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PREFACE

This document is one of a series of reports arising from the Water Research Commission profect
K5/856 "Development of numerical methods for assessing water quality in rivers, with paricular
reference to the environmentai flow requirements process”. The reports are:

1. Malan, H.L. and Day, J.A. {2002} Development of numerical methods for predicting refationships
beiween stream flow, water guality and biotic responses in rivers. WRC Report no. 856/1/02.

This volume details the development of the models and tools produced during the project and
outlines the results of several applications of these toalis to rivers in South Africa.

2. Malan, H.L. and Day, J.A. {2002} Linking discharge, water quality and biotic response in rivers: a
literature review. WRC Report no. 956/2/02.

This volume presenis a review of literature periinent to the proiect in the fields of infer alia
hydrogeochemistry, water quality modelling, environmental flow assessments and biomonitoring.

3. Malan, H.L. and Day, J.A. {in prep} Predicting water quality and biotic response in ecological
Reserve determinations. WRC Report no. 71 XX

This volume wili be a technical guide allowing water resource managers and consultants to use the
tools described in (1) above.

Aspects of a previous WRC project {(K5/626 "Water gquality requirements for riverine biotag”}, in
particular the Biclogical-chemical database (Biobase), were continued in the current project
(K9/956) and are reported in:

4, Dallas, H.F. and Janssens, M.P. (1298) Biological and chemical database: User manual. WRC
Report No. TT 100/98.



EXECUTIVE SUMMARY

Introduction

This document prasenis the results of Water Research Commission project K5/956
“Development of numerical methods for assessing water quality in rivers, with particular
reference to the Instream Flow Requirement process”. The numerical methods that have
been developed, or investigated in the course of the study enable predictions of stream
flow-concentration relationships to be made for some key water quality variables in
rivers. In addition, techniques have also been developed to predict the effect that
changes in water quality may potentially have on the aquatic biota, These methods have
been refined through application to actual Reserve Assessments. Another major product
of this project is a survey of the literature pertinent to the study which is titled "Linking
discharge, water quality and biotic response in rivers; a literature review” (Malan and
Day 2002). In addition, a training manual is being written which can be used to teach
some of the techniques developed in the project to managers and consultants in the field
of water resource management.

Aims and obijectives of the project

The aims of the project were partly to foliow up on aspects of previous projecis on water
quality {asims A and B) but mainly to deveiop a new research area (aim C).

A} Pursue the use and curation of the Biobase (Biological-Chemical database)

developed in project no. Kb/G26:

¢ Curate the database and capture additicnal data, as and when the need arises.

= Invesiigate future maintenance and accessibility of the Biobase, inciuding the
potential {o provide an Internet facifity for extracting and adding new data.
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Continue to interrogate the database with 2 view to:

- verifying the scores recommended for the biomonitoring systern SASS,

- identifying water quality tolerances of key iaxa of inverigbrates for use in water
qugzlity assessmeanis for the Instream Flow Requirement (IFR) process.

-verifying the methodology for establishing regional water quality guidelines for
selectad constituenis as proposed in project K5/626.

B) To continue to examine, in a low-key manner, the extent to which water quality

determines the distribution of south-western Cape endemic inveriebrates.

C) To address the question of the relationship between water quality and water quantity

{particularly stream flow), with pariicular reference to the assessment of Instream Flow

Requirements:

To provide a review of the kinds and forms of data needed and of methods
developed elsewhere for providing these data.

To develop methods for processing water quality data to derive time and flow
dependencies for key water quality constituents.

To identify and assess methods for modeiling selected water quality constituents at
the feasibility [evel of the IFR process.

To investigate the extent to which available data (e.g. in the Biobase)} can be used
for setting environmental water quality requirements as part of IFR assessments.
Based on the above, produce a framework for the assessment of water quality as
part of IFR studies.

Because of the urgent need for the development of tools to implement determination of

the water quality Reserve, the attention of the project team was mainly directed towards

Aim C). As a result, all the objectives in that section of the project were attained. In

addition, through curation of the Biobase, as well as development of the “Biotic protocol”

most of the objectives in Aim A) have been achieved.
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Rationale for the project

For many rivers in South Africa, discharge (i.e. the volume of water flawing past a given
point per unii ime) varies subsiantially from season io season and wailer quality is
profoundly influenced by flow. Where water quality refers to the concentration of
chemical constituents and values of physical variables in the river. Typically, the
instream concentration of most chemical constituents increase as discharge is reduced,
a consequence of the increasing proportion of discharge resulting from groundwaier
(which is higher in concentration of mineral ions), and often, io diminished diluiion of
pollutants. The situation is not always so simple, however, and some consfituents,
largely due to wash-off from the surrounding land, increase in concentration with
increasing discharge (at least in the low-flow portion of the discharge range). Discharge-
concentration relationships are site-specific and depend on the particular chemical
constituent under consideration. Although the methods used in South Africa to determine
the quantity of water required for efficient ecological functioning are well advanced, so
far the effect of alterations in river discharge on water qualily is not adequately
addressed in this process. It is imporiant that predictions of the water guality that will
resuit from a changed discharge regime be made and that these be taken into account
when setting environmentat flows, since the aquatic biota is profoundly influenced by the
water quality to which they are exposed. In short, it is necessary to include water quality
miodelling {i.e. quantitative predictions of instream concentrations and values of physical
variables) within Reserve Assessments to ensure that in meeting the ecological Reserve
with regard to quantity, the water quality component of the Reserve is also attained. This
will ensure adequate protection of the aquatic ecosystem, which forms the basis of the
resource. The methods developed during this project were designed for usz in
determination of the ecological Reserve, although not specifically investigated, it would
appear that they may be useful in other areas of water resource management.

The approach used

The project is composed of two major sections:
a) development of methods to predict the concentrations of given chemical components
and values of physical variables that will result in a given river reach from the flow
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regime that is recommended by the specialists at the Instream Flow Reguirement (IFR)
workshop;

and,

b} development of methods to predict the effect such changes in waier quality may have
on the abundance (or other measures) of key inveriebrate species and thus on the
acological functioning of the aquatic resource.

Part a) of the project was carried out by means of the steps listed below:

» i) A review was undertaken of water quality modelling methods (both complex
computer programs as well as simple spreadsheet methods) that are available
internationally.

e i) The complieteness, availability and form of discharge and water quality data
available in South Africa were assessed.

o iii} Consideration was given to the atiributes the predictive method should possess.

e Iv) From consideration of the steps above, the modelling method(s) most suitabie for
the project wera chosen.

e v) The chosen modelling methods were then used and refined in actual Instream
Flow Assessments.

Part b) of the project is concerned with linking the water quality {olerance ranges of

selected bioia with predicted constituent concentrations and values of physical variables.

Thus, after using numerical modelling methods to predict the level of a water quality

variable in a reach under the proposed discharge regime, the effect on the biota must be

predicted. The following steps were taken in order to address this part of the project:

+ i) The methods used eisewhere o assess the implications of altered water quality for
the biota were reviewed.

* ji} An assessment of the availability of data and information regarding tolerance
ranges of indigenous aquatic biota was undertaken.

e ity A predictive tool was then developed.

¢ iv) The predictive method was applied to the resulis of Instream Flow Assessments
and further refined.



Summary of the chapters in_this document

This document is divided into the following chapters:
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Chapter 1. General background information on several relevant topics is
summarised in Chapter one. These tapics include, the new South African Water Law
and the ecological Reserve; the variability of South African rivers with regard to
discharge and water quality; and the need for the incorporation of quantitative
predictions of water guality into Environmental Flow Assessmenis. The aims of the
project are also listed in this section, as well as a summary of methods used
elsewhere in the world {o predict water quality, and to assess the effect of changed
waier quality on the biota. The attributes that are required in the chosen modeliing
method are listed. Finally, the elected models are presenied.

Chapter 2: A detailed description of the Discharge-concentration (Q-C) modelling
method, developed for predicting chemical concentrations is reporied. Results from
application of the method in various Insirearn Flow Determinations; information that
can be obtained using Q-C modelliing; and most importantly, the assumptions and
limitations in the method are also discussed.

Chapter 3: This chapter reports the results from a countrywide survey of the
discharge-concentration patterns for different DWAF primary drainage regions, as
well as for different ecoregions. An attempt is made to predict likely patierns for
certain water quality variables in a given area.

Chapter 4: In this section of the report, a description of the method used to obtain
time-series of chemical components {notably salinity) and time-series of water
quality-induced stress that will be experienced by the aguatic biota is presented. An
application to the Olifants and Breede Rivers, as well as the assumptions and
kmitations in the method, are reported. Finally, the usefuiness and ecological
interpretation of such time-series is discussed.

Chapter 5: This chapter describes an application of the water quality mode! QUAL2E
ta the Lower Olifants River. Included, is a detailed discussion of the process and the
problemns that were encountered during the application. In addition, the use
(including the advantages and disadvantages) of this modelling technique within the
Reserve determination process is discussed.



Chapter §: This chapter presenis the Siotic Protacel, which is a series of steps that
enables predictions ¢ be made of the effecis that alterations in watar quality may
have on the biota. The protocol is described in detail, followed by the resuits from
applications io the Middle and to the Lower Olifants River. Assumptions and
limitations in the method are discussed, as well as future developments that ars
required.

Chapter 7: Integration of water guality modelling and predictions of the relationships
between discharge, water quality and the aquatic biota in the Reserve determination
process, is the major consideration of chapter 7. In particular, the role and use of the
tools developed in this project are discussed. Finally a framewaork for incorporation of
predictions of water quality changes, and the implications for the biota, into the
Reserve determmination process is presented.

Chapter 8: The final chapter summarises the major resulis and conclusions of the
project. Potential developmenis and gaps in the methodology are pointed out and
recommendations arising from the project are documented.

Products arising from the project

As a result of this project four major tools have been developed:

a technique (Q-C maodelling) for predicting the resulting concentration of a chemical
component for a given discharge;

a procedure (the "Biotic protocol®) for predicting the likely effects of changed water
quality on the biota;

a framework and protocol for incorporating water quality predictions and implications
for aquatic biota into the Reserve process;

a ftechnique (concentration and stress time-series modeliing), developed in
conjunction with Prof. Paimer at IWR, Rhodes University, for obtaining time-series of
chemical concentration and stress, which can be used for comparing the water
quality consequences and the implications for the biota, of differing compiex flow

scenarios.
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Other nroducts arising from this project are:
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A literaturs survey reviewing the links between river flow, concentration and biofic
response.

A training meanual for feaching the Q-C modelling method and the Biotic Pratocol to
water resource managers,

Spreadsheet templates for Q-C modelling.

The curated Biclogical and chemical database {largely a product of the previous
project, K5/626 “Water quality requirements for riverine biotas™). A CD of the
database ("Biobase”) and a User manual are now available from the WRC.

Reports and conference papers.

Major conclusions arising from this project

The major conclusions arising from the project are detailed below:

Some form of water quality modelling within Instream Flow Assessments is essential
to ensure that in setting the ecological Reserve with regard to quantity, the Reserve
for water quality will also be aftained.
In order to make realistic predictions of water quality it is necessary to take into
account the various sources of water as well as their pollutant loads that can, or do,
contribute to the total flow at a particular site on a river, Thus a consideration of
different water quality management (or system operation) scenarios, in addition to
flow scenarios, is imporiant in Reserve assessments. At the time of writing this
reponi, this is not a routine step in Reserve determinations. Alfhough, incorporation of
management scenarios would greatly increase the complexity of the entire process,
it is an essential step if a balance is to be maintained betwean the use of a water
resource on one hand and protection of the aguatic ecosystem on the other.
No single, water quality modelling method posses all the attributes that are required.
Furthermore, the aftributes exhibited by the models would not necessarily be
required in all situations. Therefore a hierarchy of methods should be emploved, with
three tiers of modelling complexity:

- A simple discharge-conceniration {Q-C) methad.

-~ Mass-balance modelling or QUALZE.
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- A catchment runoif model.

o Discharge-concentration (Q-C) medelling is a useful method ior estimating the
conceniration of chemical constituents that will arise from the implementation of a
particular discharge regime. it can be used as a screening tool to identity FR
{Instream Flow Requirement) sites where the water quality Reserve is not likely to be
attained under the recommended flow regime. There are major limitations in the
method, however, and these should be clearly recognised when applying the model.

o Mass balance models (gither spreadsheet or QUAL2E)} can be used to examine the

results of different water quality management scenarios.

o QUALZE can be useful for providing a more mechanistic description of the processes
affecting water quality in a given reach compared {o the empirical approach used in
Q-C modelling. It has fairly exiensive data requirements, however, and frequently
additional data will need to be collected. Thus in the context of Reserve
determinations it is suitable for use as part of a Comprehensive Reserve
Assessment for key IFR sites. It is not suitable for Rapid or Intermediate lavels of
Reserve determination. This mode! can be most usefully employed in situations
where: there is a complex situation of poliutant loading; when nutrients, dissolved
oxygen or temperature need to be modelled; and when different management
scenarios need to be assessed.

¢ Despite the approximations inherent in the derivation of concenfration time-series,
these can be used for comparing and ranking different flow scenarios as generated
by the IFR or yield model (WRYM), with regard to their potential water quality
consequences.

» The use of stress time-series shows potential for ranking flow scenarios with regard
to likely impacts on the aquatic biota. More research is required, however, to link the
concentration of chemical constituents and values of physical variables with biotic
response.

¢ The Biotic protocol can be useful for assessing the likely implications of a proposed
water quality scenario for benthic macroinvertebrates. It can be used to identify taxa
that may be lost from or regained in a system under a recommended flow regime
and to make predictions of the theoretical SASS score and Assessment class likely
to be attained.
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From the peint of view of water quality, DRIFT {Downstream Response o insiream
Flow Transformation) appears to be more flexible than the BBM (Building Block
Methodclogy). The use of a database means that the results from modelling of
different water quality management scenarios can be recorded and the opiimum
scenario chosen. In addition, using DRIFT, the discharge regime can be made
available before the IFR workshop so that the water quality consequences (obtained
from Q-C modelling), as well as the consequences for the biota (obtained from the
Biotic protocol) can be derived. These results can then be used in the workshop to
further refine the recommended flow regime.

The tools developed in the course of this project, aithough not specifically examined
for this purpose, should be useful in a wider field than Environmental Flow and
Reserve determinations. Simple Mass balance modelling ¢an be used to predict the
instream concentrations of contaminants that would result from the loading of
different point sources. The Biotic Protocol could be used to assess the likely
impacts of a particular water quality scenaric (not necessarily arising from
implementation of the Reserve) on aquatic invertebrates, and possibly on other biotic
components.

Major recommendations and future research areas

The major recommendations and future research areas arising from the project are

detailed below:

In order to artive at realistic predictions of water quality, attention must be directed
towards incorporation of water quality management scenarios into the Reserve
process. In other words it is essential that how the system will be operated, and thus
the relative proportions of the different water sources (and constituent loading), be
known. Currently the normal practice is to examine the consequences of different
flow scenarios at a given point on the river imespective of considerations of the
origins of that water {e.q. from & relatively unimpacted upstream dam or from a
polluted ributary). This is adequate if only waier quantity is considered but is
simplistic if realistic predictions of water quality are required. Simple Mass balance
modeiling couid be used to predict the water quality consequences of each
management scenario. Attention should be given io the use of the DRIFT database



to stora and anatyse the results from such a modelling exercise so that the optimum
management seenaric can be chosan.

@ There should be exiansive co-ordination petwesn manitoring networks, in particufar,
between that of water quality and biomonitoring. Collecting measurements of water
quality as well as biclogical data (presence/absence of macroinveriebrate taxa and
SASS scores) at the same time and same place, maximises the usefuiness of hoth.
This enbanced usefulness is primarily becausg links befween water quality and the
presence or absence of specific taxa can then be made.

» In many of the Reserve Assessmenis encountered in this study, under the
recommended IFR flow regime, whilst occasions of very high concentrations of
salinity (or other constituent) were avoided, periods of very good quality water would
also be removed. This is a consequence of the fact that it is normally during the
period of high flow that water would be harvested for other users. The overall resuit
is an attenuation of the current salinity profile so that the extremes of very high and
very low concentration would no longer occur. Whilst the removal of episodes of poor
water quality is obviously advantageous, the effect of removing periods of “fresh”
water is not clear. This matter requires further research and should form part of a
detailed siudy of the long-term effects of implementation of the IFR for key rivers, 1t
should be noted that this is an urgent research need, not only io test the predictions
of water quality modelling, and of the Biotic protocol, but to assess the effectiveness
of the entire Reserve determination process.

v Al present, the form in which water quality data are available in South Africa is not
optimal. Water quality simulations as developed in this project (and also for the
Reserve) require examination and comparison of segments of the time series far
given variables. The relevant data are available in several different forms, Despite
this, there is no completely reliable, easily accessible manner that will enable a user
to view the entire time series and that will ailso calculate summary siatistics for
different time segments. Manipulation of data to abtain the required information can
be time consuming.

o linked water quality and discharge data should be directly available from DWAF.
This would avoid errors due to the use of the incorrect rating curve etc,
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s  Some statistical agpects of the Q-C methed may need rafinement. This includes the
use of o, correlation coefficienis and testing the significance of non-linear

relaticnships.

Conclusion

Several tools have been developed in this project that can be used to integrate water
quality and quantity within Reserve assessments. They are complementary and given
the assumptions and limitations in the methods, can yield useful information. Prescribing
envirenmental flows for a river, especially systems that are large and complex, is not an
easy task. Methads for determining the quantity and timing of flows that are required
have evolved in South Africa over several years. The field of water quality lags
considerably behind that of quantity and this is the first major attempt to integrate the two
fields within Reserve assessments. Development of predictive tools and integration of
these into Reserve determinations has been brought about by participation in the
process and accompanied by liaison with practitioners in the field of environmental flow
assessments. |t is likely, however, that much development of the method is still needs ta
be carried out and feedback is required from water resource managers in order to make
the tools as useful and relevant as possible. This is especially as recommended flow
regimes are implernented in South African rivers and Resource Quality Objectives need
to be met. Despite the approximations and limitations that are inherent in the tools that
have been developed, these methods represent an atiempt to predict the water quality
that will be experienced under a proposed IFR regime, and to assess the implications for
the aquatic biota. It is the opinion and hope of the project team that the use of these
tools will 2id in the integration of water gquality and quantity and will result in a more
balanced approach to the use of water resources and protection of aguatic ecosysiems.
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CHAPTER 1

INTRODUCTION

1.1 Backaround

This report documents the results of a three-year study, the aim of which was to develop
numerical methods for assessing water qualify in rivers, this was with pariicular
reference to the Instream Flow Requirement (IFR) process. Another product of the
project is a survey of the relevant literature pertinent to the study which is titled “Linking
discharge, water quality and biotic response in rivers: a literature review" (Malan and
Day 2002). Key findings and conclusions from that work are included in the present
report but the reader is referred to the literature review for details. A training manual for
teaching some of the tools developed during this project is aiso being written.

This project was initiated shorily bejore promulgation of the National Water Act {1998)
and has been carried out during the period of the inceptive Reserve determinations and
associated development of methodology for assessing such determinations. The senior
author was foriunate to be able fo attend Reserve assessments in the initial stages of
the project and in the later stages to be able to take part and use the predictive tools
deveioped. Thus, the Reserve Determination for the Mhiatuze River {1998} was attended
by one of the projiect team (HLM) as an observer. Water quality predictions were made
using a ool {Discharge-concentration modelling) developed in the project for the Palmist
River (1998) and the Pienaars River {1999). This work was carried out aiter the Instream
Flow Requirement {IFR) workshop however and the results were not utilised in setting
the Reserve. The results from Discharge-concentration modelling and the preparation of
salinity time-series were utilised and recorded in the four IFR workshops for the Olifants
River Ecological Water Reguirement Assessment (OREWRA) held in 2000, and the
former also for the Breede River Reserve determination (2001). Finally, tools developed
as part of this project will be utilised in the IFR determination for the Thukela Water
Project to be held in 2002,
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This document is dividad into the following chapters:

o

Chapter 1: This chapter presents general background information on several
relevant topics. These includs; the new South African Waier Law and the ecological
Reserve, the variability of South African rivers with regard io discharge and water
gquality and the need for the incorporation of quantitative predictions of watar qualiity
into Environmantal Flow Assessments. The objectives of the project are also listed in
this section, as well as a summary of methods used elsewhere in the world to predict
water quality, and to assess the effect of changed water quality on the biota. The
aftributes that are required in the chosen medelling method are listed in this chapter.
Finally, the elected models are presented.

Chapter 2: A detailed descriplion of the Discharge-concentration (Q-C) modelling
method developed in the project for predicting chemical concentrations is reported in
this chapler. Resuits from application of the method in various IFR determinations;
information that can be obtained using Q-C modelling and most importantly,
assumptions and limitations in the mathod are also discussed.

Chapter 3: This chapter reports the results from a counfrywide survey of the
discharge-concentration patterns jor different DWAF primary drainage regions, as
well as for different ecoregions. An attempt is made to predict likely patterns for
certain water quality variables in a given area.

Chapter 4: In this section of the report, a description of the method used to obtain
time-series of chemical components (notably salinity) and time-series of water
quality-induced stress that will be experienced by the aquatic biota is presented. An
application to the OQlifants and Breede Rivers, as well as the assumptions and
limitations in the method, are reporied. Finally, the usefulness and ecological
interpretation of such time-series is discussed.

Chapter 5: This chapter describes an application of the water quality model QUALZE
to the Lower Olifants River. Included, is a detailed discussion of the process and
problems encountered. In addition, the use (including the advantages and
disadvantages) of this modelling technique within the Reserve determination process
is discussed.

Chapter &: This chapter presents the Biotic Protocol. This is a process that enables
predictions of the effecis that alterations in water quality may have on the biota to be
made. The protocol is described in detail, followed by the results from an application
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to the Middle and Lower Olifants River. Assumptions and limitations in the method
are discussed, as well as fuiure developments that are raquired.

¢+ Chapter 7: Iniegration of water quality modelling and prediciions of the sfiect of
changes in discharge, on water quality and hence on the aquatic bioia into the
Reserve determination process, is the major consideration of chapter 7. In particular
the role and use of the {ocols developed in this project are discussed. Finally a
framework for incorporation of pradictions of water quality changes, and the
implications for the biota, into the Reserve determination process is presented.

o Chapter 8: The final chapter summarises the major results and conclusions of the
project. Potential developments and gaps in the methodology are pointed out and
recommendations arising from the project are documented.

1.2 Aims and gbjectives

The aims of the project are partly to follow up on aspects of previous projecis on waler
quality (aims A and B) but mainly to develop a new research area {(aim C). The exient
to which each of the objectives has been achieved is discussed at the end of this
chapter.

A) Pursue the use and curation of the Biohase (Biological-Chemical database)
developed in project no. K5/626:
e Curate the database and capture additional data, as and when the need arises.
e Investigaie future maintenance and accessibility of the Biobase, including the
potential to provide an Internet facility for extracting and adding new data.
e Continue to interrogate the database with a view to:
- verifying the scores recommended for the biomonitoring system SASS,
- identifying water gquality tolerances of key taxa of inveriebrates for use in water
quality assessments for the IFR process.
-verifying the methodology for establishing regional water quality guidelines for
selected constituents as proposed in project K5/626.

B} To continue to examine, in a low-key manner, the extent to which water quality
determines the disfribution of south-western Cape endemic invertebrates.



C) To address the question of the relationship between water quality and water quantity

(particularly discharge), with particular reference to the assessment of Instream Flow

Requirements:

» To provide a review of the kinds and forms of data needed and of methods
developed elsewhere for providing these data.

s To develop methods for processing water quality data to derive time and flow
dependencies for key water quality constituents.

» To ideniify and assess methods for modelling selected water quality constituents at
the feasibility level of the IFR process.

» To investigate the extent to which available data {e.g. in the Biobase) can be used
for setting environmental water quality requirements as part of IFR assessments.

» Based on the above, produce a framework for the assessment of water quality as
part of IFR studies.

1.3 Rationale for the project

Water is a limited resource in South Africa and protection of our aquatic resources is of
prime importance. Rivers provide many "goods and services”, can perform a seif-
cleansing function and, if protected, can replenish the resource {Dobbs and Zabel 1994;
Davies and Day 1998). It is perhaps not yet sufficiently widely realised that, if rivers are
subjected to environmental impacts such as, the discharge of pollutants, invasion of
riparian and aquatic habitats by alien plant species, or excessive water abstraction,
impaired ecosystem functioning will result in a loss of some desirable attributes. Water
quality (i.e. the instream concentration of chemical constituents and values of physical
variables) is then often impaired and the potential uses of the water resource become
increasingly limited. This is the pragmatic reasoning behind the emphasis on resource
protection in the new South African Water Act (Act No. 36, August 1898). A fundamental
principle of the Act is thaf, the quality, quantity and reliability of water required to
maintain ecological functioning shall be maintained, in order that human use of water
does not compromise the long term sustainability of aguatic ecosystems.
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The act also states that “as soon as reasonable afier the act comes into force, the
Minister must determine the Reserve for all, or part of 2ach significant water resource”.
The Reserve is defined as:

o The quantity and quality of water reguired to supply the basic needs of peopie who
are, or may in the future be, reliant an a particular water resource (the "basic human
needs Reserve").

» It is also the water guaniily and qualily required to protect ecosystems in order {o
secure ecologically sustainable development and use of the relevant water resource
(the “ecological Reserve”).

In the rest of this document, unless otherwise stated, the term "Reserve” refers to the
“ecological Reserve”. Although the new act recognises that water quantity and quality
are interdependent and should be managed in a co-ordinated manner (Rabie 1996), how
the two are to be integrated is not detailed. it should be noted that the water
representing the Reserve has priority, and the quantity and quality of this water must first
be calculated before the quotas for other water users may be allocated. 1t is therefore
imperative that the Reserve be determined as quickly as possible. Different levels of
accuracy of the Reserve (including water quality) can be determined, in which a varying
degree of confidence can be placed. These levels range fram a Rapid determination to
full Comprehensive Reserve, A Rapid determination involves a deskiop assessment of
water quality, largely using existing data, and a quick field assessment of the present
status. Such an estimate can be used for licensing purposes in unstressed catchments,
or where the impact is likely to be small, but has to be reviewed after a ceriain time
period. A Comprehensive Reserve determination, on the other hand (in which relatively
high confidence can be placed), involves a site-specific assessment of the instream flow
requirement determined by specialised riverine ecologists at a workshop, Additional
water quality data may be collected if required for arriving at suitably reliable results
(DWAF 1899).

The ecological component of the Reserve is considered to consist of four aspects,
namely; waler quaniity, water guality, habitat (both instream and riparian} and the
aquatic biota, all of which need to be assessed. Water quality is assessed for each
significant resource in terms of each of three categories of variables, namely toxic
substances, system variables and nutrients. For each resource, the levels of each water
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quaility variable in the un-impacted condition (Reference condition) are derived. These
values are compared with the Present Ecological State values in order {o assess
whether the river is degraded wiih regard to water quality. These values are also
compared to those associated with the future Ecolagical Category (where an “A category
river' represents one in a pristine condition and a "D category river” one which is highly
modified) in order to identify what management actions are required. The Raserve
process and incorporation of water quality therein is discussed fully in the manual titled
“Resource directed measures for protection of water rasources” (DWAF 19989). A useiul
overview of the process is to be found in O'Keeffe (2000},

South African rivers are naturally variable in their patterns of discharge and frequently
stream flow varies substantially from season to season and from year to year depending
on the balance of evaporation and precipitation. In addition, abstraction of water, as well
as regulation by means of impoundment or weirs, can lead to alterations in the natural
hydrological regime. It is well known that changes in discharge can have a profound
effect on water quality (Edwards 1973; Walling and Foster 1975; Sidle 1988). Such
changes in water quality are often complex and difficuit to predict, however. Because
fresh water is a limited resource in this country, poliufants cannot afways be dealt with by
dilution, as is the case in many more mesic or well-watered lands. Due to high rates of
evaporation, pollutants can become concentraied in rivers during periods of low flow. For
this reason it is especially important that the water quality of aquatic resources is
monitored and assessed. Despite this, there is a paucilty of documented information
concerning the resultant effect of changes in discharge (either natural or anthropogenic)
on water chemisiry and on the values of system variables in this country. it is also well
known that water quality can exert a profound effect on the composition, abundance and
functioning of the aquatic biota (Dallas and Day 1993). Once again there are few data
on the tolerance ranges of aqualic biota in South Africa to individual water quality
variables and the eifect of such variables on biotic functioning.

Methads have been developed to calculate the quantity and timing of discharge required
{or adequate functioning of riverine ecosystems, currently known in South Africa as the
“Instream flow requirement” of a river or {FR (King and Louw 1998}. This method is
widely used in the planning and operation of large water supply projects. The question of
water quality at the beginning of this project was inadequately addressed within the IFR
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process, however, and for a proposed change in discharge, oniy descriptive predictions
of the resulting water quality were usually made. Accarding to King and Louw (1988),
provision of & suitable discharge regime will not result in optimum escosystem health if
the guestion of water quality is not also considered, Thus it is essential that quantiiative
predictive methods of water quality be incorporated into the IFR process. This will
ensure that in setling the quantily Reserve for a particular water resource, the water
quality of the Reserve will also be attained.

1.4 Terminoloqy

in this document, the term "discharge" is used to describe the volume of river flow
passing a given point per unit time (e.g. m.sec™). A note should also be made at this
point to clarify the terms “Instream Flow Requirement (IFR)", “Environmental Fiow
Requirement (‘EFR)" and determination of the “ecological Reserve®, which are all
conceptually similar, but differ slightly in meaning. An assassment of the IFR or EFR for
a river involves determining the discharge regime required to maintain some aspect of
the riverine environment. In line with the trend worldwide it is mare appropriate to use the
latter term (R. Tharme, FRU, UCT, pers. comm.), because a wider area, such as the
river banks, than merely within the stream is considered. Such discharges however, are
still referred fo as “instream flows" in South Africa. Thus, when referring to the general
methodology or philosophy for assessing such discharges, the term "EFR” is employed
in this document, but if the reference pertains to the process in South Africa, "IFR" is
used. A more thorough discussion of environmental flows and the terminology used to
describe them is given in Chapter & of the literature review (Malan and Day 2002). in a
similar vein, it is recognised by the authors that the term “Ecological Reserve
determination” rather than "instream Flow Requirement” may possibly be more correct in
the project title. Where IFR refers to determination of the discharge regime required, but
the ecological Reserve refers to the far wider process of setting of Resource Quality
Objsctives, management classes, stakeholder participation ete, of which setting the IFR
is a smaller, but vital part. The authors have chosen to retain the original title however,

TEFR: This is not io be confused with Estuarine Flow Requirement, not referred to in this report,
but also frequently abbreviated as EFR.
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and in this document, the terms IFR and Reserve will be used in the senss just
described.

The term “water quality modelling” in the context of resource management, often (but not
always) entails studying water quality data in relation to discharge and deriving
relationships which enable a realistic water quality value o be simulated corresponding
to each chosen discharge value. In this document the term “water quafity modefling” is
used io describe techniques employed io obtain guantitative predictions oi what the
concentration of chemical constituents in a given river reach would be under given
conditions of discharge (e.g. a proposed IFR discharge regime).

1.5 The water guality variables considered

A description of the most important water quality variables, as well as the main
interactions between thern, is given in the literature review. Only the salient points are
presented here.

For the purpose of this study, definitions of the terms water quality and water quality
constituent are taken from the South African Water Quality Guidelines (DWAF 1996).
Water quality refers to the "physical, chemical, biological and aesthetic properties of
water that determine its fitness for a variety of uses and for the protection of the health
and integrity of aquatic ecosystems.” The range of optimum values for the various water
quality constituents will depend on the proposed use of the water. In the present project
we are largely (although not exclusively) concerned with assessment of water quality
necessary for protection of aquatic ecosystems. The term watler qualily constituent is
defined as "any of the properties of water and/or the substances suspended or dissolved
init.”

The following water quality constituents were considered in this project:

s System variables - temperature, pH, dissoived oxygen (DO).

e Non-foxic inorganic constituents - total suspended solids (TSS), total dissolved
solids (TDS), individual ions such as K*, Mg™.

o Nutrients - phosphates {ortho-phosphate and total phosphate), inorganic
nitrogen (nitrate, nitrite, ammonia/ammonium).
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2 Toxins and pollutanis ~ e.g. metal polluiants, organic substances including
pesticides, whole sffiusnts.
The water quality constituents shown in bold are those that are deemed to be most
important in this project and largely include those considered in the water quality
assessment componant of the Reserve, Whilst the other variables are also impaortant,
there is usually a lack of data concerning them, making predictions of their behaviour
under conditions of altered discharge problematic. Note that in the Reserve
methodology, TDS and TSS are included as system variables rather than as non-toxic
inorganic constifuents (DWAF 1999) and that ammonia can also be considered to be a
toxin under certain conditions.

The category “toxic substances” represents a very diverse group of substances. These
chemicals frequently enter water bodies as point-sources and are best managed at the
site of entry into the water resource. Toxic substances such as agricultural pesticides,
which originate from diffuse sources, are of special concern since they are difficult to
exclude from aquatic ecosystems. This project is largely concerned with predicting
concentrations of water quality constituents as a result of changes in discharge. In order
to do this data are required concerning the variable. There are limited long-term data
concerning toxic substances in South Africa {(Pagram, Quibell and Gdrgens 1997} and
for that reason this topic will not be given ithe attention in the current work that it
deserves. Other issues (for example TDS and nutrients) are more pressing and will be
deatt with here. Nevertheless, pollution due to metals and pesticides is becoming an
increasingly serious problern in our rivers and will need to be modelied at a later date.

From the point of view of water quality modelling, it is necessary to distinguish between
conservative and non-conservative constituents. Conservative chemical constituents
{e.g. TDS, CI') do not normally undergo chemical fransformation in their progress along a
watercourse. Non-conservative constituents on the other hand (e.g. nutrients, erganic
carbon, dissolved oxygen), are taken up by living organisms, and may undergo a wide
range of chemical reactions. A modeliing exercise aimed at accurately simulating a non-
conservative constituent musi account for all the processes that will affect the
concentration of that constifuent. Modelling non-conservative chemical constituents is
therefore more chailenging than modelling conservative constituents (Dortch and Mariin
1989).
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1.8 Factors determining water qualify

1.5.1 Seme common discharas-concentration {Q-C) patierns

Concentrations of difierent chemical constituenis frequently vary with discharge in a
characteristic manner. The mathematical relationship between discharge and solute or
sediment concentration is commonly called a raiing curve and is site-specific {Sidle
1888). Predictions of such a relationship for individual ions may be made for a given
catchment from a consideration of the climatic region and catchment land-use, as well as
from the underlying geochemistry. Discharge-concentration {Q-C} relationships are
complex, however, and influenced by a wide range of factors, whilst some water quality
constituents may show little apparent variation with discharge (McDiifett, Beidler,
Dominick et al. 1989). Factors influencing these responses include antecedent rainfall
patterns; the geology and climate of the surrounding catchment; the hydrological regime;
season: and anthropogenic effects such as pollution, land-use and construction of
impoundments and weirs (Johnson and East 1982; Davis and Keller 1983; Williams
1988). A more detailed discussion of the factors affecting discharge-concentration
relationships is given in the literature review (Malan and Day 2002).

An atternpt was made (Malan and Day 2002) to summarise, as reported in the literature,
the various trends exhibited by chemical constituents and physical variables in response
to increased discharge. The expected complexity and variability in these trends was
confirmed and the authars show that clear patterns were not always easy to discern. A
summary of typical discharge-concentration trends derived from these papers is given
below. Nevertheless, because of the variability in response, predictions of stream
chemistry resulting from changes in discharge should be made with caution and require
verification with field data.

o Suspended sediments generally increase with discharge but the rate of increase
may level off at high discharge as the amount of erodable substrate becomes limited.
Thus, due to fimitation in the supply of the transported material, storms occurring
early during the wet season are likely to carry heavier loads of sediments compared
to storms occurring later in the season.
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The concenirations of inorganic ions derived from the underlying subsirate are
likely to decrease as discharge increases (Fig. 1.1 a). This decrease is a result of the
fact that river water during basaflow is usually relatively rich in solutes, since it is
derived from groundwater. During spates, this groundwaier is diluted by water
ariginating from interflow and surface flow. Such water resides for a shorier length of
time in the catchment and hence ihe period in which dissolution can take place is
reduced (Edwards 1973).

The effect of increased discharge on total dissolved solids (TDS) is difficult to
pradict, reflecting as it does the sum of effects on the minor ions as well as the major
ions. Due to the high rate of evaporation in this country, in addition to the trends in
inorganic ions noted above, in non-impacted catchments TDS is likely fo be maximal
during periods of low flow and minimal during periods of high flow (Fig. 1.2 b). In
urban, or polluted, areas however, or where surface wash-off of material is likely to
be substantial, such a response may be obscured. For example, salinised
catchments in the winter-rainfall region (and possibly in the summer-rainfall parts of
the country as well) seem to represent an important exception to the general dilution
effect (section 2.11). In such catchments at the beginning of winter, TDS may
increase with increased discharge due to the wash-off of accumulated salts from the
soils of the surrounding catchment.

In some circumstances pH is likely to decrease during storm events. This has been
atiributed to the flushing of organic acids from the soil of the surrounding catchment
{Lawrence and Driscoll (1990) citing the wark of Johnson (1969) and Bishop, Grip
and O'Neill; 1980) and the dilution of alkaline components. Such an effect is
especially prevalent in the south-western Cape where the dominant vegetation in
non-impacted catchmenis is fynbos. This variable is likely to decrease in Cape rivers
in autumn (due to a build up of organic acids in the soil during the long dry summer)
but may increase during the latter part of winter due to a dilution effect {resuiting from
depletion of acids in the soil). Increased acidity during high flow events is also to be
expected in other paris of South Africa although the effect may not be as pronaunced
as in the south-western Cape.

Total phosphorus ofien increases with discharge (Fig. 1.2 ¢). A large portion of the
total load of inorganic phosphorus is bound to sediments and a smaller fraction
dissoived in the water column (Holtan, Kamp-Nielsen and Stuanes 1988). During
high-flow events, elevated loads of sedimant and consequently, of phosphates, enter



the watercourse due {o erosion of the surrounding catchment. Even in the absence
of rain, an increase in discharge, due {o releases from an upstream impoundment for
example, may result in increased phosphate loads. This is as a result of the churning
of benthic sediment with the concomitant release of phosphate from the banks and
river-bed (Verhoif ef al. 1982). The Q-C plot in Figure 1.1 shows the concentration of
total phosphorus first increasing rapidly with increased discharge and then reaching
a plaisau phase. At even higher discharges, unless the loading of this constifuent is
excessive, the concentration of total phosphorus will eventually decrease as dilution
becomes the dominant process.

a) b)
(] [TDS] v
Q Low High Low
Flow Flow Flow
c) d)
[TP] [NHa]
Q Q

Figure 1.1 Characterisiic patterns of change in the conceniration of selecied waier
quality variables with increasing discharge (Q). a) A conservative inorganic ion {(C). b)
Typical changes in TDS conceniration throughout the hydrofogical year. ¢} Total
phosphorus. d} Un-~ionised ammoaonia.
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The amount of phosphates entering the stream will, to a large extent, be influenced
by the nutrient status of the soil. Intensive land use and agricultural activity lead to
enhanced phosphate runoff (Houston and Brooker 1981). In the absence of paint
sources of pollutants, as discharge is increased, dissoived phosphate {ortho-
phosphate) is likely to decrease or remain constant in oligotrophic systems due to
rapid uptake of this nutrient by the aquatic biota (Dallas, Day and Reynolds 19€4). In
urban areas, or regions of intense farming activity, however, this trend may well be
reversed due to wash-off effects of poliutants or phosphate fertilisers. if point sources
of phosphate are actively discharged, the overall trend will depend on the
proportional contributions from each source. Dissolved phosphate levels may welt
increase during low flow periods as the proportion of effluent to river water increases.
Due to its high degree of mobility in the soil, nitrate is likely to increase during storm
events, or during the initial part of the rainy season. Depending on the nutrient status
of the soils in the surrounding catchment, such a fiushing effect may be sustained in
urban areas, or in regions of intense agricultural activity. In nutrient-poor soils such
as fynbos, the flushing effect may be short-lived being followed by rapid assimilation
of nitrates by aquatic organisms.

Un-ionised ammonia also frequently exhibits a rapid decrease with enhanced
discharge (Fig. 1.2 d), a consequence of increased dilution. In addition, ammonia is
rapidiy taken up by the biota as the riverbanks become inundated and is sequestered
within these organisms or is transformed to other forms of nitrogen. Such processes
lead to a reduction in the ammonia content of stream water.

To conclude, water quality is dependent on processes taking place in the entire

catchment, which are often poorly understood. These processes are oiten conflicting

and frequently result in responses of water quality variabies that are difficult to rationalise

or to predict. In addition, as river catchments become increasingly developed, the effects

of point and diffuse sources of pollution are likely to mask the natural cyclic patterns in

aquatic ecosystemns to a greater extent.
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1.8.2 The efiect of impoundment an water chemisiry

in Souih Africa, the discharge from a large proporiion of our rivers is regulated, and an
increasing proportiion of the mean annual runcif (MAR) is stored in impoundments.
Consequenily discharge is conirolled by means of these structures, The chemistry of the
water flowing out of an impoundment is to a large extent dependent on processes
cccurring within the reservoir and the interaction of such processes and driving farces
which determine water quality is complex (Bath, de Smidt, Gbrgens ef al. 1997). As
each reservair has its own combination of biological, physical, chemical and hydrological
characteristics, the effects of reservoirs on the downstream reaches of a receiving river
are variable (Webb and Walling 1997). The combined effect of South African climate
and morphology results in many impoundments that are stratified for almost nine months
of the year (Bath et al. 1997). The volume and depth of the body of water will determine
thermal and chemical stratification. Water may be released from the bottomn
(hypolimnetic discharges), or top (epilimnetic discharges) or in the case of more modern
reservoirs, from several strata by means of muiti-level offtake towers (Petts 1989). Thus,
the release mechanism and management of the impoundment is pivotal in determining
the effect of reservoir releases on downstream water quality. Because of thermal
siraiification, water released via hypolimnetic discharge is often cool, deoxygenated and
laden with nutrienis (especially ammonia) compared to water from epilimnetic or top-
releases (Hart and Allanson 1984; O'Keeffe ef al. 1998). One of the most important
effects of impoundment on river chemistry is the reduction in transport of suspended
sediments, which may be especially marked in the absence of hypolimnetic releases.
The fact that impoundments may act as "settling ponds", trapping sediments, also
profoundly affecls nutrient transport. In particular, the transportation of phosphorus,
especially that portion associated with sediments, is usually also curtailed by these
structures (Pedrozo and Bonetto 1988). Impoundment of rivers also tends to result in a
reduction in seasonal amplitudes not oniy of temperature but also of other water quality
variables (Hart and Allanson 1984). For example, frequently there is an attenuating
effect on natural salinity ranges so that the peak values of natural discharges are
reduced. Qn the other hand the natural flushing effect of fload flows that once “cleaned”
out the system are now replaced with flows of higher salinity. The resulting effect
downsiream is provision of water with a smaller annual range but generally higher
average elecirical conductivity value.
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It should be noted that in regard to the objectives of this project, in many ways the
presence of impoundments on a river course complicaies an already complex picture.
This is largely because the effact of an impoundment on a given water variable is difficult
to predict. In highly regulated systems, stream water chemistry is frequenily dominatad
by that of upstrsam reservoirs so that it may be difficult to discern trends in Q-C
relationships. A further consideration is that in caichmenis where development and
environmental degradation have resulted in moderately to severely impacted rivers,
regulation by means of impoundments may have an ameliorating effect on downstream
water quality, due to the retention of sediments and nutrients. The effect of impoundment
on water quality is discussed more fully in Chapter 3 of the literature review (Malan and
Day 2002).

1.6.3 The eifect of inter-basin transfers (IBTs) on water quality

Inter-basin iransier schemes (IBTs) can be defined as *..the fransier of water from one
geographically distinet river catchment or basin to another, or from one river reach to
another.....” (Davies, Thoms and Meador 1992). In essence, the effect of water transfer
from a donor water body to a recipient system, on the water chemistry of the latter,
depends on the magnitude of the difference between the two. This is both in terms of the
concentrations of chemical constituents (e.g. TDS), as well as with regard io the given
physical vanables (e.g. temperature). The amount of water transferred and the
proporiion this represents of the total discharge in the recipient system is also important.
The effect of iIBTs on water quality is discussed in Chapter 3 of the literature review
{(Malan and Day 2002), and more comprehensively in Snaddon, Davies and Wishart
(2000).

1.7 The general approach used

The relationships between discharge (Q), water quality (WQ) and the aquatic biota are
summarised in Fig. 1.2. The scope of the study is also indicated, as well as the tools
employed or developed during the project to quantify sach relationship.



Q-C modelling
C time-series modelling
QUALZE ¥

p. | ALTERED WATER QUALITY

CHANGE IN FLOW (Q) (Chemical concentration C)

oy

-
a..,“% B8 Biotic Protocol
~~‘.~
n
Not directly ~§"'~~.
considered Sy
R EFFECTS ONBIOTA
w”“

" Not considered

EFFECTS ON ECOSYSTEM | 4&*”
FUNCTIONING

Figure 1.2 A summary diagram of the most imiportant relationships addressed in the study and same of the tools
used, or developed, fo predict them.

sb



Chapter e T e

As can be seen from the diagram, this project is composed of two major sections: a)
devslopment of methods {0 pradict the concenirations of given chemical components
and values of physical variables, for proposed discharge reduction (or augmeniation)
scenarios in a given river reach and b) predictions of the implications such changes in
water quality may have on the abundance of key invertebraie species and thus on the
ecological functioning of the aquatic resource. The direct effect of change in discharge
on the biota was not considered in this project to any great extent, neither was the efiect
of reduced or altered species composition and abundance on ecosystem functioning.
Another aspect that was not covered in this project was the effect of altered water quality
on faunal groups, other than invertebrates. There is scope however for the “Biotic
Protocol” to be adapted to other sectors of the biota (Chapter 6).

Part One of the project, which involves predicting water quality for a given {proposed)

discharge regime, was carried out using the steps listed below:

o [) A review was undertaken of water quafity modelling methods (both complex
computer programs as well as simple mathematical methods) that are available
internationally. This is discussed in section 1.8, as well as, more comprehensively in
Chapter 4 of the literature review.

e i) The completeness, availability and form of discharge and water quality data
available in South Africa were assessed (section 1.8.1).

s ili) Consideration of the atiributes the predictive method should possess (section
1.8.2).

s iv) From consideration of the steps above, the modelling method(s) most suitable for
the project were chosen, and are discussed in section 1.8.3.

« v) The chosen modelling methods were then used in actual instream Flow
Assessments in South Africa and were continually refined. These applications are
presented in Chapters 2 and 5 of this report.

Part Two of the project is concerned with linking the water quality tolerance ranges of
selected biota with predicted constituent concentrations and values of physical variables.
Thus, after using numerical modelling methods to predict the leval of a water quality
variable in a reach under a given discharge regime, the effect on the biota must be
predicted. The following steps were taken in order to address this part of the project:



o |} The methods used elsewhere to assess the implications of altered water gquality for
the biota were reviewed. This is discussed in secltion 1.9, as well as mors
comprehensively in Chapter 6 of the literatura review.

= i} An assessmeni{ of the availability of data and information regarding tolerance
ranges of indigenous aquatic biota was underiakan. Discussed in saction 1.9.4.

o i) A predictive tool was then developed.

v [v) Application of the predictive method to Instream Flow Assessments (JFAs). Both
steps ili) and iv) are discussed in Chapter 6 of this report.

During the entire proiect, integration of the tools, or predictive methods into the Reserve
determination process was considered. Specialists in other countries were consulted
with regard to the extent and method of incorporation of water quality considerations into
environmental flow determination assessments in their respective areas. On-going
fiaison with the relevant specialists in this country was underiaken in order to establish
exactly what was required. Finally a framework for incorporation of water quality
considerations into the process was produced. These aspects are presented in Chapter
7.

1.8 Methods used to derive Q-C relationships

A full description of the methods that have been used eisewhere in the world to predict
the relationship between water quality and discharge is given in the literature review
(Malan and Day 2002). Also included in the review are definitions of some of the terms
used in water quality modelling, the types of models available and how to chose an
approptiate one. An outline of the generalised modelling method is given, as well as
examples of how fo model specific water quality variables. Therefore only a summary of
the type of modelling approaches available and some of their advantages and
disadvantages is given here.

Many water quality models have been developed to assess the influence of changes in
discharge on water chernistry and a fairly wide range of modeliing methads have been
used, from simple methods (rating curves, simple mass balance modelling} to complex
computer models (Gregory and Walling 1973; Dortch and Marlin 1989). Modelling
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approaches include rule-based, deterministic and stochastic methods. Under each of
these generic headings however, there is a range of models from those that are simple,
and can be applied using spreadsheets to those that are complex and employ
sophisticated programming routines. Computer models include empirical and
mechanistic models, as well as those that simulate stzady-state and dynamic conditions
of discharge and the values of water quality variables. Computer models also extend
from those that simulate instream changes in various water qualily constituents, to
sophisticated catchment runoff models. This second type of model (also termed
watershed models) simulates the hydrologic processes by which precipitation is
converted to streamflow and the resultant water quality (Wurbs 1895). In the case of
instream models, only processes occurring in the river are considered, whereas in
catchment runoff models, factors arising in the catchment are also taken into account.
Catchment runoff models are especially useful in assessing the impact of non-point
sources on water quality. A comprehensive review of methods for assessing the effects
of non-point sources is given in Pegram and Gérgens {2001). In addition, this type of
model is usaful for assessing the effects of change in land-use on water quaiity. (Wurbs
1995).

The various modeliing methods have associated advantages and disadvantages
(Crockett 1994). Simple mathematical techniques, such as the rating curves mentioned
above, or mass balance modelling, are quick to set up, simple to use and do not require
extensive data. They suifer from the disadvantage, however, of being not particulariy
accurate, nor suitable for simulation of temperature or DO. Commercially available
software on the other hand, whilst tending to be mare time, labour and data intensive, as
well as sometimes requiring specialist knowledge o set up and run, are frequently more
accurate and allow complex systems to be simulated. Steady-state models are usually
simpler than dynamic madels, and instream models are less demanding in data and time
than catchment run-off models. From the above, it is apparent that in choosing a
modelling method, a balance between the accuracy of the output, and the data and time
required to set it up, often needs to be struck. This is considered further in section 1.8.3,
which describes the choice of the modelling methods used in this project. A list of
essential, or useful, attributes that the modelling method should possess was drawn up
by the project team, and is presented in section 1.8.2.
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1.8.1 Hvdroloaicai and water gquality data available in Sowuth Africa

Tha South African Departmeni of Water Affairs and Forestry (DWAF) has an extansive
database (the Hvdrological Information System (HIS)) which includes data concerning
discharge as well as many water quality variables. Such daia are available in several
different forms (see below) which were assessed for their completeness and suitability of
use in this project. In addition, in some catchmenis, daia are collected by individual
water boards {e.g. Umgeni Water, Rand Water). Such sources of hydrological and water
quality data were not examined in this project, however. The reason for this was either
because the Instream flow assessment under consideration was not undertaken in such
a catchment, because data from DWAF were found to be adequate or, in the case of
discharge data, could be simulated using appropriate hydrological models.

Because of the scarcity of water in areas of South Africa, monitaring of water quantity
has been undertaken for several decades and extensive hydrological records are
availabie for over a thousand gauging stations. In addition, rainfall has been measured in
some areas of the country since the esarly part of the last century and a reasonably
comprehensive monitoring neiwork is in place (Midgley, Pitman and Middleton 1594).
Rainfall data can be used as input in catchment runoif models to generate estimates of
river flow. The discharge data in the Surface Water Resources of South Africa 1990
(Midgley ef al. 1994) have been generated in such a manner. According to Hughes
(2000) the ahove work represents the most complete reference source for natural
streamflow characteristics in this country. Observed discharge dafa are available in
several forms from DWAF including as daily or monthly averages. In addition, rating
curves for each gauging weir are available. From this, water height at a given point in
time at the gauge can be converted to discharge.

Waiter quaility samples, on the other hand, have been routinely collected and analysed
only since the late 1970’s and even more recently in some catchments. The frequency of
data collection varies extensively from site to site, and also sometimes at a site, being
weekly, fortnightly, monthly or even less frequent. There is often the situation where
adequate discharge data are available but insufficient water quality data. At g limited
number of sites in this country, continuous data (pH, DO, temperature and conductivity)



Chaptor 1!nrroducnon e e e e e e

are available (F. Mouski, DWAF Western Cape, pers. com.) although such data were not

examined in this study.

The data in the HiS database are also limited with regard to which water quality
variables are covered. Measurements of DO, temperature and toxic substances are
generally lacking. The availability of data on sediments and turbidity (in addition to
pathogens, metals and other constituents) is highly uneven and where they are available
there are often missing values (Pegram and Gérgens 2001). One of the reasons why
monitoring of TSS is not carried out on a routine basis in South Africa is, that turbid
rivers are common in this country, and are not considered to be problematic (Dallas and
Day 1993). In addition, high TSS levels are frequently assaciated with high run-off
events and are therefore episodic and not easily monitored. Nevertheless, suspended
sediments can have a profound both on water quality as well as on the aquatic biota
(Sweeting 1994). It is therefore important that this variable should be measured in order
to be able to predict changes in water quality and ecological functioning in a

comprehensive manner.

Depending on how recently the database has been updated, vaiues of all water quality
variables for the past year may not be available. Samples of water for chemical analysis
are usually taken only when water is flowing in a river. Impacts on water quaiity may be
most severe during periods of interrupted flow, or when a river changes from a perennial
to a seasonal system (Pollard, Weeks and Fourie 1296).

Water quality data and discharge data can be requested directly from DWAF via email
{see "Useful web site addresses" at the end of this document). Such information usually
arrives within a few days. The Institute for Water Quality Studies (IWQS), a directorate of
DWAF, also maintains a web site in which the data are presented in the form of graphs
and as statistical summaries. This was found during the project to be useful for
examining trends in data (either seasonal or over the time-period of data collection). This
data source suffers from the disadvantage that data can be viewed but not downloaded.
It also suffers from the disadvantage that web sites can be unavailable due io
malfuniction, or slow due {o too much traffic. At the time of writing this report the future of
this web site was uncertain (M. Silberbauer, IWQS, DWAF, Pretoria, pers. cornm. 2001).
DWAF water quality data are also available on a CD titled “Water Quality on Disk”



{WQOD) available from the CSIR (Coniact persen Derek Hohls; sea "Useiul web siies").
Atter initial problems, this data source is now available and can be ordered fromn the
CSIR web site at a reasonable price and will be updated regularly (Hohis, D. CSIR pers.
comm. 2001). # was found that water quality data could be fairly easily down-loaded
from the CD inic a commercial spread-sheet or statistical package (Micrasoit Excel and
Statistica wera the ones used in this project) and further manipulated from there. Care
must be taken, however, to ensura that missing data (i.e. sampling not undertaken for a
pariicular date) are not recorded as a concentration value of zero. Because the data are
immediately available and because of the “user-friendliness” of the software, WQOD was
the data source most used in this project. As well as the usual water guality variables,
WQOD also includes gauge height. Using this value and the appropriate rating curve
from DWAF (see above), river discharge at the time of collection of a particuiar water
quality sample can be derived, although it can be somewhat laborious ie do so. Moves
are afoot within DWAF to make linked water quality and discharge data accessible (M.
Silberbauer, IWQS, DWAF, Pretoria, pers. comm. 2001), but at the time of writing this
report such data were not available.

Finally, DWAF water quality data are available in ancther form, namely as the sofiware
package “Watermarque”. This is written in Unix and is available on Sun workstations.
Since one of the airns of this project was to develop a Q-C prediction method that was
user-friendly and widely available, this avenue of information was not pursued further.
Effluent discharge data are stored by DWAF as part of the POLMON database. Such
data were however unavailable during this project.

1.8.2 Atfributes required of the modelling method

A list of the attributes that the modelling method(s) chasen for this project should exhibit
is given below. The list is divided into imporiant attribuies that shouid be available and
useful additional atiributes.

Important aitributes
The modelling method should have most of the following attributes,
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¢ |t should be able to predict the conceniration or value of most of the following water
quality components with regard to change in discharge: TDS, temperature, nutrients
(nitrates, ammonig, scluble phosphate) and possibly TSS, and DO,

» [t should be flexible and be able to handle a variety of “flow-modifiers” {i.e. causes of
changed discharge, such as abstraction, inter-basin ftransfers, weirs and
impoundments). Different reserveir management options should he handled either by
the model itself ar by being compatible with or interfacing with other models that can
for instance handle the problem of muiti-level outflow from siratified impoundments.
Thus the modelling method should be applicable to both regulated and unregulated
rivers.

¢ it should have a proven track record in a climatically similar country, if not in South
Africa itself. Expertise and support to run the model should be readily available and
the :_'nodel should be well documented.

» It should be compatiblefreadily incorporated into the Building Block Method for IFR
determinations and thus should have appropriate spatial and temporal detail. it
should also ideally be compatible with DRIFT, another developing Instream Flow
Assessment method {Chapter 7).

¢ The data input requirement {both format and amaount) should be compatible with the
data that are likely to be available.

o |t should be able to work on a PC and not require a spacialised platform such as a
UNIX work-station.

o |t should be relatively cost effective (both to run and to obtain) and readily available.

o [t should be user friendly and the effort required to a) learn how to use model, b}
prepare data far and ¢) run the model, should not be prohibitive.

Useful atiributes

® The chosen method should be able to compute the discharge required to obtain a
predetermined concentrationfvaiue of a given water quality constituent. For exampie,
QUALZ2E can compute the discharge that is required fo obtain a pre-determined
concentration of DO.



1.8.3 Choice of the modelling method
it was requested by the Steering Commitiee that the scope of this project be restricted to

instream models and not extended to a consideration of catchment runoff models.
Anather request was that the method should avoid complex modelling systems and be
practical. Furthermore, the limitations in data availability in this couniry also had to be
kept in mind. A survey was underiaken to assess exacily how, and io what extent, water
quality modelling is incorporated into determinations of environmental flow requirements
elsewhere in the world. In summary, it would appear that although extensive water
quality modelling has, and is, been carried out in many couniries and on many river
systems, water quality modelling is not formally and routinely incorporated into instream
flow assessments; or if it is, this is not explicit. Thus, there was no other system of
integration of water quality and environmental flows that could be copigd.

It became apparent to the project team that no single modelling approach possessed all
the aftributes that are required. In addition, not all attributes would necessarily be
required in ail situations. it is proposed, therefore, that rather than using a singie
modelling method for predicting water quality, a hierarchy of methods should be
empioyed.

The three proposed tiers of modelling complexity are;

e A simple discharge-concentration (Q-C) method.

* Mass-balance modelling or QUALZE.

e A catchmeni runoff model.

Tne modelling methods range from the simplest method (Q-C modelling in which a
regression equation is derived for concentration against discharge) to more complex
mass balance modelling which is carried out either using spreadsheets or the instream
computer model (QUAL2E). Compared to simple statistical methods QUAL2E (Brown
and Barnwell 1987) provides more advanced simulation capacity, including calibrated
numeric routines for all of the main generic constituents. In addition, it provides heat
exchange caiculations and other capabilities so that temperature can be predicted. The
most sophisticated lavel of water quality modelling proposed is a catchment runoff
model, possioly HSPF (Bicknall, Imhoff, Kittle et al. 1993) or the South African model
ACRU, which has more [imited water quality capabilities (Kienzle, Lorentz and Schuize
1997). In some river systems, such as for example one that is not pariicuiarly
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gcologically sensitive or important, it may only be necessary o carry out the Q-C
regression method. Indeed in many catchments, fack of data may preclude use of more
sophisticated modelling methods. Financial and time constraints are additional faciors
likely to influence the choice of modeling methed. In some sensitive catchments,
especially if considerable changes in land-use {e.g. urban development) are anticipated
in the near future, a full catchment runofi model may need to be set up (e.9. HSPF). The
simulations from such models could be used in the IFR procass. Note however that such
models are data, time and labour intensive. It is unlikely that such models wauld be set
up especially for an IFA, because of budgstary restraints (unless the catchment was of
particular importance). Because of the decision of the Steering Committee not to
consider catchment runoff models in this project, this avenue of research was not
pursued further.

The extent to which the chosen modelling methods satisfy the required afiributes is
discussed in this document after a description of each modelling method (Chaplers 2
and 5). Application of Q-C madelling to various river systems is described in Chapter 2.
An application of the water quality modet QUAL2E to the Lower Olifanis River is
described in Chapier 5.

1.9 Methods used to predict the effect of water quality on the biota

Having predicted (by whatever modelling method) the effect of change in discharge on
the levels of the different water quality variables, it is imporiant to extend this to an
assessment of the potential implications for the aquatic biota. The term "aquatic biota” is
used {o describe all the biotic communities in an aquatic ecosystem and includes: fish,
macroinvertebrates, plants in the form of riparian vegetation, macrophytes, algae, and
micro-organisms. Especial attention has been given in this project to the use of
macroinveriebrates (insects, crustaceans, worms and molluscs) as predictive tools. This
is because macroinvertebrates occupy a key role in the food chain (Petts and Maddock
1994), They also possess several features that make them usefui in biomonitoring. As a
consequence they are used in the South African Scoring System (SASS) a biomonitoring
technique that has been developed specifically for South African rivers. Furthermore the
“Biobase” has been developed as part of a previous WRC-funded project. This is a
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database containing historical records of invertebrate taxz and the rasults of sampling
water quality (section 1.8.4).

Saveral approaches ic assessing the effects of water quality on bioia have besn used in
the literature. These can be loosely grouped inio three types, namely toxicity testing;
multivariate analyses of field-derived data; and complex {(computer-based) ecological
models. The division is rather arbitrary however and there are considerable overlaps
between the approaches. For example, the mathematical equations used in complex
ecological models are usually derived from empirical studies in the field. Each of these
approaches is discussed below.

1.9.1 Toxicity testing
Ecotoxicology can be defined as the "science of how chemicals at toxic concentrations

influence basic ecological relationships and processes” (Chapman 1995, citing Brown
1986). Typically, toxicity testing is carried out by exposing organisms to known
concentrations of a chemical substance for a given length of time. Thus, if the probable
concentration of a chemical substance at a field siie is known, by examining the results
from toxicity tests some idea can be gleaned of the likely effect on the biota. The majority
of ecotoxicological studies are carried out under laboratory conditions, the advantage
being better control of environmental variables that might influence the toxic response.
Environmental factors known to affect toxicity, other than pollutant concentration, are
temperature, pH and water hardness (Mason 1991). The presence of other chemical
constituents that may exert additive, synergistic or antagonistic toxic effects can also be
controlled (e.g. Musibono and Day 1999). The major disadvantage of laboratory-based
studies is that it is difficult to extrapolate results to toxic effects in the field. On the other
hand, evaiuation of instream impacts are difficult to inter.pret, due to environmenial
variability (Eagleson, Lenat, Ausley et al. 1990).

From the above discussion, it can be seen that the derivation of ecotoxicological
parameters can be useful in predicting potential impacts on a water resource. If the
predicted concentration of a pollutant in a water body is likely to be relatively high, for
example greater than the LCs, for that chemical and for sensitive species, there is a risk
of serious implications for the biota. The lower the likely concentration of the pollutant,
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howaver, the more difficult it is to predict what the consequences will be Tor an aquatic

ecosystem.

1.9.2 Mulitivariate studies in the field

Because the results of toxicological experimenis are difficuit to extrapalate to ihe field,

many researchers have concenirated on studies of nafural systems. Cause-eifect
relationships between water quality and biotic response have been studied by examining
the correlation between the concentration of chemical constituents or values of physical
variables and species presencefabsence or abundance {Ruit, Weatherley and Ormerod
1990; O'Keeiffe 1995). Alternatively, in a few cases, water quality has been manipulated
in the field and the responses of the biota examined (Rundie, Weatherley and Ormerod
1995). A major problem in studying cause-effect refationships in the field is the multitude
of factors that can influence biotic response. This necessitates the use of some form of
multivariate statistics, such as Multivariate Discriminant Analysis (MDA) to identify the
most important variables.

1.9.3 Complex ecological modeis

In a manner similar to water quaiity models, ecological models can also range from a
simple equation linking, for example, invertebrate score and the value of an
environmental variable, to complex, computer-based models simulating and requiring
data for many variables. Furthermore, ecological models also range from those based on
purely empirical relationships to those in which the process is conceplualised
{mechanistic models). Only limited progress has been made in the second type of
model, however, due to the fact that detailed understanding of the processes linking
abiotic factors and biological response is lacking. As a result, most ecological models are
based on a description of events rather than on the processes which control those
events Kovalak (1981).

Although the methods described above show potential for assessing the implications of
shifts in water quality on aquatic organisms, making such predictions is unlikely to be
straightforward. Aquatic ecosytems are complex. There are many interactions between
biotic and abiotic components, some of which are known and can perhaps be quantified,
and others of which ara totally unknown. Part of the reason for a lack of understanding of
these interactions in South Africa is the paucity of research on indigenous organisms.
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Furthermore, natural genetic variability in populations gives rise ta differing responses of
individuals. Consequently, aquatic ecosysiems are highly vanabls, and different
responses i stressors are possiple under different circumstances, As a resuft, most
pradictions relating io ecosystermn behaviour carry a high degree of uncertainty (Hohls
19S6). In addition, ithere are several water quality variables, many of which interact and
consequently exhibit synergistic and antagonistic effects. Furthermore, change in
discharge itself, over and above the effect on water quality, is likely to have a profound
efiact on the hydraulic habitat of the aquatic biota. Thus making predictions with regard
to the effect of proposed changes in discharge and hence water quality on the aquatic
biota is a challenging problem. Alhough several approaches are available, the
complexity and vanability of ecological systems necessitates the compilation of
exiensive field data sets. Large databases are required in order to infer statisticaily
rabust biotic responses to changes in water quality impacts, and to make them valid for
different regions of the country. Although this is costly and time-consuming, it would
appear from the literature (Armmitage 1994) that it is essential for making reliable
predictions of the implication of changes in water quality for aquatic biota.

1.9.4 Availability of water guality tolerance data

Several forms of data linking water quality (concentration of chemical constituents and
values of physical variables) with the abundance, composition (i.e. presence or absence
of taxa) or functioning of aquatic macroinvertebrates (both indigenous and exotic) are
available and are discussed below.

i) South African Water Quality Guidelines

The South African Water Quality Guidelines (DWAF 1996) for aquatic ecosystems give
recommended ranges of water quality variables (fermed the "target water gquality range’
(TWQR)). These ranges were derived from consideration of the limited data on
indigenous organisms and from examination of the guidelines from other countries. With
regard to toxins, nearly all of the TWQRSs are derived from laboratory-based toxicity data.
These data have been gathered frorn all over the world for a wide variety of taxa. Sajety
factors have been incorporated into the values of the recommended ranges. These
ranges represent a very usefui tool for initial screening of predicted water quality values.
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Values that fall within the TWQR, can be considered o pose liftle risk {o the biota.
Values of water quality constituents that fall cutside of the TWQR, on the other hand,
may pose a risk and would merit further consideration.

ii) The Rivers database

The South African Scoring Systemn (SASS) is a biomonitoring technique that has been
developed specifically for South African rivers. It is a scoring sysiemn for assessing the
chernical quality of stream and river water from the familial composition of the benthic
macroinvertebrate fauna (Chutter 1994) and is one of the major components of the River
Health Programme. Resulis from this biomonitoring programme will be stored in the
Rivers database (Fowler, Dallas and Janssens 2000). Although the main focus is on the
collection of biological indicators, water chemistry and habitat data will also be collected
at the same time as biomonitoring data. It should be noted that macroinvertebrates are
identified only down to family level in this resource.

iii) The Biobase

The Chemical-Biological database (Biobase), is a database comprising biological
{macroinvertebrate) and water quality data derived from documented studies of riverine
ecosystems in South Africa (Dallas, Janssens and Day 1999). It has been developed at
the Freshwater Rasearch Unit, UCT, as part of a previous WRC project. Measures of
physical atfributes and concentrations of chemical constituents are incorporated with
associated species assemblages of invertebrates from samples collected over many
years throughout the country. These data are of mixed taxonomic resolution since some
taxa are identified to family level but most are at species level. Since the natural
distribution of aquatic organisms is associated with geographic patterns of water quality,
this screening tool can be interrogated to evaluate, or predict, the expected or desired
macroinvertebrate assemblages associated with natural background water chemisiry
(Dallas, Day, Musibono and Day 1998). The Biobase on CD, in conjunction with a User
manual {Dallas and Janssens 1998), is available from the Water Research Commission.

iv) Ecotoxicological data

Ecotoxicological data for aguatic organisms are available in the form of the ECOTOX
database developed by the US EPA. This database was found to be of limited use in the
project however, since it was difficult to extrapolate to the effecis on indigenous
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organisms and does net include sysiem variables (e.¢. iemperature, DO). Nevertheless,
for assessing the impact of toxic substances it is a useful resource (see "Useful web

sites” for the web siie address).

Values of some ecotoxicological pararnsters for chemical constituents and indigenous
organisms are given in the South Airican Water Quality Guidelines (DYVAF 1998) as well
as in Dallas and Day (1993) and sisewhera (infer alia Goetsch and Palmer 1997,
Musibono and Day 1999; Palmer and Scherman 1999). Currently, few empirical
tolerance data exist for southern African organisms or for standard test organisms
exposed under local conditions. An emerging, potentially useful resource is a database
under development at the Centre for Aquatic Toxicology {CAT), IWR, Rhodes University.
This database records the results of foxicity experiments using indigenous
macroinvertebrates gathered from rivers all over South Africa. Toxicity with regards to
the major components of TDS (namely sodium chloride and sodium sulphate), some
retals, as well as weil-defined effluents, has been determined.

A method (termed the “Biotic Protocol”) has heen developed during the course of this
project io assess the implications of a predicted water quality scenario for the biota. It
makes use of all available relevant data linking water quality and macroinveriebrate
abundance and community composition. The method makes especial use of the Biobase
and Rivers database. This protocal is presented in Chapter 6.

1.10 Attainment of the project objectives

The aims of the project as given in the original project proposal and the exdent to which
they have been attained (indicated by a tick or a ¢cross), are listed below;

To follow up on aspects of previous projects on water quality (aims A and B) but mainly

to develop a new research area (aim C).

A) Pursue the use and curation of the Biobase (Biological-Chemical database)
developed in project no. K5/628;

e ga) Curate the database and caplure additional data, as and when the need arises. v
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= D) Investigate future maintenance and accessibility of the Eiobase.

» ¢) Continue to interrcgate the database with a view to:
i} Veriiying the scores recommended for the biomonitoring sysiem SASS. X
ii) identifying water quality tolerances of key taxa of inveriebrates for use in water
guality assessments for the IFR process. «

ii§) Verifying the methodology for establishing regional water quality guidelines for
selected constituenis as proposed in project K5/626. X

B) To continue to examine, in a low-key manner, the extent to which water quality
determines the distribution of south-western Cape endemic invertebrates. X

C) To address the question of the relationship between water quality and water quantity
(particularly discharge), with particular reference to IFR assessments:

s a) To provide a review of the kinds and forms of data needed and of methods
developed elsewhere for providing these data. v
s b} To develop methods for processing water quality data to derive time and flow

dependencies for key water quality constituents. v

o ¢) To identify and assess methods for modelling selected water quality consiituents
at the feasibility level of the IFR process. v

+ d) To investigate the extent to which available data (e.g. in the Biobase) can be used

for sefting environmental water quality requirements as part of IFR assessments. v
+ ) Based on the above, produce a framework for the assessment of water quality as

part of IFR studies. v

Due to the importance of the development of tools to implement the Reserve
methodology, the major emphasis of the project was aim C). Consequently all the points
under this section were attained and several tools have been developed (see below). In
addition, most of aim A) has been achieved. The exceptions are part ¢) i), namely,
verifying the scores recommended for the biomonitoring system SASS, and part ¢) iii)
verification of the methodology for establishing regional water quality guidelines for
selected constituents as proposed in project K5/626. These were not carried out
because Helen Dallas left the project team and no one with the requisite expertise or
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time was available. As part of her Ph.D., examining the factors affecting SASS4 scores
and the implications for setting Reference conditions, the temporal and spatial variation
of SASS4 scores will be examined. In addition to forming part of a Ph.D. thesis, this work
will also form part of 8 WRC-funded project (K8/404) titled “Spatial and temporal
heterogensity in lolic sysiems: implications for defining reference conditions for
macroinvertebraies” (H. Dallas, FRU, UCT, pers. comm.). Aim B was not addressed due
to the Iack of a suitable posi-graduate student to under-take the work.

1.11 Products arising from the study

As a resdult of this project, four major toois have been developed:

» A technique (Q-C modelling) for predicting the resuiting concentration of a chemical
component for a given discharge.

¢ A procedure {the "Biotic protocol") for predicting the likely effects of changed water
quality on the biota.

o A framework and protocol for incorporating water quality predictions and implications
for aquatic biota into the Reserve process,

o A technigue (concentration and stress time-series modelling), developed in
conjunction with Prof. Palmer, IWR, Rhodes University for obiaining fime-series of
chemical concentration and stress, which can be used in comparing the water quality
consequences and the implications for the biota, of differing complex flow scenarios.

Other products arising from this project are:

* A literature survey reviewing the links between flow, concentration and biotic
response.

« Spreadsheet templates for Q-C modelling.

e The curated Biological and chemical database (BIOBASE) and User manual (largely
a product of the previous project (K5/626 Water quality requirements for riverine
biotas), is now available from the WRC.

¢ Reporis and papers presented at conferences.



CHAPTER 2

LINKING WATER QUALITY AND DISCHARGE USING THE
DISCHARGE-CONCENTRATION (Q-C) MODELLING METHOD

2.1 Introduction

It was explained in Chapter 1, that water quality can be altered by changes in discharge.
Furthermore, the Reserve as specified in the National Water Act is comprised of a water
guantily companent (i.e. the volume and timing of streamflow). i is also comprised of a
water quality compaonent, which prescribes, for a given ecological Reserve class
{previously called ecological management class), the range of concentrations of
chemical constituents and values of physical variables that should not be exceeded in a
water resource as a result of human activities. in setting the ecological Reserve for a
site on a river, therefore, water quantity and quality need to be linked. It was also
explained in Chapter 1 that a hierarchy of modelling methods should be employed for
this task. In the present chapter, the simplest method, discharge-concentration (Q-C)
modelling is discussed. Also inciuded is the extent to which {he attributes required in the
modelling method are satisfied by this technique as well as the inherent assumptions
and limitations in the method. A refinement of the Q-C modelling method is then
presented which addresses some of the above limitations. Finally, the major findings
arising from application of the modelling method to actual IFR determinations are
reported.

2.2 Description of the Q-C modelling method

The steps that comprise the basic Q-C maodelling method are discussed below and are
summarised in Figure 2.1. A refinement of this method is presented in section 2.7.1.
Application of the modelling method to specific rivers is discussed in section 2.8
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(Pienaars River): section 2.9 (Palmiet River); section 2.10 (Olifants River) and section
2.11 (Breede River).

The modelling method is carried out at sach IFR site for which appropriate discharge
and water quality data are available. Each water quality variabie is modelied separately,
although in the case of nuirients, the final assessment category is determined from &
ratio of two separate variables (DWAF 1998). A spreadsheet template (in Microsoit
Excel) has been developed as part of the project into which the discharge and watar
quality data are entered. The required calculations to determine the regression line and
confidence limits for the Q-C plots are built into the spreadsheets. A computer disk with a
copy of this template, is to be found at the back of the training manual (Malan and Day

in prep.).

The steps of the Q-C modelling method are given below:

s i) Collate all available data on water quality, point-sources of poliution, hydrological
structures, hydrology, land-use, topography etc. Identify the Jocations of the IFR sites
relative to water quality monitoring stations and discharge gauging sites, as well as
any other significant hydrological features. Produce maps indicating the above.

= i) /dentify the different ecoregions through which the river flows according to the
method of Kleynhans (1999). Using this inforrnation, as well as the location of dams
and significant tribuiaries (hydrological features), derive reaches within which waler
quality would be expecied to be uniform.

» iii) For each IFR site, using the discharge and water quality data from the nearest
appropriate gauging and water quality monitoring station, correlate mean monthly
discharge values as well as median monthly conceniration values for each water
quality variable (C). This is done:

i} For the Reference Condition (i.e. the least impacied state)
fi) For the Present Ecological State {possibly impacted).

In this step, tables are prepared recording manthly mean discharge (natural and present

day), as well as median monthly values of sach water quality variable (Reference

Condition and present day). An example of such a table {Table 2.1) for a site on the

Pienaars River is shown in section 2.8.1.
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o iv) Examine the relationship between discharge and the cancentration of C.

This is performed separaiely for both the Reference Condition and for the Present
Ecological State, which may or may not be impacted. Graphs are drawn of conceniration
versus discharge. A regression ling is then drawn through the data poinis using the
trendline function in the spreadsheet package (Microsoft Excel). This provides a choice
of five regrassion equations (linear, exponential, power, logarithrmic and polynomial). The
“best fit" is chosen by using the relationship that vields the highest value of the
coefficient r?, in addition to expert judgement. Where there is little difference between r*
values the simplest relationship (i.e. linear or logarithmic) is used. In this document, the
regression equation for the Reference Condition is termed function "N” and that for the
Present Ecological State is termed “M".

e V) Estimate the simulated concentrations of variable C for the Reference Condition
and Present Ecological State.

The simulated values of the variable (C) in the Reference Condition are estimated using

the regression equation "N" and plotted. Likewise, the simulated values of C for the

present state are derived from the regression equation "M".

In summary:

“N" = a function relating the Reference Condition concentration of C {[Clge) to discharge
(Q)
eg. [Cle=b{Q}+c e equation 1

"M" = a function relating the present state concentration of C ([Clpes) {0 discharge (Q)
g.g. [Chs=b{logQ}+c L equation 2

where: b, ¢ are constants (the siope and y-intercept respectively).

The 95% confidence interval for each predicted [Clre of [Clyes is calculated using
farmulae (Appendix A) incorporated into the spreadsheet templates. Standard statisticat
methods have been used to calculate the confidence interval {A. Jouberi, Department of
Statistical Sciences, UCT, pers. com.). Depending on the mathematical form of the
refationship linking discharge and concentration (function "M™), the data may first need fo
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be transformed. Linear functions use wvalues of X and Y (i.e. discharge and
corresponding concentration) that are untransformed. Logarithric functions use x = In X,
exponential functions use y values iransiormed io In Y and power functions use
discharge values transformed io In X, as well as concentration values transformed o In
Y. These fransformations are performed automatically in the spreadshest templates.

® Vi) Predici the concentration of C for the prescribed IFR discharge regime and

estimate the 95% confidence interval around this prediction.
The prescribed flow regime, as derived during an IFR workshop using the Building Block
Method {Chapter 7), is given in the form of values of the baseflow for each calendar
month. This is for both normal hydroiogical years (maintenance baseflow) and drought
years (drought baseflow). Using the function “M", the predicted concentration of each
water quality constituent for each month can be calculated in addition to the 95%
confidence interval. An example of such calculations for the Pienaars River is shown in
Table 2.2.

o vil} Calculate the extent of deviation of the present state vaiuves of G and predicfed
concentrations of C from the Reference Condition, or in the case of nufrients, from a
pre-defined value,

The pradicted concentrations can be compared with the concentration of C in the

Reference Condition and the difference calculated using the following:

Deviation from RC = (Predicted [C] ~ {Clge)
[Clre
.................... equation 3

These values are then tabulated as set ouf in Table 2.2 for the Pienaars River.

e viil) Assign the Assessment Category for each month.

The assessment category that each water quality reach would fall into (with respect to a
particular variable) is then derived for each month under mainienance baseflow and
drought baseflow (Table 2.2). In addition, the mean category for the entire year is also
calculated. Assessment categories and their derivation are discussed in section 2.3.
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Figure 2.1 Summary of the simple discharge-concentration (Q-C)
modelling method

i) Colflafe available data on water quality, point-sources of pollution, hydrofogical
structures, hydrology, land use, topography elc. Locate IFR sites.

fi} Identify the ecoregions through which the river flows. Derive reaches expecied
to exhibit uniform water quality.

fiiy Correlate mean monthly discharge values as well as median monthly
concentration values for each variable (C), at each IFR site.

a) For the Reference Condition (least impacted stale)

b} For the Present Ecological State (possibly impacted).

iv) Examine the relationship between discharge and the conceniration of C.

v} Estimate the simulated concentrations of C for the Reference Condition and
Present Ecological State.

vi) Predict the conceniration of C for the recommended discharge regime and
estimate the 95% confidence around this prediction.

vii} Calculate the extent of deviation of the Present Ecological State values of C
as well as the predicted concentration values from the Reference Condition.

viif) Assign the Assessment class for each month for each recommended flow
scenario. If required, calculate the minimum flow that is required io result in a “D”
(or higher) assessment class for each monih.
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2.3 General considerationg

=

i} The modelling method has been developed so as to be compatible with the
Building Block Methodology (King and Louw 1598} which is the procedurs currenily
used for instream flow assessments used as pari of the Reserve determinaiion
process. Thus steps 1 and 2 as well as seme of step 3, would avtomatically be
carried out as part of an Intermediate or Comprshensive Reserve Detarmination
(DWAF 1898). tt is envisaged that steps 1-5 would be carried aut prior to the FR
workshop. At the workshop, the specizlists first specify the recommended flow
regime, which is designed to keep the river in a predefined Ecological Reserve
Class. The model is then used to predici the monthly concentrations of each water
quality variable. These are referred to as the "water quality consequences” of the
proposed discharge regime. The method is also compatible with DRIFT
{Downstream Response to Instream Flow Transformations) a newly emerging
methodology for assessing environmental flow requirements (Chapter 7). This
methodology assesses the implications of successive reductions of the flow regime
(although augmentation can also be considered). For each reduction the water
quality consequences can be calculated using Q-C modelling.

if) Conversaly, the modelling method can also be used to estimate the discharge that
would be required to attain a given assessment category (see point viil) with regard
to a particular water quality variable under the current pollution loading - for example
the discharge required to attain a "D" ecological category, which is the lowest
Ecological Reserve Category that is considered to he sustainable (DWAF 1999).

iit) The method can be used for TDS, sulphate and other conservative constiiuents,
Nutrients can also be modelled in this manner, although this is not usually as
successful as for conservative constituents (see results from Pienaar's River, section
2.8.1). Nutrients often exhibit considerable scafier when concentration is plofted
against discharge. This is likely to be a consequence of the various processes that
influence instream concentration (e.g. microbial conversion between chemical forms,
adsorption/desorption from sediment particles, uptake by the biota).

iv) Median monthly values of water quality variables both for the Reference and
Present State are derived according to the rules set qut in DWAF (1869).

v) Monthly mean discharge values were correlaied with medfan monthly
concentration values for each variable {C). Mean discharge values were used
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because this is the convention in the fieid of hydrology. Median water quality values
wers employed, on the other hand, since concenirations can range widely and a
single exireme event can aller the mean significantly. It is thus statistically more
correct to use median values.

= vi) Scenarios can ba envisaged in which the proposed discharge is higher than in the
natural state, This might occur if the river under consideration is the recipient of an
inter-basin transfer (IBT) scheme, and the IFR site is downstreamn of the point of
entry of the donor water. Alternatively, if additional water needs io be released irom
an upstream impoundment during the dry season to satisfy irrigation demands
downstream (termed “capping flows™). The Q-C method shouid be applicable in such
cases as long as the provisos in sections 2.5 and 2.6 are kept in mind.

o vii) The spreadsheet template also has the facility for praducing seasonal graphs of
concentration and discharge for each month of the year. A consideration of the
seasonal patterns can be useful in understanding the dynamics between water
quality and quantity at a given site (see for example Figure 2.4, section 2.11).

o viii) Assessment categories are assigned according to the criteria outlined in DWAF
(1998), by using a method developed by Palmer and Rossouw (2000), or by using
other criteria stili to be introduced. The initial guidelines that were included as part of
the Resource Directed Measures (DWAF 1999), make use of tables for sysiem
varightes, nutrients and toxic substances. For each type of water quality variable, the
concentration or value range that is allowed for each category (A - E) is defined. In
the case of nutrients, the class limits are defined as ratios, for example as TIN:
dissolved P. The system variables pH, temperature and DO are expressed in terms
of the percentage deviation from Reference Condition that is allowable for each
category. In DWAF (1999} the system variable TDS was also treated in a similar
manner. For example, in systems judged {0 be category "A” with regard to this
variable, it was stipulated that TDS conceniration should not deviate more than 15%
from that of the RC., During the assessment of water quality for the OREWRA
Palmer and Rossouw (2000), it was found that the system of defining categories for
TDS on the basis of deviation from RC was impracticable. Using this system nearly
all reaches of the Olifants River were found to be in an E or F category for TDS, yet
this was not substantiated by the results from biomonitoring. The SASS4 scores
collected for the river indicated that that water quality was significantly befter (most
reaches C — D). A new system for deriving the TDS concentration ranges that define



each category was developed based on ecotoxicological parameters. This system is
discussed in detail in Palmer, Rossouw, Malan et al. {in prep.}. At the time of wriling
this repori the entire question of how to delimit Assessment categories, pariicularly
for salinity is under reviaw.

2.4 Attributes of the Q-C method

The extent to which the Q-C method satisfies the attributes required in the modelling

technique (section 1.8.2) is discussed helow. Aftributes possessed by the model are

indicated by a tick and those that are nof satisfied, are marked with a cross. Cases

where the requirements are partially satisfied are indicated by both.

The modelling method should:

be able o predict the concentration or value of most of the following water quality
components with regard to change in discharge: TDS, lemperature, nutrients

(nitrates, ammonia, soluble phasphate) and possibly TSS, DO. v %
As discussed in section 2.3 above, the Q-C method is most suited to the
modelling of conservative constituents (e.g. TDS, TSS, sulphate, individual
inorganic ions) and is less suited to model non-conservative constituents such as
nutrients. Unlike QUALZ2E it is unabie to simulate DO or temperature.

be flexible and be able to handle a variety of “flow-modifiers” (.e. causes for altered
discharge, such as absliraction, inter-basin transfers, weirs and impoundments).
Different reservoir management options should be simulaied either by the model
itself or by being compatiblefinterfacing with other models that can e.g. handle the
problem of multi-level outflow from stralified impoundments. Thus the modelling

method should be applicable to both regulated and unregulated rivers. v x
This issue is discussed more fully in sections 2.5 and 2.8. The modelling method
is applicable to regulated and unregulated rivers, although, the water quality
predictions arising from this method are valid only if the system is operated in the
same manner as when the Q-C dependencies were determined. Thus, if
discharge is reduced due to the construction of an impoundment upstream for
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gxample, the same conceniration of a constituent for a given discharge can no

longer be expecied.

have a proven track record in a country climatically similar to South Africa, if not in
South Airica itself. Expertise and suppori lo run the model should be readily available

and the method should be well documented. «x

As described in the literature review to this project (Malan and Day 2002), this
simple numerical technique (rating curves) was one of the first forms of water
quality modelling. it has been used in various forms, and in numerous studies.

be compatible/readily incorporaied info the Building Block Method for IFR
determinations and thus should have appropriate spatial and temporal detail. It
should also ideally be compalible with DRIFT, another IFR method currently under

devefopment (Chapter 7). v

The Building Block Methodology (BBM) generates monthiy values for discharge.
it is felt, therefore, that using concentration and discharge data for water quality
modelting at the relatively course scale of a month is appropriate. In addition, at
some monitoring sites, water quality samples are collected only monthly or even
less frequently. Furthermore, both the BBM and the DRIFT method utilise peinis
on the river (IFR sites) which are considered to be representative of that section
of the system. When considering water quality, the river is divided up into reaches
that are assumed to be homogeneous (for a comprehensive description of
delineating water quality reaches, see DWAF (1999)). Typically, there are usually
many more water quality reaches than IFR sites. Q-C modelling can be carried
out for each water quality reach, providing that there are appropriate discharge
and concentration data available. Thus the spatial scale of Q-C maodelling is also
compatible with the BBM and with DRIFT. The method should be compatible with
other holistic enviromental flow methodologies that are developed in the future as
long as they are aiso at a similar spatial and temporal scale.

The modeiling method should:

be able to work on a PC and not require a specialised pfatiorm e.g. UNIX work-

station. v
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should be relatively cost effective {(both to run and to obiain) and fairly readily
avalflable. v
it is speciiied in the Reserve methodalogy that the values of the water guality

variables be calculated and documented as monthly meadian values. These
values are then used direcily in the Q-C madel, thus saving time and eifort.

be user friendly and the eifort required to a) learn how to use model, b} prepare data

and ¢} run model should not be prohibitive. v

To make the Q-C method as user-friendly as possible standardised, pre-prepared
spreadsheets have been developed, Steps such as, fitting the “best” regression
equation (“trendiine”), or calculating the discharge required to aitain a
predetermined water quality assessment category, can be carried out reasonably
easily by using the built-in features of the software package. This project has so
far mostly been carried out using Microsait Excel spreadsheets, but can be
performed using any spreadsheet software.

The chosen method should be able to compute the discharge required to obtain a

predetermined concentration/value of a given waler quality conslituent. v

The data input requirement (in terms of both format and amount) should be

compalible with the data likely to be available. v

2.5 Assumptions and limitations in the method

The following assumptions and limitations in the method have been identified.

Many factors, apari from discharge, influence water quality. Insiream concentirations
of chemical constituents resuliing from a given discharge can vary depending on
{(inter alia) season, antecedent rainfali, temperature, and the operation of an
upstream impoundment, which are not taken directly into account in this modelling
method. As such, discharge-conceniration modelling is a very simple approach and
is aimed at providing an estimate of predicted water quality.
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Use is made of monthly median values of concentration and monthly average
discharge, through which a trend-line is fitted. An alternaiive approach would be to
use all data points for conceniration linked {o the discharge at the fime of sampling.
The latter can be determined by using the gauge height and the appropriate rating
curve. Pionke and Nicks (1970) found that several widely divergent salinity values
corresponded to the same discharge on an instantaneously-determined basis,
whereas gveraging the data on a monthly basis remaved much of the variability. In
this project, comparisons were made of the trend patterns, as well as the correlation
coefficients obtained, between measured and simulated data using either all data
points or monthly data. It was found that Q-C trends could be more clearly discerned
using monthly data, than if all data points were used. This confirms the findings of
Pionke and Nicks (1970) above, in that less variability is exhibited by the data if
monthly values rather than instantaneous values are used. Plots of all data points
can be however useful for confirming the trend found using monthly values, to
examine the variability in response to discharge, as well as to view the Q-C
relationship over the full range of discharges found at a given site. This last aspect is
required when drawing up the Q-C matrix for time-series modelling (Chapter 4).
Unless measured water quality data are availabie for very low flows and very high
flows, extrapolation to these conditions (as required when converiing discharge- to
salinity time-series, see Chapter 4) is likely to be inaccurate.

The modelling method is severely constrained by the availability of data. It should
perhaps be noted that this is not unique to Q-C modelling and that the absence of
appropriaie data makes the use of any water quality modelling method difficult, if not
impossible (see Chapter 5). The degree of confidence in the predictions is influenced
by the accuracy and completeness of the data used, as well as the proximity of the
water quality monitoring stations to the IFR site in question. The greater the distance
between the site and the monitoring station, the less it can be assumed that the
water quality predictions are representative of that IFR site. In addition, if a major
tributary or other hydrological feature (e.g. a weir) is situated beiween the monitoring
station and the IFR site, confidence in the results is also diminished. Indeed, if the
tributary is known to be significantly different in water qualily fram the mainstem river,
and/or contributes substantialfy to the fotal discharge, and if no other dafa are
available, Q-C modelling should not be undertaken for that IFR site.



From the abave, it can be seen that expert judgement is important in the use of this
method. It is required especially for understanding the limitations and assumptions
that are inherent in the modelling method, but also in chocsing the monitoring and
gauging weirs that are used to provide data for an IFR site, and in understanding G-
C relationships obtained for each water quality variable. In addition, derivation of
monthly median water quality concentrations, particularly for the Reference
Condition, is not always straightforward. Frequently no pre-impact data are available.
Although guidelines are given in the RDM manual (DWAF 19989) for such situations
as this, experience of the natural water quality {o be expected in different ecoregions
is essential.
it is assumed in the method that, if discharge is altered, apart from the concentration
of the water quality variable under concern, all other parameters (e.g. the pollution
load) will remain constant. In practice, if discharge is altered drastically it is likely that
the source of the water will be altered {for example by means of the impoundment of
tributaries). In addition, changes in operation of upstream impoundments may also
be involved. In other words, this method does not take into account changes in
management scenarios. This question is discussed further in section 2.6.
The Q-C modelling method is not suitable for making predictions of temperature or
dissclved oxygen, since the former is a physical variable, rather than a chemical
entity. The concentration of dissolved oxygen in the water column is complicated by
many factors including hydraulic turbulence, temperature, presence of aquatic plants
and is not amenable {0 the simple approach used in this method.
The method makes use of the standard “trendline” regression functions available in
commercial spreadsheet packages. Considering the inaccuracy inherent in the
modelling method, it is considered that this simplification will not defract from the
overall accuracy of the results.
Dortch and Martin (1989} list severat other simplifications that are frequently made
when modelling water quality in streams. They also apply o Q-C modelling and are;

- the assumption that there is complete lateral and vertical homogeneity in water

quality (i.e. as in one-dimensional water quality models)

- the assumption that any water from point sources or tributaries will mix

instantaneously with the water in the mainstream.

- the assumption that discharge and water quality are uniform within a reach.



2.8 Consideration of insiream versus catchment sffects

At a given point (e.g. an IFR site) on an unregulated, unimpacted river, the characteristic
discharge-conceniration palierns exhibited by each water quality constiluent ars
reflections of the {luctuation of seasonal precipitation and of processes in the catchment,
upstrear of that point. Such patierns will depend on the geology and the topography, as
well as the climate, of the catchment area. In the case of catchments where water quality
is impaired, the discharge-concentration patierns will also be influenced by point- and
diffuse sources of polutants. Point-sources are discharged directly into a river and are
largely independent of catchment processes. Diffuse sources, on the other hand, enter
the river via surface or sub-surface flow over a wide area. They are therefore very
dependent on processes, such as precipitation and runoff, occurring in the catchment.
The Q-C modelling method correlates monthly median concentration of a given water
quality constituent against monthly mean discharge. These values are calculaied (in the
case of the present-state conditions) from the data-set for the previous five years. Thus,
the derived values reflect seasonal discharge-concentration trends that are characteristic
of that site, and that resuit from the upsiream processes in the catchment.

In the case of IFR sites that are downstream of impoundments or weirs (and are
therefore situated on regulated rivers), depending on the distance of the site from the
hydrological control, plots of concentration against corresponding discharge may not
necessarily reflect catchment efiects. The closer the site is {o the impoundment the more
likely it will be that the discharge-concentration trend will be dominated by impoundment
effects rather than factors arising from the surrounding catchment. “Impoundment
effects” include the operation sirategy of the impoundment (i.e. when water is reieased
and how much), processes taking place within the impoundment that affect water guality,
the off-take depth, and the resultant water quality of water issuing from that source. For
example, it was noted in section 1.6.1 that nitrates in agricuitural areas are often washed
off from the surrounding land into the stream during the onset of the rainy season. Plots
of nitrate concentration versus discharge frequently show marked increase with
increasing discharge. it was also noted that impoundments, depending on the
construction type, can have a marked effect on water quality, altering stream
temperature and most importantly, irom the point of view of Q-C modelling, retaining
nuirienis and sediments. Thus an IFR site just downstream of an impoundment may not
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show 2 characteristic increase in nitrates with increased discharge. If the site is situated
further downstream, however, so that a significant proportion of discharge is derived
from runoff from the land, rather than from impoundment releases, nstream
concantration of nitrates may well be found to increase with discharge. This is especially
if the runoff is from agriculiural lands. In addition, at some sites downstream of an
impoundment, sporadic releases may result in a poorly defined relationship between
concentration and discharge.

The amount of water and the chemical composition of that water at a site, for a given
point in time, is the cumulative result of ail the different sources. For example, 60% of the
water may originate from the mainstem river and 40% from a tributary entering just
upstream of the site. Each source of water may have very different water quality. The
characteristic discharge-concentration relationship for each water quality variable is
dependent on the relative proportions of the two water sources. Should the proportions
be significantly changed (for example by the construction of an impoundment on the
tributary so that in the new scenario, only 10% of the total discharge is now supplied
from this source), or if the pollutant loading is changed, the Q-C relationship at the IFR
site may also be allered. Alternatively, should the concentration of a water quality
constituent be significantly altered {for example by the intraduction of an additional point-
source) the Q-C relationship is again likely to be changed. The Q-C modelling method
correlates monthly median concentration of a given water quality constituent against
monthly mean discharge and this relationship is used in the method to predict the
concentration for a given discharge. From the above it follows that the reason for the
change in discharge {the “flow-modifier’} is important and should be taken into account
when interpreting the Q-C patterns obtained. it should be clear from the discussion that
these predictions will be valid only if the system is operated in the same way as used {o
derive the discharge-concentration relationships. In other words, the pollutant loading
from the various sources must remain the same. One of the major limitations of the IFR
methodology as it now stands is that the sources and contributions of different streams
ar sources of water is not usuaily known or defined at the time of the workshop. This is
not a limitation if water quantity only is considered, but it is obviously simplistic if realistic
predictions of water quality are to be made. This aspect is discussed further in Chapter
7.
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2.7 Simple mass-balance equaiions

That predictions of waier quality using Q-C modelling are valid only if the system is
operated in the same way as used to derive the discharge conceniration relationships is
a major limitation in the methed. In simple systems (two or three point-sources or
tributaries), where only conservative constituents are of concern, an estimate of rasultant
concentration can be obtained by simple mass balance calculation. An example, might
be a situation in which an IFR site is immediately downsiream of the confluence between
a tributary and the mainstem river. The Q-C relationship for the IFR site is a reflection of
the relative contributions from the two sources (which may not be constant throughout
the year). For a given point in time, an estimate of the resultant concentration at the IFR
site can be calculated by adding the loads from the respective sources and dividing by
total discharge:
Crr =CnQn + C Oy
QiFr

..................... equation 4
where:
Cirr = Conceniration of constituent C at the IFR site
Cm = Concentration of constituent C in the mainstem channel
C = Concentration of constituent C in the tributary
Qyer = Total discharge at the IFR site
Qi = Discharge from mainstem channel
Q= Discharge from tributary

The water quality model QUALZ2E is able to calculate the resultant water quality arising
from muliiple instream sources {e.g. tributaries, point-sources) for a wide range of water
quaiity variables including both conservative and non-conservative constituents. In the
case of conservative varigbles, QUALZE uses simple mass-balance equations such as
equation 4, to calculate the instream concentrations of a given variable for each segment
of river. This water quality model however also has limitations and is discussed further
in Chapier 5. Mass balance modelling can be used to calculate the instream
concentrations of contaminants that would result from the iecading of different point
sources. It can also be used o estimate the maximum loading of contaminants that
would be consistent with a given Reserve category. QUALZE is currently frequently used
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in the USA to estimate Total Maximum Daily Loads for significant water bodies (US EPA
1985).

2.7.1 A refinement of the Q-C method

Consideration of point-source and non-point source loading of rivers, as discussed in
section 2.7 above, has led {o the development of a prototype refinement of the Q-C
method in which mass-balance equations are set up at each site for each constituent
that is to be modelied. The basic Q-C method and the refinement differ only in step v) of
the modelling protocol ("Caiculate the Reference Condition and present state simulated
concentrations of variable C"). In the simple Q-C method this is carried out using the
regression equations "N and “M" which describe how the concentration of C in the
Reference Condition and Present Ecological State, respectively, vary with discharge. In
the refinement described below the present day concentration of C is described in terms
of the Reference Condition load and the present impact load. A mass-balance equation
is set up in this step and is used fo calculate the predicted concentration for a given
discharge.

The revised Step v) of the modelling protocol when using mass-balance modelling is
given below:

v) Describe the Present State concentration of C in terms of the Reference Condition
load and the present impact load.

Equation 4 can also be used to describe the Present State concentration of variable C,
where the Present State concentration is given by the Reference State concentration
and an additional load (the “impact load”) resulting from return flows or point sources of
pollutants.

[Cles= Lpetlp

..................... equation &



Where for a given discharge (Q}):

[Cles = the concentration of C in the Present State

Lz = the reference condition load of C (i.s. the lcad under "natural” conditions)
Lp = the impact load of C (i.e. the joad of C due to pollution)

The term “Lp” may be sub-divided into individual impact (pollution) loads if this
inforrnation is available.

For example:
lo=Pi+Po4Pacinnnnnnn.
....... ceverrerne-equation 6

Where: Py, P,, P, etc. are individual sources of pollutants

Note that in equation 5, the “natural” and “impact” loads of water quality constituent C
are divided by total discharge in order to obtain a concentration value for [Clpes.

Equation 5 can then be expanded to the following generic model, derived to account for
the concentration of C as a result of the reference condition concentration ([Clrc),
withdrawal of water from the river (Pags), return of water from point or non-point sources
(Pre) and a loading function to describe the input from diffuse sources etc.

[Clrs SIM = {{Qre X {1-Pags) X "N") + ({Qnc X Pags X Pre} X (*M") + P,
{{Qrc X (1-Pags)} + (Qre X Pass X Pre)
ceeeneee.Bquation 7
Where:

[Clps SIM = the simulated concentration of C in the Present State.
Qgc = Discharge under referance conditions.
Paes = Proportion of discharge that is removed due to abstraction
Prr = Proportion of Pags that re-anters the system as return flow.

¥ = additional loads of C

“N” = a function relating the reference condition concentration of C [Clgc to
discharge (Q)
e.g. [Clac=a(Q)+b



"M" = a function relating the pollution concentration of C {[Cl)to discharge (Q)
e.g. [Clh=c (LogQ) + d
and. g, b, ¢ and d are empirically derived constants (section 2.2).

The funciions *N" and "M" above were derived in step iv) of the modelling methaod. Using
the generic modal (equation 7), the simulated, Present State concentration of C can be
calculated over a range of discharge values, and plotted. Values for Pags and Pgr can be
derived from a comparison between natural runoff (Pitman runoff estimates as given in
Midgley et al. 1994) and present day discharge as well as from consuitation with
hydrologists involved with the instream flow assessment. By adjusting the parameters a
and b, a simulation curve is obtained that described the variation of [Clees with discharge
(Q). The model is calibrated by empirically adjusting the values of the parameters a, b, ¢
and d so as io obtain the “best fit" between the simulated values of [Clegs ([Clpes SIM)
and the observed data i.e. to maximise the coefficient describing the correlation between
simulated and observed concenirations.

The generic model is an attempt to describe the river system in a more mechanistic
manner than the purely empirical Q-C modelling method. Estimates of the proportion of
discharge abstracted and the proportion of that discharge returning to the system as
diffuse flow, are incorporated into the model. In addition, the accuracy of the model can
be improved by inclusion of the concentrations and discharges of significant point
sources, Therefore, if these parameters are changed due to the system being operated
in a different way, it should be necessary to alter only the appropriate value in the
generic equation. For example if an additional source of effluent is to be discharged just
upstream of the site, by incorporating the concentration and discharge into the model,
the resulling water quality can be predicted. Further work needs to be carried out to test
this modelling method.

2.8 Application {o the Pienaars River

This Q-C modelling exercise was carried out in retrospect (i.e. after the Reserve
workshop had been held). Water quality in the Pienaars River, division of the river into
ecoregions and into three water quality reaches (WQ 1, WQ 2 and WQ 3}, identification
of monitoring sites and potential sources of pollution are described in the Water Quaiity



Report for the Pienaars River Intermediate Reserve Determination (Rossouw, Hohls and
Jooste 1998). Unless otherwise specified, the data used in this exercise wers supplied
py the specialists involved in the Reserve Determination for the Pienaars River.

A schematic representation of the Pienaars River systern (adapted from Rossouw &f al.
1999} is shown in Figure 2.2. Also indicated are the imporiant DWAF waier quality
manitoring and gauging sites, as well as the water quality reaches.

2.8.1 Results

In order to explain the modeliing method and fo highlight some of the associated issues,
the results for modelling of TDS in Water Quality reach one (WQ 1, i.e. Pienaars River,
above Roodeplaat Dam) are discussed in detail below, This is presented in the form of
the sequential steps of the modelling methad, followed by the resuits for each step.
Selected results for other water quality variables and for the cother two reaches are
discussed in section 2.8.2. A summary of all the results for the Pienaars River is given in
Table 2.3 in the same section. The Q-C plots for all the variables modelled in the
Pienaars River, as well as for the other systems modelled during the course of the
project are given in Appendix B.

2.8.1.1 TDS in Water Quality Reach 1.

The steps of the Q-C modelling method are as follows:

» §) Collate all available data on water qualily, poini-sources of pollution, hydrological
structures, hydrology, land-use, topography etc. identify the locations of the IFR sites
relative to waler quality monitoring stations and discharge gauging sites, as well as
any other significant hydrological features. Produce maps indicating the above.

e i) Identify the different ecoregions through which the river flows according to the
method of Kleynhans (1998). Using this information, as well as the location of dams
and significant tributaries (hydrological features), derive reaches within which water
guality would be expected to be uniform.

The resulis from the above two steps are discussed in Rossouw f af. (1999).

» iil) For each IFR site, using the discharge and water gquality data from the nearest
appropriate gauging and water quality monitoring station, correlate monihly mean
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Figure 2.2 Schematic representation of ifie Pienaars River system showing the water quality
reaches (WQ 1, 2 and 3), significant hydrological features, IFR sites and water qualily monitoring
stations.




discharge values as well as median monthly concentration values for each water

guality variable (C).
The Reference Condition values for discharge were obtained ifrom WRS0, naturaiised
simulated data (Midgeley, Pitman and Middleton 1984) for the gauging sile A2HD27
{Pienaars River at Baviaanspoori) since natural observed discharge data for the site
were not available. Present day discharge was taken fram DWAF observed data at the
same site (time period1988-1998). Water quality data for the Reference Condition was
derived from a monitoring site on a nearby tributary (A2H029Q01 Edenvale Spruit at
Leeuwfontein), since no pre-impact water quality data were avaiiable for Baviaanspoort.
The time period used was 1993-1998. Present-day monthly TDS median values were
derived from Baviaanspoori (time period 1993-1998). The location of the monitoring
stations relative to the water quality reach modelled is shown in Figure 2.2. The data are
presented in Table 2.1. It can be seen from the table that present day water quality is
considerably impacted compared to the natural state.

e iv) Examine the relationship between discharge and the concentration of C,

TDS in this reach was found to decrease with increasing flow both in the Reference
Condition and in the Present Staie (Figure 2.3 &), The data for TDS concentration in the
Reference Condition were found to exhibit considerable scatter, and was best described
by a linear relationship which was used to simulate the reference condition concentrafion
of TDS for a given discharge (Q). The measured data for TDS in the Present State were
described most closely using a logarithmic relationship.

e v) Calculate the simulated concenirations of variable C for the Reference Condition
and Present Ecological State.

The simulated values of the variable (C) in the Reference Condition were calculated
using the regression equation "N" ([Clac=-18(Q)+295). The vaiues are shown in Table
2.1 as well as in Figure 2.3b (line [TDS]rc simulated). Likewise, the simulated vaiues of
C in the Present State were calculated using the regression equation "M" ([Clpes= -
28(LnQ)+379), These values are also shown in Table 2.1 and in Figure 2.3b {(as line
[TDS)res simulated). A reasonably good correlation {correlation coefficient = 0.867) was
obtained between the simulated and measured TDS concentration values. The 95%
confidence interval for the Present Ecological State model is also shown,



Table 2.1 Measured discharge and TDS data, as well as simulated values for water quality reach 1 (WQT1), of the Pienaars
River. Natural (Reference Condition) and current (Present Ecological State) discharge given as mean monthly values (m’x10°%),
TDS concentrations (mg/itre) reported as monthly median values for the reference condition ([TDS] RC) as well as the present
state ([TDS] PES). Simulated Reference and Present siate concentrations of TDS derived from the functions y=-18x+294 { "N")
and y=-28Lnx+379 ( "M") respectively.

Month Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept #Mean
RC

discharge | 0.99 147 | 185 | 360 | 284 | 202 178 | 1.01 077 | 075 | o067 | o2 | 154
[TDS} RC 333 334 275 246 214 219 259 259 261 259 293 250 | 268
[FDSTRC

simulated 277 269 262 230 245 250 263 277 281 281 283 284 | 268
PES

discharge | 0.94 1.34 1.86 3.1 3.05 2.4 1.72 1.01 079 | o078 | oes | os9 | 151
[TDS]PES [ 49 378 361 361 358 338 347 377 386 391 398 391 372
[TDS] PES

simulated 381 371 362 348 348 355 364 379 386 386 301 394 | 372

¥s
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Figure 2.3 Q-C plot for TDS in Water Quality Reach 1 on the Pienaars River. (Above)
Measured Reference Condition and FPresent Ecological State concentrations of TDS
showing the optimum regression (trendline) through each. (Below) The same piol,
showing the regression lines and 95% confidence interval for the Present Ecological

State.
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» v} Predict the concentration of C for the prescribed IFR discharge regime.

The monthly discharge values for maintenancz and drought baseflows and the
corrasponding TDS concentrations are presented in Table 2.2, k can be seen, by
comparing Table 2.1 and 2.2, that under the recommended maintenance basafiow
ragime, TDS will remain more or less the same, with a mean TDS concentration of 375
mgflitre compared {0 372 mgllitre at present. Under drought baseflow conditions
however, mean TDS levels will be elevated ta 402 mofliire.

» vii) Calculate the extent of deviation of the present state vafues of C and the
predicted concentrations of C from the Reference Condition, or in the case of
nulrients, from a pre-defined value.

The percentage deviation of the Present Ecological State from the Reference Condition,

for each month is recorded in Table 2.2. Also shown is the deviation from Reference

Conditions of the predicted concentrations for each month, under both maintenance and

drought baseflows. As is to be expected, under the recommended maintenance

baseflow, percentage deviation from the Reference Condition is the same as at present
in the system (approximately 38-40%). This will increase to 50% under drought baseflow
conditions. '

@ viii) Assign the Assessment category for each month.

The assessment category that the predicted TDS concentration would fall into for each
month under either raintenance baseflow or drought baseflow is also shown in Table
2.2, In the case of the Pienaars River Reserve determination, the assessment category
was determined using the method detailed in the manual for Resource Directed
Measures (DWAF 1999). This method is based on the percentage deviation from the
reference condition concentrafion for each month. Where the predicted TDS
concentration is more than 20% higher than the concentration for the same month in the
Reference Condition, a category of “C' is assigned, if greater than 30% a D" is
assigned, and if greater than 40% an E/F category is assigned. From Table 2.2 it can be
seen that the mean assessment category for TDS under the current conditions in the
system in Water Quality reach one is a “D”. This would not be expected to change under
the recommended maintenance baseflow, but would drop a class (io “E/F’) under
drought conditions, if there were no amelioration of the current pollution loading.



Table 2.2. Monthly discharge values (Million m®month} and TDS values for a recommended flow regime {under both
maintenance and drought baseflow) for Water Qualily reach 1 (WQ1) of the Pienaars River. The corresponding predicted
monthly % deviation from Reference Condition concentrations of TDS (mgfitre) and Assessment Category are also shown.
Assessment Category derived as described in the text. In the final column the mean annual value is given. Measured and
simulated RC and Present Ecological State (PES) values of TDS given in Table 2.1. The values in boxes are the predicled
cnitical values for the recommended mainfenance and drought flow (referred to in Chapter 6).

fMonth Oct Nov Dec Jan Feb Mar Apr May June July Aug Sept | Mean
Maintenance
baseflow | 815 1.0 13 15 3.0 2.2 1.8 1.5 1.0 0.7 0.7 0.6 0.5 1.3
Drought -F(:nx
baseflow EJ—" E 0.5 0.6 0.8 1.0 0.9 0.8 0.7 0.5 0.3 0.2 0.1 0.2 0.5
Maintenance| _
baseflow Re = 379 372 368 343 357 363 367 379 389 389 394 |397] 375
o
5 e
Drought § 5
baseflow |2 E 405 393 385 | 378 | 382 385 389 398 | 413 | 424 | @4y | 424 | 402
O
Present O
ecological | o 37 38 as 52 42 37 38 37 37 37 38 39 38
state =2
Maintenance| ¢ 5 Q
baseflow Ea¢ 37 a8 40 52 46 40 35 a7 38 38 39 40 40
m
=2E
Drought a U“;
baseflow & L 46 46 47 65 56 49 48 44 47 51 57 49 50
Present D D D E/F E/F D D D D D D D D
scological
state =
Maintenance| g & D D EF | EIF | EIFF | EF D D D D D D D
baseflow 2D
) ~or
23
bﬂmﬂght < EF EfF E/F EIF EIF E/F EIF E/F EIF EF E/F EfF EiF
asefiow

RC = Reference condition, PES = Present ecological state

&




2.8.2 Points arising from this application

Table 2.3 shows a summary of the modelling results for the Pienaars River, For 2ach of
the three water gualily reaches, the table indicates which DWAF station was used as
data source, as well as the time-period of the discharge and concentration data used in
the model. The table also shows, for each variable modelled, the trend in concentration
with increasing discharge, and in addition, the accuracy of the simulation (given by fhe
correlation coefficient between simulated and measured data).

¢ In the case of the Pienaars River, observed discharge data from the nearest DWAF
gauging weir were used to represent discharge for the entire reach. In the case of
many of the other studies, the discharge data used were provided by the specialist
hydrologist for the Reserve determination. The data were usually simulaied data
(from rainfali-runcif, or from some other type of hydrological modelling}) and
represented the discharge at a given IFR site.

s Although the Pienaars River was divided into three water quality reaches, no
modelling could be undertaken for the lowest reach because of the lack of water
quality data. This was compounded by the fact that the system is fairly complex in
this area, with several fributaries, an impoundment (Klipvoor dam), and associated
wetiands and floodpiains.

e Two IFR sites had been identified for the Reserve determination process (see Figure
2.2}, namely |FR site |, situated in Water Quality reach 1 (WQ 1) and IFR site 2,
situated in WQ 3 (for which modelling could not be undertaken). Modelling was
therefore undertaken for WQ 1 (and would be applicable to IFR site 1) and WQ 2 {for
which there was no designated {FR site).

o The present day water quality of the Pienaars River is relatively impacted, a
consequence of exitensive development within the catchment (Rossouw et al, 1999).
In comparison with the Q-C plot for the Present Ecological State, that for the
Reference Condition for many of the variables showed only slight change with
discharge; on occasion, an almost horizontal line was obtained. Consequently the
value of * was very low, indicating that a very small proportion of the variation in
concentration was due to X-axis variable, namely discharge (Zar 1984).



Table 2.3 Summary of the results obtained using Q-C modelling for all waler quality variables and reaches modelled for the Pienaars River. Thé
source and lime-period used for RC and PES discharge and water quality data is shown. For each variable, the lrend in concentration thh
increasing discharge is shown as well as the regression coefficient (%), for the RC and PES. The accuracy of the simulalion is given by fhe

correlation coefficlent between simulfated PES and measured PES values. All concentrations expressed as mgfiitre.

Water quality data | Discharge data '
waQ wa RC Q-C relationship | PES Q-C relationship
RC PES RC FES Comments
Reach Var. Q-Ctrend |r Q-Ctrend |r corr.coeff. i
1 A2H029 | A2HO27 | WRAQ AZHO27 | TDS 1 (linear) 0.202 | l{log) 0.752 | 0.867 :
Q01 Qo1 data observed (PO, |vyslight T |0631 | [(power) [0.820 |0.877 PES PO.° levels very highj
'93-98 | '93-'98 | for data (linear) compared to RC.
AZHO27 | '88-'98 TotP | no change | - { (power) 0.680 | 0.782
{linear)
NOy + | v.slight T 0.319 | l(log) 0.464 | 0.680 I
NO; | (iinear)
NH, scatter - scatter - - Data points scattered. Noi
modelled ‘
pH slight | 0.318 | nochange | 0.054 | 0.827 pH is largely independent of Q. .
{linear) (finear)
2 A2H006 | A2HODS | WRSO0 A2HO06 TDS T{linear) 0.086 | l|(power) 0.706 | 0.835 Good simulation
-Q01 -Q01 data observed [BO,™ [ (log) 0.508 | slight | 0826 |- [ at high discharges in PES.

76-81 | '93-98 | for data TotP | No data No data
A2HO06 | '90-'28 NO; + | scatter - scatter . » Not modeliied :
NO;
NHa scatter - scatter - - Not modelled
pH no change | - no change | - - pH is largely independentof@.-g
{linear) {linear) 5

3 No dala Modelling not carried out

Q = discharge, C = cancentration, RC= Reference condition, PES = Present ecological state, ERC = Ecological Reserve Class (previously termed Ecological

Management Class).

Lin = finear, log = natural logarithm, exp = exponential, pow = power.
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Current levels of ortho-phosphate in WQ 1 were considerably higher than in the
Reference Condition and showed a marked decrease with increasing discharge.
This is likely to be due to the discharge of sewerage into this reach of the river
{Rossouw et al. 1999). A good correspondence beiween measured and simulated
valuss of ortho-phosphale concentraiion was obiained (corrslation coefficient =
0.877). Ortho-phosphate in WQ 2, an the other hand, was found to increase with
discharge at low flows and then level off at highar flows. A discussion of iypical Q-C
trends for ortho-phosphate was presented in section 1.6.1. The increase with
discharge under lower flows may well be the result of wash-off from surrounding
lands, or due to chuming of benthic sediments and the concomitant release of oriho-
phosphate into the water column. The levelling off at higher flows is likely to be a
result of substrate becoming limiting.

Nitrogen {combined nitrate and nitrite, as well as ammonia), were modelled in Water
Quality reaches 1 and 2 with varying degrees of success (Table 2.3). Simulstions of
ammonia in both water quality reaches were not possible since there was a poorly
defined relationship between discharge and concentration for this chemical
constituent in both sections of the river. Concentrations of un-ionised ammonia (NH3)
were derived from ionised ammonia concenirations (NH,"), taking into account
ambient water temperature and pH, and using the method prescribed in DWAF
(1996). Monthly mean water temperature dala were calculated from daytime air
temperature taken from the nearest weather siation from which a value of 2 degrees
Celsius was subtracted (DWAF 1999).

It should be noted that in WQ 2, nuirients were modelled in two different ways.
Firstly, by using the same approach as Rossouw et al. (1999) and assuming that the
impoundment of water in Roodeplaat dam resets water quality. Thus data from
A2R009 {Roodeplaat dam) were used {o set the Reference Condition. Data from a
monitoring station downstream (AZHO06, Klipdrift) were then used {0 describe the
present state. Ortho-phosphate levels were found to be higher in the Reference
Condition than for the Present Ecological State. Combined nitrate and niirite were
also slightly higher in the former than the latier, using this approach. In section 2.6
aliusion was made fo the fact that often nuirients, and in particular phosphorus,
become bound to sedimenis within impoundments. As sediments seftle to the
bottom, this effectively removes them from the water column. If no sliice gates are
present (as is the situation at Roodepiaat dam) nutrient-laden sedimenis are retained



within the system and water released from the impoundment tends to be low in
nufrients (comparad to water flowing into the system). The Pienaars River is highly
impacted and Roodeplaat darn tends to be eutrophic, however. Consequently, the
sediments are likely to be saturated with nutrienis (although nuirient dynamics within
impoundments can be complex and this cannot be stated with complete ceriainty
without specialised research). In any case, the resultant effect is that nutrients ars
not retained within the impoundment and the assumption that the dam resets water
quality is not valid when trying to mode! nutrients in this system.

In the second approach that was used to modei nutrients, the water quality data set
from A2H006 (Klipdrift) was divided into RC (1976-1981) and PES (1993-1998). Note
that Roodeplaat dam was constructed in 1957 and that no pre-consiruction water
quality data were available. This approach was more successful in that reference
condition concentrations were lower than those representing the Present Ecological
State for all variables. Despite this, there was limited sticcess in modelling nutrients
due to the considerable scatter of data points.

2.9 Application fo the Palmiet River {(Western Cape)

In the case of the Palmiet River, as for the Pienaars River, water quality modeiling was
carried out after the IFR workshop had taken place. The focus was therefore on further
development of the modelling method and the accuracy of the simulations, rather than
the results in terms of assessment class and concentrations. Current and reference
condition water quality in the Palmiet River are described in Dallas (1998).

Initial attempts had been made during an early trial Reserve determination on the
Crocodile River (Mpumalanga) io describe the variation of Present Ecological State
water quality with discharge using a mechanistic, mass balance modelling method {Bath,
A., Water corporation, Perth, Australia, pers. comm.). The above modelfing method was
developed further during the study on the Palmiet River and resulted in the “generic
model" which was described in section 2.7.1. The generic model is given by the
following equation:
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where:
[Clres SIM = the simulated concentration of C in the Present Ecologicaj State.
Qrc = Discharge under Reference Conditions.
Pass = Proportion of discharge that is rernoved due to abstraction
Prr = Proportion of Pags that re-enters the system as return flow.
Px = additional loads of C
"N” = a function relating the reference condition concentration of C to discharge
“M" = a function relating the present state concentration of C {[C];) to discharge
{Q) And: a, b, ¢ and d are empirically derived consiants.

Estimates of Paas and Prr were derived from a comparison between natural runoff
{Pitman runoff estimates as given in Midgley et al, 1994) and current discharge, as well
as in consultation with hydrologists involved with the instream flow assessment.
Estimates of point source loads were made in consultation with water quality specialists.

2.9.1 Points arising from this application

The Q-C plots for the Palmiet River are shown in Appendix B. Table 2.4 summarises the

modelling results,

* As in the case of the Pienaars River, because of a lack of present-day water quality
data, not all sites could be modelled. Because of this, only 2 out of a total of 4 sites

(fFR 2, in the foothill region of the river, and IFR 4 in the transition region) were
modelled.

e The most imporiant consideration arising from this application was the suitability and

usefulness of the rafinemeant of the “generic model” for which good simulations were
obtained for most water quality variables.



Table 2.4 Summary of the resuits obtained using Q-C modelling for all water quality variables modelled for the Palmiet River. The source and !imé_-
period used for RC and PES discharge and water qualily data is shown. For each variable, the trend in concentration with increasing discharge is
shown as well as the regression coefficient (r°), for the RC and PES. The accuracy of the simulation is given by the correfation coefficient between
simulated PES and measured PES values. All concentrations expressed as mg/itre. .

Water qualify data | Discharge data
IFR wa RC Q-C relationship | PES Q-C relationship
. RC PES RC PES Comments
site Var. QCtrend | ¢ QCtrend |r corr.coeff.
1 No data Not modelied ?
2 GA4H020 | G4H029 | Simulat- | Simulat- | TOS {{log) 0.498 | slight 0.344 | 0.455 PES just above RC r
Q01 | -0t |ed ed 1 tog)
‘g7-89 | '93-'08 POs” | slight T 0.408 | T(linear) 0.807 {0.895 Both PES and RC PO, Ievels%
{linear) ’ increase with Q.
TotP | nodata - no data - - Mot modelled |
NH; scatter - scatter - - Data points scaitered, nolé
modelled
3 No data Nol modelled ;_
G4HOO7 | G4HO07 | Simulat- | Simulat- TDS T (log) 0.839 T(log) 0.514 [ 0.678 Both RC and PES increase with!
Q01 |-Qot  |ed ed Q. ':
‘78-'88 | '93-98 PO," | slight [(in) | 0.676 | 1(inear} | 0.883 | 0.840
TotP [ Nodata No data ;
NH; slight 0.546 | l(exp) 0.494 | 0.098 Conc. rises sharply at low
L{log) difficult to simulate.

Q = discharge, C = concentration, RC= Reference condition, PES = Present ecological state, ERC = Ecological Reserve Class (previously termed Ecological
Management Class).
Lin = linear, log = natural logarithm, exp = exponential, pow = power.
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It was not always possible to ebiain estimates of many of the raquired parameters
{Pabs, Pri, Px eilc.) however, and educaied guesses had to be made of these
values, By adjusting the values of the parameters empirically, as well as the values
of the constants a, b, ¢, and d, good simulations could be obiained. Because
accurate values of the above parameters were not available, the abllity of the model
o actually describe the system could not be verified, however. Furthermore, since
the parameters were adjusted empirically to fit the regression fine, exaclly the same
results were obtained with Q-C madelling as with mass balance modelling. In
addition, setling up the generic equation is a complex, time-consuming process and
it was easy to make mistakes. Thus, although the generic model was able to
describe the Q-C relationships for the Palmiet River {as well as for the Olifants and
the Breede systems), it was not particularly useful to use mass balance modelling,
because accurate values of the various parameters (Pabs eic.) could not be
obtained. Situations may well occur, however, when such information is available
and the extra time and effort involved in setting up the equation will be justified.

s TDS at IFR 4, as well as phosphate at both sites, increased with discharge. This
topic is discussed further under consideration of application of Q-C modelling to the
Breede River.

2.10 Application o the Olifants River (Mpumalanga)

The Olifants River Ecological Water Requirement Assessment (OREWRA) entailed
determination of the IFR for 16 sites, and was the first Reserve determination (as far as
these authors are aware) in which steps were taken to integrate water qualily and
quaniity numerically. Modelling of the downstream temperaiure of water released from
an impoundment had been undertaken, however, as part of the Environmental flow
assessment for the Lesotho Highlands Project (Skoroszewski 1997). The water quality
modelling resulis for the OREWRA are documented in Malan {2001), and are therefore
not discussed in detail here. The Q-C plots for all the siles modelled as part of the
Olifants River study are shown in Appendix B. A table summarising the resuits for all the
sites that were modelled is shown in Table 2.5. Due to lack of water quality data
representative of the current state, modelling was not undertaken for IFR sites 2, 9 and
148; due to unreliable discharge data, modeliing was not carried out for IFR sites 4 and
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8. There is extensive mining in the catchment, and because instream suilphaie

concantrations were a concern this varigble was also modelled, as was fluoride at IFR
sites 148 and 15,

2.19.1 Points arising from this application

The following points form this application are noteworthy.

The recommended flow regime (as proposed by the specialists) is for baseflow - in
other words, this represents the minimum flow required in the system to maintain the
prerequisite state. Frequently, higher discharges would be present as a result of
floods, freshes or additional flow (i.e. water that is not required for abstraction or
impoundment). The predicted concentrations of water quality constituents in the case
of those that showed a dilution effect with increased discharge, therefore represent
the worst-case scenario. For a consideration of those constituents that increase with
discharge, see section 2.11.

Although ortho-phosphate increased slightly with discharge at two sites, the change
was very slight. The recommended flow regime should therefore not lead to a
change in assessment class for ortho-phosphate. Nitrates were found to give poor
simulations and therefore the resulis are not recorded in Table 2.5.

In contrast to the situation in the Breede and Palmiet Rivers, TDS in the Olifants
River system, as in the Pienaars River, did not increase with discharge at any of the
sites. The relationship between discharge and TDS is discussed in section 2.11.



Table 2.5 Summary of the results obtained using Q-C madefling for alf water quality variables modelfed for the Olifants River system. The source and time-
period used for RC and PES discharge and waler quality data is showr. For each variable, the trend in concentration with increasing discharge is shown as welf |
as the regression coefiicient (%), for the RC and PES. The accuracy of the simulation is given by the correlation coefficient between simulated PES and |
measured PES values. Alf concentrations expressed as mg/litre. :

FR Water qualily data | Discharge data wa RC Q-C relationship PES Q-C relationship
. Comments
site Var,
RG PES RC PES Q-C trend © Q-Ctrend | ¢ cotr.coeff. .
i B1HO02 | BTHO0Z | Simul- B1HOO | TDS | nochange |- slight [ 0.341 | 0.597 Mass baiance calculation used |:
Q01 &} Q01 &)|ated 28 {log) to derive WQ. :
B{HO06 | B1HO10 B81HOA =z
Qo Qo1 0 50, L{log) 0.427 | l(log) 0.312 | 0.479
PO,° || (linear) [0.016 | l(log) 0122 | 0.350
3 B1HO026 | B1HO1S | Simul- 81H01 | TDS slight| 0.044 | slight| 0,066 |(0.24
Qo1 Qo1 ated 5 (log) (log)
80, | nochange 0.006 | slight] 0.323 | 0.569
(fog)
PO, | scattered - no change |- - ‘RC higher than PES
5 *B3H00 | B3H007 | Simul- | Simuk- | TDS | ] (tog) 0.233 | [{power) | 0.147 | 0.499
7Q01 QM ated ated
('92-'98) SO,° |nochange |- T{iog) G500 | 0.713
PO~ | scattersd - scattered - - Not modelled
7 *B3HOD | BEHO0Z | Simul- Simul- TDS no change - marked | 0513 | 0.716 No PES water quality data after
TQ01 Qo ated ated {log) 1988
{92-'98) 50,7 | nochange | - T{icg) 0415 | 0.778
PO,° | nochange |- slight] 0.201 | 0.130 RC shightly higher than PES
(linear)
8 B7HO13 | B7HO0S | Simul- | Simul- | 105 I {linean 0.473 |marked | | 0.779 |0.889
Qot Qo1 ated ated {log}
{enlire (entire =z T
data data S04 no change 1 (log) 0.778 | 0.883
series) | series) PO, | sight] 0096 T sight T 0537|0708
(tog) {power)
o
>




Table 2.5 Summary of the results obtained using Q-C modeliing for the Ofifants River system cont.

IFR | Water quality data | Discharge data wa. RC Q-C relationship | PES G-C relationship Cormmants
site | . Var. QCtrend |1 Q-Ctrend [ corr.coeff. |
RC PES RC PES
10 B4HOO7 | B4HO11 | Simul- Simul- | TDS 1 {power) 0.859 | [(power) 0.797 | 0.879
o1 an ated ated 80,7 |nochange |- T{power) | 0.608 | 0.590
PO,” | nochange - no change | - - |
11 Mean of | B7HO09 | Simul- | Simul- | TDS | ] (log) 0.787 | marked | | 0.798 | 0.894 RC & PES discharge derived by
B7H009 | Q01 ated ated _ {log) adding IFR 8 + IFR 10
g:79"34) Elertltire S0 | |(power) 0.576 | |({log) 0.756 | 0.868
ata [
B7HD13 series) PO;{" slight T 0.065 slight T 0.521 0.687
Qo1 (linear) {power) '
12 B6HOG1T | BEHOD4 | Simul- Simul- | 108 t{log) 0.896 | [(log) 0.685 | 0.828 RC & PES similar values
G jaol | ated ated  IBo; nochangs |- 7o change | - 0.3 :
i3 *Mean | *B7HQ0 | Simui- B7HO0 | TDS | {linear) 0.328 | [(log) 0.286 | 0.894 RC WQ data derived from mean |
of Q01 ated 7 an - of Biyde R. and Olifants at |,
Bﬁ H004 (lgz_tg7) 804 - = 1. (lll‘lear) 0.143 0.838 D)(fDI'd (u 92_)97)‘ :
& PO, | slight T 0.661 | slight T 0.754 | 0.887
B87H007 _ {tinear) {linear)
148 | BYH002 | B7H019 | Simul- B7HQO1 | TDS no change - slight | 0.115 [ 0.338
Q01 Q01 ated 9 (log)
80,* | nochange - slight | 0.102 [ 0.318
(log)
F no change . slight | 0.392 | 0.624
_ — (log)
15 *As *B7HO1 | Simul- Simul- | TDS slight ] 0.359 | marked | 0.764 {0926
above 5Q01 ated ated {exp) (log)
S0, |- - marked | 0.751 |0.938 Note Mamba used as PS waler |
{log) quality
PQ” | slight T 0.671 | l{log) 0.267 | 0.611
(linear} .
F no change - 1 {log) 0.772 | 0.928
16 *As BIHOT | Simul- Simul- | TDS no change - 1 {log) 0.764 | 0.965 Same flow and RC water quality
above aQm ated ated data as IFR 15

Q = discharge, C = concentralion, RC= Refarence condition, P

Management Class). Lin = linear, log = natural logarithm, exp = exponential.

ES = Present ecological siate, ERC = Ecological Reserve Class (previously lermed Ecological

48
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2.11 Applicaiion to the Breede River

The Breede River Basin siudy entailed (amongst other aspects) determination of the
environmental flow requirement for six siies. Three siies were situated on the Breede
River itself, one on the Molenaars River and two sites on the Riversonderend system
{tributaries of the Breede River). The Q-C plots for all the sites that were modelled are
shawn in Appendix B, and the resuits are summarised in Table 2.8.

2.11.1 Points arising from this application

The most important point arising from the appiication of Q-C modeilling to ihe Breede
River Basin study was the Q-C trend of TDS in salinised catchments in the winter rainfall
region. This is discussed in some detail below and is followed by a consideration of
nutrients, which were also found, on occasion, to be positively correlated with discharge.

2.11.1.1 TDS Q-C trends in salinised caichments

Two sites on the Breede River, as well as one on the Palmiet River, showed marked
increases in TDS with increasing discharge. An example of such a Q-C plot for IFR 1
{Mooipiaas} on the Breede River is shown in Figure 2.4. Examination of the seasonal
TDS distribution for that site reveals that the highest instream levels of this constituent
occur during winter and the lowest during summer. it can also be seen that the increase
in TDS is coincident with the onset of the wet season in autumn (April). it was explained
in section 1.6.1 that irrigation of surraunding agricultural lands during the hot dry summer
resuits in a build-up of salts in the soil. The marked elevation of instream concenirations
of this constituent during autumn and winter is the result of wash-off of salts from the
surrounding catchment by rain. Another point of interest at this site is that by September,
although rainfall (and hence streamflow) has started to decrease again as the year
progresses towards summer, instream TDS levels are still very high. This illustrates the
fact that TDS is not limiting in the surrounding soils, or put mora simply, that the winter
rainfall was not enough to wash out all the accumulated salts. No cases of positive Q-C
trends for TDS wers found on the Pienaars or Olifanis River systems, probably because
these calchments receive their rainfall primarily in the summer and hence a build-up of
salts due fo evaporation does not occur {or at least is much slower). Contributions to
high instream TDS values from salinised groundwater has also been postulated to be a
contributing factor to this problem in the Breede River cafichment {Kirchner 1995),



Table 2.6 Summary of the resulls obfained using Q-C modsiling for all waler qualily varables modelled for the Breede River system. The source and lime-period
used for RC and PES discharge and water qualily data is shown. For each variable, the trend in concentration with increasing discharge is shown as well as the .

regression coefficient (r*}, for the RC and PES. The accuracy of the simulation is given by the correlation coefiicient between simulated PES antd measured PES

values. Afl concentralions expressed as mg/fitre.

Water quality data | Discharge data
IFR quality 3 wa RC Q-C relationship | PES Q-C relationship
site | Re PES |RC PES | Var. Comments
Q-Ctrend |¥ Q-C trend ? corr.coeff.
1 H1HOO6 | H1HD06 | Simul- TDS slight T(fog) | 0.043 | {{power) 0.704 | 0.826 TDS increases withQ
7e-62 19599 | ated NQOz + | no change - 1 {power) 0.764 | 0.806
Breede | Breede NO;
R. R. PO;° | nochange - no change - -
Na’ scattered - T {log) 0665 | 0.816
2 H1HO18 | H1HO018 | Simul- TDS no change - no change - - RC & PES similar values
ated _ _
NGy + | no change - L {log) 0.564 | 0.751 Molenaars River = tributary of
Mol. R. [ Mol R. NQy Breede River
PO,° | no change - slightly T(lin) [ 0.055 | -
3 H4H017 | H4HO17 | Simul- TDS - - Tthen | 0.546 [ 0.620 Highly regutated system. Tat
'80-'82 | '94-'98 | ated (polynormial) low Q, |at high Q.
NO, + | ~ - [ 0.830 [ 0.911
Breede | Breede NC);‘ 1(log)
R. R.
PO,” |- - Tthen | 0295 |-
(polynomial)
4 H7HO06 | H7HO06 | Simul- TDS f{exp) 0.833 | [(exp) 0.584 |0.728 data points scatlered
‘04.'08 | ated L
NO; + | no change - T{log} 0.810 | 0.896 Marked wash-off effect in PES
Breade | Breede NOg3
R. R. PO,° |nochange |- T{iog) 0425 | 0.6517
Na” L{exp) 0.588 | [(exp) 0.582 [0.728
[ HEHOO5 | HBHODS | Simul- TDS no change - no change - - Baviaans River = tributary of
'79-'81 ‘04.'98 ated Riversonderend.
Z
Baviaan | Baviaan 80, no change no change 0.883
R. R. _
PO,” | v.slight | 0.08 v. slight 0.239 | 0.517
(lin) 1 (log)

Q = discharge, C = concentration, RC= Reference condition, PES = Present ecological state, ERC = Ecological Reserve Class (previously ermed Ecological
Management Class). Lin = linear, log = natural fogarithm, exp = exponential, pow = power.

[

6%



TDS (mg.l")

TDS (mg.t")

. @ITDSIRC MEASURED |
! |
et
140 - ! O [TDSIFES MEASLRED ‘
| A[TOSRCSIMULATED |
120 |
! AJTDSFES SIMULATED '
100 - 0 a
° g 22t %]
80 - , & 0
'y
04 @ s H a o . 5
M B A A A A A A A Fata
40—?55; . 2 u
20 4
OZ ] [] ] I
0 5 10 15 20 25 30
DMSCHARGE (m’.sec™)
120 - 2500
100 | o000
gt
15.00
60 1
10.00
o0l - 5.00
0 0.00

oCr NOW EEC JAN FEB MR &R May JUN JiL AG &P

Figure 2.4 (Above) Q-C plot of TDS ( mg/itre) with flow (in m’.sec™) for site
IFR1 on the Breede River (Mooiplaas). (Below) Seasonal distribution of flow and
TDS at IFR 1 for both the Reference Condition (RC) and the FPresent Ecological
State (PES). Note the increased wash-off of salts during the onset of the wet
season in the present sfafe compared lo natural.
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In section 2.2, the steps o be followed in making predictions of the concenirations of
chemical constituents for the purpose of IFR assessments wers explained. For a given
month {(and hence discharge), the concentration thai would be expected under the
Reference Condition and Present Ecological State is noted. The concentration that could
be expected to occur under the new discharge for that month is obiained from the graph
{Figure 2.,5a). If discharge under the new regime is reduced compared to the present
condition, due to a concentration effect, the predicted concentration will be higher, The
above is valid for the typical situation in which the conceniration of a constituent
decreases with increased discharge. In the case of salinised catchments in the winter
rainfall region described above, however, the above procedure would result iower
predicted concentrations under reduced discharge. This is shown diagrammatically in
Figure 2.5b. It is the contention of the project team that such predictions are likely to be
erroneous. A consideration of the loading and sources of instream salinity can explain
this. The loading of saits in the soils of the surrounding lands will remain constant, as will
the rainfall. Thus the load of salis entering the river will be the same. If discharge is
reduced, due to the concentration effect the instream levels of TDS must increase, or at
least remain the same. Conversely if the predicted discharge is greater than under
present day, it cannot be assumed that the instream concentration of TDS will be

increased.

A factor that is critical to this analysis is the question of how discharge is to be changed
{by means of upsiream abstraction, construction of impoundments etc.) in other words
the nature of the flow madifier. it was mentioned previously that predictions using Q-C
modelling are only valid if the system is operated in the same way as it was when the
data for setting up the rating curve were exdracted. Predictions of concentration at iIFR 1
would be very dependent on how the change in discharge was fo be brought about.
Because of this, it is recommended that Q-C modelling should not be used in such
cases, If, for a given point on a river, the TDS loading due to diffuse poliution is known, it
may be possible to obtain an estimate of predicted concentration using mass balance
modeiling, although it was not done in this project. In order fo obtain reliable simulations
of TDS a catchment-runofi model that can simulate loading of non-point source
contaminants would need to be set up.
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Figure 2.5 Schematic represeniation of predicted concentrations for a given discharge.
a} Classical dilution of a paint saurce of pollution with increasing discharge. b) Increased
concentration with increasing discharge.

2.11.1.2 Other water quality variables that exhibit positive Q-C trends

Other chemical constituents, namely, ortho-phosphate, toial phosphate and various
forms of nitrogen {combined NO,; and NOjs, and total inorganic nitrogen), were aiso
found, on occasion to increase in concenfration with discharge. Such effects were not
limited to catchments in the winter rainfall region of the country. For example ortho-
phosphate increased slightly in WQ2 on the Pienaars River, as welt as at IFR 8 and 13
on the Olifants River (Tables 2.3 and 2.5 respectively). From the discussion of
generalised Q-C trends in section 1.6.1, it would appear that positive correlation
between discharge and instream concentration of nutrients might well occur in areas
where extensive agriculture is {aking place, and thus in situations where pollutant
loading is due mainly to non-point source rather than point sources of poliution. in
addition, although TSS was not modelled in this study (because this variable is not
monitored by DWAF on a regular basis), it is well documented that {otal phosphates are
bound to sediments. It is also well known that sediments increase with discharge.
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Increases in total phosphate with discharge were reported at some sites and this is likely
to be due to the wash-oiT of soil and associated phosphate from the land info the river.
The guestion of generalised Q-C trends in unimpacted rivers for different scoregions of
the country is considered furither in Chapter 3.

From the above discussion it would follow that Q-C modelling should not generally be
used to make predictions of concentrations in cases where a positive correlation with
discharge is obtained. One exception may be found in the case of phosphates and other
constituents, where elevated instream levels result from churning of benthic sediments
or release from riverbanks, rather than wash-off from the surrounding catchment (Casey
and Farr 1982). In such cases this would represent an instream pollutant source rather
than an allochthonous, or ofi-land, input. Thus reduced discharge may weil lead to lower
concentrations of some constituents in the water column. Considering the usual lack of
information that is normally the situation in many of South Africa’s rivers, it will usually
not be possible to ascertain the source of phosphates at a site. Thus to stay on the side
of caution, unless additional data are available, predictions of concentrations for
variables that exhibit a positive Q-C relationship at a given site should not be made.

2.12 Further generalisations

From an examination of the resulis from all four applications of the Q-C modelling

process the following general conclusions can be made:

¢ The Present Ecological State Q-C relationship, can frequently be described using a
logarithmic function.

o Compared to the Present Ecological State, the Reference Condition frequently
shows liftle change with discharge and can often be described using a linear
function. In some cases the Q-C plot is a horizontal line and thus concentration is
independent of discharge (e.g. The Baviaans River (IFR 6, Breede River Basin
study)).

» The Q-C trends of the conservative constituents Na* and SO,? usually mirrored
those of TDS in the Breede and Olifants River systems respectively. This is to be
expected since they each represent a major portion of TDS in the two systems.
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o Point-sourcas of poilution show a charzcteristic negative Q-C trend. This effect is
clearly shown by combined NO; and NO; in the Molenaars River (IFR 2, Breede
River), The Molenaars is a largely unimpacted tribuiary of the Breeds River. Wastern
Cape Rivers are largely oligoirophic and the concenirations of most chemical
canstituents are low in this river (Appendix B). Due io nutrient-rich effluent fiom a
trout farm on the bank of the river, however, NO, and NQ; fevels ars relatively
elevated at low discharges but become diluted at higher flows.

s Downstream of impoundments, TDS often shows little change with increasing
discharge. This is due to mixing of water inflows of differing salinities within the
impoundment. The resultant effect is that the salinity of the water flowing oui of the
impoundment tends to be attenuated. Thus extremes of highly sziine or fresh water
do not occur, and the resulting Q-C plot for a site downstream of the impoundment is
only slightly negative. This effect was shown at IFR 1 and IFR 3 on the Olifants
River, which are both downstream of major reservoirs.

2.13 Validation

The Q-C modeliing method was validated by using an independent set of water quality
and discharge data to that used io set up the model. The Q-C mode! for a given variable
at a siie was considered to be acceptable if more than 75% (9 out of 12) of the validation
data points fell within the 95% confidence intervali of the original data set. Only the maodel
for the Present Ecological State but not the Reference Condition was validated.

The validation procedure was carried out in two different ways:

2.13.1 Validation method 1 (intercalating data)

in the first validation methed that was tested, monthly median concentration values for
the test data were calculated from the years 1993, 1995, 1997 and 1989. Monthly mean
discharge values were also calculated using data from the same years. Median
concentrations and mean discharge values for validation {bath on a monthly basis) were
calculated from the data for 1994, 19986, 1998 and 2000. The Q-C plot was drawn for the
test data and the 95% confidence interval calculaied as described in section 2.2. The
validation Q-C plot was then constructed and the comespondence between the two
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simulated curves was assessed by noting the percsntage of validation data peints that
fell within the 85% corfidence interval.

2.43.2 Validation method 2

Q-C maodelling for the various sites investigated in the project was carried out using

waier quality data up to 1998. in the second validation method therefore, water guality
data from the appropriate monitering station jor the time peried October1998-mid 2001
were used. A problem was encountered with the discharge data required for the
validation procedure, however. For the majority of the sites previously modeiled during
the course of the project, simulated discharge data had been used. Such daia were
generated from rainfail-runcff models calibrated for the catchment and obtained from the
relevant specialist responsibie for hydrological modelling for the Reserve determination.
Thus discharge data from 1999 onwards were not available. As an alternative, observed
discharge data from the nearest gauging site could be used. It was considered that this
shouid yield similar results to that using simulated data, but slight inaccuracies right
occur because of the different sets of discharge data. Method 2 was therefore only
employed for the few sites where observed discharge data rather than simulated data
had besan used,

2.13.3 Results of validation

2.13.3.1 Method 1

Good results were generally obtained using this validation method for all the sites that
were modelled. Exceptions were cases where there was considerable scatter of
measured data, resulling in low correlation coefficient (less than 0.6} between measured
and simulated values. In such situations, usually fewer than 75% of the validation data
points fell within the 95% confidence interval. As mentioned previously in this chapter,
nutrients frequently yielded poor correlations beiween measured and simulated values.
Consequently it was often nutrients for which the Q-C model could not be validated.
Figure 2.6 shows the resulis of validation (using method 1) for IFR site 8 on the Olifants
River. The validation curves obtained for EC, fluoride and pH are satisfactory, indicating
that the Q-C model is valid for those water quality variables. Although there is greater
scattering of data poinis, the validation curve for dissolved phosphate is aiso accepiable,
since 75% of the paints are within the confidence interval. In the case of combined
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nitrate and nitrite however, no modelling could be under taken at all since the measured
data points for the Present Ecological State wers too scattered.

2.13.3.2 Method 2

In the second validation method, data subsequent to 1998 were used to construct the
validation curve. This method was used only for sites where observed discharge data,
rather than simulated data, had been used to set up the Q-C modei {7 IFR sites in total).
The results that were obtained using this validation method were mixed. For some sites,
good validation curves were produced for all water quality variables that were modelled
and at other sites, acceptable validation curves were obtained for conservative variables
but not for nutrients. Interesting results were obtained for IFR 3 on the Olifants River and
these are illusfrated in Figure 2.7. A poor correspondence between the Q-C model and
the validation model was ohtained for TDS. The latter curve maintained a similar trend to
that of the Q-C model curve (i.e. slight negative trend) but was consistently lower in
concentration and below the lowest 95% confidence interval for all data points. A similar
pattern was obtained for sulphate, except that these concentrations were not lowered to
such an extent and remained just within the confidence interval. In the case of pH, all the
validation data points were higher than the median values of the Q-C curve, but foliowed
the same general trend. Nutrients (dissclved phosphate and combined nitrate and nitrite)
were the exceptions in that the validation curve for both variables fell within the 95%
confidence interval.

2.13.4 Discussion of the validation methods

It was explained in section 2.6 that the Q-C relationship derived for a particular site, is
only valid as lfong as the system is operated in the same way. Thus when using
Validation method 2, if there was a change in the Q-C relationship after 1998, the
validation curve wouid be dissimilar to that of the fest curve. For example in the case of
IFR 3 on the Kiein Ofifants River, this site is a few kilometers downstream of the
Middleberg dam. Because of mixing within the impoundment, the Q-C plot for TDS at
that site shows only a slight negative trend with increasing discharge. The Q-C plot was
constructed using data up to, and inciuding, 1998. Exceptionally high rainfali was
measured in paris of the Olifants River caichment during the summer of 1999 and 2000,
however, The inflows of low salinity water into the Middieberg dem are likely to have
resuited in lowered concentrations of many ¢chemical constituents, including TDS,
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sulphate and organic acids within the impoundment. Conseguently the Q-C plot for these
constituents follows the same general trend as the curve generated using pre-1999 data,
but is lower in the case of TDS and sulphate and higher in the case of pH due {o the
reduced constituent concenirations in the releases from the dam. Nutrents on the other
hand do not seem to exhibit a similar dilution sffect since the concentrations of the
validation curve are within the confidence interval of the Q-C model. This is possibly due
to a shifi in the adsorbtion/desorbtion equilibria between nuirient ions and sediments
within the impoundment. As a result, the concentration of phosphate and combined
nitrate and nifrite in water released from the impoundment is more or less the same as
pre-1999.

From the above discussion it can be concluded that Validation method 1, in which the
record span of the test discharge and water quality data is intercalated with that of the
validation data is the most appropriate method. The second validation method can be
useful for examing the dynamics of discharge-concentration relationships at a site. it can
also be used to test if the system is operated in the same way as when the Q-C model
was derived. iFR sites af which the Q-C model could not be validated can still be used
for making predictions of water quality. The Q;C model at such sites is not invalid, but it
will however, reduce the degree of confidence that can be placed in the results. At sites
where the Q-C model cannot be validated, if possible a second tier of water quality
madelling {e.g. mass balance modelling, or QUAL2E) should be implemented.

2.14 Conclusion

Q-C modelling is a useful tool for providing estimates of predicted instream
concentrations of chemical constituents for a given recommended discharge. There are
fimitations and assumptions inherent in the method, however, and these should be
recognised when applying the technique in Reserve determinations. Thus Q-C modelling
can only be considered to be a preliminary modelling technique and may sometimes
need to be followed by application of maore sophisficated modelling methods in some
river reaches. The problem of non-point sources of pollutants, for which Q-C maodelling is
not suitable, is likely to increase in future. Because of this, aftention should be directed
towards setting up catchment run-off models for at least for key sites on rivers where



extensive and conflicting demands are made on them. This is discussed further in
Chapter 7, which considers integration of the modalling methods into the Reserve

determination process.



CHAPTER 3

A PRELIMINARY INVESTIGATION OF REGIONAL
PATTERNS OF DISCHARGE-CONCENTRATION TRENDS

by
J. Boulle and H. Malian

3.1 Introduction

in Chapter three of the literature review that accompanies this project (Malan and Day
2002) as well as in section 1.6.1 of this report, a synopsis is presented of the most
common discharge-concentration (Q-C) trends reported in the literature. Despite
substantial variation between sampling siies, and depending on the waler quality
constituent under consideration, these trends often exhibit commaon traits. In the previous
chapter, the Q-C trends at sites on four different river systems were examined. Foliowing
from this work, a prefiminary investigation was carried out to ascertain if different areas
of the country exhibited different and characteristic Q-C trends. An additional aim was to
compare the resuits obtained with the trends identified from the literature review. To
avoid complications due to excessive anthropogenic effects, refatively unimpacied
catchments were examined.

The aims of this part of the project are thus to:

o Asceriain how the concenirations of a number of chemical constituents vary with
discharge at diiferent sites'in South Africa.

¢ Determine whether these responses are predictabie and consistent within the same
primary drainage region, ecoregion, or river type.

o Asceriain if these results are consistent wiih those identified from the literature.



Chapter 3 Bagional patiams T . O

3.2 Method used to assoss regional @-C trends

In order to examine regional patterns of change in water quality with discharge, within
gach drainage basin, sites were first identified that exhibited natural flow patterns. At
each of these sites, an appropriate iime segment was selected from the available data to
reflect the least impacted water quality conditions. These water quality and discharge
data for that time-periocd were then used to plot regional Q-C patterns. Only sites on
perennial streams were examined. The water quality variabies investigated were
electrical conductivity (EC), pH and total alkalinity (TAL) since these are imporant
system variables and define the type of water quality. Nutrients, namely combined NO;
and NQ', as well as dissolved PO,* were also examined. In addition, silicate {(SiOs) was
studied as this element represents an example of a naturally occurring geolithic ion and
is thus likely to be present in stream water due to weathering of rocks rather than as a
result of pollution.

A detailed description of the method is given below.

1. Joubert and Hurly (1994) identified a humber of DWAF gauging sites {352 in fotal)
within South Africa that exhibited relatively natural discharge patterns, were situated
upstream of all major impoundments or abstractions, had a minimum record span of
20 years, and comprised reliable data. These sites were used for further
investigation in this project.

2. The chosen sites were screened to exclude those that were heavily poliuted. Water
quality data were downioaded from Water Quality on Disc, which contains regional
water quality monitoring data collected by Department of Water Affairs and Forestry
(DWAF) personnel. The criteria of Day, Dallas and Wackemage! (1998) were used to
screen the data. Thus for each site, the percentage of samples for which electrical
condugciivity (EC) =500 mS/m, combined nitrate and nitrite (NOy” and NO;7) =0.5mgf,
and soluble phosphate (PO4*) levels >0.1mg/l was calculated. The percentages
obtained for each of the three water quality variables were averaged to provide an
indication of the overall level of impact at each site. These averages were used to
rank sites according to their water quality and data for the three least impacted sites
from each primary drainage region were examined further.

3. In order to select a time period for data analysis, time-series were plotied for EC,
combined nitrate and nitrite, and soluble phosphate, at each of the three sites within
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each drainage basin. The time segment that was selected excluded periods when
the sysiem appsared fo be impacted, and extended over at least 5 years. The
minimum sample size was n = 25 for each variable {although for the majority of sites
sample size was considerably larger ~ see Table 3.2). At sites where these criteria
wera not met, the next site on the ranked list was used. Thus ai each site, an
appropriate time segment was selected and used for all further investigation of
trends.

4, For each of the selected sites and time periods, water quality data {where available)
were examined for electrical conductivity (EC), pH, soluble phosphate (PO,™),
combined nitrate and nitrite (NOy+NQ,), silicate (SiO;) and total alkalinity (TAL).
Average moenthly discharge data for the appropriate gauging station and time period
were obtained from DWAF,

8. In order to examine trends in water quality with discharge, the basic method as
described for Q-C modelling (Figure 2.1) was followed. In brief, the discharge for
each month of each year for the entire time period was used to calculate the average
monthly discharge (i.e.12 discharge values). The corresponding median water quality
values for each month, and for each variable, were also calcuiated.

6. These values were then used to plot water quality against discharge for each of the
water quality variables and to examine trends at each of the selected sites within
each drainage basin. Trendlines were fitied to these relationships, depending on the
value of the correlation coefficient r° as described in section 2.2.

7. Al sites where the comrelation between water quality and discharge was poor,
summer and winter data were examined separately to see if there was any
improvement in the correlation. Summer was taken to be from October to March, and
winter from April to September.

3.2 Resulfs

3.3.1 Screening of sifes for least impacted discharge and water quality

The complete list of gauging/water quality monitoring sites examined is given in
Appendix C. The list was obtained from Joubert and Hurley (1994) and represents sites
that were reasonably close o natural with respect to discharge. Alse shown in the
appendix, is the percentage of observations for the entire time-series that exceeded the
specified water quality criteria of EC = 500 mS/m, combined nitrate and nitrite (NO; and
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NO,) = 0.8mg/l, and soluble phosphate (FO.Y) levels = 0. 1mgi. In the final column of
the table, the sample size at each site, for each of ihe three water quality constituents is
givent. The sample size for all water quality variables is nof the same despite the fact that
the same iime period was used, bacause on sampling, not all variables were measursd
on every occasion. The above information is included as an appendix in the report
because it represenis a useful record of data seis that exhibit natural hydrological
patterns in combination with water quality impacts ranging from slight to impacted.

The list of gauging/water quality monitoring sites that were used in the study after
screening for impacted flow regime and water guality is given in Table 3.1, together with
the name of the river on which the site is situated, and the Level 1 ecoregion in which it
occurs {Kleynhans and Hill, 1999). Note that no sites in drainage regions D, F, or M
could be considered to exhibit natural discharge patterns and so these regions are not
considered further. Table 3.2 shows for each of the least-impacied sites, the median
value of each of the water quality variables that were examined for Q-C trends with the
standard deviation given in parenthesis. The time period of records that was used to
cailculate the median values is also recorded, as well as the sample size, which is given
as a range since n is not the same for each variable. It can be seen from Table 3.2 that
in the case of drainage regions N and P, only one station in the region exhibited un-
impacted discharge paiterns. It can also be seen fromn the table which sites were un-
impacted with regard to water quality {(e.g. E1H006) compared io those that were
relatively salinised (e.g. P4H001). None of the sites chosen appeared to be particularly
polluted by excessive nutrient levels.

3.3.2 Assessment of the Q-C trends

Initially, the use of daily flow data to represent the average discharge for a given date
was investigated. This meant that water quality values recorded or a specific day were
plotted against the average discharge measured for that same day rather than using
monthly median water quality plotted against monthly mean discharge. This method
proved to be far too time-consuming however, considering the amount of available data
and the number of sites for which trends were examined (66 sites). In addition, as
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e Tabie 371 The gauging/water quality monitoring sites selected forinvestigation of Q-C trendsand the =~ 7

corresponding primary drainage region and scoregion. (CF = Cape Folded Mountains).

"Drainage | Gauging | Place name Ecoregion
region station
A ABH(18 Rasloop River, Sussensvale, Moddemoori Centraf Highlands
AGHO1S | Hessie se Water, Rietspruit Central Highlands
ABHO021 | De Wet Spruit, Groenvaley Caniral Highlfands
B B4HO05 | Waterval River, Modderspruit Central Highlands
B6HUQ3 | Treur River, Willemsoord Lebombo Upiands
B7HO04 | Kiaserie River, Flgur de Lys Lebombo Uplands
C C1HO07 | Vaal River, Goedgeluk, Bloukop Highveld
C2H026 | Middelvlei Spruit, Middelvlei Highveld
C2H028 | RieHontein Spruit, Rietfantein Highveid
E E1HD06 [ Jan Dissels River, Clanwilliam Commonage Cape Fold Mouniains
E2H0O02 | Daring River, Elands Drift, Aspoort Cape Fold Mountains
E2HO03 | Doring River, Melkboom Western Coastal Belt
G G1HO12 | Watervals River, Walervalsberge, Lower Waltervals | Cape Fold Mountains
GT1HO16 | Kasteelkioof Spruit, Zachariashoek, Kasteelkloof Cape Foid Mountains
Lower
G4H008 | Kiein-Jakkals River, Lebanon Forest Res. Cape Fold Mountains
H H2HO05 | Rooi-Elskloof River, Roode Els Berg Cape Fold Mountains
H3H004 | Keisie River, Harmonie Cape Fold Mountains
HEHO10 | Waterkloof River, Waggensbooms Kioof Cape Fold Mountains
J J1HO15 Bok River, Lot B . Cape Fold Mountains
J3HO13 Perdepoort River, Groenefantein, De Hoek Cape Fold Mountains
J3H018 | Wynands River, Koetzers Kraal Cape Fold Mountains
K K3HOO1 Kaaimans River, Upper Barbierskraal Sauthern Coastal Belt /[CFM
K4H003 | Diep River, Woodvilla Forest Res. Southern Coastal Belt! CFM
K5HO0Z | Knysna River, Milwood Forest Res, Lower Southern Coastal Belt/CFM
Sireepbos
L L7HDO6 | Groot River, Grootrivierspoort Cape Fold Mountains
LBHO01 | Wabooms River, Diepkloof Cape Fold Mountains
L8HO02 Haarlem Spruit, Welgelegen Cape Fold Mountains
N N2HC09 | Volkers River Eastern Uplands
P P4HO01 Kowie River, Bathurst, Wolfscrag Southern Coastal Belt
a Q8HO02 | Koonap River, Adelaide Easlern Uplands
Q8HO14 | Koonap River, Frisch Gewaagd, Groenkop £astern Uplands
Q9H016 | Koonap River, Schurftekop Eastern Uptands
R R1HO14 | Tyurne River, Kwa Khayaletu, Yantolas Loc. Eastern Uplands
RZ2H0O01 | Buifalo River, Pirie Main Forest Res. Eastern Uplands
RZHO08 | Quencwe River, Braunschweig, Edendale Eastern Uplands
[ S3H002 | Kiaas Smits River, Doornhoek, Wilgebosch Eastern Uplands
S56H001 | Kubusi River, Stutterheim Eastern Uplands
S6H003 | Toise River, Forkroad Eastern Uplands
T T2H002 | Mtata River, Norwood, Umtata Eastern Uplands
T3HOD4 | Mzintlava River, Slang Fontein, Kokstad Eastern Uplands
T3HOQ9 | Mooi River, Maclear Eastern Uplands
U] U2HO12 | Mgeni River, Petrus Stroom Eastem Uplands
U4HOUZ | Mvoli River, Mistley B Eastern Upiands
UBHDO02 | Mlazi River, Nooitgedacht, Bainesfield Eastern Coaslal Belt
vV V2HO07 | Hlatikulu River, Broadmoor Eastern Uplands
V1HO041 | Mlambonja River, Kleinerivier Eastern Uplands
V7HO17 | Boesmans River, Drakensberg Loc. 1 Great Escarpment
w W5H004 | Ngwempisi River, Bushmans Spruit Highveld
WS5HO006 | Swartwater River, Zwartwater Highveld
W5H008 | Bonnie Brook, Broadholms Highveld
X X2HMO | Norith Kaap River, Bellevue Lebombo Uplands
X2HG14 | Houtbosloop, Sudwalaaskraal Lebombo Uplands
X3H006 | Sabie River, Perry's Farm [.ebombo Uplands




Table 3.2 List of the gauging sites used to examine Q-C trends. Also shown is the lime-period, as well as the sample size used o
derive median values of the water quality variables. The median value and standard deviation (given in parenthesis) for each

variable during the chosen time-period is recorded. Note that sample size is given as a range since n is nof the same for each variable.
EC = electrical conductivity; NO = NO; + NO;; P = P0,>, TAL = total alkalinity, Si = silicate.

Gauging Time period . Median EC | Median TAL | Median Si . Median NG Median P

station used Sample size mSm™ mgl/l ma/l Median pH mg/l mgil
ABHO18 77112105 — 9B/01/21 123 - 150 3.4 (3.3 13.1 (2.5) 491(0.3) B.5 {0.5) 0.04 (0.04) 0.607 (0.07)
ABHO19 77112/08 — 98/01/21 111 - 154 3.8(1.2) 15.3 (4.9) 6.3 (0.6) B.6 {0.6) 0.02 (0.02) 0.01 {(0.01)
AGHO21 TTH2/26 - 82101127 26-48 3.5 (0.99) 9.9 (5.0) 5.5 (0.6) 55(0.8) 0.02 (0.03) 0.007 (0.004)
B7H004 7710506 — 86/01/27 | 122 - 202 7.0 (1.3 22.8(6.8) 10.5 (1.5) 6.8 (0.5) 0.015 (0.02) | 0.013 (0.02)
B4H005 78/10M112 - 86/12/01 117 -216 14.0 (4.4) 61.7 (12.4) 11.5 (1.4) 7.2 (0.39) 0.075 (0.17) 0.009 (0.0)
BGHO03 76110/05 — 88112126 130 - 328 B.2 (2.3) 23.4{13.13) 3.3(1.1) 6.8 (0.65) 0.04 {0.09) 0.006 (0.01)
C2H026 79/05/02 — 97712103 |~ 211 - 289 6.0 (10.2) 186 (22.7) 3.9(1.0) 7.0(0.8) 0.04 {0.12) 0.07 (0.03)
C2HO028 79/05/03 — 95/03/21 368 - 434 7.3(2.1) 17.5 (5.0) 3.3(1.2) 6.6 (0.6) 0.04 (0.16) 0.014 (0.015)
C1HOO7 76/10/04 ~ 98/02/24 | 846 - 1028 24.7 (12.0) 77.4 (42.6) 5.4 (1.8) 7.8(0.5) 0.09 (0.92) 0.022 (0.03)
E1HO06 76/01/04 — 83/06/30 77 - 216 35(1.4) 5.1 (4.6) 2.7 (0.79) 5.5(0.66) | 0.02{0.07) 0.007 (0.01)
E2H002 73/03/02 - 91/11/20 60 - 115 79(7.7) 9.3 (10.1) 1.8 {0.59) 6.5(0.88) | 0.027 (0.08) | 0.008 (0.01)
E2H003 72105/13 — 91/12/23 90 - 304 28.3 (35.6) 20.0 (32.2) 2.0(1.4) 7.0(0.78) | 0.03 (0.27) 0.01 (0.02)
G1HO016 7511127 — 86711705 20 - 39 4.0(2.6) 6.5 {4.2) 2.6 (1.9) 3.6 (0.8) 0.021 (0.01) | 0.004 (0.002)
G1HD12 77110118 —97/04/24 | 247 - 383 7.3(3.2) 5.4 (4.4) 2.3 (0.6) 51(1.1) | 0.022(0.04) | 0.000(0.16)
G4H008 82/11/02 — B7/05/05 45 - 53 9.3 (2.1) 5.1 (4.1) 1.0(0.6) 4.0(0.7) 0.02 (0.03) 0.02 (0.01)
H2H005 73711729 — 86/12/31 67 - 160 21(1.4) 58 (5.1} 2.4 (0.6} 5.0 (0.7) 0.026 (0.08) | 0.012 (0.01)
H3H004 65/10/20 — 91/11/05 34 - 82 18.4 (13.1) 28.1 (20.3) 54 (1.1) 6.8 (0.6) 0.067(0.13) 0.012 (0.02)
HEHO10 73/04/13 — 82/12/01 102 - 174 8.1(2,29) 5.9 {9.2) 3.5(0.7) 5.1(0.9) 0.02 (0.05) 0.007 (0.0')
JIHDT5 75/02/12 — 82712102 80-137 16 (1.6) 48{5.8) 16 (0.6) 52 (0.7) 0.028 (0.03) | 0.005 (0.007)
J3HD13 70/07/08 - 90/12/06 | 154 - 204 5.4 (3.9) 15.5 (10.5) 2.8(0.8) 6.5 (0.7) 0.027 (0.08) | 0.011 (0.02)
J3H018 69/04/11 - 9710312 |  169-217 26.2 (10.0) 76.9 (30.1) 3.5 (1.1) 7.6 (0.5) 0.05 (0.2) 0.04 {0.02)
K3H001 71/06/28 — 86/12/29 91 - 258 16.2 (12.0) 5.3 (13.9) 2.5 (0.8) 47(0.7) 0.023 (0.05) | 0.02 (0.03)
K4H003 71/08/10 - 97/01113 | 227 - 254 22.8 (5.8) 7.1 (5.8) 2.8 (1.0) 5.7 (0.9) 0.054 {0.1) 0.011 (0.08)
K5H002 71/06/29 - 97/02M10 | 234 - 395 13.5 (6.6) 5.1 (11.0) 2.4 (0.6) 5.0 (1.0 0.04 (0.08) 0.02 {0.03)

98




Table 3.2 List of the gauging sites used to examine Q-C frends continued.

Gauging Time period Sample size | Median EC |Median TAL | Median Si Median pH | Median NO Median P
station used mSm™ mgll mg/! mgll mgil

L8HODT | 72/08/07 — 8212107 101- 2189 5.7 (1.3) 46(0.1) 1.8{0.4) 49(0.9) |0.045(0.05) |0.017(0.07)
L8H002 | 72/08/07 — 8211207 86 - 202 7.1(2.3) 5.8 (7.1} 1.9 (0.5) 55(0.8) |0.026(0.04) | 0.009(0.01)
L7HOO6 G68/04/03 — 97/03/08 528 - 634 97.8 (159} 79.0 {35.9) 1.1{1.3) 7.8 (0.5) 0.028 (0.63) 0.014 (1.13)
N2HO09 78H0/05 — 9710417 694 - 771 108 (47.1) 227.3 (89.1} 8.1 {2.0) 8.2 (0.52) 0.461 (1.22) (.089 {(0.57)
P4HOO1 71/11/06 ~ 97/04/29 202 - 339 236 (130) 180.4 (53.0} 1.01 (2.5} 8.0(0.48) | 0.04 (1.5) 0.02 (0.27)
QOHO14 | 71/11/09 ~ 79/06/01 78 -122 34 (17.2) 139.4 (66.5) 11.5(2.6) 74(0.4) |0.098(0.6) 0.01 (0.05)
QoH002 71/08/28 ~ 97/104/28 261 - 316 61.7 (34.2) 183.2 (98.1) 89N 7.9 (0.5) 0.071 (0.75) 0.02 {0.14}
QOHO16 | 71/11/09 ~ 93/03/02 215 - 343 474(17.9) | 179.6 (76.0) 9.9(27) 7.7(0.6) {0.062(0.59) | 0.018(0.14)
R1HO14 71/11/08 — 83/02/15 101 - 277 7.0 (3.8) 239 {16.1) 7.7 (1.4) 6.7 (0.5) 0.059 (0.76) 0.013 (0.02)
R2HO01 71/09/21 — 97/04/30 117 - 187 8.9 (3.5) 19.3 (10.7) 7.1 (1.5) 7.2 (0.6) 0.091 {0.14) 0.014 (0.02}
R2H008 | 72/01/26 — 97/04/30 241-295 416 {(17.0) 83.7 (42.6) 9.4 (1.8) 7.6(0.5) |0.161(0.31) |0.017 (0.28)
S6H001 7210416 - 89112105 173-318 9.9 (2.8) 23.2 (8.4) 6.5(2.2) 6.8 (0.6} 0.161 (0.15) 0.016 (0.04)
SBH003 72101127 - 97/04/16 285 - 430 26.8(11.1) 73.2 (38.3) 7.5{2.4) 7.5(0.8) 0.09 (2.0) 0.022 (0.4)
83H002 74106129 — 97104117 154 - 249 62.9 (17.9) 253 (76.2) 7.9 (2.6) 8.0(0.4) 0.099 {0.33) 0.022 {(0.06)

T3HO0 | 71/09/18 — 97/02/25 428-574 7.1 (2.2) 28.4 (10.7) 6.5 (1.1) 75(06) | 0.039(0.07) | 0.013{0.02)
T3HO04 710917 — 8512131 123 -232 13.7 (3.2) 54,4 (131.6) 7.9(1.3) 7.0(0.5) 0.032 {0.09) 0.012 {0.08)
TSHOO03 76111724 — 8112109 114 - 306 54 (1.7 21.5(8.2) 47 {1.0) 6.8 (0.5) 0.031 (0.12) 0.008 (0.02}
LisHD02 80/03M18 - 901 2/19 143 - 253 7.8 (2.0) 24.8 (6.1) 7.5(1.0) 8.6 (b.54) 0.14 (0.16) 0.007 {0.013)
U4HDD2 | 77/06/15 — 92/05/28 208 - 384 104 (3.8) 30.4 {(13.7) 6.2 (1.2) 7.0 (0.64) | 0.03 (0.14) 0.01 {0.03)
U2HD13 | 77/07/18 - 95/08/29 374 - 760 6.4 (2.0) 23.8 (10.0) 5.3 (0.8) 7.2(0.668) | 0.16{0.3) 0.006 (0.03)
V7HOT7 | 77/07/18 - 97104723 215 - 407 7.4 (2.1) 32.7 (9.2 8.7 (1.0 7.4 (0.5) | 0.025(0.06) | 0.013 (0.02)
V1HO041 77104106 — 97/04/21 253 - 412 7.2 (2.0) 30.0(7.9 8.3(1.0) 7.1 (0.6) 0.033 (0.08) 0.011 {0.02)
V2HOO7 | 76/08/21 — 97104130 215-363 43(1.8) 19.3 (8.2) 45(1.0) 8.9(0.7) |0.031(0.05) |0.011(0.09)
W5H008 | 70/02/20 — 8411701 87 - 244 5.0 (1.9) 20.1 (10.8) 7.1 (1.2) 6.7(0.6) | 0.02(0.09) 0.011 (D.07)
W5HO06 | 77/08/16 — 96/08/16 135 - 240 5.5 (2.4) 20(9.3) 5.3(0.9) 6.9 (0.7) 0.076 (0.1) 0.0112 (0.02)
WERH004 | 77/04/20 — 88/05/24 101 - 258 10.1(2.6) 38.5 (17.5) 8.2 (1.4) 6.9 (0.4) 0.04 (0.13) 0.01 (0.01)
X2H014 "~ | 66/08/02 — 87/12/29 223-423 127 38.7 (15.0) B.8 (1.5) 7.0(0.5) | 0.03(0.03) 0.007 (0.01)
X2H010 T2/03/27 - 8712/30 107 - 227 9.2 (1.5) 38207 13.5 (2.0) 7.0 (0.5) 0.02 (0.04) 0.01 (0.02)
X3HO06 69/11/26 — 87/07/29 151 - 345 9.8(2.2) 376 (12.9) 6.0 (0.8) 7.0 {0.5) 0.14 (0.1) 0.01 {(0.01)

. lg
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discussed in section 2.5, the Q-C {rands tended to be obscured by the variability in
response. It was decided thersfore to use monthly data as specified in the Q-C method
for further analysis.

Problems were encountered in assessing the trends in Q-C reiationships. In general,
there was a large range in r* values, making it difficult to decide what should be
accepted as 2 "good” or a *bad” correlation. Three categories were arbitrarily assigned
as follows:

o P>»05=a good correlation between discharge and concantration;

» 0.2 < r’<0.5 = an average correlation and

e r*< (0.2 = a poor correlation.

It is recognised that these criteria are not particularly stringent, and much stricter criteria
were used for Q-C modelling used in Reserve assessments. in addition, at different sites
even within the same drainage region, the various chemical constituents exhibited
disparate trends, which made the classification of “typical” responses with regard to
drainage region or ecoregion very difficult. On examination of the Q-C trends at each
site, a number of classes of response emerged (see Figures 3.1 to 3.4). These could be
broadly divided into four categories on the basis of the way in which the selected water
quality variables responded to changes in discharge. The four caiegories are as follows:

* Category 1: All four non-nutrient variables (pH, EC, TAL and SiO;) at a site
decrease either logarithmically or linearly with an increase in discharge. No
consistent correlation between water gquality and discharge is evident for NO,+NO7
or for PO,*.

+ Categorv 2: EC, TAL and SiO;” decrease logarithmically or linearly with discharge ai
alt sites. Mo consistent irend is evident for the relationship between pH and
discharge. No consistent correlation between water quality and discharge is evident
for NO3+NQy, or for PO,

» Category 3: pH, EC and TAL decrease logarithmically or linearly with discharge. A
correfation between SiO; and discharge is evident, but the exact relationship is
inconsistent. Silicate either increases, decreases, or remains constant with
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increasing discharge. No comelation betwesen water quality and discharge is evident
for NO.+NQy, or for PO,™.

a Category 4: This category containad sites where the corrglation between all or most
of the water quality variables and discharge is very low. There is either considerable
scatter of data paints, or else the data points are in a horizontal line, indicating that
concentration is independent of discharge.

Figures 3.1 to 3.4 provide representative examples of the types of responses that were
found at different sites. Each figure represents one of the four categories of site Q-C
relationships that were observed. Figure 3.1 shows the Q-C trends for B6HDQ3 (Treur
River). This site was classified as category 1, because all four non-nutrient constifuents
(EC, pH, TAL and SiQO;) exhibited strong negative correlations with discharge.
Correlations for the nutrients with discharge were weak, however. Figure 3.2 represents
a category 2 site (UBHQ02, Mlazi River). Electrical conductivity, TAL and SiOy are
negatively cormrelated with discharge. In contrast to category 1 however, there was no
correlation between pH and discharge. In addition, nuirients showed considerable
scatter. An example of a site exhibiting category 3, Q-C relationships (83H002, Klaas
Smits River) is shown in Figure 3.3. Three out of four of the conservative variables
exhibited good (* > 0.5) negative, relationships with discharge. Silicate, on the other
hand was found to be inconsistent, as were combined nitrite and nitrate, as well as
phosphate. In the case of category 4 sites (as exemplified by K4H003 Diep River,
Southern Coastal belt) the relationship hetween concentration and discharge was weak
for all, or most of, the water quality variables examined.

It has been reported in the literature that sorme water quality variables, e.g. pH can vary
seasonally (Dallas ef al. 1998). When summer and winter data were examined
separately at those sites where the correlation between water quality and discharge was
poar, some improvement in the correlation was found for certain variables, in that the
value of the regression coefficient ? was increased. This improvement was not
consistent, however, and in some cases splitting data into winter and summer values
made the relationship between water quality and discharge even less clear. This avenue
of investigation was therefore not pursued further,
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Figure 3.1 The relationship between a number of water quality variables and discharge at
site B6HO03 (Treur River, Mpumafanga). These relationships are representative of those
described for "Category 1": The correlation of pH, EC, TAL and SiO; with discharge is
high, and these variables decrease either logarithmically or linearly with discharge. There
is only a poor correlation between NOy+NO5, PO, and discharge. SiO; TAL, NOy+NQ,,
and POy given as mg/itre, EC as mSm™, and discharge as milflion cubic metres/month

(mem).
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Figure 3.2 The relationship between a number of water qualily variables and discharge at
site U6H002 (Mlazi River, Kwazulu-Natal). These relationships are representative of those
described for “Category 2" No clear correlation is evident between pH and discharge, whilst
EC, TAL and Si all decrease either logarithmically or linearly with discharge. The correlation
of both NO3+NO3z and PO, with discharge, is also poor. SiOs, TAL, NO3+NO,, and PO
given as mg/itre, EC as mSnv’, and discharge as million cubic metres/month (mcm).
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Figure 3.3 The relationship befween a number of waler quality variables and discharge at
site S3HO02 (Klaas Smits River, Eastern Cape. These relationships are representative of
those described for “Category 3" pH, EC and TAL all decrease either logarithmically or
linearly with discharge. The correlation between Si and d.'scharge is mcons:stsnt aCross

sites within a catchment. The same is true for NOs+NO; and PO

Although PO® seems

fo be better correlated with discharge at this site, this trend was not found at any other sifes
within the catchment. SiQs, TAL, NOs+NQ,, and PO4* given as mg/lifrs, EC as mSm’™, and
discharge as million cubic melres/monifi.
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Figure 3.4 The relationship between a number of waler quality variables and discharge at
site K4H003 (Diep River, Southern Coastal Bell). These relationships are representalive of
those described for “Category 4": In this category, either the correlation of water quality with
discharge is very weak, or the nature of the correlation (i.e. log, linear efc) between water
quality and discharge is highly inconsisient across the stafions investigated within the
caichment. SiQ; , TAL, NO3+NO,, and PO, given as mg/litre, EC as mSmi, and discharge

as million cubic metres/month.
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3.3.3 Primary drainage regions and Q-C trends

An attempt was made to examine the Q-C trends for all selecied sites within a given
drainage region, in order to assess if these were consistent. These resulis are presented
in Table 3.3, which summarises the category of Q-C trends that are evident in each
primary drainage region. For each site, the trend category was determined. An overall
trend category was then assigned to the drainage region by taking the mode category
(i.e. the most common) from the three monitoring stations. The consistency of patterns of
individual water constituents (i.e. the number of monitoring stations within a drainage
region at which the described patterns was evident) was recorded for each drainage
region. Consistency was recorded as high when a trend was evident at all sites, average
when trends were svident at only two sites and poor if there is a lack of any particular
trend. In cases where the trend category was different for all three sites in the same
drainage region (i.e. catchments A and H) an overall category number was not assigned.
Table 3.3 also shows the strength of the correlation beiween the concentration of
chemical constituents and discharge at all the sites in the drainage region. A sirong
(good) correlation implies that the r* value were greater than 0.5 for most of the variables
within that region. An average correlation implies that most of the r? values were between
0.3 and 0.5 and a poor correlation that the ? values were generally less than 0.3.

In almost all catchments, EC and TAL consistently decreased either logarithmically or
linearly with an increase in discharge. Although not tested statistically, it appeared that in
catchments in which EC and TAL were low, the dilution effect with increased discharge
was not so marked. This is fo be expected as the influx of “fresh” surface water at higher
flows would not be so different from water fargely derived from baseflow and thus a
marked change in concentration would not be expected. in the case of pH and SiO;, the
correlation of these variables with discharge was not always as clear as in the case of
EC and TAL. These variables, either decreased, increased ar were independent of
discharge.



Table 3.3 A summary of the trends in water qualily that are evident within each primary drainage region, including the strength of the correlation between
water quality and discharge, as well as the consistency of these patterns for individual constituents between sites in the same catchment.

Drainage Site Correl- | Consistency Site Overall Trends within drainage region
Region ation within drainage Category Category
region

A ABHO18 | Average | Low 3 ? Although a correlation between some water quality varaibles and discharge
Qgﬂg;? ;l was evident, the trends observed were inconsistent between the sites.

=] B4H005 | Good High 2 1 Log decrease in pH, EC, TAL and Si with discharge. Mo trends evident for
BGHOD3 1 nutrients.
B7HO04 1

Cc C1HOO07 | Poor Low 3 4 Unclear and inconsistent correlations between water quality variables and
C2H026 4 discharge.
C2H028 4 )

E E1HO06 | Average | Average 1 1 Trends not very consistent.
E2H002 1
E2H003 1

G G1HO12 | Average | Average 4 4 Unclear and inconsistent correlations belween water quality variables and
G1HO16 4 discharge.
(54H008 4

H H2HO005 | Poor Average 1 7 pH, EC and TAL all decrease with discharge. The relationship between Si
H3HO04 4 and discharge is inconsistent, Station H3H004 is incansistent with this
HBHO O 2 category.

J JTHO15 | Average | Low 4 4 One site (J3HO13) shows clear decrease in pH, EC, TAL and Siwith
J3HO13 | -poor 1 discharge, For remaining sites, no patterns are evident.
J3H018 4 : _ -

K K3HO01 | Poor High 4 4 Poor correlation of water quality with discharge. No {rends evident,
K4H003 4
K5H002 4

L L7HO06 | Poor High 4 4 No consistent correlation for any water quality variables.
LaHo01 4
LBHO02 2

N N2H009 | Average | Only one site 4 - Only one site, therefore difficult to establish trends.

P P4H0Q1 { Poor Only one site 4 - Only one site within the drainage region. No clear correlation of water quality

variables with discharge.

Q QOHR02 | Good Average 3 3 Log decrease in pH, EC and TAL with discharge. Trends for St and nutrients
Q9HM14 4 are unclear. One site (QA9HD14) is inconsistent with trends observed at other
QIHD16 3 wa sites.

* A strong (good) comrelation implies that r* values are greater than 0.5 for most of the variables within that drainage region. Average comrelation implies that
most * values are between 0.3 and 0.5, and a poor correiation implies that R? values are generally less than 0.3.
** Refers to the number of skations within a drainage region at which the described patterns are evident. Consistency is high when a trend (or the lack of any

particular trend) is evident at all sites, average when trends are evident at 2 sites and poor when only one site displays the described trends.

&6



Table 3.3 A summary of the frends in water quality that are evident within each primary drainage regfon continued.

Drainage Site Correl- Consistency Site Overall Trends within drainage region
Region ation within dralnage Category | Category
region

R R1HO14 | Average | Average 3 3 Log or linear decrease in pH, EC, and TAL with discharge. Trends for
R2H0D01 1 nutrients and Si are less clear,
R2HOGS 3

8 S3H002 | Good High 3 3 Log decrease in pH, EC and TAL with discharge. Si and nutrienis are unclear
564001 1
S6HO03 3

T T3HO04 | Average | Average 3 3 pH, EC and TAL both decrease with discharge. The relationship belween Si
T3K008 1 and discharge is inconsistent. There is no correlation betwean NO,+NG; or
T5H003 3 PO, and discharge,

] U2H013 | Good Average 2 2 Lagarithmic decrease in EC, TAL and Si with discharge. Trends for pH and
U4HD02 4 nutrients are unclear.
uUeH0O02 2

v ViHO41 | Good High 2 2 EC, TAL and Si decrease (either Iogarithmically or linearly) with dischaige.
\V2HDO7 2 Trends for pH and nutrients are unclear.
VIHO17 2

w W5H004 | Average | Low 2 2 Trend for pH is unclear. Log decrease in EC, TAL and Si with discharge.
W5H006 2 Nutrient trends are unclear.
WS5H008 2

X X2H0T0 | Good High 1 1 Mostly log decrease in pH, EC, TAL and Si with discharge. No trends evident
X2HM4 1 for nutrients.
X3Hoo6 1

* A strong (good) correlation implies that r* values are greater than 0.5 for most of the variables within that drainage region. Average correlation implies that
mast i values are between 0.3 and 0.5, and a poor comrelation implies that R? values are generally less than 0.3.
** Refers to the number of gauging stations within a drainage region at which the described patterns are evident. Consistency is high when a trend (or the

lack of any particular trend) is evident at all sites, average when trends are evident at 2 sites and poor when enly ane site displays the described trends,
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Figure 3.5 Map showirig the primary drainage regions of South Africa (as delineated by DWAF), and the overall Q-C trend category
exhibited by each region. (Adapted from Day et al. 1998). Some regions are indicated with a question mark either because there were
insufficient natural discharge data (D, F, M), too few unpolluted stations (N, P) or the consistency of trend amangst stations was low (A,.
H) for the overalf trend category to be detemmined.
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As expected, the non-conservative constituents, NO;+NO; and PO,” did not usuaily
show a very strong correlation with discharge in any of the catchmenis compared to the
conservative variables mentioned above. Both of thess constiiuents, either, increased
slightly with discharge, decreased slightly or showed no relationship within the same
drainage region. Only two of the sites (R2H008 and S8H001) were slightly impacted with
regard 1o nuirients (relatively high combined nitrate and nitrite level). Because of this &
comparison of nutrient Q-C trands for non-impacted with polluted sites could not be
carried out.

The consistency of patierns within each primary drainage region was generally above
average. In other words, the described trends were evident at two or more of the
gauging stations sampled within that catchment. Only two catchments, namely
catchments A and H, showed a low level of consistency. Thus, at the level of primary
drainage region, within the limitations of the small data set, rivers appeared to dispiay
fairly consistent paiterns with regard to the response of water quality to changing
discharge. An examination of Figure 3.5 shows that to some extent, drainage regions
that showed the same Q-C {rend category tended to be located in the same area of the
country. For example, B and X were both classified as Category 1, and represent
adjacent catchments. Similarly, UV, W (Category 2) and Q,R,S,T (Category 3) and G, J,
K, L, (Category 4) are situated close to each other. From the abave it may be postulated
that if more sites from these regions were investigated, primary drainage region A may
well exhibit Category 1 Q-C trends, and region H Category 4 trends.

3.3.4 Ecoregions and Q-C trends

in order to investigate if there was any comrelation between ecoregion and the fype of Q-
C response, classification at individual monitoring sites was exiended to Level 1
ecoregions. Table 3.4 summarises the list of drainage regions, the type(s) of ecoraegion
found in each catchment, and the overall Q-C trend category. it can be seen from the
table that some catchments are comprised of more than one ecoregion. In addition,
some ecoregions exhibited more than one category of Q-C trend. As an aiternative
approach, the location of the individual moniioring sites was plotted on a map of the
gcoregions for South Airica. Plotting the location of individual sites did yield some
correlation between ecoregion and Q-C category (data not shown). In some ecoregions,
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such as the Southern Coastal Belt, responses are consistent both at the caichment level

and at an ecoregion level. This is to be expecied as adjgcent catchments are often in the

same ecoregion. in most cases however, the response of water guality to changas in

discharge varied within an ecoregion. In the Eastern Uplands for example, a number of

responses are svident. Thus it would appear that consistency exisis at a catchment

level, but that this consistency does not extend to entire ecoregions.

Table 3.4 A [ist of the catchments (primary drainage regions) used, the ecoregion within
which they are sifuated and the Q-C trend cafegory. ? indicates that a clear trend

category could nof be distinguished and — that too few sites were available for analysss.
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3.4 Discussion

The following conciusions can be drawn from this preliminary investigation of regional

patterns of discharge-concentration trends.

Mutrients (NO3+NOQ; and PO, showed largely unpredictable responses to changes

in discharge at any site. The other variables (pH, Si0;, EC and TAL) usually

decreased either logarithmically or linearly with discharge. Different catchments

showed slight variations on this theme (these variations are represented in the

different categories). In general, it was difficult to categorise frends from all the
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graphs produced, often because of the range of correlation values and the absance
of any particular pattern at a site.

Discharge-concentration trends seem fo be fairly consistent at the level of primary
drainage region. In caichments where the consisiency of rends was low, this
normally meant that the value of the correlation coefficient (/) was also low, in other
words no particular trend was evident. It must be kept in mind however, that only
three sites per drainage region were examined. Thus, although tentative predictions
could be made as to the likely Q-C patterns at a site, this requires confirmation by
examination of more sites.

e Q-C trends were not as consistent within an ecoregion as within primary drainage

regions. In some ecoregions, for example (e.g. the Southern Coastal Belt),
responses were the same at both a primary drainage and ecoregion scale, but most
ecoregions encompassed a variety of responses. Division of the country into Leve! 1
ecoregions is based on considerations of physiography, climate, geology and soils
as well as potential natural vegetation (Kleynhans and Hiil 1999). There was also
some correspondence between the water quality management regions as proposed
by Day et al. {1998) and the categories of Q-C patterns exhibited by the different
drainage regions (data not shown). This second system of delineation of South
African rivers is based on consideration of many inorganic chemical variables
including conductivity, pH, fluoride, silicate, ratios of inorganic ions. In section 1.6.1,
a brief discussion was given of the factors that influence geohydrological responses
in rivers (this is discussed in more detail in the literature review to this project; Malan
and Day 2002). i was explained thai amongst other factors, the climatic or
geological region in which a site is situated is very important in determining the Q-C
trend, in addition to catchment land-use. Thus it is to be expected that the
categories of Q-C trends that were described in this report should io a greater or
lesser extent correspond with ecoregions or water management regions as
described above. Time was too limited however to pursue these avenues of
research further and to examine exactly which factors show the most significant
correlation.

River type (i.e. mountain stream, foothill, lowiand river, etc.} was also not taken inio
account in this study. Because sites were chosen that were relatively unimpacted
with regard to discharge regime and were thus situated above impoundments, the
sites all tended to be either mountain streams or foothill rivers,
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The sites examined in this siudy were relatively unimpacied with regard to water
quality, and in particular were not polluted by nuirients. Results from the literature
survey of Q-C trends suggest that at non-impacted sites, inorganic nitrogen and
phosphates may decrease, or show litle change with increased discharge. In
caichments where there is extensive agriculiure or urban devslopment however,
nufrients may well increase with discharge, due to wash-off from the surrounding
land. These observations were not supported by the results from this survey, since
even in unimpacted catchments, nutrients showed a wide variety of responses, it
would be useful to exiend the investigation to nutrient-enriched sites however in
order to asceriain if an increase in concentration of phosphorus or nitrogen with
increasing discharge, at low flows, always occurred,

The separation of data into summer and winter values showed inconsistent results.
Some variables (e.g. electrical conductivity) generally showed a slight improvement
{i.e. increase) in correlation with discharge when the data set was spiit, whilst others
showed no change. i is possible that some clearer patterns would emerge if more
sites were examined, but based on the few sites that were examined, no conclusions
could be drawn.

One of the regionat trends that was noticeable during the water quality modelling
carried out for Reserve determinations was the marked increase in TDS (and usually
combined nitrates and nitrites) with discharge at some sites. This was found to ocour
in salinised catchments of the winter rainfall region (section 2,11.1). Such a Q-C
trend was not noted in this part of the project however (drainage regions H and G)
because salinised sites (high EC) were not considered.

In conclusion, some, but not all of the original aims of this part of the project have been

met. A review has been undertaken of the Q-C trends for sites throughout the country

and it has been found that, to a limited extent, these responses are predictable and

consistent within the same primary drainage region. More sites in each region need to be

investigated with regards to the Q-C trends exhibited by individual water quality

constituents, however. The reasons for this are firstly, to establish whether the four

categories chosen are suitable, and secondly, {o ascertain if the overall category

assigned to the primary drainage regions is appropriate. Thus, although interesting

results have already been obiained, the work carried out so far can only be considered

to be preliminary.



CHAPTER 4

DEVELOPMENT OF THE TIME-SERIES MODELLING
METHOD

4.1 Introduction

The work for this chapter arises from collaboration with Prof. C. Palmer, Centre for
Aquatic Toxicology, Institute for Water Research (CAT-IWR), Rhodes University, during
the Reserve determinations for the Olifanis (Mpumalanga) and Breede (Western Cape)
Rivers. Using discharge-concentration relationships derived from Q-C modelling,
hydrology time-series were converted to time-series of concentration, for selected sites
on both rivers. In the case of TDS, time-series of salinity were then further transformed
o those of perceived ecological stress using ecotoxicological data. The ecotoxicological
data were obtained from experiments conducted at CAT-IWR as part of the WRC-funded
project (Project number K5/1108) titled “The integration of water guality tools for the
ecological Reserve into a risk-based DSS". This chapter therefore presents the resuits of
a synergy between the two projects and is documented in the final report of each. The
results of Q-C modelling, as well as time-series modelling for the OREWRA project
(Olifants River) are documented as Appendix VIl (Malan 2001) in the assessment of
water quality for the study {Palmer and Rossouw 2001).

Chapter 7 of this repart gives an outline of an IFA {Instream Flow Assessment) and how
water quality is currently integraied into the process, as well as potential future
developments in linking water quality and quantity. It is explained that the IFR process
no longer ends with the specialist workshop and the production of a recommended
discharge regime in the form of a table showing months of the year and discharge for
maintenance and drought years. In order to comply with the needs of the DWAF yield
model (Water Resources Yield Model; WRYM), an IFR mode! has been developed. The
output from the {FR model is a time-series of discharge that, for each calendar month,
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specifies the percentage of time that the modified discharge regime is at or above
maintenance levels, befween maintenance and drought, and at drought levels. Using
WRYM and the output from the IFR model, different flow scenarios can be generated, A
Scenario workshop is then held in which the ecological specialists assess the
environmental impacts of the various flow scenarios suggested by the yield modeiler,
and rank them. Although the iypes of information that could be derived using Q-C
modelling were found to be suitable for the needs of the IFR workshop (Chapter 7), they
were not suitable for comparing different flow scenarios as presented at the scenario
workshop. Converting discharge time-series to concentration or stress time-series is an
attempt o assess and rank the various aiternative flow scenarios with regard to their
water quality consequences.

In addition, there has been a mavement away from expressing the implications of altered
water quality in terms of hazard for the biota (how toxic a given coencentration of
chemical constituent is} to expressing it in terms of rsk (the likelihood of a given
concentration occurring). This is in line with developments in other countries. The
philosophy and reasoning behind this movement is discussed fully in Jooste, Mackay,
Scherman ef al. (2000). Thus, water guality modelling as carried out in Reserve
determinations for the Olifants and Breede Rivers entailed the following. Firstly, the
siress (hazard) that a predicted concentration of chemical constituent would be likely to
exert on the aguatic biota was determined using the results of ecotoxicological testing.
This was carried out for salinity only. Secondly, the risk to the biota was defined as the
combination of the concentration of salinity predicted, with the frequency and duration of
occurrence. This was determined by linking concentration {(and hence stress) to the
modified discharge time-series and deriving duration curves.

In summary then, concentration time-series were developed:

o So that the water quality consequences of different discharge scenarios generaied
using the WRYM mode! could be assessed and ranked.

s In order to make water quality assessments risk-based rather than hazard-based.



_____________________________________________ Chapter 4 Development of tine-Seres medefling == ===

4.2 Methods used

Discharge ilime-series were converied fo time-series of concentration {(concentration
profiies) using the computer package “TSOFT". This software was developed at IWR,
Rhodes University, by Prof. Hughes and is described in detail in Hughes, Forsyth and
Watkins (2000}, The steps taken {o obtain the concentration profiles are explained telow
and are summarised in Fig. 4.1. The process is camied out separately for each water
quality variable {but see section 4.2.1) at each IFR site.

1. Prepare a transformation maltrix for both the Reference condition and Present
ecolagical state for the given chemical constituent C.

in addition to a discharge time-series, TSOFT requires a transformation matrix as input.
The matrix must consist of exactly 20 discharge values and the corresponding
concentration values (or concentration values and corresponding stress levels, see
tater). In order that the profiles obtained be as accurate as possible, the matrix should
cover the entire discharge range.

i) The discharge time-series to be transformed is examined in TSOFT and the range
over which flows occur at that site is determined. The approximate 1:10 year flood flow is
also noted.

iiy The range of discharges for which the Q-C model has been set up is examined. The
Q-C model uses monthly mean discharge values and thus will not extend to the fuli
range shown by the time-series. The function linking discharge and concentration
derived by Q-C modelling can be used to calculate the corresponding concentration for
the middle portion of the matrix,

jiiy The refationship for the extremes of discharge (i.e. very iow flows — those less than
the lowest monthly mean value, and floods, or flows higher than the maximum monthly
mean flow) is then derived. The relationship linking discharge and concentration derived
using Q-C modelling can also be used to calculate the corresponding cancentration for
each discharge, although expert judgement is needed. A full Q-C graph, which utilises all
the Present ecological state water quality data points (rather than monthly medians) with
corresponding discharge can be examined to help in this regard. In particular the
discharge can be determined above which the conceniration of C remains constant (and
is usually the same as in the Reference condition). The matrix is set up to cover
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flows ranging spproximately from the lowest discharges that occur at the site
approximaigly the 1:10 year flood. An example of a {ransformation matrix for converting
discharge to TDS is given in Figure 4.2, for JFR site 13 (Tulani) on the Clifants River.
The monihly Q-C plot fram which the matrix was derived is aiso shown.

2. Use the transformation matrix to fransform ihe discharge time-series fo a time-series
of corresponding concentration of the chemical constituent C.

The output from TSOFT is a time-series plot of date or time (usuaily year) versus
conceniration. An example from site 13 on the Olifants River is shown in Figure 4.3. The
concentration time-series can then be manipulated using facilities built into the software.
Thus duration curves can be generated for different flow scenarios and using these, the
water quality consequences of different discharge regimes can be compared (Figure
4.4).

If data are available, the following additional steps can be taken.

3. Prepare a fransformation matrix to convert concentration to corresponding sfress
fevel.

In a similar manner to concentration time-series, stress time-series can be generated
using conceniration-stress relationships derived from ecotoxicological parameters. The
stress index was expressed on a scale of 1-10, where 1 represents very low siress (low
concentration) and 10 exireme stress. A matrix linking stress and concentration was set
up and used to canvert conceniration time-series to stress time-series. Different stress
matrices were drawn up for different rivers. This is discussed further in section 4.2.2.

4. Use the stress transformation matrix to transforrn the concentration time-series to a
time-series of corresponding stress levels.
This Is carried out using TSOFT, in an analogous manner to the preparation of

concentration time-series. Duration curves can also be derived.

5. The conceniration and stress profiles arising fram several different flow scenarios are
ranked according to their perceived impact on the aquatic biota.
This is discussed further in section 4.8.
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4.2.1 Poinis {o note
The following aspecis were deemed to be of impartance.

Because of the inherent inaccuracies in exirapalating to flows for which no observed
TDS values are available, the {ransformation matrix is set up to cover only up to the
1:10 vear flood flows. Floads equal o, or larger than this, are all set at the minimum
conceniration value. The fact that the concentration of most variables usually
decreases as discharge is increased (section 2.11.1.1) is considered to be
justification for this approximation. Thus, it is usually during perods of low flow,
rather than during floods that water quality problems are most likely to occur.
Exceptions do occur however (for example, TDS in salinised catchments of the
winter rainfall region, as well as nitrates and phosphates in some rivers). Predictions
using Q-C modelling are not recommended in such situations and only limited
modelling (e.g. for the Reference condition), can usually be carried out. This is
discussed further in section 4.5.

The Q-C plot for the Present ecological state is used to prepare the transformation
matrix and hence the conceniration profiles of difierent flow scenarios. If 2
cancentration profile that is representative of the natural state is required however,
the Q-C relationship derived from Reference condition water quality and discharge
data is used to set up the transformation matrix.

As in the case of Q-C modelling, the predicted concentration time-series is based on
the assumption that the current poliution load will remain the same.

Concentration time-series were prepared for selected IFR sites on the Olifants and
Breede Rivers, The sites were chosen prior to the scenario workshop and
represented key IFR sites, including those where insufficient water was available to
meet the demands of the Reserve as well as the existing water users (in other
words, where the demand for water was likely to be greater than the supply).

TDS time-series were produced for all the key sites mentioned above. The reasons
for focusing on this chemical constituent were as follows. Firstly, TDS was
considered by the project team to be one of the most important water quality
consfituents in the Olifants system and to be important in determining the overall
present water quality status of a water resource. This is supported by the fact that
TDS is ciassed as a system variable in South African Water Quality Guidelines
(DWAF 1996). Secondly, the CAT-IWR team had already carried out preliminary
salinity toxicity testing in other catchments and an experimental protaco! for this
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variable had been developed. Other water quality variables can also be modelied in
the sarme manner and can provide useful information. For exampie, fluoride profiles
were prepared for the IFR site 15 on the Olifants River (section 4.4.1.2), and
combined nitrates and nitrites for a site on the Molenaars River saction (section 4.5},
Taking into account the limitations and approximations in the modeiling methods
(sections 2.5 and 4.3), any water quality variable that is suitable for Q-C modelling
and gives good simulations can potantially be converted to concentration time-series.

¢ Time-series of environmental variables have besn used in other countries to
compare the impacts of different discharge regimes. For instance, Waddle (1998)
reported the use of lime-series of suitable habitat area (expressed as Weighted
Usable Area) derived from PHABSIM (Physical Habitat Simulation System), a
methodology developed in USA to assist in the determination of the EFR for rivers
(Mithous 1998). The term “suitable habitat area” refers to the area within a river
reach that is suitable for a target fish species. Discharge time-series were converted
to habitat time-series using a habitat-flow relationship and habitat duration curves
from different discharge regimes were compared. By comparing the duration curves,
the different flow regimes could then be ranked according to the likely impact on the
habitat availability for the target fish species.

4.2.2 Use of ecotoxicological data

Using ecotoxicological testing, the toxicity of either Na,SO, or NaCl (whichever was the
most important chemical constituent, in terms of mass, of TDS in the systern under
consideration) was determined. The effect of different concentrations of either salt on the
percentage survival of mayfly nymphs exposed in an arificial stream situation was
examined. These results were used to predict the effect that a given level of TDS would
have on the aquatic biota in the river. From this information the stress that might be
exerted on the system at a given level of salinity was inferred. Toxicity testing was
undertaken by the CAT-IWR team at Rhodes University. The results from these
experiments are documented in Palmer and Rossouw (2001) and Paimer, Rossouw,
Malan ef af. (in prep.). Due to financial, time and logistical constraints, only the toxicity of
Na;80, was investigated in the case of the Olifants River and only NaCl in the Breede
River. These salls were found to be the major constituents of TDS in their respective



systems. This finding is consistent with the fact that the major source of salinity pollution
in the Qlifants River is from mining, whereas in the Breede River it is largely due to
agricultural retumn flows. Also due to financial, time and logistical reasons, the
concentration-response relationship was investigated for only one genus of aquatic
inveriebrate, namely mayfly nymphs, Tricorythus spp. Both acute (96 hour) and chronic
{10-day) experimenis were carried out in an artificial stream situation o which differing
concentrations of Naz;S80, or NaCl had been added. The criterion of toxicity used was
total immohility of the organism, rather than death. Ecoloxicological parameters such as
'L.C; {the concentration required to cause death of 1% of the test population) LCs, and
the chronic effects value (CEV)} etc. were calculated from the experimental resuits.
These were then used to relate concentration, to biotic response.

It is acknowledged that the stress experienced by an organism in a given reach is likely
to be the cumulative effect of salinity, and of effects caused by other factors such as
temperature, toxic substances, hydraulic habitat etc. In this work, the term “stress” refers
to that effect brought about by salinity {or another chemical constituent under
consideration) alone. So far no effort has been made to integrate the different factors to
obtain an overall stress value. This is a major inadequacy in the method that requires
further investigation.

Ecotoxicological data were used in two different ways in the Olifants River Ecological

Water Requirement Assessment (OREWRA) and the Breede River Basin study.

s The results from salinity {esting were used to delineate the TDS assessment
categories. This was necessary hecause the original method of percentage deviation
from reference condition as specified in the RDM manual (DWAF 1999) did not
correspond to the caiegories defined using SASS scores (Palmer and Rossouw
2001). In other words, the results from biomonitoring indicated that the resource was
in @ much better present state than would be indicated from a consideration of TDS
conceniration. This is fully discussed in the final report for the WRC project K5/1108
"The integration of water quality tools for the ecological Reserve into a risk-based
DSSs".

' The ecotoxicological parameters LC, and LC;; should more correctly be designated as EC, and
ECs, but to avoid confusion with electrical conductivity Palmer et al. {in prep.) use the former.



s The resulis from salinity testing formed the basis for the stress-conceniration matrix.
This was then used to transform concentration iime-series {o time-series of salinity-
induced siress.

4.3 Assumptions and limitations in the method

It was explained in Chapter 2 that due to the many factors that can influence Q-C
relationships, the predictions made using Q-C modelling are not parlicularly accurate.
Using these relationships o obtain time-series of concentrations therefore represents a
further approximation. Consequently, the specific results of this type of modelling (e.g.
the percentage time that 2 chemical consfituent will be within a given assessment
category) will therefore not be particularly accurate. Nonetheless, the method is useful
for comparing and ranking different flow scenarios with regard {o their water quality
consequences and (within limits), the resultant stress on the biota. Uncertainty in
modelling (both Q-C and time-series) may sometimes make it difficuit to distinguish
between different scenarios and it is important that further work be done to incorporate
confidence intervals info concentration time-series and duration curves.

it was also explained in Chapter 2 ihat the predictions of concentration are valid only if
the system is operated in the same manner as used {o derive the Q-C relationships. in
the yield modelling that was undertaken for the OREWRA project, no information was
available as to how the relative sources (from the main river, tributaries etc.) of water
wauld change between flow scenarios. Nor was attention given to the effect amelioration
of point sources of pollutants would have on the loading of constituents in the system.
Thus the actual effects on water quality could not be determined, and all predictions are
made on the premise that the source of water for all flow scenarios was the same.
Obviously, this is likely to be a simplistic assumption. Qualitative statements such as “the
discharge from tributary X, which carries good quality water should be maintained in
order to ensure that salinity at site Z downstream of the confluence is not compromised”
were included in the scenario report to encompass likely effects from changes in the
source of water. Although it is likely to increase the complexty of the scenario phase,
there is an urgent need {o include more sophisticated water guality madelling techniques
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in order to ensure that the water quality Reserve is attained. This aspect is considered in
more detail in Chapter 7.

In addition to those mentioned above, various other simplifications of the real situation
are made when applying this method and are discussed below. A more compiete
description of the assumptions made and the limitations in using ecotoxicological
parameters to infer water quality-induced stress for the aquatic biota is given in Palmer
et al. (in prep).

¢ Since the results from Q-C modelling are used {o prepare concentration profiles, any
limitations that apply to Q-C modelling are also likely to apply to time-series
madelling.

e Unless there are measured water quality data for very low and very high discharges,
extrapolation to these regions is likely to be inaccurate.

e |n converting time-series of discharge to time-series of salinity (and consequently
stress} it is assumed that TDS conceniration is dependent only on discharge. This
might not always be a valid assumption, In the case of Mamba for instance (IFR site
15, Olifants River) it was noted that extremely high TDS values were sometimes
experienced in February, when flow was relatively high. This was presumably due to
increased outpui from a point-source during that period. Other activities may also
lead to sporadic increases in other water quality variables that are independent of
discharge. Scouring of the Phalaborwa barrage for example, has been cited as the
cause of downstream peaks in sedimeni and total phosphate concentrations.

s In the case of the Breede River Basin study, daily discharge data were transformed
to daily values of conceniration using a Q-C relationship derived using monthly water
guality data. This process obviously involves inaccuracies.

The {oliowing assumptions and limitations in the method pertain to the extrapolation from
concentration time-series o time-series of the stress on aquatic biota. A more detailed
discussion of these factors is presented in Palmer ef a/, (in prep.).

e Because of limited fime and financial resources, ecotoxicological testing was carried
out using only Na;S0, (in the case of the Olifants River) and NaCl {in the case of the
Breede River) and these resuils were exirapolated to make predictions of the effect
of TDS. Total dissclved solids (TDS) is a combination of many chemical compounds
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and not just Na;SO, or NaCl, Bacause of axtensive mining, suiphate is the most
important contributor to TDS (salinity) in the Qlifants catchment. In a similar manner
NaCl is assumed to be the most appropriate surrogate for TDS in the Breede River.
Because of limited time and financial resources, ecotoxicological testing was carried
out using only one genus {thres species) of inveriebrates, and these resulis were
used to derive the implications of changed salinity conditions for the eniire
invertebrate assemblage. It is very likely that some species may well be more
sensitive io the surrogate TDS saits that were selected and similarly that others are
likely to be less sensitive.

o FEcotoxicological testing was carried out in artificial streams in which environmentai
parameters were controlied. It is difficult o exirapolate the levels of stress
experienced under artificial conditions to those in the field. In addition, In the case of
the Qlifants River, the experimenis were carried out using filtered Grahamstown tap
water to which Na;SO, had been added. Due to differences in chemical speciation of
Na,S0, in filtered tap water compared to river water, the toxicity of these chemical
compounds in the field may not be the same as in the laboratory.

e Lethal concentration parameters (i.e. LC,, LCs}, were used to infer chronic effects on
invertebrate populations.

* As noted above, the siress experienced by the aquatic biota is the cumulative effect
of salinity as well as possible effects caused by other chemical constituents and
physical variables (temperature, dissolved oxygen), hydraulic habitat, biotic effects
such as predation etc. ignoring the other stressors and considering just salinity is a
gross simplification, despite this we propose that this is a useful approach for
comparative purposes.

4.4 Application {o the Olifants River

TDS profiles were prepared using different discharge time-series in order to compare the
various flow scenarios with regard to the likely resultant water quality consequences. in
the case of the Reserve determination for the Olifants River, the discharge time-series
used were generated using the Water Resources Yield Model (WRYM). This was part of
a system analysis to assess whether the ecological Reserve and demands of existing
users could be supplied from the water available in the systern (Louw and Maré, 2001).
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A range of flow scenarios was examined and the consequent salinity implications
assessed. This was carried out by preparing salinity duration curves, and by examining
the perceniage time that salinity would be in each assessment category. These results
were presented at a Scenario workshop attended by specialists from different ecaiogical
disciplines that were involved in the Reserve determination for the system. The
specialisis were able o make use of these daia in assessing the effects of and ranking
the acceptability of each flow scenario with regard to their particular discipline.

4.4.1 Resuits from the Qlifants River system
The results from Q-C modelling for all the modelled sites on the Olifants River are

presented in Chapter 2 and in Appendix B. The resuits for salinity and stress time-series
modelling for IFR site 13 (Tulani) are presented as an illustration of the type of results
that were obtzined. Also discussed are the results for fluoride at [FR site 15 (section
4.4.1.2).

4.4,1.1 TDS at Tulani {IFR site 13)

This IFR site is on the Olifants River, downstream of the confluence with the Blyde River
and upstream of the Phalaborwa barmage and the confluence with the Selati River
(Figure 5.1). The discharge data for the Reference condition were simulated data
provided by the hydrologists involved in the OREWRA project. Discharge data that
represented the current situation at the site were derived from data collected by DWAF
at the nearest gauging station B7HO007 (Olifants River at Oxford). The water quality data
for the Reference condition for this site were derived from the mean of the Blyde River
and the Oilifants River at Oxford (B6H004Q01 data set 1992-1997 and B7HO07Q01 data
set 1992-1997). This was necessary because there were no pre-impact data available
from Oxford. Present day water quality was taken from Oxiord (B7H007Q01 data set
1992-1997).

i) Conceniration profiles

Figure 4.2 shows the Q-C plot for TDS at this site as well as the matrix that was used fo
convert discharge to concenfration using TSOFT. A fairly typical Q-C relationship is
exhibited, in that the Present ecological state concentration of TDS is considerably
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nigher than the Reference condition levels at low flows, and that TDS shows a negative
trend with increasing discharge. At flows of approximately 70 m®sec™ and higher, there
was [ite difference betwesn the Reference condition and Present scological state
concentrations of TDS. As a result, in the iransformation matrix, flows greater than 70
m°.sec” were assigned a concentration value of 200 mgl™ TDS.

The discharge time-series and derived concenfration time-series for one of the flow
scenarios considered (equivalent to the present day discharge) is shown in Fig. 4.3.
Concentrations range between 630 and 200 mgl/litre as prescribed by the transformation
matrix. Figure 4.4 shows the mean monthly discharge (a) and mean monthly salinity (b)
for IFR 13 as predicted under the different flow scenarios using TSOFT. The values are
calculated using the entire flow time-series (1920-1987). The various flow scenarios that
were compared are given in the legend at the foot of the figure. In brief the scenarios
ranged from present day discharge (“No-IFR") to scenarios in which drought was allowed
to occur in the system 10% or 20% of the time (named “10% drought” and “20% drought”
respectively).

The flow scenarios considered in the scenaric modelling phase of the OREWRA are
outlined in Malan (2001), and a comprehensive description is given in Louw and Maré
(2001).
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IFR 13: TDS VS DISCHARGE
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Discharge (m°/sec) Salinity (mgllitre) Discharge (m/sec) Salinity (magflitre)
1 631 25 326
3 530 31 302
5 491 35 289
5] 469 43 2687
10 419 A8 253
11 404 56 236
13 302 70 207
16 72 a8 200
19 354 125 200

23 334 145 200

Figure 4.2 TDS Q -C plot for IFR site 13 on the Olifants River. Alsc shown is the
transformation malrix used fo convert discharge to salinity in preparafion of the
cancentration time-series for the sarne site.
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Figure 4.4 Mean monihly discharge in million cubic meters (g) and mean monthly salinity in mg/itre (b)

for IFR 13 as predicied under the different flow scenarios using TSOFT. Values calculated using the
entire flow {imeseries (1920-1987). Flow scenarios given in the box at the foot of the page.
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Figure 4.5 shows the conceniration duration curves (or moere correctly sxceedencs
curves, Hughes, D, IWR, Rhodes University pers. comm.), for all the flow scenarios
examined at site 13. The "No-IFR" scenario {present day scenario) appears to represent
the worst water quality consequences since TDS reaches the highest concentrations
under this scenario. Indeed under this scenarioc TDS would be in a D category (i.e.
higher than 520 mg/litre) 42% of the time, wherzas for all the other scenarios, TDS will
be above 520mgllitre for only 5% of the time. Figure 4.5 also shows that approximately
22% of the time, all scenarios except IFR-rule (this represents just the IFR as
determined by the specialists, with no additional discharge) would be in a B category, or
better, for TDS (less than 300 magflitre). Under the IFR-rule flow scenario, TDS would be
less than this threshold only 4% of the time. Thus with regard to the water quality
scenarios, for site IFR 13, the “No-IFR” flow scenario was ranked worst, followed by the

‘IFR-rule”, and the other four flow scenarios equally in third piace.

ii) Stress profiles

Stress time-series were prepared using salinity-stress relationships derived from
ecotoxicological results. The stress index was expressed on a scale of 1-10, where 1
represents very low siress (low salinity) and 10 exireme salinity-induced siress. Table
4.1 shows the ERC (Ecological Reserve Class, formerly known as Ecological
Management Class, Louw, D. IWR Environmental, pers. comm.}, 'TDS and sulphate
concentration, and the corresponding value of the stress index. Also indicated are the
toxicity descriptor (given in terms of confidence leve! for the various LC values) as well
as the likely biotic response. The derivation of this table is described fully in Palmer et af.
(in prep.). The stress matrix that was used for all sites on the Olifants River is shown in
Table 4.2, Siress profiles were analysed for frequency and duration of the highest stress
levels as in the case of salinity profiles. Finally, the different flow scenarios were ranked
according to the likely increasing severity for aquatic biota.
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Table 4.1 A comparison of the Ecological Reserve Class (ERC), conceniration of TDS* and
sulphate, sitress index value, foxicily descriptor and biofic response dascriptor for the
Ofifants River (from Palmer et al., in press).

™S Sulphsate {img | Stress Biotic response
ERC Toxicity descriptor
(magflitre) SO0.Nitre) level descriptor
A 0 <measurable response
195 130 1 measurable threshoid
(<low 25% CL)

B 295 200 2 Threshoid below which  |Slight reduction in
there is a less than 5%  |species abundance and
risk of mortality if health
exposure period > 10
days

C 520 350 3 Threshold below which

<1% risk of mottality if
exposure >4days

D 780 530 4 Chronic LC,, ie. 1% risk |All species present in
for exposure longer than |short term - infer risk to

10 days critical life-history stages.
E 890 602 5
1000 875 6
F 1400 045 7 Chronic LCqg, ie. 99%  |Most species disappear
risk for exposure longer
than 10days
1800 1215
4400 2972
7000 4730 10 |Upper limit of 99% risk  |No survivors

{upper 95% CL for LCap)

* Note that TDS was calculated by the authors by multiplying the electrical conductivity of the
Na.S0O, solution by 6.5,
CL = confidence level, LC = lethal conceniration
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Tabkle 4.2 Transformation matrix used to convert TDS conceniration io associated stress
levels for aquatic inverisbrates in the Olifanis River (see Table 4.1).

TDS (mgflitre) Siress jeval TOS {moilitrs) Stress level
120 0.10 890 5.6
180 0.50 800 55
195 1.0 1060 8.0
220 1.5 1200 8.5
295 2.0 1400 7.0
450 2.5 1600 7.5
520 3.0 1800 : 8.0
600 3.5 3000 8.5
780 4.0 4400 8.0
800 45 7000 10.0

The salinity-induced siress duration curves for IFR 13 are shown in Figure 4.5 b. Similar
results were obtained to the salinity profiles. Consequently, it can be seen that ranking of
the stress indices yields similar results to those obtained from considering salinity.

4.4.1.2 Fluoride at Mamba (IFR site 15)

Fluoride pollution, originating from the mining complex at Phalaborwa, was found to be a
key water quality issue at IFR site 15, as well as downstream in the Kruger National Park
{(Palmer and Rossouw 2000. This constituent was therefore modelled in order to
compare fluoride profiles under natural, present day and under the recommended IFR
regime, which was designed to achieve a B category river with regard to the water
quantity Reserve. These results were not included in the Scenario workshop, which only
considered salinity and flow scenarios generated from the yield model. In addition, stress
profiles were not generaled, as insufficient daia were available to link fluoride

concentration and biotic response.
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Figurs 4.6 shows the Q-C plot for fluoride at IFR 15. The fluaride duration curves
generatsd for natural, present-day, as well as for the flow regime recommended by the
specialists to attain a B category river (with regard to water quantity) are shown.
According to the South African water qualily guideiines for aquatic ecosystams (DWAF
1986} the upper limit of the target water quaiily range (TWQR) for fluoride is 0.75
maflitre. The same work also gives the CEV (chronic effect value) as 1.5 mg/liire
fluaride and the AEV (acute effect value) as 2.54 mgflitre fluoride. The South African
water quality guidelines define the CEV as the concentraiion at which there is expected
to be a significani probability of measurable chronic effects in up to 5% of the species in
the aquatic community. The AEV on the other hand is defined as that concentration of a
constituent above which statistically significant acute toxic effects are expected to occur.

From Figure 4.6 it can be seen that under natural conditions, the instream fluoride
concentration would always have been well within the TWQR. Under the present day
levels of pollution and accompanying reduced levels of discharge, however, flucride
concentration is equal to, or above, the CEV approximately 68% of the time, and above
the AEC 34% of the time. Figure 4.6 aiso shows that under the recommended flow
regime, although the peak values of fluoride will no longer occur, neither will the very low
values. Thus without mitigation of pollution the water quality Reserve for toxic
substances is not likely to be attained.

4.5 Application to the Breede River Basin study

Time-series modeliing of water quality was not part of the Terms of Reference for the
Breede River Basin study. In addition, of the six designated IFR sites, only two were
cansidered to be suitable for this type of modelling. Therefore only very limited time-
series modelling was undertaken in this catchment. Nevertheless, useful insight was
gained in considering the suitability of various sites as well as the data that were
required. These aspects are discussed below.
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The results from Q-C modelling for the Breede River Basin study are given in Appendix

B. The following points were noted when assessing the feasibilily of time-series

modelling for this system:

@

Two of the sites, namely IFR 1 and IFR 3 showed wash-off of TDS during the onset
of winter rains. In section 2.11.1.1 the validity of using such Q-C plots to make
predictions of water guality was considered, and it was concluded that this method
should not be used in such cases. Thus, although time-series modeiling is probably
valid for Reference condition and present day conditions it should not be used to
predict the water quality implications for a future discharge regime.

Another two sites, namely IFR 2 on the Molenaars River and |IFR 6 on the Baviaans
River (part of the Riversonderend system), were relatively unimpacted with regard to
TDS (although some nutrient enrichment was apparent at IFR 2, see this section,
further on). Curmrent TDS levels were largely the same as the Reference condition
levels. In addition, the Q-C plots show very little variation in TDS concentration with
discharge. As a result, ail flow scenarios result in very similar salinity duration curves,
and are all within the limits required to atiain the water quality Reserve. Time-series
modelling in such cases does not yield very useful resuits.

Q-C piots for IFR site 5 (Riversonderend) could not be modelled accurately because
no water quality monitoring station was close by. Attempts to model the water quality
at this site using data from the either the closest upstream and or the downstream
station, or the mean vaiue of the two, were not successful.

IFR site 4 was suitable for Q-C and time-series modelling of TDS, since this variable
showed a marked decrease in concentration with increased discharge. TDS duration
curves were generated for the Reference condition and Present ecological state,
however the discharge time-series for the flow regime recommended at the specialist
workshop was not available at the time of writing this report (Louw, D. IWR, Rhodes
University pers. cormm.).

There was slightly increased nufrient loading at IFR 2 resulting from the discharge of
effluent from a trout farm into the Molenaars River (Rossouw and Kamish 2001). A
reasonably good correlation beitween measured combined nitrate and nitrite
concentration and simulaied values was obiained (correlation coefficient = 0.75).
Concentration time-series modelling was carried out, and the results are presented in
Figure 4.7. The Q-C plot shows that levels of combined nitrate and nitrite are very
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IFR 2: Combined nitriie and nitrate vs discharge
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Figure 4.7 (Above) Q-C plot for combined NO; and NQ, at IFR 2 (Molenaars River). Note the

very low concentrations of these constituents in the natural state. (Below) Duration curves for
concentration (a) and stress (b} for combined NOs; and NO, in the Reference Condition (RC) and
the present state (PES). The curva for the RC (both concentration and stress) is just above the X-

axss.
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low at this site in the natural state, and are largely independent of discharge. As a rasuli,
the Reference condition line an both the concentration and siress duration curves is just
abave the X-axis. The Q-C plct also shows ihat the Present ecological siate
concentration of combined nitrate and nitrite is sievated compared to Reierence
condition and decreases with increasing discharge, and is thus typical of a poini source
of poliuiion. Although a tentative nitrogen-induced siress duration curve is shown in Fig.
4.7, attempts to convert time-series of concentration to stress were hampered by a lack
of guaniitative data linking concenirations of combined nitrates and nitrites to biotic
response. The most significant effect of nutrient enrichment on water resources is the
change in ecological state (e.g. from aligotrophic to mesotrophic} and community-level
processes rather than a toxic effect on the hiota per se (DWAF 1996). Considerably
more research is required into the effects of eutrophication on macroinveriebrate
communities in different ecoregions before a confident prediction could be made as to
the stress exerted by different levels of nitrates and nitrites (and other nuirients) on an
aquatic organism.

4.6 Ecological interpretation of the results

In the OREWRA study the situation was frequently encountered such as that depicied in
Figure 4.5 a) and b). Namely, that under the recommended IFR flow scenaric whilst
occasions of very high concentrations of salinity (or another constituent) would be
avoided, periods of very good quality water would also be removed. This is 2
consequence of the fact that it is normaily during the period of high discharge that water
would be harvested for other users. The overall result is an atienuation of the current
salinity profile so that the extremes of very high and very low conceniration would no
longer occur. Whilst the removal of episocdes of poor water quality is obviously
advantageous, the effect of removing periods of "fresh” water is not clear. {f is thought
that such pulses of low salinity water may act as environmental cues, perhaps initiating
spawning in fish, or other ecologically important activities. This matter requires further
research and should form part of a detailed study of the effects of implementation of the
IFR for key rivers.
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Maore alftention shouid alse be paid to the relationship between water quality and biotic
response. Although siress profiles wers develored they werz not pariicularly usefut in
these studies because the response batween concenfration and stress was roughly
linear. Therefore Q-TDS and TDS-Stress duration curves were very similar and the
same ranking of flow scenarios was obtzined with both. It is conceivable however that
other water variables would have very different concentration-siress relationships. For
exampie combined nitrate-nitrite at very low concentrations may well be more stressiul
(due to lack of nutrients) than at siightly higher concentrations (increased nutrient
availability). As concentration of nitrogen is increased further bringing about a change in
trophic status of the water body, biotic stress may well increase again. The nature of this
response would be very dependent on the biotic community under consideration as well
as the natural water quality conditions of that site. Transformation of concentration
profiles o stress profiles using such matrices may yield interesting results. Until more
basic research is camied out info the effect of water quality on the abundancs,
composition and functioning of key elements of the biota however, reliable
concentration-siress matrices for nutrients cannot be derived.

4.7 Conclusion

Time-series modelling can only be used at sites where there is a strong relationship
between discharge and concentration. It is a useiul fool for comparing the water quality
that wilt result from different discharge tims-series and for ranking such scenarios.
Similarly, stress time-series can also be potentially useful in ranking the implications of
difierent scenarios for the aquatic biota. }t should be rememberad however that only one
water quality variable at a time can be modelled using this technique. In real rivers,
aquaitic biota are exposad to multiple co-stressors. Attention still needs io be given to the
integration of different water quality variables to obtain the actual stress that would be
expenenced by the biota. Due to the additive, synergistic and antagonistic effecis
between individual chemical constituents and with the physical attributes of water
bodies, this is not an easy task. This topic is considered further in Chapter 6.



CHAPTER S

APPLICATION OF QUAL2E TO ENVIRONMENTAL FLOW
ASSESSMENTS

5.1 Introduction

In Chapter 1 it was suggested that rather than a single model, a hierarchy of water
quality models should be used as part of the assessment of environmental flows, The
choice of modelling method would depend on the particular circumstances, or factors
pertinent to a given Reserve determination, the most important factors being, availability
and completeness of discharge and water quality data; the time within which the
modelling exercise should be completed; and financial constraints. This chapter
investigates an application of a secondlier model, namely QUAL2E, fo the
environmental flow determination process. It examines where and how the modelling
method might fit into the current Reserve methodology and whether it would be useful in
this regard.

The method was examined by means of an application of the model to the lower reaches
of the Olifants River, Mpumalanga. The QUAL2E modeling exercise was carried out
after the environmental flow (IFR) workshops for the Olifants River Environmental Flow
Requirement Assessment {OREWRA) and so the results {unlike those from Q-C
modelling) were not used fo investigate the consequences of the recommended water
quantity Reserve. The specific objectives of this application of QUALZE were as follows:

» to examine the iype of output (results) that could be obtained using this modelling
method and to explore their usefuiness in the context of Environmental Flow
Assessmenis

» to obtain an idea of the time, level of expertise and data required in setting up
QUAL2E
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= to investigate problems or difficulties fikely to be encounterad in applying QUALZE {o
South Affican rivers

» to compars Q-C modelling and QUALZE in respect {o the objectives given above

o to predict the concantrations of TDS (and phosphate) that would occur under the flow
regimes recommended by the spacialists at the IFR Workshop and compare those
with the resulis obtained from discharge-concentration modelling

a fo investigate, using QUALZE, the measures needed (for example conirol of point
sources) to bring the concentrations of the water quality variables considered within
the proposed Resource Quality Objectives for the river in the Kruger National Park

5.2 Application of QUAL2E

5.2.1 Background to the modei
The f{ollowing description of QUAL2E is taken largely from the United States

Environmental Protection Agency (US EPA) web site. The address is given at the end of
this document in the section “Useful web site addresses”. It is a public-domain model
(supported by the US EPA) and can thus be downloaded from the Internet at no cost.

QUALZE {Enhanced stream water quality model) is an insiream, riverine, water guality
model that simulates the major reactions of nutrient cycles, algal production, benthic and
carbonaceous demand, atmospheric re-aeration and their effects on the dissolved
oxygen balance. It can predict up to 15 waier quality constitient concentrations
(including up to three conservative constituenis) and has been developed as a planning
tool for estimating TMDLs (total maximum daily loads} in the USA. It can be semi-
dynamic if required, in that some water quality variables, such as DO and algal growth,
can be allowed to vary diumally. Discharge (such as from headwaters or point source
loads) is presumed to remain steady with time, however. The model can be used to
study the impact of waste loads on instream water quality, by predicting the instream
concentration for each river reach for a given instant in time. it can also be used to
identify the magnitude and quality characteristics of non-point waste loads as part of a
field-sampling program. The main atiributes and characteristics of QUAL2E are
summarised in Table 5.1. QUALZE-UNCAS is a refinement of the original model that has



Table 5.1 Major characteristics and atlributes of the instream water quality model QUALZE (taken mainly from Wurbs 1995).

semi-dynamic
fealuras.

QUALZE-UNCAS
takes into account the
stochasticity of
natural systems.

Variahles = TDS, N,
P, DO, E.Cofi, BOD,
Chl, conservative
constituents, and
temperature.

non-point lnads,

Mo catchment run-off module
included.

Steady state, therefore
needs to be re-run for low-,
medium- and high-flows.

AUTHOR/ CHARACTERISTICS
NAME DEVELOPER AND ABPVANTAGES DISADVANTAGES AVAILABILITY COMMENTS
APPLICATIONS
QUALZE | USEPA, Well mixed streams. | Well known and used Reialively simple but needs | Public domain, Can be used to calculate flow
and CEAM Up to 15 constituents | widely in the world. exper input. Requires values | Experlise available required io yield a pre-determinad
can be modelled. 1D, | Reasonably user for many parameters if locally DO level {nol availabie for olher
QUALZE- delerminislic, steady- | friendly. modelling non-conservative constituents).
UMNCAS state, with some Good for identifying constituents. Flas been used lo model

eulrophication on Vaal River

Rossouw and Quibell (1993) and

waler quality in the Kuils River
{Ninham Shand 1998).

US EPA = United States Environmental Protection Agency. CEAM = Centre for Exposure Assessment Modelling.
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been developed to take info zccount the siochasticity of natural systems. [t was not used
in this project because it was felt that the simpler version of the model should first be
gxamined.

5.2.2 Description of the study area

The portion of the river that was modelled, significant hydrological features, and the

position of [FR sites and DWAF gauging and water quality monitoring stations are shown

schematically in Fig. 5.1. The Olifants River (Mpumalanga), and this section of river in
particular, was chosen for appiication of QUAL2E (version 3.12, February 1995}, for the
following reasons.

= A Comprehensive Reserve Determination had been carried out for the Olifants
system (Palmer and Rossouw 2000) in which one of the authors (HLM) was
involved, Thus, not only was the system familiar, but specialists in other fields (for
example hydraulics) were available for confirming the values of parameters required
in the model.

» |t ofiered an opportunity for a comparison of the resuits derived from the Discharge-
Concentration (Q-C} modeliing method and QUALZE, using the same stretch of river.

+ Mamba is a key IFR site since the Selsti River flows into the Olifants River in this
region and carries water of extremely poor water quality. This has a significant effect
on the quality of water flowing into the Kruger National Park, an ecologically sensitive
area.

+ Because this section of river includes the confluence with the Selati River, the effecis
on water quality of differing water quality management scanarios (i.e. varying the
poilutant loading between the two headwaters) could be examined.

» The availability of data {(both discharge and water quality) for this stretch of river is
considered to be reasonably good compared to some other parts of the country.

§.2.3 implementaiion of the model

5.2.3.1 Conceptualization of the system

The system was divided into headwaters, reaches and junctions. Headwaters represent
an upstream “starting point” to the system and a discharge value must be specified for
each one. From Figure 5.1 it can be seen that the two headwaters for the section of the
Olifants system that was modelled, were the Selaii River and the mainstem river.
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The ouiflow from ths Phalaborwa barrage was used as the headwaters for the Olifants
River. In the case of the Selati River, the other headwater, it has been reported thai most
of the poliutant loads that snter the system are discharged jusi above both the
comiluence with the Olifants River, or above the monitoring site BTHO19 (N. Rossouw,
Ninham Shand, Caps Town, pers. comm.). Thus it was considered unnecessary to
consider reaches further upsiream.

Reaches are lengths of river along which i is assumed that hydraulic characteristics are
constant. Reaches were delineated by examining 1:50 000 topographical maps of the
area. Hydrological features such as a confluence (junction) with a major tributary (e.g.
Selati River), or the presence of a monitoring site were used to delineate the boundaries
of the reaches. In addition, changes in gradient (identified from contour lines on the
maps} were also used. QUALZ2E requires thal each reach be sub-divided into
computational elements within which water quality is assumed to be homogenous
(Brown and Barnwell 1987). Although the length of a reach can vary, the iength of the
computational elements is the same throughout the system and an arbitrary value of 2
km was chosen. The presence of any point sources and absiraction points must also be
gntered into the model (although the laiter was not relevant in this stretch of the river). All
minor tributaries (namely the Klaseris, Tsiri, Timbavati and Nhralalumi rivers) were
treated as point sources. Figure 5.2 shows the arrangement of the computational
elemenis for the poriion of the system considered. Each reach is numbered, and it can
be seen from the figure in which reach and in which computational element each
tributary joins the system.

5.2.3.2 The data required
In order to set up QUALZE, climatological, hydraulic, discharge and water quality data
are required. These were obtained as described below.

Some climatological data (wet and dry bulb temperature, wind speed and barometric
pressure) were obtained from a stalistical summary of climatic data for South Africa
(Weather Bureau 19886), and other daia were requesied directly from the South African
Weather Bureau (see ‘Useful web sites').
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Hydraulic data, in the form of ihe gradient of river reaches, were obtained from 1:50 000
topographical maps. An estimation of the slope of the channsl sides, as well as the
channel width, was made from an sxamination of the channel cross-sections provided
for the IFR workshop. Values of Manning's roughness coefficient (n) for this section of
the river were obtained from the hydraulic enginser involved in the IFR workshop (A.
Birkhead, Streamflow Salutions, Johannesburg, pers.com.).

Water quality data (i.e. the concentrations of the chemical constituents under
consideration) were obtained either by contacting DWAF directly, or from the "Water
Quality on Disk” CD (web sites listed at the end of this report). Discharge data were also
obtained from DWAF. In addition, data concerned with flow from Phalaborwa barrage
were obtained from Lepelie Northern Water Board (E. Coetzee, Lepelle Northern Water
Board, Phalaborwa, pers. com. 2001).

5.2.3.3 Parameter vailues

The model requires the values of several parameters (e.g. dust aitenuation factor,
dispersion coefficient) as input. To a large exient these parameters are not required
when simulating conservative constituents, but were needed for simulation of phosphate
{(and, although not applicable to this modelling exercise, for simulation of temperature,
nutrients, chiorophyll concentration or DC). When it was necessary to specify a value,
these were chosen from one of the fallowing sources:

¢ from an examination of the default values in the model,

» from values used for other applications of QUALZE fo South African rivers (e.g. the
Kuils River, Ninham Shand 1993; and the Vaal River, Rossouw and Quibell 1893),
+ from Bowie, Mills, Porcella et &/, (1985).

5.2.3.4 The water quality variabies simulated

The system was first calibrated and then validated for TDS, followed by the other
conservative constituents, chioride and sulphate. A non-conservative variable, namely
phosphate was then modelled. TDS was simulated because it is an imporiant system
variable and also because it had been used for time-series analysis (Chapter 4).
Sulphate was simulated because it is a major contaminant in this section of the river.
Chloride was modelled as an additional conservative variable in order to compare results
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with those obtained for TDS. Simulations of phasphate were carried out with a view o
axamining the application of QUAL2E to a non-conservative constituent.

5.2.3.5 The management scenarios considsred

QUALZE is, at least with regard to the variables investigated in this application, a steady- -
state model and thus during each simulation, discharge was assumed {o remain
constant. The model was therefore calibrated using winter discharge values, because an
examination of the time-series for two key gauging stations in the system showed that
discharge was relatively constant during the winter months (Fig. 5.3). The second reason
for using this portion of the hydrological year was that since discharge is at a minimum,
this is when water quality is likely to be the worst (see the discharge-concentration plots
for IFR site 15, Mamba, Figure 5.9). The model was calibrated using discharge and
water quality data from winter 1999 and was validated using an independent set of data
from 1998. Input discharge values were taken as the monthly mean flow for June, July
and August of the appropriate year. Input concentrations of the water quality variables
were taken as the median of all the samples for June, July and August 1998 (i.e. one
value each for TDS, sulphate, chioride and phosphate). The mode! was validated using
water quality data (median values) for the winter months of 1998.

The major aim of this application was to investigate the usefulness of QUALZ2E within an
assessment of the ecological Reserve. Oneg of the most important products that arises
from the IFR determination, from the point of view of water quality modelling, is the
recommended flow regime. For Mamba, the recommended maintenance baseflow as
speciiied by the specialists in the BBM workshop, for the winter months of June, July and
August was 9.4, 82 and 7.4 m%sec respectively. This represents an increase in
discharge compared to the mean present day discharge for the same months. The
junction with the Selati River is just upstream of this site, and thus theoretically the
recommended increased discharge at Mamba could be achieved by increasing outflow
from either source. The effects of variation in discharge on water quality were initially
simulated by assuming the same input (both volume and concentration) via the
tributaries and point sources as during calibration. The amount of water (but not the
quality) that was released from the Phalaborwa bamrage was then increased in the model
(to bring about the required increased discharge at Mamba). The gauging station at
Mamba is on the Olifants River near to the western boundary of the Kruger National
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Park. Tributaries entering the river downstream of this point are considered o be largely
nzatural in water quality (M. Rossouw, Ninham Shand. Cape Town, pers. comm.). This is
refiected in the fact that water quality for Balule, which is the most downstream point that
was moedelled (Fig 3.1), is considerably irmproved compared fo Mamba., Thus it was
considered that if discharge and poliutant loads were manipulated so that water quaiity
was acceptable at Mamba, then it would follow that at Balule it would be at ieast the
same, if not beiter.

The following scenarios were considered:

s Scenario 1: Totat discharge at Mamba equal to the minimum winter maintenance
baseflow as recommended at the IFR workshop (assuming the same proportional
input, in terms of volume from the tributaries, and point-sources as during
calibration). In addition, it was assumed that the input concentration of the chemical
constituents under consideration (i.e. the concentration at the headwaters) was the
same as during calibration.

» Scenario 2: Total discharge at Mamba equal to the minimum winter drought flow as
recommended at the IFR workshop (assuming the same input, both in volume and
concentration from the tributaries and point-sources as during calibration).

e Scenario 3: Amelioration of pollutant loading in order to investigate the effect of
varying the proportion of discharge {and the concentration of chemical constituents)

originating from different sources.

5.3 Results

5.3.1 Simulation of discharge
The observed values (for 1999) used to calibrate discharge are given in Table 5.2. This

table also serves to iliusirate the availability of relevant data. There was a discrepancy
between the discharge recorded at Mamba and the sum of the recorded discharges from
the Phalaborwa barrage and the Selati River, the flows recorded at Mamba being slightly
higher (by approximately 0.2 m*/sec) than the calculated discharge. It was assumed that
this was due to diffuse flow into the Olfifants river, just upstream of Mamba, since in
addition the concentration of TDS was also higher at this site than would otherwise be
expected (section 5.3.2).
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For the lower reaches of the river, including the gauging weir at Balule, no discharge
data were available. The inflow fram the minor iributaries (namely the Klaserie, Tsir,
Timbavati and Nhralalumi Rivers) was also largely unknown. There was considerabie
dilution of TDS and other conservaiive constituents batwsen Marmba and Balule,
however. The madian TDS concentration for winter 1899 (June, July and August) was
455 mgflitre, whilst for the same period at Balule it was 420 mgflitre. Downstream dilution
in concentration was also recorded for chioride and sulphate. This reduction in the
conceniration of conservative constituents downstream of Mamba indicated thai ihe
contribution to total discharge in the lower Olifants River from these tributaries, even
during the dry season, could not be ignored. An estimate of this volume was made by
using QUALZE to calculate the discharge required to obtain the observed concentrations
of TDS, CI and SO, at Balule (water quality data avaitable for 1999 only). This was
iound to be approximately 1.2 m%sec. Observed and simulated discharge for 1992 {as
well as 1998, see below) are presented in Fig. 5.4. The figure shows a graph of distance
upstream from the lowest point of the system (i.e. Balule) versus discharge at that site.
The two available measured data points (the outfiow from Phalaborwa barrage and
Mamba) are shown. The point at which inflow from the tributaries enters the mainstream
river {e.g. Selati River at 80 km upstream from the lower boundary} is also indicated.
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Table 5.2 Observed discharge values used for calibration of the model. Mean taken of
June, July and August values for 1998, (KNP = Kruger Mational Park).

Mean
Reach o ﬂ (3auaging monthly
number Site name station discharge Comments
{m’Isec)
1 Barrage 4.4 Daia from Lepslle Waier
outflow
2 Selatt River B7HO1¢@ 0.88
3 Mamba B7HO15 5.2
8 Tsiri B7H018 No data
B Balule/KNP B7H017/ No data
Hiking trail B7HO18
Tributary | Timbavati B7H020 No data for '99. Some

records for '94, 96, 2000

Attempts were then made to validate the model using discharge data from winter 1998,

and using the same values for diffuse flow at Mamba as well as for the input from the

lower tributaries (Fig. 5.4). The agreement between observed and predicted discharge
values was not as ciose as that obiained during calibration. This is shown by the fact that

the predicted discharge at Mamba was slightly lower than the mean measured value of

4,19 m/sec.
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Table 5.3 Qbserved discharge valuas used for validaiion of the modsei, Msan taken of
Jurie July and August vaiues for 1998. (KNP = Kruger Natficnal Fark).

i Mean
' Reach Site name Gaugmg {nonthly Commeants
1 number station discharge
{m*/sec)
]
1
1 Harrage 3.1 Daia from Lepelle Water
outilow
2 Selati River B7H018 0.46
3 Mamba B7HO15 4,19
8 Tsiri B7HO16 No data
8 Balule/KNP B7HO17/ Mo data
Hiking trail B7HO18
Tributary Timbavati B7HOZ20 No data for '98. Some records
for '94, 96, 2000
7 Timbavati R
+/-“I" R m
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Figure 5.4 Observed and simulated discharge along the length of the lower
Ofifants River as predicted by QUALZE. Discharge values for the period of winter
1999 and 1998. The point af which each tributary enters the system is indicated.
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5,3.2 Simulsation of conservaiive constituents

The availability of water qualily data, as weil a2s the median measured concentrations for
winier 1899 is indicaied in Table 5.4. Mo data for ithe barrage ouiflow were available and
thersfors input concentrations were sstimated from those of Oxford on the Clifants River
(B7HO07Q01) the nearest upstream monitoring site. 1t was mentioned in the previous
section that, in order to account for the discrapancy between measured discharge at
Mamba and the sum of the two headwaters, diffuse flow was considered {0 enter the
system just below the junction with the Selati River and above Mamba weir. Thus the
model was set up so that a volume of water (termed “incremental flow” in QUAL2E) was
allowed to enter the system at reach 3 (Figure 5.2). The concentrations of TDS, CI" and
SO,? in this inflow were adjusted empirically, since no water chemistry data were
available.

Figure 5.5 shows the change in concentration of TDS, CI' and SO4? along the length of
the river for the winter low-flow period 1989. The accuracy of the simulations was
evaluated by comparing simulated values with measured values (at Mamba and Balule).
The figure shows that a fairly good correspondence was obtained between the observed
and simulated values for all three conservative constituents.

The model was then re-run using discharge and concentration input valugs appropriate
to 1998 (Tables 5.3 and 5.5 respectively). The same discharge values for diffuse flow at
just above Mamba and inflow from the lower tributaries were used as for 1999. in
addition, the same concentrations were also used for these two additionai inflows. The
results are shown in Fig. 5.6. Unfortunately no water quality data were avaiiable for
Balule for that year. This made it very difficult to assess the accuracy of the model since
predicted values could only be compared to the observed data at Mamba. The
simulations underestimated the conceniration of all three conservative constituents,
especiaily TDS (predicted value 853 mgflitre, median observed value 898 mgfiitre) and
80,7 (predicted value 176 mg/litre, median observed value 285 mg/litre).



Table 5.4 Observed values of water qualily variables used for calibration of the model. Median taken of June, July and August

values for 1999.
wQ Reach Site name Monitoring Monthly Range Sample size
variable number station conc (mg/litre)
TDS 1 Barrage B7R002 No data
Chloride outflow
Sulphate
ortho-phosphate
Total phosphate
TDS 2 Selali River B7HO19 1565 903-1757 n=4
Chloride 166 149-190 n=5
Sulphate 644 240-752 *
ortho-phosphate 0.395 0.267-0.491 ‘
Total phosphate No data
TDS 3 Mamba B7H015 455 422617 n=73
Chloride 48 45-66 “
Sulphate 99 90-170 *
ortho-phosphate 0.033 0.031-0.048 *
Totat phosphate 0.06 0.05-0.08 *
All vanables B Tsiri B7HD1G No '99 data
DS 8 Balule/KNP B7HO17/ 420 348-600 ns7
Chloride Hiking trail B7HO18 a7 40-70 "
Sulphate 93 62-176 *
ortho-phosphate 0.022 0.01-0.06 "
Total phosphate 0.056 0.033-0.109 *

3]



Table 5.5 Observed values of water qualily variables used for validation of the model. Median taken of June, July and August values

for 1958.
wQ Reach Site name Monitoring Monthly Range Sample size
variable number station conc (mgflitre)
TDS 1 Barrage B7R002 No data
Chloride outflow
Sulphate
ortho-phosphate
Total phosphate
TDS 2 Selafi River B7YHO13 1036 1896-2021 n=5
Chloride 219 214-224 "
Sulphate 849 838-943 "
ortha-phosphate 0.308 0.305-0.362 .
Total phosphate No data
TDS 3 Mamba B7HO15 898 608-1066 n=
Chloride 49 72-131 "
Sulphate a9 155-386 "
ortho-phosphate 0.033 0.027-0.05 “
Total phosphate 0.06 0.07-0.11 *
Al variables 6 Tsin B7HO16 No '98 data
TDS 8 Balule/KNP B7HO17/ No '98 data
Chloride Hiking trail B7HD18
Sulphate
ortho-phosphate

Total phosphate

crl
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5.3.3 Simuiation of phosphorys concanirations

The various transformations thai phosphorus ¢an underge in QUALZE are shown in Fig.
5.7. The values of parameiers determine the exient {o which interconversion between
the various forms of phosphorus occur, such as, for example, the proporiion of organic
phosphorus that is allowad in the model to be converted {o dissolved phosphata. 1t is
necessary to estimate the values of these parameters in order to sat up the modsl.
DWAF records the concentration of oritho-phosphate and (less frequently) total
phosphorus at many monitoring sites, including some of those on the lower reaches of
the Olifants River. QUALZE, on the other hand is ablg io simulate dissolved and organic
phosphorus (Brown and Barnwell 1987), bui not total phosphorus. Thus inorganic
phosphorus adsorbed to suspended sediments is not included in the model. A rough
astimate of organic phosphorus concentration might be made by subtracting ortho-
phosphate from total phosphorus.

Algae

uptake

dead | 4 |organicP | | dissolved P

algae decay decay

setiling

sediments |

Figure 5.7 Some of the inferconversions of phosphorus considered in QUALZE.
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This approach is probably not valid {or the Olifanis River, however, since it carries a
reasonaoly high load of suspended sediments, aven during the low flow mionths (M.
Rossouw, Minham Shand, Cape Town, pers. comm.). In addition, as shown in Table 5.4,
the only site at which total phosphorus daia were available was at Mamba
(B7HO18Q01). Atternpis were made to model ortho-phosphate alone but these were not
particularly accurate and, considering the uncertainties in the discharge data and the
fack information on water quality, this was not pursued further.

§.3.4 Application of QUAL2E fo predict the effect of differina management

scenarios

In section 5.2.3.5, three different management scenarios were presented. The scenarios
varied from each other either in terms of the total discharge that was allocated to
Mamba, or with regard fo the cantribution of different sources to the overall polluiant
loading of the system. The resuits of the different discharge and management scenarios
with regard to the concentration of the three conservative variables (TDS, CI" and SO,
are presented below.

5.3.4.7 Scenario 1; Maintenance baseflow

In this scenario, the total discharge at Mamba was set equal to the minimum winter
baseflow recommended at the IFR workshiop. The minimum baseflows recommended for
June, July and August at this site, were 9.4, 8.2 and 7.4 m*/sec respectively. The model
was therefore run using a total flow at Mamba equal to 7.4 m¥/sec. The inflow from the
Selati River was set at 0.64 m°fsec, which is the mean monthly discharge (for the winter
months) for the period 19985-1999 (the winter monthly discharge for 1999 being 0.69
m%sec). The diffuse inflow considerad o enter the system just above Mamba, as well as
inflows from the lower tributaries were set the same as during calibration. The discharge
from the barrage was then set at 6.6 m*/sec, the value that was calculated to produce a
resultant discharge at Mamba equal to 7.4 m®/sec. In addition, it was assumed that the
concentration of the water quality constituents originating from each headwater or each
tributary was the same as during calibration. A summary of the input values for
discharge and water quality used in the simulation of this scenario is given in Table 5.8.
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Under the conditions prescribed by the above scenario, ihe resuiting discharge at Balule,
the most downstream peint in the system, was predicted to be 8.6 m*/sec. The predicted
concentrations of the conservative constituents at Mamba and Balule under minirmum
maintenance baseflow are recorded in the iop two dafa lines of Table 5.7. QUALZE
predicts thai the instream concentration of TDS at Mamba that will occur fram the
scenario detailed, is 435.5 mg/litre and that of chioride and sulphate is 48 and 89 mgflitre
respectively. The water quality at Balule is predicted to be considerably better than at
Mamba. Mote that these same values could also be derived from a simple mass balance
calculation (section 2.7.1) as shown below for TDS at Mamba.

Conc. TDS at Mamba = Load from barrage + Load from Selati + Diffuse Joad

Total discharge at Mamba

= (6.6%280) + (0.64*1564) + (0.2*1900) = 434.0 mgflitre TDS
(6.6+0.64+0.2)

Table 5.6 Input values of discharge and concentration of conservative constituents for
Scenario 1 (i.e. discharge at Mamba equal o the lowest recommended maintenance
baseflow for a winter month).

Site Discharge Concentration (mg/litre)}
(mPIsec) TDS chloride sulphate

Barrage outilow 6.6 280 38 B
Selati River 0.64 15684 166 643
Diffuse inflow @ 0.2 1900 30 30
Mamba
Lower
tributaries: 0.5 200 15 30
Klaserie R. 0.2 200 15 30
Tsiri 0.2 200 15 30
Nhlaralumi 0.3 200 15 30
Timbavati
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Table 8.7 Predicted concenirations of conservative constituents (mg/litre) for Scenario
1 (i.e. for the recommended maintenance and drought baseflows gt Mamba of 7.4 and
2.1 m’/sec respectively).

Concentrations predicted by QUALZE

Discharge Predicted concantration
Site
{m’lsec) DS Chloride Sulphate
Recommended maintenance Q _
Mamba ; 7.4 435.5 49 B89
Balule | 8.6 395 44 81
Recommended drought Q
Mamba ; 2.1 821 76 221
Balule | 3.3 595 54 152

5.3.4.2 Scenario 2; Drought baseflow

in this scenario, the total discharge at Mamba was set equal to the minimum winter
baseflow during drought periods as recommended at the IFR workshop. This discharge
was 2.1 m¥sec. The model was therefore run setting the total flow at Mamba = to 2.1
m/sec. The inflow from the Selati River remained set at 0.64 m*/sec (the mean monthly
discharge, for the winter months, for the period 1895-1899, and the value used in
Scenario 1). Because no other data were available, the diffuse inflow into the river
immediately above Mamba, as well as inflows from the tributaries, were left at the same
values as used during both calibration, as well as for Scenario 1. Discharge from the
barrage was then set at 1.26 m®sec, the value that was calculated to produce a
resultant discharge at Mamba equal to 2.1 m%sec. Discharge at Balule under this
scenario was predicted to be 3.3 m/sec. In the case of pollutant loading from the
different sources, it was assumed that the concentration of the water quality constituents
originating from each headwater or each tributary was the same as during calibration.
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The predicied concentrations of the conservative constituents at Mamba and Bahle
under minimurmn maintenance baseflow are given in the third and fourth data lines of
Table 5.7, Not surprigingly, the instream concentration of all three variables is predicted
to be higher under the droughi dischargs regime than under maintenance flows. This is
to be expected since the total discharge (and hence the dilufion capacity) is reduced.
Another expected result is that the overall water quality at Balule is better than jor
Mamba. This is a result of the comparatively good quality water that enters below

Mamba from the four lower {ributaries.

5.3.4.3 Scenario 3; Reduction of pollution sources and variation in poilutant
loading from the headwaters

i) Reduction of non-point source poliution

in order to investigate the effect of reduction of poliution, the model was adjusted so that
the diffuse poliution arising from the mining complex at Phalaborwa was removed.
Consequently, the loading of TDS, chloride and sulphate in the diffuse pollution that
enters the system just above Mamba was reduced and these concentrations set o the
same values as for the ouiflow from the Phalaborwa barrage (namely: TDS =280, CI' =
38, 80,7 = 36 mo/litre).

The concentrations of the three conservative variables under Scenario 3 that are
predicted by QUALZE can be seen in Figure 5.8. QUALZE predicts that along the entire
length of the modelled portion of Olifants River, TDS would be below 400 mgf/litre. The
proposed Ecological Reserve Category (Ecological management class) for Mamba is a
"C". Therefore the instream TDS concentration at this site should be maintained below
520 mgflitre, which is the upper boundary for a *C" class in this system (Palmer and
Rossouw 2000}, The concentrations of the constituents that are predicted for Mamba (at
72 km in Fig. 5.8) are TDS = 392, Cf = 49 and SO,* = 89 mg/litre. The predicted
concentrations for Balule (at 0 km in Fig. 5.8) are TDS = 371, Cf = 45 and SO,% = 83
mgflitre. Note that these values can be checked using simple mass balance calculations
as for Scenario 1. The calculations were slightly more laborious for Balule since more
sources (the four downsiream fributaries, as well as the input from the Olifants River at
Mamba) needed to be taken into account, but the same values were obtained as
predicted by QUALZE.
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Figure 5.8 Example of the lype of graphical ouiput obtained from QUALZ2E. This
simulation shows the predicted TDS, CI and SO,? concentraiions along the fength of the
Olifants River if the diffuse pollution source above Mamba is conirolled (TDS reduced io
280mg/itre). The lower broken line is CI and the upper broken line is SO~

ii) Reduction of point-sources of pcllution

In order to investigate the relative contributions of pollutants from the two headwaters on
the total poliution load at Mamba, a further simulation was carried out. In this case the
input data were the same as those shown in Table 5.6 (including the TDS concentration
and discharge in the diffuse poliution entering the system above Mamba being set at
1900 mg/lire and 0.2 m*/sec). The concentrations of chemical constituents entering the
system via the Selati River (i.e. as a point source) were reduced considerably, however.
The values used were TDS = 520, CI = 50 and S0.2 = 50 mgflitre. These
concentrations were chosen arbitrarily.
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QUALZE pradicted that under this water quaiity managerment scenario the resulting
concenitration of TDS, CI° and 80,7 at Mamba would be 245, 3¢ and 37 mg/litre
respectively, and at Balule, 328, 36 and 36 mag/litre. Thus under this scenario TDS Jor
the river reaches ihat were modelled would be in a *C” class for TDS. Raceiving water
quality objectives for chioride and sulphate were not set as pan of the Ressrve
determination for the Olifanis River and thus no comment can be made as to the
achievement of any specified limits for those variables.

5.3.5 Comparison of the results obtained from QUALZ2E and Q-C modelling

The results obtained from the fwo types of water quality modelling, QUAL2E and Q-C
modelling, were compared for Scenarios 1 and 2. Discharge-concentration modelling
had not been undertaken for chloride, so the results for this constituent could not be
compared. The Q-C piots for TDS and 50,2 at Mamba and for TDS at Balule are shown
in Fig. 5.9 and a comparison of the results obtained using both methods is shown in
Tabie 5.8.

Considering the predicted concentrations at Mamba under Scenario 1 (section 5.3.4) the
total discharge at Mamba was set as 7.4 m/sec. The predicted concentrations of TDS
and SO, at this site are shown in Table 5.6 (and to facilitate comparison, again in Table
5.8). From the Q-C plots for Mamba as well as from Table 5.8, it can be seen that the
predicted TDS concentration for a discharge of 7.4 m%sec at this site is 438 maflitre
using QUALZE, and 1058 mg/litre using Q-C madelling. In a similar manner the TDS and
sulphate concentrations for both Mamba and Balule can be compared far both scenarios
using the two types of water quality modelling. In all cases there is a very large
difference between the predicted concentrations. The concentrations predicted by Q-C
modelling are always higher than those predicted by QUALZE. In addition, the predicted
concentrations for TDS concentration at Balule are lower than for Mamba, whichever
model is empioyed. Possible reasons for the discrepancy in the predictions obtained with
the twao different modelling methods are given in section 5.4,2.
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Table 5.8 Comparison of concenirations of conservative constituents (mg/fitre) predicied af
Mamba and Balule using QUAL2E and Q-C medelling under the recommended maintenance
and drought flaw regimes (Scenarios 1 and 2 respectively).

Conceniraticns pradicted by QUALZE

site Discharge Predicted concenfration
{n'lsec) TDS Chloride Sulphate
Recommended maintenance (Q
Mamba 7.4 4355 49 89
Balule 8.6 395 44 81
Recommended drought Q
Mamba 2.1 821 76 221
Balule 3.3 595 54 152
Concentrations predicted by Q-C modelling
] Discharge Predicted concentration
Stie (milsec) TDS Chioride Sulphate
Recommended maintenance Q
Mamba 74 1058 Not modelled 343
Balule 8.6 500 Not modeiled Not modelled
Recommended drought Q
Mamba 2.1 1407 Not modelled 573
Balule 33 643 Not modeiled Not modelled
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2.4 Discussion

5.4.1 Generai considerations on using QUALZE

5.4,1.1 Accuracy of the predictions

The accuracy of the predictions (for both discharge and conceniration) that were
obtained using QUAL2E was evaluated by comparing simulated values with measured
values. From Figure 54 it can be seen that, with regard fo discharge, the
correspondence between measured and simulated values for both 1999, and to a lesser
extent for 1998, appeared to be reasonably good. There were only two sites with
measurad discharge data, however, and none further downstream than Mamba,
Consequently it is difficull t0 assess how realistic the discharge simulations are. In
addition, there was a lack of discharge data for calibration at some sites, necessitating
the use of estimates. It was not possible to obtain an accuraie water balance for the
system, since the observed discharge at Mamba was more than the sum of the
contributions from the Phalaborwa barrage and the Selati River. In order to account for
this additional volume of water, it was assumed that there was diffuse flow entering just
above Mamba, and this was incorporated into the modeal. The volume of this diffuse
source was slightly different for 1998 and 1998, although in the various simulations, this
difference was ignored and the discharge attributed to diffuse inflow was set at 0.2
m/sec.

The main causes of uncertainty with regard to discharge were:

= the lack of any discharge data for the Olifants River downstream of Mamba Weir.
Thus the discharge from the downstream tributaries had to be estimated. This was
carried out by manipulating flow from these sources until an acceptable (i.e. in
agreement with measured data), dilution of conservative substances at Balule was
obtained;

e very limited discharge data for the downstream tributaries;

e no data to indicate the volume (if any) of diffuse flow entering the system
immediately above Mamba, and no information to indicate how this might change
from year to year.
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From Figures 55 and it can be seen that, with regard to waier guality, the
corraspondence between measursd and simulated values for all three conservative
constituents for 1299 ig relatively good. This result is likely to be misleading, however,
since it was necessary {o adjust ihe pollutant concentrations in the diffuse source uniil a
good simulation for TDS, chloride and suiphate was obtained at Mamba. Similarly, in the
absence of any measured water quality data, the concentration in the lower iributaries
was adjusted until a reasonable correspondence was abtained between measured and
simulated values at Balule. For validation (1998} the same pollutant loadings for the
diffuse source and the lower tributaries were used as for calibration. Poor
correspondence was obtained beiween simulated and observed values for TDS and
sulphate (Figure 5.6), although the results for chloride are acceptable. There is no
reason to assume that the pollutant foading for the diffuse source and lower tributaries
should remain the same from year to year. Furthermore, no data are available to indicate
what the values actually are. The main causes of uncertainty with regard fo predictions
of water quality are as follows:

» because of a lack of water quality data for the outflow from the Phalaborwa barrage,
input concentrations for this headwater were estimated from the nearest upstream
site on the Olifants River, namely from Oxford (B7H007). Due to releases of
freshwater from the Blydepoort dam, water quality at Oxford is variable and may not
refiect the outflow from the barrage;

= no data were available to a} confirm a non-point source of pollutants entering the
system above Mamba and b) indicate the concentration of pollutants in this source;

+= no water quality data were available for Balule for 1998 for testing the model.

Because estimates needed to be made for several key areas, the confidence in any
predictions that were made of either discharge or water quality were considerably
reduced. Furthermore, better simuiations may have been obtained by using
instantaneous values for both water quality and discharge {matched data sets) for all
sites, rather than taking the median or monthly value over thrse months. Monthly values
were used, however, because this is the temporal resolution used in the Building Block
Methodalogy.
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5.4.1.2 The management scenarios considered

The junction with the Salati River is just upstream of Mamba, and thus theorstically the
incraased discharge (ihe recommended IFR), could be supplied {o this siie by increasing
outflow from either source. In practice, however, there is an impoundmeant on the Olifants
River (the Phalaborwa Barrage) just upstream of Mamba but not in the lower reaches of
the Sslati River. It was therefore cansiderad that the most realistic management scenaric
was {0 increase discharge at Mamba by suppiying more from the barrage. As a resuit, in
the case of Scenario 1, which simulaied the recommended maintenance discharge at
Mamba, the volume of discharge and concentration of constituents entering the sysiem
from the Selati River, from the diffuse pollutant source and from the lower tributaries,
remained the same as during calibration. Only the volume of water (but not the water
quality} released from the barrage was altered. in the case of Scenario 2, the
recommended drought flow at Mamba was simulated, and once again, only the volume
of water released from the barrage was altered. This second scenario is likely to be
somewhat unrealistic, however, since under conditions of drought, the discharge arising
from natural runoff would decrease. Discharge from the mining complex in the form of
effluent entering the Selati River and diffuse inflow above Mamba, on the other hand, is
not likely to decrease significantly under drought conditions. In such situations, the
concentration of chemical constituents will increase in the Selfati and Olifants Rivers.
More accurate simulations could have been made by taking these factors into account,
but because of the generally poor level of simulation in other areas, it was considered to
be unprofitable to pursue this further.

One of the major advaniages of implementing QUALZ2E is that it enables a more
profound understanding of the system than is obtained using Q-C modelling. For
instance, one of the assumptions made at the IFR workshop was that there was no
significant increase in discharge between Mamba and Balule during the winter months.
The detailed examination of the system which was necessary when implementing
QUALZE showed that there is considerable dilution of conservative subsiances in this
stretch of river and that the assumption is possibly erroneous. It should be noted,
however, that this is not a serious error in that it would have led to an under estimation of
discharge at Balule and thus would have led to predictions of worse water quality
conditions than are actually likely to oceur.
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5.4.1.3 Suitability of QUAL2E {o South African conditions

Because of the inaccurate simulations that were obtained from ihis application of
QUALZE it is difficult to assess how suitable the modelling method is for general use in
South Africa. From the peint of view of data availability, the system that was modelled is
congidered by the authors fo be reasonably well moniiored with regard to discharge and
water quality, compared to many other paris of the country. Despite this, because of a
lack of data for both discharge and constituent concenirations for key painis on ihe
system, a realistic model could not be set up. In addition, it should be noted that this was
the situation for conservative substances, the simplest water quality variables to model
{Dortch and Martin 1989). In the case of the non-conservative constituent, phosphorus,
no simulations at all could be carried out. Thus it can be concluded that without the
collection of field data gathered specially in order to calibrate the mode!, it is not likely
that realistic simulations could be carried out in South Africa using QUALZE. This
conclusion has important implications for the Reserve determination process and is
discussed further in section 5.4.3.

In setting up QUALZE for a specific river system, special attention may need to be given
to allow for evaporation from the river surface during summer, as in the simuiations for
the Vaal River carried out by Rossouw and Quibell (1993). This is especially necessary i
low-flow situations need to be evaluated in wide, shallow rivers from which evaporation
may lead to significant loss of water. The fact that only organic and dissolved
phosphorus but not fotal phosphorus is considered by QUALZE is a ifurther
disadvantiage. In highly turbid systems a large proportion of the phosphate load may be
bound to sediments (N. Rossouw, Ninham Shand, Cape Town, pers. comm.). Omitting
this component may resuit in inaccurate simulations of this water quality consiituent. On
the other hand DWAF do not camy out determination of particulate or organic
phosphorus on a routine basis. Thus using QUALZE for simulations of phosphorus in
South African rivers may pose difficulties. Despite limitations with regard to discharge
and water quality data, QUALZ2E has been used in this country with reasonable levels of
success for predicting instream concentrations of several waier quality variables
including non-conservative constituents and £. cofj (Rossouw and Quibell 1893; Ninham
Shand 1999; Steynberg, Venter, de Wet, ef al. 1995). In addition, it is also widely used in
Australia as the water quality module of IQQM (Integrated quality-quantity madel) which
has been used in environmental flow assessments {Podger, Sharma and Biack, 1924,
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Simons, Podger and Cooke 1998, Podger and Hameed 2000). Furthermare, QUALZE is
ong of the most commonly used instream water quality models used world-wide.

5.4.2 Comparison of QUAL2E and Q-C modelling

Table 5.8 shows a comparison of the water quality predicted for iwo different discharge
scenarios using QUALZ2E and Q-C modelling. These resulis are very dissimitar and
serve to emphasise the major difference between the two approaches: namely that Q-C
modelling is a purely empirical method, whereas QUALZ2E is more deterministic. Mamba
is immediately downstream of the coniluence with a major tributary in which the water
quality is usually considerably different (worse) than the mainstem river. The Q-C plot Tor
Mamba encompasses all the pollutant loading scenarios that have been recorded af that
site, but cannot differentiate between different scenarios. When using QUALZ2E however,
different management scenarios (i.e. pollutant loading from various sources} can be
specified and indeed specific scenarios were chosen and were used to make the
predictions of resultant water quality. We have little idea of how realistic these scenarios
are. This is the result firstly of a lack of general relevant discharge and water quality
data, in that it is not clear how accurately the model describes the system. Secondly
there is a lack of information arising from the IFR workshop in that only the required
discharge (maintenance or drought) at a site is specified but not how it should be
achieved. In other words the relative proportion of discharge that should come from each
source is not prescribed. This lack of consideration of water quality management
scenarios is a major omission in the IFR process and is discussed further in Chapter 7.
With regard to the results shown in Table 5.8 it is considered that the predictions of
neither model is likely to be particularly accurate for Mamba. The results of Q-C
modeliing are probably more accurate in this instance than those of QUALZE in that they
are based on observed data for Mamba, As long as the recommended discharge regime
is supplied in the same manner (i.e. the same proportion of pollutants from the two
headwaters) as during the time period used to derive the Q-C relationship, the
predictions using this model should be reasonably good approximations., The results
obtained from QUALZ2E, on the other hand, have the potential to be very accurate for a
specified water guality management scenario. In order to achieve realistic predictions
with QUALZ2E, it is necessary first to oblain accurate daia o calibrate the model
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successiully and secondly io have detailed data describing the speciiic management

scenario that is reguired.

With regard o the time, effort and amount of data that is required by the iwo
approaches, the modelling methods differ considerably. The data requirements of
QUALZ2E have been discussed eisewhere in this chapter and are reasonably extensive.
Discharge-concentration modelling on the other hand usually makes use of the median
Reference and Present Ecological State water quality concentrations that are generated
during the assessment of water quality (Chapter 2). As 2 resuit, Q-C modelling normally
takes approximately a day per site (depending on the number of water quality variables
modelled — typically three). Depending on the complexity of the system that is simulated,
sefting up QUALZE can easily take several weeks. Furthermore, a ceriain level of
expertise is necessary when using QUALZE, whereas in the case of Q-C modelfiing, as
long as the modeller is aware of the limitations of the technique, it can be used by
unspecialised iechnicians.

As can be seen from the previous discussion, Q-C modefling gives only estimations of
instream water quality and is a purely empirical method. QUAL2E is more mechanistic
and enables an understanding of the sources and sinks of & given chemical constituent
within the system. If only conservative constituenis are of importance at a site, and if the
system is relatively simple (i.e. not tao many sources and sinks) then it should only be
necessary to use Q-C modelling. Simple mass-balance calculations can be used in
addition to differentiate between different management scenarios (i.e. differences in
source poilutant loads). If on the other hand, the site under consideration is complex,
with several sources of pollutants, QUAL2E should be used as it aids an understanding
of some of the factors contributing to instream water quality. Furthermore, if temperature
or non-conservative constituents are of importance at a particular site {(including BOD,
DO}, it would also be necessary to set up QUAL2E. In all cases where QUALZE is
employed it would usually be necessary to initiate a sampling programme.
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5.2.3 Appnlication of QUALZE to Frivironmenial Flow Assessmenis

It is the apinion of the authors that ihere is a place for the instrearn waisr quality model
QUALZE in ihe Reserve determination process. The following points need io be
considersd however when incorporating QUALZE into such assessmenis.

¢ Discharge and water quality data usually need {o be collected in the field in order io
calibrate QUAL2E. This has implications with regard to the time, expertise requtired
and costs involved in integrating water quality and quantity. Therefore this model
would praobably only be used as part of a Comprehensive Reserve Determination.
The necessity for the collection of data in the field and the accompanying increase in
costs would make the exercise too expensive for a lower level of Reserve
determination,

= Because of the increased time and financial requiremenis mentioned above,
QUALZE should be used only at key sites. These wauld be sites that are complex in
terms of sources and sinks of water guality constituents. In other words QUALZE is
useful for performing mass-balance calculations in complicated systems where there
are many loads originating from tributaries and point sources. or several points of
abstraction. in addition, if detailed predictions of non-conservative water quality
variabies are required, this modelling method should be employed.

» The extra efiort required in setting up QUALZE would only be justified if, in addition
to the situations mentioned above, different water quality management scenarios are
to be considered.

8.5 Conclusion

Because of a lack of water quality and discharge data it was not possible fo obtain
reliable predictions of the instream concentrations of water quality variables for the
Lower Olifants River. The exercise was beneficial, however, for assessing the potential
usefuiness of QUALZE within the Reserve process in situations where data are not
fimiting. 1t is concluded that QUALZ2E can be effective in addressing some of the
limitations of the Q-C modeilling method - in that it can predict the ouicome of different
pollutant loading scenarios and can be used to simulate non-conservative water quality
constituents as well as physical variables such as temperature and DO. These
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advantages however come at a price - thai of addifional data requirement. This in turn
means that QUALZE {akes much longer to set up, and requires expert knowledge, both
of which coniribute fo a greater cost of implementation, Thus QUALZ2E should be used
at key sites for Comprahensive Reserve determinations only where Q-C modelling and
mass balance calculations are not suitable.



CHAPTER 8

PREDICTIMG THE IMPLICATIONS OF CHANGED WATER
QUALITY FOR THE BIOTA

6.1 Introduction

As reported in the introduciory chapter to this report, not only can discharge have a
marked effect on water quality - but water quality can also exenrt a profound effect on the
functioning, structure and abundance of aquatic biota. All organisms exhibit tolerance
ranges for environmental variables, including those pertaining to water quality, within
which they can survive and 'reproduce, Qutside of these tolerance ranges, processes
such as growth and fecundity can be compromised. Because the species forming an
assemblage in a stream exhibit different tolerance ranges, changes in water quality will
affect some species more than others. As the alteration in water quality becomes more
pronounced, some species will not be able to survive and will disappear from the
community whilst other, more tolerant species, will start to establish themselves. The
philosophy behind the macroinvertebrate biomonitoring system “SASS” makes use of the
differing tolerance ranges of individual families. A more comprehensive discussion of
hiomonitoring, as well as methods that have been used in the literature to predict the
effects of water quality on the aguatic biota, is given in the literature review that
originated from this project (Malan and Day 2002).

Because natural ecosysterns are compiex and highly variable, it is extremely difficult to
predict the effect that changed water quality might have on them. At best, only general
predictions can be made. This problem is exacerbated by the fact that there are few data
finking water quality and biota, especially with regard to indigenous organisms, whilst the
variability of ecological systems necessitates the compilation of extensive field data sets.
In addition, water quality variables can interact with one another, leading to additive,
antagonistic and synergistic effects.
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Whilsi taking the zbove caveatls inia account, aflention was given to developing a
method that could be used to predict the implications of altered waier guality for the
aquatic biota, The rasult is a set of steps termed ihe "Biotic Protocol” which represents a
structured way for assessing the likely sffects of changed waier quality on
macroinveriebrates. The method iakes inio account existing sources of relevant
information, such as documenied tolerance ranges from scotoxicological studies, as well
as the South African water quality guidelines. It is, however, based primarily on ithe
examination of historical records, where the presence of macroinvertebrate families (and
hence derived SASS scores) is linked with measurements of water quality variables.
These data are recorded in the Biobase, a database of linked historical chemical and
biclogical data, as well as in the Rivers database, which was developed to contain the
sampling results obtained from the national biomonitoring initiative, the River Health
Programme (section 1.9.4). This protocol can be used either within the Reserve
determination process, or in other situations where the effect of altered water quality (for
instance resuiting from increased effluent discharge) on the biota needs to be assessed.
The individual steps of the protocol are discussed below. This is followed by an
application of the Biotic protocol to the Lower Olifants River (section 6.5) and the Middle
Olifants River (section 6.6).

6.2 The Biotic Protocol

6.2.1 General outline

The Biotic protocol is carried out separately, for each critical water quality reach or a
particular site (e.g. an IFR site), for the proposed discharge regime. The steps of the
protocol are summarised in Figure 6.1.

i} Using water quality modeiling, tabulate and identify the critical values for each
significant water quality variable. This is carried ouf separately for the:

a) The Reference Condftion,

b) The Present Ecological State

c} The Future Predicted Stafe.
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Figure 8.1 Summary of the Eiotic Protocol

i} Using water quality modelling, {abulate and identify the crifical values for each
waler quality variable. This is carried out separaiely for the;

a) Reference Condition,

b) Present Ecological State,

¢) Future Predicted State.

i) Compare the crilical values (Cerit) with the Target water quality range and
identiiy the water quality variables (lypically two or three) likely to pose the most
serious risk.

iif) Compare ecofoxicological paramelers, if available, with the critical values in
order to estimate the toxicity of the variable in question.

iv) Consult the Biobase and Rivers database for sampling data characterisiic of
the Reference Condition for;

a) The specific river in question, and/or

b) simiflar sysiems (i.e. in the same ecoregion and type of river).

v} Consuli the Biobase and Rivers database for sampling data characteristic of
the Future predicted state for;

a) The specific river in question, and/or

b) sirnilar systems (i.e. the sarne ecoregion, and type of river).

vi} Compare taxa lists for the Reference Condilion and Future predicted state.
Derive a theorefical SASS score and a feniative Assessment class for the Future
predicted state.

vii) Include input from any other biolic tolerance indices and databases that may
be relevant.

viii} Synthesize a scenario for the aqualic biofa that is likely to be the
consequence of the proposed change in discharge. Assign the future
Assessment class {A-F).
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Any type of water quality modelling can be used (2.g. discharge-conceniration, QUALZE)
providing thai monthly values for a given water quality variable can be predicted. From
thesa simulations the critical values can be identified. in the case of TDS, nuirients or
other chemical constituents, the critical concentration (Cerit) is defined as the maximum
rnonthly value to be recorded during the entire year (for example, see Table 2.2). In the
case of pH or DO, the critical value would be the monthly value that shows the greatest
deviation from the Reference Condition. It is important to note that three seis of
discharge, water quality and biological data are involved in the protocol, namely those
characteristic of the Reference Condition, those characteristic of the Present Ecological
State and those representing the Future Predicted State (under the recommended
discharge regime). It is useful to tabulate the minimum, median and maximum monthly
values for each of the impartant water quality variables at the site under consideration,
and for each of the three scenarios. An example of such a set of information is shown in
Table 6.3.

iiy Compare the critical values (Ccrit) with the Target waler quality range and identify the
two or three water qualily variables likely to pose the most serious risk at that particular
Sife.

Target water quality ranges (TWQR) are the recommended ranges of concentrations of
chemical constituents and values of physical variables that should not be exceeded in
aquatic ecosystems. These values are documented in the South African Water Quality
Guidelines (DWAF 1996). Two or three critical water quality variables are selected, since
this is considered to be a practical number to work with. A [arger number of water quality
variables can be examined, although this tends to make the process cumbersome. If
only one variable is chosen, on the other hand, interactions between water quality
variables (and possible antagonistic, synergistic or additive effects) are not taken into
account. The choice as to which water quality variables are likely to pose the most
serious threat to the biota requires expert judgement. Toxins are rated as the most
important fallowed by system variables.

il) Compare ecotoxicological parameters, if available, with the critical concentrations in
order to estimate the toxicity of the variable in question.

Check ecotoxicological databases for data on the water quality variables under
consideration, both for indigenous organisms, as well as for laboratory organisms in
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international databases (sae section 1.9.4 for possible sources of scoioxicological data).
Ecotoxicolegical parameters such as the LOEC (the lowest conceniration that brings
about an cbssrved effect) and LCso (the concentration thai carresponds to a 50%
curnulative probability of death of the test population) can be comparad with the critical
values predictad for the recommended discharge regime. Thus an idea of the taxicity of
individua! water quality constituents can be obtained.

iv) Consuit the Biobase and Rivers database for sampling daia characteristic of the
Reference Conditien for:

a) the specific river in question;

b) similar systems (i.e. other rivers of the same type and in the same ecoregion).
The aim of this step is to identify macroinvertebrate taxa that are likely to be present at
the IFR site in question under unimpacted conditions. This can be done by setting the
theoretical SASS and ASPT score equal to values representative of the Reference
Conditicn for that given ecoregion and type of river (see note 1, section 6.2.2), and then
filtering the data in order to identify samples from least-impacted sites. An alternative
way is to search the databases for sampling occasians in which the median monthly
concentrations or values of physical variables are within 15% of the values expected in
the Refsrence Condition.

v} Consult the Biobase and Rivers database for sampling data characteristic of the
Future Predicted State for;

a) the specific river in question, and/or

b) similar systems (i.e. other rivers of the same type and in the sarne ecoregion).
Exiract sampling data where the values of the water qualily variable are similar to the
criticat values. Data are screened by setting the variable values equal to, or higher than,
the critical value + 10%. Lists are compiled of the macroinveriebrate taxa that can be
expected to survive under the predicted water quality conditions. If no data are available
in which all water quality variables (i.e. two or three) are similar to the critical value, the
databases are again interrogated setting only fewer variables equal to 90% of the critical
value. A list of invertebrate taxa likely to be found under such a water quality scenario is
compiled. A lower confidence can be placed in the predictions in this case however,
since the situation is less representative of the future water quality scenario.



Chapter 8. Predicting the effect on the biota 167

vi) Compare taxa lists for the Refersnce Condition, Preseni Ecological Stafe and Futura
Predicted State. Derive a theoretical SASS score and a tentative likely Assessment
Category ior the Future Predicted State.

Tables are drawn up recording the taxa expected under the Reference Condition and
Prasent Ecological Siate (if required) and under water conditions periaining to the Fuiure
Predicted State. SASS scores from different sites and sampling occasions that are
characteristic of a given water quality scenario (i.s. either the Reference Condition,
Present State or Fuilure Predicted State), are combined by taking the median. A
theoreticat SASS score for the predicted impacted staie can be calculated and from this
a tentative, future Assessment Category (see note 2, section 6.2.2). Possible shifts in
species composition inciuding occurrence of nuisance species and loss of rare/key

species, should also be noted at this point.

vii} Include input from any other tolerance indices (e.g. the Fish Index of Kleynhans,
1999) or databases that may be relevant.

This step can be included if suitable data and expertise, for example on fish or riparian
vegetation, are availabie.

ix) Synthesize a likely scenario for the aqualic biofa as a result of the proposed change
in discharge. Assign the future Assessment Category (A-F).

This step incorporates expert knowledge of the particular river of concern. Consideration
of factors such as the occurrence of vulnerable sites (e.g. spawning sites) in a given
water quality reach, sensitivity of juvenile life stages, efc., should be taken into account.
in addition, the potential effects on the biota of likely alterations to hydraulic habitat
should also be assessed. it will be necessary fo liaise with other biological specialists at
the IFR workshop to derive this information. It is also necessary at this step fo consider
how represeniative the sampling data were that were used to make predictions of the
impact. It was explained in step v} that the databases are first interrogated to obtain
sampling occasions in which three water quality variables are equal to, or greater than
90% of the critical value. If no suitable sampling occasions are available, data are
exiracted in which two variables fit the required critera. The fewer variables that
represent the Future Predicted State, the lower the confidence in the prediction. The
final step is to reassess the tentative class assigned in step vi) in the light of the
information obtained above and to produce a final future Assessment Category.
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8.2.2 Points {o note

1} SASS and ASPT (Average score per taxon) values used for identifying Reference
conditions will vary according to the ecoregion (or Water gquality managemeni region;
WQMR), as well as the type of river. The valuss recorded in Table 6.1 were taken from
Dallas, Day, Musibono and Day {1898) for the Wastern Cape and from DWAF {15989) for
the rest of the couniry. Those for the non-acidic regions should be considered as
tentative uniil further confirmation. It is imporiant ihat the water quality and biological
specialists involved in 2 Reserve determination liaise with one another in order to
decided on what is characteristic of the Reference Condition for the river in question.
Version 4 of SASS was used in the development of this protocol, although version 5
{SASS5) is now available. Both forms are compatible with the protocol although in order
fo compare scores from different sampling occasions accurately it is necessary {o first
ensure that they are all converted to the same version of the index.

Tabie 6.1 SASS4 score and ASPT values used {o identify least impacted sampling sites
in the Western Cape as well as for other Water Quality Management Regions (WQMR).

WQMR River type SASS84 score > ASPT >
Souihern and Mountain stream 140 7.5
western coast Foothill 120 7.5

Transitional 85 6.5
Lowland 50 5.0
“A” class river >140 >7.0

2} A tentative Assessment Category for the Fulure Predicted State can be derived from
the theoretical SASS4 score by using Table 6.2. As in the case of SASS scores that are
characteristic of Reference Condition (Table 6.1), the vaiues of SASS4 scores that
delineate the diiferent Assessment Categories also require further research in order to
confirm the exact values.
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Table 6.2 A comparison of Assessment category, river condifion, and gssocigled SASS4
scoras and ASFT values.

Class Condition 8A584 score ASPT value
A Excellent > 140 >7
B Very good 121 - 140 §-7
Cc Good 101 - 120 5-6
D Fair 61 - 100 4-5
E Poor 31-80 34
F Very poor <30 <3

{Taken from DWAF (1998} Rescurce directed measures for protection of water resources,
Integrated report, January 1999) SASS4 = South African scoring system version 4, ASPT =
average score per taxan.

6.3 General considerations

The Biotic protocol has been devised as a means of checking all potential sources of
useful information in a systematic manner. Because of the complexity of ecological
interactions, no single source of information {(whether ecotoxicological, ar historical
data from the Biobase or other databases) is enough to give a full understanding of
the likely consequences of a proposed change in water quality for the biota. By
including all sources of relevant information, a better prediction of the likely effects
can be made. New databases that link, for example macroinvertebrate taxa and
water quality, should they become available, could also be accessed.

If the Biotic proiocol is used in the context of a Reserve determination, some of the
steps would be carried out as part of other activities. For example, lists of
macroinvertebrate taxa are compiled by the invertebrate specialist for the Present
Ecalogical State and also possibly for the Reference Condition. Present and
Reference Condition water qualily is also derived. It is probably necessary to apply
the Biotic protocol only to critical reaches in which either water quality is very poor, or
sensitive species ars present, or if the reach has a high score on the Importance and
Sensitivity index (Kleynhans and O'Keeffe 2000). in addition, it should be necessary
to examine only the most extreme discharge scenarios (i.e. the ones that are likely to
affect water quality most severely).
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As a consgquence of the two points mentionaed above, it i anvisaged that watsr
nuality modeiling would be carried out befcre and at the IFR workshop (and the
resulls prasented as the “waler quality consequences™). On the other hand,
assessing the impiications of the predicted watsr quality scenario for the diota would
be camried out after the worlksshop, once the prescribed flow regime and associatad
water quality is known.
Interactions between water quality variables are taken inie account by the rnanner in
which the databases are intermogated. The databases are searched for sampling
data in which as many variables as possible are simulianeously {approximately)
equal o 90% of the predicied critical values. The records obtained are also filtered to
ensure that they are obtained from the same ecoregion and type of river. The
biological data (i.e. lists of macroinveriebrate taxa) characteristic of the given waier
quality scenario are then used to exirapolate to what taxa might be expected under
the recommended discharge regime. If no sampling occasions are recorded in the
database where all three variables were similar to the critical values, the process is
repeated by interrogating the database for two variables, or even one. The smailer
the number of variables that are in the same conceniration range as the critical
values, the lower the confidence that can be placed in those predictions. ideally,
moare than three water quality variables should be used but, as mentioned previously,
this is not practicable. [n addition, due to the limited data that are available, the
chances of finding sampling occasions recorded in the database in which more than
three water quality variables are simuitaneously in the range of the critical values
becomes small.
At many steps in the profocal, specialised knowledge of water quality and the
macroinvertebrates characteristic of the river under consideration are required.
Expert knowledge is needed for at least the following aspects:

a) choice as to which water quality variables are likely {o exert the most profound

effects on the biota;

b) ideniification of potential nuisance species or key species that are likely to be

lost.

¢) synthesising information on the integrated effects of the proposed water quality

scenario on the biota.
In step v) of the protocol, the databases are searched for sampling data in which the
concentration of the water quality variable(s) of concem is set at 80% of the critical
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cencentration. This value is arbitrary, and may need o be increased or decreased
depending on avzilability of data, avoiding the siuaiion wherg, for exampie, the
critical value of TDS is 400 mg/lire, but sampling results in which TDS = 393 mg/liire
is excluded. In data-rich situations, an upper limit ic the critical value (Cerit) should
also be placed. For 2xample:

80%Ccrit < C > 110%Corit

it is also necessary to limit the data in this way in cases where the water quality for
Future predicied state is an improvement on the Present state (see section 6.5).

The usefulness of acotoxicological data can sometlimes be limited. For example,
TDS, being a composite rather than pure chemical constituent, is not listed in most
databases. Similarly, nufrients usually exert an effect on aquatic ecosystems by
altering the trophic state of an ecosystem, rather than having a toxic efiect per se.
Ecotoxicological data are most useful when toxic substances (i.e. those that exert a
deleterious effect at very low concentrations) are present in a system and the likely
concentrations under the recommended discharge regime can be predicied (ses
section 6.4). Sources of ecotoxicological data are given in section 1.9.4.

Copies of the Biobase {on compact disk), in conjunction with a manual titled “The
biological and chemical database: User manual” (Dallas, H.F. and Janssens, M.P.
1998; WRC Report No. TT 100/98) are available through the Water Research
Commission. Information on the Rivers database can be obtained through the Rivers

Health Programme. The website addresses are given at the end of this document.

6.4 Limitations and approximations in the method

The following limitations and approximations apply.

-]

The major stumbling block in the use of this protocol is the frequent fack of data
linking water chemistry with the presence of macroinveriebraie taxa. As the River
Health Programme becomes implemented in all provinces of the couniry, this
situation should eventually be rectified to some extent. It is essential however, that in
addition to the collection of biomonitoring data in the above programme, water quality
data should be collected at the same site and at the same time.

The protocol does not directly take into account any change or loss of hydraulic
habitat that may occur under the new discharge scenario. For example, from a
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consideration of the water quality under a given fuiure scenario, it may be pradicted
that a given taxen will be oresent. If that taxon was riifle-dependent, however, and
rifles would no longer be grasent all the time under the new recommended
discharge scenario, that taxon is uniikely to become established. Naveartheless, loss
of hydraufic habitat is accounted for indirectly in the proiocel, in that it can be
considered during the final step. This involves integration of all information, and
empirical adjustment of the final future Ecological Reserve category.

s Aspects other than water quality and habitat availability may influence the presence
of a given species in a given reach. This involves factors such as the presence of
refugia and recolonisation sites. Although the water quality in a reach may be
improved so that it is again suitable for certain species for instance, if there are no
refugial sources of individuals to recolonise the site, the future presence of that
species at that site is unlikely.

e Another important consideration follows fram the ones above. Because a given taxon
is not found in the database under particular conditions of water quality, this does not
necessarily mean that the species cannot tolerate those conditions. The databases
are patchy, and it may well be that the organism can survive such water quality but
gither this fact has not been recorded, or the taxon in question has not previously
encountered such conditions. This point emphasizes the need for the compilation of
extensive databases linking water quality and biomonitoring data.

» The Biotic protocol makes use of the “Critical values® to assass the potential effect of
future water quality on the biota, where this refers o the maximum monthly
concentration that is likely to occur over an entire year, in the case of chemical
constituents {and the maximum deviation from natural in the case of pH, DO and
temperature). It was noted in Chapter 4 that one of the likely consequences with
regard {o recommended environmental flow regimes is that, whilst periods of very
poor quality water might be avoided, periods of extremely good quality might also no
longer occur in a system. The overall effect on water quality of such a discharge
regime would be to raise the mean annual concentration of chemical constituents. To
infer the potential effecis of a water quality scenario in which the annual mean
conceniration is raised, sites (or sampling occasions for the same site) would need to
be compared which were identical in ecoregion, fype of river and availability of
habitat. In addition, the critical concentrations of the most significant water quality
would also need to be similar. The only difference would be that the minimum and
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passibly the median concenirations wauld need to differ betwesen the two sites. it is
not clear at this stage if the protocol would ba suitable to distinguish these more
subtle changes in a watsr quality scenario such as that described above. The biotic
pratocol as it now stands, is a relatively coarse method jor inferring potential effects
on the bicta.

s In addition o the conceniration of chemical constituenis that are pradicied for the
system, the length of iime that biota would be exposed to thai concentration shoutd
also be considered. That is, not only should the hazard be considered but also the
risk. In the protocol at the moment, there is no provision {o compare water quality
scenarios where, for example, a critical concentration would now occur for three
months of the vear, where praviously it occurred one month of the year. As stated
above, whether the protocal is able to predict the consequences of subtle changes in
water quality is not clear and requires further research.

» The Biotic protocol (and the biomonitoring method, SASS) rely heavily on the
presence or absence of taxa at a site. There has been criticism that the loss of taxa
is possibly too extreame an effect, and that cognizance should be taken of shifts in
abundance, rather than the presence, or absence of taxa (Dallas 2000Q). For ihe
moment, SASS in iis present form is the method that is recommended for assessing
river health in South Africa. With regard to the Biotic Protacol, it needs to be as
pragmatic as possible and since it is dependent on the data that are collected, i
makes use of the mast commonly used biomonitoring taol. Should that biomonitering
tool change however, adjustments might need to be made to the protocal.

s Some of the assumptions that apply to Q-C modelling are also of reievance in
application of the Biotic protocol, namely, that predictions are made on the
assumption that the pollution load will remain the same as at present. Furthermore,
since the recommended maintenance and drought baseflows represent the minimum
discharge for each month, predicted water quality, and therefore the polential impact
on the biota, represenis the “worst case scenario”.

e According to Dallas and Janssens (1998), the application of SASS scores to
historical data in the Biobase provides a crude means of ascertaining the degree of
pollution. There are discrepancies in the way data were coilected and recorded in the
original papers on which the database is based. Some samples were coilected from
a single biotope, whereas others covered more than one. Some of the records
represent one site visit and others a number of visits over several years. For this
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reason the SASS scores in Biobase as well as those arising from the Biotic protocol,
are spprexddmaie and should be referred to as “derived” or “theoretical” SASS scores
(Dallas, FRU, UCT, pers. comm.).

The situation might often ocour where, because of lack of data, a significant water
quality variable at a site is not modelied. Elevated loads of TSS, for example, ars
considered to have a considerable impact on riverine biota {Dallas and Day 1983},
and yet measurement of this water quality consiituent is limited in most rivers in the
country. If no quaniitative data are available for a site, but it is suspected that that
variable is exerling a major impaci, the effect can be incorporated qualitatively by
adjusting the final Assessment class.

6.5 Application to the Lower Qlifants River

The Biolic proiocol was applied to IFR site 15 (Mamba) on the lower Olifants River,
Mpumalanga. This site is on the section of river that was modelled using QUALZE in
Chapter 5 (Figure 5.1). The reasons for choosing this site were:

L]

Water quality is persistently poor in this reach of the river.

The site is on the western (upsfream) boundary of the Kruger National Park and is
therefore ecologically important.

Considerable progress in the River Health Programme has been made in
Mpumalanga, and as a result, reasonably extensive biomonitoring data are available
for this region in the Rivers database (Dallas, H., FRU, UCT. pers. comm.).

6.5.1 Resuits

The likely water quality consequences for the aquatic macroinveriebrates at IFR site 15
under the recommended flow regime are discussed below. In order to elucidate the

method and to highlight some of the associated issues, the results are presented in the
form of the sequential steps of the protocol.
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i} Using water quality modelling, tabulate and identify the critical values jor each
significant water guality variable. This is carmried out separately for,

a) the Reference Condition;

b) the Fresent Ecological State;

cj the Fuiure Predicted State;
The results fram water quality modalling (using the Q-C method} are summarised in
Table 6.3. The Q-C plots for the water guality variables that were medelled at Mamba
and that wers used to derive the daia in the above iable, are given in Appendix B. Table
6.3 shows for each water quality variable, the minimum, median and maximum monthly
concentration that could be expected during the hydralogical year. This is reported as
the simulated concentrations of each variable for the Reference Condition and Present
Ecological State, and the predicted concentrations for the Future Predicied State. Two
different flow regimes are included in the laiter, namely the recommended maintenance
baseflow and the drought baseflow. It is important to note that both the recommended
maintenance and drought flow regimes represent an increase in discharge compared to
the current discharge regime at that site and that water guality will be improved with
gither. The most improved water quality scenario would result from implementation of
maintenance baseflow. Implementation of drought baseflow would result in considerably
less improved water qualily. It was decided that the implications to the biota of the
drought baseflow should be investigated as this represented the “worst case scenario”.
Thus the effect of the following critical concentrations of chemical constituents
{expressad in mgflitre) on the biota were investigated:

TDS = 1421

Suiphate = 588

Fluoride = 2.7

Total inorganic nitrogen (TIN) = 0.29
ortho-Phosphate = 0.07
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Tabie 8.3 Minimum, median and maximum conceniratfions (mgrditre) of the water quality
variables medelled at IFR 15 on the Olifants River. undar the Referance Condition (naiural),
pressnt day, and future (maintenance and drought) discharge regimes. Concenirations
oredicied using the Q-C method. The TWOQR is indicaied as well as whether the predicied
maximum canceniration will fall within this range (/) or will exceed it (X].

Predicted/measured
Flow concentration Max
Variabie . {mgllitre) TWQR within
regims = TWOR?
Min. | Median | Max.
T T
DS Natural 212 | 266 | 300 J
Prasent 252 816 1541 X
£ 15% deviation from
Maintenance 778 956 1074 | Reference Condition X
Drought 1167 1323 | 1421 X
Sulphate | Natural - - - -
Present 52 235 727 -
Not in SA Guidelines
Maintenance | 217 | 288 | 343 ' ;
Drought 394 499 586 -
Fluoride | Natural 0274 | 0.317 | 0.34 J
Present 0.314 1.5 3.00 TWQR =0.75% mgmtre X
Maintenance | 1.37 | 145 |2.00 | ey o 12'554’“3:'9-’?;;6 X
Drought 22 25 2.70 X
TIN Natural 013 | 044 | 0.17 J
Present 0.275 0.28 0.32 - v
< 0.5 mgflitre =
Maintenance | 0.28 0.28 | 0.28 | oligotrophic J
Drought 0.28 g.28 | 0.29 A
ortho-P Naturaj 0.016 | 0.017 | 0.02 . o f
Present 0.023 | 0036 | 0.00 | 5 0w devialionfom 'y
Maintenance | 0.034 | 0.041 | 0.05 | 4495005 magfiitre = X
eutrophic
Drought 0.052 | 0.063 | 0.07 P X

TDS =total dissoived solids, TIN

=total inorganic nitrogen, ortho-FP =ortho-phosphates, CEV

=chronic aifect

value, AEV =acute effect value. TWQR =target waier quality range as specified in the South African
Waier Quality Guidelines (DWAF 1956).
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i) Compare the critical values (Ccrit) with the Target water guality range and ideniify the
twa or three water quality variables likely {c pose the most serious fisk.

The Target water quality ranges (TWQR) ior each of the chemical constifuenis, as
recommended in the South African water quality guidelines (DWAF 1996) is also shown
in Table 5.2. The final column of the table indicates whether or naot the maximum value
{the critical concantration) Talls within the TWQR. [t can be seen that of the five water
qualily variables modelled, only total inorganic nitrogen (TIN) would be within the targst
water quality range {TWQRY) under the recommended discharge regime. Sulphate is not
listed in the South African water quality guidelines and in addition, there were no suitable
Reference Condition data available for Q-C modelling. It is suspected however, by
comparing the values with other sites an the same system that SO,? is considerably
elevated at this site. The median Reference Condition values for sulphate in the middle
and upper parts of the river ranged between 3 and 20 mg/litre. The maximum monthly
concentration of sulphate that is currently recorded in the river at Mamba is over 700
mgftitre. Thus it is likely that this water qualily constituent may be exerting a major
impact on the biota at IFR site 15.

Al of the other water quality variables that were maodelted for Mamba were outside of the
TWQR for the Present Ecological state. In addition, under both the recommended
discharge regime for maintenance flow and drought flow, the TWQR would also not be
attained. As a result, four of the water quality variables, namely; TDS, fluoride, ortho-
phosphate and sulphate were chosen for further investigation. It was decided that only
after viewing data availabile for relevant sites would the choice be made as to which were
the most significant water quality variables.

ifi) Compare ecotoxicological parameters, if available, with the critical values in order fo
estimaie the toxicity of the variable in question.

No data couid be found in the EPA Aguire database regarding ecotoxicological
parameters for TDS, ortho-phosphaie or sulphate, although limited data for fluoride were
found. The LCy for fluoride (i.e. the concentration resulting in a likelihood of death for
50% of a test population within 24 — 48 hours) was found to range from 26 to 680
mg/litre. This was derived from the data for Daphnia and three species of caddisfly.
These concentrations are much higher than those predicted to occur at Mamba. A
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probebitity of death for 50% of the test population is, on the other hand, an extreme

imeact. No othar useful acatexicological infermation could be found in this database.

The CEV and AEY for flucride are reporied in DWAF (1998) as 1.5 and 2.54 mg/lire
respectively. The prediciad critical cenceniration for fluoride (2.7 mag/litre) is thus beyond
these values. The CEV {the chronic efiect value) is dafined by DWAF (1996), as tha
{upper) concaniration limit that is safe for most populations even during coniinuous
exposura, The AEV (acute effect value) is the concentration at, and above which,
siatistically significant acute adverse effects are expecied to occur. These data show
that fluoride at the concentrations currently present in the system, as well as under the
recommended drought baseflow is likely to be exerting acuigly toxic effects on the biota.
it is therefore likely to be a major factor in determining the presence or absence of
sensitive taxa in that reach of the river.

iv) Consult the Biobase and Rivers database for sampling data characleristic of the
Reference Condition for:

a} The specific river in question.

b) Simifar systems (i.e. in the same ecoregion and type of river).
A review of the macroinvertebrate taxa found under present conditions as well as
historically at Mamba is given in Palmer (2000). The author cites eight SASS4 taxa that
were historically found at Mamba (Moare and Chutter 1988), but that have not been
found subsequently during the biomonitoring programme. These were Perlidae, Hydra,
Heptageniidae, Pleidae, Nymphulidae, Haliplidae, Hydraenidae and Lymnaeidae. A
comprehensive list of the taxa to be expected under Reference conditions is not given in
Palmer (2000}, howsver.

The Biobase and Rivers databases were then interrogated for sampling data
characteristic of the Reference Condition by sefting the theoretical SASS score equal to
140. The value of this SASS4 scare used to identify Reference conditions was chosen
after consideration of Table 6.1. Only sites in the lowveld were axamined that were in the
foothill, gravel-bed sub-region (Pallas, H., FRU, UCT pers. comm.). Two records were
found {(one in each database) that fitted this critedion, both from Mamba. These sampling
occasions are indicated as records 6 and 13 respectively in Table 6.4. Mamba is
designaied as KNF0O6G in the Biobase and B70OLIF-Mamba in the Rivers database. The
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taxa that were found during these sampling occasicns and that are considersd to be
rapresentative of the Raference Condition are listed in Table 8.5, Notle that despite a
very high SASS score of 165 for record 13, the conceniration of fluoride was relatively
high (2.9 mgflitra). An examination ¢of the taxa present on this sampling occasion {see
further on} indicated that intolerant taxa ware present. 1t is suspected that the chemical
analysis for fluoride was inaccurate. Altemnatively, sampling may have occurred at the
beginning of an episode of high fluoride, before the biota had responided to the poor
water quality.

v} Consult the Biobase and Rivers database for sampling data characteristic of the
Future predicted state for:
a) the specific river in question;
b} similar systems (i.e. the same ecoregion, and type of river).

Three sites in the databases were found to fit the necessary criteria (i.e. in the same
gcoregion, and the same type of river with similar water quality conditions) and were
deemed lo be suitable to use for infering biolegical information. The three sites were
Mamba itself, Vygeboom and Balule. The Iast two sites are downstream of Mamba on
the Qlifants River and within the Kruger National Park (Figure 5.1). Like Mamba, they are
hoth in the lowveld, and are representative of foothill gravel-bed rivers. Table 6.4 shows
a summary of all the sampling data for the three sites, including the name of the site, the
sampling date, as well as the concentrations of the four water quality varables at the
time of sampling (or in the case of the Biobase, at approximately the time of sampling).
The derived SASS score and ASPT are indicated, as are the biotopes that were
sampled, and the database from which the information was extracted. Graphs were
drawn of concentration versus derived SASS score for each of the chemical constituents
in order to ascertain the correlation between the two factors. These graphs are shown in
Figure 6.2. There is a negative trend between concentration and SASS score for TDS,
fluoride and sulphate. The derived SASS value seemed to be largely independent of the
concentration of ortho-phosphate however. This is not surprising since artho-phosphate
is not a toxin. In commaon with other nutrients, the major effect of elevated concentrations
of these constituents on ecosysiems, is to alter the trophic state rather than to exerl a
toxic effect. Thus, since the values of ortho-phosphate were not pariicularly high (see for
example the values of phosphate in the Pienaars River, Appendix B), this variable was
omitted from further considerations.
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Figure 6.2 Graph of conceniration ploffed against denived SASS score for the four water
quality variables (TDS and SO, 2 on the left Y-axis and fluoride and ortho-phosphate on
the right Y-axis) considered to be the most significant at Mamba on the Olifants River.



Table 6.4 Summary of the sampling data from Mamba, Vygeboom and Balule stored in the Rivers database and the Bivbase. included are
the site name, sampling date, and the concentrations of the significant water quality variables at the time of sampling. The derived SASS
score and ASPT, the number of biotopes sampled, as well as the database from which the information was extracted, are given. Samplirng
occasions used to infer the taxa likely to be present in the Future Predicted State are indicated in bold.

["Record SASS4 No. of No. biotopes .
number Site Site visit [F} [TE_I‘S] [SC4] | [ortho-P] Score ASPT Families sampted Database |
1 B7OLIF 716193 27 1572 744 0.02 93 4.2 22 All biotopes
-Mamba .
2 B7TOLIF 2977123 2.7 1382 592 0.13 131 4.7 28 All bicicpes
~Mamba
3 870LIF- 281694 2.8 1518 660 0.06 - - - All biotopes
Mamba .
4 B70LIF- 1917194 3.2 1667 745 0.08 125 5.2 24 All biotopes
Mamba
5 B7OLIF- 1/8/95 3.8 1637 696 0.18 66 5.1 13 All bictopes uJ
Mamba _ — 2
6 B7OLIF- 7110/98 0.6 478 115 0.05 157 56 28 All biotopes 5%
Mamba i;:
7 870LIF- 8/10/98 0.6 448 - 0.02 73 4.9 15 All biotopes a
Vyge 2
a B70LIF- 6/6/93 1.4 841 262 0,022 78 7.8 15 All biotopes Wi
Balule ;—’:
2] BYOLIF 2917183 2.4 1551 672 0.025 81 4.8 17 All biotopes
-Balule
10 B7OLIF 2077194 2.6 1356 542 0.a28 102 51 20 All biotopes
-Balule
11 B70LIF 1/8/95 24 1481 601 0.025 100 5.6 18 All biotopes
-Balule
12 B7OLIF- a/10/e8 0.8 558 155 0.019 62 4.4 14 All biotopes
Balule
13 KNPOB 1983- 2.9 225 11 0.05 165 6.1 27 3 W
Mamba | '1986/10/03 (@
14 KNPOG 1983- 0.3 288 18 0.04 125 6.0 21 2 %
Mamba | 1986/04/09 o

ASPT=average score per taxon, Vyge = Vygeboom,

LEL
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The defa in Table 8.4 were inspected for occasions on which the conicentration of ths
water quality variables were equal to or higher than approximately 30%, but less than
110% of the critical vaiue. Namely:

Cerit TDS = 1420 (= 15€0 -1280) mg/litre

Ccri{ sulphate = 880 (= 525 -540) my/litre

Cerit fluoride = 2.7 (= 2.4 -3.0) mgflitre

The sampling occasions that were used to infer the taxa likely to be present in the Future
Predictsd State were records number 1,2, 8, 10 and 11. These are indicated in bold in
Table 8.4. Records 4 and 5 were congsidered to represeniative of the present state. The
data recorded in the Biobase were not found to be useful for deriving informaticn with
regard to the recommended discharge regime as the TDS and sulphate levels wera too
low. In addition, record 3 (from the Rivers database) was omitled because no biological
data were collected on that sampling occasion.

vi) Compare faxa lists for the Reference Condition and Fuiure predicted state. Derive &
theorstical SASS score and Assessment category for the Future Predicted State.

Lisis of the taxa present on the sampling occasions indicated in Table 6.4 were
compiled. These lists are presented in Table 6.5, which shows the water quality (the
concentration of fluoride, TDS and sulphate), the macroinveriebrate families that were
present at the time of sampling, as well as the derived SASS4 score. The data are
arranged from left to right in tenms of increasing fluoride concentration. The two columns
on the lefi-hand side, show the taxa expected under Reference conditions (Biotic
protocal, step iv). Columns 3, 4 and 5 are similar o the critical value for TDS (1420
mgflitre}, fluoride (2.7 mglitre} and to that of sulphate (580 mgﬂ'itre) and were collected
at Balule. Columns 6 and 7 are also representative of the Fuiure Predicted State and
were oblained from Mamba. Columns 8 and S represent the present state water quality
at Mamba.

By comparing the taxa lists representative of the Reference Condition (columns 1 and 2)
with those that represent the Present Ecological State (columns 8 and 9) and Future
Predicted State, the taxa that have been lost from the system compared io the
Reference Condition could be deduced (underlined in Table 6.5).



TABLE 8.5 Lists of invartabrate laxa and SASS scores for individual sempling occasions. Taxa that have bean lost compared lo the Referarnice condition are underned.
Taxa thal may e regained in tha systam under tha Fulure Predicled Slale shown in bold.

REFERENCE CONDITION FUTURE PREDIGTED STATE {UNDER DROUGHT BASEFLOW) PHEGENT STATE
RECORD 13 (KNPOB) RECORD 6 {Mamba) RECORD 11 {Bakle) RECORD 9 (Belule) RECORD 10 (Baluls) RECORD 1 (Mamba) RECDRD 2 (Mamba) RECORD 4 (Mamboy  RECDRD 5 (Mamba)
1983-1986A 013 THOSE 14075 2047593 200794 16m3 2ar1aa 16{754 WBigs _
F=2.9, 105%225, 811 F=0.6, TD5=470, 52115 Fe=2.4,TDS=1401, 5+601 Fo2 4, TDS=1551, 52672 F=26, TD5=1356, §2542  F=2.7, TD5=1570, S»744  Fo2.7, TDS=1303, Seb82 |F=3.2, TOS=1667, §=74 F=3 8 TDS5=1637, 5=49
ANCYLIDAE ANCYLIDAE
ATHERICIDAE
[PAETIDAE ATYPES  |DAETIDAE 1 TYPE BAETIDAE 2 TYPES BAETEDAE 1 TYPE HAETIDAE 2 TYPES RAETIDAE { TYPE |BAETIDAE 1 TYPE BAETIDAE 2 TYDES HAEIIDAE 2 TYPES
BELASTOMATIDAE BELASTOMATIDAE BELASTOMATIDAE BELASTOMATIDAE
CAENIDAE CAENIDAE CAENIDAE CAENIDAE CAENIDAE CAENIDAE CAENIDAE CAENIDAE CAENIOAE
CERATOPOGONIDAE  |CERATOPOGONIDAE CERATOPOGONIDAE CERATGPDGDMIDAE
CHIRONOMIDAE CHIROMOMIDAE CHIROMOMIDAE CHIRONOMIDAE CHIRONOMIDAE CHIRONOMIDAE CHIRONOMIDAE CHIRONOMINAE CHERDMGHIDAE
COENAGRIONIDAE  [COENAGRIOMIDAE COENAGRIONIDAE COENAGRIONIDAE COENAGRIONIDAE COENAGRIONIDAE COENAGRIONIDAE COENAGRIOMIDAE
CORDULIIDAE CORDULIIDAE CORDULLIDAE CORDULIIDAE CORDULIDAE CORDULIIAE
CORIXIBAE CORLYUDAE CORIXIDAE CORIXIDAE COREQDAE CORIXIDAE
CULICIDAE CULICIDAE CULICIDAE CULICIDAE CULICIDAE
{ELMIDAE/DRYOPIDAE
DYFISCIDAE DYTISCIDAE DYTISCIDAE DYTISCIDAE
ECNOMIDAE ECHOMIDAE
ELMIDAE/ORYOPIDAE {ELMIDAE/DRYOPIDAE ELMIDAE/DRYDPIDAE
GERRIDAE GERRIDAE GERRIDAE
{GoMPHIDAE GOMPHIDAE GOMPHIDAE GOMPHIDAE GOMPHIDAE GOMPHIDAE GOMPHIDAE GOMPHIDAE GOMPI DAL
GYIUNIDAE GYRINIDAE GYRINIDAE
HERUDINEA HERUDINEA HIRUDINEA HERUDIMEA HIRUDINEA HIRUDHNEA IHIRUDIHEA LERULIEA
HYDROPHILIDAE HYDRAENIDAE HYDROPHILIDAE HYDRACHNELLAE ¥ ORACHNELLAE
HYDROPHILIDAE
LIYDROPSYCHIDAE I HYDROPSYCHIDAE 2 HYDROPSYCHIDAE | [HYDROPSYCHIDAE 2
TYPES HYDRQEYCHIDAE A TYPES |TYPES HYOROPSYCHIDAE 1 TYPE HYDROPSYCHIDAE 1 TYPE HYDROPSYCIHDAE 1 TYPE|TYIE I'PES
LEPTOPHLEDIIDAE
HYDROFTILIDAE HYDROPTILIDAE {pH>6.6) HYDROFTILIDAL
HYDROZOA
{EPTORHLERIIDAE LE§ OPHLEBIIDAE
LEPTOPHLEBIIDAE (pH~6.6) {pH>G.4) (pl1=6.6)
LIBELLULIDAE LIBELLULIDAE LIBELLULIDAE {LIBELLULIDAE LIBELLULIDAE LIDELLULIDAE LIBELLULIDAE LIBELLULIDAE
MELANITDAE MELANIIDAE MELANIIDAE MELAHIDAE
MUSCIDAE NAUCORIDAE MUSCIDAE
NANTANTA (SHRIMPS)Y
MAUCTIRIDAE MNALUCORIDAE NAUCORIDAE MAUCORIDAE
NEPIDAE ‘INEPIDAE NEPIDAE NEPIDAE NEPIDAL
NOTONECTIDAE NOTONECTIDAE NOTONECTIDAE NOTONECTIDAE
QLIGONEURIDAE
OLIGOCHAETA OLIGOCHAETA OLIGOCHAETA OLIGOCHAETA OLLGOCHAEY A
PHYSIDAE PHYSIDAE PHYSIDAE
ELANARITOAE BELANARIIDAE
FLANORBIDAE
SIMULIIDAE SIMULTIDAE SIMULMDAE SIMULLIDAE SIMULIIDAE STMULLIOAE SIMULIIDAE
SPItAERIDAE SPHAERIDAE SPHAERIDAE SPHAERIDAE SPIIAERIDAE SP1IAERIDAE
TAHANIDAE TABANIDAE TABANIDAE TABANIDAE TABANIDAE TABANIDAE TABANIDAE TAHAMIDAE TABANIDAS
Tm: ) ICHOPTERA (CASE TRICHOPTERA (CASE  |TRICHOPTERA (CASE ‘TRICHOPTERA (CASE TRICHOPTERA {CASE TRICHOPTERA {CASE YRICHOPTERA (CASE
CADDIS 2 TYPES) CADDIS 2 TYPES) CABGDIS 1 TYPE) CADBIS 2 TYPES) CADDIS 1 TYPE) CADDIS L TYPE) CADDIS t TYPE)
TRICHORY THIDAE TRICHORYTHIDAE TRICCGRYTHIDAE
VELIIDAE VELIIDAE VELIIDAE VELJIDAE YELIIAE
SASS 185 167} 100 & 102 83 1 125 [T

F=lluorida, TDS = tolal distolvod solids, S= sulpholo
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These inciude:
Agshnidae, one iype of Hydropsychidas, Hydrozoz, Maniantia, Oligoneuridae,
Planariidaes, Planarbidae, and Thioridae.

A comparison of {axa present during conditions represeniing the Future Predicted State
{columns 3-7) with those present during the poorest water qualily (colurnns 8 and 8) was
used {o infar the taxa that would likely be regained in the system under the improved
watar quality scenario that should rasult from the recommended flow regime. These ars
shown in bold in Table 6.5. Taxa that may be regained in the system under the improved
water quality scenario inciude;

Belastomatidae, Ceratopogonidae, Dytiscidae, Gerridae, Gyrinidae, Notonectidae and
Physidae.

A tentative derived SASS score was for the Future predicted state was estimated to be
about 100. This value was obtained by taking the median of the SASS scores for
columns 3 -7. From table 6.2, this would indicate a future Assessment class of "C/D”.

vii) Include input from any other biotic tolerance indices that may be relevant e.g. the
Fish Index (Kleynhans, 1999).

This step was not attempted in this application of the protocol.

viii) Synthesfze a scenario for the aquatic biota that is likely fo be the consequence of
the proposed change in discharge. Assign the fulure Ecological Reserve class (A-F).

It was considered by the project team that the predicted improvement in Assessment
Category from “D” (Palmer 2000) to "C/D” was too conservative. This arises from the
fact that the proposed flow regime represents an increase in the present-day discharge
and that the critical concentrations were taken from those sxpected under the drought
basetrlow. The latter is likely to be imposed for less than 20% of the fime at the site, and
baseflow represents the worst-case scenario (i.e. the minimum volume of water that
would be allowed in the system). in addition, the position of the site and potential
recolonisation was taken inte account. The poor quality water originates to a large extent
irorn the Selati River, which is a few kilometres upsiream from Mamba. Water quality in
the mainstem Olifanis River is considerably better than at Mamba and thus faunal
populations exist that would be likely to recolonise Mamba, should the conditions there
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improve. Thus it is considerad that under the recornmended flow ragime, the likely future

assessment class will be “C",

8.5.2 Points arising from the applicaticn

o

The choica as to which water quality variables can be considered to be most
significant is not always easy. At some sites the lack of date will preciude Q-C
medelling for some variables and in any case this type of modelling cannot be used
for dissolved oxygen or temperature. These two water quality variables are likely to
be very important with regard to impact on the biota. Application of the Biotic protocol
to Mamba was aided by the fact that usually when fluoride levels were high, the
cancentrations of TDS and sulphate were also high. This might not a2iways be the
case, however, if for example there were two or more upstream point source of
poliutants, discharging effluent at different times. In such situations, when the level of
one poliutant was high, the other might be low. This would make using the protocol
considerably more difficuit.

Ecotoxicological data that are available in databases are not always easy to
interpret, and if possible, a toxicologist should be consulted.

As far as possible, given the constraints of the limited data, sampling data from the
same time of the yvear were compared. This is important since the compaosition of
taxa (and thus the SASS score) will vary during the year, the highest scores being
recorded during spring (Dallas 2000).

There is a danger in using data that are representative of Future Predicted State and
the Present state from the same site, unless these data sets are well separated in
time. For example, due to previous poor water quality, record 7, used to help derive
the taxa characteristic of the Reference Condition may not have contained all the
taxa that would normally be present under non-impacted conditions.

An interesting observation is that records 7 and 12 (at Vygeboom and Bezlule
respectively) indicate low derived SASS scores and yet the concentrations of TDS,
and fluoride are also relatively low. There are several possible reasons for this.
Firstly sulphate concentration for record 12 is relatively high, and this may have
resuited in the very low SASS figure of 62. The sulphate concentration was not
determined in record 7. The low SASS score in record 12 may have been the resuit
of a previous period of very poor water quality from which on 8/10/98 the biota had
not yet recovered. The poor condition of macroinvertebrates at Vygeboom on
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8/10/98 is not 30 easily explained since the SASS score for the previous day at
Mamba (upstream of Vygeboom) was sxiramely high (157). This may well be a
conseguencs of a tributary carrying poar quality watar from the mining operations at
Phalaborwa, which joins the Olifants River downsiream of Mamba. Because of the
anomalous derived SASS scores and waier quality values these two sites were not
used io infer biclogical information during this application. Thus it is possible that
{currantly unmonitored) toxins, other than flucride and sulphate, may be exerting a
deleiarious effect in the lower reaches of the Olifants River.

6.6 Application to the Middle Diifants River

The Biotic protocol was aiso applied to a site on the middle Olifanis River. This was
carried out as part of an Honours degree at UCT by David Smith, and took the form of a
critical appraisal of the protocol. It had been hoped that a river, other than the Olifants,
could be used to apply the method, but unfortunately this was not possible due to a lack
of biomonitoring data in the Palmiet and Breede Rivers. The study examined an
application of the protecol to IFR 5, which is downstream of the Loskop dam. it was
difficuit to find clear differences in the assemblage of predicied macroinveriebrates
compared to those presently in the sysiem. This is likely to be due to the fact that there
is only a small diiference in predicled water quality, compared fo the Present Ecological
State. The project therefore focused on the development of statistical techniques to aid
both in application of the protocol as well as interpretation of resuits obtained. These
techniques included the use of a Water Quality Index, as well as mulfi-dimensional
scaling plots of invertebrate assembiages. The work that was carried out is preliminary
and consequenily the results are not presented in this report.

£.7 Potential developments to the Biotic protocol

There are several aspects of the proiocol that could be expanded or improved.

o Given the development of suitable tools (namely databases relating distribution and
water quality) it should be possible {o extend the protocol o make likely predictions
of altered water quality on fish and possibly on riparian vegetation.
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bl

One of the major probiems that was encounterad in apoilying the Biotic protocol was
in obtaining the integratad effzct of more than one water quality variable on the biota.
In the application cf the protocol to Mamba on the Qlifants River, water quality
scenarios wera primarily ranked according 0 the measured fiucride concentration. K
might be instructive to investigate the use of watsr quality indicss, Using a water
quality index the integrated impact from mare than one water quality variable could
be determined.

In many situations, due o a lack of data, or of sophisticated water guality modelling,
detailed assessments of some water quality variables may be lacking. In such cases
it may be possible to draw up some “rules of thurnb® to account for synergistic and
antagonistic effects betwesn water quality variables.

For exampie;

- a combination of high predicted NH, concentrations in combination with high pH
shauld be regarded as serious.

- a combination of high predicted concentrations of a metal poliutant in combination
with low pH should be regarded as serious.

- similarly, predicted conditions of high water temperature accompanied by low
levels of disscived oxygen.

- a situation where high levels of nutrients are predicted might be mitigated against if
this is likely to occur in combination with high 7SS loads and high discharge (i.e. if
the risk of eutrophication is reduced).

This type of information could be used to modify the final Assessment Class, or
could be inciuded as comments in the compilation of the predicted water quality
scenario.
Average score per taxon (ASPT) is considered {o be a more reliable assessment of
water quality than SASS scores (Dallas 1997). The reason for this is because it
excludes variability between SASS scores obtained from more than one site that
originate from differences in the availability of distinct habitats. In the application to
the Clifants River, however, ASPT was not found to be pariicularly useful. This was
largely because the values of this parameter did not appear to change markedly with
altered water quality. This aspect requires further investigation.
More work needs to be done to check the SASS4 score and ASPT vailue that are
used to identiiy the Reference Condiiion. Specifically scores for
gcoregions/bioregions other than the Western Cape nieed to be derived or confirmed.
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§.8 Conclusion

The Biotic protocel oifers a frameawork within which, given the development of
appropriate tools, it should be possible to make predictions of the eifect of aliered water
gualily on other bictic components such as fishh or riparian vegetation. Aquatic
ecosytems are complex, however, and many inieractions betwesen biotic and abioiic
companenis occur, some of which are known and can possibly be quantified, and others
of which are toially unknawn. In addition, aquatic ecosystems are highly variable, and
different responses to stressors are possible under different circumstances. Thus large
databases are required in order to make reliable predictions of biotic responses to
changes in water quality impacts. The initiation of the River Health Programme and
development of the Rivers database is an invaluable opportunity to obtain more data
linking water quality and biotic response. The use of this protecol has highlighted the
importance of co-ordinating the collection of discharge data, but especially of water
quality and biomonitoring data. To make the most effective use of limited resources and
to opiimize the benefits of the River Health Programme, water quality and biomenitoring
data should be collected at the same time and in the same place so that the
relationships between water quality and biotic response can be elucidated.



CHAPTER Y

INCORPORATION OF PREDICTIONS OF WATER QUALITY
AND BIOTIC RESPONSE INTO RESERVE ASSESSMENTS

7.1 Introduction

The {ools developed and used in this project to predict water quality or biotic response
can be employed in many different situations. Mass balance modelfing can be used, for
instance to calculate the instream concentration of a given chemical constituent if the
pollutant loading of the sysiem were to be altered. The Biotic Protoco! could be used to
estimate the potential effect of such a management change on aguatic organisms. One
of the major uses of these tools, is nevertheless, within Reserve determinations and for
this reason integration of the tools into this process is discussed in detail,

Because insiream concentrations of chemical constituents and values of physical
variables frequently change in response to altered discharge, it is necessary to ensure
that in setting the ecological Reserve with regard to the quantity and timing of discharge,
that the Resource Quality Objectives {RQOs} with regard to water quality will also be
met. In order to do this, quantiiative predictions of the concentrations of chemical
constituents and values of physical variables that can be expectéd for a given discharge
need o be made. In other words, some form of water quality modelling is required. Prior
ta this project, only qualitative predictions of water quality were usually made during
environmental flow determinations in this country (Palmer, Malan and Day 2000). The
situation is frequently encountered in which the recommended discharge for a given
reach of river is reduced compared to current flow regime. Although it can be predicted
that the insiream concentrations of chemicals arising from a point source discharging
into that reach are likely to increase, the exact amount cannot be ascertained without
some form of modeiling.
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in this chapier, the process currently followed in Scuth Africa when determining ths
environmental flow raquirement of 3 river reach is outlined. This is followed by a brief
discussicn of how gach of the tools developed or used in the project should fit inio the
process, as well as what infamation and benefit 2ach could provide. Also included is a
consideration of the circumstances under which sach tool should or shouid not be used.
Finally a framawork is presented for the integration of water guaiity modelling, as well as

prediction of likely impacts on aquatic biota, into Reserve assessments for South African
rivers.

7.2 Qutline of an Environmental Flow Assessment

An Environmental flow assessment (frequently termed “Instream flow assessment” in
South Africa) can be defined as "an assessment of how much of the original flow regime
of a river should continue to flow down it in order {o maintain specified valued features of
the river ecosysiem” (King et al. 1998). The riverine features of concem may be as
specific as a species of fish or tree that should be retained in the system. Alternatively,
the goal may be to rehahilitate a given river reach from, for example, an “E" Ecological
Reserve category to a *C". An Environmental flow assessment (EFA) is then camried out
in order to obtain an estimate of how much water can be absiracted faor a specified leval
of impact on the riverine ecosystem.

To put this chapter into context a brief outline of the environmental flow determination
process is given below. A more detailed discussion is given in Chapier § of the literature
review to this project (Malan and Day 2002). It was noted in C'hapter 1 that the South
African National Water Act (No. 36 of 1398) requires that the ecological Reserve be
determined for all significant water bodies. The currently accepted method in South
Airica for a comprehensive determination of the water quantity component of the reserve
is the Building Block Methodology (BBM), which represents the minimum procedural
requirement (DWAF 1988). DRIFT (Downstream Response to Imposed Flow
Transformations) is a new developing methodalogy for determination of envirenmental
flow requirements in South Africa (Brown and King 2000; King, Brown and Sabet in
press). It is not currently in official use as pan of the Reserve Determination Process, but
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was applied in parallel with the BBM during the EFA for the Breeds River Basin study.
A autline of both methodolegies is given below.

7.2.1 The Building Block Methodelegy
This outline is fargely taken from King and Louw (1998}, Tharme and King (1298} and
frorn the BBM manusi (King, Tharme and de Villiers 2000).

The BBM is based on the assumption that the natural flow regime of a river can be
broken up into different kinds (i.e. differing in magnitude, timing, frequency and duration)
of flow. The differeni kinds of flow are the building blocks of the new hydrolagical regime
and each are considered to exant differing impacts on ecological functioning. A modifted,
reduced flow regime can be constructed, reprasenting the EFR, which incorporates the
flows that are perceived to be essential or important and that are characteristic of the
natural hydrological regime. Water that is not perceived to piay a specific role (such as
that required for the shifting of any sediments, provision of enough depth for fish, or
floods required to act as environmental cues for fish spawning elc.) is patentially
available for abstraction. Decision as to which flows ares important is made in a workshop
attended by a group of experienced river scientists. The scientists involved usually
include those knowledgeable in the fields of freshwater fish, aquatlic inveriebrates,
riparian vegetation, riverine habitat integrity, fluvial geomorphology, hydraulics,
hydrology and water quality. In addition, if the EFA is conducted in response to the
proposed development of a water resource, specizlists experienced in management of
such projects are also frequently included. Prior to the workshop, a document is
produced by the specialists which describes the present ;tate (and usually the
Reference condition) of various aspects of the river system.

Financial consiraints frequently limit the collection of new data, one exception to this
however is the surveying of cross-sectional profiles at specific BBM sites along the river.
These sites are identified within the study area and each has an EFR described for it.
The hydraulic engineer surveys each site throughout the hydrological year (i.e. during
periods of both low and high discharge) and measures various parameters such as
water height, velocity, river width etc. From analysis of the data and examination of the
riparian vegetation, cross-sections of each BBM site are produced. Using such
diagrams, river scientists are able to calculaie the relationship between discharge and
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the water depth that is required for a specific scological Teaturs =.g. (o kesp waier
maving over rifile argas during the dry season. Motivaticns from each discipling ara
mads and the flow reguirements for maintenance years (i.e. when “nomal’ rainfall
ocecurs) and those for drought years are recorded for 2ach month. Fleods during narmal
and drought years are specified in volume, frequency, Hming and duration. The
prescribad flow regime is used by DWAF to calculate the amount of water available for
use in the catchment and in the planning of watar development schemes (but ses
section 7.2.3, below).

7.2.2 The DRIFT Methodology

Downstream Response fo Imposed Flow Transformation (DRIFT) is a holistic
gnvironmental flow methodology that has developed out of the BBM. it was largely
refined during the Lesothe Highlands Water Project (Brown and King 2000). DRIFT also
involves groups of riverine specialists in a workshop situation, but according to the
authors, DRIFT differs from the BBM in the following ways:

= The BBM constructs a recommended flow regime from nothing, whereas DRIFT
uses present-state hydrology as the starting peint and then describes the
consequences for the river of further reducing (or, if relevant, increasing) the flow at
different times of the year.

= One of the principle products of a DRIFT assessment is a database that can be
queried to produce the biophysical consequences of a wide range of prescribed flow
regimes and management options {scenarios). On the cther hand, the BBM requires
identification of a single predetermined condition and a single flow regime is
recommended to facilitate maintenance of that condition. In the most recent
applications of the BBM (in Comprehensive Reserve determinations), howsver, flows
and their associated consequences have besn designed {o comply with a specific
future ecological Reserve category (A — D). Using a Decision Support System
(Hughes and MaoOnster 1999), these resulls can be extrapolated to give low
confidence estimates of flows for any other class that is required.

» DRIFT was specifically developed in order to link the biophysical consequences of
altered discharge regimes and the social impact for the populaiion at risk along the
river. Although social imporiance can be included in the BBM the links between
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change in river flow and gconomic costs of mitigation and compensation for loss of
river services ars not well defined.

7.2.3 Post- workshop deveiopmenis

Prior to 1997, the water quantity aspect of the BBM ended with the drawing up of a
recommended flow regime table that was comprised of monthly discharge values for
mainienance and drought years. In addition, the required floods during normal and
drought years were specified in terms of volume, frequency, timing and duration.
According to Louw, Hughes and Birkhead {2000) it became increasingly apparent that
the IFR process could not end at this point. Only after detarmination of the Reserve
could the “excess’ water that was available for other users (termed the system yield) be
calculated. The prescribed IFR flow regime as represented by the values in the table
was found to be incompatible with the Water Resources Yield Model (WRYM) which is
used by DWAF to determine yield. There were two main reasons for the incompatibility.
Firstly, there was no indication in the output from the BBM of the percentage time the
system should be at drought, how often flows should be intermediate beiween drought
and maintenance, and in wet years, how often flows should be above maintenance
requirement. This type of information, in addition to the recommended flow regime, is
now determined by the specialists at the IFR workshop. Secondly, there was no
indication in the recommended flow regime as to when droughts should occur and when
floods should be released. Louw et al. (2000) go on to say that to overcome the two
above problems the IFR model has been developed. This model uses the output of the
{FR workshop, is linked, via a reference time-series to climatic cues in the caichment,
and makes use of a set of rules defined by the specialisis which specify when, and for
how long, low flow and flood events should occur. The output from the IFR model is a
flow time-series thet, for each calendar month, specifies the percentage of time that the
modified flow regime is at or above maintenance, between maintenance and drought,
and at drought. This is summarised in the form of flow duration curves for each month.
The nexi step is for the yield modeller to assess the impact of supplying the Reserve on
the yield and on the existing requirements on the system. if both the Reserve and the
existing users cannot be met, often by making slight adjustments to the flow regime (i.e.
by generating different discharge scenarios), all demands on the system can be
satisfied. A Scenario workshop is held in which the scological specialists assess the
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envirormental impacts of the various vlow scenarios suggesiad ay ihe vield modeller,
P gg ¥

and rank them according to the perceived severity for the aquatic biotz.

7.3 NMaturai versus anthropogenic water quality impacts

Although it has long been recognised that water quality shouid be addrassed within the
IFR process, how this should take place has only recently become clear. Current
thinking is that cognisance shouid e take of any present day impairment to water quality
{since this is likely to affect what species of fish and invertebrates are currently present
in the system). In addition, predictions are required as to the concentration of chemical
components and values of physical variables under the new, proposed flow regime.
When setting the environmental flows, however, the discharge specified for any one
month should not be set higher than required by the biota and fluvial geomorphology in
order to provide dilution flows (Tharme and King 1998). Poor water quality should rather

I!!

be ameliorated by the control of pollutants at source. If *additional” volume is utilised to
dilute problematic constituents this should not be considerad to be pari of the IFR or the
waier quantity Reserve of that river. It is a Taci of life that many South African rivers are
impacted due to high levels of pollutants. Thus, if point and difiuse sources of poflution
are not addressed and implementation of IFR regimes leads to a reduction in base flow,
deterioration of water quality is a likely result. The current approach therefore is to
predict the likely water quality consequences of the recommended flow regime in the

absence of polluiion contral (Palmer and Rossouw 2000},

In the context of IFR determinations it is important to distinguish between “naturai" and
“anthropogenic " water quality problerns. Natural water quality problems would inciude
instances where due to the geology of the surrounding catchment, water draining that
region is naturally saline resulting in elevated concentrations of salts in the river. The
aquatic biota in such rivers are adapted to high salinity levels. Implementation of an IFR
flow regime for which the maintenance and drought flows represent a reduced discharge
volume compared to natural, may well result in unacceptably high levels of TDS,
however. In such cases, incorporation of dilution flows into the flow requirement (the
water quantity Reserve) would be necessary and acceptable. As an example, the lower
reaches of the Swartkops River (Eastern Cape Province) exhibit naturally high salinity
values due to the underlying geolagy being derived from old marine sediments. Under

natural hydrological conditions, salinity levels are not excessively high in these reaches.
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if the flow regime were to be subsiantially reduced on the other hand, salinity might be
expected to reach concenirations that would be stressfut to some inveriebrate species
{M. Rossouw, Ninharn Shand, Cape Town, pers. comm. 2000). in such a situation, the
water guantity reserve as determined from censideration of the hydraulic requirements of
the biota and geomarphology, might need adjustment in order to attain acceptable watsr
quality.

7.4 Water quality modelling and the Reserve determination process

The proposed role in Reserve assessments of each the water quality models is
discussed below.

7.4.1 Discharge-concentration (Q-C) meodelling

It is proposed that Q-C modelling be undertaken for each IFR site (for which data are
available), as part of an Intermediate or Comprehensive Reserve detemnination. This
method is the lowest tier of recommended models (section 1.8.3). it should be used to
screen sites in order to assess whether the water quality component of the Reserve
would be attained under the proposed maintenance and drought baseflows. [t should be
kept in mind that the Q-C method gives only estimates of predicted concentrations and
that predictions are for baseflows — the lowest recommended flows, and thus represent
the “worsi-case scenario” with regard to water quality.

Using conceniration-flow modeliing, depending an the availability and reliability of data at

each IFR site, the following information can be obtainad:

+ flow-concentration relationships for some key water quality variables;

* estimates as to how many months of the year the water quality component of the
Reserve would be attained, as well as the likely Assesament Category (A, B, C etc.),
far each water quality constifuent of concern;

s in what month the worst water quality would be likely to occur and what
concentrations could be expected;

» the extent of devialion of predicted concentrations from those specified under the
Reference Condition.
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what discharge, in the absence of pollution conirel, would be raquired io diluis
pofiutants in order to attain the Resource Quality Ohiectlives:

In the case of "natural water quality problems”, what discharge would be needed to
dilute the chemical constituents in order to attain the water quality component of ihe
Reserve. Note though, that in the Reserve Assessments that were examined during
this project, no cases of "natural water quality problems” were considered to oceur.

The degree of confidence in the accuracy of the simulations for each IFR site can be

assessed by taking the following factors into consideration:

the completeness of the data-set used to assess Reference Condition (RC) water
quality for each chemical constiluent, as well as an assessment of how
representative that data-set is of the natural state;

the completeness of the data-set for each water quality variable that is used to
assess water quality for the Present Ecological State (PESY);

how represeniative the water quality data (both RC and PES) are of the IFR site
under consideration. This depends largely on how close the monitoring station used
as data source is to the IFR site, and if a hydrological feature (2.g. minor tributary,
weir etc.} is situated between the IFR site and data source site;

the reliability of the discharge data. This can be assessed by consuitation with the
hydrologist for the project;

the accuracy of the water quality simulations. This is indicated by the correlation
coefficient between measured and predicted values.

Predictions of water quality should not be made using Q-C modeliing:

a

if the available PES water quality data do not satisfy the requirements as laid out in
the Resource Directed Measuras manual (DWAF 1899). in other words, a minimum
of 60 water quality daia points is required covering the entire hydrological year. in the
absence of RC data, predictions of future water quality can still be made, but the
extent of deviation from naiural can not be assessed;

if the nearest water quality monitoring station o the IFR siie is in a different water
quality reach from the site. This may be either because of the distance between the
two is too great, or because a significant hydrological feature, e.9. large tributary,
major point source of poliution ar impoundment is situated between the monitoring
station and the IFR site. In other words if no data are available that are considered
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{o be representative of the water quality at the IFR site, modelling should not be
carried out;

« if accurate present day discharge data for the waler guality reach under
consideration are not available;

s if the correlation coefiicient between measured and predicted values is less than 0.7,
the simulations should be discarded. It can be conciuded in such cases thai factors
other than discharge are influencing instream concentrations. Predictions of water
quality in such cases should be made using QUALZE (or passibly a catchment run-
off model);

s if the conceniration of the water gquality variable exhibils a marked increase in
concentration with increasing discharge (section 2.11.1) and if this is {ikely to be due
to wash-off from the surrounding land. In a few cases, positive Q-C trends may be a
result of the release of constituents (especially nuirients) from insiream sources,
such as sediments. If this can be verified, then predictions of concentrations can be
made using the Q-C method,

7.4.2 Mass balance modelling and QUALZE
Mass palance modelling or QUALZE should be used for IFR sites where initial screening

using Q-C plots has indicated that, under the recommended discharge regime, the water
quality component of the Reserve may not be attained during all months. A Mass
balance model or QUALZE should be set up for such sites {or reaches of river} and used
to assess the implications of different water quality management scenarios. Thus the
effect of different sources and loading of pollutants on instream water quality should he
examined. These results would be employed in the Flow scenario phase (Step F, Table
7.1). A consideration of different water quality management scenarios is not currently
incorporated into implementation of Reserve determinations, but it is a sirong
recommendation by the project team that they should bs.

Mass balance modelling can be used in the form of the generic equation if the necessary
data on inter afia percantage return flows are available (section 2.7.1). If such data are
not available, different water quality management scenarios (i.e. different poliution
loadings) can be assessed using simple mass balance calculations {see example in
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section 5.3.4.1). Because Mass balance modalling is not suitable for non-conservative
constituents, it should be used in situations in which:

s consefvative chemical constituents ars of imporiance;

e simpie situaiions are fo be considered {i.e. where only two to five well-defined
sourc@s of pollutants impact on the reach under consideration).

QUALZ2E is abie to model conservative and non-conservative constituents but requires

extensive data (section 5.4,1.3). This model, therefare, should only be set up as pari of a

Comprehensive Reserve determination in which a field sampling programme is included,

in addition it can be used:

e if non-conservative chemical constituents (nutrients, dissolved oxygen, temperature,
chiorophyli) are of concem;

» if complex situations are to be considered (i.e. multiple sources and sinks of
paollutants are present which impact on the reach under consideration);

» f sufficient expertise and finance are available to set up the model.

7.4.3 Concentration fime-geries madelling

Concentration time-series modelling shouid be employed when different flow scenarios
need to be compared with regard to the effect on instream water guality, and the
discharge data are in the form of time-series {i.e. generated by the IFR model or the
Yield model, section 7.2.3). Because of the major approximations and assumptions that
are made in the preparation of the concenfration time-series they should not be used to
make quantitative predictions. Thus, for example, the precise percentage of the time
that a given water quality constituent will be in each Assessment Category under a
particular flow scenario, should not be determined using this method. This technique
should rather be used to compars and rank flow time-series in terms of the water quality
that will rasult from each, Conceniration time-series modelling can be used in the IFR
workshaop (Step C, Table 7.1) to compare the cencentration duration curves arising from
natural, from present-day and from the recommended flow regimes. It can also be used
at the Flow Scenario workshop (Step F) to compare the water quality consequences of
different flow regimes generated by the Yigld model (WRYM). Concentration time-series
modelling should be carried out:
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» for kay IFR sites (i.e. where there is a likelihcod that the water quality componant of
the Raserve may not be atitained);

a for the water quality varizble that is likely 10 be the most influential in ferms of
potential impacts on the bioia;

o during either, or both, the IFR workshop and the Scenario modelling phase.

Conceniration tine-series modelling should not be undertaken:

e for sites at which there Is a low coniidence in the Q-C model (e.g. a correlation
coefficient <0.7, or a positive correlation between constituent concentration and
discharge, or poar representivity of data);

o if different water quality management options are considered. The method has the
potential to be useful in such situations but needs more research before it can be
used to obtain accurate results.

7.4.4 Catchment run-off models

Catchment run-off models represent the third and most sophisticated tier of water quality
rodelling that was suggested (section 1.8.3). Such models were not examined in this
project and thus details cannot be specified as to exactly which models should be used,
and in which situations. The project team recommends, however, that a suitable
catchment run-off model be set-up and used for key catchments, (i.e. those in which
intense demands are made in terms of excessive use of water and release of pollutants)
and where non-point source pollutants are an important issue. This would include
catchments where a large proportion of land-use is given over o informal settlements or
to agricufture. In section 2.11.1.1, a site on the Breede River, Western Cape was
discussed. Due to salinisation of the surrounding scil, TDS increases with increasing
discharge, at least in the low-flow portion of the discharge range. Discharge-
concentration madelling cannot be used in such situations to make reliable predictions of
the concentration of TDS that would resuit from a given discharge regime. In order fo
make such predictions, detailed knowledge would be required as to how that modified
flow regime wouid be brought about, exactly what flow modifiers (e.g. impoundment,
instream abstraction} would be employed and how they would be operated, and how the
generation of run-off (and thus of diffuse poliution loading) would be affected. Because
of the distributed nature of the pollution, mass balance modelling or QUALZE wotild not
be very successful in predicting realistic water quality and thus a catchment run-off
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medel is required. Catchment run-off models require extensive data, axperiise and can

take a considerable {ime to set-up and thus should cnly be emploved in spacialised

cascs.

7.5 General considerations on water quality modelling and Reserve assessments

The following points should be noted when incorporating water quality modelling info

Reserve assessments.

During the BBM, baseflows are specified for each month of the year. This is for both
maintenance years (when the normal rainfall and hence streamflow is expected) as
well as for drought years. Using water quality modelling (Q-C, mass balance,
QUAL2E), the concentration of each water quality variable ¢can be predicted for each
month under the prescribed regime. Baseflows represent the lowest flow allowed for
a given month at that site. in the case of TDS, sulphate and other chemical
constituents, which usually decrease in concentration with increased discharge, the
predictions from concentration-flow moedelling, therefore, represent the "worst case
scenario”,

Due to stratification in deep impoundments, the drawoff level can exert a profound
gffect on the water guality of releases downstream. Thus it would sometimes be
necessary when carrying out water quality modelling to first model releases from a
dam. This would then be followed by instream modelling of the reaches below the
dam wall.

There is increasing recognition that manipulation of the timing of effiuent discharge
may represent a useful management option (Grayson and Doolan 1994). if effluents
can be stored they can be released during periods of high flow so that aithough the
total annual load is not affected, concentrations in the river during low flows are
reduced with potential ecological benefits. In order to do this and at the same time to
ensure that the water quality Reserve is not exceeded, some form of mass balance
modelling wouid be necessary.

The results of water quality modelling pertain to the entire reach in which a given IFR
site is located. In the IFR workshop, descriptive pradictions can also be made which
are applicable to a specific IFR site. For example, a situation might occur where
nuirient concentrations are relatively high and the cross-section for & given IFR site
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indicates that there would be areas of non-flowing water during the dry ssason. The
water quality specialist could then predict that there was a likelihood of algal blooms
in back-waters during such periods. An examination of the waier velocity at individuai
IFR sites can also give insight into movement of sediments and impact on water
guality. Further examples of such qualitative predictions for the localized areas
around individuat IFR sites are described in Palmer, Malan and Day {2000).

7.6 Predictions of impacts on the aquatic bicta and the Reserve determination
process

7.6.1 The Biotic Protocol

The Biotic protoca! represents a structured manner in which all relevant information is

collated in order to make an assessment of the likely effects a proposed flow regime,
and the resulting water quality scenario, will have on the aquatic biota. The products
arising from an application of the protocal include lists of invertebrate taxa that are likely
to be lost (or regained) in the system under the proposed flow regime, predicted
theoretical SASS scores and the predicted Assessment Category, Thus the protocol can
be empioyed to check that at key IFR sites the recommended flow regime will result in
the required Resource Quality Objectives (RQO) with regard to macroinvertebrates. A
flow regime must first be recommended by the specialists at the workshop, before the
Biotic protocol can be applied. Because of the length of time it requires to apply the
protocol and because of the different data sources that need to be accessed, in practice,
when using the BBM to determine the flow requirement, the protocol can oniy be applied
after the workshop. This is indicated in Table 7.1, where the protocol is shown as Step
D. [f the environmental flow requirement is determined using DRIFT on the other hand,
the consequences of successive flow reductions are recorded. if the proposed flow
reduction scenarios are known before the specialist workshop, both Q-C modelling as
well as the Biotic protoco! can be applied prior to the meeting. Thus, for each flow
scenario, the water quality consequences, as well as the [kely implications for the
macroinvertebrates can be assessed. These results can then be presented at the
environmental flow workshop, and if necessary, river reaches can be identified in which
pollution must be ameliorated in order for the RQOs for macroinvertebrates to be met.
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7.58.2 Use of siress fime-series

Stress time-series are of potsntial use in assessing the implicafions of different
discharge time-serias for the biota. They would be used in conjunction with and folfowing
on from, concentration time-series. As is the case for concentration time-series, it is
recommended that stress fime-series be used to compare and rank different flow
scenarios with regard to fikely impacts on the biota. They should not be used to obtain
guantitative values of the exact duration of diifferent siress levels. Stress time-series can
be employed most usefully when considering the effect of toxic substances and salts.
They should not be used for modelling of nutrients since the principle mode of impact of
these constituenis is by altering the trophic state of a system rather than a direct toxic
effect on organisms.

7.7 Scenario modelling

One of the major limitations of the IFR methodology as it now stands, is that how a given
system will be operated (and hence the sources and proportions of different flows), is not
usually known. Limited scenario modelling is undertaken, in which no consideration is
usually given to the manner in which the system will be operated. In other words no
information is available as to how the relative sources of water would change between
flow scenarios. Thus, the actual effects on water quality can not be determined, and ali
predictions are made on the premise that the source of water for all flow scenarios will
be the same as at present. Although this is adequate if the water quantity component of
the Resarve is to be determined, for assessing the water quality of the Reserve, it is
simplistic. Qualitative statemenis such as "the discharge from tributary X, which carries
good quality water should be maintained in order to ensure thal salinity at site Z,
dawnstream of the confluence is not campromised,” were included in the scenario report
for the OREWRA. This was intended to encompass likely efifects on pollutant loading
resulting from changes in the source (tributaries, impoundments etc.) of water. Although
it is likely to increase the complexity of the scenario phase, there is an urgent need to
include more realistic scenarios that consider the water quality of the various water
sources. It should be possible using a combination of mass-balance modelling and time-
series modelling to obtain more accurate predictions of water quality and thus ranking of
flow scenarios. The use of DRIFT and in particular the database that is generated during
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fis application, should be investigaied io assess the sultability of including different waier

quality management scanarios.

7.8 A framework for incorporation of water quality info the Reserve

A framewark has been developed (Table 7.1) which indicates how, and at what stage,
water quality should be incorporated into the Reserve determination process. The
proposed framework also incorporates the predictions arising from water qualiiy
modelling, and the assessment of the likely implications of changed water quality for the
aquatic biota. it has been compiled by liaison with IFR specialists and from involvement
with actual Reserve determinations. The framewark is compatible with both methods of
determining the IFR namely, with both the BBM and the DRIFT methad.

The framework is comprised of three major phases, depending on whether the activities
take place, before, during, or after the Environmentai Fiow (IFR) workshop. Each phase
is sub-divided into steps, which in turn are comprised of individual work components.
The first step in the Pre-IFR workshop phase entails assessing the water quality of the
resource. This includes an examination of ecoregions, point-sources of pollution and
catchment land-use, as well as division of the resource into water quality reaches, in
which the concenirations of chemical constituents and values of physical variables are
assumed to be homogeneous. All pertinent water qualily data are assernbled and
examined for completeness. Reference conditions (RC) and present ecological state
{PES) water quality is defined for individual river reaches and the Reserve Categories
(management classes) are determined. For each water quality variable of concern, a
numerical value for the Reserve (the RQQO) is assigned. All this information is recorded in
the IFR siarier document. The above activities are part of the general water quality
assessment that is routinely carried out during Reserve determinations. One of the major
products arising from these activities is the generation of monthly median concentration
values (for RC and PES) which are used in Q-C modelling. The second haif of this phase
(Step B) is concerned with integration of discharge and water quality. Discharge-
concentration plots for each chemical constituent of concern are drawn up for each JFR
site for which there are data. In addition, the spreadsheet templates are prepared for use
in the IFR workshop.
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Tadle 7.1 Framewerk ior the incorporstion of predictions. of waier quality, as well as the implications or
aftered water quality for the biota, inic Reserve assessmernts. (WQ = water qualily, RC = Reference
condition, PES = present ecological state, RQOs = resource quelily obfectives).

Phase

Sten

Work component

Product

Use of product

PRE-INSTREAM FLOW REQUIREMENT WORKSHOP

Step A: Water quality assessment

1. ldentiiy resource & delinzate
boundaries, chose IFR sites etc.

Maps of resource

2. ldentify 2coregions,
significant hydrolagical fealuras,
peoint sources ete.

WQ raaches

Used for entire
process

3. Determineg Referance

condition

Monthly median vatues

Step B

4, Determine Present ecologicat
state

Monthly median values

Step B

5. Assign provisional Ecological
Reserve Class

6. Assign WQ Reserve

WQ categories and RQOs for
each variable and site

StepC

7. Record findings

WQ Starter document

Used for entire
process

Step B: Integration of
WQ 8 quantity (Pre-

workshop)

8. Check RC & PES monthily
median values for suitability for
modelling

9. Consult with hydrologist.
Obtain appropriate discharge
data

10. Prepare Q-C modeiling
spreadsheets.

Q-C relationships for each
variable at each IFR site

11. Prepare  concentration

duration curves

Concentration

curves

duration

Step C and
Step F

INSTREAM FLOW REQUIREMENT WORKSHOP

Step C: Integration of WQ & quantity (during
workshap)

12. Use Q-C modelling to
predict concentrations and WQ
classes

“Water

quality

consequences”

Step E

13. i "natural WQ impacts”, use
Q-C modelling to motivate for
Quantity Reserve

Recornmended flow regime

that will

attain RQOs for

water quality

Step E

14.If required, use concentration

duration curves f{o assess
recommended flow regime
compared to natural and

present-day
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Table 7.7 Frameworl for incorporation of predictions of water quality and implicaiions for the biota,
continued.
Phase | Step Woerk component Produci Use of
product
o 15. Apply Biolic protocol to kev | Pradicted derived SASS scores,
%*'5 L IFR sites, for critical | Ecological Reserve Category,
@ o g recommended discharges lists of taxa
=
= E E 2 Step E
553
= E®
h= 5
16. Record results of WQ | Water quality modelling report
g modelfing
£S5 a Step F
36 w2
o S2389
o 8 5= =1 17. Record results of Bioiic | Report on expected effects on
5 W8 5 3| protocol the aquatic biota
Jgd odc g
5 20w
o e
S —
b 18. Use Q-C relationships to
5 transform discharge to
E w concentration time-series for key
i 2 sites
2 g_ 19. Prepare  concentration { Concentration duration curves
8 o ® duration curves Step G
x a3
= Z _E 20. Rank flow scenarios with | Flow scenarios ranked wrt water | Step G
Q - regard to WQ impact quality implications
T o
= iy
3 (B3
i » 2 21. Use ecoloxicologicai data to
15} o5 transform  conceniration to
= <g stress ltime-series for key sites
e i @ (if suitable data available).
D 3 -
o t% 22. Prepare siress duration | Stress duration curves Step G

curves

23. Rank flow scenarios wiih
regard to WQ impact

Fiow scenarios ranked wri
implications for bicta

Step G: Document
results of time-series

modelling

24. Reacord results of time-series
modelling

Repot on flow scenario

modeiling
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The second phase of the framework involves the tasks thai arise during the IFR
workshop itselil {Step C). K is suggested that the qualitative, site-specific manner in
which water quality is currenily incorporated should be retained. |n addition, broad-scale
predictions using resuits frorm Q-C modelling should aiso be employad. At the workshop
predictions of water quality in response io the exact flow regimes prescribed by the IFR
practitioners are produced (the "water quaiity consequences’). Concentration duration
curves can be used ai this stage, if required, to compare the water qualily consequences
arising from the natural, the preseni-day and the recommended flow regime.
Occasionally, cases of "natural water quality impacts” may be encountered. In such
cases, Q-C modelling can be used o calculate the volume of water required to diute
naturally oceuring chemical constituents, so that the water quality component of the
Reserve would be obtained.

The final phase of the process is carmied out after the IFR workshop. The implications of
the predicted water quality for the biota are assessed, in other words, the likelihood of
the Resource Quality Objectives for aguatic macroinveriebrates being attained under the
proposed flow regime, and current pollution loading is ascertained. This phase may, or
may not, include a comparison of flow scenarios. Presently, such comparisons are made
at a Flow Scenario workshop which is held if there are such heavy demands on the
system in question that both the ecological Reserve and the demands of existing users
in the catchment cannot be satisfied (Louw et al, 2000). In order {o make realistic
predictions of water quality it is necessary to take into account the various sources of
water as well as the loads of pollutants that can coniribute to the total discharge at a
particular site on a river. Although incorporation of management scenarios might greatly
increase the complexity of the process of quantifying the Reserve, it is an essential step
if realistic predictions of water quality are to be made. Concentration duration curves can
be used at this stage to compare and rank different flow scenarios. Stress duration
curves may aiso be of use if suitable data are available. The final step (Step G) is fo
document the resulis of the Scenario modelling phase (both of flow scenarios as well as
water quality management scenarios). If DRIFT is used as the methodology for
assessing the environmental flow requirement, the results contained in the database
would be reparted at this siage.
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CHAPTER 8

CONCLUSIONS AND RECOWMMENDATIONS

Maior conclusions arising from this project

The following major conclusions have been reached during the course of this project:

L]

Some form of water quality modelling is essential within instream Flow Assessmenis
to ensure that in setting the ecological Reserve with regard to water quantity, the
water quality component of the Reserve will also be attained.
In order to make realistic predictions of water quality it is necessary to take into
account the various sources of water as well as their pollutant loads that can, or do,
contribute to the total flow at a parlicular site on a river. Thus consideration of
different water quality management (or system operation) scenarios, in addition to
flow scenarios, is impartant in terms of Reserve assessmenis. At present, this aspect
is not usually considered. Although, incorporation of management scenarios would
increase the complexity of the entire process, it is an essential step if realistic
predictions of water quality are {0 be obtained.
No single, water quality modelling method possesses all the attributes that are
required. Furthermore, the affributes exhibited by the models wouid not necessarily
be required in all situations. Therefore a hierarchy of methods should be employed,
with three tiers of modelling complexity:

- A simple discharge-conceniration {Q-C) regression method.

- Mass-balance modelling or QUALZE.

- A catchment runoff model.
Discharge-concentration {Q-C)} modelling is a useful method for estimating the
instream concentration of chemical constituents that wilf arise from implementation of
a given flow regime. 1t can be used as a screening tool to identify IFR sites where the
water quality component of the Reserve is not likely to be attained under ihe
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recommended flow ragime. There are limifations in the method, howaver, and these
should be clasrly recognised whan appiying the model.

»  Q-C modelling is suitable for conservative substancas, less successiul in modeilling
nuirients and cannot be used for dissclved oxygen or iemperature. It should aiso te
uszd with caution when making predictions of constituenis ithat exhibit a positive
correlation with discharge.

s Mass balance models (either spreadsheet ar QUALZE) can be used to examine the
results of different water quality management scenarios.

»  QUALZ2E can be useful for praviding a more mechanistic description of the processes
affecting water quality in a given reach compared to the empirical approach used in
Q-C madelling. 't has fairly extensive data requirernents, however, and frequently
additional data will need to be collected. Thus in the context of Reserve
determinations it is suitable for use as part of a Comprehensive Reserve
Assessment for key IFR sites. It is not suitable for Rapid or intermediate ievels of
Reserve determination. This maodel can be most usefully employed in situations
where: there is a complex situation of pollutant loading; when nutrients, dissolved
oxygen or temperature need to be modelled; and when diiferent management
scenarios need to be assessed.

o The problem of non-point sources of pollutants, for which Q-C modeling is not
suitable, is likely to increase in future. Because of this, attention should be directed
towards setting up catchment run-off models, at least for key siies on rivers where
extensive and conflicting demands are made on them and for critical reaches in
which there is extensive loading from diffuse poliutants.

¢ Preliminary research indicates that patierns in Q-C trends at un-impacied sites do
show similarity within the same primary drainage region. Further work is required,
however, to confirm these findings.

e Despiie the approximations in the derivation of concentration time-series, these can
be used for comparing and ranking different flow scenarios, as generaied by the IFR
or yield model (WRYM), with regard to the likely effect on water qualify.

s Altention needs to be paid to the further development of concentration time-series,
primarily in the use of confidence intervals, and in the use of spell anaiysis (i.e.
examining the number of times and the length of time that the concentration of a
given variable will be above a threshold value). Attention also needs to be given to
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the use of cancentration time-series in combination with mass balance modelling.
This would aid in interpretation of the implications of differeni water guality
management scenarios.

» The use of stress tims-series shows potential jor ranking flow scenarios with regard
to likely impacts on the aquatic biota. The method is probably most suited to toxic
constituenis or sysiem variables rather than nutrients. Maore research is required,
however, to link the concentration of chemical constituenis and values of physical
variables with biotic response, In particular, methods to integrate co-stressors need
to be investigated and the method, in some manner, needs to be validated using field
data.

a The Biotic protocol can be useful for assessing the likely impiications of a proposed
water quality scenario for benthic macroinvertebrates. it can be used to identify taxa
that may be lost or regained to a system under a recommended flow regime as well
as to make predictions of the theoretfical SASS scores and Assessment class likely
to be attained. The Biotic protocol is, however, entirely dependent on the availability
of suitable data. It needs further refinement by applying the method o catchments
that are situated in a variety of ecoregions.

» The potentiat of the Biotic protocol for predicting the likely implications of a proposed
water quality scenario for other sectors of the aquatic biota (for example, fish and
riparian vegetation) should be explored.

e From the point of view of water quality, DRIFT appears to be more flexible than the
BBM. The use of a database means that the resulis from madelling of different water
quality management scenarios can be recorded and the optimum scenario chasen.
In addition, using DRIFT, the discharge regime can be made available before the IFR
workshop so that the water quality consequences as well as the consegquences for
the biota (obtained from the Biotic protocol) can be derived. These results can then
be used in the workshop to further refine the recommended flow regime (although it
is permissible to increase the water quantity component of the Reserve to allow for
dilution only in the case of “natural water quality impacts”).

e The tools developed in the course of this project, although not specificaily examined
for this purpose, should be useful in a wider field than Environmental Flow and
Reserve deterrninations. The current trend in water quality management both
internationally as well as in South Africa away from the control of effluent discharge
to resource directed measures, Thus rather than considering the composition and
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volume of point sources of pollutants, the water quality of the receiving water bedy is
of primary concern.  Simple Mass balance modelling can be used to predict ihe
instream concenfrations of contaminants that would result from the loading of
differant point sources. The Biotic Protocel could be used to assess the likely
impacts of a particuiar water quality scenario (for example the addition or removal of
a point-source) on aquatic invertebrates. Thus, the water quality scenario to be
examined need not necessarily be one that is predicied from implementation of the
Reserve.

8.2 Recommendations and future research areas

The following recommendations arise from this project;

In order to arrive at realistic predictions of water qualily, attention must be directed
towards incorporation of water quality management {or systern operation) scenarios
into the Reserve process, Mass balance modelling could then be used to predict the
water quality consequences of each scenario. Attention should be given to the use of
the DRIFT database {o store and analyse the resuits from such a modelling exercise
so that the optimum management scenario can be chosen.

There should be extensive co-ordination between monitoring networks, in particular,
beiween that of water quality and biomonitoring. Collecting measurements of water
quality as well as biological data {presencefabsence of macroinveriebrate taxa and
SASS scores) at the same time and same place maximises the usefulness of both.
This enhanced usefuiness is primarily because links between water quality and the
presence or absence of specific taxa can then be macde.

Research should be carried out to confirm the SASS scores and ASPT values that
form the boundaries for macroinveriebrate Assessment categories (Table 6.2). [t
shouid also be confirmed if these are valid for all regions of the couniry. The values
of SASS scores that are characteristic of the Reference Condition (Tabie 6.1) also
need confirmation.

In the OREWRA study the situation was frequently encountered where, under the
recommended IFR flow scenario, whilst occasions of very high concentrations of
salinity (or other constituent) were avoided, periods of very good quality water would
also be removed. This is a consequence of the fact that it is normally during the
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pericd of high flow that water would be harvesied for other users. The overall result
is an attencation of the current salinity proiile so that the extremes of very high and
very low concentration would no longer ocour. Whilst the removal of episodes of poor
waier quality is obviously advantageous, the sffect of removing perieds of “fresh’
water is not clear. This matter requires further ressarch and should form part of a
detailed study of the long-term effects of implementation of the IFR for key rivers. |t
should be noted that this is an urgent research need, not only to tesi the predictions
of water quality modelling, and of the Biotic protocol, but to assess the effectiveness
of the entire Reserve determination process.

e At present, the form in which water quality data are available in South Africa is not
optimal. Water quality simulations as developed in this project (and also for the
Reserve) require examination and comparison of segments of the time series for
given variables. The relevant data are available in several different forms. Despite
this, there is no compiletely reiiable, easily accessible manner that wilt enabie a user
to view the entire time series and that will also calculate summary statistics for
different time segments. Manipulation of data to obtain the required information can
be time consuming. [n addition, linked water quality and discharge data should be
directly available from DWAF. This would avoid errors due fo the use of the incorrect
rating curve etc.

s Some statistical aspects of the Q-C method may need refinement. This includes the
use of r, and cormrelation coefficients as well as testing the significance of non-linear
relationships. Some Q-C relationships may be befier described by more
sophisticated relationships than those available in the software package used
{Microsoft Excel). This requires further investigation.

8.3 Conclusion
Several tools have been developed that can be used to integrate water quality and
quantity within Reserve assessments. They are complementary and given the

assumptions and limitations in the methods, can yield useful information.

Discharge-concentration madelling can be used to predict the concentration of chemical
constituenis that could be expecied at 2 given discharge. it is 2 rather simplistic
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appreach, as it does not take into account the origin of the water {and hence water
quality) into account and cannot distinguish behween instream and catchment effecis. it
i3, however, a step in the right direction towards integraiing watsr quality inta the IFR
process and is an improvement on the purely qualitative =stimaties given previousty.

Because of the inherent extrapolations and simplifications in the time-series modelling
method i is not particularly accurate for predicting the exact proportion of time that a
water quality variable is likely to be in each assessment category. Nevertheless, it is a
useful tool for comparing the water guaiity that will result from different flow time-series
and for ranking such scenarios.

It is also acknowledged that the Biotic protocol is simply a structured manner for
assessing the data available that links water quality and the presence or absence of
macroinvertebrate taxa. Predictions of the potential implications of a predicted water
quality scenario that are made using this protocol are likely to be a best, tentative. This is
a consequence of the variation in natural ecosystems. Using this method, however, does
give an indication of the taxa that may be gained or lost in a system, and thus potential
impacis can to some extent be ascertained.

In conclusion, prescribing environmental flows for a river, especially systems that are
large and complex, is not an easy task. Methods for determining the quantity and timing
of flows that are required have evolved in South Africa over several years. The field of
water quality fags considerably behind that of quantity and this is the first major attempt
to integrate the two fields within Reserve assessments. Because of increasing demands
on a limited resource, water quality nationaily is likely to become a pressing orobiem.
This project presents the first step in a process that will see water quality modelling
playing a more important role in the management of aquaiic resources in South Africa.
Development of the predictive tools and integration of these into the Reserve
determination process has been brought about by patticipation in the process and
accompanied by liaison with praciitioners in the field of environmental flow assessments.
Itis likely, however, that much development of the method is still needs to be carried out
and feedback is required from water resource managers in order to make the tools as
useful and relevant as possible. This is especiaily as recommended fiow regimes are
impiemented in South African rivers and Resource Quality Objectives need to be met.
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Despite the approximations and assumptions that are inherent in the tools that have
been developad, these methods represent an attempt {o predict the watar quality that
will be sxperienced under a proposed IFR regime as weil as to assess the implications
for the aquatic biota. It is the opinicn and hope of the project team that the use of these
tools will aid in the integration of water quality and quantity and should result in 2 more
balanced approach io the use of water resources and enhanced prolection of aquatic
ecosystems.
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DWAF water quality database:
htip://iwgs. pwv.aov.zalwg/map

River Heaith Project:
hiip:/iwww.csir.co.za/RHP

Water Quality on Disk:
hiip:/lenvweb.csair.co.zalwater/iwaecdfindex hitml

Woater Research Commission:
http:/fwww.wrc.org.za

US Environmenial Protection Agency:
hto:/Awvww.epa.gov

US EPA ecotoxicology (ECOTOX) databhase:

htip: /www . EPA.Gov/ecotox

IS Geological Survey, surface water and water quality models information:
hitp:/smig.usgs.gov/smic
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APPENDLC A

Given below are the squafions used to calcuizie the 95% confidence interval for
pradicticns of concentrations using the Q-C method. All equations taken from Underhill
{1285).

Linear equation:

y=a + bx

Slopa:
b = Cyy/Cx
Y intercept:

a=9-Dbx

Correlation coefficieni r:

r=Co/ Vi Ty

Residuat standard deviation:

RSD = V[Cpy-bCo(2)

Confidence interval:

= predicted value = t,., X RED x vVT+1/n + (x=X)*
Cux
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APPENDIX 8

The discharge-concentration graphs for the various water quality variables obiained at
each IFR site, ars given balow.
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Breede River
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BEreede River
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Qlifanis River
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Diifanis River
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Clifants River
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Olifanis River

IFR 10: NO2+MO3 VS FLOW
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Qiifants River
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QMifants River
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APPENDIX C

List of the gauging sites that were Screened for impacted water quality. The % of
cbservations at the site that were above the waler quality criteria used for screening sites
(EC = 500 mSm, NO; + NO;" 2 0.5 mg/t and PO, 2 0.1 mg/l see text for details) is shown.
Also given is the number of records in the data-set. EC = electrical conductivity; NQ = NOy

+NQ;; P=pP0,

Gauging station | % observations: | % observations: | % observations: Sample size (n)
£C > 500 mSm NO = 0.5 mgh Pz 0.1 mgil EC; NO; P
ABHO18 0 0 0 159; 123; 139
ABHD19 0 0 0 154; 111; 144
ABHO21 0 0 0 46; 26; 34
ABHO11 0 1.1 0.4 422, 284; 276
ABHO20 0 1.8 0 147, 114, 120
ABHO12 0 ] 20 383; 242; 246
ASHOOD4 0 2.3 1.2 102; 89; B85
ABHO01 a 4.2 0.6 180; 167; 164
A4HO008 Q 4.6 04 471; 284; 273
AZH039 0 0 50 32; 16; 20
AZH003 0 7.3 Q 109; 96; 97
ASHDO2 0 25 4.9 134; 122; 122
ASHO02 0 8.3 C 262; 86; 102
i A2HO29 0 8.4 27 1474; 1493
| A4H005 1] 14.0 0 400; 222, 236
A4HO02 Q 19.5 31 371 262; 290
AZHO53 0 0.0 o 277, 197; 180
AZHD32 0 43.4 8.3 119, 76: 72
AZHO49 0 100 2.9 503; 398; 386
A2HD50 0 g3 78.3 509; 400: 401
B7HO04 0 0.5 0 257, 303, 297
B4HOD5 0 0.8 0 494, 175, 152
B6HO03 0 1.0 Q.7 379, 316, 330
B7H014 0 0.0 1.5 208: 108; 131
B6HO06 0 ¢ 3.6 308; 142; 139
B&HOO1 0 3.2 1.0 485; 316; 289
B4H009 0 3.5 1.4 603; 427; 418
B7HO10 0 38 1.4 245; 133; 142
BYHQOS 0 144 1.9 400; 319; 312
B1HO02 0 22.3 1.5 861; 471; 459
B3HO0O1 1] 25.2 2.2 454; 369, 358
BSHD02 0.5 44.9 1.9 185; 118; 107
B8HE10 Q 307 19.4 490; 267, 294
B7HOGCS 0 50 6.7 18; 16; 15
B1HO04 0 84.5 0.6 980; 521; 504
C2zH026 D 26 1.6 211; 191; 189
C2HD28 0 46 G.8 434; 368; 377
£18007 o 2.8 3.3 1025; 858, B47
C5H012 0 25 8.2 232;162; 171
caHo12 0 8.4 43 273, 204, 207
CgHO22 0 13.2 7.0 7978, 71
CgHoa3 Q 171 4.3 522, 340; 346
CEHOD4 0 13.3 17.0 107; 60; 59
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. Gauging station

% observations:

% observations:

% chservations:

Sample size (n)

[ EC = 500 mSm NO 2 0.5 mgf! P=01mg EC; MO; P

i

C3H033 0 29.0 24 818; 334, 328

C7H003 : 0 3.3 32.8 196; 121; 122

; CzZH067 1 0 13.7 26.0 103; 93; 100

C5H007 0 4.8 36.8 109; 84, 87

| C2HG27 0 17.7 27.8 21, 17; 18

! C2HOB5 0 43.2 8.2 565; 509; 501
C6HO03 0 27.3 531 267; 231; 243
C8HO05 1] 56.9 42.8 440, 334; 346
C5HO08 4.8 36,3 82.4 2117, 17
DBHBO03 0 8.0 21 020, 474, 476
D1HO11 0 6.1 46 620; 360; 367
D2H012 0 7.5 5.0 414; 227, 242
D5HE03 0 0 16.7 0. 7.6
C1H009 0 269 3.3 562; 398; 393
D1HO03 0 255 9.0 899, 307, 889
B7Hoo2 0 45,2 2.8 6014; 398; 392
D3HC08 Q 53.8 1.0 608; 301; 300
32H001 0 43.3 13.0 i10; 97; 92
E1HO06 0 0.9 0 285; 118; 115
E2H002 0 0 09 167; 115; 112
E2H003 G 25 1.2 468; 245; 252
E2H007 1] 3.4 3.0 343; 233, 230
GTHOWG | 0 5 0 55, 43; 20
G1HO12 : 0 0 1.2 383; 247; 257 |
G4HO08 ! 0 2.0 0 58; 51; 49
G1HQ17 0 2.4 a 44 41; 20
G4H012 D 2.6 0 §2; 39; 44
G1HO21 o 0 26 287, 244; 231
G1HO018 0 21 0.9 161; 143; 109
G180 0 3.1 1.0 131; 86, 101
G4H010 0 2.8 43 396; 284; 326
G1HO015 0 3.3 4.6 40; 30; 22
G2H008 0.2 4.0 6.1 558, 455; 459
G1HO14 0 5.9 5 52:51; 20
G1HO09 0.6 11.0 0.7 163; 185; 181
G5HO06 0 13.5 0 41; 37, 39
G1H010 e 222 0 77,72, 69
G1H018 0 21.2 2.0 876; 829; 733
G1HC08 0 227 0.6 766; 664; 648
G4H0 14 0 21.8 18 656; 187; 185
G4HDO06 a 287 1.5 289; 192; 199
G3H001 24.1 19.7 2.1 245; 188; 190
GZ2H012 C 48.9 7.3 462; 184; 177
G1H007 0 544 14.5 78; 68; 62
G1H003 0 79.1 1.6 494; 249; 246
GoHO08 9.1 40.9 14.1 247, 149; 142
H2H005 0 0 0 282; 178, 197
H3HO04 0 ] 0 82; 35; 34
H&HO10 ] & 0 174; 102; 147
H7HO0S 0 0 0.6 211; 123; 163
H1H018 0 0.3 0.4 914, 791; 818

L HIH004 0 0.4 0.4 313; 245; 284
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i Gauging station

% observations:

% obsarvations:

% abservations:

Sample size {n}

EC > 500 mSm NO = 0.5 mall P> 0.1 mg/l EC; NO; P
H4H012 ! 0 0.5 0.5 316, 192: 204 |
H1HO12 0 1.3 0 194; 78; 84 |
H5H003 i 0.3 1.1 0 401, 272: 285
| HBHO07 !, 0 0.5 0.9 375, 206; 228
HEHOD8 i 0 1.0 0.8 378: 104; 238
H1H007 ; 0 0.7 1.3 871, 739; 789
H1H017 0 D.9 1.1 699; 571; 613
HOHO005 0 0.3 1.5 327, 130; 136
HOH002 a 0 3.4 150; 60; 59
H7HO07 0 1.7 24 211; 120; 166
H7H003 0 2.9 2.1 211; 123; 163
H4HO05 0 5.0 0.6 177; 160; 160
H7H004 0 4.9 2.9 324; 225; 243
HEHO0E 0 5.8 43 175; 104, 24
H1HO3 0 335 0 346; 251; 244
HEH003 0 50.0 0 32,2
H3H005 0 54.1 1.3 145; 85; 80
H2HO001 0 84.5 0.9 0, 120; 1
H2H003 0 86.5 1.2 321; 193; 168
J1HO15 0 0 1.0 160; 103; 103
J3H013 0 0.9 0.8 370; 230; 247
~, J3HG18 0 1.8 0.6 217, 171; 169
| J2H0O7 0 1.2 1.1 204; 164; 177
' J3HO12 0 1.0 1.8 341; 207; 217
J2HO0S 0 25 0.6 189; 162; 172
J3HO20 0 1.1 2.2 277, 180; 180
J1HD16 0 23 1.1 226; 173; 176
J4H003 0 1.2 2.6 451; 249; 269
J2H017 0.3 1.1 3.6 340; 188; 196
J2H005 0 3.8 2.4 351; 235; 249
J4H004 0 5.6 1.8 338; 180; 169
J3HO16 0 41.0 2.1 336; 244; 234
K3H0C1 0.3 0 1.6 388; 220; 250
K4H003 0 0.9 1.2 327, 227, 236
K5H002 0 0.9 1.2 395; 234; 251
KBHO01 0 0.5 1.8 281; 209; 223
K7HO01 0 0 3.3 437; 293; 332
: K4H001 0.5 0.4 3.3 403, 260; 299
! K4H002 0.2 25 1.7 571; 320; 352
K8H002 0 1.8 34 415; 284; 294
K3H005 0.3 0.5 4.4 374; 213, 245
K3H003 0.3 32 2.9 380; 222; 244
KBHOO1 0 11 5.3 416; 269; 303
K3H002 0.3 0.9 5.7 593, 459; 488
K3H004 0.3 10.7 4.3 385; 215; 231
LBHOO1 0 0 1.3 352; 243; 234
LBHO02 0 0 0.9 323; 207; 222
L7HO06 6.2 4.5 1.4 634; 528; 572
L1H001 0 31.0 11.4 38; 14; 12
LEHOO1 54.4 37.8 57.9 74,42, 70
N2H00g 0 48.3 46.1 771, 694; 701
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[ Gauging station

% observations:

% observations:

% observations:

Sample size (n)

'|’ EC z 500 mSm NO 2 0.5 mgll P2 0.1 mglt EC; NO; P
' P4AHOG1 8.5 14.4 6.9 29: 29, 15
QYHO 14 0 8.4 2.3 197, 131; 140
i QOHO02 0 6.1 .4 316; 261; 264
QsHO16 0 8.0 4.5 343, 215; 221
Q8HO19 0 1.3 1.5 425; 335, 325
| Q6HD03 a 15.5 6.6 400; 341; 347
| Q1HR01 a 31.8 9.2 736; 289; 293
! Q4H003 0 36.5 14.6 314; 211; 212
Q2HQ02 0 51.2 29.4 901; 377; 395
Q3H004 0 61.2 46.9 443; 314; 326
RTHO14 i 14 1.0 465, 289; 291
R2H00 0 2.8 1.3 386; 327; 316
R2H008 0 1.5 25 295; 253; 241
R2H006 0 18.6 2.0 540; 435; 403
R2HQ12 0 20.4 2.4 393; 339; 337
R1HOD5 0 35.0 4.4 310; 306; 298
RtHO15 0 41.4 6.4 788; 406; 391
R1HOO1 0 43.5 5.8 227; 108; 103
R2HO05 0 53.1 5.4 355; 305: 294
; S6HO0 0 29 26 453; 316; 306
f S6H003 0 5.5 5.6 430; 290; 285
! S3HO02 0 13.0 8.7 249; 154; 161
S3H004 0 1.1 14.1 612; 270; 284
' S6HO02 Q.2 204 4.8 629; 427, 415
$3H006 0 26.8 7.2 581; 235; 237
T3HO09 0 05 0.2 574; 428; 444
T3H004 0 0.4 1.6 363; 239; 249
T5HO003 0 28 0 407; 215; 213
TS5HOO4 0 2.7 1.3 443; 225; 234
T3HO08 0 27 1.7 360; 226; 241
T4HO01 0 5.7 1.3 358; 248, 237
T5H002 0 22.2 0 20; 18; 19
T1HO04 0 41.7 16.7 13; 12, 12
T5HO05 0 63.9 1.2 344; 183; 168
LI3H002 0 i 0 14;13; 12
U4HD02 0 1.9 1.8 384; 208; 225
, U2HD13 0 33 1.1 760; 491; 374
UBHE02 0 5.9 1.4 334; 237, 223
| U2H007 0 10.6 0 664; 498; 399
U2H001 0 9.4 2.2 719; 500; 414
U2H006 0 13.6 0.4 791; 574; 510
U7HO07 0 13.0 3.6 479; 284; 253
U2H012 0 20.8 0.7 786; 573; 540
U7HOO1 a 21.9 3.5 203; 96; 86
U3H001 0 59.1 3.5 364; 181,173
U2H011 0 66.0 1.0 500; 459; 413
V7HO17 0 0 0 407, 215, 238
V1HO41 0 0.5 1.3 412; 253; 270
V2H007 0 0.4 1.5 363; 215; 224
V3H005 o 1.6 1.4 340; 194; 209
V7HO16 0 1.9 1.3 426; 213; 226
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! Gauging station

% observations:

% observations:

% observations:

Sample size (n} i

EC = 500 mSm NGO = 0.5 maf P = 0.1 mgll CC NO; P
: VER004 ¥; 2.3 1.3 415; 218; 233
V3HO09 ] 3.1 0.7 915; 546; 560
VEHG06 a 3.0 14 318; 133; 144
V1HO26 ] 22 23 B33; 402; 400
V3H007 0 2.5 2.1 377, 235; 244
V1H029 0 1.8 3.6 241:113; 112
VIHO01 ] 3.0 3.0 865; 269; 268
: V2HO05 Q 1.9 48 327, 213, 228
\2HO06 0 58 1.4 356; 206; 215
VIHMO ¢ 3.2 4.4 413; 216, 229
VBHD03 a 7.0 2.0 424; 242, 254
V1H038 0 3.2 8.5 461; 254; 260
V3H002 0 9.6 1.3 545; 304; 304
V7HO18 0 14.1 1.2 436; 277; 260
VIH(31 0 124 39 347, 194; 206
V1HO09 ] 12.2 5.2 406; 214; 231
VEH002 o 1.2 8.3 B42; 372; 374
V7HO12 0 27.3 10.5 394, 172, 172
W5HO08 a 0 0.9 as4; 199, 215
WEHQ06 0 0.8 0.8 351; 246; 259
WSH004 0 3.0 a 258; 101; 108
W3H014 0 30 1.2 255, 166; 166
W2H006 0 53 2.2 982; 549; 555
W4 HOo04 C 6.2 22 388; 227; 233
W1H004 0 13.0 0.6 263; 185; 176
W1H010 0 13.3 1.9 381 211, 212
W2H002 0 256 0 40, 3%; 38
W2HG09 0 44 4 33.0 393; 216, 215
W4H008 0 81.4 24.8 219; 113, 109
X2H014 0 0 D4 423; 223, 225
X2H010 0 ¢ 0.5 316; 196, 223
X3HO06 0 0.7 04 448; 270; 251
X2ZH031 Q 0 1.4 381; 195; 211
X2H011 0 0.8 0.9 286; 127,113
X2HO0S ] 1.2 0.8 389; 245; 252
X1H003 0 2.5 0 898; 637, 636
X2H027 0 0 286 47; 26; 38
X2H0z24 0 g 2.8 217: 92; 109
X2M005 0 2.9 0.4 444: 277: 265
X3H002 ] 35 0 421; 255, 215
X3H007 ] 0.8 3.0 170; 130; 132
X2H028 a 3.9 1] 47; 26; 39
X3HOO1 0 2.5 18 412; 238; 218
X2H02Z6 ¢ 0 5.1 48; 22; 39
X2HQ025 it} 32 24 47; 31; 41
X2H012 0 2.2 4.0 266; 134: 126
X1HO4 0 8.3 0.7 432; 300, 282
X3H004 0 .7 0 4140; 240; 2143




