it can
be stated that the development of multidisciplinary research of national research
institutes and collaboration with related international institutes is necessary to
improve water productivity and integrated management of catchments and to solve
water crisis in the KRB and Iran as a whole. The lessons learned from implementing
the CPWF program in KRB could be used as a suitable model to improve the quality of
future similar studies in Iran and Central Asia.

Keywords: CPWF, Karkheh River basin, stakeholder, water, agriculture
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1. Introduction

The Karkheh River Basin (KRB) is one of the benchmark basins in the first phase of
the CGIAR1 challenge program on water and food (CPWF). The basin is located in the
west south part of Iran, and an arid to semi-arid region (Figure 1). Most of the
upstream area of the KRB is located in the Kermanshah, Lorestan, and to some extent
in Hamedan provinces (Figur 1). Rainfed agriculture is the major agricultural system
and farmers’ agricultural production and incomes are quite low [1, 2].

The downstream region of the basin is mainly located in the provinces of Khuzestan
and Ilam, where irrigated agriculture is the predominant farming system (Figure 1). The
last part and outlet of the basin is “Hur al-Azim”wetland on the border of Iran and Iraq.

In general, KRB was not in good condition regarding water use, agricultural produc-
tion, water productivity (WP), and the livelihood of the beneficiaries. These conditions
provided the ideal situation for the CPWF to select KRB as a benchmark basin, indicating
a representative basin from arid to semi-arid regions and directly impact improving
people’s livelihoods and enhancing basin WP for preserving it for the environment.

Figure 1.
Administrative map of Karkheh River basin and location of upstream and downstream areas of the basin.

1 Consultative Group for International Agricultural Research
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KRB was one of the nine benchmark basins of the CPWF Phase 1. It was
implemented by CGIAR worldwide in the year 2004 and ended in 2008.

Three major research projects were launched in this basin mainly by the Interna-
tional Center for Agricultural Research in Dry Areas (ICARDA) and the International
Water Management Institute (IWMI), and with the cooperation and participation of
national institutions affiliated with the Agricultural-Research-Education-Extension
Organization (AREEO) of the Ministry of Jihad Agriculture of Iran.

The four major international projects approved for the KRB were: 1) Water pro-
ductivity improvement (WP), 2) Strengthening livelihood resilience in upper catch-
ments of dry areas by integrated natural resources management (LR), 3) Basin Focal
Project of KRB (BFP), and 4) a small grant project namely as SG.

In terms of the dimensions and scope of the CPWF program in KRB, it can be
acknowledged that the program covered all issues related to improving WP and socio-
economic issues related to the use of natural resources to improve the livelihoods of
local communities in the basin. Regarding geographical distribution and main focus of
the pivot projects, the WP project is located mostly in the irrigated areas in the
Khuzestan (basin downstream), Kermanshah, and Lorestan (basin upstream) prov-
inces and focusing on WP improvement issues including supplementary irrigation in
basin upstream [3–5] (Figure 1). The LR project covered the entire area of upstream
basin (Figure 1) [6, 7]. BFP project was also a large-scale pivot project that mostly
dealt with large-scale WP and poverty issues for the entire basin area [2, 8].

Each of these focal projects had major and minor sub-projects and various core
activities in areas related to the main project theme. Table 1 summarizes the key sub-

Title of the main
project

Leading
Institute

Sub-projects and or activity Major Report/
Publication

Improving On-
farm Agricultural
Water
Productivity in
the Karkheh River
Basin (WP)

ICARDA Determining and evaluating farm WP in the irrigated
lands in the south of KRB (non-saline and saline lands),
Determining and evaluating the farm WP in the rain-fed
lands upstream of KRB and the effect of supplementary
irrigation (SI) of rain-fed fields (mainly wheat and
barley) on crop WP,
Development issues of SI irrigation in upstream areas of
the basin and its impacts on the quantity and quality of
water flow in the downstream basin,
Socio-Economic assessments of WP in field level Policy-
institution issues related to improving WP in the KRB

[4]; [5]; [3]

Strengthening
Livelihood
Resilience in
Upper
Catchments of
Dry Areas by
Integrated
Natural Resources
Management
(LR)

ICARDA Review and development of the principles of integrated
watersheds management for KRB,
Erosion and sedimentation issues upstream of KRB,
Drought studies in the basin,
Rangeland and forest management in the basin,
Issues of land use change and preparation of agro-
ecological zoning map of the basin,
Natural resources management issues and agricultural
production policies in the basin,
Water resources issues in the basin Development and
participatory transfer of production technologies and
improvement of WP in the basin,
Study of gender issues and water management.

[6]; [7]

Table 1.
Specifications of the approved CPWF projects in KRB and their key sub-projects and or activities.
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projects or activities considered in the two comprehensive pivot projects, i.e., WP and
LR projects.

In general, the purposes of these two participatory focal projects were to
identify the basic issues, assess the status of agricultural WP, identify its sources of
inefficiencies, provide the necessary technical and managerial solutions to improve
poor agricultural and rural communities and increase income and improve their living
conditions through comprehensive and appropriate management of natural resources.
Ultimately, training and capacity buildings of all stakeholders, researchers, and
experts of national agricultural research and extension services (NARES), and related
local organizations were other goals of the projects [9].

It can be claimed that the CPWF program in the KRB is the first comprehensive
international project in Iran that addresses water management and agricultural WP
issues with participatory approach from field to basin scales and with the cooperation
of international institutes, executive organizations, universities, and research insti-
tutes of the country.

2. Objectives and approaches of CPWF for river basin management

The CPWF’s main goal in KRB was to produce more food with less water for the
Iran’s growing population over the next 20years, and to achieve this ultimate goal by
reducing malnutrition, alleviating rural poverty, improving the health of local
communities and protecting the environment. CPWF also sought to provide the
research, extension, and capacity building needed to significantly increase basin WP
and livelihood resilience of local communities while protecting the basin’s natural
resources and environment, especially in drought conditions and climate change (CC)
in the region.

Therefore, the key features of the CPWF were: 1) long-term goal to increase WP
for food and livelihood of communities in a way that also preserves the environment
and is socially acceptable; 2) medium-term goal to maintain the current status of
water allocation for the agricultural sector at the end of the program, as per the
current level of 2000 (beginning of the program), while increasing food and agricul-
tural products. Achieving international environmental goals to reduce malnutrition
and alleviate poverty by the end of 2015, especially in rural areas and small urban
areas in low-income catchments with physical or economic scarcity or in the aquatic
systems with a particular focus on high-poverty groups was also a medium-term goal
and 3) short-term goal to include food security, alleviating poverty, improving the
health level, reducing pollution, and environmental security [10].

2.1 CPWF research themes

The CPWF program organized and presented the following five research themes to
achieve its goals. Table 2 provides the specification of the research themes along with
the coverage rate of the KRB focal projects.

2.2 Approaches and activities for implementation of CPWF projects in the
Karkheh River basin

The approaches and activities for implementation of CPWF projects in Karkheh
River Basin (KRB) included three main steps, 1) Holding of a Kick-off or Launching
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Themes Objective Research sub-themes Leading
Institute

Rate of Coverage of
Projects with the
Research Themes
(%)

WP* LR BFP SG

T1: Crop-
Water
Productivity
improvement

To promote
and increase
food and
livelihood
security
through the
produce “more
crop per drop”
approach

• Scope of work at the plant scale:
effects and future direction of plant
breeding activities,

• Crop and field scope: New
opportunities for integrated natural
resource management,

• Outlook and scope of agro-
ecological system: integrating water
and land management,

• Policy and institutional issues
facilitating the transfer and adoption
of improvement measures.

International
Rice
Research
Institute
(IRRI)

60 20 — —

T2:
Multipurpose
use of
upstream
catchments
(Water and
people in
catchments)

To improve
water
management in
upstream
catchments

• Water, poverty, and risks hazards
in upstream catchments,

• Potentials for improving water
management,

• Empowering communities and
people to use improved land and
water resources management.

International
Center for
Tropical
Agriculture
Research
(CIAT)

20 65 — —

T3: Aquatic
ecosystems
and fisheries

Conservation
of aquatic
ecosystems and
fish and
aquaculture for
greater security
of livelihood of
people and
biodiversity in
catchments

• Issues of policy, institution, and
governance,

• Valuing ecosystem services and
products and the costs of
destroying resources and the
environment,

• Environmental water needs,
• Improving water productivity.

World
Aquaculture
Center
(ICLARM)

0 0 — —

T4:
Integrated
basin water
management
systems

Management of
catchments in a
comprehensive
and integrated
manner

• Communications and impacts and
scales of analysis,

• Integrated decision support tools,
• Good governance.

International
Water
Management
Institute
(IWMI)

10 5 — —

T5: The
Global and
national food
and water
system

Evaluate water
resources and
food
production in
the water-food
system on a
national and
global scale

• Globalization, trade, macroeconomics,
and sectorial policies,

• Investment and financial issues for
agricultural water development and
water supply,

• Common cross-border (trans-
boundary) water policies and related
institutions,

• Changes in the global water cycle.

International
Food Policy
Research
Institute
(IFPRI)

10 10 — —

*: Improving On-farm Agricultural Water Productivity in the Karkheh River Basin (WP); Strengthening Livelihood
Resilience in Upper Catchments of Dry Areas by Integrated Natural Resources Management (LR); Basin Focal Project (BFP);
Small Grant Project (SG).

Table 2.
Specification of the research themes along with the coverage rate of the KRB focal projects.
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Workshop of KRB, 2) Development of criteria for selection of pilot research sites in
the basin, 3) Explanation and elaboration of the research projects to the project team
and stakeholders by the project leaders and development of the project management
structure.

2.2.1 Kick-off or launching workshop of KRB

The workshop, entitled CPWF program start-up workshop, was held on June 8–10,
2004 at the SPII1 campus of Agricultural-Research-Education-Extension Organization
(AREEO) with the participation of officials and all stakeholders. The workshop
described the CPWF program and how the KRB was nominated and selected as one of
the benchmark basins of the program.

In this workshop, various sessions and discussions were held in the form of brain-
storming dialogs among the participants (experts and stakeholders). The two main
areas of discussion were: a) Improving WP, food security, and livelihood of farmers in
the aquatic ecosystem (irrigated agriculture) of KRB and mainly related to Theme1 of
CPWF, and b) Issues of basin upstream, related to the Theme 2 of CPWF program,
that is explained below.

2.2.1.1 Results of the CPWF theme one - workshop discussions

Regarding the first question of the workshop, i.e., high-priority research issues in
the KRB, the summary of the Theme1 (improving water productivity at plant and
farm scales) group as follows:

soil and water salinity, soil nutrition and fertility, irrigation efficiency, crop
cultivars and plant species, thermal stress on crops, land drainage, cropping systems,
land preparation, irrigation management, irrigation systems, drought stress, socio-
economic, institutional, and environmental issues.

The above issues were divided into the following five groups:

1. Improvement of crop cultivars, including cultivars resistant to environmental
stresses and having good crop yield and quality.

2.Water and irrigation management, including irrigation systems, water
conservation and saving, and increasing irrigation efficiency.

3.Soil management issues, including soil nutrition, salinity, biological and
physical–chemical aspects of soil, and land preparation.

4.Aspects of agro-technical management, including plant management and agro-
systems; and 5- Political and institutional issues at the level of local communities.

Comments on the second question, i.e., “What are the best and most promising
research methods that can cover at least three priorities and meet its research, are
summarized as follows:

1 Seed and Plant Improvement Research Institute (SPII) (in Karaj city near to Tehran, Iran capital)
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a. Improving plant cultivars (Germplasm): common and molecular methods of
breeding cultivars and using methods of participatory breeding,

b. Irrigation management: methods based on the local community, application of
more efficient irrigation systems, special methods of farmer education (Farmer
Field School), and water saving methods,

c. Soil management: the same methods mentioned for case (b),

d. Aspects of agro-technical management: including agricultural meteorological
studies, plant modeling, plant diversity and intensive cultivation (intensification),

e. Policies and institutions at the local community level: including product
insurance policies, the establishment of water users associations, methods of
reducing energy consumption, motivation and desire strategies in the
application of improved or new technologies to ensure compliance with them.

Table 3 summarizes comments regarding the key indicators questions in the
priority areas.

For creating a credible basis lining, it was suggested that benchmark analysis of
socio-economic and biophysical status of the basin at the beginning of the CPWF
program and at the end of the program to be reviewed.

Also, a special working group for rainfed agriculture, mainly in the upstream areas
of the basin, was formed. The specific results for this type of agriculture and in the
form of Theme1 of CPWF program in KRB were as follows:

1.Three important issues in rain-fed agriculture of the KRB include: Low yield and
yield instability, drought, inadequate existence of agricultural systems;

2.Promising research methods to address the above issues include: identifying
areas in terms of Agro-ecological characterization, improving germplasm to
withstand environmental and non-environmental stresses to the plant and thus
improve plant WP, improving cropping systems and proper soil and crop
management, application of supplementary irrigation, rainwater harvesting,
application of participatory research methods, and crop modeling;

Row Five years period Fifteen years period

1 Adoption and application of varieties
and new production technologies

Control of soil erosion

2 Improving farmers’ incomes Control of soil and water salinity

3 Reducing water consumption and
improving agricultural WP

Creating confidence and ensuring economic benefits for
farmers

4 Improving food quality Increasing and creating security in the agricultural sector

5 Improving environmental quality Improving the livelihoods of local communities

6 — Improving and preserving the environment

Table 3.
Key indicators questions of the priority areas for the different horizons.
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3.Key indicators in priority areas include cultivar adaptation, production
technology adaptation rate, cropping system, soil erosion rate, soil quality,
vegetation cover, and farmers’ income.

2.2.1.2 Results of the CPWF-theme two workshop discussions

Summary for Theme two of CPWF program in KRB, i.e., the issues of the upstream
catchments were as follows:

The problem of water availability for rainfed lands (especially for supplementary
irrigation), the small size of agricultural lands, improper use of forest lands for
the production of medicinal and industrial products and coal production,
destruction of forests and their improper control, uncontrolled grazing in
pastures, lack of integrated plan or management for watersheds, erosion of culti-
vated lands and destroyed pastures, and surface flows pollution due to mining
activities, etc.

Also, the summary of three important and priority issues of the basin upstream
was: 1) Agricultural issues, including reduction of productivity due to soil erosion,
drought (especially in dryland areas), and land ownership issues; 2) Livestock issues,
including the destruction of forests and pastures and productivity of livestock pro-
duction; 3) Side effects including pollution in the downstream of the basin, floods and
sediment, issues of water allocation for upstream and its impacts on downstream of
the basin and the Karkheh dam in downstream.

Promising research methods were: 1) Integrated Natural Resources Management
(INRM) method; 2) Integrated catchment management method focusing on inter-
actions and communication between water consumption and landowners; 3) Par-
ticipatory research and stakeholder participation; 4) Diversification in the sources
of income of the inhabitants of the basin; 5) On-farm research including production
of drought-tolerant crops, rainwater harvesting, and supplementary irrigation of
crops in rainfed lands; 6- The effects of land ownership and issues of land use
policies and regulations on land degradation; 7) Socio-economic issues including
specifying livelihood issues, etc.; 8) Livestock issues and rangeland rehabilitation; 9)
Cultural issues and information communications; 10) Water quality monitoring;
and 11) Establishing a link between research on the scale of catchment and rain-fed
agriculture.

Following the workshop, discussions on planning for future research and imple-
mentation activities in the KRB were as follows:

At first, a conceptual discussion entitled “Integrated River Basin Management
(IRBM)” was introduced. Based on its model, the KRB area was divided into two parts
of upstream of Karkheh Dam (Downstream) and downstream of the dam (Down-
stream) and its issues were investigated as follows:

1.In the upstream areas of Karkheh Dam the following studies were potentially
proposed:

a. Watershed studies, effects of natural and human processes on river
hydrology as well as Karkheh Dam, runoff, flood and sediment, pollution,
water allocation issues, surface and groundwater interactions, and
identification and evaluation of water users (farmers) and their efficiency
and productivity studies;
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2.In the downstream areas of Karkheh Dam, potential studies proposed as follows:

a. General issues include studies of soil and water management and their
relationship, issues of land salinity improvement, long-term effects of
development activities in the region (such as construction of new
irrigation and drainage networks, etc.), effects of drought and water
shortage on the downstream basin and especially on Hur al-Azim wetland,
study of available water and available technologies for reclaiming saline
and sodium lands in the region, Karkheh dammanagement issues, study of
water pollution issues from various urban, industrial and agricultural
sources.

b. Specific issues of irrigated lands, including evaluation of irrigation
efficiency and WP at the irrigation network and basin scales, water
balance, supply and demand issues, determination of standards and
indicators necessary for investment planning at the basin scale, irrigation
methods and technologies, drainage, study of optimal cropping pattern,
and the relationship between users and water distribution system in large-
scale irrigation networks in the basin.

The workshop also provided supportive scientific lectures on integrated natural
resource management (INRM) in arid areas and definitions and issues of participatory
research in the basin.

In presenting integrated natural resource management in arid areas, the challenge
of natural resource management and the concepts and principles of the integrated
natural resource management framework was defined and explained, and several
important tools were introduced. Accordingly, the IMRM framework is a method that:
integrates research into different types of natural resources using stakeholder partic-
ipation processes, and adaptive management and innovation.

It also aims to improve livelihoods, agro-systemic resilience, improve
agricultural productivity and environmental services. Its solutions and effects of
which operate at different scales and levels of local, ecological and global
communities. Therefore, the principles of INRM are: integrating research and devel-
opment, creating a system for adaptation and learning, creating a balance between
hard and software sciences, focusing on choosing the right type of science and
knowledge and applying it at the appropriate level, and changing the scientific and
organizational culture.. INRM tools generally include three types of tools: process
tools, cognitive tools, and problem-solving tools and investment on opportunities.

2.2.2 Development of criteria for selection of pilot research sites in the basin

2.2.2.1 Criteria for site selection in the upstream areas of the KRB

In the upstream areas of the basin, the main purpose of selecting the research site
was mainly to implement the LR project. The main goal of the LR project upstream of
the KRB was to improve livelihood resilience in arid watersheds through diversifica-
tion and integrated natural resource management. According to the relevant concep-
tual model, resource degradation is not a reason for the change but a sign of changes in
the socio-economic environment. Based on the results of field studies and considering
diversity upstream of KRB, four research sites were initially selected based on the
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criteria and methods mentioned in the Mid-annual meeting [11] and Kick-off
Workshop [12], as follows:

2.2.2.2 Criteria for site selection in downstream of the KRB

The criteria presented in the selection of research sites in downstream (south of
KRB) were mainly derived from the results of field visits to the area by a group
entitled “Agro-ecological plants and areas” in the early stages of the CPWF projects
performed, which its results are presented in the followings.

The mentioned group categorized and presented their results of field visits to the
entire basin in three categories: a) required data and information, b) quantitative
determination of WP, and c) agricultural products in the basin [13, 14], which are
presented only for case “a” in below2.

2.2.2.2.1 Required data and information

A-1-Hydrology includes inflows and outflows (including seasonal and non-
seasonal streams and rivers, water withdrawals for irrigation and runoff) (if possible
daily data), rainfall and its time distribution and location of rain gauge stations,
groundwater aquifer and its characteristics, and water quality.

A-2- Climates include: temperature, humidity and wind (ideally hourly, daily
desirable but at least monthly), the amount of radiation (if data is available), evapo-
ration data from the pan or reference evapotranspiration (ET).

A- 3- Water, soil, and land include soil texture and type, soil depth and root
limiting layer depth (if any), soil water holding capacity, drainage characteristics,
groundwater depth, general soil fertility level, soil salinity and sodium content, land
slope, and gravel and coarse rocks level (if the area is pasture).

A-4- Crops and other agronomic issues include: type of plant species (under cultiva-
tion including trees), rangeland and forest, cultivation calendar (planting and harvesting
time, etc.), crop yield (including the number of crop residues obtained if used as
fodder), plowing and tillage operations, if the land is pasture, type of rehabilitation
activities performed, estimation of vegetation cover and weed cover to crop cover ratio
and date (time) of data collection, inputs include fertilizers and pest and disease control
(insects, diseases, and weeds), plant coefficient (if locally determined or approved).

A-5- Irrigation operations include: the amount of applied water, its frequency
and duration, irrigation water application system (and application efficiencies,
storage and transfer, if available), leveling of farms with surface irrigation
system, source (sources) of irrigation water, a ratio of water used for leaching
salts (leaching fraction), reuse of drainage and farm effluent, quality of irrigation
water,

A- 6- Livestock status includes: livestock species, time of production or
purchase of livestock, or sale (live or killed), livestock density and their mobility,
livestock grazing operations, and production products, including meat, milk,
wool, eggs, poultry, or livestock labor, type of feed, quantity, source and seasonal
amount.

2 The category “a: is more related to the objectives of this chapter. The elaborations on categories of “b” and

“c” have already been presented in their specialized reports and it may be refer to the relevant references.
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A-7- Fishery and aquaculture include: species, water needs, products (including
type and amount), its effects on water quality, the possibility of potential for artificial
aquaculture and its expansion.

A- 8- Use of environmental water include: type, amount (in the presence of
sound).

A-9- Economic-social and organizational-institutional issues including the level of
land ownership and its type, and other information related to the upstream of the
basin.

As discussed above, summarizing the criteria for selecting research sites downstream
of the basin were [13, 14]: 1) Representation of soils in the region, 2) Appropriateness of
water quality, 3) Having problematic soils, 4) Importance of agriculture in the region,
5) Low water and land productivity, 6) Access and existence of infrastructure, 7)
Proximity to meteorological stations, existence of old and modern irrigation systems, 8)
Existence of poverty in local communities, 9) Existence of diversity in agricultural
systems, 10) Existence of associations and institutions (such as water users associa-
tions), 11) Existence of data and secondary information, 12) Cultivation of strategic
irrigated agricultural products, 13) Existence of mechanized agriculture, 14) Location of
the region within the borders of a province, 15) Access to water resources, 16) Existence
of agricultural plots of different sizes (small, medium, large), 17) Existence of famous
local communities, and 18- Proximity to a research center or station.

2.2.3 CPWF-KRB explanation and elaboration of the research projects

Table 4 summarizes CPWF-KRB main projects (WP and LR).

Project Title Main Objectives Sub-Objectives/ Components

Improving On-
farm
Agricultural
Water
Productivity in
the Karkheh
River Basin
(WP)

Increase in food security and improve
farmers’ livelihoods,
Increasing and sustaining WP and thus
increasing farmers’ income in dryland and
irrigated farming.
options to improve WP in rain-fed and
irrigated areas of the basin,
awareness and promotion of adaptation of
new technologies, upcoming policies and
appropriate organizational-institutional
arrangements,
capacity building in National Research
Systems (NARES) and local community
leaders,
Evaluate WP and the organizational and
institutional structure needed to improve it.
Finding options for sustainable
improvement of WP in irrigated and rain-
fed agriculture of the basin,
Familiarity and application of
recommendations and technologies by
farmers,
Provide sustainable organizational
arrangements and necessary policies,
Training and capacity building among local
communities, experts and researchers in the
basin and even the country,

Improving rainwater productivity (RWP)
through supplementary irrigation and
agronomic practices in rain-fed lands
upstream of KRB,
Determining and improving agricultural
WP in the irrigated lands (non-saline and
saline lands) downstream of KRB,
Socio-economic issues of WP
improvement,
Policy and institutional issues related to
improving WP and water management in
agriculture of basin,
Study of impacts of upstream on
downstream (Upper / Lower
interactions).
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Project Title Main Objectives Sub-Objectives/ Components

Evaluate WP and propose related structures
and policies for Karkheh, Euphrates and
Amu Darya basin,
Determining agricultural WP at farm and
basin scales.

Strengthening
Livelihood
Resilience in
Upper
Catchments of
Dry Areas by
Integrated
Natural
Resources
Management
(LR)

Strengthen the livelihood resilience of poor
rural communities
Improve the environmental integrity of the
upstream watersheds
Increase the adaptation capacity of the basin
stakeholders in order to improve their
livelihood and living conditions in arid and
harsh areas in a sustainable way
Develop an appropriate methodology that
could link livelihood enhancement strategies
to watershed management principles

Development of a framework for
assessing vulnerability and livelihood
resilience in upstream watersheds,
Identification and evaluation of
management principles of upstream
watersheds in arid areas,
Creating the capacity of local
communities to strengthen livelihoods
and manage of their watershed in a
sustainable way,
Effective strategic development to spread
research results and experiences and
achievements horizontally and upwards,
Improve coordination, communication,
and process skills.
Climate change (CC) scenarios and plant
adoption studies in KRB,
Drought analysis for upstream areas of
KRB Basin,
Semi-detailed soil surveys Soil erosion
studies inside and outside research sites,
Land use changes studies,
Participatory Technology Development
activities in farmers’ fields and rural areas
upstream of the basin (called PTD),
Water issues for integrated basin
management,
Develop a decision support model (DSS)
to model integrated watershed
management,
Water resources of Honam watershed
Gender and livelihood issues of
catchment communities
Experiences learned from agricultural
management activities in KRB,
Stakeholders and institutions in the basin,
Livelihood analysis of local communities,
Integrated basin water resources
management and livelihoods resilience:
Experiences of CPWF projects in
benchmark basins and project impact
assessments (IA),
Conducting land use planning studies,
Creating participation among
communities,
Creating employment to reduce the
pressure on natural resources and soil
erosion control,
Rainwater water harvesting for optimal
use of water and to improve the livelihood
resilience of communities,
Training of farmers (land users) and
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3. Highlights of some innovations and thematic outputs of CPWF projects
in KRB

3.1 Innovations and value-added studied subjects

• Biophysical similarity analysis was used to map similar areas to out scale the
results of KRB projects to other basins in the WANA3 region,

• Achieving the method of preparing the map of potential areas for the application
of supplementary irrigation (SI) method in the catchments areas and taking into
account the base flow of rivers,

• Systematic identification of innovations of local farmers,

• Identification and development of salinity-resistant cultivars of barley, wheat,
and sorghum,

• Participatory Technology Development (PTD) for selected technologies effective in
improving livelihood resilience,WP, and food production in eight local communities
located in two selected pilot research sites in themajor provinces of the basin (Honam
in the Lorestan province andMerek in the Kermanshah province),

• Development and extension of Azetobacter biological fertilizer in the upstream
areas of the catchment (mainly in Lorestan province),

• Development and extension of new chickpea varieties along with autumn
cultivation in the upstream areas of the basin (mainly in Kermanshah province),

• Development and extension of salinity resistant cultivars, management methods,
and water management technologies to improve WP in saline lands downstream
of the basin.

Project Title Main Objectives Sub-Objectives/ Components

develop their skills,
Encourage women’s participation,
Soil erosion studies at LR project pilot
sites in upstream of KRB,
Impact Pathway of LR project,
Agro-ecological zoning of KRB,
Identify farmers’ innovations,
Development of principles of
comprehensive watershed management
and integrated management of water
resources in the upstream areas of KRB.

Table 4.
A summary information on KRB main projects in the CPWF program.

3 West Asia and North Africa
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3.2 Thematic outputs from CPWF-KRB projects (for WP and LR main projects)

3.2.1 WP project

3.2.1.1 General

• Identifying and determining the characteristics and location of pilot research sites
in the upstream and downstream areas of the basin (joint with the LR project),

• Characterization and development of agro-ecological map of the basin (in
collaboration with the LR project),

• Determining and evaluating agricultural WP in the basin (this activity was planned
to be done for the Tigris-Euphrates and Amu Darya basins in the region),

• Options for improving WP were developed in rain-fed and irrigated areas both
for the farm and basin scales. These options mainly included supplementary
irrigation, deficit irrigation, full irrigation, and salinity management.

• Development of zoning map of potential areas for application of supplementary
irrigation at upstream and the effects of this measure at downstream of KRB.

• Organizational and policy institutional arrangements and regulations related to
water management were documented and analyzed,

• Capacity building in the NARES, along with training human resources in the
form of Ph.D. studies,

• Publications (project reports, scientific research and review articles, etc.) and
dissemination of the project’s findings.

3.2.1.2 Basin scale

• Assessment of water resources and drought in KRB at the basin scale,

• Assessment of areas prone to supplementary irrigation in upstream areas,

• Upstream developments and their impacts and interactions with the downstream
areas,

• Effects of land use on sediment flow,

• Agro-ecological characterization and similarity analysis of KRB.

3.2.1.3 Field-scale

• Improving rainwater productivity using supplementary irrigation,

• Evaluation and improvement of WP in the non-saline southern areas of KRB,
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• Evaluation and improvement of WP in the saline and waterlogged southern areas
of KRB,

• Cropping options to improve WP under salinity of water and soil resources in the
south of KRB,

• Socio-economic factors involved in WP in the southern lands of KRB.

3.2.2 LR project

3.2.2.1 General

• Integration of activities of different disciplines, organizations and institutions in
the watershed through conducting participatory research in selected pilot
research sites in the basin, participatory development of technologies, and
watershed management principles;

• Involvement and active participation of provincial research and extension
services in the project, and necessary collaborations with WP project (PN8) in
common subjects,

• Development of a map of the African region based on climatic and edaphic
similarities with the KRB,

• Analysis and preparation of runoff map in upstream areas of the basin,

• Drought analysis in the upstream areas of the basin,

• Effects of land use changes (1975–2002) on the amount of sediment in the
upstream of the basin,

• Detailed studies of monitoring and analysis of runoff and water consumption in
Honam and Merek watersheds,

• Development of recommendations for the restoration and management of
rangelands and forests in the basin,

• Preparation of spatial GIS-based database for Honam and Merek watershed (in
upstream), to support appropriate land analysis, erosion modeling, land use
planning and development of decision-making models,

• Spatial GIS-based erosion modeling to investigate the effects of land use change
on erosion in the Honam and Merek watersheds upstream of the KRB,

• Development of land suitability map for wheat cultivation for use in decision-
making models.

• Livelihood analysis of eight local communities in Merck and Honam sub-
catchments and their modeling to assess the effects of policy changes (such as
inputs, subsidies and bank loans) on people’s livelihoods,
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• Participatory development of technologies to improve WP, food production, and
livelihoods resilience in four local communities in two watersheds and
preparation of the necessary bases for further research in the field of water
management of the local communities. Some of the technologies tested were:
autumn cultivation of chickpeas, potato management, mushroom production,
rare medicinal plants, production of fast-growing trees (poplar), improvement of
wheat and barley cultivars, application of bio fertilizers for wheat and barley,
chemical fertilizers management, almond tree pest management, and wheat pest
management,

• Conducting field research on women’s issues and their participation and
cooperation with projects,

• The use of improved varieties of chickpea and its autumn cultivation doubled the
productivity of this crop,

• Application of Azetobacter and Azospirillium fertilizers increased the yield of
wheat and barley and rain-fed barley (by 11–36%) and was welcomed by farmers,

• Watershed management principles were prepared and developed for upstream
catchments in arid areas,

• Development of Integrated Watershed Management (IWM) Principles,

• Water resources of Merek and Honam catchments,

• Resources and rangeland management,

• Nutrition management,

• Erosion studies,

• Spatial analysis (GIS) based on a spatial decision support system.

3.2.2.2 Participatory development of technologies (PTD)

• Principles and concepts of participatory technology development (PTD),

• Barley seed breeding and improvement in a participatory manner,

• Improving the management of legumes and family of fodder products.

3.2.2.3 Socio-economic and policy-institution issues

• Women’s participation in improving rural livelihood,

• Market access and its effects on low-income from farm residents,

• Rural livelihood zoning, effects of access to water resources and consideration of
policy effects upstream of KRB,
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• Principles of integrated water resources management and related institutional
issues,

• Identify the livelihoods of rural communities, the effects of access to water
resources, and policy measures in the upstream areas of the basin;

• The role and participation of women in improving the livelihood of rural
communities,

• Market access and its effects on the income of small households in the basin,

• Policy-institutions issues in the basin,

• Principles of integrated water resources management and its institutional issues.

3.2.2.4 Development of integrated watershed management (IWM) principles

One of the project’s important methodologies and outputs was the development of
principles of integrated management of upstream watersheds in arid mountainous
areas [15, 16]. The logic and hypothesis were that watershed management principles
for tropical and temperate regions were well defined and documented. But moun-
tainous areas with arid climates have their own characteristics in terms of climate,
geomorphology, and the effects of water access on local communities’ livelihood.
Therefore, it is necessary to redefine and adapt these principles for the mentioned
areas (such as upstream watersheds in the basins of Iran). The considered criteria and
principles were developed under the following categories ([7, 15]): 1) issues and sub-
jects of stakeholders and institutions, 2) issues and subjects of decision-making pro-
cesses, 3) issues of stakeholder consultation and development of watershed
management principles with the help of SWOT analysis, 4) issues of water scarcity
and drought, 5) soil issues, 6) soil erosion/soil conservation issues, 7) issues of forest
and rangeland ecosystems, 8) issues of areas with irrigated and rain-fed agriculture, 9)
land use issues, 10) agronomic and crop selection issues, 11) on issues of participatory
technology development, 12) policy matters, 13) livelihood issues, and 14) on gender
issues.

4. Climate change impacts on land suitability in KRB

Considering the CPWF objectives, few studies were done on river basin climate
change (CC) issues. The study done by Ghaffari et al. [17] on land suitability under
current and CC scenarios in the KRB was the main study, and the results are summa-
rized as follows;

Assessing the suitability of an area for crop production requires considerable effort
in terms of information collection that presents both opportunities and limitations to
decision-makers. Land suitability is assessed as part of a ‘rational’ cropping system,
and optimizing a piece of land for a specified use should be based on its attributes.
Furthermore, land may be considered either in its present condition or after specified
improvements. Although criteria may vary, they are essentially based on climate, soil,
topography, and water availability which are the most important categories of natural
environmental information required for assessing land suitability.
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The CC study in KRB describes a climate-soil-site model to assess CC impacts on
land suitability for dryland winter wheat, focusing on the potential effects of temper-
ature increase and rainfall variables on the land suitability in KRB. Assessments were
made for the current climate condition and future climate scenarios by 2025 with GIS
maps generated through a Simple Limitation Approach (SLA). Ghaffari et al. [17] used
topography maps (10 m resolution), 25 years of climate data (1973–1998), physiolog-
ical and phonological crop parameters, CC scenarios, soil management domain
(SMD), and a simple limitation approach (SLA).

In Table 5, results of the projection of impacts of CC on land suitability classes for
dryland winter wheat in upstream areas of KRB are provided.

It was concluded that by increasing temperature alone, it would be expected that
highly andmoderately suitable areas increases in the KRB. Increasing temperature and
increasing precipitation increase highly andmoderately suitable areas. Decreasing precip-
itation alone or increasing temperature will lower highly andmoderately suitable areas.
Themain reason for this is water stress risk, not the direct effect of temperature [17].

5. CPWF approaches for continuing of the river basin management in
phase 2

As mentioned earlier, the CPWF’s aim was to identify a set of agricultural solutions
(technical, socio-economic, and organizational-institutional) related to water man-
agement that can lead to greater resilience of local communities in catchments and
protect the environment. It was expected that these strategies would lead to a signif-
icant increase in agricultural WP to help solve the “water crisis for food” problem in
the world. Therefore, the selected research topics and priorities in phase 2 of the
CPWF program (2009–2012) were: Compliance with the CPWF’s research agenda in
the areas of research topics or basin priorities; to be interdisciplinary and include
cross-scale analysis and adaptation (social, ecological); help to improve the interrela-
tionships of water, poverty, productivity, and ecosystems and within a global change
context; address issues of rainfall management improvement, benefit sharing, multi-
ple uses of water, drivers, and change processes.

In general, the research priorities for the implementation of Phase 2 of the CPWF
program were as follow:

A.Upgrading of rain-fed agricultural systems

Research on this topic aims to increase food security and alleviate poverty by further
increasing rainwater for food production in rain-fed agricultural production
systems.

T:temperature/P: precipitation No Change 0.0 °C
+20%

0.0°C
�20%

+1.5°C
0%

+1.5°C
+20%

+1.5 °C
�20%

Highly suitable (HS) 8.7 28 �91 6 53 �91

Moderately suitable (MS) 7.6 154 39 176 69 39

Marginally suitable (MG) 28 �50 15 �46 �25 18

Unsuitable (U) 55.7 0 1 �2 �5 0

Table 5
Percentage area of suitability classes for dryland winter wheat by CC scenarios in KRB upstream [17].
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B. Benefits sharing

This research focuses on livelihood and income promotion, equity, and
agricultural sustainability based on catchment/area boundaries.

C.Multipurpose use of water

This will focus on improving water storage capacity and distribution systems,
such as irrigation networks and small reservoirs for food security and poverty
alleviation.

D.Drivers and processes of change

This research theme is formed on the knowledge produced by the three previous
research themes (A to C). Its approach is based on recognizing the opportunities
and threats to people’s livelihoods resulting from changes in how they use water
to produce food (including livestock and aquatic ecosystems).

E. Other research fields (remained 20%)

Includes research into the potential effects of climate change (CC) on food pro-
duction, hydrological issues and degradation of natural resources, community liveli-
hoods, and the development of strategies to improve and enhance resilience in
selected benchmark basins in phase 2 of the program.

The selection criteria for the benchmark basins in Phase 2 of the CPWF program
were based on Phase 1 experiences and recommendations from the external evalua-
tion of Phase 1 in 2007. The criteria were as follows:

• More focus on the effects of the implementation of the program in the next ten years
at the basin scale and through the guidance and coordination of selected projects
focused on several key issues and among a smaller number of benchmark basins,

• Focus on basins among low-income countries while coordinating with the needs
and priorities of CPWF funding providers and donors,

• Overall, CPWF research should ensure that it leads to the creation and
production of global achievements and international public goods (IPGS).

However, despite not selecting the KRB catchment in the second phase of the
CPWF program for various reasons and according to the criteria presented above, the
proposed research activities for future research in this basin were presented as
follows [18]:

• Continue research on improving WP in the KRB,

• Paying attention to issues of adaptation to climate change and drought in the basin,

• Considering the priorities and strategies of water allocation in the basin,

• Environmental effects of water management and construction of dams,
especially in the upstream areas of the basin,
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• Research on fisheries and livestock production issues,

• Further activities in the field of spatial modeling and decision-making systems for
planning and development,

• Continuation of activities and research related to PTD,

• Continuation of development activities and capacity building of existing
organizations in local communities,

• Out scaling of technologies and other achievements of the projects,

• Evaluation of projects and analysis of their impacts from institutional and
technological aspects,

• Establish a communication network with other CPWF benchmark basins,
especially the Ganges, Mekong, Nile, and Andes basins, regarding WP
improvement technologies and resource management methods.

6. Discussions

The CPWF program was a new approach by the CGIAR system to collaborative
and multidisciplinary research that was implemented in two phases and in several
selected benchmark basins worldwide.

The implementation of the CPWF program, with the contribution of national and
international research institutes and centers, had a lot of capacity building for experts
and faculty members at the national level (NARES). In addition to the scientific and
research results, practicing the spirit of multidisciplinary and collaborative coopera-
tion with each other, training and capacity building, identifying the KRB and Iran in
international forums and events, recognizing international researchers and professors,
and the possibility of working together were other benefits of the CPWF program
in KRB.

A comparison between the approach and work organization used by the CPWF
program in KRB with the other similar international joint projects, studied in Iran
country, e.g., the United Nations Development Program (UNDP) and the Wetlands
Conservation Project, with the support of the government of Japan and FAO-SIDA, in
the Urmia Lake in the northwest of Iran, and on issues such as water accounting,
improvement of WP, drought management, etc., indicate that:

• The CPWF program focused more on the research-development approach, while
other projects, especially in recent years, have more of an implementation-
extension nature (such as the implementation of the Urmia Lake Rehabilitation
Project) than scientific field research,

• The CPWF program was implemented with foreign exchange resources and local
in-kind resources. It differs from other projects in that the CPWF donors allocate
their budget to the international institutions participating in the program and the
cash flow is optimally allocated to the projects by confirming the proper progress
of the work through them.
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• Another advantage of the CPWF program was foreign parties’ direct scientific
and technical participation in its approved projects. In other words, international
researchers directly participate in the scientific-executive and supervisory
activities of the projects, and it was worked in the form of direct cooperation with
the organization and the team of national collaborators. In other projects,
however, international organizations usually play only the role of
budget allocators and do not have much technical or advisory involvement in the
technical and scientific issues of the project until the project is completed and the
final work report is received and assessed.

• The CPWF program in the KRB was made up of and used to the advantage of
many international stakeholders including international institutions, renowned
universities in developed countries, various international associations and
institutions, and well-known international professors carrying out project
activities and having direct participation and contribution. While in other
projects, this international participation and support are usually very low and to
the extent of one or two major scientific organizations that mostly play the role of
administrative and financial support rather than a scientific and project
management contributor.

• The CPWF program was structured and its implementation was followed by a
step-by-step review and scientific-technical reports and work progress during
project implementation. Examples were the convening of steering committee
meetings, technical committee meetings, publishing mid-term and timely articles
and reports, and so on. The program was also very efficient and systematic in
sharing its data and information and creating a database and network to inform
stakeholders of the results of its stages. Networking is much emphasized in this
program. For example, during the implementation and completion of projects,
the program held several specialized workshops, conferences and international
forums in different countries to inform the results. Such an integrated
networking system, informing, monitoring and delivering timely outputs, is
usually much less common in other similar international projects in Iran.

Significant outputs of CPWF in KRB could be mentioned as: Development of
supplementary irrigation in rain-fed agricultural systems in upstream of KRB, provide
necessary solutions and measures to further disseminate the results and apply new
methods and cropping patterns of agricultural crops in the downstream areas of the
basin, application of land drainage technologies and salinity management in saline
lands downstream of KRB, transition from one dimensional and researcher-oriented
agricultural research to demand-driven research, as well as the development of tech-
nologies related to providing more participation of farmers in research process,
establishing a balance between rural development and food security goals in terms of
protection of soil and water resources and sustainability of mountainous watersheds in
arid and semi-arid regions, development and promotion of production and marketing
of chickpeas in order to increase farm income and ultimately the income of watershed
residents, and mainstreaming of participatory development of technologies in agri-
culture.

However, the KRB was not selected in phase 2 of the CPWF program. This was a
failure and had many reasons that are out of this chapter’s scope. The reasons for not
selecting KRB for phase 2 are presented in detail by Heydari et al. [9].
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Continuation of the work and dissemination of the results of the CPWF program in
the KRB, or so-called out-scaling and up-scaling of the results to policy-makers and
planners, was one of the things which should have been continued after the comple-
tion of the program. However, this task was followed to some extent but not fully, and
stopped after a while so its issues should be investigated. This shortcoming occurs for
most R&D projects in most developing countries, including Iran.

However, the project archives and databases (documented fully in [9]), as well as
its many national and international research reports and published articles (e.g., [3, 5–
7, 10]), along with the information presented in this chapter, could be used as impor-
tant resources for future use.

The present collection can be a good roadmap to explain the process of water and
food challenges in KRB and to continue the road in this basin and other basins in Iran
country and even similar basins in the region such as the Amu Darya in Central Asia
and the Tigris-Euphrates in the Middle East.

As a result, the following common issues and strategies can be used as key indica-
tors for multidisciplinary and multi-scale studies in similar studies in related basins:

6.1 Basin scale issues

Water resources and drought, areas prone to supplementary irrigation, upstream
impacts and interactions on the downstream basin, land use effects on sediment flow
in the basin, agro- ecological characterization, and similarity analysis of the basin.

6.2 Assessment and evaluation of options for improving WP in the basin

Rainwater productivity improvement by using supplementary irrigation, evaluat-
ing and improving WP in irrigated lands (saline areas with salinity and drainage
limitations), recognizing and presenting agricultural options to improve WP under
salinity of water and soil resources, socio-economic factors affecting WP in the basin.

6.3 Improving the resilience and livelihood of local communities in the basin

Integrated watershedmanagement (including: water resources of the pilot sites,
rangeland resources and its management, soil fertilitymanagement, soil erosion studies,
and spatial decision support system); participatory technology development (PTD) in the
basin (including: mainstreaming of the principles and concepts of participatory technol-
ogy development, seedmodification of common andmajor crops under participatory
method, and improving themanagement of common andmajor crops); socio-economic
and policy-institution issues (including women’s participation in improving rural liveli-
hoods, market access and its effects on low-income farm residents, rural livelihood zon-
ing, effects of access to water resources, and policy considerations in upstream
developments; policy-making and organizational-institutional issues, and the principles
of integrated water resources management and its related institutional aspects).

7. Conclusions

The CPWF program was a new approach to the CGIAR system to participatory and
multidisciplinary research that was implemented in two phases and several selected
basins in several global basins, including the KRB in Iran.
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Methodology and the achieved results are a proper roadmap for water manage-
ment in KRB and under increasing water scarcity and climate change conditions that
can be used to continue the research and development in this basin and other similar
basins in Iran. It can also be applied to other parts of the worlds, such as the Amu
Darya basin in Central Asia and the Tigris-Euphrates basin in the Middle East.

Based on the results of the various projects mentioned above as well as the opinions
of basin stakeholders and implementers, policies, plans, and various measures were
extracted and suggested as outcome of CPWF in KRB.

The CPWF projects in KRB has been an example for biophysical similarlity analysis
used for similar areas mapping to out-scale the results of projects to other similar
basins in the Asia WANA region, potential area mapping for supplimentory irrigation,
systematic identification of innovations of local farmers, participatory technology
development, formulation of future research needs and activities, and etc.
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Chapter 3

The Efficacy of Artificially 
Assembled Boulder Installations 
in Improving Migration Routes for 
Aquatic Animals
Youichi Yasuda and Nozomi Fuchino

Abstract

Naturally assembled rocks can be found in the natural rivers with gravel beds,  
and assembled boulders with large-scale rocks are stable after many floods. This 
chapter focused on assembled rocks from the point of view of the stability of the 
structure during many floods and the preservation of the aquatic habitat under 
normal conditions. In renovated rivers, the installation of hydraulic structures may 
result in the degradation of the river bed, local scouring behind the structure, bank 
erosion due to floods, and obstacles in the aquatic migration routes of aquatic animals. 
A balance between the prevention of disasters and the preservation of aquatic habi-
tats should be maintained. Artificially assembled boulders should be recommended 
for river engineering technology. Unfortunately, there is no information on the 
hydraulics of artificially assembled boulders or on the imbrication of boulders in any 
part of the world. This chapter presents experimental research on the hydraulics of 
assembled boulders under normal and flooding conditions. A shallow water flow was 
formed near the water side under normal conditions. The stability of the structure of 
assembled boulders was confirmed under flooding conditions. These findings were 
confirmed by field inspection. 

Keywords: artificially assembled boulders, stability of structure, shallow water flow, 
normal stage, flood stage

1. Introduction

In natural rivers, imbrication and assembled rocks can be observed. Imbrication 
is an overlapping arrangement of boulders which are different from the assembled 
rocks. In particular, in imbrication (Figure 1), collisions between boulders or drift-
wood during floods improve the ease of transport. On the other hand, naturally 
assembled rocks (Figure 2) can be stabilized against many floods, and they contain 
a stable habitat space for several kinds of aquatic animals under normal conditions. 
Moreover, the space may be useful as a refuge area during floods because of the flow 
velocity, including the turbulence is always low due to the formation of a seepage flow. 
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There is a regular assembly method for forming the assembled rocks that makes sense 
in nature. Still, it has not been focused on as a technical method in civil engineering 
[1]. The mechanism of imbrication and its relationship with the habitat have been 
studied from the perspective of geomorphology and ecology. According to Hassan 
[2], the macroform is defined as transverse ribs of rubble in the direction of flow, and 
stone cells of rubble in a circle. The microform is defined as a stone cluster which is an 
accumulation of gravel of different sizes around a large piece of gravel; imbrication is 
a folding of gravel pieces along the direction of flow. Some researchers have further 
classified stone clusters into several forms (e.g. Strom et al. [3]). The formation of 
macroforms and stone clusters has been reported using field surveys to carefully 
record the arrangement of stones that have been moved and those that have not 
(Church et al. [4], Lamarre and Roy [5], Wittenberg and Newson [6]). The develop-
mental process of clusters has been examined in laboratory experiments with simpler 
conditions (Papanicolaou et al. [7]). Strom et al. [3] studied the shape characteristics 
of a large number of samples from five different types of stone clusters in the field. 
Once imbrication and various types of stone clusters are formed, they are less likely to 
move with the flow than stone and gravel on their own. From the perspective of sedi-
ment hydraulics, the effects of microforms on flow resistance and sediment volume 
have been investigated by Hassan and Reid [8], as well as by Strom et al. [9]. From the 
perspective of river ecology, studies have been conducted focusing on the function of 
flow refuge against benthic disturbance (Biggs et al. [10]). Accordingly, imbrication 

Figure 1. 
Imbrication of boulders.

Figure 2. 
Naturally assembled rocks.
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and stone clusters can be formed artificially by arranging stones, and this process 
may be developed into a simple method for contributing to the improvement of the 
river bed environment in small and medium-sized rivers. However, these approaches 
were not applied for large floods, because the stability of the assembled boulders 
was not examined for a wide range of discharges. Recently, the authors focused on 
artificially assembled boulders, as shown in Figure 3, as naturally assembled rocks 
from the point of view of energy dissipation during floods and on the possibility of 
upstream migration under normal conditions [11, 12]. Based on field measurements, 
Rickenmann and Recking [13] as well as Hey [14], for example, investigated the flow 
resistance in rough river beds. Still, the stability of assembled rocks during floods 
and the formation of multiple flows under normal conditions were not found to be 
associated.

This chapter presents findings from practical and experimental research on the 
hydraulics passing through artificially assembled boulders. The focus was on consecu-
tively assembled boulders installed at the drop structure. In order to clarify the flow 
conditions around the assembled boulders and the possibility of upstream migration, 
the hydraulics of consecutively assembled boulders were investigated experimentally 
based on three different downward slopes and discharges as the first stage of the 
research project on assembled boulders. A shallow water flow was formed under nor-
mal conditions as an upstream migration route if consecutively assembled boulders 
with transverse mild slopes were installed. Moreover, a surface jet flow passing over 
the assembled boulders was always formed, even during floods. Then, the structure of 
the consecutively assembled boulders was stable, even if the assembled boulders were 
installed without fixing the bottom part. The consecutively assembled boulders were 
practically installed in a check dam, introducing a flow in the assembled boulders, 
whose details could not be covered by the experiments, and stability in the assembled 
boulders during flooding. These results can help to provide practical applications 
in installing assembled boulders for fish passage, energy dissipation for low head 
structures, ground sills, protruding stones, and fishing reefs.

2. Experimental setup

The experiments were conducted in the Environmental Hydraulic Laboratory 
of Nihon University, College of Science and Technology, in order to investigate the 
hydraulics passing over consecutively assembled boulders. Three different downward 
slopes (i.e. 1/8.5, 1/12.5, and 1/25) were tested. In the case of 1/8.5 and 1/25 slopes, as 
shown in Figure 4, a half model was installed in a rectangular channel with a width 
of 0.4 m, length of 17 m, and height of 0.6 m. For the slope of 1/12.5, a symmetric 
model was installed in a rectangular channel with a width of 0.8 m, length of 15 m, 

 

 

Figure 3. 
Structure of assembled boulders.
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and height of 0.6 m. These models were constructed as 1/10 scale models, and it was 
assumed that the flow condition might be represented under a Froude similarity. The 
size of the boulders was set to around 0.6 m in the prototype. The stepped channel 
model was used as a base of consecutively assembled boulders (Figure 5). In order 
to change the water width in accordance with the discharge, a transverse stepped 
slope was installed at around 1/10. The assembled boulders were installed on each 
staircase without hardening the base, and the downstream end of the boulders was 
stabilized with L-shaped fittings (in the field, use stopper blocks). The experimental 
conditions are shown in Tables 1–3 for slopes of 1/8.5, 1/12.5, and 1/25, respectively. 
Here, B is the channel width, hc is the critical depth, Q is the discharge, and W.L.d is 
the downstream water level based on the lowest bottom of the stepped channel at the 
downstream end of the consecutively assembled boulders. Moreover, the subscript.

Case Q (m3/s) Qp (m3/s) hc (m) hcp (m) W.L.d (m) W.L.dp (m)

1 0.00348 1.10 0.020 0.20 0.075 0.75

2 0.00632 2.00 0.029 0.29 0.086 0.86

3 0.00949 3.00 0.039 0.39 0.097 0.97

4 0.0456 14.4 0.110 1.10 0.201 2.01

Note: B = 0.4 m; transverse slope = 1/11; hc = critical flow depth (=[(Q/B)2/g]1/3).

Table 1. 
Experimental conditions for 1/8.5 downward slope.

Figure 4. 
Half model of consecutively assembled boulders. (a) Half model with 1/25 slope. (b) Half model with 1/8.5 slope.

Figure 5. 
Symmetric model of consecutively assembled boulders (1/12.5 slope). (a) Stepped channel as a base. (b) 
Consecutively assembled boulders.
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"p" indicates the prototype. The downstream water level was controlled with a 
sluice gate located at the channel end. The velocity was measured using a propeller 
current meter 0.03 m in diameter [15] and the sampling time was set to 20 seconds 
because of steady supercritical flow. The water and bottom levels were measured 
using a point gauge with a 0.1 mm reading.

3. Experimental results

The clarification of flow condition, water depth, and velocity on consecutively 
assembled boulders under normal conditions might help to clarify the upstream 
migration route of aquatic animals. Experimental investigation of flow condition, 
the water surface profiles, bed shape, and velocity field yields is helpful for hydraulic 
design on the consecutively assembled boulders. The important points are summa-
rized as follows:

1. The main flow passing over the consecutively assembled boulders is formed 
along the water surface without jump formation with a surface roller and it is 
easy for aquatic animals to find the upstream migration route.

2. Multi-aquatic animals are able to migrate upstream through the consecutively 
assembled boulders in a wide range of discharges because the formations of 
shallow water flow near the water side and the gap flow of the assembled boul-
ders produce a low velocity with low turbulence. In this case, the boulders that 
were utilized averaged about 0.6 m in size and installed at a transverse slope of 
about 1/10.

Case Q (m3/s) Qp (m3/s) hc (m) hcp (m) W.L.d (m) W.L.dp (m)

1 0.0070 2.20 0.020 0.20 0.079 0.79

2 0.0111 3.52 0.027 0.27 0.089 0.89

3 0.0168 5.31 0.036 0.36 0.099 0.99

4 0.1211 38.30 0.133 1.33 0.232 2.32

5 0.1456 46.03 0.150 1.50 0.259 2.59

Note: B = 0.8 m; transverse slope = 1/11; hc = critical flow depth (=[(Q/B)2/g]1/3).

Table 2. 
Experimental conditions for 1/12.5 downward slope.

Case Q (m3/s) Qp (m3/s) hc (m) hcp (m) W.L.d (m) W.L.dp (m)

1 0.00143 0.451 0.011 0.11 0.044 0.44

2 0.00595 1.88 0.028 0.28 0.079 0.79

3 0.0103 3.25 0.041 0.41 0.096 0.96

4 0.00312 0.986 0.018 0.18 0.066 0.66

Note: B = 0.4 m; transverse slope = 1/6.9, 1/10, and 1/9.0 from right side; hc = [(Q/B)2/g]1/3.

Table 3. 
Experimental conditions for 1/25 downward slope.
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3. The velocity and depth of the migration route were independent of the down-
ward slope in slopes ranging from 1/8.5 to 1/25, because the flow condition 
among the assembled boulders was locally independent.

4. Concentration of the flow at the lowest part of the assembled boulders, in addi-
tion to a priming effect, can be expected for the upstream migration route.

3.1 Flow condition under normal conditions

The flow conditions on the consecutively assembled boulders are shown in 
Figures 6–8. Under normal conditions, the main flow concentrated at the lowest 
part of the consecutively assembled boulders. On the other side, a shallow water 
flow on the assembled boulders was formed as a small cascade at each combination 
of assembled boulders. Moreover, pools with a low velocity were formed in the gaps 
between the boulders.

In the case of a 1/25 downward slope and a transverse slope around 1/8, even when 
the discharge in the prototype changes from 0.5 to 3.0 m3/s, multi-aquatic animals 
(e.g. swimming fish, benthic fish, crustaceans, and shells) may migrate upstream in 
the shallow water flow region (Figure 6).

In the case of a 1/12.5 downward slope and a transverse slope around 1/11, the 
flow condition for the upstream migration route was formed up to the discharge 
in the prototype 5.3 m3/s in the shallow water flow region (Figure 7). In this case, 

Figure 6. 
Flow conditions for a 1/25 downward slope and a transverse slope around 1/8. (a) Flow condition for Case 4.  
(b) Flow condition for Case 2.

Figure 7. 
Flow conditions for a 1/12.5 downward slope and a 1/11 transverse slope. (a) Flow condition for Case 1. (b) Flow 
condition for Case 2.
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since the cross-section of consecutively assembled boulders was symmetrical 
(8 m in width in the prototype), the upper discharge was 2.65 m3/s for a half section 
4 m in width.

In the case of a 1/8.5 downward slope and a transverse slope around 1/11, the flow 
condition for the upstream migration route was formed up to the discharge in the 
prototype 2.0 m3/s in the shallow water flow region (Figure 8).

In the three different downward slopes in the flow direction, the main stream 
passing over the consecutively assembled boulders was always formed along the 
water surface, and enabling aquatic animals to find the upstream migration route 
easily.

3.2 Velocity fields under normal conditions

Figures 9–11 show the velocity profiles on the assembled boulders at cross-sections 
for three different downward slopes. Here, up is the mean velocity above the boulders 
in the flow direction, Xp is the streamwise direction coordinate from the upstream 
end of the consecutively assembled boulders, yp is the transverse direction coordinate 
from the right side wall, and Yp is the transverse direction coordinate from the center 
line of the symmetric cross-section. Moreover, these values are expressed according 
to the prototype scale. The velocity distribution depends on the gradient in the flow 
direction and the discharge, except for the upstream migration route of multi-aquatic 
animals. In the shallow water flow region, the flow velocity above the assembled 
boulders varied from 0 to 2.2 m/s on the prototype scale. The flow velocities between 
the assembled boulders might be further reduced, although they might be difficult to 
measure on a 1/10 scale model.

Figures 12–14 show the relationship between evaluated depth [12] and mean 
velocity for three different downward slopes in the flow direction. The data in these 
figures were recorded in a shallow water flow region. As shown in these figures, simi-
lar results were obtained, although there were variations. Accordingly, the flow condi-
tion in a shallow water flow region might be less sensitive to the downward slopes and 
variations in discharges under normal conditions. These results reveal that multiple 
flow with various water depths and velocities with low turbulence was formed in the 
shallow water flow region by installing assembled boulders on a transverse inclined 
slope. Furthermore, aquatic animals might migrate upstream amid various downward 
slopes and discharges because the shallow water flow is formed for three different 
downward slopes (1/8.5, 1/12.5, and 1/25).

Figure 8. 
Flow conditions for a 1/8.5 downward slope and a 1/11 transverse slope. (a) Flow condition for Case 1.  
(b) Flow condition for Case 2.
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Figure 15 shows the velocity distributions in the assembled boulders under both 
normal and flooding conditions. The values of the velocity are expressed in the 
prototype. This experiment was an additional experiment with a 1/4 scale model; the 
velocity was measured using a two-dimensional electric magnetic current meter of 
type I with a diameter of 3 mm (sampling time: 30 s; sampling frequency: 50 ms). As 
shown in Figure 15, the mean velocity up and the standard deviation up were always 
low in the assembled boulders under both the normal and flooding conditions.  

Figure 9. 
Velocity profiles for a 1/25 downward slope and a transverse slope around 1/8. (a) Velocity profiles for Case 2.  
(b) Velocity profiles for Case 3.

Figure 10. 
Velocity profiles for a 1.12.5 downward slope and a 1/11 transverse slope. (a) Velocity profiles for Case 1.  
(b) Velocity profiles for Case 2.

Figure 11. 
Velocity profiles for a 1/8.5 downward slope and a 1/11 transverse slope. (a) Velocity profiles for Case 1.  
(b) Velocity profiles for Case 2.
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As the flow concentrated toward the lowest part of the assembled boulders, the 
velocity reached its maximum value. The main flow was always located near the water 
surface. Figure 16 shows the maximum velocity decay downstream of the consecu-
tively assembled boulders for downward slopes of 1/12.5 and 1/8.5.

As shown in these figures, the main flow continued all the way downstream 
to the lowest part of the assembled boulders, and the maximum velocity down-
stream of the shallow water flow region was lower than 1 m/s. From these results, 

Figure 12. 
Relationship between evaluated depth and mean velocity for the 1/8.5 slope.

Figure 13. 
Relationship between evaluated depth and mean velocity for the 1/12.5 slope.

Figure 14. 
Relationship between evaluated depth and mean velocity for the 1/25 slope.
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fish and crustaceans could easily migrate upstream through the consecutively 
assembled boulders.

3.3 Velocity fields during floods

Figures 17 and 18 show the streamwise change in the maximum velocity around 
the assembled boulders amidst a large flood. The maximum velocity was defined at 
each vertical measurement section. In the prototype, the critical flow depth was set to 
about 1.1–1.5 m, and the maximum velocity reached 6.0 and 6.5 m/s for the 1/8.5 and 
1/12.5 slopes respectively. In the experiments shown in Figures 6–8, the boulders were 
assembled only on each step, and the material for fixing was not used. The velocity 
near the boulders reached 4.0–5.0 m/s during floods, but the assembled boulders 
were not destroyed at all. In the case of the imbrication of boulders in a gravel river 
(Figure 1), the stacked boulders might be fragile during large floods because the boul-
ders might not support each other against the fluid force. Regarding the maximum 
velocity decay downstream of the consecutively assembled boulders, as the main flow 
was located near the water surface, it was possible to prevent bed erosion. Moreover, 
the maximum velocity decay changed transversely. If the consecutively assembled 
boulders were arranged symmetrically, it was possible to prevent side bank erosion.

To evaluate the flow resistance of the assembled boulders in a flood flow, the 
depth of the water in a pseudo-uniform flow was evaluated according to the shape 
of the assembled boulders and the water surface profile. The friction coefficient was 
evaluated using the Darcy–Weisbach equation; it was found to vary with the slope in 
the downstream direction. For the 1/8.5 slope, the friction coefficient was 0.180, and 

Figure 15. 
Velocity distribution in assembled boulders (1/4 scale model, 1/10 downward slope). (a) Normal conditions  
(hcp = 0.166 m). (b) Flooding conditions (hcp = 0.453 m).

Figure 16. 
Maximum velocity decay downstream of consecutively assembled boulders. (a) 12.5 slope. (b) 1/8.5 slope.
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for the 1/12.5 slope, it was 0.252. The measured results obtained by Rickenmann and 
Recking [13] were converted into a friction coefficient corresponding to the relative 
roughness height, which is shown in Eq. (1).

 

 
= < < 

 

0.697

84 84

1 2.821 0.646 5.07d d
f D D  
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where d is the flow depth, and D84 is used as characteristic grain size (following 
Ferguson [16]).

If the value of D84 is evaluated from the friction factor and the flow depth,  
D84 = 0.204 m for the 1/8.5 slope and D84 = 0.445 m for the 1/12.5 slope respectively. 
Accordingly, the equivalent roughness height, which contributes directly to a flow 

Figure 17. 
Streamwise change in velocity for Case 5 (qp = 5.75 m2/s) under the 1/12.5 slope. Vd = averaged velocity at 
downstream subcritical flow (Xp = 46 m).

Figure 18. 
Streamwise change in velocity for Case 4 (qp = 3.61 m2/s) under the 1/8.5 slope. Vd = averaged velocity at 
downstream subcritical flow (Xp = 46 m).
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resistance, might become smaller as the downward slope increases. The estimation 
of the friction coefficient can be applied to the stable structure as in the case of the 
assembled boulders.

4. Field installation and monitoring

The artificial installation of assembled boulders can be applied to eliminate dis-
continuities due to drop structures. In order to maintain the balance between energy 
dissipation during floods and the migration of aquatic animals under normal condi-
tions, consecutively assembled boulders were installed with 74.4 m in width of a chan-
nelized weir with a 2.3 m drop. The weir was located in the Ohmu River, Hokuto city, 
Yamanashi Prefecture, Japan (Figure 19). Every year, many boulders, including ones 
0.7 m in size, are transformed during large floods; strength in the structure is therefore 
required. In order to install consecutively assembled boulders near an apron behind 
the channelized weir, the downward slope was set to 1/8. The size of the boulders was 
set to about 0.7 m to ensure water depth between the assembled boulders (Figure 20). 
During floods, the main stream was formed along the water surface downstream of 
assembled boulders, and the flow velocity above the boulders could be reduced by 
shape resistance from the assembled boulders. As shown in Figure 21, considering the 
water width of the main stream under normal conditions (in this case, 10 m in width) 

Figure 19. 
Consecutively assembled boulders.

Figure 20. 
Structure of assembled boulders.
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the bed level at the upstream end of the consecutively assembled boulders was adjusted 
to be 0.20 m lower than both sides of the main stream. The river bed downstream 
of the consecutively assembled boulders was adjusted by installing rocks in order to 
form a subcritical flow during floods. As shown in Figure 22, a shallow water flow was 
formed on both sides of the main stream. The flow condition can be confirmed from 
the physical model (Figure 23). After the installation of the consecutively assembled 

Figure 21. 
Aerated main flow and shallow water flow.

Figure 22. 
Shallow water flow region.

Figure 23. 
Transported rocks during floods.
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boulders, it was confirmed that aquatic organisms at various stages of growth that are 
native to the river could migrate upstream through the channelized weir. Moreover, the 
main flow was located along the water surface during floods; there was thus no local 
scouring.

5. Discussion

As shown in Figures 4 and 5, as the consecutively assembled boulders were 
installed in transverse steps, it was easy for shallow water to flow to form near 
the water side for different discharges. Moreover, the gap flow among the 
assembled boulders had a low velocity with low turbulence (Figure 15). The flow 
condition confirmed these facts at the structure constructed in the Ohmu River 
(Figure 22). The width of the assembled boulders installed on site was 74 m. In 
this case, the experiment corresponded to the investigation with a width of 8 m, 
which is a partial reproduction of the original condition. With the assistance of 
many fishermen, a local government office, and fishery associations, it was con-
firmed that swimming fishes (e.g. Plecoglossus altivelis, Tribolodon hakonensis, 
and Oncorhynchus masou ishikawae) and benthic fishes (e.g. Rhinogobius 
flumineus and Cottus pollux) were able to migrate upstream on the assembled 
boulders for various discharges. The flow conditions and velocity fields in the 
assembled boulders can be observed experimentally (Figures 15 and 24), but 
they are difficult to quantitatively evaluate in detail. Therefore, it is important to 
understand the flow condition in the space from the field construction of assem-
bled boulders. The experimental results shown in Figures 12–14 are the most 
important results. Practically, the selection of a downward slope of consecutively 
assembled boulders is limited because the drop structure must be designed on 
the basis of the hydraulic design in Japan. As the relationship between the surface 
velocity and the evaluated depth in the shallow water flow region is independent 
of downward slopes (at least 1/8.5 to 1/25 slopes), the application of assembled 
boulders might be flexible. The main flow passing over the consecutively  
assembled boulders is always located near the water surface, as shown in  
Figures 12–14, and the velocity of the main flow changes not only in a stream-
wise direction but also in a transverse direction, as shown in Figure 16. As the 
main flow continues far downstream, it is easy for swimming fishes, benthic 
fishes, and crustaceans to find the upstream migration route. Especially if the 
fish passage with the assembled boulders is installed in part, the installation of 
the assembled boulders is effective for guidance toward the upstream migration 
route.

During floods, the structure of the artificially assembled boulders should be 
stable. The experiments with a 1/10 scale model confirmed that the artificially assem-
bled boulders were stable during floods. In this case, the boulders were assembled on 
each step, and the material for fixing was not used. More than 10 assembled boulder 
structures were installed on-site, all of them were found to be stable even after the 
floods. Figure 23 shows the transported rocks during floods. These rocks were the 
same size as the assembled boulders, but the consecutively assembled boulders were 
not destroyed. The structure of artificially assembled boulders was constructed on 
the basis of the naturally assembled rocks and was quite different from that caused by 
imbrication in the river. The artificially assembled boulders were shaped so that the 
boulders were stacked on the top of the downstream boulders. There were at least four 
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points of contact for the boulders (overlapping points, points touching both sides, 
and one point at the bottom). The shape of the boulders was not spherical, but a flat 
shape is recommended for the boulders in order to be stabilized them.

From the point of view of the structure of artificially assembled boulders, as 
shown in Figures 25 and 26, the installation of assembled boulders is helpful for the 
improvement of river environments [17]. After many floods, the structure of the 
assembled boulders was still stable. Accordingly, stacked boulders can be installed 

Figure 24. 
Flow conditions at assembled boulders (1/4 scale model, 1/10 downward slope). (a) Normal condition  
(hcp = 0.166 m). (b) Flood condition (hcp = 0.453 m).

Figure 25. 
Ground sill of assembled boulders.

Figure 26. 
Alternative protruding assembled boulders.
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to improve river environments, refuges, and other aquatic habitats and the migra-
tion routes of aquatic animals. Limitations for the application of assembled boulders 
should be discussed after a systematic investigation in the near future.

Rock weirs, cross vanes, and Syvde-type weirs have been proposed as stable struc-
tures for river passage [18–21]. These structures consist of densely packed boulders. 
According to their design manuals and references, these kinds of boulders are not 
mechanically assembled to prevent them from being destroyed during large floods.

6. Conclusions

The flow conditions, velocity fields, and stability of artificially assembled 
boulders, in addition to the possibility for upstream migration routes for aquatic 
animals, were shown experimentally in response to various changes in discharges. It 
was found that, at down-ward slopes of 1/8.5, 1/12.5, and 1/25, a transverse gradient 
about 1/10 in the cross-section created a shallow water flow and a gap flow through 
the assembled boulders with low time-averaged velocity and low turbulence, regard-
less of the degree of the downward slope, even if discharges changed under normal 
conditions. The experimental results showed that a shallow water flow and a gap flow 
of assembled boulders could allow swimming fish, benthic fish, and crustaceans 
to migrate upstream. The assembled boulders were constructed in such a way to 
support each other and resist fluid forces, confirming the stability of the assembled 
boulders during floods. These findings were confirmed from the field construction. 
In addition, the upstream migration of swimming fishes (e.g. Plecoglossus altivelis, 
Tribolodon hakonensis, and Oncorhynchus masou ishika-wae) and benthic fishes 
(e.g. Rhinogobius flumineus and Cottus pollux) were observed at sites where consec-
utively assembled boulders were constructed in the Ohmu river. This study supports 
the practical application of assembled boulder installations for river improvement. 
The installation of assembled boulders can be applied to improve river environments, 
aquatic habitats such as refugees and aquatic animal migration routes. Research on 
consecutively assembled boulders is still in its early stages. Practically, six sites were 
installed in rivers of various sizes, and biological studies have not been carefully 
conducted. However, it is true that a variety of aquatic animals were observed at the 
upstream end of the consecutively assembled boulders. Further biological surveys 
may be needed. In addition, a protruding assemblage of boulders, a pool-type fish 
passage with assembled boulders, and ground sills of assembled boulders were con-
structed, but limits to the application of assembled boulders may need to be examined 
after a systematic investigation in the future.
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Chapter 4

A Hierarchical Approach to Fish
Conservation in Semiarid
Landscapes: A Need to Understand
Multiscale Environmental
Relationships
Robert Mollenhauer, Shannon K. Brewer, Desiree Moore,
Dusty Swedberg and Maeghen Wedgeworth

Abstract

A multiscale perspective is essential for conservation planning of riverine fishes.
Coarse-scale habitat (e.g., basis) can influence both finer-scale habitat characteristics
(e.g., reaches and microhabitat) and associated species distributions. Finer-scale
management and habitat rehabilitation efforts can fail without the consideration of
coarser-scale constraints. We provide a conceptual hierarchical framework for
multiscale fish conservation strategies in the semiarid Great Plains. The Great Plains
stream network is highly fragmented due to dam construction, water withdrawals,
and increased drought severity. Our framework uses relationships with basin-scale
connectivity and streamflow and reach-scale physicochemical characteristics in the
context of aiding species reintroduction and stream habitat improvements.

Keywords: drought, drying, arid, multiscale, fish conservation

1. Introduction

The importance of multiscale habitat use by aquatic organisms is well recognized
and central to the development of meaningful fisheries conservation actions. The
distribution of fishes relies on natural features such as the appropriate climate and
geology that comprise the physicochemical characteristics that are typically tolerated
by species. These ultimate determinants constrain intermediate and proximate deter-
minants on aquatic organisms (e.g., benthic algae, [1]). For example, the pH of a river
is dictated, in part, by the underlying lithology of the region [2], and fishes have
specific pH tolerances that regulate a variety of life-history attributes (e.g., egg
hatching in salmonids [3]). A combination of other physicochemical factors at finer
spatial and temporal scales contribute to a heterogeneous riverscape that shape species
assemblages [4, 5], where fish use a set of variables that are assumed to maximize
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fitness [6] or describe behavioral responses (e.g., changes in cover use, [7]). The
habitat needs of fishes are often used as the foundation of conservation and recovery
plans [8]. For example, priority use areas can be identified and restoration actions
planned. As human pressures on fish populations increase, establishing multiscale
relationships is more important than ever for guiding conservation actions.

1.1 Landscape change and anthropogenic pressures on fish populations

Human pressures increase the threats on freshwater ecosystems and taxa. The
modification of landscapes from historical land cover to agriculture and urban uses
has resulted in significant physicochemical changes and water demands on rivers.
Urban rivers, for example, are often associated with flashy hydrographs, increased
contaminants, and degraded channel morphology [9] including channel incision and
erosion [10]. Agriculture land use is also associated with higher sediment and nutrient
loads [11, 12], more homogenous substrates and water depths [13], and bank instabil-
ity [14, 15]. Pressure on water resources needed for human uses has resulted in rivers
being dammed, leveed, and pumped thereby disrupting both flow and sediment
regimes [16, 17]. The magnitude, duration, timing, frequency, and rate of change of
stream discharge (hereafter flow regime) is considered a primary driver of ecosystem
processes [18, 19] and biotic integrity [20, 21]. Flow regimes globally have been
altered due to human activities [19, 22, 23]. Current and future changes to our climate
and associated weather patterns will only exacerbate threats facing freshwater eco-
systems.

North American freshwater fishes are experiencing the highest extinction rates
among vertebrates [24]. Flow regime alteration and fragmentation due to dam con-
struction (hereafter damming) are often cited as primary causes [22, 25, 26]. Dams
alter fish-assemblage structure [27–29] and prey availability [30–32] by creating
streamflow conditions and instream habitats favorable to lentic (i.e., lake and reser-
voir) species. The changes to flow magnitude, in particular, due to damming, have
negatively affected many fishes leading to declines in diversity [22, 24, 26]. Altered
flow regimes and fragmentation caused by damming are particularly detrimental to
lotic (i.e., river and stream) fishes due to their mobility and requirement of multiple
habitat types to complete a life cycle [4]. Dams disrupt spawning cues and block
migration routes, prevent access to spawning and nursery habitats, and alter nutrient
cycles [26, 27, 32]. Damming has largely ceased in North America, but the long-term
effects of modified ecosystems result in numerous stream-fish conservation chal-
lenges [22, 33, 34]. Existing levels of flow regime alteration and fragmentation are also
exacerbated due to climate change and additional anthropogenic pressures, particu-
larly in arid and semiarid regions.

1.2 Climate change and multiscale fish conservation in arid and semiarid
landscapes

Flow-regime alteration and stream fragmentation are expected to increase due to
climate change and growing human water demands. The combination of extended
periods of drought and increased human water demands magnify threats to the long-
term persistence of many stream fishes [35–37]. Native fish species in arid and semi-
arid ecoregions are particularly vulnerable because they have both the highest level of
damming [33, 38] and naturally harsh environmental conditions [39–41]. Fishes
native to arid and semiarid streams have evolved to tolerate intermittent drying,
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flashy changes is flow, and extreme physicochemical conditions [38, 41, 42]. How-
ever, interactions of dams, loss of base flows due to water withdrawals, and increased
drought have intensified already harsh environments [37, 38, 43]. Identifying
multiscale stream-fish relationships with fragmentation and flow regimes is essential
to developing successful conservation strategies in arid and semiarid ecoregions.
Understanding coarse-scale constraints on species distributions is particularly impor-
tant to guiding finer-scale conservation and recovery efforts. For example, the stream
reach is a natural scale for fish conservation and management activities, but effective
strategies are dependent on basin-scale relationships [5, 44].

1.3 Great Plains small-bodied minnows

Streams of the semiarid North American Great Plains ecoregion (hereafter Great
Plains) are unique, dynamic ecosystems and home to endemic fish species. The Great
Plains is one of the most impounded areas of the world [33, 38, 45]. Damming largely
ceased in the 1980s, but resulting fragmentation is extensive and flow regimes remain
severely altered [33]. Substrate in Great Plains streams is predominately sand and silt,
with constantly changing streambed formations [44]. Channel characteristics differ
from gravel-bed streams with stable riffle-run-pool formations except during high
flows. Environmental conditions are extreme with periods of long drought followed
by large flooding and highly variable and wide-ranging water temperatures and salin-
ities [42, 46]. Natural stream drying has been exacerbated by harsher drought periods
due to climate change and excessive groundwater pumping [37, 42, 43]. Small-bodied
fishes are common in the Great Plains, with brackish (i.e., salt-tolerant) species
dominating areas of higher salinity [46, 47]. True minnows (Leuciscidae), particularly
smaller-bodied species, also occur in varying abundances throughout the ecoregion.
True minnows are a large, diverse family of fishes (�700 species) within the order
Cypriniformes [48, 49]. In particular, true minnows display a wide range of life-
history traits. This includes a group of species, some endemic to the Great Plains, that
have a unique reproductive strategy in stream ecosystems.

Pelagic-broadcast spawning [50] is a common reproductive strategy globally in
marine and coastal species, but rare in inland freshwater systems. In inland streams of
North America, pelagic-broadcast spawning is restricted to mooneyes (Hiodontidae)
and three genera of true minnows (Hybognathus, Notropis, andMacrhybopsis, hereafter
pelagophils) that occur in the Great Plains [51]. Pelagophils typically spawn in higher-
order streams and release transparent, non-adhesive ova that are semi-buoyant [47].
The downstream displacement of eggs and larvae relies on drift [52]. Thus, both
minimal fragmentation and higher flow magnitude are essential to successful recruit-
ment [53–55]. There are similarities between pelagophils and marine pelagic-
broadcast spawners in juvenile dispersal strategies to microhabitats with high nutrient
concentrations and reduced predation pressure [51, 56]. High-flow events increase
nutrient loads and create disconnected temporary slackwater habitats that serve as
nurseries for juvenile pelagophils. The pelagophil life cycle is completed through
extensive upstream movement by juveniles and adults [53, 57, 58]. Great Plains
pelagophils have been strongly negatively affected by damming, water withdrawals,
and climate change due to disrupted stream networks, altered flow patterns with
reduced magnitude, and loss of floodplain habitats [42, 52, 59]. Numerous studies
have reported declines in pelagophil relative abundance and range reductions in the
Great Plains (e.g., [43, 54, 60–62]).
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2. Modeling at different spatial scales

We modeled occurrence and relative abundance of true minnows (hereafter min-
nows) in the upper Red River basin. Species occurrence (i.e., distributions) and
abundance (i.e., population size) are fundamental ecological state variables used both
in research studies and for conservation and management problems [63–65]. Both fish
distributions and population sizes may be constrained by coarser-scale characteristics
[1, 5, 44]. One analytical approach is to model variation in occurrence or abundance as
a function of environmental variables at multiple scales (e.g., [66–68]). However,
state variables are quantified differently (e.g., a binary response for occurrence and
integers for abundance); thus, it is typically not possible to model multiple states in a
single analysis. Different state variables also more naturally align with certain spatial
scales. For example, abundance is often not ecologically meaningful at very coarse
scales (e.g., basins) and measuring and managing population size at these scales is not
realistic. Therefore, occurrence is typically examined at the basin scale, where the
stream reach (i.e., a series of representative habitat complexes nested in tributary
complexes) is the natural scale for studies and management of abundance [5, 44]. An
alternative multiscale analytical approach (our approach here) is to model variation in
occurrence and abundance separately at relevant spatial scales.

2.1 Study area

Our study area was in the upper Red River basin of the Great Plains. The area
comprised portions of the Central Great Plains and Southwestern Tablelands sub-
ecoregions of Oklahoma and Texas (Figure 1). The eastern boundary with the Cross
Timbers sub-ecoregion corresponded with a transition from sand-bed to gravel-bed
streams with lower salinity, increased vegetation, and fish species hybridization zones
[69–71]. The western boundary corresponded with the higher-elevation, more-arid
High Plains sub-ecoregion. The Central Great Plains is characterized by mixed-grass
prairie vegetation, cropland, and landforms that include sand dunes, low mountains,
and salt flats [70]. The Southwestern Tablelands has a more rugged terrain, with
dissected plain, hill, and canyon landforms, sparse short grass prairie vegetation, and
less cropland. Annual precipitation in the study area, though highly variable, increases
from east to west eastward (mean rainfall 56–97 cm). In addition to minnows, the
brackish plains killifish Fundulus zebrinus and Red River pupfish Cyprinodon fluviatilis
are also common in the study area.

2.2 Small-bodied minnow occurrence among hydraulic response units

We modeled occurrence probability of nine minnows species among hydraulic
response units (HRUs) nested in the upper Red River basin (Figure 1). HRUs are
sub-basins that represent 10-digit hydrologic units with refined boundaries for flow
modeling based on local characteristics [72, 73]. The focal species included four
pelagophils (emerald shiner Notropis atherinoides, plains minnow Hybognathus placitus,
prairie chub Macrhybopsis australis, and Red River shiner N. bairdi, [52]), bullhead
minnow Pimephales vigilax, fatheadminnow P. promelas, red shiner Cyprinella lutrensis,
sand shiner N. stramineus, and suckermouth minnow Phenacobius mirabilis. Most
species occur elsewhere in North America east of the Rocky Mountains, with emerald
shiner, fathead minnow, and red shiner widely distributed (www.iucnredlist.org).
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Red River shiner is endemic to most of the Red River basin and introduced to other
basins of Arkansas, Oklahoma, and Texas [61]. Prairie chub, a species of conservation
concern (see Section 2.3), is restricted to the upper Red River basin [69, 71]. We did
not include minnows that only occur near the ecotone with the Cross Timbers.

Our study period was 2002–2015. The temporal range encompassed a relatively
dry climatic period (2002–2014) and one year of heavy rainfall (Figure 3 in [74]). We
assumed static species occurrence states (i.e., no colonization or extirpations of
HRUs) across the study period and at least a one-year lag time for any changes in
minnow occurrence states following the end of the dry period.

2.2.1 Fish surveys

We compiled stream-fish surveys from state conservation and management
agencies, data repositories, and online databases (Appendix 1, Table A1). For online
databases, we used the terms “fish” and “fishes” to search all Oklahoma and Texas
counties within the study area from 2002–2015. Data were processed to remove
duplicate surveys. Each unique survey was spatially referenced to an HRU based on
the latitude and longitude. We compiled capture histories for each species (i.e., one
for detection and zero for nondetection) at each HRU. Repeat surveys at HRUs were
treated as spatial replicates with replacement [76]. We also compiled the date,

Figure 1.
Study area in the upper Red River basin. The shading in the upper panel denotes level-three sub-ecoregion
boundaries (from west to east: High Plains, Southwestern Tablelands, Central Great Plains, and Cross Timbers).
Inner borders on polygons show the delineation of hydrologic response units included in the occurrence modeling
(Section 2.2). White circles are stream reaches surveyed for prairie chub in 2019 (Section 2.3). The polylines show
the Red River mainstem (thicker line) and select major tributaries: A is the North Fork, B is the Pease River, C is
the Wichita River, and D is Cache Creek.
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sampling gear (reported in 92% of surveys), and collector (e.g., agency or individual,
Appendix 1, Table A2). We assumed seining for surveys that did not report the gear
type because it is the most-common stream-fish sampling method [77] and comprised
the majority of reported surveys (64%). The additional gear types were backpack
electrofishing (18% of surveys) and boat or barge electrofishing (9% of surveys).

2.2.2 Flow regime and fragmentation metrics

We characterized the flow regime of each HRU using mean daily discharge esti-
mates at the outlet. The discharge estimates were obtained from a precipitation-runoff
modeling system [72] adapted from the National Hydrologic Model [78] for the Red
River basin [79, 80]. We calculated flow regime metrics [81, 82] using EflowStats
(version 5.0.1, median option, [83]). Due to the size of the dataset and inherent corre-
lations among metrics, we limited the set to five with each metric representing one flow
regime component (Table 1). The selected flow metrics were based on expected eco-
logical relationships with minnow occurrence, particularly pelagophils (see Section 1.3),
and maintaining the absolute value of Pearson’s pairwise correlation coefficient r < 0.5.

We used the upstream network density of major dams (UNDR, #/100 rkm) at the
outlet of each HRU obtained from an online database [85] to characterize fragmenta-
tion. We used UNDR because it was highly correlated with numerous other fragmen-
tation metrics and upstream dams have been shown to be strongly associated with
pelagophil distributions in the upper Red River basin [56]. We natural log
transformed UNDR prior to modeling due to a right-skewed distribution. Correlation
levels were reasonable between UNDR and flow regime metrics (|r|<0.30).

2.2.3 Occupancy modeling methods

We modeled minnow occurrence relationships, while accounting for variable
detection probability, using the hierarchical framework described by [86]. The latent
occurrence state for minnow i at HRU jwas treated as partially observed, with zij = 1 if
the species was truly present and zij =0 if the species was truly absent. Each zij
followed a Bernoulli distribution with occurrence probability Ψ:

zij � Bernoulli Ψij
� �

(1)

Metric Description

Low flow duration variability (DL17, %) CV of annual Q below 25th PCTL

†Flood pulse count (FH3, # of d/yr) Median of annual # of days Q is above 3 * median daily Q

†Median daily flow (MA2, m3/s) Median daily Q for entire flow record

†Variability of reversals (RA9, %) CV of flow reversals

Annual maxima variability (TH2, %) CV of Julian day of annual maximum Q
†natural-log transformed prior to analysis due to a right-skewed distribution.
The alphanumeric codes for metrics correspond to detailed descriptions in Appendix 7 of Kennen et al. [84].
Q: stream discharge.
PCTL: percentile.

Table 1.
Flow-regime metrics used in the species occurrence model.
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The detection of species i at HRU j for survey k was conditional on both the true
occurrence state and detection probability p (the probability of detecting a species in a
single survey if present), where yijk followed a Bernoulli distribution:

yijk � Bernoulli zij ∗ pijk
� �

(2)

We modeled variation in Ψ and p as a function of covariates [86]. Detection
covariates comprised HRU surface area (km2, hereafter area) and drainage area.
Spatially replicated surveys can result in a violation of the closed-system assumption
for occupancy modeling because a species may occur at a site, but not be locally
present at the time of the survey [76]. Thus, we used area to account for variation in
p associated with patchier species distributions in larger HRUs. Drainage area charac-
terized the stream order of the mainstem for each HRU to account for variation in p
associated with species abundance. We natural-log transformed both detection
covariates due to right-skewed distributions. Detection relationships with covariates
were allowed to vary by species as deflections around the group mean hyperparameter
governed by a probability distribution [64, 87, 88]. More common minnows may have
inherently higher detection probability. Thus, we modeled the correlation (ρ)
between species occurrence probability intercepts αi and species detection probability
intercepts υi. The intercepts were jointly distributed as [αi , υi | Σ] � N(0, Σ), where Σ
is a 2 x 2 matrix comprising variance components σ2

α and σ2v and covariance σασ
[88, 89]. We also allowed each species detection intercept to vary by both sampling
gear type g (1, seining, 2,backpack electrofishing, 3, boat and barge electrofishing) and
collector c (1–6, Appendix 1, Table A2) using a grouping factor [90, 91]. The detec-
tion component of the occupancy model can be written as:

logit pijkgc
� �

¼ υiþ β1iX1jkþ β2iX2jkþ γig þ τic,for i¼ 9,for j¼ 97,for k¼ 1,2…K, (3)

βni � Gaussian (μβn, σ2βn), for n = 2
γig � Gaussian (0, σ2γ), for g = 3
τic � Gaussian (0, σ2τ), for c =6

where υ is the detection probability intercept, β1 and β2 are slopes for associated
detection covariates area X1 and drainage area X2, γ is the gear type grouping factor, τ
is the collector grouping factor, and μ is species group mean. Occurrence covariates
comprised UNDR and five flow regime metrics (see Section 2.2.3). We allowed each
occurrence covariate to vary by species using the same model structure described for
the detection component of the model. The occurrence component of the occupancy
model can be written as:

logit Ψij
� �¼ αi þ βniXnj, for i¼ 9,for j¼ 97,for n¼ 6,βni � Gaussian μβn, σ2

βn

� �
, (4)

where α is the detection probability intercept and β1–β6 are slopes for associated
occurrence covariates X1–X6. All detection and occurrence covariates were standard-
ized to a mean of zero and standard deviation (SD) of one. Model coefficients are
reported as the mode (most likely value) with a 90% highest density interval (HDI,
[92]). Model specifications, diagnostics, and fit tests are provided as supplemental
information (Appendix 2).
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2.2.4 Occupancy modeling results

There were varying detection relationships among minnows. Detection probability
across all minnows (i.e., the group mean) at mean levels of covariates was 0.47 (90%
HDI: 0.31, 0.64). Detection probability was lower in larger HRUs for all minnows, with
the strength of the relationship similar to the group mean (Appendix 1, Table A3). The
strength of the detection relationship with drainage area was higher than the group mean
for emerald shiner, plains minnow, prairie chub, and Red River shiner and lower for the
remaining five minnows. There was more unexplained variation in detection probability
attributed to collector (SD = 0.84) than gear type (SD = 0.25). Detection probability and
occurrence probability intercepts were moderately positively correlated (ρ = 0.63).

The direction of occurrence relationships with flow-regime characteristics and
fragmentation varied both among all minnows and within pelagophils (emerald
shiner, plains minnow, prairie chub, and Red River shiner). Occurrence probability
across all minnows at mean levels of covariates was 0.76 (90% HDI: 0.60, 0.89).

Occurrence probability for all pelagophils increased sharply with increasing daily
streamflow magnitude (MA2, Table 2 and Figure 2a). There was a weak positive
occurrence relationship with MA2 for bullhead minnow and suckermouth minnow, a
weak negative relationship for sand shiner, and no relationship for fathead minnow

Species Intercept UNDR DL17 FH3 MA2 RA9 TH2

Mean 1.1
(0.4, 1.8)

�1.1
(�3.1, 0.9)

0.5
(0.2, 0.9)

0.4
(0.1, 0.9)

0.8
(–0.1, 1.9)

–1.0
(–1.6, –0.4)

0.3
(–0.4, 0.8)

BUM 2.0
(1.3, 2.8)

1.3
(0.4, 2.2)

0.5
(0.1, 1.0)

0.5
(0.1, 1.0)

0.2
(–0.4, 0.7)

–1.4
(–2.4, –0.6)

0.3
(–0.2, 0.9)

EMS 0.3
(–0.8, 1.4)

–0.1
(–1.9, 1.9)

0.6
(0.1, 1.2)

0.4
(–0.2, 1.0)

1.6
(0.5, 2.7)

–1.5
(–2.9, –0.5)

1.2
(0.3, 2.8)

FAM 0.5
(–0.1, 1.1)

0.4
(–0.2, 0.9)

0.6
(0.2, 1.1)

0.3
(�0.2, 0.8)

0.0
(�0.5, 0.5)

�1.0
(�1.8, �0.3)

0.3
(�0.2, 0.8)

PLM 1.7
(0.8, 3.0)

�4.6
(�7.7, �2.0)

0.6
(�0.1, 1.5)

0.5
(�0.1, 1.1)

1.4
(0.3, 2.6)

�0.6
(�1.4, 0.3)

0.0
(�1.1, 0.8)

PRC 0.8
(�0.4, 2.2)

�2.5
(�5.3, �0.3)

0.5
(�0.2, 1.2)

0.4
(�0.2, 1.1)

2.2
(0.3, 4.2)

�0.8
(�1.6, 0.2)

�0.2
(�1.7, 0.8)

RRS 0.5
(�0.9, 1.8)

�4.7
(�9.3, �1.0)

0.5
(�0.2, 1.2)

0.4
(�0.3, 1.0)

2.4
(0.5, 4.7)

�0.4
(�1.3, 0.7)

�0.2
(�1.9, 0.7)

RES 2.6
(1.9, 3.6)

�0.1
(�0.9, 0.6)

0.4
(�0.1, 0.9)

0.5
(0.1, 1.0)

�0.0
(�0.6, 0.6)

�1.0
(�1.6, �0.4)

0.5
(�0.1, 1.0)

SAS 0.4
(�0.3, 1.1)

�0.7
(�1.4, �0.1)

0.5
(0.1, 1.0)

0.3
(�0.2, 0.8)

�0.6
(�1.4, 0.2)

�0.8
(�1.7, �0.1)

0.3
(�0.3, 0.8)

SUM 1.5
(0.7, 2.4)

1.2
(0.2, 2.2)

0.6
(0.2, 1.2)

0.5
(0.2, 1.2)

0.4
(�0.4, 1.2)

�1.0
(�2.0, �0.2)

0.7
(0.2, 1.4)

BUM, bullhead minnow; EMS, emerald shiner; FAM, fathead minnow; PLM, plains minnow; PRC, prairie chub; RRS,
Red River shiner; RES, red shiner; SAS, sand shiner; SUM, Suckermouth minnow; UNDR, upstream network dam
density; DL17, low flow duration variability; FH3, flood pulse count; MA2, median daily flow; RA9, variability of
reversals; and TH2, annual maxima variability.

Table 2.
Minnow occurrence model coefficients reported on the logit scale as the mode with associated 90% highest density
interval (HDI) from the posterior distribution. The intercept is interpreted as estimated occurrence probability at
mean levels of covariates. Each covariate coefficient is interpreted with others held constant.
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and red shiner. Occurrence probability decreased with increasing variability of rever-
sals (RA9) for all minnows, including the cosmopolitan red shiner (Table 2 and
Figure 2b). Emerald shiner occurrence probability also increased sharply with
increasing variability in annual maxima (TH2, Table 2 and Figure 2c). The positive
occurrence relationship with TH2 was weaker for bullhead minnow, fathead minnow,
red shiner, sand shiner, and suckermouth minnow. Prairie chub and Red River shiner
had a weak negative occurrence relationship with TH2, while plains minnow had no
relationship. The group mean and all minnow occurrence relationships were similar
with low flow duration variability (DL17) and flood pulse count (FH3). Occurrence
probability increased with both increasing DL17 and FH3 (Table 2). Plains minnow,
prairie chub, and Red River shiner occurrence probability decreased sharply with
increasing upstream dam density (UNDR, Table 2, Figure 2d). However, there was
no occurrence relationship with UNDR for emerald shiner. Sand shiner occurrence
was also negatively associated with UNDR, but the strength of the relationship was
weaker than that for the three pelagophils. Suckermouth minnow and bullhead

Figure 2.
Line graphs showing relationships between occurrence probability and daily streamflow magnitude (MA2, panel
a), variability in reversals of flow (RA9, panel b), variability in timing of annual maximum streamflow (TH2,
panel c), and upstream dam density (UNDR, panel d) for four small-bodied minnows in hydraulic response units
of the upper Red River basin. The yellow lines represent emerald shiner, the bluelines represent prairie chub, the
orange lines represent red shiner, and the black lines represent suckermouth minnow. Mean daily discharge was
measured as m3/s.
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minnow occurrence probability increased sharply with increasing UNDR (Figure 2d).
Fathead minnow occurrence was also positively associated with UNDR, but the
strength of the relationship was weaker. There was no occurrence relationship with
UNDR for red shiner.

2.2.5 Projected minnow distributions

We projected distributions adjusted for detection probability across the study area
for emerald shiner, prairie chub, red shiner, and suckermouth minnow. These min-
nows represented varying occurrence relationships with flow regimes and
fragmentation among focal species (see Section 2.2.4). A species was considered
present at all HRUs with a detection. We calculated occurrence probabilities for each
species at HRUs where either there were no surveys, or they were not detected using
occurrence model coefficients and covariate values (Table 2). We emphasize that a
high occurrence probability more appropriately represents suitable conditions for
occurrence, not an assurance the species is present, and a species might be present at
an HRU with a low occurrence probability. Opportunity (i.e., biogeography) and
other spatial and environmental factors (i.e., biogeography) not considered here also
play a role in aquatic species distributions [1, 5, 93] and, like any modeled relationship,
there is inherent error. This is particularly true for HRUs closer to western ecotone
with the desert-like High Plains (Figure 1). Nevertheless, the projected distributions
reflect underlying ecological relationships based on where species were either detected
during sampling or likely present but not detected. Further, these modeled relation-
ships can provide an initial step to guide species reintroduction or translocation
efforts, which do not depend on present occurrence state (also see Section 3.1).

All four minnows had similar distributions based on naïve occurrence
(i.e., where the species was detected) and high occurrence probability along the
downstream portion of the Wichita River; however, pelagophils were less likely to
occur in HRUs elsewhere (Figure 3). As expected, red shiner had a high occurrence
probability throughout the study area (Figure 3a). The lower red shiner occurrence
probability in the southwest portion of the study area reflects the negative relationship
with higher variability in flow reversals shared with all upper Red River minnows.
Suckermouth minnow had a high occurrence probability along the upstream portion
Red River mainstem and in the northern portion of the study area (Figure 3b).
The higher suckermouth minnow occurrence probability corresponds to HRUs with
more dams upstream. Suckermouth minnow occurrence probability was low in the
southern portion of the study area with fewer upstream dams. Conversely, prairie chub
had a low occurrence probability in the northern portion of the study area and along
the upstream mainstem (Figure 3c). Prairie chub occurrence probability was higher
than both emerald shiner and suckermouth minnow in the southern portion of the
study area, particularly along the upper Wichita River. Although emerald shiner is
more widespread overall than prairie chub, its projected distribution was narrower in
the upper Red River (Figure 3d). The higher emerald shiner occurrence probability in
the northern portion of the study area and along the upper mainstem is reflective of
not sharing the negative upstream dam relationship with other pelagophils.

2.3 Prairie chub relative abundance at the stream reach scale

Historically, the endemic prairie chub was abundant in the upper Red River
mainstem and its higher-order tributaries [52]. Suspected population declines and
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poorly understood ecology has resulted in conservation concerns for prairie chub in
multiple states [94, 95]. At the federal level, prairie chub is currently threatened and
included as a potential endangered species on the 2021–2025 National Domestic List-
ing Workplan [96].

We show relationships between reach-scale adult prairie chub counts and the
predictor variables longitude, stream discharge, and salinity. Prairie chub populations
were surveyed at 44 stream reaches of the upper Red River basin in early autumn 2019
(Figure 1). A reach was defined as a longitudinal distance of twenty times mean
wetted width constrained by a minimum of 100 m and a maximum of 500 m. Adult
prairie chub counts were obtained using multi-pass removal sampling with a seine.
Sampling occurred west of the overlap and hybridization zone with the morphologi-
cally similar shoal chub Macrhybopsis hyostoma [71] to minimize misidentified prairie
chub (see [97] for a detailed description of sampling methods). Capture probability
was fairly constant, which allowed for relative abundance comparisons among
reaches. We present relationships as descriptive scatterplots of adult prairie chub
counts versus each predictor variable; thus, relationships are independent and not
additive. Eastern longitude and stream discharge were more highly correlated (r =
0.40) than salinity and longitude (r = 0.08) and salinity and discharge (r = �0.02).

Adult prairie chub counts of zero were most common (n = 32 reaches), with a
count of only one at two reaches (Figure 4). All counts >1 were in the eastern half of

Figure 3.
Predicted species distribution maps for hydraulic response units (HRUs) in the Cross Timbers and Southwestern
Tablelands level-three sub-ecoregions in the upper Red River basin (Section 2.1, Figure 1). Occurrence
probabilities were estimated using modeled relationships with flow regime metrics and upstream dam density
(Section 2.3). Panel a is red shiner, panel b is suckermouth minnow, panel c is prairie chub, and panel d is
emerald shiner. Species were assumed to not occur at HRUs filled with black, which are completely under
reservoirs.
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Figure 4.
Scatterplots depicting relationships between reach-scale adult prairie chub counts and longitude (panel a), stream
discharge (panel b), and salinity (panel c). A constant of one was added to each count prior to natural-log
transforming. Reach discharge was measured as m3/s and salinity was measured as PPT.
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the study area, with the highest counts furthest east (Figure 4a). There was a general
positive linear trend in relative abundance with increasing reach discharge for counts
>1 (Figure 4b). Counts >1 also increased with increasing salinity (Figure 4c).
However, the highest counts were associated with intermediate salinity (�2–6 PPT),
which suggested a quadratic relationship.

3. Conservation implications

Our study highlights three important fish conservation aspects in a river basin: (1)
the consideration of multiple spatial scales for directing conservation, (2) the
tradeoffs of assemblage level (i.e., multiple species) conservation, and (3) the impli-
cations of ignoring detection error. Although beyond the scope here, the minnow
occurrence relationships can also be used for predictive simulations under different
flow regime and fragmentation scenarios. For example, changes in species distribu-
tions could be predicted under different levels of dam removal or long-term changes
in flow magnitude with increased drought (or both).

3.1 Multiscale fish conservation strategies

The occurrence and relative abundance relationships for prairie chub can be used
to identify target areas in the stream network with a higher chance of habitat restora-
tion or reintroduction success. Spatial position has been shown to be strongly associ-
ated with the structure of fish populations and assemblages [5, 98, 99]. Prairie chub’s
distribution in the upper Red River basin is severely constrained by upstream dams
(Figure 2d). There is essentially no probability of prairie chub occurring below
heavily dammed HRUs, presumably due to connectivity requirements for pelagophil
reproduction (see Section 1.3). Thus, finer-scale conservation actions (e.g.,
reintroduction or instream habitat enhancements) in these HRUs would be futile and
waste available resources. The most favorable HRUs in the upper Red River stream
network for prairie chub occurrence are along the mainstem or higher-order tribu-
taries (i.e., higher long-term flow magnitude), with low upstream dam density and
more constancy in rate of change. In particular, HRUs along the Wichita River with-
out prairie chub detections had a high occurrence probability (Figures 1 and 3c). If
feasible, increasing flow in HRUs with lower dam density could increase the range of
the favorable area. Spatial position was also associated with reach-scale prairie chub
relative abundance. All high adult counts were associated with reaches in the eastern
portion of the study area and higher discharge (Figure 4a and c). Longitude and
discharge were somewhat confounded, and we did not consider the effect of each with
the other held constant (see Section 2.3). The number of low-flow days increases
further east in the upper Red River basin [75]. However, stream discharge was vari-
able at both the HRU and reach scale. Thus, management actions targeting prairie
chub would likely be most effective at reaches in high occurrence probability HRUs in
the eastern portion of the study area with higher average flow magnitude. Higher
prairie chub relative abundance was also associated with intermediate salinity levels
(Figure 4c). Salinity has been shown to be strongly associated with fish assemblage
structure in Great Plains streams [100], and a quadratic relationship with population
size makes sense ecologically for a freshwater species adapted to semiarid streams.
However, salinity is highly variable across both space and time in the upper Red River
basin [101]. There is also a salinity gradient at the ecotone with the Cross Timbers that
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constrains prairie chub’s eastern distribution and forms a hybrid zone with shoal chub
Macrhybopsis hyostoma [71]. Thus, to effectively implement a salinity target for prairie
chub conservation, improved salinity monitoring would be needed. The findings for
our study period are likely reflective of multiscale prairie chub ecological relationships
in both wet and dry periods. Occurrence probability among HRUs has been shown to
be similar in both wet and dry periods [56], and reach-scale adult counts were col-
lected during a relatively wet period [97].

3.2 Assemblage-level fish conservation

The mixed occurrence relationships among minnows with flow regime and
fragmentation have implications for upper Red River basin conservation strategies. It
is important that managers consider conservation actions that benefit target species
without detrimental effects to other native fishes in the assemblage. Reducing vari-
ability in annual maxima timing and removing upstream dams might be beneficial for
prairie chub. However, emerald shiner and suckermouth minnow have high
occurrence probabilities in the northern portion of the study area where these changes
might take place. Unless the mechanism(s) driving the distributions of emerald shiner
and suckermouth minnow is better understood, it is possible for conservation actions
designed to improve conditions for prairie chub to incidentally harm other species.
Fragmentation might prevent prairie chub from successful upstream movement that
is important for completing the pelagophil life cycle [58, 102]. However, emerald
shiner and suckermouth minnow are more widespread and might be able to adapt to a
wider variety of conditions including fragmented river systems (e.g., phenotypic
plasticity, [103, 104]). Although prairie chub and emerald shiner are both pelagophils,
there is evidence that emerald shiner is less sensitive to flow disturbances than some
other pelagophil species [105] and portions of some pelagophil populations are resi-
dents that do not make upstream spawning movements [106, 107]. Emerald shiner is
also adapted to lentic environments [108] and may benefit competitively in habitats
near reservoirs. Because suckermouth minnow is not a pelagophil species, it might not
require long unimpeded lengths of river for spawning. It is also possible that another
unmeasured or confounding habitat metric is the driver of the emerald shiner and
suckermouth minnow distributions. It is prudent to balance conservation efforts to
benefit target species while maintaining habitat for other natives. For example, stra-
tegic dam removal in the northern portion of the upper Red River basin could benefit
prairie chub while preserving habitat favorable to emerald shiner and suckermouth
minnow. Also, consideration of flow-regime patterns that benefit numerous minnows
(e.g., increased flow constancy) or may not affect other species (e.g., increasing flow
magnitude) provide a balanced assemblage-level conservation approach.

3.3 Imperfect and variable detection

Species occurrence is never perfectly observed (i.e., detection is imperfect), and
detection probability varies differently among species and sampling methods across
sampling conditions [86, 109, 110]. Thus, ignoring detection error results in only
naïve occurrence and apparent species distributions (i.e., true distributions are always
larger than observed). In addition to underestimating true occurrence, a high detec-
tion probability can be misinterpreted as high habitat suitability and lead to
misinformed conservation strategies [110–112]. Species-specific fish detection proba-
bility varies in relation to numerous environmental characteristics (e.g., water depth,
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water temperature, conductivity, water clarity, and flow [113, 114]). We show ignor-
ing detection probability at the HRU scale resulted in similar apparent distributions
for all minnows in the upper Red River basin (Figure 3). There is, of course, uncer-
tainty in the predicted distributions (also see Section 2.2.50). Nevertheless, adjusting
for detection error resulted in a clearer picture of true distributions and underlying
ecological relationships. Detection probability has also been shown to vary among
species and across sampling conditions at finer scales in Great Plains streams
[115, 116]. Given the highly variable nature of the Great Plains stream environment,
accounting for detection error in fish species distribution studies at all spatial scales is
particularly important for sound river basin conservation.
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Appendix 1: supplemental tables

Data source

Fishes of Texas (www.fishesoftexas.org/home/)

iDigBio (www.idigbio.org/)

MARIS (www.sciencebase.gov/catalog/item/51c45ef1e4b03c77dce65a84)

Oklahoma Conservation Commission (www.ok.gov/conservation/)1

Oklahoma Museum of Natural History (www.samnoblemuseum.ou.edu/)

Oklahoma Water Resources Board (www.owrb.ok.gov/)2

Perkin et al. [75]3

Texas State University4

VertNet (www.vertnet.org/index.html)

Footnotes denote contact(s) or source for datasets not available online.
1Cheryl Cheadle (cheryl.cheadle@conservation.ok.gov) and Jason Ramming (jason.ramming@conservation.ok.gov).
2Chris Adams (chris.adams@owrb.ok.gov).
3DOI:10.1890/14-0121.1.
4David Ruppel (dsruppel@txstate.edu) and Tim Bonner (tbonner@txstate.edu).

Table A1.
Data sources for stream-fish assemblage surveys compiled from 1983 to 2015.
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Appendix 2: occupancy model specifications, diagnostics, and fit test

We fit the occupancy model with the program JAGS [117] called from the statisti-
cal software R [118] using the package jagsUI [119]. We used vague truncated normal
priors for species coefficients and vague gamma priors for associated standard devia-
tions [64]. Posterior distributions for coefficients were estimated with Markov chain
Monte Carlo methods using four chains of 20,000 iterations each run in parallel after a
5,000-iteration burn-in phase (thinning = 10). We considered adequate convergence
a potential scale reduction factor (R̂) <1.05 [120] and “grassy” trace plots for all
parameters [64]. We calculated the 90% highest density intervals using the R package
HDInterval [121].

ID Collector Proportion of surveys

1 Oklahoma Conservation Commission 0.55

2 Oklahoma Water Resources Board 0.15

3 Oklahoma Department of Environmental Quality 0.08

4 Perkin et al. 0.06

5 Texas Tech University 0.08

6 Miscellaneous 0.08

Surveys were pooled by predominant collectors (i.e., ≥ 10 surveys, also see Table A1).

Table A2.
Collector descriptions used for the grouping factor in the detection model and the proportion of surveys.

Species Intercept HRU area Drainage area

Mean �0.1 (�0.7, 0.5) �0.3 (�0.5, �0.1) 0.1 (-0.4, 0.5)

BUM 0.9 (0.2, 1.6) �0.3 (�0.6, �0.1) �0.2 (�0.5, 0.1)

EMS �0.8 (�1.5, �0.1) �0.4 (�0.6, �0.1) 0.6 (0.2, 1.0)

FAM �0.1 (�0.8, 0.6) �0.2 (�0.5, 0.1) �0.3 (�0.7, 0.1)

PLM �0.0 (�0.7, 0.7) �0.3 (�0.5, �0.1) 0.4 (0.1, 0.7)

PRC �1.2 (�2.0, �0.4) �0.4 (�0.7, �0.2) 1.0 (0.6, 1.4)

RRS �0.8 (�1.6, �0.1) �0.3 �0.6, �0.2) 0.5 (0.2, 0.8)

RES 1.9 (1.0, 2.7) �0.3 (�0.6, 0.1) �0.1 (�0.4, 0.3)

SAS �0.5 (�1.3, 0.2) �0.1 (�0.4, 0.3) �0.4 (�0.9, �0.1)

SUM �0.2 (�0.9, 0.4) �0.2 (�0.4, 0.1) �0.7 (�1.0, �0.3)

HRU, hydraulic response unit; BUM, bullhead minnow; EMS, emerald shiner; FAM, fathead minnow; PLM, plains
minnow; PRC, prairie chub; RRS, Red River shiner; RES, red shiner; SAS, sand shiner; SUM, Suckermouth minnow;
UNDR, upstream network dam density; DL17, low flow duration variability; FH3, flood pulse count; MA2, median
daily flow; RA9, variability of reversals; and TH2, annual maxima variability.

Table A3.
Minnow detection model coefficients reported on the logit scale as the mode with an associated 90% highest density
interval from the posterior distribution. The intercept is interpreted as estimated detection probability at mean
levels of covariates. Each Covariate coefficient is interpreted with other covariates held constant.
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We examined model fit using a posterior predictive check [64] based on the
goodness-of-fit test described by [122]. We simulated expected species encounter
histories under model parameters to compare discrepancies with observed encounter
histories and calculated a Bayesian p-value (0.47). A Bayesian p-value near 0.5 sug-
gests adequate fit and extreme values (i.e., <0.05 or >0.95) indicate a lack of fit
[64, 123].
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Chapter 5

Trend Analysis of Streamflow and
Rainfall in the Kosi River Basin of
Mid-Himalaya of Kumaon Region,
Uttarakhand
Utkarsh Kumar, Rashmi, Dhirendra Kumar Singh,
Suresh Chandra Panday, Manoj Parihar,
Jaideep Kumar Bisht and Lakshmi Kant

Abstract

Due to climate change phenomenon and substantial decrease in water resources,
analyzing the streamflow trend is of significant importance. In the present study,
investigation was carried out to find rainfall and streamflow trends in the Kosi river
watershed at different timescales from 1986 to 2016. Kosi river is one of the principal
rivers in the Kumaon region. The different methods employed for trend detection of
streamflow and rainfall were the Mann–Kendall (MK) test and the Sen’s slope (SS)
estimator. Results showed a statistically significant decreasing trend in pre-monsoonal
and annual rainfall with a Sen’s slope of -2.27 and -1.49 mm/year, respectively. The
decreasing trends in pre-monsoon, post-monsoon, and winter streamflow were found
during 1986–2016, which were not statistically significant. The results of the study
help in understanding the variation and availability of rainfall and streamflow in
different seasons of the year and motivate to adopt effective water management and
agricultural practices for rainfed hills.

Keywords: Himalayas, climate change, streamflow, trend analysis, statistical test

1. Introduction

The prominent challenge being faced by the Indian Himalayan region (IHR) is
climate change [1]. Study in connection with climate change is of great importance for
the Kumaon region of Uttarakhand [2]. Changing temperature and precipitation
patterns and their impact on water resources, glaciers, ecology, and agriculture are the
results of changing climate over the Himalayas region [3]. Several researchers have
studied the impact of climate change on Himalayan region and found that tempera-
ture is showing an increasing trend in the western Himalayas, while precipitation is
showing a decreasing trend during winter and summer periods [4–8]. The
nonuniform distribution of rainfall in the mountains results in differential rainfall
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trends within small distances [9]. For example, the central Himalayas receives 80% of
annual precipitation due to the Indian summer monsoon (ISM), while the western
Himalayas receives �30% due to western disturbances [10–12].

It has been observed that low rainfall or shift in rainfall patterns at different
altitudes had resulted in crop failure, declining in food grain yield. It was reported that
traditional crops will soon be replaced with cash crops in the Kumaon region [13].

The impact of change on land use and land cover (LULC) plays an important role
in climate change on local to regional scale. Increased urbanization or changes in
LULC is known to alter changes in LULC directly affecting the rainfall and mesoscale
convective system [14–19]. Therefore, understanding rainfall variability in the Hima-
layan region becomes extremely critical for holistic Himalayan spatial planning for
water resource management.

A growing literature suggests that the Western Himalayas region is witnessing
above normal increasing temporal trend in temperature and decreasing trend in rain-
fall. The worst case is the large-scale devastation owing to the Nanda Devi glacier
burst in Uttarakhand’s Chamoli district, which triggered a mass of snow, ice, and
rocks falling speedily down a mountainside known as an avalanche that led to the
water level rising in the river Rishiganga and heavy flood in Dhauliganga [19].

Finding variability and trend in long-term historical streamflow is of crucial
importance for the appropriate management and planning of water resources. Some of
the important reasons for trend analysis of streamflow are to understand the design
flow rate for hydraulic structure and assigning water rights beyond the capacity of
river supply.

This study applies Mann–Kendall (MK) test, the Sen’s slope (SS) estimator, and
nonparametric tests for evaluating the trends in streamflow time series. The MK
checks whether the trend increases or decreases with time by examining whether to
reject the null hypothesis or accept the alternative hypothesis. SS indicates the median
of all pairwise slope values of a set of observed data. These two parameters have been
employed in several studies for hydrological assessment of trends over various regions
of globe for last decade.

There are several factors that impact the hydrology of a river basin, such as land
use, climate change, and hydraulic infrastructure management [20, 21]. Therefore,
investigating the hydrological characteristics from the historical time series of dis-
charge data is considered one of the most important objectives in the field of water
resource planning [22]. Salarijazi [23] reported that in several published research
studies, the hydrological time series from different regions describe significant non-
consistency or non-stationary. Due to this concern, trend analysis and change point
detection in streamflow time series and other climatic variables (rainfall, evapotrans-
piration, and temperature) have been studied by many researchers in different water-
sheds or river basins at different time scales throughout the globe. Hyvärinen [24]
analyzed streamflow data from 1913 to 2008 using Mann–Kendall test. He reported a
significant decrease in high flow trend in Hawaii. Trend analysis and change point
detection are two important tests, which have been popularly used at same time as
mentioned by [23]. There is loss of spatial information of the hydro-climatic variable at
large scale. Hence, it is recommended to analyze hydro-climatic variables at a small
scale [24]. In the present study, the Kosi river watershed was undertaken to investigate
the trend in measured streamflow data and the possible linkage for the observed
changes in streamflow with rainfall and anthropogenic factors.

According to the published literature, no research study has addressed the trend in
stream flow and rainfall, and their association with each other in the Kosi river
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watershed. Therefore, this study investigates trend of stream flow and rainfall data of
this watershed at Ramnagar station during the last 31 years from 1986 to 2016.

2. Study area

Kosi River watershed extending between 29° 180 N–79° 020 E and 29° 510 N–79° 510

E is located in the Kumaon Lesser Himalaya (Figure 1). The Kosi River flows North–
South in the northern and southern parts of the watershed while in the middle part, it
follows the East–West trend incising the bedrocks and forming broad valleys, strath as
well as unpaired terraces. The Kosi River mainly receives its water from several
springs, aquifers, and tributaries in its course. Kosi river watershed falls within
Almora and Nainital districts of Uttarakhand. The word Kosi refers to “river.” Kosi is a
Himalayan river that originates from Koshimool near Kausani and flows in the central
part of Almora and the western part of Nainital district. River Kosi has the total
catchment area of 3,420 sq. km. Kumaon is a mountainous region of eastern
Uttarakhand in India. This region consists of the great Himalayan tract. Many rivers
and their tributaries got their course from Kumaon. Four major rivers Kali, western
Ramganga, Kosi, and Gaula make the surface drainage of Kumaon Himalaya. Kosi is
the main river of Almora and Nainital districts. It is an important river flowing in the
hills of the Kumaon region and drains central part of Almora and western part of
Nainital district. The soil of the watershed falls under the loamy to clay categories.
The major agricultural crops in the watershed are wheat, paddy, barley, pulses, and
vegetables. The study area is also rich in the temperate horticulture fruit crops.

Figure 1.
Kosi river basin.
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The average annual rainfall at different locations of the watershed ranges from 850 to
1100 mm. About 75% of annual rainfall is received between June and September due
to southwest monsoon. The river Kosi is the major source of water supply to cities of
Almora, Pithoragarh, and other cities in the Kumaon region of Uttarakhand.

3. Methodology

Streamflow data were collected from the executive engineer office, Ramnagar
Irrigation Division, Nainital, Government of Uttarakhand. The 31 years of streamflow
data were obtained for Ramnagar station near the outlet of the basin, which represents
the entire river basin. The meteorological data were collected from ICAR–VPKAS,
experimental farm Hawalbagh observatory (1986–2016). The limitation of this study
is only this station has long-term data of rainfall. The watershed was delineated using
90-m-resolution SRTM data set in ArcGIS.

3.1 Parameters analyzed

The following parameters were analyzed from the data:

• Interannual monthly mean streamflow: monthly mean streamflow of the same
month over the years (Jan 1986, Jan 1987, ———).

• Annual mean streamflow: mean of 12 monthly mean streamflow values from
January to December for the gauging station.

• Seasonal streamflow: mean or monthly mean streamflow values for the pre-
monsoon (March–May), monsoon (June–September), post-monsoon (October–
November), and Winter (December–February) season.

• Annual seasonal and monthly rainfall.

3.2 Trend analysis

In this study, monthly streamflow trend analysis was evaluated using nonpara-
metric approach namely Mann–Kendall (MK) [25–33] and Sen’s slope estimator
(magnitude of change) [34, 35]. MK test is a robust and widely accepted method in
different hydro-climatic studies. Although the MK test is robust and widely accepted,
it does not account for serial autocorrelation that usually occurs in a hydro-climatic
variable time series. The presence of serial correlation in a time series may lead to
wrong information because it enhances the probability of finding a significance when
actually there is an absence of a significant trend. The trend of different hydro-
climatic variables was evaluated at 5% and 10% significant levels (p value) as an
indicator of trend strength

3.3 Mann–Kendall (MK) test

The MK test [29–30] computes statistics as Eq. (1)

90

River Basin Management - Under a Changing Climate



S ¼
Xn�1

i¼1

Xn
j¼iþ1

sgn xj � xk
� �

(1)

where S = normal distribution with the mean, n = number of observations (≥ 10),
xj is the jth observation, and sgn () is the sign function defined as sgn (α) = 1 if α >0;
sgn (α) = 0 if α = 0; and sgn (α) = -1 if α<0.

Var Sð Þ ¼ n n� 1ð Þ 2nþ 5ð Þ �Pm
i¼1ti ti � 1ð Þ 2ti þ 5ð Þ

18
(2)

where n = number of tied groups having similar value for a data group and
ti = number of data in the ith tied group. The actual MK statistics are given as Eqs. (3–4)

Z ¼ Sþ 1ffiffiffiffiffiffiffiffiffiffi
V Sð Þp ,ifS<0 (3)

Z ¼ 0,ifS ¼ 0 (4)

Z ¼ Sþ 1ffiffiffiffiffiffiffiffiffiffi
V Sð Þp ,ifS<0 (5)

Two hypotheses are made, that is, H° (null hypothesis) and H1 (alternative
hypothesis). H° indicates no statistically significant trend, while H1 indicates a statis-
tically significant trend.

3.4 Sen’s slope

Computation of the magnitude of change in a dataset is done by Sen’s slope
[36, 38]. This is a simple linear regression method, which can estimate the slope of the
median of two different variables (dependent and independent). It can be estimated
using Eq. (6)

dijk ¼
Xij � xik
j� k

(6)

where Xij and xik are data values and j and k are the time series.

3.5 Coefficient of variation

The coefficient of variation (CV) is defined as the standard deviation divided by
the mean. It was used in the study to reveal the interannual variation of an annual
average of rainfall. It is calculated using Eq. (7)

CV ¼
Pn

i¼1 ARFi � ARF
� �2

ARF
(7)

where ARFi is the annual rainfall in the year i and ARF is the average annual
rainfall from 1986 to 2016 (n = 31).
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4. Results and discussion

The descriptive statistics of 31-year monthly and seasonal streamflow data are
shown in Table 1 and 2, respectively.

4.1 Statistical analysis of streamflow

To understand the hydrological characteristics of the Kosi river watershed, the
overall behavior of streamflow and rainfall of the watershed, mean monthly rainfall,
and mean monthly streamflow were analyzed over the periods from 1986 to
2016 (Figure 2). The mean monthly streamflow varies from 9.31 m3/sec (May) to
92.37 m3/sec (August). The month of high streamflow generally matches with the
monsoon season, which clearly demarcates that streamflow in this area is largely
dependent on rainfall. The maximum mean monthly streamflow occurs in August,

Months Mean � SD Minimum (m3/sec) Maximum (m3/sec) CV (%)

January 14.33 � 8.30 3.68 32.17 0.58

February 15.80 � 8.14 4.14 33.11 0.52

March 14.03 � 7.53 3.25 28.89 0.54

April 10.13 � 6.19 2.37 23.76 0.61

May 9.31 � 6.12 2.33 23.17 0.66

June 22.84 � 31.25 1.91 153.30 1.37

July 66.47 � 38.36 10.67 174.80 0.58

August 92.37 � 44.70 23.00 235.86 0.48

September 78.36 � 66.10 17.96 306.40 0.84

October 26.75 � 11.21 9.23 54.84 0.42

November 14.55 � 6.12 5.69 28.81 0.42

December 13.39 � 7.14 4.13 29.54 0.53

Table 1.
Mean monthly streamflow dynamics for the period from 1986 to 2016.

Season Mean � SD Minimum (m3/sec) Maximum (m3/sec) CV (%)

MAM@ 11.16 � 6.18 2.79 24.22 0.55

JJAS@ 52.01 � 20.01 19.39 102.03 0.38

ON@ 20.65 � 7.76 7.52 35.46 0.38

Annual 31.53 � 10.11 12.43 55.07 0.32

DJF@ 14.51 � 6.92 4.67 27.87 0.48
@MAM = March, April, and May; JJAS = June, July, August, and September; ON = October, November; DJF =
December, January, and February

Table 2.
Mean seasonal streamflow dynamics for the period from 1986 to 2016.
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while the maximum mean monthly rainfall of the catchment occurs in August in most
of the years. This concludes that most of the rainfall occurring in August may be the
majority contributing to streamflow.

4.2 Temporal variation of annual mean streamflow and rainfall

The variation of streamflow is shown in Figure 3. The annual mean streamflow
varies from 12.43 m3/sec to 55.07 m3/sec with annual mean value of 31.53 m3/sec,
standard deviation of 10.11 m3/sec, and coefficient of variation of 0.32.

4.3 Variation of seasonal streamflow

The variation of seasonal streamflow and monthly rainfall was represented in
Figures 4 and 5, respectively. It clearly shows that the highest value of streamflow
was found in the June, July, August, and September (JJAS) seasons, while the March,
April, and May (MAM) seasons exhibited the lowest streamflow value.

Figure 2.
Mean monthly streamflow and mean monthly rainfall of Kosi watershed from 1986–2016 at Ramnagar gauging
station.

Figure 3.
The annual streamflow analysis (1986 and 2016).
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These results again corroborate the association between streamflow and rainfall. In
this study area, most of the rainfall is received during June and September.

4.4 Trend analysis of monthly streamflow and rainfall

To understand the variations of monthly streamflow behavior, interannual
monthly mean streamflow and rainfall were tested using the MK test and Sen’s slope
(Table 3). Similarly, seasonal rainfall and streamflow were analyzed using the MK test
and Sen’s slope (Table 4). The streamflow for all the months shows a decreasing trend
at Ramnagar station, although all were not significant.

4.5 Characterizing the factors of trends in streamflow

In this study, we have tried to quantify different drivers for detecting the trend of
streamflow. As most of this watershed is under forest land use, we considered urban-
ization and population growth as the most important factors. It is important to men-
tion that the urban population in Uttarakhand increased from 16.36% of the total in
1971 to 20.7% in 1981, 22.97% in 1991, and 25.59% in 2001 (Table 5). The state
registered the highest growth of urban population during 1971–1981 (56.38%);

Figure 4.
The seasonal streamflow analysis (1986 and 2016).

Figure 5.
Time series of monthly streamflow.
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however, decadal urban population growth declined slightly during 1981–1991
(42.20%) and 1991–2001 (32.81%) [39].

5. Conclusions

The time series of rainfall and streamflow data of the Kosi river watershed for the
last 31 years (1986–2016) was statistically analyzed to determine the trend and
understand the changes in the streamflow regime. Based on this study, following
conclusions were drawn:

• The rainfall is assumed to be the dominant component in the streamflow of the
Kosi river watershed.

Months 1986–2016 (Streamflow, Ramnagar) 1986–2016 (Rainfall, Hawalbagh)

Z value Sen’s slope p value Z value Sen’ s slope p value

January �0.76 �1.49 0.44 �1.08 �0.52 0.27

February 0.00 �0.02 1.0 �0.34 �0.40 0.73

March �0.71 �0.92 0.47 �1.44 �0.92 0.14

April �0.81 �0.79 0.41 �0.85 �0.51 0.39

May �0.13 �0.20 0.89 �1.75 �1.45 0.07

June 0.30 0.82 0.75 �0.30 �0.62 0.75

July 1.93 48.14 0.05 �0.69 �1.25 0.48

August 0.88 29.35 0.37 �0.88 �1.34 0.37

September 0.61 11.11 0.54 �0.10 �0.17 0.91

October 1.08 6.87 0.27 0.78 0.15 0.43

November �0.54 �0.75 0.58 �1.61 0.00 0.10

December �0.95 �1.81 0.34 �0.64 0.00 0.52

* Significant at 5% level, ** significant at 10% level.

Table 3.
Overall trend analysis of monthly streamflow and rainfall.

Season 1986–2016 (Streamflow) 1986–2016 (Hawalbagh)

Z value Sen’ s slope p value Z value Sen’s slope p value

MAM �0.50 �0.63 0.61 �2.27* �3.32 0.02

JJAS 1.49 20.72 0.13 �0.88 �3.01 0.37

ON �0.74 2.56 0.45 �1.49 �7.23 0.13

Annual 1.39 8.99 0.16 �1.49 �7.23 0.13

DJF �0.64 �1.18 0.51 �1.17 �1.99 0.24

*Significant at 5% level.

Table 4.
Overall trend analysis of annual and seasonal streamflow and rainfall.
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• The Mann–Kendall analysis of mean monthly streamflow data for last 31 years
showed a nonsignificant decreasing trend during monsoon with a significance
level of 10%.

The opposite trends observed between the streamflow and rainfall in majority of
the watershed area suggest that endogenous change in the catchment dominates over
exogenous changes. Abeysingha et al. [40] reported that the trend in annual
streamflow for different rivers primarily was driven by changes in rainfall. In addi-
tion, Tiwari et al. [41] evaluated the actual evapotranspiration, runoff, and potential
evapotranspiration for the past century by using monthly water balance model, and
their analysis indicated that rainfall has been the primary factor of variability in the
runoff.

The decreasing trend of streamflow in the downstream area of the river may be
partly caused by the variations in rainfall and partly by other anthropogenic factors.
Human activities such as water consumption, land use, and land cover changes caused
by forest disturbances, soil and water conservation projects, new drain construction
and city expansion, soil water infiltration, and surface evapotranspiration result in
significant hydrological alteration [42, 43]. Nune et al. [44] also found a declining
trend in streamflow without significant changes in rainfall Himayat Sagar catchment
in India over 24 years (1980–2008). They also reported that streamflow trends
declined mainly due to anthropogenic factors, such as changes in land use, watershed
development, groundwater abstraction, and storage. Regarding the trend in the sea-
sonal distribution of rainfall, we found that the pre-monsoon seasonal rainfall is
increasing significantly, particularly in the month of May. In contrast, post-monsoon
rainfall is decreasing significantly, especially in the downstream area.
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Census years Total population Urban population Urban content (%) Urban growth(%)

1901 19,79,866 1,54,424 7.8 —

1911 21,42,258 1,79,332 8.37 16.13

1921 21,15,984 1,91,660 9.06 6.87

1931 23,01,019 1,95,797 8.51 2.16

1941 26,14,540 2,70,503 10.35 38.15

1951 29,45,929 4,00,631 13.6 48

1961 36,10,938 4,95,995 13.74 23.8

1971 44,92,724 7,34,856 16.36 48.16

1981 57,25,972 11,49,136 20.07 56.38

1991 71,13,483 16,34,084 22.97 42.2

2001 84,79,562 21,70,245 25.59 32.81

2011 1,01,16,752 30,91,169 30.55 42.43

Table 5.
Trends of urban growth in Uttarakhand (1901–2011).
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Chapter 6

Characteristics and Process 
Interactions in Natural  
Fluvial–Riparian Ecosystems:  
A Synopsis of the  
Watershed-Continuum Model
Lawrence E. Stevens, Raymond R. Johnson and Christopher Estes

Abstract

The watershed-continuum model (WCM) describes fluvial-riparian ecosystems 
(FREs) as dynamic reach-based ecohydrogeological riverine landscapes linking 
aquatic, riparian, and upland domains within watersheds. FRE domains include 
aquatic (channels, hyporheic zones, springs, other groundwater zones and in-channel 
lakes), riparian, and adjacent upland zones, all of which can interact spatio-tempo-
rally. Occupying only a minute proportion of the terrestrial surface, FREs contain and 
process only a tiny fraction of the Earth’s freshwater, but often are highly productive, 
flood-disturbed, and ecologically interactive, supporting diverse, densely-packed 
biotic assemblages and socio-cultural resource uses and functions. FRE biodiversity is 
influenced by hydrogeomorphology, ecotonal transitions, and shifting habitat mosa-
ics across stage elevation. Thus, the WCM integrates physical, biological, and socio-
cultural characteristics, elements, and processes of FREs. Here, we summarize and 
illustrate the WCM, integrating diverse physical and ecological conceptual models to 
describe natural (unmanipulated) FRE dynamics. We integrate key processes affect-
ing FRE forms and functions, and illustrate reach-based organization across temporal 
and spatial scales. Such a holistic approach into natural FRE structure and functions 
provides a baseline against which to measure and calibrate ecosystem alteration, 
management, and rehabilitation potential. Integration of groundwater, fluvial, and 
lacustrine ecological interactions within entire basins supports long-term, seasonally-
based sustainable river management, which has never been more urgently needed.

Keywords: conceptual model, continuum, ecohydrogeology, ecosystem, fluvial, 
riparian, rivers, springs, streams, watershed

1. Introduction

Fluvial-riparian ecosystems (FREs) are watershed- (catchment-, drainage 
area-) based riverine landscape systems that integrate aquatic, riparian, and 
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upland domains within watersheds, linking physical, biological, and cultural-
economic processes [1–3]. From the context of a system FREs consist of “… a 
structured set of objects and/or attributes… (,) components or variables …that exhibit 
discernible relationships with one another and operate together as a complex whole …” 
([4], 1–2; [5–7]). FREs include all sources of water that contribute to the basin’s 
riverine ecosystem, including springs, surface runoff, lakes, and atmospheric 
sources such as humidity and fog. Only an average of 2120 km3 (0.0002 percent) 
of the world’s water exists in river systems at any given time [8] (Figure 1). But 
while rivers process only a tiny fraction of the Earth’s fresh water and occupy only 
a minute proportion of the Earth’s terrestrial surface, FREs are highly productive 
and ecologically interactive, often supporting complex landforms and diverse, 
densely packed biotic assemblages that change across fine to coarse spatial and 

Figure 1. 
Surface hydrological cycle and fluvial-riparian landscape within the watershed. Numbers represent the percent of 
freshwater storage 6 (redrawn from [1]).
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temporal scales [9, 10] and burgeoning human populations. FRE physical and 
biological characteristics and processes among aquatic and riparian domains 
step, intergrade, and may interact through reaches within the watershed, from 
the headwaters to the terminus in an endorheic basin or the sea, and can extend 
far out into the submarine environment (e.g., [11]; Figure 1). Physically, FREs 
are “complex adaptive process–response system(s) with …morphological system(s) of 
channels, floodplains, hillslopes, deltas, … and cascading system(s) of …water and 
sediment” [12].

Within FREs, the riparian domain is a zone of “transition between the aquatic 
 ecosystem and the adjacent terrestrial ecosystem [13]. Riparian zones function as 
filters that reduce the impacts of flooding and surface runoff, as habitats that 
support vegetation, fish, and wildlife populations and habitat, and often provide 
critically important ecosystem goods and services [13–19]. Elevated FRE biodiver-
sity is linked to, and influenced by factors including tectonics, geology, climate, 
hydrology, geomorphology, and latitude, in the context of shifting habitat mosaic 
heterogeneity and ecotonal dynamics [20–23]. Human reliance on FREs, and our 
species’ evolutionary history and modern demography clearly demonstrate that 
reliance. As human domination of the Earth has progressed, rivers have been 
subjected to a host of anthropogenic alterations, including resource extraction, 
groundwater withdrawal, flow diversion and regulation, water quality degrada-
tion, and introduction of non-native species. The natural dimensions and human 
impacts on FREs have stimulated deep interest, concern, and much basic and 
applied research, generating a vast literature and prompting development of a 
suite of interrelated, but not necessarily integrated ecohydrogeological models. 
Focus on particular aspects of FRE channel development, geomorphology, ecol-
ogy, or sociology has sometimes diminished wholistic integration. Also, graphic 
representation of FRE ecology can be improved to enhance conceptualization, and 
improve educational outreach.

Here, we provide an overview description and illustrated summary of the 
watershed-continuum model (WCM) [1], which couples interdisciplinary physical 
and ecological conceptualization of FRE ecology. The WCM links conceptual models 
of fluvial spatio-temporal development and geomorphology across stream order 
and reaches FRE ecology, trophic energy and matter dynamics, biodiversity, and 
evolutionary interactions from the river’s source to its mouth. We provide a chrono-
logical analysis of major concepts in FRE ecohydrogeology (Table 1) and illustrate 
the WCM with an improved spatio-temporal, reach-linked conceptual diagram that 
integrates “bottom-up” physical factors, including geology, hydrology, geochemistry, 
geomorphology, sedimentology, and fluvial climate, with aquatic and riparian biotic 
assemblages and ecosystem structure within the watershed, and the potential for 
trophic cascade effects [26, 27, 36, 37, 99–102]. Due to the brevity of this manuscript, 
we emphasize here integration of physical and ecological conceptual elements and 
processes in natural, unmanipulated FREs, recognizing that such an integration is 
needed as a basis to improve watershed stewardship.

We reserve more detailed discussions on the details of riparian and aquatic 
community ecology related to the WCM for subsequent summaries [1] but focus 
on Integration and clear depiction of FRE domain interactions among reaches and 
over time within the basin. We discuss understudied issues and opportunities, the 
resolution of which will help advance FRE ecology in the future. Such an objective is 
essential for sustainable management of rivers.
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Model Description

Trophic-dynamic aspect of ecology [24, 25] Consistency of energy dynamics across trophic levels within 
ecosystems (e.g., Cedar Bog, Silver Springs)

Stream order classification [26, 27] Classification of dendritic hierarchy

Lentic ecosystem ecology (e.g. [28]) Limnology of fresh waters

Stream channel development [29–33] Depth, width, velocity, slope, discharge, and sediment load 
interactively control channel geometry

Dynamic equilibrium concept [34] Channel geomorphology and energy moves toward 
equilibrium, never reaching it due to subsequent 
perturbation

Perpetual Riparian Succession [35] Regular flood scouring of floodplains keeps riparian 
vegetation in a state of perpetual or suspended succession

Lotic ecosystem ecology [36, 37] Limnology of moving fresh waters

Riparian ecosystem ecology [13–21, 23, 38–44] Riparian ecosystems are biologically diverse, structured, and 
highly ecologically interactive landscapes

River Continuum Concept [6, 45] Rivers as flow-integrated ecosystems; invertebrate feeding 
guilds vary longitudinally

Dynamic Equilibrium Model (species 
richness) [46–49]

Intermediate levels of disturbance intensity and productivity 
maximize the biodiversity of passively dispersing organisms

Nutrient spiraling concept [50, 51] Autochthonous (endogenic) and allochthonous (exogenic) 
nutrients and matter are transported through helical 
ecological pathways through FREs

Serial discontinuity concept [52, 53] Relationships between natural as well as anthropogenic dams 
and tributaries regulate downstream FRE structure and 
function

Ecological and land use history [54, 55] FRE ecology requires detailed and long-term understanding 
of geologic, hydrographic, biota, and land use history of the 
basin

Flood Pulse Concept [56, 57], e.g. [58] Flooding regulates developmental cyclicity of rivers

Stream channel classification [59–64] Systematic analysis of reach-based channel geometry

River Productivity Model [65, 66] Fluvial productivity is spatially heterogeneous, affecting FRE 
ecological function

Process domain concept [67, 68] Tributary and/or bedrock-controlled reaches generate fluvial 
geomorphic discontinuities

Telescoping material spiral model [69] Material spirals tend to lengthen with stream order

Link discontinuity concept [70, 71] Large tributaries create abrupt discontinuities, generating 
multi-reach alteration downstream

Riparian eco-hydrogeomorphology  
[13–23, 72–76]

Channel geomorphology and stage shape riparian zonation 
and ecology

Network Dynamics Hypothesis [77–79] The complexity of the overall basin shapes tributary 
contributions to the mainstream

Variation in solar radiation influences FRE 
ecology [80, 81]

Cliff shading in canyon-bound FRE reaches strongly 
influences aquatic and riparian productivity

Top predators affect fluvial geomorphology 
[82]

Trophic cascades can influence channel geomorphology at a 
reach scale



105

Characteristics and Process Interactions in Natural Fluvial–Riparian Ecosystems: A Synopsis…
DOI: http://dx.doi.org/10.5772/intechopen.107232

2. FRE elements, processes, and interactions

2.1 Overview

Natural FREs are terrestrial, dendritic surface-water flow paths transporting 
matter and energy both downslope and upslope through their channels within 
watersheds, with flow contributed by groundwater and multiple surface water, as well 
as atmospheric sources (Figures 1 and 2). Rivers play a disproportionately large role 
in geochemical cycling, biodiversity, human culture, esthetics, and  socio-economic 
appropriation [98, 103]. Collectively, physical state variables regulate flow, hydrog-
raphy, water quality, and sediment transport in a “bottom-up” ecosystem fashion, 
generating FRE habitat templates at a local scale and within reaches that are created 
by parent rock geology and geologic structure, as well as tributary influences [6, 67, 
69, 98]. FREs are structured in relation to latitude, the extent of geological constraint, 
flooding, sediment transport, potential productivity, and many other factors. FRE 
aquatic and riparian habitats are colonized through both active and passive biogeo-
graphic processes and change across stage and over time through disequilibrial or suc-
cessional processes [34, 46–48, 74, 75]. We present a rough chronology of advances in 
physical and biological conceptual models (Table 1), with additional references in the 
WCM [1], and illustrate this complex, “bottom-up” array of physical influences and 
responses on FRE structure (Figure 2).

Riparian vegetation Niche Construction 
Perspective and Niche-Box Model [83, 84]

Riparian plant species life history traits interact successionally 
with fluvial landform dynamics

Biogeochemical retention and processing 
network [85–87]

All parts of the fluvial system (mainstreams, floodplains, 
lakes, and wetlands) form a fluvial bio-geochemical retention 
and processing network

FRE species life history strategies interactions 
[86–90]

FRE guilds of plant and fish include competitive, ruderal, and 
stress-tolerant species

River wave concept [91] FRE aquatic domain processes can be viewed as waves that 
determine or regulate production and transport of organic 
matter

Ephemeral stream ecology [42, 43, 92–93] Seasonally ephemeral streams are punctuated, rapidly 
functioning biogeochemical systems

Biological stream width theory [94] Resource subsidies from the FRE aquatic domain extend well 
into the surrounding upland terrain

Least Action Principle (LAP) [95] FRE teleomatic change through the LAP to achieve maximum 
energy efficiency

Spring ecosystem classification and ecology 
[96, 97]

As “zero-order streams”, spring contributions to FREs vary by 
geomorphic type

Integrated Metasystems Theory [98] Regional processes act across spatial scales to control FRE 
form and function

Table 1. 
Concepts in physical and biological FRE ecology, presented in approximate chronological order of publication. 
Rows in gray indicate concepts that are primarily focused on physical processes, whereas unshaded rows indicate 
concepts that are more strongly focused on eco-biological issues.
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2.2 Physical conceptual models

Basin and consequent FRE development vary in relation to complex interactions 
among tectonic terrain, geologic structure, parent bedrock, and climate over time 

Figure 2. 
Conceptual FRE model depicting interactions among independent and dependent physical and ecological 
variables and processes, across stream order (zero headwaters to X- mouth) and time (T1 to TX). Reaches depicted 
reflect general patterns of width. Line thickness indicates strength of effect; black arrow points indicate relative 
impacts of tributaries of different sizes. C – Consumers, P – Productivity or producers, PAR – Photosynthetically-
active radiation, PNAPP – Potential net annual primary productivity R – Respiration, WQ – Water quality. 
Redrawn from [1].
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(Table 1; Figure 1). Tectonic setting and geologic history ultimately control regional 
aquifer and surface watershed development (e.g., [104, 105]). Large, high-order rivers 
develop over geologic time frames, particularly in interior continental settings. Basin 
integration across complex landscapes for many large rivers has largely occurred 
during Neogene time (<23.5 million yr.; e.g., the Amazon, Colorado, Mississippi, Nile, 
Rhine, Rio Grande, and Yangtze rivers) [106–111], although some river basins are far 
older (e.g., [112]).

River basins exist in a continuous state of development, expanding and capturing 
adjacent drainage basins at both gradual and punctuated rates (e.g., through periods of 
relatively rapid crustal deformation or vulcanism) and achieving transverse integra-
tion through at least five mechanisms (antecedence, superposition, anteposition, 
spillover, and piracy) [113, 114]. River channels respond to perturbations such as flood 
events by moving toward an equilibrium state that, due to recurring perturbation, 
may never be reached [101]. Although poorly synthesized, the three main tectonic 
interactions (convergence, divergence, and transform) are likely to produce different 
groundwater and surface water basin configurations. Aquifers that source rivers in 
these landscapes often are assumed to be constrained by surface catchment boundar-
ies (e.g., [115]); however, such is not always the case (e.g., [116]). Regional climate 
also affects landscape geomorphology, and sometimes reciprocally influences tectonic 
processes (e.g., [117]). With tectonism as a driver, river course integration within a 
basin has been analogized to the process of organic evolution, in which drainage-head 
erosion allows individual tributaries to “competitively” integrate increasingly larger 
catchment areas, ultimately securing throughflow to the terminus [118].

Drainage network complexity is related to stream order, which increases when 
two channels of the same magnitude meet [26, 27]. Many of the world’s major rivers 
arise from discrete springs, spring-fed marshes, or groundwater-fed lakes. Headwater 
springs function as “zero order” streams and springbrooks are commonly regarded 
as first-order channels. Rivers with spring-sourced baseflows include the Amazon, 
Colorado, Mississippi, Rhine, Volga, Murray, and many others [119]. Springs often 
exhibit strikingly different temperature and geochemical characteristics from those 
in the adjacent higher order streams into which they are confluent (e.g., [120]). Their 
unique water quality may influence mainstream processes, such as imprinting among 
larval fish [121] but see [122]. The ecological transition from headwater springs into 
first-order streams is highly individualistic, often occurring at a chemically and ther-
mally discrete distance from the source [123]. The quantity and quality of riverside 
or in-stream springs, as well as seasonal flow changes driven by precipitation, also 
can affect stream channel geomorphology through travertine deposition (e.g., [124]), 
persistence of in-channel woody vegetation [125], and river water quality (e.g., geo-
thermal spring influences; e.g., [126]).

Stream order increases erratically downstream, with middle-order streams often 
having the greatest productivity and species richness. FRE lacustrine reaches can 
occur at any order within a basin (Figures 1 and 2) and lake limnological processes 
like thermal or chemical stratification can influence downstream flow and geochem-
istry. The largest rivers include the Amazon and Volga, which are regarded as 12th 
or 13th order streams. Such large rivers buffer temporal and spatial changes in water 
temperature, geochemistry, and the timing of dynamic equilibration.

River drainage networks often are subdivided into segments and reaches, which 
function as organizational units within FREs. Reaches lie within segments and are 
best distinguished geomorphologically on the basis of differences in parent rock geol-
ogy, shoreline erodibility, slope (gradient), and thalweg position (e.g., [127]). River 
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segments (sensu [128]) include one or more river reaches that are collectively subject 
to distinctive changes in one or more ecosystem characteristics (e.g., water tempera-
ture, geochemistry, suspended sediment load, or gamma diversity in an assemblage). 
Such changes often are introduced by a tributary, thereby affecting downstream FRE 
ecology [70, 71, 79, 129, 130].

The frequency, duration, magnitude, and timing of both high and low flows are 
critical determinants of FRE ecology. Discharge and flood frequency and magnitude 
are increasingly monitored and evaluated in relation to human activities within 
watershed. Magilligan [131] described variation in channel boundary shear stress 
and unit stream power on an array of stream channels across 2- to 500-year floods. 
She noted three-fold order of magnitude variation in flood power through the basin 
due to valley width, with broad, alluvial channels in wide valleys subject to lower 
flood power. In contrast, she reported increased stream power in narrow valleys with 
constrained channels, a pattern influenced both by basin size and by local controls. 
She also suggested that maximum flood impacts on channel geomorphology occur at 
discrete points within reaches. Such focal points are likely to shift over time, suggest-
ing that drainage evolution may occur most intensively at the local scale. Antecedent 
events are critically important, as prior high flows exert long-lasting impacts on FRE 
structure and ecology (e.g., [34, 132, 133], many others). Detection of such events 
through dendrochronology is becoming more frequently used, helping to determine 
long-term drought frequency and duration, and providing insights into adaptive 
strategic options for FRE management in the face of climate change (e.g., [134–139]).

The impacts of natural, regular, short-term stage fluctuations in rivers are gener-
ally poorly known, but are of great consequence in management of rivers impounded 
for hydroelectric power production (e.g., [140, 141]). Natural semi-daily tidal bores 
are common in the lowermost reaches of low-gradient rivers that reach the sea. Daily 
variation in flow stage in such settings may desiccate or freeze macrophytes, macro-
invertebrate habitats and eggs, or interrupt aquatic and riparian faunal feeding and 
other behaviors, leading to reduced or fluctuating primary and secondary consumer 
production. Understanding the effects of natural fluctuating flows remains a poten-
tially important topic for future natural and regulated FRE research.

River water quality varies across lithology, latitude, elevation, humidity province, 
season, and stream order within basins and among reaches, and springs, lakes, and 
glacial melt influence river waters. Water quality characteristics can transition mark-
edly over stream order and are important determinants of macrophyte structure and 
composition, and life history and feeding guild distributions of aquatic macroinver-
tebrates, fish, and amphibians, in turn influencing food web linkage ([141], but see 
[142]) and riparian groundwater quality and quantity. Surface flow geochemical and 
sedimentological changes occur at tributary confluences (e.g., [129, 130]), abruptly 
as discontinuities, or more gradually and to a lesser extent in side channels and other 
shallow, low-velocity shoreline habitats. Limnologically-influenced water quality 
dominates lake-sourced rivers, but we know of little research on natural downriver 
responses to such alteration. River water generally trends toward a universal quality 
across stream order, generating relatively similar geochemistry among the world’s 
major rivers at their mouths; however, the contributions and evolution of FRE water 
quality depend in large measure on subbasin geology and the relative contributions of 
tributaries (e.g., [143, 144]), as well as anthropogenic impacts.

The erosion, and deposition of bed, suspended, dissolved loads, and flotsam sedi-
ments are related to watershed geology, aquifer properties, flow dynamics, channel 
configuration, and other factors like glacial influences [29, 32, 33, 59, 127, 145, 146]. 
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Cumulatively, including anthropogenic materials, the world’s rivers deposit about 20 
billion mt of solids into the sea each year [147]. Rather than being a sole function of 
basin area, this deposition is largely the result of discharge from many thousands of 
small basins (<10,000 km2) with relatively high-gradient rivers that mouth directly 
into the seas [148]. Large rivers deposit proportionally less sediment due to subaque-
ous storage in deltas.

Recent research and stewardship attention in fluvial geomorphology has shifted to 
temporally based based spatial scales of reaches in the continuum of alluvial to con-
strained rivers (e.g., [10, 53, 67, 68]). Alluvial reaches often have relatively uniform 
bed materials and channel landform configuration, and often are closer to equilib-
rium than geologically constrained  channels. Models of sediment deposition and 
erosion are diverse (reviewed in [149], among many others) and can provide adequate 
two-dimensional prediction of suspended sediment transport through channels with 
varying bed roughness, channel steepness, and sediment transport. However, most 
rivers have insufficient historical flow, sedimentological, and hydrographic data to 
permit high-precision modeling [150]. Variation in turbulence, sheer stress, transport 
capacity, and bed and suspended sediment loading are likely to increase channel 
landform and FRE habitat diversity among reaches. In comparison with constrained 
reaches, seasonally dynamic alluvial reaches often support broader riparian zones, 
with increasing filtering, storage, and processing of matter from upstream and local 
sources [75, 76, 151].

Many watershed factors Influence FRE functions. Upland wildfire, forest pest 
insect outbreaks, coarse wood debris loading, and overgrazing can affect fluvial FRE 
sedimentation, geomorphology, and nutrient and nutrient transport (e.g., [152, 153]). 
Ice-related impacts on FREs in temperate and boreal streams involve ice formation, 
“shoving”, and black-ice melting, resulting in severe scouring of shorelines and bed 
surfaces, damming of channels, uplifting/redeposition of fine to coarse substrata 
(including boulders and coarse woody debris) [153, 154].

Fluvial climate is influenced by global- to local-scale conditions, the latter 
including nocturnal cool air subsidence and upriver mountain valley wind patterns 
(e.g., [155, 156]). However, few meso-scale studies of river influences on basin, 
reach, or local microclimate have been conducted. Riparian and in-stream intercep-
tion of photosynthetically-active radiation (PAR) varies temporally and by reach in 
canyon-bound rivers, influencing in-canyon air temperature, relative humidity, and 
aquatic and riparian production (e.g., [80, 81]). Although not yet studied, variation 
in PAR flux also may influence erosion in temperate cliff-dominated channels through 
increased slope failure frequency, cliff retreat, and canyon landform evolution. At 
local, cross-sectional scales, discharge, cliff shading, and channel aspect influence 
microclimate and fluvial solar energy flux, in turn influencing FRE air temperature 
and relative humidity [157], which has been positively associated with temperate 
avian species diversity [158]. Thus, along with riparian soil ecology, fluvial microcli-
mate may contribute to the biodiversity and productivity of riparian zones.

Habitat complexity at tributary confluences increases ecological productivity and 
biodiversity, and sustains habitat spatio-temporal connectivity [10, 39, 65, 70, 71, 159]. 
Tributary impacts on mainstream water quality are greatest when flows of the former 
exceed those of the latter; however, differences in biota may follow the opposite 
pattern. Aquatic macroinvertebrate assemblages in small, spring-fed tributaries may 
substantially differ from those in the large, adjacent mainstream (e.g., [130]). The 
WCM depicts the magnitude of tributary influences as dark triangles of varying size 
(Figure 2), but we note that large or influential tributaries can exist and interact with 
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the mainstream anywhere in the watershed. The process domain concept (PDC) posits 
that variation among such geophysical processes at the reach scale shapes channel 
form, disturbance responses, and ecosystem structure and dynamics [68].

Many FRE physical models have focused on particular aspects of FRE channel 
development, form, and function. Leopold summarized much of his research on 
alluvial channels, through which he was able to describe the negative relationship 
between sinuosity and slope [160]. He lamented [33] that no comprehensive chan-
nel model adequately encompassed the self-regulating nature of alluvial channels. 
Existing alluvial channel studies and models have been criticized for generating: (1) 
untested qualitative unifying theories; (2) empirical and statistical analyses that sup-
port focused semi-quantitative models; (3) reductionist applications of Newtonian 
theory; and (4) theoretical resolutions of primary flow eqs. [95]. Based on Morisawa’s 
[34] articulation of the dynamic equilibrium concept, Nanson and Huang proposed 
focus on the least action principle, as represented in alluvial channels through the 
trend toward maximum flow efficiency [95]. While the WCM does not presume that 
all FRE component models (particularly ecological models) will have clear, predictive 
mathematical solutions, placing these many concepts in a logical order and visually 
representing them is an important step forward (Table 1; Figure 2).

2.3 Ecological conceptual models

Ecosystem ecology developed through the diverse contributions of Linnaeus, von 
Humboldt, Mobius, Darwin, Forbes, Warming, Cowles, Elton, and many others. 
Tansley defined the ecosystem concept as involving interrelated physical and biologi-
cal elements and processes [161], and Lindeman [24] and Odum [25] initiated analy-
sis of trophic-dynamic aspects of ecology (Table 1). FREs are primarily driven by 
physical factors, generating “bottom-up” ecosystem structure, with dependent biotic 
composition, structure, function, and trophic interactions (Figures 2 and 3). Lower 
stream order FRE changes often occur in a punctuated, stepped, or reach-bounded 
fashion as FREs receive tributary contributions of sediment, water temperature, and 
nutrients. As with fluvial water quality, the ecology of higher-order streams generally 
changes more gradually, both spatially and over time.

Hutchinson emphasized lake ecosystem limnology (e.g., [28]), while Hynes 
described stream limnology [36, 37], including the spatial scale and groundwater 
influences on the watershed, but with somewhat less attention to the FRE riparian 
domain. Hynsian (lotic) versus Hutchinsonian (lentic) emphases created long-
standing differences in interpretation of the roles of habitat and biotic factors on FRE 
research [162]. Nonetheless, combining these lines of inquiry initiated a plethora of 
subsequent integrative research on FRE ecology, which continues today.

The most prominent post-Hynesian FRE conceptual advance was the river contin-
uum concept (RCC) [6, 45, 163]. The RCC described a river ecosystem as “...a con-
tinuum of biotic adjustments and consistent pattern of loading, transport, utilization, 
and storage of organic matter along the (ir) length” ([6], 130). The RCC regarded 
“...the entire fluvial system as a continuously integrated series of physical gradients 
and associated biotic adjustments as the river flows from headwater to mouth”, with 
“…maintenance of longitudinal, lateral, and vertical pathways for biological, hydro-
logical, and physical processes” ([99], 9–10); see [12]. The RCC lent support many 
patterns observed in studies of low-medium order streams and ichthyological studies, 
primarily in mesic regions [159, 164–166]. However, it has been criticized for not 
fully recognizing the roles of: (1) fluvial discontinuities; (2) groundwater and spring 



111

Characteristics and Process Interactions in Natural Fluvial–Riparian Ecosystems: A Synopsis…
DOI: http://dx.doi.org/10.5772/intechopen.107232

sourcing [167]; (3) river-sourced lakes, lentic zones, and productivity hot spots 
(e.g., [65]); (4) hyporheic refugia [99, 101, 168, 169]; (5) riparian ecology, except as 
subservient to the aquatic domain; (6) the role of temporal scale in FRE development 
and function, including dynamic seasonal and interannual geomorphic perturbation 
and adjustment [34]; (7) ephemeral and intermittent stream FRE ecology [170]; as 
well as (8) its applicability to higher order streams [171, 172].

Subsequent to the RCC, many FRE syntheses have been undertaken, including 
comprehensive edited volumes and reviews (including but not limited to [1, 23, 
41–44, 66, 69, 73, 75, 91, 99, 101, 102, 151, 164–167, 171, 173–178]). Below we briefly 
describe some of the major biologically-based conceptual components of the WCM.

Ward clarified four dimensions of spatial and temporal scale operating in most 
lotic ecosystems, including (1) the “longitudinal” dimension up- and downstream 
through rivers; (2) across-channel, riparian-aquatic domain interactions; (3) verti-
cal interactions with hyporheic habitats and groundwater; and (4) a broad temporal 

Figure 3. 
(a) Expanded detail of foodweb linkages in FREs, contrasting allochthonous (uplands and tributary) vs. 
autochthonous (mainstream) ecosystem energy inputs with aquatic vs. riparian domain interactions. Arrows 
indicate common energy pathways among trophic levels in the four FRE arenas. Not all interactions occur in 
every FRE, and other trophic interactions not depicted here may exist in some FREs. (b) Differential spatial 
or functional change in reach-based FRE structure and function can occur in response to watershed changes. 
For example, upland fire can result in sediment, ash, and nutrient loading through tributaries, processes that 
may diminish FRE productivity and ecological role in the watershed. Similarly, reduction in precipitation or 
groundwater alterations through climate change or aquifer depletion may reduce mainstream and riparian 
function. Redrawn from. [1].
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dimension [102]. Dynamic interactions among these dimensions contribute to the 
individuality in the character of FREs. Focusing on riparian stage zones and related to 
Ward’s considerations, Nilsson and Svedmark [76] recognized four major processes 
or characteristics interactively functioning in FREs. (a) Flow regime (hydrographic) 
dynamics regulate FRE ecological and geomorphological processes (including ripar-
ian succession through Connell and Slayters’ three modes – facilitation, inhibition, 
and tolerance [179]). (b) The channel provides a corridor for organic and organic 
transport, primarily downstream but also upstream via anemochorous and zoochor-
ous dispersal of propagules (Figure 2). (c) The riparian zone functions as a filter and 
boundary between upland and riverine processes (e.g., [85, 180]). (d) Many have 
recognized the high levels of biodiversity and ecological interactivity of FREs, related 
to elevated productivity and disturbance and high levels of habitat heterogeneity 
(e.g., [38, 39, 181]).

The flood pulse concept emphasized the importance of high flow pulses to FRE 
ecology by regularly restructuring channel and riparian landscapes [56, 57]. Regular 
seasonal flooding accounts for the state of suspended (or perpetual) succession in 
natural riparian vegetation zones, particularly in constrained channels [35], with 
riparian vegetation zonation in belts parallel to the mainstream [182] and with 
composition controlled by physiological and life history characteristics (e.g., riparian 
response guilds models [83, 183]).

Advances in nearshore marine ecology patch and disturbance dynamics concepts 
(e.g., [184–187]) contributed to Thorp and DeLong’s [70] riverine productivity 
model (RPM). The RPM posited that production, as well as decomposition, recruit-
ment, and other important river processes are related to niche diversity, occur-
ring at specific points within the channel, such as at tributary confluences, along 
shorelines, or in specific depositional settings. Thus, FREs function as microhabitat 
mosaics.

The serial discontinuity concept (SDC) initially was developed to describe the 
impacts of impoundments on regulated rivers [52, 53], but also by extension to the 
roles and impacts of natural dams that form lacustrine reaches, and affect natural 
FRE channel geomorphology, flow, and population dynamics, both upstream 
and downstream. Lacustrine reaches can occur anywhere in a basin as a result of 
tectonism, lava dams, slope failure, or glacier development, and natural dams may 
persist for evolutionarily significant durations. The SDC posits that the location 
and size of a dam reset and influence downstream recovery of FRE characteristics 
through tributary contributions of flow, water quality, and biota [129], and through 
link discontinuity [70, 71] and network dynamics [77–79]. Examples of natural 
dams include Lake Victoria in Uganda, which formed as a result of  tectonic rifting 
and interruption of flow in the Kagera and other Nile River headwater streams; 
Lago de Nicaragua (L. Cocibolca) in Central America, which formed as a result of 
tectonic uplift in the lower Tipitapa and San Juan River basins; and many basalt 
dams ni the southwestern USA [188–191]. Six types of slope failure dams that can 
affect rivers are globally recognized, ranging from relatively common single events 
with partial valley impoundment to rare, simultaneous impoundment of multiple 
valleys that create multiple natural lakes [191] (e.g., [192–194]). Ice dam failure 
also is a well-known phenomenon (e.g., the collapse of Pleistocene Lake Missoula 
[195], and fjord ice dam failures [196]). These natural impoundments and their 
failures change downstream channel geomorphology, water quality and flow, 
hydrography, stage relations, velocity, habitat quality and distribution, and FRE 
biogeography.
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The RCC did not adequately integrate the ecology of ephemeral and intermittent 
FREs or groundwater-surface water interactions [101]. Colloquially known as dry 
washes, arroyos, or wadis, ephemeral channels are extremely abundant, comprising 
far more than half of the global stream channel network [170], and are becoming 
increasingly abundant as humans and climate change dewater rivers (e.g., [197]). 
Flooding releases CO2 sequestered by seasonal or erratic burial of organic matter 
and invertebrates, such as leaf litter or clams [198]. Benthic invertebrates that shred, 
graze, or collect organic debris often are generally absent or rare in ephemeral FREs, 
reducing decomposition rates and transferring those functions to microbial and 
physical molar actions when the stream floods. Terrestrially, ephemeral versus inter-
mittent riparian zones are bordered by distinctive suites of xeroriparian (dry ripar-
ian) to mesoriparian perennial plant species that provide cover and food resources 
[43]. Analysis of an ephemeral stream in Pakistan revealed deeply rooted woody 
perennial shrubs in the channel, and a bed dominated by weeds after winter rains, 
with drought-resistant species occurring on terraces [199]. Aquatic productivity and 
trophic energetics of arid-land ephemeral streams are reduced and interrupted during 
dry seasons (e.g., [92]), generating temporal discontinuities of stream processes. 
Nonetheless, ephemeral channels commonly provide essential wildlife habitat con-
nectivity, and function as punctuated, rapidly changing biogeochemical reactors [93], 
and warranting additional research.

FRE productivity (P) and disturbance (D) intensity interactively influence aquatic 
and riparian domain biodiversity through habitat and resource availability, organism 
size distributions, niche specialization, assemblage composition, competition, and 
other factors. P and D are related to colonization (C) and extinction (E) processes 
in insular biogeographic models of species richness, with high levels of P related 
to C, and high levels of D related to E (Figure 2) [46–48, 200–207]. Riparian and 
shallow aquatic domain P and D, as well as the depth, velocity, and transparency 
of water, and soil moisture and nutrient content are generally negatively related to 
stage. FRE riparian biodiversity tends to be maximal at intermediate levels of P and 
D, at intermediate flood return frequencies, and terrace stages with the maximal 
“ecological hospitability” to potential colonists. Our observations suggest that this 
pattern appears to be reversed in the aquatic domain, where shallow shorelines 
are most biologically diverse; however, more research is needed to understand this 
FRE “mirror effect” between the two domains. Both the intermediate disturbance 
hypothesis and insular biogeographic theory [46–48, 207] were developed to describe 
the biodiversity of sessile taxa, such as plants and corals, not vagile species like many 
larger macroinvertebrates, fish, and other vertebrates, which often actively cue on 
hydrographic disturbances (e.g., flood avoidance by belostomatid giant water bugs 
[208], or hydrograph-cued spawning among fish species). Such relationships may 
result, in some cases, in FRE riparian trophic cascades in which top predators can 
reciprocally influence channel geomorphology at reach scales [82]. Such cascades are 
regularly observed in fish-dominated ecosystems and in some low-order fishless sys-
tems, but often are limited in FRE aquatic domains by bottom-up physical processes 
(e.g., hydrology, sediment transport, ice impacts), with average sheer stress/unit area 
often negatively related to stream order [131]. Nonetheless, the commonly observed 
phenomenon of elevated FRE biodiversity, particularly at intermediate stream orders, 
is at least somewhat related to these coupled gradient interactions and convergent life 
history strategies.

FREs receive and transmit multidimensional exchanges of ecological matter and 
energy subsidies in the watershed. Muehlbauer et al. [94] reported that avenues of 
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exchange may be relatively narrow (50% of exchanges occurred within 1.5 m of the 
stream edge), and 10% of the exchanges occurred 0.5 km into the adjacent uplands. 
Exchanges are reported to disproportionally influence primary producers and preda-
tors, potentially affecting both bottom-up and trophic cascades (e.g., [209]). FRE 
subsidy exchange involves five spatially directional processes over time, including 
(a) gravity-driven downslope flow and material allochthonous transport; (b) down-
stream flow; (c) river-to-uplands eolian and zoochorous transport; (d) lateral and 
downward surface to hyporheic transport; and (e) upwelling artesian groundwater 
influences. In addition, downstream main channel or tributary flooding in very low 
gradient reaches can initiate upstream-directed flow [102, 210]. Like channel geom-
etry, these FRE ecological processes respond dynamically and temporally to climate 
and other factors, moving toward, but never achieving equilibrium in form, function, 
boundary conditions, matter transport, or trophic energy dynamics described for 
channel adjustment by [1, 34, 93].

In the riparian domain, FRE riparian vegetation is “…a complex of vegetation units 
along the river network that is functionally related to the other components of the fluvial 
system and surrounding area” [211, 212], which interacts in a reach- and segment-
dependent fashion with the aquatic domain and its associated processes)” [213]. 
Like the aquatic domain, the riparian domain is interactively influenced by regional 
climate (e.g., [214–216]) through direct forcing effects on channel roughness, bed-
form morphology, and sediment transport during peak flows and seasonally changing 
rainfall and snowmelt [217–219], and by drought [220, 221]. Groundwater availability 
also can affect channel and floodplain stability and riparian vegetation [222–226]; 
(e.g., [227]), [228]. Climate influences on FRE groundwater vary spatiotemporally 
but can provide recharge that affects reach and segment scales through precipitation 
and infiltration, with potentially strong seasonal variation, as demonstrated through 
isotopic studies [229–236].

Coupling the calculation of the standardized precipitation index (SPI; [237]) 
with the standardized groundwater level index (SGI; [238, 239]) can be used to relate 
precipitation to groundwater recharge [240, 241]. These metrics affect FRE riparian 
productivity [242, 243] (e.g., [244–248]) through groundwater recharge in relation 
to river stage [249], and are affected by air temperature [250–252] and extreme 
precipitation events [253–255], which in turn affect stream discharge [256], ground-
water recharge and availability [257, 258], and phreatic zone and riparian rooting 
depth [259]. Inorganic sediment transport and turbidity generally (but not always) 
increase with stream order, reducing downstream PAR availability and 1° through 3° 
aquatic production [81] and strongly influencing aquatic macroinvertebrate feeding 
guild structure [6] and riparian nutrient availability. Complex trophic relationships 
can develop in riparian zones, directly and indirectly influencing primary producer 
structure and composition. For example, leaf-beetles, grasshoppers, beavers, and 
ungulates all can strongly influence riparian vegetation composition, structure, and 
decomposition/soil formation [260–262].

FRE biogeography involves colonization, recruitment, and population establish-
ment overland by volant and other highly vagile species, as well as passive dispersal 
through gravity, aerial drift, or zoochorous transport of propagules through both 
overland and dendritic stream corridors (Figure 2). Regardless of the pathway, FRE 
population persistence and assemblage resilience are predicated on the ability of a 
species to remain in, or disperse-recover their position in the watershed. Therefore, 
persistence of all FRE species requires some form of upstream dispersal, with eviction 
or extirpation the inevitable consequence of failed in situ or headwater recruitment 
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strategies. Larval aquatic macroinvertebrates may drift downstream, while adult 
aquatic insects often fly or are blown upstream as aerial drift. Dragonflies, salmonids, 
and many other fish taxa migrate upstream to spawn, against the dominant current 
direction, and some fish transport larval unionid mussel larvae upstream. Migratory 
western North American warblers and other passerine birds intensively use arid-
land riparian habitat as stop-over habitat during migration [263, 264], a pattern 
not strongly evident in mesic eastern North America [265]. Although front-based 
migration also occurs among some shorebirds, many waterbird species follow FRE 
corridors, particularly through complex landscapes [80, 266]. In addition, many 
non-volant vertebrate species follow river corridors as dendritic pathways, although 
terrestrial faunal movements can be thwarted by steep cliffs, perilous crossings, and 
anthropogenic landscape interruptions [80].

The riparian plant niche construction perspective [83] and niche-box model 
(NBM) [84, 183] classified guilds of riparian plants in relation to similarities among 
life history traits. The NBM incorporates and compares autecological elements for 
each plant species to improve prediction of vegetation assemblage development in 
relation to hydrography and riparian conditions. While successfully grouping some 
species, the large amount of variation in the NBM multivariate plots is a reminder 
that life history strategies vary tremendously among species, variance that is highly 
adaptive but which does not readily lend itself to simple classification systems.

Trajectories of vegetation succession through modes of facilitation, inhibition, 
or tolerance [179] differ temporally among reaches, between humidity provinces 
and in relation to stream order, fluvial hydrodynamics (disturbance frequency and 
across stage), geomorphic setting, grain-size distribution, depth to water table 
[267], and biological effects, such as mycorrhizal succession [268], selective verte-
brate [260] or invertebrate herbivory [261, 262], in relation to plant diseases and the 
presence of some bird species [204]. Surrounding upland assemblages also strongly 
interact with upper riparian terrace vegetation (e.g., [182, 269]). Due to increased 
riparian soil water availability and regular flood disturbance, FRE riparian vegeta-
tion structure is not well represented by the upland-centric Holdridge [270] global 
vegetation model [1].

3. Conclusions and research recommendations

Fluvial-riparian ecosystems are hierarchically and dynamically influenced by 
physical and biotic processes that vary spatially among reaches, over stream order and 
time within the watershed, approaching but rarely achieving equilibrium in channel 
geometry, fluid and matter transport, biotic composition, and ecosystem energy 
dynamics and structure. A wide array of conceptual physical and ecological models 
has described aspects of FRE ecology and responses to natural and anthropogenic 
perturbations. However, most models have focused on single or a reduced suite 
of variables at site-specific, within-reach, alluvial or constrained channels, other 
watershed scales, and most often on anthropogenically-altered streams. The WCM 
emphasizes the importance of understanding temporal and spatial scaling across the 
entire basin in natural systems to provide guidance for improving FRE stewardship.

Despite much progress, a wide array of important ecohydrological processes, 
questions, and issues remain to be addressed or more fully integrated. Not presented 
in prioritized order, this list of additional research topics includes but is not limited 
to: (1) corresponding convergence toward dynamic equilibrium of physical and 
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biological processes; (2) extent of self-similarity among physical and biological pro-
cesses across reach and stream order, space, and time; (3) groundwater-surface water 
interactions and connectivity under changing climates; (4) the significance, extent, 
and roles of groundwater and headwater springs as zero order streams in FRE ecology 
[120, 271]; (5) natural inter-relationships among lentic and downstream lotic reaches; 
(6) ephemeral stream ecosystem ecology; (7) the limiting effects of photosyntheti-
cally-active radiation in canyon-bound streams; (8) stream microclimate ecology; (9) 
the interactive effects of flooding, ice, and glacial effects in boreal and high elevation 
streams; (10) multidirectional subsidy and gene exchange in dendritic pathways; (11) 
the role of plant physiology in riparian vegetation zonation; (12) the significance of 
corridors, barriers/filter, and refugial biogeographic effects in dendritic river eco-
systems [80]; (13) stream order-driven and cross-sectional spatial impacts on bio-
diversity; (14) population and successional models among FRE biota across trophic 
levels; (15) FRE ecosystem genetics and the evolution of endemism across latitude, 
longitude, and among tectonic landscapes; and (16) the role of noise on FRE faunal 
assemblages. Adequately examining and incorporating these and other topics will 
more fully expand the WCM model through future research and will enhance collab-
orative discussion among hydrogeological, ecological, and socio-cultural disciplines 
[272]. Such data and integration efforts will improve understanding, modeling, and 
stewardship of FREs at local, regional, and global spatial and temporal scales.

FREs are complex, continually changing, and vital to life on Earth. Although 
informative and elegant, all FRE models remain incomplete, and even the most 
comprehensive FRE conceptual syntheses fall short of adequately representing these 
remarkable, important, and dynamic ecosystems. Furthermore, discipline-based 
or regional specificity has often limited the applicability of some models (e.g., 
[273–278]). Here we present and illustrate a synthesis of FRE knowledge through the 
WCM, and suggest topics for further investigation. However, FREs cannot be readily, 
adequately, or usefully reduced to a single suite of equations or simple illustrations. 
For example, non-Judeo-Christian-Islamic cultures commonly view rivers as living 
entities, supporting divine spirits, and essential to cultural well-being. Integrating 
indigenous traditional ecological concepts and knowledge into improved stewardship 
has rarely been achieved. We suggest that improved comprehension of FREs may 
require consideration of other socio-cultural dimensions. Enhanced understanding 
of the complex, multidimensional inter-relationships among Physical, biological, 
cultural, and socio-economic elements and processes within watersheds is essential 
to improving FRE stewardship and sustaining ecological functions vital to nature, 
human life, and societal integrity.
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Chapter 7

Water Resources Management 
and Hydraulic Infrastructures 
in the Senegal River Basin: The 
Case Study of Senegal, Mali and 
Mauritania
Cheikh Faye

Abstract

The water resources of the Sahelian countries bordering the Senegal River basin 
(Senegal, Mali and Mauritania) are limited and unevenly distributed. To overcome 
the unequal distribution of water resources and to manage floods and droughts in the 
Senegal River Basin, hydraulic infrastructures have been built in the Senegal River 
Basin, starting with the Manantali dam. The paper reviews the current water storage 
capacity in the Senegalese, Malian and Mauritanian parts of the Senegal River Basin 
from a sustainable water resources management perspective. Data from the Manantali 
dam and from the water resources of the downstream countries (Mali, Senegal and 
Mauritania) in the Senegal River basin were employed to assess water storage capacity 
at country level in this basin. Water storage capacity was found to be lowest in the 
Mauritanian part and highest in the Malian part. These results led to the conclusion 
that despite the OMVS based heavy investment in the infrastructure of water storage 
capacity there is both need and potential for infrastructure increase. As the Senegal 
River Basin is a transboundary case the riparian countries sharing in order to promote 
integrated water resources management at the basin level, need to continue to develop 
additional storage to underpin and modernize the responsible use of water resources 
through the construction of other multifunctional water infrastructure.

Keywords: water storage, water infrastructure, dams, water use, water management

1. Introduction

Infrastructures are defined as “networks that enable the movement of goods, 
people or ideas and allow their exchange in space” [1]. The speed and direction of 
movement is influenced by their topology and physical form and from this point of 
view infrastructures are technological objects. Water distribution systems can be 
defined “as networks connecting water from rivers, lakes and storage sites to homes, 
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farmers’ fields irrigation systems and factory outlets empowering water’s economic 
and social functions” [2].

The construction of dams is often linked to state policies seeking to meet the needs 
of populations. Among these needs, the multiplication of the number of structures is 
caused by regional development, increased access to drinking water and electricity, 
flood-fighting and irrigation development. Half of the world’s rivers have at least 
one dam, and hydroelectric power plants produce more than 50% of the electricity 
consumed in a third of the world’s countries [3].

Dams are works that block a section of a valley over the entire width and create a 
basin in a geological way and thus they usually are considered to be barriers. Its origin 
may be natural or catastrophic e.g., land slides or avalanches, or it can be the result of 
a disorganization of the river network with a change in the geomorphological system 
e.g., moranic or glacial dam. A dam is a project, and hence it has a pre-determined 
lifecycle after which it may end up being filled, or else by yielding, undermined by the 
infiltration waters.

Dams are the subject of many claims by members of civil society. The latter often 
criticize manufacturers and decision-makers for a lack of consideration towards 
them, a lack of transparency, and unfulfilled promises. From these concerns that 
animate the populations arise demands, forces to fight against dam projects accused 
of the flooding of forests, the acidity of water, the sterilization of agricultural land, 
and expropriations. These infrastructures also include the links between these 
machines that allow them to function as a system, as well as techniques of organiza-
tion—companies, accounting, bureaucracies, etc. [4]. These infrastructures, of 
course, exist in society, and often embody, reflect and, in turn, shape their political, 
economic and social environment [2].

However, water is considered to be an economic good and is classified as a neces-
sity [5, 6] and the economic motives for increase of agricultural/meat production via 
bulding dams are as below.

As seen above, if in-country production increases substantially Mauritania an 
Mali have a chance at a zero/positive BoP and Senegal could halve its negative BoP 
(Figures 1–4).

The first dams in the world date back to antiquity. Their objectives were to meet 
the water needs of the populations and for irrigation. “They are located in the Nile 
Valley, Mesopotamia, China and South Asia.” The oldest known remains come from 
the Sadd-el-Karafa dam made in Egypt between 2950 and 2750 BC. Even in ancient 
Rome, more than adequately supplied with water and believing that flowing water 
was a sign of a high standard of living, water-saving devices (such as taps and storage 
tanks) were widely deployed [8]. Studies provide information on the mode of opera-
tion of dams, their history, as well as their consequences on the fragmentation of 
watercourses. These impacts are analyzed from several angles, in particular through 
the transformations of the landscapes, the displacement of populations, the changes 
of identity, the images projected on the disruptive dam, the economic contributions, 
the usefulness and the beneficiaries. These analyzes relate to cases of dams already 
built or projects.

Information also exists on the types of construction. They can be arch dams, grav-
ity dams or buttress dams. This information provides knowledge on the world classi-
fication and according to the International Commission on Large Dams (ICOLD). The 
qualification of “large dam” is attributed to those that rise more than 15 meters above 
the foundations, according to the said commission.



137

Water Resources Management and Hydraulic Infrastructures in the Senegal River Basin…
DOI: http://dx.doi.org/10.5772/intechopen.105633

Dams are installed with a run-of-river or pumped storage reservoir. They are 
classified into two categories according to the type of material: concrete dams (grav-
ity dams, buttress dams, arch dams) and embankment dams (earth dams, rockfill 
dams). A third type combining the first two is called hybrid or compound. ICOLD 
considers that there are 24,395 large earth dams, 3065 rockfill dams, 6688 gravity 

Figure 1. 
Current Account (BoP) in Current USD [7].

Figure 2. 
Imports in Current USD [7].
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dams, 426 buttress dams, 1839 arch dams, 172 multi-arch dams and 2603 of another 
type. Embankment dams are in the majority and constitute nearly 63% of the total 
number of dams recorded. It is obviously the oldest type of dam and there are traces 
of embankment dams dating from the oldest civilizations. In addition, this type of 
dam can be adapted with many types of foundations.

Figure 4. 
Food imports as percentage of Merchandise Imports [7].

Figure 3. 
Merchandise Imports Current USD [7].
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The Senegal River, which is the second largest river in West Africa, owes its 
formation to the joining of the Bafing and the Bakoye rivers at Bafoulabé, Mali. Its 
300,000 km2 watershed is divided into three subsets [9]: the upper basin, the valley 
and the delta as seen in (Figure 5). The Senegal River runs through four distinguish-
able climatic zones:

• Guinean (very humid)

• South Sudanian (humid)

• North Sudanian (semi-humid)

• Sahelian (semi-arid).

At 1500 mm/year in the Guinean part the rainfall gradient remains poweful 
compared to 200–250 mm/year in the northern part leading to an annual average of 
550 mm/year, a pluviometric contrast that is a a main basin characteristic which is 
attenuated to a ceratin extent as billions of m3 of water are transferred annually by the 
river from the the upper basin wet regions to the the valley and the delta arid Sahelian 
regions [10, 11], which explains the great wealth of biophysical environments in the 
basin and their great diversity.

The impacts of the dam are often examined without taking into account the 
forms of knowledge of the inhabitants who experience them. The weakness of the 

Figure 5. 
Situation of the Senegal River watershed and the dams built and planned.
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approach to social questions in a context of research into sustainable development is 
denounced by sociologists, anthropologists, agrogeographers, historians, economists 
and geographers. On the Manantali dam, the first studies date back to the 1970s. They 
focused on calculations and simulations before and after the construction of the dam 
and the hydroelectric power station. The creation of the reservoir, the fish population, 
the quality of the water, the flows, and the regime of the river were thus questioned. 
Legally, the status of the Manantali dam is qualified as co-ownership. The specific role 
of the Organization for the Development of the Senegal River (OMVS) in the opera-
tion of the Manantali dam is underlined in certain studies, and the success of the bet 
on regional integration around the Senegal River is particularly mentioned.

Water withdrawals vary by country. In Senegal, in 2000, withdrawals from water 
resources amounted to 1591 million m3 including 1435 million for agriculture (93%), 
98 million for communities (4%) and 58 million for industry (3%). In Mauritania, 
in 2000, water withdrawals were estimated at 1698 million m3 including 1.5 billion 
for agriculture (88%), 150 million for domestic use (9%) and 48 million for indus-
try (3%). In Mali, the current withdrawals of the irrigation sector are of the order 
of 5.0 km3 in 2006, or 96.4 percent of the total withdrawal [12], and come almost 
entirely from water resources, surface and almost entirely over a period of 6 months. 
In the Senegal River Basin water resource availability and distribution are influenced 
by factors such as: population dynamics, extremely variable climatic conditions 
ecosystem maintentenance water-affecting environmental issues, and political/socio-
cultural issues e.g., food security, and the problem of economic development [13].

Based on the OMVS agreements framework it is seen that via the Manantali dam 
management a minimum low water flow at the Mali/Senegal border is guaranteed and 
the Mali, Senegal and Mauritania agreed sharing of stored water is ensured. Thus, 
a sectoral plan declining master frameset for the development of the Senegal River 
(SDAGE) is applied in order to attempt the promotion of the watershed’s sustainable 
and concerted development [9].

The water-scarce Sahelian countries, Senegal, Mali and Mauritania, lying on the 
border of the Senegal River basin have invested in water storage for a long time so as 
to increase water availability to satisfy their socio-economic/environmental needs. 
This leads to the question raised here, whether current storage capacity is sufficient to 
cover the future development needs of these three countries. To be more precise, the 
Senegal River basin water storage capacity must be assessed taking into consideration 
whether the OMVS supported potential of these countries is realistically capable to 
increase this capacity. This paper assesses the the Sahelian countries bordering the 
Senegal River Basin current water storage capacity from the poin of view of integrated 
water resources management.

2. Materials and methods

This article is based on data from literature searches and secondary data collec-
tion. The main data on water resources were collected from the FAO global database 
AQUASTAT available at: https://www.fao.org/aquastat/statistics/query/index.
html?lang=fr. For the case study on the Senegal River Basin, the databases of the 
Direction de la Gestion et de la Planification des Ressources en Eau (DGPRE) and of 
the Organization pour la Mise en Valeur du fleuve Sénégal (OMVS) were used. The 
combined approach to data collection (on dam issues) is favored here. It consisted 
first of all of a consultation of unpublished documents (books, reports, dissertations, 
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theses, articles, etc.) which are of great interest for the present. This in-depth review 
of the literature allowed us to collect different data and information available on the 
impact of dams in areas where similar studies have been conducted.

3. Results and discussion

3.1 Water availability

Table 1 shows the quantity of wavailable water as seen in FAO [6]. The 2014 three 
renewable water resource classesi.e., surface water, groundwater, internal water and 
external water vary according to country. Te estimation results for Mali are at 120 km3/ 
year compare to those for Senegal, 38.97 km3/year and for Mauritania, 11.4 km3/
year. For Mali there is a dependency index of 50% between surface renewable water 
resources and internal renewable water resources estimated at 110 km3/year and 
60 km3/year repspectively which is explained, in the case of the importance of surface 
renewable water resources, by the water availability of the Niger River. In Senegal, 
surface renewable water resources are estimated at 36.97 km3/year and internal 
renewable water resources of around 25.8 km3/year i.e., a dependency index of 33.8%. 
In the particular case of the the weakest availability country, Mauritania, 97.4% of all 
water resources is represented by 11.1 km3/year renewable surface water resources, 
which essentially are comprised of reservoirs dams distributed widely in the southern 
and central parts of the territory and of the Senegal River along with its tributaries. 

Renewable water resources Mali Senegal Mauritania

Quantity % Quantity % Quantity %

Total inland water resources 
(km3/year)

60 50.0 25.8 66.2 0.4 3.5

Total external water resources 
(km3/year)

60 50.0 13.17 33.8 11 96.5

Surface water resources: total 
(km3/year)

110 91.7 36.97 94.9 11.1 97.4

Total groundwater resources 
(km3/year)

20 16.7 3.5 9.0 0.3 2.6

Total renewable water 
resources (km3/year)

120 100 38.97 100 11.4 100

Dependency index (%) 50 33.8 96.5

Total water resources per 
capita (m3/year/capita)

6290 2458 2589

Total withdrawals (km3/year) 5186 2221 1.3502

Exploitation index (in %) 4.32 5.70 11.84

Total capacity of dams (km3) 13,795 0.25 0.5

Total capacity of dams per 
inhabitant (m3/inhabitant)

723.09 15.77 113.55

Source: [6].

Table 1. 
Renewable water resources available in 2018 in the three countries.



River Basin Management - Under a Changing Climate

142

Internal renewable water resources coorespong to 0.4 km3/year, which leads to a very 
high dependency index at 96.5% (Table 1) while the total withdrawal estimation 
regarding Senegal is 2.22 km3. The exploitation index is relatively low at 5.70% if it is 
justactaposed to potential of water reserves in the country.

Rural areas and many cities in Mali have to rely exclusively on groundwater as the 
main source of reliable and safe drinking water while Senegal and Mauritania have to 
rely on the same for huge tracts of arable land irrigation and livestock watering as well 
as for the supply of many mines and industries. In terms of total volume of avail-
able renewable groundwater, the contrast is sharp between Mali (20 km3/year) and 
Senegal (3.5 km3/year) and Mauritania (0.3 km3/year).

Regarding the Senegal River the inflows are significant, variable, interannu-
ally irregular and in an average year around 20 km3 while in the wet year of 1924 
they reached 41 km3 in the dry year of 1987 went down to 6.15 km3 [14] and due 
to the Sahelian climatic deterioration the average inflow went down to 13 km3/
year. However, user requirements are met due to the water draining by the ricers 
cris-crossing these countries e.g., the Senegal River. In Table 1 it is seen that total 
withdrawals estimation is: in Mali 5.19 km3/year, in Senegal 2.22 km3/year in Senegal 
and in Mauritania 1.70 km3/year. The exploitation index is relatively low taking into 
consideration the great potential of water reserves and amounts to 4.33, 5.75 and 
14.9% correspondingly.

At the existing socioeconomic circumstances in these three countries, social 
development invitably causes an increasing demand for water as most national plan-
ning initiatives e.g., mining, industry, agricultural development, municipal water 
supply, energy security, tourism and recreation, and municipal water supply [13]. The 
demographic and urban growth of these countries exerts strong pressure on the often 
limited available water resources in these countries.

According to the AQUASTAT database [6], renewable freshwater resources per 
capita (in m3) continued to decrease between 1958 and 1962 and 2018–2022 at the 
level of the three countries. They thus fell from 22,301 m3 in Mali, 12,538 m3 in 
Mauritania and 11,612 m3 in Senegal in 1958–1962 to only 6290 m3 in Mali, 2589 m3 in 
Mauritania and 2458 m3 in Senegal in 2017–2022. These results show the tendency of 
these differences towards a situation first of water stress (below 1700 m3/inhabitant/

Figure 6. 
Evolution of total renewable water resources per capita between 1958 and 1962 and 2013–2017 in the three 
countries (Source: [6]).
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year) and then of water shortage (below 1000 m3 /inhabitant/year). A country like 
Senegal is already in a situation of water vulnerability (below 2500 m3 /inhabitant/
year), while Mauritania is not far from such a situation.

As can be seen in the Figure 6 above in the countries bordering the Senegal river 
water consumption is increasing at an exponential rate due to population increase 
leading to the creation of a state of competition for water [15]. According to this these 
countries will target water uncertainty reduction in-border river flow regulation 
via dams which is detrimental to the other contesting countries. This leads to peace 
fracture as high transnational river water import dependent countries e.g., such as 
Mauritania which is 96.49% dependent, will consider water to be a matter of national 
security justifying the use of force for its safeguarding [16].

3.2 Shared water systems

Most sub-Saharan Africa freshwater resources are parts of either shared river 
basins or transboundary watercourse systems. The Senegal River Basin in conjunc-
tion with the Organization for the Development of the Senegal River (OMVS) has 
noted that a strong commitment to regional collaboration must form the basis of the 
management and protection of these shared systems as the hydrosystem comprised 
by the Senegal River basin and its tributaries covers a 289,000 km2 area. The propor-
tions this is shared between Mali, Mauritania, Guinea Conakry and Senegal are 53.5, 
26, 11, and 9.5% respectively. The Falémé basin, like the Senegal River, is spread 
by13,800 km2 or 47.8% over Mali, 11,500 km2 or 39.7% over Senegal and 3600 km2 or 
12.5% over Guinea Conakry [17] while Mali and Guinea share the 22,000 km2 Bafing 
and the 85,000 km2 Bakoye basins.

Τhe organization of the Senegal River Basin (OMVS) has as main goal to realize 
an integrated transnational vision of the Senegal River Basin development where, 
on the basis of analysis of the basin’s water resources/ecosystems, the integration 
of sectoral objectives will be achieved e.g., hydroelectricity, drinking water and 
sanitation development, navigation and transport, rural development, mining and 
industry will be achieved. As seen in Table 2, interest in the major components of the 
OMVS program- energy production, irrigation and navigation-varies according to 
the riparian country’s point of view [18]. Mauritania and Senegal are the two riparian 
States which exploit nearly 90% of agricultural developments in the basin but whose 
dependency factor (the total share of water resources produced outside their borders) 
is the highest in the basin while Mali and Guinea have abundant water resources 
incommensurably high relative to their agricultural development [19, 20].

Indeed, unlike Mali and Guinea, which border the Niger River basin and have rela-
tively abundant water resources, the Senegal River remains the only source of fresh 

Country Hydroelectric power Irrigation Navigation Flood recession agriculture

Guinea Potentially high None None None

mali High Weak Very high Weak

Mauritania Very high Very high High High

Senegal Very high Very high High High

Table 2. 
Priorities of the riparian States compared to the components of the current OMVS program.
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water for Mauritania and Senegal, which exploit nearly 90% agricultural develop-
ments in the basin. This situation has led to rivalries for control of the resource, which 
have resulted in the establishment of a climate of hostility and mistrust between the 
two neighboring countries for more than two decades now.

In this way the OMVS, in order to manage and develop in a joint way these shared 
resources, has encompassed a set of instruments specific to this purpose since coop-
eration is required to achieve sustainable management of the sum total of external 
resources and as a result e.g., life-improving cross-border hydraulic infrastructures 
were developed. According to this arrangement, OMVS member countries are obliged 
to aknowledge its commitments to cooperative management of international waters 
with its neighbors with goal od promoting the regional interest in terms of peace, 
security and economic integration.

3.3 Water use in the three countries

While irrigated agriculture is the largest water consumer in these countries water 
withdrawals vary by country and by sector of activity. Current withdrawals of the irri-
gation sector in Mali are around 5 billion m3 in 2006, or 96.4% of the total withdrawal 
[12], and come almost entirely from mineral resources. Surface water (Table 3). In 
addition, the supply of water to livestock takes about 75 million m3 industry 4 million 
and local authorities 107 million (2.06%) in 2006. According to Table 4 in Senegal 
(2000), water resources withdrawals were 2221 million m3 apportioned: for agriculture 
2065 million amounting to 93%, for communities 98 million amounting to 4.41% and 

Abstraction in millions of m3 Mali Senegal Mauritania

Value % Value % Value %

Water withdrawal for agriculture (10^9 
m3/year)

5075 97.9 2065 93.0 1223 90.6

Water abstraction for industrial uses 
(10^9 m3/year)

0.004 0.1 58 2.6 31.8 2.4

Water withdrawal for municipalities 
(10^9 m3/year)

107 2.1 98 4.4 95.4 7.1

Total water withdrawal (sum of 
sectors) (10^9 m3/year)

5186 100 2221 100 1350.2 100

Progress in water use efficiency Mali Senegal Mauritania

SDG 6.4.2, Water Stress (%) 8003 11.81 13.25

SDG 6.4.1, Water use efficiency (US$/
m3)

1859 7571 3933

SDG 6.4.1, Efficiency of water use by 
irrigated agriculture (US$/m3)

0.047 0.095 0.352

SDG 6.4.1, Efficiency of water use by 
industries (US$/m3)

787.1 81.27 47.67

SDG 6.4.1, Efficiency of water use by 
services (US$/m3)

58.41 121.5 35.25

Source: [6].

Table 3. 
Water use by main economic sectors in these countries.
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for industry 58 million amounting to 2.61%. Similarly, as seen in Table 3, in the case of 
Mauritania (2000), total withdrawals were 1698 million m3 of which 1500 million went 
to agriculture amounting to 88.3%, 150 million went for domestic use amounting to 
8.83% and 48 million to industry amounting to 2.83%.

Through the UN-Water Initiative for the Integrated Monitoring of Sustainable 
Development Goal (SDG) 6, the United Nations is committed to supporting countries 
in monitoring issues related to water and sanitation as part of the 2030 Agenda for 
Sustainable Development, and in compiling national data to report on global progress 
towards achieving SDG 6 [19]. Thus the progress made at the scale of the Senegal River 
basin towards the achievement of SDG 6 is indicated in Table 3 which shows the values 
calculated at the national level for the efficiency of water use. While the efficient use of 
water resources averages just over US$ 15 /m3 worldwide, the countries of the Senegal 
River Basin record values below this average. Senegal, which records the highest 
water use efficiency, among the 3 countries in the downstream part of the basin, is at 
US$ 7571 /m3, against 1933 for Mauritania and 1859 for Mali. However, the situation 
remains variable depending on the country. Indeed, for the efficiency of water use by 
industries, Mali is positioned ahead with 787.1 $US /m3, against 81.27 for Senegal and 
47.67 for Mauritania. As for the efficiency of the use of water by the services, Senegal 
stands in front with 121.5 $US /m3, against 58.41 for Mali and 35.25 for Mauritania 
[20]. At basin scale, the lowest values in this regard are noted in Mauritania.

3.4 Contributing to climate change adaptation from water storage

As the challenges posed by global warming are increasingly understood, it is 
widely accepted that water is the primary medium through which the societal stresses 
of climate change will manifest. Although the exact impacts remain uncertain, in 
many places, even where total precipitation is increasing, climate change will most 
likely increase precipitation variability. Undoubtedly, those who will be hardest hit 
are the poor, who are already struggling to cope with the existing variability. It will 
be increasingly difficult for them to protect their families, their livelihoods and their 
food supply from the negative effects of seasonal rainfall, droughts and floods, all of 
which will be exacerbated by climate change.

According to the Intergovernmental Panel on Climate Change [22], climate change 
is expected to have an impact on the level and variability of rainfall in Africa. Climate 
change potentially has a significant impact on both water availability and needs in 
countries bordering the river. Likewise, it alters the hydrological systems and water 

Country Costs assumed Benefits withdrawn

Mali 35.3% • 52% of hydroelectric production

• opening up thanks to the navigation pane

Mauritania 22.6% • 15% of hydroelectric production

• 33.6% of the 375,000 ha of land made 
irrigable

Senegal 42.1% • 33% of hydroelectric production

• 64% of the 375,000 ha of land made irrigable

Source: [21].

Table 4. 
Cost and benefit distribution key.
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resources of the Senegal River Basin and reduces water availability. Monitoring the 
evolution of runoff coefficients at multi-annual, seasonal and monthly scales over 
the period 1960–2014 clearly shows changes in runoff dynamics and changes in 
hydrological regimes [23]. Climate change forecast scenarios indicate that climate 
change will have the effect sometimes of a gradual decrease in runoff from the 2030 
horizon to the 2090 horizon, sometimes of a gradual increase in runoff over the basin 
[24]. What is certain is that climate change will likely lead to more intense and more 
variable weather events, and will likely lead to more intense and prolonged periods of 
drought and flooding. The jointly managed water resources of the Senegal River are at 
the center of climate adaptation strategies, and improved and expanded water storage 
capacities create buffer zones for periods of water scarcity [25].

Water storage (in all its forms) has a key role to play both in terms of sustainable 
development and climate change adaptation water storage (in all its forms) plays a 
key role. Water storage leads to risk reduction risk and, by providing a buffer zone, 
reduces population vulnerability by offsetting some of the negative impacts induced 
by climate change. While climate change may impact any water storage option, in 
general water storage, as seen in Figure 3, leads to the improvement of both agricul-
tural productivity and water security.

By altering both water availability and demand, climate change will affect the 
need, performance and suitability of different water storage options. In some situ-
ations, some storage options will be rendered completely impractical while the 
viability of others may be increased. Storage in ponds, tanks and reservoirs can also be 
reduced more quickly due to increased evaporation and/or greater sediment inputs. 
In addition, large and small dams as well as ponds and reservoirs may be at increased 
risk of eutrophication and flood damage.

In any case, the externalities associated with the different types of storage are also 
likely to be affected by climate change. Climate change requires fundamental rethink-
ing of how water resources, and in particular water storage options, are planned and 
managed. In all situations, maximizing the benefits and minimizing the costs of 
water storage options will, as in the past (but not commonly), require consideration 
of a wide range of hydrological, social, economic and complex and interdependent 
environments. However, unlike in the past, planning needs to be much more inte-
grated across a range of levels and scales with greater consideration of the full range 
of possible options.

The key to planning and managing water storage is determining current and 
future needs and making appropriate choices from the suite of storage options 
available. In a given situation, this requires understanding a range of biophysical and 
socio-economic issues that influence the need, the effectiveness and suitability of dif-
ferent water storage options, both in isolation and within systems comprising several 
types. In the past, there has generally been little explicit consideration of these issues, 
even for the construction of large dams. For the other options, where the planning is 
generally less formalized, the needs are generally taken for granted and alternative 
options are only very rarely considered.

3.5 Water storage infrastructure

3.5.1 Investment in water infrastructure

The lack of storage infrastructure has significant negative social and eco-
nomic impacts, especially in a drought-prone region where water is inadequately 
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stored [13]. Water storage facilitates the supply of water for domestic and 
industrial use, irrigation for sustainable agriculture, hydropower generation, 
infrastructure and job creation, improvement of accessibility of regions where 
large dams are built, the promotion of ecotourism through fishing, canoeing 
and tourism, and enabling the sale of water to thirsty regions and communities 
inside and outside of national borders, which constitutes a strong increase in the 
revenues of local and national governments [26].

Investment in infrastructure for the development and distribution of water 
resources has shown significant human and macroeconomic benefits. On the other 
hand, countries that have limited water storage capacity experience damaging 
shocks from droughts and floods [25]. Investing in improved water storage to even 
out access to water during and between rainy seasons and being prepared to sup-
port flood management are also primal implements in a flood and poverty reduction 
strategy. A number of declarations has recognized the important role of dams and 
reservoirs played in sustainable development: The 2002 World Summit on Sustainable 
Development, The 2004 Beijing Declaration on Hydropower and Sustainable 
Development, The 2008 Dams and Hydropower for Sustainable Development in 
Africa and The Ministerial Declarations of the Fifth and Sixth (2009/2012) World 
Water Forums [27].

As seen in Article 12 of the joint works agreement there is a “key” (Table 4) which 
determines, on the basis of benefits accrued for the individual country, the distribu-
tion of investment and operating costs and operating costs. This phase, limited to 
consultation alone, consists of allocating quotas (water volumes) to the riparian States 
for the implementation of national development plans for their respective portions of 
the river [21].

This legal framework testifies to the fact that the political project of the OMVS 
goes far beyond mere consultation. It aims at regional integration through the devel-
opment and pursuit of a basin-wide water resources development plan. A priori, 
it therefore surpasses as much the concept of management at the basin scale (just 
fixed by the doctrine through the Helsinki rules) that of Integrated Water Resources 
Management (IWRM), which was only formulated in 1992, at the end of the Dublin 
Ministerial Conference.

3.5.2 Large dams in the Senegal river basin

The OMVS riparian States invested heftily in billions of m3 storing dams for the 
dual purpose of overcoming the inequitable water distribution of water and flood/
drought management in the basin. As can be seen in Table 5 an OMVS data-based 
plan has been set in motion targeted on the construction of water control ‘first 
generation’structures, the Diama and Manantali dams along with their auxiliary 
structures, which succeded in their target of water availability in guaranteed all year-
round sufficient quantity which supports both agricultural development and natural 
environmental restoration. Case in point, as seen in [28], the Manantali dam, not 
only accommodates the storage of 11.3 billion m3 leading, along with Diama Dam to 
the irrigation capacity of 255,000 ha but also produces 800 GWh/yearand regularizes 
river flow at Bakel at 300 m3/s in Bakel along with river navigation.

In Table 5 can be seen the next generation hydroelectric works planned by 
OMVS which, as seen in [19], from 2012 onwards targeted the increase the energy 
supply and full control of basin waters via major hydroelectric dam construction 
projects. For example, two secong generation structures built along the river, the 
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currently operational Félou dam and the under construction Gouina dam, have no 
water storage capacity. These two dams are said to be second generation structures. 
Finally, the other planned works (known as third-generation works) in the Senegal 
River basin consist of two run-of-river hydroelectric works and eight multi-purpose 
reservoir works. A good part of these structures will therefore be dams with water 
storage capacity (Badoumbé, Boureya, Moussala, Gourbassi, etc.). Among these 
planned storage structures, some are in the funding research phase (Koukoutamba, 
Boureya and Gourbassi) and others are in the study and identification phase 
(Badoumbé).

Insofar as these developments will create a water reservoir, as is the case for the 
Gourbassi project (storage volume of 2.1 billion m3 of water), they will contribute to 
better water control, flowing further downstream and which are not currently con-
trolled (Falémé and Bakoye). They will therefore play an important role in the fight 
against floods, but require rigorous management and coupled with that of Manantali. 
On the other hand, run-of-river hydroelectric dams (Félou and Gouina) will not play 
any role in flood risk management because, being used exclusively for hydroelectric-
ity production, they do not have a sufficient storage volume to rolling floods. In the 

Country Barrage Watercourse Storage 
capacity 

(Millions of 
m3)

Installed 
power 
(MW)

Functions

Mali Manantali Bafing 11,300 200 Hydroelectricity + 
Regualtion

Felou Senegal 0 (over the 
water)

70 Hydroelectricity

Gouina Senegal 0 (over the 
water)

140 Hydroelectricity

Mussala Faleme 3000 30 Hydroelectricity + 
Regualtion

Bindougou Bafing 2000 49.5 Hydroelectricity + 
Regualtion

Boudofora Bakoye to be 
determined

30 Hydroelectricity + 
Regualtion

Marela Bakoye 3000 21 Hydroelectricity + 
Regualtion

Badoumbe Bakoye 10,000 70 Hydroelectricity + 
Regualtion

Guinea Koukoutamba Bafing 3600 280 Hydroelectricity + 
Regualtion

Boureya Bafing 5500 160 Hydroelectricity + 
Regualtion

Balassa Bafing 0 (over the 
water)

180 Hydroelectricity

Senegal Gourbassi Faleme 2100 30 Hydroelectricity + 
Regualtion

Table 5. 
Dams and dam projects in the Senegal River Basin and their storage capacity.
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estuary part, it is planned to extend the embankments of the river upstream from 
Rosso as far as Dagana, to enable the level of management of the Diama reservoir to 
be raised to the 250 cm IGN level in the dry season. The fresh water reserve thus cre-
ated would meet the water needs of 120,000 ha of irrigated crops in the region.

On the technical level, the two major challenges ahead concern the satisfaction 
of energy and food demands. It is indeed expected that these data will experience 
an exponential evolution under the effect of the strong demographic growth of 
the basin: with a rate of 2.7%; the population is expected to double every 25 years. 
The potential for hydroelectric production and irrigated cultivation is considerable 
(1200 MW; 375,000 ha) and should make it possible to meet these demands, but 
this requires developing its potential, which has so far been largely under-exploited: 
only 25% in the first case, just over 30% in the second. This is the purpose of the 
medium- and long-term planned projects presented in Table 5 (the map locating the 
second-generation projects can be consulted in Figure 7). The challenge of the success 
of these developments does not depend solely on technical factors. The challenge lies 
in reconciling competing uses, between tradition and modernity, between regional 
economic integration and sustainable local development. With regard to the first 
point, the orientation towards multi-use projects responds to the concern of the ripar-
ian States to share the benefits according to the interests of each. However, it appears 
that certain aspects of the OMVS program have suffered from competition between 
uses for funding. As a result, some States have not obtained satisfaction. One thinks in 
particular of Mali which had obtained that its opening up be ensured by means of the 
“navigation” component, from which we have seen that, for lack of funding, nothing 
or almost nothing has been achieved.

Figure 7. 
The Senegal River basin: Perceptions of the results of the program according to the zones of the basin and at the 
level of the countries bordering the river (Source: [29] modified).
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3.6 Water storage capacity

Improved water resource management and water storage capacity makes the 
economy more resilient to external shocks, such as variability and drought, and 
thus provides a stable and sustainable basis for productivity and food production 
and industrial scale [13]. The riparian states, within the framework of the OMVS, 
continue to develop a large amount of water storage infrastructure, which still needs 
to be increased in order to improve the water storage capacity in the basin. This 
storage capacity is 11,300 million m3 at the level of the Manantali dam and will be 
around 10,000 million m3 for Badoumbé, 5500 million for Boureya, 3600 million for 
Koukoutamba, 3000 million for Moussala and Maréla, 2100 million for Gourbassi and 
2000 million for Bindougou. These various facilities should make it possible to store 
nearly 23 billion m3 of water, and thus achieve almost total control (more than 97%) 
of the flows of the Senegal River, by doubling the storage capacities of Manantali and 
Diama together [19, 30, 31].

At riparian state national level, the largest storage capacity of 13,790 million m3 
is in Mali, the lowest at 250 million m3 in Senegal while in between lies Mauritania 
at 500 million m3. As seen in Table 1, in terms of total capacity of dams per inhabit-
ant, Mali is again at the top with 783.5 m3/inhabitant, Senegal at the bottom with 
16.52 m3/inhabitant and in-between lies Mauritania with 122.9 m3/inhabitant. 
Regarding planned storage structures, as seen in Table 5, Mali will get the largest 
one at 29,300 million m3, Senegal a 2100 million m3 one and Mauritania none while 
national rainwater harvesting programs should be supported in all riparian states.

3.7 Water storage for multiple uses

The purpose of water storage includes “water supply for domestic use, industry, 
livestock and irrigation, hydropower generation, flood and drought protection, 
fishing and aquaculture, transportation, flood recession cultivation and grazing 
sites, sinks for pollutants, biodiversity-based tourism, landscape or sporting activi-
ties, cultural and religious uses, and biological diversification sites” [32]. According 
to [13] rural area domestic supply water is used for various samall scale purposes 
e.g., small businesses, vegetable gardens and stock watering besides cooking and 
washing. In the case of the Senegal River Basin, water storage is multi-purpose 
to be distributed in food production irrigation and fisheries, power generation, 
industrial, drinking, environmental services and mining water supply, as well as in 
flood management and drought mitigation. In order of importance hydroelectricity 
production, irrigated agriculture, navigation and other minor activities e.g., fishing 
and breeding, water supplyand ecological needs are the the main areas of develop-
ment associated with storage structures.

3.7.1 Hydroelectricity

Throughout the OMVS area, access to electricity is a real obstacle to development. 
The member countries of the OMVS are, in their entirety, confronted with shortages 
and growing demands for energy. And yet the watershed has the hydroelectric poten-
tial necessary to meet the needs of its populations. Current electricity production 
represents 16% of the basin’s production capacity. The current demand of the riparian 
states of the basin is estimated at 4400 GWh/year. If the growth rate is maintained on 
all the Member States’ electricity networks, energy needs will be around 15,000 GWh 
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in 2040. The Manantali power station, which is currently the only facility operating 
for energy production can meet 18% of the energy needs of Mali, Mauritania and 
Senegal [19].

3.7.2 Drinking water supply (DWS)

The member states of the OMVS and more particularly the local populations of 
the basin mostly use groundwater for their drinking water supply. The weight of 
abstractions for the DWS is low compared to the volumes of water available on the 
river. The rate of access to drinking water in the states bordering the river is still very 
low. Studies carried out by the OMVS in 2008 showed that on average nearly 25% 
of the population of urban towns and nearly 45% of the population living in rural 
areas do not have access to drinking water meeting the Objectives of the Millennium 
Development Goals (MDGs). To date, surface water from the basin is limited to sup-
plying the growing urban population of the cities of Conakry, Bamako, Nouakchott 
and Dakar. Withdrawals intended for the agglomerations of Dakar from Lake Guiers 
and Nouakchott from the Aftout Es Sahel, estimated at 27 hm3 per year and water 
withdrawals intended for the industrial and mining sector, currently estimated at 
around 40 hm3 per year in the basin, remain negligible compared to withdrawals 
from irrigated agriculture.

3.7.3 Irrigation

Agriculture is the main activity developed in the basin and irrigation is made pos-
sible thanks to the regulation of the hydrological regime since the commissioning of 
the Manantali and Diama dams. It was the trend deterioration in climatic conditions 
observed from the 1970s that led the neighboring countries to adopt irrigation as the 
preferred means of intensifying and securing agricultural production. Irrigated agri-
culture is thus the sector of activity that consumes the most water in the basin. With 
20,000 ha in Guinea, 10,000 ha in Mali, 125,000 ha in Mauritania and 240,000 ha 
in Senegal, the potential for irrigable land is estimated at 395,000 ha over the entire 
Senegal River basin [33]. Current surface water withdrawals for irrigated agriculture 
amount to approximately 1.88 km3 per year, with a peak flow of around 110 m3/s 
in August [34]. The developed areas are today estimated at 120,000 ha with actual 
exploitation of 60%. The commissioning of the Manantali dam also made it possible 
to increase Mali’s agricultural potential to more than 10,000 ha/year [35]. Senegal and 
Mauritania share more than 90% of agricultural development in the basin. The OMVS 
aims to increase agricultural holdings to 255,000 ha by 2025 in order to improve and 
secure the productive base of the Senegal River basin.

3.7.4 Navigation

Another major objective of the commissioning of the Manantali dam is to create 
an uninterrupted waterway (12 months/12), from Saint-Louis to Kayes in Mali over 
a total distance of 900 km. As Navigation is currently very limited on the basin while 
there is a desire for expansion, there is currently no concrete plan for its develop-
ment in the basin. However, as seen in [36], it is foreseen to implement a plan for the 
development of a 55 m wide navigable channel 55 m wide connecting the towns of 
Ambidédi (43 km downstream of Kayes in Mali) and Saint-Louis at the mouth of the 
river. River transport would make it possible to open up priority development areas 
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such as the current and future sites of dams, agricultural and mining production 
areas, towns isolated from the Atlantic Ocean and between them, and to facilitate the 
transport of merchandise. Although being a non-consumptive request, navigation 
still requires a minimum draft of 300 m3/s at Bakel.

3.7.5 The mines

The mining resources of the river remain very little exploited, being limited to 
the mines of Mali. These weaknesses are explained by the constraints linked to the 
permanent availability of water, energy and means of transport. The Falémé min-
ing project relied on the supply of cheap hydroelectric power from the Manantali 
power station. The reality today is that the energy produced by the dam is intended to 
satisfy other more pressing needs. The current water needs of the mining sector are 
estimated at 13 Mm3. They will reach a gross volume of 235 Mm3/year by 2025, 85% 
of which will be reinjected into the ore processing process. These volumes, although 
very modest (representing less than 5% of the volumes of water available in the basin) 
are totally taken from the tributary of the Falémé which, due to a lack of regulation, 
can restrict access to water during the low water season. The completion of the future 
river navigation project would propel the mining sector, which could in the long term 
be one of the basin’s development poles. The commissioning of the future develop-
ment of Gourbassi, although making it possible to reduce the energy deficits of this 
sector, will not have significant impacts on the reduction of water deficits in the sense 
that the increase in exploitations is essentially concentrated on the upstream part of 
the plant.

3.8 Water needs

On the river, irrigation is the sector consuming the most water. The developed 
perimeters are mainly sown with rice. There are also 10,000 ha of industrial crops 
[19]. Current irrigation water needs are estimated at 1437 Mm3/year, mainly dis-
tributed between Senegal and Mauritania. The combined requirements of Senegal 
and Mauritania, located on either side of the valley and the delta, represent more 
than 90% of the total demand of the four countries. The objective of increasing the 
irrigated area to 255,000 ha will bring irrigation water needs to 5200 Mm3/year by 
2025. 90% of agricultural developments in the valley and the delta. The development 
of irrigation will still remain very low in the upper basin. The areas developed in 
this part of the basin will represent less than 10% of the total irrigated area. Taking 
navigation into account in the development objectives of the valley will require having 
a guaranteed minimum flow of 300 m3/s at Bakel. The combined needs of drinking 
water supply, livestock and mining are very low and account for less than 10% of the 
basin’s water needs. Demands remain constant throughout the year.

The valley and the delta concentrate more than 90% of low water support 
requests. The management of resources in this part of the basin is therefore a major 
challenge for the socio-economic development of the basin. Particular attention will 
be paid to the Manantali reservoir and later to that of Gourbassi for their locations 
in relation to the valley and the delta, but also the importance of their mobilizable 
volumes and which constitute a key variable for low water level support at the level 
of the valley and the delta and for the overall management, present and future, of the 
waters of the river.
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On the legal level, the Charter specifies the principles which must govern the 
distribution of water resources (and this in a more detailed manner than the New 
York Convention since it is a question here of governing a specific situation, and not 
of establish a framework agreement for the current distribution of the resource by 
State and by sector (Table 6).

3.9 Case study of the large Manantali dam on the Senegal river

The Manantali dam is located on the Bafing River, the main tributary of the 
Senegal River, 90 km upstream from Bafoulabé (Figure 7). Built between 1982 
and 1988, the Manantali dam consists of a dam 1460 m long and has a height of 
66 m at the foundation. At the IGN filling level of 208 meters, its reservoir has 
a capacity of 11.3 billion m3 and covers an area of 477 km2 [37]. At its minimum 
operating level (187 m IGN), the reservoir has a volume of 3.4 billion m3 and 
covers an area of 275 km2. The Manantali dam regulates the flow of the Senegal 
River and makes it possible to irrigate a potential 255,000 ha of land and, in the 
long term, should allow the navigability of the river over approximately 800 km 
from the mouth. Added to this is an energy production function [29, 38]. For 
this, a 200 MW power station was installed and a network made up of 12 trans-
former stations and approximately 1650 km of high voltage transmission lines of 
225,150 and 90 kV, interconnected with the networks of Mali, Mauritania and the 
Senegal [39].

The Manantali dam is a project multifunction which offers many huge benefits 
such as flood prevention and surface water availability, power generation, naviga-
tion, aquaculture, ecological protection, development-oriented restocking, food 
self-sufficiency, water transfer and supply in neighboring countries and irrigation 
[40–42]. Good that the usefulness of the dams is not called into question [43] in 
intertropical countries whose rivers, while having respectable annual flows, expe-
rience wide seasonal and interannual variations, their erection involves a set of 
irreversible changes. Despite the importance of the advantages, the Manantali dam 
has its own disadvantages. The impoundment of the Manantali and Diama dams, as 
well as the resulting developments (embankments, hydro-agricultural developments, 
etc.) have had negative impacts on the functioning of certain ecosystems in the basin. 
These impacts are numerous and quite diversified and boil down to the modification 
of the quantity and quality of water, the pollution of groundwater, the proliferation 
of aquatic plants, drainage, sedimentation, recurrent diseases), the effect on local 
culture and the traditional economy [40, 44]. Besides, soil erosion increased, causing 
collapses of banks and landslides.

Sector/State Mali Mauritania Senegal

Agriculture 1319 1499 1251

Domestic uses 27 101 68

Industry 14 29 41

Total 1360 1630 1380

Table 6. 
Current distribution of water resources by State and by sector (in millions of m3).
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Point sight environmental impacts, the dam of Manantali show the proof that 
there is more advantages than disadvantages. So, he may well be compatible with an 
ethic of sustainable development and preservation from ecological balances.

4. Conclusions

The variability of precipitation is an important development factor and translates 
directly into a need for water storage. In Africa, the existing variability and insuffi-
cient capacities to manage it are at the root of much of the prevailing poverty and food 
insecurity. These continents are expected to experience the greatest negative impacts 
of climate change. By making water available at times when it would not be naturally 
available, water storage can significantly increase agricultural and economic pro-
ductivity and improve human well-being. Water storage capacity per person is often 
cited as an indicator of water security and a measure of large and small scale water 
infrastructure development [45]. Well-planned and well-managed water storage 
infrastructure is important to provide a safe and secure water supply for households, 
agriculture and industry.

In the past, water resources planning has tended to focus on large dams, but dams 
are only one of many possible water storage options. Other options include natural 
wetlands, underground aquifers, ponds and small reservoirs. The type of storage to 
be used in a given location should be suitable for the intended use. Under the right 
circumstances poverty reduction may benefit by the contribution of each option, 
while neither is a complete solution since their benefits carry costs and location alter-
ing influences poverty reduction in a different way.

There has been very little systematic analysis of alternative storage options in 
terms of their role in climate change adaptation and poverty reduction. While large 
dams are the result of central planning and are part of an integral scheme, smaller 
dams, which are not, result in a piecemeal structure based on local initiatitive and the 
resulting non-integrated minimal planning based on incomplete data management, 
erroneous local stakeholder and water resource authorities’ interactive communica-
tion leading to the expected result of non-optimal investments.

Improved water storage capacity and water security are particularly required in 
climatic zones characterized by low rainfall and high rainfall variability, such as Mali, 
Senegal and Mauritania. One of the purposes of water storage in the Senegal River 
basin is the production of hydroelectricity. Future population growth, combined with 
climate change, will increase the importance of water storage in many developing 
countries such as OMVS member countries. However, as water resources are increas-
ingly used and climate variability increases, planning will become even more difficult. 
Without a better understanding of which types of storage are best used under specific 
agroecological and social conditions, and without much more systematic planning, 
there is a risk that many water storage investments will not produce the expected 
benefits. In some cases, they can even make the most unpleasant impacts of climate 
change worse.

The need for water storage to support socio-economic development in the coun-
tries bordering the Senegal River cannot be overstated. Infrastructure development 
and management strategy applied in water inbestment is the basic OMVS policy 
aimed at the support of economic development. Within the OMVS framework these 
three countries have already invested a lot in the development of the Manantali, 
Diama and Félou water storage infrastructures in the Senegal river and as there clearly 
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Water Availability for the 
Environmental Flow in Two Rivers 
of Mexico under Climate Change
Rebeca González-Villela, Alfonso Banderas Tarabay  
and Marco Mijangos Carro

Abstract

Adaptation to climate change requires, among others, the modification of river 
flow regimes to account for the change in household, agricultural, industry, and 
energy water consumption as well as their short/medium/long-term socioeconomic 
impact. In this study, the comparative analysis of the variation of the precipitation 
in relation to the availability of water in the Yautepec and Cuautla rivers in Morelos, 
Mexico, for the previous period and subsequent period is carried out, to determine 
the change in the availability of water in the ecosystem. In winter (February), an 
increase in rainfall on the Yautepec and Cuautla River was observed, where annual 
seasonal agriculture and Pine and Oyamel forest are the characteristic vegetation. In 
autumn (October), a decrease in precipitation takes place. The flows in some regions 
do not coincide with the increase in the percentage of precipitation (Oaxtepec and Las 
Estacas Stations) and point out the synergistic effect of the human use of the water 
resource and the effects of climate change. On Ticumán Station, the depletion of the 
flow only can be associated with the use of the resource by human influence. The 
modifications caused by alteration of a river’s flow regime and climatic change must 
be studied through comparative multidisciplinary studies that give to decision-makers 
the design of environmental flows.

Keywords: climatic change, environmental flow, vulnerability

1. Introduction

Climate change impacts on the hydrological cycle [1] with particular examples in 
France [2] and Central Europe [3], both fast and slow [4] where in the case of abrupt 
changes impacts on the ecosystem [5] and in long-term changes disrupt a pattern of 
inland moisture advection and convergence zone, increasing cloud base heights and 
reducing the total column liquid water content over high elevations [6]. Also, this 
impact has a strong response to global warming [7, 8], influences its extremes [9], 
and in turn influences via this cycle water resources [10, 11] while, conversely, the 
hydrological cycle influences climate [5, 12] in general and may, in case of enhance-
ment, moderate transient climate change [13]. Climate changes impact rivers through 
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the hydrological cycle as seen in [14, 15] and directly on river ecosystems as seen in 
the Danube [16], in the United Kingdom [17, 18], the Narew river [19], and globally 
[20]. In terms of hydrological cycle “sojourn” river water turnover takes place in 
16 days [21]. As a result, river flow is impacted as seen in Europe [22], in the United 
Kingdom [23], in the Balkans [24], in Ethiopia [25], in India [26], and in West Africa 
[27]. Precipitation and temperature scenarios of climate change based on atmospheric 
circulation play an important role [28] and so do diagnostic statistics of daily rainfall 
variability in an evolving climate [29].

Under local conditions, environmental flows (e-flows) are defined in the 2007 
Brisbane conference as “the quantity, timing, and quality of water flows required to 
sustain freshwater and estuarine ecosystems and the human livelihoods and wellbeing that 
depend on these ecosystems.” [30] and resultant policies showed some moderate success 
[31] while the general trend of the state of aquatic ecosystems continued to deterio-
rate [32] due to increased dam building, particularly in ecologically sensitive areas 
[33]. Subsequently it was refined to “Environmental flows describe the quantity, timing, 
and quality of freshwater flows and levels necessary to sustain aquatic ecosystems which, 
in turn, support human cultures, economies, sustainable livelihoods, and well-being” in 
the 20th International Riversymposium and Environmental Flows Conference, held 
in Brisbane in September 2017, to lend increased support to groundwater-dependent 
ecosystems (GDEs) [34]. The influence of river flow on environmental flow is seen in 
[35], that of flow regime type (general regime classification in [36], under a chang-
ing climate is seen in [37], in hydroecology context in [38]) on the e-flows releases, 
and hydropower production is seen in [39], the impact of extreme flow variability on 
environmental flows is seen in [40], in terms of river basin management in [41, 42], 
and for natural, hybrid, and novel riverine ecosystems in [43]. A review [44] deter-
mined that regarding rivers, at a global level in six world regions encompassing 44 
countries, there are applied 207 different environmental flow methodologies focus-
ing onto hydrological (e.g., the 32-parameter range of variability approach (RVA) 
[45]), hydraulic rating [46], habitat simulation [46], holistic [47], or combinatory 
approaches [48]. The future is bleak, as a good scenario solution for the year 2050 [49] 
leads to an 10–20% increase of global virtual water trade so as to retain a semblance of 
survival in country-level environmental flows.

The adaptation approach is defined as “Adapting to climate change means taking action 
to prepare for and adjust to both the current effects of climate change and the predicted 
impacts in the future” [50]. The success of an adaptation policy is measured by monitor-
ing, reporting, and evaluation (MRE), where monitoring is “a continuous process of 
examining progress made in planning and implementing climate adaptation” [51], report-
ing is “the process by which monitoring and/or evaluation information is formally commu-
nicated, often across governance scales” [52], and evaluation is “a systematic and objective 
assessment of the effectiveness of climate adaptation plans, policies and actions, often framed 
in terms of the impact of reducing vulnerability and increasing resilience” [51].

Therefore, it is necessary to generate the appropriate analysis models and methodolo-
gies to predict trends, capture biophysical impacts and possible variations of climate 
change [53, 54]. In addition, it is necessary to incorporate socioeconomic elements within 
the analysis of ecological systems with the purpose of carrying out a sustainable manage-
ment of the goods and services provided by these ecosystems [55, 56]. The alteration of 
the river flow regime generally is caused by human activity, an aspect that requires of the 
studies with a multidisciplinary approach to the analysis of the problem of global change 
in freshwater systems [57, 58]. In particular, regulation by interbasin transfers, dams, 
withdrawals, and land cover change are the main human intervention agents [59]. 
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The adaptation to climate change makes necessary the determination of environmental 
flows in rivers so as to establish the change in water consumption for the population, 
agricultural activities, and industry and electricity generation, among others. All this is to 
compensate for variations in annual precipitation by the planning of the water resource 
security through different actions (transfer of industries to regions of greater humidity, 
change in the morphology of the cities to compensate for floods, availability of water for 
irrigation and flood control). These changes have important consequences on economic 
activities, population health, the ecosystem, and biodiversity [60]. In this sense, it is nec-
essary to generate the tools for ecological, socioeconomic, and political analysis in order to 
achieve the rational use of aquatic resources in rivers regulated by dams [61]. In Mexico, 
there is little limnological information available on the country’s freshwater systems and 
the effect that climate change is having on water quality and pollution. In this sense, in the 
present study, a comparative analysis of the variation of the water availability is applied 
through percentage of precipitation in the rivers of the Yautepec and Cuautla subbasins 
for the base period (preimpact) and subsequent period (postimpact) to determine the 
change in the availability of water in the riparian ecosystem.

2. Methodology

The methods employed are based on the RVA as seen in Richter et al. [45, 62–65], 
Figure 1.

3. Materials and methods

3.1 Study area

Cuautla and Yautepec rivers discharge their waters into the Amacuzac River, 
main tributary of the Balsas River. Yautepec basin covers an area of 1226 km2, which 
represents 25% of the territory of Morelos State. The total population in 2010 in 

Figure 1. 
Range of variability approach (RVA) indicators of hydrological alteration (IHA) [45, 62, 66].
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these municipalities was 242,197 inhabitants [67]. The region is characterized by the 
development of new tourist corridors, urban and industrial areas. There are growing 
problems of pollution and flood risks, which increase the destruction of historical 
heritage of bridges and dams, with consequences in the incidence of diseases. The 
Cuautla River subbasin covers an area of approximately 765 km2. It is located on the 
slopes of the Popocatépetl volcano to the south of the Morelos State. In the basin, 
productive processes generate problems of the extraction of soil from the mountains 
and the soil loss in the upper parts. In addition, a high extraction of water for human 
and industrial consumption, and consequently, a strong contamination due to the 
water input of the users of the irrigation districts of the study area (4500), with an 
area of irrigated land of 10,500 hectares (Figure 2) [68, 69].

3.2 Methods

Precipitation variation percentage in the Yautepec and Cuautla river subbasins 
in the base period (preimpact) and subsequent period (postimpact) was estimated 
through the precipitation data of the ERIC III weather stations [70]. The weather 
stations with data from 1924 to 2010 (Table 1 and Figure 1). Eight of them are located 
in the Yautepec River subbasin and 11 in the Cuautla River subbasin.

The environmental flow analysis in the Yautepec River included three stations: 
Oaxtepec (upper part), Ticumán (middle part), and Las Estacas (lower part) of the 
subbasin. In the Cuautla River, the station El Almeal (high part). The comparative 
study of the monthly average flows of the hydrometric stations of the Yautepec and 
Cuautla River subbasins, for the preimpact and postimpact periods, was carried out 

Figure 2. 
Location of the subbasins, meteorological and hydrometric stations of the Yautepec and Cuautla River in the 
Morelos state.
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Station name Long. Latitude Years of registration No. years

Atlatlahuacán −98.90 18.93 1924–2008 84

Cuautla,(SMN) −98.96 18.81 1926–2006 80

Cuautla, (DGE) −98.95 18.80 1955–2009 27

Oaxtepec, Yau. −98.96 18.90 1970–2010 27

Tetelcingo −98.93 18.86 1942–1973 15

Ticumán, Tlalt. −99.11 18.76 1955–2008 53

Yautepec, Yau. −99.08 18.86 1955–2010 55

Yecapixtla −98.86 18.85 1963–1985 22

Nexpa, Tlalq. −99.13 18.86 1976–2009 33

Yecapixtla E.T.A. 118 −98.86 18.88 1976–2008 32

Ocuituco E-5 −98.75 18.88 1976–2009 33

Tepoztlán E-12, −99.11 18.98 1976–2009 33

Tlayacapan −98.97 19.00 1976–1983 7

Totolalpan −98.91 18.98 1976–2009 33

Yecapixtla, Yecapixtla −98.86 18.88 1976–2004 28

Moyotepec, Villa de A. −98.98 18.71 1978–2009 31

Alpanocan, Tetela de V. −98.88 18.71 1980–2009 14

Tecajec, Yecapixtla −98.81 18.78 1981–2009 28

Temoalco, Villa de A. −98.98 18.63 1981–2009 28

Table 1. 
Location of the meteorological stations of the Yautepec and Cuautla river basin.

Figure 3. 
V7 IHA software 33 IHA parameters and their impact on the environment [73].
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based on the information obtained from the hydrometric stations of CONAGUA 
(National Water Commission) [71]. Nonparametric graphical and statistical study 
was analyzed using the software, V7 IHA [72] under the hypothesis that there are no 
differences between the medians of the preimpact period and the postimpact period 
(Ho: μ1 = μ2 and Ha: μ1 ≠ μ2). As can be seen below, the 33 IHA parameter (Figure 3), 
V7 IHA is compatible with Table 1 and Richter’s thesis in terms of [65].

The indicators of hydrological alteration (IHA) provided a quantitative approxi-
mation of hydrology through the characterization of intra-annual variation of flow by 
the use. Also, the comparative studies of hydrological regimes before and after system 
alteration due to human influence or the effects of climate change [74]. Hydrometric 
stations’ location of the Yautepec and Cuautla rivers are given in Table 2 and Figure 2.

4. Results

4.1 Precipitation

The variation average monthly in the precipitation between the preimpact and 
postimpact periods in the Yautepec and Cuautla subbasins indicates the largest 
decreases in February for Tepoztlán (−71.58%) and Nexpa (−66.67%). However, 
the greatest increases in precipitation were observed in the dry season on the Nexpa 
station with 62.94% (March); Oaxtepec with 47.24% (February); Totolalpan with 
45.49% (January); and Yautepec with 35.50% in February (Figure 4).

The months with the highest percentage decreases in precipitation during the year 
were: February, April, November, and December in the east of the Cuautla subbasin 
(Alpalocan, Tecajec, and Tecomalco, respectively). However, the northern part 
(Tetelcino) showed the greatest increases in the winter season (January, February, 
and March, with 72.76, 47.72, and 98.10%, respectively; Figure 2). The month of 
February was the most favored with respect to the increase in rainfall in the northern 
part of the Yautepec and Cuautla river subbasins, where annual seasonal agriculture 
predominates and the dominant vegetation is the pine and oyamel forest. On the 
contrary, the month of October (high part of the subbasins) was the most affected by 
the decreases in precipitation.

4.2 Water availability for ecological flows

Flows should be interpreted as below (Figure 5).
In the upper basin of the Yautepec River (Oaxtepec Station), the monthly aver-

ages of the flows (preimpact period 1949–1979; 31 years) and the postimpact period 
(1980–2011; 26 years) indicate the significantly decrease in the availability of water 

Location Base period (preimpact) Subsequent period (postimpact) Long. Lat.

EL ALMEAL 1948–1978 (31 years) 1979–2011 (32 years) −98.95 18.81

OAXTEPEC 1949–1979 (31 years) 1980–2011 (26 years) −98.97 18.90

TICUMAN 1951–1980 (30 years) 1981–2011 (29 years) −99.10 18.79

ESTACAS 1968–1988 (21 years) 1989–2011 (22 years) −99.11 18.73

Table 2. 
Hydrometric stations location river subbasins Yautepec and Cuautla (Morelos state) and years of registers.
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Figure 4. 
The percentage variation of the monthly rainfall between the preimpact and postimpact periods for the Yautepec 
and Cuautla river subbasins.

Figure 5. 
River flow levels and ecological functions [75].
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between the analyzed periods. This can be attributed to the use of the resource for 
agriculture and by the population after the construction of the little dams. For this 
hydrometric station, there is a significant decrease in precipitation of −38.57% in 
March and − 19.84% in April, which coincides with the maximum decrease in flows 
in this segment in the postimpact period. However, the increase in precipitation 
was observed for this area in the month of February (47.24%), without the increase 
in flows as should be expected, which is explained by the use of the resource by the 
population, nullifying the positive effect of climate change or increase of precipita-
tion percentage on the availability of water for the river (Figure 6).

The average monthly flow of the Ticumán Station (middle part of the Yautepec 
River subbasin), for the preimpact period (1951–1980; 30 years) and postimpact 
period (1981–2011; 29 years), indicates a significant alteration in the hydrological 
regime only for the June and November months (Figure 7).

For this area, there is a nonsignificant increase in precipitation of 14.04% 
(September) and 19.63% (November) that coincides with the percentage increases in 
flows. However, in December, a decrease in the flows percentage of 70% can associ-
ated with the use of the resource for activities of anthropic type. Therefore, these 
variations with a negative tendency in the flow cannot be attributed to the effects of 
climate change, but to human influence.

On Las Estacas Station, the precipitation percentage variation between the preimpact 
period and postimpact period was significant for January (−18.8%) and April (−2.9%). 

Figure 7. 
The average monthly flow percentage and precipitation variation between the preimpact period (1951–1980) and 
the postimpact period (1981–2011) at the Ticumán Station.

Figure 6. 
The average monthly flow percentage and precipitation variation between the preimpact period (1949–1979) and 
postimpact period (1980–2011) at the Oaxtepec Station.
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The flows monthly average percentage for the Las Estacas Station (lower part of the 
Yautepec River Sub-basin), for the preimpact period (1968–1988; 21 years) and the 
postimpact period (1989–2011; 22 years), indicates a significant decrement in the flows 
on April (−5.9%), July (−4.8%), August (−8.5%), and September (−7.7%). This behav-
ior does not coincide with the increase in rainfall from May to September (between 6.8% 
and 14.04%). Variations in precipitation and flows for this period (July–October) can be 
attributed to human influence and the effects of climate change (Figure 8).

The monthly average flows for the El Almeal Station (upper part) of the Cuautla 
River subbasin for the preimpact period (1948–1978; 31 years) and postimpact period 
(1979–2011; 32 years) indicate a significant alteration in the hydrological regime in all 
months of the year (Figure 9).

Coincidentally, in this area there is a significant decrease in precipitation percent-
ages throughout the year (except November), ranging from −29.65% for January to 
−0.39% in August. Aspect that can be associated with the depletion of flow rates dur-
ing the year for this season indicates the effects of climate change on the availability 
of water for the Cuautla River.

4.3 Environmental flows and indicators of hydrological alteration

Increase of low extreme flow rates, decrease of low flow rates, loss of the high flow 
pulses, small floods, or large floods at the Oaxtepec Hydrometric Station were observed. 
The hydrological changes occurred in the average monthly flows and the days with 

Figure 8. 
The flows monthly average percentage and precipitation variation between the preimpact period (1968–1988) and 
postimpact period (1989–2011) on las Estacas Station.

Figure 9. 
The flows monthly average percentage and precipitation variation between the preimpact period (1968–1988) and 
postimpact period (1989–2011) at the Almeal Station.
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minimum and maximum flow (Figure 10). As well as in the number and duration of 
low flow pulses, in the increase in high pulses, changes in the rates of variation (to nega-
tive), and reversals of the flows. The loss of the frequency, magnitude, and periodicity 
of the flows during the year indicates the abuse in the use of the resource for agriculture 
and by the population after the construction of the dams (Figure 12).

Figure 10. 
List of 34-parameter environmental flow components (EFCs) [63], Figure 11.

Figure 11. 
V7 IHA software 34 IHA parameters and their impact on the environment [73].
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At the Ticumán hydrometric station, the environmental flows do not observe 
significant changes. However, the hydrological alteration indexes indicate a decrease 
in the average flows of January, June, August, and September (rains), as well as in the 
minimum daily flows with a duration of 3, 7, and 30 days. Also, an increase in the date 
of the maximum flow, in the duration of the high flow pulses, and a rise in rate flow. 
The base flow and low flow pulses indicate a tendency toward drought conditions or 
a tendency to extreme climate and the synergic effect of climate with use of the water 
by human influence (Figure 13).

In Las Estacas hydrometric station (Yautepec River), the environmental flows 
show alterations in the postimpact period for the small and large floods, in the low 
flows and high flow pulses. The IHA show changes in the small and large floods for 
the postimpact period (1980–2000). Also, largest significant decreases in average 
flows in May, July, October, and November and increases in August and September 
point out a tendency to extreme weather due to climate change. In addition, decreases 
in the minimum and maximum daily flows with a duration of 3, 7, 30, and 90 days. 
The duration of high flow pulses and the rate of increase in flow can be associated 
with the torrential rains. On the contrary, an increase in the base flow, changes on the 
date of the maximum flow, and the rate flows decrease indicate shift of the start rainy 
season. The average flows and the number of investments of the flow can be attrib-
uted to human influence and climate change (Figure 14).

In El Almeal hydrometric station (Cuautla River), the environmental flows show 
great changes between the preimpact and the postimpact period. The IHA point out 
significant differences in all the components of ecological flow, except for the average 

Figure 12. 
Ecological flows and hydrological alteration indicators at the Oaxtepec Station.

Figure 13. 
Ecological flows and hydrological alteration indicators of the Ticumán Station.
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flows of March and December, and in the number of investments of the flow. The 
low extreme flows increased and became more frequent, the low flows and the high 
flow pulses practically disappeared, as well as small and large floods in the postimpact 
period, modifications that can be explained by human influence. Changes in the flow 
averages for the whole year were observed, in the duration of the days with minimum 
and maximum flow, an increase in the rate of the base flow, as well as in the number 
of flows pulses (high and low). Also, in the flow rates (increase and decrease in 
flows), on investments, the shorter duration of low pulses, a situation that reflects an 
alteration in all components of environmental flows. Therefore, modifications that 
can be explained by human influence (Figure 15). The calculations above lead to the 
construction of the diagram below (Figure 16).

4.4 Regression analysis and R2 of monthly flows

The regression analysis of monthly flows for Yautepec and Cuautla subbasins in 
Hidrometric Stations of study period is shown in Table 3. All hydrometric stations 
showed a negative trend throughout the year. Only Las Estacas (January–April, 
dry season) and Ticumán (May–September, rainy season) showed a positive trend 
in flows, respectively. These stations are located in the middle and lower part of 
the Yautepec subbasin where annual, permanent, and semipermanent irrigation 
agriculture and secondary tree, shrub, and lowland forest vegetation predominate 

Figure 14. 
Ecological flows and hydrological alteration indicators of las Estacas Station.

Figure 15. 
Ecological flows and hydrological alteration indicators of the El Almeal Station.
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(Figure 17). This behavior can be explained by the use of some diversions to 
irrigate crops in the area during the dry season in Las Estacas and the positive ten-
dency in Ticumán Station on rainy season could be explained for climatic change 
effect, as can be observed in Figure 4 during this period, above all in June and July. 
The Almeal Station in the intermediate part of the Cuautla subbasin with annual, 
permanent, and semipermanent irrigation agriculture presents the highest values 
of R2 (0.23 in October to 0.54 in May) coinciding with the greatest decreases in the 
percentages of precipitation (Figure 4). Aspects that show the synergistic effect of 
climate change and human influence on the availability of water for rivers.

ARMA (autoregressive moving average) flows analysis of the hydrometric 
stations.

For the Oaxtepec station, the ARMA analysis of the flow data indicates a homo-
geneous distribution of the residues with an AR coefficient = −824,201 at P ≤ 0.0517. 
However, some events of large floods generate some alterations on residuals and show 
some cyclicity (Figure 18).

For the Ticumán Station, the ARMA analysis of the flow data indicates a homoge-
neous distribution of the residues with an AR coefficient = −8893 at P ≤ 0.1115 and 
shows also some cyclicity (Figure 19).

For the Las Estacas Station, the ARMA analysis of the flow data indicates a homo-
geneous distribution of the residues with an AR coefficient = −79,086 at P ≤ − 0.2077. 
However, some events of large floods generate some alterations on residuals (Figure 20), 
and the cyclicity of the large floods is not clear.

For the El Almeal Station, the ARMA analysis of the flow data indicates 
a homogeneous distribution of the residues with an AR coefficient = −8940 at 
P ≤ − 0.1069. However, some events of large floods generate some alterations on 
residuals (Figure 21).

Figure 16. 
Use of the sustainability boundary approach (SBA) to set sustainable water management targets [76].
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5. Discussion

The impact of climate change on aquatic ecosystems was seen as early as 1999 
in eight US regions [77]. In the Fifth Evaluation Report of the Intergovernmental 

Figure 17. 
Vegetation and land use of Yautepec and Cuautla subbasins.

Figure 18. 
ARMA analysis of flows of Oaxtepec Station.

Figure 19. 
ARMA analysis of flows of Ticumán Station.
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Panel on Climate Change, MacAlister and Subramanyam mentioned that 93% of 
the impacts associated with climate change will affect aquatic ecosystems [78, 79]. 
Environmental flows, using the Brisbane definition [30], were incorporated into the 
“water stress” indicator 6.4.2 [80]. Environmental flows are the source of the “natu-
ral” versus “managed” ecosystem support and, as can be seen below (Figure 22), 
due to climate change or direct human intervention, their impact tends to zero as the 
managed contribution increases to a plateau.

In a study of the Huangqihai River basin in Inner Mongolia, China, it was found 
that environmental flow requirements (EFRs) contribute to the determination of 
water scarcity using the QQE indicator that combines the status of quantity, quality, 
and EFR [82] while if the environmental flow protection is low, 53 countries experi-
ence different levels of water shortage, and if it is high, we have an increase to 101 
countries [83]. A similar result was found when water withdrawals were replaced by 
water consumption plus environmental flows where in a global river basin examina-
tion for the period 1996–2005, 201 out of 405 river basins examined presented intense 
water scarcity for at least 1 month per year [84]. Using the environmental water 

Figure 21. 
ARMA analysis of flows of El Almeal Station.

Figure 22. 
Benefits from natural (environmental flows) and managed systems [81].

Figure 20. 
ARMA analysis of flows of las Estacas Station.
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requirement (EWR) as the sum of environmental low-flow requirement (LFR) and 
environmental high-flow requirement (HFR) shows that if freshwater-dependent 
ecosystems are to stay in fair condition, 20–50% of the mean annual river flow has 
to be allocated to them [85]. Hence, it can be said that the constraint of finiteness of 
water resources imposes a socioeconomic choice regarding water allocation between 
human use and environmental flow at global, regional, country, and locality levels, 
which perhaps can be regulated via a scalable framework although the country 
level plays a decisive role as water is a strategic economic good. Mexico determines 
the volume of water that is allocated for ecological protection on the basis of the 
Environmental Flow Mexican Norm (e-flows, NMX-AA-159-SCFI-2012, ratified 
in 2017) regarding the formation and disposition of environmental water reserves 
(EWR) 12 of which have a 50-year duration to date (2021), and 75% of them meet up 
to the theoretical minimum requirement of norm implementation [86].

Annual maximum flood events depend in part on runoff generation and flow routing 
as seen in [87], while precision moisture estimation [88] may add to the description of 
the biotic state. Also rainfall and temperature trends analysis [89] plays a determinate 
role in this description as well. Increases in the winter rainfall in the northern and south-
ern part of the Yautepec and Cuautla River (February) are different as shown by the 
historic records of the preimpact period. As well as, for the middle part of the subbasin 
of the Yautepec River where the shrubby secondary vegetation of low deciduous forest 
predominates and the permanent and semipermanent annual irrigation agriculture. 
The decreases in rainfall at the end of the rainy season (October) show a climate change 
in coincidence with other authors and pointed out as one of the most urgent threats to 
sustainable development worldwide [90]. The significant decrease in the percentage of 
precipitation for all months of the year at the Oaxtepec and Las Estacas weather sta-
tions indicates the synergistic effect of climate change and the use of the resource by the 
population (mainly agriculture). On the contrary, the effects on the flow depletion can 
only be associated with the use of the resource by human influence on Ticumán station. 
The impacts of climate change are exacerbated by rapid population growth, an example 
of which is seen below (Figure 23), rapid urbanization and chaotic economic develop-
ment, particularly where water demands already exceed limited supplies.

Likewise, climate change is altering precipitation and thawing patterns, affecting 
the frequency and magnitude of river flows, floods and droughts, and contributing 
to more extreme weather events and forest fires around the world in a coincident way 

Figure 23. 
Population statistics in the Cuautla area [91, 92].
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in the subbasins of the Yautepec and Cuautla River [79]. The hydroperiod determines 
the presence of certain plants and animals in the different strata of the riparian 
zone and the riverbed, being the dominant factor that makes the difference in the 
riverbank and riverbeds, and constitutes the most important variable in the corridor 
structure river [93, 94]. The changes in base flow and low flow pulses on subbasins 
indicate a tendency toward drought conditions or a tendency to extreme climate and 
the synergic effect of climate with use of the water by human influence. Moreover, the 
duration of high flow pulses and the rate of increase in flow can be associated with 
the torrential rains, as well as the increase in the base flow, changes in the date of the 
maximum flow, and the rate flows decrease indicate shift of the start rainy season. 
Variable flow was seen in 52 rivers worldwide whose patterns of flow variability were 
often correlated with climate [95]. Extreme events, e.g., unusual floods/droughts, 
may alter the physicochemical conditions under which biotic communities undergo 
long-term development [96]. Therefore, hydroperiod models are a useful tool in 
the analysis of the distributions of organisms during the year and the modifications 
caused by human activity. These models should be studied through comparative 
multidisciplinary studies to determine the real problems derived from global change 
in the freshwater systems and to determine the real influence of global warming on 
the regional climatic conditions of the planet and its influence on river ecosystems 
[57, 58]. Therefore, the dimensions and processes observed in the development of the 
watersheds, among them the environmental flows, must be approached in a systemic 
way, starting from integrative and articulating approaches to generate the actions 
for the management, conservation, and recovery of the freshwater. As well as, the 
vulnerability maps and lines of action for climate change adaptation [56, 97].
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Chapter 9

Monitoring of Rivers and Streams 
Conditions Using Biological 
Indices with Emphasis on Algae: 
A Comprehensive Descriptive 
Review toward River Management
Ehsan Atazadeh

Abstract

Algal communities are robust indicators of the effect and impact of environmental 
flows on river-dependent ecosystems as they deflect directly and indirectly those 
physical chemical and biological changes induced by environmental flows, which 
alter nutrient concentration, salinity, and alkalinity. Algal periphyton communities 
are the deterministic indicators of many aspects of ecological disturbance and its 
response, providing valuable evidential data at intertemporal scale of riverine status 
in terms of both health and quality, and their collection is comparatively simple, 
inexpensive, and environmental friendly.

Keywords: biological indices, algae, rivers, biological monitoring, ecological assessment

1. Introduction

River health is defined as follows:

“(i) the absence of distress defined by measured characteristics or indicators;

(ii) the ability of an ecosystem to handle stress, or bounce back its resilience [1];

(iii) the identification of risk factors such as industrial or sewage effluents.” [2].

River health consists of both ecological and human values, as shown in Figure 1, 
and is mostly dependent on river condition, which is measured mostly by a large variety 
of qualitative indices (poor-to-excellent scaling system) as seen in Ladson et al. [5], 
Hill et al. [6], Gordon et al. [7], Acreman and Ferguson [8], and Atazadeh et al. [3]. 
Physicochemical indices are the most common indices for lotic water, for example, in 
the U.S. as seen in Toxic and Priority Pollutants Under the Clean Water Act [9], which 
are extended to Chemical, Microbiological, Whole Effluent Toxicity, Radiochemical, 
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Industry-Specific and Biosolids [10]. However, these proved inadequate in achieving 
full spectrum protection [11, 12].

The first to point out that organic matter concentration areas in streams attract 
invertebrates was Hynes in [13] based on the previous works [14, 15] on the bottom 
fauna distribution and quantity. This was followed by the River Continuum Concept 
where “the structural and functional characteristics of stream communities are adapted 
to conform to the most probable position or mean sate of the physical system” [16], the 
framework for a spatiotemporal hierarchical classification system “among and within 
stream systems” [17] and the collection of articles in Boon and Raven [18]. These are 
some of the cornerstones that led to the employment of bioindicators, biomonitoring, 
and bioassessment. Biological indicators (bioindicators) are defined as “an organism 
(or part of an organism or a community of organisms) that contains information on the 
quality of the environment (or a part of the environment)” [19]. Biomonitoring is “the 
systematic use of living organisms or their responses to determine the condition or 
changes of the environment” [20]. Bioassessment is defined as “an evaluation of the 

Figure 1. 
Ecological and human value contribution to river health as modified from [3, 4].



191

Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

condition of a waterbody using biological surveys and other direct measurements of the 
resident biota in surface water” [21].

Consequently, biological indicators fill in the gaps left by physiochemical 
indices as being more integrative [22] and range from lower trophic-level organ-
isms (e.g., algae or benthic macroinvertebrates) all the way to upper trophic-level 
species (e.g., fish and mussels). These, combined with river geomorphological and 
hydrological indices [7], form a more dependable framework upon which river 
health assessment can rely [23]. Algae entered the phase of scientific study well 
over a hundred years ago and its connection with riverine environmental condition 
started in 1908 [24–30].

2. Methodology

The PRISMA method [31] was applied in the usual way with a multitude of per-
tinent keywords and exclusion of (sea, ocean, and lake) where appropriate. The goal 
of this review is to present a cogent well-sourced picture of the state of monitoring of 
rivers and streams condition using biological indices with a particular focus on algae. 
To this end, methods, frameworks, and diverse indices were descriptively enumerated 
and the general role of algae was expanded upon.

3. Results

3.1 Aggregate indices and monitoring frameworks

Indices may be simple or aggregate, that is, an index comprised of subindices. 
An example of the latter is the Aggregate Water Quality Index (AWQI). This was 
shown to have the capacity of being formulated without the problems of ambiguity 
(subindices show use-targeted acceptable water quality but the aggregated index fails 
to do so), eclipsing (aggregated index does not reflect sufficiently poor water quality 
shown by water quality variables), and rigidity (more variables have to be included 
targeted particular water quality aspects) as seen in Swamee and Tyagi [32]. To set up 
an AWQI, the process is as follows [33]:

• selecting the perceived to be significant water quality parameters

• forming subindices

• establishing weights for relative parameters

• selecting an aggregation process of the subindices

The aggregation process ranges from the simple weighted additive method to the 
modified additive method [34] and more complicated methods [35].

An example of river condition index is the aggregate-type River Condition Index 
in New South Wales, which is comprised of the following subindices:

• “River Styles® (River [36]) Geomorphic Condition assessment – surrogate input 
under FARWH “Physical Form” category (RSGC)” [37].
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• “Riparian vegetation cover assessment (native woody vegetation) – surrogate 
input under FARWH “Fringing Zone” category (RVC)” [37]

• “Macro water planning: hydrologic stress or risk rating – surrogate input under 
FARWH “Hydrological Change” category” [37].

• “River biodiversity condition data – surrogate input under FARWH “Aquatic 
Biota” category (RBCI)” [37]

• “Catchment Disturbance Index – surrogate input under FARWH “Catchment 
Disturbance” category (CDI)” [37].

The River Condition Index (RCI) score is computed by employing Euclidean 
distance for the subindices [38].

 ( ) ( ) ( ) ( ) ( )√ + + + + −
= −

√

1– 2 1– 2 1– 2 1– 2 1 2
1

5
RSC CDI HS RBCI RVC

RCI  

To interpret the results, Table 1 converts metric to qualitative results using the 
Framework for Assessing River and Wetland Health (FARWH) [39].

The South African Government’s River Health Program in the process of assessing 
both river health and stream condition developed an Index of Stream Geomorphology 
based on the measurement of geomorphic variables in view of the fact that they are the 
main constituents of the channel morphology impacting river aquatic biota [7, 40, 41]. 
This is comparable to the underlying logic in Chessman et al. [42] associating downward 
geomorphology changes with downward changes in assemblages of macrophytes and 
macroinvertebrates, while the latter are seen to display new sensitivities [43], a reaction 
seen also in freshwater mussels [44]. Also, positive result of fluvial geomorphology is 
associated with maintaining river health framework structural elements [45].

The River Habitat Quality survey framework as seen in Fox et al. [46] is used 
extensively worldwide, especially in Europe and the U.S., to assess both river health 
and condition. Its field survey protocols converge with those of SERCON (System 
for Evaluating Rivers for Conservation) [47] and was compared to the Systeme 
d’Evaluation de la Qualite du Milieu Physique (SEQ-MP) from France, and the field 
survey method of the Landerarbeitsgemeinschaft Wasser (LAWA-vor-Ort) from 
Germany [48]. A subset of its features leads to distinguishing between lowland, 
Alpine, and southern European rivers in terms of hydromorphological character [49] 

Score Condition Bands

0.81–1 Very Good (equivalent to FARWH “Largely Unmodified”)

0.61–0.8 Good (equivalent to FARWH “Slightly Modified”)

0.41–0.6 Moderate (equivalent to FARWH “Moderately Modified”)

0.21–0.4 Poor (equivalent to FARWH “Substantially Modified”)

0–0.2 Very Poor (equivalent to FARWH “Severely modified”)

Table 1. 
Conversion of metric to qualitative results [37].
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and is amenable to prediction techniques [50]. In the U.K., it was used for the period 
1994–1997 for quality assessment [51], for the determination of characteristics and 
controls of Gravel-Bed Riffles [52], for the classification of urban rivers [53], and 
for the aims of the WFD hydro-morphological assessment (STAR Project overview) 
[54]. Also, in exploring the interactions between flood defense maintenance works 
and river habitats [55], for environmental assessment and catchment planning [56] 
and for the evaluation of the effects of riparian restoration [57]. In Serbia, it was 
used in the Golijska Moravica and Jerma basins [58], in Austria for the identification 
of rivers with high-and-good habitat quality [59], in Germany for river habitat moni-
toring and assessment [60], in the U.S. for the measurement of Little Tallahatchie 
River in northern Mississippi [61], and in Portugal for fluvial hydromorphological 
assessment [62]. Also, in Poland regarding its seasonal diversification [63] and in 
Southern Europe [64].

River geomorphology is a characteristic often used for river health evaluation as 
seen [7] and is deemed to be quite important [65]. Geomorphology impacts water 
quality [66], and its assessment is used in place of “command-and-control” practices 
that cause environmental damaging biodiversity reduction and lessening provision 
of ecosystem services [67], and its change is associated with river rehabilitation [68] 
while via the River Styles framework links policy with action-on-the-ground. Also, 
along with ecology and river channel, habitats constitute a mesoscale approach to 
basin-scale challenges [69], assist in determining the ecological health of wadable 
streams [70], and affect riparian habitat within alluvial channel-floodplain river 
systems [71], and its spatial variability impacts the disturbance temporal patterns 
influencing ecosystem structure/dynamics [72], acting as a framework for the analy-
sis of microplastics in riverine sediments [73].

The Index of Stream Condition (ISC) was developed, tested, and applied in 
Australian regions [5], for example, in Victoria [74] as seen in Figure 2.

The basis of the ISC system lies in a subjective ranking system whereby the current 
condition of a river is compared to a known/modeled “pristine” condition across the 
index/subindex groups seen in Figure 1 which are scaled to (0–10) values and added 
as seen in Figure 3.

It should be noted that macro-benthos data are included [5, 7].

Figure 2. 
Third benchmark index of stream condition subindices and metrics of hydrology [75].
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3.2 Biological monitoring systems

Biological monitoring systems are usually based on fish, benthic macro-inverte-
brates as well as macrophytes, riparian vegetation, and algae [7, 77–91].

In determining water quality from the assessment of river ecosystem health, 
macro-invertebrates are considered to be both important, as they are a critical part 
of the aquatic food framework [92] and preferable to other targets for the following 
reasons [93]:

a. They are both differentially sensitive to various pollutant types and rapidly reac-
tive to them while being capable of responding in a graded way to a variety and 
different levels of stress.

b. They are abundant as well as ubiquitous and easily collectible and identifiable 
[79, 94–99], while identification and enumeration are easy in comparison with 
microorganisms and plankton.

c. If they are benthic the fact that they are sedentary makes them more representa-
tional of local conditions.

d. Their lifespans are long enough to provide adequate environmental quality 
records, though temporal/seasonal variability in index calibration should be 
introduced [100–102].

e. Their communities include a number of phyla which makes them heterogeneous.

Figure 3. 
North east region: (a) index of stream condition, (b) upper Murray index of stream condition, (c) part of the 
upper Murray calculation * [76]. *insufficient data are not added.
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Generally, in-stream biomonitoring can be employed using some or all of the 
aforesaid macro- and micro-organisms as biological indicators/indices. However, 
from the point of view of spatial and temporal invariance this leads to problems.

Benthic macro-invertebrates are used by a large number of scientists because they 
are sensitive to water degradation and river health and depend on sediment quality 
[103]. A major issue is eutrophication, “excessive plant and algal growth due to the 
increased availability of one or more limiting growth factors needed for photosynthesis” 
[104], which usually occurs in rivers that are passing through urbanized/agricultural 
areas [105] and seems to depend strongly on the local stream and its surroundings 
characteristics [106] in case of which both reaction and response become limited  
[107, 108]. Another issue is that in order to assess human-influenced events separately 
from the naturally caused ones, that is, natural seasonal or successional variation 
[109], a stressor-specific multimetric approach is needed [110].

In a 2008 statistical analysis [111], the findings were as below:

• Benthic macro-invertebrates (19 sources) 68% reported sampling difficulties, 
58% reported not enough taxonomic keys available, 42% reduced sensitivity to 
disturbance, and 21% drifting (not a good local indicator).

• In the case of algae (nine sources), 78% reported insufficient metrics/indices, 
67% reported not enough taxonomic keys available, and 33% reported that the 
group is a poor accumulator.

• For fish (14 sources), 64% reported drifting (not a good local indicator), 36% 
reported sampling difficulties, and 21% reported insufficient metrics/indices.

• For zooplankton (nine sources), 67% reported sampling difficulties, 67% 
reported insufficient metrics/indices, 50% reported heavy affectation by non-
anthropogenic conditions, 33% reported that the group is a poor accumulator, 
and 33% reported not regular occurrence in habitat under study.

In rivers where macrophytes are not abundant, bottom-lying biofilm is the main 
agent of nutrient uptake, a stratum that consists [112] of algae, bacteria, and fungi 
ensconced in a polysaccharide matrix. In the case of nutrient change, algae react 
directly but invertebrates generally respond indirectly depending on the water quality 
intensity of influence on the habitat. The mechanism explaining this [113, 114] is that 
an initial subsidy effect consisting of increasing nutrients leads to the direct stimula-
tion of algal productivity and this, in the role of a mediator, causes, through increased 
trophic resources, the macroinvertebrate’s response stimulation. For this reason, some 
approaches to understanding river conditions have been based on As algal biofilm/
diatom communities are sensitive and responsive to river physical, chemical, and 
biological changes [24, 29, 115–118] and there are a lot of approaches for river condi-
tion assessment based on them.

Biofilms are a major element of river food webs [119] and important for stream 
biogeochemical and nutrient processes [120–126]. Microalgae are the main food source 
for fauna in freshwater ecosystems. Algae-based processes lead to the production and 
synthesis of organic matter (carbon) and allow its entry into the food web via which 
is available to higher trophic consumers such as fish and waterbirds [127–129], and 
consequently, algae, in terms of freshwater ecosystems [126], are considered to be the 
most essential part of food webs and biogeochemical cycling, for example, carbon 
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cycling [130]. Epiphytic algae are one of the appropriate food sources for stream inver-
tebrates in an interactive way [131] since freshwater algae carry high concentrations of 
polyunsaturated fatty acids and in stream food webs, high-quality algae enhances the 
food value of low-quality riparian leaf litter [129, 132, 133]. In terms of algal groups, 
diatoms and cryptophytes supply aquatic invertebrate food of higher quality due to 
long-chain omega-3 polyunsaturated fatty acids [132, 134–136], while omega-3 (n-3) 
long-chain essential fatty acids (EFA) are higher in running water than brackish [136] 
and are projected to decrease as world temperature rises [137]. As these species are the 
important indicators of river health, their primary production is equally important 
and may be decreased by turbidity and shading, due to light blocking [138, 139], while 
shear stress and low nutrients are important inhibitors particularly for algal primary 
production along with temperature and grazing [140].

Primary producer community structure (PPCS) in rivers and streams is influenced 
by the general state of hydrodynamics [141, 142] as flow velocity increase is correlated 
positively with increased nutrient delivery by increasing PPCS productivity through 
thinning the diffusive boundary layer up to a point where it becomes negatively 
correlated due to dislodgement [143–145]. As seen in Gurnell [146], PPCS influences 
ecosystem structure via their hydrodynamics and morphology by flow-vegetation-
sediment feedbacks.

Algae, having increased sensitivity, often signal changes in environmental con-
ditions by responding well before effects on higher organisms manifest themselves 
[29, 78]. The reduction of river flow affects biofilm structure [125], for example, in 
terms of causing increased algae bloom [147], which prevents sunlight from pen-
etrating the water surface [148] as well as ecosystem processes in general [149–151]. 
In the biofilm structure, diatom assemblages are shown to be highly responsive to 
water quality variation [152] since their assemblages are used to measure water 
quality [153].

3.3 Biological indices

There are many biological indices for water quality assessment, which may depend 
either on many parameters or on a particular one. The algal periphyton system, in 
terms of similarity, diversity, evenness, structure, and dominance, has been employed 
in the construction of a variety of biological indices of both kinds [154–156]. There 
has been criticism regarding the processes, which reduces the indices to a single quan-
titative or qualitative result regarding its representational effect [157] due to seasonal 
variability [158–161] or regionality [162, 163]. Despite the objections, this type of 
indices has been employed in many countries including the U.K., the U.S.A, Spain, 
and Canada. Most countries have passed legislation according to which government 
entities controlling rivers and water bodies in general are obliged to use biological 
indices, for example, Italy [164], in order to assess stream condition in terms of water 
quality and water abstraction impact [7]. The European Water Framework Directive 
[165] included biological monitoring as a stream health assessment tool, and in the 
U.S.A., macroinvertebrate community assessment is used under the Clean Water  
Act [166].

Biological indices are used by conjunctive employment with multivariate statisti-
cal analysis, which leads to a good understanding of aquatic biota-sensitivity and 
to the determination of the driver-response relationship [7, 91, 167–169]. Biological 
indices resulting from multivariate analysis techniques are as follows:
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• The U.K. derived RIVPACS (River Invertebrate Prediction And Classification 
Scheme) [170–174].

• The Canadian BEAST (BEnthic Assessment of SedimenT) [99, 175].

• The Australian AusRivAS (Australian River Assessment System) [176, 177] but 
according to Chessman [178], its applications in terms of biological health assess-
ment do not have consistent or quantified status of any nature rendering them 
virtually meaningless.

• The Australian SIGNAL (Stream Invertebrate Grade Number Average Level) 
[43, 179].

• The South African Scoring System (SASS) [180, 181].

Multi-metric techniques (biotic integrity indices) [182] are employed as an approach 
where an integrated balance is maintained in adaptive biological systems between ele-
ments and processes such as species, genus, assemblage and biotic interaction, nutrient 
and energy dynamic, meta-population process respectively in natural habitats [183, 
184]. The initial concept of biotic integrity, the Index of Biotic Integrity (IBI) has been 
developed for fish in shallow rivers [185] in the USA measuring trophic composition, 
species composition, and abundance and health of fish [183, 186], and Karr’s work is re-
evaluated in Capmourteres et al. [187]. According to Gordon et al. [7], in the case of the 
biotic integrity index small disturbance to the system has negligible effect on the biologi-
cal integrity of the system, which was one of the presuppositions of its design [185]. 
However, a unified conclusion regarding the regularity of different group-based IBI 
evaluation results has not been reached [188–190] as seen in Huang et al. [191]. Various 
biotic integrity-based biotic indices besides IBI exist:

• BIBI (Benthic Index for Biotic Integrity) employing macro-invertebrates [192] 
uses 10 metrics of stream macroinvertebrate communities integrated into one 
value that has numerical/qualitative range 10 (poor) to 50 (excellent) [193]. Also, 
it is related to environmental factors [194], upon occasion may show opposite 
results to those obtained using the Organism – Sediment Index (OSI) [195], 
and in a Korean study [196], the BIBI Korean variant by [197] was found to be 
negatively correlated with the Korean Saprobic Index (KSI), which is based on 
the saprobic valency concept as seen in Zelinka and Marvan [198].

• PIBI (Periphyton Index for Biotic Integrity) where algal periphyton is the main 
element [6, 24, 199, 200].

• DSIAR (Diatom Species Index for Australian Rivers) based on diatoms is 
correlated at a significant level to ARCE (Assessment of River Condition, 
Environment) [116, 201].

• BII (Biotic Integrity Index) that employs diatom community structural metrics [202].

• MBII (Macroinvertebrate Biotic Integrity Index) where data collection is 
performed by employing a probability design, evaluating five characteristics 
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(precision, range, responsiveness to disturbance, relationship to catchment 
area, and redundancy with respect to other metrics), while a continuous scale is 
employed for scoring [203].

3.4 Riverine ecological assessment: The role of algae

Algae are in general one of the primary producers in aquatic ecosystems [204, 205] 
taking into consideration that Water N:P molar ratios could result in being restrictive 
for river algal communities’ population dynamics and species coexistence [206].

Algae react to riverine ecosystem disturbances and show sensitivity to changes in 
environmental conditions [29, 126, 150, 207–214]. However, riverine algae are not as 
sensitive to changes in environmental conditions as periphytic algae, which grow by 
substrate attachment, and in case of negative environmental changes move away [215].

In effect, they have the characteristics necessary to become prime environmental 
conditions monitors in aquatic ecosystems at a global applicative level [28, 29, 90, 108, 
126, 216–221]. In particular, their properties [120, 220, 222, 223] are seen below:

• high sensitivity to environmental changes

• easy to sample

• the majority of species are both cosmopolitan and with well-known autecology

• possess a wide spectrum of structural (biomass, composition) and functional 
(metabolism) attributes are valuable for their use in monitoring ecosystems.

Community structure, biomass standing crop, and species composition have 
been employed in the assessment of riverine ecological condition both directly and 
indirectly [224–227]. Riverine biofilm structure [125, 207, 228–232] and ecosystem 
processes [151] have been shown to be affected by flow variation. Within the biofilm, 
diatom algal assemblages within the biofilm are highly responsive to water chemistry 
variations [152], and consequently, their composition can give away any ecological 
responses to flow-driven changes occurring in stream water quality. Using algae as an 
ecological state assessment tool leads to the detection of harmful riverine ecosystem 
human activity [126, 233, 234], providing thus the evidence necessary for carrying 
out water resource managerial decisions.

Flow current exerts influence over algal immigration [235], reproduction by vary-
ing nutrient supply rates [236], and community physiognomy by decreasing attach-
ment strength [237].

High stream discharge velocities may affect benthic algae in different ways, which 
depend on both frequency and intensity [238, 239] and change both physiological and 
structural properties of the community [240, 241].

In lotic and lentic freshwater ecosystems, algae are the main primary producers 
as, for example, trophic status via the trophic state index (TSI) is determined by algal 
levels [242], seen in Round [243], Stevenson et al. [244], and Allan and Castillo [245] 
and being the main source of energy for first-order consumers such as small herbivores 
places them in an important role in the food web. Algae growth is dependent on river-
ine nutrient concentration, mainly on phosphorus and nitrogen, and also on benthos-
concentrated ones [244, 246], while other factors, such as predation and hydrology, 
have a significant contribution [141, 244, 247–250].
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As seen in Steinman [251], there are various forms of benthic algae assembly, 
for example, stalked (colonial) aggregates, unicellular states [252], and filamen-
tous [253]. Benthic algal biomass constitutes an excellent water quality indicator 
[254–257] and, through that, of river condition and therefore health [258]. Algal 
biomass analyses are often used for river health evaluation [259] as well as of riverine 
ecosystems anthropogenic modifications analysis, for example, of dry mass [260], 
of chlorophyll-a concentration [261–263], bio-volume and peak biomass [244, 260, 
264], and ash-free dry mass.

The flow regime, stream velocity in effect, is in negative correlation negatively 
with chlorophyll-a concentration [228, 265, 266]. While chlorophyll-a concentration 
tends to increase downstream in a state of constant flow, there are also upstream-
caused downstream effects [267]. The flow-related disturbance effect on biomass is 
also [228, 265, 266, 268–270] as well as in rainforest streams [271] and in the creation 
of gradient of metacommunity types within stream networks [272]. Algal biomass is 
seen to decrease due to suspended solids and grazers, that is, fish and invertebrates, 
substratum instability, flow disturbance, that is, velocity where stream algal biomass 
responds to nutrient enrichment depending on the velocity [273]. Conversely, light, 
temperature, and nutrients are seen to be the main promoting resources of algal 
biomass [141, 274].

Νutrients as well as grazing pressure and light influence algal growth and com-
munity structure [275, 276]. In terms of algal biomass control, the main top-down 
controllers are nutrients and light are top-down and grazers, mainly fish and snails, 
are the main bottom-up [207, 251, 277], while under certain conditions there is 
feedback between the two processes [278]. A controller of algal community structure 
is lotic system flow disturbance [245, 279–281].

Shifts in water quality and flow variation affect algal colonization and 
structure [125, 228, 245, 282–285]. Flow regime impacts on both water quality, 
that is, temperature, suspended solids, oxygen level, organic matters, and other 
nutrients in general, and the metabolism of rivers or streams and biotic structure 
and function [7, 149, 286, 287]. Climate change impacts water quality [288], and 
as seen in Baron et al. [289], environmental factors impact the structure and 
function of aquatic ecosystems and flow regimes, sediment and organic materi-
als, water quality, nutrients and other chemicals elements, light, temperature, 
for example, “brownification” where, as seen in De Wit et al. [290], a 10% 
increase in precipitation will result in increasing by 30% the soil transfer of OC 
to freshwaters.

The list of environmental factors affecting the structure and function of benthic 
algae in riverine ecosystems was compiled and analyzed, in particular grazers, tem-
perature, pH, light, hydraulics, and nutrients (N, P, Si). While, under fast flow and 
low nutrients algal community structure, species composition, biomass, and standing 
crop decrease slow flow and a high concentration of nutrients increase algal biomass 
and community structure.

Climate variability/change is seen to affect algae directly [291–294]. As seen 
in Sinha and Michalak [295], precipitation, which is climate induced, is a pre-
eminent factor in the variability of riverine nitrogen. Moreover, precipitation 
plays a role in algae affecting stream flow velocity [296, 297] as seen in the Heavy 
Precipitation Index [298], which is a part of the Streamflow Indicator as defined 
in [299]. This makes the climate/precipitation mechanisms in [300–303], and 
flood events [304] lead to effects, which influence algae in an important and 
multifaceted way.
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3.5 Algae in the role of indicators in the assessment of stream condition

Algae are considered to be primary producers in aquatic ecosystems powering 
both food webs and biogeochemical cycling [126], even rare metals [305]. Algae are 
present in almost every aquatic environment including fresh, brackish, marine, and 
hypersaline water [306, 307]. Algae communities in rivers are usually diverse and 
inhomogeneous [308, 309], and their types are as in Table 2.

The floristic composition of algae in the benthos could be employed in water 
quality, stream condition, and eutrophication monitoring [24, 90, 108, 311–315]. 
A number of studies show a preference for diatoms since diatom-based methods in 
bio-monitoring approaches demonstrating a tendency for higher success rate to be 
the most successful [29, 316]. In practice, other algal groups present bigger difficul-
ties in sampling and quantitative estimation in comparison with diatoms. Moreover, 
common river algae, in particular the green algae [78], show a demonstrable lack 
of identification keys although partial country-wide lists exist, for example, [317] 
where 321 out of 500 genera are identified. However, these other groups may provide 
information that diatom-based measures cannot provide easily; for example, eutro-
phication can be monitored by cyanobacterial and green algae biomass and diversity 
could be used to monitor eutrophication [108, 313, 318–320].

Diatoms also play important roles in biotechnology, engineering, biology, and 
material science [321] but their main role in the general riverine environmental condi-
tion [29, 322, 323], water quality ecological assessment of aquatic systems  
[107, 152, 324–328], eutrophication [78, 314, 329], pollution [330, 331], bioassessment 
[107, 116, 332–334], and urbanization [335–338].

3.6 Biological index-based water body classification

Water body classification is now a function of water chemistry, biological, and 
hydrological characteristics as it is necessary to include pollutant effects on biota since 
the nature of the receiving waters influences the effect on water quality as seen in 
Figure 4. Also, river water is classifiable on the basis of biology, hydrology, and qual-
ity, into different condition ecological categories in the qualitative scale of bad, poor, 
moderate, good, or high [8].

Epilithon on rock

epidendron or epixylon on woody debris

epiphyton on plants

episammon on sand

epipelon on mud

epizoon on animals

Table 2. 
Algae community types [308, 310].
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Figure 4. 
Water body classification employing ecological models biological indices, and adaptive management.



River Basin Management - Under a Changing Climate

202

Author details

Ehsan Atazadeh
Faculty of Natural Sciences, Department of Plant, Cell and Molecular Biology, 
University of Tabriz, Tabriz, Iran

*Address all correspondence to: ehsan.atazadeh@gmail.com; atazadeh@tabrizu.ac.ir

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

203

References

[1] Holling CS. Resilience and stability 
of ecological systems. Annual Review of 
Ecology and Systematics. 1973;4:1-23

[2] Norris RH, Thoms MC. 
What is river health? Freshwater 
Biology. 1999;41(2):197-209. 
DOI: 10.1046/j.1365-2427.1999.00425.x

[3] Atazadeh E, Barton A, Shirinpour M, 
Zarghami M, Rajabifard A. River 
management and environmental water 
allocation in regulated ecosystems of 
arid and semiarid regions–A review. 
Fundamental and Applied Limnology. 
2020a;193(4):327-345

[4] Boulton AJ. An overview of river 
health assessment: Philosophies, 
practice, problems and prognosis. 
Freshwater Biology. 1999;41(2):469-479. 
DOI: 10.1046/j.1365-2427.1999.00443.x

[5] Ladson AR, White LJ, Doolan JA, 
Finlayson BL, Hart BT, Lake PS, et al. 
Development and testing of an index 
of stream condition for waterway 
management in Australia. Freshwater 
Biology. 1999;41:453-468

[6] Hill BH, Herlihy AT, Kaufmann PR, 
DeCelles SJ, Vander Borgh MA. 
Assessment of streams of the eastern 
United States using a periphyton index 
of biotic integrity. Ecological Indicators. 
2003;2:325-338

[7] Gordon ND, McMahon TA, 
Finlayson BL, Gippel CJ, Nathan RJ. 
Stream Hydrology: An Introduction for 
Ecologists. 2nd ed. John Wiley & Sons 
Ltd: Sussex; 2004. p. 429

[8] Acreman MC, Ferguson AJD. 
Environmental flows and the European 
Water Framework Directive. Freshwater 
Biology. 2010;55:32-48

[9] EPA. 2022b. Toxic and Priority 
Pollutants Under the Clean Water Act. 
U.S. Government. 2022. Available from: 
https://www.epa.gov/eg/toxic-and-
priority-pollutants-under-clean-water-
act#priority

[10] EPA. 2022a. Clean Water Act 
Analytical Methods. U.S. Government. 
2022. Available from: https://www.epa.
gov/cwa-methods

[11] Kazancı N, Dügel M, Girgin S. 
Determination of indicator genera of 
benthic macroinvertebrate communities 
in running waters in western Turkey. 
Review of Hydrobiology. 2008;1:1-16

[12] United States Environmental 
Protection Agency (USEPA). Water 
Quality Standards Academy: Basic Course. 
Washington District of Columbia, U.S.A: 
Office of Water; 2005. p. 152

[13] Hynes HBN. The stream 
and its valley. Internationale 
Vereinigung Für Theoretische 
Und Angewandte Limnologie: 
Verhandlungen. 1975;19(1):1-15. 
DOI: 10.1080/03680770.1974.11896033

[14] Egglishaw HJ. The distributional 
relationship between the bottom fauna 
and plant detritus in streams. The Journal 
of Animal Ecology. 1964;33:463-476

[15] Egglishaw HJ. The quantitative 
relationship between bottom fauna and 
plant detritus in streams of different 
calcium concentrations. Journal of 
Applied Ecology. 1968;5:731-740

[16] Vannote RL, Wayne Minshall G, 
Cummins KW, Sedell JR, Cushing CE. 
The river continuum concept (Vannote et 
Al. 1980). Canadian Journal of Fisheries 
and Aquatic Sciences. 1980;37:130-137



River Basin Management - Under a Changing Climate

204

[17] Frissell CA, Liss WJ, Warren CE, 
Hurley MD. A hierarchical framework 
for stream habitat classification: 
Viewing streams in a watershed 
context. Environmental Management. 
1986;10(2):199-214. DOI: 10.1007/
BF01867358

[18] Boon PJ, Raven PJ, editors. River 
Conservation and Management. 
Chichester, U.K.: Wiley-Blackwell; 1992

[19] Markert BA, Breure AM, 
Zechmeister HG, editors. Bioindicators 
& Biomonitors: Principles, 
Concepts and Applications. 
Amsterdam, The Netherlands: 
Elsevier; 2003. DOI: 10.1016/
b978-0-444-51554-4.00030-4

[20] Oertel N, Salanki J. Biomonitoring 
and bioindicators in aquatic ecosystems. 
In: Ambasht RS, Ambasht NK, 
editors. Modern Trends in Applied 
Aquatic Ecology II Biomonitoring and 
Bioindicators in Aquatic Ecosystems. 
Boston, MA, U.S.A: Springer; 2003. pp. 
219-246

[21] Barbour MT, Gerritsen J, Snyder BD, 
Stribling JB. Rapid Bioassessment 
Protocols for Use in Streams and 
Wadeable Rivers:Periphyton, Benthic 
Macroinvertebrates and Fish. 2nd ed. 
Washington, District of Columbia, 
U.S.A.: EPA 841-B-99-002. U.S. 
Environmental Protection Agency. Office 
of Water; 1999

[22] Karr JR. Defining and measuring 
river health. Freshwater Biology. 
1999;41:221-234

[23] Moog O, Schmutz S, Schwarzinger I. 
Biomonitoring and bioassessment Otto. 
In: Schmutz S, Sendzimir J, editors. 
Riverine Ecosystem Management: 
Science for Governing Towards a 
Sustainable Future. Cham, Switzerland: 
Springer Open; 2018. pp. 371-390

[24] Hill BH, Herlihy AT, Kaufmann PR, 
Stevenson RJ, McCormick FH, 
Johnson CB. Use of periphyton 
assemblage data as an index of biotic 
integrity. Journal of the North American 
Benthological Society. 2000;19:50-67

[25] Hustedt F. Systematische und 
ökologische Untersuchungen über 
die Diatomeen-Flora von Java, Bali 
und Sumatra nach dem Material der 
Deutschen Limnologischen Sunda-
Expedition. Archiv für Hydrobiologie. 
1937;15(SUPPL):187-295

[26] Kolkwitz R, Marson M. Ökologie 
der pflanzlichen Saprobien. Berichte der 
Deutschen Botanischen Gesellschaft. Ber 
Dtsch Bot Ges. 1908;26:505-519

[27] Lowe RL. Environmental 
Requirements and Pollution Tolerance of 
Freshwater Diatoms. Cincinnati, Ohio: 
Environmental Protection Agency; 1974

[28] Sládecek V. System of Water 
Quality from the Biological Point 
of View. Schweizerbart'sche: 
Verlagsbuchhandlung; 1973

[29] Stevenson JR, Pan Y, Van Dam H. 
Assessing environmental conditions 
in rivers and streams with diatoms. In: 
Smol J, Stoermer E, editors. The Diatoms: 
Application for the Environmental and 
Earth Sciences. Cambridge: Cambridge 
University Press; 2010. pp. 57-85

[30] Watanabe T, Asai K, Houki A.  
Numerical estimation to organic pollution 
of flowing water by using the epilithic 
diatom assemblage-----diatom assemblage 
index (DAIpo). Science of the Total 
Environment. 1986;55:209-218

[31] PRISMA. PRISMA (Preferred 
Reporting Items for Systematic Reviews 
and Meta-Analyses) 2020. Checklist. 
The BMJ. San Francisco: PRISMA; 2021. 
Available from: http://www.prisma-
statement.org/



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

205

[32] Swamee PK, Tyagi A. Improved 
method for aggregation of water 
quality subindices. Journal of 
Environmental Engineering. 
2007;133(2):220-225. DOI: 10.1061/
(asce)0733-9372(2007)133:2(220)

[33] Sutadian AD, Muttil N, Yilmaz AG, 
Perera B. Development of river water 
quality indices - A review. Environmental 
Monitoring and Assessment. 
2016;188:58-90

[34] Bordalo AA, Teixeira R, Wiebe WJ. 
A water quality index applied to an 
international shared river basin: The 
case of the Douro River. Environmental 
Management. 2006;38:910-920

[35] Banda TD, Kumarasamy MV.  
Development of water quality 
indices (WQIs): A review. Polish 
Journal of Environmental Studies. 
2020;29:2011-2021

[36] River Styles. The River Styles 
Framework. 2022. Available 
from: https://riverstyles.com/
river-styles-framework/

[37] Healey M, Raine A, Parsons L, 
Cook N. River Condition Index in New 
South Wales: Method Development and 
Application. Sydney, Australia: NSW 
Office of Water; 2012

[38] Norris R, Dyer F, Hairsine P, 
Kennard M, Linke S, Merrin L, et al. 
Australian Water Resources 2005: A 
Baseline Assessment of Water Resources 
for the National Water Initiative, Level 
2 Assessment, River and Wetland 
Health Theme: Assessment of River and 
Wetland Health: Potential Comparative 
Indices, May 2007. National Water 
Commission: Canberra; 2007a

[39] Norris R, Dyer F, Hairsine P, 
Kennard M, Linke S, Merrin L, et al. 
Australian Water Resources 2005: A 
Baseline Assessment of Water Resources 

for the National Water Initiative, Level 
2 Assessment, River and Wetland 
Health Theme: Assessment of River 
and Wetland Health: A Framework 
for Comparative Assessment of the 
Ecological Condition of Australian Rivers 
and Wetlands, May 2007. Canberra: 
National Water Commission; 2007b

[40] Rowntree K, Wadeson R. A 
geomorphological framework for 
the assessment of instream flow 
requirements. Aquatic Ecosystem Health 
& Management. 1998;1:125-141

[41] Rowntree K, Ziervogel G. 
Development of an Index of Stream 
Geomorphology for the Assessment of 
River Health Index of Stream Condition 
NAEBP Report Series No 7. Pretoria, 
South Africa: Department of Water 
Affairs and Forestry; 1999

[42] Chessman BC, Fryirs KA, Brierley GJ. 
Linking geomorphic character, behaviour 
and condition to fluvial biodiversity: 
Implications for river management. 
Aquatic Conservation: Marine and 
Freshwater Ecosystems. 2006;16:267-288

[43] Chessman BC. New sensitivity grades 
for Australian river macroinvertebrates. 
Marine and Freshwater Research. 
2003;54:95-103

[44] Jones HA, Byrne M. The impact of 
catastrophic channel change on freshwater 
mussels in the Hunter River system, 
Australia: A conservation assessment. 
Aquatic Conservation: Marine and 
Freshwater Ecosystems. 2010;20:18-30

[45] Petts GE, Gurnell AM. Dams and 
geomorphology: Research progress and 
future directions. Geomorphology. 
2005;71:27-47

[46] Fox PJA, Naura M, Scarlett P. An 
account of the derivation and testing 
of a standard field method, river 



River Basin Management - Under a Changing Climate

206

habitat survey. Aquatic Conservation: 
Marine and Freshwater Ecosystems. 
1998;8(4):455-475. DOI: 10.1002/
(SICI)1099-0755(199807/08)8:4<455:: 
AID-AQC284>3.0.CO;2-7

[47] Wilkinson J, Martin J, Boon PJ, 
Holmes NTH. Convergence of field 
survey protocols for SERCON (System 
for Evaluating rivers for Conservation) 
and RHS (River Habitat Survey). Aquatic 
Conservation: Marine and Freshwater 
Ecosystems. 1998;8:579-596

[48] Raven PJ, Holmes NTH, Charrier P, 
Dawson FH, Naura M, Boon PJ.  
Towards a harmonized approach for 
hydromorphological assessment of rivers in 
Europe: A qualitative comparison of three 
survey methods. Aquatic Conservation: 
Marine and Freshwater Ecosystems. 
2002;12(4):405-424. DOI: 10.1002/aqc.536

[49] Szoszkiewicz K, Buffagni A, 
Davy-Bowker J, Lesny J, 
Chojnicki BH, Zbierska J, et al. Occurrence 
and variability of river habitat 
survey features across Europe and 
the consequences for data collection 
and evaluation. Hydrobiologia. 
2006;566(1):267-280. DOI: 10.1007/
s10750-006-0090-7

[50] Jeffers JNR. Characterization of 
river habitats and prediction of habitat 
features using ordination techniques. 
Aquatic Conservation: Marine and 
Freshwater Ecosystems. 1998;8(4):529-
540. DOI: 10.1002/(SICI)1099-
0755(199807/08)8:4<529::AID-
AQC301>3.0.CO;2-9

[51] Raven PJ. River Habitat Quality: The 
Physical Character of Rivers and Streams 
in the UK and Isle of Man. Bristol: 
Environment Agency; 1998

[52] Emery JC, Gurnell AM, Clifford NJ, 
Petts GE. Characteristics and controls 
of gravel - bed riffles : An analysis of 

data from the river- habitat survey. 
Water and Environment Journal. 
2004;18(4):210-216

[53] Davenport AJ, Gurnell AM, 
Armitage PD. Habitat survey and 
classification of urban rivers. 
River Research and Applications. 
2004;20(6):687-704. DOI: 10.1002/rra.785

[54] Erba S, Buffagni A, Holmes N, 
O’Hare M, Scarlett P, Stenico A. 
Preliminary testing of river habitat 
survey features for the aims of the 
WFD hydro-morphological assessment: 
An overview from the STAR project. 
Hydrobiologia. 2006;566(1):281-296. 
DOI: 10.1007/s10750-006-0089-0

[55] Harvey GL, Wallerstein NP. 
Exploring the interactions between flood 
defence maintenance works and river 
habitats: The use of river habitat survey 
data. Aquatic Conservation: Marine and 
Freshwater Ecosystems. 2009;19:689-
702. DOI: 10.1002/aqc

[56] Raven PJ, Holmes NTH, Vaughan IP, 
Hugh Dawson F, Scarlett P. Benchmarking 
habitat quality: Observations using 
river habitat survey on near-natural 
streams and Rivers in northern and 
Western Europe. Aquatic Conservation: 
Marine and Freshwater Ecosystems. 
2010;20(SUPPL. 1):13-30. DOI: 10.1002/
aqc.1103

[57] Clews E, Vaughan IP, Ormerod SJ. 
Evaluating the effects of riparian 
restoration on a Temperate River-system 
using standardized habitat survey. 
Aquatic Conservation: Marine and 
Freshwater Ecosystems. 2010;20(SUPPL. 
1):96-104. DOI: 10.1002/aqc.1096

[58] Urosev M, Milanovic A, 
Milijasevic D. Assessment of the river 
habitat quality in undeveloped areas 
of Serbia applying the RHS (River 
Habitat Survey) method. Journal of 



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

207

the Geographical Institute Jovan Cviji, 
SASA. 2009;59(2):37-58. DOI: 10.2298/
ijgi0902037u

[59] Muhar S, Schwarz M, Schmutz S, 
Jungwirth M. Identification of rivers 
with high and good habitat quality: 
Methodological approach 
and applications in Austria. 
Hydrobiologia. 2000;422-423:343-358. 
DOI: 10.1007/978-94-011-4164-2_28

[60] Kamp U, Binder W, Hölzl K. River 
habitat monitoring and assessment in 
Germany. Environmental Monitoring 
and Assessment. 2007;127(1-3):209-226. 
DOI: 10.1007/s10661-006-9274-x

[61] Shields FD, Rigby JR. River habitat 
quality from river velocities measured 
using acoustic Doppler current 
profiler. Environmental Management. 
2005;36(4):565-575. DOI: 10.1007/
s00267-004-0292-6

[62] Ferreira J, Pádua J, Hughes SJ, 
Cortes RM, Varandas S, Holmes N, et al. 
Adapting and adopting river habitat 
survey: Problems and solutions for 
fluvial hydromorphological assessment 
in Portugal. Limnetica. 2011b;30(2):263-
272. DOI: 10.23818/limn.30.20

[63] Kiraga M. The diversification of river 
habitat survey output during the four 
seasons: Case studies of three lowland 
Rivers in Poland. Journal of Ecological 
Engineering. 2020;21(6):116-126. 
DOI: 10.12911/22998993/123248

[64] Buffagni A, Kemp JL. Looking 
beyond the shores of the United Kingdom: 
Addenda for the application of river habitat 
survey in southern European Rivers. 
Journal of Limnology. 2003;61(2):199-214. 
DOI: 10.4081/jlimnol.2002.199

[65] Hazbavi Z. Importance of geology 
and geomorphology in watershed health 
assessment. Agriculture and Forestry. 

2018;64(4):277-287. DOI: 10.17707/
agricultforest.64.4.27

[66] Kamarudin MK, Amri AM, 
Nalado ME, Toriman HJ, Umar R, 
Ismail A, et al. Evolution of river 
geomorphology to water quality impact 
using remotesensing and GIS technique. 
Desalination and Water Treatment. 
2019;149:258-273. DOI: 10.5004/
dwt.2019.23838

[67] Brierley G. Geomorphology  
and river management. Kemanusiaan. 
2008;15:13-26. DOI: 10.1672/ 
0277-5212(2006)26[884:garm]2.0.co;2

[68] Wolfert HP. Geomorphological 
Change and River Rehabilitation: Case 
Studies on Lowland Fluvial Systems 
in the Netherlands. Wageningen, 
Netherlands: Alterra; 2001

[69] Newson MD, Newson CL. 
Geomorphology, ecology and river 
channel habitat: Mesoscale approaches 
to basin-scale challenges. Progress in 
Physical Geography. 2000;24(2):195-217. 
DOI: 10.1177/030913330002400203

[70] Lepper TA. Assessing the Value of 
a Geomorphic Toolbox to Assist with 
Determining Ecological Health of 
Wadable Streams within the Waikato 
Region. New Zealand: Massey University; 
2020

[71] Steiger J, Tabacchi E, Dufour S, 
Corenblit D, Peiry JL. Hydrogeomorphic 
processes affecting riparian habitat 
within Alluvial Channel-Floodplain 
River systems: A review for the temperate 
zone. River Research and Applications. 
2005;21(7):719-737. DOI: 10.1002/rra.879

[72] Montgomery DR. Process domains 
and river continuum. Journal of the 
American Water Resources Association. 
1999;35(2):397-410



River Basin Management - Under a Changing Climate

208

[73] Miller J, Orbock-Miller SM. A 
geomorphic framework for the analysis 
of microplastics in riverine sediments. 
E3S Web of Conferences. 2020;202:1-10. 
DOI: 10.1051/e3sconf/202020201002

[74] Ladson T. An Index of Stream 
Condition: Reference Manual. 
Melbourne, Victoria, Australia: 
Government of Victoria; 1999

[75] DEPI. Index of Stream Condition: 
The Third Benchmark of Victorian River 
Condition ISC3. Melbourne, Victoria, 
Australia: State Government of Victoria; 
2010a

[76] DEPI. North East Region - Index of 
Stream Condition. Melbourne, Victoria, 
Australia: State Government of Victoria; 
2010b

[77] Faith DP. Benthic macroinvertebrates 
in biological surveillance: Monte 
Carlo significance tests on functional 
groups’ responses to environmental 
gradients. Environmental Monitoring 
and Assessment. 1990;14(2-3):247-264. 
DOI: 10.1007/BF00677920

[78] Kelly MG, Whitton BA. The trophic 
diatom index: A new index for monitoring 
eutrophication in rivers. Journal of 
Applied Phycology. 1995;7:433-444

[79] Rosenberg DM, Resh VH. 
Freshwater Biomonitoring and Benthic 
Macroinvertebrates. New York: Chapman 
& Hall; 1993

[80] Aguiar FC, Fernandes MR, 
Teresa Ferreira M. Descripteurs de La 
VAcgActation Rivulaire Comme Guide 
de La Restauration Accologique Au Sein 
Des Paysages de Cours Daeau. Knowledge 
and Management of Aquatic Ecosystems. 
2011;402:1-12. DOI: 10.1051/kmae/2011074

[81] Asadi-Sharif E, Yahyavi B, 
Bayrami A, Rahim-Pouran S, Atazadeh E, 

Singh R, et al. Physicochemical and 
biological status of Aghlagan river, 
Iran: Effects of seasonal changes and 
point source pollution. Environmental 
Science and Pollution Research. 
2021;28(12):15339-15349

[82] Bytyqi P, Czikkely M, Shala-Abazi A, 
Fetoshi O, Ismaili M, Hyseni-Spahiu M, 
et al. Macrophytes as biological 
indicators of organic pollution in the 
Lepenci River Basin in Kosovo. Journal of 
Freshwater Ecology. 2020;35(1):105-121. 
DOI: 10.1080/02705060.2020.1745913

[83] Harris J, Silveira R. Large-scale 
assessments of river health using an 
index of biotic integrity with low-
diversity fish communities. Freshwater 
Biology. 1999;41:235-252

[84] Hawkes H. Origin and development 
of the biological monitoring working 
party score system. Water Research. 
1997;32(3):964-968

[85] Ibelings B, Admiraal W, Bijkerk R, 
Ietswaart T, Prins H. Monitoring of 
algae in Dutch Rivers: Does it 
meet its goals? Journal of Applied 
Phycology. 1998;10(2):171-181. 
DOI: 10.1023/A:1008049000764

[86] Marchand L, Nsanganwimana F, 
Cook BJ, Vystavna Y, Huneau F, Le 
Coustumer P, et al. Trace element 
transfer from soil to leaves of 
macrophytes along the Jalle d’Eysines 
River, France and their potential 
use as contamination biomonitors. 
Ecological Indicators. 2014;46:425-437. 
DOI: 10.1016/j.ecolind.2014.07.011

[87] Munné A, Prat N, Solà C, Bonada N, 
Rieradevall M. A simple field method 
for assessing the ecological quality of 
riparian habitat in rivers and streams: 
QBR index. Aquatic Conservation: 
Marine and Freshwater Ecosystems. 
2003;13:147-163



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

209

[88] Onaindia M, Amezaga I, Garbisu C, 
García-Bikuña B. Aquatic Macrophytes 
as biological indicators of environmental 
conditions of rivers in north-eastern 
Spain. Annales de Limnologie. 
2005;41(3):175-182. DOI: 10.1051/
limn:20054130175

[89] Thorne RSJ, Williams WP, Cao Y. 
The influence of data transformations 
on biological monitoring studies using 
macroinvertebrates. Water Research. 
1999;33(2):343-350. DOI: 10.1016/
S0043-1354(98)00247-4

[90] Whitton B, Kelly M. Use of algae 
and other plants for monitoring 
rivers. Australian Journal of Ecology. 
1995;20:45-56

[91] Norris RH, Norris KH. The need for 
biological assessment of water quality: 
Australian perspective. Australian 
Journal of Ecology. 1995;20:1-6

[92] Edelstein K. Pond and Stream Safari: 
A Guide to the Ecology of Aquatic 
Invertebrates. Ithaca, NY, U.S.A: Cornell 
Cooperative Extension; 1993

[93] Metcalfe JL. Biological water 
quality assessment of running 
waters based on macroinvertebrate 
communities: History and present 
status in Europe. Environmental 
Pollution. 1989;60(1-2):101-139. 
DOI: 10.1016/0269-7491(89)90223-6

[94] Hayslip G, editor. Methods for the 
Collection and Analysis of Benthic 
Macroinvertebrate Assemblages in 
Wadeable Streams of the Pacific 
Northwest. Cook, Washington, U.S.A: 
Pacific Northwest Aquatic Monitoring 
Partnership; 2007

[95] Hirst H, Jüttner I, Ormerod SJ. 
Comparing the responses of diatoms 
and macroinvertebrates to metals in 
upland streams of Wales and Cornwall. 

Freshwater Biology. 2002;47(9):1752-
1765. DOI: 10.1046/j.1365-2427. 
2002.00904.x

[96] King JM. Abundance, biomass and 
diversity of benthic macro-invertebrates 
in a Western Cape River, South Africa. 
Transactions of the Royal Society 
of South Africa. 1983;45(1):11-34. 
DOI: 10.1080/00359198309520092

[97] Metzeling L, Perriss S, Robinson D. 
Can the detection of salinity and habitat 
simplification gradients using rapid 
bioassessment of benthic invertebrates 
be improved through finer taxonomic 
resolution or alternative indices? 
Hydrobiologia. 2006;572:235-252

[98] Ojija F, Laizer H. Macro invertebrates 
as bio indicators of water quality in 
Nzovwe Stream, in Mbeya, Tanzania. 
International Journal of Scientific & 
Technology Research. 2016;5(06):211-
222 Available from: www.ijstr.org

[99] Reynoldson T, Norris R, Resh V, 
Day K, Rosenberg D. The reference 
condition: A comparison of multimetric 
and multivariate approaches to assess 
water-quality impairment using benthic 
macroinvertebrates. Journal of the 
North American Benthological Society. 
1997;16:833-852

[100] Atazadeh E, Barton A, Razeghi R. 
Importance of environmental flows in 
the Wimmera catchment, Southeast 
Australia. Limnological Review. 
2020b;20(4):185-198

[101] Dallas HF. Seasonal variability of 
macroinvertebrate assemblages in two 
regions of South Africa: Implications for 
aquatic bioassessment. African Journal 
of Aquatic Science. 2004;29(2):173-184. 
DOI: 10.2989/16085910409503808

[102] Mazor RD, Purcell AH, Resh VH. 
Long-term variability in bioassessments: 



River Basin Management - Under a Changing Climate

210

A twenty-year study from two northern 
California streams. Environmental 
Management. 2009;43(6):1269-1286. 
DOI: 10.1007/s00267-009-9294-8

[103] Townsend KR, Pettigrove VJ, 
Carew ME, Hoffmann AA. The effects 
of sediment quality on benthic 
macroinvertebrates in the river Murray, 
Australia. Marine and Freshwater 
Research. 2009;60(1):70-82. 
DOI: 10.1071/MF08121

[104] Schindler DW. Recent advances 
in the understanding and management 
of eutrophication. Limnology and 
Oceanography. 2006;51:356-363

[105] Omernik JM. Nonpoint Source–
Stream Nutrient Level Relationships: A 
Nationwide Survey. EPA-600/3-77-105, 
Ecological Research Series. Washington, 
DC: United States Environmental 
Protection Agency; 1977

[106] Corkum LD. Responses of 
chlorophyll-a, organic matter, and 
macroinvertebrates to nutrient additions 
in rivers flowing through agricultural and 
forested land Archiv für Hydrobiologie. 
1996;136(3):391-411 

[107] Atazadeh I, Sharifi M, Kelly MG. 
Evaluation of the trophic diatom index 
for assessing water quality in River 
Gharasou, western Iran. Hydrobiologia. 
2007;589:165-173

[108] Kelly MG, Whitton BA. Biological 
monitoring of eutrophication in rivers. 
Hydrobiologia. 1998;384:55-67

[109] Karr JR, Chu EW. Restoring Life 
in Running Waters: Better Biological 
Monitoring. Washington D.C.: Island 
Press; 1999

[110] Ofenböck T, Moog O, Gerritsen J, 
Barbour M. A stressor specific 
multimetric approach for monitoring 

running waters in Austria using benthic 
macro-invertebrates. Hydrobiologia. 
2004;516(1-3):251-268. DOI: 10.1023/ 
B:HYDR.0000025269.74061.f9

[111] Resh VH. Which group is best? 
Attributes of different biological 
assemblages used in freshwater 
biomonitoring programs. Environmental 
Monitoring and Assessment. 
2008;138(1-3):131-138. DOI: 10.1007/
s10661-007-9749-4

[112] Lock MA. Attached microbial 
communities in rivers. In: Ford TE, 
editor. Aquatic Microbiology—An 
Ecological Approach. Oxford: Blackwell; 
1993. pp. 113-138

[113] Feminella JW, Hawkins CP. 
Interactions between stream herbivores 
and periphyton: A quantitative analysis 
of past experiments. Journal of the 
North American Benthological Society. 
1995;14:465-509

[114] Hillebrand H. Top-down versus 
bottom-up control of autotrophic 
biomass - a meta-analysis on experiments 
with periphyton. Journal of the North 
American Benthological Society. 
2002;21:349-369

[115] Acs E, Szabo K, Toth B, 
Kiss KT. Ivestigation of benthic algal 
communities, especially diatoms, of 
some Hungarian streams in connection 
with reference conditions of the water 
framework directives. Acta Botanica 
Hungarica. 2004;46(3-4):255-277

[116] Chessman BC, Bate N, Gell PA, 
Newall P. A diatom species index for 
bioassessment of Australian rivers. 
Marine and Freshwater Research. 
2007;58:542-557

[117] Hayashi S, Eun J, Kazuhito J. 
Construction of river model biofilm 
for assessing pesticide effects. Archives 



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

211

of Environmental Contamination 
and Toxicology. 2011;60(1):44-56. 
DOI: 10.1007/s00244-010-9531-4

[118] Makk J, Ács É, Márialigeti K, 
Kovács G. Investigations on diatom-
associated bacterial communities 
colonizing an artificial substratum in 
the river Danube. Biologia, Bratislava. 
2003;58(4):729-742

[119] Weitere M, Erken M, Majdi N, 
Arndt H, Norf H, Reinshagen M, et al. 
The food web perspective on aquatic 
biofilms. Ecological Monographs. 
2018;88:1-17. DOI: 10.1002/ecm.1315

[120] Burns A, Ryder DS. Potential 
for biofilms as biological indicators 
in Australian riverine systems. 
Ecological Management & Restoration. 
2001;2:53-64

[121] Graba M, Sauvage S, Majdi N, 
Mialet B, Moulin FY, Urrea G, et al. 
Modelling epilithic biofilms combining 
hydrodynamics , invertebrate grazing 
and algal traits. Freshwater Biology. 
2014;2014(59):1213-1228. DOI: 10.1111/
fwb.12341

[122] Metting FB Jr. Biodiversity and 
application of microalgae. Journal of 
Industrial Microbiology. 1996;17: 
477-489

[123] Neu TR, Lawrence JR. Development 
and structure of microbial biofilms in 
river water studied by confocal laser 
scanning microscopy. FEMS Microbial 
Ecology. 1997;24:11-25

[124] Prieto DM, Rosa D-R, Rubinos DA, 
Díaz-Fierros F, Barral MT. Biofilm 
formation on river sediments 
under different light intensities and 
nutrient inputs: A flume Mesocosm 
study. Environmental Engineering 
Science. 2016;33(4):12. DOI: 10.1089/
ees.2015.0427

[125] Ryder DS, Watts RJ, Nye E, 
Burns A. Can flow velocity regulate 
epixylic biofilm structure in a regulated 
floodplain river? Marine and Freshwater 
Research. 2006;57:29-36

[126] Stevenson J. Ecological assessments 
with algae: A review and synthesis. 
Journal of Phycology. 2014;50:437-461

[127] Bunn SE, Balcombe SR, Davies PM, 
Fellows CS, McKenzie-Smith FJ. Aquatic 
productivity and food webs of desert 
river ecosystems. In: Ecology of Desert 
Rivers. Queensland, Australia: Griffth 
University; 2006. pp. 76-99

[128] Fogg GE. The role of algae 
in organic production in aquatic 
environments. British Phycological 
Bulletin. 1963;2(4):195-205. 
DOI: 10.1080/00071616300650021

[129] Guo F, Kainz MJ, Sheldon F, 
Bunn SE. The importance of high-quality 
algal food sources in stream food webs–
current status and future perspectives. 
Freshwater Biology. 2016a;61:815-831

[130] Fabian J. Effects of Algae on 
Microbial Carbon Cycling in Freshwaters. 
Potsdam: Universität Potsdam und IGB 
Leibniz-Institut für Gewässerökologie 
und Binnenfischerei; 2018

[131] Fenoglio S, Tierno M, Doretto A, 
Falasco E, Bona F. Aquatic insects and 
benthic diatoms : A history of biotic 
relationships in freshwater ecosystems. 
Water (Switzerland). 2020;12(10):2934

[132] Guo F, Kainz MJ, Valdez D, 
Sheldon F, Bunn SE. High-quality algae 
attached to leaf litter boost invertebrate 
shredder growth. Freshwater Science. 
2016b;35:000-000

[133] Torres-Ruiz M, Wehr JD, 
Perrone AA. Trophic relations in a stream 
food web: Importance of fatty acids for 



River Basin Management - Under a Changing Climate

212

macroinvertebrate consumers. Journal 
of the North American Benthological 
Society. 2007;26:509-522

[134] Brett M, Muller-Navarra D. The 
role of highly unsaturated fatty acids in 
aquatic foodweb processes. Freshwater 
Biology. 1997;38:483-499

[135] Guo F, Bunn SE, Brett MT, 
Fry B, Hager H, Ouyang X, et al. Feeding 
strategies for the acquisition of 
high-quality food sources in stream 
macroinvertebrates : Collecting , 
integrating, and mixed feeding. Limnology 
and Oceanography. 2018;63:1964-1978. 
DOI: 10.1002/lno.10818

[136] Peltomaa E, Johnson MD, 
Taipale SJ. Marine Cryptophytes are 
great sources of EPA and DHA. Marine 
Drugs. 2018;16(1):1-11. DOI: 10.3390/
md16010003

[137] Hixson SM, Arts MT. Climate 
warming is predicted to reduce Omega-
3, long-chain, polyunsaturated fatty 
acid production in phytoplankton. 
Global Change Biologyhange Biology. 
2016;22(8):2744-2755. DOI: 10.1111/
gcb.13295

[138] Bunn S, Davies P, Mosisch T. 
Ecosystem measures of river health and 
their response to riparian and catchment 
degradation. Freshwater Biology. 
1999;41:333-345

[139] Davies PM, Bunn SE, Hamilton SK, 
Dudgeon D. Primary production in 
tropical streams and rivers. In: Tropical 
Stream Ecology. Canberra: Academic 
Press; 2008. pp. 23-42

[140] Allan JD, Castillo MM, Capps KA. 
Primary producers. In: Stream Ecology. 
Cham: Springer; 2021. pp. 141-176. 
DOI: 10.1007/978-3-030-61286-3_6

[141] Biggs BJF. Patterns in benthic 
algae of streams. In: Stevenson RJ, 

Bothwell ML, Lowe RL, editors. Algal 
Ecology: Freshwater Benthic Ecosystems. 
San Diego, CA, USA: Academic Press; 
1996. pp. 31-56

[142] Biggs BJ, Stokseth S. Hydraulic 
habitat suitability for periphyton in 
rivers. River Research and Applications. 
1996;12(2-3):251-261

[143] Larned ST, Nikora VI, Biggs BJ. 
Mass-transfer-limited nitrogen and 
phosphorus uptake by stream 
periphyton: A conceptual model and 
experimental evidence. Limnology and 
Oceanography. 2004;49(6):1992-2000

[144] Nepf HM. Flow and transport 
in regions with aquatic vegetation. 
Annual Review of Fluid Mechanics. 
2012a;44(1):123-142

[145] Nepf HM. Hydrodynamics of 
vegetated channels. Journal of Hydraulic 
Research. 2012b;50(3):262-279

[146] Gurnell A. Plants as river system 
engineers. Earth Surface Processes and 
Landforms. 2014;39(1):4-25

[147] Kim S, Chung S, Park H, Cho Y, 
Lee H. Analysis of environmental factors 
associated with cyanobacterial 
dominance after river weir installation. 
Water (Switzerland). 2019;11:1163. 
DOI: 10.3390/w11061163

[148] Liu C, Chen Y, Zou L, Cheng B, 
Huang T. Time-lag effect : River algal 
blooms on multiple driving factors. 
Frontiers in Earth Science. 2022;9:1-12. 
DOI: 10.3389/feart.2021.813287

[149] Palmer M, Ruhi A. Linkages between 
flow regime, biota, and ecosystem 
processes: Implications for river 
restoration. Science. 2019;365(365):1264. 
DOI: 10.1126/science.aaw2087

[150] Ryder DS. Response of epixylic 
biofilm metabolism to water level 



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

213

variability in a regulated floodplain 
river. Journal of the North American 
Benthological Society. 2004;23:214-223

[151] Ryder DS, Miller W. Setting goals 
and measuring success: Linking patterns 
and processes in stream restoration. 
Hydrobiologia. 2005;552:147-158

[152] Reid MA, Tibby JC, Penny D, 
Gell PA. The use of diatoms to assess past 
and present water quality. Australian 
Journal of Ecology. 1995;20:57-64

[153] Gevrey M, Rimet F, Park YS, 
Giaraudel J-L, Ector L, Lek S. Water quality 
assessment using diatom assemblages 
and advanced modelling techniques. 
Freshwater Biology. 2004;49:208-220

[154] Singh S, James A, Bharose R. 
Biological assessment of water pollution 
using periphyton productivity : A review. 
Nature Environment and Pollution 
Technology. 2017;16(2):559-567

[155] Xuwang Y, Xiaodong Q , Qingnan L, 
Ying L, Yuan Z, Wei M. Using periphyton 
assemblages to assess stream conditions 
of Taizi River Basin, China. Acta 
Ecologica Sinica. 2012;6:1677-1691

[156] Ziglio G, Flaim G, Siligardi M. 
Biological Monitoring of Rivers. London, 
UK: John Wiley & Sons; 2006

[157] Suter GW. A critique of ecosystem 
health concepts and indexes. 
Environmental Toxicology and 
Chemistry. 1993;12:1533-1539

[158] Leunda PM, Oscoz J, Miranda R, 
Arino AH. Longitudinal and seasonal 
variation of the benthic macroinvertebrate 
community and biotic indices in an 
undisturbed Pyrenean River. Ecological 
Indicators. 2009;9:52-63. DOI: 10.1016/j.
ecolind.2008.01.009

[159] Munoz CZ, Sainz-Cantero CE, 
Sanchez-Ortega A, Alba-Tercedor J. Are 

biological indices BMPW’and ASPT’and 
their significance regarding water quality 
seasonally dependent? Factors explaining 
their variations. Water Research. 
1995;29(I):285-290

[160] Murphy PM. The temporal 
variability in biotic indices. Environ-
mental Pollution. 1978;17:227-236

[161] Stark JD, Phillips N. Seasonal 
variability in the macroinvertebrate 
community index: Are seasonal 
correction factors required? Seasonal 
variability in the macroinvertebrate 
community index: Are seasonal 
correction factors required? New Zealand 
Journal of Marine and Freshwater 
Research. 2009;43(4):867-882. 
DOI: 10.1080/00288330909510045

[162] Dallas HF. Rapid bioassessment 
protocols using aquatic 
macroinvertebrates in Africa – 
Considerations for regional adaptation 
of existing biotic indices. Frontiers 
in Water. 2021;3:1-12. DOI: 10.3389/
frwa.2021.628227

[163] Tang T, Jan Stevenson R, 
Infante DM. Accounting for regional 
variation in both natural environment 
and human disturbance to improve 
performance of multimetric indices of 
lotic benthic diatoms. The Science of the 
Total Environment. 2016;568:1124-1134. 
DOI: 10.1016/j.scitotenv.2016.03.060

[164] Government of Italy. Decreto 
Legislativo 11 Maggio 1999, n. 152 
(Modificato Dal Decreto Legislativo 18 
Agosto 2000, n. 258). Disposizione Sulla 
Tutela Delle Acque Dall’inquinamento e 
Recepimento Della Direttiva 91/271/CEE 
Concernente Il Trattamento Delle Acque 
Reflue Urbane E. Italy. 1999

[165] EU. The EU Water Framework 
Directive - Integrated River Basin 
Management for Europe. 2000. Available 



River Basin Management - Under a Changing Climate

214

from: https://ec.europa.eu/environment/
water/water-framework/index_en.html

[166] Govenor B, Merckaert K,  
Vanderborght B, Nicotra MM. 
Invariant set distributed explicit 
reference governors for provably safe 
on-board control of nano-quadrotor 
swarms. Frontiers in Robotics and 
AI. 2017;8:663809. DOI: 10.3389/
frobt.2021.663809

[167] Downes B, Barmuta L,  
Fairweather P, Faith D, Keough M, 
Lake P, et al. 2002. Monitoring Ecological 
Impacts: Concepts and Practice in 
Flowing Waters. New York, USA: 
Cambridge University Press; 2002

[168] Singh G, Patel N, Jindal T, 
Srivastava P, Bhowmik A. Assessment of 
spatial and temporal variations in water 
quality by the application of multivariate 
statistical methods in the Kali River, 
Uttar Pradesh, India. Environmental 
Monitoring and Assessment. 
2020;192(6):26. DOI: 10.1007/
s10661-020-08307-0

[169] Unda-Calvo J, Ruiz-Romera E,  
Martínez-Santos M, Vidal M, 
Antigüedad I. Multivariate statistical 
analyses for water and sediment 
quality index development: A study 
of susceptibility in an Urban River. 
Science of the Total Environment. 
2020;711:135026. DOI: 10.1016/j.
scitotenv.2019.135026

[170] Clarke RT, Wright JF, Furse MT. 
RIVPACS models for predicting the 
expected macroinvertebrate fauna 
and assessing the ecological quality 
of Rivers. Ecological Modelling. 
2003;160(3):219-233

[171] Clarke RT, Murphy JF. Effects of 
locally rare taxa on the precision and 
sensitivity of RIVPACS bioassessment 

of freshwaters. Freshwater Biology. 
2006;51(10):1924-1940

[172] Hargett EG, ZumBerge JR, 
Hawkins CP. Development of a Rivpacs 
Model for Wadeable Streams of 
Wyoming Wyoming Department of 
Enviroznmental Quality. Cheyenne,WY, 
U.S.A: Wyoming Department of 
Environmental Quality; 2005

[173] Wright J, Furse M, Armitage P. 
RIVPACS-a technique for evaluating 
the biological quality of rivers in the 
UK. European Water Pollution Control. 
1993;3:15-15

[174] Wright J, Furse M, Moss D. River 
classification using invertebrates: 
RIVPACS applications. Aquatic 
Conservation: Marine and Freshwater 
Ecosystems. 1998;8:617-631

[175] Reynoldson T, Day K, 
Pascoe T, Wright J, Sutcliffe D, Furse M. 
The development of the BEAST: A 
predictive approach for assessing 
sediment quality in the north American 
Great Lakes. In: Assessing the Biological 
Quality of Fresh Waters: RIVPACS and 
Other Techniques. Proceedings of an 
International Workshop Held in Oxford, 
UK, on 16-18 September 1997. Oxford, 
UK: Freshwater Biological Association 
(FBA); 2000. pp. 165-180

[176] Australian Government. Australian 
River Assessment System (AusRivAS) 
Bioassessment: Macroinvertebrate. 2022. 
Available from: https://wetlandinfo.des.
qld.gov.au/wetlands/resources/tools/
assessment-search-tool/australian-
river-assessment-system-ausrivas-
bioassessment-macroinvertebrate/

[177] Coysh J, Nichols S, Ransom G, 
Simpson J, Norris R, Barmuta L, et 
al. AUSRIVAS Macroinvertebrate 
Bioassessment Predictive Modelling 
Manual. Canberra: Cooperative Research 



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

215

Centre for Freshwater Ecology; 2000.  
pp. 15-30

[178] Chessman BC. What’s wrong with 
the Australian River Assessment System 
(AUSRIVAS)? Marine and Freshwater 
Research. 2021;72(8):1110-1117. 
DOI: 10.1071/MF20361

[179] Chessman BC, Growns JE, 
Kotlash AR. Objective derivation of 
macro invertebrate family sensitivity 
grade numbers for the SIGNAL biotic 
index: Application to the Hunter River 
system, New South Wales. Marine and 
Freshwater Research. 1997;48:159-172

[180] Bowd R, Kotze DC, Morris CD, 
Quinn NW. Testing the applicability 
of the SASS5 scoring procedure for 
assessing wetland health: A case study 
in the KwaZulu-Natal Midlands, South 
Africa. African Journal of Aquatic 
Science. 2006;31(2):229-246

[181] Dickens CWS, Graham PM. South 
African scoring system (SASS 5), rapid 
bioassessment method for rivers. African 
Journal of Aquatic Science. 2002;27:1-10. 
DOI: 10.2989/16085914.2002.9626569

[182] Davis WS, Simon TP, editors. 
Biological Assessment and Criteria: 
Tools for Water Resource Planning and 
Decision Making. Boca Raton, Florida, 
USA: Lewis Publishers; 1995

[183] Karr JR. Assessing Biological 
Integrity in Running Waters : A Method 
and its Rationale Special Publication 
No. 05. Urbana-Champaign, IL, U.S.A: 
Illinois Natural History Survey; 1986

[184] Karr JR. Ecological integrity 
and ecological health are not the 
same. Engineering within Ecological 
Constraints. 1996;97:109

[185] Leonard PM, Orth DJ. Application 
and testing of an index of biotic integrity 
in small, coolwater streams. Transactions 

of the American Fisheries Society. 
1986;115(3):401-414. DOI: 10.1577/ 
1548-8659(1986)115<401:aatoai>2.0.co;2

[186] Karr JR. Assessment of biotic 
integrity using fish communities. 
Fisheries. 1981;6:21-27

[187] Capmourteres V, Rooney N, 
Anand M. Assessing the causal 
relationships of ecological integrity: 
A re-evaluation of Karr’s iconic 
index of biotic integrity. Ecosphere. 
2018;9(3):e02168. DOI: 10.1002/ecs2.2168

[188] Dolph CL, Huff DD, Chizinski CJ, 
Vondracek B. Implications of community 
concordance for assessing stream 
integrity at three nested spatial scales in 
Minnesota, U.S.a. Freshwater Biology. 
2011;56:1652-1669

[189] Johnson RK, Daniel H. Spatial 
congruency of benthic diatom, 
invertebrate, macrophyte, and fish 
assemblages in European streams. 
Ecological Applications. 2010;20:978-992

[190] Paavola R, Muotka T, Virtanen R,  
Heino J, Jackson D, Mäki-Petäys A.  
Spatial scale affects community 
concordance among fishes, benthic 
macroinvertebrates, and bryophytes 
in streams. Ecological Applications. 
2006;16:368-379

[191] Huang X, Jing X, Liu B, Guan X, Li J. 
Assessment of aquatic ecosystem health 
with indices of biotic integrity (IBIs) in 
the Ganjiang River system, China. Water 
(Switzerland). 2022;14:278 https://doi.
org/doi:10.3390/w14030278

[192] Kerans BL, Karr JR. A benthic 
index of biotic integrity (B-IBI) for 
rivers of the Tennessee Valley. Ecological 
Applications. 1994;4:768-785

[193] Fore LS, Karr JR, Wisseman RW. 
Assessing invertebrate responses 
to human activities: Evaluating 



River Basin Management - Under a Changing Climate

216

alternative approaches. Journal of 
the North American Benthological 
Society. 1996;15(2):212-231. 
DOI: 10.2307/1467949

[194] Li F, Cai Q , Ye L. Developing a 
benthic index of biological integrity and 
some relationships to environmental 
factors in the subtropical Xiangxi 
River, China. International Review 
of Hydrobiology. 2010;95(2):171-189. 
DOI: 10.1002/iroh.200911212

[195] Diaz RJ, Randy Cutter G, Dauer DM. 
A comparison of two methods for 
estimating the status of benthic habitat 
quality in the Virginia Chesapeake Bay. 
Journal of Experimental Marine Biology 
and Ecology. 2003;285-286:371-381. 
DOI: 10.1016/S0022-0981(02)00538-5

[196] Jun YC, Kim NY, Kwon SJ, Han SC, 
Hwang IC, Park JH, et al. Effects of 
land use on benthic macroinvertebrate 
communities: Comparison of two 
mountain streams in Korea. Annales 
de Limnologie. 2011;47:S35-S49. 
DOI: 10.1051/limn/2011018

[197] MOE/NIER. Study on Development 
of Methods for Synthetic Assessment 
of Water Environment (III) – Survey 
and Evaluation of Aquatic Ecosystem 
Health. Seoul, Korea: The Ministry 
of Environment/National Institute of 
Environmental Research MOE/NIER; 
2006

[198] Zelinka M, Marvan P. Zur pra¨ 
zisierung der biologische klassifikation 
der reinheit fliessender gewa¨ 
sser. Archiv für Hydrobiologie. 
1961;57:389-407

[199] Hamsher SE, Vis ML. Utility of 
the periphyton index of biotic integrity 
(PIBI) as an indicator of acid mine 
drainage impacts in Southeastern Ohio. 
Journal of Phycology. 2003;39(1):20-21

[200] Limbeck R, Smith G. Pilot Study: 
Implementation of a Periphyton 
Monitoring Network for the Non-
Tidal Delaware River Delaware River 
Biomonitoring Program Delaware River 
Basin Commission. West Trenton, NJ, 
U.S.A.: Delaware River Biomonitoring 
Program Delaware River Basin 
Commission; 2007

[201] Chessman BC, Townsend SA. 
Differing effects of catchment land use 
on water chemistry explain contrasting 
behaviour of a diatom index in tropical 
northern and temperate southern 
Australia. Ecological Indicators. 
2010;10:620-626. DOI: 10.1016/j.
ecolind.2009.10.006

[202] Wang Y-k, Jan Stevenson R, 
Meitzmeir L. Development and 
evaluation of a diatom-based index 
of biotic integrity for the interior 
plateau ecoregion, USA. Journal of 
the North American Benthological 
Society. 2005;24(4):990-1008. 
DOI: 10.1899/03-028.1

[203] Klemm DJ, Karen A, et al. 
Development and evaluation of a 
macroinvertebrate biotic integrity 
index (MBII) for regionally assessing 
mid-Atlantic highlands streams. 
Environmental Management. 
2003;31(5):656-669. DOI: 10.1007/
s00267-002-2945-7

[204] Kvíderová J, Elster J. Standardized 
algal growth potential and/or algal 
primary production rates of maritime 
Antarctic stream waters (King George 
Island, south Shetlands). Polar Research. 
2013;32(SUPPL):1-17. DOI: 10.3402/
polar.v32i0.11191

[205] Webster IT, Rea N, Padovan AV, 
Dostine P, Townsend SA, Cook S. An 
analysis of primary production in the 
Daly River, a relatively unimpacted 
tropical river in Northern Australia. 



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

217

Marine and Freshwater Research. 
2005;56(3):303-316. DOI: 10.1071/
MF04083

[206] Sabater S, Artigas J, Corcoll N, 
Proia L, Timoner X, Tornés E. 
Ecophysiology of river algae. In: Jr ON, 
editor. River Algae. Berlin, Germany: 
Springer; 2016. pp. 197-218. 
DOI: 10.1007/978-3-319-31984-1

[207] Biggs BJ, Goring DG, Nikora VI. 
Subsidy and stress responses of stream 
periphyton to gradients in water velocity 
as a function of community growth form. 
Journal of Phycology. 1998;34:598-607

[208] Dixit SS, Smol JP, Kingston JC, 
Charles DF. Diatoms: Powerful indicators 
of environmental change. Environmental 
Science & Technology. 1992;26:22-33

[209] Lacoursière S, Lavoie I, 
Rodríguez MA, Campeau S. Modeling 
the response time of diatom assemblages 
to simulated water quality improvement 
and degradation in running waters. 
Canadian Journal of Fisheries and 
Aquatic Sciences. 2011;68:487-497

[210] McCormick PV, Cairns J Jr. 
Algae as indicators of environmental 
change. Journal of Applied Phycology. 
1994;6:509-526

[211] Patrick R. A proposed biological 
measure of stream conditions based on a 
survey of the Conestoga Basin, Lancaster 
County, Pennsylvania. Proceedings of 
the Academy of Natural Sciences of 
Philadelphia. 1949;101:277-341

[212] Potapova MG, Charles DF. Benthic 
diatoms in USA rivers: Distributions 
along spatial and environmental 
gradients. Journal of Biogeography. 
2002;29:167-187

[213] Smol JP, Cumming BF. Tracking 
long-term changes in climate using algal 

indicators in lake sediments. Journal of 
Phycology. 2000;36:986-1011

[214] Stevenson RJ, Bahls LL. 
Periphyton protocols. In: Barbour MT, 
Gerritsen J, Snyder BD, Stribling JB, 
editors. Rapid Bioassessment Protocols 
for Use in Streams and Wadeable Rivers: 
Periphyton, Benthic Macroinvertebrates, 
and Fish. 2nd ed. Washington, DC, 
U.S.A: Office of Water US Environmental 
Protection Agency; 1999. pp. 1-22

[215] Puche E, Rojo C, Ramos-Jiliberto R, 
Rodrigo MA. Structure and vulnerability 
of the multi-interaction network in 
macrophytedominated lakes. Oikos. 
2019;129:35-48

[216] Bartleson RD, Kemp WM, 
Stevenson JC. Use of a simulation model 
to examine effects of nutrient loading 
and grazing on Potamogeton perfoliatus L. 
communities in microcosms. Ecological 
Modelling. 2005;185:483-512

[217] Dong XY, Li B, He FZ, 
Gu Y, Sun MQ , Zhang HM, et al. Flow 
directionality, mountain barriers and 
functional traits determine diatom 
metacommunity structuring of high 
mountain streams. Scientific Reports. 
2016;6:24711

[218] Lange K, Townsend CR, 
Matthaei CD. A trait-based framework 
for stream algal communities. Ecology 
and Evolution. 2016;6:23-36

[219] Lowe RL, Pan Y. Benthic algal 
communities as biological indicators. 
In: Stevenson RJ, Bothwell ML, 
Lowe RL, editors. Algal Ecology. San 
Diego: Freshwater Benthic Ecosystems. 
Academic Press; 1996. pp. 705-739

[220] Van Dam H, Mertens A, 
Sinkeldam J. A coded checklist and 
ecological indicator values of freshwater 
diatoms from the Netherlands. 



River Basin Management - Under a Changing Climate

218

Netherland Journal of Aquatic Ecology. 
1994;28:117-133

[221] Wu NC, Schmalz B, Fohrer N. 
Development and testing of a 
phytoplankton index of biotic integrity 
(P-IBI) for a German Lowland River. 
Ecological Indicators. 2012;13:158-167

[222] Porter SD. Algal Attributes: An 
Autecological Classification of Algal Taxa 
Collected by the National Water-Quality 
Assessment Program (Data Series 329). 
Reston, VA: US Geological Survey; 2008. 
Available from: http://pubs.usgs.gov/ds/
ds329/

[223] Environmental Protection 
Authority Victoria. Rapid Bioassessment 
Methodology for Rivers and Streams. 
Melbourne: EPA; 2003

[224] Bothwell ML. Phosphorus-limited 
growth dynamics of lotic periphytic 
diatom communities: Areal biomass and 
cellular growth rate responses. Canadian 
Journal of Fisheries and Aquatic 
Sciences. 1989;46:1293-1301

[225] Breuer F, Janz P, Farrelly E, Ebke 
K-p. Environmental and structural 
factors influencing algal communities 
in small streams and ditches in 
Central Germany. Journal of 
Freshwater Ecology. 2017;32(1):65-83. 
DOI: 10.1080/02705060.2016.1241954

[226] McCormick PV, Stevenson RJ. 
Periphyton as a tool for ecological 
assessment and management in the 
Florida Everglades. Journal of Phycology. 
1998;34:726-733

[227] Zhang J, Shu X, Zhang Y, Tan X, 
Zhang Q. The responses of epilithic algal 
community structure and function to 
light and nutrients and their linkages 
in subtropical rivers. Hydrobiologia. 
2020;847(3):841-855. DOI: 10.1007/
s10750-019-04146-4

[228] Biggs BJ, Hickey CW. Periphyton 
responses to a hydraulic gradient in 
a regulated river in New Zealand. 
Freshwater Biology. 1994;32:49-59

[229] Osorio V, Proia L, Ricart M, Pérez S, 
Ginebreda A, Luís J, et al. Hydrological 
variation modulates pharmaceutical 
levels and bio fi lm responses 
in a Mediterranean River. The 
Science of the Total Environment. 
2014;472(2014):1052-1061. 
DOI: 10.1016/j.scitotenv.2013.11.069

[230] Ponsatí L, Acuña V, Aristi I, 
Arroita M, Schiller D, Elosegi A, et al. 
Biofilm responses to flow regulation 
by dams in Mediterranean Rivers. 
River Research and Applications. 
2015;31(1003-1016):1003-1016. 
DOI: 10.1002/rra

[231] Ponsati L, Corcoll N, Petrovic M, 
Pico Y, Ginrebreda A, Tornes E, et al. 
Multiple-stressor effects on river biofilms 
under different hydrological conditions. 
Freshwater Biology. 2016;2016(61):2102-
2115. DOI: 10.1111/fwb.12764

[232] Tsai Y-p. Impact of flow velocity 
on the dynamic behaviour of biofilm 
bacteria. Biofouling. 2005;21(5/6):267-
277. DOI: 10.1080/08927010500398633

[233] Poikane S, Kelly M, Cantonati M. 
Benthic algal assessment of ecological 
status in European lakes and rivers : 
Challenges and opportunities. The 
Science of the Total Environment. 
2016;568:603-613. DOI: 10.1016/j.
scitotenv.2016.02.027

[234] Schneider SC, Kahlert M, 
Kelly MG. Interactions between PH and 
nutrients on benthic algae in streams 
and consequences for ecological status 
assessment and species richness patterns. 
The Science of the Total Environment. 
2013;444:73-84. DOI: 10.1016/j.
scitotenv.2012.11.034



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

219

[235] Stevenson RJ, Peterson CG. Variation 
in benthic diatom (Bacillariophyceae) 
immigration with habitat characteristics 
and cell morphology. Journal of 
Phycology. 1989;25:120-129

[236] Horner RR, Welch EB, Seeley MR, 
Jacoby JM. Responses of periphyton to 
changes in current velocity, suspended 
sediment and phosphorus concentration. 
Freshwater Biology. 1990;24:215-232

[237] Poff NL, Voelz NJ, Ward JV. Algal 
colonization under four experimentally-
controlled current regimes in a high 
mountain stream. Journal of the North 
American Benthological Society. 
1990;9:303-318

[238] Biggs BJF, Close ME. Periphyton 
biomass dynamics in gravel bed Rivers: 
The relative effects of flow and nutrients. 
Freshwater Biology. 1989;22:209-231

[239] Grimm NB, Fisher SG. Stability of 
periphyton and macroinvertebrates to 
disturbance by flash floods in a desert 
stream. Journal of the North American 
Benthological Society. 1989;8:293-307

[240] Peterson CG, Stevenson RJ. 
Post-spate development of epilithic 
algal communities in different current 
environments. Canadian Journal of 
Botany. 1990;68:2092-2102

[241] Steinman AD, McIntire CD. Effects 
of current velocity and light energy on 
the structure of periphyton assemblages 
in laboratory streams. Journal of 
Phycology. 1986;22:352-361

[242] Tas B. Diversity of phytoplankton 
and trophic status in the Gaga Lake, 
Turkey. Energy Education Science and 
Technology Part A: Energy Science and 
Research. 2012;30(1):33-44

[243] Round FE. Biology of the Algae. 
London, UK: Arnold; 1970

[244] Stevenson RJ, Bothwell ML, 
Lowe RL, Thorp JH. Algal Ecology: 
Freshwater Benthic Ecosystem. 
Michigan, USA: Academic Press; 1996

[245] Allan JD, Castillo MM. Stream 
Ecology: Structure and Function of 
Running Waters. New York, USA: 
Springer Science & Business Media; 2007

[246] Rober AR, Wyatt KH, 
Stevenson RJ. Regulation of algal 
structure and function by nutrients and 
grazing in a boreal wetland. Regulation. 
2011;30:787-796

[247] Law RJ. A review of the function 
and uses of, and factors affecting, stream 
phytobenthos. Freshwater Reviews. 
2011;4:135-166

[248] Shen L, Dou M, Xia R, Li G, Yang B. 
Effects of hydrological change on the risk 
of riverine algal blooms : Case study in 
the mid-downstream of the Han River 
in China. Environmental Science and 
Pollution Research. 2021;28:19851-19865

[249] Xia R, Zhang Y, Wang G, Zhang Y, 
Dou M. Multi-factor identifi cation 
and modelling analyses for managing 
large river algal blooms. Environmental 
Pollution. 2019;254:113056. 
DOI: 10.1016/j.envpol.2019.113056

[250] Long T, Funk A, Pletterbauer F, 
et al. Management challenges related 
to long-term ecological impacts, 
complex stressor interactions, and 
different assessment approaches in the 
Danube River Basin. River Research and 
Applications. 2019;35:500-509. DOI: 
10.1002/rra.3243

[251] Steinman AD. Effects of grazers 
on freshwater benthic algae. In: 
Stevenson RJ, Bothwell ML, Lowe RL, 
editors. Algal Ecology; Freshwater 
Benthic Ecosystems. San Diego, CA: 
Academic Press; 1996. pp. 341-373



River Basin Management - Under a Changing Climate

220

[252] Richardson K, Beardall J, 
Raven JA. Adaptation of unicellular algae 
to irradiance: An analysis of strategies. 
New Phytologist. 1983;93(2):157-191. 
DOI: 10.1111/j.1469-8137.1983.tb03422.x

[253] Dean CA, Selckmann GM. Ecology 
and Management of Filamentous Green 
Algae. Rockville, MD, U.S.A: Interstate 
Commission on the Potomac River Basin 
(ICPRB); 2015

[254] Gökçe D. Algae as an 
indicator of water quality. In: 
Thajuddin N, Dhanasekaran D, editors. 
Algae - Organisms for Imminent 
Biotechnology. London: IntechOpen; 
2016. DOI: 10.5772/62916

[255] Berkman JAH, Canova MG. 
Chapter 7.4, Algai Biomass Indicators: 
U.S. Geological Survey Techniques of 
Water-Resources Investigations, Book 9. 
Colorado: U.S. Geological Survey; 2007. 
DOI: 10.3133/twri09A7.4

[256] Paul MJ, Walsh B, Oliver J. Algal 
Indicators in Streams: A Review of their 
Application in Water Quality Management 
of Nutrient Pollution. EPA 822-B-17-002. 
Ohio, USA: Environmental Protection 
Agency; 2017. Available from: https://
www.epa.gov/nutrient-policy-data/
algal-indicators-streams-review-their-
application-water-quality-management

[257] Vis C, Hudon C, Cattaneo A, 
Pinel-Alloul B. Periphyton as an indicator 
of water quality in the St Lawrence 
River (Quebec, Canada). Environmental 
Pollution. 1998;101(1):13-24. 
DOI: 10.1016/S0269-7491(98)00042-6

[258] Raschke RL, Schultz DA. The use of 
the algal growth potential test for data 
assessment. Water Pollution Control 
Federation. 1987;59:222-227

[259] Hodson R, De Silva N. Assessing the 
State of Periphyton in Southland Streams 

and Rivers. Invercargill, New Zealand: 
Environment Southland Division; 2018

[260] Lund EM, Drake DC. Species-
specific wet-dry mass calibrations for 
common submersed macrophytes in the 
upper Mississippi River. Aquatic Botany. 
2021;169(February 2021):103344

[261] Maslukah L, Zainuri M, 
Wirasatriya A, Salma U. Spatial 
distribution of chlorophyll-a and its 
relationship with dissolved inorganic 
phosphate influenced by rivers in the 
north coast of Java. Journal of Ecological 
Engineering. 2019;20(7):18-25. 
DOI: 10.12911/22998993/108700

[262] Pinder LCV, Marker AFH, 
Pinder AC, Ingram JKG, Leach DV, 
Collett GD. Concentrations of suspended 
chlorophyll a in the Humber Rivers. 
Science of the Total Environment. 
1997;194-195:373-378. DOI: 10.1016/
S0048-9697(96)05376-4

[263] Turner RE, Milan CS, 
Swenson EM, Lee JM. Peak chlorophyll 
a concentrations in the lower Mississippi 
River from 1997 to 2018. Limnology 
and Oceanography. 2022;67(3):703-712. 
DOI: 10.1002/lno.12030

[264] Gyeom H, Hong S, Jeong K-s, Kim 
D-k, Joo G-j. Determination of sensitive 
variables regardless of hydrological 
alteration in artificial neural network 
model of chlorophyll a : Case study of 
Nakdong River. Ecological Modelling. 
2019;398(March):67-76. DOI: 10.1016/j.
ecolmodel.2019.02.003

[265] Biggs BJ. Hydraulic habitat of plants 
in streams. Regulated Rivers: Research & 
Management. 1996b;12(2-3):131-144

[266] Biggs BJ, Smith RA, Duncan MJ. 
Velocity and sediment disturbance 
of periphyton in headwater streams: 
Biomass and metabolism. Journal of the 



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

221

North American Benthological Society. 
1999;18:222-241

[267] Saul BC, Hudgens MG, Mallin MA. 
Downstream effects of upstream causes. 
Journal of the American Statistical 
Association. 2019;114(528):1493-1504. 
DOI: 10.1080/01621459.2019.1574226

[268] Leland HV. The influence of water 
depth and flow regime on phytoplankton 
biomass and community structure in a 
shallow, lowland river. Hydrobiologia. 
2003;506:247-255

[269] Riseng C, Wiley M, Stevenson R. 
Hydrologic disturbance and nutrient 
effects on benthic community structure 
in midwestern US streams: A covariance 
structure analysis. Journal of the North 
American Benthological Society. 
2004;23:309-326

[270] Taylor SL, Roberts SC, Walsh CJ, 
Hatt BE. Catchment urbanisation and 
increased benthic algal biomass in streams: 
Linking mechanisms to management. 
Freshwater Biology. 2004;49:835-851

[271] Mosisch TD, Bunn SE. Temporal 
patterns of rainforest stream 
Epilithic algae in relation to flow-
related disturbance. Aquatic Botany. 
1997;58(2):181-193. DOI: 10.1016/
S0304-3770(97)00001-6

[272] Campbell RE, Winterbourn MJ, 
Cochrane TA, McIntosh AR. Flow-
related disturbance creates a gradient 
of metacommunity types within 
stream networks. Landscape Ecology. 
2015;30(4):667-680. DOI: 10.1007/
s10980-015-0164-x

[273] Stevenson RJ, Rier ST, Riseng CM, 
Schultz RE, Wiley MJ. Comparing effects 
of nutrients on algal biomass in streams 
in two regions with different disturbance 
regimes and with applications 
for developing nutrient criteria. 

Hydrobiologia. 2006;561(1):149-165. 
DOI: 10.1007/s10750-005-1611-5

[274] Juneja A, Ceballos RM, Murthy GS. 
Effects of environmental factors and 
nutrient availability on the biochemical 
composition of algae for biofuels 
production: A review. Energies. 
2013;6(9):4607-4638. DOI: 10.3390/
en6094607

[275] Biggs BJ, Lowe RL. Responses of 
two trophic levels to patch enrichment 
along a New Zealand stream continuum. 
New Zealand Journal of Marine and 
Freshwater Research. 1994;28:119-134

[276] Rosemond AD, Mulholland PJ, 
Elwood JW. Top-down and bottom-up 
control of stream periphyton: Effects 
of nutrients and herbivores. Ecology. 
1993;74:1264-1280

[277] McCormick PV. Resource 
competition and species coexistence in 
freshwater benthic algal assemblages. In: 
Stevenson RJ, Bothwell ML, Lowe RL, 
editors. Algal Ecology, Freshwater 
Benthic Ecosystems. London: Academic 
Press; 1996. pp. 229-252

[278] Iannino A, Fink P, Weitere M. 
Feedback between bottom-up and top-
down control of stream biofilm mediated 
through eutrophication effects on grazer 
growth. Scientific Reports. 2021;11(1):1-
10. DOI: 10.1038/s41598-021-00856-9

[279] Biggs BJ, Smith RA. Taxonomic 
richness of stream benthic algae: Effects 
of flood disturbance and nutrients. 
Limnology and Oceanography. 
2002;47:1175-1186

[280] Cullis JD, Crimaldi JP, 
McKnight DM. Hydrodynamic shear 
removal of the nuisance stalk-forming 
diatom Didymosphenia geminata. 
Limnology and Oceanography: Fluids 
and Environments. 2013;3:256-268



River Basin Management - Under a Changing Climate

222

[281] Ledger ME, Harris RML, 
Armitage PD, Milner AM. Disturbance 
frequency influences patch dynamics 
in stream benthic algal communities. 
Oecologia. 2008;155(4):809-819. 
DOI: 10.1007/s00442-007-0950-5

[282] Chester ET, Robson BJ. Do 
recolonisation processes in intermittent 
streams have sustained effects on 
benthic algal density and assemblage 
composition? Marine and Freshwater 
Research. 2014;65:784-790

[283] Lukács Á, Kókai Z, Török P, Bácsi I, 
Borics G, Várbíró G, et al. Colonisation 
processes in benthic algal communities 
are well reflected by functional groups. 
Hydrobiologia. 2018;823(1):231-245. 
DOI: 10.1007/s10750-018-3711-z

[284] Robson BJ. Role of residual 
biofilm in the recolonization of rocky 
intermittent streams by benthic algae. 
Marine and Freshwater Research. 
2000;51:725-732

[285] Robson BJ, Matthews TG, 
Lind PR, Thomas NA. Pathways for 
algal recolonization in seasonally-
flowing streams. Freshwater Biology. 
2008;53:2385-2401

[286] Bunn SE, Arthington AH. Basic 
principles and ecological consequences 
of altered flow regimes for aquatic 
biodiversity. Environmental 
Management. 2002;30:492-507

[287] Goshtasbi H, Atazadeh E, Fathi M, 
Movafeghi A. Using physicochemical and 
biological parameters for the evaluation 
of water quality and environmental 
conditions in international wetlands on 
the southern part of Lake Urmia, Iran. 
Environmental Science and Pollution 
Research. 2022;29(13):18805-18819

[288] Woodward G, Perkins DM, 
Brown LE. Climate change and 

freshwater ecosystems: Impacts 
across multiple levels of organization. 
Philosophical Transactions of 
the Royal Society B: Biological 
Sciences. 2010;365(1549):2093-2106. 
DOI: 10.1098/rstb.2010.0055

[289] Baron JS, Poff NL, Angermeier PL, 
Dahm CN, Gleick PH, Hairston NG, et al. 
Meeting ecological and societal needs 
for freshwater. Ecological Applications. 
2002;12:1247-1260

[290] De Wit E, van Doremalen N, 
Falzarano D, Munster VJ. SARS and 
MERS: Recent insights into emerging 
coronaviruses. Nature Reviews 
Microbiology. 2016;14(8):523-534. DOI: 
10.1038/nrmicro.2016.81

[291] Viney NR, Bates BC, Charles SP, 
Webster IT, Bormans M. Modelling 
adaptive management strategies 
for coping with the impacts of 
climate variability and change 
on riverine algal blooms. Global 
Change Biology. 2007;13:2453-2465. 
DOI: 10.1111/j.1365-2486.2007.01443.x

[292] Quiel K, Becker A, Kirchesch V, 
Scho A. Influence of global change on 
phytoplankton and nutrient cycling in 
the Elbe River. Regional Environmental 
Change. 2011;11:405-421. DOI: 10.1007/
s10113-010-0152-2

[293] Zhou S, Naicheng W, Zhang M, 
Peng W, He F, Guo K. Local 
environmental, geo-climatic and spatial 
factors interact to drive community 
distributions and diversity patterns of 
stream benthic algae, macroinvertebrates 
and fishes in a large basin, Northeast 
China. Ecological Indicators. 
2020;117(June):106673. DOI: 10.1016/j.
ecolind.2020.106673

[294] Johnson BT, Hennessy EA. 
Systematic reviews and meta-analyses 
in the health sciences: Best practice 



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

223

methods for research syntheses. Social 
Science & Medicine. 2019;233:237-251. 
DOI: 10.1016/j.socscimed.2019.05.035

[295] Sinha E, Michalak A. Precipitation 
dominates interannual variability 
of riverine nitrogen loading across 
the continental United States. 
Environmental Science & Technology. 
2016;50(23):12874-12884. DOI: 10.1021/
acs.est.6b04455

[296] Pourfallah K, Hassan RM, 
Khaledian MR. Impact of precipitation 
and flow rate changes on the water 
quality of a Coastal River. Shock 
and Vibration. 2021;2021:13. 
DOI: 10.1155/2021/6557689

[297] Shang H, Menenti M, Jia L. 
Modelling stream flow with a discrete 
rainfall and 37 GHz PDBT microwave 
observations: The Xiangjiang River basin 
case study. Hydrology and Earth System 
Sciences Discussions. 2016;no. June:1-34. 
DOI: 10.5194/hess-2016-129

[298] Environmental Protection Agency. 
Climate Change Indicators: Heavy 
Precipitation. 2021. Available from: https://
www.epa.gov/climate-indicators/climate-
change-indicators-heavy-precipitation

[299] Environmental Protection Agency 
(EPA). Climate Change Indicators in the 
United States: Streamflow. Washigton, 
U.S.A: Environmental Protection Agency 
(EPA); 2016

[300] Panagoulia D. Catchment 
hydrological responses to climate 
changes calculated from incomplete 
climatological data. IAHS Publication. 
1993;212:461-468

[301] Panagoulia D. Assessment of daily 
catchment precipitation in mountainous 
regions for climate change interpretation. 
Hydrological Sciences Journal. 
1995;40(3):331-350

[302] Panagoulia D, Bardossy A, 
Lourmas G. Multivariate stochastic 
downscaling models for generating 
precipitation and temperature scenarios 
of climate change based on atmospheric 
circulation. Global NEST Journal. 
2008;10(2):263-272

[303] Panagoulia D, Tsekouras GJ, 
Kousiouris G. A multi-stage methodology 
for selecting input variables in ANN 
forecasting of river flows. Global NEST 
Journal. 2017;19:49-57

[304] Ray RL, Beighley RE, Yoon Y. 
Integrating runoff generation and flow 
routing in Susquehanna River basin to 
characterize key hydrologic processes 
contributing to maximum annual 
flood events. Journal of Hydrologic 
Engineering. 2016;21(9):117-138

[305] Mann H, Fyfe WS. Biogeochemical 
cycling of the elements in some fresh 
water algae from gold and uranium 
mining districts. Biorecovery. 1988;1:3-26

[306] Bold CH, Wynne MJ. Introduction 
to the Algae: Structure and Reproduction. 
Michigan: Prentice Hall; 1984

[307] Shetty P, Gitau MM, Maróti G. 
Salinity stress responses and adaptation 
mechanisms in eukaryotic green 
microalgae. Cell. 2019;8(12):1657. 
DOI: 10.3390/cells8121657

[308] Kelly MG, Adams C, Graves AC, 
Jamieson J, Krokowski J, Lycett EB, et al. 
The Trophic Diatom Index: A user’s 
Manual. Environment Agency: Bristol; 
2001. p. 135

[309] Kelly MG, Cazaubon A, Coring E, 
Dell'Uomo A, Ector L, Goldsmith B, 
et al. Recommendations for the routine 
sampling of diatoms for water quality 
assessments in Europe. Journal of 
Applied Phycology. 1998;10:215-224



River Basin Management - Under a Changing Climate

224

[310] Lowe RL, Laliberte GD. Benthic 
Stream Algae: Distribution and 
Structure. San Diego, CA: Academic 
Press; 1996. pp. 269-293

[311] Huh MK. River ecosystem 
and floristic characterization of 
riparian zones at the Youngjeong 
River, Sacheon-Ci, Korea. Journal 
of Life Science. 2017;27(3):301-309. 
DOI: 10.5352/jls.2017.27.3.301

[312] Lebkuecher JG, Tuttle EN, 
Johnson JL, Willis NK. Use of algae to 
assess the trophic state of a stream in 
Middle Tennessee. Journal of Freshwater 
Ecology. 2015;30:349-376

[313] Perona E, Bonilla I, Mateo P. 
Epilithic cyanobacterial communities 
and water quality: An alternative tool 
for monitoring eutrophication in the 
Alberche River (Spain). Journal of 
Applied Phycology. 1998;10:183-191

[314] Potapova M, Charles DF. Diatom 
metrics for monitoring eutrophication 
in rivers of the United States. Ecological 
Indicators. 2007;7:48-70

[315] Whaeeb ST, Alsadoon Z, Fadhil AH. 
Echinococcosis-review. International 
Journal of Advanced Research in 
Biological Sciences. 2021;8(9):1-3. 
DOI: 10.22192/ijarbs.2021.08.9.001

[316] Kelly MG. Use of the trophic diatom 
index to monitor eutrophication in rivers. 
Water Research. 1998;32:236-242

[317] Greeson, Phillip E. Annotated Key 
To the Identification of Commonly 
Occurring and Dominant Genera of 
Algae Observed in the Phytoplankton of 
the United States. US Geological Survey 
Water Supply Paper 279. 1982

[318] Codd GA. Cyanobacterial toxins, 
the perception of water quality, and the 
prioritisation of eutrophication control. 
Ecological Engineering. 2000;16:51-60

[319] Ferreira JG, Andersen JH, Borja A, 
Bricker SB, Camp J, Da Silva MC, et al. 
Overview of eutrophication indicators to 
assess environmental status within the 
European Marine Strategy Framework 
Directive. Estuarine, Coastal and Shelf 
Science. 2011a;93:117-131

[320] Vasconcelos V. Eutrophicatton, toxic 
cyanobacteria and cyanotoxins: When 
ecosystems cry for help. Limnetica. 
2006;25(1-2):425-432. DOI: 10.23818/
limn.25.30

[321] Gordon R, Losic D, Tiffany MA, 
Nagy SS, Sterrenburg FAS. The 
glass menagerie: Diatoms for novel 
applications in nanotechnology. Trends 
in Biotechnology. 2009;27:116-127

[322] Blimm WD, Herbst DB. Use of 
Diatoms and Soft Algae as Indicators 
of Environmental Determinants in the 
Lahontan Basin, USA. Sacramento, CA, 
U.S.A.: CALIFORNIA STATE WATER 
RESOURCES BOARD; 2003

[323] Fore LS, Grafe C. Using diatoms 
to assess the biological condition of 
large rivers in Idaho (USA). Freshwater 
Biology. 2002;47:2015-2037

[324] Kelly MG, Juggins S, Bennion H, 
Burgess A, Yallop M, Hirst H, et al. Use 
of Diatoms for Evaluating Ecological 
Status in UK Freshwaters. Bristol, U.K.: 
Environment Agency; 2008

[325] Kwandrans J, Eloranta P, 
Kawecka B, Wojtan K. Use of benthic 
diatom communities to evaluate 
water quality in rivers of southern 
Poland. Journal of Applied Phycology. 
1998;10:193-201

[326] Patrick R. Use of algae, especially 
diatoms, in the assessment of water 
quality. In: Biological Methods for the 
Assessment of Water Quality. Virginia, 
USA: ASTM International; 1973



Monitoring of Rivers and Streams Conditions Using Biological Indices with Emphasis on Algae…
DOI: http://dx.doi.org/10.5772/intechopen.105749

225

[327] Tan X, Ma P, Xia X, Zhang Q. 
Spatial pattern of benthic diatoms and 
water quality assessment using diatom 
indices in a subtropical river, China. 
CLEAN–soil. Air, Water. 2014;42:20-28

[328] Masouras A, Karaouzas I, 
Dimitriou E, Tsirtsis G, Smeti E. Benthic 
diatoms in river biomonitoring—present 
and future perspectives within the water 
framework directive. Water. 2021;13:478. 
DOI: 10.3390/w13040478

[329] Cox EJ, Reid G. River Nar 
Eutrophication Studies-Diatoms. 
London, U.K.: The Natural History 
Museum; 1994

[330] Rimet F. Recent views on river 
pollution and diatoms. Hydrobiologia. 
2012;683(1):1-24. DOI: 10.1007/
s10750-011-0949-0

[331] Wu J-T, Kow L-T. Applicability of a 
generic index for diatom assemblages to 
monitor pollution in the tropical River 
Tsanwun, Taiwan. Journal of Applied 
Phycology. 2002;14:63-69

[332] Atazadeh E, Gell P, Mills K, 
Barton A, Newall P. Community 
structure and ecological responses 
to hydrological changes in benthic 
algal assemblages in a regulated 
river: Application of algal metrics 
and multivariate techniques in 
river management. Environmental 
Science and Pollution Research. 
2021;28(29):39805-39825

[333] Çelekli A, Lekesiz Ö, 
Yavuzatmaca M. Bioassessment of water 
quality of surface waters using diatom 
metrics. Turkish Journal of Botany. 
2021;45(5):379-396. DOI: 10.3906/
bot-2101-16

[334] John J. Bioassessment of health of 
aquatic systems by the use of diatoms. 
In: Modern Trends in Applied Aquatic 

Ecology. Netherlands: Springer; 2003. pp. 
1-20

[335] John J. A Diatom Prediction Model 
and Classification for Urban Streams 
from Perth, Western Australia. Germany: 
Koeltz Scientific Books; 2012

[336] Newall P, Walsh CJ. Response 
of epilithic diatom assemblages to 
urbanization influences. Hydrobiologia. 
2005;532:53-67

[337] Sonneman JA, Walsh CJ, Breen PF, 
Sharpe AK. Effects of urbanization 
on streams of the Melbourne region, 
Victoria, Australia. II. Benthic Diatom 
Communities. Freshwater Biology. 
2001;46:553-565

[338] Szczepocka E, Nowicka- 
Krawczyk P, Kruk A. Deceptive 
ecological status of urban streams 
and Rivers—Evidence from diatom 
indices. Ecosphere. 2018;9(7):e02310. 
DOI: 10.1002/ecs2.2310





Chapter 10

Pollution Evaluation of Industrial
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Abstract

Industrial effluent discharged into surface water is an environmental concern, as it
affects the esthetics, water quality as well as microbial and aquatic flora. Brewery
effluents were analyzed for physicochemical parameters (pH, temperature, conduc-
tivity, turbidity, total dissolved solids (TDS), dissolved oxygen (DO), biological oxy-
gen demand (BOD), chemical oxygen demand (COD), nitrate, and sulfate, chloride)
and heavy metals (As, Cd, Co, Cr, Fe, Mn, Ni, Pb, and Zn). Atomic absorption
spectrophotometer was used to characterize heavy metals using standard analytical
methods and compared with WHO standards. The result showed that pH (6.2–6.98),
conductivity (137–273 μS/cm), chloride (31–53 mg/l), nitrate (7.53–10.72 mg/l), BOD,
and DO were within the WHO limit. However, turbidity, sulfate, and phosphate were
above the WHO limit. Heavy metal concentrations Cr, Ni, Pb, Mn, As, and Cd were
higher than the WHO limit and vice versa for Fe, Zn, and Co. Ecological risk assess-
ment revealed that effluent samples pose low to moderate ecological risk, for As, Pb,
and Ni. Therefore, there is a need for proper treatment and continual monitoring
before discharge into the environment.

Keywords: brewery effluents, heavy metal, ecological risk, contamination factor,
pollution load index

1. Introduction

Due to an increase in industrial activities, environmental pollution is one of the
most critical problems in developing countries. More challenging is the unsafe dis-
posal of solid wastes/industrial wastes into the ambient environment. Industries that
use large amounts of water in their processes include chemical manufacturing, steel
plants, metal processors, etc. Effluents and most products from industries create
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serious pollution to water bodies and soils. Water bodies especially freshwater reser-
voirs, and rivers are the most affected. This has rendered underground and surface
waters unsafe for human, recreational, and agricultural use. Biotic life is destroyed
and natural ecosystems are infected. Human life is at risk and the principle of sus-
tainable development is compromised [1].

Moderately or untreated industrial effluents may contain high levels of pollutants
which in water body systems cause an increase in BOD, COD, Total Dissolved Solids
(TDS), Total Suspended Solids (TSS), toxic metals such as Cd, As, Cr, Ni, and Pb, and
fecal coliform. Hence make such water unsuitable for drinking, irrigation, and aquatic
life support. Industrial wastewater impacts include high BOD from biodegradable
wastes such as those from human sewage, pulp and paper industries, slaughterhouses,
tanneries, and chemical industries [2–4].

Brewery wastewater effluent is highly variable in quality and composition. The
products of the brewery operations include large volumes of wastewater from liquors
pressed from grains and yeast recovery, from the Clean-in-place system located in the
brewing house, cellar house, and bottling house, which is discharged into the nearby
River. These industrial wastewaters are the main source of heavy metals since nearly
all industrial by-products consist of some level of heavy metals [5].

Wastewater shows different degrees of environmental nuisance and contamina-
tion hazards due to its chemical and microbiological characteristics. Excessive nutri-
ents (primarily, nitrogen and phosphorus) in wastewater, sludge, and excreta may
contaminate surface waters and cause eutrophication, which affects the esthetics of
water bodies (lakes, rivers), and results in odor and appearance problems, which was
evident in the physiochemical evaluation of brewery effluents in Enugu State [6] and
Edo State [7] both in Nigeria.

Previous research has shown that the release of untreated effluents has the poten-
tial to negatively impact aquatic organisms, by decreasing pH to acid level, increasing
conductivity, temperature turbidity, and total solids in such an environment leading
to a decrease in dissolved oxygen with microbial bloom from rich nutrients (nitro-
groups, sulfur-groups, and phosphors) [8–12].

Heavy metals are also released from these effluents. Studies have shown that long-
term exposure to low concentrations of some heavy metallic anions can result in the
development of sub-chronic to chronic illnesses and diseases in a given population,
usually between 1 in 1000 to 1 in 1,000,000 as institutionalized by the US. Environ-
mental Protection Agency (EPA) [13, 14].

The forms in which metal pollutants exist in wastewater discharges determine
their release into the aquatic ecosystem. Some metals become bio-available when
soluble airborne solids are dissolved by weak acids such as carbonic acid. Their
concentration became enhanced by the abundance of metals in road dust and tire
residues [15].

The physicochemical properties and selected heavy metals of industrial effluents
from consolidated Breweries in Benue State, Nigeria were studied. Therefore, the
study aimed to assess the concentration levels, and ecological and health risks of
industrial effluents discharged daily into the nearby River, a primary source of
fishing activity and domestic purposes in the neighboring community. Information
from the present study will be helpful to the relevant government agencies and
policymakers in preparing preventive action to control the direct discharge of efflu-
ents from chemical industries, agro-based activities, and domestic waste to the rivers
and the sea.
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2. Materials and method

2.1 Location/study area

Consolidated breweries plc Makurdi, Benue state is located at kilometer 5 Gboko
Road, pm 102,339 Makurdi, Benue State, Nigeria. The locality is predominantly an
agrarian community where farming and animal husbandry takes place with a few
industrials such as small and medium scale enterprise (mechanic workshop, local
markets, construction, and mining) activities. Figure 1 shows the map of the study
location.

2.2 Sample collection and preparation

Four samples of effluent were collected with a cleaned plastic container at a
different location in the brewery. The plastic containers used were carefully washed
with 1% HNO3 acid, rinsed with tap water, and then distilled water. The samples were
labeled appropriately; Sample A-untreated effluent, B- treated effluent, C- contact
point of the treated effluent with the river, and D- 10 kilometers away from the
contact point. These samples were transported to the laboratory for analysis in an ice-
packs container and protected from direct sunlight. They were stored in the refriger-
ator at 20°C.

Figure 1.
Study map showing the study locations.
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2.3 Physicochemical analysis

2.3.1 pH

The pH values of the samples were determined at the point of sampling using a
portable pH meter after calibrating against buffer solution (pH 4.7 and 9.2).

2.3.2 Turbidity

The turbidity of the samples was determined using the turbidity meter (Labtech
digital model), and EPA 180 was selected as the measurement mode.

2.3.3 Total dissolved solids (TDS)

TDS was determined by an electrometric method using a TDS meter (Jenway,
model 4076).

2.3.4 Dissolved oxygen (DO)

DO is the amount of gaseous oxygen dissolved in the water. It was determined
using a dissolved oxygen meter (Model H1 9146, HANNA) as described by
AOAC [16].

2.3.5 Biological oxygen demand (BOD)

BOD measures the amount of dissolved oxygen used by microorganisms in the
oxidation of organic matter in a water sample. The BOD was determined by collecting
the water sample in a sealed bottle, incubating for a standard period in the dark
(usually 5 days at 200°C), and determining the residual oxygen in the water at the end
of incubation (Model H1 9146, HANNA). BOD was determined using the following
formula as described by AOAC [16].

BOD ¼ DO1–DO5ð Þmg=l (1)

Where:
DO1 = Sample before incubation.
DO5 = Sample after 5 days of incubation.

2.3.6 Chemical oxygen demand (COD)

COD is the amount of oxygen consumed under specified conditions of organic and
oxidizable inorganic matter in water and wastewater. The COD is determined first by
pipetting 10 ml of the water sample into a conical flask and adding 5 ml of 0.025 N
potassium dichromate (K2Cr207). 15 ml of sulfuric acid (H2S04) was added to it, and
the solution was diluted with 40 ml of distilled water to get a 70 ml solution. Seven
drops of phenolphthalein ferrous sulfate indicator were added, and the solution was
allowed to cool. The solution was titrated with 0.025 N ferrous ammonium sulfate. A
blank solution was also titrated. COD was determined by using the following formula:
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T1 � T2ð Þ �N � 8000� C
Volume of water sample used

mg=lð Þ (2)

Where:
T1 = Titer value for blank.
T2 = Titer value for effluent sample.
N = Normality of the ferrous ammonium Sulfate used is 0.025.
C = Chloride correction which is in Milligram per liter of chloride � 0.03.
8000 = Milliequivalent weight of oxygen x 1000 mL/L.

2.3.7 Chloride

Ten ml of the water sample was pipetted into a conical flask with 3 drops of
potassium chromate (K2Cr02) and the solution was titrated with 0.1 N silver nitrate
(AgNO3). Chloride was determined by using the following formula:

Tv x 0:003546 x 105ð Þmg
l

(3)

Where:
Tv = Titer value of sample.
0.003546 = equivalent weight of chloride

2.3.8 Sulfate

Ten ml of water sample was pipetted into a conical flask plus 5 ml of 2 N HCl and
0.05 N BaCl2. The solution was boiled for 5 minutes and allowed to cool. Two ml of
ammonium (NH4

+) and 5 ml of 0.01 N EDTA were added to the solution and boiled
for 5 minutes. Five ml of pH buffer 10 and 3 drops of Eriochrome black) indicators
were added. The solution was titrated with 0.01 N MgCl2. Sulfate was determined by
using the following formula:

10� Tv � 0:93ð Þ � 96:01484
10

� �
mg=l (4)

Where:
Tv = Titrate value of the sample.
96.01484 = molecular weight of sulfate.
0.93 = Constant.
10 = Volume of water sample used.

2.3.9 Analysis of effluent samples for heavy metals concentration

An effluent sample of 200 mL was measured into a 500 mL beaker, and 5 mL of
concentrated nitric acid was carefully added. This solution was concentrated to 20 mL
by heating in a water bath for a few hours. The concentrated extract was cooled and
transferred into a 50 mL standard flask, then made up to mark with distilled water.
Heavy metal (Pb, Cd, Zn, As, Cr, Fe, Mn, Co, and Ni) contents of the samples were
determined using atomic absorption spectrophotometer (Spectra AA Varian 400
plus) involving direct aspiration of the aqueous solution into air-acetylene flame. A
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reagent blank was prepared and analyzed. Heavy metal concentrations of a series of
standards were determined and a calibration graph was developed. From the graph,
the concentrations of heavy metals in the sample were calculated as described by
Braid et al. [17].

2.4 Ecological risk assessment

2.4.1 Contamination factor (CF)

CF is the extent of pollution of the contaminant of interest, it is expressed:

CF ¼ chemical contaminant of interest
background value using WHO standard

(5)

The following terminology was used to describe the contamination factor:

i. CF < 1: low contamination factor;

ii. 1 ≤ CF < 3: moderate contamination factor;

iii. 3 ≤ CF < 6: considerable contamination factor;

iv. CF ≥ 6 _ very high contamination factor.

2.4.2 Degree of contamination (Cdeg)

This is the summation of the contamination factor of all chemical contaminants in
the study site. It is calculated as follows:

Cdeg ¼
X

CFð Þ ¼ CF1 þ CF2 þ CF3 þ ∙∙∙þ CFn (6)

For the description of contamination degree (Cdeg), the following terminologies
have been used:

i. Cdeg <8: low degree of contamination;

ii. 8 ≤ Cdeg <16: moderate degree of contamination;

iii. 16 ≤ Cdeg <32: considerable degree of contamination;

iv. Cdeg ≥32: very high degree of contamination.

2.4.3 Modified degree of contamination (mCdeg)

This is the average effect of all chemical contaminants of interest, the advantage of
mCdeg is that it quantifies the chemical contaminants into a composite aggregate to
derive salient information about the study site using the formula:
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mCdeg ¼ 1
n

X
CFð Þ (7)

Where: n is the total chemical contaminant and CF is the contamination factor.
mCdeg is classified as:

i. mCdeg <4: low moderate contamination;

ii. 4 ≤ mCdeg <16: medium moderate contamination;

iii. 12 ≤ mCdeg <20: high moderate contamination;

iv. mCdeg ≥20: extreme moderate contamination.

2.4.4 Pollution load index (PLI)

This is the geometric mean of CF value to the nth number of chemical contami-
nants of interest, it is given as described by Tomlinson et al. [18]:

PLI ¼ CF1 � CF2 � CF3 � ∙∙∙� CFnð Þ1=n (8)

Where:
n is the total chemical contaminant.
CF is the contamination factor.
The PLI gives the level of pollution classified as:

i. PLI < 1: no pollution;

ii. 1 < PLI < 2: modest pollution;

iii. 2 < PLI < 3: high pollution;

iv. 3 < PLI: extremely high pollution.

2.4.5 Potential ecological risk index (PERI)

Assesses the toxicity factor of a particular chemical contaminant of interest,
where the definite contamination status is evaluated concerning the ecosystem. It is
expressed as shown in Eq. (9) and (10). A methodology to assess ecological risks for
aquatic pollution was developed by Hakanson [19]. The ecological risk index (RI) is
calculated as a sum of eight elements of heavy metals (As, Cd, Cr, Ni, Mn, Pb, Co,
and Zn).

PERI ¼
X

Er ¼ TF� CF (9)

Ri ¼
X

Er (10)

Where:
Er is the ecological risk index of different chemical contaminants,
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TF is the toxicity factor of each chemical contaminant of interest as described by
Hussain et al. [20] and Umeh et al. [21].

CF is the contamination factor in Eq. (5),
RI is the risk index calculated as the sum of the potential ecological risk factors for

heavy metals in the wastewater.
Er and RI values are categorized using:

i. Er <40 and RI <150: low ecological risk;

ii. 40 < Er ≤80 and 150 < RI <300: moderate ecological risk;

iii. 80 < Er ≤160, appreciable ecological risk;

iv. 160 < Er ≤320 and 300 < RI <600: high ecological risk;

v. Er > 320 and RI ≥ 600: extremely high ecological risk.

3. Results

The values of the physical and chemical parameters of effluent samples from the
Brewery are presented in Table 1 and Figure 2 respectively. The pH values were 6.98,
6.20, 6.48, and 6.72 for sampling points A, C, D, and E respectively. In all sampling
locations, the highest pH value of 6.98 was obtained at sampling point A and the
lowest value of 6.20 was obtained at sampling point C.

The TDS values in the present work ranged from 4.0 to 48.0 mg/l. Dissolved
oxygen values ranged from 4.70 to 23.60 mg/l for all sampling points. The highest
(15.90) and lowest (0.40) biological oxygen demand values were recorded at sampling
points C and A, respectively. The chemical oxygen demand in the present work ranged
from 18.88 to 19.24.32 mg/l. The values of nitrate varied between 1.28–1.95 mg L-1. The
highest (7.16) phosphate value was recorded at sampling point C and the lowest (6.93)
at sampling point A. Sulfate values ranged from 31.69 to 35.39 mg/l for all sampling
points. Chloride values ranged from 28.00 to 53.00 mg/l for all sampling points.

Figure 3 shows the results of heavy metals concentration analyses of effluent
samples across the study area. Among the 9 elements studied, concentrations of As,
Pb, and Ni were higher than WHO recommended limits. In contrast, lower concen-
trations of Co, Mn, and Zn were observed in the different sampling locations. Ele-
ments displayed wide variations in their distribution, suggesting control of

Parameters Sample A Sample B Sample C Sample D WHO

pH 6.20 6.98 6.48 6.72 6.50–8.50

Turbidity (NTU) 102.70 115.00 39.90 30.70 50. 00

TDS (mg/l) 48.00 4.00 16.00 10.00 500.00

Conductivity (μS/cm) 272.00 273.00 178.00 187.00 1000.00

*A-un treated effluent, B- treated effluent, C- contact point of the treated effluent with the river and D- 10 kilometers
away from the contact point.

Table 1.
Physical parameters of the studied effluents.
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anthropogenic activities on water chemistry. Overall, concentration of the study ele-
ments followed the order: As >Fe >Mn > Zn > Ni > Pb > Cr > Co > Cd. The sampling
site C recorded the highest concentration of Fe and As.

Figure 3.
Heavy metal concentrations.

Figure 2.
Chemical parameters from the studied effluents. DO: Dissolved oxygen; BOD: Biological oxygen demand; COD:
Chemical oxygen demand.
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4. Discussion

Water quality in an aquatic environment is very important for the survival of its
flora and fauna. Water pH can affect aquatic organisms as their metabolic activities
are pH-dependent [22, 23]. The pH across the sampling points ranges from 6.20 in
sample A to 6.98 in sample B, indicating slight acidity. A significant (P ≤ 0.05)
difference was observed between the pH values for each sampling point, although, B
and D were within the WHO [24] guideline regulatory limit of 6.5–8.5 set for drinking
water, while samples A and C were a little below the standard limit. The slight acidity
could be attributed to the chemicals used in the treatment processes and the water
may serve as a sink for various wastes and chemical preservatives used in the brewery
such as oxides of sulfur, nitro, carbon, and phosphor in turn form sulfuric, nitric,
carbonic and phosphoric acid on reaction with water leading to microbial bloom from
rich nutrients source thereby causing reduction in dissolved oxygen, increase turbid-
ity, conductivity, odor and diminish aquatic esthetic respectively. Water pH helps to
control metal solubility, and water hardness and serves as an indicator of water
pollution [7, 9].

Nitrate in the present study was all below-recommended limit when compared
to the WHO [24] standard for safe drinking water. Nitrate is alleged to be an
indicator of pollution in the public water supply [25]. It is the stable form of
nitrogen that plays a significant role in the process of eutrophication. The
conductivity range of the various sampling points varied considerably across the study
area. Point B showed the highest value and, therefore, decreased along with the
sampling points, most likely due to the effect of dilution and removal of soluble salts
by biological utilization.

The biological oxygen demand (BOD) and chemical oxygen demand (COD) are
useful parameters in water quality analysis. The highest and lowest BOD values were
recorded at sampling points A and B, respectively. Biological oxygen demand is the
amount of oxygen required by aerobic microorganisms to stabilize the organic mate-
rial of wastewater at a standardized temperature (20°C) and time of incubation
(usually 5 days). It is used to indicate the organic strength of water. When BOD is less
than 4 mg/l, water is deemed to be reasonably clean and unpolluted, while a BOD level
greater than 10 mg/l indicates pollution [26].

Chemical oxygen demand is a measure of organic contamination in water. It is the
amount of dissolved oxygen required to cause chemical oxidation of the organic
material in water and is a key indicator of the environmental health of surface water
[18]. There was a gradual increase in chemical oxygen demand from point B to point
D. Chemical oxygen demand values were below the WHO recommended value of
200 mg/l [24]. High chemical oxygen demand COD values indicate pollution due to
oxidizable organic matter [27].

Phosphate concentration was high in all sampling points and greater than the
WHO recommended value of 2.0 mg/l. Phosphate is known as a limiting nutrient in
the aquatic ecosystem [28]. There is little variation in dissolved oxygen values of
effluent samples across the study areas. The dissolved oxygen concentration is a
function of temperature, pressure, salinity, and biological activities in the water
body. The tropical aquatic ecosystem should have a dissolved oxygen concentration
of at least 5 mg/l in other to support diversified biota, including fish [29–32]. The
level of 4.70 mg/l for point B was within the WHO, [24] standard value of 5 mg/l
necessary for aquatic productivity, while other points were above the standard limit of
5 mg/l.

236

River Basin Management - Under a Changing Climate



The highest value of sulfate was observed in point C (35.39 mg/l). This value is
far below the permissible limit stipulated by World Health Organization WHO, [24].
The present work was in line with the work of Alao [30], who also reported low
sulfate levels in the water receiving brewery effluent in Majawe Ibadan.

The values of chloride and iron obtained from point B, C, and D falls below the
WHO permissible limit, while point C was within the 1 mg/l desirable level from
WHO. The result of chloride agrees with Imoobe and Koye [33], who reported the
value of chloride in Eruvbi Stream to be below the permissible limit stipulated by the
World Health Organization [24]. The discharge of industrial effluents into receiving
water bodies invariably results in the presence of a high concentration of pollutants in
the water and sediments.

The pollutants are present in concentrations that may be toxic to different organ-
isms [34–36]. The concentration of Cadmium across the study area ranged from 0.001
at sampling points B and D to 0.007 at sampling point C. The values recorded were
lower than (0.043 mg/l) and (0.072 mg/l) in the water reported by Oguzie and
Okhagbuzo [37]. The value of all samples assessed was above the permissible limit of
0.003 ppm set by WHO [24] for drinking water except for sampling points B and D.
High concentrations of Cadmium (Cd) have been reported to inhibit the bio-uptake of
Phosphorus and Potassium by plants [38].

Specific industries involved in electroplating, pigments production, chemicals, and
alloy processing are sources of cadmium to the urban environment. Chromium (Cr)
levels in the effluents were relatively low across the different sampling points. The
concentrations of chromium in effluents were below the 0.050 mg/l value
recommended by the World Health Organization (WHO) [24] in industrial effluents
except for sampling point B.

A high concentration of nickel (Ni) was recorded in the effluent samples ranging
from 0.114 ppm in point D to 0.246 ppm in point A. The concentrations of nickel in
effluents are higher than the <1 mg/l value recommended by the WHO [24] in
industrial effluents. Ni has wide applications in the manufacture of batteries, fertil-
izer, welding products, electroplating, and household appliances and has essential
functions in every area of industrial activity [2].

Lead (Pb) and Arsenic (As), a major environmental pollutant is a multi-organ
poison that, in addition to well-known toxic effects, depresses immune status and
causes damage to the central nervous system, kidney, and reproductive system [39].
The lead (Pb) values were quite low in all the sampling points except in point E where
it was not detected. All the points showed a lead value above the maximum acceptable
concentration.

4.1 Contamination factor/pollution index

The contamination factor (CF) values were revealed in Table 2. Arsenic (As) can
be categorized as a very high contamination factor across all the sampling locations.
The highest values of CF of As at location C (48.46) and the lowest at location B
(33.12), indicating severe anthropogenic contribution to the contamination load of
rivers at this site. The CF of Cd (Cadmium) can be categorized as low to moderate.
Two locations (B and D) can be categorized as having low CF of Cd, and two locations
(A and C) can be categorized as having moderate CF of Cd. Lead (Pb) can be
categorized as a very high CF across all the sampling locations. The highest values of
CF of Pb at location A (32) and the lowest at location B (12.1). The CF of Ni
(Nickel) can be categorized as considerable to very high contamination. Two locations
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(C and D) can be categorized as having considerable CF of Ni, and two locations (A
and B) can be categorized as having very high CF of Ni. The CF of cobalt and Zinc can
be categorized as low contamination factors of Co and Zn, respectively. Other ele-
ments such as Cr (0.26–2.48), Mn (0.29–1.035), and Fe (0.62–3.42) can be categorized
as low to moderate CF. The result indicates that contamination of effluents from
Nigeria Brewery contributed to As and Pb [21].

The pollution Load Index (PLI) is a resourceful tool to measure and compare
contamination. Analyzed effluents samples discharged into rivers at locations A (2.1),
B (1.25), and C (1.16) displayed higher PLI values (PLI > 1) and progressive deterio-
ration in quality. Location D was observed to have a low pollution index value of 0.7.
The order for PLI was A > B > C > D. Higher PLI values in rivers demonstrated
substantial anthropogenic impacts on the river quality signifying the need for imme-
diate intervention to prevent pollution. In contrast, lower PLI values pointed to no
considerable anthropogenic activities, signifying no need for intervention but requir-
ing constant monitoring [31].

Degrees of contamination (Cdeg) values of effluents from Nigeria’s brewery are
revealed in Table 2. The degree of contamination across the sampling locations can be
categorized into four categories according to the Patil et al. [28] classification. Sam-
pling locations A, C, and D can be categorized as having a very high degree of
contamination (Cd value = 94.7, 71.50, and 50.54, respectively), this indicates very
severe anthropogenic pollution at these sampling sites. Location B indicates a consid-
erable degree of contamination with a Cd value of 25.137. The present study revealed
Pb and Ni as the most severe component causing moderate to very high river con-
tamination. A similar pattern was noted for contamination degree (Cdeg), where
sampling locations having dominant anthropogenic activities displayed a high Con-
tamination degree. Regular monitoring of the river for the presence of trace elements,
especially Arsenic, lead, and nickel, is required [34].

Sample locations/elements A B C D

Arsenic (As) 48.26 33.12 48.46 45.20

Cadmium (Cd) 1.67 0.33 2.33 0.33

Cobalt (Co) 0.00 0.085 0.10 0.00

Chromium (Cr) 0.64 2.48 0.26 0.38

Iron (Fe) 3.42 0.624 0.83 0.53

Manganese (Mn) 0.51 1.035 0.73 0.30

Nickel (Ni) 8.20 7.17 4.96 3.80

Lead (Pb) 32.00 12.1 13.8 0.00

Zinc (Zn) 0.063 0.038 0.033 0.012

PLI 2.10 1.25 1.16 0.70

C.deg 94.7 25.14 71.50 50.55

M-C.deg 40.17 21.05 29.56 5.616

*A-un treated effluent, B- treated effluent, C- contact point of the treated effluent with the river and D- 10 kilometers
away from the contact point. PLI: pollution load index; C.deg.: degree of contamination; M-C.deg.: modified degree of
contamination.

Table 2.
Contamination factor, pollution index and contamination index.
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4.2 Potential ecological risk index method

The evaluation results on the potential ecological risk factor (Eir) and the potential
ecological risk index (RI) are summarized in Table 3. The order of potential ecological
risk coefficient (Eir) of heavy metals in discharge effluents was As >
Pb > Cd > Ni > Cr > Mn > Co > Zn. The mean potential ecological risk coefficient of
Cd, Cr, Mn, Ni, Co, and Zn were all lower than 40, which is low ecological risk. At the
same time, the mean potential ecological risk coefficient of Pb and As were greater
than 80 and 320, respectively, which indicates moderate to extremely high ecological
risk. All the sampling locations were at High to very high-risk levels where the RI
values were much greater than 600. However, because most samples are contami-
nated with As, Pb, and Ni, their impact on the ERI became very obvious and predom-
inant. Therefore, the present study indicates that As, Pb, and Ni were the major heavy
metal posing an ecological risk in the study area [21, 31, 35].

5. Conclusion

The laboratory analysis results of the effluent samples indicated that metals and
other contaminants from the effluents have compromised the River quality. The results
of the physicochemical analysis showed that sulfate, phosphate, COD, and heavy
metals such as Cr, Ni, Pb, Mn, As, and Cd were slightly higher than WHO and FEPA
standards for drinking water, while the pH, Chloride, Nitrate, Nitrite, TDS, Conduc-
tivity, BOD, COD and some heavy metals such as Fe, Zn, Co were within the standard
of WHO and FEPA, set for drinking water. The study, however, showed that some
contaminants sampled were within statutory limits. It was also observed that sample A
(Untreated effluent) and sample B (Treated effluent) had lower mean differences than
sample C and sample D. Contamination factors follow a similar trend in metal contam-
ination. At the same time, PLI index models confirmed that the effluents from the

Sample Locations/Elements A B C D Mean

Arsenic (As) 482.6 331.2 484.6 452 437.6

Cadmium (Cd) 50.1 9.9 69.9 9.9 34.9

Cobalt (Co) 0 0.425 0.5 0 0.231

Chromium (Cr) 3.2 12.4 1.3 0.76 4.42

Manganese (Mn) 2.55 5.175 3.65 1.475 3.212

Nickel (Ni) 41 35.83 24.8 19 30.15

Lead (Pb) 160 60.5 69 0 72.37

Zinc (Zn) 0.038 0.063 0.0326 0.012 0.036

Risk index 739.48 455.5 653.78 483.14 582.9

Risk grade Extremely High High Extremely High High High

A- un treated effluent, B- treated effluent, C- contact point of the treated effluent with the river and D-10 kilometers
away from the contact point.

Table 3.
Potential ecological risk index.
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different sampled locations were polluted, except for location D, which is unpolluted.
The mean anthropogenic input for the sampled effluents for the individual metals
followed the order As> Fe > Mn > Zn > Ni > Pb > Zn > Cr > Co > Cd. The ecological
risk assessments for the heavy metals were at high ecological risk. Furthermore, the
potential ecological index depicts As at extremely high risk, Pb at appreciable risk, Ni at
moderate risk, and Cr, Mn, Co, Zn, and Cd at a low ecological risk level. Hence any
significant increase would persuade environmental challenges. However, the present
study recommends proper treatment of effluents before discharging to reduce their
mean difference from theWHO standard and protect the health of the local population.
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Chapter 11

Evaluation of Water Quality Using 
Physicochemical Parameters  
and Aquatic Insects Diversity
Muhammad Xaaceph Khan and Abida Butt

Abstract

Biomonitoring studies focus on the component of biodiversity, its natural habitats, 
and species populations which display the ongoing variations in ecosystem and landscape. 
Physicochemical parameters are important water quality parameters of river water i.e., 
pH, temperature, turbidity, conductivity, total dissolved solids, total suspended solids, 
total alkalinity, sulfate, nitrate, heavy metals, and phosphate. This chapter focuses 
on assessing water quality through Physicochemical Parameters and Aquatic Insects 
Diversity. The case study investigated the effect of pollutants produced by the human 
dwelling, agricultural and industrial activities on aquatic invertebrate communities of 
water of part of Soan River, Pakistan. Four sites were selected based on variation in micro-
habitat accessibility to examine the pollution in water. Samples were collected from these 
sites during spring, 2015. Water samples for physio-chemical analysis and macroinverte-
brates were collected from all sites. Results showed that conductivity, dissolved oxygen, 
sodium, and cadmium at all sites were higher than the drinking water quality of WHO 
standards while potassium, chromium, and manganese were higher in concentration at 
most downstream sites. However, all other studied parameters were within recommended 
range of WHO standards. A total of 412 individuals of aquatic insects were collected 
from the studied sites, belonged to 6 orders and they were the most abundant in April. 
Total abundance was used to estimate the quality of water at the sites. Most biotic indexes 
showed that water was of good quality at upstream stations rather than downstream 
stations, while water quality index (WQI) showed fair water quality at downstream sites. 
This study showed that aquatic insects could be useful as bioindicators for biomonitoring 
of water quality along with physiochemical parameters.

Keywords: Biomonitoring, Pakistan, Physicochemical, Soan River, WQI

1. Introduction

1.1 Physicochemical problems and emergences of biomonitoring

Common methods that rely on chemicals to monitor river pollution are increas-
ingly suitable for monitoring systems as they can detect physical and environmental 
pressures occurring over time and on multiple scales [1–5]. However, concepts, and 
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principles of biomonitoring, which are more efficient and effective than traditional 
methods, have been developed and widely used worldwide to monitor river pollu-
tion. Compared to common and uncommon species, bioindicators are more tolerant 
to environmental change. They are sensitive enough to detect environmental change 
thanks to their tolerance, but they are also resilient enough to deal with some vari-
ability and represent the overall biotic response [6]. However, this new initiative has 
liberated tropical areas by allowing the model and adaptation of current geologically 
developed non-tropical species using natural freshwater organisms. These bio-
monitoring indicators are often developed for specific regions to respond to regional 
variables using local biotic collections that reflect regional variability based on 
sensitivity or biological tolerance. Such variations may affect the strength, perfor-
mance, and reliability of biomonitoring indicators developed in non-tropical areas 
(mean temperature between 21 and 30°C and rainfall 100 inches a year) when used 
in tropical rivers (mean temperatures above 18°C and monsoonal patterns rainfall 79 
to 394 inches) [7]. Similarly, modification of non-thermal bio-monitoring indicators 
used in tropical areas is often captured by incomplete taxonomical resolution and 
unknown levels of tropical taxa [4]. Abiotic variables or physiochemical samples are 
problematic in identifying a change or impact in some environmental conditions. 
For example, contamination can be present in toxic quantities or bio-accumulated, 
which causes adverse biological deterioration. However, contaminated concentra-
tions may be too small to be detected using this procedure [8]. Consequently, 
changes in behavioral or pathological responses, population dynamics, environ-
mental pollution, and impacts have been measured using biological rather than 
physic-chemical indicators by many scientists because of the direct interaction of an 
organism with the ecosystem [9–11].

1.2 Importance of biologic index

The use of biological indicators to assess the health of the river ecosystem has 
become increasingly important because the function of life, biodiversity, popula-
tion density, human settlement, and the activity of aquatic organisms are affected 
by all changes in the water ecosystem. River life decisions can be made based on 
biodiversity and quantity. Many aquatic species such as fish [12, 13], algae [14], 
plankton [15], and benthic macroinvertebrates [16, 17] are common biologic 
indicators of water pollution and are used in biotic reliability for the aquatic 
ecosystem [18–21]. The types of indicators are those taxes that are known to be 
more sensitive to certain environmental factors so that changes that occur or in 
large quantities can directly reflect local change [22]. The usage of biomonitoring 
techniques in river ecosystems have many advantages compared to physiochemical 
techniques [23]. Freshwater organisms play an important role in the continuously 
monitoring water quality and pollutants that enter at different time intervals. 
In most cases, the disorder occurs during at least one stage (egg, larva, caterpil-
lar, adult) of the invertebrate animal life cycle. If this category is affected by the 
disruption, changes will be seen in the community structure if sampled over time 
[24]. Macroinvertebrates are also sensitive to stress; it can be natural or human-
based. This change will lead to an impaired community. The aquatic insects show 
the effect of point and non-point contaminants, physical habitat alteration, and 
pollutant accumulation over the life cycle [25].
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2.  Estimation of physiochemical and biological index, a case study  
of Soan River

2.1 Study site

Sampling sites have been selected that vary in their physiochemical characteristics 
of the Soan River, Pakistan, at the time of spring 2015. These sites were named A (N 
33°43.120, E 073°20.44), B (N 33°37.133, E 073°17.88), C (N 33°33.174, E 073°08.547), 
and D (N 33°32.906, E073°05.844) which was starts from site A and end at D site as 
mentioned in [26]. Their positions are shown on the map (Figure 1). The starting 
point was Simply dam, and the sampling sites were selected thereafter. Photos for Site 
A (Figure 2), Site B (Figure 3), Site C (Figure 4), and Site D (Figure 5) are pre-
sented. In addition, the site descriptions are listed in Table 1. Site A was considered 
upstream, site B and C considered mid-stream, while all the sites were categorized 

Figure 1. 
Map of study area and location of sampling sites at Soan River, Pakistan. 
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with respect to major water pollution entry in the river. i.e., site A has no major pollu-
tion activities; site B receives poultry farms wastage; site C receives industry pollution 
wastage without treatment; site D is a dumping point of sewage from Rawalpindi and 
Islamabad. After that, no major pollution point was spotted.

2.2 Sampling and analysis procedure

From each site, ten water and macroinvertebrates samples were collected. 
Physical parameters of the area was also recorded. pH, conductivity, total sus-
pended solids (T.D.S), and the water temperature were measured in the field using a 
portable instrument (HANNA HI 9811-5), and dissolved oxygen (DO) was calcu-
lated by using DO-510. The other parameters recorded in Table 2 were determined 
in the laboratory using a flame (air-acetylene) atomic absorption spectrophotom-
eter (Hitachi, Model Z-5000) and tritremetric methods following standard proce-
dure [27–31].

Figure 2. 
Site A.
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2.3 Sampling of aquatic insects

Macroinvertebrates were collected by D-net of 30 cm × 30 cm × 60 cm with 
0.5 mm mesh. The net was held vertically right angle to the current. The collection 
was done by shaking the net at a depth of the river for 1 minute. The collection was 
done in the morning for 1 week. The collection was done from upstream (A) to 
downstream (D). For maximizing the complete assemblage of samples, ten replicates 
from each site were selected every day according to the geographic conditions of the 
surrounding, i.e., anthropogenic interference and natural causes. After the collecting 
of water and macroinvertebrates, samples were carried out into 500 ml plastic bottles 
with enough water, so that samples were not damaged during transportation.

In the laboratory, macroinvertebrates were preserved within a few hours of col-
lection in 90% alcohol. The collection was sorted within a month by RIVPACS (River 

Figure 3. 
Site B.
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Figure 4. 
Site C.

Figure 5. 
Site D.
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Invertebrate Prediction and Classification System) standard procedure (Environment 
Agency, 1997) using taxonomic keys [32]. Small aquatic insects were sorted under a 
dissecting microscope, whereas large insects were sorted with naked eyes. All samples 
were then kept in properly labeled vials containing 90% alcohol.

Study site Location Site description

A Simly Dam Rich fauna with a greater number of riparian places

B Aari Syedan A moderate number of riparian and fast-flowing of water

C Hummak No riparian, industrial dumping, and waste product lying 
on the bank of the river

D Soan Adae No riparian, the waste of Rawalpindi and Islamabad was 
dumped into that point

Table 1. 
The geographical position of sampling sites at Soan River.

Tests Sampling sites WHO 
StandardsA B C D

pH 7.75(0.05) 7.55(0.15) 7.85(0.05) 8.25(0.15) 6 to 8

Conductivity (μS) 451.5(1.5) 427.5(5.5) 477.0(2.0) 437.0(1.0) 200 to 400

T.D.S (mg/l) 673(2) 677.5(2.50) 682.0(2.0) 653.5(3.5) 500 to 1000

Water  
Temperature (°C)

26.45 (0.54) 26.04(0.33) 27.13(0.66) 25.21(1.53)

D.O (mg/l) 1.88(0.035) 1.93(0.01) 1.56(0.025) 2.255(0.025) >4

Chloride (mg/l) 26.50(1.50) 28.5(1.50) 26.50(0.50) 24.5(1.5) < = 250

Sulfate (mg/l) 32.0(2.0) 35.0(1.00) 27.50(1.50) 32.0(2.00) < =250

Nitrate (mg/l) 2.06(0.05) 1.81(0.08) 2.20(0.08) 2.25(0.04) <=10

Calcium (mg/l) 26.85(0.05) 25.6(0.30) 27.60(0.40) 26.60(0.20) < = 100

Magnesium (mg/l) 18.95(0.15) 18.80(0.20) 19.0(0.10) 18.65(0.15) < = 50

Total Hardness 
(mg/l as CaCO3)

312.50(2.50) 322.5(2.50) 317.50(2.5) 302.0(1.0) 100 to 500

Sodium (mg/l) 20.85(0.05) 20.70(0.20) 20.50(0.10) 23.0(2.0) < = 20

Potassium (mg/l) 8.25(0.15) 7.75(0.15) 10.35(0.25) 11.55(0.15) < = 10

Aluminum  
(μg/ml)

0.056(0.003) 0.056(0.002) 0.087(0.0015) 0.012(0.001) < 0.1–0.2

Cadmium (μg/ml) 0.145(0.025) 0.167(0.002) 0.180(0.01) 0.173(0.002) < 0.003

Chromium  
(μg/ml)

0.047(0.002) 0.046(0.002) 0.0530(0.002) 0.064(0.001) < 0.05

Copper (μg/ml) 0.405(0.015) 0.375(0.015) 0.455(0.017) 0.548(0.018) < 2

Manganese  
(μg/ml)

0.394(0.003) 0.374(0.002) 0.565(0.015) 0.589(0.002) < 0.5

A: Simly Dam; B: Aari Syedan; C: Hummak; D: Soan Adae: WHO: World Health Organization; S.E in brackets. Bold 
indicates that the values didn’t follow the WHO Standards.

Table 2. 
Physio-chemical analysis of water samples collected from Soan River.
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Biotic Index, Biological Monitoring Working Party-Average Score Per Taxon 
(BMWP-ASPT), The HBI (Hilsenhoff Biotic Index) or Family Biotic Index (FBI), 
Ephemeroptera, Plecoptera, and Trichoptera (EPT) Index and Water Quality Index 
were assessed using the data gathered. Small description for each of the indexes are 
also given as follows.

3. Biotic index

Aquatic insects of the freshwater river and stream ecosystems have frequently been 
examined to assess the species-habitat relationship concerning the water quality of 
the habitat [33]. Aquatic insects can indicate the water quality of streams, rivers, and 
lakes. Once aquatic insects are collected, and after analysis, the data can be compared 
between different sites by using four standard indices, i.e., Hilsenhoff ’s Biotic Index 
[34], EPT (Ephemeroptera, Plecopterans, and Trichopterans) Index [35], the Benthic 
Index of Biotic Integrity [25] and Beck’s Biotic Index [36]. The EPT Index stands for 
Ephemeroptera, Plecopterans, and Trichopterans, three orders of Class Insecta which 
can easily be sorted, identified, and commonly used as water quality indicators. The 
EPT index is based upon a high-quality stream ecosystem with a great species richness. 
Biotic Index shows the quality of the environment by the presence of different organ-
isms present in it, this index is also known as the “Family Biotic Index”. This index is 
commonly used for river water quality. Biotic Index shows four basic water quality, i.e., 
(Excellent, Good, Fair, or Poor) measured as 1 to 10. 1 is good, and 10 is poor.

3.1 Biological monitoring working party-average score per taxon (BMWP-ASPT)

Biological Monitoring Working Party-Average Score Per Taxon (BMWP-ASPT) is 
a biotic index method. That index also estimates the diversity of organisms concern-
ing pollution level. According to different indexes, specimens are placed at various 
levels from 1-to 10. Plecoptera (rock fly larvae), Ephemeroptera (mayfly larvae), and 
Crustacea (pole shrimp) are on level 10, Gastropoda (freshwater limpet), Odonata 
(kini – kini) are at level 8, Trichoptera (caddisfly larvae) at level 7, Odonata (dragon-
fly larvae), Crustacea (freshwater shrimp) and Bivalvia (shell) at 6 levels, Hemiptera 
(backswimmer), Diptera (fly larvae), Trichoptera and Coleoptera (water scorpion, 
diving beetle) at 5, Arachnida (water mite) and Platyhelminthes (flatworm) at four 
levels, Syrphidae (rattail maggot), Hirudinea (leech), Gamaridae (water pig bug), 
Gastropoda (snail) and Bivalvia (shell) at 3, Chironomidae (mosquito larvae) at level 
2 and Oligochaeta (worm) at level 1. The sequence starts from 10 as excellent and 1 
as poorer. Many aquatic species are pollutants intolerant, i.e., levels 10–7 and absent 
in polluted water bodies. The greater the pollution, the lower the number of insects 
because few species are tolerant to pollutants, i.e., level 1. The BMWP score equals the 
sum of the tolerance score of all families in the sample. ASPT was calculated by taking 
the average number of the tolerance scores of all families of macroinvertebrates which 
varies from 0 to 10.

3.2 The HBI (Hilsenhoff biotic index) or family biotic index (FBI)

The HBI (Hilsenhoff Biotic Index), also known as the family biotic index (FBI) 
calculates the level of tolerance in the community of a specific area and the categori-
zation of each taxonomic group by relative abundance. Organisms are grouped with 
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a tolerance number 0–10, and 10 is the most tolerant, while 0 is the most sensitive to 
organic pollutants [1, 37–39]. The tolerance values were modified for macroinverte-
brates for application in the Modified Family Biotic Index.

The family biotic index (FBI) is calculated as [37].

 ( ) ( )∗= ΣFBI xi ti / n ,  

Where a xi is the number of individuals within a taxon, ti is the tolerance value of 
a taxon, and n is the total number of organisms in the sample. If the value is between 
0.00–3.75, then excellent, 3.76–4.25 very good, 4.26–5.00 good, 5.01–5.75 fair, 
5.76–6.50 fairly poor, 6.51–7.25 poor, and 7.26–10.00 very poor.

3.3 Ephemeroptera, Plecoptera, and Trichoptera (EPT) index

EPT index was estimated by summing a total number of individuals group 
Ephemeroptera (Mayflies), Plecoptera (Stoneflies), and Trichoptera (Caddisflies). If 
the EPT number is greater than 7 per sample, then it is considered excellent, between 
2 and 7 is good, and below 2 is considered poor [40].

4. Water quality index

Water quality was identified based on the water quality index (WQI) [41].

 ( )= −√ + +WQI F F F /2 2 2
1 2 3100 1.73  

Where,
 F1 = [Water variables that do not meet objectives/Total number of water variables]*100
F2 = [Number of tests that do not meet objectives/Total number of tests]*100
F3 = nse/0.01 nse + 0.01
Where,
nse (normalized sum of excursions) = Σn departure/number of tests.
The variables that do not meet objectives are those parameters that exceed the 

WHO permissible limits. At the same time, the number of tests that do not meet 
objectives is the number of replicates that do not fall between permissible limits. 
WQI, the score was scaled between 0 to 100; higher values represent better quality of 
water, e.g., excellent >80, good 60–80, fair 60–40, and poor <40.

5. Results

The water quality parameters of the upstream section of Soan river tested in this 
study are summarized in Table 2. The pH was normal in all sites except in site D. 
Conductivity, D.O, sodium, and cadmium had high values concerning the standards. 
While, T.D.S, chloride, sulfate, nitrate, calcium, magnesium, total hardness, potas-
sium, aluminum, and copper did not exceed the limit, and fell within the normal 
range. Potassium, chromium, and manganese show the normal range at sites A & 
B while surpassing ranges at sites C & D. The water temperature was 25–27°C from 
upstream to downstream.
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A total of 412 individuals of macroinvertebrates were captured, which repre-
sents 7 orders. Site A has shown more variety of insects than all the other sites. 
Total abundance was higher at site C. The variety of insects drops from upstream 
to downstream stations and only limits to order Diptera (Table 3). In the biotic 
index, the FBI shows good water quality in upstream stations (sites A & B) while 
quality decreases fairly in site C and becomes very poor at the last site. The BMWP 
shows the same trend just like FBI but starts from fair biological quality to very 
poor biological quality from upstream to downstream. The ASPT represents good 
water quality at site A and decreases the status to very poor at site D. The EPT 
only shows good water quality at site A and poor in all remaining sites. In the 
Physicochemical index, the WQI shows good water quality at sites A & B while fair 
in sites C & D (Table 4).

Study 
site

Biotic index Physicochemical 
index

FBI BMWP ASPT EPT index WQI

Value Class Value Class Value Class Value Class Value Class

A 4.6 Good 54 Fair 
biological 

quality

6 Good 7 Good 71.28 Good

B 4.49 Good 30 Poor 
biological 

quality

5 Fair 0 Poor 68.36 Good

C 5.23 Fairly 17 Poor 
biological 

quality

4.25 Poor 0 Poor 59.82 Fair

D 10 Very 
poor

0 Very poor 
biological 

quality

0 Very 
poor

0 Poor 55.57 Fair

Notes: FBI  =  Family Biotic Index; BMWP  =  Biological Monitoring Work Party; ASPT  =  Average Score Per Taxon; 
EPT = Ephemeroptera, Plecoptera and Trichoptera; Water Quality Index = WQI.

Table 4. 
The water quality of the Soan River is based on biological indices and water quality index.

Order Tolerance value A B C D

Ephemeroptera 5 6.61 0 0 0

Plecoptera 2 1.61 0 0 0

Trichoptera 4 3.22 0 0 0

Hemiptera 5 22.84 45.62 56.8 0

Coleoptera 5 65.72 54.38 35.2 0

Diptera 8 0 0 8 100

Table 3. 
Percent composition (%) of aquatic insects in four different stations of Soan River, Pakistan.
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6. Discussion

In this study, water quality was examined using chemical, physical, and bio-
monitoring methods. In chemical analysis, different parameters were tested, such 
as magnesium, chromium, aluminum, copper, cadmium, dissolved oxygen (DO), 
nitrogen (N), and phosphorous (P) [42]. Physical parameters include pH, total 
suspended solids (T.D.S), conductivity, chloride, sulfate, nitrate, calcium, total hard-
ness, sodium, and potassium. In bio-monitoring FBI, EPT, ASPT, and BMWP were 
calculated to determine water quality.

The concentration of metals was almost normal but some of them were high such 
as cadmium, sodium, potassium, and chromium. The pH values were low at the start 
and exceeded in site D. This shows that Organic influx wastage in the monsoon season 
may lower the water pH at that site D. The pH affects the biochemical process as 
well. It also indicates water quality and the extent of pollution in the watershed [42]. 
Among the different heavy metals, Cd shows a higher level of concentration which 
did not support any life or for drinking purposes (3 μg L−1) [43]. Cd is the typical 
anthropogenic metal affected by human activities [44] and showed enrichment. It is 
shown that Cd is associated to a greater extent with colloidal materials in surface run-
off which can easily be transported into river flow [45]. Metals, such as Cu, Zn, and 
Pb, have a high affinity to human substances present in organic matter. The presence 
and quality of organic matter differentially influence the binding of metals within the 
sediments, reducing the adsorption of Cd and Co and increasing the adsorption of Zn 
[46]. Discharge of industrial, sewage, and poultry waste largely untreated forms may 
cause the elevation of metals in the water [47–49]. The water quality shows poor qual-
ity at those sites which drain sewage of the twin cities, while at downstream sites, the 
natural process shows some recovery from stress conditions due to the huge amount 
of sewage waste from the urban [50]. Activities of humans can change the smallest 
change in the ecosystem, especially downstream of the Soan River. The poor quality 
of water at downstream rather than upstream stations can result from several human 
activities, sewage, nutrient, sedimentation, and agriculture pesticides residue run-off. 
Wahizatul et al. [51] also studied in the Sekayu stream and found that agricultural 
and recreational activities were directly related to the destruction of aquatic species 
diversity in the Sekayu recreational forest. The higher organism abundance at site 
A is related to greater availability of coverage of riparian vegetation, which offers 
them a great supply of hiding places, allochthonous material, and food availability. 
Roque et al. [52] pointed out that the area with greater vegetation coverage has greater 
taxonomic richness. Although, at sites C and D, low diversity is found which could be 
related to the loss of riverbank vegetation and replaced by waste material, shrubby, 
exotic vegetation, and a lower quantity of heterogeneous substrate. This phenomenon 
was noted by [53]. Adamu Mustapha and Geidam [54] reported that high nutrients 
loading at urban sites are due to discharge of sewage wastewater of Rawalpindi and 
Islamabad.

Chironomidae (Diptera) were most abundant at downstream of the Soan River. 
They show no variation and are found in all stations. Yule and Sen [32] reported 
that in Malysia, Chironomidae is probably the most abundant and diverse group 
of all macroinvertebrate’s streams. The sandy or muddy areas and slow-flowing or 
standing streams with a high number of sediment particles are the best areas where 
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Chironomidae can excel [32, 55]. Due to heavy rainfall, the flood affected the mac-
roinvertebrates from all the sites. Thus, effect seasonal taxa richness. The member of 
Chironomidae was most affected by the flood. The mayflies (Ephemeroptera) and 
true bug (Hemiptera) did not show any response to heavy rainfall because they are 
morphologically better adapted, attachment abilities to stones, mobility in water and 
behavioral pattern during mating. Holomuzki and Biggs [56] studied the behavioral 
pattern in response to the flood. The fluctuation of water level in the winter season 
remained very low. This is the major stressing factor for littoral organisms. Nairn et al. 
and Gopal [57, 58] also recorded a similar finding on littoral destruction. The macro-
invertebrate density in the Soan River was found to be the lowest when the monsoon 
season starts and increases when the monsoon stops. Wallace et al. and Jakob et al. 
[59, 60] pointed out that monsoon floods decrease macroinvertebrates’ density, 
especially Chironomid species known as two-winged flies. EPT was not found 
abundantly in any collection points, especially downstream. EPT members are known 
to be the most sensitive insects to environmental stress. Therefore, the presence of 
EPT upstream indicates a relatively clean environment [61, 62]. Therefore, the EPT 
can be used for potential bioindicator purposes. The BMWP index shows poor results 
for all the sampling sites, but some sites show fair biological quality at site A as well 
as ASPT [62]. Therefore, the presence and absence of macroinvertebrates along with 
water physicochemical analysis at upstream and downstream shows the influence of 
anthropogenic and natural influences. This suggests that aquatic insects can be used 
to access the water management in Pakistan as the role of potential bio-indicators.

7. Conclusion

The biological and WQI index shows water quality was good at upstream rather 
than at downstream stations. The biotic index shows a clear variation throughout the 
sites. While the physicochemical index shows the same trend at site D and it shows 
fair water quality despite the biotic index is Poor. The biotic index is detailed and 
efficient while the individual can gather information on the spot, but physicochemical 
parameters are costly, laboratory intensive, and time-consuming. These two indexes 
can be used alternatively concerning the situation.
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Chapter 12

Community Participation in River 
Basin Management
Benny Syahputra, Berkah Fajar and Sudarno

Abstract

River basin management can increase biodiversity conservation, land  
productivity, ecosystem restoration, rehabilitation, and land reclamation. River basin 
management cannot be handled by one institution alone but requires cooperation and 
coordination with various parties. Community involvement in river basin manage-
ment has a strategic role and is carried out based on the principle of sustainability 
that combines a balance between productivity and conservation to achieve river 
basin management goals. Community participation has the power to make decisions 
autonomously in order to be able to solve the needs and interests of life and improve 
the standard of living by utilizing the resources that must be owned. In addition, it is 
also necessary to harmonize structural relationships between institutions in govern-
ment both at the center and at the local level so that internal factors can be controlled, 
and programs and activities do not overlap in the management of natural resources 
and air. One of the impacts of climate change is the occurrence of river basin damage. 
Upstream river basins as buffer areas, water catchments, and sources of water filters 
will be damaged. Sensitive people will be more vulnerable, while people who can 
adapt will survive.

Keywords: community, river basin, stakeholders, management, environment

1. Introduction

Community empowerment in the management of river basins is getting more 
and more attention, as seen by the number of authors who state the importance of 
community participation and independence in river basin management [1]. Several 
researchers have developed a transdisciplinary, scientific, and explicit-scale water-
shed system model jointly designed by the multidisciplinary community [2]. The 
authors put a massive water reform program into effect, which resulted in consider-
able institutional, social, and economic changes. Policies must be enforced around a 
scientific basis, with a management focus on incorporating new knowledge [3]. Other 
authors proposed that for watershed management, direct community participation 
for conservation, and overcoming the risk of watershed damage are required [4] 
coordination and consultation between stakeholders for each policy [5].

Community empowerment is an effort to enable and empower the community to 
complete the needs and interests of their lives and improve their standard of living 
by utilizing the resources they have [6]. Thus, community empowerment emphasizes 
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initiative and autonomy in decision-making by the community, therefore emphasiz-
ing the importance of the learning process in empowerment to equip the community 
towards sustainable change [7].

There are three important stages in the empowerment process, namely: the aware-
ness stage, the stage of capacity building, which include increasing human, organiza-
tional, and value system capacities, and the empowerment stage, namely the granting 
of power, authority, or opportunity [8]. In the empowerment process, counseling and 
mentoring activities must be carried out. This is also stated in the articles on commu-
nity empowerment in the laws and regulations relating to river basin management.

Mentoring and counseling are often seen as separate or distinct activities. In the 
past, counseling was only considered an effort to convey information and technol-
ogy to the public. In its development, counseling is not only defined as a process of 
disseminating information and technology but also a non-formal education process, 
a capacity-building process, and a behavior change process so that people can help 
themselves, and improve their welfare [9], meaning that counseling is also a process 
of community empowerment. While mentoring means the existence of assistance 
from outside parties to increase public awareness and capacity to understand prob-
lems and look for alternative solutions to problems, so as to achieve sustainable devel-
opment, empowerment, and community welfare. Thus, counseling and mentoring 
are activities that cannot be separated from the community empowerment process. 
Both are learning processes to increase community capacity which will continue 
throughout the community empowerment process. In addition, to achieve an empow-
ered society, there are several efforts that also need attention, namely:

a. Creating an atmosphere that allows the potential of the community to develop. 
Community empowerment requires a strong commitment from the government 
and other related parties. These parties are required to create a supportive atmos-
phere or climate so that the potential of the community develops. Community 
participation must be encouraged as widely as possible through mentoring 
programs toward their independence.

b. Strengthening the potential of the community (empowering). This strengthen-
ing includes concrete steps and involves the provision of various inputs, as well 
as opening access to various opportunities that will make the community more 
empowered such as information, markets, and capital.

Apart from existing efforts, community participation is an important element in 
the process of community empowerment [8], because, without community partici-
pation, community empowerment efforts will not be achieved. In the community 
empowerment process, there are several typologies of participation as follows:

a. Manipulation, namely participation, is not based on individual participation but 
only on representation in groups and the community does not get any information.

b. Passive (receiving information) i.e., outsiders take decisions, and the public is only 
given information without a response from the community about the decision.

c. Consultation is community participation that is only consulted and answered; 
outsiders define problems oversee analysis, and make decisions, while the  
community does not take part in decision making.
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d. Advices namely outsiders submit plans and ask for community feedback. If 
necessary, it will make changes to the plan by taking into account and consider-
ing the views of the community.

e. Functional (co-planning) is outside the temporary exhibition and discusses it 
with the community and provides the opportunity for the community to partici-
pate in final decision making.

f. Delegating power (interactive) i.e., external parties regarding identification and 
presentation of problems to the community, analyzing with the community for 
planning development, but decision making is carried out by the community, 
which means that decision making is local by the community.

g. Independent (self-mobilization): The community identifies problems and 
decides on goals and how to achieve them. Outside parties only act as assistants 
who provide information on the necessary resources and techniques, but the 
community has control over the use of resources [10].

Community empowerment is essentially about enabling and self-reliant com-
munities so that more emphasis is placed on decision-making autonomy from a 
community group based on the resources they have [11]. Thus, community empow-
erment should place more emphasis on the process of positive change that occurs 
as well as the improvement and sustainability of community empowerment. In 
practice, many community empowerment activities are not in accordance with the 
concept of community empowerment. Community empowerment is often trapped 
in a “project” logic that emphasizes results and administrative responsibilities such 
as the size of the budget, the number of activities carried out, and the assistance 
provided [10]. Assistance makes community empowerment efforts tend to be 
participation mobilized by material incentives. Instead of creating community 
independence, it actually causes community dependence on the government and 
other outside parties.

This chapter aims to explain the current condition of the river basin and its 
conservation efforts under changing climate. River basin conservation requires 
community participation and the implementation of its empowerment in river basin 
management under changing climate, both individually and institutionally.

2. River basin conservation under changing climate

The river basin conservation can be achieved if every activity is carried out based 
on the principle of sustainability that combines a balance between productivity and 
conservation to achieve the river basin management goal of improving water manage-
ment; improving soils; controlling land degradation processes; increasing farmers’ 
income; and encouraging the community towards conservation activities that control 
runoff and flooding [12].

Broadly speaking, the river basin system can be divided into three parts, namely 
upstream, middle, and downstream. The upstream river basin ecosystem is very 
important in the river basin system because it functions as an overall river basin 
protection system. The upstream area is characterized as a rural ecosystem with four 
main components, namely: villages, cropland, rivers, and forests. Thus, upstream 
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river basin management is not only to maintain the river basin function but also to 
improve livelihoods and improve the economy of local communities sustainably [13]. 
It emphasizes that the balance between meeting the needs of local communities and 
preserving natural resources is a prerequisite for achieving the goals of sustainable 
river basin management. The strategy that is seen as an approach to community par-
ticipation in river basin management in community-based natural resource manage-
ment is known as Community-Based Natural Resource Management. This approach 
began to develop in the late 1990s, along with the passing of the era of decentraliza-
tion and democracy.

The rapid increase in population and economic development activities in the river 
basin causes changes in land use and very high use of fossil fuels. These two activi-
ties are the largest sources of greenhouse gas (GHG) emissions in the river basin. 
The continuous increase in GHG emissions causes global warming, which affects the 
climate in the river basin.

Global GHG emissions are projected to peak between 2020 and at the latest before 
2025 in global modeled pathways that limit warming to 1.5°C (>50%) with no or lim-
ited overshoot and in those that limit warming to 2°C (>67%) and assume immediate 
action [14]. Global warming is a problem that humans must face now and is no longer 
a future problem. This event impacts the long-term accumulation of atmospheric 
pollution due to human activities, causing the release of GHG into the atmosphere 
at a very high rate which then impacts climate and the environment. Climatic events 
such as floods, long droughts, and strong winds have been happening more frequently 
lately with high intensity [15]. This incident is increasingly causing a greater impact 
with the high level of environmental damage.

Global warming caused by GHG has affected the world’s climate. IPCC (2001) 
in Climate change 2001: Impacts, Adaptation, and Vulnerability: Contribution of 
Working Group II to the third assessment report of the 74 Intergovernmental Panel 
on Climate Change states that climate change refers to the variation in the average 
climatic conditions of a place or its statistically significant variability over a long 
period of time, at least 30 years. It is further said that over the last 100 years (1906-
2005), the earth’s average surface temperature has risen by about 0.74°C, with greater 
warming on land than in the oceans.

Climate change has positive and negative impacts on all sectors of human life. 
However, most of the impacts are negative. To assess the impacts of climate change, 
it is necessary to estimate how the climate is changing at local and regional levels 
and how these changes affect ecosystems and human life. Most scientists use Global 
Circulation Models (GCMs). GCMs have been used to assess the impact of climate 
change on all sectors of life in Indonesia.

Climate change, especially temperature and rainfall, causes changes in discharge 
fluctuations in the river basin. For example, in Indonesia, it shows an increase in 
temperature of around 0.1oC–0.5oC in 2010 and in 2070 around 0.4oC–3.0oC, while 
globally there is an increase in temperature between 0.6oC–1.7oC by 2030 and 1.0oC–
1.7oC by 2070. Naylor et al. have projected that until 2050 April, May, and June, there 
will be an increase in rainfall in Central Java, while in July, August, and September, 
the conditions are projected to be extraordinarily dry [16].

Changes in debit fluctuations in the river basin that are getting higher greatly 
affect the lives of people in the river basin. Sensitive communities will respond to 
this condition and cause an increase in community vulnerability in the river basin. 
However, people who have the ability to adapt will survive with changes or hydrologi-
cal conditions in this river basin. The sensitivity and adaptability of the community 
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can be assessed from five aspects of life, namely: physical/technology, social/institu-
tional, economic, human resources, and nature.

The level of community vulnerability is influenced by the amount of exposure, the 
sensitivity of the community, and the adaptability of the community. The higher the 
exposure and sensitivity of the community, the higher the level of community vulner-
ability will be. Meanwhile, the higher the adaptability, the lower the level of com-
munity vulnerability. In other words, the level of vulnerability is a positive function 
of community exposure and sensitivity and a negative function of the community’s 
adaptive capacity.

The impact of climate change will occur slowly and continuously. Therefore, adap-
tation to climate change is very important. One of them is using nature, especially 
River Basin ecosystems, as one of the adaptation strategies to climate change. River 
Basin is an area bounded by a ridge that drains water from upstream to downstream. 
The river basin is divided into upstream, middle, and downstream areas, so the river 
basin has the function of regulating the hydrological, economic, ecological, and social 
aspects of an ecosystem.

Based on the results of a search on the International Disaster Database, 345 natural 
disasters fall into the global disaster category. Around 60% of these disasters are 
natural disasters due to extreme climate events such as floods, droughts, forest fires, 
strong winds/storms, landslides, high tidal waves, and outbreaks of disease [15]. 
This finding is in line with the results of a study by the Intergovernmental Panel on 
Climate Change [17] that global warming will increase the frequency and intensity of 
extreme climate events.

For example, extreme climate events in Indonesia are often associated with the 
El Niño Southern Oscillation (ENSO) phenomenon. There is a strong correlation 
between ENSO incidence and rainfall variability in Indonesia, namely long dry spells 
in El Niño years and far above normal rainfall in La Niña years [15]. Global warming 
will impact increasing the incidence of droughts and floods. Besides that, the begin-
ning of the season and the length of the season will also shift.

Naylor et al. found an effect of global warming on seasonal changes in Java. Their 
research showed that areas south of the equator would experience a decrease in rain-
fall while those north of the equator will experience an increase in rainfall. The results 
of the projections of Naylor et al. showed that in the next 40 years, global warming 
would cause the beginning of the rainy season in Central Java to experience a setback 
with rainfall that tends to fall, while the end of the rainy season will be faster with 
rainfall that tends to increase. This has implications for the increasing risk of drought 
in the dry season and the risk of flooding or landslides in the rainy season. WWF 
Annual Review 2007: A watershed year states that the change in the distribution of 
rainfall causes various potential natural disasters triggered by rainfall to become 
higher, such as floods, landslides, overflowing rivers, and the spread of disease vec-
tors, while in conditions of reduced rainfall, potential disasters such as drought, crop 
failure, lack of clean water, and various social problems that may arise.

River Basins provide natural resources that offer many benefits to the surrounding 
population, including agricultural resources, clean water sources, freshwater fisheries 
resources, and other water uses. Various community activities along the river basin 
affect the quality and quantity of the river basin. In addition, the issue of climate 
change has exacerbated the condition of the River Basin. The increase in temperature 
and rainfall affects the hydrological conditions of the River Basin.

River Basin degradation causes ecosystems to not optimally provide functions and 
services that are very important for human life. This condition causes a decrease in 
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the level of community welfare and increases the level of community vulnerability. 
Community vulnerability is a condition of society that cannot adapt to changes in the 
ecosystem caused by a certain threat [18]. Vulnerability is a function of three compo-
nents: exposure, sensitivity, and adaptive capacity (IPCC 2001). The main impact of 
climate change is the level of community welfare in the upstream, middle and down-
stream areas.

The shift of seasons in the River Basin area impacts agricultural activities by the 
community. Agriculture that relies on water supply from the River Basin is done 
in an ineffective and unprofitable way. The unpredictable climate is also one of the 
reasons the rice fields are not productive. Water production at some points decreased 
and even disappeared. The number of dangerous and vulnerable areas has increased. 
Landslides have increased in the last 2 years [15]. The increasingly critical upstream 
River Basin degradation causes the River Basin not optimally to provide its func-
tions and services for the community. Upstream River Basins as buffer zones, water 
catchments, sources of water filters, and carbon sinks will be damaged. Consequently, 
it will lose water supply and in the rainy season will result in flooding. In a matter of 
years, this region will become critical. Sensitive people will be more vulnerable, while 
people who can adapt will survive. Based on these conditions, it is necessary to study 
the level of community vulnerability to climate change in the upstream River Basin. 
The existence of climate change and River Basin damage that occurs in the upstream 
River Basin requires an adaptation strategy. River Basin-based adaptation strategies 
are important considering that River Basins are providers of ecosystem services for 
the sustainability of upstream River Basin functions.

3.  Law enforcement and institutional arrangements for integrated river 
basin management

Natural resources and the environment must be maintained to avoid environ-
mental damage or environmental disasters so that development and environmental 
sustainability can run synergistically. One of the uses of natural resources which is 
also used for environmental conservation is river basin management.

The utilization of natural resources in river basins can have positive and nega-
tive impacts for various purposes. The positive impact is indicated by an increase in 
economic growth and community welfare. The community can utilize the river basin 
for irrigation canals for agriculture, excavation of soil and sand that can be used for 
building materials, tourism objects, and many other benefits. The negative impact is a 
decrease in the quality and quantity of the river basin environment caused by sedi-
ment sourced from erosion and industrial waste caused by densely populated slums. 
Besides that, another negative impact is the continuous excavation of soil and sand 
to form basins in the river. River basins that can damage the shape of the land and 
facilitate landslides, especially on the left and right of the river and riverbed, become 
rougher. It can increase the erosion and carrying capacity of the river. These negative 
impacts can change the condition of rivers and river basin ecosystems.

The complexity of the problems of the artificial environment along the river basin 
requires multidimensional and comprehensive problem-solving. One of the deter-
mining factors for the success of efforts to solve these problems is the participation of 
all levels of society. At this time, community involvement in environmental manage-
ment along the river basin, from the planning, and implementation to monitoring 
stages, is still relatively low due to:
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a. Understanding the low level of awareness and the problems of the artificial 
environment.

b. The weak role of social institutions and the business world in supporting the 
artificial environment management program.

c. Limited community income causes participation capacity to be not optimal.

Furthermore, there seems to be no awareness that actions taken in one river basin 
will be linked to what happens in another. The level of community education is one 
aspect that determines the extent to which people have environmental concerns on a 
wider scale than the environment in which they live.

There are river basin sustainability problems related to the community’s social 
conditions around the river basin and the management of the river basin itself institu-
tionally. A comprehensive, integrated river basin approach requires open management 
that ensures the continuity of the coordination process between related institutions. In 
addition, it is also necessary to consider the importance of community participation in 
river basin management, starting from planning, policy formulation, implementation, 
and utilization. River basin planning cannot be carried out alone through a sectoral 
approach. Still, there must be inter-sectoral linkages both in the planning of the state 
revenue and expenditure budget, work programs, and coordination of implementation. 
In addition, there are social factors that influence river basin management, including 
population density, conservation behavior, customary law, traditional values, institu-
tions, and a culture of cooperation or mutual cooperation.

The harmonization of structural relations between institutions in government in 
the era of regional autonomy, both at the central and local levels, was disrupted due to 
uncontrollable internal factors, such as sectoral egos and regional egos. This is further 
complicated by the imbalance in the potential of natural resources and the financial 
condition of each region. The reality on the ground shows that governmental institutions 
have overlapping programs and activities in managing natural and water resources.

The reasons behind River Basin management regulations include national eco-
nomic development, which is carried out based on the principles of sustainable devel-
opment and a sound environment. The spirit of regional autonomy in governance has 
brought about changes in the relationship and authority between the central govern-
ment and regional governments, especially in the field of environmental protection 
and management.

For example, in Indonesia, having Law Number 32 of 2009 concerning 
Environmental Protection and Management, it is expected that the use of natu-
ral resources must be in harmony and balance with environmental functions. 
Consequently, development policies, plans, and/or programs must be imbued 
with the obligation to preserve the environment and realize sustainable develop-
ment goals included in the management of river basins. The Law of the Republic 
of Indonesia, Number 32 of 2009 concerning Environmental Protection and 
Management Article 70 paragraph (1) states that the community has the same and 
widest possible rights and opportunities to play an active role in environmental 
protection and management. In addition, based on the Government Regulation of 
the Republic of Indonesia Number 37 of 2012 concerning River basin Management 
Article 57, which states:

a. The community can participate in river basin management.
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b. The participation of the community, as referred to in paragraph (1) can be 
carried out either individually or through a coordination forum for river basin 
management.

c. The river basin management coordination forum, as referred to in paragraph (2), 
assists in supporting the integrated implementation of river basin management.

Through these laws and regulations, the government gives comprehensive author-
ity to regional governments in protecting and managing the environment in their 
respective regions.

The regulation provides space for the community to reduce the possibility of the 
community refusing to accept decisions. Providing access to information on environ-
mental management is also an integral part of community participation in environmen-
tal management.

The purpose of community participation since the planning stage is to generate 
useful inputs and perceptions from citizens and interested communities to improve the 
quality of environmental decision-making. Because by involving potentially affected 
communities and interest groups, decision-makers can capture the views, needs, and 
expectations of these communities and groups and translate them into concepts. The 
views and reactions of the community, on the other hand, will help decision-makers 
determine priorities, interests, and positive directions from various factors.

The process of community participation must be open to the public; community 
participation will affect the credibility (accountability) of the agency concerned. 
By documenting the actions of this state agency’s decisions, to be able to provide 
a satisfactory means if the public and even the courts feel the need to examine the 
considerations that have been taken when making the decision, which in the end will 
be able to force the responsibility of the state agency for the activities it carries out.

Planning institutions that enable integrated or coordinated planning are important 
and necessary, including institutions for collecting and presenting data and informa-
tion. The institution in question is the organization and regulation of the mechanism 
of the relationship between components within the organization and between related 
organizations. Establishing institutions does not always have to form new organiza-
tions but strengthening the role of existing organizations and clarifying relationships 
between existing organizations.

The main principle in river basin management, such as in Selat Village, Jambi Luar 
Kota Regency, is to synergize sectoral programs with river basin resource manage-
ment objectives based on the issue of water resources in the river basin. As a frame-
work for a working approach, every sectoral plan and activities of related parties need 
to be monitored by the competent authorities in responding to water resources issues 
and communicating with related parties to resolve problems that cause these issues to 
occur within an integrated river basin management framework.

Institutional arrangements determine how individuals interact with other indi-
viduals and between organizations and other organizations using river basins. This 
arrangement is important to ensure various stakeholders can accept that river basin 
management from their respective goals and interests. Three factors can be identified 
from this institutional arrangement, namely: coherence of interests and activities 
among stakeholders; strength of local institutions; and benefits to local communities 
within the river basin.

River basins can be managed well if their resource potential is high and social 
arrangements and external factors can create a good balance between incentives and 
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controls. Communities will act in the context of rehabilitation and conservation of 
river basins if they can share the benefits of their actions.

To be able to realize the above-described river basin management, it must first be 
realized that the performance of river basin management is largely determined by the 
performance of many institutions/organizations, each of which has different inter-
ests, roles, and functions according to the sector, resource, and region.

The initial stage in the search for institutional innovation for integrated river 
basin management is initiating a dialogue process that aims to identify and, without 
concern, concepts, programs, and actions based on views in river basin management. 
In principle, the initiation process can be carried out by individuals or community 
groups, community organizations, local, regional and national NGOs, district, pro-
vincial, or national government agencies, or private institutions, either voluntarily or 
after a public mandate. Initiation by public institutions with main tasks and functions 
directly related to river basin resources is expected to maintain a continuous process 
so that river basin management objectives can be achieved through overall institu-
tional strengthening. The dialog process is carried out in a participatory manner and 
should be facilitated by an independent facilitator who understands the context of 
integrated river basin management.

The participation process for integrated river basin management at the initiation 
stage encourages the formation of a collective decision-making mechanism that is 
oriented towards solving the main problems in the field, so it is necessary to apply a 
bottom-up approach to ensure its efficiency and effectiveness. The principles of vari-
ous capacities, resolutions and building conventions need to be mutually agreed upon 
in every process implemented. Consensus building is the most effective method of 
decision-making in the integrated river basin management process. Although it takes 
a relatively long time and requires commitment, decisions are made based on a con-
tributive approach (sharing capacity and resources) and are determined by mutual 
agreement. All participants are responsible for implementing any agreed decisions.

The final crystallization of the series of initiation processes is formulating an 
integrated river basin management plan that is still macro in nature but lays the 
foundation for establishing a solid social contract. Integrated river basin manage-
ment planning starts with a basic information review, condition assessment, problem 
definition, priority setting, objective analysis, alternative analysis, and a joint plan.

If the above agreements/outcomes can be reached, the door for capacity building 
and division of roles of each involved institution/organization has been opened and 
can be followed up with efforts to operationalize all agreements through structuring 
better institutional relations and being accountable to the public, strengthening legal 
aspects and implementation at the program level. Every collective agreement must 
ultimately be adopted constitutionally/legally by the institution that has the authority.

Water and river basin management institutions are essentially a social construc-
tion that constantly changes and develops according to social and ecological evolu-
tion. The form of interaction and the direction of socio-ecological change is highly 
dependent on the dynamics of the interplay between social and ecosystem elements. 
In the process of change, there is a multi-way interaction between the river basin 
management system as the designer and decision-maker; members of the river basin 
management organization as the main stakeholders for the sustainable use of the river 
basin, and other ecological and social elements involved.

The concept of water and river basin management institutions includes formal 
and informal regulations, norms, cognitive bases, and structured symbolic systems 
to regulate use and distribution and determine the status of water resources within a 
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community group. The concepts mentioned above can be broadly divided into aspects 
of policy, law, and administration, including formal and informal elements. Water law 
issues refer to the legal status of water, water rights, conflict resolution and mecha-
nisms, possible conflicts between laws, legal diversity, and the presence or absence of 
administrative regulations to implement these laws. Policy aspects include the priority 
of use, cost, ability to decentralize or centralize, and participation and coordination 
with other policies. The administrative aspect is the organizational structure of water 
management, including financing, staffing, capacity, and fundraising.

4.  Performance indicators and role of stakeholders in river basin 
management

Stakeholder collaboration and synergy are needed in river basin management to 
maintain the formalization and implementation of activities or programs that manipu-
late natural and human resources found in river basins to obtain production and service 
benefits without causing damage to water and soil resources. It is important to manage 
and allocate natural resources for river basins, including prevention of flooding and 
erosion, as well as protection of the aesthetic value associated with natural resources. 
River basin management should include strategies for identifying linkages between 
land use, land and water, and linkages between upstream and downstream areas of a 
river basin. River basin management needs to consider the social, economic, cultural, 
and institutional aspects operating within and outside the river basin concerned.

Ecosystems must be viewed holistically, namely by identifying the key compo-
nents that make up the ecosystem and examining the interactions between these com-
ponents. A holistic approach is carried out so that the utilization and conservation of 
natural resources can be carried out efficiently and effectively, which is a requirement 
for the realization of the use of natural resources for sustainable development. River 
basin management is one of the government’s authorities that can be decentralized 
based on authority and function. The form can refer to the division model, namely 
deconcentration, delegation to parastatal or semi-autonomous organizations, devolu-
tion, privatization, or transfer of affairs from the government to non-governmental 
institutions [19]. Successful intergroup performance is a function of a number of 
factors. The broader concept (umbrella concept) that overrides these factors is that 
the coordination of each of the following factors can affect coordination efforts.

To achieve sustainable river basin development, economic development activities 
and environmental protection must be harmonized. In this case, it is necessary to 
unify the two perspectives realistically by adjusting river basin management activities 
and conservation of upstream areas into economic and social realities. Therefore, it is 
necessary to know the respective roles of the parties who will collaborate in river basin 
management, and it is necessary to know how to identify performance indicators.

Stakeholders have the authority and responsibility in terms of managing natural 
resources around the river basin. Stakeholders are expected to contribute directly or 
indirectly to river basin management. There are five measurement indicators obtained 
based on the results of interviews and assessment of the performance scores of activi-
ties carried out by various stakeholders, namely:

a. Policy Determination: The role of Stakeholders has a policy in determining the tar-
get of activities in the river basin ranging from central policies to regional policies. 
This policy determines the sustainability of the criteria in river basin management.
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b. Activity Goals and Objectives: Each stakeholder must have a set of goals and 
objectives for activities in the river basin that cannot be contradictory so that the 
goals and objectives of river basin management can be achieved. Case in point: 
the Agriculture Service may not clear agricultural and plantation land in the 
upstream area; the upstream area should be managed by the Forestry Service.

c. Activity Planning: In planning river basin management activities, all stakehold-
ers must be involved in planning activities to establish good coordination and 
cooperation between stakeholders. These good coordination and cooperation are 
because each stakeholder has a clear job description.

d. Implementation of Activities: Implementation of activities must be in accord-
ance with the plan of activities that can benefit the community, such as in the 
development of agriculture, plantations, and animal husbandry. The successful 
implementation of this activity occurs when each stakeholder collaborates and 
synergizes in river basin management.

e. Activity Monitoring and Evaluation: This activity must be carried out regularly 
periodically so that weaknesses in river basin management can be addressed 
immediately.

5. Conclusions

Based on the description above, it can be concluded:

a. Community empowerment in river basin management must have the power to 
make decisions autonomously so that community participation has a major role. 
The current condition is that community empowerment is still consultation 
participation and participation mobilized by incentives.

b. There is a need for harmonization of structural relationships between institu-
tions in government both at the central and local levels so that internal factors 
can be controlled, and programs and activities do not overlap in the management 
of natural resources and water.

c. River basin management starting from upstream, middle, and downstream, 
needs to involve stakeholders in order to build an integrated river basin manage-
ment pattern in collaboration and synergy of stakeholders. So that through this 
river basin, management will create biodiversity conservation, increase land 
productivity, ecosystem restoration, rehabilitation, and land reclamation.
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Chapter 13

Incentives for Managing Water 
Demands: Lessons from the 
Umgeni River Basin,  
KwaZulu-Natal, South Africa
Quinex W. Chiluwe, Bimo A. Nkhata and Dev Tewari

Abstract

This paper examines the incentives for managing water demands from a catchment 
or basin perspective by focusing on defined property rights dimensions. Using property 
rights theory, the paper has investigated the existence of relationships between attri-
butes of property rights and intentions of water users to conserve water. A case study 
was used to test whether property rights can be used as incentives in the management 
of water demands. The results from the analyses that were conducted using IBM SPSS 
indicated that property rights would be very significant in curtailing water demands in 
a catchment by acting as incentives in water resource utilisation, specifically by moti-
vating water user users to conserve water. This is an important finding because it would 
thus help water resource managers to use a properly defined property rights system 
(better duration and secure tenure) to enable water users curtail the ever-increasing 
water demands in the river basins.

Keywords: property rights, water demand management, water licences,  
water conservation, water scarcity

1. Introduction

At a global level, water has been declared to be a social and an economic good by 
fiat by the definition of water in The United Nations Conference on Environment and 
Development Agenda 21 “as an integral part of the ecosystem, a natural resource and 
a social and economic good. ..” [1] (Chapter 18) and by the fourth Dublin Statement 
Principle “Water has an economic value and should be recognized as an economic good, 
taking into account affordability and equity criteria” [2] since 1992. As seen in [3] it also 
satisfies de facto the Robbins conditions of the definition of economy as “the science 
which studies human behavior as a relationship between ends and scarce means which have 
alternative uses” [4] since scarcity is accepted by OECD in [5] pp. 18,129 and finite-
ness by the first Dublin Statement Principle “Water is a finite, vulnerable and essential 
resource which should be managed in an integrated manner” [2].
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Booker and his colleagues further assert this by stating that water is used in the 
production of virtually all economic goods and services; and above all, plays a vital 
role in the provision of basic ecosystem services for human beings and organisms [6]. 
The importance of water in the economy can also be seen via the Water-Energy-Food 
(WEF) Nexus as seen in general in [7] and for South Africa in particular in [8–10]. 
In addition to this, other scientists have recognised the influence that water has on 
development [11]. For example, it has been claimed by the World Water Assessment 
Programme [12] that proper management of water resources brings the prospects of 
poverty reduction and economic growth to developing economies. Brown and Lall 
[13] further add that the production of food and most infrastructural development 
initiatives across the world have been affected by the amount of rainfall received 
and its variability. Rainfall variability plays an important role seen in general in 
[14], for South Africa in [15–17] and for KwaZulu-Natal Province in particular [18] 
while extreme rainfall is seen in general in [14] and for South Africa in [19–21]. This 
is particularly true in Sub-Saharan Africa where infrastructure development in the 
water sector still lags behind, and storage of the available water is a challenge such 
that farmers are not able to continue food production without depending entirely 
on rainfall [22]. As a consequence, it has been argued by Ward [23] that the need to 
satisfy the growing human demands for water while protecting the aquatic ecosys-
tems on whose products and services economies and life itself depend has emerged to 
be a significant challenge for 21st Century water policy especially as the demand for 
freshwater sources continue to increase worldwide.

It is further noted that literature is awash with evidence on the relationship 
between resource use and incentives to manage the resource. Musole [24] has 
argued in his paper that resource users tend to increase resource use efficiency 
when they have stake in the resource. In addition, some scholars [25–27] posit that 
by properly defining the rights of use of the water resource, there are high chances 
that a water user will invest in the improvement of the resource and hence ensure its 
efficient use. However, despite the growing body of knowledge on property rights 
and natural resource use [28–30], little research has been conducted to examine 
how the property rights definition would help in managing the increasing water 
demands at the scale of a river basin. While numerous studies have been conducted 
to examine the role that property rights play in creating incentives for investment 
in land use rights and conservation of fish and forestry resources [31–37], there is 
scarce literature to indicate the existence of similar research in water demand man-
agement. In addition to that, while research efforts have advanced in water demand 
management, most of this research places its focus on residential or domestic water 
demands and economic instruments like pricing. Efforts to study the response of 
water users to property rights institutions in water resource utilisation have been 
insignificant.

The purpose of this paper is therefore to explore how a property rights system can 
enhance incentives towards managing water demands by luring users to conserve 
water on their properties. The argument is that property rights can serve as both 
incentives and disincentives towards the actions of water users and those actions 
may either reduce or increase water demands. We learn from Bruns and Meinzein-
Dick [38] that property rights can secure access to water for existing users and offer 
equitable ways to meet additional water needs/demand, including urban expansion, 
economic growth and environmental protection. However, in order to advance 
the understated aim, an understanding of water availability and scarcity, demand 
management and property rights theory is required.
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The paper is organised as follows; following hereafter is the background to debates 
on water availability and scarcity bringing out the rationale for improved water 
management efforts. After this section, the paper gives a brief overview of the cur-
rent understanding in demand management efforts in the water sector. A discussion 
of the property rights theory and its applicability in water resources management has 
been presented next. This section is followed by a methods section which precedes the 
results and discussion section. The paper finally closes with some significant conclu-
sions that have been generated from the results of the study.

2. Water availability and scarcity

There are various definitions for water availability divided into blue and green 
parts e.g., “blue water availability is defined as total natural runoff net of 20% assigned 
to environmental flow requirements” [39], “Green water availability is defined as total 
rainfall infiltration in agricultural land minus runoff from this area multiplied by a 
reduction factor for minimum evaporation losses in agriculture of 0.85” [ibid]. The same 
authors argue that water accessibility is even more important as water sources are 
often far from their point of use due to issues of spatial population or/and productive 
land distribution and industry. For instance, it is reported that the Amazon river has 
a 95% flow inaccessibility [40] while only less than 50% of the Congo River’s flow can 
be assessed by the population due to infrastructure challenges despite being one of 
the largest rivers in Africa [41].

As seen in [42] water scarcity is divided into physical scarcity and economic 
scarcity. Physical scarcity occurs when, due to the global interconnectedness of 
the hydro-climatic system [43], water fails to satisfy consumption demand as well 
environmental flows [44]. Economic scarcity occurs when failure to satisfy the 
aforementioned demands is attributed to the socio-economic system’s failure in water 
utilisation [ibid] either due to inadequacies in storage, timely distribution and access 
(infrastructure development) [45] or as seen in [46] in case human/ institutional 
actions or lack of capital place limits to water access.

An apt definition of water scarcity, among many seen in the relevant literature, 
is the one employed by the EU “water demand exceeds the water resources exploitable 
under sustainable conditions” [47]. According to Shiklomanov [48], 75% of the earth’s 
surface is covered with water, but only 3 per cent of the earth’s water is available as 
freshwater for human use with the other fraction locked up in oceans and hence salty. 
The quantity of usable water available is further constrained by a number of factors 
exacerbated by continued economic growth, population growth, climate change and 
rapid urbanisation that have increased pressure on the resource [49].

Figure 1 shows water withdrawals across the globe as projected from 1995 to 
2025 [50]. It is interesting to note from the figure that water withdrawals continue to 
rise especially in Africa, China and South Asia and South East Asia. Alcamo, and his 
colleagues [ibid] report that water withdrawals are prone to grow in these regions 
due to rapid population and economic growth. For instance, Hoekstra, Mekonnen 
[51] allege that the increased need for food to feed the growing population will 
lead to more water withdrawals in the agriculture sector which is the driving force 
behind economic development in these regions. At the same time, the rate of 
urbanisation especially in the developing world has led to increased domestic water 
demand, a situation described by Serageldin [52] as worrisome due to multifaceted 
implications this has on the social well-being of urban populations. Consequently, 
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the increase in population coupled with increased water withdrawals has seen 
approximately 2.1 billion people living in severely water stress basins [50] with 
Dzikus [53] warning that a total of 1.1 billion people in African countries will be 
greatly affected by the dwindling water availability if the status quo is maintained.

Figure 2. 
Map showing freshwater availability across the globe.

Figure 1. 
Graph showing Water Withdrawals projected from 1995 to 2025 [50].
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The question that remains is whether the available water will be able to meet the 
growing demands if the situation remains the same [51], and this has led to some 
authors claiming of an impending global water crisis. However, Lall and Heikkila 
[54] has acknowledged in their report that the existence or emergence of a global 
water crisis still remains a topic of controversy among scientists, with some scholars 
claiming that it is being overstated while raising are questions regarding available 
data [55]. This not-withstanding, Brown and Lall [13] argues that it is the ability of 
states to manage their available water resources that affect economic development 
and social well-being of the society.

Figure 2 is the map showing the availability of freshwater across the globe. While 
Figure 1 indicates that global water withdrawals continue to rise in developing 
countries, it can be observed from Figure 2 that most African countries including 
South Africa are heading towards stress levels with some countries especially in North 
Africa in critical situations of water scarcity.

All this points to the fact that increased water management efforts are imperative 
and more proactive measures should be sought [56]. However, it has to be admitted 
that managing the scarce water resources for increasing demands in an equitable 
and sustainable manner is one of the greatest challenges facing the world in the 
21st Century [57, 58].

3. Managing water demands

While the conventional approach to deal with increasing water demands has 
been to increase supply through infrastructure development for dams and new water 
supply schemes (29), this has become pecuniary expensive alternative over time as 
water resources have been affected by multifaceted challenges which include climate 
change, demographic changes and pollution. It must be highlighted that while 
managing water demands has been exhorted as probably a more beneficial alterna-
tive to supply side management, some authors have found otherwise [56]. For the 
water users, it has been contended that effective water demand management would 
enable equity among them and aide in financial savings that would emanate from 
water use bills [59]. In addition, water supply and management institutions would 
be saved from making huge infrastructure investments like dam constructions, new 
water schemes and inter-basin transfers. On the other hand, studies conducted in 
Iran found that while the adoption of trickle irrigation methods led to improved 
water use efficiency, there was a significant reduction of the downstream return 
flows leading to less water available for ecological purposes and those users reliant on 
these flows [56]. It has been argued by Molle that while there are indeed significant 
savings by various commercial farmers by employing improving methods of water 
application and changes in the crop husbandry practices in order to save water, the 
reality has been that water users tend to utilise every drop of their allocated water 
by even expanding their current farm coverage [ibid]. This notwithstanding, water 
demand management strategies should be designed in such a way that they are not 
a means to themselves but rather with downstream measures to ensure there are 
water savings that can be reallocated to other users in cases of closed basins as well as 
environmental uses.

There are thus various types of instruments that have been used to curtail water 
demands across the globe. These include legal instruments (institutions), economic/
financial/market-based instruments, technical instruments and social-political 
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arrangements [59–61]. For the purposes of this study, this discussion will focus on 
property rights as a form of institutions that can be used to manage water demands.

3.1 Property rights theory

There has been a lot of disagreements on how to define the concept of property 
rights among scholars in literature [24]. The differences are prominent among legal, 
economic and social scholars. For example, Furutbotn and Pejovich [62] as cited by 
Musole [24] defined property rights from a legal perspective as the claims, entitle-
ments and related obligations among people regarding the use and disposition of a 
scarce resource. However, Barzel [63] later in 1989 cited by Musole [24] contested 
from an economic view that a person’s property rights consists of the rights or the 
power to consume, obtain income from and alienate the property to another person. 
On the other hand, Wiebe and Meinzen-Dick [64] in their study on property rights 
as policy tools in resource use defined property rights as formal and informal insti-
tutions and arrangements that govern access to resources, as well as the resulting 
claims that individuals hold on those resources and on the benefits they generate. 
Irrespective of the fact that these scholars come from different backgrounds, however, 
these definitions share some common features. More generally, they all point to the 
fact that property rights determine what can be done with a resource, by whom, at 
what time and in what manner, and a permit or a licence system is used for adminis-
tering or allocating the resource to the user. For the purposes of the current study, the 
definition proposed by Wiebe and Meinzen-Dick [64] was adopted due to its applica-
bility in the context of water resources management [65]. It must be pointed out that 
as some authors argue, property rights affect economic outcome in various ways e.g., 
the resource use pattern, the goods and services produced quantity and mixture as 
well as the resulting income and wealth distribution but they do not determine it as it 
can affect in its turn the structure of property rights themselves [66].

3.2 The attributes of property rights

According to Scott and Coustalin [65], rights to natural resources such as water 
have prescribed attributes such as duration, exclusivity, quality of title, flexibility 
and transferability that make the property rights structure effective or otherwise. In 
addition to these, other scholars point out that a successful property rights system 
needs to have enforcement mechanisms [24, 67, 68]. The way these attributes have 
been defined represents the quality of the property right system and to an extent may 
lead to the success or failure of the system in sustainable management of the natural 
resources. Some authors have argued that a property rights system would be ill-defined 
if these attributes are not considered in the design of the system leading to the increase 
in transaction costs and uncertainty among resource users [62, 63, 69–71]. The discus-
sion in this study has, however, been limited to duration, flexibility, enforcement and 
transferability of the property rights; while the discussion of enforcement has been 
combined with exclusivity because they quite often share similar traits.

3.2.1 Duration

Duration of a property right is defined by Crase and Dollery [72] as a representa-
tion of the period or length of the right possessed by an individual. The length of 
property rights is an important element in determining water use. As pointed out by 
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several scholars [27, 67, 73], property rights of long duration encourage water users 
to invest in water saving technologies as well as infrastructure improvements on the 
resource. This would enhance efficient use of the water resource thereby leading to 
sustainable utilisation as well as curbing the insurgent demands of water in water 
stressed river basins.

3.2.2 Exclusivity and enforcement

Exclusivity is the description of the extent to which other resource users can be 
prevented from accessing the resource and enjoying the benefits of the resource [72]. 
Most scholars agree that this attribute is an important dimension that determines 
the success or failure of most property right regimes [27]. According to Musole [24], 
the right of the resource users to the resource would be deemed exclusive if there are 
adequate enforcement mechanisms in place. This suggests that the enforceability of 
the property right is an important prescription that needs to be considered if property 
rights regimes are to be successful. Understanding the enforceability of the property 
rights structure would help in understanding the behaviour of water users in the way 
they use the resource.

Several authors assert to the need for exclusive property rights by stating that they 
tend to internalise resource depletion [24, 74, 75]. Furthermore, well enforced prop-
erty rights have been upheld by Kemper and Olson [76] in that they lead to emergence 
of water markets in water scarce areas. This means that water would be allocated to 
its highest values within the water scarce river basins. In addition, Rosegrant and 
Binswanger [77] bring about another significant contribution of exclusive property 
rights systems particularly in water demand management which was also later echoed 
by Bruns and Meinzen-Dick [38]. They claim that having an enforceable property 
right could motivate long-term investments in water saving technologies (an impor-
tant element in demand management) among water users, cause users to consider the 
opportunity costs of water and to use it efficiently, and gain additional income from 
the sale of water and internalise externalities.

3.2.3 Flexibility

Crase and Dollery [72] defines flexibility of property rights as the extent to which 
the right permits an alteration to the pattern of use without forfeiting the right. 
Flexibility of the right has some intriguing consequences on the sustainability of 
water resource utilisation. It has been argued that placing exclusive flexibility on 
property rights especially in water resources implies that a right-holder can alter the 
pattern of water usage without regard to the impacts on other users. In view of this, 
therefore, many scholars recommend that flexibility need to be attenuated to limit the 
extent to which right-holders can modify usage [64, 68, 78, 79].

3.2.4 Transferability

The transferability of property rights has been defined by Veettil, Speelman [80] as 
the ability of the resource user to transfer the individual property right to another user 
either temporarily or permanently in line with the specified rules of the governing body. 
Authors such as Crase and Dollery [74] consider property rights especially in water 
resources that are not transferable as ill-defined property rights. This is in agreement 
with several other scholars who argue that transferability of property right enables 
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resource users to get incentives to invest in the resource and hence improve resource use 
efficiency [27, 38, 75]. Further than that, transferable property rights in water have been 
deemed important in the emergence of water markets whereby underutilised and low 
productive resources can be allocated to higher productive uses [80, 81].

4. Methods

The data used in this study was collected in the Umgeni River Catchment in the 
year 2013 as part of a larger research program. It focused on water users in the basin 
who are individual farmers (commercial and small scale), industrial companies and 
forestry companies in the study area such that the unit of analysis was the individual 
and corporate water user. According to the National Water Act of 1998, all users of 
water in a specified area including individuals (farmers, smallholders, landowners or 
lessees), communities, companies or businesses, water users associations and water 
service providers are regarded as ‘water users’ [82] and are required by law to obtain 
a licence to use the water. The Umgeni River catchment has the population of about 
1.6 Million with total urban population at 74% and 26% rural population [83]. This 
population encompasses a total of 368,250 households. According to the Department 
of Water Affairs (DWA), the area has higher per capita income as compared to other 
areas within the province reaching as high as R15,100 while the average lies around 
R11,000.

A probability sampling technique was utilised in order to determine the respon-
dents that made up the required sample from the population of registered water users 
in the river catchment. This was deemed appropriate because this would validate the 
generalisation that can be made from the sample about the population [84] and every 
member of population had equal possibility of being part of the sample. The sampling 
technique used here enabled the study to imply the results that emanated from the 
sampled water users to the rest of the users within the Umgeni River Catchment area.

Questionnaires were distributed to a random sample of 351 out of 818 users that 
was drawn from an extensive database of registered water users in the study area 
referred to as the Quaternary catchment U provided by the Department of Water 
Affairs (DWA). Out of this sample, 146 water users returned the questionnaires. 
This sample size was calculated using the online sample size calculator [85] at 95% 
Confidence Level and 6% margin of error or Confidence Interval. The Online Sample 
Calculator is a tool used for determining sample size in survey research developed by 
the Creative Research System group of America. The tool uses the target population, 
Confidence Interval and Confidence Level to determine appropriate sample size for 
survey research.

The collected data was analysed using Statistical Package for Social Scientists 
(SPSS) version 20. Four hypotheses were developed to facilitate the investigation 
of relationships between property rights attributes and intentions by water users to 
conserve water.

5. Results and discussion

It has been argued in paper that the attributes of property rights affect the 
incentives for utilising and sustaining water resource base over a period of time. As 
demands for water continue to increase across the globe particularly due to social 
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and economic dynamics like population growth (and urbanisation) and of course 
compromised resource quality, it is increasingly becoming important that water 
users reduce the amount of water they use by practising water conservation on their 
properties. One of the ongoing challenges is, however, finding the best approach to 
encourage water users conserve water and curtail the increasing demands. As was 
reported previously, a number of studies have been conducted aimed at expanding 
our knowledge on incentives that can enhance water conservation behaviour among 
water users. The evidence in this paper agrees with Becker and Gibson [86] who 
argues that formulating and defining property rights to natural resources is one of the 
fundamental requirements that is necessary for ensuring that resource users have the 
incentives to conserve the resources and avoid degradation.

5.1 Duration of property rights and water conservation

The importance of the duration of property rights is highlighted by the fact 
that water users know the period by which they would continue to benefit from the 
resource using their right. In accordance with the property rights institutions theory, 
this would have an impact on the behavioural actions among water users in the 
catchment [74, 87]. The results from the analysis using SPSS Kruskal Wallis Test are 
presented in Table 1 showing the relationship between intention to water conserve 
water and the duration or tenure of their property right.

From the results of the study, it has been evident that there is a significant direct 
relationship between duration of the right and water conservation intentions among 
water users. This result denotes that the duration of the property right can be an 
incentive to enhance conservation of water among water users in the Umgeni River 
Basin. Nonetheless, this finding does not in itself clarify the extent to which duration 
would influence the intentions to conserve water as the results indicated a difference 
in the influence between five to 10 and 21 to 30 durations and 21 to 30 and 31 to 40 
year duration (See Table 2).

By looking at the mean scores, the results revealed that water users were more 
motivated to conserve water with the lower durations and this motivation con-
tinued to drop as the duration increased. This finding would suggest that shorter 
water durations are key if water users are to be more conservative in water use, and 
this would help in reducing water demands in water stressed basins. According to 
Adhikari [88], resource users with shorter property rights durations attach more 
importance to optimising their benefits from the resource within the given period. 
The implication of this proposition would be two-fold. On the one hand, resource 
users would expropriate more resources from the source as they have no concerns for 

Test Statisticsa,b

Test Statistics Intention to conserve water

Chi-Square 19.518

Df 5

Asymp. Sig. .002
aKruskal Wallis Test.
bGrouping Variable: What is the length of your water licence?

Table 1. 
The relationship between intention to water conserve water and the duration or tenure of their property right.
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longer term availability of the resource thereby leading to degradation of the resource 
and increased conflicts among water users due to increased demands. The resource 
users may, nevertheless, be conservative with the available resource supply if they 
have a shorter duration so as to maximise their benefits from the supply. However, 
other studies indicate that the ability to conserve and sustainably use the resource 
with respect to the duration of the property rights depends more on the certainty of 
whether they can easily renew their licence after the expiry of the current allocation 
[27, 89]. Further than that, although Nikouei, Zibaei [90] argues that resource users 
are believed to be conservative if they are certain that they will continue benefiting 
from the resource, Hasan [36] reports in her study that some resource users will 
reduce their commitment to preserve the integrity of the resource in the long run.

5.2 Flexibility of property rights and water conservation

There is huge evidence in literature that resource degradation and sustainable 
management is dependent upon the efficient institutional arrangements [71, 91]. It 
was argued in the preceding sections that placing flexibility on property rights can 

Variables Test statistics Intention to 
conserve water

Overall flexibility of 
property right

Intention to conserve 
water

Correlation Coefficient 1.000 .190**

Sig. (2-tailed) . .022

N 146 146

Overall flexibility of 
property right

Correlation Coefficient .190** 1.000

Sig. (2-tailed) .022 .

N 146 146

**Correlation is significant at the 0.05 level (2-tailed). Bold shows statistically significant results.

Table 3. 
Flexibility of property right vs water conservation.

Dependent variable Length of property right N Mean rank

Intention to conserve water 5 years 14 92.64

6 to 10 years 15 90.47

11 to 20 years 10 76.95

21 to 30 years 23 49.61

31 to 40 years 23 86.22

Greater than 40 years 47 62.55

do not know 14 88.82

Total 146

Table 2. 
Intention to conserve water vs length of property right.
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have both positive and negative impacts on the resource. The results from the cor-
relation analysis between flexibility and intention to conserve water are presented in 
Table 3.

The results of this research indicated that the flexibility of the property rights cor-
related significantly with water conservation intentions among water users implying 
that low flexibility may lead to low conservation intentions while higher flexibility may 
lead to higher conservation intentions. However, the results revealed that the relation-
ship was very weak (as observed from a correlation coefficient of 0.19). Since the 
flexibility of one’s property right would affect the behaviour of another resource user 
within the resource regime [72], Corral-Verdugo, Frias-Amenta [92] suggest that the 
intentions of resource users to conserve water would be affected by the actions of those 
other users in the catchment. Corral-Verdugo and his colleagues argue that water users 
that are affected by other rights holders who change the pattern of water use are more 
likely going to be demotivated to conserve water on their property. In addition, these 
authors claim that flexible property rights would also reduce the likelihood of collec-
tive action towards conservation and sustainable utilisation of the resource. From this 
observation, it can be suggested that there is need to ensure that property rights should 
exhibit some form of flexibility in order to motivate water users conserve water while 
at the same time protecting the interests of neighbouring water users.

5.3 Enforceability of property rights and water conservation

Well defined property rights entails having a good compliance monitoring and 
enforcement mechanisms either done by the community of resource users them-
selves or indeed by the state [93]. Ostrom and several other colleagues argue that the 
behaviour of actors lean to a large extent onto the enforceability of the institutions 
within the context [78, 87, 94, 95]. An analysis on the relationship between enforce-
ability and intentions of water users to conserve water using SPSS Spearman’s Rho 
Correlations has been presented in Table 4.

In this study, it has been established that there is a positive correlation between 
enforcement of property rights and conservation of water by resource users. This result 
implies that any increases in enforcement of the property rights by the water manage-
ment agency would result in increased water conservation efforts by water users. 
Although the current study finds a moderately strong correlation, there is agreement 

Variables Statistics Intention to 
conserve water

Overall enforcement of 
property right

Intention to conserve 
water

Correlation 
Coefficient

1.000 .517**

Sig. (2-tailed) . .000

N 146 146

Overall Enforcement of 
property right

Correlation 
Coefficient

.517** 1.000

Sig. (2-tailed) .000 .

N 146 146

**Correlation is significant at the 0.01 level (2-tailed). Bold shows statistically significant results.

Table 4. 
Enforceability of property rights and water conservation.
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with the findings from a study conducted by Yang, Zhang [96] in China. Yang and his 
colleagues reported that irrigation farmers were more motivated to conserve water by 
having enforceable water rights than changing the pricing incentives. From this finding, 
it can be concluded that the enforceability of the property right can be used as incen-
tives towards the conservation of water by water users on either their farm or other 
properties. By having a well enforced property right system in place, water users would 
be able reduce water consumptions by adhering to their set water abstraction limits 
thereby reducing water demands. In so doing, water management agencies would be in 
a position to contain the surging water demands in stressed river basins.

5.4 Transferability of property rights and water conservation

Transferability of the property rights has received greater attention in property 
right literature especially by scholars looking water markets. Proponents of transfer-
able property rights argue that transferable property rights are very important in 
water resource management because they aide in water being allocated to its highest 
value and efficiently utilised. In very water stressed basins, water can be transferred 
from one sector to another and from one user to another as long as the property rights 
institutions allow transferability of rights. In the light of escalating water demands, 
transferring the property rights from low value uses to high value uses may help 
manage the demands at basin level. An analysis on the relationship between transfer-
ability and intentions of water users to conserve water using SPSS Spearman’s Rho 
Correlations has been presented in Table 5.

The results from this study suggest a significant relationship between transfer-
ability of the right and intentions of water users to conserve water although the 
correlation effect is not strong enough. This finding may imply that water users find 
the transferability of their right as incentives towards conservation of water but not 
to a larger extent. As discussed earlier in the beginning of the paper, even though 
transferability of property rights has some significant benefits in water allocation, 
some authors critiqued the concept of transferability.

Scholars such as Anderson have argued “since rights cannot be perfectly enforced, 
ownership will always be probabilistic; but when the probability of capturing benefits 
from a use is low, it is less likely that the owner will devote the resource to that use” [97]. 

Variables Statistics Intentions to 
conserve water

Transferability of property 
right

Intentions to Conserve 
Water

Correlation 
Coefficient

1.000 .580*

Sig. (2-tailed) . .030

N 146 146

Transferability of 
Property right

Correlation 
Coefficient

.580* 1.000

Sig. (2-tailed) .030 .

N 146 146

*Correlation is significant at the 0.05 level (2-tailed).

Table 5. 
Transferability of property rights and water conservation.
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In Pakistan a survey of watercourses (1990) showed the existence of 70% active trading 
between farmers [98] while market type trading of water rights is seen to result in 
social benefits via improvement of water resource allocation efficiency. Allocative 
efficiency maximisation which leads to net economic returns maximisation is rarely 
attained in practice as there are supply and demand imbalances [99]. Water intersec-
toral reallocation, as long as economic efficiency is attained via transfer to a use of 
higher value, is a positive process as seen in [100]. However, in this case, a framework 
of intersectoral trading is created where a competitive situation arises [101] unless 
the transfer is facilitated by central economic policy fiat as is the case in Jordan’s shift 
from agricultural to industrial use [102]. Transferable property rights may lead to 
overutilization and/or overexploitation of the resource as seen in [103]. For instance, 
when water has been allocated to the highest efficiency sectoral value uses, like from 
agriculture production to industrial uses, there are high chances that the new right 
holders will aim to optimise production per unit water allocation within the particular 
industrial process employed which differs from agricultural use. The resulting con-
sequence can be increased degradation of the water resource thereby creating water 
stress in the river basin.

6. Conclusions and implications for water demand management research

In the preamble of this paper, it was indicated that most demand management 
literature and research focus on the use of economic and market-based incentives to 
curtail water demands. Indeed, there is a lot of scholarly work that supports that water 
demand can better be managed by economic incentives like pricing [59, 76, 104–106]. 
However, there is also growing concerns on the applicability of these instruments in a 
river basin context [56, 80, 107] as most of this research is conducted with a primary 
focus on either residential water demands or irrigation water demands.

While there is acknowledgement of property rights institutions as an instrument 
that can be used to manage water demands [56, 59, 60, 108], it was observed that little 
research work was done to understand the potential and applicability of property 
rights in this respect. This research, therefore, aimed at examining the role of prop-
erty rights in managing this water demand as an alternative incentive to the economic 
instruments. The main argument was that property rights institutions guide the 
behaviour of resource users towards resource utilisation [24, 64, 89, 95]. By utilising 
the property rights theory [29], a proposition was made that the attributes of prop-
erty rights would act as incentives and influence the patterns of behaviour of water 
resource users resulting in either reduction or increase in water use. The interaction 
between these property rights attributes and water users would result in a well-man-
aged water demand scenario or another tragedy of the water resources commons.

Using evidence obtained in this study, property rights would be very significant 
in curtailing water demands in a catchment by acting as incentives in water resource 
utilisation, specifically by motivating water user users to conserve water. This finding 
presents a new dimension in water demand management research. Although these 
results are mostly inconclusive as regards the amount water savings property rights 
would have, efforts would be done to delve into understanding more on the incentive 
structure of property rights as regards water resource utilisation across the sectors in 
a catchment. By focusing on catchment wide water users, research would be able to 
incorporate dynamics that affect water user behaviour often ignored in studies focus-
ing on residential water demand management.
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Chapter 14

Water Control, Impacts and  
Sub-Regional Cooperation around 
a Transboundary Hydrological 
System – The Case of the  
Kayanga/Geba Catchment 
Area: (Guinea, Senegal and 
Guinea-Bissau)
Saly Sambou, Rene Ndimag Diouf and Joseph Sarr

Abstract

The Kayanga/Geba river basin is a transboundary basin shared between Guinea, 
Senegal and Guinea-Bissau. It concentrates important natural resources, notably water 
resources on which Senegal and Guinea-Bissau are particularly dependent. The drastic 
reduction of these water resources due to rainfall variability and climate change has had 
an impact on agricultural production in the basin; hence the hydro-agricultural develop-
ments, in Senegalese territory, boost socio-economic activities by increasing productivity 
in both the rainy and dry seasons. The negative effects of these developments go beyond 
administrative boundaries. The transboundary management of this basin is a real chal-
lenge because the dams built in Senegal do not have the legal status of common dams of 
the OMVG whose mission is to promote cooperation between its member states. This 
article first analyses water control and some of the negative impacts of hydro-agricultural 
developments, and then the cooperation initiatives that the OMVG is trying to imple-
ment for rational and harmonious exploitation of the common resources of this basin.

Keywords: water control, transboundary water system, sub-regional cooperation, 
Kayanga/Geba basin

1. Introduction

The catchment area becomes transboundary when it extends between two or 
more countries [1]. In addition to being numerous in West Africa, transboundary 
watersheds are often the primary water resources of the countries that border them 
[2]. The transboundary situation of these basins causes a fundamental problem 
when considering the management of shared natural resources. In many cases, an 



River Basin Management - Under a Changing Climate

302

ecosystem divided by a political-administrative boundary is managed in a fragmented 
and sometimes contradictory way by the states that share it. This is due to the fact that 
sometimes states have different political priorities and environmental regulations [3].

At the end of the 1960s and the beginning of the 1970s, recurrent dry spells and 
climate change severely impacted agricultural production in the Kayanga/Geba basin, 
where the essential part of the population’s income traditionally comes from rainfed 
crops in the uplands and rice cultivation in the lowlands, in addition to the livestock. 
To overcome this problem, the state of Senegal has adopted policies for the develop-
ment and management of water resources in order to improve water management, 
boost socio-economic activities by increasing agricultural productivity, both in the 
rainy season and in the off-season, and promote local development [4, 5]. This is 
how the Agricultural and Industrial Development Company of Senegal (SODAGRI 
in French) created in 1974, was entrusted with the management of the three phases 
of the development of the Anambe basin, the central part of which is a vast flood 
basin of almost 16,000 ha [6]. The Anambe is the main tributary of the Kayanga/
Geba in Senegal. The developments are for hydro-agricultural and pastoral purposes 
with integration of agriculture, livestock, and continental fishing. In total, two dams 
have been built for this purpose in addition to the one set up by the Local Small Scale 
Irrigation Support Project (PAPIL in French).

In Guinea-Bissau, no hydro-agricultural development has been carried out. The 
Kayanga/Geba and Koliba/Corubal rivers are the main source of surface water in 
this country. It shares the Koliba/Corubal with Guinea. The other rivers are deeply 
penetrated by the tide.

The developments in the Senegalese part of the basin may run counter to the 
benefits that can be derived from harmonious use of water resources and cooperative 
management at the scale of the hydrological system. Because managing at this scale 
means ultimately taking advantage of the comparative advantages of each part of the 
hydrological system and respecting its total productive capacity [2]. This article aims 
to analyse water control and transboundary cooperation around the Kayanga/Geba 
river basin. It is a modest contribution to the analysis of the challenges of transbound-
ary basin management in West Africa.

2. Presentation of the Kayanga/Geba catchment area

The Kayanga/Geba watershed is a transboundary basin (Figure 1) shared by Guinea 
(1.3% of the total area), Senegal (34.3%) and Guinea-Bissau (64.4%) [7, 8]. The river 
has its source in the western part of the Badiar Plateau (Guinea), in swamps, at an 
altitude of about 90 m. It flows northwest for about 10 km, passes through Senegal 
as it flows west and then southwest, enters Guinea-Bissau after a course of about 
150 km and takes the name Rio Geba [9]. The South Sudanese climate is characterised 
by a rainy season from May to October and a dry season for the rest of the year. The 
latitudinal configuration of the basin shows rainfall contrasts with an average annual 
rainfall of about 1000 mm in the north and 1500 mm in the south. Average monthly 
temperatures range from 23.7°C in December to 31.7°C in May. The average monthly 
temperature ranges from 23.7°C in December to 31.7°C in May at the Kolda station. In 
this basin, agriculture remains the main activity and source of income for the pre-
dominantly rural population. The other socio-economic activities such as the livestock, 
the continental fishing, the arboriculture, the market gardening and the trade are also 
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developed there. However, they are submitted to hydro-rainfall variations [7]. The total 
population of the basin is estimated at 760,000 residents, of which 0.4% live in Guinea, 
41.8% in Senegal and 57.8% in Guinea-Bissau (Table 1) [10].

3. Water control in the basin

Water control generally involves the construction of dams, if necessary, which 
make it possible to compensate for the irregularity of seasonal or interannual water 
supplies by accumulating reserves. Dams are artificial structures built across the bed 
of a river to retain water or provide an artificial reservoir [11]. Thus, the benefits of an 
agricultural dam will be felt very gradually, as cultivation processes evolve, which we 
know are slow [12].

Figure 1. 
Location of the Kayanga/Geba River watershed [7].

Basin Countries 
sharing the 

basin

Area 
(km2)

Population of 
the basin

% of the 
basin by 
country

% of the 
population by 

country

Kayanga/
Geba

Guinea 12,440 760,000 1.3 0.4

Senegal 34.3 41.8

Guinea-Bissau 64.4 57.8

Table 1. 
Distribution of the basin population by country.
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During the first phase of the development of the Anambe basin (Senegal), the 
Confluent dam-reservoir was built 300 m downstream from the Kayanga/Geba and 
the Anambe confluence. With a storage capacity of 59 million cubic meters, it was 
built in 1984 and diverts the flow of the river to fill the Anambe basin and irrigate 
1365 ha [13]. In the non-rainy season, the water is blocked by the Kounkane weir. 
After more than a decade of exploitation, it was found that the additional water pro-
vided by this dam was not sufficient to achieve the objective of double cropping, due 
to rainfall deficits, coupled with significant water leakage downstream of the system, 
estimated at more than 50% of the runoff. These water leaks resulting from errors in 
the construction of the dam (defective retaining dyke), considerably reduce the pos-
sibilities of storing water [14]. It is in this context that the second phase was started 
with the construction of the Niandouba dam-reservoir in 1997, in addition to the 
development of new perimeters covering an area of 2805 ha. Located 10 km upstream 
of the Confluence reservoir, with a storage capacity of 85 million cubic metres, it 
provides a backup to this buffer reservoir. The main objectives are: to store water 
during the rainy season in order to provide the necessary complement to secure off-
season crops in the Anambe basin; to allow the development of continental fishing in 
the reservoir in all seasons; and to contribute to the recharging of the underground 
water for human and animal water supply. This has resulted in improved hydrological 
conditions with over 100 million cubic metres of water available, allowing for relative 
water control in the Anambe-Kayanga/Geba system [13].

In 2012, PAPIL built the Velingara-Pakane dam-reservoir upstream of the 
Niandouba dam-reservoir to irrigate areas on the right bank of the river. The storage 
capacity is 1.5 million cubic metres.

Despite these dams, water control in this part of the basin is low, because develop-
ment and production objectives have not yet been achieved due to, firstly, the rainfall 
deficit and, secondly, the production factors. However, a new dam project is envis-
aged at the confluence of the Niokolo-Koba and Koulountou rivers, tributaries of the 
Gambia River. It is expected to divert water from these tributaries, via a connecting 
channel, to reinforce existing reservoirs in order to expand the area cultivated and 
increase the production [15].

In Guinea-Bissau, on the contrary, there is no water control proper, because no 
hydro-agricultural development has been carried out, even though the country has 
a very old rice-growing tradition that is highly dependent on rainfall. According to 
STUDI International [10], rice production in mangrove and lowland areas is facilitated 
by the provision of salt dikes and water reservoirs. In the non-rainy season, small 
areas are irrigated from the river using motor pumps placed along the riverbanks. But 
irrigated agriculture is still in its embryonic stage. Enormous potential in developable 
lowlands has so far been little used for rice cultivation [16]. Today, despite the low 
level of development of the agricultural potential, the agricultural activities developed 
on the riverbanks are affected by the difficult climatic conditions combined with the 
hydraulic dams built in the Senegalese part of the basin. The difficulties in supplying 
drinking water to households are noted, and the strong degradation of ecosystems and 
the rise of the salt tongue are severely felt by the local populations [17].

4. Some impacts of developments in the catchment area

Since water is an economic good [18, 19], dams have contributed significantly to 
socio-economic development through their benefits as long as they are technically, 
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economically and financially feasible [20]. It is a given [21] that dam development 
at the national and regional scale is the main factor of economic development, 
while basins with dams have an increased economic activity by 25% over those 
that have no dams [22]. In [23], it is seen that reservoir construction, groundwater 
exploitation and cropland irrigation are prime optimization instruments for water 
resource utilisation with particular success in Africa where dam construction bal-
anced out water shortage.

However, the general picture of population increase for the three countries is as 
below (Base year 2022).

As dams are connected with social development, which includes population [25, 
26]. Table 2 shows that existing dam utilisation in these countries will come under 
rapidly increasing pressure. According to the World Bank Report [27], Senegal is 
classified as water-stressed country, as despite the fact that resources are plentiful 
there is high annual variability [28] with extreme precipitation [29] occurrences [30] 
and projections for 2035 show a withdrawal increase of 30−60%, the upper limit 
correlated with population increase. In the case of Guinea-Bissau, water resources are 
under pressure [31] from changing and variable climate, abstraction, the methodol-
ogy for the disposal of wastewater and urbanisation rate while water stock depletion 
and water resource pollution are seen as being the major threats. Threats in Guinea 
are seen to materialise at the end of the century [32] where rainfall will be reduced by 
26% in the Fouta Djallon Highlands, and the Konkouré River may see its flow reduced 
up to 50% while the Milo by up to 70%.

Although they are essential for development, dams must satisfy additional 
requirements, those of environmental, political, institutional and social acceptance 
[33]. Before dam construction resettlement costs and methodology play an impor-
tant role as seen in [34] where a four-step method is described; and in a study of 
the Narmada Valley in India where cost-benefit analysis was applied including the 
assessment of the costs of displaced people [35]. Dams, ‘the most cataclysmic event in 
the life of a riverine ecosystem’ [36], have environmental impact on water quality [37] 
which include the release of excessive sediment, eutrophication leading to anoxic 
conditions at the bottom [38] that reduces sulphate to acidic hydrogen [39], flooded 
[40] and pre-impoundment reduction of biomass which usually is burned, evapora-
tion induced salt built-up [41] plus salt carried over by the rain due to proximity to 
an ocean [42]. As seen in [43], biophysical systems are impacted by dams primarily 
via the hydrograph change and river system fragmentation [44]. This leads [45] 
to changes in both sediment load and the morphology of the riverbed, as seen in 
[46] to the riparian areas’ species composition and to aquatic biota in terms of both 
health and viability [47]. This is what the now extinct WCD [21] called double-edged 
developments. In this paper, only negative impacts affecting all or part of the basin 
are considered.

Guinea-Bissau Guinea Senegal

2030 +19% +23% +22%

2040 +45% +54% +53%

2050 +72% +87% +88%

2100 +177% +226% +260%

Table 2. 
Population increase in Guinea-Bissau, Guinea and Senegal [24].
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From a hydrological point of view, the study of flows at the Wassadou and Sonaco 
downstream hydrometric stations showed a considerable decrease in flows which 
partly reflects the variability of rainfall [4]. River flow [48, 49] is one of the most 
determining factors of riverine ecosystems as seen in [50]. Regarding the effects of 
dams on flows, they alter flow quantity as well as water quality, and in terms of spe-
cific flow events, they impact all their main variables i.e., their change rate, seasonal 
timing as well as magnitude and duration [51, 52]. Moreover, the ecological instream 
flow is not respected despite the fact that it is very important [53] and according 
to Ennesser [54], there is, in fact, no instream flow. The analysis of the hydraulic 
distance separating the stations of the reservoir dams, using indices formulated by 
Payan [55], made it possible to deduce that the Confluent dam, the most downstream, 
is close to the Wassadou station. In other words, the surface of the intermediate 
zone acts more on the transfer of the flow than on the generation of flows. Thus, 
the flows are reduced by the dam. Figure 2, taken in the immediate surroundings of 
the Confluent dam, shows the small flow of water escaping from the structure. The 
lateritic track (red arrow) crossing the river just downstream of this dam is a shortcut 
to Pakour in the dry season. The stone in the middle makes it easier for pedestrians 
and people on bicycles to cross. In the rainy season, on the contrary, it is impracticable 
because of the significant flows that pass through the dam and possibly the spillway 
in case of spillage. At the Sonaco downstream station, there is a considerable distance 
between the reservoir and this station. The surface area of the intermediate zone 
being large, it is very likely that the phenomena linked to the generation of flows 
(lateral contributions, exchange with the aquifer, the contribution of rainfall on the 
intermediate zone, etc.) significantly support the flow [4]. A good monitoring of the 
hydrometric network and an in-depth analysis will make it possible to confirm or 
disconfirm the impact of the reservoirs on the flows downstream.

Moreover, on several occasions, the Guinea-Bissau authorities have complained 
to their Senegalese counterparts, and then to the OMVG, about the low quanti-
ties of water that arrive downstream because of the upstream reservoirs. Already 
in 1993 [56], before the put-in water of the Niandouba dam-reservoir in 1997, the 
French Society of Studies and Consultancy (SOFRECO in French), in the study of 
the Master Plan for the integrated management and development of the Kayanga/
Geba and Koliba/Corubal river basins, pointed out that the river behaves like a lake 
downstream from the Sonaco Downstream station. From this station, a few dozen 
kilometres away, the riverbed is without water until the village of Fasse, where water 
is only found in the form of a lake. This situation is verified as far as the village of 

Figure 2. 
Weak flow downstream of the Confluence dam, June 2013 [4].
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Sincha-Kagna. The little amount of water you see in these places comes from the 
aquifer that is outcropping.

From an ecosystem point of view, the vegetation formations of the Anambe 
watershed have disappeared, giving way to a mono-specific vegetation (rice cultiva-
tion). The pastoral space around the developed perimeters is reduced, in addition to 
the difficulty of access to certain water points by livestock. Unlike the Confluence 
reservoir, in the Niandouba reservoir, the standing timber was not fully recovered 
before the put-in water. Also, some plant species inside the reservoir have died of 
asphyxiation due to permanent submersion (Figure 3). These dead feet still present 
in the reservoir constitute an obstacle to fishing activity and are an integral part of the 
main objectives [4].

In some parts of the basin, there is a proliferation of invasive aquatic plants, such 
as Nymphea spp., Salvinia molesta, Typha australis and other unidentified species, 
linked to the lentic character of the waters. This proliferation will induce a modifica-
tion of the environmental conditions: the formation of sandbanks caused by the 
root system and reduction of the oxygen available in the water. According to STUDI 
International [10], aquatic plants constitute microcosms where many vectors of 
waterborne diseases (bilharzia, filariasis, malaria, and onchocerciasis) live and feed.

Also, the decrease of the flow speed in the downstream part of the basin  
(Guinea-Bissau) has the effect of creating favourable conditions for sand deposits in 
the major river bed [17], as illustrated in Figure 4. The penetration of the tide over a 
length of more than 150 kilometres inland and the rising of the salty surface water are 
the cause of the salinisation of several rice fields in Guinea-Bissau [17].

The developments have caused an increase in conflicts related to access to water. 
The most frequent ones are related to livestock wandering, particularly in the devel-
oped areas. Indeed, in these perimeters, which more or less form a belt, there is no 
provision for grazing in accordance with the requirements of pastoralism [57] for 
livestock access to the confluence reservoir. In the dry season, when the water points 
dry up, herders are forced to make tracks through the irrigated areas to give their 
herds water. The ensuing conflicts may be reported to the gendarmerie or, more often, 
settled out of court. However, since the arrival of farmers from the groundnut basin 
of Senegal, relations with the breeders have become more strained, and complaints to 
the gendarmerie and impoundments have increased [57].

Land conflicts are most often between indigenous and non-indigenous people. 
The latter is considered by the natives as privileged competitors of SODAGRI, which 
was in charge of the exclusive distribution of developed plots. Between 2005 and 

Figure 3. 
Asphyxiated vegetation upstream of the Niandouba dam, June 2013 [4].
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2009, due to the resurgence of conflicts, a forum on land management enabled the 
municipal councils to regain their prerogatives and to take charge of the allocation 
and decommissioning of developed plots of land under the approval of the Sub-
Prefect and the technical assistance of SODAGRI [58].

In 2018, a conflict opposed the inhabitants of villages along the river in the 
 commune of Pakour to a private promoter. At the origin of this conflict, the municipal 
council granted 1000 ha to the promoter for the establishment of a banana plantation. 
After about 10 hectares were cleared, the inhabitants of these villages mobilised to 
demonstrate their refusal. The establishment of this banana plantation would prevent 
a tenth of villages from accessing the river; their only source of life (fishing to meet 
their needs, market gardening, rice growing, and watering places for their cattle) and 
the loss of their production fields.1 The event resulted in the arrest of 10 young people 
from the commune who were held in custody, referred to the prosecutor’s office in 
Kolda and finally tried and sentenced to 2 months in prison.2

From a health point of view, the stagnant water has created conditions favourable 
to the development of numerous pathologies that affect the populations living in 
the Anambe basin. According to CSE [59], there are water-related vector diseases 
(malaria, onchocerciasis), water-borne diseases (diarrhoea, dysentery, typhoid fever) 
and water-borne diseases (urinary or intestinal bilharzia). Malaria is the primary 
reason for consultation in all health posts, both during the rainy and dry seasons. 
Urinary bilharzia is increasingly becoming a serious concern with cases detected in 
Kounkane, Wassadou and Medina Dianguette [59]. The cases of diarrhoeal diseases 
(dysentery and diarrhoea) detected in Kounkane over the period 2004−2009 include 
801 cases in 2004, 993 in 2005, 1132 in 2008 and 1087 in 2009. This upward trend is 
observed at the Sare Coly Salle and Diaobe health posts. Dermatoses were diagnosed 
at the Kounkane health post, rising from 95 cases in 2004 to 125 in 2009, with a peak 
of 163 in 2007 [57].

The use of fertilisers and plant protection products in the irrigated areas of the 
Anambe zone risks polluting surface and groundwater in the long term. Indeed, 
the water taken from the Lake Waima in the Anambe basin for the irrigation of the 

1 https://www.koldanews.com/2018/03/29/pakour-velingara-les-populations-du-kayanga-contre-limplan-
tation-dune-bananeraie-a820953.html
2 http://www.enqueteplus.com/content/kolda-litige-foncier-dans-la-commune-de-pakour-10-jeunes-
manifestants-arrêtés-seront-jugés

Figure 4. 
Silting in the major bed of the Kayanga/Geba River downstream [17].
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perimeters is returned directly to it via the drainage channels, without any treatment. 
This constitutes a closed circuit as illustrated in Figure 5. However, a study carried 
out by the CSE over the period 2004−2008 showed that, from a physicochemical 
point of view, surface water is poorly mineralised, given the chemical parameters 
measured, the levels of which are below the usual standards [57]. Therefore, the 
analyses do not reveal any pollution likely to alter the quality and suitability of the 
water. Concerning groundwater, nitrate levels that were limiting the probability of 
occurrence have increased significantly with a maximum value of 130.94 mg.1-1 in 
June 2008. The traditional wells most affected by the presence of nitrates are in the 
villages of Maoude (130.94 mg.1-1), Dialakegny (97.57 mg.1-1), Kandia (62.43 mg.1-1) 
and Sare Koutayel (58.94 mg.1-1) [57]. These excessive concentrations constitute risks 
for the populations that use the water from these wells without any pre-treatment. 
Also, the populations of the bordering villages complain about the resurgence of 
intoxications that affect them and their livestock [57, 60].

5. Sub-regional cooperation initiatives and limitations

The first cooperation initiatives were set up with the creation of the Organisation 
for the Development of the Gambia River (OMVG in French) by Senegal and the 
Gambia on 30 June 1978 in Kaolack. It is the successor to the coordinating committee 
for the development of the Gambia River Basin [61]. Its mission was to valorise the 
resources of the Gambia River. In 1981, it was enlarged with the adhesion of Guinea 
and in 1983, it was the turn of Guinea-Bissau. In February 1987 (Resolution No. 14 of 
the Conference of Heads of State), the territory covered by the OMVG was extended 
to the south to include the catchment areas of the Kayanga/Geba and the Koliba/
Corubal, two rivers that have a common embouchure in Guinea-Bissau. Thus, the 
OMVG has become a sub-regional organisation comprising the four member states 
mentioned above, which speak three languages (French, English and Portuguese). 
From now on, its mission is to promote and undertake studies and development 
work in the three basins [62]. The specific objectives are the development of agricul-
ture (fight against poverty in a context of sustainable development), the production 
of hydroelectric energy (potential energy to be developed estimated between 230 
and 250 MW), the protection of the environment, the control of salinity in areas 
influenced by the tide, the improvement of existing waterways, the settlement of 
populations and the reduction of rural exodus, through programmes and projects 
common to the four countries. The organisation has organs such as the Conference 
of Heads of State and Government, the Council of Ministers, the Executive 

Figure 5. 
Circuit schema of the irrigation water in Lake Waima (inspired by SODAGRI).
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Secretariat, the Permanent Water Commission and the Advisory Committee (States 
and funders) [63].

The member states are linked by four basic conventions: the convention relating 
to the status of rivers (no project likely to modify in a significant way the natural 
characteristics can be carried out without having been, as a preliminary, approved by 
the contracting States); the convention relating to the creation of the OMVG (defin-
ing the objectives, the attributions, the competences and the mode of functioning of 
the Organisation); the convention relating to the legal status of the common works 
(defining with precision the conditions of execution and exploitation of any work 
of common interest as well as the reciprocal obligations of the Member States); and 
the convention relating to the modalities of the financing of the common dams. They 
are largely consistent with the policy recommendations of the World Commission on 
Dams (CMB in French). It recommends that national water policies explicitly incor-
porate mechanisms for negotiation with other states affected by dam construction 
according to the principles of equitable and reasonable use, damage prevention and 
advance information [56].

In the case of the Kayanga/Geba basin, the first cooperation project (Table 3) 
concerns Integrated Water Resources Management (IWRM). The objective is to con-
tribute to the improvement of the living conditions of the riparian populations and 
to the socio-economic development of the countries of the basin, in particular by: 
(i) improving knowledge of the resources and the rate of satisfaction of the demand 
for water for various uses; (ii) setting up a consultation platform for the harmonious 
management of water resources; (iii) building capacities for a better knowledge of 
the resources of the basin and (iv) increasing agricultural production. The proj-
ect has created a favourable institutional and technical environment to organise 
integrated management and to foster the development of cooperation between the 
different users.

Project Source of 
funding

General description of 
the project

Component Scale

Integrated 
Water Resources 
Management 
Project in the 
Kayanga/Geba 
River Basin

African 
Water 
Facility 
OMGV 
Member 
States

This project focuses on 
improving knowledge 
of the resources of 
the Kayanga/Geba 
and setting up basic 
tools for integrated 
and concerted 
transboundary 
management of water 
resources in order to 
enable the riparian 
populations to live in 
harmony with their 
environment and to 
ensure sustainable 
development

Elaboration of the 
IWRM Plan in the 
river basin

Transboundary

Preparation of 
studies for the 
hydro-agricultural 
exploitation of the 
Kayanga/Geba water 
resources in Guinea 
Bissau

Capacity building 
of OMVG and its 
member states 
in technical and 
institutional terms

Managing the 
implementation of 
the project

Table 3. 
Transboundary cooperation project in the Kayanga/Geba river basin.
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It is important to note that long before this common project, there were hydro-
agricultural developments in the Kayanga/Geba-Anambe system on Senegalese ter-
ritory, which anterior the entry in the vigour of the Convention on the International 
Status of the Kayanga/Geba River, but post-date, the international treaties and agree-
ments on shared basins. Indeed, the United Nations Convention on the Law of the 
Non-Navigational Uses of International Watercourses is an international instrument 
that focuses on shared water resources, with two key principles: equitable and reason-
able use and the obligation not to cause significant damage [64]. The Confluence 
and Niandouba hydraulic dams built on the main course of the river and financed 
by Senegalese public funds with the support of funders, do not have the status of 
OMVG common dam, as they have been carried by Senegal until now. However, 
in their operational phase, they may require reciprocal obligations, notably on the 
conditions and modalities of management of the mobilised water resources. These 
dams are therefore not covered by this special convention. But if for any reason, the 
management of these dams should 1 day revert to the OMVG, this would be done by 
mutual agreement and after negotiations [57]. The water governance issues are not 
yet taken into account, and OMVG has for the time being no authority over the dams 
managed by SODAGRI. It does not control the number of releases planned in the dry 
season, nor the exact quantity of water that transits from the dams to Guinea-Bissau 
(downstream of the basin). According to the authorities of this country, the reduc-
tion in runoff is due to dams, a conflict that has become latent between Senegal and 
Guinea-Bissau [57]. The Velingara-Pakane dam, built in 2012 and financed by the 
African Development Fund, does not have the status of an OMVG common dam 
either, despite the entry in vigour of the convention [4]. This can be a major limitation 
for good transboundary cooperation.

In addition, the OMVG Executive Secretariat organised several field visits 
between 1989 and 2007, in which representatives of the two main states (Senegal, 
Guinea-Bissau) participated, to learn about dam management programmes and to 
observe the state of the river downstream of the water reservoirs. These visits made it 
possible to discuss the real causes of the drying up and to make recommendations for 
improving the water conditions of the river downstream of the dams. For its part, the 
OMVG believes that the problem should be solved at the end of the “Integrated Water 
Resources Management Project in the Kayanga/Geba river basin” [57]. So far, no 
concrete action has been taken. In Senegal, efforts are focused on immediate national 
concerns, without regard to regional benefits and ecological impacts, because the way 
dams are managed has not changed much.

6. Conclusion

The decrease of water resources linked to the dry spells of the 1960s and 1970s 
and climate change has impacted on socio-economic activities in the Kayanga/Geba 
basin, shared between Guinea, Senegal and Guinea-Bissau. This situation has incited 
the multiplication of hydro-agricultural dam projects in the Senegalese part of the 
basin, with the building of the Confluent, Niandouba and Velingara-Pakane dams, to 
increase agricultural production and fight against poverty. These dams have increased 
the pressure on water resources and raised the level of water withdrawals, hence the 
numerous complaints from the Guinea-Bissau authorities to their Senegalese coun-
terparts and to the OMVG. These complaints relate to the low quantities of water that 
arrive downstream, especially in the dry season, due to the dams, a conflict that has 
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become latent between the two countries. Nevertheless, many studies have shown 
that historically few tensions and disputes over water have led to open armed conflict 
[65–68]. The relations between countries bordering an international river may be 
tense, the disputes may arise, but in general, these countries almost always find a 
formula for cooperation rather than open confrontation [66, 68].

The OMVG as a basin organisation is trying to create a favourable environment 
to develop a common will to exploit and share the basin’s potential together, with 
the implementation of common development projects such as the Integrated Water 
Resources Management project of the Kayanga/Geba river basin. But its mission in 
this basin is not easy because the dams do not have the status of common structures 
and it does not yet have a say in their management. Like the other basin organisations 
such as OMVS,3 ABN4 and CBLT,5 it will have to demonstrate a great capacity for 
anticipation and adaptation in the face of the many changes that are on the horizon 
[69], in particular, the planned dam project at the confluence of the Niokolo-Koba 
and Koulountou rivers to strengthen the existing dams. The relevant suggestions 
made by [70] can help to prevent the risk of conflict and to manage it appropriately 
when it occurs.

3 Organisation pour le Mise en Valeur du fleuve Sénégal.
4 Autorité du Bassin du Niger.
5 Commission du Bassin du Lac Tchad.
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