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S1. Background information on MICE 
Ecological models always represent subsets of the ecosystem, hence care needs to be taken to select an appropriate subset. For MICE, the structure of each model component is determined by the management questions, availability of data, and the degree of similarity in ecological function or population dynamics within each component (to inform whether a single set of equations can adequately represent a community of species such as mangrove communities). The values for the parameters are then estimated by maximizing the joint likelihood of the data given the parameters. An underlying principle is to use simpler representations to reduce model complexity while still having sufficient structure and detail to achieve good fits to the available data or to adequately bound uncertainty when data are limited.

MICE aim to maintain a tractable model and to avoid exceeding data availability. Hence whereas overly simple models can have large model bias due to not representing important aspects of ecosystem dynamics, models with many more species and interactions shift the uncertainty from bias to parameter uncertainty, due to the large number of parameters and associated amount of data needed to estimate them (Collie et al. 2016). There is a trade-off between need for realism and need for empirical observations with the “sweet spot” in this trade-off being that developed mathematically by Walters (1986) who showed the variance of key policy indicators is the sum of these two sources of error and hence that a model of intermediate complexity is thus preferable (Plagányi et al. 2014).

S2. Data used in the MICE
[bookmark: _Toc165302395]Fisheries data
Fisheries catch and effort data used to fit the MICE were available for common banana prawns, barramundi and mud crabs. These data are typically available for various fishing grids from the respective fisheries and permission was obtained from the data owners (see Table S2.1) for their use. These data were then mapped to nine model region in the Gulf of Carpentaria (Fig. S2.1) based on fishing grids that had been pre-assigned to each model region (further details provided in Plagányi et al. (2022, 2023)).

[bookmark: _Ref149745294][bookmark: _Toc165460460]Table S2.1: Summary of fisheries data included in Roper River MICE that the model was fit to.
	Species 
	Data type
	Period
	Temporal resolution
	Data source

	Common banana prawn
	Catch and effort
	1970 - 2019
	Weekly
	Northern Prawn Fishery Industry Pty Ltd (NPFI), Australian Fisheries Management Authority  (AFMA)

	Barramundi
	Catch and effort
	1989 - 2019
	Monthly
	Queensland Fisheries; Northern Territory Department of Industry, Tourism, and Trade

	Mud crab
	Catch and effort
	1983 - 2018
	Monthly
	Northern Territory Department of Industry, Tourism, and Trade

	
	
	
	
	


[bookmark: _Toc165302396]
[image: ]
Fig. S2.1: MICE model regions for the Gulf of Carpentaria, Top End and Joseph Bonaparte Gulf. This study focuses on Model region 8 – the Roper River region, based on a MICE model that is fitted to Regions 1-9. The width of the blue river shading represents the relative average flow (1970–2019) of each river.

Environmental data
River flow was considered the main driver of the key marine species in the MICE but there are a variety of other environmental drivers that were also input into the model. There are summarised in Table S2.2 and further details on data collation and availability are provided in Plagányi et al. (2022, 2023).
[bookmark: _Ref149745314][bookmark: _Toc165460461]

Table S2.2: Summary of environmental data included in MICE model for Roper Region. Adapted from Plagányi et al. 2022. BOM = Bureau of Meteorology
	Environmental 
Variable
	Temporal scale
	Spatial scale
	Data source
	Impacted model groups

	River flow
	Daily for all years since 1900
	Roper River model region
	CSIRO
	Prawns, mud crab, barramundi, sawfish, meiofauna, microphytobenthos, seagrass, mangroves

	Sea surface temperature (SST)
	Weekly average (estimated)
	GoC
	Based on sine curve fitted to the 119 available weekly SST measurements from the Karumba Wharf over 2016 to 2018
	Seagrass, microphytobenthos

	Salinity
	Weekly average
	Selected sites
	
	Meiofauna, microphytobenthos

	Air temperature
	Daily, for various years depending on site
	Selected sites
	BOM
	Mud crabs, mangroves

	Sea level
	Monthly minimum, for all years since 1994
	One site – Milner Bay
	BOM
	Mangroves

	Solar exposure
	Daily, for all years since 1990
	Selected sites
	BOM
	Seagrass, mangroves, microphytobenthos

	Cyclones
	Since 1970
	Model region 
	CSIRO index, based on BOM data
	Seagrass, mangroves

	
	
	
	
	



[bookmark: _Toc165302397]S3. Linking flow to biology
Past research has demonstrated that the life histories of many riverine and estuarine species are dependent on annual low-level flows in Australia’s wet-dry tropics as, among other effects, they initiate habitat connectivity and salinity moderation within key habitats. In Table S3.1 we include brief descriptions of how flow was linked to biology, with full details available in Plagányi et al. (2022, 2023) and a more detailed overview of the mud crab component is provided in Blamey et al. (2023). We follow Table S3.1 with a description of the technical details regarding the equations used to link flow with population dynamics in the MICE. 

[bookmark: _Ref149745338][bookmark: _Toc165460462]

Table S3.1: Summary of flow-biology interactions and key supporting literature for species modelled in the MICE (see also Fig. 2 and Blamey et al. 2023 for mud crabs and Plagányi et al. (2022, 2023) for all other species). Processes influenced by flow are highlighted in bold. 
	Species
	Functional flow components and links to biological processes
	How this is captured in MICE
	Critical flow period
	Key Literature

	Common banana prawns
	[bookmark: _Hlk144038271]Studies (Vance et al. 1985; Duggan et al. 2014) have suggested that there are lower threshold flow values below which population recruitment or survival become non-linear, whereas for very large flows, there is an upper limit constrained by life history. 
Studies have used a range of methods, (Vance et al. 1985) to show relationships between flow and downstream prawn biomass (Broadley et al. 2020)
Research in GoC estuaries show the long-term benefits to ecosystem productivity that result from ongoing primary productivity boosts reliant on natural floods (Burford and Faggotter 2021).

	We used a logistic or parabolic function to describe the relationship between flow and population processes such as recruitment and fitted to a 50-year time series of weekly catch and effort data for the Roper River region to determine whether the relationship is near-linear or increases more steeply after some lower threshold level.
The MICE used physical variables to drive changes in microphytobenthos, with flood-driven scouring of microphytobenthos used to boost system productivity and this increases the survival rate of banana prawns (Plagányi et al. 2023)
	The timing of peak spawning and recruitment for each species were based on available literature. We used weekly time steps for common banana prawns and used the model likelihood contribution which was based on observed versus model-predicted catch for each of weeks 13 to 22 (the main fishing period) for years 1970 to 2019.
	(Vance et al. 1985; Buckworth et al. 2014; Duggan et al. 2014; Duggan et al. 2019; Broadley et al. 2020; Vance and Rothlisberg 2020; Broadley et al. 2022; Plagányi et al. 2022)

	Barramundi
	Previous studies have linked growth and catches of barramundi (Robins et al. 2006; Leahy and Robins 2021) to river flow and rainfall. 
The sensitivity of barramundi to changes in flow results not only from assumed impacts on recruitment, but also on survival of the younger age classes, which is in turn based on the findings of previous studies (Robins et al. 2006). Juvenile barramundi rely on the inundation of palustrine, dry-riverine and supra-littoral estuarine habitats and connectivity between these habitats and estuarine adult spawning locations to support the movement of juveniles of this catadromous species to their freshwater nurseries (Roberts et al. 2019; Crook et al. 2022).  Early wet season low-level flows re-establish connectivity between the estuary and riverine pool refugia that withstood the stress of the annual dry season, and high-level river flows inundate floodplain and saltflat habitats.
Otolith biochronology used to quantify the relationship between river flow and barramundi growth rates (Leahy and Robins 2021)
	Changes in flow are modelled as influencing the growth, survival and recruitment of barramundi, in different ways for different ages and stages as detailed in Plagányi et al. (2023)
Peak spawning occurs October to January and subsequent recruitment to the fishery assumes juveniles rely on monthly flows averaged over most of the year to boost their growth and survival. 
	For barramundi 5 years and younger, monthly survival and growth varies (within pre-specified bounds)  depending on changes in flow.
Fishery catchability is influenced by the previous month’s standardised flow: barramundi catch is thus estimated in the model not only in terms of catchability times fishing effort times available biomass, but also includes as a multiplier the standardised flow term. 
	(Robins et al. 2006; Leahy and Robins 2021)
(Roberts et al. 2019; Crook et al. 2022).  

	Mud crabs
	Optimal flow results in downstream movement of adult crabs, which increases survival of juveniles crabs (reduced cannibalism and competition for burrows). 
Too much flow can negatively impact both juveniles and adults (flushing out and lost to sea)
Optimal flows maintain settlement habitats, too much flow negatively impacts settlement habitat (seagrass, mangroves)

	Boosted or reduced recruitment after spawning, defined as number of crabs surviving to 1yr old age class 14 months later. This is captured in the model by assuming  a parabolic relationship between recruitment and standardised flow, in which the slope of the function is estimated and a recruitment residual calculated and applied to mud crab recruitment
(Blamey et al. 2023)

Increased catchability of adult crabs linked to flow – this has been applied to some regions in the Gulf of Carpentaria (see Blamey et al. 2023) but is not applied to the Roper River region as it did not improve model fit when included. 

Trophic link to seagrass: survival of juvenile mud crabs depends on available habitat e.g. seagrass. This is captured in the model through increased survival (estimated in the model using a logistic function) to 1 yr old crabs based on relative seagrass abundance the year before, when crabs would have settled.
	Early wet season: October-December flows 
	(Loneragan 1999; Robins et al. 2005; Robins et al. 2020)
(Meynecke et al. 2011; Meynecke et al. 2012) 
(Helmke et al. 1998)

	Mangroves
	Study of the three main mangrove communities in the Embley River Estuary from March 1993 to March 1994 (Conacher et al. 1996) showed variability in mangrove growth rate associated with changes in duration of wet season - the wet season was shorter than usual (December to March compared with November to May in some years) and rainfall was below average which resulted in environmental stress to the mangrove species. 
The Asbridge et al. study suggests that the mangrove community has been accreting seaward over recent decades which is attributed to the combined effects of sea level rise and prolonged periods of tidal and freshwater inundation on coastal lowlands. 
Gulf of Carpentaria long-term observations by Duke et al. (2017; Duke et al. 2022) suggest severe and widespread decline in mangroves due to low sea levels: these authors found the dieback affected more than 7400ha or 6% of mangrove vegetation between the Roper River and Karumba regions. Collapse-recovery cycle for Gulf of Carpentaria mangroves proposed by Duke et al.(Duke et al. 2022) based on multiple observations
	Mangrove growth is modelled as dependent on river flows, noting also that any reduction in flows would reduce the sediment deposition that the mangroves are colonising.
Model compares well with Duke et al changes in mangrove biomass in Roper River and matches well with the collapse-recovery cycle for Gulf of Carpentaria mangroves with flow as the primary explanatory variable 
Mesoscale mangrove community sub-model based on (Asbridge et al. 2016) suggesting vegetative cover of mangroves increases with increasing average annual rainfall (and hence flow) and that periodic changes in rainfall trends can result in encroachment or dieback of mangroves(Asbridge et al. 2016). This effect included by modelling mangrove carrying capacity as a function of average flow over the preceding year

	The weekly growth rate of mangroves is influenced by all physical variables, including standardised flow, air temperature, sea level and cyclone impact and intensity
	(Conacher et al. 1996) 
(Asbridge et al. 2016)
Duke et al.(2017; Duke et al. 2022)

	Seagrass
	[bookmark: _Hlk137552768]Kenyon et al.(1995) found leaf growth was positively correlated with water temperature and mean minimum water depth. Their results confirmed that growth varies with season and water temperature which informed our modelling of seagrass.
Seagrass are submerged and sensitive to reductions in light availability (Ralph et al. 2007). Intense rainfall and run-off events lead to sedimentation and re-suspension, thereby reducing light penetration and causing seagrass decline (Walker and McComb 1992; Ralph et al. 2007). Based on studies (Walker and McComb 1992; Ralph et al. 2007) demonstrating a negative relationship between light attenuation and flows, we assumed an inverse relationship between flow and the light attenuation term (Ralph et al. 2007) in the growth rate equation
	Based on studies (Walker and McComb 1992; Ralph et al. 2007) demonstrating the  relationship between light attenuation and flows, we assumed that increased flow negatively impacted the seagrass growth rate 
	The weekly growth rate of seagrass is influenced by all relevant physical variables, including standardised flow, sea surface temperature, light levels, and cyclone impact and intensity
	(Walker and McComb 1992; Ralph et al. 2007)
(Kenyon et al. 1995)

	Largetooth Sawfish
	Largetooth sawfish occupy marine, estuarine, and riverine habitats; and studies show freshwater up-river habitats are critical for juvenile sawfish (Pillans 2014).  
Female largetooth sawfish are likely to be maternally philopatric (Phillips et al. 2011; Feutry et al. 2015), hence no connectivity between rivers is represented in the model.
Evidence from Australia and globally that sawfish have declined significantly (Dulvy et al. 2016), which is attributed to overfishing and habitat loss (Yan et al. 2021).
Northern Australia studies show boom-bust recruitment dynamics of sawfish in response to natural variability in rainfall (Lear et al. 2019).

Northern Australia studies showed the body condition of largetooth sawfish is closely tied to patterns in flooding and drought as in years with low wet season flood volumes, reduced habitat and low productivity impact energy intake whereas in wetter years there may be more competition with species such as barramundi, bull sharks and crocodiles and prey resources may be depleted faster (Lear et al. 2021).

High volume wet seasons are needed for overbank flooding which results in increased sawfish growth and elevated body condition (Lear et al. 2021) 

Sawfish habitat use (connectivity) is constrained in years with low volume wet seasons (Lear et al. 2021)
	Effects of fishing and complex life history included in model, with sawfish population modelled as dependent on Roper River flows only. 
Modelling of sawfish based on research describing boom-bust dynamics of sawfish in response to natural variability in rainfall (Lear et al. 2019). Hence, we developed sawfish recruitment equations that depended on flow and yielded recruitment booms (or busts) under high (or low) flows (see Fig. S11)
.
We also accounted for additional mortality whenever flow dropped below a threshold level, to capture the relatively higher mortality (e.g. due to thermal stress, dehydration, predation pressure (Lear et al. 2019)) associated with shallower or disconnected river refuge pools in low flow years (Lear et al. 2019)

We modelled sawfish recruitment and survival as sensitive to flow volumes during the wet season (also as a proxy for overbank flooding), with corresponding declines in recruitment and survival during low volume wet seasons 
	Changes in flow applied during the wet season breeding season (January-March average) influence
For juveniles younger than 5 years (i.e. still in river system), if monthly flows drop below pre-specified threshold levels then sawfish natural mortality is increased
	(Pillans 2014)
(Lear et al. 2019; Lear et al. 2021)
(Dulvy et al. 2016)
(Kyne et al. 2021).



For each of the key model species whose dynamics are known to be influenced by river flows (common banana prawns, mud crabs, barramundi, sawfish), we developed relationships to describe the influence of flow on one or more of the following: recruitment, survival, availability (to the fishery). Our approach was tailored per species and catchment (see Table S3.1). For example, for common banana prawns and barramundi, previous work suggested there are likely lower threshold flow values (Vance et al. 1985; Evans et al. 1997; Duggan et al. 2014; McGregor et al. 2018; Lowe et al. 2022) below which responses become non-linear, whereas for very large flows, there is an upper limit in terms of their impact on a population. We used a logistic function to describe the relationship between flow and population processes such as recruitment compared with a parabolic function for mud crabs – see Blamey et al. (2023). 


For example, for prawns in catchment region r, we first computed the average standardised weekly end-of-system flow metric  for week w and year y for all years (n_yr) 1970 to 2019, based on river model weekly flow estimates :

				(1)

Next, we converted these into a logistic flow-influence value  that could be used as a multiplier for recruitment: 


						(2)

where are shape parameters (see Plagányi et al. 2023). 

The model fitting process was used to estimate the flow threshold parameter/s for Equation (2) which best explained (based on the long time-series of data) the influence of flow on historical prawn recruitment. 
For the fishery species, we fitted the models to available data to find plausible representations of how flow influences population dynamics and catches (Table S5.1). The best fit model parameter estimates were then held constant when rerunning the model with different WRD scenarios i.e. the model then predicted how population abundance and catches would change had the past flows been reduced according to the altered flow estimates under a range of alternative WRD options. 

[bookmark: _Toc94000728][bookmark: _Toc98167009]Sawfish population dynamics 
The Pristis pristis sawfish species is modelled using the questions of Plagányi et al. (2023) which are described below. Sawfish are modelled using a monthly time-step, 20 age-classes (with a 20+ plus group that includes animals older than 20) and assuming separate sub-populations per model region, but with some common parameters estimated. The base natural mortality is assumed to be age-dependent and is fixed as a common parameter across all regions. Equations are not sex-disaggregated and an even sex ratio is assumed. As female largetooth sawfish are philopatric (Phillips et al. 2011; Feutry et al. 2015), no connectivity between regions is represented in the model, although some movement of older animals (i.e. once they leave their river nursery home) likely occurs and adults may move freely throughout the Gulf region. Hence the modelled sawfish numbers represent the recruitment that is specific to that river system (due to philopatry) as well as the resultant adults, but noting that some of these adults may move to neighbouring regions and interact with fishing gear there for example, which is beyond the scope of this model to capture.
To estimate catches, the model uses as input monthly data on prawn (all species combined) and barramundi fishing effort and estimates the total catch per month, per year and per region based on catch rates in Pillans et al. (in press). There is equal selectivity across all ages and months, although monthly catches depend on fishing selectivity patterns.       
Recruitment is defined as the number of 1-year old sawfish and is modelled using a saturating stock-recruitment relationship to account for density-dependent recruitment effects. 
Numbers-at-age are as follows:

									(3)

				(4)

(5)
where 

 is the number of sawfish of age a in  year y and month m in region r;

    is the sawfish recruitment at the start of month m (with base-case setting this to zero for all months except January) in year y for region r;


 	is the age-dependent monthly natural mortality rate for sawfish computed based on a fixed scaling parameter and model estimated base value  (0.00208 per month) as follows:

						(6)

	 is the numbers of sawfish of age a caught in month m of year y in region r;
z is the plus group (age 20+ years)
 
Recruitment is defined as the number of 1-year old sawfish joining the population for the first time i.e. surviving pups and juveniles, and this is assumed to occur once a year only during January (to simplify computations).  
Flow is linked to sawfish recruitment through a recruitment residual as follows:

	(7)
where

 is the number of sawfish 1-year old recruits in each region r in month m=1 of year y; 

 is the total breeding population (animals at or older than the age at sexual maturity) in each region r in month m=1 of year y:

		(8)

 is a density-dependent controlling parameter (fixed at 0.8 in base-case);

 is the age-at-first maturity for sawfish of species saw, with a knife-edge maturity function assumed; 


 is the proportion of sawfish of age a that are mature, and is fixed at 1 for all ages at or older than else is zero;

 is the sawfish sex ratio (fixed at 0.5);

 is the sawfish reproductive frequency (with value 2 for largetooth sawfish)

 is the average number of pups per female sawfish per year; 

is the base juvenile survival proportion applied to pups that survive the first few months of the year, and is computed as an equilibrium parameter that keeps the population in balance in the absence of external sources of mortality.

The model start year (1970) assumes the sawfish are at carrying capacity , i.e.

 									(9)

Sawfish () interactions are modelled as catches which are removed from the population and computed as: 

							(10)
where

is the availability of sawfish to interactions in month m which in the base-case is assumed the same across all regions and set at 1 for all months;

is the selectivity to interactions of sawfish of age a, assumed the same across regions and in the base-case is set at 1 for all ages 1 and older;

is the interaction proportion of a fully selected age class of sawfish, in month m and year y in region r and is calculated as follows:

								(11)

Where the predicted interactions for sawfish is computed as: 

						(12)					

 are the catchability coefficients for sawfish of species saw, that are caught respectively by the trawl sector and net-fishing sector;
PRS is the post-release survival proportion, which is set at 0 in the model ensemble but sensitivity tests are included with a range of higher values applied to interactions post-2000; 

 are the monthly fishing effort in each region r and year y for the trawl (sum of tiger prawn and common banana prawn fishing effort) and net-fishing (using barramundi effort as an index) sectors;

 is the total number of sawfish susceptible (i.e. exploitable numbers) to be caught in each month, year and region and is calculated as follows:

							(13)

[bookmark: _Toc170673108]Mangrove dynamics  
[bookmark: _Hlk166140037]Mangroves are an important asset not only for carbon sequestration and habitat for wildlife, but also for coastal fisheries production and in providing erosion and sediment accumulation (Stratford et al. 2024). Plagányi et al. (2023) developed a catchment-scale mangrove population model given there was no suitable model at the scale required, and here we use the same approach, validated to the extent possible on existing data and published studies.  
In the Roper River catchment, mangroves are restricted to a narrow fringe bordering tidal channels and the main estuary, as well as forming a component of the highly significant and culturally valuable Limmen Bight tidal wetlands and estuaries (Stratford et al. 2024). Key supporting requirements for mangroves are the maintenance of natural tidal connections and freshwater inundation to keep soils hydrated (Stratford et al. 2024). Mangroves are sensitive to changes in soil moisture content and can be majorly impacted if soils dry out, such as demonstrated by the Gulf of Carpentaria mangrove dieback due to low soil moisture content as a consequence of an unusual period of drought, high temperatures and low sea levels (Duke et al. 2017). 
The mangrove model equations of Plagányi et al. (2023) were applied and are repeated below to facilitate interpretation as to how flow and other environmental variables influence model outcomes. The growth rate of mangroves (mangr) in region r and week w of year y is based on air temperature (AT), solar exposure and the end-of-system flow that week relative to the average of the historical baseline flow over the period 1970 to 2019, converted into a standardised flow term:  

         						(14)
where [image: ] is a fixed constant that is input;

	 is a growth modifier based on Air Temperature (AT) in area r and week w of year y

 is a growth modifier based on the flow anomaly in area r and week w of year y, with lower and upper values capped at alternative values 

 is a growth modifier based on solar exposure in area r and week w of year y


The discrete updating equation for the biomass of mangroves   in area r and week w of year y is:

			(15)
where

  is the time-varying mangrove carrying capacity in year y and area r, which is computed by multiplying the base carrying capacity value by the flow anomaly averaged over the past year (as a proxy for average annual rainfall), and with a constraint added that the carrying capacity can’t vary by more than 10% up or down; 





  is the total mangrove mortality rate in area r and week w of year y computed using a base fixed mortality rate   and an additional mortality rate   (product of cyclone category   and impact score  with constant of proportionality [image: ]) as well as mortality term that is non-zero when sea level (SL) is below a minimum level :

						(16)

The base growth rate for mangroves is based on empirical measures of changes in Gulf of Carpentaria mangrove communities during a period when the wet season was shorter than usual and rainfall was below average which resulted in environmental stress to the mangrove species (Conacher et al. 1996). Both cyclones and large sea level drops are modelled as additional sources of natural mortality for mangroves. Asbridge et al. (2016) showed that the mangrove community has been accreting seaward over recent decades which is attributed to the combined effects of sea level rise, sediment load deposition and prolonged periods of tidal and freshwater inundation on coastal lowlands. The model therefore also assumes that the carrying capacity of mangroves is not constant but rather can vary based on rainfall and flows. 
Different mangrove species have different tolerances to environmental variables such as salinity, nutrient availability, soil oxygen levels and wave energy and hence zonation emerges in mangrove forests (Feller et al. 2010) – for example, species with higher salinity tolerance may occur low in intertidal zones whereas less salt tolerant species may occur further back or in areas where there is some freshwater input. In the lower reaches of river catchments, mangroves are regulated by a combination of freshwater and nutrient inputs from rivers and tidal changes, which also alter the temperature and supply of nutrients and oxygen to mangroves (Cathlock 1993). The mangrove group in the MICE does not comprehensively represent all mangroves, but rather changes in the fringing, flow-dependent mangroves. Given there is uncertainty regarding parametrisation of the mangrove model, the MICE ensemble includes model versions with different parameter settings. 
The model-estimated relative change in mangrove biomass for the Roper River catchment were consistent with regional Gulf of Carpentaria long-term (1976-2019) observations by (Duke et al. 2017; Duke et al. 2022) showing collapse-recovery cycles based on multiple observations.
Seagrass dynamics
The GoC has high seagrass species diversity and although we acknowledge that species-specific differences are important, we are unable to reliably capture these effects in our model and instead used a very simple model that represents combined seagrass biomass in each region of the GOC.  Tropical seagrass dynamics are strongly influenced by both long term weather patterns and extreme flood and cyclone events (Carruthers et al. 2002). Other important drivers include turbidity and other restrictions to light availability, as well as temperature, salinity and inorganic nutrients (Lee et al. 2007; Collier and Waycott 2014). We applied the seagrass model equations of Plagányi et al. (2023) and repeat these below to facilitate interpretation of the parameter settings we used.  The model assumes that seagrass light availability is inversely related to flow as well as inversely (linearly) related to cyclone category. We multiply the relative solar exposure by this value as shown in the equations below.
The seagrass additional mortality due to cyclone damage is modelled as directly proportional to cyclone category in the region corresponding to the landfall area, but we also multiply this by the evaluation of the cyclone impact. 

The discrete updating equation for the biomass of seagrass   in area r and week w of year y is:

				(17)
where

 is the seagrass carrying capacity in area r; 





  is the total seagrass mortality rate in area r and week w of year y computed using a base fixed mortality rate  and an additional mortality rate  that depends on the product of cyclone category  and impact score , with constant of proportionality [image: ]:

							(18)

 is the seagrass growth rate in area r and week w of year y computed as:

								(19)
Where [image: ] is a fixed constant that is input;
[image: ]	(20)

		(21)

MICE Model parameters for data-poor groups
[bookmark: _Ref149745255][bookmark: _Toc165460459]A summary of key parameters for the five model versions used for sawfish, mangroves and seagrass is provided in Table S3.2.

Table S3.2: Key parameters for the five model versions in the MICE ensemble for Sawfish, Mangroves and Seagrass (see Supplementary text equations for parameter definitions).
	Species
	Model 1
	Model 2
	Model 3
	Model 4
	Model 5

	Sawfish
	
	
	
	
	

	2019 depletion N (total number) (relative to starting N)
	0.48
	0.2
	0.4
	0.52
	0.24

	2019 Depletion (spawning biomass) Bsp
	0.29
	0.12
	0.25
	0.3
	0.16

	Natural mortality setting (month-1)
	0.002
	0.003
	0.002
	0.002
	0.003

	
flow relationship parameter 
	0.3
	0.3
	0.2
	0.4
	0.2

	
maxthres flow relationship parameter 
	0.3
	0.3
	0.4
	0.1
	0.1

	Boom-bust minimum/maximum
	1.2; 0.8
	1.2; 0.9
	1.3; 0.40
	1.1; 0.9
	1.1; 0.8

	Mangroves
	
	
	
	
	

	Base natural mortality rate (week-1)
	0.045
	0.05
	0.045
	0.045
	0.05

	Minimum/maximum flow relationship parameters
	0.5; 1.1
	0.5; 1.1
	0.9; 1.05
	0.7;1.2
	0.6;1.3

	Growth rate as proportion of base (week-1)
	0.2
	0.3
	0.4
	0.25
	0.25

	
Sea Level influence  
	0
	0
	0
	0.1; 0.05
	0.2; 0.03

	Cyclone mortality multiplier
	1
	1
	1.5
	1
	1

	Seagrass
	
	
	
	
	

	Base natural mortality (week-1)
	0.15
	0.1
	0.15
	0.15
	0.15

	Light multiplier reduction
	1
	1
	0.8
	1.1
	1.1

	Growth rate as proportion of base
	1
	1
	1.1
	1
	0.8

	Cyclone mortality as prop base
	1
	1
	1
	1
	1.5




S4. River flow models and Water Resource Development (WRD) scenarios
[bookmark: _Hlk163930005]The Gulf of Carpentaria (GoC) has multiple catchments and in this study we used natural flow model estimates (available from 1900) for the key major rivers, Mitchell, Gilbert, Flinders, Norman, Embley and Roper. Historical baseline flows were estimated using a catchment model (using climate data) to determine runoff which then was applied to a river system model to estimate river flow (Hughes et al. 2018). Although there are other rivers in the GoC, we assumed that the key rivers were an adequate proxy for the variability in flow in each of the eight spatial regions in our integrated ecosystem model (see (Plagányi et al. 2023) Supplementary Methods Section 4). The end-of-system flow estimates input to the MICE were derived from water resource assessments undertaken across northern Australia in the last decade and specifically here updated for the Roper River catchment (Petheram et al. 2022). This manuscript is focussed on results for the Roper River catchment which corresponds to Model region 8 (Fig. S2.1) where flow-dependent species can be expected to be primarily influenced by the Roper river flows. 
Results presented here assume that, apart from common banana prawns, the population dynamics of species are not influenced by river flows from adjacent regions. However, a number of common population parameters such as base natural mortality rate M (see Table S5.1) were estimated across all regions to ensure consistent representation and avoid overparameterizing the model (albeit at the expense of improved regional model fits). This also allowed sharing information from more data-rich model regions to inform model parameter estimates applied to other regions – for example, length-frequency data for barramundi were only available for Model region 2 and combined Model regions 3 to 6, but fitting to these data supported estimation of M and selectivity for all model regions (Plagányi et al. 2023). For common banana prawns, a common GoC spawning biomass as well as a river-portfolio effect for the south-eastern GoC was assumed as described in Plagányi et al. (2023). All Roper River model scenarios shown here were run assuming no changes to the baseline river flows of all other GoC rivers. 
Historical baseline flow for the Roper River, as well as altered flow scenarios, including water resource development, future climate change scenarios and mitigation scenarios are summarised in Tables S4.1 and S4.2.
   
Table S4.1: Description of the water resource development (WRD) flow scenarios and climate scenarios tested in the Roper River MICE. Environmental flows are flows that pass water resource impoundment locations to mimic historical low-level flow patterns. EOS flows are End-of-System flows.
	Scenario Code
	Version
	Details

	Baseline river flow

	A
	Natural (pre-2019) conditions and historical climate 
	Used modelled daily flow from 1/9/1910 to 31/8/2019. The flow regime from which change is considered 

	Water Resource Development: Dams

	B-DWR
	Waterhouse River dam 
	As for Scenario A but includes 1 Dam 55 ‘B’ with no environmental flow. Full Supply Level = 21m 

	B-DFFC
	Flying Fox Creek dam 
	As for Scenario A but includes 1 Dam 79 ‘C’ with no environmental flow. Full Supply Level = 24m 

	B-DWR+FFC
	Waterhouse River and Flying Fox Creek dams 
	As for Scenario A but includes 2 Dams 55 + 79 with no environmental flow 

	B-D5
	Five dams cumulative 
	As for Scenario A but includes 5 Dams. No environmental flow 

	Water Resource Development: Extraction

	B-W100
	Water extraction - soil limited 
License volume 100 GL
	As for Scenario A but includes 12 extraction nodes from the river system model with 100 GL extracted per annum. No EOS flow requirement 

	B-W200
	Water extraction - soil limited 
License volume 200 GL
	As for Scenario A but includes 12 extraction nodes from the river system model with 200 GL extracted per annum. No EOS flow requirement 

	B-W330
	Water extraction - soil limited 
License volume 330 GL
	As for Scenario A but includes 12 extraction nodes from the river system model with 330 GL extracted per annum. No EOS flow requirement 

	B-W660
	Water extraction - soil limited 
License volume 660 GL
	As for Scenario A but includes 12 extraction nodes from the river system model with 330 GL extracted per annum. No EOS flow requirement 

	Water Resource Development: Groundwater

	B-G35
	Groundwater harvest (35 GL from the Larrimah region in addition to A2060) to 2060 
	As for Scenario A but includes 1 source of groundwater extraction (node 90300130) with changes propagated downstream.  

	Future climate 

	Cdry
	Climate dry
 
	 As for Scenario A but with a 41% reduction in mean annual streamflow due to a future dry climate. 

	Cmid
	Climate mid 
 
	As for Scenario A but with a 12% reduction in mean annual streamflow due to a future mid climate. 

	Cwet
	Climate wet 
 
	As for Scenario A but with a 35% increase in mean annual streamflow due to a future wet climate. 

	Future climate + Water Resource Development

	Ddry-D5
	A future dry climate together with five dams within the catchment 
	A combination of Scenarios Cdry and B-D5. No environmental flow and no EOS flow requirement 

	Ddry-W660
	A future dry climate together with 660 GL y-1 water harvesting – soil limited  
	A combination of Scenarios Cdry and B-W660. No EOS flow requirement 



Table S4.2: Description of the water resource development (WRD) flow scenarios with and without mitigation tested in the MICE. Environmental flows are flows that pass water resource impoundment locations to mimic historical low-level flow patterns. 
	Scenario Code 
	Version
	Details

	Baseline river flow

	A
	Natural (pre-2019) conditions and historical climate 
	Modelled daily flow from 1/9/1910 to 31/8/2019. The flow regime from which change is considered 

	Water Resource Development: Dams with and without environmental flows

	B-D5
	Five dams cumulative 
	As for Scenario A but includes 5 Dams. No environmental flow 

	B-D5-transparent 
	Five dams cumulative 
	As for Scenario B-D5 but included environmental flow 

	Water Resource Development: Harvest with and without flow thresholds

	B-W200
	Water harvest - soil limited 
License volume 200 GL
	As for Scenario A but includes 12 extraction nodes from the river system model with 200 GL extracted per annum. No EOS flow requirement 

	B-W660
	Water harvest - soil limited 
License volume 660 GL
	As for Scenario A but includes 12 extraction nodes from the river system model with 660 GL extracted per annum. No EOS flow requirement 

	B-W250 -threshold200
	Water harvest – flow threshold 
License volume 250 GL
	As for scenario B- W200, but with 200 ML d-1 threshold 

	B-W250 -threshold1400
	Water harvest – flow threshold 
License volume 250 GL
	As for scenario B- W200, but with 1400 ML d-1 threshold

	B-W650 -threshold200
	Water harvest – flow threshold 
License volume 650 GL
	As for scenario B-W660, but with 200 ML d-1 threshold

	B-W650 -threshold1400
	Water harvest – flow threshold 
License volume 650 GL
	As for scenario B-W660, but with 1400 ML d-1 threshold

	Water Resource Development: Harvest with and without end of system flow requirements

	B-W660
	Water harvest - soil limited 
License volume 660 GL
	As for Scenario A but includes 12 extraction nodes from the river system model with 660 GL extracted per annum. No EOS flow requirement 

	B-W657 EOS100
	Water harvest -  
License volume 657 GL
	As for scenario B-W660, but with a 100 GL annual EOS flow requirement ‘pre-pump’

	B-W579 EOS400
	Water harvest -  
License volume 579 GL
	As for scenario B-W660, but with a 400 GL annual EOS flow requirement ‘pre-pump’



S5. Model Fits
The MICE is fitted to a 50-year weekly catch and effort time series for common banana prawns and 30-years monthly time-series data for barramundi and giant mud crabs. Prawn populations are therefore modelled starting in 1970 whereas the focus for the latter species is from 1989 as populations are simplistically assumed constant before then. The model estimates the parameters of relationships describing how flow influences recruitment and other fishery variables. Based on fitting to these data, the MICE is able to quantify how altering river flows may influence system productivity and fishery catches. The MICE is also used to model likely impacts of altered freshwater flows on globally-threatened largetooth sawfish as well as critical mangrove and seagrass habitats in the Roper downstream region. We use an ensemble approach to bound some of the key uncertainties for sawfish given lack of detailed data on this species. Ensemble approaches are recommended for addressing uncertainty in model structure and assumptions (Tittensor et al. 2018; Spence et al. 2021).
The MICE was fitted to available fishery data for prawns, barramundi and mud crabs using standard log-likelihood fitting methods as described in detail in (Blamey et al. 2023; Plagányi et al. 2023). Plagányi et al. (2023) found that the inclusion of river flow (and other environmental drivers) in addition to fishing effort significantly improved the model’s ability to explain historical observed catches for prawns, barramundi and mud crab, compared to fishing effort alone. For example, Figure S5.1 provides an example for mud crabs in which the addition of river flow (and other environmental drivers) substantially improves the model fit to past catch data. In what follows, we summarise model fits to the data with river flow included.   
Examples of the model fits to the catch data for prawns, mud crabs and barramundi for the Roper River catchment are shown in Figure S5.2. Consistent with the philosophy of not over-parametrising the model, for prawns and barramundi a number of key parameters such as natural mortality were held constant over time, as well as ensuring to the extent possible consistency in the formulation of the eco-hydrological flow relationships. There is a trade-off in assuming consistent dynamics across all regions of the GoC in that the model fits some regions better than others. Hence as can be seen in Figure S5.2, the MICE under-estimates the barramundi catches in the Roper River catchment region. The under-estimate trades-off against the model slightly over-estimating observed catches in some other GoC regions, which is not ideal but we focus here on relative changes over time rather than absolute magnitude of the catch. The likelihood function includes contributions from simultaneously fitting to these other regions as well. Hence for relatively mobile barramundi, we based the MICE on the previous GoC modelling and used parameter estimates that assumed a consistency in the population dynamics of barramundi across the GoC, rather than allowing the model to estimate parameters for the Roper region in isolation. Although the latter would give a better local fit to the data and could be explored in future work, in light of insufficient information being available, here we focused on assuming more consistent population dynamics for barramundi across the GoC. Although the model captures the broad trends in changes in barramundi catches due to flow, this does mean that the MICE may under-estimate the exact magnitude of changes in barramundi catch due to alterations in flow. This could be investigated in future work but trades off with introducing additional uncertainty and complexity into the MICE.  
Similarly, for common banana prawns, we followed the approach of Plagányi et al. (2023) in assuming common population parameters and stock connectivity across the GoC, estimating region-specific flow relationships where possible. As previously, we assumed a common GoC banana prawn spawning biomass with recruitment shared between regions. 
For the revised Roper region, environmental drivers influencing crab dynamics were parameterised as before in Blamey et al. (2023) (flow and temperature) but now also included a link between habitat (seagrass) and juvenile crab survival (see Table S3.1 for details). 
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Figure S5.1: Observed catches for mud crab from 1983-2019 along with model-predicted catches when these are estimated based on incorporating a flow relationship (red line) and compared with poorer-fitting model estimates without flow (grey line).
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[bookmark: _Ref150144731][bookmark: _Toc165460218]Figure S5.2: Observed and predicted catch for (a) common banana prawns from 1970-2019, (b) barramundi from 1989-2019 and (c) mud crab from 1983-2019 for the Roper River catchment
[bookmark: _Ref150092818][bookmark: _Toc165460463]

Table S5.1: Parameter values from the MICE for common banana prawns, barramundi and mud crabs. Estimated parameters are shown with the associated Hessian-based standard deviation (SD) and 90% confidence intervals (CI). Parameter values listed in italics are fixed and input into the model. 
	Parameter
	Description
	Value
	SD
	Lower 
90% CI
	Upper 
90% CI

	 
	 
	
	
	
	

	(1) Common banana prawn
	
	
	
	

	Kstart (t)
	Initialisation ln(Bsp)
	5.651
	0.003
	5.645
	5.656

	q1
	1st quarter catchability
	0.000
	0.000
	0.000
	0.001

	q2
	2nd quarter catchability
	0.000
	0.000
	0.000
	0.000

	q3
	3rd quarter catchability
	0.003
	0.001
	0.002
	0.003

	q4
	4th quarter catchability
	0.017
	0.001
	0.015
	0.018

	Thres (1)
	Flow threshold parameter
	0.561
	0.004
	0.555
	0.567

	Thres (2)
	Flow threshold parameter
	6.379
	0.049
	6.299
	6.459

	Thres (3)
	Flow threshold parameter
	0.259
	0.012
	0.239
	0.279

	Thres (4)
	Flow threshold parameter
	0.615
	0.011
	0.597
	0.633

	Thres (5-6)
	Flow threshold parameter
	0.522
	0.016
	0.497
	0.548

	Thres (7)
	Flow threshold parameter
	0.481
	0.026
	0.439
	0.523

	Thres (8) Roper
	Flow threshold parameter
	0.469
	0.040
	0.403
	0.535

	Mitch1
	River connection parameter
	0.020
	0.001
	0.019
	0.022

	Mitch2
	River connection parameter
	0.129
	0.020
	0.096
	0.162

	Mitch3
	River connection parameter
	0.007
	0.005
	-0.001
	0.016

	Mitch4
	River connection parameter
	0.038
	0.010
	0.022
	0.054

	Gilb1
	River connection parameter
	0.031
	0.006
	0.022
	0.041

	Gilb2
	River connection parameter
	0.001
	0.003
	-0.003
	0.006

	Gilb3
	River connection parameter
	0.003
	0.004
	-0.004
	0.010

	Gilb4
	River connection parameter
	0.051
	0.013
	0.030
	0.072

	Norm1
	River connection parameter
	0.028
	0.006
	0.019
	0.038

	Norm2
	River connection parameter
	0.114
	0.036
	0.056
	0.173

	Norm3
	River connection parameter
	0.077
	0.016
	0.051
	0.104

	Norm4
	River connection parameter
	0.034
	0.009
	0.020
	0.049

	Flind1
	River connection parameter
	0.028
	0.006
	0.018
	0.038

	Flind2
	River connection parameter
	0.012
	0.008
	0.000
	0.025

	Flind3
	River connection parameter
	0.053
	0.014
	0.031
	0.076

	Flind4
	River connection parameter
	0.067
	0.014
	0.045
	0.089

	Embley
	Flow parameter – fixed at Model 5 estimate in Plagányi et al. (2023)
	0.166
	
	
	

	McArthur
	Flow parameter
	0.220
	0.017
	0.192
	0.248

	Roper
	Flow parameter
	0.465
	0.016
	0.439
	0.491

		Walker 



	Flow parameter - fixed to be same as Roper
	0.46
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	Flow threshold parameter
	0.8
	
	
	

	
	
	
	
	
	

	No. parameters
	
	29
	
	
	

	
	
	
	
	
	

	Likelihood contributions
	
	Value
	SD
	
	

	-lnL: Catch (Region 1)
	
	573.4
	2.0
	
	

	-lnL: Catch (Region 2)
	
	397.0
	1.4
	
	

	-lnL: Catch (Region 3)
	
	436.0
	1.5
	
	

	-lnL: Catch (Region 4)
	
	384.5
	1.3
	
	

	-lnL: Catch (Region 5)
	
	537.2
	1.8
	
	

	-lnL: Catch (Region 6)
	
	382.7
	1.3
	
	

	-lnL: Catch (Region 7)
	
	285.0
	1.1
	
	

	-lnL: Catch (Region 8)
	
	237.2
	1.0
	
	

	-lnL: overall
	
	3233.0
	
	
	

	AIC
	 
	6524.1
	 
	 
	 

	Other fixed parameters
	
	
	
	
	

	


	



	Natural mortality base (wk)
	0.045
	
	
	

	Selectivity pars (from non-spatial model)
	 
	 
	 
	 
	 

	Parameter
	Description
	Value
	SD
	Lower 
90% CI
	Upper 
90% CI

	 
	 
	
	
	
	

	(2) Barramundi
	
	
	
	
	

	

	



	Natural mortality base
	0.00801
	
	
	

	
 region 1
	Catchability
	1.56E-04
	1.40E-05
	1.33E-04
	1.79E-04

	
 region 2
	Catchability
	2.19E-05
	1.80E-06
	1.89E-05
	2.48E-05

	
 region 3-6
	Catchability
	8.40E-05
	2.93E-06
	7.92E-05
	8.88E-05

	
 region 7-8
	Catchability
	1.30E-03
	9.32E-05
	1.14E-03
	1.45E-03

	
region 1
	Flow threshold parameter
	5.25E-05
	1.03E-05
	3.56E-05
	6.94E-05

	
region 2
	Flow threshold parameter
	0.43
	0.11
	2.43E-01
	6.15E-01

	
region 3
	Flow threshold parameter
	1.91
	0.61
	9.07E-01
	2.92E+00

	
region 4
	Flow threshold parameter
	20.00
	0.01
	2.00E+01
	2.00E+01

	
region 5-6
	Flow threshold parameter
	5.40
	3.66
	-5.95E-01
	1.14E+01

	
region 7
	Flow threshold parameter
	3.64
	1.50
	1.19E+00
	6.09E+00

	
region 8
	Flow threshold parameter
	2.04
	0.48
	1.25E+00
	2.82E+00

	
region 9
	Flow threshold parameter
	1.05
	0.29
	5.73E-01
	1.53E+00

	

	Age-selectivity par (Southern)
	0.463
	
	
	

	

	Age-selectivity par (Southern)
	0.188
	
	
	

	

	Age-selectivity par (Northern)
	1
	
	
	

	

	Age-selectivity par (Northern)
	0.01
	
	
	

	

	Flow threshold parameter (per region)
	0.8
	
	
	

	
	
	
	
	
	

	No. parameters
	
	12
	
	
	

	
	
	
	
	
	

	Likelihood contributions
	 
	value
	sigma
	 
	 

	-lnL: Catch (Region 1)
	1
	79.7
	0.9
	
	

	-lnL: Catch (Region 2)
	2
	103.8
	1.0
	
	

	-lnL: Catch (Region 3)
	3
	119.1
	1.1
	
	

	-lnL: Catch (Region 4)
	4
	107.1
	1.0
	
	

	-lnL: Catch (Region 5)
	5
	106.1
	1.0
	
	

	-lnL: Catch (Region 6)
	6
	97.3
	0.9
	
	

	-lnL: Catch (Region 7)
	7
	105.3
	1.0
	
	

	-lnL: Catch (Region 8)
	8
	109.0
	1.0
	
	

	-lnL: Catch (Region 9)
	
	66.6
	0.8
	
	

	-lnL: CAA (Northern)
	
	45.0
	0.2
	
	

	-lnL: CAA (Southern)
	
	56.1
	0.2
	
	

	-lnL: overall
	
	995.0
	
	
	

	AIC
	 
	2014.1
	 
	 
	 

	Other fixed parameters
	
	
	
	

	

	



	Slope of age-dependent mortality
	0.045
	
	
	

	Sex ratio
	
	Calculated
	
	
	

	
	
	 
	 
	 
	 

	Parameter
	Description
	Value
	SD
	Lower 
90% CI
	Upper 
90% CI

	
	 
	 
	 
	 
	 

	(3) Mud crab
	
	
	
	
	

	

	



	Natural mortality base (yr-1)
	0.1
	
	
	

	

	Stock-recruitment steepness parameter
	0.6
	
	
	

	

	Initialisation ln(Bsp (t))
	1.49
	0.047
	1.416
	1.570

	

	Initialisation ln(Bsp (t))
	1.36
	0.042
	1.290
	1.428

	

	Initialisation ln(Bsp (t))
	3.30
	0.085
	3.161
	3.440

	

	Initialisation ln(Bsp (t))
	3.34
	0.154
	3.091
	3.595

	

	Initialisation ln(Bsp (t))
	2.68
	0.091
	2.527
	2.825

	

	Initialisation ln(Bsp (t))
	2.00
	0.147
	1.761
	2.244

	

	Initialisation ln(Bsp (t))
	3.66
	0.063
	3.555
	3.763

	

	Initialisation ln(Bsp (t))
	4.53
	0.201
	4.195
	4.856

	

	Initialisation ln(Bsp (t))
	3.67
	0.061
	3.571
	3.771

	 [image: ](3-6)
	Catchability due to flow
	2.36E+00
	7.09E-01
	1.193
	3.519

	
  (1-2)
	Recruitment parameter due to flow
	-8.64E-02
	1.78E-04
	-0.0867
	-0.0861

	
 (3-6)
	Recruitment parameter due to flow
	-7.45E-01
	2.29E-02
	-0.7827
	-0.7076

	
  (7)
	Recruitment parameter due to flow
	-2.37E-04
	2.14E-03
	-0.00375
	0.00327

	
 (8-9)
	Recruitment parameter due to flow
	-3.00E-01
	3.55E-02
	-0.35788
	-0.24149

	

	Mortality parameter due to temperature (Reg 8)
	3.15E+00
	2.60E-01
	2.7199
	3.5723

	

	Mortality parameter due to habitat (Reg 8)
	3.12E-01
	8.06E-02
	0.1801
	0.4445

	
  (3-6)
	Recruitment parameter due to SOI (Reg 2-6)
	6.92E-01
	1.01E-01
	0.526
	0.858

	
 (7)
	Recruitment parameter due to MSL (Reg 7)
	1.30E+00
	2.94E-01
	0.8197
	1.7835

	
	
	
	
	
	

	No. parameters
	
	18
	
	
	

	
	
	
	
	
	

	Likelihood contributions
	 
	 
	 
	 
	 

	-lnL: Catch (Region 1)
	
	92.8
	0.8
	
	

	-lnL: Catch (Region 2)
	
	66.9
	0.8
	
	

	-lnL: Catch (Region 3)
	
	43.1
	0.7
	
	

	-lnL: Catch (Region 4)
	
	93.8
	0.8
	
	

	-lnL: Catch (Region 5)
	
	94.5
	0.8
	
	

	-lnL: Catch (Region 6)
	
	46.1
	1.1
	
	

	-lnL: Catch (Region 7)
	
	-45.4
	0.5
	
	

	-lnL: Catch (Region 8)
	
	-16.3
	0.6
	
	

	-lnL: Catch (Region 9)
	
	23.3
	0.7
	
	

	-lnL: overall
	
	398.7
	̶
	
	

	AIC
	 
	833.36
	̶
	 
	 

	Other fixed parameters
	
	
	
	
	

	
	
 (1-6)



	Catchability
	5.00E-04
	
	
	

	
 (7-9)
	Catchability
	1.00E-06
	
	
	

	
(1-2)
	Optimum flow (standardised)
	2.5
	
	
	

	
	
 (3-7)



	Optimum flow (standardised)
	2
	
	
	

	
	
  (8-9)



	Optimum flow (standardised)
	2.5
	
	
	

	

	



	Flow relationship scaler
	3.5
	
	
	

	

	Catchability-flow relationship scaler
	0.5
	
	
	

	

	Long-term mean air temperature for Nov-Dec
	34.5
	
	
	

	

	Temperature relationship scaler
	1
	
	
	

	

	ElNino constant
	-1
	
	
	

		




	LaNina constant
	1
	
	
	

	
	
	
	
	
	

	Overall MICE Likelihood:
Total no. parameters
	
	
59
	
	
	

	-lnL: overall
	
	5061.36
	
	
	

	AIC
	 
	10240.72
	 
	 
	 




S6. Modelled flow relationships
Modelling of flow relationships was based on the approaches as described in Equations (1) and (2) above (see also Blamey et al. (2023) for mud crabs and Plagányi et al. (2023) for other species). For species for which adequate data were available, the form of these eco-hydrological relationships was estimated within the model as shown in Figure S6.1. For prawns and barramundi, the MICE estimated a logistic relationship between standardised flow and a population parameter such as recruitment (and survival for barramundi), where the function yields a multiplier that describes recruitment relative to the maximum value. The flow multiplier was computed for every week (and month) of every year before being applied to the relevant recruitment or population processes, noting for example that the timing of spawning and recruitment varies seasonally. Weekly cumulative flow totals were standardised by dividing by the average flow for the same week over all years 1970 to 2019, and similarly for monthly standardised flow.
For largetooth sawfish, the formulation used was based on available information on how changes in flow influence sawfish and a range of alternative formulations were used to account for the uncertainty (Figure S6.2).  The suite of options we used for sawfish (Figure S6.2) was largely contained between the prawn and barramundi fitted relationships shown in Figure S6.1 as well as the range used in Plagányi et al. (2023) (see their Extended Figure 4).


(A)

(B)
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[bookmark: _Ref149909819][bookmark: _Toc165460220]Figure S6.1: (A) Mud crab flow-recruitment relationship (with 95% confidence interval (CI)) estimated for the Roper River and (B) model estimated logistic flow relationships for the Roper River catchment for Barramundi and Prawns (with 95% CI)
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[bookmark: _Ref149909853][bookmark: _Toc165460221]Figure S6.2: Ensemble range of logistic relationships assumed between standardised flow and selected population parameters of largetooth sawfish (see text for details), where the function yields a multiplier that describes processes such as recruitment relative to the maximum value. The flow multiplier is computed for every week and month of every year before being applied to the relevant recruitment or population processes. The ensemble uses a range of alternative fixed values with four alternatives as shown applied for sawfish.  Monthly cumulative flow totals are standardised by dividing by the median flow for the same month averaged over all years 1970 to 2019.

Within their coastal habitats, the growth and productivity of mangroves and seagrass has been demonstrated to be influenced by a suite of environmental parameters including river flow (summarized in Table S3.1). To bound uncertainty, a range of alternative plausible parametrizations (consistent with available information) were used as part of the model ensemble. The model outputs verified the crucial influence of flow enabling the prediction of observed trends in abundance over since 1970 (Figure S6.3). The modelled mangrove and seagrass biomass trajectories under the baseline flow scenario matched historical abundance trends (see Figure S6.3), in contrast with a model version with river flow not assumed to influence mangroves or seagrass. Under the no-flow scenario, mangroves and seagrass community biomass continued to vary based on changes in other physical drivers, such as temperature, sea level height, cyclones and light levels. However, it was only possible to replicate observed annual variability in mangrove abundance when linking flow within the community dynamics (Figure S6.3a). As can be seen in Figure S6.3a, mangroves declined during periods of naturally low annual flow volumes, and responded prolifically when wet season flow volumes increased. The MICE model incorporated their response to past low flows as a basis for predicting changes to mangrove biomass where flows were reduced retrospectively by change to a streamflow series modified by the alternative water development scenarios.  Similarly, when flow was not included as a driver of seagrass dynamics, the seagrass biomass was predicted to remain unrealistically non-variable (Figure S6.3b). Collectively, the ensemble used incorporated different growth rates and magnitude of influence of flow on the dynamics and therefore attempted to represent plausible eco-hydrological relationships based on available information.   
We note that for prawns, mud crabs and barramundi, long time series were available to validate model estimates of the responses of the fish and crustacean populations and fishery catches to changes in flow. No such data were available for mangroves and seagrass and hence there was less confidence in the absolute magnitude of flow-dependent changes but as above, moderate confidence in the overall pattern of responses to changes in flow. Moreover, the ensemble used alternative parametrizations to capture plausible responses to flow, and results were averaged across the ensemble of five model versions.
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[bookmark: _Ref149909906][bookmark: _Ref149909962][bookmark: _Toc165460222]Figure S6.3:  MICE ensemble model version 3 comparison of (a) mangrove and (b) seagrass relative changes in biomass over time when assuming no influence of flow (NoFlow) compared with baseline flow scenario assumed to influence mangrove and seagrass dynamics (Flow). The bars are the annual average standardised baseline flows. See Table S7.3 for full ensemble results and Table S7.1 for average across ensemble.   








S7. Downstream impacts of altered river flow – additional results
Additional results are provided in S7.
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Fig. S7.1: Box plots for biota modelled in the MICE showing the median and range of change in biomass (or numbers for sawfish) for a) prawns, b) barramundi, c) mudcrabs, d) sawfish, e) mangroves, f) seagrass for different water resource development (WRD) scenarios relative to the baseline flow scenario (dashed horizontal line of 1). Biomass is either spawning biomass (Bsp; prawns, barramundi, mud crab) or total biomass (mangrove, seagrass). For mangrove, seagrass and sawfish, a model ensemble was used (i.e. averaged across five MICE). Scenario types tested included: WRD - impoundments or dams; WRD – water extraction; WRD – groundwater harvest; river flow under future climate and river flow under future climate + WRD. Scenario codes and descriptions are provided in Table 2. Box represents lower, middle (median) and upper quartiles, whiskers represent smallest and largest values.
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Fig. S7.2: Box plots for biota modelled in the MICE showing the median and range of change in catch of a) prawns, b) barramundi and c) mudcrabs for different water resource development (WRD) scenarios relative to the baseline flow scenario (dashed horizontal line of 1). Scenario types tested included: WRD - impoundments or dams; WRD – water extraction; WRD – groundwater harvest; river flow under future climate and river flow under future climate + WRD. Scenario codes and descriptions are provided in Table 2. Box represents lower, middle (median) and upper quartiles, whiskers represent smallest and largest values.
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[bookmark: _Hlk207619018]Fig. S7.3: Model-estimated biomass for prawns and mangroves (a-d) and numbers of mature sawfish (e-f) under future climate scenarios with and without water resource development relative to estimated biomass under baseline flow (black line). Left panels show future climate scenarios with no water resource development and right panels show combined future climate and water resource development scenarios.  
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Table S7.1: Estimated minimum (min) and mean biomass or number of mature animals (sawfish) shown as a relative index to baseline scenario (Category A) for marine assets from the MICE. Biomass is either spawning biomass (Bsp; prawns, barramundi, mud crab) or total biomass (mangrove, seagrass). For mangrove, seagrass and sawfish, a model ensemble was used (i.e. averaged across five MICE). The four categories are: A. Baseline; B. Water Resource Development; C. Future Climate Streamflow and D. Combined Future Climate and water resource development. Values shown are relative to the baseline scenario in Category A.
	Category   
	Description   
	Prawn  
Relative 
 Bsp   
(Min)   
	Prawn  
Relative Bsp (Mean)   
	Barramundi 
Relative 
Bsp   
(Min)   
	Barramundi  
Relative 
Bsp  
(Mean)   
	Mud crab  
Relative  
Bsp   
(Min)   
	Mud crab  
Relative  
Bsp  
(Mean)   
	Mangrove  
Relative 
Biomass   
(Min)   
	Mangrove  
Relative  
Biomass (Mean)   
	Seagrass 
Relative 
Biomass  
(Min)   
	Seagrass  
Relative  
Biomass 
(Mean)   
	Sawfish 
Relative Number 
(Min) 
	Sawfish 
Relative Number 
(Mean) 

	A   
	Baseline   
	1  
	1  
	1  
	1  
	1  
	1  
	1   
	1   
	1   
	1   
	1 
	1 

	B-DWR  
	Water resource development  
	0.87 
	0.91 
	0.98 
	1.00 
	0.97 
	0.99 
	0.74 
	0.91 
	1.00 
	1.02 
	0.84 
	0.91 

	B-DFFC  
	   
	0.88 
	0.91 
	0.98 
	1.00 
	0.97 
	0.99 
	0.75 
	0.91 
	1.00 
	1.02 
	0.98 
	0.99 

	B-DWR+FFC  
	   
	0.85 
	0.90 
	0.97 
	1.00 
	0.95 
	0.98 
	0.71 
	0.89 
	1.00 
	1.02 
	0.83 
	0.90 

	B-D5  
	   
	0.84 
	0.89 
	0.97 
	1.00 
	0.94 
	0.98 
	0.67 
	0.87 
	1.00 
	1.03 
	0.47 
	0.70 

	B-W100  
	   
	0.74 
	0.83 
	0.90 
	0.97 
	0.82 
	0.90 
	0.45 
	0.73 
	1.00 
	1.04 
	0.88 
	0.92 

	B-W200  
	   
	0.73 
	0.81 
	0.89 
	0.97 
	0.79 
	0.87 
	0.42 
	0.72 
	1.00 
	1.04 
	0.83 
	0.90 

	B-W330  
	   
	0.73 
	0.81 
	0.88 
	0.96 
	0.77 
	0.86 
	0.41 
	0.71 
	1.00 
	1.04 
	0.13 
	0.61 

	B-W660  
	   
	0.71 
	0.79 
	0.87 
	0.97 
	0.73 
	0.85 
	0.48 
	0.71 
	1.00 
	1.05 
	0.02 
	0.47 

	B-G35  
	   
	0.78 
	0.91 
	0.98 
	1.00 
	0.98 
	0.99 
	0.77 
	0.92 
	1.00 
	1.01 
	1.00 
	1.00 

	Cdry  
	Future climate streamflow  
	0.64 
	0.72 
	0.67 
	0.99 
	0.84 
	0.93 
	0.17 
	0.56 
	1.00 
	1.10 
	0.00 
	0.40 

	Cmid  
	   
	0.79 
	0.85 
	0.95 
	1.00 
	0.91 
	0.96 
	0.49 
	0.81 
	1.00 
	1.04 
	0.45 
	0.68 

	Cwet  
	   
	0.96 
	1.06 
	0.88 
	0.98 
	0.77 
	0.97 
	1.00 
	1.26 
	0.68 
	0.94 
	1.00 
	1.22 

	Ddry-D5  
	Combined future climate and WRD  
	0.60 
	0.69 
	0.65 
	0.98 
	0.80 
	0.91 
	0.15 
	0.53 
	1.00 
	1.11 
	0.00 
	0.38 

	Ddry-W660  
	   
	0.53 
	0.62 
	0.63 
	0.96 
	0.65 
	0.80 
	0.13 
	0.48 
	1.00 
	1.11 
	0.00 
	0.21 



[bookmark: _Toc165302425]Table S7.2. Estimated minimum (min) and mean catch shown as a relative index to baseline scenario (Category A) for marine fishery assets from the MICE. The four categories are: A. Baseline; B. Water Resource Development; C. Future Climate Streamflow and D. Combined Future Climate and water resource development. Values shown are relative to baseline scenario in Category A.
	Scenario   
	Description   
	Prawn 
Rel. Catch   
(Min)   
	Prawn 
Rel. Catch (Mean)   
	Barramundi 
Rel. Catch   
(Min)   
	Barramundi 
Rel. Catch (Mean)   
	Mud crab 
Rel. Catch   
(Min)   
	Mud crab 
Rel. Catch (Mean)   

	A   
	Baseline   
	1   
	1   
	1   
	1   
	1   
	1   

	B-DWR  
	Water resource development  
	0.88 
	0.93 
	0.94 
	0.97 
	0.97 
	0.99 

	B-DFFC  
	   
	0.89 
	0.93 
	0.94 
	0.97 
	0.98 
	0.99 

	B-DWR+FFC  
	   
	0.87 
	0.92 
	0.93 
	0.97 
	0.96 
	0.98 

	B-D5  
	   
	0.86 
	0.90 
	0.91 
	0.96 
	0.94 
	0.98 

	B-W100  
	   
	0.76 
	0.85 
	0.85 
	0.93 
	0.83 
	0.91 

	B-W200  
	   
	0.74 
	0.83 
	0.84 
	0.92 
	0.79 
	0.88 

	B-W330  
	   
	0.72 
	0.82 
	0.84 
	0.92 
	0.78 
	0.87 

	B-W660  
	   
	0.68 
	0.80 
	0.84 
	0.91 
	0.74 
	0.85 

	B-G35  
	   
	0.78 
	0.92 
	0.95 
	0.98 
	0.99 
	0.99 

	Cdry  
	Future climate streamflow  
	0.66 
	0.76 
	0.68 
	0.86 
	0.85 
	0.94 

	Cmid  
	   
	0.82 
	0.87 
	0.89 
	0.95 
	0.92 
	0.97 

	Cwet  
	   
	0.96 
	1.05 
	0.97 
	1.06 
	0.74 
	0.97 

	Ddry-D5  
	Combined future climate and WRD  
	0.62 
	0.72 
	0.64 
	0.84 
	0.82 
	0.91 

	Ddry-W660  
	   
	0.52 
	0.65 
	0.62 
	0.82 
	0.66 
	0.81 


 


[image: ]
Fig. S7.4: Model-estimated catch (t) for (a) prawns, (b) barramundi and (c) mud crab under future climate scenarios with and without water resource development relative to estimated catch under baseline flow (black line).


[bookmark: _Ref150096235][bookmark: _Ref150144113]Table S7.3: Summary of MICE ensemble results for each of the 5 alternative model versions, shown for largetooth sawfish for Roper River catchment 
	Scenario
	Sawfish Model
	Relative number (Min)
	Relative number (Mean)
	Relative mature numbers (Min)
	Relative mature numbers (Mean)

	A
	Model_1
	1
	1
	1
	1

	A
	Model_2
	1
	1
	1
	1

	A
	Model_3
	1
	1
	1
	1

	A
	Model_4
	1
	1
	1
	1

	A
	Model_5
	1
	1
	1
	1

	A2060
	Model_1
	1.00
	1.00
	1.00
	1.00

	A2060
	Model_2
	1.00
	1.00
	1.00
	1.00

	A2060
	Model_3
	1.00
	1.00
	1.00
	1.00

	A2060
	Model_4
	1.00
	1.00
	1.00
	1.00

	A2060
	Model_5
	1.00
	1.00
	1.00
	1.00

	B-D5
	Model_1
	0.53
	0.71
	0.52
	0.72

	B-D5
	Model_2
	0.45
	0.66
	0.42
	0.66

	B-D5
	Model_3
	0.54
	0.72
	0.54
	0.73

	B-D5
	Model_4
	0.52
	0.71
	0.49
	0.71

	B-D5
	Model_5
	0.46
	0.66
	0.38
	0.65

	B-DFFC
	Model_1
	0.97
	0.99
	0.98
	0.99

	B-DFFC
	Model_2
	0.97
	0.99
	0.97
	0.99

	B-DFFC
	Model_3
	0.97
	0.99
	0.97
	0.99

	B-DFFC
	Model_4
	0.98
	0.99
	0.98
	0.99

	B-DFFC
	Model_5
	0.98
	0.99
	0.99
	0.99

	B-DWR
	Model_1
	0.86
	0.92
	0.87
	0.92

	B-DWR
	Model_2
	0.82
	0.89
	0.82
	0.88

	B-DWR
	Model_3
	0.83
	0.90
	0.83
	0.91

	B-DWR
	Model_4
	0.88
	0.93
	0.88
	0.92

	B-DWR
	Model_5
	0.82
	0.90
	0.82
	0.89

	B-DWR+FFC
	Model_1
	0.84
	0.91
	0.84
	0.91

	B-DWR+FFC
	Model_2
	0.80
	0.88
	0.80
	0.87

	B-DWR+FFC
	Model_3
	0.81
	0.89
	0.81
	0.90

	B-DWR+FFC
	Model_4
	0.86
	0.92
	0.87
	0.92

	B-DWR+FFC
	Model_5
	0.81
	0.89
	0.81
	0.89

	B-W100
	Model_1
	0.90
	0.94
	0.90
	0.93

	B-W100
	Model_2
	0.85
	0.91
	0.85
	0.90

	B-W100
	Model_3
	0.90
	0.94
	0.90
	0.93

	B-W100
	Model_4
	0.90
	0.94
	0.90
	0.93

	B-W100
	Model_5
	0.85
	0.91
	0.85
	0.90

	B-W200
	Model_1
	0.85
	0.91
	0.85
	0.91

	B-W200
	Model_2
	0.81
	0.88
	0.80
	0.88

	B-W200
	Model_3
	0.82
	0.90
	0.81
	0.90

	B-W200
	Model_4
	0.87
	0.92
	0.87
	0.92

	B-W200
	Model_5
	0.80
	0.89
	0.80
	0.88

	B-W330
	Model_1
	0.18
	0.60
	0.20
	0.64

	B-W330
	Model_2
	0.02
	0.53
	0.01
	0.56

	B-W330
	Model_3
	0.18
	0.60
	0.21
	0.64

	B-W330
	Model_4
	0.18
	0.60
	0.20
	0.64

	B-W330
	Model_5
	0.04
	0.53
	0.03
	0.56

	B-W660
	Model_1
	0.03
	0.46
	0.03
	0.50

	B-W660
	Model_2
	0.00
	0.40
	0.00
	0.43

	B-W660
	Model_3
	0.03
	0.46
	0.04
	0.51

	B-W660
	Model_4
	0.03
	0.46
	0.03
	0.50

	B-W660
	Model_5
	0.00
	0.40
	0.00
	0.42

	B_G
	Model_1
	1.00
	1.00
	1.00
	1.00

	B_G
	Model_2
	1.00
	1.00
	1.00
	1.00

	B_G
	Model_3
	1.00
	1.00
	1.00
	1.00

	B_G
	Model_4
	1.00
	1.00
	1.00
	1.00

	B_G
	Model_5
	1.00
	1.00
	1.00
	1.00

	Cdry
	Model_1
	0.00
	0.36
	0.00
	0.41

	Cdry
	Model_2
	0.00
	0.33
	0.00
	0.37

	Cdry
	Model_3
	0.00
	0.33
	0.00
	0.39

	Cdry
	Model_4
	0.00
	0.40
	0.00
	0.44

	Cdry
	Model_5
	0.00
	0.37
	0.00
	0.40

	Cmid
	Model_1
	0.39
	0.69
	0.50
	0.71

	Cmid
	Model_2
	0.30
	0.63
	0.39
	0.64

	Cmid
	Model_3
	0.38
	0.69
	0.50
	0.70

	Cmid
	Model_4
	0.38
	0.69
	0.48
	0.70

	Cmid
	Model_5
	0.32
	0.64
	0.37
	0.65

	Cwet
	Model_1
	1.02
	1.28
	1.00
	1.23

	Cwet
	Model_2
	1.02
	1.33
	1.00
	1.27

	Cwet
	Model_3
	1.02
	1.35
	1.00
	1.27

	Cwet
	Model_4
	1.01
	1.21
	1.00
	1.17

	Cwet
	Model_5
	1.01
	1.19
	1.00
	1.15

	Ddry-D5
	Model_1
	0.00
	0.34
	0.00
	0.39

	Ddry-D5
	Model_2
	0.00
	0.31
	0.00
	0.36

	Ddry-D5
	Model_3
	0.00
	0.31
	0.00
	0.37

	Ddry-D5
	Model_4
	0.00
	0.38
	0.00
	0.42

	Ddry-D5
	Model_5
	0.00
	0.35
	0.00
	0.39

	Ddry-W
	Model_1
	0.00
	0.15
	0.00
	0.21

	Ddry-W
	Model_2
	0.00
	0.14
	0.00
	0.20

	Ddry-W
	Model_3
	0.00
	0.12
	0.00
	0.20

	Ddry-W
	Model_4
	0.00
	0.16
	0.00
	0.23

	Ddry-W
	Model_5
	0.00
	0.15
	0.00
	0.21

	[bookmark: _Ref150096242]B-W579-EOS400
	Model_1
	0.38
	0.66
	0.38
	0.69

	B-W579-EOS400
	Model_2
	0.30
	0.60
	0.26
	0.62

	B-W579-EOS400
	Model_3
	0.35
	0.64
	0.35
	0.67

	B-W579-EOS400
	Model_4
	0.39
	0.67
	0.40
	0.69

	B-W579-EOS400
	Model_5
	0.32
	0.61
	0.29
	0.62

	B-W250-Threshold200
	Model_1
	0.62
	0.90
	0.83
	0.90

	B-W250-Threshold200
	Model_2
	0.58
	0.86
	0.78
	0.87

	B-W250-Threshold200
	Model_3
	0.59
	0.88
	0.79
	0.89

	B-W250-Threshold200
	Model_4
	0.63
	0.91
	0.86
	0.91

	B-W250-Threshold200
	Model_5
	0.59
	0.87
	0.79
	0.88

	B-W250-Threshold1400
	Model_1
	0.41
	0.72
	0.53
	0.73

	B-W250-Threshold1400
	Model_2
	0.34
	0.66
	0.42
	0.67

	B-W250-Threshold1400
	Model_3
	0.42
	0.72
	0.55
	0.74

	B-W250-Threshold1400
	Model_4
	0.40
	0.71
	0.50
	0.72

	B-W250-Threshold1400
	Model_5
	0.33
	0.65
	0.38
	0.65

	B-D5-Transparent
	Model_1
	0.80
	0.89
	0.81
	0.89

	B-D5-Transparent
	Model_2
	0.76
	0.86
	0.76
	0.86

	B-D5-Transparent
	Model_3
	0.77
	0.87
	0.78
	0.88

	B-D5-Transparent
	Model_4
	0.00
	0.00
	0.00
	0.23

	B-D5-Transparent
	Model_5
	0.80
	0.88
	0.80
	0.88

	B-W657-EOS100
	Model_1
	0.90
	0.94
	0.90
	0.93

	B-W657-EOS100
	Model_2
	0.85
	0.91
	0.85
	0.90

	B-W657-EOS100
	Model_3
	0.90
	0.94
	0.90
	0.93

	B-W657-EOS100
	Model_4
	0.90
	0.94
	0.90
	0.93

	B-W657-EOS100
	Model_5
	0.85
	0.91
	0.85
	0.90

	B-W650-Threshold200
	Model_1
	0.00
	0.41
	0.00
	0.45

	B-W650-Threshold200
	Model_2
	0.00
	0.38
	0.00
	0.41

	B-W650-Threshold200
	Model_3
	0.00
	0.41
	0.00
	0.46

	B-W650-Threshold200
	Model_4
	0.00
	0.41
	0.00
	0.45

	B-W650-Threshold200
	Model_5
	0.00
	0.38
	0.00
	0.41

	B-W650-Threshold1400
	Model_1
	0.00
	0.41
	0.00
	0.45

	B-W650-Threshold1400
	Model_2
	0.00
	0.38
	0.00
	0.41

	B-W650-Threshold1400
	Model_3
	0.00
	0.41
	0.00
	0.46

	B-W650-Threshold1400
	Model_4
	0.00
	0.41
	0.00
	0.45

	B-W650-Threshold1400
	Model_5
	0.00
	0.38
	0.00
	0.41





Table S7.4: Summary of MICE ensemble results for each of the 5 alternative model versions, shown for seagrass and mangroves for Roper River catchment.
	Scenario
	Model version
	Seagrass relative biomass (Min)
	Seagrass relative biomass (Mean)
	Mangrove relative biomass (Min)
	Mangrove relative biomass (Mean)

	A
	Model_1
	1.00
	1.00
	1.00
	1.00

	A
	Model_2
	1.00
	1.00
	1.00
	1.00

	A
	Model_3
	1.00
	1.00
	1.00
	1.00

	A
	Model_4
	1.00
	1.00
	1.00
	1.00

	A
	Model_5
	1.00
	1.00
	1.00
	1.00

	A2060
	Model_1
	1.00
	1.01
	0.69
	0.89

	A2060
	Model_2
	1.00
	1.00
	0.65
	0.86

	A2060
	Model_3
	1.00
	1.01
	0.92
	0.98

	A2060
	Model_4
	1.00
	1.03
	0.87
	0.97

	A2060
	Model_5
	1.00
	1.01
	0.79
	0.95

	B-D5
	Model_1
	1.00
	1.02
	0.50
	0.80

	B-D5
	Model_2
	1.00
	1.01
	0.48
	0.77

	B-D5
	Model_3
	1.00
	1.03
	0.86
	0.95

	B-D5
	Model_4
	1.00
	1.07
	0.82
	0.94

	B-D5
	Model_5
	1.00
	1.02
	0.69
	0.90

	B-DFFC
	Model_1
	1.00
	1.01
	0.64
	0.87

	B-DFFC
	Model_2
	1.00
	1.01
	0.60
	0.84

	B-DFFC
	Model_3
	1.00
	1.01
	0.91
	0.97

	B-DFFC
	Model_4
	1.00
	1.04
	0.86
	0.96

	B-DFFC
	Model_5
	1.00
	1.01
	0.76
	0.93

	B-DWR
	Model_1
	1.00
	1.01
	0.62
	0.85

	B-DWR
	Model_2
	1.00
	1.01
	0.59
	0.83

	B-DWR
	Model_3
	1.00
	1.02
	0.90
	0.97

	B-DWR
	Model_4
	1.00
	1.04
	0.85
	0.96

	B-DWR
	Model_5
	1.00
	1.01
	0.74
	0.93

	B-DWR+FFC
	Model_1
	1.00
	1.02
	0.57
	0.83

	B-DWR+FFC
	Model_2
	1.00
	1.01
	0.54
	0.80

	B-DWR+FFC
	Model_3
	1.00
	1.02
	0.89
	0.96

	B-DWR+FFC
	Model_4
	1.00
	1.05
	0.84
	0.95

	B-DWR+FFC
	Model_5
	1.00
	1.02
	0.72
	0.92

	B-D5-Transparent
	Model_1
	1.00
	1.01
	0.62
	0.87

	B-D5-Transparent
	Model_2
	1.00
	1.01
	0.60
	0.84

	B-D5-Transparent
	Model_3
	1.00
	1.02
	0.90
	0.97

	B-D5-Transparent
	Model_4
	1.00
	1.27
	0.18
	0.67

	B-D5-Transparent
	Model_5
	1.00
	1.01
	0.77
	0.93

	B-W100
	Model_1
	1.00
	1.02
	0.23
	0.57

	B-W100
	Model_2
	1.00
	1.01
	0.11
	0.50

	B-W100
	Model_3
	1.00
	1.03
	0.76
	0.90

	B-W100
	Model_4
	1.00
	1.09
	0.67
	0.87

	B-W100
	Model_5
	1.00
	1.02
	0.48
	0.81

	B-W200
	Model_1
	1.00
	1.03
	0.22
	0.55

	B-W200
	Model_2
	1.00
	1.01
	0.10
	0.48

	B-W200
	Model_3
	1.00
	1.03
	0.74
	0.89

	B-W200
	Model_4
	1.00
	1.09
	0.62
	0.86

	B-W200
	Model_5
	1.00
	1.03
	0.43
	0.79

	B-W330
	Model_1
	1.00
	1.03
	0.20
	0.54

	B-W330
	Model_2
	1.00
	1.02
	0.10
	0.48

	B-W330
	Model_3
	1.00
	1.04
	0.74
	0.88

	B-W330
	Model_4
	1.00
	1.10
	0.61
	0.86

	B-W330
	Model_5
	1.00
	1.03
	0.41
	0.79

	B-W660
	Model_1
	1.00
	1.03
	0.19
	0.52

	B-W660
	Model_2
	1.00
	1.02
	0.09
	0.46

	B-W660
	Model_3
	1.00
	1.04
	0.72
	0.87

	B-W660
	Model_4
	1.00
	1.12
	0.59
	0.85

	B-W660
	Model_5
	1.00
	1.03
	0.37
	0.77

	B-W250-Threshold1400
	Model_1
	1.00
	1.02
	0.57
	0.85

	B-W250-Threshold1400
	Model_2
	1.00
	1.01
	0.54
	0.82

	B-W250-Threshold1400
	Model_3
	1.00
	1.02
	0.88
	0.96

	B-W250-Threshold1400
	Model_4
	1.00
	1.05
	0.85
	0.95

	B-W250-Threshold1400
	Model_5
	1.00
	1.02
	0.75
	0.92

	B-W250-Threshold200
	Model_1
	1.00
	1.03
	0.20
	0.54

	B-W250-Threshold200
	Model_2
	1.00
	1.02
	0.10
	0.47

	B-W250-Threshold200
	Model_3
	1.00
	1.04
	0.74
	0.88

	B-W250-Threshold200
	Model_4
	1.00
	1.10
	0.60
	0.86

	B-W250-Threshold200
	Model_5
	1.00
	1.03
	0.39
	0.78

	B-W579-EOS400
	Model_1
	1.00
	1.02
	0.66
	0.84

	B-W579-EOS400
	Model_2
	1.00
	1.01
	0.53
	0.82

	B-W579-EOS400
	Model_3
	1.00
	1.02
	0.91
	0.96

	B-W579-EOS400
	Model_4
	1.00
	1.06
	0.83
	0.95

	B-W579-EOS400
	Model_5
	1.00
	1.02
	0.67
	0.92

	B-W650-Threshold1400
	Model_1
	1.00
	1.02
	0.56
	0.83

	B-W650-Threshold1400
	Model_2
	1.00
	1.01
	0.52
	0.80

	B-W650-Threshold1400
	Model_3
	1.00
	1.03
	0.87
	0.96

	B-W650-Threshold1400
	Model_4
	1.00
	1.07
	0.85
	0.94

	B-W650-Threshold1400
	Model_5
	1.00
	1.02
	0.74
	0.91

	B-W650-Threshold200
	Model_1
	1.00
	1.03
	0.17
	0.51

	B-W650-Threshold200
	Model_2
	1.00
	1.02
	0.09
	0.46

	B-W650-Threshold200
	Model_3
	1.00
	1.04
	0.68
	0.87

	B-W650-Threshold200
	Model_4
	1.00
	1.12
	0.55
	0.84

	B-W650-Threshold200
	Model_5
	1.00
	1.03
	0.34
	0.77

	B-W657-EOS100
	Model_1
	1.00
	1.02
	0.23
	0.57

	B-W657-EOS100
	Model_2
	1.00
	1.01
	0.11
	0.50

	B-W657-EOS100
	Model_3
	1.00
	1.03
	0.76
	0.90

	B-W657-EOS100
	Model_4
	1.00
	1.09
	0.67
	0.87

	B-W657-EOS100
	Model_5
	1.00
	1.02
	0.48
	0.81

	B_G
	Model_1
	1.00
	1.01
	0.67
	0.88

	B_G
	Model_2
	1.00
	1.01
	0.62
	0.85

	B_G
	Model_3
	1.00
	1.01
	0.92
	0.97

	B_G
	Model_4
	1.00
	1.03
	0.86
	0.96

	B_G
	Model_5
	1.00
	1.01
	0.77
	0.94

	Cdry
	Model_1
	1.00
	1.07
	0.03
	0.31

	Cdry
	Model_2
	1.00
	1.04
	0.05
	0.32

	Cdry
	Model_3
	1.00
	1.08
	0.46
	0.80

	Cdry
	Model_4
	1.00
	1.22
	0.25
	0.74

	Cdry
	Model_5
	1.00
	1.07
	0.08
	0.62

	Cmid
	Model_1
	1.00
	1.03
	0.36
	0.70

	Cmid
	Model_2
	1.00
	1.02
	0.36
	0.66

	Cmid
	Model_3
	1.00
	1.04
	0.74
	0.92

	Cmid
	Model_4
	1.00
	1.10
	0.62
	0.90

	Cmid
	Model_5
	1.00
	1.03
	0.39
	0.85

	Cwet
	Model_1
	0.73
	0.95
	1.00
	1.38

	Cwet
	Model_2
	0.85
	0.97
	1.00
	1.53

	Cwet
	Model_3
	0.69
	0.94
	1.00
	1.08

	Cwet
	Model_4
	0.43
	0.88
	1.01
	1.11

	Cwet
	Model_5
	0.73
	0.95
	1.01
	1.19

	Ddry-D5
	Model_1
	1.00
	1.08
	0.02
	0.27

	Ddry-D5
	Model_2
	1.00
	1.04
	0.04
	0.29

	Ddry-D5
	Model_3
	1.00
	1.09
	0.44
	0.78

	Ddry-D5
	Model_4
	1.00
	1.24
	0.21
	0.71

	Ddry-D5
	Model_5
	1.00
	1.08
	0.06
	0.57

	Ddry-W
	Model_1
	1.00
	1.08
	0.02
	0.24

	Ddry-W
	Model_2
	1.00
	1.05
	0.01
	0.28

	Ddry-W
	Model_3
	1.00
	1.10
	0.38
	0.73

	Ddry-W
	Model_4
	1.00
	1.27
	0.18
	0.67

	Ddry-W
	Model_5
	1.00
	1.08
	0.04
	0.50


	
	
	
	
	
	

















Table S7.5: Estimated minimum (min) and mean catch shown as a relative index to baseline scenario (Category A) for marine fishery assets from the MICE. Category A is the baseline scenario; Category B included a suite of streamflow scenarios with and without mitigation including dams, dams with environmental flow provisions, and water harvesting with end-of-system flow provisions (400 and 100 GL y-1) compared to no EOS provision. In addition, two extra water harvest scenarios are included 250 GL y-1 extraction and 650 GL y-1 extraction, each scenario with a pump-initiation threshold of 200 ML d-1, contrasting with a second pump-initiation threshold of 1400 ML d-1.
	Category  
	Description  
	Prawn
Rel. Catch  
(Min)  
	Prawn
Rel. Catch (Mean)  
	Barramundi
Rel. Catch  
(Min)  
	Barramundi
Rel. Catch (Mean)  
	Mud crab
Rel. Catch  
(Min)  
	Mud crab
Rel. Catch (Mean)  

	A  
	Baseline  
	1  
	1  
	1  
	1  
	1  
	1  

	B-D5 
	5 Dams  
	0.86
	0.90
	0.91
	0.96
	0.94
	0.98

	B-D5-Transparent 
	5 Dams with transparent flow  
	0.87
	0.92
	0.95
	0.98
	0.96
	0.99

	B-W660-EOS0
	Water harvest 660GL, 200ML/d, EOS 0
	0.68
	0.80
	0.84
	0.91
	0.74
	0.85

	B-W579-EOS400
	Water harvest 579GL, 200ML/d, EOS 400
	0.82
	0.90
	0.93
	0.97
	0.96
	0.99

	B-W660-EOS100 
	Water harvest 660GL, 200ML/d, EOS 100
	0.76
	0.85
	0.85
	0.93
	0.83
	0.91

	B-W250-Threshold 200
	Water harvest 250GL, 200ML/d
	0.73
	0.82
	0.84
	0.92
	0.78
	0.87

	B-W250-Threshold 1400
	Water harvest 250GL, 1400ML/d
	0.86
	0.91
	0.93
	0.96
	0.91
	0.97

	B-W650-Threshold 200
	Water harvest 650GL, 1400ML/d
	0.66
	0.80
	0.83
	0.91
	0.74
	0.85

	B-W650-Threshold 1400
	Water harvest 650GL, 1400ML/d
	0.81
	0.89
	0.92
	0.96
	0.87
	0.95
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Fig. S7.5: Model-estimated biomass for prawns and mangroves (a-d) and numbers of mature sawfish (e-f) under with and without flow mitigation relative to estimated biomass under baseline flow (black line). Left panels show end-of-system (EOS) flow mitigation scenarios with either 0 GL (i.e. none), 100 GL or 400 GL flow guarantees for the 660 GL y-1 scenario. Right panels show pump threshold mitigation scenarios of 200 ML d-1 or 1400 ML d-1 before water extraction can begin for a 650 GL y-1 scenario.

Table S7.6: Estimated minimum (min) and mean biomass or number of mature animals (sawfish) shown as a relative index to baseline scenario (Category A) for biota from the MICE. Biomass is either spawning biomass (Bsp; prawns, barramundi, mud crab) or total biomass (mangrove, seagrass). For mangrove, seagrass and sawfish, a model ensemble was used (i.e. averaged across five MICE). Category A is the baseline scenario; Category B included a suite of streamflow scenarios with and without mitigation including dams, dams with environmental flow provisions, and water harvesting with end-of-system flow provisions (400 and 100 GL y-1) compared to no EOS provision. In addition, two extra water harvest scenarios included 250 GL y-1 extraction and 650 GL y-1 extraction, each with a pump threshold of 200 ML d-1, and secondly with a pump threshold of 1400 ML d-1.  
	Category  
	Description  
Annual volume/ EOS allocation/ pump threshold
	Prawn 
Relative
 Bsp  
(Min)  
	Prawn 
Relative Bsp (Mean)  
	Barramundi
Relative
Bsp  
(Min)  
	Barramundi 
Relative
Bsp 
(Mean)  
	Mud crab 
Relative 
Bsp  
(Min)  
	Mud crab 
Relative 
Bsp 
(Mean)  
	Mangrove 
Relative
Biomass  
(Min)  
	Mangrove 
Relative 
Biomass (Mean)  
	Seagrass
Relative
Biomass 
(Min)  
	Seagrass 
Relative 
Biomass
(Mean)  
	Sawfish
Relative Number
(Min)
	Sawfish
Relative Number
(Mean)

	A  
	Baseline  
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	B-D5 
	5 Dams  
	0.84
	0.89
	0.97
	1.00
	0.94
	0.98
	0.67
	0.87
	1.00
	1.03
	0.47
	0.70

	B-D5-Transparent 
	5 Dams with environmental flow  
	0.86
	0.91
	0.98
	1.00
	0.96
	0.99
	0.61
	0.86
	1.00
	1.06
	0.63
	0.75

	B-W660-EOS0
	Water harvest 660GL, 200ML/d, EOS 0
	0.71
	0.79
	0.87
	0.97
	0.73
	0.85
	0.48
	0.71
	1.00
	1.04
	0.03
	0.47

	B-W579-EOS400
	Water harvest 579GL, 200ML/d, EOS 400
	0.85
	0.89
	0.98
	1.00
	0.96
	0.99
	0.79
	0.90
	1.00
	1.03
	0.34
	0.66

	B-W660-EOS100 
	Water harvest 660GL, 200ML/d, EOS 100
	0.74
	0.83
	0.90
	0.97
	0.82
	0.90
	0.54
	0.75
	1.00
	1.04
	0.88
	0.92

	B-W250-Threshold 200 
	 Water harvest 250GL, 200ML/d
	0.73
	0.81
	0.88
	0.96
	0.78
	0.86
	0.40
	0.71
	1.00
	1.04
	0.81
	0.89

	B-W250-Threshold 1400 
	Water harvest 250GL, 1400ML/d
	0.85
	0.90
	0.96
	0.99
	0.92
	0.97
	0.72
	0.90
	1.00
	1.02
	0.47
	0.70

	B-W650-Threshold 200 
	Water harvest 650GL, 200ML/d
	0.71
	0.79
	0.87
	0.96
	0.73
	0.84
	0.37
	0.69
	1.00
	1.05
	<0.01
	0.44

	B-W650-Threshold 1400 
	Water harvest 650GL, 1400ML/d
	0.81
	0.88
	0.95
	0.99
	0.87
	0.95
	0.71
	0.89
	1.00
	1.03
	<0.01
	0.44




S8: Timing of flow alteration
Responses in the biology can be better understood by understanding how functional flow components were altered and the main differences between WRD scenarios.
Fig. S8.1 below summarises the main differences between annual Roper River baseline flows and WRD scenarios. When summed across the year, the differences appear minor for most scenarios but when considered seasonally (see main text Fig.6), greater differences emerge.
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Fig. S8.1: Cumulative annual flow for the period 1985-2019 for baseline (A) and various water resource development scenarios (B), future climate scenarios (C) and future climate + water resource development scenarios (D).

 Further detail for dams and groundwater scenarios is presented here. For dams, across all periods of the year, there was little difference in end of system flow between one dam, two dam or five dams vs. baseline flow (Figure S8.2). This is likely because of dam size: the dams were all small, and location: the dams were all in the upper headwaters of each of the rivers.  Hence, a large majority of the catchment remained unregulated and runoff flowed freely, explaining why little impact was found on majority of the biota.
For the groundwater harvest scenario, there was very little difference between baseline flow and ground water harvest flow (B-G35), except during the winter months (Figure S8.3), which also then explains why little impact was seen on biota.
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[bookmark: _Ref149745466]Figure S8.2: Cumulative flow for Baseline and dam scenarios for different periods of the year: (a) winter season June-August, (b) early wet season September-November, (c) wet season December-February.
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[bookmark: _Ref149909616]Figure S8.3: Cumulative flow for Baseline and Ground water harvest scenario (B-G) for different periods of the year: (a) winter season June-August, (b) early wet season September-November, (c) wet season December-February.

The influence of flows on the ecological components in MICE depends on the weekly (or monthly) flow relative to the past average flow in that week (or month) and hence changes in relative flow and timing of flow are as important as the total annual volume of flows. Low and high flows at different times of year will affect different species and habitats differently. For example, for largetooth sawfish, the MICE utilises January to March flows over the wet season breeding window as a key reference period. If one compares the highest water harvest scenario (660 GL y-1) cumulative flow volume over this period with the baseline flow, there are very large decreases in flow volume relative to baseline for some (but not all) years (Figure S8.4). The proportional declines in flow are greatest in relatively low flow years (e.g. 1983 and 1990) and these can be expected to have an influence on some ecological components.  Selected mitigation scenarios (e.g. B-W657-EOS100 scenario) can substantially lower these flow reductions over the wet season period. In contrast, the mitigation scenario B-W579-EOS400 is not as effective at mitigating flow reductions over this period (Figure S8.4) but may be more effective in mitigating ecological impacts over other periods of the year. 
[image: ] [image: ]
Figure S8.4: Proportional reduction (where 0 means no reduction relative to baseline flow) in (A) January to March and (B) January to February “660” flows relative to baseline flow for B-W660 (blue line), B-W657-EOS100 (orange line) and B-W579-EOS400 (dashed green line).

S9. Sensitivity of sawfish to changes in flow
The population models also account for the lag in responses to changes in flow. For example, largetooth sawfish take approximately 9 years to mature (Pillans et al. in press). Hence as per example shown in Fig. S9.1, sawfish recruitment in the 1970s peaks around 1976 in response to the relatively high (natural) flows around that period (grey bars in Fig. S9.1) and this high flow period translates to a large increase in the numbers of animals joining the mature age (9 years and older) category during the next decade in response to this flow-dependent boom in numbers. In contrast, the relatively low (natural) flows over the 1986 to 1996 results in more of a “bust” in recruitment, which in turn (together with other drivers) leads to a decrease in largetooth sawfish mature numbers with a dip around the turn of the century. We note that there are no available information to quantify the exact magnitude of these flow-dependent boom-bust cycles in sawfish (Lear et al. 2019; Lear et al. 2021) and hence the exact amplitude of changes is less certain than the overall patterns of population responses to changes in flows.  For this reason, we averaged model results for sawfish using an ensemble of five alternative models with different settings to capture plausible flow-dependent responses of sawfish.    
Water resource development, through ground water harvesting, was not predicted to influence sawfish populations – at least in terms of mature adults. However, water resource development, both in the form of dams and water harvest, was predicted to negatively impact sawfish (Table S7.1). Both location of the dam and number of dams influenced the severity of the impact river flows. Although the B-DWR scenario corresponded to only slightly smaller end of system flows than the B-DFFC scenario, these translate in the model to initial small differences in the numbers of recruiting sawfish. However, as this is a long-lived species, the population of which is already heavily depleted, these differences were predicted to amplify over time. For example, a single-dam scenario in one location (B-DFFC) had a negligible impact on sawfish numbers with a 1% decline on average, or as much as 2% in any given year. In contrast, a single dam scenario (B-DWR) at another location suggested sawfish numbers could decrease by 9% on average every year relative to the baseline flow scenario, and by as much as 16% in any given year, with multiple dams having an even greater effect (Table S7.1). Similarly, water extraction had negative impacts on sawfish numbers and the severity increased considerably with the amount of water extracted (Table S7.1). 
Based on the research of Lear et al. (2019), largetooth sawfish likely exhibit boom-or-bust cycles whereby they rely on the few, intermittent years with very high floodflow levels during the wet season to replenish the population. Hence, large reductions in these high flows during the wet season manifests as the sawfish being unable to replenish their numbers. This result contrasts with the responses of some of the other modelled species, highlighting the need to consider the impacts of scenarios across a suite of species and ensure flow thresholds are set and maintained that protect even the most sensitive of species.  
Environmental flows from dams reduced the impact of dam construction on sawfish relative numbers from 27% to 25%. Both of the higher ‘mitigation allocations’ (flow threshold and end-of-system allocation) increased the impact of flow modification on sawfish as their response to water resource scenario seems to be dominated by impacts to high-level flows due to water extraction. For the 250 GL y-1 extraction allocation with a 1400 ML d-1 threshold the reduction in sawfish biomass was 30%, while at 200 ML d-1 threshold the reduction for sawfish was 11% compared to the historical baseline flow regime. Similarly for sawfish, the absence of provision for end of system flow impacted their abundance by 56% relative to the baseline flow, whereas a mitigation scenario of 400 GL annual end-of-system flow guarantee impacted their abundance by 34%, while a 100 GL annual end-of-system allocation only reduced their abundance by 8% (Fig. S9.2).
The sawfish responded differently to the other species because of their reliance on very high flows during the wet season and whereas the 400 GL per annum guarantee was beneficial during the dry periods, it still considerably reduced wet season flow volumes compared with the 100 GL annual end-of-system allocation scenario which had a substantially smaller impact on wet season flow volumes (Fig. S9.2).    
 Of the future climate scenarios, the dry climate and mid climate were predicted to negatively impact sawfish, whereas a wet future climate (Cwet) was predicted to increase sawfish numbers (Fig. 7E-F main text). Under the mid climate scenario (Cmid), model results suggested that sawfish could decline by 32% on average and as much as 55% in any given year. Under the dry climate scenario (Cdry), sawfish could decline by as much as 60% on average (Table S7.1), and retrospective assessments suggest that had the climate been dry, by the 2000s, sawfish may have become locally extinct. These results were further exacerbated under future dry climate combined with water resource development, particularly for dry climate with water extraction (Ddry-W660) with sawfish populations crashing by the 1990s (Fig. 7E-F main text), highlighting sensitivity to the dry climate scenarios.
[image: ]
[bookmark: _Ref150443822][bookmark: _Toc165460261]Figure S9.1: MICE Model v. 3 illustration of modelled changes in sawfish recruitment (numbers relative to average recruitment over the period 1971-2019) based on model estimates of numbers of breeding adults and in response to changes in flow, as summarised by annual average standardised flow (shown as bars – note the model uses monthly standardised flow). The plot illustrates the considerable lag between recruitment booms and busts before these recruiting animals join the mature breeding category ca. 9 years later.    

[image: ]
[bookmark: _Toc165460249]Figure S9.2: Modelled relative numbers of mature sawfish under baseline flow (A) compared with (a) pump threshold mitigation for 250 GL y-1 water harvest scenarios with 200 ML and 1400 ML flow thresholds, and a 330 GL y-1 water harvest scenario with no flow threshold; (b) pump threshold mitigation for 650 GL y-1 water harvest scenarios with 200 ML and 1400 ML flow thresholds, and a 330 GL y-1 water harvest scenario with no flow threshold; (c) environmental flow scenario using a 5-dam scenario without flow transparency (B-D5) and with flow transparency (B-D5-Transparent); (d) an end-of-system flow requirement scenario in which baseline flow (A) is compared with 657 GL y-1 water harvest scenario with 100 GL end of system flow requirement; 579 GL y-1 water harvest scenario with 400 GL end of system flow requirement; and a 660 GL y-1 water harvest scenario with no end of system flow requirement.
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