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Abstract

To maximise the long-term use of limited ecosystem services in South Africa, managers continually require approaches to
optimise the establishment of balances between the use and protection of ecosystems to ensure sustainability. Surface fresh-
water aquatic ecosystems are dynamic and difficult to manage effectively. Sound management protocols that can identify
and rank threats to these ecosystems are urgently required. The Regional-Scale Risk Assessment approach is carried out on
a spatial scale and allows for the consideration of multiple sources of multiple stressors affecting multiple endpoints, with
the inclusion of local ecosystem dynamics and the characteristics of the landscape that may affect the risk estimate. This
paper presents an integrated approach to carry out regional-scale ecological risk assessments using a Relative Risk Model
(RRM) adapted for South African conditions. The RRM consists of 10 procedural steps that are relatively easily applied.
The use and application of the RRM within South Africa has the potential to provide resource users, resource conservators
and regulators of surface aquatic ecosystems with a range of benefits. These benefits include the establishment of a vali-
dated, structured methodology that is sensitive to the dynamics of individual case studies, extremely informative, locally

applicable and internationally comparable with other RRM assessments. The use of the RRM approach in South Africa
has many advantages that outweigh some disadvantages. This approach has the potential to substantially contribute
towards the ease and effectiveness of management of the balance between the use and protection of aquatic ecosystems in

South Africa.
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Introduction

The development of human civilisation has been totally
dependent on the use and associated availability of aquatic
ecosystem services (Costanza, 1997; Davies and Day, 1998;
Palmer et al., 2002). Ecosystem services have provided man-
kind with a vast range of documented economic and social ben-
efits (Palmer et al., 2002; Costanza, 1997). To maximise the
long-term use of available services, resource managers require
methods to establish balances between the use and protection
of ecosystems to ensure sustainability (National Water Act,
RSA, 1998a; DWAF, 2004). Within South Africa the aim of
water resource management is to achieve the sustainable use of
water for the benefit of all users (RSA, 1998a). Aquatic eco-
systems are dynamic and often difficult to manage effectively.
Although difficult, it is vitally important to the continued
survival and development of human communities that the use
of aquatic ecosystem services are managed effectively (Palmer
et al., 2002).

In South Africa and abroad, ecological risk assessment
(ERA) methodologies have been established to identify and
rank threats to surface aquatic ecosystems in relation to
established management objectives (Suter, 1993; Murray and
Claassen, 1999; DWAF, 2004). An ERA is the process of
assigning magnitudes and probabilities to the adverse effects
of anthropogenic activities or natural catastrophes, which are

*  To whom all correspondence should be addressed.
@ +27 18 2992493; fax: +27 18 2992370,
e-mail: Gordon.obrien@nwu.ac.za
Received 10 October 2011; accepted in revised form 18 April 2012.

http://dx.doi.org/10.4314/wsa.v38i2.1

Available on website http://www.wrc.org.za

ISSN 0378-4738 (Print) = Water SA Vol. 38 No. 2 April 2012
ISSN 1816-7950 (On-line) = Water SA Vol. 38 No. 2 April 2012

referred to as hazards (Suter, 1993). The identification of a
hazard, the magnitude of the hazard and the related uncer-
tainty results in the formulation of risk. Risk, therefore, is

the probability or likelihood of a prescribed undesired effect
occurring and impacting an environment (Suter, 1993). The
ERA method is a structured approach that describes, explains
and organises scientific facts, laws and relationships, thereby
providing a sound basis to develop sufficient protection meas-
ures for the environment and which facilitates the development
of utilisation strategies for the environment (Moosa, 2001). It
is a process that evaluates the likelihood that adverse effects
may occur, or are occurring, as a result of exposure to one or
more stressors (Suter, 2001). As a result, it is concerned with
the causal relationship between stressors and effects and deals
with the consequences of alternative decisions. Although the
application of the ERA approach in South Africa is limited, the
approach forms the dominant framework for technical support
to environmental regulation endeavours in many industrial-
ised democracies (Suter, 2001). The nature and potential of
described effects of environmental stressors in terms of ERAs
provide environmental information in the socio-economic con-
text that drives management and environment-based decision
making (Suter, 2001).

Traditional ER A methods generally evaluate the interac-
tions of stressors that occur within or are released into the
environment, receptors (biota) in that environment, and the
receptors’ response to the stressors (Landis and Wiegers,
1997). Measurements of exposure between stressors and
receptors, and effects measured between stressor and recep-
tors, quantify the degree of interaction between these compo-
nents. Traditional ER A approaches have primarily addressed
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the potential risk of a single or a small number of chemicals
impacting on a limited number of ecological endpoints. This
has historically limited the application of the ERA methodol-
ogy in complex ecosystems where numerous use activities

or sources and associated stressors affect numerous recep-
tors (Claassen et al., 2001). To address the limitations of this
basic ERA approach, Landis and Wiegers (1997) developed

an amended ERA approach, i.e. the Regional-Scale Risk
Assessment that makes use of the Relative Risk Model (RRM).
The Regional-Scale Risk Assessment is implemented on a
large spatial scale and facilitates the consideration of multiple
sources of multiple stressors affecting multiple endpoints,
including the ecosystem dynamics and characteristics of

the landscape that may affect the risk estimate (Landis and
Wiegers, 1997). Following the initial development, the RRM
has been refined into the working method which has been tried
and tested in numerous ER As around the world (Landis and
Wiegers, 1997; Wiegers et al., 1998; Landis et al., 2000; Luxon,
2000; Walker et al., 2001; Chen and Landis, 2005; Hamamé,
2002; Moraes et al., 2002; Obery and Landis, 2002; Thomas,
2003; Hart Hayes et al., 2004; Colnar and Landis, 2007; Landis
and Thomas, 2009; Apitz, 2011). With the opportunity to test
the RRM approach through so many case studies the approach
has been criticised (Cook et al., 1999, Cormier et al., 2000),
validated, and refined into the working method presented by
Landis (2005) and Colnar and Landis (2007). From a South
African perspective, the value of the RRM lies in its potential
to be customised to address the threats of multiple sources of
multiple stressors to local habitats and endpoints, thereby con-
tributing towards the objectives of integrated water resource
management (IWRM) in South Africa (DWAF, 2004).

The aim of this paper is to present an integrated approach
to carry out regional-scale ER As, contributing to the manage-
ment of freshwater aquatic ecosystems using an adapted RRM
with a hypothetical example for South African conditions.

We demonstrate the relationship between the existing ERA
guidelines and an adapted RRM and demonstrate how locally
accepted line-of-evidence methods can be incorporated and
applied in the RRM process.

Comparison between Ecological Risk
Assessments and the Relative Risk Method

The South African ERA (SA ERA) Guidelines (Murray and
Claassen, 1999) are based on the traditional ERA (US ERA)

method that was developed in the United States (USEPA, 1998).

Similarly to the US ERA guidelines, the SA ERA Guidelines

consist of a framework of 5 basic stages or phases. These 5

phases are:

1. Agree on objectives

Plan assessment

Analyse

Describe risk

Manage risk (USEPA, 1998; Murray and Claassen, 1999;
Claassen et al., 2001).

TIENEREN

By comparison, the RRM consists of 10 procedural steps that
can be aligned with ERA frameworks (Suter, 1993; Landis and
Wiegers, 1997; Murray and Claassen, 1999), as indicated in
Fig. 1. One noticeable feature of the RRM is the greater
emphasis that is placed on the ‘Risk characterisation’ (US
ERA) or ‘Describe risk’ (SA ERA) phases (Fig. 1). Since the
standardised terminology that is applied in RRM could have a
different meaning to the South African water resource terms,
we present the definitions in Table 1 to avoid confusion.

The 10 steps of the RRM are:

1. List the important management goals for the region.

2. Generate a map on which the potential sources and habitats
relevant to the established management goals are indicated.

3. Demarcate the map into regions based on a combination of
the management goals, sources and habitats.

4. Construct a conceptual model that links the sources of
stressors to receptors and to the assessment endpoints.

5. Decide on a ranking scheme to calculate the relative risk to
the assessment endpoints

6. Calculate the relative risks.

7. Evaluate uncertainty and sensitivity analysis of the relative
rankings.

8. Generate testable hypotheses for future field and laboratory
investigations to reduce uncertainties and to confirm the
risk rankings.

. Test the hypotheses that were generated in Step 8.

10. Communicate the results in a fashion that effectively
portrays the relative risk and uncertainty in response to the
management goals.

When compared to the ERA, the first 4 steps of the RRM cor-
respond to the initial phases of the ERA frameworks, i.e. the
‘Problem formulation’ (US ERA) and the ‘Plan assessment’
phases (SA ERA). These initial steps are essential in ensur-
ing the success of the risk assessment. Small parts of Step 4
and Step 5 of the RRM are closely related to the conventional
‘Analyses’ phases of the ERA paradigms. They also form part
of the ‘Risk characterisation’ and ‘Describe risk’ phases of the

US ERA Paradigm RRM SA ERA Paradigm
Decision Problem Steps: Plan Agree on
Maker Formulation 1,2,3,4 Assessment  |¢q Objectives
Y ¥ Y E i thfigug?1fth
g Step: Analyse i \ elationship orthe
Analysis ~ — 3 P Y - : 10 RRM steps to
% 5 [ ! the United States
+ B ; ! ! and the South
! . L " ' African Ecological
Risk 1y Steps: Describe Risk  |_. : Risk Assessment
Characterisation 6,7,8,9 E paradigms
¥ v 5
Risk Step: Manage Risk | _____ N
Communication 10
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Table 1
Definition of terms used within the context of regional-scale risk assessments

Assessment
endpoints

Management goals, objectives or targets. An explicit expression of the environmental value that is
to be protected, operationally defined by an ecological entity and its attributes (USEPA, 1998).

Ecological entity

A general term that may refer to a species, a group of species, an ecosystem function or charac-
teristic, or a specific physical habitat. An ecological entity is one component of an assessment
endpoint (USEPA, 1998).

Habitats

Location where the receptor or group of receptors of the stressors assessed in the RRM lives.
They are the physical ecosystem component/s that integrate the effects of stressors impacting on
the system (Landis, 2005).

Lines of evidence

Information derived from different sources or by different techniques that can be used to describe
or interpret risk estimates of endpoints (USEPA, 1998). Simply put, a line of evidence includes
any useful set of data and/or associated analyses which can be used to provide information con-
cerning the current state of an endpoint (Landis, 2005).

Ranks Unitless measures or scores assigned to source, stressor and/or habitats identified in an RRM
according to a characterised ranking criteria unique to each entity that is usually based on a
weighting factor. Ranks are then used in the calculation of risk in the RRM (adapted from
Landis, 2005).

Receptors An ecological entity exposed to the stressor (USEPA, 1998).

Relative rankings

RRM method of assigning scores to individual source, habitat and/or endpoints in a comparable
manner, i.e. the ranking of components of the RRM in a relative manner.

Risk rankings Final risk score of risk regions within the RRM.

Sensitivity Refers to the robustness of the RRM assessment to withstand external influences (adapted from
Landis, 2005).

Source An entity, action or activity that releases to the environment or imposes on the environment a
chemical, physical, or biological stressor or stressors (USEPA, 1998).

Stressors Any physical, chemical or biological entity that can induce an adverse response to the structure
and function of an ecosystem (USEPA, 1998).

Uncertainty Associated with the RRM analyses, uncertainty relates to there being a lack of sufficient knowl-
edge within component/s of assessment to confidently accept the outcome of the assessment, in as
much as the confidence of the outcome of the assessment should be considered in relation to the
uncertainty of the assessment or components of the assessment (adapted from Landis, 2005).

ERA. The ‘Conceptual model’ (RRM Step 4) is based on + Present a regional comparison of the relative risk, their

characterised relationships between the source-stressor-hab-

itats or receptor locations within the ecosystem with associ-

ated effects (Landis, 2005). Determination of the ‘Ranking
scheme’ (Step 5) of the RRM makes use of a large quantity of
known or generated data relating to the intensity, amount or
severity of stressors and habitats, and what is known regard- .
ing the potential outcomes of these relationships (Landis,

2005). The ‘Conceptual model’ and the ‘Ranking scheme’

steps of the RRM are related to the ‘Risk characterisation’

causes, the patterns of impacts to the assessment endpoints,
and the associated uncertainty. These regional compari-
sons and estimates of the contribution of each source and
stressor create a spatially explicit risk hypothesis (Landis,
2005).

Develop a model of source-habitat-impact that can be used
to ask what-if questions about the different scenarios that
are potential options in the environmental management
(Landis, 2005).

or ‘Describe risk’ phases of the ERA. These steps include

the calculation of ‘Relative risks’, the ‘Analyses of the uncer-
tainty and sensitivity’ and then the ‘Generation of testable
hypotheses’ (Steps 6 to 8) components. Finally, should the
risk outcomes require validation, Step 9 can be implemented,
which includes the application of various lines-of-evidence to
test the hypotheses generated in Step 8. The last step (Step 10)
consists of 3 components which relate to the ‘Risk commu-
nication’ (US ERA) or the ‘Manage risk’ (SA ERA) phases.
The 3 components of risk assessment and the steps taken by
risk managers to implement the findings of the risk assess-
ment are as follows:
* Generate maps of the risk regions with the associated
sources, land-uses, habitats, and the spatial distribution of
the assessment endpoints (Landis, 2005).

http://dx.doi.org/10.4314/wsa.v38i2.1

Available on website http://www.wrc.org.za

ISSN 0378-4738 (Print) = Water SA Vol. 38 No. 2 April 2012
ISSN 1816-7950 (On-line) = Water SA Vol. 38 No. 2 April 2012

To allow for the outcomes of RRM assessments to be com-
parable to existing ERA outcomes it is recommended that a
traditional ERA format be selected to present the findings of an
RRM assessment (Obery and Landis, 2002).

Regional-scale risk assessment methodology
for South Africa

The RRM framework developed by Landis (2005) forms

the backbone of the process that we present as the Regional-
Scale Risk Assessment using the RRM for the management
of aquatic ecosystems in South Africa. In this section the 10
steps that make up the RRM are contextualised within the
South African water resource management framework. For
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clarification a hypothetical example has been provided to dem-
onstrate the approach.

Step 1: List the important management goals for the
region

To make the RRM as relevant and effective as possible it is
important to ensure that the decision-making needs of the
environmental managers and stakeholders concerned with
the study are met (Landis, 2005). Thus the RRM needs to
contribute towards meeting national (e.g. the National Water
Resource Strategy - NWRS, DWAF 2004) or more specific
information requirements of environmental managers and
stakeholders of a particular aquatic ecosystem (e.g. single river
or even river reach). On a national scale the RRM can primar-
ily contribute towards meeting the information requirements
of the 2 NWRS approaches that are concerned with the man-
agement of freshwater aquatic ecosystems, i.e. the Resource
Directed Measures (RDM) and Source Directed Controls
(SDC) approaches (DWAF, 2004). Thereafter, the application
of the RRM in South Africa allows for the objectives/goals
of any other stakeholders to be included in the assessment,
e.g., generating information requirements as prescribed in the
National Environmental Management Act (NEMA) (RSA,
1998b). In order to meet the information requirements and to
align the RRM methodology with an established environmental
management approach established for South Africa, it is rec-
ommended that a stakeholder workshop approach is followed.
In these stakeholder workshops the needs of the resource users,
environmental managers, regulators and conservationists can
be addressed within a legislative context. Following these
stakeholder workshops specific management goals can be col-
lectively or individually considered, to allow for the develop-
ment of suitable endpoints for the study. Endpoints that can be
established in an RRM include, for example:
» The maintenance of a preselected ecological integrity state
for an ecosystem
*  The requirements to conserve a population of a rare of
threatened species within a study area
*  The requirements of local communities to obtain sufficient
water from an aquatic ecosystem to meet the basic human
needs
» The maintenance of identified use activities such as subsist-
ence fisheries or the provision of water to maintain selected
agricultural or industrial activities, etc.

Step 2: Generate a map and include potential sources
and habitats relevant to the established management
goals

The RRM methodology requires a detailed map to facilitate
the establishment of relationships between all components of
the RRM. The RRM is thus carried out on a regional scale
that addresses the spatial distribution of stressors, receptors,
habitats and endpoints. The extent of the maps or boundaries
should be set according to the established management goals
of the RRM (Step 1) and should address all possible variables
associated with the various endpoints of the study. This pro-
cess includes the initial identification and characterisation of
potential stressors and sources of stressors occurring within
the study area. In addition, important topological features of
the study area are included. Thereafter the habitat information
for the endpoints of concern is demarcated. A hypothetical
example of this process is presented in Fig. 2. In South Africa
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there are existing geographical information system (GIS) tools
such as the Environmental Potential Atlas (DEAT, 2001) that
can be used to generate topographical features of the study
area, e.g. land use and land cover. The ENPAT data consist
of 2 distinct, parallel sets of information, including natural
or environmental characteristics and socio-economic factors.
The environmental character maps depict geology, land types,
soils, vegetation, and hydrology. The socio-economic factors
consist of land cover, cadastral aspects and infrastructure, land
use and culture (ENPAT, 2001). For an RRM of surface waters,
additional spatial data can be obtained from sources including
the Department of Water Affairs, Resource Quality Services
website (http:/www.dwaf.gov.za/iwqs/) (refer to Fig. 2C and
Fig. 2D for examples of such maps). In this example, an RRM
assessment of the upper catchment of a hypothetical River
System A is being undertaken. The management goals (Step 1)
of the study, which have been converted into endpoints for the
RRM assessment, include the establishment of a sustainable-
use management plan for the system. Specific objectives of the
study include the establishment of a:
* Management plan for ecosystem users that incorporates
guidelines for the management of impacts of activities
» Conservation plan for the study area to maintain the aquatic
biodiversity of the area,
* Dedicated conservation plan for the aquatic ecosystems
within the protected nature reserve area
* Management plan for the invasive alien fishes in the study
area

The study area contains 5 lotic (river) systems and 1 lentic
(dam) system that have been demarcated on a map using GIS
methods (Fig. 2A). In consideration of the endpoints selected
for this study, selected instream and riparian ecosystem com-
ponents of the surface aquatic ecosystems are addressed.
Topological features of the study area are then considered
(Fig. 2B) and include some geographical barriers and a ridge
line that separates river ecosystems A and B from C and D.
According to these topological features, 4 habitat segments

of the study area were identified and demarcated. Thereafter,
additional spatial information including catchment and ecore-
gion boundaries is considered (Fig. 2C and D). The land-use
and potential ecosystem-use activities that may have an impact
on the endpoints (i.e. produce stressors) are then identified and
demarcated (Fig. 2E). Finally, in accordance with the assess-
ment of the stressors that may be impacting on the endpoints
of the study, the potential sources of the stressors are indicated
(Fig. 2F).

Step 3: Demarcate map into regions based on a
combination of the management goals, sources and
habitats

In Step 3, combinations of the management objectives, source
information, and habitat data are used to establish geographi-
cally-explicit portions or risk regions that can be analysed in a
relative manner. The risk scores that are calculated throughout
the remainder of the RRM assessment are based on the risk
regions established in this step. The boundaries of the risk
regions are established after consideration of the habitat seg-
ments, and sources of stressors that include the consideration
of the pathways of exposure of these stressors, i.e. based on
the maps generated in Step 2 (Fig. 2). This ensures that the
appropriate sources, stressors and habitats are incorporated
into these risk regions (Landis, 2005). In this regard it may be
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Figure 2
Hypothetical example to generate a map for an RRM in Step 2, including a study
area presenting habitats of interest (A), important topological features (B), quaternary
catchment boundaries (C), ecoregion boundaries (D), scenario of land use including
potential activities that produce stressors (E) and potential sources of stressors (F)

very important to follow the fate of water, groundwater, soil,
and air variables within the landscape to ensure that appropri-
ate sources, stressors and habitats are incorporated into a risk
region (Landis, 2005). Using the hypothetical example in Step
2, risk regions are established (Fig. 3A and B).

Step 4: Construct a conceptual model that links
the sources of stressors to receptors and to the
assessment endpoints

The conceptual model delineates the potential relationships
between sources, stressors, habitats and endpoints that will be
used in the assessment of each risk region (Landis, 2005). A
well-constructed and informative conceptual model acts as an
extension of the basic framework for the RRM, with sources
providing stressors in particular habitats. Initially the informa-
tion used to establish the maps for the RRM in Step 2 should
be considered. Thereafter the conceptual model is constructed
through generating resource-use scenarios based on informa-
tion gathered from stakeholders, various databases (such as
the registration database of water users in South Africa), and
existing ecological health assessments and/or environmental
management reports. A detailed conceptual model can be
extremely useful in that it eliminates some stressors, due to
lack of exposure pathways, and can lead to the inclusion of
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RISK
REGION A

RISK
REGION D

Figure 3
Hypothetical example to undertake Step 3 of the RRM and risk
region demarcation following the consideration of sources and
habitats in the study area (A), and the resulting 7 risk regions (B)
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other factors that were outside the original scope of the assess-
ment (Landis, 2005). The primary value of a conceptual model
is that it allows for the establishment of complex theoretical
relationships between stressors and sources that will later be
tested within the assessment. This allows for the modification
of relationships following the evaluation of uncertainty and the
sensitivity assessments (Step 7) to establish a scenario of rela-
tionships between stressors and sources. The conceptual model
for the RRM assessment scenario based on the hypothetical
example in Step 2 is presented in Fig. 4. In this example the
potential relationships between the stressors resulting from the
heavy industrial, agricultural, urban and other activities in the
study area and the habitats and endpoints selected in the study
are presented. This established conceptual model will be used
in many of the following steps, particularly in Steps 5 and 6 of
the RRM.

Step 5: Decide on a ranking scheme to allow the
calculation of the relative risk to the assessment
endpoints

Step 5 involves the establishment of a ranking scheme that
allows for the calculation of relative risks to each assessment
endpoint. The initial process involves the establishment
of a ranking scheme, for each source, stressor and habitat,
which in turn contributes to the establishment of the rela-
tive risks to each assessment endpoint (Landis, 2005). In
this step, data are converted into non-dimensional ranks so
that the effects of the various stressors on the various end-
points can be measured and compared (Landis, 2005). In
the establishment of a ranking scheme, each source/stressor
and habitat variable is ranked between sub-areas so as to
indicate whether the diversity/abundance or intensity of the
variable is high, moderate or low within the context of the
region. Ranks are assigned using criteria that are specific
to the study region and are generally assigned according to
the size and frequency of the sources and the availability of
habitat. The traditional RRM approach assigns rankings

1
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on a scale of 0 to 6, with ranks assigned in increments of

2, where 0 indicates no habitat or source while 2, 4 and 6
indicate low, moderate and the greatest amount of habitat or
source, respectively (Landis, 2005). The criteria for each
non-dimensional ranking system should be chosen in con-
sideration of the available information. In this part of the
assessment it is recommended to apply a weight-of-evidence
approach (e.g. Burton et al., 2002). In some instances,
where adequate concentration, response and fate of stressor
data are available to assign ranks to an identified source,
this information must be used to establish the criteria for the
ranking system (Landis, 2005).

A ranking scheme for source and habitat variables at each
risk region of the hypothetical example is presented in Table
2. The ranks are allocated to sources with the stressor rela-
tionships based on the presence of the source within a risk
region and possible impacts associated with its location and
subsequent downstream impacts. As an example we consider
Risk Region A where the paper mill (source) is associated
with water quality, habitat and flow alteration stressors (Fig.
4). Due to the large number of stressors associated with this
source, the highest source rank (6) is allocated to those risk
regions close to the activity (Table 2). The risk regions that
occur downstream of the activity are allocated ranks based
on the distance of the particular region from the activity, i.e.
decreasing risk ranks of 4 and 2 are allocated to risk regions
located directly downstream of the activity, as well as 2
regions downstream of the activity, respectively. The habitat
ranks for the same risk region (A) are based on the ecological
importance and sensitivity of each habitat in relation to its
importance to an ecosystem function and/or the presence of
rare or threatened habitats or species.

Step 6: Calculate the relative risks

Step 6 involves the establishment of exposure and effect filters
for the RRM and the integration of the ranks and filters to
allow for the calculation of relative risks.
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Overview of the ranking scheme and ranks allocated tc;rgoBquEezand habitat variables per risk region considered in the
example of the study.
Rank 0 Rank 2 Rank 4 Rank 6 < 0 o a w w o
E|E|E| & |88 |F

Sources Ranking criteria for sources Source ranks assigned per RR
Paper mill - 2 RR below 1 RR below OccursinRR | 6 | 4 | 0 | 2 | 2 |2 |0
Gold mine (treated) - 1 RR below | Occurs in RR - o402 ]2]|2]0
Sugar mill - 2 RR below 1 RR below OccursinRR | 0 | O | O | O | O | 6 | O
Forestry - - 1 RR below OccursinRR | 6 | 0 | 0 | 4 | O | O | O
Sugar plantations - - 1 RR below OccursinRR | 0 | O | O | 6 | 4 | 6 | O
Mixed agriculture - 1 RR below | Occurs in RR - 0| 4|02 |0]|2]|4
Municipality - 2 RR below 1 RR below OccursinRR | 0 | 6 | O | 4 | 2 |2 | O
Irrigation dam - 1 RR below | Occurs in RR - 0O| 0| 0|4 |2|2]0
Exotic fish - - - OccursinRR | 0 | O | O | O | 6 | 6 | 6
Habitats Ranking criteria for habitats Habitat ranks assigned per RR.
Instream EIS None Low Med High 6 6 6 4 2 2
Sediment EIS None Low Med High 6 |6 6|6 | 2|22
Riparian EIS None Low Med High 4 |1 44| 4] 4]| 4] 4

Note: (RR) Refers to risk region

(EIS) Measure of ecological importance and sensitivity of habitat

(1 RR below) Rank allocated to RR located directly downstream of activity
(2 RR below) Rank allocated to RR located two regions downstream of activity

Establishment of exposure and effect filters

In this step, filters are used to determine the relationships
between the risk components, including the source, habitat and
impacts to assessment endpoints. A filter is a numerical weight-
ing factor (0 or 1) that indicates either none or a low (0) or high
(1) probability that a relationship of risk exists (Landis, 2005).
According to Landis (2005), 2 types of filters are used in RRM
assessments, namely, an exposure filter and an effect filter.

The exposure filter screens the source and habitat types for the
combinations most likely to result in exposures, i.e., receptors
in the habitat will come into contact with stressors generated by
the source. The effect filter screens the source and habitat com-
binations for those most likely to affect an assessment endpoint
or objective of the study.

Exposure filters are established by considering which of
the stressors are produced by the sources (Landis, 2005). Two
sequential questions about each stressor in relation to specific
source-habitat combinations are considered, including:

»  Will the source release or cause a stressor?
»  Will the stressor then occur and persist in the habitat?

If either of these questions results in a positive answer, then the
value of 1 is assigned to the filter associated with the source-
habitat combination. If the answer to either question is ‘no’
then the value of 0 is assigned. In the case of indirect relation-
ships or potential relationships that are unclear, a value of 0.5 is
assigned to a filter as opposed to a value of 1.
Effect filters are established in a similar way to exposure filters.
However a separate filter for each assessment endpoint is estab-
lished. It is important to consider the management goals of the
study at this point to ensure that the variables of the endpoints
result in effective conservation, maintenance or management
towards the goals. At this stage the effect filters can be estab-
lished to ensure that these management goals are addressed.
The questions asked to develop the effect filers are:
»  Will the source release stressors known to cause this par-
ticular effect on the endpoint?
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* Are receptors associated with the endpoint sensitive to the
stressor in the habitat?

If the answer to both questions is ‘yes’, then a value of 1 is
assigned to the filter associated with the source-habitat and
endpoint combination. If the answer to either question is ‘no’,
then a value of 0 is assigned. As with the exposure filter, this
approach allows for the consideration of indirect relationships
or potential relationships that are unclear by assigning a score
of 0.5 to a filter as opposed to a value of 1. In some instances,
when a source-habitat-endpoint relationship is beneficial to
ecosystem structure and function, the exposure filter can

be assigned a negative (-) value to reflect this in the filtering
process. Some examples of exposure and effect filters that
could be allocated to source-habitat relationships and source-
habitat-endpoint relationships for the hypothetical example are
presented in Table 3 and Table 4. In particular, the source filter
used in the example here demonstrates that activities associ-
ated with the paper mill are directly considered as resulting

in stressors that would occur within the instream habitat. In
order to score these relationships, the conceptual model and
available information pertaining to the dynamics of the ecosys-
tems that may influence the relationship need to be considered.
Examples of ecosystem dynamics variables that can be consid-
ered at this point include the effluent mitigation potential of a
system, the dilution potential for wastes in a system and/or the
tolerances of an ecosystem to physical habitat alterations. To
expand on this concept, a different ranking system and expo-
sure filter would be used to establish exposure relationships
between sources and habitats in a healthy, functioning, produc-
tive aquatic ecosystem that has a high assimilation capacity
compared to a system that is not productive and is sensitive to
water quality stressors. In addition, the exposure filter rela-
tionships between sources and habitats in a large system with

a large discharge would be scored differently to a system with
a comparatively smaller discharge. Finally, a system with a sta-
ble habitat and high discharge would be more tolerant to habitat
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TABLE 3
Example of the exposure filters allocated to source
and habitat relationships in the hypothetical example
considered in this study

Habitat Stressor | Filter
persisting

in habitat?

Source
causing
stressor
to occur
within
habitat?

Source

Paper mill 1

Gold mine (treated)

Sugar mill

Forestry

—_ = = ==
—_ = ===

Sugar plantations

Mixed agriculture 0.5 0.5

Instream habitat

Municipality 0.5 0.5

Irrigation dam

Exotic fish

Paper mill
Gold mine (treated)
Sugar mill

[ (NN (UG U
—_ == —

0.5 0.5

Forestry

Sugar plantations

Mixed agriculture

=}
—
(O]
(=}
(9]

Municipality

Seidiment habitat

Irrigation dam
Exotic fish

Paper mill

Gold mine (treated)
Sugar mill

oclolol~|~|—m|=|=|=|=|~=|=|=|=|=]=|—=|— |~

<
9

Forestry

Sugar plantations

Y Y I K N Kl e RS )

Mixed agriculture

Riparian habitat

Municipality 0.5

Irrigation dam
Exotic fish

Sl—|—|=|—=|~
==
(o

impacts such as siltation compared to a shallow, slow-flowing
system with an alluvial bed, and would therefore require a dif-
ferent scoring approach for exposure filters.

Similar ecosystem dynamics considerations must be
accounted for in the allocation of effects filters. In the hypo-
thetical example we assumed that the irrigation dam would,
for example, impact on available habitat and/or water qual-
ity regimes of the system resulting in a negative response
of the ecosystem. This would affect the sustainable use of
the resources associated with the ecosystem (endpoint). The
relationship of the activities associated with an irrigation dam
(source) and the instream habitat (habitat) with the maintenance
of sustainable use of the ecosystem resources (endpoint) has
been allocated a positive filter score of (+1), indicating that a
high potential exists that the activity would result in impacts
that would pose a risk. Conversely, when considering the same
source and habitat relationship with another endpoint such as
the maintenance of aquatic biodiversity, the effect filter scoring
system is constructed such that potentially beneficial impacts
would result where the modified habitat may allow for the
establishment of refugia and an increase in aquatic biodiversity.
In this case the relationship is filtered with a negative score (-1).
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Integrating ranks and filters

In this step ranks and weighting factors are now combined
through multiplication. The results are a relative estimate of
risk in each risk region. Final risk scores (RS) are calculated
for each risk region by multiplying the ranks by the appropriate
weighting factor, as indicated in the following equation

(Eq. (1)):

RS = Sij x Hij x Wk 0
where:

i = the RRs orsub-area series (Region 1, 2, 3, etc.)

j = the source series (discharge..., shoreline activity)

k = the habitat series (mudflat..., stream mouth)

Sij = rank chosen for sources (i) between subareas (j)
Hik = rank chosen for habitats between subareas

Wjk = weighting factor established by the exposure or

effect filter

The result is a matrix of risk scores related to the relative expo-
sure or effects associated with the source and habitat in each
risk region. The potential risk resulting from a specific source
(Eq. (2)) and occurring within a specific habitat (Eq. (3)) can be
summarised for each sub-area by adding the related scores:

RS .= 2(Sij x Hik x Wjk) for j =1 to n source (@)
RS, i = 2(S1j x Hik x Wjk) for k=1 to n habitat 3)
To illustrate the type of risk scores that are generated in an
RRM assessment, a summary of the RS (Eq. (1)) for each risk
region considered in the hypothetical example, as well as the
RS, ... (Eq. (2)) andRS, . (Eq. (3)) for the study, is presented
in Table 5. Note that RS values are relative to each other and

as such the values obtained in the example would only be
meaningful when considered in the context of this case study.
Findings from the hypothetical case study are that a wide range
of final risk scores per risk region was obtained (0 to 776). In
an RRM assessment various approaches can be incorporated
to establish risk-level thresholds (Landis and Wiegers, 1997;
Landis, 2005). These include the consideration of the risk
outcomes in relation to one another where greater RS for a par-
ticular risk region or habitat or endpoint would suggest greater
risk of impact and thus warrant a higher risk level (Landis and
Wiegers, 1997). Another approach involves the consideration
of reasonable maximum and minimum ranges of risk that can
be produced by an established RRM. This may include the use
of professional judgement to alter stressor and habitat ranks to
reflect reasonable maximum and minimum scenarios (Landis,
2005). In the example, RS values of above 500 are considered
to be associated with high levels of risk, levels between 250 and
500 were considered to result in moderate risk levels, and RS
values of less than 250 result in low risk levels (Fig. 5). The
combination of multiple sources resulting in multiple stressors
in the example study area would result in highest risk of impacts
occurring in Risk Regions D and F. Thereafter, moderate risks
of impact occur within Risk Regions A, B and E. Finally, low
risks of impacts occur in Risk Region G and no risks of impacts
were determined to occur within Risk Region C.

When considering total risks over all regions, the relatively
high risks posed by sources (RS ) were found to be, in order
of magnitude (Table 5), sugar plantations, paper mills, forestry
plantations, and exotic fish. When considering the sources
per risk region, the agricultural activities, including the sugar
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TABLE 4
Example of the effect filters allocated to source, habitat and endpoint relationships in the hypothetical example
considered in this study
Source Ensure ecos_ystem useis Maiptai_n aqyatic M:(i‘:t:tiig Z;i:;i;‘;:;?sti:f Reduce impact of alien
sustainable biodiversity Reserve fishes
s s 5| 8| s | § g5 5|8 |35 i|¢
3| = e = e e = e e = e e =
£ i i . b i . i b . i i .
Paper mill 1 1 1 1 1 1 1 1 1 0 0 0
Gold mine (treated) 1 1 1 1 1 1 1 1 1 0 0 0
Sugar mill 1 1 1 1 1 1 1 1 1 0 0 0
Forestry - 1 1 1 1 1 1 1 1 1 0 0 0
Sugar plantations % 1 1 1 1 1 1 1 1 1 0 0 0
Mixed agriculture = 1 1 1 1 1 1 1 1 1 0 0 0
Municipality g 1 1 1 1 1 1 1 1 1 0 0 0
Irrigation dam g 1 0 0 -1 1 -1 -1 1 -1 0.5 0.5 0.5
Exotic fish = 1 1 1 1 1 1 1 1 1 1 1 1
Paper mill 0.5 1 0.5 1 1 1 1 1 1 0 0 0
Gold mine (treated) 0.5 1 0.5 1 1 1 1 1 1 0 0 0
Sugar mill 1 1 1 0.5 1 0.5 0.5 1 0.5 0 0 0
Forestry = 0.5 1 0.5 1 1 1 1 1 1 0 0 0
Sugar plantations = 1 1 1 1 1 1 1 1 1 0 0 0
Mixed agriculture f:f 0.5 0 0 0.5 0 0 0.5 0 0 0 0 0
Municipality 5 0.5 0.5 0.5 0.5 0.5 0.25 0.5 0.5 0.25 0 0 0
Irrigation dam g 0.5 1 0.5 0 1 0 0 1 0 0 0 0
Exotic fish 2] 0 0 0 1 1 1 1 1 1 0 0 0
Paper mill 0.5 1 0.5 0 0 0 0 0 0 0 0 0
Gold mine (treated) 0 1 0 0 0 0 0 0 0 0 0 0
Sugar mill 0 0.5 0 0.5 1 0.5 0.5 1 0.5 0 0 0
Forestry -~ 1 1 1 1 1 1 1 1 1 0 0 0
Sugar plantations % 1 1 1 1 1 1 1 1 1 0 0 0
Mixed agriculture g 1 1 1 0.5 1 0.5 0.5 1 0.5 0 0 0
Municipality .§ 1 0.5 0.5 0.5 1 0.5 0.5 1 0.5 0 0 0
Irrigation dam §_ 0.5 1 0.5 0 0 0 0 0 0 0 0 0
Exotic fish % 0 0 0 0 0 0 0 0 0 0 0 0
Note: (Eff. var. 1) Effect variable querying whether source stressor relationship is known to have an effect on the endpoint?
(Eff. var. 2) Effect variable querying whether endpoint is known to be sensitive to stressor in the habitat?
TABLE 5
Summary of all of the risk scores obtained from the example used in this study
RR A RR B RR C RR D RR E RRF RR G
Final risk scores (RS, Eq.(1)) 468 422 0 678 490 776 212
Risk scores for sources (RS, Eq.(2)) TOTALS
Paper mill 198 132 0 66 66 66 0 528
Gold mine (treated) 0 132 0 66 66 66 0 330
Sugar mill 0 0 0 0 0 156 0 156
Forestry 270 0 0 180 0 0 0 450
Sugar plantations 0 0 0 288 192 288 0 768
Mixed agriculture 0 68 0 34 0 34 68 204
Municipality 0 90 0 60 30 30 0 210
Irrigation dam 0 0 0 -16 -8 -8 0 -32
Exotic fish 0 0 0 0 144 144 144 432
Risk scores for habitats (RS, ., Eq.(3)) TOTALS
Instream habitat 216 234 0 270 288 450 180 1638
Sediment habitat 180 138 0 252 144 216 0 930
Riparian habitat 72 50 0 156 58 110 32 478
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Figure 5
Graphical representation of the final risk scores (RS) obtained
per region in the study area. Red bars present relatively high
risk, yellow bars present moderate relative risk and the green bar
represents low relative risk.

plantations and the forestry activities, pose the highest risk in
Regions A, D and F (Fig. 6). The dam in the study area poses a
negative risk in risk Regions D, E and F, a result interpreted as
beneficial in these regions.

The greatest risk posed to habitats (RS, . ) occurs primar-
ily in the instream habitats, followed by the substrate (sedi-
ment), with the riparian habitats being exposed to the lowest
risks. The greatest risks posed to the instream habitats occur
within Risk Region F, with high risks in Regions E, D, B and A,
in order of severity (Fig. 7). The sediment habitat and riparian
habitats are at most risk in Risk Region D.
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Finally, the risk outcomes need to be considered in relation
to the established endpoints for the study area. In ensuring
sustainable ecosystem resource utilisation, management plans
for all activities, excluding the dam, should be established,
with priority given to the sugar plantations, paper mill, forestry
plantations and exotic fish. Management actions should be
focused on Risk Regions A, B, D, E and F. The instream habi-
tats are most sensitive to the risk of impacts from the sources
considered in the study and, as such, maintaining the integrity
of these habitats should be prioritised. The hypothetical RRM
shows that the risks to the maintenance of aquatic biodiversity
in the study area and the maintenance of a pristine ecosystem
state in the nature reserve are similar. The maintenance of
aquatic biodiversity was found to be important through the
management of sources in areas where sensitive habitats occur.
This includes the management of the stressors associated with
the sugar plantation, forestry and the paper-mill activities
in Risk Regions D, E and F. The risks associated with alien
fishes in Risk Regions E, F and G were positively affected by
the barriers which could be maintained. Similarly, the nature
reserve can be considered to be a refugium for the maintenance
of the aquatic biodiversity and therefore meets the endpoint that
requires that the aquatic ecosystem association with the reserve
be maintained. In addition, in order to meet the overall study
area endpoint, i.e., to maintain aquatic biodiversity, the nature
reserve should be considered to be a refugium and therefore
conservation of this reserve should receive high priority.

BRRE BRRF BRRG

Mixed A Municipality Dam Aliens

Figure 6
Graphical representation of the total risk per risk region for all of the sources considered in the study
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Figure 7
Graphical representation of the total risk posed to each habitat per risk region considered in the hypothetical example
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Finally, the outcomes show that there is very low risk from and,
accordingly, no value in managing, the alien invasive fishes in
Risk Regions A-D, apart from preventing the further distribu-
tion of alien species into these risk regions. In Regions E and F,
however, the importance of managing alien invasive fishes as a
source of stressors is moderate- to high, as moderate- to high-
risk scores were obtained.

Step 7: Evaluate uncertainty and sensitivity of the
relative rankings

Uncertainty

When implementing this RRM model it is important to address
issues that may cause uncertainty or influence the confidence
of the outcomes regarding the risk characterisation of the study.
This includes, for example, the use of professional judgment

in determination of risk thresholds. In a RRM uncertainties of
each component need to be tracked and accounted for in the
risk assessment process. The RRM methodology allows for the
use of a variety of quantitative methods, including the popular
Monte Carlo permutation process which is employed to provide
a range of values to simulate uncertainty (Landis, 2005; Colnar
and Landis, 2007). This is a probabilistic approach that quanti-
fies the change in model outputs or risk scores as a function of
model inputs or ranks and filters (Colnar and Landis, 2007).
The approach involves the initial classification of uncertainty
for each filter component and rank as low, medium and high,
based on the confidence of the assigned values according to
available information. Thereafter the ranks and filter compo-
nents with medium and high classifications are assigned with
discrete statistical distributions to represent the uncertainty.
The range of statistical distributions used to address the uncer-
tainty of each rank and filter must be documented. The ranks
and filter components with low uncertainty classifications
retain their original values. After the uncertainty classifications
are assigned, the Monte Carlo simulations can be run using suf-
ficient iterations, usually >1 000, to account for all variability
in the model (Colnar and Landis, 2007).

Other single-component analyses techniques, exposure-
pathway analyses, and random-component analyses to address
uncertainty in RRM assessments can be implemented (Obery
and Landis, 2002). The single-component analyses include
the standardisation of individual stressors in each of the risk
regions to test the sensitivity of the model. Exposure-pathway
analyses can be undertaken by testing the effect of including or
excluding pathways with weak relationships in the conceptual
model by altering the exposure filter score for these pathways.
This is justified in that only pathways demonstrating a strong
relationship between the stressors and habitat and the habitat
and endpoint should be evaluated during the risk characteri-
sation. Random-component analysis can be incorporated to
evaluate model bias by assigning random numbers during suf-
ficient simulations to stressors and habitats for each risk region
(Landis, 2005).

Sensitivity

Model sensitivity analyses test the influence of individual
parameters and the range of parameter values in a RRM model
(Colnar and Landis, 2007). In these evaluations correlation
coefficients are generated to rank model parameters according
to their contribution to prediction uncertainty. High-ranked
parameters are those of importance in influencing uncertainty
within the model (Colnar and Landis, 2007). Various statisti-
cal methods can be used to carry out correlation coefficients,
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including Crystal Baal® 2000 software, for example (Colnar
and Landis, 2007).

Step 8: Generate testable hypotheses for future field
and laboratory investigation to reduce uncertainties
and to confirm the risk rankings

To reduce uncertainties and to confirm the risk rankings of the
RRM, suitable hypotheses for field and laboratory investiga-
tions are established. Using the outcomes of Steps 6 and 7 the
RRM can generate predictions of patterns in the landscape and
estimates of risk to the endpoints of the assessment (Landis,
2005). Testable hypotheses can then be generated to evaluate
these predictions. By testing and accepting selected hypotheses
generated by the risk assessment the confidence of the out-
comes is increased. This in turn increases the confidence of the
risk assessors, stakeholders and decision makers in using the
risk outcomes for environmental management (Landis, 2005).
To illustrate this, a range of hypotheses can be established to
validate the outcomes of the RRM assessment for the hypo-
thetical example including:

* Due to the low risk being posed to Risk Region C, the
ecological integrity of the aquatic ecosystems and associ-
ated biodiversity in this region would be better than the
integrity state of the aquatic ecosystems in regions G, B, A,
D,EandF.

» Stressors associated with the sugar plantation will result in
the greatest impact on the ecological structure and function
of the aquatic ecosystems associated with Risk Regions D,
F and then E.

* The ecological integrity of the sediment habitats in Risk
Region D should be high and comparable to the ecological
integrity of the sediment habitats in Region C.

Step 9: Test hypothesis established in Step 8

Hypotheses can be tested using a variety of local and or inter-
nationally accepted or validated lines-of-evidence (sensu
Fairbrother, 2003). Lines-of-evidence can include a range

of field, mesocosm and/or laboratory test methods. Ideally,
lines-of-evidence methods should be selected that can test
established risk estimates generated in the RRM. This often
includes the assessments of the ecological state of biological
responder communities in different risk regions. The states of
various ecosystem source/stressor driver variables identified in
the RRM, such as water and sediment physicochemical quality,
habitat availability and state, and flow states (timing, volume
and duration of flows), can also be included. Often other
procedures are required that can make predictions based on the
known concentrations of toxicants and then in situ sampling is
carried out to confirm effect or no-effect of the identified toxi-
cants. In South Africa, many lines-of-evidence methodologies
have been established that can be incorporated into an RRM to
test risk hypotheses. These lines-of-evidence methodologies
include, for example, the eco-classification tools that are exten-
sively used in the National River Health Programme of South
Africa and in the determination of the ecological Reserve
(DWAF, 2004; Kleynhans and Louw, 2007). Additional
ecotoxicological lines-of-evidence procedures that consider
different levels of biological organisation (Wepener et al., 2011)
can also be included in an RRM assessment. These procedures
include a range of biomarker, bioaccumulation, histopathol-
ogy, bioassay and various multivariate statistical methods that
consider changes in structures of communities (O’Brien et al.,
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2009). Following the testing of risk hypotheses, there is often
a need to rework the risk assessment in order to reduce uncer-
tainty, or to rectify a stressor-habitat-effect linkage that may be
identified to be incorrect. Testing the risk predictions allows
feedback into the assessment process, improving future predic-
tions (Landis, 2005).

Step 10: Communicate the results in a fashion that
portrays the relative risk and uncertainty in response
to the management goals

The outcomes of the RRM assessments, irrespective of the
scientific validity, are of no use unless these outcomes are
clearly communicated to the stakeholders and decision makers
who commissioned the study. A variety of tools are available
to assist in the communication of the outcomes of the RRM
and careful attention must be paid to ensure that the relevant
stakeholders of any RRM are presented with information that
can easily be understood at different levels of complexity,
specific to the relevant audiences of the stakeholder groups.
To establish and continue with the development of the RRM
methodology in South Africa, it is important that the applica-
tion and findings of local RRM case studies are published in
peer-reviewed literature and/or made available to the stake-
holder groups.

Closing remarks

This RRM approach that allows for the assessment of multiple
stressors in unique habitats on a spatial scale while allowing for
the consideration of ecosystem structure and function dynam-
ics can contribute towards the management of local surface
ecosystems in South Africa. The approach is intrinsically sim-
ple and requires very few assumptions. The RRM approach is
not restricted to the requirement for controls or reference sites,
or states or assumptions about community dynamics, indirect
effects or the linearity of responses (Landis and Wiegers,
1997). In addition, the approach allows for the consideration of
stressors for which little information is available. The model or
framework of the RRM allows for the consideration of future
decision making which is based on the ranking procedures.
When implementing the RRM approach it is important that the
assumptions included in the process or confidence issues of an
assessment are well documented. In addition, sensitivity and
uncertainty assessments of the RRM should be prioritised and,
where possible, validations of established hypotheses should
be undertaken to evaluate risk outcomes. Landis and Wiegers
(1997) caution against the misuse and abuse of the ranking
approach in a manner which is done in indexing systems. As
indicated, ranks are the simplified features that represent
variable components of an ecosystem’s structure and function.
These ranks are not the expressions of real data that could be
used in a regression, any more than means of real data can be
used in this way (Landis and Wiegers, 1997). The RRM projec-
tions are arbitrary unless it can be proven that the assessment
is based on rules that are constructed by direct analyses of the
ecological structure and function (sensu Landis, 2005). This
approach should not be used as a replacement for field and
laboratory analyses that generate reliable, factual data, but as
a method to incorporate, test and consider the implications
associated with scenarios of ecosystem use in the context of
ecosystem structure and function.

The use and application of the RRM within South
Africa has the potential to provide resource users, resource
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conservators and regulators of surface aquatic ecosystems
with a range of benefits. These benefits include the establish-
ment of a validated, structured methodology that is sensitive
to the dynamics of individual case studies, relatively sim-

ple to apply, extremely informative, locally applicable and
internationally comparable with other RRM assessments.
Furthermore, this approach provides direct links between
exposure and effects of stressors impacting on a spatial scale
and has the ability to address complex multiple stressors
impacting on diverse ecosystems. As a result, the approach
has the ability to provide individual ecosystem users with
information (e.g. water licences) in a manner that can be
directly related to and/or address established resource qual-
ity objectives for the aquatic ecosystems that the users are
associated with. This approach has the potential to substan-
tially contribute towards the effectiveness and efficiency of
management of the balance between the use and protection of
aquatic ecosystems in South Africa.
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