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Abstract.
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 stressors to social and ecological endpoints, that address ecosystem dynamism, have been undertaken internationally at different spatial scales using the relative-risk model since the mid 1990’s.  With the recent incorporation of Bayesian belief networks into the relative-risk model, a 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 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 evaluate the socio-ecological consequences of historical, current and future water resource use scenarios and generate E-flow requirements on regional scales spatial scales.  The approach has been implemented in two regional scale case studies in Africa 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 incorporated in PROBFLO are demonstrated with examples from both case studies. PROBFLO can contribute to the adaptive management of water resources, and contribute to the allocation of resources for sustainable use of resources and address protection requirements.
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Supplementary Table 1: Justification table for the exposure and effects input nodes for the Bayesian Network models used in the Senqu River and Mara River case studies to evaluate the risk of water resource use a range of social and ecological endpoints.
	Endpoint; BN model variable (BN Title)
	Description
	Rank
	Rank range
	Reference

	Senqu Case study: Riparian vegetation and ecosystem services; Ecological state of Riparian vegetation community (Ecostatus)
	The ecological status (EcoStatus) has been included in the study as an effects input node that represents the potential for the riparian ecosystem to respond to threats. The hypotheses is a pristine ecosystem is relatively more vulnerable to threats which affects the risk assessment. The ecological status of each sub-zone is a direct output from the VEGRAI index applied at the site and results in an ecological category score which has been associated with the risk ranks in this study including: A – “Zero” risk; B – “Low” risk; C and D – “Moderate” risk and E or F as “High” risk to ecosystem protection. 
	Zero
	"A" VEGRAI Score.
	Data from this study LHDA, 2014; Kleynhans et al., 2005

	
	
	Low
	"B" VEGRAI Score.
	

	
	
	Moderate
	"C or D" VEGRAI Score.
	

	
	
	High
	"E or F" VEGRAI Score.
	

	Senqu Case study: Riparian vegetation and ecosystem services; Floodplain Grass Cover (%) (population)
	The availability of floodplain grazing was represented by input nodes for the flow regime and geomorphic template, which remain the same as for riparian ecosystem protection, but the biological starting point now represents grass cover on floodplains at various sites (measured in 2014).  
	Zero
	>60%
	Data from this study LHDA, 2014

	
	
	Low
	40-60%
	

	
	
	Moderate
	20-40%
	

	
	
	High
	<20%
	

	Senqu Case study: Riparian vegetation and ecosystem services; Fan_%GSM (fan)
	Based on species preference for substrate types e.g. Salix fragilis requires alluvium in which to recruit and grow. The following example is a justification for fan node at RR, Risk Region 1 . Alluvium (category Gravel, Sand and Mud (GSM)) is potential available habitat for Salix fragilis. Ratios for Fan (reference) from geomorphologist data (this study): GSM (%); Rocks (%); Bedrock (%). Ratios for Fan from geomorphologist data (this study): GSM (%); Rocks (%); Bedrock (%). Salix fragilis on fan was measured at 10% (Jan 2014, this study). 
	Zero
	Ratio of GSM: Rocks: Bedrock per site <10% change from natural distribution.
	Plant habitat preferences related to field data LHDA, 2014; Geomorph team measured in 2014 PD and gave reference

	
	
	Low
	Ratio of GSM: Rocks: Bedrock per site <20% change from  natural distribution.
	

	
	
	Moderate
	Ratio of GSM: Rocks: Bedrock per site <30% change from modelled  natural distribution.
	

	
	
	High
	Ratio of GSM: Rocks: Bedrock per site significant change from modelled  natural distribution.
	

	Senqu Case study: Riparian vegetation and ecosystem services; Floodplain Terrace (%GSM),(Terrace)
	Based on species preference for substrate types e.g. Salix fragilis requires alluvium in which to recruit and grow. The following example is a justification for Terrace node at RR, Risk Region 1 . Alluvium (category Gravel, Sand and Mud (GSM)) is potential available habitat for Salix fragilis. Ratios for Fan (reference) from geomorphologist data (this study): GSM (%); Rocks (%); Bedrock (%). Ratios for Fan from geomorphologist data (this study): GSM (%); Rocks (%); Bedrock (%). Salix fragilis on fan was measured at 10% (Jan 2014, this study). 
	Zero
	Ratio of GSM: Rocks: Bedrock per site <10% change from natural distribution.
	Plant habitat preferences related to field data LHDA, 2014; Geomorph team measured in 2014 PD and gave reference

	
	
	Low
	Ratio of GSM: Rocks: Bedrock per site <20% change from  natural distribution.
	

	
	
	Moderate
	Ratio of GSM: Rocks: Bedrock per site <30% change from modelled  natural distribution.
	

	
	
	High
	Ratio of GSM: Rocks: Bedrock per site significant change from modelled  natural distribution.
	

	Senqu Case study: Riparian vegetation and ecosystem services; Boulder Bar (%GSM), (cobble)
	Based on species preference for substrate types e.g. Salix fragilis requires alluvium in which to recruit and grow. The following example is a justification for boulder bar node at RR, Risk Region 1 . Alluvium (category Gravel, Sand and Mud (GSM)) is potential available habitat for Salix fragilis. Ratios for Fan (reference) from geomorphologist data (this study): GSM (%); Rocks (%); Bedrock (%). Ratios for Fan from geomorphologist data (this study): GSM (%); Rocks (%); Bedrock (%). Salix fragilis on fan was measured at 10% (Jan 2014, this study). 
	Zero
	Ratio of GSM: Rocks: Bedrock per site <10% change from natural distribution.
	Plant habitat preferences related to field data LHDA, 2014; Geomorph team measured in 2014 PD and gave reference

	
	
	Low
	Ratio of GSM: Rocks: Bedrock per site <20% change from  natural distribution.
	

	
	
	Moderate
	Ratio of GSM: Rocks: Bedrock per site <30% change from modelled  natural distribution.
	

	
	
	High
	Ratio of GSM: Rocks: Bedrock per site significant change from modelled  natural distribution.
	

	Senqu Case study: Riparian vegetation and ecosystem services; Depth to ground-water (m), (dg)
	Average maximum ground-water depth (for this study it was assumed that base flow is a reasonable indication of depth to ground water: dry season base flow being used as a surrogate for average maximum depth)
	Zero
	< 2.5 m
	Lite & Stromberg 2007; modified; Leenhouts et al. 2005

	
	
	Low
	2.5 - 3m Cottonwood-willow forests are present mainly in the active flood plain: dense and multi-aged where maximum ground-water depths averaged less than about 3 meters, streamflow permanence was greater than about 60 percent, and intra-annual ground-water fluctuation was less than about 1 meter (Lite and Stromberg, 2005), but declined in abundance and age-class diversity where water availability was less.
	

	
	
	Moderate
	3 - 3.5m Cottonwood-willow forests gave way to tamarisk stands as site-average ground-water depths across the flood plain exceeded 3 meters. Conditions were too dry at intermittent-dry streamflow regime (ground water depth > 3.5 m) sites to allow for establishment of cottonwood and willow seedlings. (Leenhout et al 2005).
	

	
	
	High
	> 3.5 m P. fremontii and S. gooddingii are drought-sensitive species (LeZer et al., 2000) and dense, multi-aged forests of the P. fremontii–S. gooddingii association appear to be restricted to perennial or intermittent rivers where depth to ground water remains less than 4 m.
	

	Senqu Case study: Riparian vegetation and ecosystem services; Stream permanency (%), (sp)
	A measure of stream perennially (or the absence of zero flows): the percentage of the hydrological year that flow in the active channel does not cease. Salix gooddingii has been shown to persist and dominate where stream permanence >76%, and to have high density and diverse age structured population. The assumption here is that Salix fragilis will respond similarly since it is also a riparian obligate but not limited to the marginal zone such as Salix mucronata, and that S. fragilis is the obligate riparian tree in Lesotho's rivers with the largest tolerance for water stress.
	Zero
	100%
	Lite & Stromberg 2007; modified

	
	
	Low
	>90%
	

	
	
	Moderate
	>76%
	

	
	
	High
	<76%
	

	Senqu Case study: Riparian vegetation and ecosystem services; Ground-water fluctuation (gf)
	Difference between maximum and minimum depth to ground water within a hydrological year. (depth to base flow was again used as a surrogate measure where the range between wet and dry season base flow was taken to represent the intra-annual fluctuation in depth to ground water)
	Zero
	< 0.5 m P. fremontii and S. gooddingii were dominant over T. ramosissima at sites where surface flow was present more than 76% of the time, inter-annual ground-water fluctuation was less than 0.5 m, and average maximum depth to ground water was less than 2.6 m, during a two-year period of data collection (Lite & Stromberg, 2005).
	Lite & Stromberg, 2005;  Leenhouts et al. 2005; modified

	
	
	Low
	< 0.75 m Cottonwood-willow forests are present mainly in the active flood plain: forests were dense and multi-aged where maximum ground-water depths averaged less than about 3 meters, streamflow permanence was greater than about 60 percent, and intra-annual ground-water fluctuation was less than about 1 meter (Lite and Stromberg, 2005), but declined in abundance and age-class diversity where water availability was less 
	

	
	
	Moderate
	< 1.0 m reasoning as above
	

	
	
	High
	> 1.0 m
	

	Senqu Case study: Riparian vegetation and ecosystem services; Wet base flows (wetbase)
	base as per hydrology FDC
	Zero
	Discharge (m^3/s) measured at PD Feb @ 50%: value11.5
	Surveyed in the field, determined by indicators, together with hydraulic calibration LHDA, 2014.

	
	next lowest on FDC
	Low
	Discharge (m^3/s) measured at PD Feb @ 40%: value6.81984
	

	
	next lowest on FDC
	Moderate
	Discharge (m^3/s) measured at PD Feb @ 30%: value4.151552
	

	
	next lowest on FDC; max depth to ground-water at 3.9m: most marginal zone vegetation slightly inundated to just above water level: some S. mucronata inundated slightly but most from 0-0.5m above water:
	High
	Discharge (m^3/s) measured at PD Feb @ 20%: value3.01184
	

	Senqu Case study: Riparian vegetation and ecosystem services; dry base flows (drybase)
	base as per hydrology FDC
	Zero
	Discharge (m^3/s) measured at PD July @ 50%: value0.97
	Surveyed in the field, determined by indicators, together with hydraulic calibration LHDA, 2014.

	
	next lowest on FDC
	Low
	Discharge (m^3/s) measured at PD July @ 40%: value0.7808
	

	
	next lowest on FDC
	Moderate
	Discharge (m^3/s) measured at PD July @ 30%: value0.629248
	

	
	maintains stream permanency but max depth to ground-water starts to get larger than 4m (4.1m) at upper extreme of Salix fragilis: most marginal zone species between 0-1m above water level: most lower zone species (incl S. mucronata) between 1-2m above water level
	High
	Discharge (m^3/s) measured at PD ground water max cut-off; >20%: value0.5
	

	Senqu Case study: Riparian vegetation and ecosystem services; Flooding Disturbance (flood_disturb)
	Combination of magnitude (Q), frequency, duration
Magnitude: floodplain activates at 100m^3/2 and floods at 200m^3/s
Frequency: should be activated/flooded 3 or more time per year, preferably early and mid summer
Duration: up to 20 days activation/inundation required for growth response
	Zero
	no disturbance i.e. large floods don't occur (large floods are natural but in this assessment they reduced the wood resource (flooding scour) so the presence of floods is high risk for resource)
	Surveyed in the field, determined by indicators, together with hydraulic calibration LHDA, 2014.

	
	
	Low
	low disturbance- large floods reduced in mag, frequency or duration or combinations of these
	

	
	
	Moderate
	as above, moderate disturbance
	

	
	
	High
	all large floods occur (large floods are needed to clear woody vegetation but at the same time create recruitment sites for all potential species including the species being removed. Although large floods are needed for riparian zone protection and condition, they will reduce the woody resource.)
	

	Senqu Case study: Riparian vegetation and ecosystem services; Flood timing (timing)
	The more natural the timing of floods the lower the risk to the resource due to its timing, so high risk would be floods in winter
	Zero
	floods occur in summer from September to March
	Determined from historical hydrological data.

	
	
	Low
	floods occur early (October) or late (April)
	

	
	
	Moderate
	flood more in winter months than summer months such as August
	

	
	
	High
	floods occur in winter (May to July)
	

	Senqu Case study: Riparian vegetation and ecosystem services; Non-Woody Spp. (nonwoody1)
	Cover according to Terrace Marginal
PD: 60% non-woody; 20% woody; 10% alien woody
	Zero
	>80%
	Measured cover data in the field LHDA, 2014

	
	
	Low
	60-80%
	

	
	
	Moderate
	40-60%
	

	
	
	High
	<40%
	

	Senqu Case study: Riparian vegetation and ecosystem services; Bank Spp. Cover (population3)
	Cover according to VEGRAI Upper Zone 
Rip woody - 5%; Terr woody - 5%
	Zero
	20-30%
	Measured cover data in the field LHDA, 2014

	
	
	Low
	15-20%
	

	
	
	Moderate
	10-15% OR 40-50% (present day - 10%)
	

	
	
	High
	<10% OR >50%
	

	Senqu Case study: Subsistence fisheries; Abundance of subsistence fishermen (ABN_Subs_Fisheries)
	Abundance of subsistence fishermen has been selected as an effects node for the subsistence fisheries endpoint. Only with the existence of a moderate or high threat to the supply of fish for subsistence fisheries is the demand or potential for fishermen considered as a determinant of the wellbeing of subsistence fisheries endpoint. Conversely when threat to the supply of fish is moderate or high if the demand for subsistence fishery is low or does not exist no risk to this endpoint is hypothesised. The measure selected to represent this variable is population abundance that was evaluated for each risk region in the study for which a known percentage of people are known to practice subsistence fishing. Data were obtained from a social evaluation in this study (LHDA, 2014).
	Zero
	No subsistence fishermen in the study area to depend on the subsistence fishery endpoint. 
	Measured cover data in the field LHDA, 2014

	
	
	Low
	Low relative abundance of subsistence fishermen in the study area who depend on the subsistence fishery endpoint. 
	

	
	
	Moderate
	Moderate relative abundance of subsistence fishermen in the study area who depend on the subsistence fishery endpoint. 
	

	
	
	High
	High relative abundance of subsistence fishermen in the study area who depend on the subsistence fishery endpoint. 
	

	Senqu Case study: Subsistence fisheries, Cover Feature suitability (CF_Suitability)
	The availability of vertical cover has been identified as a key environmental variable which affects the wellbeing of the fish communities. Historical evidence and data obtained from this study is available and has been used for the study. This variable is particularly associated with maintenance habitat and associated recruitment of juvenile Cyprinids and maintenance of Austroglanis sclateri and Oncorhynchus mykiss populations. Measure selected to represent cover suitability variable is discharge (m3/s). Ranks based on wetted perimeter of channel evaluated in the study by a riparian vegetation expert using available hydrology (observed historical data (James, in preparation) and present and modelled for each scenario) modelled through 1D and 2D hydraulic channel models where available (James, In preparation). Zero rank assigned to maximum abundance of vertical cover feature state which includes excellent potential for undercut banks, root wads, overhanging and inundated marginal vegetation by inundating the instream channel and lower zone of the river bank. Low rank excludes inundation of the lower bank zone, moderate risk includes limited abundance of vertical cover feature state where only overhanging vegetation is available when channel is not inundated. High risk state includes threshold where no vertical cover features are available.
	Zero
	Excellent cover, comparable with natural/pristine state, no threat to wellbeing of fishes.
	Wilzbach, 1985; Cowx and Welcomme, 1998; Kleynhans, 2007; 

	
	
	Low
	Moderate cover, whole channel inundated. Suitable state with limited threat to wellbeing of fishes.
	

	
	
	Moderate
	Limited vertical cover from overhanging vegetation only. Worst acceptable state, management intervention required. Moderate threat to wellbeing of fishes.
	

	
	
	High
	Threshold for no cover. Unacceptable condition, management intervention required. Severe threat to wellbeing of fishes.
	

	Senqu Case study: Subsistence fisheries; Velocity-depth habitat suitability (Suitability_VD)
	In combination the abundance and diversity of velocity-depth profiles of riverine ecosystems are well known to be important components of the habitat requirements of fishes. In this study extensive historical data is available as well as real data collected from the surveys. Velocity depth stress curves for selected biological/ecological components of the fishes expected to occur in the study area were used for this assessment. For the winter ranking scheme Austroglanis sclateri and Oncorhynchus mykiss  base maintenance requirements were considered. For the summer assessment cyprinid maintenance requirements were considered as well as flood requirements for each site. High risk category thresholds were based on moderate stress states which if sustained for extended periods of time would pose an unacceptably severe level of threat to the wellbeing of the fishes considered in the study. Moderate stress thresholds were considered for the moderate risk category. Here if these flows were provided velocity-depth profiles would be unsuitable if these or reduced flows were sustained. This state constitutes the worst acceptable state of the velocity-depth profiles. Low risk categories include low to moderate stress categories which are currently being observed in the study area. These suitable flows provide sufficient habitat to maintain the fishes in an acceptable state. The zero risk category includes velocity-depth profiles which range between zero and low for the majority of the time and only extend in to the moderate stress levels on rare occasions. 
	Zero
	Excellent velocity-depth habitat profiles, comparable with natural/pristine state, no threat to wellbeing of fishes.
	Cowx and Welcomme, 1998; Kleynhans, 2007; James and King, 2010

	
	
	Low
	Suitable velocity-depth habitat profiles. Suitable state with limited threat to wellbeing of fishes.
	

	
	
	Moderate
	Limited velocity-depth profiles. Worst acceptable state, management intervention required. Moderate threat to wellbeing of fishes.
	

	
	
	High
	Highly modified velocity-depth profiles. Unacceptable condition, management intervention required. Severe threat to wellbeing of fishes.
	

	Senqu Case study: Fish wellbeing/integrity; Fish community structures (Change_Community_ Structure)
	For the completion of the risk pathway evaluated in the study, the availability of fish from each site based on historical and current fish community structures was considered. For this shifts from the most diverse and abundant community observed in the study (based on available historical data from Phase I and data collected from the surveys) to the least diverse and abundant community were considered. This allowed for the consideration of the potential for fishes that may occur within the study area to be present and respond to the exposure component of the assessment. 
	Zero
	No potential for the occurrence of a fish community. 
	Data obtained from this study LHDA, 2014; Schrijvershof, 2015

	
	
	Low
	Potential for existence of a fish community is poor.
	

	
	
	Moderate
	Moderate potential for existence of optimal (relative in the study) fish community. 
	

	
	
	High
	Potential for existence of optimal (relative in the study) fish community is great. 
	

	Senqu Case study: Fish wellbeing/integrity; Disturbance to wildlife (DTW_Threat)
	Animals including fishes are known to respond to persistent external disturbances such as human and or wildlife activity, in a similar manner to the way they respond to natural predators.  These stimuli can result in significant changes to fish communities and associated wellbeing.  These disturbances affect the behaviour of the fishes and or results in the fishes avoiding these areas. This variable has been shown to be an important determinant of the wellbeing of fish communities. In this study the measure selected to represent disturbance to wildlife suitability variable is abundance of human settlements and associated human population size within easy access (<1km) to the river. Ranks were based on number of households within the 1km buffer zone of the reaches of the rivers considered in the study. Data were obtained from a socio-economic assessment of the study area as a part of the larger Lesotho Highlands Water Project Phase II study. 
	Zero
	 Very little/natural disturbance to wildlife pressure on local fish communities. Negligible response of fish to disturbance to wildlife pressures.
	Gilliam and Fraser 1987; Frid and Dill, 2002; Scheuerell and Schindler,2004; Lewin et al., 2006; Data obtained from this study LHDA, 2014; Schrijvershof, 2015

	
	
	Low
	 Minimal/suitable disturbance to wildlife pressure from local communities who infrequently use riverine areas. Minimal observable response of fish communities to people and livestock.
	

	
	
	Moderate
	Moderate (worst acceptable state) disturbance to wildlife pressure from local communities who frequently use riverine areas. Management action required. Behavioural response of fish to disturbance to wildlife noticeable.
	

	
	
	High
	 Extreme disturbance to wildlife pressure from local communities causing local fishes to avoid areas completely. Behavioural response of fish to disturbance to wildlife significant.
	

	Senqu Case study: Fish wellbeing/integrity; Barriers to migrating fishes (Access_Threat)
	Measure selected to represent threat to access the reach variable is discharge (m3/s) and presence of barriers restricting reach and catchment scale migrations. Ranks were based on the discharge required to provide access between sites and beyond existing weirs. Zero rank has been assigned to discharge range which will allow complete access to reach scale and catchment scale migrating species from refugia. In this study the gauging weirs upstream of the Xhariep Dam in South Africa, which acts as the main refugia for cyprinids that migrate on a catchment scale into Lesotho, were all considered. The weirs at Aliwal North (D1H003), Oranje Draai (D1H009) and White Hills close to Mashai (close to IFR 5 (SG04)) are all considered to be barriers (or partial barriers) for the upstream cyprinid migrations.   On a reach scale, local barriers would hinder the local migration of Austroglanis sclateri (indicator selected to represent reach scale migrations) individuals, which would impact on these populations. Zero rank is assigned to absence of barriers and adequate discharge to facilitate reach and catchment scale migrations. Between the Xhariep Dam and the reaches considered in the study (>250 m3/s, this cannot ever be achieved as some barriers are permanent without fish ladders being built on many of these weirs. Low rank is assigned to discharge which would inundate all barriers between Xhariep Dam and the reaches considered in the study. Moderate rank assigned to discharge which would inundate barriers within Lesotho (White Hills close to Mashai (SG04)) and the reaches considered in the study. This would partially restrict movement of fishes between sites. High rank assigned to discharge which would not inundate barriers within Lesotho and between reaches which would totally restrict upstream movement of fishes in the study area. 
	Zero
	Access for catchment and reach scale migrations intact. Ideal near-natural access state. 
	LHDA 2014; Arthington et al., 2003; Murchie et al., 2008; Plug et al., 2010; Skelton, 2010; Schrijvershof, 2015

	
	
	Low
	 Access for catchment scale migrations slightly impaired. Suitable state. 
	

	
	
	Moderate
	 Access for catchment and reach scale migrations impaired, infrequent access provided to maintain populations. Worst acceptable state. Management action required. 
	

	
	
	High
	 Access for catchment and reach scale migrations totally impaired. Extreme threat to wellbeing of fish communities. Management action required. 
	

	Senqu Case study: Fish wellbeing/integrity; Suitability of substrates (Substrate_Threat)
	Similarly substrate availability is an important component of, and contributes to the wellbeing of the habitat which the fish have been observed to depend on. Substrate requirements of the fishes observed in the study area were available from historical data and from evidence collected in this study. The measure selected to represent substrate suitability variable is discharge (m3/s). Ranks based on shear stress values of various substrate types (LHDA 6001/2/d/iii) assessed by geomorphology specialists with available hydrology modelled through channel considering slope and velocity-depth profiles in relation to available substrate types. Zero rank assigned to high sheer stress range which would maintain existing rocky substrate types which are required to maintain specialised fishes. Low rank assigned to moderate sheer stress range which would maintain similar diversities of existing substrate types. Moderate rank assigned to sheer stress range which would result in a reduction of rocky substrate types but not in the total removal of rocky substrate types due to sedimentation. High rank assigned to sheer stress range which would result in total sedimentation of substrate types the removal of rocky substrates. Also consider turbidity associated with movement of water. At P1 because of the dam there will be very little sediment and even in high discharges there will be limited cover and increased predation. From P2 to P6 increased velocities (low/zero states) will facilitate indigenous fish. 
	Zero
	Maximum shear range state ensures that habitat is maintained in ideal/near natural state. No threat to wellbeing of fishes.
	Niehaus et al., 1997; Data obtained from this study LHDA, 2014; Schrijvershof, 2015

	
	
	Low
	Moderate shear range state where habitat is maintained in a suitable state. Minimal threat to wellbeing of fishes.
	

	
	
	Moderate
	Low shear range state which ensures that habitat are moderately impaired. Worst acceptable state, moderate threat to wellbeing of fishes. Management action required.
	

	
	
	High
	Lowest shear range state results in highly modified habitats with extreme threat to wellbeing of fishes.
	

	Senqu Case study: Fish wellbeing/integrity; Suitability of Velocity-depth habitat variables (VD_Threat)
	In combination the abundance and diversity of velocity-depth profiles of riverine ecosystems are well known to be important components of the habitat requirements of fishes. In this study extensive historical data is available as well as real data collected from the surveys. Velocity depth stress curves for selected biological/ecological components of the fishes expected to occur in the study area were used for this assessment. For the winter ranking scheme Austroglanis sclateri and Oncorhynchus mykiss base maintenance requirements were considered. For the summer assessment cyprinid maintenance requirements were considered as well as flood requirements for each site. High risk category thresholds were based on moderate stress states which if sustained for extended periods of time would pose an unacceptably severe level of threat to the wellbeing of the fishes considered in the study. Moderate stress thresholds were considered for the moderate risk category. Here if these flows were provided velocity-depth profiles would be unsuitable if these or reduced flows were sustained. This state constitutes the worst acceptable state of the velocity-depth profiles. Low risk categories include low to moderate stress categories which are currently being observed in the study area. These suitable flows provide sufficient habitat to maintain the fishes in an acceptable state. The zero risk category includes velocity-depth profiles which range between zero and low for the majority of the time and only extend in to the moderate stress levels on rare occasions. 
	Zero
	Excellent velocity-depth habitat profiles, comparable with natural/pristine state, no threat to wellbeing of fishes.
	Cowx and Welcomme, 1998; Kleynhans, 2007; James and King, 2010; Data obtained from this study LHDA, 2014; 

	
	
	Low
	Suitable velocity-depth habitat profiles. Suitable state with limited threat to wellbeing of fishes.
	

	
	
	Moderate
	Limited velocity-depth profiles. Worst acceptable state, management intervention required. Moderate threat to wellbeing of fishes.
	

	
	
	High
	Highly modified velocity-depth profiles. Unacceptable condition, management intervention required. Severe threat to wellbeing of fishes.
	

	Senqu Case study: Fish integrity; Temperature suitability (Temperature_Threat)
	Measure selected to represent temperature threat node is the proposed measured temperature profile (monthly). Ranks based on temperatures and the associated timing and duration of water releases from Polihali Dam. Zero rank assigned to observed (or scenario modelled) median temperature profile which falls within the 40th percentile to 60th percentile range of natural temperature profiles per site considered in the study. Low rank assigned to observed (or scenario modelled) median temperature profile which falls within the 25th percentile to 40th percentile and 60th percentile to 75th percentile range of natural temperature profiles per site considered in the study. Moderate rank assigned to observed (or scenario modelled) median temperature profile which falls within the 5th percentile to 25th percentile and 75th percentile to 95th percentile range of natural temperature profiles per site considered in the study. High rank assigned to observed (or scenario modelled) median temperature profile which falls within below the 5th percentile and above the 95th percentile range of natural temperature profiles per site considered in the study.
	Zero
	Excellent temperature profiles, comparable with natural/pristine state, no threat to wellbeing of fishes.
	Rivers-Moore et al., 2003; Data obtained from this study LHDA, 2014; Schrijvershof, 2015

	
	
	Low
	Suitable temperature profile. Suitable state with limited threat to wellbeing of fishes.
	

	
	
	Moderate
	Modified temperature profile. Worst acceptable state, management intervention required. Moderate threat to wellbeing of fishes.
	

	
	
	High
	Highly modified temperature profile. Unacceptable condition, management intervention required. Severe threat to wellbeing of fishes.
	

	Senqu Case study: Fish wellbeing/integrity; Dilution to maintain suitable water quality (WQ_dilution_Threat)
	Based on the outcomes of the water quality assessment of the study area (Specialist Water Quality Report no: 6001/2/d/iv) Measure selected to represent substrate suitability variable is discharge (m3/s). Ranks based on two components; (a) the change in potential threat to water quality by water quality constituents (salts, nutrients toxics etc.) and (b) the dilution required to minimise water quality threats. In this study the potential threat to water quality by water quality constituents is considered to be constant as no noticeable new water quality modifying threats are proposed to be established in the study area within five years. As such only the dilution potential to minimise existing water quality threats have been evaluated in the study using observed data from the water quality component of the study (Specialist Water Quality Report no: 6001/2/d/iv). Zero rank assigned to discharge range (> tail end of conductivity curve <15mS/m) that will have no possibility of affecting water quality through dilution. Low rank assigned to discharge range that will have a low possibility of affecting water quality through insufficient dilution. Moderate rank assigned to discharge range that will have a moderate possibility of affecting water quality through dilution and high rank assigned to discharge range that will have a good possibility of affecting water quality through insufficient dilution. 
	Zero
	Excellent dilution potential to maintain water quality in ideal state, no threat to wellbeing of fishes.
	Data obtained from this study LHDA, 2014; Schrijvershof, 2015

	
	
	Low
	Suitable dilution potential to maintain water quality in suitable state, minimal threat to wellbeing of fishes.
	

	
	
	Moderate
	Modified dilution potential, water quality in worst acceptable state, moderate threat to wellbeing of fishes.
	

	
	
	High
	Highly modified dilution potential, water quality in unacceptable state, severe threat to wellbeing of fishes.
	

	Senqu Case study: Macroinvertebrate wellbeing; Suspended Solid Loads (SSLOAD)
	The effects of suspended solids on benthic communities are a function of the suspended solid concentrations in the water column and the duration of exposure. Griffith and Walton (1978) and Berry et al. (2003) warn against applying species specific tolerance values to suspended solid loads to communities and between sites. For this reason, broader measurements that consider a highly variable system and complex benthic communities were used. Measurement in mg/l.
	Zero
	<15mg/L
	Griffiths and Walton, 1978; Berry et al., 2003; Skoroszewski and de Moor, 1999; LHDA, 2014

	
	
	Low
	<50mg/L
	

	
	
	Moderate
	<100mg/L
	

	
	
	High
	>100mg/L
	

	Senqu Case study: Macroinvertebrate wellbeing; Velocity (Velocity)
	Velocity is an important variable affecting substrate type, position of macroinvertebrates on substrates and sheer stress in the water column. Certain macroinvertebrate taxa (e.g. Perlidae) have a high requirement for fast flowing water (>0.6m/s), whilst others are tolerant of lower velocities (Thirion, 2007). Measurement in Average Velocity and 98th Percentile (m/s).
	Zero
	Site and season specific. 
	Thirion, 2007; James and King, 2010; LHDA, 2014 

	
	
	
	Derived from ecohydraulic modelling results
	

	
	
	Low
	Site and season specific. 
	

	
	
	
	Derived from ecohydraulic modelling results
	

	
	
	Moderate
	Site and season specific. 
	

	
	
	
	Derived from ecohydraulic modelling results
	

	
	
	High
	Site and season specific. 
	

	
	
	
	Derived from ecohydraulic modelling results
	

	Senqu Case study: Macroinvertebrate wellbeing; Depth (Depth)
	Depth affects taxa that use the water column as a habitat. It also has an inverse relationship with light availability (that is exacerbated by increased turbidity), and, therefore, algal growth. Measurement in meters (m).
	Zero
	Site and season specific. 
	Thirion, 2007; James and King, 2010; LHDA, 2014 

	
	
	
	Derived from ecohydraulic modelling results
	

	
	
	Low
	Site and season specific. 
	

	
	
	
	Derived from ecohydraulic modelling results
	

	
	
	Moderate
	Site and season specific. 
	

	
	
	
	Derived from ecohydraulic modelling results
	

	
	
	High
	Site and season specific. 
	

	
	
	
	Derived from ecohydraulic modelling results
	

	Senqu Case study: Macroinvertebrate wellbeing; Vegetation (Vegetation)
	Inundated marginal and aquatic vegetation provides important habitats for certain macroinvertebrate taxa (Thirion, 2007). Inundated marginal vegetation also provides important refugia for invertebrates that are not vegetation specialists, particularly during the high flow season and during floods. Measurement in percentage (%) inundated marginal vegetation per site.
	Zero
	>30% (summer) / >10% (winter)
	Thirion, 2007; James and King, 2010; LHDA, 2014 

	
	
	Low
	>20% (summer) / >5% (winter)
	

	
	
	Moderate
	>10% (summer) / >0% (winter)
	

	
	
	High
	<10% (summer) / 0% (winter)
	

	Senqu Case study: Macroinvertebrate wellbeing; Gravel, Sand and Mud (GSM)
	Gravels, sands and mud (GSM) are unstable substrates that provide unique habitats for certain macroinvertebrate taxa with adaptations to exploit these niches. This substrate currently dominates much of the Senqu system.  Measurement percentage (%) GSM per site.
	Zero
	RR1: >70%; 
	Thirion, 2007; James and King, 2010; LHDA, 2014 

	
	
	
	RR2: >55%; 
	

	
	
	
	RR3: >60%;
	

	
	
	
	RR4: >70%
	

	
	
	Low
	RR1: >50%;
	

	
	
	
	RR2: >40%;
	

	
	
	
	RR3: >40%; 
	

	
	
	
	RR4: >50%
	

	
	
	Moderate
	RR1:>25%; P2:>20%; 5>20%; 6>25%
	

	
	
	High
	RR1:<25%; P2:<20%; 5<20%; 6<25%
	

	Senqu Case study: Macroinvertebrate wellbeing; Stones (Stones)
	Stones (pebbles, cobbles and bedrock) provide important stable habitats for both macroinvertebrates and periphyton. These habitats are generally associated with faster flowing water, steeper gradients and other atypical habitats in the Senqu River below the Polihali. Measurement percentage (%) Stones per site
	Zero
	RR1: >50%;
	Thirion, 2007; James and King, 2010; LHDA, 2014 

	
	
	
	RR2: >55%;
	

	
	
	
	RR3: >55%;
	

	
	
	
	RR4: >30%
	

	
	
	Low
	RR1: >40%;
	

	
	
	
	RR2: >40%;
	

	
	
	
	RR3: >40%;
	

	
	
	
	RR4: >20%
	

	
	
	Moderate
	RR1:>20%; P2:>20%; 5>20%; 6>10%
	

	
	
	High
	RR1:<20%; P2:<20%; 5<20%; 6<10%
	

	Senqu Case study: Macroinvertebrate wellbeing; Autotrophic Index (AI)
	The autotrophic index is an indication of the proportion of total benthic biomass (measured as AFDM mg/m2) to autotrophic production (measured as Chl-a biomass mg/m2).
	Zero
	<50
	Weber, 1973; Biggs, 1989; Biggs and Kilroy, 2000 LHDA, 2014

	
	
	Low
	<100
	

	
	
	Moderate
	<400
	

	
	
	High
	>400
	

	Senqu Case study: Macroinvertebrate wellbeing; Filamentous Green Algae and Diatoms (FilDG)
	Excessive filamentous green algae and diatoms adversely affect macroinvertebrate habitat suitability. These algae proliferate under periods of constant flows in either eutrophic (green algae) or oligotrophic (diatoms) water. Measured in percentage (%) filamentous periphyton.
	Zero
	<10%
	Biggs, 2000; Gray, 2013 LHDA, 2014 

	
	
	Low
	<20%
	

	
	
	Moderate
	<50%
	

	
	
	High
	>50%
	

	Senqu Case study: Macroinvertebrate wellbeing; Temperature (Temperature)
	Temperature is a highly dynamic physicochemical variable in rivers (Vannote and Sweeney, 1980). It affects macroinvertebrate reproduction, metabolism, growth, distribution and emergence. The South African Department of Water Affairs (1996) water quality guidelines for aquatic ecosystems and Scherman et al. (2008) use the concept of %°C deviation from the reference to describe stress on aquatic biota. This concept takes natural variability into account and can be applied at a site specific scale and for both high and low flows. For these reasons, %°C deviation from the reference is used to define risk to macroinvertebrates. Measured in °C.
	Zero
	0°C outside of standard deviation for each site in each season
	Surveyed water quality data; Vannote and Sweeney, 1980; Skoroszewski and de Moor, 1999; DWA, 1996 DWA, 2008

	
	
	
	
	

	
	
	Low
	<2°C outside of standard deviation for each site in each season
	

	
	
	Moderate
	<4°C outside of standard deviation for each site in each season
	

	
	
	High
	>4°C outside of standard deviation for each site in each season
	

	Senqu Case study: Macroinvertebrate wellbeing; Water quality: Specific Pollution sensitivity Index (WaterQualitySPI)
	Diatom samples are interpreted according to the Specific Pollution sensitivity Index (SPI) to assess integrated water quality in aquatic ecosystems. 
	Zero
	>17
	CEMAGREF., 1982; Taylor et al., 2005; Harding and Taylor, 2011 

	
	
	Low
	>13.0
	

	
	
	Moderate
	>9.0
	

	
	
	High
	<9.0
	

	Senqu Case study: Macroinvertebrate wellbeing; Size of and time since flood in the preceding 45 days (FloodPrevMonth)
	Macroinvertebrates and periphyton communities are impacted by flood events (through physical abrasion, tumbling of substrates, sloughing, etc.) and need time to recolonise after these events. Therefore, the size of the flood (larger or equal to a flood >1/4 of the 1:2 year flood) and whether/when it occurred in the preceding 45 days are important variables in interpreting both periphyton and macroinvertebrate wellbeing. Time since last ≥Class III LHDA Phase I E-flow flood in days.
	Zero
	>45 days
	Biggs and Kilroy, 2000; Dickens and Graham, 2002; Taylor et al., 2005; Ewart-Smith and King, 2012

	
	
	Low
	<45 days
	

	
	
	Moderate
	<28 days
	

	
	
	High
	<14 days
	

	Senqu Case study: Macroinvertebrate wellbeing; Drift Organic Matter Quantity (OMDrift)
	Organic matter drift is an important allocthonous source of energy in the system. This is of particular importance in the summer (high flow) months when autochthonous production decreases. Measured in mg/L.
	Zero
	Baseline for system needed
	LHDA, 2014   

	
	
	Low
	Baseline for system needed
	

	
	
	Moderate
	Baseline for system needed
	

	
	
	High
	Baseline for system needed
	

	Senqu Case study: Macroinvertebrate wellbeing; Quality of Autochthonous Energy (AutoFoodQuality)
	Autochthonous food quality is a product of the proportion of palatable food source (single cell algae) to unpalatable food source (filamentous growth types) in the system.  Measured in density. 
	Zero
	High proportion of single cell algae
	Biggs and Kilroy, 2000; Gray, 2013  

	
	
	Low
	Moderate proportion of single cell algae
	

	
	
	Moderate
	Moderate proportion of filamentous algae
	

	
	
	High
	High proportion of filamentous algae
	

	Senqu Case study: Macroinvertebrate wellbeing; Density of Single Celled Diatoms (SinglCellDiatDen)
	Single cell diatoms are a good source of food for macroinvertebrates.  Measured in density. 
	Zero
	High density
	Biggs and Kilroy, 2000; Ewart-Smith and King, 2012; Gray, 2013 

	
	
	Low
	Moderate density
	

	
	
	Moderate
	Low density
	

	
	
	High
	None
	

	Senqu Case study: Macroinvertebrate wellbeing; Amount of Predators Present in the System (PredatorsPresent)
	The presence of predators in the system poses a risk to macroinvertebrate wellbeing. Fish frequency of occurrence.
	Zero
	No FROC
	Kleynhans, 2007; Surveyed fish gut content data  

	
	
	Low
	Low FROC
	

	
	
	Moderate
	Moderate FROC
	

	
	
	High
	High FROC
	

	Senqu Case study: Macroinvertebrate wellbeing; Hydropsychidae Abundances (Hydropsychidae)
	Hydropsychidae are important detritivores in the system. Measured from South African Scoring System (SASS) abundances.
	Zero
	C (summer) / C (winter)
	LHDA, 2014   

	
	
	Low
	B (summer) / B (winter)
	

	
	
	Moderate
	A (summer) / A (winter)
	

	
	
	High
	≤1 (summer) / ≤1 (winter)
	

	Senqu Case study: Macroinvertebrate wellbeing; Tricorythidae Abundances (Tricorythidae)
	Tricorythidae are important collectors and detritivores in the system. Measured from South African Scoring System (SASS) abundances.
	Zero
	D (summer) / B (winter)
	LHDA, 2014   

	
	
	Low
	C (summer) / A (winter)
	

	
	
	Moderate
	B (summer) / 1 (winter)
	

	
	
	High
	A (summer) / 0 (winter)
	

	Senqu Case study: Macroinvertebrate wellbeing; Simuliidae Abundances (Simuliidae)
	Simuliidae are important filter feeders and fish food sources in the system. Measured from South African Scoring System (SASS) abundances.
	Zero
	B (summer) / D (winter)
	LHDA, 2014   

	
	
	Low
	A (summer) / C (winter)
	

	
	
	Moderate
	1 (summer) / B (winter)
	

	
	
	High
	0 (summer) / A (winter)
	

	Senqu Case study: Macroinvertebrate wellbeing; Chironomidae Abundances (Chironomidae)
	Chironomidae are important detritivores in the system. Measured from South African Scoring System (SASS) abundances.
	Zero
	B (summer) / C (winter)
	LHDA, 2014   

	
	
	Low
	A (summer) / B (winter)
	

	
	
	Moderate
	1 (summer) / A (winter)
	

	
	
	High
	0 (summer) / ≤1 (winter)
	

	Senqu Case study: Macroinvertebrate wellbeing; Gomphidae Abundances (Gomphidae)
	Gomphidae are GSM biotope specialists and indicators of changes in GSM. Measured from South African Scoring System (SASS) abundances.
	Zero
	B (summer) / B (winter)
	LHDA, 2014   

	
	
	Low
	A (summer) / A (winter)
	

	
	
	Moderate
	1 (summer) / 1 (winter)
	

	
	
	High
	0 (summer) / 0 (winter)
	

	Senqu Case study: Macroinvertebrate wellbeing; Perlidae Abundances (Perlidae)
	Perlidae are important indicators of habitat suitability (stones), water quality and velocities. Measured from South African Scoring System (SASS) abundances.
	Zero
	B (summer) / B (winter)
	LHDA, 2014   

	
	
	Low
	A (summer) / A (winter)
	

	
	
	Moderate
	1 (summer) / 1 (winter)
	

	
	
	High
	0 (summer) / 0 (winter)
	

	Senqu Case study: Macroinvertebrate wellbeing; Baetidae Abundances (Baetidae)
	Baetidae are important grazers in the system. Measured from South African Scoring System (SASS) abundances.
	Zero
	B (summer) / C (winter)
	LHDA, 2014   

	
	
	Low
	A (summer) / B (winter)
	

	
	
	Moderate
	1 (summer) / A (winter)
	

	
	
	High
	0 (summer) / ≤1 (winter)
	

	Senqu Case study: Macroinvertebrate wellbeing; Caenidae Abundances (Caenidae)
	Caenidae are important grazers in the system. Measured from South African Scoring System (SASS) abundances.
	Zero
	B (summer) / B (winter)
	LHDA, 2014   

	
	
	Low
	A (summer) / A (winter)
	

	
	
	Moderate
	1 (summer) / 1 (winter)
	

	
	
	High
	0 (summer) / 0 (winter)
	

	
	
	
	
	

	Mara Case study: Toxicants pollution from anthropogenic activity, i.e. nutrients and toxic compounds, affecting BHN (TOXICITY_BHN)
	In this EFA of the Mara Basin apart from sufficient water to meet the BHN of communities, if the quality of the water is unsuitable the endpoint may not be achievable. The threat of toxicity of the water has as a result been included in the assessment as a driving variable of the risk to BHN in the study. Small and large scale agriculture, untreated domestic wastewater discharge, untreated wastewater from industrial factories and wastewater from gold mines are sources of toxicant input in the MRB. Toxicant input may in turn threaten human health if contaminated water and/or fish are consumed. The measure selected to represent this variable is the type and percentage cover of agriculture, urban areas, mines and factories per risk region. We hypothesise that the activities cited above are correlated with elevated toxicant runoff into the river. Alpha-version rank justification: in the vesdre catchment in Belgium, agricultural cover was significantly correlated with nutrient levels in the water. Results of this study were used to propose the risk ranks. To reduce uncertainty in the more detailed beta assessment land use versus water quality profiles need to be drawn with all available data on the topic (MacCartney 2010, Subaluski 2011, Gichana et al. 2014, Matano et al. 2015). A spatial analysis with QGIS needs to be done to calculate the percentage cover of different land uses per risk region. Measure: Land covered with agriculture and urban centres (% per RR)
	Zero
	Toxicant input is very low, unmeasurable. Almost no land covered with agriculture and urban centres.
	Anyona et al. 2014, Ngugi et al. 2014, GLOWS 2007 Water Quality Assessment, Mati et al. 2005, Mati et al. 2008, Mutie et al. 2006, MacCartney 2010, Subaluski 2011, Gichana et al. 2014, Matano et al. 2015

	
	
	Low
	Toxicant input does not cause any adverse impact on human health. Limited area covered with agriculture and urban centres.
	

	
	
	Moderate
	Toxicant input causes tolerable adverse impact on human health. Large area covered with agriculture and urban centres.
	

	
	
	High
	Toxicant input causes unacceptable adverse impact on human health. Majority of land covered with agricultural and or rural/urban centres in the RR, resulting in increased toxicant levels in the water, threatening human health.
	

	Mara Case study: Suspended sediments pollution affecting BHN (SED_BHN)
	Increased sedimentation of the water in the risk regions has been associated with changes in land use and increased connectivity between erosion areas and the rivers (via roads, footpaths etc.). We hypothesise that land degradation is related to increased suspended sediment levels in the water. The measure selected to represent this variable is the "observed disturbance index" used by MacCartney (2010).  Measure: Observed disturbance value (MacCartney 2010)
	Zero
	Sediment input is not from anthropogenic activity. Less.
	GLOWS 2007. Water Quality Assessment, Kiragu. 2009, Dutton. 2012, Fouchy. 2014, Hulsman. 2015, MacCartney 2010

	
	
	Low
	Sediment input from anthropogenic activity is low and does not disturb ecosystem functioning . Potentially moderate.
	

	
	
	Moderate
	Sediment input from anthropogenic activity is moderate and causes disturbance. Moderate.
	

	
	
	High
	Sediment input from anthropogenic activity causes unacceptable disturbance. Severe.
	

	Mara Case study: Abundance of pathogens which may affect human health (PATHOGENS_BHN)
	Apart from the threat from abiotic toxicant in water that may affect the suitability of the water for BHN, the threat of microbial contamination must be considered as a potential threat to the Basic Human Needs endpoint. Although presence of these microbial pathogens in the river are expected and or known to be elevated in areas where livestock and wild animals are abundant, in this study high loads of these pathogens must be limited with efficient waste disposal and treatment (purify) with chorine for example and river management strategies to improve the assimilative capacity of the systems. The measure selected to represent microbial contamination potential for this low confidence assessment is the abundance of cattle and other large mammals that occur in or close to the river within each RR. Data of population, cattle and large mammal density needed (maybe data from ILRI or the National Bureau of Statistics). Measure: Variable described according to number of large mammals, people, cattle, and urban centres.
	Zero
	No pathogenic threat. No large mammals, cattle or humans.
	Dida et al. 2014, Dida et al. 2015, Anyona et al. 2014

	
	
	Low
	Pathogenic threat but not significant. Low population and cattle density.
	

	
	
	Moderate
	Threat of human contamination but within acceptable limits. High population and cattle density.
	

	
	
	High
	High pathogenic threat. Urban centre with no wastewater facility and/or large mammals in the water.
	

	Mara Case study: Water quality dilution potential (DILUTION_MITIGATION)
	The threat of water quality pollution to people (BHN endpoint) is a factor of the load of the toxicant and the volume (or dilution potential) of the river. Maintaining a suitable dilution potential to minimize the threat of toxicants is required to maintain the quality of water in the study area. Here the dilution potential for the rivers in each RR, per flow period (based on available/modelled hydrology) were considered. The measure of dilution potential includes the volume of water available in relation to river magnitude (based on river order/s) and changes (historical compared with current) in local and upstream land-use practices known to threaten the wellbeing of the water quality in the rivers. Available evidence suggests that flows ≥0.1 m3/s have been required in the upper parts of the Mara River basin (RR1) to maintain dissolved oxygen at a level of ≥5 mg/L, THg at levels <1 µg/L, pesticides <1 ppb and turbidity <100 NTU during base flows to maintain the wellbeing of the ecosystem and its users. In addition evidence from the middle reaches of the study area (RR2-RR7) demonstrate that flows ≥1 m3/s were required to maintain suitable water quality and turbidity levels during base flows and PCB levels at less than 0.5 ppb (low/moderate risk threshold). In the lower reaches of the study area low flows were recommended to be ≥0.4m3/s and ≥0.3m3/s for RR8/9 and RR10 respectively to accommodate downstream abstraction and maintain DO levels >5 mg/L and limit eutrophication of organic matter. In addition, during the high flow periods sufficient flows are required ≥0.5 - 0.75m3/s (uncertain of exact threshold) to maintain suitable oxygen levels in the river.  Available evidence was used to hypothesise rank thresholds for the assessment to evaluate the suitability of flows to dilute toxicant threats using discharge (m3/s) to represent ideal or zero rank conditions (>1.46 m3/s) , suitable or low rank state (1.01-1.45 m3/s), worst by acceptable threshold of potential concern conditions (0.51-1 m3/s) and unacceptable conditions (≤0.5 m3/s) state.  Measure: Discharge needed for dilution (m3/s)
	Zero
	Threat of toxicity from toxicants zero due to dilution. Discharge required to dilute waste is available.
	Chapman 1996; Arthington 1998; King and Louw 1998; Acreman and Dunbar 2004; GLOWS 2007 Water Quality Assessment, LVBC 2012

	
	
	Low
	Threat of toxicity from toxicants is low. Slightly lower discharge than required to dilute waste .
	

	
	
	Moderate
	Threat of toxicity from toxicants is high. Lower discharge than required to dilute waste.
	

	
	
	High
	Threat of toxicity from toxicants is unacceptable. Insufficient and unacceptable discharge to dilute waste .
	

	Mara Case study: Treatment of water before consumption/use (TREATMENT_DRINKING)
	Water treatment before supply and use can reduce the risk of contamination that may affect human health (as a basic human need, for cooking, washing and drinking). The measure for this variable is the % of people in the risk region who benefit from treated water. Measure: Percentage of water for BHN that is treated (%)
	Zero
	Water is treated to highest standard and therefore does not represent a threat for BHN. Most water for BHN is treated.
	LVBC and WWF-ESARPO 2010

	
	
	Low
	Local treatment systems, low threat to BHN. Large filters (local treatment plants) for water for BHN.
	

	
	
	Moderate
	Simple water treatment systems, medium threat to BHN. Small filters and chloride pills for drinking.
	

	
	
	High
	Unacceptable threat to human health due to insufficient treatment. The water for BHN is not treated.
	

	 Mara Case study: Volume of flows (QUANTITY)
	In accordance with available information, the general effects of reduced flows (volume) in an ecosystem are known to negatively affect the wellbeing of various ecosystems components and the services these systems provide to people. In this Alpha EFA of the Mara River, the probable effect of reduced flows (volume) to ecosystem components in general have been evaluated. Base on available evidence and in the context of naturally flow variability and associated stress, and the endpoints selected for this study, we hypothesise that small reductions in flows or discharge, i.e. general reductions of 20% represents the zero-low risk rank threshold for ideal flows with minimal threat of changes to the wellbeing of the endpoints considered in this study. Thereafter, a moderate reduction of 35% of the flows represent the low-moderate threshold and a change of base flows related to a reduction in 50% was selected as the moderate-high rank threshold. In this case study discharge (in m3/s) was selected as the measure to represent the "Quantity" variable for reduced volumes which were used to query modelled %tile hydrology data that provides an estimate of the duration of different discharges for the scenario being evaluated (such as natural flows).  Here the duration of flows for each rank range (zero, low, moderate or high) were used to represent the probability of the state of the rank for the variable.  Measure: River discharge (m3/s)
	Zero
	Change in flows minimal . Range of flows (m3/s) according to discharge value <80%tile of natural base flows.
	King and O' Keeffe 1989; Hughes and Hannart 2003

	
	
	Low
	Small change in flows. Value (m3/s) representing threshold for 81-90%tite of natural base flows.
	

	
	
	Moderate
	Moderate change in flows. Value (m3/s) representing threshold for 90-99.9%tite of natural base flows.
	

	
	
	High
	Significant/large change in flows. Portion (%tiles) of flows exceeding 99.9%tile value of natural flows.
	

	Mara Case study: Volume needed for BHN according to pop. density in the RR. (DEMAND_BHN)
	This variable refers to the quantity of water required for basic human needs (BHN) as a percentage of available flows.  Water for basic human needs is hypothesised to equal 50L per day, per person. The measure for this indicator is the % of the available base flows needed for BHN, based on population per risk region. This is calculated by multiplying the population density by the need per person (50L/d) and see how much this represents in relation to the dry season or wet season base flow. E.g. for dry season, the median in February for RR1 is 5.7m3/s, and 3% of this is needed for BHN. Measure: % volume of base flow needed for all people in the RR per day (%)
	Zero
	Very low water demand for BHN. Volume water needed is very low.
	Hoffman 2007, McCartney 2010

	
	
	Low
	Low water demand for BHN. Volume water needed is low.
	

	
	
	Moderate
	Moderate water demand for BHN. Volume water needed is moderate.
	

	
	
	High
	High water demand for BHN. Volume water needed is high.
	

	Mara Case study: Percentage of wastewater which is treated before being discharged into the environment (TREATMENT_WASTEWATER)
	Wastewater treatment before discharge into the environment can reduce the risk of contamination of the river ecosystem. The measure for this variable is the % of wastewater which is treated before being discharged in the environment. Add info on sources of wastewater (any direct wastewater discharge into the Mara River?).  Measure: %
	Zero
	Wastewater is treated. Very high percentage treated.
	Data obtained from this study

	
	
	Low
	Small amount treated. High percentage.
	

	
	
	Moderate
	Moderate amount treated. Moderate percentage.
	

	
	
	High
	Wastewater is not treated. Low percentage.
	

	 Mara Case study: Aquatic biological cues (AQUATIC_BIO_CUES)
	There is extensive evidence that advocates the importance of ecological cue flows and the maintenance of various biological and ecological processes in rivers. Many aquatic animals and associated ecological processes have seasonal "triggers" or ecological cue flows to which important processes are linked. The majority of the ecological cues require specific flows which can generally be associated with suitably elevated freshet and flood flows particularly during summer. In this rapid EFA assessment we propose flows between base flows hypothesised to be comparable with the 50%tile discharge for the season considered and the 20%tile to represent freshet flows and flows above the 20%tile to represent small floods with major floods hypothesises to be associated with flows ≥5%tile. In this assessment the rank categories for the "Aquatic Biological Cue" variable have as a result been established around the duration of flows below the 50%tile representing unsuitable cue flows (high risk rank), flows between the 50-20%tile (moderate rank), flows between the 20-5%tile as acceptable and floods flows above ≥5%tile as ideal flows (zero rank).
 Measure: Indicator of adequacy of volume, timing and duration of river water in relation to needs for biological processes of identified indicator species (m3/s)
	Zero
	All biological cue requirements are provided. Spring, summer freshets/floods differ <5% natural variability use discharge %tiles (m3/s) monthly data.
	Poff et al. 1997; LVBC 2012 

	
	
	Low
	Majority of biological cue requirements are provided. Spring, summer freshets/floods differ 6%-15% natural variability.
	

	
	
	Moderate
	Only critical  biological cue requirements are provided only. Spring, summer freshets/floods differ 16%-29% natural variability.
	

	
	
	High
	No biological cues are provided. Spring, summer freshets/floods differ >30% natural variability.
	

	 Mara Case study: Inundation (INUNDATION)
	Flows required to maintain the wellbeing of the river banks and the associated riparian and floodplain ecosystems, are related to the different wetted perimeter requirements of river ecosystems. Summer flows are required to periodically overflow benches of the active channel and transport sediment to lateral bars, flush out of fine sediments and maintain channel form. Reduced flood flows (from >10% reduction) are generally considered affect the extent of inundation and associated sediment transport energy in rivers. Evidence demonstrates that riparian ecosystems may be significantly reduced by a reduction in peak flows >60%. In addition, reductions in flood inundation levels and resultant transport energy will limit flood deposition on the current banks, possibly shifting the grain size distributions of bank deposits to finer materials that are easily entrained by lower energy flows that inundate portions of the bank. Over time however these banks may be reworked and expected to become finer and more stable/cohesive. The morphology of the banks will adjust to the regulated flow regime by narrowing off the present channel and the riparian ecosystem responding to this change by encroaching the instream channel. Consider that channel width changes along alluvial sections are known to be more sensitive to changes in flows compared to bedrock sections. In this study flow related reductions associated with altered base, freshet and flood flows are hypothesised to result in modified river banks and affect the wellbeing of the riparian and floodplain ecosystems. In consideration of global trends of the effects of altered flows and river inundations, reductions of ≤10% of flood flows (represented by the 5%tile discharge of natural flows) were used to establish the zero-low risk rank threshold. Freshet flows (represented by the 20%tile) with reductions ≤20% were used to establish the low-moderate threshold, base flow (50%tile) changes of ≤20% were used to represent the moderate-high rank threshold. Here the duration of flows for each rank range (zero, low, moderate or high) were again used to represent the probability of the state of the rank for the variable. Measure: Flood extent and frequency to inundate banks and ensure plant seed dispersal (m3/s)
	Zero
	Floodplain is in an ideal condition due to frequent inundation for correct duration at the right time. Floodplain inundation flows comparable with natural (amount of floodplain inundation flows and total duration 95% similar).
	Wadeson and Rowntree 1998; Rowntree and Dollar 1999; MODEL-UUGSF 2006; LVBC 2012, GLOWS-FIU 2012

	
	
	Low
	Floodplain is in an suitable condition due to numerous inundations for correct duration at the right time.  Floodplain inundation flows and total duration 75-95% similar.
	

	
	
	Moderate
	Floodplain is in an modified but acceptable condition due to reduced inundations and reduced durations of inundations.  Floodplain inundation flows and total duration 50-75% similar.
	

	
	
	High
	Floodplain is in an unacceptable condition due to reduced inundations and reduced durations of inundations.  Floodplain inundation flows and total duration <50% similar.
	

	 Mara Case study: Instream geomorphology (RIVER_GEOMORPH)
	Global trends in geomorphological processes suggest that reduced flows and flow regulation result in the channel contracting and habitat alterations. With reduced/altered flows both width and depth of a river is expected to decrease as flood scouring and channel opening potential is reduced. Pool habitats in particular are considered to be vulnerable to flow reductions and bedrock dominated habitat sections are generally considered to be relatively tolerant to flow reductions. Although flow reductions are known to drive these geomorphological changes, occasional large floods will still have reset properties but the effects will generally occur more infrequently.  In a review of the effects of flow alterations associated with dam development results suggest that reduced flows result in geomorphic changes where the low flow channel will increase (by up to 32%) while the high flow channels may shrink (by as much as 50%). With reduced flows the river bed material is likely to become finer as the energy to transport bed sediment is reduced resulting in the deposition of smaller particles that are normally transported during present conditions. In this study the duration of flows related to different flow levels/phases were evaluated. Based on this evidence changes in common flood flows here as flows ≥10%tile have been proposed to evaluate small changes flows that would have a small effect on the channel geomorphology (zero risk rank category). Changes in flows between the 10-30%tile represent moderate changes while flow changes in the ≤50tile range represent the high risk category.  Measure: Floods shaping river bed (m3/s)
	Zero
	Substrate profiles and bank integrity comparable with natural. Sheer stress range discharge comparable with natural hydrology.
	Wadeson and Rowntree 1998; Rowntree and Dollar 1999; Fox et al. 2000; LVBC 2012, GLOWS-FIU 2012

	
	
	Low
	Substrate profiles and bank integrity slightly different from natural. Sheer stress range discharge maintained for suitable duration..
	

	
	
	Moderate
	Substrate profiles and bank integrity largely different from natural. Sheer stress range discharge provided infrequently but suitable to "reset" bank sediment profiles..
	

	
	
	High
	Substrate profiles and bank integrity significantly different from natural. Sheer stress range discharge generally not provided, flows generally do not "reset" bank sediment profiles..
	

	Mara Case study: Toxicant inputs which affect biota or key biotic indicators (TOX_ECO)
	This variable considers the potential for the existence of activities that may release toxic water quality stressors that may threaten ecosystem wellbeing. Small and large scale agriculture, untreated domestic wastewater discharge, untreated wastewater from industrial factories and wastewater from gold mines are sources of toxicant input in the MRB. Toxicant input may in turn threaten aquatic life via accumulation into the food web and result in elevated levels in fish for example that may be consumed by piscivorous animals. The measure selected to represent this variable is the risk region percentage cover of agriculture, urban areas, mines and factories.  Measure: Land covered with agriculture and urban centres (% per RR)
	Zero
	Toxicant input is very low, unmeasurable. Almost no land covered with agriculture and urban centres.
	Mati et al. 2005, Mati et al. 2008, Mutie et al. 2006

	
	
	Low
	Toxicant input does not cause any adverse impact on biota. Limited area covered with agriculture and urban centres.
	

	
	
	Moderate
	Toxicant input causes tolerable adverse impact on biota. Large area covered with agriculture and urban centres.
	

	
	
	High
	Toxicant input causes unacceptable adverse impact on biota. Majority of land covered with agricultural and or rural/urban centres in the RR, resulting in increased toxicant levels in the water, threatening human health.
	

	Mara Case study: Percentage cover of invasive species (INVASIVE_SPECIES)
	The threat of competition, hybridisation and or predation (fauna only) of alien fauna and flora is known to be an important determinant of the wellbeing of ecosystems. Factors affecting the threat of aliens includes the potential of species to competition, hybridise and predate on indigenous spp. In this Alpha EFA assessment of the Mara River, the threat of alien species to selected endpoints includes the abundance and type (linked to knowledge of the threat of the aliens) of alien occurring in the RR. The measure for this variable is the % cover of invasive species within the bank vegetation. Measure: Percentage cover of invasive species (%)
	Zero
	Endemic species only. No invasive species.
	Data obtained from this study

	
	
	Low
	Small stress by invasive species. Existence of aliens but does not threatens wellbeing of indigenous spp..
	

	
	
	Moderate
	Medium stress by invasive species. Existence of aliens and threatens wellbeing of indigenous spp..
	

	
	
	High
	Endemic species highly stressed by invasive species. Aliens overtaking indigenous.
	

	Mara Case study: Suspended sediments pollution affecting biota (SED_ECO)
	Suspended sediment loads in the rivers are known to affect aquatic ecological processes, e.g. reduced growth rate, decreased size, doxygenation of water, trigger movement of fish, protection filter against predators (reduced visibility), reduced feeding efficiency (Bruton 1985). Land degradation including loss of vegetation cover and increase in road and footpaths mays lead to higher surface runoff and therefore lower water infiltration and reduced base flow. In addition, increased surface runoff on bare surfaces leads to increase in suspended sediment input in the river. The measure selected for this variable is an observed disturbance value from MacCartney (2010). Beta version: measure for this variable should be the extent of erosion features leading to sediment input into the water body, such as undercutting, rills and gullies affecting the riverbanks. Low flows important for sediment deposition. It was recommended that turbidity be less than 100 NTU in Site 1 (RR1) and 200 NTU in Site 2 (RR2) during base flows, although this objective must be reached by controlling upstream erosion rather than controlling in-stream flows. Hulsman (2015) noted that highest sediment inputs from the Sand arose from active river dynamics, grassland cover and sandy soil => RR4 and RR5. Measure: Observed disturbance value (MacCartney 2010)
	Zero
	Sediment input is not from anthropogenic activity. Less.
	LVBC 2012, Mati et al. 2005, Mati et al. 2008, Mutie et al. 2006, LVBC 2012, Hulsman 2015, Burton 1985

	
	
	Low
	Sediment input from anthropogenic activity is low and does not disturb ecosystem functioning . Potentially moderate.
	

	
	
	Moderate
	Sediment input from anthropogenic activity is moderate and causes disturbance. Moderate.
	

	
	
	High
	Sediment input from anthropogenic activity causes unacceptable disturbance. Severe.
	

	Mara Case study: Biodiversity and richness of aquatic/riparian plant and animal species (IMPORTANCE_ECO)
	This variable refers to ecological importance and ecological sensitivity (EIS) in the basin. Ecological Importance and Sensitivity (EIS) indicates the importance for maintenance of ecological diversity and system functioning on local and wider scales, ability to resist disturbance and their capability to recover from disturbance (LVBC & WWF-ESARPO, 2010). An EIS score (0-4, 0 being zero and 4 high importance and sensitivity) was calculated based on different criteria: rare and endangered species, populations of unique species, species/taxon richness, diversity of habitat types or features, migration route/breeding and feeding site, sensitivity to change in the natural hydrological regime, sensitivity to water quality changes, flood storage, energy dissipation and particulate element removal capacity.
26 benthic invertebrate families including 6 highly sensitive to flow encountered in the Mara River (Tamatamah 2012). 30 fish species 2 critically endangered, 1 endangered, and 1 near threatened (IUCN Red List 2010), 1 rare Tanzanian species (Tanzania national fish conservation rankings), 5 flow sensitive species (Tamatamah 2012). Measure: Number of sensitive invertebrate species (-)
	Zero
	No aquatic ecosystems. Biodiversity is very low and sensitivity to change is low (All spp. tolerant)..
	Castillo 2009, Kema 2010, Hashimoto 2008, Atisa 2009

	
	
	Low
	Low EI and ES. Biodiversity is low (e.g. <10 spp. fish) and sensitivity to change is low (most spp. tolerant)..
	

	
	
	Moderate
	Moderate EI and ES. Biodiversity is moderate (e.g. 10-20 spp. fish) and sensitivity to change is moderate (no spp. sensitive)..
	

	
	
	High
	High EI and ES. Biodiversity is high (e.g. >20 spp. fish) and sensitivity to change is high (some spp. very sensitive)..
	

	 Mara Case study: Dilution of salts (DILUTION_SALTS_CP)
	The commercial use of water in the Mara Basin for agricultural crop production has been identified as an important activity in the Mara Basin and has been included as an endpoint in this study. Water quality threats specifically associated with elevated salinity have been identified as a threat to this economically important sector in the Mara Basin and has been incorporated into this study. Sufficient flows that provide suitable dilution potential have been used to mitigate the threat of elevated salinity in the region and abroad. Available evidence suggests that salinity concentrations in the rivers of the Mara Basin have varied considerably and appear to be affected by a wide range of determinants including a wide range of sources of salts such as anthropogenic activities and natural sources (mass death of wildebeest and or effects of hippopotamus for example).   In this case study, in context of observed salinity loads, unacceptable levels of salinity have been associated with extremely low flows and no-flow conditions in the basin where water is abstracted for commercial use (i.e. not in the nature reserves). Discharge (m3/s) has been selected as the hydrological variable used as a measure to represent the "Dilution of Salts for Crop Production" node. For this, the moderate to high risk thresholds for this variable has been  proposed to represent extreme low flows (99%tile) which will allow pools to be flushed of salts. Thereafter the low-moderate risk threshold which represents the threshold between suitable and worst but acceptable states has been proposed as the 95%tile flows. Finally with the precautionary principle the zero-low or ideal to suitable threshold has been selected as the 50%tile discharge level.  Measure: Discharge needed for dilution (m3/s)
	Zero
	Threat of salts to crop prod is zero due to dilution. Discharge required to dilute salts is available.
	Chapman 1996; Arthington 1998; King and Louw 1998; Acreman and Dunbar 2004; GLOWS 2007 Water Quality Assessment, LVBC 2012. Shalhevet, J. 1994. Using water of marginal quality for crop production: major issues. Agricultural water management, 253, 233-269. Pitman, M. G., & Läuchli, A. 2002. Global impact of salinity and agricultural ecosystems. In Salinity: environment-plants-molecules pp. 3-20. Springer Netherlands.

	
	
	Low
	Threat of salts to crop prod is low due to dilution. Slightly lower discharge than required to dilute salts.
	

	
	
	Moderate
	Threat of salts to crop prod is high due to limited dilution. Lower discharge than required to dilute salts.
	

	
	
	High
	Threat of salts to crop prod is very high due to no dilution. Insufficient and unacceptable discharge to dilute salts .
	

	Mara Case study: Salts levels for crop growth (SALTS_CP)
	Changes in salt concentrations in the river water may negatively affect crop growth and production as the water is used for irrigation. It is supposed that fertilizer, stormwater runoffs and urban wastewater discharge represent the main sources of ions (e.g. sodium, sulphate, chloride and magnesium) from manmade origin in the water. It is assumed that drought further increases the salt concentration. The measure chosen for this variable is % agricultural land cover. Measure: Agriculture land cover (%)
	Zero
	Salt levels suitable for crop growth, maximum yield can be reached. Small agricultural cover in the RR.
	Data obtained from this study

	
	
	Low
	Salt levels good for crop growth, good yields can be reached. Low agricultural cover in the RR.
	

	
	
	Moderate
	Salt levels negatively affecting  crop growth. Medium agricultural cover in the RR.
	

	
	
	High
	Salt levels unsuitable for crop growth, therefore crop failure. High agricultural cover in the RR.
	

	Mara Case study: Need for food production by agriculture (CROP_DEMAND)
	This variable represents the importance of irrigated crop production: large irrigation farms employ many local inhabitants and the food demand is present regionally and internationally. The measure of irrigated crop importance is the number of people employed for working in a large irrigation farm. The largest water use factor within the MRB is large scale irrigation (Hoffman 2007). The threshold 10000 was chosen, it represents about 5% of the population in RR1. Measure: Number of people working in irrigated farm (-)
	Zero
	Little need for local crop production. Number of people working in the irrigation farms and benefiting from the food is nil or very low.
	Data obtained from this study

	
	
	Low
	Moderate need for local crop production. Number of people working in the irrigation farms and benefiting from the food is low.
	

	
	
	Moderate
	High need for local crop production. Number of people working in the irrigation farms and benefiting from the food is high.
	

	
	
	High
	Very high need for local crop production. Number of people working in the irrigation farms and benefiting from the food is very high.
	

	Mara Case study: Water quality for livestock (QUALITY_LIVESTOCK)
	Water quality for livestock will be measured in terms of % agricultural cover as the fertilizers and pesticides used in agriculture may affect the health of the livestock. Better the health of the animal, the fast it grows and the healthier it is to use (e.g. milk or meat). Measure: Agriculture land cover (%)
	Zero
	Water quality high promotes good animal health. Agricultural cover upstream is very low.
	Data obtained from this study

	
	
	Low
	Water quality suitable promotes suitable animal health. Agricultural cover upstream is low.
	

	
	
	Moderate
	Water quality modified affects animal health moderately. Agricultural cover upstream is high but livestock life is not threatened.
	

	
	
	High
	Water quality poor, animal health poor. Agricultural cover and practices upstream threaten livestock life.
	

	Mara Case study: Animals trampling on the river banks causing soil compaction and vegetation damage (ANIMALS_TRAMPLING)
	The measure for this variable is the number of animals which trample on the river banks to access the water. We assume that in the parks, the wildebeest and hippos play a major role in bank engineering, and outside the parks, the cattle does. Measure: Density of cattle and large mammals which frequently access the water (nb/RR/year)
	Zero
	Banks not disturbed. No animals.
	Data obtained from this study

	
	
	Low
	Banks lightly disturbed by trampling. Small number of animals.
	

	
	
	Moderate
	Banks moderately disturbed by trampling. Moderate number of animals.
	

	
	
	High
	Banks highly disturbed by trampling. High number of animals.
	

	Mara Case study: Importance of livestock for people (DEMAND_LIVESTOCK)
	1079270 livestock individuals in the basin (Hoffman estimates 2007 based on a combination of 1996, 2002 and 2006 data). Assumed 660320 people live in the basin, there is an average of 1.6 livestock ind. Per person in the basin (current situation). The measure for this variable will be the ratio nb of livestock availability/use, assuming the current use if 1.6 ind/person. We assume the threshold to unacceptable state is a ratio of availability/use of 0.9. Measure: Ratio availability/demand
	Zero
	Low need of livestock. Availability/use ratio is high.
	Data obtained from this study

	
	
	Low
	Moderate need of livestock. Number of people depending on livestock herding is moderate.
	

	
	
	Moderate
	High need of livestock. Number of people depending on livestock herding is high.
	

	
	
	High
	Very high need of livestock. Availability/use ratio is low.
	

	Mara Case study: Riparian vegetation cover (VEG_BANK)
	The measure chosen for this variable is an ecostatus value (A-D) based on vegetation health assessment . For the beta version, see results of VEGRAI ecostatus assessment. Measure: Vegetation health score summarizing zoning, species, etc.
	Zero
	Good vegetation health. High ecostatus value.
	Data obtained from this study

	
	
	Low
	Moderate vegetation health. Moderate ecostatus value.
	

	
	
	Moderate
	Bad vegetation health. Low ecostatus value.
	

	
	
	High
	Very bad vegetation health. Very low ecostatus value.
	

	Mara Case study: Abundance of papyrus, grasses, trees (VEG_COVER_WETLAND)
	A part of each wetland area is covered by vegetation. Wetland vegetation offers various services to humans such as nutrient retention, carbon sink, habitat for diversity, etc.. The measure for this variable is % area of the wetland covered by  vegetation. Measure: % wetland vegetation cover out of total wetland area
	Zero
	Maximum area possibly covered by vegetation in the floodplain. High % cover.
	Data obtained from this study

	
	
	Low
	Large area covered by wetland vegetation. Medium .
	

	
	
	Moderate
	Small area covered by wetland vegetation. Low % cover.
	

	
	
	High
	No vegetation cover. Very low % cover.
	

	 Mara Case study: Sediment transport for the wetland (SED_WETLAND)
	The flows required to maintain the transportation of sediments into the Mara Wetland for its wellbeing has been included in this study as an important component of the wellbeing of the river and the flow management requirements. In this study the measure selected to represent sediment transport has been based on regional and global averages on the relationships between reduced flows and disruptions in sediment mobility. Available evidence suggests that sediment movement linked to flood flows (measured as discharge in m3/s) and the duration of floods which have been identified in this study as the indicator of flow suitability for the Mara River. Historical assessments have established flood discharges which were used to represent the moderate-high threshold in this study. These floods are only required infrequently which has been incorporated into the ranking scheme. Using the flood threshold the moderate-high rank scheme boundary has been established. Thereafter moderate and large floods (considering historical hydrology) has been used to evaluate sediment transport for the Mara Wetland.  Measure: River discharge (m3/s)
	Zero
	Balanced sediment input/output of the wetland to maintain current extent. River discharge is stable and sediment input/output is relatively continuous.
	Wadeson and Rowntree 1998; Rowntree and Dollar 1999; Fox et al. 2000; LVBC 2012, GLOWS-FIU 2012

	
	
	Low
	Slight unbalance in sediment input/output ratio. River discharge is modified but sediment input/output stays relatively balanced.
	

	
	
	Moderate
	High unbalance in sediment input/output ratio. Highly modified river discharge but in excessive impact on sediment balance.
	

	
	
	High
	Very high unbalance in sediment input/output ratio causing very high reduction of the wetland. Highly modified discharge, very low or very high river discharge, leading to excess input or output of sediments in the wetland.
	

	Mara Case study: Wetland species assemblage (PLANT_COMMUNITY)
	This variable represents the species composition in the wetland. Three main species are papyrus, typha and phragmites. The measure for this variable is the number of plant species (non-invasive) in the wetland.  Measure: % cover of permanently inundated area by major native wetland species Papyrus, Typha and Phragmites
	Zero
	Undisturbed species assemblage of Papyrus wetland. Portion of the permanently inundated area covered by the three main species is high.
	Data obtained from this study

	
	
	Low
	Low disturbance to species assemblage of Papyrus wetland. Portion of the permanently inundated area covered by the three main species is med.
	

	
	
	Moderate
	Medium disturbance to species assemblage of Papyrus wetland. Portion of the permanently inundated area covered by the three main species is low.
	

	
	
	High
	High disturbance to species assemblage of Papyrus wetland. Portion of the permanently inundated area covered by the three main species is very low.
	

	Mara Case study: Importance of wetland for people (IMPORTANCE_WETLAND)
	The measure for this variable is the percentage cover of wetland area in the risk region. Mara wetland (about 600km2) occurs in RR10, taking about 30% of the area. Other wetlands occur in RR7 and 8 in the conservation parks, and small riparian wetlands occur in RR1. Measure: % cover of wetland in the RR
	Zero
	Wetlands don’t occur. No Wetlands.
	Data obtained from this study

	
	
	Low
	Wetlands occur but are not important in the RR. Wetlands are uncommon in RR. Wetland types only palustrine ecosystems. .
	

	
	
	Moderate
	Wetlands are important in the RR. Wetlands are not dominant/common in RR. Wetland types only palustrine ecosystems. .
	

	
	
	High
	Wetlands are very important in the RR. Wetlands dominate/common in RR. Wetland types include floodplains and other palustrine ecosystems. .
	

	Mara Case study: Tourists' perception of security (SAFETY_TOURISTS)
	The measure for this indicator variable is the number of terrorist attacks perceived by tourists in the last six months. Measure: Number of terrorist attacks in the past six months
	Zero
	Highly secure. No terrorist attacks.
	Data obtained from this study

	
	
	Low
	Secure. .
	

	
	
	Moderate
	Low security. .
	

	
	
	High
	Very low security. At least one terrorist attack perceived in the last six months.
	

	Mara Case study: Importance of ecotourism for people (DEMAND_ECOTOURISM)
	65 tourist accommodations within the MRB and daily water use per person staying at a luxury camp/ tourist accommodation: 380L/d (Hoffman 2007). There are currently 108 lodges and camps operating in and around the Masai Mara National Reserve with only 29% operating legally (GoK 2010). Measure: Number of tourist facilities
	Zero
	Very limited demand for ecotourism. Few tourist facilities.
	International tourists’ arrivals in Masai Mara have increased from 114,000 in 1975 to over 350,000 per year in 2007 with demand highest in June–September season  Mundia, Murayama 2009. Tourist facilities have increased from five in 1975 to 140 in 2007 Mundia, Murayama 2009. In 2007, it was estimated that the revenues generated by the Masai Mara National Reserve MMNR in entry fees amounted to over 8 million US Dollars USD1F2 Force 2009 in Dutton 2012..

	
	
	Low
	Low demand for ecotourism. Low number of tourist facilities.
	

	
	
	Moderate
	Significantly high demand for ecotourism. Significantly high number of tourist facilities.
	

	
	
	High
	Very high demand for ecotourism. Very high number of tourist facilities.
	










Supplementary Table 2: Justification table for the exposure daughter nodes used to generate conditional probability tables for the Bayesian Network models used in the Senqu River case study to evaluate the risk of water resource use a range of social and ecological endpoints.
	Variable
	Description
	Reference

	Senqu Case study: Riparian vegetation and ecosystem services; Riparian Ecosystem Integrity (BBN Code: ripecosystem)
	Riparian ecosystem integrity was selected as an ecological endpoint for the study. This important indicator component of aquatic ecosystems is regularly used within Southern Africa and abroad in environmental flow assessments. In the assessment the Riparian Ecosystem Endpoint node was established as a function of the geomorphic template, flow regime and Ecostatus or ecological state of riparian ecosystem which was selected as a proxy for the potential for ecosystem wellbeing at each site in the study. In this assessment the risk to riparian ecosystem wellbeing was only possible when there was a moderate to high threat potential from the exposure nodes. This is based on the hypotheses that the importance of the potential for riparian vegetation should only effect the risk relationship of the endpoint when a threat to its wellbeing exists. I.e. there should not be any risk to the endpoint from the riparian vegetation potential if there is no threat to this ecosystem component. When there is a threat however variability in the potential or effects does effect the risk estimate.  As such the following equation was used to generate the conditional probability for the assessment:
 p(ripecosystem|geom,regime,ripzone)=
(geom>75)?NormalDist(ripecosystem,((geom*1.4)+(regime*1.4)+(ripzone*0.2))/3,7.5):
(ripzone>75)?NormalDist(ripecosystem,((geom*1)+(regime*1)+(ripzone*1))/3,7.5):
(regime>75)?NormalDist(ripecosystem,((geom*1.4)+(regime*1.4)+(ripzone*0.2))/3,7.5):
(geom<75)?NormalDist(ripecosystem,((geom*1)+(regime*1)+(ripzone*1))/3,7.5):
(ripzone<75)?NormalDist(ripecosystem,((geom*1)+(regime*1)+(ripzone*1))/3,7.5):
NormalDist(ripecosystem,((geom*1)+(regime*1)+(ripzone*1))/3,7.5)
	Field data (LHDA, 2014); Lite & Stromberg, 2005;  Leenhouts et al. 2005; Kleynhans et al., 2005; Munné et al., 2003; King et al., 2003

	Senqu Case study: Riparian vegetation and ecosystem services; Floodplain grazing (BBN Code: floodgrass)
	Floodplain grazing was selected as a social endpoint for the study. This is an important indicator component of the social wellbeing of the communities of the Senqu River and included in the study as a requirement by stakeholders. In the assessment the Floodplain grazing endpoint was established as a function of the state of the floodplain grass cover, flow regime and the geomorphic template. Similarly to riparian ecosystem wellbeing, the risk to floodplain grazing wellbeing was only possible when there was a moderate to high threat potential from the exposure nodes. Similarly the weight of exposure to effects parent nodes used to generate the conditional probability tables for the assessment were dependent on exposure threats first. 
	Field data (LHDA, 2014)

	Senqu Case study: Riparian vegetation and ecosystem services; Reed supply (BBN Code: marginal)
	Reed supply was selected as another social endpoint for the study. Similarly to Floodplain grazing this is an important indicator component of the social wellbeing of the communities of the Senqu River and was selected as an indicator for the study by formal stakeholders of the project. In the assessment the risk to reed supply has been hypothesised to be dependent on the state of the geomorphic template, flow regime and marginal vegetation variables of the study. Similarly to the riparian ecosystem wellbeing endpoint, the risk to the Reed supply wellbeing was only possible when there was a moderate - high threat potential from the exposure nodes. Similarly the weight of exposure to effects parent nodes used to generate the conditional probability tables for the assessment were dependent on exposure threats first. 
	Field data (LHDA, 2014)

	Senqu Case study: Riparian vegetation and ecosystem services; Medicinal plant supply (BBN Code: medicine1)
	Supply of plants used in community medicine  was selected as another social endpoint for the study. Similarly to Floodplain grazing this is an important indicator component of the social wellbeing of the communities of the Senqu River and was selected as an indicator for the study by formal stakeholders of the project. In the assessment the risk to the supply of plants for medicinal purposes has been hypothesised to be dependent on the state risk to the floodplain plants, Artemisia afra and Mentha aquatica population wellbeing. Equal weights were used to establish the conditional probability tables used in this assessment for this endpoint.
	Field data (LHDA, 2014)

	Senqu Case study: Riparian vegetation and ecosystem services; Vegetation for food (BBN Code: Veg_food)
	The vegetation for food endpoint selected for the study is similar to the Medicinal Plan endpoint but includes the water cress species of plants and Searsia divaricata with floodplain species in the assessment. Similarly, equal weights were used to establish the conditional probability tables used in this assessment for this endpoint.
	Field data (LHDA, 2014)

	Senqu Case study: Riparian vegetation and ecosystem services; Wood supply (BBN Code: wood)
	The supply of wood for fuel and building material by local communities has been identified as an important contributor of the wellbeing of the social components of riparian ecosystems. In the Senqu River case study local communities have a high dependence on the supply of wood in the highlands of Lesotho.  In the assessment the risk to the supply of wood has been hypothesised to be dependent on the state poplar plans and Salix fragilis populations.  Equal weights were used to establish the conditional probability tables used in this assessment for this endpoint.
	Field data (LHDA, 2014)

	Senqu Case study: Riparian vegetation and ecosystem services; Base flow (BBN Code: base)
	The base flow component is determined by the interaction of a wet season base flow node and a dry season base flow node. For each node, the discharge determined for the IFR (2014; to maintain present state) was used to define the “High” risk rank in the Bayesian network i.e. 3m3/2 for the wet season and 0.5m3/s for the dry.  Hydrological data for present day were used to define the “Zero” risk where the flows that occur for 50% of the time in February were used for summer base flow and the July value was used for the dry season base flow. Flow duration curves of present day data were then used to interpolate between High and Zero risk values to determine values for moderate and Low risk. rule's(base|wetbase,drybase)=
(wetbase<25)?NormalDist(base,((wetbase*0.8)+(drybase*1.2))/2,5):
(drybase<25)?NormalDist(base,((wetbase*0.2)+(drybase*1.8))/2,5):
NormalDist(base,((wetbase*0.6)+(drybase*1.4))/2,5)
	Surveyed in the field, determined by indicators, together with hydraulic calibration (LHDA, 2014).

	Senqu Case study: Riparian vegetation and ecosystem services; High flow environment (BBN Code: highflow)
	The high flow environment is determined by a flood disturbance node and a flood timing node. The floods that were determined to maintain the present state  are defined by magnitude (discharge), frequency and duration. When all three characteristics are in accordance with the IFR, this constitutes “Zero” risk to flood disturbance (node). When none of the three characteristics match the requirement the risk to flooding disturbance is “High”. The flood timing node is determined by when floods occur. The more natural the timing of floods the lower the risk to the resource due to its timing. Hence “High” risk would be floods in the dry season, “Zero” risk would be floods in the wet season and “Low” and “Moderate” would be floods during periods of transition between wet and dry season. Rule is p(highflow|flood_disturb,timing)=
(flood_disturb<25)?NormalDist(highflow,((flood_disturb*1.4)+(timing*0.6))/2,5):
(timing<25)?NormalDist(highflow,((flood_disturb*0.6)+(timing*1.4))/2,5):
NormalDist(highflow,((flood_disturb*1)+(timing*1))/2,5)
	Surveyed in the field, determined by indicators, together with hydraulic calibration and historical hydrology (LHDA, 2014).

	Senqu Case study: Riparian vegetation and ecosystem services; Low flow environment (BBN Code: lowflow)
	Interaction of wet and dry season base flows for overall maintenance as follows: p(lowflow|gh,base)=
(gh<25)?NormalDist(lowflow,((gh*1.2)+(base*0.8))/2,5):
(base<25)?NormalDist(lowflow,((gh*0.8)+(base*1.2))/2,5):
NormalDist(lowflow,((gh*1)+(base*1))/2,5)
	Surveyed in the field, determined by indicators, together with hydraulic calibration (LHDA, 2014).

	Senqu Case study: Riparian vegetation and ecosystem services; Flow regime (BBN Code: regime)
	The low and high flow environments combine to form the flow regime using the formula:
p(regime|lowflow,highflow)=
(lowflow<25)?NormalDist(regime,((lowflow*1.4)+(highflow*0.6))/2,5):
(highflow<25)?NormalDist(regime,((lowflow*0.6)+(highflow*1.4))/2,5):
NormalDist(regime,((lowflow*0.8)+(highflow*1.2))/2,5).
This simply means that when the high flow or low flow environment is at “High” risk that more emphasis is placed on the factor at risk. If neither are at “High” risk the high flow environment is weighted 1.2 and the low flow at 0.8 i.e. a change to the high flow environment will affect the riparian ecosystem protection more than a change to the low flow environment. 
	Combination of measured data (LHDA, 2014).

	Senqu Case study: Riparian vegetation and ecosystem services; Geomorphic template (BBN Code: geom)
	The geomorphic template consists of an input node for each geomorphic feature at the site, and each input node represents the amount (%) of GSM (gravel, sand, mud) of which the feature is comprised. The justification for the input is based on the measured general relationship between vegetation cover (both woody and non-woody) and % GSM. Using combinations of all data collected in 2014 (combined data for all sites) the relationship was confirmed for various components of vegetation (density of large trees, woody vegetation cover, non-woody vegetation cover and woody cover using fixed point photographs). The best relationship was between %GSM and density of large trees (R2 = 0.6921). Based on species preference for substrate types e.g. Salix fragilis requires alluvium in which to recruit and grow. The following is for the fan at IFR 1. Alluvium (category GSM here) is potential available habitat for Salix fragilis. Ratios for Fan (reference) from Pearl: GSM (%); Rocks (%); Bedrock (%). Ratios for Fan (PD) from Pearl: GSM (%); Rocks (%); Bedrock (%). Salix fragilis on fan was measured at 10% (Jan 2014). Species assigned using the following rule: p(fan|gsm,rocks,bedrock)=
(gsm<25)?normaldist(fan,((gsm*1.8)+(rocks*0.8)+(bedrock*0.4))/3,7.5):
(rocks<25)?normaldist(fan,((gsm*1.4)+(rocks*1.2)+(bedrock*0.4))/3,7.5):
(bedrock<25)?normaldist(fan,((gsm*1.4)+(rocks*1)+(bedrock*0.6))/3,7.5):
(bedrock>25)?normaldist(fan,((gsm*1.6)+(rocks*1)+(bedrock*0.4))/3,7.5):
(rocks>25)?normaldist(fan,((gsm*1.6)+(rocks*1)+(bedrock*0.4))/3,7.5):
normaldist(fan,((gsm*1.6)+(rocks*1)+(bedrock*0.4))/3,7.5)
	Plant habitat preferences related to field data (LHDA, 2014); Geomorph team measured in 2014 (PD) and gave reference

	Senqu Case study: Macroinvertebrate wellbeing; Macroinvertebrate Community Wellbeing  (BBN Code: MacroInvWellbeing)
	Macroinvertebrate wellbeing is a product of the presence or abundances of key macroinvertebrate taxa and suitable habitat availability. However, if the habitat is suitable, but there are no key macroinvertebrates in the system: they have no wellbeing. Conversely, if key macroinvertebrates are present in high abundances, but habitat availability and suitability is apparently poor then macroinvertebrate wellbeing can still be relatively good. Therefore, a ratio of 0.6:1.4 (if KeyGuildWB<50), 1.3:0.7 (if SuitableEnvTemplate<50), 0.7:1.3 (if KeyGuildWB>50) and 0.7:1.3 (if SuitableEnvTemplate>50) are given to SuitableEnvTemplate: KeyGuildWB, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Hydraulic Habitat  (BBN Code: HydraulicHabitat)
	Hydraulic habitat is affected by velocity, suspended solids and, to a lesser extent, depth. Velocity is seen as the most important variable: affecting substrate, position of macroinvertebrates on substrates and resistance in the water column. Suspended solid loads and their abrasive capacity are seen as the second most important variable. Depth is not seen as a key driver in the system given the size of macroinvertebrates and their tolerances to fluctuations in depth. Therefore, ratios of 0.7:2:0.3 (if Velocity<50), 1.8:0.9:0.3 (if SSload<50), 1.1:1.2:0.7 (if Depth<25), 1:1.5:0.5 (if Velocity>50), 1:1.5:0.5 (if Depth>25) and 1:1.5:0.5 (if SSload>50) are given to SSload: Velocity: Depth, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Substrate  (BBN Code: Substrate)
	The Senqu is dominated by gravels, sand and mud (GSM). Marginal vegetation and stones are limited. However, at the IFR sites, stones were abundant and very important habitats for macroinvertebrates and periphyton. Inundated marginal vegetation becomes increasingly more important in summer when it acts as a refuge habitat. Ratings in this BBN consider stones to be the most important/critical substrate type at the IFR sites, followed by GSM and inundated marginal vegetation. Therefore, a ratio of 0.4:0.6:2 (if Stones<50), 0.4:1.6:1 (if GSM<50), 1:0.8:1.2 (if Vegetation<25), 0.7:0.9:1.4 (if Stones>50), 0.7:0.9:1.4 (if GSM>50) and 0.7:0.9:1.4 (if Vegetation>25) are given to Vegetation: GSM: Stones, respectively. These ratios were modified per site and season where applicable.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Periphyton Community Structure  (BBN Code: PeriCommStruct)
	Periphyton community structure is a function of its trophic status and amount of filamentous algae and diatoms present. The amount of filamentous algae and diatoms present and trophic status are weighted equally in terms of biotope suitability. Therefore, a ratio of 0.2:1.8 (if FilaDG<25), 1.8:0.2 (if AI<25), 0.6:1.4 (if FilaDG>25) and 0.6:1.4 (if AI>25) are given to AI: FilaDG, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Biotope Suitability  (BBN Code: Biotope Suitability)
	Biotope suitability is a function of hydraulic habitats, substrate condition and periphyton community structure. Substrate type and integrity, and hydraulic habitat are seen as equally important; with periphyton community structure a modifier of the biotopes. Therefore, a ratio of 0.6:2.2:0.2 (if Substrate<50), 1.4:1.2:0.4 (if HydraulicHabitat<50), 0.9:0.9:1.2 (if PeriCommStruct<25), 0.8:1.8:0.4 (if Substrate>50), 0.8:1.8:0.4 (if HydraulicHabitat>50) and 0.8:1.8:0.4 (if PeriCommStruct>25) are given to HydraulicHabitat: Substrate: PeriCommStruct, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Physicochemical Suitability  (BBN Code: Physicochemical Suitability)
	Physicochemical suitability is a product of temperature and the integrated water quality (SPI). The SPI score integrates a broad spectrum of water quality parameters that may affect macroinvertebrates. A ratio of 0.2:1.8 (if WaterQualitySPI<50), 1.2:0.8 (if Temperature<50), 0.4:1.6 (if WaterQualitySPI>50) and 0.4:1.6 (if Temperature>50) are given to Temperature: WaterQualitySPI, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Perlidae Habitat  (BBN Code: PerlidaeHabitat)
	Perlidae have a very strong preference for fast flowing water (>0.6) and good water quality. Perlidae have a strong preference for cobbles too, though this is not as important as their velocity and water quality preferences. Therefore, a ratio of 2:0.2:0.8 (if WaterQualitySPI<50), 0.5:0.1:2.4 (if Velocity<50), 0.3:2.4:0.3 (if Stones<50), 1.1:0.9:1 (if WaterQualitySPI>50), 1.1:0.9:1 (if Velocity>50) and 1.1:0.9:1 (if Stones>50) are given to WaterQualitySPI: Stones: Velocity, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Gomphidae Wellbeing  (BBN Code: GomphidaeWB)
	Gomphidae wellbeing is seen as a product of their presence or abundances, and habitat availability (most notably GSM (Thirion, 2007)). However, if the habitat is suitable but there are no Gomphidae in the system: they have no wellbeing. Conversely, if Gomphidae are present in high abundances, but habitat availability is poor: their wellbeing is still relatively good. Therefore, a ratio of 1.6:0.4 (if Gomphidae<50), 0.9:1.1 (if GSM<50), 1.5:0.5 (if Gomphidae>50) and 1.5:0.5 (if GSM>50) are given to Gomphidae: GSM, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Hydropsychidae Wellbeing  (BBN Code: HydropsychidaeWB)
	Hydropsychidae wellbeing is seen as a product of their presence or abundances, and habitat availability (most notably stones and fast flowing water (>0.6m/s; Thirion, 2007). However, if the habitat is suitable but there are no Hydropsychidae in the system: they have no wellbeing. Conversely, if Gomphidae are present in high abundances, but habitat availability is poor: their wellbeing is still relatively good.  Therefore, a ratio of 2.2:0.4:0.4 (if Hydropsychidae<25), 1.6:0.7:0.7 (if Velocity<25), 1.6:0.7:0.7 (if Stones<25), 1.8:0.6:0.6 (if Velocity>25), 1.8:0.6:0.6 (if Hydropsychidae>25) and 1.8:0.6:0.6 (if Stones>25) are given to Hydropsychidae: Velocity: Stones, respectively
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Perlidae Wellbeing  (BBN Code: PerlidaeWB)
	Perlidae wellbeing is seen as a product of their presence or abundances, and habitat availability. However, if the habitat is suitable and there are no Perlidae in the system: they have no wellbeing. Conversely, if Perlidae are present in high abundances, but habitat availability is poor: their wellbeing is still relatively good. Therefore, a ratio of 0.4:1.6 (if Perlidae<50), 1.1:0.9 (if PerlidaeHabitat<50), 0.5:1.5 (if Perlidae>50) and 0.5:1.5 (if PerlidaeHabitat>50) are given to PerlidaeHabitat: Perlidae, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Grazer Guild Abundances  (BBN Code: GrazerGuildAbundances)
	The key grazers in the system were Baetidae and Caenidae. Baetidae were more abundant (12653 individuals sampled) and appear to drive community changes in the system more than Caenidae (2054 individuals sampled) did. Therefore, a ratio of 1.4:0.6 (if Baetidae<25), 1.7:1.3 (if Caenidae<25), 1.1:0.9 (if Baetidae>25) and 1.1:0.9 (if Caenidae>25) are given to Baetidae: Caenidae, respectively. These ratios were modified per site and season where applicable.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Filter Feeder and Detritivore Guild Habitat  (BBN Code: FandDGuildHabitat)
	Key macroinvertebrate filter feeder and detritivore habitat availability is a product of stones and flowing water availability. According to Thirion (2007), flow velocity is more important than substrate to these taxa. Therefore, a ratio of 0.6:1.4 (if Velocity<25), 1:1 (if Stones<25), 0.8:1.2 (if Velocity>25) and 0.8:1.2 (if Stones>25) are given to Stones: Velocity, respectively. 
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Filter Feeder and Detritivore Guild Abundances  (BBN Code: FandDGuildAbundances)
	The key filter feeders and detritivores in the system were Tricorythidae, Simuliidae and Chironomidae. Simuliidae were more abundant (13745 individuals sampled) and appear to drive community changes in the system more than Tricorythidae (9522 individuals sampled) and Chironomidae (2310 individuals sampled). Therefore, a ratio of 2.2:0.4:0.4 (if Tricorythidae<50), 1.5:1:0.5 (if Simuliidae<25), 1.5:0.5:1 (if Chironomidae<25), 2:0.5:0.5 (if Tricorythidae>50), 2:0.5:0.5 (if Simuliidae>25) and 2:0.5:0.5 (if Chironomidae>25) are given to Tricorythidae: Simuliidae: Chironomidae, respectively. These ratios were modified per site and season where applicable.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Benthic Habitat  (BBN Code: BenthicHabitat)
	Benthic habitat integrity is a function of biotope suitability, physicochemical suitability, and the time since and size of the last flood. The time since the last ≥Class 3 flood is the most important driver, followed by biotope and physicochemical suitability. Therefore, a ratio of 0.5:0.3:2.2 (if FloodPrevMonth<50), 2:0.6:0.4 (if Biotope Suitability<50), 0.8:1.8:0.4 (if Physicochemical Suitability<50), 1.6:1.2:0.4 (if Physicochemical Suitability>50), 1.6:1.2:0.4 (if Biotope Suitability>50) and 1.6:1.2:0.4 (if FloodPrevMonth>50) are given to Biotope Suitability: Physicochemical Suitability: FloodPrevMonth, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Energy Source  (BBN Code: EnergySource)
	Primary carbon energy sources in the river are function of allocthonous and autochthonous production. Autochthonous production is a function of food quantity (i.e. single-celled diatom density) and quality (proportion of single-celled diatoms). Generally, autochthonous production is seen as the most important form of energy. However, the relative importance of each factor as a food source varies seasonally. Therefore, a ratio of 0.2:1.9:0.9 (if AutoFoodQuality<25), 0.2:1:1.8 (if SinglCellDiatDen<25), 0.8:1:1.2 (if OMDrift<25), 0.2:1.7:1.1 (if SinglCellDiatDen>25), 0.2:1.7:1.1 (if AutoFoodQuality>25) and 0.2:1.7:1.1 (if OMDrift>25) are given to OMDrift: AutoFoodQuality: SinglCellDiatDen, respectively. These ratios were modified per site and season where applicable.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Key Indicator Guild Wellbeing  (BBN Code: KeyIndicatorGuildWB)
	The wellbeing of the indicator guild is dependent on Perlidae (as a stone, velocity and water quality specialist), Gomphidae (as a GSM specialist) and Hydropsychidae (as an important food source for higher trophic levels) wellbeing, in that order. Therefore, ratios of 0.6:0.9:1.5 (if PerlidaeWB<50), 0.6:1.2:1.2 (if HydropsychidaeWB<50), 0.8:0.9:1.3 (if GomphidaeWB<50), 0.7:1:1.3 (if GomphidaeWB>50), 0.7:1:1.3 (if PerlidaeWB>50) and 0.7:1:1.3 (if HydropsychidaeWB>50) are given to GomphidaeWB: HydropsychidaeWB: PerlidaeWB, respectively. These ratios were modified per site and season where applicable.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Grazer Guild Wellbeing  (BBN Code: GrazerGuildWB)
	Grazer wellbeing is seen as a product of the presence or abundances of key grazers, and availability of food. However, if the food is suitable and there are no key grazers in the system: they have no wellbeing. Conversely, if key grazers are present in high abundances, but food availability appears poor: their wellbeing is still relatively good. Therefore, a ratio of 0.2:1.8 (if GrazerGuildAbundances<50), 1:1 (if SinglCellDiatDen<25), 0.4:1.6 (if GrazerGuildAbundances>50) and 0.4:1.6 (if SinglCellDiatDen>25) are given to SinglCellDiatDen: GrazerGuildAbundances, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Filter feeder and detritivore guild wellbeing  (BBN Code: FilterDetritivoreGuildWB)
	Key macroinvertebrate filter feeder and detritivore wellbeing is a product of their abundances and presence, their habitat availability and the amount of allocthonous material and organic drift in the system. Their presence and abundance of key filter feeders and detritivores is the most important factor because if they are not in the system then they have no wellbeing. The amount of organic drift in the system is the second most important variable (particularly in summer). Taxa in this guild have complimentary habitat preferences. For this reason, a ratio of 0.3:0.7:2 (if FandDGuildAbundances<50), 0.5:1.5:1 (if FandDGuildHabitat<25), 0.7:0.7:1.6 (if OMDrift<25), 0.4:0.8:1.8 (if OMDrift>25), 0.4:0.8:1.8 (if FandDGuildHabitat>25) and 0.4:0.8:1.8 (if FandDGuildAbundances>50) are given to OMDrift: FandDGuildHabitat: FandDGuildAbundances, respectively. These ratios were modified per site and season where applicable.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Suitable Environmental Template  (BBN Code: SuitableEnvTemplate)
	The BBN model proposes that a suitable macroinvertebrate environmental template is dependent on the benthic habitat, the presence of predators in the system and the nature of the energy source. Habitat and the energy source are seen as more important than the presence of predators in the system. Therefore, a ratio of 2.1:0.1:0.8 (if BenthicHabitat<50), 1.5:0.1:1.4 (if EnergySource<50), 1.4:0.7:0.9 (if PredatorsPresent<25), 1.7:0.2:1.1 (if BenthicHabitat>50), 1.7:0.2:1.1 (if EnergySource>50) and 1.7:0.2:1.1 (if PredatorsPresent>25) are given to BenthicHabitat: PredatorsPresent: EnergySource, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Key Guild Wellbeing  (BBN Code: KeyGuildWB)
	Macroinvertebrate key taxa wellbeing is a product of the wellbeing of key specialist taxa, grazers and filter feeders and detritivores. These represent key macroinvertebrate guilds in the system. If these taxa are in poor condition, then the overall macroinvertebrate community is likely to be in poor condition. Therefore, a ratio of 0.6:1.4:1 (if GrazerGuildWB<50), 0.7:1:1.3 (if FilterDetritivoreGuildWB<50), 1:1.2:0.8 (if KeyIndicatorGuildWB<50), 0.8:1.2:1 (if KeyIndicatorGuildWB>50), 0.8:1.2:1 (if GrazerGuildWB>50) and 0.8:1.2:1 (if FilterDetritivoreGuildWB>50) are given to KeyIndicatorGuildWB: GrazerGuildWB: FilterDetritivoreGuildWB, respectively. These ratios were modified per site and season where applicable.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Macroinvertebrate wellbeing; Macroinvertebrate Community Wellbeing  (BBN Code: MacroInvWellbeing)
	Macroinvertebrate wellbeing is a product of the presence or abundances of key macroinvertebrate taxa and suitable habitat availability. However, if the habitat is suitable, but there are no key macroinvertebrates in the system: they have no wellbeing. Conversely, if key macroinvertebrates are present in high abundances, but habitat availability and suitability is apparently poor then macroinvertebrate wellbeing can still be relatively good. Therefore, a ratio of 0.6:1.4 (if KeyGuildWB<50), 1.3:0.7 (if SuitableEnvTemplate<50), 0.7:1.3 (if KeyGuildWB>50) and 0.7:1.3 (if SuitableEnvTemplate>50) are given to SuitableEnvTemplate: KeyGuildWB, respectively.
	Data obtained in this study. LHDA, 2014

	
	
	

	Senqu Case study: Subsistence fishery; Subsistence fishery (BBN Code: Risk_Subs_Fisheries)
	Subsistence fishery was selected as a social endpoint for the study. This important indicator component of the socio-ecological system has historically been known for its importance and has been considered during Phase I of the Lesotho Highlands Water Project.  In the assessment the supply of fish and the abundance of subsistence fishermen were considered to contribute to the risk estimate for this endpoint. Similarly, risk to subsistence fishery was only possible when there was a moderate to high threat of supply not being met (from the exposure nodes). This is based on the hypotheses that the importance of the potential for subsistence fishery should only effect the risk relationship of the endpoint when a threat to its wellbeing exists. I.e. there should not be any risk contribution to the endpoint from the abundance of subsistence fishermen if there is no threat to the supply of fish. When there is a threat however variability in the potential or effects does effect the risk estimate.
	LHDA 2014; Plug et al., 2010

	Senqu Case study: Subsistence fishery; Supply of fish for fishery (BBN Code: Supply_Fisheries)
	In the study supply of fish has been selected as an indicator of the subsistence fisheries model. It is a function of the resident fish and access threat parent nodes.  In the study we hypothesise that in order for a supply of fish to occur in the study area resident fish and or migratory fish need access to the reach being considered.  An equal weight (ratio 1:1) has been selected for this study due to evidence of no preference of communities for resident or migratory fish for food. And the importance of both resident fish and migratory fish for subsistence fisheries in the study.  
	LHDA 2014; Plug et al., 2010

	Senqu Case study: Subsistence fishery; Condition of resident fish community (BBN Code: Resident_Fish)
	The potential for resident fish to be available for subsistence fisheries is hypothesised to be a function of cover feature and velocity depth suitability.  These variables have been established a determinants of the wellbeing of instream habitat for fishes and used as an ecological indicator in the study as the condition of the local habitat to maintain fish communities. The weights of cover features and velocity depths profiles in the assessment were given equal weight. 
	Arthington et al., 2003; Cowx and Welcomme, 1998; Kleynhans, 2007; James and King, 2010; Data obtained from this study LHDA, 2014

	Senqu Case study: Fish wellbeing; Fish integrity (BBN Code: Risk_Fish_Wellbeing)
	Fish community integrity or wellbeing was selected as an ecological endpoint for the study. This important indicator component of the ecological system has historically been known for its importance and has been considered during Phase I of the Lesotho Highlands Water Project.  In the assessment the potential for change in the community structure of fish and the environmental threats to fish were considered to contribute to the risk estimate for this endpoint. Similarly, risk to fish wellbeing was only possible when there was a moderate to high threat of environmental change that would affect fish communities negatively (from the exposure nodes). This is based on the hypotheses that the importance the fish communities based on the community structure should only effect the risk relationship of the endpoint when a threat to its wellbeing exists. I.e. there should not be any risk contribution to the endpoint from the fish community potential if there is no threat to the environment which affects the risk estimate. When there is a threat however variability in the potential or effects does effect the risk estimate.
	Arthington et al., 2003; Cowx and Welcomme, 1998; Kleynhans, 2007; James and King, 2010; Data obtained from this study LHDA, 2014

	Senqu Case study: Fish wellbeing; Environmental variable threat (BBN Code: Env_Var_Threat)
	The state of the environment for fish was included as an ecological indicator where disturbance to wildlife, habitat threat, and access threat together affect the risk estimate. The following equation was used to represent the relationships between the parent nodes for the environmental threat variable:
p(Env_Var_Threat|DTW_Threat,Habitat_Threat,Access_Threat1)=
(DTW_Threat>75)?NormalDist(Env_Var_Threat,((DTW_Threat*1.4)+(Habitat_Threat*0.8)+(Access_Threat1*0.8))/3,7.5):
(Habitat_Threat>75)?NormalDist(Env_Var_Threat,((DTW_Threat*0.5)+(Habitat_Threat*2)+(Access_Threat1*0.5))/3,7.5):
(Access_Threat1>75)?NormalDist(Env_Var_Threat,((DTW_Threat*0.3)+(Habitat_Threat*0.3)+(Access_Threat1*2.4))/3,7.5):
(DTW_Threat<75)?NormalDist(Env_Var_Threat,((DTW_Threat*1.2)+(Habitat_Threat*0.9)+(Access_Threat1*0.9))/3,7.5):
(Habitat_Threat<75)?NormalDist(Env_Var_Threat,((DTW_Threat*1)+(Habitat_Threat*1)+(Access_Threat1*1))/3,7.5):
NormalDist(Env_Var_Threat,((DTW_Threat*1)+(Habitat_Threat*1)+(Access_Threat1*1))/3,7.5)
	Arthington et al., 2003; Cowx and Welcomme, 1998; Kleynhans, 2007; James and King, 2010; Data obtained from this study LHDA, 2014
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