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Globally marine-terrestrial interfaces are highly impacted due to a range of human pressures. Seagrass habitats exist in the shallow marine waters of this interface, have significant values and are impacted by a range of pressures. Cumulative risk analysis is widely used to identify risk from multiple threats and assist in prioritizing management actions. This study conducted a cumulative risk analysis of seagrass habitat associated with the Australian continent to support management actions. We developed a spatially explicit risk model based on a database of threats to coastal aquatic habitat in Australia, spanning 35,000 km of coastline. Risk hotspots were identified using the model and reducing the risk of nutrient and sediment pollution for seagrass habitat was assessed. Incorporating future threats greatly altered the spatial-distribution of risk. High risk from multiple current threats was identified throughout all bioregions, but high risk from climate change alone manifested in only two. Improving management of nutrient and sediment loads, a common approach to conserve seagrass habitat did reduce risk, but only in temperate regions, highlighting the danger of focusing management on a single strategy. Monitoring, management and conservation actions from a national and regional perspective can be guided by these outputs.
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INTRODUCTION

Spatially-explicit risk assessment is an important tool to identify and manage habitats at a range of spatial scales from local catchments to the globe (Grech et al., 2011; Halpern et al., 2015; Turschwell et al., 2021). This requires explicit knowledge of both the focal habitat and the threats, at the same spatial scale. As the spatial extent of the focal area reduces (e.g., a region to bay), a spatially explicit approach becomes more feasible as appropriate data-sets are more readily available (Grech et al., 2011). Increasing the size of the focal area (e.g., region to bioregion or nation) becomes challenging due to knowledge gaps relating to habitats and threats and mismatches in the spatial extent, temporal overlap and types of data (Specht et al., 2015). Broadscale assessments are possible through applying an explicit range of assumptions (Halpern and Fujita, 2013).

Coastal habitats provide valuable ecosystem services (Barbier et al., 2011) but are under increasing pressure, particularly as climate change manifests (Halpern et al., 2015). Marine spatial planning is an emerging discipline to address the piecemeal governance of these often multi-jurisdictional environments, a factor believed to have contributed to declining health of marine ecosystems worldwide (Foley et al., 2013). Spatially-explicit risk assessment at appropriate scales to complement policy, such as at the state or national level could significantly contribute to improved conservation of coastal habitats. For marine habitats, Halpern et al. (2015) provided a global assessment, while Grech et al. (2011) demonstrated the applicability of the approach in the Great Barrier Reef region, part of a state. We argue that evaluating risk at a national level is critical for both marine spatial planning and the allocation of national environmental management resources. It can also provide insight for the focus of management practices which are often at much smaller scales such as local government areas or states, while also placing it in the context of risk to climate change pressures which require management at a global scale. This national approach can also feed into blue-carbon policy and actions (Commonwealth of Australia, 2019) and contribute to international sustainable development goals for oceans where currently national environmental accounts are being developed to assess the extent, condition and threats to key ecosystems including seagrass to actively inform decision-making1.

Seagrasses grow around the globe in nearshore coastal habitats, are one of the most highly valued ecosystems (Barbier et al., 2011) and are sensitive to anthropogenic pressures (Waycott et al., 2009; Turschwell et al., 2021). Despite increased management, research and monitoring, in many areas they continue to decline (Dunic et al., 2021). Terrestrial activities combined with runoff threaten seagrasses, as well as physical disturbance (e.g., dredging, trawling, and accidents at sea) and climate change (e.g., increased temperature and sea level rise). Globally, urban, agricultural and industrial runoff, coastal development and dredging are considered to be the greatest threat to seagrasses (Grech et al., 2012) and recent global trajectory analysis has shown poor water quality and destructive fishing practices are the best predictors of seagrass decline (Dunic et al., 2021).

The goal of our study is to perform a spatially-explicit risk assessment of current and future threats to seagrass ecosystems across the Australian continent, incorporating states and bioregions. To achieve this, three objectives were set: (1) to create the first national seagrass map; (2) generate relevant national threat maps and assign risk from these threats; (3) perform a spatially explicit cumulative risk assessment with the map and risk layers. Adopting a national approach enables risk to seagrass habitats to be presented at a spatial scale that is beyond the experience of most stakeholders. We suggest, as Landis (2003) proposed, that operating at these broad scales for risk assessment will allow informed management and conservation decisions. Resources and effort can be focused to mitigate risk to seagrass-dominated coastal habitats and inform where further targeted studies are of most benefit.



MATERIALS AND METHODS

The approach for the spatially explicit cumulative risk assessment is summarized in Figure 1 and followed the approach of Halpern et al. (2015). This involved creating a seagrass habitat map in coastal waters of Australia (Figure 2A) and identifying and developing spatially explicit risk maps of threats to seagrass (Table 1). All layers were standardized to a 10 km × 10 km grid size, the minimum size available across all layers. The cumulative risk assessment was conducted in the online open source InVEST Habitat Risk Assessment Model (Sharp et al., 2015). Validation of the outputs (individual threat layers and cumulative risk layers) was conducted by surveying 42 seagrass experts. Scenarios were tested to demonstrate how management actions could impact cumulative risk. More details on each step are provided below.
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FIGURE 1. Flow chart to demonstrate the approach for the cumulative risk assessment in this study.
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FIGURE 2. Australia-wide map showing three seagrass bioregions with (A) seagrass habitat, major rivers, size of catchments and case study areas of 30 pixels (as seagrass habitat generally forms a narrow band along the coast it has been expanded to make it visible at this scale), (B) cumulative current risk, (C) cumulative future risk, and (D) current and future risk combined. Pie charts in each bioregion show the proportion of cells with high, moderate or low cumulative risk. Seagrass in the south-east bioregion has higher proportion of high-risk in all scenarios.



TABLE 1. A summary of the threats included in the cumulative risk analysis.
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Seagrass Map Generation

A nation-wide seagrass habitat map (10 km × 10 km grid size) was created based on the base-map of Mount and Bricher (2008) where each grid call was categorized as seagrass present or absent. Additional layers were added to the map: UNEP 2005 Seagrass Distribution Map (Green and Short, 2003) and an expert opinion layer from members of the Australian Centre for Ecological Analysis and Synthesis working group (Kilminster et al., 2015). The generated and freely available maps for each state are available at https://portal.tern.org.au/robert-franklin-c-canto/19365 and all have the acronym ACEAS at the end of the file name (Canto et al., 2014a, b, c, d, e, f, g). Then additional sources were added to this map (QDPI-F, 2009; McKenzie et al., 2014; TropWATER, 2016). The deep water seagrass map (QDPI-F, 2009) was categorized as the probability of seagrass occurrence. All cells with a probability of 25% or above were included. This final map is the maximum observed seagrass extent, as the data sources that generated the map span 1976–2014. Therefore, presence does not imply that seagrass is currently present, but there is the potential for seagrass to be present. In the north of Australia there was paucity of information, and even with the expert knowledge layer, we acknowledge that there may be areas of potential seagrass habitat that have not been identified. Additionally, due to the long timescale of observations, there may be areas that are no longer viable for seagrass habitat due to environmental change.



Threat Layer Generation

We attempted to find Australia wide, spatially explicit (10 km × 10 km grid size) datasets that represented threats to seagrass habitat identified by Grech et al. (2012) based on two categories: current anthropogenic and climate-change threats. Data was not available for all threats identified by Grech et al. (2012) at a national scale (Supplementary Table 1). Seven data layers were acquired for current anthropogenic threats representing the top four ranked threats globally (Grech et al., 2012) and three climate-change threats were acquired (Table 1). The anthropogenic threats include: (1) acute risk of sediment and nutrient inputs; (2) chronic risk of sediment and nutrient inputs; (3) resuspension; (4) ports and dredging; (5) industrial pollution; (6) shipping accidents and (7) oil and gas production accidents. The climate change threats based on predictions in 2070 include: (8) increased temperature; (9) increased rainfall and (10) sea level rise. These are available at https://catalogue.aodn.org.au/geonetwork/srv/eng/catalog.search#/metadata/0419a746-ddc1-44d2-86e7-e5c402473956?uuid=0419a746-ddc1-44d2-86e7-e5c402473956 (Canto et al., 2016). Due to the data types available at the national scale sometimes multiple inputs were required to generate each threat layer (see Table 1).



Risk Assignment – Exposure and Magnitude

To assign the risk for each threat layer, the standard approach of Kaplan and Garrick (1981) was followed where risk is calculated based on the likelihood defined by exposure and magnitude, with the consequence defined as the vulnerability of seagrass habitat to that threat. Exposure was based on the spatial co-location of the seagrass grids and threat layers. Magnitude of the threat was based on the intensity of threat in that cell categorized into: no risk = no exposure to threat, Low, Moderate or High likelihood following the approaches of Sharp et al. (2015) (Table 1). We used two main approaches to assign a Low, Moderate and High likelihood of risk. For Port infrastructure and dredging, Shipping accidents and Oil and gas well accidents, the approach was simple, if it was present in a grid cell it was categorized High risk, cells adjacent to High were categorized Moderate, adjacent to moderate categorized as Low and all other cells were categorized as No risk. For all other threats there were quantitative values so the magnitude categories were based on these numbers. However, the quantitative relationship between the magnitude of the threat and seagrass response or condition was unknown for most threats. This uncertainty combined with the following two factors led us to incorporate a standard approach for assuming risk. Firstly, different seagrass species have different tolerances to the threats we assessed (e.g., Lee et al., 2007). Secondly, across Australia there are three bioregions with a unique suite of species (Kilminster et al., 2015) so it is likely that different species and bioregions will have different tolerances. We assumed a similar risk profile over the continental scale and based it on percentiles with grid cells <25th percentile classified as Low, 25–75th as Moderate and >75th High (Table 1). This approach was not followed in two of the threat layers, industrial pollution and future risk from sea level rise due to the nature of the data and our understanding of the potential risk. The detailed approach for each threat to define exposure and magnitude is detailed below and the risk map for each threat at the national scale is presented in the Supplementary Figures 4–13.


Urban/Agricultural Runoff

This threat was divided into two threat layers: acute sediment and nutrient inputs and chronic sediment and nutrient inputs, as the frequency and magnitude of delivery of nutrients and sediments from rivers into coastal environments is likely to have differential effects on seagrasses. We assumed that continual supply of nutrients or sediment over time would be a chronic risk to seagrasses primarily from smothering and eutrophication, whereas pulsed events would be an acute risk to seagrass primarily due to turbid plumes. Both forms of sediment and nutrient delivery have been demonstrated to have negative effects on seagrass (e.g., Cardoso et al., 2010; Lambert et al., 2021).


Acute Sediment Nutrient Risk

This threat layer was derived by considering the catchment condition moderated by the likelihood of large pulses of flow along river channels as well as the total volume of the flow. Specifically, the disturbance of the catchment (as identified in the National Estuary Audit 2000, n = 974 estuaries2) was used to describe catchment condition. As sediment and nutrient loads are strongly linked to catchment clearing and land use, we assumed that catchments that were near pristine and largely unmodified would pose a low risk to seagrasses in terms of sediment and nutrient loads. Similarly, the highest risk would be from catchments which are extensively modified, with a moderate risk from those moderately modified.

We considered that estuaries receiving very pulsed streamflow were more susceptible to acute nutrient and sediment loads. To determine the pulse regime, we compiled streamflow data from the Australian Bureau of Meteorology supplemented by the Western Australian Department of Water Data3, 4 () which described the daily flows from the period 1990–1999 from 241 stream gauging stations Australia-wide. Gauging stations within 250 km of the coast were ‘matched’ to the nearest point on the Australian coastline linked to the appropriate waterway, and estuaries matched with their nearest streamflow. We then calculated a pulse metric based on the number of days which daily streamflow was greater than 1SD above the mean daily streamflow [determined on ln(ML + 0.01) of daily data for each gauging station]. This is a generic threshold and the choice of 1SD was to capture the majority of the ‘above baseline’ flows. We then applied the criteria that if the pulse metric was <25th percentile, then streamflow was more constant so acute risk was assumed to be zero. If the pulse metric was within the 25–75th percentile, the acute risk was assumed to be reduced and acute risk greatest for estuaries where the pulse metric >75th percentile. The risk of acute sediment and nutrient delivery for each estuary was determined based on the catchment condition and pulse metric as summarized in Supplementary Table 2, where 4 is high risk, 3 moderate risk and 2 low with one indicating no risk. Different risk categories were assigned based on the combination of catchment condition and streamflow. For example, for acute nutrient and sediment delivery, if the catchment condition was pristine or largely unmodified and the pulse metric was <25th percentile indicating that likelihood of pulse events was low, then there was no overall risk from this threat. However, at the other end of the spectrum we assumed that if the pulse metric was >75th percentile, then the likelihood of pulse events was higher and the overall risk to seagrasses would increase as the catchment modification increased (Supplementary Table 2). Streamflow data were processed and analyzed in R (R Core Team, 2021), and the code/data used are provided as Supplementary Material (SX).

Once the risk values were generated for each estuary that had been linked to the streamflow data as described above, the spatial extent of the influence of the threat, termed buffer, was considered based on annual streamflow. Areas with higher annual streamflow would have greater sediment and nutrient risks than those which received less annual streamflow. The annual flow data was derived from the same dataset as above and the metric defined as ln(annual flow, ML). Areas receiving streamflow of 20 333 ML/yr or less, were in the lowest 25th percentile, and the spatial extent of impact was considered small. A medium extent of impact was assigned for flow between 20 333 and 181 680 ML/yr (25–75th percentiles) and >181 680 ML/yr was assigned a large extent of impact. The spatial extent was estimated based on both the risk of acute sediment and nutrient risk in the estuary (1–4 above) and the streamflow category (Supplementary Figure 1). For estuary discharge points with a low risk of acute nutrient and sediment discharge and a small streamflow there was no buffer, so only the cell adjacent to the estuary discharge point, marked by X in Supplementary Figure 1 was assigned the risk. For estuary discharge points with a moderate or high risk of sediment and nutrient discharge but a small streamflow, a buffer of 1 10 km × 10 km grid cell was added around the estuary discharge point. As the streamflow increased, we assumed the spatial extent of the area at risk would increase as demonstrated in Supplementary Figure 1. The greatest spatial extent was 5 10 km × 10 km grids from the estuary discharge point which is conservative as turbid plumes during peak flood events have been measured up to 100 km from the coast (Devlin et al., 2001). Also to take into account that the risk from sediment and nutrient delivery would decline with distance from the discharge point due to dilution of sediment and nutrients (Devlin et al., 2001) we modified the risk level of the buffer with distance from the discharge point. The way the modification occurred was dependent on both the acute nutrient and sediment delivery risk level and the volume of the flow. For low acute sediment and nutrient risk there was no change in the risk level in the buffer. For moderate and high acute sediment and nutrient risk the risk declined for all cells adjacent to the discharge point by one risk level. For example with a high acute sediment and nutrient risk, all cells in the buffer dropped to moderate. But under moderate and high sediment and nutrient risk with a high streamflow, this risk was kept for one adjacent cell, and then all other cells in the buffer declined by one risk category (Supplementary Figure 1). The risk likelihood output is displayed in Supplementary Figure 4.



Chronic Sediment Nutrient Input Risk

The chronic sediment and nutrient input risk was derived following a similar approach as the acute risk, but the flow metric varied. We considered that water bodies which received their streamflow more constantly throughout the year were more susceptible to chronic nutrient and sediment load. To categorise the hydrologic regime, we calculated a hydrologic metric based on the ratio of the mean daily flow and the monthly variance. The rationale was to create a metric that reflected the constancy of the streamflow where lower values indicated a more constant flow over monthly time periods and higher values indicated more patchy flow. This captured a different timescale to acute sediment and nutrient threat. If the hydrologic metric was <25th percentile, then streamflow was more constant so chronic risk assumed to be greater. If hydrologic metric was >75th percentile, streamflow was more patchy, so chronic risk assumed to be reduced. No adjustment was made for estuaries where hydrologic metric was between 25 and 75th percentiles. Once again the final risk in the estuary was estimated based on the catchment condition and the hydrologic metric as summarized in Supplementary Table 2 and the buffer generated based on the annual flow as described for acute sediment and nutrient risk (Supplementary Figure 1). The key difference between the chronic and acute risk metrics is that the acute metric is cumulative across the time period (i.e., it is an absolute value of the number of days for which flow exceeded a threshold) and the chronic metric is a relative value that integrated across the time period to categorize daily streamflow in context of how variable flow is at the monthly scale. The risk likelihood output is displayed in Supplementary Figure 5.




Industrial Pollution Risk

The industrial pollution layer was generated from the industrial class cover of the Australian Bureau of Agricultural and Resource Economics and Sciences (ABARES) 2005–2006 land use map derived from an AVHRR satellite image5. This industrial pollution layer assumes that with more industrial land use in a 10 km × 10 km grid cell, the greater chance of industrial pollution reaching the marine environment, either through direct runoff, groundwater contamination or atmospheric deposition. In this approach, we only considered the grid cells that were adjacent to the coast, and not those further inland, hence the limitation is that we capture industrial pollution from direct run-off and groundwater contamination, but not from surface run-off from catchments further inland. The percentage of the terrestrial grid cell adjacent to the coast that contained industrial pollution was calculated, based on the number of pixels within each cell (total of 100). The categorisation of this threat was slightly modified compared to the other quantitative measures. If the terrestrial grid cells adjacent to the coastal grid cell contained no industrial land-use, then it was considered to have no exposure to industrial pollution. If less than the 25th percentile (2% of the grid cell was industrial) this was categorized as low likelihood (=low risk). The cut-off for the high risk was set at the 90th percentile (10% of the grid cell was industrial), not the 75th percentile, as we assumed a higher level of industrial pollution was need to create a high risk. Therefore a moderate likelihood (=medium risk) was assumed to occur between the 25 and 90th percentile (2–10%) and greater than the 90th percentile (>10%) a high likelihood (=high risk). Buffers were created adjacent to any moderate or high likelihood cells to account for transport of industrial pollution in the marine environment. Any marine grid cell adjacent to a high risk cell was considered a moderate risk, and those adjacent to a moderate risk cell were considered a low risk. If any grid cell was allocated more than one risk category, then the highest category was maintained. The risk likelihood output is displayed in Supplementary Figure 8.



Sediment Resuspension Risk

Sediment resuspension is related to acute and chronic sediment delivery, but it represents a different pressure to seagrass ecosystems. The risk from resuspension of sediments to seagrass ecosystems is not just due to the delivery of sediment, but the sediment grain size distribution and how this interacts with waves and currents where finer sediments and greater tidal and wave energy would result in higher resuspension. The Geological and Oceanograhic Model of Australia’s Continental Shelf (GEOMACS) was used and the dataset “Percentage of the time that the Shields parameter exceeded 0.25 applied to predict the risk from resuspension. The Shields parameter defines the bed shear stress required to initiate sediment movement. When it is >0.25, conditions on the seabed are highly mobile, hence there is more chance of resuspending sediments which can have a negative impact on seagrasses due to reductions in light.

We assumed that with a greater percentage of time above the Shields parameter of 0.25 there would be a greater risk due to sediment resuspension. No quantitative relationship is known for the percentage of the time the shields parameter is above 0.25 and seagrass condition so the approach of assigning a low risk below the 25th percentile (0.8% of the time), a high risk above the 75th percentile (15.8% of the time) and a moderate risk between the two. There was no exposure and hence no risk to seagrass habitat from resuspension when the Shields parameter did not exceeded 0.25 at any time (Hemer, 2006; Hughes et al., 2010; Harris and Hughes, 2012). The risk likelihood output is displayed in Supplementary Figure 6.



Port Infrastructure and Dredging Risk

The threat to seagrass habitat from port infrastructure and dredging was assessed based on the locations of ports in Australia provided by the Australian Customs & Border Protection Service6. We assumed that there was a high risk to seagrass habitat when there was a port located in a grid cell, a moderate risk in cells adjacent to a high cell, and a low risk in cells adjacent to moderate. We considered that there was no exposure to the threat of port infrastructure and development and hence no risk in all other grid cells. The risk likelihood output is displayed in Supplementary Figure 7.



Shipping Accidents Risk

The threat to seagrass habitat from shipping accidents was predicted from vessel track history in Australia sourced from the Australian Maritime Safety Authority7 over the whole 2012 period recorded with a 3 h frequency. We assumed that there was a high risk to seagrass habitat when there was a history of vessels tracking through a grid cell, a moderate risk in cells adjacent to a high cell, and a low risk in cells adjacent to moderate adjacent cells. We considered that there was no exposure to the threat of shipping accidents and hence no risk in all other grid cells. The risk likelihood output is displayed in Supplementary Figure 9.



Oil and Gas Accidents Risk

The threat to seagrass habitat from oil and gas accidents was predicted from the location of oil and gas wells in the coastal environment. Gas pipelines were not considered, as this information is restricted. The location of oil and gas production wells was sourced from GeoSciences Australia8. We assumed that there was a high risk to seagrass habitat when an oil and gas well was in a grid cell, a moderate risk in cells adjacent to a high cell, and a low risk in cells adjacent to moderate adjacent cells. We assued that there was no exposure and hence no risk in all other grid cells. The risk likelihood output is displayed in Supplementary Figure 10.



Increase in Sea Surface Temperature Risk

Different seagrass species have different temperature tolerances (Lee et al., 2007) and in Australia species are distributed across locations that have a broad temperature range (Kilminster et al., 2015). Therefore some locations, such as at the range edge may be more susceptible than other locations (Jordà et al., 2012). To employ a consistent and justifiable assumption for impacts of increased temperature we used published data on short-term responses to increased temperature. This may be an overestimate of the response, as we have no understanding about adaptive capacity to changing temperatures. The majority of studies on the effects of short-term temperature increases to seagrasses have shown negative effects with increases of 2°C or more (Seddon et al., 2000; Waycott et al., 2007; Collier et al., 2011; Moore et al., 2013; Thomson et al., 2015). The OzClim Mk3.5 model 2070 predictions of sea surface temperature were used9 and the risk assigned using a percentile approach as follow, High > 3.2°C (75th percentile), Moderate 2.8–3.2°C (25th – 75th) and Low < 2.8°C (25th percentile). The predicted temperature always increased by more than 2°C so a no risk category was not assigned. The risk likelihood output is displayed in Supplementary Figure 11.



Change in Rainfall Risk

We assumed that a greater rainfall would lead to more sediment and nutrient delivery, more flooding and more low light events that could impact seagrasses (Collier et al., 2012) and hence either more acute or chronic sediment and nutrient risk to seagrasses. The predicted change in rainfall in 2070 dataset by OzClim GFDL-CM2.1 model (see Text Footnote 9) was used and we focused on the period of the year that was considered the wet period, as the OzClim predictions provided predictions based on wet and dry periods. For this threat the standard percentile risk approach was applied. We classified this data as no risk if the rainfall was not predicted to increase, low risk if it increased up to 50 mm per year (<25th percentile), moderate if it increased 50–100 mm and a high risk if it increased more than 100 mm (>75th percentile). The risk likelihood output is displayed in Supplementary Figure 12.



Sea Level Rise Risk

An increase in sea level can have a negative effect on seagrasses if the shoreline is hardened and they cannot colonize new habitats, also seagrasses can be lost on the deeper edge if light becomes limiting to growth (Waycott et al., 2007; Saunders et al., 2013). Saunders et al. (2013) modeled the impact of sea level rise on a large embayment in Queensland and found that the area of seagrass declined by 17% with a 1.1 m rise in sea level. Obviously these predictions are location specific but we used these as a guide to categorize the likelihood of the risk. Dataset on the projected departure from global mean (A1B scenario) at 2070 (mm) from 17 model simulations was used10 to quantify sea level increase. For this threat the standard percentile approach was not used as it did not align well with the predictions of seagrass loss with a 1.1 m rise as a 1 m increase in sea level was equivalent to the 75th percentile and we considered a 17% loss moderate. Therefore the percentile values used were 40th percentile (0.5 m rise) for the low – moderate cutoff, 90th percentile (2.0 m rise) for the moderate to high cutoff. If no increases were predicted, then no risk was assumed, less than 50 mm was low, 50–200 was moderate as this spanned the level predicted by Saunders et al. (2013) to have an impact, and >200 mm a high likelihood. The risk likelihood output is displayed in Supplementary Figure 13.




Vulnerability or Consequence of the Threat

The consequence of the threat was based on the vulnerability rating of Grech et al. (2012) and Halpern et al. (2015), incorporating the frequency, functional impact, ability to resist, ability to recover and certainty of the impact of that threat (Table 2). Similar but not identical threats were assessed in these studies so to develop the consequence ratings, the threats in each study were grouped into similar categories, the consequence rating ranked, and then the consequence measure grouped into high, moderate and low consequence (Table 2).


TABLE 2. A comparison of the vulnerability measure for each threat addressed in this study in comparison to other studies that have assessed the vulnerability of threats to seagrass habitat.

[image: Table 2]


Spatially Explicit Cumulative Risk Analysis

The cumulative risk assessment was conducted in the online open source InVEST Habitat Risk Assessment Model (Sharp et al., 2015). The final seagrass map was overlayed with the likelihood of each threat layer defined as either 1- no exposure, 2- low, 3- moderate and 4- high likelihood. The consequence layer in Invest was kept the same as the likelihood layer but the consequence of the threat was simulated by replicating the layer. If the consequence was low, one layer was used, moderate, two replicate layers and high, three replicate layers. In InVEST the cumulative risk (R) of multiple threats layers (J) is calculated based on the euclidean distance as

[image: image]

The euclidean distance provides a conservative, additive approach due to the uncertainty of the response to interactions between threats (Halpern and Fujita, 2013). The cumulative risk output was scaled into four categories, No cumulative risk, <25th percentile low cumulative risk, 25–75th percentile moderate risk and >75th percentile high cumulative risk.

A cumulative risk assessment was conducted for three sets: (1) current threats only (n = 7), (2) climate change threats based on 2,070 predictions (n = 3) and (3) combining current and climate change threats that simulate 2070 scenarios. When combining the current and climate change sets, no changes were made to the current risk assessment, we assumed no changes on the threat and no changes in the vulnerability due to adaptation occurred. Therefore this provides a tool to identify hotspots of risk under current conditions and into the future, helping to prioritize management actions. To demonstrate how risk varies spatially and under these cumulative risk calculations the data was summarized by each bioregion, the South West, South East and Tropical North (Figure 2). In addition, an area within bioregion containing 30 10 km × 10 km grid cells was selected to demonstrate in a higher resolution the spatial variability in current and future threats and cumulative risk.



Validation of Individual Threat Layers and Cumulative Risk Assessment

The outputs from the nation-wide risk assessment for each threat layer (n = 10) and for the cumulative risk layers from two sets, current and climate change based on 2,070, were assessed by 42 seagrass experts at the Australian Marine Science Association Conference in 2015 (Supplementary Figure 2). These experts self-selected and had experience working in seagrass research or management from particular regions in Australia and only provided validation data from the areas they had experience in. Two approaches were used: a quantitative assessment to assess how the risk assignment for each threat based on exposure, magnitude and consequence of the threat and the cumulative risk assessment model output deviated from the expert opinion; and a qualitative assessment to measure the confidence of the experts in the same outputs. For each approach, the experts were asked to assess three areas in their region of expertise (Supplementary Table 3). The qualitative assessment was carried out first on one grid cell in a particular region, then the experts were shown the model outputs and asked to give a confidence rating across all cells in that region, following the methods of Hoque et al. (2018). For the quantitative assessment experts were asked to provide their opinion of whether it was 0 = no risk, 1 = low risk, 2 = moderate risk and 3 = high risk for each threat input layer and cumulative risk assessment output layer. For the qualitative assessment experts were asked to provide a ranking of 0 = no confidence, 1 = low, 2 = moderate and 3 = high confidence in the information provided.



Testing Management Scenarios

To test how nutrient and sediment management strategies impact the overall cumulative risk under current conditions the risk rating for chronic and acute sediment and nutrient risk were modified and cumulative risk model re-run. Cells with high or moderate risk from nutrient and sediment load were dropped down one risk level, but cells already with low risk remained at low. This data was summarized by bioregion.




RESULTS


Cumulative Risk Assessment

Individual threat layers showed different spatial patterns of risk as demonstrated by the examples from Tasmania (Figure 3) and compared to the cumulative risk results (Figure 2), reinforcing the value of assessing multiple threats cumulatively (Supplementary Figures 4–9). For example, the Tropical North case-study (Gulf of Carpentaria) has very low current risk levels and the South East case-study (Sydney) has much higher current risk levels, yet similar future cumulative risk categories were derived for both of these regions (Figure 4). In the Tropical North case-study the high cumulative risk from future climate change threats was driven by the combination of high risk from increased temperature and sea-level rise, whereas in the South East case-study it was driven by the combination of high risk from temperature and increased rainfall (Figure 4). This again highlights the need to consider a range of threats for management decision-making and recognizing different regions may require different strategies.


[image: image]

FIGURE 3. An example of how spatially explicit current (A–G) and future (H–J) threats were applied to Tasmania (10 km × 10 km grid cells). Only cells where seagrass is present are shown. The risk of each threat was categorized as high, medium, low or no risk if there was no exposure to that threat. Each threat was weighted based on the consequence of exposure to this threat and the confidence in the threat was assessed through a survey with experts.
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FIGURE 4. Case study of 30 seagrass cells from each bioregion. (A) Tropical North (Gulf of Carpentaria), (B) South East (Sydney-Newcastle), and (C) South West (Albany) showing the breakdown of individual threats contributing to the current cumulative risk (left) and future cumulative risk (right). A similar cumulative risk (e.g., high) can be derived from different combinations of individual threats.


There was much more spatial variation in the cumulative risk of current threats compared to future climate change threats, which were generally consistent across bioregional scales, the scale at which climate operates (Figure 2). When combining current and future pressures, some high risk hotspots and low risk ‘cold-spots’ changed. For example cumulative risk from current threats was lowest in the Tropical North (greatest proportion of low risk, Figure 2B), with a cold-spot in the Gulf of Carpentaria. However, when adding the high threat future pressures, this area became moderate to high risk. On the other hand, isolated hotspots of high risk that were distributed along the eastern coast of Australia under current pressures expanded into a widespread band of high risk when combined with future pressures, especially in the South East bioregion and the Great Barrier Reef World Heritage Area (GBRWHA, east coast of Australia in the Tropical North bioregion).

When simulating nutrient and sediment management strategies by reducing the areas with high or moderate risk for chronic and acute sediment risk by one category, cumulative risk in the South East bioregion reduced (Table 3). In other bioregions this did not result in the cumulative risk to seagrass habitat being reduced.


TABLE 3. Comparison of how the percentage of cells under the different current cumulative risk categories changes following a simulated nutrient reduction.
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Validation of Individual Threat Layers

We generated ten spatially explicit threat layers specific for seagrass habitat across the Australian continent using a range of data sources (Table 1). When summarized across all of Australia, experts had the highest confidence in the risk assigned to climate change threats (increased temperature and changes in rainfall) as well as localized shipping accidents. There was a moderate confidence for all other layers (Supplementary Figure 3). For the quantitative assessment the experts matched quite closely the model predictions for all climate change threats as well as the risk from resuspension and shipping. For the remaining threats there was a slight overestimate of the model for threats from oil and gas wells, industry and ports and dredging, on average 0.5–0.8 units, with an overestimate of ∼1 category (1.2 units) for threat from sediment and nutrients (Supplementary Figure 3). This overestimate was mostly driven by respondents that were experts from Western Australia and Queensland indicating that their perceived threats are higher than model predictions. This is likely because most evidence for seagrass decline historically is due to eutrophication.




DISCUSSION

One of the challenges for environmental management is having information at the appropriate spatial and temporal resolution and extent to aid decision making (Specht et al., 2015). This is very apparent at national levels and across bioregions because information is disparate and is derived from local stakeholders with different types of information. We have begun to address some of the challenges by developing a set of publicly available, national, spatial threat maps representing ten pressures for seagrass ecosystems along the 35,000 km coastline of the Australian continent. It is a data resource that can be used for future work, adapted to assess other habitats or also be used as a local-scale or nation-wide tool to aid decision making in the face of multiple threats and limited resources (Pressey et al., 2007). In addition, the approach can be applied to other regions around the globe to assess risk to seagrass habitats.

This resource was then used for a spatially explicit cumulative risk analysis based on the ten threat layers, identifying hotspots of high and low risk for coastal seagrass habitat based on the exposure and vulnerability to a range of relevant pressures. This standardized approach provides a tool to enable informed decision making at a national level (Tulloch et al., 2015). Currently the Australian Federal government is developing national environmental accounts for blue-carbon habitats including seagrasses. To do this habitat maps, condition of the habitat and potential threats to these habitats is required and these are assessed over time (see Text Footnote 1). This resource can be used to support these activities. Although, many of the major identified threats to seagrass habitat were sourced (Grech et al., 2012; Turschwell et al., 2021), information at the national scale for some key threats are still missing such as trawling or aquaculture (Turschwell et al., 2021). There is still effort needed to improve the representation of threats at a national level and this aligns with the priority to address the challenges for improving ocean health, where Claudet et al. (2020) indicated more integration of information is needed to support decision-making.

High cumulative risk areas were identified based on exposure to threats from current practices. These were generally associated with population, agricultural and/or industrial centers and were distributed around Australia, although the greatest proportion was in the most densely populated South East bioregion (Figure 2B). Globally loss of seagrass habitat has been attributed to deterioration of water quality from increased nutrient and sediment loads (Waycott et al., 2009; Turschwell et al., 2021) so load reduction is a management strategy commonly used to protect seagrass habitat, although not always successful due to the complex nature of the systems (Unsworth et al., 2015). It is a current management focus in all bioregions in Australia (Jackson et al., 2016; Brodie et al., 2017). Interestingly, the high cumulative risk predicted in this study could be reduced somewhat through simulating reductions in nutrient and sediment loads, but only in the South East. In the Tropical North, around the Great Barrier Reef World Heritage Area, reducing nutrients and sediments, did not reduce the cumulative risk from current threats. The environmental protection policy for seagrass habitat in the GBRWHA, part of the Tropical North, focuses on improving water quality and managing the impacts of dredging (Anon., 2015). Grech et al. (2011) also recommended focusing management on agricultural inputs (nutrient and sediments) due to the large catchment areas. However, our analysis indicates that focusing on this alone will not reduce the risk of impact to seagrass habitat. Threats with the greatest individual risks for the Great Barrier Reef example based on our analysis, includes resuspension, ports and shipping as well as risk from increased rainfall (Supplementary Figures 6, 7, 9, 12). So reducing sediment loads may contribute somewhat to resuspension risk by reducing the pool of sediments that could be resuspended. But increased risk from rainfall requires global action to reduce the rate of greenhouse gas emissions and the changes in weather patterns. To manage for this scenario actions to increase resilience of seagrass habitats to these cumulative threats combined with interventions to facilitate recovery and or restore habitats is needed.

This study highlighted that when managing habitat based on risk at a national level; taking into account future risk from climate change altered the spatial pattern of risk. The 2,070 model projections used can be considered conservative as climate change effects may manifest at a faster rate than these predictions (IPCC, 2019). Similar to current threats, other climate change threats have also not been included such as heat waves, so further effort is needed to create these threat layers and develop a process to assign risk. Despite this, the incorporation of climate change risk into the future was valuable as it provided further insights to inform management decisions. For example, if high risk to seagrass habitat is predicted mostly from a set of current threats, reducing these specific threats could be the focus for management. But if high risk is predicted mostly from climate change threats then management actions for resilience building, facilitated recovery and restoration would be important to consider. When both current and future threats generate high risk an approach combining both sets of actions is needed. By assessing the cumulative risk from both current practices and future threats, the footprint of high risk increased, particularly in the South East and Tropical North bioregion. For example, in the globally significant GBRWHA, high risk has been identified from current threats in six hot-spots (Figure 2B) but when this is combined with threats from climate change (Figure 2C), this expands into a much larger, almost continuous band in the central and southern GBRWHA. Our approach re-affirms the importance of managing risk as a cumulative challenge (Grech et al., 2016) and the value of projecting future scenarios to guide where resilience building and restoration actions are most needed.

Cumulative risk assessment does not imply impact or predict response in a habitat. It is used as a tool to identify where multiple threats occur and assists decision-making based on a number of assumptions: that risk of multiple threats is additive; and the vulnerability of the seagrass habitats to these threats is known (Halpern and Fujita, 2013). We know that this is a simplification of the real world as the suite of seagrass species changes across bioregions and different species vary in their life-history strategy influencing their ability to resist and recover from disturbance, hence influencing their vulnerability (Kilminster et al., 2015). This has been highlighted recently where life-history was a strong predictor of the trajectory of seagrass change over time (Turschwell et al., 2021). Assemblage-specific vulnerabilities based on life-history could be integrated into this risk assessment framework, though this is presently limited to smaller site-specific areas where more detailed habitat mapping is available. This tiered approach from using national maps with predicted extent down to assemblage or species composition at the bioregional level could be used to generate more confidence in predicting risk and prioritizing management actions for local-scale management. To improve confidence, further work is also needed to understand the interaction of these multiple threats to seagrass habitats (e.g., Ontorio et al., 2019).

Priority areas for conservation were identified based on the cumulative risk assessment, as those that had no or low cumulative risk under current conditions and included locations in the Tropical North. However, when climate threats were considered the risk rating of some of these areas increased (e.g., Gulf of Carpentaria) and new areas of low risk were identified (southern coast of the South West bioregion). Some of these locations align with World Heritage Areas and Commonwealth or State managed marine parks (Anon, 2016). We recommend taking action to assess whether management plans are in place to conserve this habitat and if feasible actions are in place to manage the multiple threats by either reducing the risk of the threats or actions to build resilience, facilitate recovery and restore seagrass habitats.

Our analysis has highlighted hotspots of risk which correspond with known areas of seagrass loss (e.g., Kendrick et al., 2002; Bryars and Neverauskas, 2004) but there are areas that were identified as low risk where in recent years seagrass 1,000 km2 losses have occurred associated with a marine heat-wave event (Thomson et al., 2015; Strydom et al., 2020). This reiterates the need for additional threat layers to incorporate the risk of marine heat-wave events. Our approach is designed as a tool for guiding broad-scale conservation and management action with a range of assumptions, and does not account for rare events in a stochastic model of risk. Areas categorized as low risk should not be considered ‘safe’, in fact management strategies should be developed for threat mitigation and management, although the approach may vary compared to the high risk areas. By taking a national approach to our risk assessment we enable identification of regions with similar risk profiles where regional evaluations can be refined and a tiered approach as described above, implemented.

Monitoring, management and conservation actions can be focused based on the outputs of this research, such as tailoring monitoring programs to incorporate indicators of known current and future high risk threats and seagrass habitat response and prioritizing management actions locally on threats that have a high risk. For climate-change mitigation planning actions to build resilience, facilitate recovery and restore seagrass habitats could be implemented in areas of high risk from future pressures. By incorporating the cumulative risk outputs with a decision making framework (e.g., Tulloch et al., 2015) investments can be prioritized to management actions from a national perspective and contribute to national environmental accounting which requires assessment of habitat extent, condition and threats to the habitat over time.
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2
http://www.ozcoasts.gov.au/search_data/estuary_search.jsp

3
bom.gov.au

4
water.wa.gov.au

5
https://data.gov.au/data/dataset/a18dbf2b-c0fe-4a26-b39a-e553bf6c39b5

6
http://data.gov.au/dataset/australian-ports

7
https://www.operations.amsa.gov.au/Spatial/DataServices/MapProduct

8
http://dbforms.ga.gov.au/www/npm.well.search

9
www.csiro.au/ozclim

10
http://www.cmar.csiro.au/sealevel/sl_proj_regional.html
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Bioregion Scenario Percentage of cells

No risk Low risk Moderate risk High risk
South East Current 0.3 5.3 356.7 58.7
Nutrient and sediment management 0.3 6.4 44.2 491
Tropical North Current 1.4 36.1 54.4 8.1
Nutrient and sediment management 1.4 36.1 54.5 8.1
South West Current 0.9 19.5 60.5 19.1
Nutrient and sediment management 0.9 19.6 61.4 18.1

High risk is reduced in the south-east bioregion with nutrient reduction, but not in the other two bioregions, indicating other threats are contributing significantly to the
cumulative risk.
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