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Abstract

:

Many coastal wetlands are under pressure due to climate change and the associated sea level rise (SLR). Many previous studies suggest that upslope lateral migration is the key adaptive mechanism for saline wetlands, such as mangroves and saltmarshes. However, few studies have explored the long-term fate of other wetland types, such as brackish swamps and freshwater forests. Using the current wetland map of a micro-tidal estuary, the Manning River in New South Wales, Australia, this study built a machine learning model based on the hydro-geomorphological settings of four broad wetland types. The model was then used to predict the future wetland distribution under three sea level rise scenarios. The predictions were compared to compute the persistence, net, swap, and total changes in the wetlands to investigate the loss and gain potential of different wetland classes. Our results for the study area show extensive gains by mangroves under low (0.5 m), moderate (1.0 m), and high (1.5 m) sea level rise scenarios, whereas the other wetland classes could suffer substantial losses. Our findings suggest that the accommodation spaces might only be beneficial to mangroves, and their availability to saltmarshes might be limited by coastal squeeze at saline–freshwater ecotones. Furthermore, the accommodation spaces for freshwater wetlands were also restrained by coastal squeeze at the wetland-upland ecotones. As sea level rises, coastal wetlands other than mangroves could be lost due to barriers at the transitional ecotones. In our study, these are largely manifested by slope impacts on hydrology at a higher sea level. Our approach provides a framework to systematically assess the vulnerability of all coastal wetland types.
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1. Introduction


Coastal wetlands, found within continental margins, are low-lying areas of extraordinarily high biodiversity and with high human accessibility [1,2,3]. Many types of wetlands, ranging from saline wetlands (such as mangroves and saltmarshes) that are regularly inundated with sea water to freshwater swamps upstream of the tidal limit in estuaries where salinity is rarely above 0.5 ppt [4], occur along the gradients of tidal influence. As an essential component of the coastal landscape, these wetlands provide an array of important ecological services that are critical for wildlife and human welfare, such as buffering against storm surges, filtering and purifying water, sustaining biodiversity, and sequestering carbon [5,6,7,8]. However, they are also among the most exploited and threatened ecosystems worldwide, subjected to a variety of stresses, including timber harvesting, land reclamation, erosion, and climate change, and its associated sea level rise (SLR) [9,10].



Although SLR imposes obvious threats to all coastal wetlands, most previous wetland vulnerability assessments focused on tidal saline wetlands (e.g., salt marshes and mangroves) [11,12,13]. There are significant knowledge gaps on how freshwater and brackish wetlands respond to projected SLR [7,13]. Many regional and global monitoring and assessment frameworks, such as the high-precision rod surface-elevation table-marker horizon (RSET-MH) [14,15,16,17], mainly target mangroves and saltmarshes. Other wetlands, such as coastal floodplain forests, swamps, and lagoons, have received much less attention [2,13]. Globally, there is currently a lack of information on the distribution of these wetlands as well as basic information on the physiological ecology of major coastal freshwater wetland species under natural settings; the structure and dynamics of pure and mixed species communities, soil–plant interactions, biogeochemistry, hydrology, soils, wildlife habitat, primary biotic and abiotic functions; and the response of these systems to natural and human-caused disruptions. Existing information is often not in a form that can be applied to ecosystem problems, especially those related to management, restoration, or creation of tidal swamps. In contrast, the first World Mangroves Atlas was published in 1997 [18]. Nevertheless, coastal freshwater wetlands, which generally lie just upslope from the saline wetlands, are similarly valuable in terms of their provision of critical ecosystem services, and should also be part of coordinated monitoring and assessment efforts to inform coastal climate change adaptation policy [1,7,19].



With the sea level rising, it is expected that increased inundation and salinity would change the existing zonation of vegetation communities in an estuary and would likely favor the encroachment of saline species into upland brackish and freshwater ecosystems [20,21]. Brackish and freshwater upland species can be killed by increased tidal flooding because they are not tolerant to long-term inundation and/or elevated salinity [7]. For example, tidal forests along the northern Gulf of Mexico are predicted to suffer substantial loss as a result of SLR [22]. Additionally, in North America, there has been extensive mortality of tree stands in the Atlantic coastal landscapes due to storm surges, which create windows for saline wetland transgression [23]. Similarly, the widespread dieback of native Melaleuca forest in the coastal floodplains of northern Australia due to saltwater intrusion [24] has led to the expansion of mangrove forests and saltmarshes [2]. These studies documented the retreat of coastal forests and the subsequent replacement with mangroves and/or saltmarshes as the sea level rises. However, reports on other coastal freshwater wetlands are rare (but see [25,26]), and the systematic assessment of the transition between wetland types in the face of climate change and the associated SLR is needed because the mechanisms that control these transitions could vary with the hydro-geomorphological and ecological settings at the freshwater–saltwater interface [26].



Many recent studies have demonstrated that the landward migration of coastal wetlands is one of the main adaptation mechanisms in relation to the impacts of SLR [11,12,27,28]. However, the lateral accommodation space is often limited by a naturally steep topography and/or man-made infrastructure for shoreline protection in many estuaries, i.e., coastal squeeze [29]. Many coastal forested wetlands, such as the Casuarina forest, and littoral rainforest are also identified as threatened ecological communities in Australia [30]. As these are succeeded by encroaching saline wetlands (see above), they might be more vulnerable to degradation and loss as a result of SLR than other coastal wetlands [22]. Therefore, how to balance promoting landward migration of intertidal wetlands and conserving other freshwater wetlands in coastal landscapes under SLR is a significant challenge for natural resource managers.



This study presents an early systematic assessment of the potential transition between wetland types under three SLR scenarios to address a major knowledge gap impeding adaptive management. First, we build a machine learning model (RF, random forest) using a detailed wetland map for the Manning Estuary, a moderately developed barrier riverine estuary [31] in south-east Australia. The RF model establishes the hydro-geomorphological conditions for each wetland type to occur. We then predict the future distribution of coastal wetlands under three SLR scenarios (0.5 m, 1.0 m, and 1.5 m, corresponding to low, intermediate, and high, hereafter also referred to as scenarios 1, 2, and 3, respectively). The three SLR scenarios represent a range of the possible SLR magnitudes within the present century and beyond [32]. Finally, the loss and gain of each wetland type are calculated at pixel level to form an extended transition matrix, and the dominant signals of change for each class [33,34] are identified. Specifically, we aim to answer the following questions that are of particular interest to conservation planning: (i) is SLR-induced coastal squeeze an equal issue for all wetlands?; (ii) does lateral accommodation space provide equal opportunities for all wetlands?; and (iii) which wetlands are facing the greatest threats under SLR?




2. Methods


2.1. Study Area


The Manning River Estuary (31.879°S, 152.686°E, Figure 1) is located on the mid-north coast of New South Wales (NSW), Australia. It belongs to the warm temperate climate zone with warm, humid summers and mild winters. During winter–spring (July to October), the climate is predominately controlled by the sub-tropical high-pressure belt, resulting in dry conditions. During summer–autumn (November to May), the prevailing monsoon brings warm and wet conditions. The interannual variation in rainfall is high [35] due to the influence of the El Niño–Southern Oscillation; lower-than-average annual rainfall occurs during El Niño periods while greater-than-average rainfall occurs during La Niña periods.



The Manning River Estuary is a barrier type estuary, with a sand barrier parallel to the shoreline that encloses the entrance to the estuary [36]. The sandy barrier impounds estuary environments, but maintains a permanently open entrance that influences the water exchange between the ocean and estuary and sediment accumulation. The estuary of the Manning River extends over 25.3 km2 [36] and receives freshwater inflows from a catchment of approximately 8400 km2 [37]. Most of the rivers and creeks are unregulated, with no major storages used to capture and store flows. The tidal range at the entrance can be up to 1.9 m, the tidal limit is near Wingham, about 53.9 km upstream of the estuary mouth [38] (Figure 1), and the saline limit is approximately 50 km upstream [39]. The coastal floodplain encompasses a complex of waterways and is moderately developed, with approximately 10% being conserved as national parks and natural reserves. Based on the land use/land cover map of NSW (NSW Landuse 2017, downloaded from https://data.nsw.gov.au/data/dataset/nsw-landuse-2017, accessed on 12 August 2019), the major land uses for the developed areas are grazing modified pastures (~43%), grazing native vegetation (~21%), urban settlements and farm residentials (~2%), and forestry (~1%).



There are many wetland types, including coastal floodplain freshwater marshes; freshwater forested swamps dominated by tree species, such as Swamp Mahogany (Eucalyptus robusta) and Broad-Leaved Paperbark (Melaleuca quinquenervia); brackish forested swamps (i.e., Swamp Oak, Casuarina glauca); saltmarshes; gray mangroves; and mudflats [40]. As a result of land reclamation, these wetlands are typically patchy or fringing the riverbanks, except in the Crowdy Bay National Park (~11,700 ha) where extensive wet and dry heathlands occur. The wetlands provide essential ecological services (e.g., habitats for waterbirds, fish and crustaceans [41]) for the maintenance of local and regional biodiversity. Wetland conservation is a major challenge facing the future management of the Manning River Estuary due to the increasing threat of SLR, land clearing, and livestock trampling [41]. Our study focused on the Crowdy Bay National Park and its surrounding low-intensive land use (e.g., grazed native vegetation), where the disturbance to natural hydrological connectivity due to agricultural and urban development is relatively small to absent, and continuous freshwater forested wetlands occur (Figure 1).





[image: Remotesensing 14 01888 g001 550] 





Figure 1. (A) A map showing the Manning River catchment situated in NSW, Australia. (B) A map of the Manning River Catchment showing the extent of the Manning Estuary and where Crowdy Bay National Park is situated. (C) The mapped wetland types in the focused study area simplified from the existing wetlands map in [40]. The terrestrial vegetation includes the lightly grazed native vegetation. The background aerial photo shows the surrounding grazing and croplands, and proximity of the focused study area to the saline waters of the lower estuary. 
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2.2. Data Sources and Preparation


2.2.1. Responsible Variable


The recent wetland map [40] was used to create the response variable wetland type. The original map discriminates wetlands into 13 major groups, which we aggregated into five broad wetland types: two freshwater wetlands, i.e., coastal forested wetland (referred to as Forest) and freshwater marsh (referred to as Marsh); two saline wetlands (i.e., Mangroves and Saltmarshes); and one brackish wetland (Swamp Oak, referred to as Oak). However, the initial modeling found that machine learning techniques that use only the hydro-geomorphic predictor variables, had limited power to separate Oak and Saltmarshes (nearly 1/3 of the Oak was classified as Saltmarshes and more than ¼ of Saltmarshes was mistakenly classed as Oak). Therefore, Oak was integrated into Saltmarshes and termed as Saltmarsh/Swamp in this study. The aggregated wetland map was then overlaid with the simplified land-use map by the NSW Department of Planning and Environment (NSW Landuse 2017, downloaded on 12 August 2019 from https://data.nsw.gov.au/data/dataset/nsw-landuse-2017) to form a land-cover map with six classes, i.e., four wetland types, water, and terrestrial vegetation (all other land covers). The land-cover vector data were then converted to 5 m × 5 m raster grids for stratified random sampling [42]. From each class, we randomly sampled 5% of the grids resulting in a dataset with 200,758 data points for building the random forest classification model (see below). It is important to note that we only sampled from the natural (e.g., national parks) and semi-natural (e.g., grazed native vegetation) land covers informed by NSW Landuse 2017.




2.2.2. Predictor Variables and Pre-Processing


Topographic variables: Topographic heterogeneity is a major factor structuring plant assemblies in natural wetlands [43,44,45]. Over the last two decades, the NSW government commissioned Airborne Light Detection and Ranging (LiDAR) surveys covering all coastal areas. The detailed 1 m-DEM (digital elevation model) with a horizontal accuracy of 0.4 m and vertical accuracy of 0.15 m was resampled to a 5 m resolution to achieve a reasonable computing time. We calculated 6 topographic variables using the 5 m DEM to characterize the terrain heterogeneity. Although a variety of indices have been developed [46], the selected variables are known to be important for predicting vegetation distribution through influencing the dispersal, colonization, and growth of plant species [47]. We used the SAGA application [48], a free open-source GIS software, for all the calculations.




	
TPI (Topographic Position Index): The difference between the value of a grid cell and the mean value of its 8 surrounding cells


  TPI = h −  h  m e a n    



(1)




where h is the elevation in meters. The positive or negative values of the TPI indicate that the central point is located higher or lower than its average surroundings, respectively.



	
Landform classes: The landform classification is derived from the TPI as by Guisan, Weiss, and Weiss [49]. The TPI values are used to distinguish the topographic features, such as a hilltop, valley bottom, exposed ridge, flat plain, and upper or lower slopes [49].



	
The Terrain Ruggedness Index (TRI) can be expresses as:


  TRI =    (  ∑    (   Z c  −  Z i   )   2   )     1 2     



(2)




where Zc is the elevation of the central grid cell and Zi is the elevation of one through to eight neighboring cells. The Terrain Ruggedness Index (TRI) is a topographic measurement developed by [50] to quantify topographic irregularities in a region.



	
The Topographic Wetness Index (TWI), according to Kirkby and Beven [51], can be expressed as:


  c t i = ln  [   α  tan  ( θ )     ]   



(3)




where α is the catchment area [(flow accumulation + 1) × (pixel area in m2)], and θ is the ground slope angle in radians. It is assumed that topography controls the movement of the water in a sloped terrain, and thus the soil moisture level, which, in turn, affects the distribution of plant species. High TWI values are found in converging flat areas and low values are typical for steep diverging terrains.



	
The calculated Wind Exposition Index (WEI), as proposed by Böhner and Antonić [52], can be expressed as:


   Ψ  o t e   =  1 N    ∑   i = 1  N   (  1 − s i n φ  )   



(4)




where N is the angle step (we used 24, i.e., each 15 degrees). The horizon angle φ for any given grid in the DEM (with the elevation z) is defined as the maximum angle toward any other grid in a given azimuth, within a selected search distance d (we used 10 km in this study), determined by:


  φ = arctan    (    Δ z  d   )    m a x    



(5)




where d is the distance to the point with a higher elevation z +   Δ z  . The WEI is a non-dimensional index used to quantify wind exposure at the land surface. A value < 1 indicates more covered areas, and a value > 1 indicates the areas exposed to wind.



	
Slope according to Horn [53] using the elevation of eight neighboring grid cells. Slope is one of the basic topographical parameters of the terrain. The slope angle is an important contributing factor to flooding and soil erosion, and the slope aspect affects sunlight, humidity, and temperature, which are all important for plant colonization and establishment.








Geohydrological variables: Two geohydrological variables were calculated and used as predictors in the model, the water depth at High High-Water Solstice Springs (HHWSS), H, and the distance to the water edge at HHWSS, D. H was calculated as the difference (mm) between the HHWSS tidal plane and the LiDAR DEM; therefore, cells with a negative value of H are high-ground areas that are not generally inundated by the tide except during extreme events, and cells with positive values are low-lying areas that are subjected to inundation during most spring high tides. To calculate the distance to the water edge, we first used the calculated H to define the maximum extent of the water surface. The water surface polygons were then converted to polylines, and a raster of Euclidean distance to the polyline was created using ArcMap. Both H and D are effectively surrogating for the tidal inundation regime, which varies with the estuary type and location within an estuary [54].



The HHWSS tidal-plane layers of each estuary were previously developed to assess the regional vulnerability of built assets to tidal inundation [55]. Briefly, for well-gauged estuaries, the procedure involves the following: (1) the HHWSS elevation of each tide gauge is computed using standard harmonic analysis techniques, and (2) the estuary tidal plane is calculated by interpolating HHWSS elevations between gauges using a minimum curvature spline technique. The characteristic shapes of the tidal plane were identified for each estuary type, which were then used to infer the tidal planes in poorly gauged estuaries. Three SLR scenarios were then simulated by adding 0.5 m, 1.0 m and 1.5 m to the present-day tidal plane. The key advantage of this approach over the simpler bathtub approach for simulating SLR is that it more closely represents the true intra-estuary variation in water levels due to tidal amplifications/attenuations and other shallow-water processes characteristic of each estuary type [54,56]. The approach does not, however, include any future modification to the tidal dynamics as a result of a morphological adjustment to SLR, thus it remains a first-order approximation to future water levels inside the estuaries [57].



Prior to the model training, all of the predictor variables were centered (i.e., by subtracting the mean) and scaled (i.e., by dividing the standard deviation) to reduce structural multicollinearity [58]. Although multicollinearity is less problematic in machine learning than in conventional statistics, highly correlated variables can reduce the precision of the estimated coefficients, which weakens the predictive power of the fitted model [58]. We applied VIF (Variance Inflation Factor) analysis and removed the variables with VIFs greater than 5 [59], resulting in 7 variables, i.e., H, D, TWI, TPI, TRI, Slope, and WEI, included in model training.





2.3. A Random Forest Model for the Current Wetland Distributions


We modeled the current distribution of the six land-cover classes using random forest (RF) implemented in the R package “Caret” [60]. Random forest is a widely used supervised machine learning method for classification and regression [61]. It is among the top machine learning algorithms to discriminate coastal wetlands [62].



The dataset was split into training (25%) and testing (75%) subsets using stratified random sampling. We used only one quarter of the data for model tuning to reduce the computing time. Moreover, the larger testing dataset increases the robustness of validation. With the training dataset, the repeated (5 times) 10-fold cross-validation procedure is used for model tuning. As the land cover classes are highly imbalanced, and most machine learning models tend to be more efficient and accurate in predicting the majority class than the minority class as they aim to minimize the overall error rate [63], sampling techniques are often used to tackle the problem of extremely imbalanced data. We used down-sampling in model tuning, i.e., randomly subset all the classes in the training set, so that their class frequencies match the least prevalent class, to correct this behavior. Using the testing dataset, we calculated the overall, producer, and user accuracy (OA, PA, and UA, respectively) of wetland classifications. We also reported the Cohen’s Kappa statistic, which considers the expected error rate. While Kappa = 1 indicates perfect model prediction, Kappa = 0 is interpreted as no agreement between observations and predictions.



Further, we assessed the model performance by computing an agreement map, i.e., the mapped and predicted current distribution of coastal wetlands within natural land covers using the function CompareClassification in the R package “greenbrown” [64]. It is necessary to constrain the comparison within natural land covers as historical coastal development has reclaimed many coastal wetlands for croplands, pastures and other anthropogenic land covers [21,65].




2.4. Predicting the Wetland Distribution under Sea Level Rise Scenarios


A total of 3 future tidal planes were simulated under 3 sea level rise scenarios: 0.5 m, 1.0 m and 1.50 m [55]. With the new tidal planes, the two geohydrological variables (i.e., H and D) were recalculated. The trained and evaluated RFs are then used to predict the future distribution of coastal wetlands for each SLR scenario.




2.5. Wetland Changes under Three SLR Scenarios


To explore the change in the distribution and extent of wetland types, we conducted a grid-by-grid comparison between the predicted current distribution and the predictions under the three SLR scenarios. The predicted current and future distribution maps were overlain to produce a categorical transition matrix of the four wetland types. The changes in the wetland types were quantified in terms of gross gains, gross losses, and persistence as well as net and swap changes. The swap change refers to gross loss of type in one area with a gross gain of the same type in another location or vice versa [33,34]. With the categorical transition matrix, we further computed the loss-to-persistence ratio (i.e., loss/persistence) and gain-to-persistence ratio (i.e., gain/persistence) to assess the tendency of each wetland type to lose to and to gain from other types, which is an approach developed by Braimoh [33].





3. Results


3.1. A Model Accuracy Assessment


Based on the validation testing, the wetland type model achieved an overall accuracy of 92.4% and the Kappa coefficient of agreement was 0.90 (Table 1). However, accuracies were variable at the category level. The model discriminated Water almost perfectly (99.8% and 97.9% for PA and UA, respectively). Similarly, the performance for Terrestrial Vegetation was also very high (PA and UA were 99.2 and 97.5%, respectively). The discrimination power for Mangrove and Marsh was relatively lower (the PA was 63.9% and 61.1%, respectively, Table 1). There was little evidence of a misclassification between wetlands and non-wetlands. Among the different wetland types, in general, the model slightly overestimated Mangrove and Marsh, and slightly underestimated Saltmarsh/Swamp and Forest (Table 1). A misclassification most commonly occurred between Forest and Marsh: while 13.14% of Forest was misclassified as Marsh, 11.69% of Marsh was misinterpreted as Forest (Table 1). There was also some misclassification between Mangrove and Saltmarsh/Swamp: 11.74% of Saltmarsh/Swamp were misclassified as Mangroves and 7.62% of Mangroves were wrongly categorized as Saltmarsh/Swamp (Table 1). These classification errors among wetland types reflected the often proximal distribution of mangroves and saltmarshes, despite their marginally different hydro-geomorphic requirements [7]. Any other confusion between classes was marginal.



The map accuracy was lower in comparison with the validation test, with an OA of 87.2% and Kappa of 0.82. Similar to the testing performance just described, both PA and UA had considerable variations at the category level. The PA ranged from 59.9% (Marsh) to 100% (Water), while the UA varied between 79.2% (Saltmarsh/Swamp) to 100% (Water). The most mismatches between the modeled and mapped land cover commonly occurred at three locations: (1) native vegetation where the hydrological connectivity was heavily impeded by artificial banks, roads, and drains (Figure 2, inset 1); (2) errors in the original land-use land-cover map (Figure 2, inset 2); and (3) the higher model uncertainty in the wetland transitional zones (Figure 2, inset 3), especially the areas between Saltmarsh/Swamp and Forest, Forest and Marsh, and Saltmarsh/Swamp and Mangrove.



As the final model had an “almost perfect” predictive power (i.e., Kappa > 0.81, [66,67]) based on both the validation and map comparison, it was deemed to be suitable for future predictions [68].




3.2. The Spatial Extent and Wetland Transitions under the SLR Scenarios


The model predicted that SLR would cause substantial land-cover changes and shifts in the study area (Figure 3). As the sea level rises, the area of water body is predicted to expand at the expense of other land-cover types (mainly Mangroves and Saltmarshes/Swamp), increasing from 11,371 ha to 12,627 ha (10.5%), 21,598 ha (89.9%), and 35,223 ha (209.8%) under low, moderate, and high SLR scenarios, respectively. In comparison to the gain in Water, the predicted loss in the terrestrial vegetation area was relatively small with a decrease of 1323 ha (5.7%), 3433 ha (14.9%) and 5503 ha (23.8%) under the 3 SLR scenarios.



The changes in wetland types were variable. Under the low SLR scenario 1, there was virtually no change in the total area of the wetlands; the gains in Mangroves counterbalanced the losses in other wetland types, resulting in an insignificant net increase of 67 ha (0.1%). Under higher SLR scenarios, however, a substantial loss of wetlands was predicted, with the total wetland area reduced by 6793 ha (10.30%) and 18,349 ha (27.83%) under scenarios 2 and 3, respectively (Figure 3).



The spatial extent of wetland (i.e., all four classes lumped together) loss, gain, and persistence under SLR scenarios is presented in Figure 4. Note that persistence includes a wetland area persisting as a wetland area irrespective of whether it changes wetland type. To emphasize the effects on wetlands, we excluded water and terrestrial vegetation in the map. In general, the loss and gain potentials increased as the SLR became larger (Figure 4). However, the gain potential was much less than the loss potential, resulting in persistent wetland decreases at higher sea levels.



It was clear that most wetland loss occurred at the open water margin and wetland gains were at the upslope margin. Under scenario 1, the loss of wetlands was minimal and restrained to riparian areas along the streams and rivers. Similarly, the encroachment of wetlands into the uplands was marginal. Under higher SLR scenarios, extensive loss occurred in freshwater wetlands on the coastal floodplain when SLR reached 1.5 m (Figure 4). In contrast, the gains were limited, and only small patches of freshwater wetlands were formed in the uplands (Figure 4).




3.3. The Gains, Losses, Net Change, and Swap Change at the Category Levels


SLR-associated transitions of land cover from one class to other classes, including areal gains, losses, persistence, total changes, and swaps, are listed in Table 2 and summarized visually in Figure 5. The change percentages associated with each class are proportions of the total area shown in Figure 3. At the landscape scale, the total changes under SLR scenario 1 were dominated by wetlands (the total change was 18.78%, 16.25% and 16.52% for Forest, Mangroves and Saltmarsh/Swamp, respectively, Table 2). The total change in Water increased in dominance under SLR scenarios 2 and 3. The change in upland terrestrial vegetation was low under all SLR scenarios likely due to a steeper slope, suggesting a limited horizontal migration potential in the study area near the entrance of Manning Estuary.



Among the wetlands, the proportion of persistence was highest for Forest, followed by Mangrove, Marsh and Saltmarsh/Swamp under scenario 1. However, wetland persistence decreased rapidly under higher SLR scenarios, especially for Saltmarsh/Swamp and Mangrove (Figure 5 and Table 2). Under SLR scenario 3, all wetland types, except Forest, lost their persistence (the persistence was 0, 0.06%, and 0.50% for Saltmarsh/Swamp, Mangrove, and Marsh, respectively, Table 2). In addition, the total changes were comprised of a high level of swap changes, especially for Forest and Saltmarsh/Swamp (Table 2), indicating that a widespread wetland transition occurred due to the SLR. Moreover, the changes caused by SLR were disproportionate, with Forest and Saltmarsh/Swamp having the greatest variations, and the uneven areal changes in different wetland types was consistent between the scenarios (Figure 5). Under SLR scenario 1, all wetland types were predicted to suffer small losses ranging from 3.28% (Saltmarsh/Swamp), to Marsh (3.50%), to 6.91% (Forest), except for Mangrove, which was predicted to increase by 13.75%. The patterns of loss and gain were similar under SLR scenarios 2 and 3, with Forest suffering the highest loss followed by Saltmarsh/Swamp and Marsh and gains for Mangrove (Table 2).



3.3.1. Forest Transitions


The transitions in Forest were dominated by persistence and loss, although persistence decreased with a higher SLR (Figure 5). Under SLR scenario 1, the greatest loss (29.20%) was due to the encroachment of Saltmarsh/Swamp (6645 ha) and Mangrove (5126 ha). The exchange between Marsh and Forest resulted in a net gain of 3607 ha, which was much larger than the gain of 1230 ha from upland terrestrial vegetation. At a higher SLR of 1.0 m, nearly half of the current forest area was predicted to be lost to other wetland types, and the majority of the loss was caused by the encroachment of Mangrove (14,677 ha) and Saltmarsh/Swamp (5646 ha). Again, the gain of 4465 ha by Marsh outweighed the loss of 1733 ha from Marsh, and the gain from the uplands increased to 2294 ha. Under the highest SLR of 1.5 m considered in this study, most of the current forest area (60.37%) was predicted to be replaced by other wetland types (17,381 ha) or inundated (9287 ha). The total gain of 9196 ha was from Terrestrial (3434 ha) and Marsh (5762 ha).




3.3.2. Mangrove Transitions


The change in Mangrove was dominated by gains (Figure 5), and it was predicted to expand under all simulated SLR scenarios. For the first 0.5 m of SLR, 25.8% (1251 ha) of the current mangroves were predicted to be lost to Water. However, 5126 ha of Forest and 9931 ha of Saltmarsh/Swamp were predicted to be converted to mangroves, resulting in an increase of 284.39%. When SLR reaches 1.0 m, although nearly 70% (3354 ha) of the current mangrove area would be inundated by water, large predicted gains (14,677 ha from Forest, 3421 ha from Saltmarsh/Swamp, and 259 ha from Marsh) resulted in a net increase of 309.05%. Under the highest SLR scenario of 1.5 m, almost all current Mangroves were predicted to be lost. Nevertheless, the gains from Forest (14,372 ha), Saltmarsh/Swamp (1772 ha), and Marsh (526 ha) was far greater than the loss, resulting in a net increase of 244.58%.




3.3.3. Saltmarsh/Swamp Transitions


The Saltmarsh/Swamp had the highest potential for loss due to very limited persistence under SLR scenario 1 (358 ha or 3.48%) and no persistence under higher SLR scenarios (Figure 5). Under a low SLR, the predicted loss of 96.52% was mainly caused by the encroachment of Mangrove (9931 ha). All newly created Saltmarsh/Swamp (6645 ha) was due to the predicted landward migration into Forest. Under the higher SLR scenario of 1.0 m, inundation (6873 ha) by Water and invasion by Mangrove (3421 ha) resulted in a predicted 100% loss of the current Saltmarsh/Swamp areas. The encroachment into Forest (5646 ha) and Marsh (1470 ha) was the gain mechanism. When the sea level rise increased to 1.5 m, flooding (9767 ha) was responsible for the majority of losses, and only a small fraction of the Saltmarsh/Swamp loss (526 ha) was due to Mangrove encroachment. Most of the predicted gain was due to the migration into Forest (2348 ha), and the migration into Marsh (467 ha) was marginal.




3.3.4. Marsh Transitions


Marsh occupied the smallest proportion of the coastal landscape in the focus study area in the Manning Estuary (Figure 1 and Figure 3), and loss was the dominant transitional pathway under a future sea level rise (Figure 5). The predicted exchange between Forest and Marsh was the main transition mechanism for all SLR scenarios (Table 2). Additionally, there was also considerable Marsh loss to Saltmarsh/Swamp (1165 ha) under SLR scenario 2, and to Mangrove (1772 ha) under scenario 3. The predicted Marsh gain from the upland terrestrial land cover was limited (373 ha, 383 ha, and 165 ha under the three SLR scenarios). The predicted loss to Forest always outweighed the gain (see above), resulting in the highest net-loss rate (40.99%, 50.53%, and 84.45% under scenarios 1, 2, and 3, respectively).






4. Discussion


Upland migration is considered to be one of the major coastal ecosystem adaptation mechanisms to SLR [11,69], and many previous studies have argued that, on some coasts, the lateral accommodation space for saline vegetated wetlands (especially mangroves) is large enough to counteract areal loss in the face of SLR (e.g., [23,27,70]). There is currently a knowledge gap on the impacts of SLR on other coastal wetlands, such as freshwater and brackish forests [13], presenting a major barrier for integrated coastal ecosystem management [13,71,72]. Based on the modeled hydro-geomorphological settings of current wetland distributions, this study predicted the potential distribution of future wetlands and investigated the transitions of wetland types under low (0.5 m), moderate (1.0 m), and high (1.5 m) sea level rise scenarios. In agreement with previous studies [28,73], the results for our study area located near the entrance of a micro-tidal barrier-type estuary predicted that the total area of wetland would be kept at the current level (a slight increase of 67 ha, 0.01%) under the low SLR scenario, but would substantially decrease under the moderate and high SLR scenarios (a reduction by 10.30% and 27.83% under moderate and high SLR scenarios, respectively). Moreover, our results predicted that mangroves are the clear winner, significantly increasing in the face of future SLR, while all other wetland types would suffer considerable losses, especially under higher SLR scenarios. Our results support the hypothesized landward transgression under SLR [74] for all wetland types, although the migration is highly localized (Figure 2), influenced by local hydro-geomorphology [75]. These site-specific transitions support the ecotone theory [76], which predicts that a high rate of ecological shifts induced by environmental change often occurs at the transition zones [77]. It is important to note that hydro-geomorphology is just one of the many factors dictating how coastal wetlands respond to SLR, albeit being in many locations one of the most important [78,79]. Other factors, such as catchment freshwater and sediment input, tide entrance conditions, temperature, rainfall and evaporation, and extreme events [21,80,81], are not explored in the present paper. Nevertheless, the results of our machine learning approach are broadly consistent with more data-demanding numerical models [73], such as the 1D Marsh Equilibrium Model (MEM), 2D SLAMM (Sea Level Affecting Marshes Model), and more complex 3D Delft3D hydrodynamic model [82].



4.1. Mangrove Has the Largest Horizontal Accommodation Space


For our study area, mangroves are predicted to increase under all simulated SLR scenarios. Under the low SLR scenario, our results predicted that almost all of the existing Saltmarsh/Swamp (96.52%) would be replaced by Mangrove even though considerable Mangrove along the riparian zone would be lost to inundation. Under a moderate and high SLR, when Saltmarsh/Swamp is also subjected to inundation, Mangrove is predicted to continue its migration landward into freshwater forests, and to a lesser degree, into freshwater marshes. This is consistent with previous observations of widespread migration of mangroves into adjacent saline marshes, including saltmarshes and forested swamps (e.g., Casuarina and Melaleuca) in south-east Australian estuaries [21] and other parts of the globe [83].



Many mechanisms have been suggested to explain the trend of mangrove expansion, including increased winter temperatures [84], increased annual maximum temperature [79], altered rainfall patterns [85], higher sediment accretion rates [16], and sea level rise [83]. Our modeling results suggest that changes in the relative sea level and distance to water (i.e., the two variables due to SLR, which varied in predicting the future wetland distribution) could largely explain the landward migration of the mangrove–saltmarsh ecotone.




4.2. Natural Coastal Squeeze Limited the Upland Migration of Other Wetland Types


Of the six investigated land-cover types, Saltmarsh/Swamp had the lowest persistence (the persistence was zero under moderate and high scenarios, Table 2). The low persistence means that the current saltmarsh area is predicted not to survive the SLR scenarios considered. With the pressure of mangrove encroachment and tidal inundation, Saltmarsh/Swamp also has the capacity to migrate landward into forests or freshwater marshes. However, the predicted lateral migration was limited, probably by slope [11,22,86], and only a small proportion of the current forests and freshwater marshes were available for the migration of Saltmarsh/Swamp after deducting the areas encroached by mangroves. This natural coastal squeeze, i.e., the barriers that prevent wetland migration to the adjacent uplands [87], was high for saltmarshes and saline brackish swamps, and deterred the landward advance of Saltmarsh/Swamp at the saltmarsh/swamp–forest ecotone, resulting in a large predicted decrease in the saltmarsh area, even under the low SLR scenario.



Due to the low differentiating power of the models based solely on hydro-geomorphology, we did not distinguish between the Casuarina swamp and saltmarshes. However, there are observations showing the expansion of saltmarshes and die-back of these brackish forests [7]. Further studies taking advantage of the availability of long-term airborne and spaceborne imagery could provide new insights into the requirements of these vegetation communities [78], and accurately predict their future distribution in the face of SLR.



The predicted upland migration of freshwater forest wetlands and marshes was also limited by natural coastal squeeze, and the total available accommodation spaces were 1323 ha, 2430 ha, and 3545 ha in the study area under the three SLR scenarios. These limited lateral accommodation spaces were far smaller than the areas encroached by mangroves, saltmarshes, and brackish swamps, resulting in the predicted extensive loss of freshwater wetlands in the focused study area of the Manning River Estuary, in agreement with the observations in many North American coastal plains [78].




4.3. Hydro-Geomorphology Alone Might Not Explain the Transitions among Current Freshwater Wetlands


Our results suggest that SLR would cause a considerable exchange between freshwater forest wetlands and freshwater marshes, although this transition is much smaller than that occurring between the saline and freshwater wetlands. These results should be interpreted with caution, however, since, to achieve optimal discriminating accuracy, we had to group some disparate wetland classes, which may mask some of the salt–freshwater wetland transitions. Although there are significant differences in the floral composition and vegetation structure [7,88], determinant factors, such as freshwater inputs and groundwater availability [2,26], might not closely associate with the hydro-geomorphological variables considered in this study. Again, further studies with long-term imagery are required to investigate the interchange of freshwater wetlands due to SLR.





5. Conclusions


Using the current wetland map of a micro-tidal estuary, the Manning River in New South Wales, Australia, this study built a machine learning model based on the hydro-geomorphological settings of four broad wetland types. The model was then used to predict the future wetland distribution under three sea level rise scenarios. The predictions were compared to investigate the persistence, net, swap, and total changes in wetlands. The results show potentially extensive gains of mangroves under low (0.5 m), moderate (1.0 m), and high (1.5 m) sea level rise scenarios. However, all other wetlands could suffer substantial losses. Although landward migration of saline wetlands is a key adaptive mechanism in response to sea level rise, especially in areas where the existing wetlands are not able to avoid drowning through vertical accretion, our findings suggest that these accommodation spaces might only be beneficial to mangroves, and their availability to saltmarshes and brackish swamps might be limited by coastal squeeze at the saline-freshwater ecotones. Moreover, our results also indicate that the accommodation spaces for freshwater wetlands could be restrained by coastal squeeze at the wetland-upland ecotones.
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Figure 2. The areas of agreement and mismatch between mapped and predicted land cover in the focused study area of the Manning River Estuary. The inset aerial photos show that the mismatches commonly occurred at hydrologically interrupted native vegetation (the levee and drain in Inset map 1), mis-mapped land use in the original land-use map (Inset map 2, cleared pasture mapped as grazed native vegetation), and the wetland transition zone (Inset map 3, the transition areas between Saltmarsh/Swamp and Forest). 
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Figure 3. The predicted land-cover maps showing the current and future distributions of major wetland types under three sea level rise scenarios (SLR scenarios 1, 2, and 3 correspond to 0.5 m, 1.0 m, and 1.5 m SLR, respectively) in the focused study area of the Manning River Estuary. The areas of predicted land cover are also listed. 
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Figure 4. Wetland loss and gain under SLR scenarios (SLR scenarios 1, 2, and 3 correspond to 0.5 m, 1.0 m, and 1.5 m SLR, respectively). A summary of the areal changes (ha) and ratios between loss and gain, loss and persistence, and gain and persistence are extracted from the maps and also listed. Note that water and terrestrial vegetation were masked out to focus on wetland changes. 
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Figure 5. A plot showing the sources of difference (i.e., gain, loss, and persistence) between the predicted present-day and future wetland distribution maps under SLR scenario 1 (left), scenario 2 (middle), and scenario 3 (right), for each wetland category. The change percentages associated with each class are the proportions of the total area shown in Figure 3. 
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Table 1. A confusion matrix for test points of the Manning wetland classification model together with model performance metrics.
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Observed




	

	
Forest

	
Mangrove

	
Marsh

	
Saltmarsh/Swamp

	
Terrestrial

	
Water

	
Total

	
PA (%)

	
UA (%)






	
Modeled

	
Forest

	
34,754

	
0

	
1315

	
0

	
141

	
0

	
36,210

	
96.1

	
86.3




	
Mangrove

	
0

	
5435

	
0

	
2459

	
0

	
624

	
8518

	
63.9

	
91.1




	
Marsh

	
5297

	
0

	
9848

	
0

	
1029

	
0

	
16,174

	
61.1

	
87.9




	
Saltmarsh/Swamp

	
10

	
455

	
0

	
18,484

	
0

	
0

	
18,949

	
97.5

	
88.3




	
Terrestrial

	
254

	
0

	
82

	
0

	
45,851

	
0

	
46,187

	
99.2

	
97.5




	
Water

	
0

	
80

	
0

	
0

	
0

	
28,901

	
28,981

	
99.8

	
97.9




	
Total

	
40,315

	
5970

	
11,245

	
20,943

	
47,021

	
29,525

	

	

	




	
Kappa

	
0.90

	

	

	

	

	

	

	

	




	
OA (%)

	
92.4

	

	

	

	

	

	

	

	








S/Swamp = Saltmarsh/Swamp; OA = overall accuracy; PA = producer accuracy; and UA = user accuracy.
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Table 2. The land-cover transitions for the focused study area in the Manning River Estuary under three sea level rise scenarios (SLR scenarios 1, 2, and 3 correspond to 0.5 m, 1.0 m, and 1.5 m SLR, respectively). The change percentages associated with each class are proportions of the total area shown in Figure 3.
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Wetland Type

	
Gain

	
Persistent

	
Loss

	
NC

	
SC

	
TC

	
G/P

	
L/P

	
L/G






	
Scenario 1

	
Forest

	
5.94

	
31.16

	
12.85

	
−6.91

	
11.87

	
18.78

	
0.19

	
0.41

	
2.16




	
Mangrove

	
15.00

	
3.59

	
1.25

	
13.75

	
2.49

	
16.25

	
4.18

	
0.35

	
0.08




	
Marsh

	
1.49

	
1.59

	
6.98

	
−5.50

	
2.98

	
8.47

	
0.93

	
4.38

	
4.69




	
Saltmarsh/Swamp

	
6.62

	
0.36

	
9.90

	
−3.28

	
13.24

	
16.52

	
18.55

	
27.74

	
1.50




	
Terrestrial

	
2.28

	
19.40

	
1.60

	
0.68

	
3.19

	
3.88

	
0.12

	
0.08

	
0.70




	
Water

	
1.25

	
11.33

	
0

	
1.25

	
0

	
1.25

	
0.11

	
0

	
0




	
Scenario 2

	
Forest

	
6.73

	
22.03

	
21.97

	
−15.24

	
13.47

	
28.71

	
0.31

	
1.00

	
3.26




	
Mangrove

	
18.29

	
1.49

	
3.34

	
14.95

	
6.68

	
21.63

	
12.23

	
2.24

	
0.18




	
Marsh

	
2.11

	
1.16

	
7.42

	
−5.31

	
4.22

	
9.53

	
1.82

	
6.39

	
3.52




	
Saltmarsh/Swamp

	
7.09

	
0

	
10.25

	
−3.17

	
14.18

	
17.34

	

	

	
1.45




	
Terrestrial

	
1.25

	
18.33

	
2.67

	
−1.42

	
2.49

	
3.91

	
0.07

	
0.15

	
2.14




	
Water

	
10.19

	
11.33

	
0

	
10.19

	
0

	
10.19

	
0.90

	
0

	
0




	
Scenario 3

	
Forest

	
9.16

	
17.44

	
26.57

	
−17.41

	
18.32

	
35.73

	
0.53

	
1.52

	
2.90




	
Mangrove

	
16.61

	
0.06

	
4.78

	
11.83

	
9.56

	
21.39

	
290.2

	
83.50

	
0.29




	
Marsh

	
0.82

	
0.50

	
8.07

	
−7.25

	
1.64

	
8.90

	
1.63

	
16.02

	
9.82




	
Saltmarsh/Swamp

	
2.80

	
0

	
10.25

	
−7.45

	
5.61

	
13.06

	

	

	
3.66




	
Terrestrial

	
0.10

	
17.41

	
3.59

	
−3.48

	
0.21

	
3.69

	
0.01

	
0.21

	
34.80




	
Water

	
23.76

	
11.33

	
0

	
23.76

	
0

	
23.76

	
2.10

	
0

	
0








TC = total change; NC = net change; SC = swap change; L/P = loss/persistence; G/P = gain/persistence; and L/G = loss/gain.
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