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Note that the way comments were incorporated into the revised manuscript is presented in blue.
RC1: (31 MAR 2017):
RC1-1 Comment: This paper presents an advance on holistic environmental flow assessments at
catchment and broader spatial scales by applying advanced risk assessment procedures
and Bayesian Belief Networks (BBNs) to evaluate scenarios of water use for
environmental and social purposes. It builds upon earlier work that assessed the
ecological and social risks associated with development of water resources in the Lesotho
Highlands via the Lesotho Highlands Water Project (Phase I) using a framework known as
DRIFT (Downstream Response to Imposed Flow Transformation). Differences lie in the
application of BBNs as the formal procedure to assess risks. The use of BBNs in
environmental flow assessment has several precedents, including a framework to
incorporate BBNs into the DRIFT framework (Arthington et al. 2007, see additional
references below). The description of PROBFLO sets out 10 procedural steps (see
flowchart) and works through them for two case studies (Lesotho Highlands and Mara
River). For the uninitiated this paper will be a tough read, but for those with deep insight
into the history of e-flow assessment and holistic approaches, it will be very rewarding.
Updated MS: No action taken
Specific comments:
RC1-2 Comment: There are strong similarities between this paper and O’Brien & Wepener (2012) who
provide detailed descriptions of the main steps of PROBFLO minus the use of BBN to
assess risks. Reading O’Brien & Wepener (2012) alongside the present paper will greatly
assist the reader’s comprehension of the 10 procedural steps which I found easier to
follow and understand in the 2012 paper.
Updated MS: We have expanded the Ecological Risk Assessment paragraph in the introduction of the
MS, and the MS provides a better presentation of the relative risk assessment approach that has been
included in O’Brien and Wepener, 2012. We have also added “For more information on the application
of the RRM consider Colnar and Landis (2007), Anderson and Landis (2012) or O’Brien and Wepener
(2012).”
RC1-3 Comment: The PROBFLO paper states (page 9, line 19-) that “Data used in the [Lesotho] case
study was derived from a series of bio-physical surveys of the study area which sought to
illustrate the hypothesised causal relationships from the BN models. Data obtained from
the surveys, historical information and specialist elicitations were used to establish CPTs
and describe input node rank thresholds. Risk ranking definitions and justifications for
indicators and measures of each input node and the CPTs are available in the technical
report of the study (LHDA 2016)”. My searches failed to locate this report on the LHDA
website, and frustrated my desire to see some of the raw data from field surveys, and
trace the steps from field data to risk assessment. These steps are described in the
Lesotho DRIFT assessment procedure (Arthington et al. 2003; King et al. 2003), for
example.
Updated MS: We have edited the section and added in more detail on the scope of work to generate
evidence in the MS. We have in addition added in detailed causal relationship socio-ecological models
for the assessment as figures and included working Netica models and justification tables as
supplementary information.
RC1-4 Comment: An important feature of the definition of risk regions is that “The approach can
address spatial and temporal relationships of variables between risk regions, such as the
downstream effect of a source on multiple risk regions, in the context of the assimilative

capacity of the ecosystem or the upstream connectivity requirements of a migratory fish
between risk regions”. Spatial and temporal connectivity are important features of river
networks, and somewhat neglected in e-flow assessments, especially the effects of
barriers combined with changes in flow regime. Strangely enough, they seem to be
evaluated via separate management programs.
Updated MS: This has been clarified with the following updated statement… “The BNs are initially used
to evaluate the risk of anthropogenic/natural hazards to endpoints per risk region, in relative manner
for comparisons, for multiple temporal periods (high or low flow months and wet or drought phases
etc.) which can also be compared relative to each other.”
RC1-5 Comment: PROBFLO is said to confirm to the requirements of the regional e-flow assessment
framework known as ELOHA (Poff et al. 2010). It does not quite do so, in that hydrological
and geomorphological classification do not appear to form part of the “risk region”
assessment process, but I agree that PROBFLO can be adapted for use within an ELOHA
regional context. I was interested to read that the “Nile Basin regional scale E-flow
framework expands on the ELOHA framework to include an initial situation assessment,
data review and alignment phase and a governance and Resource Quality Objectives
setting phase”. These developments of ELOHA sound very worthy and a paper describing
the expanded framework would be most useful.
Updated MS: We have expanded on the Risk Region selection section of the study (Section 3.3) with ”
To demonstrate that PROBFLO can conform to the regional E-flow assessment frameworks such as
ELOHA (Poff et al. 2010), the selection of RRs should include explicit hydrological and
geomorphological classification. The relative risk outcomes of the assessment can later be directly
related to the system classification as proposed by ELOHA. With additional E-flow information for a
range of hydrological and geomorphological ecosystem types, the outcomes can be used to establish
regional E-flows.” And ITO the comment on the Nile Basin regional scale E-flow framework. We have
been given permission to publish the work and will do so asap.
RC1-6 Comment: A decided advantage of PROBFLO and the development of multiple BNs is its capacity
to examine the sensitivity of the input variables to each BN using the “Sensitivity to
Findings” tool in Netica (Marcot, 2012). This step can be used to show stakeholders (and
water managers) where there are sensitivities in the input data, and thereby provide
evidence to motivate for more research and monitoring to strengthen knowledge gaps.
Updated MS: The MS already includes “For all of the BNs created in the PROBFLO assessments of the
Senqu and Mara River case studies, the sensitivity of the input variables were evaluated in Netica using
the “Sensitivity to Findings” tool (Marcot, 2012).” We have now added “This approach allows for the
relative contribution of each variable to be evaluated. These assessments are used to evaluate model
structure and interpret risk result outcomes with the stakeholders of the assessment (Marcot, 2012;
Landis et al., 2016). This test demonstrates to PROBFLO operators and stakeholders where models
and associated assessments are sensitive to input data. Evidence to justify these sensitive
determinants are imperative to a robust assessment, and or adaptive management is advocated to
test and improve knowledge of the model indicators. We have also included an uncertainty and
sensitivity assessment as a supplementary document.
RC1-7 Comment: I noted the comment that “The Senqu River case study addressed the second phase
of a water resource use development that already has two substantial flow altering
developments with more than 15 years of pre and post-development E-flow assessment
(using holistic EFA methods, (Arthington et al., 2003)) monitoring and evaluations.” The
holistic EFA was, of course, DRIFT in it its early manifestation, and I wonder why it is not
referred to directly, and the paper by King et al. (2003) about its conceptual development
is not cited here and elsewhere in the paper.
Updated MS: We have added “Phase I of the LHWP involved the application of the Downstream
Response to Imposed Flow Transformations (DRIFT) approach to establish the E-flows associated with
the construction of the Katse and Mohale Dams on the Malibamats'o and Senqunyane Rivers in

Lesotho respectively (Arthington et al., 2003; King et al., 2003).” We have motivated the use of
PROBFLO as a modern, probabilistic based EFA that considers multiple stressors, social and ecological
endpoints, and address ecosystem dynamism. PROBFLO is also a transparent probabilistic modelling
approach that addresses uncertainty explicitly. These arguments contribute to our claim that
PROBFLO meets current best scientific practice. We would not like to make any direct comparisons
between PROBFLO and DRIFT at this time as we believe it may be premature. PROBFLO needs some
more development and testing before it should be compared with DRIFT which is a main line EFA.
RC1-8 Comment: Another strong feature of PROBFLO is the sequence through to monitoring and
adaptive management of the e-flow assessments and trade-off evaluations, following
best practice holistic e-flow assessments.
N/A this is a comment on a feature of the approach.
Technical corrections
RC1-9 Comment: I noted some rough writing in places but no outright technical errors. However I do
think that the overall description of the BBN process is inscrutable, and wonder if a
worked example (not just a figure) could be provided for one example of a sourcestressor-habitat-biota wellbeing chain. In e-flow science even the relatively simple ‘flowhabitat-biota’ step can be quantified using well-established methods (e.g. PHABSIM).
Was this step achieved using stream cross section data, velocity profiles and fish habitat
requirements, etc (see the DRIFT procedure in Arthington et al. 2003) and other
developments of DRIFT (King and Brown 2010).
Updated MS: In this MS we aim to present the PROBFLO approach. This comment is important so we
have attempted to improve the readability of the MS. In addition to contribute to the understanding
of the approach with… “An example of how a BN can represent a component of the socio-ecoligical
ecosystem being evaluated is presented in Figures 5 and 6. Within Figure 5 we for example
hypothesise that the ecological integrity of fish in the Senqu can be selected as an indicator of the
Senqu River ecosystem as a suitable ecological endpoint. In this example the ecological integrity of
fish is hypothesised to be a function of the condition of the Senqu River environment for fish,
representing the exposure leg of the risk assessment, and the potential for fish to occur within the
reach of the river being considered as an effects component of the study. The condition of the Senqu
River environment itself is hypothesised in this study to be a function of the potential for communities
to “disturbance wildlife”, the instream habitat condition and migration access for fish as sourcestressor relationships with local communities, multiple barriers and other source/stressors that affect
instream habitat wellbeing selected indicators with associated measures in the study. Water resource
use scenarios were used to describe the state of source/stressor and effect nodes as inputs into the
model. These variables were integrated using CPTs to represent other system variables which
ultimately result in risk described to endpoints.
RC1-10 Comment: Useful references that appear to be missing from this paper include:
Arthington, A.H. (2012). “Environmental Flows: Saving Rivers in the Third Millennium”.
University of California Press, Berkeley, CA. 406pp. [Academic book on the
science and management of e-flows. [This book includes descriptions of DRIFT,
ELOHA and other holistic e-flow assessment frameworks].
Arthington AH, Baran E, Brown CA, Dugan P, Halls AS, King JM, Minte-Vera CV, Tharme R,
Welcomme RL (2007). Water requirements of floodplain rivers and fisheries:
existing decision support tools and pathways for development. Comprehensive
Assessment of Water Management in Agriculture Research Report 17.
International Water Management Institute: Colombo, Sri Lanka. [This report presents a
framework for e-flows assessment incorporating BN models into the DRIFT
methodology].
King JM, Brown CA (2010). Integrated basin flow assessments: concepts and method
development in Africa and South-east Asia. Freshwater Biology 55: 127–146.

King JM, Brown CA, Sabet H (2003). A scenario-based holistic approach to environmental flow
assessments for rivers. River Research and Applications 19: 619–640. [This paper
describes the original Lesotho Highlands e-flows assessment using DRIFT.
Coupled with Arthington et al. 2003, which you do cite, it will show readers how
e-flow scenarios were assessed in Lesotho rivers using risk assessment
procedures built into DRIFT ]
Updated MS: We’ve considered them and added them where appropriate.
RC1-11 Comment: Missing references and errors
Brisbane Declaration (2007)
Dudgeon 2014 – missing
King, J. and Pienaar, H.: Sustainable use of South Africa’s inland waters, 2011 – no publication
details.
LHDA: Specialist Consultants to Undertake Baseline Studies (Flow, Water Quality and
Geomorphology) and Instream Flow Requirement (IFR) Assessment for Phase 2:
Instream Flow Requirements for the Senqu River – Final report No 6001/2/e,
Lesotho Highlands Development Authority, Maseru., 2016. - please provide the
electronic address McDonald et al. 2016 - missing
Vörösmarty 2010 – this should be Vörösmarty et al. 2010 in the text.
King, J. and Pienaar, H.: Sustainable use of South Africa’s inland waters, 2011.
Updated MS: We have addressed these reference errors!
RC2: (06 APR 2017):
Overview
RC2-1 Comment: The manuscript presents an important development in the field of environmental
flow assessments being able to bridge the gap between the biophysical constraints under
which e-flows are set, and the requirements to maximise benefit for socioeconomic/socio-ecological needs. The spatial discretization in relative risk regions for
both aspects in a catchment is novel. This is achieved through the development of the
PROBFLO e-flow assessment model which incorporates the relative risk procedures (biophysical), meanwhile the construction of coupled Bayesian Belief Networks (BBN) allows
for participatory scenario planning. As demonstrated through two case studies the
authors make a case for the usability and adaptability of the combined PROBFLO-BBN
Relative Risk model for a broad range of e-flow applications. The spatial representation
of the RR presents an important contribution to modern catchment planning in this
regard.
N/A this is a comment on a feature of the approach.
Some specific comments:
RC2-2 Comment: 1. Field data was used to derive causal probability thresholds for the relative risk
calculations, although none of this data is presented. In order to ensure that the proposed
methodology is salient and credible, one would expect to see this information. Although
given the length of the manuscript this could be compiled in a supplementary document
for the published manuscript.
Updated MS (See comment on RC 1.3): We have edited the section and added in more detail on the
scope of work to generate evidence in the MS. We have in addition added in detailed causal
relationship socio-ecological models for the assessment as figures and included working Netica models
and justification tables as supplementary information.
RC2-3 Comment: 2. It was not clear to me where the driving hydrological data was sourced – modelled
or gauged data (sources – where can the reader find that information)?

Updated MS: Updated with the inclusion of the following: “Hydrological data used in the case study
included recently updated basin-wide Integrated Water Resources Management Plan outcomes
(ORASECOM, 2014). This database was updated in the study with latest available rainfall records,
obtained from the Lesotho Meteorological Services, and regional evaporation information. Observed
monthly flow data with actual discharge measurements determined in the study were used to
calibrate the monthly WRSM2000 model against rainfall to obtain catchment specific rainfall-runoff
parameters (Pitman et al., 2006). A range of hydrological statistics were used in the RRM-BN model.”
RC2-4 Comment: 3. There were several examples within the manuscript that point to the utility of the
tools for participatory approaches. Seeing that is probably a key selling point of the
proposed tools, I would have expected some presentation/further discussion on the
stakeholder ‘uptake’ of the tool – how do we know that the stakeholders: 1. Trust the
methodology?; 2. Embed this information into their catchment vision?
Updated MS: We’ve updated the communicate outcomes section of the MS to address this comment.
Section 3.10 Step 10: Communicate outcomes. We have also updated the conclusion section to
highlight this important component of the study as follows: “In the case studies stakeholders of the
project have been presented with the evidence based probabilistic projections of PROBFLO and used
the risk projections to consider water resource use trade-off options. Both of these case studies are
being used by stakeholders to make water resource use decisions that are currently being undertaken.
PROBFLO is a holistic, evidence based, probability modelling E-flow assessment tool that is transparent
and adaptable, and suitable for application on multiple spatial scales.”
RC2-5 Comment: 4. Frequent reference was made to Adaptive Management, and the potential for
these e-flows tools to be used in a learning-by-doing approach, this implies that the
methodology becomes an operational tool, rather than a benchmarking tool. What was
not clear from the discussion is how one would use this methodology iteratively to
manage adaptively. This should be elucidated in the manuscript.
Updated MS: This has also been added to the communicate outcomes section of the MS to address
this comment. Section 3.10 Step 10: Communicate outcomes as follows: “The application of the
PROBFLO and associated uncertainty assessment was used to establish a monitoring plan that should
be implemented with water resource use scenario selected from the case studies. These plans were
designed to validate the model by testing the response of the receiving environment to observed
ecosystem driver conditions, associated with implemented scenarios and to improve the
understanding of the causal relationships hypothesised in the original assessment with real data.” And
the conclusion section has been expanded.
RC2-6 Comment: 5. The issue of uncertainty and sensitivity was recognised in the manuscript, but no
data was presented – it would be beneficial to also include this in a supplementary file.
Updated MS: This has been summarised in the MS and provided in a supplementary data file.

Further comments are included in an annotated version of the manuscript
RC2-7 Comment: General language suggestions throughout MS missing words/incomplete
sentences/synonyms etc. (Pg1-L14 , Pg3-L11; Pg3-L20; Pg4-L15; Pg4-L29; Pg4-L30; Pg5L15; Pg5-L17; Pg6-L31; Pg12-L19; Pg15-L6; Pg15-L11).
Updated MS: Language has been corrected.
RC2-8 Comment: Pg2-L2 Adaptive management processes applied in the context of catchment
management? - this sentence could be re-writtent to be a bit more succinct.
Updated MS: This has been amended: “the adaptive management concept has been defined,
Elaborated on and further explained in the conclusion section of the study.
RC2-9 Comment: Pg3-L20 for the interest of the reader and advancements in the state of the art for e
flows - a comment or two on why LHWP phase II opted for a model other than DRIFT
(does Katse and Mohale still use DRIFT for operational purposes?), what are the new
advantages of bringing in Probflo? i.e. why not DRIFT.
Updated MS: In an attempt to avoid and conflicting arguments for other established methods (incl.
DRIFT) we’ve included the following as rationale for the approach. “Phase I of the LHWP involved the
application of the Downstream Response to Imposed Flow Transformations (DRIFT) approach to
establish the E-flows associated with the construction of the Katse and Mohale Dams on the
Malibamats'o and Senqunyane Rivers in Lesotho respectively (Arthington et al., 2003; King et al.,
2003). Phase II involves the augmentation of the LHWP by construction of the Polihali Dam to divert
water directly from the upper Senqu River to the existing Phase I infrastructure of the LHWP (Figure
1). For Phase II the custodians of the project the Lesotho Highlands Development Authority (LHDA)
required the service provider awarded with the E-flow determination project to review and implement
current best E-flow practice. This included the requirements to implement a probabilistic, regional
scale modelling approach that is transparent and holistic, addressing socio-ecological components and
endpoints, and one that considers uncertainty explicitly. The PROBFLO approach has, as a result been
selected for Senqu River in Lesotho as a part of Phase II of LHWP between the proposed Polihali Dam
site (29.289593°S; 28.863890°E) and the border of South Africa (30.413231°S; 27.564090°E) (LHDA,
2016).”
RC2-10 Comment: Pg3-L28 so no e-flows have been developed for the Mara river, ever? if so, this
should be stated.
Updated MS: Addressed by including the following: “Although extensive research has been
undertaken into the management of the terrestrial ecosystems of the Serengeti and Mara nature
reserves, the effects of land use threats to the wellbeing of the Mara River have been limited, with
only low confidence evaluations of the environmental flows of the river.”
RC2-11 Comment: Pg4-L4 for the readers clarity: is PROBFLO used to determine the e-flows, or assess
the performance of eflow implementation. Perhaps change the terminology here and
throughout, where this may lead to some confusion.
Updated MS: Addressed as follows: ” The PROBFLO approach has been implemented in the Senqu and
Mara River case studies to evaluate the socio-ecological consequences of altered flows and determine
E-flows which is demonstrate through application of the following 10 procedural steps.”
RC2-12 Comment: Pg4-L17 I think 'socio-ecological end points' needs some elaboration - are these
indicators, and if so of what? part of visioning process?!
Updated MS: Addressed as follows: ” As part of the initial development of the RRM approach, multiple
social and ecological endpoints were evaluated in a relative manner. Social endpoints were limited to
the availability and quality of ecosystem services and ecological endpoints included the requirements
to maintain selected ecological indicators in an acceptable integrity state or wellbeing.
RC2-13 Comment: Pg4-L21 is it a vision if it is part of a treaty? - a vision implies softer goal setting, but
water treaties are usually more explicit with targets. The sentence is bit confusing - I think
what is meant is that the vision as developed within this particular study is based on the
treaty?? Perhaps the sentence should be rephrased slightly

Updated MS: Addressed as follows: ” The treaties for Phase I and Phase II of the LHWP entered into
by the Kingdom of Lesotho and the Republic of South Africa provided the requirements for the
establishment of a vision for water resource use and protection for the Senqu River case study (LHDA,
1986; LHDA, 2011). The Treaty gives emphasis to protection of the existing quality of the environment
and, in particular, requires maintenance of the wellbeing of persons and communities immediately
affected by the project, including those downstream of the dam. Accordingly, the vision states that
there should be no change to the existing quality of the downstream environment and that the net
effect of the dam should not be negative to the people living downstream of the dam. For the
PROBFLO assessment, RQOs describing the desired quality and quantity of water, habitat and biota
for the study area were established.”
RC2-14 Comment: Pg5-L2 Fish what
Updated MS: Addressed as follows:… “maintain fish (12) aquatic marco-invertebrate and (12) riparian
ecosystem integrity or wellbeing.”
RC2-15 Comment: Pg5-L2 being what? having biological integrity (biotic/abiotic), or aesthetic value
for people, or both. Needs better definition.
Updated MS: See above addressed as follows:… “maintain fish (12) aquatic marco-invertebrate and
(12) riparian ecosystem integrity or wellbeing.”
RC2-16 Comment: Pg5:L10 query “and” from “Biodiversity and Strategy Action Plan which describes…”
Updated MS: Language corrected
RC2-17 Comment: Pg5-L28 O’Brien and Wepener 2012 - any citations of this methodology tested?
Updated MS: Yes: Smit et al., 2016 included.
RC2-18 Comment: Pg7-L10 not clear what point 3 is - flow-ecosystem and flow ecosystem service?
Updated MS: See above addressed as follows:… “to incorporate evidence based flow-ecosystem
relationships and flow-ecosystem service relationships, with relevant non-flow variable relationships
upon which the assessment is based. Initial conceptual model development considers all relevant
sources, stressors, habitat, effects and impact relationships with spatial and temporal considerations.”
RC2-19 Comment: Pg8-L3 citation for requisite simplicity?
Updated MS: Yes: Smit et al., 2016 included. Stirzaker et al., 2010
RC2-20 Comment: Pg8-L19 check is there calibration/benchmark data presented within this study?
Updated MS: Supplementary information included.
RC2-21 Comment: Pg9-L19 This data used from field survey to derive the CPT is not presented - it
should be available to reader (at least in summary form) as a supplementary file, in order
to understand the process, as to apply elsewhere.
Updated MS: Supplementary information included.
RC2-22 Comment: Pg9-L23 Netica used in similar settings/studies? - if so should be referenced
Updated MS: Yes: Smit et al., 2016 included. Ayre et al., 2014 for example
RC2-23 Comment: Pg10-L1 what data was used to run scenario 2? Pitman, WR2009/2012 natural
hydrology data? _ or was this available from the LHWP studies?
Updated MS: Addressed as follows:… “Observed monthly flow data with actual discharge
measurements determined in the study were used to calibrate the monthly WRSM2000 model against
rainfall to obtain catchment specific rainfall-runoff parameters (Pitman et al., 2006). A range of
hydrological statistics were used in the RRM-BN model.
RC2-24 Comment: Pg10-L8 rationale for selecting the different e-flow releases e.g 36% and 25% MAR,
was this from the LHWP studies?
Updated MS: Addressed as follows:… Added “The range of percentages of the MAR considered in
these scenarios were selected by stakeholders to evaluate different levels of water resource use for
the development.”
RC2-25 Comment: Pg12-L3 how exactly did the stakeholders use the risk profiles to select e-flows - I
think the manuscript would warrant some elaboration or narrative data on the uptake of
the BN-RR method - in order to demonstrate the applicability of the tools described -

furthermore, how one uses this in adaptive management context needs to be developed
further in the manuscript.
Updated MS: Addressed as follows:…” The relative risk results to endpoints and integrated risk profiles
were presented to stakeholders who used these outcomes to select E-flows and associated water
resource use mitigation measures (such as barrier mitigation measures) to be implemented for Phase
II of the LHWP. In this case study a bottom up approach of increasing flows in the socio-ecological
system represented by the BNs until the criterial for E-flows was met was initially followed. Thereafter
alterative water resources use scenarios were considered to explore risk trade-offs between social
and ecological endpoints.“
RC2-26 Comment: Pg12-L13 Pg12-L13 BN models in Supplementary files again, this input data may be
worthwhile summarised in a supplementary file.
Updated MS: Supplementary information included.
RC2-27 Comment: Pg12-L19 Repetitive
Updated MS: Addressed.
RC2-28 Comment: Pg12-L20 it's not clear to me that there is surplus water compared to demand (i.e.
the catchment is not closed in terms of its water allocation). The manuscript would
benefit with the presentation of summary hydrological data in this respect (the Senqu
should also be included).
Updated MS: Statement changed for clarity as follows “The assessment hypothesises sufficient flows
currently exist to maintain the endpoints in an acceptable condition. In addition, in the context of the
precautionary principle, additional flows can be allocated before risk to the endpoints exceeds
acceptable, sustainable thresholds.
RC2-29 Comment: Pg12-L22 are you now referring to Figure 10?
Updated MS: Addressed. Figure no added.
RC2-30 Comment: Pg12-L27 not clear - what is meant by a 'flow reduction source'?
Updated MS: Addressed as follows:…” These results were used to demonstrate the relative risk of
sources or water resource activities that affect flows relative to other sources to the risk to ecosystem
wellbeing (Figure 10).”
RC2-31 Comment: Pg13-L19 agreed that the uncertainty/sensitivity analysis is critical for determining
the versatility of the BN-RRM-Probflo model. to this end, and in keeping with the
manuscripts aim of demonstrating the potential usability of the model, presentation of
the uncertainty information and sensitivity analysis is important. Again, this should be
placed in a supplementary file.
Updated MS: Supplementary information included.
RC2-32 Comment: Pg13-L26: I have yet to see what adaptive management means i.e. an explanation
with reference for this would be useful (obviously it's a key component to the
implementation of e-flows, but needs to be substantiated - i see the Step 8 describes this,
but it's important that a greater explanation of adaptive management comes early on in
the manuscript).
Updated MS: Addressed as follows:…” Evidence to justify these sensitive determinants are imperative
to a robust assessment, and or adaptive management is advocated to test and improve knowledge of
the model indicators. Additional sources of uncertainty include the comparative availability of
evidence and expert knowledge pertaining to the socio-ecological systems considered in the
assessments. The Senqu River case study addressed the second phase of a water resource use
development that already has two substantial flow altering developments with more than 15 years of
pre and post-development E-flow assessment (using holistic EFA methods, (Arthington et al., 2003))
monitoring and evaluations. Additional field surveys to the study area were carried out to generate
additional information and test existing hypotheses for the assessment. The Mara River case study
was based largely on available historical information and existing EFA results for parts of the study
area (McClain & Kashaigili, 2013; Dessu et al., 2014). To further reduce uncertainty associated with

the application of the PROBFLO assessments, the BN-RRM method proposes an adaptive management
approach (Step 8) that allows improvements over time as new data is collected.
RC2-33 Comment: Pg14-L30 Communicate outcomes - since this section is perhaps the most critical
aspect of a participatory eflow RR assessment as advocated by the authors, it seems a
little light on content. I would expect to have a bit more elaboration on the techniques
and tools utilised to ensure appropriate buy-in and credibility of the proposed BNRRM/Probflo tools. What other literature can be drawn on to substantiate this? Was
there any stakeholder feedback during the two studies that is documented?
Updated MS: The whole section has been revised.
RC2-34 Comment: Pg15-L16 OK –this follows my comment in the previous section - the manuscript
makes a string conclusion in this regard, but the stakeholder buy-in has not been
adequately elucidated.
Updated MS: See comment RC2:25
RC2-35 Comment: Pg15-L21 what is meant by 'wide range of water resources'? do you mean 'wide
range of water resources availability settings/contexts'?
Updated MS: revised in the MS.
RC2-36 Comment: Pg26-L5 can you give the basic BN model set-up for both the Senqu and the Mara
studies - this will assist the reader
Updated MS: This has been provided.
RC2-37 Comment Figure 5: “it's not clear to me that there is surplus water compared to demand (i.e.
the catchment is not closed in terms of its water allocation). The manuscript would
benefit with the presentation of summary hydrological data in this respect (the Senqu
should also be included).”
Updated MS: This has been done.
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Abstract.
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Recent developments in Environmental Flow (E-flow) frameworks advocate holistic, regional scale, probabilistic E-flow
assessments that consider flow and non-flow drivers of change in a socio-ecological context as best practice. Regional Scale
ecological risk assessments of multiple sources, stressors and diverse ecosystems that addressto multiple social and ecological
endpoints, that address ecosystem dynamism, have been undertaken internationally at different spatial scales using the relativerisk model since the mid 1990’s. With the recent incorporation of Bayesian belief networks into the relative-risk model, a

25

robust regional scale ecological risk assessment approach is available that can contribute to achieving the best practice
recommendations of E-flow frameworks. PROBFLO is a regional scale, holistic E-flow assessment method that incorporates
the relative-risk model and Bayesian belief networks (BN-RRM) into a transparent probabilistic modelling tool that addresses
uncertainty explicitly. PROBFLO has been developed to holistically evaluate the socio-ecological consequences of historical,
current and future altered flowswater resource use scenarios in the context of non-flow drivers and generate E-flow

30

requirements on regional scales spatial scales. The approach has been implemented in two regional scale case studies in Africa
1
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where its flexibility and functionality has been demonstrated. In both case studies the evidence based outcomes facilitated
informed environmental management decision making, with trade-off considerations in the context of social and ecological
aspirations. This paper presents the PROBFLO approach as applied to the Senqu River catchment in Lesotho and further
developments and application in the Mara River catchment in Kenya and Tanzania. The ten BN-RRM procedural steps
5

incorporated in PROBFLO are demonstrated with examples from both case studies. In the Outcomes allowedcase studies
stakeholders to considered sustainable social and ecological E-flow trade-offs between social and ecological endpoints to
balance water resource use and protection. PROBFLO can contribute to the be incorporated into adaptive management of
water resources, to allocate sustainable use of resources and processes and contribute to the sustainable management of
theaddress use and protection requirements.of water resources.
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Keywords: PROBFLO, Environmental Flows, Regional Scale ecological risk assessments, E-flow requirements, socioecological consequences, trade-offs, sustainable water resource management.

1 Introduction
The global use of water resources has altered the wellbeing of aquatic ecosystems and the benefits that people derive from
15

these ecosystemsthem (Acreman and Dunbar, 2004; Dudgeon et al., 2006; Growns, 2008; Vörösmarty, 2010; Isaak et al., 2012;
Isaak et al., 2012; Murray et al., 2012; Grafton et al., 2013; Dudgeon, 2014); Environmental flows (E-flows), according to the
Brisbane Declaration (2007) are defined as the ‘quantity, timing and quality of water flows required to sustain freshwater and
estuarine ecosystems and the human livelihoods and well-being that depend on these ecosystems’. In an effort to determine
E-flows, tThe international community has developed a plethora of E-flows assessment methods which have been applied on

20

numerous spatial scales in a wide range of ecosystem types across the globe (Tharme 2003; Acreman and Dunbar 2004; PahlWostl et al., 2013; Poff and Matthews 2013). These methods have evolved during three distinct periods according to Poff and
Matthews (2013) over time and in a review of their development Poff and Matthews (2013) identified three distinct periods
of E-flow research and developmental history. These periods includeincluding; the an emergence and synthesis period,
consolidation and expansion period and the current globalisation period. During this globalisation period a range of best

25

practice E-flow management and assessment principles, and associated frameworks to undertake E-flow on multiple spatial
scales in multiple political and or legislative contexts have been developed (Poff et al. 2010; Pahl-Wostl et al. 2013). These
principles promote the use of holistic assessment tools that consider both social and ecological features of ecosystems on
regional spatial scales, are adaptive and incorporate risk evaluation and address uncertainty (Poff et al. 2010; Acreman et al.
2014).

30
Ecological risk assessments of multiple sources of stressors, multiple stressors and diverse ecosystems that address multiple
social and ecological endpoints, have been undertaken internationally at different spatial scales using the relative-risk model
2

(RRM) established since the mid 1990’s (Hunsaker et al. 1990; Landis and Weigers 1997; 2007; Wiegers et al., 1998; Landis
2004; Landis, 2016). The RRM has been applied to evaluate a range of natural and anthropogenic stressors including water
pollution, diseases, alien species and a range of altered environmental states (Walker et al., 2001; Moraes et al., 2002; Hayes
and Landis, 2004; Colnar and Landis, 2007; Anderson and Landis, 2012; Ayre and Landis, 2012; Bartolo et al., 2012; O’Brien
5

et al., 2012.; Hines and Landis, 2014; Ayre et al., 2014). This tool can be used to carry out holistic, probabilistic assessments
of the risk to the availability and condition of ecosystem service and ecological endpoints, and facilitate socio-ecological tradeoffs. For more information on the application of the RRM consider Colnar and Landis (2007), Anderson and Landis (2012)
or O’Brien and Wepener (2012). Recent developments to the RRM incorporates the use of Bayesian Networks (BN) that have
become been established as a powerful tool for ecological risk assessment, ecosystem management and E-flow assessment

10

(Pollino et al., 2007; Hart and Pollino, 2008; Shenton et al., 2011; Chan et al., 2012; Pang and Sun, 2014; Liu et al., 2016,
McDonald et al., 2016). In 2012 Ayre and Landis combined both approaches and incorporated BNs into RRMs which was
then formalised into a BN-RRM approach (Hines and Landis 2014; Herring et al., 2015; Landis et al., 2016).

Between 2013 and 2016 a BN-RRM based holistic E-flow assessment approach has been established developed that adheres
15

to the principles of best E-flow management practice (Ayre and Landis, 2012), and can easily be incorporated into regional Eflow frameworks such as the Ecological Limits of Hydrologic Alteration framework (Poff et al., 2010). This BN-RRM
approach we have , called PROBFLO, is a transparent and adaptable, can use, evidence based probabilistic modelling approach
that can also incorporate available data and expert opinion solicitations and explicitly addresses uncertainty. PROBFLO is a
scenario based E-flow assessment tool that allows for the evaluation of the socio-ecological consequences of altered flows

20

with consideration of the synergistic effects of non-flow drivers of ecosystem impairment. PROBFLO It adheres to the regional
scale ecological risk assessment exposure and effects, or sources of multiple stressors, habitats and ranked ecological impacts
relationship (Wiegers et al., 1998). is scenario based and allows for the evaluation of the socio-ecological consequences of
altered flows with consideration of the synergistic effects of non-flow drivers of ecosystem impairment. The approach is
transparent and adaptable and allows acceptable risk trade-off considerations for a range of environmental management
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options. This paper presents the PROBFLO BN-RRM approach that was used to establish E-flows for as applied to the Senqu
River in Lesotho, and evaluate the socio-ecological effects of altered flow and non-flow stressors, and further developments
were made in the a Mara River in Kenya and Tanzania case study.

2 Study area
The Lesotho Highlands Water Project (LHWP) is a US$ multi-billion water transfer and hydro-power project implemented by
30

the governments of Lesotho and South Africa (LHWP 1986; 2012). Phase 1 I of the LHWP included involved the application
of the Downstream Response to Imposed Flow Transformations (DRIFT) approach to establish the E-flows associated with
the construction of the Katse and Mohale Dams on the Malibamats'o and Senqunyane Rivers in Lesotho respectively to the
3
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impacted rivers of the DRIFT E-flow method to manage the downstream water releases from the Katse and Mohale Dams
(Arthington et al., 2003; King et al., 2003). Phase 2 II involves the augmentation of the LHWP by construction of the Polihali

Field Code Changed

Dam to divert water directly from the upper Senqu River to the existing Phase I1 infrastructure of the LHWP (Figure 1). For
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Phase II the custodians of the project the Lesotho Highlands Development Authority (LHDA) required the service provider
5

awarded with the E-flow determination project to review and implement current best E-flow practice. This included the
requirements to implement a probabilistic, regional scale modelling approach that is transparent and holistic, addressing socioecological components and endpoints, and one that considers uncertainty explicitly. The PROBFLO approach has, as a result
been applied to theselected for Senqu River in Lesotho as a part of Phase 2 II of LHWP between the proposed Polihali Dam
site (29.289593°S; 28.863890°E) and the border of South Africa (30.413231°S; 27.564090°E) (LHDA, 2016).

10
The entire Mara River in Kenya and Tanzania upstream of the mouth into Lake Victoria (1.518178°S; 33.943497°E) was
considered in this regional scale PROBFLO case study (NBI, 2016) (Figure 2). The Mara River and its tributaries are an
essential source of water for domestic needs, agriculture, pastoralism and wildlife including tourism, in Kenya and Tanzania
(Mati et al., 2008; Defersha and Melesse, 2012). Although extensive research has been undertaken into the environmental
15

management of the terrestrial ecosystems of the Serengeti and Mara nature reserves, in the Mara Basin and the effects of land
use threats, to the wellbeing of the Mara River have been limited, consideration has been given to stream-flow management
with only low confidence evaluations of the environmental flows of the river (Broten and Said, 1995; Gereta et al., 2002;
Onjala, 2002; Karanja, 2003; Lamprey and Reid, 2004; Hoffman, 2007; Mati et al., 2008; Atisa, 2009; LVBC and WWFESARPO, 2010; Majule, 2010; Hoffman et al., 2011; Ogutu et al., 2011; Defersha and Melesse, 2012; Kiambi et al., 2012;
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Dessu et al., 2014).

3 PROBFLO Framework for E-flows
The PROBFLO framework is based on the ten procedural RRM steps (Landis, 2004a), and incorporates BN development and
evaluation procedures (Marcot et al., 2006; Ayre and Landis, 2012), into a robust E-flow assessment method that gives
emphasis to adaptive management for holistic E-flow management (Figure 3). The application of the PROBFLO model
25

approach has been implemented in the Senqu and Mara River case studies to evaluate the socio-ecological consequences of
altered flows and determine E-flows which is is used here to demonstrate the through application of the following 10
procedural steps.
Step 1: Vision exercise
The importance of having clear water resource management objectives cannot be over-emphasised. Numerous Integrated

30

Water Resource Management strategies, regional management plans and frameworks, national legislations, and established E4
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flow assessment tools advocate the establishment of clear goals or visions to direct the use and protection of water resources
(Biswas 2004; Mitchell, 2005; Dudgeon et al., 2006; Richter et al., 2006; Poff et al., 2010; King and Pienaar 2011; NBI, 2016).
Although many vision development approaches are available, the initial application of PROBFLO involved the application of
the Resource Quality Objectives (RQO) determination procedure (DWA, 2011) to describe and document the water quality,
5

water quantity, habitat and biota objectives for the water resource being evaluated (NBI 2016; DWA, 2011). The RQO process
results in narrative and numerical descriptions of various ecosystem features required to achieve a balance between the use
and protection of water resources and hence to achieve a documented vision. As part of the initial development of the RRM
approach, multiple social and ecological endpoints were evaluated in a relative manner (Wiegers et al., 1998). Social endpoints
were limited to the availability and quality of ecosystem services and ecological endpoints included the requirements to

10

maintain selected ecological indicators in an acceptable integrity state or wellbeing.The PROBFLO approach incorporates this
foundation to evaluate a range of socio-ecological endpoints In addition, for these Environmental Flow Assessments (EFA).
In these case studies only those social and ecological endpoints that were directly associated with socio-ecological impacts of
the rivers resulting directly or indirectly with altered flows were considered. Findings resulted in relative risks to endpoints
that could be compared and used to consider cost-benefit trade-offs between social and ecological endpoints by adjusting water

15

resource use and protection scenarios. and those that would be influenced by the flow of the river were considered.

The treaties for Phase I and Phase II of the LHWP entered into by the Kingdom of Lesotho and the Republic of South Africa
provided the requirements for the establishment of a vision for water resource use and protection for the The vision of the
Senqu River case study (LHDA, 1986; LHDA, 2011). was based on the requirements of a Treaty for the LHWP entered into
20

by the Kingdom of Lesotho and the Republic of South Africa for the purpose of bringing about this water resource
development. The Treaty gives emphasis to protection of the existing quality of the environment and, in particular, requires
maintenance of the wellbeing of persons and communities immediately affected by the project, including those downstream
of the dam. Accordingly, the vision states that there should be no change to the existing quality of the downstream environment
and that the net effect of the dam should not be negative to the people living downstream of the dam. For the PROBFLO
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assessment, RQOs describing the desired quality and quantity of water, habitat and biota for the study area were established.
The endpoints selected to represent the social and ecological management objectives for the PROBFLO assessment were based
on the vision represented by the RQOs in the this case study including the maintenance of the following ecosystem services
and ecological objectives affected by the river: (1) the supply of building sand from the Senqu River, (2) water for domestic
use, (3) recreation/spiritual use of the river, (4) fish stocks as food for people, (5) edible plants from the riparian zone as food

30

for people, (6) medicinal plants for people, (7) floodplain non-woody plants (for grazing), (8) woody plants for fuel and
construction , (9) reeds for construction and (10) maintain fish and (12) aquatic marco-invertebrate communities and (12)
riparian ecosystem wellbeingintegrity or wellbeing.

5
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The vision for the Mara River case study was based on existing regional trans-boundary Mara River management objectives
(WRMA, 2014). In 2014, a Catchment Management Strategy (CMS) for the Mara Basin in Kenya was developed to facilitate
the management of the water resources, environment and human behaviour in ways that achieve equitable, efficient and
sustainable use of water for the benefit of all users (WRMA, 2014). The aims of the Mara River Basin as part of the Strategic
5

Environmental Assessment (EAC, 2003) to maintain “the people living in harmony with nature while achieving human
wellbeing and sustainable economic development in perpetuity” were also considered. Also considered were the objectives for
the Mara River Basin as described by the Biodiversity, and Strategy Action Plan which describes “a region rich in biodiversity
which benefits the present and future generations and ecosystem functions” (LVBC & WWF-ESARPO, 2010). These
assessments established a high ecological importance, high livelihoods value and low commercial value vision for the upper
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Mara River Basin and a high ecological importance, moderate livelihoods value and moderate commercial value vision for the
lower Mara River Basin. In this context the endpoints selected for the study included: (1) to provide water for Basic Human
Needs according to the national legislation of Kenya and Tanzania, (2) to maintain the ecological integrity of the riverine
ecosystem (instream and riparian ecosystems), (3) to provide flows for the commercial production of crops, (4) the maintenance
of existing livestock industry, (5) the maintenance and wellbeing viability of the Eco-tourism industry, and (6) maintain the

15

ecological integrity of the Mara Wetland in the lower reaches of the basin.

3.2 Step 2: Mapping and data analyses
The BN-RRM approach that forms the basis of PROBFLO includes the relative evaluation of multiple sources of stressors to
endpoints on a regional scale which should be spatially and temporally referenced for regional comparisons/evaluations in a
20

PROBFLO assessment (Landis 2004a; Landis & Wiegers 2007). For this the spatial extent of the study area must be defined
and described, and the locations of potential sources, habitats and impacts must be identified and spatially referenced. In
addition, source-stressor exposure and habitat/receptor to endpoint pathways/relationships should be spatially referenced
where possible (O’Brien & Wepener 2012; Landis et al. 2016). Available data describing the ecosystem needs to be reviewed
and spatially referenced and the uncertainties associated with the availability and quality of data used in the assessment must

25

be documented for evaluation in Step 7. O’Brien & Wepener (2012) provide an approach to delineate ecosystem types, the
topological features of importance, the catchment and ecoregion boundaries, the land or water resource use scenarios and the
pathways of stressors exposure. This approach is used to direct the selection of risk regions for assessment (Smit et al., 2016).
Best practice E-flow frameworks accentuate the importance of ecosystem type classification as part of E-flow assessments to
improve on our understanding of flow-ecosystem relationships (Poff et al., 2010, Arthington, 2012)).

30

6

3.3 Step 3: Risk region selection
In this step combinations of the management objectives, source information, and habitat data are used to establish geographical
risk regions that can be assessed in a relative manner ( Landis 2004b; O’Brien and Wepener, 2012) . In the end, the outcomes
of the assessment will be available at the spatial scale established during this step for multiple temporal scenarios associated
5

with alternative management options. In this regard it is important to consider the spatial connectivity of multiple variables
including flows and other variables within the study area so that risk regions incorporate appropriate sources, stressors, habitats
and endpoints (Landis 2004b; O’Brien and Wepener 2012). The approach can address spatial and temporal relationships of
variables between risk regions, such as the downstream effect of a source on multiple risk regions, in the context of the
assimilative capacity of the ecosystem or the upstream connectivity requirements of a migratory fish between risk regions. To
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demonstrate that PROBFLO can conform to the regional E-flow assessment frameworks such as ELOHA (Poff et al. 2010),
the selection of RRs should include explicit hydrological and geomorphological classification. The relative risk outcomes of
the assessment can later be directly related to the system classification as proposed by ELOHA. With additional E-flow
information for a range of hydrological and geomorphological ecosystem types, the outcomes can be used to establish regional
E-flows.

15

The selection of risk regions for the Senqu River E-flow assessment was based on the proposed location of the Polihali Dam
and catchment boundaries of the Senqu River and large tributaries (Malibamatso and Senqunyane Rivers) for this E-flow
assessment. Physical access to sampling sites within Lesotho to conduct bio-physical field surveys were extremely difficult
20

and this also contributed to risk region selection. Four broad risk regions were selected for the Senqu River PROBFLO study
(Figure 1).

In the Mara River case study a review of ecosystem types (Mati et al., 2008; Atisa et al., 2014), hydrology (Mango et al., 2011;
McClain et al., 2014), the vision for the case study, current and future land and water resource use options and socio-ecological
25

importance ( Karanja, 2002; LVBC & WWF-ESARPO, 2010; Mango et al., 2011; Defersha and Melesse, 2012; Dessu et al.,
2014; Dutton et al., 2013), were used to select risk regions during a stakeholder workshop . Ten Risk Regions were selected
for the Mara River Case study which conformed to catchment boundaries, ecoregions, land use practices and the international
boundary (Figure 2).

30

3.4 Step 4: Conceptual model
In this step conceptual models that describe hypothesised relationships between multiple sources, stressors, habitats and
impacts to endpoints selected for the study are generated (Wiegers et al., 1998) (Figure 4). This includes the holistic (consider
7

flow and non-flow related variables in spatial-temporal context), best practice characterisation of flow-ecosystem and flowecosystem service relationships in the context of a regional scale E-flows framework (Poff et al., 2010), with relevant nonflow (water quality and habitat) relationships in the models. Conceptual models should be constructed by expert stakeholders
usually including hydrologists, geomorphologists, ecologists and ecosystem services, including social and resource economics
5

scientists. These experts should be familiar with socio-ecological system processes and be able to describe probable cause and
effect variables and relationships of sources to stressors to multiple receptors in relation to their impacts on the endpoints,
selected for the study. The conceptual models for the case studies presented addressed requirements of the ELOHA and the
Nile Basin regional scale E-flow frameworks to conform to these frameworks (Poff et al., 2010; NBI, 2016). The Nile Basin
regional scale E-flow framework expands on the ELOHA framework to include an initial situation assessment, data review
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and alignment phase and a governance and Resource Quality Objectives setting phase. The PROBFLO conceptual model thus
conforms to the regional scale E-flow framework procedures in: (1) the selection of socio-ecological endpoints, to direct the
hydrologic foundations for the study including the selection of hydrological statistics required, (2) to classify ecosystem types
based on geomorphic, water quality, quantity and ecoregion considerations, and with this data, (3) to determine incorporate
evidence based the holistic flow-ecosystem relationships and flow-ecosystem service relationships, with relevant non-flow
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variable relationships upon which the assessment is based. Initial conceptual model development considers all relevant
sources, stressors, habitat, effects and impact relationships with spatial and temporal considerations.
3.5 Step 5: Ranking scheme
Ranking schemes are used to represent the state of variables, with unique measures and units to be comparable as nondimensional ranks and combined in BN-RRMs (Landis, 2004a; Landis et al., 2016). Four states designated as zero, low,
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moderate and high as traditionally used in RRMs ( Colnar & Landis, 2007; O'Brien and Wepener, 2012; Hines & Landis 2014;
Landis et al. 2016), have been incorporated into the PROBFLO process. The states represent the range of wellbeing conditions,
levels of impacts and management ideals as follows:

25



Zero: pristine state, no impact/risk, comparable to pre-anthropogenic source establishment, baseline or reference state,



Low: largely natural state/low impact/risk, ideal range for sustainable ecosystem use,



Moderate: moderate use or modified state, moderate impact/risk representing threshold of potential concern or alert
range, and



High: significantly altered or impaired state, unacceptably high impact/risk.

This ranking scheme selected for PROBFLO represents the full range of potential risk to the ecosystem and ecosystem services
with management options. Low risk states usually represent management targets with little impact and moderate risk states
30

represent partially suitable ecosystem conditions that usually warrant management/mitigation measures to avoid high risk
conditions. The incorporation of BN modelling into PROBFLO, allows the approach to incorporate the variability between
ranks for each model variable, represented as a percentage for each rank. Indicator flow and non-flow variables representing
8

the socio-ecological system being evaluated in a PROBFLO assessment are selected (linked to endpoints – step 1), and unique
measures and units of measurement are converted into, and represented by ranks for integration in BN assessments. For the
BN assessment ranks are assigned scores along a percentage continuum representing the state of the variables using natural
breaks of 0.25 (zero), 0.5 (low), 0.75 (moderate) and 1 (high) in the calculation.
5
3.6 Step 6: Calculate risks
From the general inclusive conceptual models (step 4), with the principle of requisite simplicity (Stirzaker et al., 2010), smaller
social and ecological endpoint specific models that represent the system being assessed are unpacked and converted into
Bayesian Network models (Figure 5 and 65) for analyses. These models can be analysed individually or integrated using a
10

range of BN modelling tools, using nodes representing variables that share the same indicators and measures. Bayesian
Networks are probabilistic modelling networks that graphically represent joint probability distributions over a set of statistical
values ( Pollino et al., 2007; Korb and Nicholson, 2010). They include parent or input nodes and child or conditional nodes
with links that represent causal relationships between nodes combined by Conditional Probability Tables (CPTs) (Mccann et
al., 2006; Landis et al. 2016;). Conditional Probability Tables describe conditional probabilities between the occurrence of
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states in the parent nodes and the resulting probabilities of states in the child nodes (Landis et al., 2016). The two PROBFLO
case studies presented here made use of the NeticaTM BN software by Norsys Software (http://www.norsys.com/).

The BNs are initially used to evaluate the risk of anthropogenic/natural hazards to endpoints per risk region, in relative manner
20

for comparisons, for multiple temporal periods (high or low flow months and wet or drought phases etc.) which can also be
compared relative to each other. Bayesian Networks, also make using use of available data and expert solicitations as evidence
which to represents risks to a current or present scenarios. Present projections of risk to the endpoints can generally easily be
validated using available data, knowledge of existing relationships between variables and by carrying out directed field survey
campaigns to describe/test risk relationships. Present risk projections are then calibrated by evaluating benchmark or historical
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scenario risk projections using the established models, which can often be validated with historical data (see supplementary
data). An example of how a BN can represent a component of the socio-ecoligical ecosystem being evaluated is presented in
Figures 5 and 6. Within Figure 5 we for example hypothesise that the ecological integrity of fish in the Senqu can be selected
as an indicator of the Senqu River ecosystem as a suitable ecological endpoint. In this example the ecological integrity of fish
is hypothesised to be a function of the condition of the Senqu River environment for fish, representing the exposure leg of the

30

risk assessment, and the potential for fish to occur within the reach of the river being considered as an effects component of
the study. The condition of the Senqu River environment itself is hypothesised in this study to be a function of the potential
for communities to “disturbance wildlife”, the instream habitat condition and migration access for fish as source-stressor
9
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relationships with local communities, multiple barriers and other source/stressors that affect instream habitat wellbeing
selected indicators with associated measures in the study. Water resource use scenarios were used to describe the state of
source/stressor and effect nodes as inputs into the model. These variables were integrated using CPTs to represent other system
variables which ultimately result in risk described to endpoints. These models are then used to determine E-flow requirements
5

according to acceptable trade-off of risk to endpoints selected for the study, and the consequences of alternative water resource
use, management and or climatic condition scenarios.

To determine E-flow requirements in PROBFLO, trade-offs of acceptable risk to social and ecological endpoints are initially
established for each risk region by stakeholders, usually within a legislative context. These trade-offs of acceptable risk are
10

represented in the BNs as forced endpoint risk distributions or profiles. These profiles usually range between low and moderate
risk with usually no high risk probabilities. In relation to the definitions of the ranks used in PROBFLO, trade-offs of acceptable
risk for E-flow determination should only dominate the “moderate” risk range when there is certainty that the E-flow
requirements can be provided, such as in the case of E-flow releases from a dam. In case studies where there is high uncertainty
associated with the ability to provide E-flow requirements, such as the management of multiple water resource users to
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cumulatively maintain E-flows, then a buffer should be provided according to the definition of ranks and the “low” risk range
should be selected. After the selection of trade-offs of acceptable risk are established the calibrated BNs are forced to generate
the state (rank distributions) of input flow variables used in the assessments. These flow related variable state requirements
that are spatially and temporally referenced are provided to a hydrologist or geomorphologist for example to describe the Eflow requirements which can be presented in various formats, such as daily or monthly water (usually m3.s-1) and sediment
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(usually kg.s.m^3-1) discharge percentiles. During E-flow determination procedures the state of non-flow variable nodes, which
contribute to the risk to endpoints, associated with flow variables can either be maintained in their current state, and described
as such or amended with available water resource use information. This can include the increased requirement of water for
Basic Human Needs, for increases in growths of human populations depending on the resource for example. Following the
establishment of E-flows, the socio-ecological consequences of altered flows, associated with alternative water resource
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management options or climate change variability for example, can be evaluated in a relative manner by generating and
evaluating a range of future scenarios in PROBFLO.

Senqu River risk calculation
In the Lesotho case study the nine social endpoints and three ecological endpoints were used in the assessment. These endpoints
30

were used to represent the social-ecological endpoints of interest in the study. The 12 BN models established for the study
included cause and effect linkages used to estimate risk. These BNs were used to evaluate the risk of multiple sources and
stressors with flow related stressors for base winter (low), summer (high) and drought flows. Where appropriate CPTs of the
BNs for endpoints were amended adjusted between RRs to represent the subtle changes in ecosystem process dynamics down
the length of the Senqu River. Generalised BN models for social-ecological endpoints
10

Data Evidence used in the case study includes the historical understanding of flow-ecosystem and flow-ecosystem service
relationships established during Phase I of the LHWP, and data was derived from a series of bio-physical surveys of the study
area (summarised in a supplementary document). The surveys included hydrology, hydraulic, water quality and
5

geomorphology components grouped as ecosystem driver components, and fish, macro-invertebrates and riparian vegetation
grouped as ecosystem responder components. Hydrological data used in the case study included recently updated basin-wide
Integrated Water Resources Management Plan outcomes (ORASECOM, 2014). This database was updated in the study with
latest available rainfall records, obtained from the Lesotho Meteorological Services, and regional evaporation information.
Observed monthly flow data with actual discharge measurements determined in the study were used to calibrate the monthly
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WRSM2000 model against rainfall to obtain catchment specific rainfall-runoff parameters (Pitman et al., 2006). A range of
hydrological statistics were used in the RRM-BN model. Findings were used to identify a range of indicators to represent
hypothesised causal relationships of the socio-ecological system being evaluated, identify measures for indicators, with units
of measurement and node rank thresholds and relationships between variables in the form of CPTs (refer to the supplementary
document). which sought to illustrate the hypothesised causal relationships from the BN models. Data obtained from the
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surveys, historical information and specialist elicitations were used to establish CPTs and describe input node rank thresholds.
Risk ranking definitions and justifications for indicators and measures of each input node and the CPTs are available in the
technical report of the study (LHDA, 2016). Real data and modelled hydrological statistics were used to evaluate the current
risk to endpoints using NeticaTM was used to carry out the assessment. (Ayre et al., 2014 for example).. The tool is versatile
and incorporates a range of features used to optimise the assessment. This includes equation features to weight the relative
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importance of parent variables and generate initial CPTs that were easily refined and applied to the daughter nodes for the
assessment. The tool includes case file generation options which allows the BNs to be linked to Microsoft® Excel where data
can be rapidly analysed and used to populate BNs for the analyses. Risk outcome distributions were also linked to Excel where
scenarios and social and ecological endpoints could be integrated using Monte Carlo randomisation approaches that are part
of the Oracle Crystal Ball software (Landis, 2004b). After establishing BN models for each RR, then input parameters were
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changed using RR specific data for a range of scenarios including:


Scenario 1 represents the present day scenario based on present state hydrology, and associated source to endpoint
variable state relationships that represent observable conditions. This scenario is based on existing data and additional
data collected during the field surveys.


30

Scenario 2 represents a pre-anthropogenic water resource development scenario, considered to represent “natural”
hydrology which was modelled using historical and modelled hydrology and rainfall data, and hypothesised state
distributions for non-flow variables. This scenario was selected to calibrate the PROBFLO model for the study..



Scenario 3 includes the presence of the new proposed Polihali Dam with full modelled Inter-basin Transfer (IBT)
supply. Only large floods overtopping the dam have been considered to be available downstream of the dam with the

11
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existing E-Flows from the downstream lateral tributaries bringing water from Katse and Mohale Dams available in
RR3 and 4. Non-flow source/stressor catchment conditions were based on the present day scenario.


Scenario 4 is based on scenario 3 but includes E-Flow releases established as 36% of the natural Mean Annual Runoff
(MAR), from the Polihali Dam, with suitable freshet and flood flows. The range of percentages of the MAR

5

considered in these scenarios were selected by stakeholders to evaluate different levels of water resource use for the
development.


Scenario 5 based on scenario 3 with only 25% of the natural MAR available to contribute towards E-flows with all
floods retained in the Polihali Dam for transfer into the IBT.
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Scenario 6 is based on scenario 5 with one additional 40m3.s-1 freshet (small spring flood) released from the dam in
addition to the 25% of the natural MAR to contribute towards E-flows.



Scenario 7 based on scenario 3 with only 18% of the natural MAR available to contribute towards E-flows with one
single 40m3.s-1 freshet (small spring flood).



Scenario 8 is based on scenario 6 but with additional stress imposed by further reduction of available flows to 12%
of the natural MAR, released for maintenance but including the single 40m3.s-1 freshet (small spring flood).

15
In this assessment risk was calculated for 12 endpoints, for three temporal periods, for eight scenarios, thus representing 312
BN models that were relatively comparable. The results include the mean relative risk rank scores with associated standard
deviation for each endpoint including: maintain riparian vegetation, macro-invertebrates and fish wellbeing as ecological
endpoints and maintain wood for fuel, marginal vegetation for livestock grazing and fish for food as social endpoints (Figure
20

6 7 and Figure 78). These initial relative mean risk scores allow for the comparison of alternative spatial and temporal socioecological risk projections to the endpoints used in the assessment. Initial risk to ecological endpoints compared between the
natural (SC2) and present (SC1) scenarios, demonstrate that the number of sources and stressors with associated risk to
endpoints has increased in the study area particularly in RR2 to RR4. These changes can largely be attributed to the
consequences of Phase I of the LHWP (Figure 76). These findings include the synergistic effect of non-flow stressors (such

25

as water quality and habitat condition) to the wellbeing of the Senqu River ecosystem in the study area. Effects of the altered
hydrology between natural and present day scenarios to the social endpoints were less obvious (Figure 87). Spatial trends in
the risk results associated with SC3 to SC8 generally include elevated risk to RR1, directly downstream of the proposed dam
in particular. These results demonstrate that the impact on socio-ecological endpoints considered will be highest directly below
the dam. Thereafter scenarios that exclude floods and freshets (SC3 and SC5) resulted in excessive risk demonstrating the
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importance of flood and freshet flows to the socio-ecological endpoints. Outcomes for scenarios 6 to 7 for riparian vegetation
and invertebrates include consistent increases in risk spatially from the proposed new dam towards the lower reaches of the
study area, which is ascribed to accumulative effects of the existing Phase I dams on the lateral tributaries. The relative risk to
the fish community endpoint includes an opposite trend where a reduction in risk from RR1 to RR4 was observed for all
scenarios. These results are indicative of the increased relative resilience of the resident and seasonal migratory fish
12

communities to flow alterations in the Senqu River associated with dam developments, due to the increasing size of the river
and associated increases in habitat diversity towards the lower reaches of the study area. In addition, reductions in river
connectivity (barrier formation) associated with existing impacts from Phase I and the synergistic new stressors associated
with Phase II of the LHWP was also shown to contribute to the increase in risk from the lower reaches of the study area in
5

RR4 for fishes migrating upstream to RR1. Interestingly the outcomes included some improvements or reductions in risk to
social endpoints for scenarios 6 to 8 in particular for; wood for fuel in RR2 and grazing for livestock for RR1 and RR4. These
outcomes suggest that, based on our current understanding of the socio-ecological systems of the study area, some spatial
trade-offs between some ecosystem services are available for stakeholders of the development to consider (Figure 87). These
results describe the relative risk of altered flows to multiple endpoints in the context of exacerbating of non-flow variable
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conditions.

The cumulative risk of all ecological and social endpoints for each RR, for each temporal period, per scenario, were evaluated
using Monte Carlo simulations (5000 trials, Oracle Crystal Ball software, Oregon) (Ayre et al., 2014). The outcomes included
relative risk projections displayed as relative profiles to single endpoints from multiple RRs, and multiple social and ecological
15

or all endpoints per RR in the study for comparisons and evaluation. These profiles were generated for multiple scenarios to
evaluate the potential social and ecological consequences of alternative water resource development scenarios. This is
demonstrated by considering the cumulative risk projections to the fish wellbeing endpoint, which demonstrates that relative
to the “Natural” hydrology scenario (Scenario 2) where there is a 83% probability that risk to the fish endpoint occurred in a
zero to low risk range, for the Present scenario (Scenario 1), Phase II with the dam and no E-flows scenario (Scenario 3) and
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Scenario 7 (Phase II with the dam, 18% release of natural MAR and 40m3.s-1 freshets), all range between the moderate and
high risk range (Figure 89). The risk outcomes of all future management options suggest that objectives of the stakeholders to
maintain the existing wellbeing of the ecosystem could not be achieved with existing fish migration barriers that could not be
mitigated with any of the alternative flow scenarios. An additional, amended scenario (Scenario 7) was then modelled which
included successful mitigation measures for the existing man-made barriers in the Senqu River as amendments. The outcomes

25

included a reduction in risk in the low to moderate risk ranges, demonstrating that scenarios that promote moderate to high use
of the water resources, with barrier mitigation measures (such as construction of fish-ways) could result in the achievement of
the fish wellbeing endpoints in the study. This approach established for this case study allows for the relative comparison of
the integrated social and or ecological consequences of altered flows in the context of non-flow variables for each scenario for
each endpoint used to represent the use and protection management objectives of the study as shown in Figure 910. In Figure
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9 10 the integrated risk probability profiles to all endpoints for each RR which compares Scenario 2 (reference scenario) to the
high use Scenario 3. These results include elevated risk probabilities for RR1 (84% moderate and 15% high rank range) and
RR2 (81% moderate) while existing E-flows from Phase I dams reduce the risk posed for this scenario in RR3 and RR4. The
relative risk results to endpoints and integrated risk profiles were presented to stakeholders who used these outcomes to select
E-flows and associated water resource use mitigation measures (such as barrier mitigation measures) to be implemented for
13

Phase II of the LHWP. In this case study a bottom up approach of increasing flows in the socio-ecological system represented
by the BNs until the criterial for E-flows was met was initially followed. Thereafter alterative water resources use scenarios
were considered to explore risk trade-offs between social and ecological endpoints.

5
Mara River risk calculation
In the Mara River case study the relative risk of stressors and the E-flows were established according to the four social and
two ecological endpoints considered in the assessment. The Mara River case study was based on existing data from historical
surveys (Mati et al., 2008; McCartney, 2010; Majule, 2010; LVBC and WWF-ESARPO, 2010; Mango et al., 2011; Kanga et
10

al., 2011; Defersha and Melesse, 2012; Defersha et al., 2012; Dutton et al., 2013; Atisa et al., 2014; Gichana et al., 2014;
Kilonzo et al., 2014; McClain et al., 2014) and a single site visit by the author to refine the CPTs (NBI, 2016). During this
survey seven sites were selected to represent the variability of the all of the RRs in the study area. After establishing BN models
for each RR, input parameters were changed using RR specific data for two scenarios including the present condition and
alternately the E-flow requirement to achieve the basic human needs and ecological wellbeing of the Mara River known as the
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Ecological Reserve (United Republic of Tanzania, 2009; Government of Kenya, 2002).

In this case study relative risk results were used to generate E-flow requirements that would not pose excessive risk to the
wellbeing of ecological endpoints and social endpoints as described by the RQOs” (LVBC and WWF-ESARPO, 2010). The
assessment hypothesises sufficient flows currently exist to maintain the endpoints in an acceptable condition. In addition, in
20

the context of the precautionary principle, additional flows can be allocated before risk to the endpoints exceeds acceptable,
sustainable thresholds.In this case study, risk to the endpoints demonstrated that available flows currently exceed resource use
demand, which means that additional flows could be allocated for use without compromising existing ecological endpoints.
Results further demonstrate that sustainable water allocations would reduce risk to selected social endpoints considered
selected in the study and meet the desired balance between the use and protection of the resource (Figure 101). The approach

25

highlighted the probable effect of non-flow related stressors that are affecting the ecological wellbeing of Mara River, including
water physio-chemical impacts and habitat alteration stressors associated with urban and rural communities, livestock grazing
and watering and the effect of the recent exponential increase in local Hippopotamus amphibius populations in the tributaries
of the Mara River in particular that are affecting water quality in the system (Kanga et al., 2011). These results were used to
demonstrate the relative risk of sources or water resource activities that affect flows relative to of flow reduction sources and
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non-flow reductionother sources of to the risk to ecosystem wellbeing (Figure 1011). The approach successfully demonstrated
how the BN-RRM approach in PROBFLO can be used to generate acceptable risk profiles for endpoints to evaluate the socioecological consequences of altered flows. And how these models can be used to determine E-flows and associated information
for water resource use.

14

3.7 Step 7: Uncertainty evaluation
Best ecological risk assessment practice requires the explicit evaluation of uncertainty, or confidence assessment, (O’Brien
and Wepener 2012; Landis, 2004b), which has been incorporated into the PROBFLO approach. Any and all aspects of
uncertainty associated with the entire BN-RRM process, including objectives and endpoint selection for the assessment,
5

availability and use of evidence, expert solicitations and model uncertainty for example, must be addressed. In an effort to
reduce uncertainty, the BN-RRM approach adopted by PROBFLO inherently considers uncertainty associated with cause and
effect relationships and the use of real data with expert solicitations (Uusitalo, 2006; Landis et al., 2016). The additional
incorporation of entropy reduction analysis in relative risk calculations using Monte Carlo simulations also contributes to
uncertainty reduction in PROBFLO. Additional analyses of the sensitivity of the BN-RRM should be addressed within the

10

uncertainty evaluation section (Pollino et al., 2007; Hines and Landis, 2014), where the relative influence of input nodes on
the endpoints can be evaluated as part of the PROBFLO assessment. The results of the uncertainty assessment are used to
provide context to the stakeholders of a PROBFLO assessment and contribute to the decision making process in E-flow
assessment studies.

15

For all of the BNs created in the PROBFLO assessments of the Senqu and Mara River case studies, the sensitivity of the input
variables were evaluated in Netica using the “Sensitivity to Findings” tool (Marcot, 2012). This approach allows for the relative
contribution of each variable to be evaluated. These assessments are used to evaluate model structure and interpret risk result
outcomes with the stakeholders of the assessment (Marcot, 2012; Landis et al., 2016). This test demonstrates to PROBFLO
operators and stakeholders where models and associated assessments are sensitive to input data. Evidence to justify these

20

sensitive determinants are imperative to a robust assessment, and or adaptive management is advocated to test and improve
knowledge of the model indicators. Additional sources of uncertainty include the comparative availability of evidence and
expert knowledge pertaining to the socio-ecological systems considered in the assessments. The Senqu River case study
addressed the second phase of a water resource use development that already has two substantial flow altering developments
with more than 15 years of pre and post-development E-flow assessment (using holistic EFA methods, (Arthington et al.,
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2003)) monitoring and evaluations. Additional field surveys to the study area

were carried out to generate additional

information and test existing hypotheses for the assessment. The Mara River case study was based largely on available
historical information and existing EFA results for parts of the study area (McClain & Kashaigili, 2013; Dessu et al., 2014).
To further reduce uncertainty associated with the application of the PROBFLO assessments, the BN-RRM method proposes
an adaptive management approach (Step 8) that allows improvements over time as new data is collected.
30
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3.8 Step 8: Hypotheses establishment
In the hypotheses establishment step of PROBFLO, suitable hypotheses for field and laboratory experiments are established
to test flow-ecosystem and flow-ecosystem service relationships (Landis, 2004b; O’Brien and Wepener, 2012). In PROBFLO
the fundamental adaptive management approach to improving our understanding of socio-ecological risk relationships, while
5

revisiting outcomes and re-evaluating approaches is formalised in the hypotheses establishment and testing phase. This process
is based on a similar process in the RRM approach, established to reduce uncertainties and to confirm the risk rankings in risk
assessments (Landis, 2004b). In PROBFLO these adaptive management principles acknowledge that socio-ecological systems
are dynamic and that our limited understanding of these processes necessitates the incorporation of many assumptions. In
many case studies, uncertainties associated with the outcomes need to be mitigated before they can be used to inform decision
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making. To reduce uncertainty, assumptions can be tested rigorously and early. The adaptive management processes should
be (1) informed by iterative learning about the flow-ecosystem and flow-ecosystem service relationships, (2) consider and
respond to earlier management successes and failures and (3) increase present day socio-ecological system resilience that can
improve the ability of E-flows management to respond to the threats of increasing resource use (Lee, 2004).

15

In the Senqu River case study, many hypotheses associated with the flow-ecosystem and flow-ecosystem service relationships,
largely established on data associated with Phase I of the LHWP, were established and tested during the field surveys. These
hypotheses included (1) woody vegetation communities sustainably harvested by local communities for fuel, respond to
reduced average flows by increasing in abundance due to reduced flow variability, reduced stream power and through the
colonisation of new lower marginal zones , (2) migratory cyprinid fishes respond to ecological cue flows that include increased

20

discharges associated with reduced salinity, that initiates fish migration and (3) grazing for livestock of local communities
depends on freshet flows lifting water onto the river banks and floodplains to stimulate vegetation growth. Data was collected
from the study area to address these hypotheses and improve on the understanding of the flow-ecosystem and flow-ecosystem
service relationships considered in the study. In the Mara River case study available flow-ecosystem and flow-ecosystem
service information was used in the PROBFLO assessment. A range of hypotheses associated with our understanding of the

25

relationships were generated to refine and improve on E-flow assessments of the study area.
3.9 Step 9: Test hypotheses
The two PROBFLO case studies included the design of long-term monitoring programmes to test the accuracy of risk
projections and improve the understanding of the flow-ecosystem and flow-ecosystem service relationships. In the Senqu River
case study a data management system (DMS) with automated data evaluation components was established. In the Mara River
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case study a range of hypotheses were established and used to design a monitoring plan and associated research programme to
confirm the flow-ecosystem and flow-ecosystem service relationships considered in the study.
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3.10 Step 10: Communicate outcomes
Regional scale ecological risk assessments of water resources are carried out on behalf of stakeholders of the use and or
protection of those resources. Stakeholders need information generated with robust, best scientific practice methodologies in
transparent, clear and concise format, to evaluate the socio-ecological consequences of water resource use options. The RRM
5

PROBFLO approach highlights the importance of clear and careful communicationng of the outcomes in of assessments in the
context of the uncertainty identified in an assessment (Hayes and Landis, 2004), which approach is adopted by PROBFLO. A
variety of techniques and tools are available to assist in the communication of the E-flow outcomes and associated socioecological consequences of altered flows and careful attention must be paid to ensure that the relevant stakeholders of any case
study are presented with information that can easily be understood (O’Brien and Wepener, 2012). In the Senqu River case
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study, the LHDA with South African and Lesotho governmental delegates participated in a project outcomes workshop in
2014. During this workshop the PROBFLO approach adopted for the study, results and outcomes were discussed. Risk results
of sources and stressors to social and ecological endpoints were compared in a relative manner facilitating water resource use
and protection trade-off considerations for the LHWP Phase II. The communication phase for the case study included
attendance of the 2014 International Rivers Symposium in Canberra where the project team and stakeholders attended the
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conference and presented the case study to the international scientific community (O’Brien et al., 2014). In the Mara River
case study the PROBFLO assessment successfully formed a part of the Nile E-flows framework development (NBI, 2016),
and the ongoing Mau Mara Serengeti (MaMaSe) Sustainable Water Initiative (http://mamase.org). The application of the
PROBFLO and associated uncertainty assessment was used to establish a monitoring plan that should be implemented with
water resource use scenario selected from the case studies. These plans were designed to validate the model by testing the

20

response of the receiving environment to observed ecosystem driver conditions, associated with implemented scenarios and to
improve the understanding of the causal relationships hypothesised in the original assessment with real data.

4. Conclusion
The Regional Scale Ecological Risk Assessment approach was established in 1997 in response to the need to apply ERAs that
25

consider multiple on multiple spatial scales, and include multiple sources, stressors and receptors in the context of
considerations of spatial and temporal ecosystem dynamics, on multiple spatial scale (Landis and Wiegers, 1997; 2007). The
approach, which includes the RRM, has been widely implemented, reviewed and proven to be a robust probabilistic modelling
tool to contribute to the sustainable management of ecological resources (Landis and Wiegers 2007). Recent developments in
E-flow frameworks (Poff et al., 2010; NBI, 2016), now also call for holistic, regional scale, probabilistic E-flow assessments
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that consider flow and non-flow drivers of change in socio-ecological context. We have established a Regional Scale
Ecological Risk Assessment approach incorporating the The BN-RRM approach incorporated into this regional scale E-flow
17

assessment method we ha’ve called PROBFLO, similarly offers aas robust approach to E-flow assessments that meets current
best scientific E-flow practice that can make a positive contribution to the sustainable management of water resources. The
approach provides true transparency and adaptability options for holistic E-flow management. PROBFLO has already been
successfully implemented in two major case studies where its flexibility and functionality has been demonstrated. In both case
5

studies the evidence based outcomes facilitated informed environmental management decision making, in the context of social
and ecological aspirations. From these outcomes stakeholders have in addition, been able to consider sustainable social and
ecological trade-offs between, to balance the use and protection of water resources. Although the accuracy of theThe
PROBFLO projections outcomes used to guide direct the sustainable use of water resources in the case studies are probabilistic
and use needs to be validated with monitoring data during use implementation phases. when developments takes place,

10

PROBFLO is an the adaptabilityle tool of the approachthat allows for the incorporation of new information rapidly which will
inform adaptive management and reduce uncertainty associated with the accuracy of the projections. In the case studies
stakeholders of the project have been presented with the evidence based probabilistic projections of PROBFLO and used the
risk projections to consider water resource use trade-off options. Both of these case studies are being used by stakeholders to
make water resource use decisions that are currently being undertaken. PROBFLO is a holistic, evidence based, probability
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modelling E-flow assessment tool that is transparent and adaptable, and suitable for application on multiple spatial scales.
PROBFLO has the potential to contribute to the sustainable management of water resources for the benefit of social and
ecological components of these systems. OK - this follows my comment in the previous section - the manuscript makes a string
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conclusion in this regard, but the stakeholder buy-in has not been adequately elucidated. The approach is being established
within adaptive management processes of existing case studies, and applied in new case studies for a wide range of water
20

resources (what is meant by 'wide range of water resources'? do you mean 'wide range of water resources availability
settings/contexts'?) with diverse social and ecological objectives.
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Figure 1: The upper Senqu River study area with Risk Regions established for the study including dams associated with Phase
1 I of the Lesotho Highlands Water Project and the location of the new Polihali Dam planned to be built in Phase II2.
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Figure 2: The Mara River Basin considered in the study with Risk Regions and sampling sites.
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2.1 Mapping
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4. CONCEPTUAL MODEL
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6. CALCULATE RISKS
6.1 Bayesian Network design
6.2 Conditional Probabilities
6.3 Current condition evaluation
6.4 Risk calculation to each endpoint
6.5 Environmental Water Requirement setting
6.6 Risk calculations for scenarios
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7.1 Model uncertainty
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8. HYPOTHESES ESTABLISHMENT
8.1. Monitoring plan
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9. TEST HYPOTHESES
9.1 Implement monitoring plan
9.2. Adaptive Management Cycle

10. COMMUNICATE OUTCOMES
Figure 3: The ten procedural steps of PROBFLO.
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5
Figure 4: Example of a holistic conceptual model for PROBFLO which that describes causal risk relationships between
sources, stressors, habitats, effects and impacts to endpoint considered in an assessment.
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Figure 5: Example of a Bayesian Network models used in the Senqu River case study to developed for a PROBFLO case
study to evaluate the risk of water resource use to Riparian ecosystem integrity and ecosystem service endpoints (A) and
instream ecological endpoints and fisheries supply endpoints (B) an Ecosystem Wellbeing and Basic Human Needs Endpoints.
10

(*) Identifies flow variables which are included to establish E-flow requirements and evaluate the socio-ecological
consequences of altered flows. White nodes represent input exposure variables (# indicates effect nodes), light grey nodes
complete the expose leg of the risk assessment, grey nodes represent effect leg of models and dark grey nodes represent
daughter/child nodes and light grey nodes represent endpoints. endpoints. Working NeticaTM models are provided as
supplementary information.
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Figure 6: Bayesian Network models used in the Mara River case study to evaluate the risk of water resource use to the socio5

ecological endpoints. White nodes represent input exposure variables, light grey nodes complete the expose leg of the risk
assessment, grey nodes represent effect leg of models and dark grey nodes represent endpoints. Working NeticaTM models
are provided as supplementary information.
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Figure 67: Senqu River mean relative risk scores (with SD) for the endpoints considered in the assessment including: riparian
vegetation (A), macro-invertebrates (B) and fish (C) wellbeing endpoints for the four risk regions per scenario (SC).
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Figure 78: Senqu River mean relative risk scores (with SD) for wood for fuel (A), marginal vegetation for livestock grazing
(B) and fish for food (C) social endpoints for the four risk regions per scenario (SC) considered in the study.
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Figure 89: Probability profiles generated during a PROBFLO assessment to describe the relative risk of the multiple sources
and stressors, including altered flows, associated with alternative management scenarios considered in the Lesotho case study
to the fish wellbeing endpoint.
5

Figure 910: Probability profiles generated during a PROBFLO assessment to describe the relative risk of the multiple sources
and stressors, including altered flows, associated with alternative management scenarios considered in the Lesotho case study
10

to all of the endpoints integrated in the assessment.
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Figure 1011: Relative spatial risk of the multiple sources and stressors associated with current (A) and planned (B) water
resource use in the Mara River Basin.
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