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Abstract Riverrestoration projects are carried out actively
in several countries as an alternative flood protection mea-
sure, and also to improve/restore water quality and habitat
diversity. The implication of various river restoration mea-
sures on water quality is seldom studied. In this review, case
studies of restoration projects that aimed at water quality
improvement were selected from four industrialized coun-
tries in three continents. The water quality concerns and the
systematic development of legislative policies towards bet-
ter water quality management in the different countries
considered were assessed. The best management practices
for river restoration with respect to water quality ameliora-
tion were evaluated with the perspective of the case studies
selected. In the various case studies discussed, a combination
of different restoration measures were implemented in tan-
dem. The restoration measures were adapted to suit the local
conditions and problems. A pre- and post-restoration in-
vestigation of the main success indicators was found to be an
important criterion for the evaluation of the outcome of
restoration projects. Successful restoration projects were
found to focus on reduction of pollutant/nutrient input to the
rivers, in addition to the implementation of suitable
restoration measures. This has been achieved by public in-
frastructure development (like installation of storm water
controls and sewage treatment plants). This review is aimed
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to act as an inventory for future restoration projects with
water quality amelioration as their main target.
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Introduction

Rivers are naturally dynamic; they flood adjacent lands,
erode their banks and bed, and move sediment around.
Urban development and historical engineering activities
can affect this natural balance and result in morphological
damage. This can lead to loss of important habitats, cause
changes to rates of erosion or sediment deposition and pose
an increased risk of flooding elsewhere in the catchment
(SEPA 2007). Degraded streams and rivers that drain urban
areas are not only characterized by high nutrient loads and
concentrations of contaminants, but they also have altered
stream morphology and reduced biodiversity (Meyer et al.
2005; Zhou et al. 2012). In recent times, river restoration is
globally accepted as an alternative way to protect ecosys-
tem health, preserve water resources and provide flood
protection (Palmer et al. 2005; Andrea et al. 2012; Wortley
et al. 2013; Kurth and Schirmer 2014). Increased funds are
available for restoration projects in various countries
through systematic changes in government policies that are
now focusing more on river restoration (EU WFD 2000;
SEPA 2007). This has resulted in an increase in the number
of restoration projects around the world (Wortley et al.
2013; Kurth and Schirmer 2014; Schirmer et al. 2014).
The evaluation of stream corridor restoration is an im-
portant step that is often omitted in restoration projects
(Kondolf and Micheli 1995; FISRWG 1998).The ability to
evaluate the success (or failure) of management schemes
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must rely on data that track a system’s response to man-
agement. Thus, post-restoration monitoring is necessary to
provide valuable information (through ‘lessons learned’)
for the management of restoration projects in the future. It
shall also be useful for promoting future restoration pro-
jects using previous examples to clearly demonstrate
strengths and weaknesses of different scenarios (Palmer
et al. 2005; UNEP 2008). In recent literature, there has
been reportage of the assessment of the performance of
various hydromorphological alterations in the rivers with
specific regional context. In Miller and Craig Kochel
(2010, 2013), the performance of various in-stream struc-
tures has been evaluated across various river basins in
North Carolina, USA. Kurth and Schirmer (2014) and
Gonzalez del Tanago et al. (2012) have investigated the
merits of the various restoration measures employed in
Switzerland and Spain, respectively. However, the effect of
the hydromorphological alterations on water quality in
rivers (with pre—post-restoration quantitative sampling)
have seldom been studied (Bernhardt and Palmer 2011).

This review is aimed at transferring lessons learned from
various restoration projects focusing on water quality im-
provement from different parts of the world. To achieve
this, restoration projects aimed at water quality ameliora-
tion through river restoration are chosen from four coun-
tries across three continents (Europe, Asia and North
America).

The manuscript is structured in the following way: In the
next section, the overview of the water use in the countries
selected, the water quality status and periodic policy
changes to improve the condition of the water bodies is
discussed. In the following section, various case studies
selected are discussed in detail with their main driver,
practical methods implemented and their outcomes. In the
next following section, the best management practices
(BMPs) for water quality amelioration are discussed with
the perspective of the case studies chosen. The concluding
section includes some recommendations for future
restoration projects that target water quality amelioration
through river restoration.

Overview of the countries selected—the water use,
reasons for deterioration of water quality

and chronological development of legislative
policies for better water quality management

Water use varies significantly at a global level. In 2006, the
withdrawal was largely for agricultural followed by in-
dustrial and municipal sectors. The proportion of water
withdrawn varies according to the regional context, as
shown in Fig. 1. The water withdrawal per sector varies
largely based on the major occupation in the region; it is
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Fig. 1 The water withdrawal by sector globally and in the three
continents Asia, Europe and North America is shown. [Data source:
FAO AQUASTAT (2012): AQUASTAT database http://www.fao.
org/nr/aquastat]

withdrawn mainly for agriculture in Asia, for industrial
sector in Europe and is equally used for both agricultural
and industrial sectors in North America (FAO AQUA-
STAT 2015).

Some of the features of the countries chosen like country
size, amount of internal renewable freshwater (sur-
face + groundwater) available and the water use by sector
are tabulated in Table 1. The trend of higher water use for
agriculture in Asia and for municipal water use in Europe
(Fig. 1) is also reflected in the data from the countries se-
lected (Table 1).

Water quality status of the rivers in the countries
selected

Japan

Most of the Japanese cities are susceptible to floods be-
cause they lie in the lowland, which are below the flood
water level of rivers. River engineering has been carried
out extensively to protect the rivers from floods. However,
water circulation is poor in these channelized rivers.
Nitrogen, phosphorus, and other nutrients cause rapid
proliferation of algae. The progressive worsening of water
quality has led to eutrophication, which causes red tides,
which are toxic and harmful to the local fish and other
aquatic life (World Bank 2006). River and lake restoration
in Japan is extensive and many successes have been
documented even in heavily urbanized areas with high
population densities (Nakamura et al. 2006).

South Korea

Apart from an unequal distribution of water resources
seasonally and regionally, the rapid industrialization and
urbanization since 1960s have polluted many water bodies
in South Korea. The major pollution sources that influence
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Table 1 The characteristics of the countries considered, land area, annual average precipitation, amount of internal renewable resources, total
and percapita freshwater withdrawal and water use by sector are summarized

Countries Land Area Average annual Total average Total freshwater withdrawal =~ Water use by sector
selected (x 1000 ha) precipitation internal renewable (km?*/year)/per capita domestic/industrial/
(FAO AQUASTAT  (mm/year) resources (km3 /year) consumption (m’/year) agricultural (%)
2012) (FAO AQUASTAT (FAO AQUASTAT  (CIA WORLD FACTBOOK (CIA WORLD
2012) 2012) 2015) FACTBOOK 2015)
Japan 37,796 1668 430 90/714 (in 2007) 20/18/62
South Korea 10,015 1274 65 26/549 (in 2003) 26/12/62
United Kingdom 24,361 1220 145 13/213 (in 2008) 58/33/9
(UK)
United States of 983,151 715 2818 478/1583 (in 2005) 14/46/40

America (USA)

the quality of surface waters used for irrigation are was-
tewater from industries, livestock, sewage and acid mine
drainage. This pollution problem continues to grow as both
the human and livestock populations steadily increase over
the years (FAO 2000).

UK (Scotland)

The water quality problems in Scotland are mainly around
urban areas, particularly around the populated cities of
Glasgow and Edinburgh. Although many large rivers and
estuaries, such as the Clyde in the west and the Forth in the
east, have seen marked improvements over the last
20 years, water quality problems still remain. Land use in
the northeastern part of the river basin district is mainly
agricultural, which can give rise to a range of environ-
mental problems (SEPA 2007). Assessments indicate that
about 40 % of Scottish waters fail to meet the environ-
mental standards required to support good ecology (SEPA
2007). This is because of the pollution of the water bodies
by diffuse agricultural pollution along the east coast, cen-
tral belt and southwest; the pollution of the urban rivers by
sewer overflows and contaminated runoff from roads in the
highlands owing to the construction of hydropower dams,
and in the lowlands mainly due to urban and agricultural
intensification (SEPA 2007).

USA

During the summers of 2008 and 2009, 1924 river and
stream sites across the country were monitored by the US
Environmental protection Agency (EPA) under the Na-
tional Rivers and Streams Assessment 2008-2009
program.

The following water quality assessment was made:

40 % of the nation’s river and stream miles have high
levels of phosphorus. 27 % have high levels of nitrogen.
Biological communities are at an increased risk when the
phosphorus and nitrogen pollution levels are high in the

rivers and streams. Phosphorus and nitrogen pollution is
caused by the use of excess fertilizers, from wastewater
and other sources, and can cause algae blooms, low oxygen
levels, and more. A substantial portion of the nation’s river
and stream miles comprises of poor vegetative cover
(24 %) and human disturbances (20 %) near the surface
water bodies. These degraded habitat conditions make the
rivers and streams more vulnerable to flooding, which in
turn contribute to erosion and increased inflow of pollu-
tants into them. In addition to this, the excess levels of
streambed sediments, which can affect the habitat
of aquatic organisms, were reported in 15 % of the rivers
and streams (EPA 2014a).

The history of legislation for water quality
improvement in Japan, South Korea, UK (Scotland)
and USA

Many industrialized countries in the world have often gone
through a series of legislative reforms over the last
70 years to steer their policies towards being more envi-
ronment friendly. The legislative time frame among the
countries selected has similarities. The policies have
changed from focusing on water quality management
mainly by pollution prevention, towards adopting an inte-
grated catchment-scale planning approach, with an em-
phasis on ecological protection as shown in Table 2.

Description of the selected case studies with water
quality deterioration as a driver for river
restoration

Cheonggyecheon River, South Korea
The Cheonggyecheon River in Seoul was originally de-
veloped from a brook into 14 waterways by King Taejong

in 1412. Following this, the river was covered between
1958-1978 (Fig. 2a). The Cheonggye highway (5.84 km
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Table 2 An overview of some of the legislative changes and policies related to water quality improvement in Japan, South Korea, UK
(Scotland) and USA in the chronological order

Japan (ARRN 2009)

South Korea (ARRN 2009;
UNDESA 2004)

United States of America (EPA
2014b)

UK (Scotland) (SEPA 2007,
http://www.evolvingmedia.co.uk,
2014)

Water Pollution Control law 1970,
controls water quality of
freshwater and groundwater

1990, beginning of national census
on river environment

Basic environment law 1993,
direction for developing
measures from the viewpoint of
environmental conservation

Amendment to River law 1997,
river management such as flood
control water use and
environment, strong stakeholder
engagement encouraged

Law for environmental impact
assessment, 1998

Law for Promotion of Natural
restoration, 2003

Rules for permitting use of river
zones, 2004 (Citizen based
planning of rivers for practical
use.)

Invasive alien species act and
landscape law, 2004, to eradicate
certain invasive species

Amendment to Nature oriented
river work (beginning of nature
oriented river management),
2006

River Act 1961, basic principles of
river basin management defined

Water Supply and Waterworks
Installation Act 1961 and the
Sewerage Act 1966, cover water
use by industry and households

Management of Drinking Water Act
1965, addresses issues related to
the control of drinking water
quality

The Agriculture and Fishery
Improvement Act 1997, covers the
use of water by agriculture

Water Quality Conservation Act
1990, Ground Water Act 1993, and
Dam Construction and Support Act
1999, comprise the general legal
and regulatory framework for
water resource management and
development in South Korea

Water Quality Conservation Act
1997, the government established
the Special Comprehensive
Measures for Han River Water
Quality (1998), followed by
similar measures for the Nakdong
River (1999), Geum River (2000),
and Yeongsan River (2000)

Creation of eco-friendly river reach
in 50 sites, 2005-2011

Establishing comprehensive river
management plan (4 major rivers),
2010

Federal Water Pollution Control Act
1948, first major water pollution
law in USA (later amended as
Clean Water Act)

Water Quality Act of 1965, States
were directed to develop water
quality standards establishing
water quality goals for interstate
waters

National Environmental Policy Act
of 1969 (NEPA)

NEPA is the basic national charter
for protection of the environment.
It establishes policy, sets goals,
and provides means for carrying
out the policy

Federal Water Pollution Control Act
Amendments of 1972, each point
source discharger to waters of the
U.S. was required to obtain a
discharge permit, wastewater
standards for industry setup

Safe Drinking Water Act (SDWA)
1974, to protect public health
amended twice in 1986 and 1996
to protect drinking water and its
sources: rivers, lakes, reservoirs,
springs, and ground water wells

The Clean Water Act (CWA) 1977
is an amendment to the Federal
Water Pollution Control Act of
1972, which set the basic structure
for regulating discharges of
pollutants to waters of the United
States

Water Quality Act of 1987,
development of numeric criteria
for those water body segments
where toxic pollutants were likely
to adversely affect designated uses

1990 National Guidance: Wetlands
and Non-Point Source Control—
describes how State non-point
source programs can use the
protection of existing wetlands and
the restoration of previously lost or
degraded wetlands to meet the
water quality objectives of
adjacent or downstream water
bodies

Sewage (Scotland) Act 1968,
Scottish Water as the water supply
and sewerage authority for the
whole of Scotland

Water (Scotland) Act 1980

Environment Act 1995, Creation of
Scottish Environment Protection
Agency

Scotland Act 1998, Water and
sewage disposal legislation moved
from London to Scottish
parliament at Edinburgh

Water Environment and Water
Services (Scotland) Act 2003

Water Services (Scotland) Act 2005,
separation of Scottish Water’s
operational and retail functions to
promote competition for retail in
water supply and sewage disposal
services

River Basin Management Plan 2009,
environmental management by
reduction of diffuse pollution into
rivers

Water Environment (controlled
activities) regulation 2011, prevent
new damage to the water
environment from engineering
works on rivers (including from
maintenance regimes)

European Union’s Water Framework
Directive (EU WFD 2000) requires
incorporation of new
‘hydrogeomorphological, chemical
and ecological factors’ into water
quality assessment standards. It
states that by 2015 member states
must ensure all water bodies reach
‘good’ ecological status by 2027
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Fig. 2 a Chonggyecheon River in the 1950’s. b The river post-restoration in 2008 in downtown Seoul. Source: Wikimedia.org

long) built over this covered river between 1967 and 1976
had been a symbol of Korean development for many years
(Hwang 2004).

Drivers

The elevated highway built over the covered stream was
causing air pollution (emission of benzene and nitrous
oxide). The population in the Cheonggyecheon area de-
creased from 66 to 14.9 % in the two decades since the
construction of the highway. The covered river was heavily
polluted with lack of plant and animal life due to decreased
dissolved oxygen (DO) owing to excessive nutrient input
(Hwang, 2004).

Solutions

Demolition of the highway was the first restoration
measure. Following the demolition, the urban stream was
redesigned from a tributary of the Han River to include
flood protection measures with the construction of an
embankment to protect the banks from a 200-year return
period of flood (Hwang 2004). Terraces and sidewalks
were built in the upper and lower reaches of the stream to
make the river accessible to the public. Additionally, in-
tercept sewage lines were also designed in the upper
reach to control the inflow of nutrients into the river.
Further, a uniform supply of water to maintain a max-
imum depth of 40 cm was maintained by redirecting
water from the Han River. Jungang sewage treatment
plant was upgraded to treat three times the sewage gen-
erated in the region; this treated water drains into the
river. The opening up of the river and its beautification
has resulted in it becoming a serene getaway for the
residents of Seoul and tourists alike (Fig. 2b) (Hwang
2004).

Success monitoring

Monitoring of water quality parameters like DO, biological
oxygen demand (BOD), and suspended solids (SS) in the
larger Jungnancheon River, which is fed by the (Cheonggy-
cheon River) was carried out pre- and post-restoration. The air
quality was measured by nitrous oxide levels and particulate
organic matter (POM) in the vicinity of the Cheonggycheon
River and the neighbouring regions (Lee and Anderson 2013).

The Cheonggycheon River acts as a ventilation
mechanism restoring cool winds. Therefore, a reduction in
the air temperature from 30 to 26.6 °C was achieved in the
surrounding areas. The wind-speed in these areas has in-
creased from 2.2 to 7.8 % which explains the temperature
reductions (Holzer et al. 2011). Pre-restoration delivery of
waste to the river has been replaced by cleaner runoff and
recycled water. Therefore a noticeable change in some of
the major water quality indicators was observed from 2002
to 2011, decrease in the SS (>16 to <10 ppm), decrease
in BOD (>12 to <5 ppm) and increasing levels of DO (<4
to >6 ppm) post-restoration has been achieved (Lee and
Anderson 2013). There was an increase in the overall
biodiversity observed in the river between pre-restoration
observation in 2003 and post-restoration in 2008. The di-
versity of plant species have increased from 62 to 308, fish
species from 4 to 25, insect species from 15 to 192, aquatic
invertebrate species from 5 to 53 and bird species from 6 to
36 (Landscape performance 2015).

Izumi River, Japan

The Izumi River is a small river (9.5 km long), flowing at
the bottom of a ravine lying between a plateau in the west
side of Yokohama City in the Sakai Rawa River basin
(Fig. 3a). The urbanization of the basin has advanced
rapidly near the centre of Yokohama. Farmlands occupy
middle and lower parts of the basin (ARRN 2009).
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Fig. 3 a The location of the (a)
restoration sites along the Izumi

River. b Pre-restoration. ¢ Post-
restoration of the water side
Higashiyama along the Izumi

River. Source: Asian River

Restoration Network—Modified

after ARRN (2009)
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Drivers

In the 1970s, following a flash flood, there was an urgent
need to implement flood control measures. Therefore, the
shore of the Izumi River was covered by steel sheet piles
and the river bed was dredged, making it hard for the
residents to approach the riverside. After the river was
altered, the water quality began deteriorating and it was
soon called the “Sewage River” (ARRN 2009).

Solutions
The Izumi River restoration was implemented in several

steps. The first step was with the formation of the “Izumi
River environmental improvement basic plan”, which

@ Springer

started in 1987. This involved the local community,
particularly the students from the elementary schools in
the basin to effectively use the river basin through ac-
tivities like park and green space conservation. Follow-
ing this, the implementation of stream reach-
scale restoration projects was carried out like: “Water-
side in Zizoubara” in 1994, “Waterside in Higashiyama”
in 1996, “Waterside in Sekigahara” in 1997 and
“Waterside in Futatsubashi” in 1998 (Fig. 3). The stream
reach-scale restoration measures included reconstruction
of the flow paths by widening the river bed and im-
provement of the river connectivity. Additionally, river
bank restoration through slope stabilization and creation
of green spaces in the banks were also carried out
(ARRN 2009).
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Success monitoring

There are eight watershed protection agencies located in
the watershed, which involve local citizen participation in
the clean-up of the river. During a monitoring survey
conducted in 2005-2006, it was noted that the water
quality of the river had improved significantly, and the
BOD decreased from 10 ppm (in 1993) to <5 ppm (since
1996). Additionally, fish like Carassius and Loach were
found in the river for the first time in 1996; these fish had
not been found before due to their sensitivity to pollution.
18 species of fish were also found post-restoration in the
Izumi River (ARRN 2009).

Ythan River, Scotland

Ythan River catchment (680 km?) is an agricultural catch-
ment situated in Aberdeenshire, East Scotland. The river has
alow flow of around 6 m*/s. The Ythan River drains into the
North Sea. The river channel is flanked by an intertidal area
of approximately 2 km? and the mouth is constricted by a
sand bar. Land use in the catchment is dominated by agri-
culture (90 % of the total area), which comprises a mix of
arable land and livestock (Balls et al. 1995).

Drivers

The Ythan catchment was declared the first large-scale
Nitrate Vulnerable Zone (in 2000) in Scotland (OSPAR
2006). As the Ythan River, suffered from several water
quality issues, that resulted in the eutrophication of the
Ythan estuary (a Ramsar wetland and site of special sci-
entific interest), which in turn impacted the waterfowl
population in the natural reserve (OSPAR 2006). The
Ythan River is the main source of nitrogen to the estuary in
the form of total oxidized nitrogen. The concentration of

total oxidized nitrogen in the river increased from ca.
100-150 pM in the early 1960s to ca. 500-550 puM in the
1990s as a result of changing land use patterns in the
catchment (OSPAR 2006).

Solutions

Restoration was carried out at 6 sites along the Ythan
River, which were selected by the public from 12 potential
sites.

The restoration involved several measures like: removal
of non-native overshadowing dense conifer trees from
1.75 km of the river bank, replanting native trees at 35 sites
along the river, creation of buffer strips of 70 km along the
river and its tributaries. In addition to this, creation of
nutrient budgeting software and production of nutrient
budgets for 62 farms to measure nutrient efficiency in the
farms were carried out (Ythan project 2014).

Incentives were given to farmers for the creation of the
buffer strips (where no nutrient application was done) close
to the river through agri-environment schemes. Flow di-
versification was accomplished on the Burn of Keithfield (a
small stream that joins the Ythan River) in September
2004. Small rocks and boulders were placed at strategic
locations to create pools and eddies in the flow that create
turbulence effects. These hydrologic features increase the
variety of flow patterns in the river, thereby creating a
greater habitat variety for insects and fish. Bank stabiliza-
tion was also carried out using felled conifer trees and
native plants that were grown on the banks like in
Chapelhaugh near Methlick (Fig. 4) (Ythan project 2014).

Success monitoring

Eutrophication assessment was carried out between 2001
and 2005 in the Ythan estuary. Additionally, 25 km of the

Fig. 4 Fencing and bank restoration at Chapelhaugh near Methlick in
the Ythan catchment. The banks had been heavily eroded pre-
restoration. a Fencing and bank restoration done using felled conifer

logs. b Regrowth of native vegetation and stabilized banks. Source:
Ythan project, retrieved from http://ythan.org.uk on August 4 2014
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Ythan River was surveyed with the help of local volunteers
and 240 samples were collected during the project duration
and after the completion of the project (Ythan project
2014).

In the river, the following indicators were considered:
SS—decrease in SS was noted in the buffer strips (created in
farmlands, inthe vicinity of the river) when compared to the
other parts; nitrate—no appreciable difference was noted
between the buffer strips and the other monitoring sites;
orthophosphate (OP)—decrease in concentration down-
stream of the buffer strip was observed in a certain section.

In the estuary, the following indicators were considered:
Algal cover—there was overall reduction in the algal cover
from 31.4 % in 2000 to around 15 % in 2003; Oxidized
nitrogen—the oxidized nitrogen did not show any increase
from 2000 in the estuary (Dunne 2003); Biodiversity—
large sea trout have been seen upstream, indicating that the
fish pass is working as expected. No correlation between
the bird count and algal extent was noted (Dunne 2003;
Ythan project 2014).

Kissimmee River, Florida, USA

The lower Kissimmee River is located between Lake
Kissimmee and Lake Okeechobee in Florida (Fig. 5). The
lower Kissimmee basin has a catchment area of 7804 km?.
The regional climate is humid, sub-tropical with an average
rainfall of 135 cm/year (Colangelo 2014; Colangelo and
Jones 2005).

Drivers

In response to prolonged flooding, the 166 km naturally
meandering lower Kissimmee River flowing between Lake
Kissimmee and Lake Okeechobee was channelized from
1962 to 1971 into a 90km (I) x 100 m (b) x 9 m
(h) flood control canal called as C-38 (Figs. 5, 6a). The free
flowing river was then transformed into a series of im-
pounded reservoirs or pools separated by water control
structures (Colangelo and Jones 2005).

The channelization resulted in the elimination of
12,000-14,000 ha of floodplain wetlands leading to the
degradation of wild life habitat structure and water quality
(Colangelo and Jones 2005; Toth 1993). The new flood
control canal eliminated the flow of water into the natural
river channel due to its high conveyance capacity, resulting
in little or no flow into the natural river channel. In addition
to this, the river got disconnected from its floodplain
(Colangelo 2014; Colangelo and Jones 2005). The low or
no flow in the remnant river channels resulted in vegetation
encroachment of floating species like Pistia stratiotes
(water lettuce) and Eichhornia crassipes (water hyacinth).
This resulted in organic matter accumulation up to 3 m in
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the river bed causing eutrophication and consumption of
DO in the river, leading to a chronic reduction of DO (Toth
1990).The altered low flow conditions and low DO led to
the replacement of local fish like largemouth bass to spe-
cies tolerant of low DO regimes [such as Lepisosteus
platyrahincus (Florida gar) and Amia calva (bowfin)] (Toth
1993). Diverse and abundant wading bird populations de-
clined and were largely replaced by Bubulcus ibis (cattle
egret), a species generally associated with upland, terres-
trial habitats (Perrin et al. 1982). In addition, there was a
high nutrient contribution from the lower Kissimmee River
to the Lake Okeechobee, delivering 20 % of total phos-
phorus (TP) and 31 % of total nitrogen (TN) of the inflow
to the lake. Channelization is believed to have facilitated
nutrient transport from agricultural watersheds downstream
to Lake Okeechobee (Ritter and Flaig 1987).

Solutions

The Kissimmee River restoration project aims to restore
the pre-channelization habitat structure and function of the
floodplain ecosystem by including seasonal inflow patterns
and improvement of river channel-flood plain connectivity
disrupted by channelization.

In the Phase I of restoration (Fig.5) (completed in
2001), the following measures were done: backfilling was
done in the C-38 canal (for 12 km of the canal), grading the
spoil areas to original channel elevations, recarving and
reconnecting sections of the river destroyed during chan-
nelization. In addition, one water control structure was
removed, two new river sections (2.4 km) were constructed
and flow was restored to 24 km of the natural river chan-
nel (Fig. 6b). In this phase, 2344 ha of wetlands were re-
stored (Colangelo and Jones 2005).

In Phase IV a and IV b (Fig. 5) (completed in 2007),
9 km of the canal was back filled and 8 km of river channel
was recarved. An additional 776 ha of wetlands are ex-
pected to be restored owing to these changes (Fig. 6b).
Additional Phase II/III stages of restoration are to begin in
2017 to backfill more canal sections, recarve additional
river sections and restore more wetlands (Koebel and
Bousquin 2014).

In addition to the restoration measures in the Kissimmee
River, BMPs in agriculture and Storm Water Treatment
Areas (STAs) have been extensively applied to control the
inflow of nutrients from the catchment (SFWMD 2015).

Success monitoring

DO: The pre-restoration monitoring of the lower Kissim-
mee River was carried out 3 years before phase I of the
construction and post-restoration monitoring was done for
8 years after phase I. There was significant recovery of
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Fig. 5 The extent of the lower Kissimmee River with the various
phases of restoration. The various restoration phases (I, 1V A, B, II/
III) are marked along with the year of completion. Source: Modified

mean DO increasing from 2.3 to 4.9 ppm in the impacted
areas. The regulated flow and subsequent removal of
submergent vegetation in the post-restoration phase

after South Florida Environment Report 2015 (Map courtesy: South
Florida Water Management District)

resulting in increased re-aeration rates in the river, is at-
tributed to be the reason for the increased DO levels’ post-
restoration (Colangelo 2014).
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Fig. 6 a The channelized pre-restoration Kissimmee River, C-38
canal in 1995. b Meandering river channel post-restoration (of phases
I, IVa and IVb), photo from April, 2014. Source: a U.S. Army Corps

Nutrients: The TP loading post-restoration is expected to
be lower, as the channelized C-38 was flushing high nu-
trient loads and the increased wetland area is expected to
have increased nutrient retention. Although total loading in
the last 5 years (2007-2011) has been over 50 % lower
than loading in the previous 5 years (2002-2006), the re-
duction cannot be directly attributed to restoration and is
dependent on hydrological conditions and land use in the
catchment (Jones et al. 2012).

In addition, the BMPs and STAs, have removed
more than 4582 metric tons of TP from water entering
the Everglades Protection Area. Two decades ago, be-
fore STAs were constructed, phosphorus concentrations
in Everglades-bound waters averaged 170 parts per
billion (ppb). Today, the concentrations in discharges to
the Everglades have been as low as 12 ppb (SFWMD
2015).

Fish: In the restored area after Phase I, the relative
abundance of invasive fish like bowfin and gar declined
from 2004 onwards and reached expected levels in 2010.
Fish like centrarchids met the expected levels in
2004-2007 but fell below the 58 % expectation level in
2010 which is attributed to the growth and abundance of
other fish as well as to droughts and low flow conditions
(Jones et al. 2012).

Birds: After phase I of construction in 2001, the forag-
ing wading birds population began to meet restoration
target of 30.6 birds/km? (3-year running average), except
for the drier periods in 2007-2009 and 2009-2011 when
this count fell. During 2009-2011, there was a waterfowl
abundance exceeding the restoration expectation of 3.9
ducks/km? (Jones et al. 2012).

The summary of all the case studies discussed can be
found in Table 3.

@ Springer

of Engineers Digital Visual Library [Public domain], via Wikimedia
Commons. b Photo courtesy: South Florida Water Management
District (SFWMD)

Best Management practices (BMPs) for water
quality improvement through river restoration

Restoration of the physical features of a river cannot
guarantee a positive effect on the ecological integrity of the
system if there are water quality constraints (FISRWG
1998). In Table 4, it is shown that various restoration ac-
tivities can affect the different water quality stressors si-
multaneously. While on one hand, the limitation of
impervious cover and land disturbing activities reduces the
nutrient, toxic and fine sediment runoff from the catch-
ment, thereby increasing the DO in the river. On the other
hand, creation of drop structures (created to pass water to a
lower elevation, which can control its velocity especially in
streams with steep gradients) can result in the decrease of
sediment loads along with an increase in the DO in the
river.

From the various case studies discussed above, it is clear
that a combination of different restoration measures can
simultaneously improve the water quality status of the
river. Like in the case of the Izumi River, the deterioration
of the river water quality was tackled with a combination of
restoration measures like widening the river bed and re-
construction of the flow paths, and improvement of the
bank stability by growing wood along with creation of
green spaces near the stream. This was backed by im-
provement of sewage treatment facilities in the catchment.
These measures not only protect the river from floods but
also help improve the water quality by decreasing the BOD
in the river. In addition to this, the involvement of the
public in the clean-up and monitoring activities only in-
creased the sustainability of the restoration measures.

In the Kissimmee River restoration project, in addition
to restoring the flow in the remnant river channels,
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Table 4 The potential water quality impacts of selected stream restoration and catchment best management practices (BMPs) (FISRWG 1998)

Restoration activities Fine sediment Water Salinity pH Dissolved Nutrients Toxics
loads temperature oxygen (DO)
Reduce land disturbing activities Decrease Decrease Decrease Decrease/ Increase Decrease Decrease
increase
Limit impervious area in Decrease Decrease Negligible Increase Increase Decrease Decrease
watershed effect
Restore riparian vegetation Decrease Decrease Decrease Decrease Increase Decrease Decrease
Restore wetlands Decrease Decrease/ Decrease/ Decrease/ Decrease Increase Increase
increase increase increase
Stabilize channel and restore Decrease Decrease Decrease Decrease Increase Decrease Negligible
under-cut banks effect
Create drop structures Increase Negligible Negligible Decrease/ Increase Negligible  Decrease
effect effect increase effect
Re-establish riffle substrate Negligible Negligible Negligible Decrease/ Increase Negligible  Negligible
effect effect effect increase effect effect

additional catchment wide measures like creation of STAs
and adoption of BMPs in agriculture management have
helped reduce the nutrient levels in the river.

In the case of the Ythan River restoration, it was
found that the restoration measures like flow diversifi-
cation by placing boulders in the river were supple-
mented with community wide actions like creation of
buffer strips and nutrient budgets in farms. In this pro-
ject, there was active public participation in the selection
of the sites’ pre-restoration and in post-restoration
monitoring as well.

Therefore, it is important to consider the local condi-
tions in the catchment and identify the critical parameters
that are affected, before choosing the appropriate restora-
tion measures. It is observed that application of morpho-
logical alterations in isolation cannot work wonders to
rectify the water quality problems in deteriorated streams
without fixing the source of the pollutant (like runoff from
agriculture, sewage treatment plants), through infrastruc-
tural interventions, as emphasized earlier by Bernhardt and
Palmer (2011).

Conclusion

In this paper, an assessment of four river restoration pro-
jects that had water quality deterioration as the major dri-
ver for river restoration has been done. The projects were
chosen from industrialized countries, located in three dif-
ferent continents. Although geographically different, the
countries selected have faced similar problems (increased
agriculture and urban areas) that have caused water quality
deterioration and in turn habitat destruction in their surface
water bodies. To address this, the changes to water man-
agement policies have evolved with time. They have

@ Springer

periodically changed from primarily addressing pollution-
related problems to a more holistic approach, by adopting
integrated river basin management.

In the various case studies considered, the water quality
deterioration occurred due to different reasons like nar-
rowing of river bed due to canalization (often as a flood
protection measure), rapid urbanization leading to in-
creased sewage discharge and covering the river to develop
urban infrastructure like roads and bridges. The improve-
ment of water quality was carried out by adopting a com-
bination of various river restoration measures like
widening of the river bed, improvement of stream bank
stability with vegetation, creation of wetlands and im-
proving the variability of flow through the creation of
pools, riffles and eddies. These restoration measures were
often implemented in tandem with engineering alterations
to the public infrastructure in the catchment like creating
new/upgrading the storm water controls, sewage treatment
plants and decommissioning of highways that covered the
river.

In successful restoration projects, it is often noted that
along with the engineering solutions there was also an
emphasis on involving active public participation. These
included not only measures like the creation of nutrient
budgets for farmers, creation of river fronts and beautifi-
cation of rivers to improve the public access to the rivers,
but also the involvement of the public in the monitoring
surveys. The BMPs for river restoration are often carried
out in combination as they simultaneously affect more than
one parameter. Therefore, it is important to select the ap-
propriate restoration measure in accordance with the local
conditions. The success indicators used are often basic
water quality parameters like BOD, DO, nutrients and
sometimes biological indicators in addition, which are
indicative of long-term status recovery.
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Thus, the main points learned from the case studies for
water quality amelioration through river restoration are:

(a) Selection of appropriate site specific restoration
measures (often in combination) by pre-restoration
identification of the critical parameters that are to be
rectified.

(b) Involvement of public is encouraged at various
phases of the restoration project, in the planning
phase as well as in the pre- and post-restoration
monitoring phases.

(c) Having a designated post-restoration success
monitoring period with specific budget allocation.

(d) Reducing the pollutant source by the creation of
buffer strips in agricultural areas and upgradation/
installation of necessary public infrastructure.

The changes to the water management policies in the
industrialized nations discussed in this review are also a big
factor in the realization of successful restoration projects in
these countries. They have achieved this by adopting a
holistic approach to river basin management. Additional
changes to these policies are desired that lay more em-
phasis on public participation and promoting catchment
wide pollution prevention in tandem with the river reach-
scale measures.
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