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[bookmark: _Hlk106440778]CASE STUDY DETAILS

Details on each of the selected case studies were presented to identify the ecological and societal outcomes of water releases from dams to downstream estuaries. Keys lessons from these dam release case studies are summarised to inform future best practice (Table 1).

Supplementary Table 1 Keys lessons from dam release case studies to inform future best practice.
	CASE STUDY
	LESSONS 

	Elwha River, Washington, USA
	Dam removal can result in unexpected responses. There was a large deposition of sediment to the delta and loss of the small, vital estuary habitat after the Elwha dam was removed.

	Colorado River Estuary, USA
	It was important to understand whole system to restore the delta, riparian habitat and estuary. If water had simply been released from the dam the targeted lower ecosystems would not have benefited from the environmental flow as ‘surplus’ would have been taken up by other users if total allocation not reduced.

	Nueces Estuary, Texas USA
	An “adaptive” approach ensured that there was an increase or decrease in released volumes depending on water availability. Multiple agencies worked together to ensure the restoration of freshwater flow in the Nueces Delta.

	Ebro River Estuary, Spain
	Flood releases are important in moving sediment and preventing macrophyte encroachment.  A decrease in flood frequency and magnitude impacted socio-ecological functions.

	Senegal River Estuary, Mauritania
	Managed flood releases allowed for both ecological and societal benefits.

	Akosombo and Kpong Dams, Volta River Estuary, Ghana
	Systems approach needed to ensure Integrated Water Resource Management.

	Kromme Estuary, South Africa
	This study showed that baseflow is needed to establish salinity gradients and improve biological productivity in estuaries.  For the Kromme Estuary a single pulse release from the Mpofu dam was inadequate to ensure ecological health and ecosystem benefits.

	Groot Brak Estuary, South Africa
	Long history of monitoring and research on environmental flow requirements and estuary responses to dam release (adaptive management approach) that has informed other studies. Showed that base flow release can maintain mouth state, but floods needed to remove accumulated sediments and organics.

	Murray-Darling basin,
Coorong- Australia
	Continual baseflow needed to ensure ecological health and ecosystem connectivity. The effectiveness of the environmental flows was about whole-system outcomes. Ongoing engagement, the inclusion of communities and support from river operators was important.

	Shoalhaven River Estuary, New South Wales, Australia
	Dam release of frequent flow pulses more effective than one large dam release in stimulating Australian bass to commence pre- and post-spawning migrations. Floods provided a trigger for spawning migrations between freshwater and estuarine habitats. Temperature changes also important. Study showed the importance of understanding life cycles of key biota and responses to abiotic drivers.

	Nakdong River Estuary, South Korea
	Water releases from dams can be used as a flexible management tool.




Dam removal is increasingly seen as a restoration option; however, this can result in unpredicted changes.  Between 2011 and 2014 the removal of two dams, namely the Elwha and Glines Canyon dams, took place along the Elwha River, Washington State, USA. The removal of these two dams resulted in the large deposition of sediment to the delta and loss of the small but vital estuary habitat. It was expected that as the delta moved seawards, new estuary habitat would develop (Foley et al. 2015). The removal of the Elwha and Glines Canyon dams played a key role in restoring the river. This allowed fish access to more than 110 km of pristine spawning habitat protected within the Olympic National Park. After being blocked from the upper reaches of the river for almost a century, salmon began returning to their natural waters upstream of the dams just months after dam removal (NPS.gov 2019). Tonra et al. (2015) showed that marine-derived nutrients from anadromous fish returned one year after dam removal, i.e., an important indicator of ecosystem recovery. This study shows that even though the capacity of these dams was small they had a significant impact on the downstream environment.  
[bookmark: _Hlk128650123]The Colorado River Estuary, USA study described the re-operation of a river system and not just a single dam.  Here, water was acquired through the purchase of water rights and then supplied as base flow to the aquatic systems.  The environmental flow releases took careful planning with irrigation canals used to bypass a depleted aquifer to supply key areas of the aquatic systems.  Improved irrigation efficiency also saved water for environmental flows (National Research Council 2007). The Colorado River crosses one of North America’s driest areas resulting in extensive water resource development and agricultural (National Research Council 2007). The Colorado River and its tributaries, supply water to about 40 million people in the United States and Mexico and irrigate over 20 million hectares of farmland. Over allocations of water resources resulted in the river rarely reaching the once productive estuary and delta (Opperman et al. 2019). A coalition of NGOs, in the late 1990s, planned to restore the riparian habitat along the corridor. Restoration required delivering more freshwater to the river and riparian areas to ensure delivery to the estuary and delta. However, with climate change putting more pressure on water shortages, users and resource managers could not agree on the environmental flows needed for ecosystem restoration. A system-scale approach was therefore needed (Opperman et al. 2019). Given the high level of user over-allocation at the basin scale, merely opening a dam or supplying a flow would not have ensured a supply to the estuary. Therefore, the required environmental flows had to be attained from existing users to reduce water demand pressure. Water rights were purchased from those willing and living in the Mexicali Valley around the riparian corridor and became available as base flows to the aquatic environment (Opperman et al. 2019). In the spring of 2014, Morelos Dam at the U.S.-Mexico border released water through the Colorado River’s main channel as part of a pulse flow. “For many young people, it was the first time they had ever seen water flowing in this stretch of the Colorado River.” Mexicali farmers, who previously viewed any water in the river as wasted, saw that the river and the farms could share the water. Conservation groups are harnessing these insights to get communities to support the idea that the delta can be partially restored (Runyon, KUNC 2019). However, because of the longest-running drought experienced in this area of America, the water levels in the Colorodo River are very low and neighbouring downstream states such as Arizona are getting less water than expected (Houston 2022). As a result of drought and reduction of snowmelt inputs stemming from a changing climate, rivers are running run dry earlier in the season, compounded by parched oils soaking up precipitation before it even reaches the river. Coupled with accelerated evaporation from reservoirs, there is less water available for agriculture, wildlife, and people (Houston 2022). 
Adaptive management in allocating environmental water requirements to the Nueces Estuary, Texas, USA has been ongoing since the construction of the Choke Canyon Reservoir in 1982. This has been a stakeholder-driven process that has increased estuary health, while providing a sustainable water supply to the region (Montagna et al. 2009). In 1990, after a complaint from the shrimp fisheries sector, the Texas Water Commission ordered the provision of flows into the estuary. A constructed channel to the Nueces Delta marsh and other interventions introduced freshwater inflow to the system, reduced salinity and increased ecosystem productivity. Other areas at the time experienced hypersaline conditions. An “adaptive” approach is currently being practised in managing the Rincon Bayou Pipeline in the Nueces Delta, particularly in terms of the timing, volume, and duration of freshwater flow. This “adaptive” approach provides for flexibility during drought or flood conditions and the ability to increase or decrease volume depending on water availability. Federal, state, local agencies, and non-governmental organizations have worked together to ensure the acquisition of land and restoration of freshwater flow in the Nueces Delta (Hill et al. 2011). The Nueces Estuary has experienced drought conditions 75% of the time between 1942 and 2009. The salinity was significantly higher during these drought periods when compared to salinity in the wet periods (Montagna and Palmer 2012). The Nueces Estuary does not react the same way to decreased inflows and droughts as neighboring estuaries such as the Guadalupe or Lavaca-Colorado estuaries.  The greater variability and low overall volume of inflow to Nueces Estuary causes greater fluctuations in salinity and a smaller influence on the estuary’s primary bay (Corpus Christi Bay) than the Guadalupe or Lavaca-Colorado estuaries (Montagna and Palmer 2012).
[bookmark: _Hlk137061374][bookmark: _GoBack][bookmark: _Hlk129179609]The hydrology, ecology and geomorphology of the Ebro River Estuary, Spain are impacted by dam operations (Ibáñez et al. 2020). With the aim of improving the ecological status of the Lower Ebro River, a large body of research has been collected for the design and implementation of artificial floods, also known as flushing flows, from the Riba-roja Dam. Efforts began in 2002 during drought conditions which brought cooperation between water authorities, the hydropower operator and scientists (Gomez et al. 2014). The main objectives of these artificial floods were to control the macrophyte populations, prevent proliferation of alien species and increase abundance of native and protected species (Ibáñez et al. 2020). Continuous low flows, excess of nutrients and sufficient light availability (as a result of the lack of sediment in suspension), were the root causes for the rapid and abundant growth of plants in the riverbed of the lower Ebro (Batalla et al. 2006).  Field observations taken after these flushing flows (artificial floods), showed that the greatest quantities of aquatic vegetation were removed and transported downstream in the first few hours of the flood. Vegetation removal maximized the ecological and societal benefits of the lower Ebro River (Batalla et al. 2006). Maintaining the health and ecosystem services of this system is important as the Ebro Delta is one of the largest wetland areas and estuarine zones in the western Mediterranean and Europe (Ibáñez et al. 2020). 
For the Senegal River Estuary in Mauritania, freshwater releases from the Diama Dam were successful in reducing salinity, improving vegetation cover and pasture grasses. Mangroves and waterbirds returned to the downstream area and fish catches improved (Hamerlynck and Duvail 1999). This indicates that estuaries are resilient and, in many cases, can improve in ecological health following freshwater releases from dams. Flooding of Saint-Louis, a city located approximately 30 km from the mouth, in September 2003 resulted in the establishment of an artificial opening (Barbary Breach downriver) to drain the area. This changed downstream hydrodynamics resulting in tidal erosion and penetration of seawater into the lower estuary, as well as increased daily fluctuations in water levels (Dumas et al. 2010).
[bookmark: _Hlk129179479]The local economy collapsed after the construction of the Diama dam and especially after the completion, in 1991, of the reservoir embankment, which isolated the former floodplain from the freshwater flood (Duvail and Hamerlynck 2003).  Local livelihoods were strongly dependent on natural productivity of the delta especially in terms of fisheries (Bousso 1997; Duvail and Hamerlynck 2003).  Another unintended consequence of dam development was bulrush (Typha) invasive plant proliferation in the river delta to cover an area of more than 50,000 ha. This prevented access to the water and disturbed fishing activities (South World 2019).  Food security in this area is directly linked to water availability and is sensitive to droughts.
A study on the reoptimization of West African dams provided many opportunities for improving downstream ecological conditions (Thomas 2007). One suggestion was to convert dams to “run-of-the-river” operations and to re-establish an annual flood artificially.  Increasing the releases from dams during the rainy season would recreate annual floods and this would allow for the movement of sediments and replenishment of groundwater. There would also be several societal benefits, such as hydropower, irrigation water supply, flood control, as well as livelihood and ecosystem restoration (Thomas 2007; Miescher 2021). Re-operating and re-optimizing the Akosombo and Kpong dams on the Volta River Estuary, Ghana were implemented to improve livelihoods, health and environment of downstream communities that were affected by damming of the River Volta (Nukpezah et al. 2017; Ohemeng et al. 2017).  As a result of climate change, drought has become a recurrent issue affecting West African dams. These drought periods result in devastating impacts on local agriculture (Miescher 2021). Rising temperatures produce higher evaporation. Lack of rainfall and increased evaporation caused lower water levels and a reduction of power generation at Akosombo (Miescher 2021).
[bookmark: _Hlk128683436][bookmark: _Hlk129179353]Because of competing water users, environmental flow releases are often not made during droughts.  This was the case for the Groot Brak Estuary, South Africa (Van Niekerk et al. 2020). Construction of the Wolwedans Dam 3 km upstream of the head of the estuary initiated an environmental impact study on the downstream effects of reduced flow in the 1980s (Van Niekerk et al. 2019b); the first of its kind in South Africa. At that time, only 1 x 106 m3 of water was set aside for flow releases from the dam to maintain downstream estuary health if the dam was more than 70% full. Subsequent studies have shown that the system needs seven to ten times as much freshwater to maintain a healthy state (Van Niekerk et al. 2020). As the dam was constructed to provide water to a local gas refinery and supply the local town, no provision was made in the construction of the dam for the release of floods or high flows.  Given the national importance of the refinery, no environmental flow provisions were also made to the estuary during drought conditions. Baseflow releases are made to facilitate artificial breaching in spring / summer and thereafter over neap tides to keep the mouth of the estuary open to the sea to ensure fish and invertebrate recruitment. Low water levels during the open phase in spring / summer also facilitate salt marsh germination and growth. In addition, it was recognised that some migratory invertebrate species (e.g., penaeid swimming prawns, anomuran mudprawns and crabs) have an obligatory marine phase in their life cycle and cannot re-enter estuaries under closed conditions. A long-term monitoring programme was initiated that investigated estuary mouth condition, salinity gradient, prawn, crab and salt marsh condition. Thirty years of monitoring and adaptive management involving scientists, government departments, and citizens refined the flow releases and subsequent management practices (Van Niekerk et al. 2020). While the dam releases could maintain open mouth conditions, they did not ensure sustained periods of good water quality. When closed, decomposition of organic material caused oxygen stress to fish, and the development of macroalgal blooms indicated deteriorating water quality that nutrient measurements alone did not reveal (Human et al. 2016; Van Niekerk et al. 2020). The estuary no longer received essential floods to flush out organic material accumulated during the closed period. In addition, natural flood patterns that acted as a cueing factor to attract juvenile fish and invertebrates into the estuary often no longer occurred (Human et al. 2016; van Niekerk et al. 2020). During recent droughts (i.e., 2009-2011 and 2016-2022), there was limited freshwater inflow and flow allocations were not provided.  This impacted the ecological health of the estuary as the mouth stayed closed and water quality declined. There was also a decline in societal benefits such as fishing and recreational use of the estuary, when no flow releases were made to the estuary. 
Baseflow was needed to establish salinity gradients and improve water column productivity for the marine-dominated Kromme Estuary in South Africa.  A single flow release (2 x 106 m3) from the Mpofu Dam resulted in little mixing and negligible biological responses (Bate and Adams 2000), with most freshwater flowing out to sea as a surface layer. The study recommended that a series of smaller pulses be investigated to “prime’ the water column. In cases such as the Kromme Estuary, the allocated environmental flow release from the dam is too little to improve downstream ecological condition.  An annual allocation of 2 x 106 m3 water (less than 2% of the natural MAR) is released to prevent the salinity in the estuary from rising above that of the sea (i.e., >35). This water allocation was released monthly but did not reach the estuary due to illegal abstraction by farmers. As such, an experiment was undertaken in which the annual allocation of freshwater was released as a single pulse (1 in 2-year flood) to create a salinity gradient and stimulate a biological response in the estuary water column. However, there was little mixing as the low-density freshwater flowed over the denser seawater. In just a week, the vertical and longitudinal salinity gradients in the estuary began to dissipate and conditions returned to being marine dominated after two weeks of the release (Bate and Adams 2000). This study concluded that consistent baseflow was needed in estuaries to establish a salinity gradient. Studies such as this on the ecological water requirements have ensured that further water use licenses are not issued in stressed catchments.
The Coorong at the end of the Murray-Darling river system, Adelaide Australia, is a Ramsar wetland of international importance with plants, birds and animals, found nowhere else in the world (Government of South Australia 2023). This site is also referred to as the Coorong Lagoons, Lower Lakes and Murray Mouth (CLLMM). The Coorong has a Mediterranean climate, with mild wet winters and hot dry summers and supplies one of Australia’s main agricultural areas. The system is severely degraded because of over-allocation of water amplified by climate change-induced increases in the inter-annual variability of the ENSO-controlled rainfall (Hart et al. 2020; Wolanski and Hopper 2022). During the millennium drought (2007 to 2020) there was almost no flow from upstream barrages. This resulted in the salinity in parts of the estuary being over four times that of seawater (Oliver and Webster 2011). Commonwealth environmental water (i.e., that owned by the state) was used to increase the variability of lake water levels and maintain flows over the barrages into the Coorong. This allowed for connectivity between freshwater, estuarine and marine environments, which is important for improving habitat condition for the native fish and aquatic plants (Commonwealth Australia and DEWNR 2016). Between 2015 and 2016, 748 x 106 m3 of Commonwealth environmental flows were delivered to the Lower Murray-Darling region. A scenario modelling study highlighted that a continued commitment to providing environmental flows during prolonged droughts was needed to ensure sustained ecological health of the system (e.g., benthic communities and fish populations) (Brookes et al. 2022). 
[bookmark: _Hlk129172465][bookmark: _Hlk129177693][bookmark: _Hlk129177389]The Coorong decision-making framework formed part of a range of inputs to support the decision-making objectives of water management authorities (e.g., Murray-Darling Basin Authority), including the evaluation of infrastructure options that aimed to improve the ecological health of the Coorong (DEW Technical report 2022). The framework identified the need for flexibility within the decision-making process to allow and support long-term infrastructure options under the Coorong Infrastructure Investigations Project, policy, and environmental water management (DEW Technical Report 2022).   The Coorong framework ensured that the system received spring rainfall, together with environmental water allocations and return flows from upstream activities (Government of South Australia, 2021).  This provided several benefits such as spawning and recruitment of golden perch (Macquaria ambigua) and Murray cod (Maccullochella peelii).  Connectivity for fish movement and migration was facilitated, as well as healthy water quality, salinity and water levels in the River Murray Channel and the Lower Lakes and Coorong. Continuous base flow provided adequate water level for growth of Ruppia tuberosa and suitable habitats for migratory water birds.  This plant is an important health indicator of the Coorong system as it requires water in the mudflats for reproduction. Reduced flows, high salinity and algal growth posed a threat to these populations (Commonwealth of Australia and DEWNR 2016).”

Environmental flow releases in the Murray River were undertaken to maintain predetermined water levels in the key lakes that prevent the exposure of acid sulphate soils and mobilization of toxic metals associated with droughts in the basin (Mosley et al. 2014).  Success of the water releases was attributed to the participation of a variety of stakeholders, including conservation NGOs and agencies, local irrigation trust, and agricultural representatives. However, a future threat is the continuous dredging needed to keep the mouth open to the sea.  Hydrological models failed to consider the power of the sea in blocking the Murray mouth.  This is counter to the Murray–Darling Basin Plan that states there should be sufficient river flow to keep mouth open for 95% of the time without dredging. Prior to regulation of water flows, the Murray Mouth remained open to the sea even during droughts (Thom et al. 2020).
[bookmark: _Hlk91075617]A study in New South Wales, Australia monitored the migratory response of catadromous Australian bass (Macquaria novemaculeata) in terms of water temperature and hourly mean river flows. The study took place over 15 months in the Shoalhaven River which is regulated by the Tallowa Dam. The results showed that the majority (62%) of the pre-spawning migrations from freshwater to estuarine habitats were stimulated by a series of flow pulses from the dam. The other 38% of fish began downstream migrations during regulated baseflow conditions. The temperature during this period dropped below 15˚C. Lowering temperatures stimulated gonadal development in Australian bass. The study concluded that the release of more frequent flow pulses with peak magnitudes around the natural 50th flow duration percentile was effective in stimulating Australian bass to commence pre- and post-spawning migrations (Reinfelds et al. 2013). Pre-spawning downstream migrations of catadromous Australian bass were stimulated by a series of freshwater inflow pulses from the Tallowa Dam to the Shoalhaven River, Australia. This was more effective than a single large dam release (Reinfelds et al. 2013).  
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