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About this document

This document is one of a series of technical papers prepared to support work on the ACEDP River
Health and Environmental Flow in China Project.

The project objectives were to document and trial, in China, international approaches to river health and
environmental flows assessment. The trial involved three pilot river basins i the Yellow, Pearl and Liao
River Basins. Further details on the pilot projects can be found in the River Health and Environmental
Flow in China Inception Report, 16 December 2010.

The methodology described and applied in this paper is a component of the Liao, Pearl and Lower
Yellow river pilot studies. The results of the hydrological indicator work were used in the report cards for
the Liao and Pearl river pilots. The methods developed here are expected to have widespread
application in China and other countries.
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Abstract

As a component of the Australia China Environment Development Program (ACEDP) River Health and
Environmental Flow in China Project, this report developed and trialled methods suitable for characterising the
hydrology of the Taizi (Liao River Basin), Gui (Pearl River Basin) and Lower Yellow (Yellow River Basin) rivers in
a way that has direct meaning for ecological health. Four contrasting approaches to hydrological characterisation
were taken:

1. Application of an existing rapid method of characterising hydrological alteration, with the method
adopted here being the Flow Stress Ranking (FSR) procedure

2. Application of the Chinese Hydrology and Water Resources Index (HD), which has been proposed for a
nation-wide river health assessment program

3. Development of a suit of flow deviation indicators based on historical monthly flows, which here was
termed the Index of Flow Deviation (IFD)

4. Development of a method that used environmental flows compliance testing as a river health index,
which here was termed the Index of Flow Health (IFH)

The IFH approach offers a fundamentally different way of assessing hydrology compared to that followed by the
FSR, HD and IFD approaches. The FSR, HD and IFD approaches attempt to answer for a test year, or test
period:

1 Do general hydrological parameters, thought to be either universally important  or universally
undesirable for maintaining good river health, have characteristics that are different to those of the
reference (natural or unimpaired) flow regime?0

The IFH approach attempts to answer the question for a test year, or test period:

1 fAro what degree do specific hydrological parameters, identified as either locally important or locally
undesirable for maintaining river health to an agreed standard, occur in the current flow regime?0

In this report, the FSR, HD and IFD methods were applied in the three test rivers, while the IFH was applied only
in the Taizi River. It is planned to apply the IFH in the Lower Yellow and Li (Gui River catchment) rivers in 2011.

The FSR indicators are relatively easy to calculate from monthly flows, and they show sensitivity to hydrological
alteration. However, the results can be difficult to interpret in terms of river health impacts, and do not necessarily
assist in deciding the most appropriate course of management action. Another problem is that the method ideally
requires simulated reference and current flow series, which are not generally available in China. If applied to a
gauged flow series, the indicators only indicate the broad impact of regulation on flows over a period of time.
Without the availability of output from frequently updated hydrological models, the method cannot realistically
contribute to an annual river health report card.

The HD index proposed for C h i nratirswide river health assessment program suffers some limitations in
terms of where it can be applied. The HD index has two sub-indicators, FD (Flow variation Degree) and EF
(Ecological Flow). In general, application of the HD method would be limited to rivers with modelled reference
flows, because these flows are required for calculation of the FD indicator. Where simulated reference flows are
available, the models are unlikely to be current in most places. The EF indicator is ideally calculated from a daily
flow series, which is not always readily available in China, further limiting the applicability of the HD index. The
FD indicator, which is based on the AAPFD index, was a good indicator of the volume of water diverted from the
river, but the conceptual link to ecosystem health was weak. The EF indicator is grounded in the simple Tennant
concept of relating hydrological factoring to ecosystem health.| nc |l usi on o fnatieri-wide river@dalthn a 6 s
assessment program requires review. The root causes of the failure of the EF indicator are: (i) the weakness of
the assumptions involved in transfer of the Tennant method to rivers beyond those where the method was
originally devised, (ii) the limited concept of what constitutes a suitable flow regime for ecosystem protection

Vi
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embodied in the Tennant method, and (iii) no conceptual link between the indicator score for a year (derived from
the flow that occurred on one particular day of the year) and ecological health for that year.

To overcome the demonstrated limitations of the FSR and HD approaches in China, the IFD was developed to
measure flow alteration based on comparison with pre-regulation monthly flow data. The IFD was designed to
work with monthly historical flow data. It comprises eight indicators, with each one having conceptual relevance
to ecosystem health. The IFD, with its focus on highlighting deviations of flow parameters beyond a reasonable
range of natural variability, proved to be adequate as a river health index. The IFD highlights impacts of flow
regulation, and also highlights years of naturally lower than usual flows, both of which are important determinants
of ambient ecological health, as measured using bioassessment methods. At the very least, the IFD provides a
simple way of establishing the relative hydrological health of rivers at the national and regional scales for gauging
stations that have pre-regulation flow data available. When the IFD concept was developed as a software
application, it was renamed Flow Health.

Although the IFD was not intended, and is not recommended, for use as an environmental flow design tool, it
could be used in this way. If all eight IFD indicators are satisfied, the recommended monthly flows would
constitute a reasonably high percentage of the reference flows (651 71% of MAF for the Taizi River). However,
such flow recommendations should always be regarded as preliminary, and used only for planning purposes
rather than for developing water release schedules.

Given that the IFD is a hydrology-only approach, and the monthly time-step is relatively coarse from the
perspective of ecological processes, the connection between the index scores and ecological health is only at the
conceptual level. Thus, an Index of Flow Health (IFH) based on locally assessed environmental flow
requirements was developed. The IFH is measured as the degree of compliance of environmental flow
components with the standards expected for an agreed level of ecological stream health.

The stream health standards for the IFH were determined for the Taizi River within an environmental flows
assessment framework using a mix of expert opinion and flow-habitat and flow-geomorphology relationships from
the literature. There are no suitable ecological data available from the Taizi River to validate these standards for
local conditions because: (i) the river has been regulated for a long time, so recent ecological survey data reflect
regulated conditions, and (ii) there are a number of factors other than flow that compromise stream health, such
as poor water quality, barriers, and gravel extraction, so the influence of flow alteration on ecology is confounded.

The environmental flow assessment undertaken for the Taizi River main stem used the asset-based framework
set out in the ACEDP River Health and Environmental Flow in China Project. Flow objectives were set for
vegetation, fish, macroinvertebrates and physical form. Flow event objectives were specified in multi-dimensional
terms of magnitude, duration, annual frequency and inter-annual frequency, so a sophisticated form of spells
analysis was undertaken to determine the compliance of the flow components. Compliance means the frequency
that components appeared in the flow regime, relative to the frequency required to achieve the agreed level of
river health. The evaluation of the compliance of the suite of core environmental flow components produced a
comprehensive picture of the pattern of flow health in the Taizi River main stem over the past 50 years.
Compliance with expected was high for all flow components for the pre-dam periods at each station, although
there were a few exceptions. Regulation by dams caused a dramatic decline in the IFH scores. Liaoyang, just
downstream of two large dams with another much larger dam further upstream, was arguably the most seriously
hydrologically impacted reach.

The IFH requires more effort than simple computation of indicators from a hydrological data series. Work is
required to understand the hydraulic and hydrological characteristics of the river under investigation, and also to
define river health in terms of the particular hydraulic and hydrological needs of the local ecological assets. This
is standard procedure for a holistic environmental flow assessment. In this report it was demonstrated how useful
information can be derived on these subjects using existing data and expertise. In rivers where a comprehensive
environmental flow assessment has already been undertaken, the IFH can simply be calculated from hydrological
records.

The IFH index approach to assessment of stream hydrology for river health assessment has a number of
significant advantages over other simpler approaches, including:

vii
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1 Each of the indicators has an explicit link to ecosystem health, in particular those aspects related to the
key ecological assets.

1  The reference standards are not related to pristine hydrology, which in many places would be regarded
as unachievable, and perhaps not relevant. Rather, the hydrological standards are set according to the
desired state of ecological health, as determined using a scientific process.

1 Theindex is expressed in terms that relate directly to those aspects of the flow regime that are
manageable through implementation of an environmental flow regime. Thus, scores will reflect positive
management intervention.

The main difficulty of deriving the IFH scores is not calculation of the scores per se, which requires only simple
algebra, but derivation of the environmental flow recommendations. Undertaking a holistic assessment of
environmental flow needs is not a trivial exercise, so the application of IFH will be limited mostly to large river
mainstems, and rivers that are highly valued for their ecological and/or economic values. The IFD index scores
were correlated with the IFH index scores, suggesting that the IFD could be a reasonable indicator for use in
rivers where an environmental flow assessment has not been undertaken.

The IFH is effective because it communicates to river managers those aspects of the flow regime needing
attention in order to improve river health. The environmental flow assessment documentation, compiled as part of
the IFH process, contains the necessary background and technical information on which river managers can
base their decisions to change flows for the benefit of river health.

viii
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Introduction

This report is a component of the Australia China Environment Development Program (ACEDP) River Health and
Environmental Flow in China Project, undertaken by the International Water Centre. The ACEDP is a five-year,
Australian Government, AusAlID initiative with the objective of supporting and improving policy development in
China in the area of environmental protection and natural resources management. This project will support those

goals by strengthening Chinabds approaches to assessi

flows required for achieving ecological health.

The objective of this report is to develop and trial methods suitable for characterising the hydrology of rivers in
China (and elsewhere) in a way that has direct meaning for ecological health, and in a way that offers advice to
river managers on how to manage flows to achieve improved river health, as necessary. The methods were
applied to stations in the Gui River (Pearl River Basin), Taizi River (Liao River Basin) and lower Yellow River
(Yellow River Basin) catchments.

Four contrasting approaches to hydrological characterisation were taken:

1. Application of an existing rapid method of characterising hydrological alteration, with the method
adopted here being the Flow Stress Ranking (FSR) procedure

2. Application of the Chinese Hydrology and Water Resources Index (HD), which has been proposed for a
nation-wide river health assessment program

3. Development of a suit of flow deviation indicators based on historical monthly flows, which here was
termed the Index of Flow Deviation (IFD)

4. Development of a method that used environmental flows compliance testing as a river health index,
which here was termed the Index of Flow Health (IFH)

The Flow Stress Ranking (FSR) procedure (SKM, 2005) was trialled as the existing rapid method of measuring
hydrological alteration. The FSR is widely used in Australia. For example, it is the basis of the hydrological

scoring in the Victorian Index of Stream Condition (ISC) (http://www.ourwater.vic.gov.au/monitoring/river-
health/isc) (Ladson et al., 1999), the Tasmanian River Condition Index
(http://www.dpiw.tas.gov.au/inter.nsf/WebPages/L BUN-4YG9G9?0pen) (NRM South, 2009), and the Murray-
Darling Basin Authority Sustainable Rivers Audit (SRA) (http://www.mdba.gov.au/programs/sustainableriversaudit)
(Davies et al., 2008). The algorithms used to calculate the FSR scores are reproduced here as given in SKM
(2005), although some obvious typographical errors were corrected.

The National Technical Working Group for the Health Assessment of Rivers and Lakes, Department of Water
Resources Management, Ministry of Water ResourcesPeopl eds Republ i ¢ rmditatoGhi n a
standards and methods for a nation-wide river health assessment program, currently being tested in a number of
pilot rivers and lakes (NTWGHARL, 2010). The approach included a hydrology index, called Hydrology and
Water Resources (HD), which comprises two indicators.

To overcome the demonstrated limitations of the FSR and HD approaches in China, the Index of Flow Deviation
(IFD) was developed to measure flow alteration based on comparison with pre-regulation monthly flow data. The
IFD was designed to work with monthly historical flow data. It comprises eight indicators, with each one having
conceptual relevance to ecosystem health.

Given that the IFD is a hydrology-only approach, and the monthly time-step is relatively coarse from the
perspective of ecological processes, the connection between the index scores and ecological health is only at the
conceptual level. Thus, an index of flow health (IFH) based on locally assessed environmental flow requirements
was developed.

The IFH was developed in association with a rapid environmental flows assessment undertaken for the Taizi
River main stem, following the framework set out in Gippel et al. (2009a) and Gippel (2010). It is stressed at the
outset of this report that the main purpose in deriving the environmental flow regime for the Taizi River was to

ng and
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establish and test a method for assessing the hydrological dimension of river health. Thus, the environmental
flow regime presented here is of a preliminary nature, and was regarded as secondary in importance to the
development of the IFH through environmental flow compliance testing. It is expected that the environmental flow
needs of the Taizi River will need to be reviewed in the future, as a number of key knowledge gaps remain.

Brief Introduction to the Gui, Taizi and Lower Yellow
Rivers

Gui River (Pearl River Basin)

The Gui River is a northern tributary of the Pearl River (Figure 1). Although small in comparison to other
tributaries of the Pearl, the river drains a unique karst landscape and is an important tourist destination. The
catchment area of the Gui River is 18,790 km®. The climate of the area is subtropical monsoon. The region of
Qingshitan and Darong River in the headwaters has an average annual rainfall of 2000 i 2400 mm; the region
from lower Guilin to Bajiangkou has less rainfall, with an average of 1500 i 1600 mm; and the region from the
lower Bajiangkou to Zhaoping has an average annual rainfall of about 2000 mm. Rainfall is mainly in the period
from March to August, which accounts for more than 75% of the yearly rainfall. The average annual flow of the
Gui River at its mouth is 597 m%/s, or 18.8 x 10° m>. The runoff during the period from March to August accounts
for about 82% of the yearly total (BPRWRP, 2010).

GuiRiver catchment ~

0,000 130,000 0 20, 000 Neters
N T

Figure 1. Gui River catchment, located in the Pearl River Basin, in the southern part of the People's
Republic of China .

The Gui River catchment includes the three major cities of Guilin, Hezhou and Wuzhou. In 2008, the water
abstracted from the river for these cities totalled 4.026 x 10° m® (BPRWRP, 2010)
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The main water storage projects in the Gui River basin are Qingshitan reservoir (closed in 1964), Fuzi Mouth
reservoir, Xiaorong River reservoir and Chuan River reservoir. These storages are managed mainly for
consumptive water supply, maintaining flow in the Li River for tourist boat navigation, and flood prevention for
Guilin. The dams are also used to generate electricity. Provision of environmental flows has not been a
consideration in the design and operation of these projects (BPRWRP, 2010).

Although the Gui River is relatively rich in water resources, in years of low rainfall the flow in the Li River has
declined to the extent that boat navigation was occasionally not possible. With three new reservoirs recently
completed in the upper catchment, the opportunity now exists to manage the dry season flows for ecological
health and to maintain the tourism industry, which relies on boat navigation along the scenic Li River (BPRWRP,
2010).

Taizi River (Liao River Basin)

The Liao River basin has a catchment area of over 232,000 km? (Figure 2). Its mean discharge is relatively small
at approximately 500 m%s, or 15.8 x 10° m®. The Taizi River, a tributary of the Liao River, has an area of

13,900 km?, and stream length of 413 km. The Taizi River is an important supplier of drinking water, as well as
industrial and irrigation water, for Benxi, Liaoyang and Anshan areas (CRAES, 2010).

The TaiziRiverBasi n i s | oc at eaddhigmlatitDdes in atérgperatei cantinental monsoon climate
zone. The main features of the local climate are a hot rainy season, a sunny, long cold period in winter, and a
short spring and autumn. In general, it is wet in the eastern part of the catchment and dry in the western, windy
plain, with annual precipitation ranging from 6551 954 mm (CRAES, 2010).

The Taizi River originates from two branches in the north from Xin Bin County and in the south from Benxi
County. The two branches used to meet at Xiaweizi village to form the mainstem of Taizi River, however, these
two branches now run into the Guanyinge Reservoir (CRAES, 2010).

s —1f i wn
O REET R AR
v e : o I Reservoir
'\"// [ SO ‘t) ;% Watershed boundary
“g‘_ ,)(:"‘f 20 0 20 40 Kilometers
Figure 2. Taizi River catchment, located in the Liao River Basin, Liaoning Province, in the north -eastern

part of the People's Republic of Ch ina.

There are nine reservoirs in the Taizi River catchment: Guanyinge Reservoir, Shenwo Reservoir, Tanghe
Reservoir, Sandaohe Reservoir, Guanmenshan Reservoir, Shangying Reservoir, Yingfang Reservoir, Shanzui



INTERNATIONAL | ACEDP:

WATERCENTRE | Encronmenta fows

in China
— 2 il SR AR
£33 SAPEL P mésmmgigizm;

Reservoir and Guanmenlazi Reservoir, of which Guanyinge, Shenwo and Tanghe Reservoirs are used for
hydroelectric power generation (CRAES, 2010).

Guanyinge Reservoir is located on the Taizi River main stream in the east of Benxi county seat. Construction
started in 1986, and the dam was closed in 1995. Shenwo Reservoir is located on the Taizi River main stem
between Benxi and Liaoyang. The dam was closed in November 1972. The Tanghe Reservoir is located on the
Tang River, a tributary of the Taizi River that joins between Shenwo dam and Liaoyang. The dam was closed in
November 1969 (CRAES, 2010).

Lower Yellow River (Yellow River Basin)

The Yellow River is 5,464 km long with a basin area of 752,443 km? (Figure 3). The watershed area is as large
as 794,712 km? if the Erdos inner flow area is included (YRCC, no date; Fu et al., 2004). The Yellow River basin
is traditionally divided into the upper (above Hekou), middle (between Hekou and Huayuankou, or Taohuayu) and
lower (below Huayuankou, or Tachuayu) reaches (Figure 3). The length of the river in the upper reach is

3,471 km, in the middle reach is 1,206 km and in the lower reach is 786 km. Annual mean precipitation in the
upper basin is 368 mm, in the middle basin is 530 mm and in the lower basin is 670 mm (Miao et al., 2010). The
basin is mostly arid and semi-arid land, and in the middle basin, the river cuts through a loess mantle 100-200 m
thick and 275,600 km? in area (Dungsheng, 1985, as cited by Xu and Yan, 2005). Around 76% of the loess area
suffers severe soil erosion (Wu et al, 2004). Although the sediment load of the Yellow River is high by world
standards, because it drains a largely temperate semi-arid catchment, its water yield is not particularly high by
world standards, and ranks seventh in China (Xie and Chen, 1990).
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Figure 3. The Yellow River Basin, in the north -central part of the People's Republic of China

The lower Yellow River begins were the river emerges from the foothills of the highly erodible Loess Plateau onto
a vast alluvial fan, known as the North China Plain (Figure 3). The river flows across the Plain and enters the
Bohai near Dongying. In most of the literature, the beginning of the lower river is marked at Huayuankou, which is
the location of an important hydrological gauging station. However, morphologically, the lower river begins a short
distance upstream of Huayuankou near Mengjin. Since 1999 the flow of the lower river has been largely
controlled by Xiaolangdi dam, located about 128 km upstream of Huayuankou, so this dam represents the
hydrological beginning of the lower Yellow River.
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The lower Yellow River has a relatively small local catchment area, with just a few tributaries. Flood dikes
constructed along its entire course (except where it abuts valley walls) have severed the natural hydrological
connection between the river and the North China Plain. The flood dikes have been in place for many centuries.

The lower reach of the Yellow River runs through two provinces, Henan (upstream) and Shandong (coastal area).
The river provides water for a large area of irrigated agriculture, and also for domestic and industrial supply,
including the Shengli Oilfield, the second largest oilfield in China, located on the delta.

Although reservoir construction began in the Yellow River basin several thousand years ago, most of the large
dams were built in the second half of the 21* century. In that period more than 3,000 reservoirs were constructed
in the basin. Following completion of Xiaolangdi dam in 1999 the total storage capacity in the catchment reached
around 70 x 10° m®. The four largest and most hydrologically influential reservoirs on the mainstem of the Yellow
River are the Sanmenxia, Liujiaxia, Longyangxia and Xiaolangdi reservoirs. Sanmenxia and Xiaolangdi are
located on the downstream end of the middle Yellow River basin between Tongguan and Zhengzhou, and
Longyangxia and Liujiaxia are located in the upper basin, upstream of Lanzhou. The drainage area above
Xiaolangdi dam amounts to 694,000 kmz, which is 95.1% of the total drainage area of the Yellow River. The

154 m high dam was built as a multipurpose project for flood control, ice-jam prevention, sediment control, power
generation, flow regulation for irrigation, and domestic and industrial water supply. The total storage capacity of
Xiaolangdi dam is usually given as 126.5 x 10% m®. Longyangxia and Liujiaxia dams are the two large upper-
basin multi-purpose dams situated on the main stem of the Yellow River. Longyangxia dam, located upstream of
Liujiaxia dam, is by far the largest dam in the basin in terms of active storage volume. It was built between 1978
and October 1986. The drainage area above the dam amounts to 131,420 km?, which is 18.0% of the total
drainage area of the YellowRiver. The damds t ot al®md Bopthepurpoye of ckara@esising the 1 0
hydrological impact of these dams, ideally the post-Sanmenxia/Liujiaxia period would be split into two separate
periods, but the disadvantage of this is that the shortness of the records would lead to the calculation of less
reliable flow statistics. The Sanmenxia/Liujiaxia period is characterised by inconsistent regulation effects.

Hydrological Data

Available flow series

Characterisation of flow alteration is usually with respect to regulation by dams and flow diversion, although
hydrology can also change in response to climate and land use change. In Australia, it is standard practice to
compare modelled impaired (regulated) data with modelled unimpaired (unregulated) data, which reflects the
wide availability of modelled data. Where modelled data are unavailable, it is acceptable to compare gauged pre-
regulation data with gauged post-regulation data.

Kennard et al. (2010) assessed the effect of record length on hydrologic metrics using data from Australia. They
concluded that estimation of hydrologic metrics based on at least 15 years of discharge record is suitable for use
in hydrologic analyses that aim to detect important spatial variation in hydrologic characteristics. The uncertainty
reduced further up to a record length of 30 years, but beyond that the improvements were small.

Modelled data represent: (i) the current level of waterr e sour ces devel D@meand@) ( Acurrent

conditions uni mpacted by weaféerences ke $ @iguree)e Theseteme selies grane n t
modelled on the basis of gauged data, modelled runoff, and knowledge of water diversions and dam operation. In
comparison to these two modelled time series, in a regulated river, the gauged historical data generally show a
pattern of decreasing flow through time (Figure 4).

In China, modelled flow data are not widely available, and where such data series are available they are usually
limited to modelled reference at a monthly time-step. Also, modelled data are usually limited to the period from
1956, and are not necessarily frequently updated to include the most recent years. While flow is gauged at many
locations in China, the availability of the data varies, with daily data usually difficult to source. Despite these
difficulties, the set of hydrological data obtained for the three test catchments (Table 1) was adequate to test and
develop hydrological indicator methods.

(
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Figure 4. Hypothetical time series of a flow parameter (e.g. annual, monthly or daily flow), showing the
difference between modelled reference, modelled current
hypothetical case there is a sudden increase in the degree of flow regulation due to dam construction,
followed by a gradual increase in the degree of regulation through time.

Table 1.

and gauged historical series. In this

Data availability for the gauging stations considered in this study.

Station River River Modelled Modelled Gauged Gauged
system reference current daily monthly
monthly monthly
Benxi Taizi Taizi No No 1951-2007 1951-2007
Liaoyang Taizi Taizi No No 1954-2007 1954-2007
Xiaolinzi Taizi Taizi No No 1953-2007 1953-2007
Tangmazhai Taizi Taizi No No 1961-2007 1961-2007
Guilin Li Gui 1956-2000 No No 1956-2010
Majiang/Jingnan* Gui Gui 1956-2000 No No 1956-2010
Gongcheng Gongcheng Gui 1956-2000 No No 1956-2010
Huayuankou Lower Yellow Yellow 1956-2008 No 1949-2008 1949-2008
Sunkou Lower Yellow Yellow No No 1952-2008 1952-2008
Luokou Lower Yellow Yellow No No 1948-2008 1948-2008
Lijin Lower Yellow Yellow 1956-2008 No 1950-2008 1950-2008

* The Majiang gauge has been replaced by the Jingnan gauge, which is located 19 km further downstream.

Flow regulation periods

The flow series from each gauge were partitioned into phases of flow regulation, as marked by the construction of

large dams upstream (Table 2).
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Catchment Station and dams Regulation period
Taizi Benxi
Pre- Guanyinge Pre-1995
Post-Guanyinge Post-1995
Liaoyang, Xiaolinzi and Tangmazhai
Pre-Tanghe/Shenwo Pre-1969
Post-Tanghe/Shenwo 1973-1994
Post-Guanyinge Post-1995
Gui Guilin and Majiang/Jingnan
Pre- Qingshitan Pre-1964
Post-Qingshitan Post-1964
Gongcheng
No major dams -
Lower Yellow  Huayuankou, Sunkou, Luokou and Lijin
Pre-Sanmenxia Pre-1960
Post-Sanmenxia (includes Liujiaxia, post-1968) 1961-1985
Post-Longyangxia 1986-1998
Post-Xiaolangdi Post-1999

Definition of water year and seasons

Before computing annual statistics it is necessary to decide the water year. The water year does not necessarily
coincide with the calendar year (beginning in January), although many hydrological statistics, such as rainfall
totals, are reported for the calendar year. Hydrological statistics relevant to industry, such as water allocations
available for irrigation, might be conveniently reported for the financial year (beginning in July). However, in most

hydrologicalappl i cati ons, it is preferable to

us e

t he

nterval

main reason for using the water year is to avoid splitting the high flow season between consecutive years, in
which case the month with the lowest mean discharge may be the ideal start of the water year (Gordon et al.,
2004, p. 69). From the perspective of suitability of flows for ecosystem health, the high flow and low flow seasons
are considered to be of equal value, so it is desirable to fully contain the low flow and the following high flow
season within a single 12 month period. Thus, for a river health hydrological index the water year ideally begins

on the first month of the low flow season.

The high flow and low flow hydrological seasons may not coincide with the seasons used by authorities for

managing water allocations, the local agricultural seasons, or the local climate (temperature and rainfall) seasons.
The pattern of rainfall throughout the year varies widely over China, and the beginning of the low and high flow
seasons is expected to vary regionally, and perhaps within river basins. The life cycles of the aquatic biota will be
adjusted to the local hydrological seasonality, so it is important to define the water year for each gauge, using a

systematic method.

Here, the water year was defined on the basis of reference hydrological conditions. The year was split into two
six-month seasons. The beginning month of the low flow season (and thus start of the water year) was

determined for each station as the first month of the sequence of six months with the lowest sum of median

monthly flows. This concept is illustrated by reference to six stations, two from the Taizi River (Liao River system),
two from the lower Yellow River, and two from the Gui River system (Figure 5). In these cases, the low flow
season begins later in the Taizi River compared to the Gui River system, and begins one month later at Liaoyang
(the downstream station) than at Benxi; the low flow season begins in November at the two Yellow River stations;
and the low flow season begins in September at both Gui River system stations (Figure 5). The seasons defined

by this method are given for each station considered here in Table 3.

The method of calculating the start of the water year was revised by Gippel et al (2012a). However, for the cases

described here, the revised method gave the same result as the original method.

kno
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Table 3.
Hydrological s easons for the gauging st ations considered in this study

, as defined by natural water year

Station River River system Low flow season High flow season
Benxi Taizi Taizi October i March April i September
Liaoyang Taizi Taizi November i April May i October
Xiaolinzi Taizi Taizi November i April May i October
Tangmazhai Taizi Taizi November i April May i October
Guilin Li Gui September i February March i August
Majiang Gui Gui September i February March i August
Gongcheng Gongcheng Gui September i February March 1 August
Huayuankou Lower Yellow Yellow November i April May i October
Sunkou Lower Yellow Yellow November i April May i October
Luokou Lower Yellow Yellow November i April May i October
Lijin Lower Yellow Yellow November i April May i October

Index of Flow Stress (FSR)

Flow Stress Ranking (FSR)

Indicators

The pilot investigative work undertaken for the SRA (Sustainable Rivers Audit) in the Murray-Darling Basin of
Australia assessed the potential of more than 30 hydrological indicators and their variants (Whittington et al.,

2001; MDBC, 2003).
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s t andicksis that a» effédh of the same magnitude in two streams will have a larger impact on

river health for the stream that is less variable.

fl ow
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The variance-correction approach was re-assessed and modified by SKM (2005) to rectify the deficiencies noted
during trials undertaken in the Pilot SRA project. A non-parametric approach was adopted in which the degree of
stress is standardised by reference to the cumulative exceedance distribution of the unimpacted flow regime (i.e.
the flow regime that would occur if all anthropogenic extractions, water harvesting, and impoundments were
removed). Five indices were selected to capture the flow stress characteristics represented by the five sub-
indices adopted in the Pilot SRA project, namely: low and zero flows, high flows, variability, seasonality, and flow
volume. Furthermore there was no significant correlation between the selected five monthly indices. SKM (2005)
recognised that, while from an ecological perspective it is desirable to characterise flow stress based on
consideration of daily flow behaviour, severe practical impediments to the derivation of daily streamflows meant
that the method was developed for data at a monthly time-step. This methodology, known as the Flow Stress
Ranking (FSR) procedure, was applied by SKM (2005) to all river systems across Victoria. The ranking makes no
assumptions about the environmental value of a river, but rather characterises the degree of hydrologic stress
under current management conditions relative to unimpacted flow conditions. SKM (2005) developed and
evaluated a total of ten indices:

Mean Annual Flow ( 0):

The change in mean annual flow between unimpacted and current conditions indicates the overall
change in the volume of water carried by a river over a year. The mean annual flow index is based
around the difference between the percentage of time that the unimpacted and current mean annual
flows are exceeded under unimpacted conditions:

Where: 0

C

%[ o

= Average (or median) current annual flow

= Average (or median) unimpacted annual flow

owfpa s (1)

= Range standardised mean annual flow index
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vari @birlrieccy edét we en



INTERNATIONAL | ACEDP:

WATERCENTRE | Encronmenta fows

in China
=l 3523 RS ST A RO
£33 SAPEL P PEAR AL S TR

0 0 = Proportion of time that the average (or median) current annual flow is
exceeded under unimpacted conditions

0 0 = Proportion of time that the average (or median) unimpacted annual
flow is exceeded under unimpacted conditions

In order to make the index more ecologically significant, the Eqn 1 was applied by SKM (2005) to five
flow values, ranging from 80% to 120% of the mean. The mean annual flow index was calculated as the

average of the range-standardised indices for the five flow intervals.

Seasonal Amplitude ( "Y9:
The seasonal amplitude index compares the difference in magnitude between the high and low flows

within each year under current and unimpacted conditions. The index reflects changes to seasonal
variability in in-stream hydraulics and depth of flooding. The index is calculated using the difference
between the percentage of years that the unimpacted and current seasonal amplitudes are exceeded

under unimpacted conditions.

1= Bad=s Fad=s (2)
Where:  "YO = Range standardised seasonal amplitude index
"Yo = Average current seasonal amplitude
"Yo = Average unimpacted seasonal amplitude
0 "Yd = Proportion of time that the average current seasonal amplitude is

exceeded under unimpacted conditions

0 "Yd = Proportion of time that the average unimpacted seasonal amplitude is
exceeded under unimpacted conditions

Seasonal Period ( "Y{:
The timing of periods of flooding and low flows has an important influence on how floodplain and riverine

ecosystems respond (SKM, 2005), and this index provides a measure of the shift in the timing of the
maximum flow month and the minimum flow month under both unimpacted and current conditions. The
index is based on frequency distributions that reflect the percentage of years that peak and minimum
annual flows fall within each given month under current and unimpacted conditions:

{ b —o8. 4 Edfqente. B L EdpERnt (3)
Where:  "YD = Comparison of frequency distribution seasonal period index
0O = The percentage of years the :: month has the peak annual flow under

current conditions

0 O = The percentage of years the :: month has the peak annual flow under

unimpacted conditions

0 ® = The percentage of years the m month has the minimum annual flow
under current conditions

oY = The percentage of years the m month has the minimum annual flow
under unimpacted conditions

C2

Low Flow Magnitude ( 0 "Q0) ):
Altering the magnitude of low flows changes the availability of instream habitat, which can lead to a long

term reduction in the viability of populations of flora and fauna (SKM, 2005). The index measures the
change in low flow magnitude under current and unimpacted conditions. Review of previous studies by

10
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SKM (2005) showed that low flow requirements often correspond to the daily 90% exceedance flow,
though as a monthly time step is used the index is calculated using two flow thresholds: one based on
the flow exceeded 91.7% of the time (i.e. 11 months out of 12) and the other based on the flow
exceeded 83.3% of the time (10 months out of 12):

Where: , &g = Range standardised low flow index based on the 91.7% exceedance
flow
Dw /X = Current 91.7% exceedance flow
Ow & = Unimpacted 91.7% exceedance flow
0 0w = Proportion of time that the current 91.7% exceedance flow is

exceeded by the unimpacted 91.7% exceedance flow

0 0w = Proportion of time that the unimpacted 91.7% exceedance flow is
exceeded by the unimpacted 91.7% exceedance flow

The low flow index is calculated as the average of the variance corrected low flow index based on the
91.7% exceedance flow and the variance corrected low flow index based on the 83.3% exceedance flow:

dqfp et (5)
Where: 0 Q) = Range standardised low flow index
0 "G = Range standardised low flow index based on the 91.7% exceedance
flow
0 Qs = Range standardised low flow index based on the 83.3% exceedance
flow

High Flow Magnitude ( "0"00 ):

High flows act as a natural disturbance in river systems, removing vegetation and organic matter and
resetting successional processes (SKM, 2005). This index measures the change in high flows under
current and unimpacted conditions. The approach adopted by SKM (2005) was to calculate the high flow
index is similar to that used to calculate the low flow index. The monthly high flow index is calculated
based on the 8.3% and 16.7% exceedance flows. Two intervals were used to cover a range of high
flows rather than basing the index on a single value.

0Q p ¢ Oyw O Ouw s (6)
Where: "O'Q = Range standardised low flow index based on the 8.3% exceedance
flow
O Y& = Current 8.3% exceedance flow
Oy = Unimpacted 8.3% exceedance flow
0 Oy = Proportion of time that the current 8.37% exceedance flow is

exceeded by the unimpacted 8.3% exceedance flow

0 LB = Proportion of time that the unimpacted 8.3% exceedance flow is
exceeded by the unimpacted 8.3% exceedance flow

The low flow index is calculated as the average of the variance corrected low flow index based on the
8.3% exceedance flow and the variance corrected low flow index based on the 16.7% exceedance flow:

11
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"0°00 —& 8 (7)
Where: "0"00 = Range standardised low flow index
jo)e) = Range standardised low flow index based on the 8.3% exceedance
flow
00y = Range standardised low flow index based on the 16.7% exceedance
flow

Low Flow Spells ( 0 "Q%Y

The low flow index mentioned above is based solely on flow magnitude and does not consider the
variations in duration that a stream may spend below a given threshold. Information on the frequency
and duration of low flows provides a direct indication of the availability of aquatic habitat during low flow
periods, which can impact on the ability of river systems to sustain plant and animal populations (SKM,
2005). The index is calculated from a partial series frequency analysis of the duration of spells above
two thresholds corresponding to flows exceeded 83.3% and 91.7% of the time (these percentiles
correspond to the rank of the lowest two months in a calendar year).

High Flow Spells ( "O"OF:

In a similar fashion to low flow spells, the high flow spells index is based on analysing differences in the
frequency and duration of high flow spells above selected thresholds. The duration of the spell events
for flows exceeded 8.3% and 16.7% of the time (which correspond to the first and second highest
monthly flows in each year) are determined for both current and unimpacted conditions, and a partial
series analysis is used to characterise differences in the duration and frequency of the events.

Proportion of Zero Flows ( 0 &0 g ):

Periods of zero flow are a natural feature of ephemeral rivers and creeks, however increases in the
natural duration of cease to flow periods are regarded as harmful to aquatic ecosystems (SKM, 2005).
The proportion of zero flow index simply reflects the differences in the proportion of zero flow occurring
under unimpacted and current conditions. In the FSR, zero flow is defined as the flow exceeded 99.5%
of the time (i.e. not cease to flow), in an attempt to lessen the problem of streamflow gauges being
unreliable at very low flow levels.

000 4 P cCOBWAP GO OOW DS (8)
Where: 0 OO0 4 = Proportion of zero flow (flow exceeded 99.5% of the time) index
0 & = Proportion of zero flow (flow exceeded 99.5% of the time) over the

whole record under unimpacted conditions

0 G = Proportion of zero flow (flow exceeded 99.5% of the time) over the
whole record under current conditions

Flow Duration Curve ( "OQx

The flow duration curve provides an efficient summary of the overall nature of the flow regime. It does
not characterise any particular component of the flow regime, nor does it include any description of flow
sequencing, and it is therefore difficult to identify any specific ecological effects (SKM, 2005). The flow
duration index compares changes in the shape of the non-zero part of the flow duration curve under
unimpacted and current conditions. This indicator tends to characterise mid-magnitude flows, as the
extremes of the flow duration curve are not considered as part of the index calculation:

p=x

00 &I @OHOAT DE® 06 0 (9)

0«

Where: 00 = Flow duration index

0 = Flow under unimpacted conditions (at 10 equal log intervals)
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v U = Proportion of time that the flow 0 is exceeded under unimpacted
conditions
0 = Flow under current conditions that has an exceedance percentile

5 et
equaltov U

C
C

= Proportion of time that the flow 0 is exceeded under unimpacted
conditions

Flow Variability ( ¢ dr

This index is similar to the seasonal amplitude index in that it reflects variability over a year. The key
difference is that the variation index measures variability across all months rather than simply the
difference between minimum and maximum monthly flows (SKM, 2005). The index simply compares the
coefficient of variation of monthly flows between current and unimpacted conditions:

66 — (10)*
n
Where: 0 @ = Index of monthly variability
0w = Current monthly coefficient of variation
0w = Unimpacted monthly coefficient of variation

The derivation of the 0 "Oand "O"Oféquires curve fitting, which involves a subjective element. For this reason
these indicators were not considered in this application to the Taizi and Gui rivers. Based on extensive analysis
of streamflow data from Victoria, SKM (2005) narrowed down their list of indicators to five that were not
correlated with each other (they also excluded 0 "Oand "O"0OJYSuch testing of the indicators has not been
undertaken for Chinese rivers, so for this study, indicators cannot be excluded on those grounds. The SRA
(Davies et al., 2010) included two additional indicators:

Mean Annual Discharge ( 0)
This index is simply the ratio of the mean annual discharge in the current discharge series divided by the
mean annual discharge in the unimpacted series.

Median Annual Discharge ( 0 )
This index is simply the ratio of the median (50th percentile) annual discharge in the current discharge
series divided by the median annual discharge in the unimpacted series.

After excluding "'0"0ahd 0 "Q"¥nd including 0 and 0, ten indicators remained. The FSR procedure also
calculates a combined indicator score, which is simply the average of "Y) 0 "Q0 ,"0"00 ,0 &O0 5 andd ®
(SKM, 2005). Here, the combined indicator score was denoted as "O"Y

Application of the FSR to Chinese case studies

Calculation procedure

Prior to calculating the FSR scores, it is necessary to decide on the water year. The SKM FSR program
automatically selects the water year, but on the basis of an assumption that did not suit the seasonality of
Chinese rivers. The water year was determined using the method based on the lowest six-month sum of median
monthly flows (Figure 5, Table 3).

In Australia, the FSR is applied to modelled monthly stream flow data, comparing the current and reference
series. In China, modelled current series are not available, and modelled reference series are not commonly

' The original formula for CV in SKM (2005) was —, which would give a value >1 if CV declined with regulation

(which is the most common impact of regulation on flow variability). Inverting this equation would not solve the
problem of values potentially exceeding 1, so it was modified here to always give a value between zero and 1.
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available (Table 1). Modelled monthly reference data (Figure 4) were not available for the Taizi River (Table 1). In
this case, the FSR was computed on the basis of comparing the statistics calculated for the pre-dam period, with
one (for Benxi) or two (the other stations) post-dam periods. The gauged historical flow time series (Figure 4)
were divided into pre-dam and post-dam periods (Table 2):

1 Pre-Tanghe/Shenwo: Pre-1969
1 Post-Tanghe/Shenwo: 1973 - 1994
1 Post-Guanyinge: 1996 - 2007

Comparing data from different periods of time is a departure from the original FSR method as described by SKM
(2005), and the effect of using different length time series on the FSR procedure is not known. However, it is
certain that non-stationarity in the data due to climate change or land use change would affect the result (i.e.
confound the dam effect). Without modelled natural flow data it is not possible to separate the impacts of climate
change and water resources development on hydrological indices. The Mann-Kendall test was applied to the
Taizi River historical annual flow data and there was no evidence of significant trend. This does not discount the
possibility that there is a climate change signal in the hydrology data, merely establishing that such a signal is not
apparent at the scale of annual flows.

Modelled reference flow time series (Figure 4) data were available for the Gui and Yellow rivers (Table 1).
Modelled current flow time series (Figure 4) were not available, so the gauged historical flow series (Figure 4)
were compared with the reference flow series. This is problematic because at the beginning of the time series the
regulation effect is negligible; the effect increases with time, and is at its maximum at the end of the time series
(Figure 4). The FSR calculation integrates this increasing effect over time, such that the indicator scores
underestimate the degree of flow stress under the current level of water resources development. The issues with
climate change and land-use change mentioned above in connection with the Tiazi River data are also relevant
to the Gui and Yellow river data.

A program was prepared in Microsoft Excel™ to undertake the FSR calculations. The results were verified by
calculating the FSR indicators using the FSR computer program supplied for that purpose by SKM (Rory Nathan,
SKM, pers. comm., 2010). The main reason for performing the calculation in MS Excel™ was that the SKM FSR
program only calculated the final five indicators selected for use in Victoria.

In applying the FSR to the Chinese case studies, there were instances of negative FSR scores or scores
exceeding 1 (the scores should lie between 0 and 1). This occurred in cases of extreme flow deviation, or where
the flow index was higher in the current series, compared to the unimpaired series. In the case of a negative
score, a score of zero was assigned, and in the case of a score greater than 1, a score of 1 was assigned.

FSR application to the Taizi River

Application of the FSR to the Taizi River data produced mixed results (Figure 6, Figure 7, Figure 8 and Figure 9).
For annual flow indicators, 0 always gave a lower score than 0, and 6 always gave a lower score than 0
There is clearly redundancy in these indicators. Of the three, 6 was the most sensitive to hydrological change,
but perhaps too sensitive, as a score of 0.06 was scored at Liaoyang, and in China there are rivers with much
greater reduction in annual flow than the Taizi.

Seasonal amplitude ("Y was not a useful indicator, as it consistently scored low, and the Taizi River still
maintains a reasonable seasonal difference in flows (Figure 63). Also, the measure of seasonal amplitude is to
some extent expressed in the low flow and high flow indicators.

Seasonal periodicity ("Y) measures shift in seasonality. The Taizi River has altered seasonality of flows (Figure
63), which is captured by this indicator.

The low flow (0 "0) ) and high flow (‘O"00 ) indicators were very sensitive, particularly 0 "0, which
scored very low in most cases, except for Tangmazhai station. The higher value for Tangmazhai station was
logical, as regulation had less effect on low flows at that station. The 0 "0 values scored for the Taizi River
appear to cover a great range, perhaps greater than would be expected for this indicator to be applicable over all
the rivers of China. 0"00  scores were more consistent between the stations. A problem for interpretation is
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that the low flow and high flow indicators show a value less than 1 if these indicators are different in the current
hydrology compared to the unimpaired hydrology. In most cases, a decrease would be of more concern than an
increase, but there is no indication in the index values whether the flows increased or decreased with regulation.

0 OO g4 was sensitive to changes in very low flow, showing a lower value for Liaoyang station where frequency
of cease to flow events increased after regulation.

"OOwas not a sensitive indicator, largely because it responds to changes in the mid-range flows, which tend not
to be affected by regulation to the same relative degree as flood flows and low flows.

6 ashowed fairly consistent results across the Taizi River stations. This indicator may lack sensitivity as a river
health indicator. Also, the index value does not indicate if flows have become more or less variable with
regulation.

The averaged score, "O" Yvas not particularly useful for interpreting flow issues, as it combined indicators that
scored low with those that scored high. So, all stations received a mid-range flow stress score. The "O™¢core
indicated higher flow stress at gauges close to the dams, with natural inflows ameliorating the impact further
downstream. However, perhaps unrealistically, the "O™gcore indicated that the impact of three upstream dams
(Tangehe, Shenwo and Guanyinge) on hydrology at Liaoyang was similar to the impact of one dam (Guanyinge)
at Benxi.

Benxi (pre -Guanyinge V. post -Guanyinge)
1.0 4
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0 -

Hydrological change Index value

Figure 6. Results of FSR calculation for Benxi station, comparing pre ~ -Guanyinge with post -Guanyinge
data. Indicator codes explained in the text.
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Liaoyang (pre -Tanghe/Shenwo V. post -Tanghe/Shenwo)
1.0 4
0.9 -
0.8 A
0.7 1
0.6 -
05 A
0.4 -
0.3 1
0.2 -
0.1 1
0.0 -

Hydrological change Index value

Liaoyang (pre -Tanghe/Shenwo V. post -Guanyinge)
1.0 4
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0 -

Hydrological change Index value

Figure 7. Results of FSR calculation for Liaoyang station, comparing pre -Tanghe/Shenwo with post -
Tanghe/Shenwo data (top) and pre -Tanghe/Shenwo with post -Guanyinge data . Indicator codes explained
in the text.
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Xiaolinzi (pre -Tanghe/Shenwo V. post -Tanghe/Shenwo)
1.0 4
0.9 -
0.8 -
0.7 -
0.6 -
0.5 -
0.4 -
0.3 -
0.2 -
0.1 -
0.0 -

Hydrological change Index value

Xiaolinzi (pre -Tanghe/Shenwo V. post -Guanyinge)
1.0 4
0.9 -
0.8 -
0.7 -
0.6 -
0.5 -
0.4 -
0.3 -
0.2 -
0.1 -
0.0 -

Hydrological change Index value

Figure 8. Results of FSR calculation for Xiaolinzi station, comparing pre -Tanghe/Shenwo with post -
Tanghe/Shenwo data (top) and pre -Tanghe/Shenwo with post -Guanyinge data . Indicator codes explained
in the text.

17



INTERNATIONAL | ACEDP:

WATERCENTRE | Encronmenta fows
S

in China

EIFRK TR |mmeanssomns

Tangmazhai (pre -Tanghe/Shenwo V. post -Tanghe/Shenwo)
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Figure 9. Results of FSR calculation for Tangmazhai station, comparing pre -Tanghe/Shenwo with post -
Tanghe/Shenwo data (top) and pre -Tanghe/Shenwo with post -Guanyinge data. Indicator codes explained
in the text.

FSR application to the Gui River

The Qingshitan dam, operational from 1964, has a fairly small catchment area and would not be expected to
have a major impact on the hydrology of the Li and Gui Rivers. The rivers of the catchment have also been
subjected to water abstraction. For this river system, the FSR indicators were calculated over the entire period of
historical record (1956 i 2010) using the modelled natural flows over the period 1956 i 2000 as the reference.

Application of the FSR to the Gui River data suggested a low degree of flow alteration in this system (Figure 10).
Because the FSR scores were all close to 1, they revealed very little about the way regulation has affected the
river. There were no differences between the FSR scores of the three stations that could be interpreted in terms
of different regulation impacts.
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Guilin

&
Majiang/Jingnan
&
Gongcheng
&

Figure 10. Results of FSR calculation for three Gui River system stations, comparing modelled reference
data (1956 7 2000) with historical gauged data (1956 i 2010). Indicator codes explained in the text.
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FSR application to the Yellow River

The hydrology of the lower Yellow River has been impacted by construction of many dams and by water
abstraction. The first major dam to directly impact the lower river was Sanmenxia, operational since 1961. The
next major dam was Longyangxia, operational since 1987, and then Xiaolangdi, operational since 2000. The FSR
indicators were calculated for these three main periods of regulation, using paired reference and historical data
from Huayuankou and Lijin gauging stations. The lower Yellow River was impacted by regulation prior to
operation of Sanmenxia dam, but the period of record before 1961 was too short to generate reliable statistics.

Application of the FSR to the Yellow River data suggested a high degree of flow alteration in this system (Figure
11 and Figure 12). Lijin was impacted to a greater degree than Huayuankou, because a significant volume of
water is diverted from the river between Huayuankou and Lijin for irrigation. The FSR indicator scores tended to
decrease as each dam became operational. The operation of Xiaolangdi dam did not lead to any significant
improvements in FSR indicator scores, despite introduction of the water and sediment discharge regulation
(WSDR) system in this period.

Discussion of FSR indicators

The FSR scores showed some promise as meaningful indicators of hydrological change. The indicators
characterised the aspects of the flow regime normally considered to be important for ecological river health (Poff
et al., 1997). It is not possible to eliminate any of these indicators on the basis of this limited application. However,
it appears that some indicators may be more useful than others, and some will be correlated. Perhaps the least
useful indicators were 6, "Y®"0Q6 cand 0, and interestingly, all but 8 cwere not included in application of the
FSR procedure in Victoria (SKM, 2005). Because 6 ais calculated on the entire time series, it is likely to be
sensitive only to very major flow changes that cause the flow to become relatively constant. In most regulated
rivers the flow is not constant, as water demands (and thus supply) are variable, seasonally and from year to year.
The only station to show low scores for & awas Lijin on the Lower yellow River.

A limitation of the FSR is that changes in the flow indicators associated with regulation are treated equally,
whether they increase or decrease. The ecological implications of a decrease are likely to be different (i.e. usually
more serious) than those of an increase. One way to manage this would be to modify the FSR formulas to weight
decreases higher than increases.

Application of the FSR to the Gui River suggested a low level of flow regulation in this catchment. During this
period the Qingshitan dam began operation, in 1964, but this dam is located on a relatively small tributary, and in
the context of the characteristically high runoff of the Gui River system, it would not be expected to have a major
impact on flows at Guilin, and especially at Majiang/Jingnan. The other flow regulation effect was a gradual
increase in water diversions from the river over time, which applied in particular to Majiang/Jingnan and
Gongcheng gauges. This is known from water use figures, but is not revealed by the FSR approach. The method
of comparison of historical flows with modelled reference flows is not ideal, because it averages the degree of
regulation over time, such that the FSR result does not properly reflect the current degree of regulation.

While the FSR indicators satisfactorily measured degrees of flow stress between monthly flow time series with
different levels of water resources development, the FSR approach is not useful as an annual reporting tool,
unless using fully modelled reference and current flow data and where the current model conditions are updated
and re-run annually. This is a very large undertaking, and is one reason why the SRA intends to only report the
flow stress indicators every three years (Davies et al., 2008).
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Huayuankou (post -Sanmenxia)

1.0
0.9 1
0.8 1
0.7
0.6
0.5
0.4
0.3 1
0.2
0.1 1
0.0 -

Hydrological change Index value

Huayuankou (post -Longyangxia)
1.0 -
0.9 -
0.8 -
0.7 -
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0.3 -
0.2 4
0.1
0.0 -

Hydrological change Index value

Huayuankou (post -Xiaolangdi)

Hydrological change Index value

Figure 11. Results of FSR calculation for Huayuankou station (lower Yellow River) , comparing modelled
reference data with historical gauged data for three periods: post -Sanmenxia (1961 -1985), post-
Longyangxia ( 1987-1998) and post -Xiaolangdi ( 2000-2008). Indicator codes explained in the text.
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Figure 12. Results of FSR calculation for Lijin station (lower Y ellow River) , comparing modelled reference
data with historical gauged data for three periods: post -Sanmenxia (1961 -1985), post -Longyangxia (1987 -
1998) and post -Xiaolangdi (2000 -2008). Indicator codes explained in the text.
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