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Abstract

:

Restoration of salt marsh is urgent, as these ecosystems provide natural coastal protection from sea-level rise impacts, contribute towards climate change mitigation, and provide multiple ecosystem services including supporting livelihoods. This study identified potential restoration sites for intervention where agricultural and degraded land could be returned to salt marsh at a national scale in South African estuaries. Overall, successful restoration of salt marsh in some estuaries will require addressing additional pressures such as freshwater inflow reduction and deterioration of water quality. Here, we present, a socio-ecological systems framework for salt marsh restoration that links salt marsh state and the well-being of people to guide meaningful and implementable management and restoration interventions. The framework is applied to a case study at the Swartkops Estuary where the primary restoration intervention intends to route stormwater run-off to abandoned salt works to re-create aquatic habitat for waterbirds, enhance carbon storage, and provide nutrient filtration. As the framework is generalized, while still allowing for site-specific pressures to be captured, there is potential for it to be applied at the national scale, with the largest degraded salt marsh areas set as priorities for such an initiative. It is estimated that ~1970 ha of salt marsh can be restored in this way, and this represents a 14% increase in the habitat cover for the country. Innovative approaches to restoring and improving condition are necessary for conserving salt marshes and the benefits they provide to society.
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1. Introduction


Worldwide, salt marshes provide key ecosystem services to coastal communities such as carbon sequestration, coastal protection, wave attenuation, trophic enrichment of coastal waters, nursery areas for fish species, permanent or transient habitat for aquatic invertebrates, and resting areas for migratory birds [1]. The estimated total value of these ecosystem services is disproportionately high given that salt marshes cover less than 1% of Earth’s surface [2]. Despite their ecological and socio-economic importance, these habitats are threatened by multiple anthropogenic pressures such as freshwater inflow reduction, land-use change, and development resulting in fragmentation and habitat loss, biological invasions, and pollution [3,4,5,6]. Furthermore, salt marshes are threatened by natural hazards such as sea storms, flooding, and sea-level rise, which are predicted to increase in intensity and frequency with climate change [7,8]. It is estimated that since the mid-20th century, the world’s salt marshes are being lost at a rate of 1–2% annually [9], leading to substantial losses in ecosystem service provisioning. Global loss of salt marsh is estimated at between 25% and 50% [10]. In the near future, existing salt marshes will cross a threshold resulting in rapid losses as climate change-driven sea-level rise accelerates [11]. Current management approaches that are aimed at conserving coastal ecosystems have not been adequate, and ecological restoration of degraded areas is necessary to maintain the ecological integrity and service provision of these vital ecosystems [12,13].



Ecological restoration has become increasingly relevant across the world’s ecosystems with this decade (2021–2030) being declared the “UN Decade on Ecological Restoration” by the United Nations General Assembly [14,15] calling for a “Decade of Socio-Ecological Restoration”. Restoration is the process of assisting the recovery of damaged, degraded or destroyed systems. Ten guiding principles have been defined for the UN Decade on Ecosystem Restoration [16,17]. All of these apply to salt marshes; for example, Principle 3 refers to the continuum of restorative activities which includes reducing impacts, remediation, and rehabilitation moving towards ecological restoration (Figure 1). Impacts on salt marshes are variable and often need to be addressed with site-specific context, but common pressures include tidal restriction, encroaching development as well as trampling and grazing by livestock.



Salt marsh management has shifted in response to calls for nature conservation and an appreciation of these ecosystems in delivering multiple services. Historically, salt marshes were managed for land reclamation, which focused on utilization, but there has since been a shift to protection and now restoration of these ecosystems is prioritized [18,19]. With high intrinsic ecological and economic value, ecological restoration has become recognized as critical for ecosystems like salt marshes that can provide multiple services (Figure 2; [20,21]). Restored salt marshes are valuable “blue carbon” ecosystems, as they can sequester and store carbon at efficient rates for centuries [22,23], thereby presenting important opportunities for climate change mitigation. Additionally, salt marshes provide nursery habitats and support fisheries which are crucial to food security and livelihoods around the world [24]. Salt marshes also reduce the costs associated with property damage by coastal flooding by millions of dollars [25], among various other ecosystem services. The ecological value of healthy salt marshes is recognized by the considerable investment in salt marsh restoration [26]. However, the human well-being domains of salt marsh are poorly understood and require further research [27].



Salt marsh restoration has received global attention particularly in the Northern Hemisphere, where these ecosystems are expansive but have been impacted by dikes, sea walls, and conversion to agricultural lands such as pasture for livestock grazing [28,29]. In comparison, the potential for salt marsh restoration in developing countries is less well-known due to the limited information on the extent and potential impacts. As salt marshes occur in dynamic coastal environments and are subjected to distinct ecological processes and local pressures [30,31], this paucity of research needs to be addressed through site- and context-specific studies to guide restoration.



In South Africa, salt marshes occur in sheltered estuaries, as the relatively straight coastline is subjected to high wave energy. The region is microtidal (tidal range < 2 m), with intertidal salt marsh occurring below the mean spring high water mark and supratidal salt marsh above this. Salt marsh includes herbs, grasses, and low shrubs. Lower intertidal salt marsh occurs between mean high water spring tide to mean high water neap tide with common species such as Spartina maritima (Curtis) Fernald and succulent halophytes Salicornia meyeriana Moss, S. tegetaria (S Steffen, Mucina and G Kadereit) Piirainen and G Kadereit, S. natalensis (Bunge ex Ung.-Sternb.) A. J. Scott, Triglochin bulbosa L., T. buchenaui Köcke, Mering, and Kadereit and Cotula coronopofolia L. [32,33]. Upper intertidal salt marsh occurs among extreme high waters spring tide to mean high water spring tide with common species such as Salicornia decumbens (Toelken) A.J. Scott, Limonium scabrum (Thunb.) Kuntze and Chenolea diffusa (Thunb.) Kuntze. Supratidal salt marsh typically occurs above 2.5 m MSL (> normal spring tide level) and species include Stenotaphrum secundatum (Walter) Kuntze, Sporobolus virginicus (L.) Kunth, Salicornia pillansii (Moss) A.J. Scott, Disphyma crassifolium (L.) L. Bolus, Juncus Society for Ecological Restoration acutus L., J. kraussii Hochst., and Plantago crassifolia Forssk.



It is estimated that nearly 45% of South Africa’s salt marsh habitat has been lost due to the fact of development and agriculture in the past century [33]. Major pressures on estuaries in this region include altered freshwater inflows, pollution, land use and development, exploitation of living resources, and biological invasions [5,34]. The restoration of estuaries and associated habitats, including salt marshes, has been identified as a management priority in the latest South African National Biodiversity Assessment [35].



Although salt marsh restoration in South Africa has been quite limited, to date there is ample opportunity for such at the national scale. Restoration would enhance the provision of estuarine ecosystem services that are estimated to contribute R 4.2 billion to the national economy annually [36]. Most estuary restoration interventions have addressed hydrological or hydrodynamic issues such as the reconnection of the iMfolozi/uMsunduze and St. Lucia estuaries [37] and the active management of the Zandvlei Estuary mouth to maintain water quality [38]. Some physical habitat restoration has been carried out at the Knysna and Keurbooms estuaries by deploying artificial structures to prevent bank erosion, which, in turn, provides alternative habitats for estuarine fauna [39]. Targeted restoration against salt marsh loss was carried out to a limited extent at the Orange Estuary as part of a national payment for ecosystems services programme [40]. At the Groot Brak Estuary, removal of the alien invasive grass Spartina alterniflora Loiseleur resulted in re-growth of indigenous salt marsh [41].



A major shortcoming in previous estuary restoration attempts in South Africa has been the lack of a national framework—interventions have mostly been implemented ad hoc and in isolation. A strategic national framework is necessary to ensure restoration success [13,42]. In this study, a socio-ecological systems framework for salt marsh restoration is presented in which the extent of pressures is identified, and feasible restoration interventions are outlined. This framework is presented in the South African context but is composed of key elements derived from international restoration frameworks (e.g., [16,27,43,44]) and is thus globally relevant and applicable to salt marshes elsewhere. Restoration of salt marsh at the Swartkops Estuary is used as a case study to illustrate the site-specific application of this framework for the delivery of multiple ecosystem services. At this site, the proposed restoration approach will allow for stormwater run-off to be routed to an abandoned salt works with the aim to improve aquatic habitats for waterbirds, blue carbon storage, and nutrient filtration. This will provide cultural benefits and improve community well-being; thus, a single restoration intervention can provide multiple benefits.




2. Study Approach


Changes in the condition and extent of salt marsh habitat in South Africa were investigated in relation to identified pressures. The possibility of removing these pressures to potentially restore salt marsh was investigated in detail for seven priority estuaries. Global frameworks and restoration approaches were reviewed to develop a socio-ecological systems approach for salt marsh restoration. This framework was applied to the restoration of salt marsh at Swartkops Estuary.



2.1. Salt Marsh Extent and Distribution


Vegetation maps were created by manually digitizing salt marsh habitats in ArcGIS® (Version 10.2) using color orthorectified aerial photographs from the South African Chief Directorate: National Geo-Spatial Information (CD:NGI), which have a spatial resolution of 50 cm. These images are already orthorectified and have been corrected for lens, tilt, and height distortion. The coordinate reference system for the imagery is the Transverse Mercator Projection and the Ellipsoid is WGS84. Digitized polygons were then projected into the South African Albers Equal Area conical projection with the central meridian at 25°E, parallels at 24°S and 33°S, and the spheroid and datum the World Geodetic System of 1984 (WGS84). Differences in color and physiognomy were used to identify and classify different habitats based on site visits and field knowledge. Mapping was conducted at a scale of 1:2000. This fine scale mapping is preferred over the traditional supervised and unsupervised classification methods using satellite imagery because salt marsh habitat is often only a few m2 in extent.



Past salt marsh cover was mapped using the earliest available aerial photographs (1934–1937), while present-day cover was mapped using photographs captured between 2018–2021. The present salt marsh cover was also updated and verified using more recent satellite imagery (Google Earth™) and ground-truthing in the field using ArcPad® 10.1 loaded on a Trimble Juno® GPS. The intertidal and supratidal salt marsh zones were distinguished based on species composition recorded during field surveys and from available elevation data, with supratidal salt marsh occurring from approximately 1.5 m AMSL (above mean sea-level) [33]. Floodplain salt marsh occurs from approximately 2.5 m AMSL; dominant halophytic plants here are Salicornia pillansii and Salsola aphylla L.f [45]. The past and present vegetation maps (Figures S2, S4 and S6–S10) were compared to determine the change in salt marsh cover over time. Only land-cover changes due to the development and other related direct human impacts were quantified, while changes due to the indirect pressures (e.g., water quality and freshwater input alterations) were qualitatively described. All spatial data for the habitat assessment are available from the National Botanical Database (Opus at SANBI: NBA 2018: Mapped estuarine habitat in South Africa [46]).




2.2. Identification of Pressures


Six categories of pressures have been identified for South African estuaries:




	
Coastal development and habitat degradation;



	
Freshwater inflow modification;



	
Pollution and changes in water quality;



	
Biological invasions by alien invasive species;



	
Manipulation of estuary mouths (influencing tidal connectivity);



	
Exploitation of living resources (fish and invertebrates);








Each estuary has been assessed and given a pressure rating (i.e., low, medium, and high to very high) in terms of severity and need for intervention [34]. Coastal development and habitat degradation are considered in Section 2.1. in terms of loss of salt marsh extent. The largest salt marsh areas are found in estuaries that remain open to the sea and, thus, manipulation of estuary mouths was not considered. There is little current understanding of responses of salt marshes to exploitation of living resources and, therefore, this pressure was not considered in this study. The other pressures (2, 3, 4) were identified for seven estuaries that had the largest potential for salt marsh restoration. While it is important to consider spatial scales impacted by pressures (e.g., [47,48]), the pressures identified in this study cannot all be directly represented spatially. However, these pressures each have the potential to impact salt marsh condition and the associated ecosystem services; therefore, the changes in salt marsh extent due to the fact of these pressures were indicated as needing to be addressed in order to ensure successful restoration. The focus of the study was restoration of salt marsh extent. Species composition was not a focus, but this will change in response to changes in elevation, inundation, and salinity.



The pressure ratings (i.e., low, medium, and high to very high) were obtained from the Estuary Health Index scores. The EHI has been applied on three occasions in South Africa to all estuaries to assess changes over time for reporting on the implementation of the National Biodiversity Act. Pressure ratings correspond to: low = ≥ 75% similar to natural (Categories A–B), medium = 75–60% (Category C), high = 60–40% (Category D), and very high = ≤ 40% (Categories E–F) [5]. For freshwater inflow modification, changes in low flow (60% of indicator rating) and floods (40% of indicator rating) were used. In the case of pollution, changes in nutrient inputs were used to estimate the degree of this pressure [5,35]. The percentage coverage of the estuarine area by alien invasive plants was used to indicate where this pressure was low = ≤ 5% cover, medium = 5–15%, and high = ≥ 15%. Alien invasive plants include both terrestrial species (e.g., Acacia longifolia (Andr.) Willd. E,T; Lantana camara L. E,T; Solanum americanum Mill.) and floating aquatic invasives (e.g., Azolla filiculoides Lam.; Pontederia crassipes (Mart. and Zucc.); Pistia stratiotes L.). Terrestrial species invade disturbed high-elevation salt marsh areas displacing indigenous species, and floating invasive aquatic plants are deposited onto salt marsh areas causing smothering and die-back.




2.3. Identification of Sites for Restoration


The historic disturbances in salt marshes were identified from past and present vegetation maps and other non-spatial records of area change available in the National Botanical Database. Areas denoted as “Developed” in the database were areas where natural land cover (i.e., salt marsh) had been completely removed and replaced with hard infrastructure. Areas classified as “Degraded” were those where revegetation or restoration to natural land cover was possible, i.e., grassed recreational areas that could be converted back to supratidal or floodplain salt marsh given the correct environmental conditions. Sea-level rise would accelerate this process in some systems, particularly if physical processes and substrates were still largely intact. Specific restoration actions were identified for the seven estuaries with the largest salt marsh areas.




2.4. Development of a Socio-Ecological Systems Framework for Salt Marsh Restoration


Ecosystem services, the benefits that people derive from nature (Figure 2), form a complex adaptive socio-ecological system (SES) whereby the ecological and socio-economic aspects interact with each other at multiple spatial and temporal scales [49]. A socio-ecological systems framework for salt marsh restoration has been developed to link the state of the ecosystem to the state of the societal system through ecosystem services (Figure 3). The SES framework presented by [50], based on [51], the millennium ecosystem assessment approach [52], and others was used to develop a salt marsh specific framework. Key ecosystem services that need to be considered when setting restoration objectives for salt marshes include fisheries and nursery habitats, carbon storage, erosion control and coastal protection, nutrient sequestration and cycling, habitat for invertebrates, and resting areas for migratory birds (Figure 2 and Figure 3).



With an SES approach, restoration takes place in an adaptive management cycle, where objectives are set, actions are implemented, and then monitored. Restoration outcomes are analyzed, and objectives are adapted in a learning-by-doing approach (Figure 3). The success of restoration interventions is measured against restoration objectives, which should include ecological and social targets. In South Africa, the estuary state is measured using the national Estuarine Health Index [5,35], while the state of the social system can be measured through uses and values that contribute towards human wellbeing [50]. The Swartkops Estuary is a well-studied system; available information and local knowledge was used to show how the framework can be applied as a case study. The restoration intervention is to re-create aquatic habitat at an abandoned salt works by routing stormwater run-off from the Motherwell Canal to this site. A network of 14 stormwater drains transport litter, debris, and raw sewage (during infrastructure failures) down a 4.2 km long canal that services the large urbanized Motherwell Township [53]. Although some of the water from the canal enters an artificial wetland before entering the estuary, it is largely ineffective at coping with the high volume of stormwater that is received. The Motherwell Canal is therefore a major point source of nitrogen (ammonium), trace metals, and fecal bacteria that contaminates the middle reaches of the estuary [53]. The area adjacent to the Motherwell Canal outlet is regularly used by church members for baptisms and as a fishing and boating site.





3. Results


3.1. Habitat Extent, Distribution, and Identification of Pressures


Historic changes for intertidal (Table 1) and supratidal (Table 2) salt marsh in South Africa are mostly represented by losses. For intertidal salt marsh, the largest losses have occurred at the Groot Berg, Swartkops, and Knysna estuaries. At the Groot Berg Estuary, 655 ha of intertidal salt marsh has been lost following conversion of the land for agricultural use and infrastructure development such as a marina and solar salt works. The Swartkops Estuary has had a long history of development and removal of intertidal salt marsh (344 ha) for bridges, roads, and houses. At the Knysna Estuary, 242 ha of intertidal salt marsh has been lost due to the fact of development including the placement of infrastructure such as marinas, jetties, and roads. Additionally, at Knysna the elevation of some intertidal areas was increased to allow for property development, including residential areas which have replaced salt marsh. Other widespread threats to intertidal salt marsh include salinization, disturbance, and grazing pressure from livestock.



For supratidal salt marsh, significant losses have occurred in several estuaries (Table 2). As the supratidal marsh occurs above the high-water mark, these areas are more easily accessible to be developed, converted, or transformed for alternative uses. Large losses due to the fact of agriculture have occurred at the Groot Berg (748 ha), Gouritz (539 ha), Gamtoos (630 ha), and Klein Brak (351 ha) estuaries. These areas consist of a mixture of supratidal salt marsh and floodplain vegetation. Development and industrial pressures have replaced large areas of supratidal salt marsh in the Knysna (242 ha) and Swartkops (675 ha) estuaries. At the Orange and Olifants estuaries, 692 ha and 619 ha have been lost respectively due to the fact of reduced freshwater inflow and loss of major floods resulting in salinization. The only historic increase in salt marsh area has been reported from the Langebaan Estuary (57 ha), which has occurred over recent years following the establishment of a national protected area to remove the pressure of livestock grazing and agriculture.




3.2. Identification of Sites for Restoration


Seven estuaries with the largest salt marsh area losses were identified for restoration (Table 3, Figure S1 and Tables S1 and S2). Vegetation maps were created for each of these systems (Figures S2, S4 and S6–S10). Specific restoration actions were identified for each estuary in relation to the current pressures (Table 4). Priority estuaries for restoration based on area cover and revertability of impacts include the Groot Berg, Swartkops, and Olifants estuaries with their expansive supratidal and floodplain marshes (Table 3 and Tables S3, S5 and S6). At the Groot Berg and Swartkops estuaries, there is the potential for salt extraction pans to be restored to estuarine habitat (Figure S3, Tables S3 and S7, [55,56,57]). It would be possible to restore 50% of this habitat to functional salt marsh (304 ha at Groot Berg and 314 ha at Swartkops) (Table 3). Hydrological connectivity would need to take place before salt marshes could establish here. Desertified salt marsh at the Orange Estuary mouth can also be restored through removal of the causeway (road to the beach) and re-establishment of hydrological connectivity with the main river channel (Table S4 and Figure S5). The Gamtoos, Gouritz, and Klein Brak estuaries have degraded supratidal salt marsh and floodplain areas that can be restored (Tables S7–S9). The Knysna Estuary has lost salt marsh due to the fact of infrastructure development and, therefore, there is little opportunity for restoration.



Agriculture has replaced large areas of supratidal salt marsh, and typically these lands have been elevated to allow for freshwater irrigation, which poses challenges for restoration. Within the seven estuaries identified as priorities for restoration (Table 3), it is estimated that approximately 25% of the area converted to agriculture (644 ha) could be restored to salt marsh, as the agricultural practices have been largely abandoned. For the areas identified as “degraded”, 50% is considered feasible for restoration (679 ha). The degraded habitats consist of grassy disturbed areas that would take less effort than agriculture to restore to salt marsh. Restoration of salt pans (which occur in two of these estuaries) could return 648 ha of salt marsh (Table 3).



Other pressures that need to be addressed are flow modification, water quality improvement, and removal of invasive alien plants as indicated in Table 4 (medium, high and very high intensity pressures). These are increasing due to the growing population. For example, in the urbanized estuaries, such as Swartkops, freshwater inflow changes and water quality pressures are very high (Table 4). Restoration of salt marsh will not be effective unless freshwater inflow reduction and deterioration of water quality are improved.




3.3. A Socio-Ecological Systems Framework for Salt Marsh Restoration


The Swartkops Estuary was used as a case study to illustrate the application of the proposed restoration framework for the delivery of multiple ecosystem services. The details of the general salt marsh framework (Figure 3) were used to develop a specific framework for the restoration of the salt pans at Swartkops Estuary (Figure 4). Extensive salt marsh has been lost at this site due to development. To restore some of this habitat (~314 ha), stormwater run-off will be routed to an abandoned salt extraction pan (Figure 5) to improve aquatic habitat for waterbirds, carbon storage, and nutrient filtration; thus, a single restoration intervention will deliver multiple ecosystem services (Figure 4). As this estuary has cultural and religious significance to local communities, improving the ecological conditions (water quality in particular) will lead to multiple societal benefits. The abandoned salt pan will act as a stormwater detention pond, thereby improving water quality. The stormwater will reduce hypersalinity thus allowing for expansion of the salt marsh.



The relationships between salt marsh state, ecosystem services, and state of the societal system (Figure 4) were compiled based on available information for the Swartkops Estuary. Here, the restoration intervention was to route stormwater run-off from the Motherwell Canal to an abandoned salt works to recreate an aquatic habitat. The Motherwell Canal is a source of nutrients, trace metals, and fecal bacteria. This poses a risk to human health and, thus, any improvement in water quality will provide a safer environment for church baptisms and recreational activities such as fishing, boating, and swimming. Restoration of regulating services (water quality and nutrient cycling) are therefore directly linked to improving the ability of the site to provide cultural services (Figure 4). This restoration activity will also enhance supporting services, as one of the main aims was to restore aquatic habitat for migratory birds. Restoration of the aquatic habitat will improve birdlife thus providing birdwatching and ecotourism opportunities if the area is aesthetically pleasing. Additional cultural services that could be derived from the restored site include opportunities for educational programs and ongoing research (Figure 4).



Monitoring of restoration activities needs to take place in a strategic adaptive management cycle (Figure 4) to track the expansion of the salt marsh and improvement of the ecosystem services and related societal benefits. Salt marsh extent and species composition should be measured annually to monitor plant growth and expansion. Threats to the success of the restoration initiative may include the expansion of invasive plants such as Atriplex lindleyi Moq. subsp. inflata (F.Muell.) Paul G. Wilson as well as algal blooms in response to eutrophication. Ongoing monitoring of summer and winter bird counts for the area will provide evidence of a change in habitat utilization by key species that have been targeted by this restoration approach [57]. Water quality conditions in the salt pan, as well as the estuary, will need to be measured to see if there is an improvement. The number of people utilizing the area and benefitting from the improvement in terms of water quality, birding, and educational opportunities would provide proximate measure of societal benefits.





4. Discussion


Salt marshes and the ecosystem services they provide are rapidly being lost globally. Conservation efforts have not sufficiently prevented these losses, and ecological restoration has become a necessity to preserve these ecosystems. The need for salt marsh restoration is becoming increasingly urgent, particularly in the light of climate change impacts, such as sea-level rise and freshwater flow modification, driving habitat loss and coastal squeeze. The importance of salt marsh restoration is globally recognized, but national strategic frameworks are necessary for successful restoration, as pressures on these ecosystems can be regionally variable as well as site-specific. At present, restoration activities are guided by the UN Principles for Ecosystem Restoration, but examples of national-level frameworks are not readily available for application. In this study, a salt marsh restoration framework is outlined and conceptually applied to a case study in South Africa. This framework is composed of components from various international restoration frameworks and applied to salt marsh restoration globally. Large areas of salt marsh have been lost in South Africa and seven estuaries are recommended as high priority for restoration. Specific restoration actions were identified based on the pressures known to occur at these estuaries and salt marsh sites. The next step would be to apply the SES restoration framework to the seven estuaries identified as priorities for salt marsh.



4.1. Abiotic Pressures and Salt Marsh Restoration in South African Estuaries


The area covered by salt marsh in South Africa is relatively small; however, these ecosystems form a critical biodiversity component and provide several unique and irreplaceable ecosystem services [33]. Identifying areas for potential restoration requires spatial and ecological data. Restoration aims to return an ecosystem into a natural or near-natural state by reversing degradation, which can be carried out by reducing or removing pressures as well as through active habitat reconstruction. When setting a restoration goal, the desired ecological state can be based on the historic condition of the site (before any impacts) or to a comparable undisturbed site [58]. Historical ecological and spatial data can therefore provide important insight to guide restoration goals.



In this study, historic site conditions were compared to the present-day salt marsh extent and ecological state to identify disturbances and pressures. We found that while some pressures were widespread, those that varied regionally could also be linked to changes in climatic conditions such as droughts. For example, dam construction and water abstraction in combination with changes in rainfall patterns have caused salinization of large salt marsh areas on the arid west coast at the Orange and Olifants estuaries [59,60]. Droughts are predicted to intensify in this region as global temperatures continue to rise, therefore posing significant challenges if restoration activities require diversion of increasingly scarce freshwater resources. Although South African legislation recognizes that sensitive environments have required environmental flow allocations, in practice these allocations are not provided during drought conditions [61,62].



Freshwater inflow modifications are also related to a deterioration in water quality [50]. For some estuaries, treated effluent from WWTW are the only sources of inflow during low flow periods. Restoration activities that focus on improving water quality in these systems must also consider the effect of effluent on freshwater volume inputs. Improving water quality is complicated by WWTW infrastructure exceeding capacity or failures, resulting in the release of untreated effluent. This can lead to macroalgal blooms that smother intertidal salt marsh, particularly in closed estuaries that provide the calm sheltered conditions for rapid growth. Eutrophication has also increased the extent of invasive alien aquatic plants such as water hyacinth (Pontederia crassipes) [63]. Many of these floating plants in fresher upper reaches of estuaries are transported downstream onto salt marsh during high flow conditions causing smothering and die-back. Changes to hydrological regimes (particularly salinity intrusion) and the proliferation of invasive plants are widespread pressures leading to salt marsh deterioration that are being exacerbated by climate change, especially in tropical regions including parts of Australia, Asia and the Americas [64,65,66,67,68].



Restoration of salt marsh will be dependent on elevation, freshwater inflow, and restoring hydrological connectivity as many of these areas are currently dry and salinized. Conversion of these areas back to salt marsh would be facilitated by an increase in sea-level rise. This would increase tidal and saline conditions facilitating the growth and expansion of salt marsh [69,70]. Studies on estuarine ecotone habitats in South Africa have shown sediment characteristics to be conducive for salt marsh establishment given the correct hydrological processes [71]. However, while seagrass and intertidal salt marsh can expand into supratidal habitats there may be an overall loss of supratidal salt marsh due to the fact of coastal squeeze [33,72].




4.2. Opportunities for Restoration Following Land-Use Change


Salt marsh habitats that have been lost due to the fact of development of hard infrastructure cannot be restored, but there is scope for restoration of areas that have undergone certain types of land-use change. For example, sites that have been modified for salt works that are no longer operational could be restored to salt marsh habitat by removing tidal barriers and re-establishing tidal flows. This has been successful at impounded areas [23,73]. The potential to establish tidal connectivity to the salt pan area at Swartkops Estuary was considered as a restoration approach [70]. However, as the site had been elevated for the construction of the salt works, this limits the potential for tidal exchange. Establishing tidal connectivity to desiccated salt marsh areas has the potential to improve blue carbon storage and increase sediment stabilization, enhance nitrogen removal, and provide support to fisheries through increasing biodiversity and nursery habitats. Restoration actions to restore these ecosystem services would take place along a restorative continuum that includes reducing impacts, remediation, and rehabilitation, moving towards ecological restoration (Figure 1). It will not always be possible to restore salt marshes to a natural state, instead restoration targets can be set that would achieve the most beneficial ecosystem services (Figure 3).



For areas classified as “degraded”, it was considered that 50% of this area could potentially be restored to salt marsh (total of 679 ha) by removal of barriers to ensure tidal exchange or increasing freshwater inflow (baseflow and floods) (Table 4). Facilitation of tidal exchange to restore degraded marshes could consist of a single permanent action, e.g., breaching a sea wall/embankment, installing, or widening culverts or excavating tidal creeks. Thereafter, tidal exchange raises moisture levels, reduces salinity, increases sediment supply and plant propagules. Certain species, such as the Salicornia succulents, will germinate rapidly from an available seedbank when conditions are suitable [74,75].



Salt marsh habitats that were modified into agricultural lands that have since been abandoned also provide opportunities for restoration. We found that in South Africa, if 25% of the current agricultural area which would naturally be salt marsh is restored, this would add ~644 ha to the total salt marsh cover. However, little is known about the feasibility of restoring agricultural lands to salt marsh and site-specific studies are needed as growth will depend on salinity, elevation changes, sea-level rise, and storm events [76]. Elevation in relation to tidal level is the most important environmental factor affecting salt-marsh species establishment [77]. Early studies established that soil salinity [78], waterlogging [79], wave action [80], and soil aeration [81] are the main determinants of the seaward limit of a species, and interspecific competition for light [82] and nutrients [83] influence the landward limit [77]. A favorable environment for salt marsh establishment will be provided through interaction of these factors. However, site-specific alterations in the environment could influence the successful establishment and only restoring hydrology might not achieve the desired effect. For example, [84] found that changes in soil structure and compaction due to the previous agricultural activities at restoration sites reduced groundwater dynamics, potentially altering the subsurface fluxes of water and nutrients thus affecting the development of marsh vegetation. In Europe, 140 managed realignment projects have been completed to provide sustainable flood risk management and ecological habitat [85]. The potential for managed realignment as a viable salt marsh restoration approach has been identified in regions like Australia [86] and much scope remains to adopt this approach globally.



Salt marsh may recover on its own, without any active intervention, if human activities are stopped. Such passive recovery can be cheaper than active intervention and provide better outcomes. If the proper site conditions are created, then the salt marsh areas are likely to revegetate naturally. Sometimes, plant colonization may also not occur at all or, if it does, occur slowly or be dominated by invasive species [87]. Restoration sites may differ in plant cover but still provide habitat for aquatic wildlife [88]. Passive restoration depends on the availability of target species and the presence of favorable environmental conditions that allow the species to germinate and establish [77]. Research at the Orange River mouth showed successful passive restoration in intertidal areas. There was rapid seed germination once hydrological connectivity was restored [89,90]. However, passive restoration was less successful in restoring floodplain marsh in this arid environment. Active restoration of supratidal salt marsh has been carried out at the Knysna Estuary (on Thesen Island). In this case, plants were grown from vegetated sediment cores as a condition of the marina development between 2000–2007 to ensure that there was no net loss of salt marsh. Much research is still needed to identify specific restoration methods at the identified seven estuaries.




4.3. Application of the Socio-Ecological Systems Framework


In this study, a socio-ecological systems framework for salt marsh restoration was presented that links ecosystem functioning and the well-being of humans to guide meaningful and implementable management and restoration interventions. As the framework is guided by tangible ecosystem services, it is generalized and can therefore be applied at different sites and at different spatial scales depending on the available data. A socio-ecological systems approach is important for restoration, as it connects ecologists, social scientists, and practitioners. There is future scope for a living labs transdisciplinary research approach to analyze the ecological and social effects of restoration activities as they occur [15].



The Swartkops Estuary case study shows that with a single restoration intervention, multiple ecosystem services would be gained. Application of the framework requires identifying the ecosystem services that have been lost or those that could be enhanced through holistic restoration (both social and ecological aspects). These are context-dependent, based on whether the restoration site is in an urban, semi-urban, or rural setting. Ecosystem service provisioning also depends on ecological conditions that control habitat type and distribution. For example, provisioning services in the form of species that are harvested for food, fuel, and fiber can only be provided at sites that are ecologically suitable, i.e., reeds and sedges that are associated with freshwater seepage, or fish and invertebrate species that require specific salinity regimes.



Recognizing the economic value of salt marshes will accelerate restoration activities, but this should be used to leverage for holistic SES approaches to restoration. For example, protecting salt marshes for carbon storage provides important opportunities for climate change mitigation (IPCC 2021). Restoration and creation of salt marsh can act as a mechanism to offset national GHG emissions. Preventing the loss or degradation of salt marshes leads to avoided GHG emissions, as these ecosystems store large quantities of C that can be released as CO2 following disturbance or destruction of the habitat [91,92]. The authors of [93] estimated that a 1 ha increase of salt marsh in South Africa could potentially sequester between 4.7–26.1 t CO2eq in one year. Ecosystem service provision (e.g., carbon sequestration and recreational benefits) has also been used to prioritize sites for salt marsh realignment [94]. Managed realignment is implemented in developed countries to compensate for the loss of natural salt marsh habitat due to sea-level rise and anthropogenic pressures.



Effective SES restoration can only be carried out at national scales under suitable legislation and proper implementation. In the South African context, restoration at the national level directed at priority estuaries can be coordinated by the lead department mandated with estuary management (i.e., Department of Forestry, Fisheries and Environment). Additionally, as will be the case in many other countries, there is also scope for NGOs, and provincial and local authorities to participate in restoration. In many cases, restoration activities can be carried out by leveraging existing policies, particularly those that guide integrated coastal management. These approaches will ensure coordination among various stakeholders including private landowners, the local community, government and NGOs. Socio-ecological frameworks are useful in engaging stakeholders in decision making [27]. This is important as participation of local communities ensures that social benefits are achieved [95]. In South Africa, the Expanded Public Works Programmes have played an important role in freshwater wetland restoration in a way that has created jobs to reduce local unemployment, particularly in rural areas. However, a new policy is urgently needed that addresses estuary restoration to coordinate efforts and link to existing programs. Similar to Australia, in South Africa marine and coastal restoration is regulated through a framework designed to limit environmental impacts from development rather than through a tailored framework meant to achieve net environmental benefits [96]. Well-structured national restoration programs will allow for large-scale actions to be approved once-off in a strategic manner to fast track actions. Globally, legislation that addresses restoration of estuaries include the Clean Water Act and the Estuary Restoration Acts in the USA, and the Water Framework Directive and the Marine Strategy Framework Directive in the European Union. The economic impact of estuary and salt marsh degradation can be used as an incentive to protect and restore the resources they provide. Positive restoration results communicated through an SES approach will promote public awareness and participation.





5. Conclusions


This study presented a framework for salt marsh restoration in which the extent of degradation and the responsible pressures were discerned and feasible restoration interventions were outlined. The framework included adaptive management and monitoring, which were crucial for informing future restoration projects. This framework was presented in the South African context but shares key elements that are presented in international restoration frameworks and is, thus, globally relevant and applicable to salt marshes elsewhere. Critical knowledge gaps in the restoration of coastal ecosystems include the identification of areas suitable for restoration, appropriate restoration interventions, and funding opportunities [13]. This study addressed some of those gaps. Innovative approaches are needed to restore and improve salt marsh condition and the benefits they provide to society. A National Estuary Restoration Programme is needed to prioritize key sites and allocate resources. Site- and context-specific research studies (living laboratories) will guide restoration. In the South African context this can be done through the implementation of Estuary Management Plans. Restoration provides opportunities for transdisciplinary studies and action research, as these projects can be treated as adaptive management experiments.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/d13120680/s1, Figure S1: Location of the Orange, Olifants, Groot Berg, Gourtiz, Klein Brak, Gamtoos and Swartkops estuaries in South Africa, Table S1: Characteristics of the Orange, Olifants, Groot Berg, Gourtiz, Klein Brak, Gamtoos and Swartkops estuaries (MAR = mean annual run-off), Table S2: Salt marsh habitat, life form and dominant species in each estuary (* = present), Table S3: Potential area available for salt marsh restoration at the Groot Berg Estuary, Figure S2: Distribution of habitats in the Groot Berg Estuary. Location and area cover of salt works indicated by light grey with blue outline, Figure S3: Salt works in the lower reaches of the Groot Berg Estuary. Map source: Google, Maxar Technologies., Table S4: Potential area available for salt marsh restoration at the Orange Estuary, Figure S4, Distribution of habitats in the Orange River Estuary. Location and area cover of degraded salt marsh indicated, Figure S5: Restoration of salt marsh at the Orange River mouth, showing (a) and (b) the desertified salt marsh, (c) the proposed breaches and channels in the old causeway to ensure connectivity of the main Orange River channel with the desertified salt marsh [5], (d) the restoration activities, and (e) and (f) the re-establishment of salt marsh, Table S5: Potential area available for salt marsh restoration at the Olifants Estuary, Figure S6: Habitat map for the Olifants Estuary indicating degraded and agricultural areas available for restoration. Salt works indicated by light grey with blue outline, Table S6: Potential area available for salt marsh restoration at the Swartlops Estuary, Figure S7: Habitat map for the Swartkops Estuary indicating degraded and agricultural areas available for restoration. Salt works indicated by light grey with blue outline, Table S7: Potential area available for salt marsh restoration at the Gamtoos Estuary, Figure S8: Habitat map for the Gamtoos Estuary indicating degraded and agricultural areas available for restoration, Table S8: Potential area available for salt marsh restoration at the Gouritz Estuary, Figure S9: Habitat map for the Gourtiz Estuary indicating degraded and agricultural areas available for restoration, Table S9: Potential area available for salt marsh restoration at the Klein Brak Estuary, Figure S10: Habitat map for the Klein Brak Estuary indicating degraded and agricultural areas available for restoration.





Author Contributions


Conceptualization, J.B.A.; formal analysis, J.B.A., J.L.R., T.R., J.W. and L.V.N.; data curation, T.R.; writing—original draft preparation, J.B.A., J.L.R., T.R., J.W. and L.V.N.; writing—review and editing, J.B.A., J.L.R., T.R., J.W. and L.V.N.; supervision, J.B.A.; funding acquisition, J.B.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the South African Research Chairs Initiative through the South African National Department of Science and Innovation/National Research Foundation by a Community of Practice grant in Ocean Accounts Framework (UID: 125455). The opinions expressed in this publication are not necessarily those of the funding bodies. The research at the Swartkops Estuary was funded by the Water Research Commission (Project C2020/2021-00076: Restoration of estuaries using a socio-ecological systems approach). The DSI/NRF Research Chair in Shallow Water Ecosystems (UID 84375) supported J.B.A., J.L.R. was supported by the DSI/NRF (UID: 111963). L.V.N. was funded by the CSIR through its DSI parliamentary grant.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article and Supplementary Materials. GIS shapefiles are available from the authors.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript or in the decision to publish the results.




References


	



Barbier, E.B.; Hacker, S.D.; Kennedy, C.; Koch, E.W.; Stier, A.C.; Silliman, B.R. The value of estuarine and coastal ecosystem services. Ecol. Monogr. 2011, 81, 169–193. [Google Scholar] [CrossRef]

	



Costanza, R.; de Groot, R.; Sutton, P.; van der Ploeg, S.; Anderson, S.J.; Kubiszewski, I.; Farber, S.; Turner, R.K. Changes in the global value of ecosystem services. Glob. Environ. Chang. 2014, 26, 152–158. [Google Scholar] [CrossRef]

	



Adam, P. Saltmarsh Ecology; Cambridge University Press: Cambridge, UK, 1990; pp. 1–461. [Google Scholar]

	



Lefeuvre, J.C.; Bouchard, V.; Feunteun, E.; Grare, S.; Laffaille, P.; Radureau, A. European salt marshes diversity and func-tioning: The case study of the Mont Saint-Michel bay, France. Wetl. Ecol. Manag. 2000, 8, 147–161. [Google Scholar] [CrossRef]

	



van Niekerk, L.; Adams, J.B.; Bate, G.C.; Forbes, A.T.; Forbes, N.T.; Huizinga, P.; Lamberth, S.J.; MacKay, C.F.; Petersen, C.; Taljaard, S.; et al. Country-wide assessment of estuary health: An approach for integrating pressures and ecosystem response in a data limited environment. Estuar. Coast. Shelf Sci. 2013, 130, 239–251. [Google Scholar] [CrossRef]

	



Silliman, B.R.; Schrack, E.; He, Q.; Cope, R.; Santoni, A.; van der Heide, T.; Jacobi, R.; Jacobi, M.; van de Koppel, J. Facilitation shifts paradigms and can amplify coastal restoration efforts. Proc. Natl. Acad. Sci. USA 2015, 112, 14295–14300. [Google Scholar] [CrossRef]

	



Elliott, M.; Mander, L.; Mazik, K.; Simenstad, C.; Valesini, F.; Whitfield, A.; Wolanski, E. Ecoengineering with Ecohydrology: Successes and failures in estuarine restoration. Estuar. Coast. Shelf Sci. 2016, 176, 12–35. [Google Scholar] [CrossRef]

	



International Panel on Climate Change (IPCC). Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change; Cambridge University Press: Cambridge, UK, 2021. [Google Scholar]

	



Duarte, C.M.; Dennison, W.C.; Orth, R.J.W.; Carruthers, T.J.B. The Charisma of Coastal Ecosystems: Addressing the Imbalance. Chesap. Sci. 2008, 31, 233–238. [Google Scholar] [CrossRef]

	



McOwen, C.J.; Weatherdon, L.V.; van Bochove, J.-W.; Van, B.J.-W.; Blyth, S.; Zockler, C.; Stanwell-Smith, D.; Kingston, N.; Martin, C.; Spalding, M.; et al. A global map of saltmarshes. Biodivers. Data J. 2017, 5, e11764. [Google Scholar] [CrossRef]

	



Fitzgerald, D.M.; Hein, C.J.; Hughes, Z.; Kulp, M.; Georgiou, I.; Miner, M. Runaway barrier island transgression concept: Global case studies. In Barrier Dynamics and Response to Changing Climate; Moore, L.J., Murray, A.B., Eds.; Springer: Cham, Switzerland, 2018; pp. 3–56. [Google Scholar]

	



Borja, A. Grand challenges in marine ecosystems ecology. Front. Mar. Sci. 2014, 1, 1. [Google Scholar] [CrossRef]

	



Waltham, N.J.; Elliott, M.; Lee, S.Y.; Lovelock, C.; Duarte, C.M.; Buelow, C.; Simenstad, C.; Nagelkerken, I.; Claassens, L.; Wen, C.K.; et al. UN Decade on Ecosystem Restoration 2021–2030—What chance for success in restoring coastal ecosys-tems? Front. Mar. Sci. 2020, 7, 71. [Google Scholar] [CrossRef]

	



United Nations Environment Agency. Resolution 73/284: United Nations Decade on Ecosystem Restoration (2021–2030). Available online: https://undocs.org/A/RES/73/284 (accessed on 17 September 2021).

	



Fischer, J.; Riechers, M.; Loos, J.; Martin-Lopez, B.; Temperton, V.M. Making the UN decade on ecosystem restoration a social-ecological endeavour. Trends Ecol. Evol. 2021, 36, 20–28. [Google Scholar] [CrossRef] [PubMed]

	



Gann, G.D.; McDonald, T.; Walder, B.; Aronson, J.; Nelson, C.R.; Jonson, J.; Hallett, J.G.; Eisenberg, C.; Guariguata, M.R.; Liu, J.; et al. International principles and standards for the practice of ecological restoration. Second edition. Restor. Ecol. 2019, 27. [Google Scholar] [CrossRef]

	



Food and Agriculture Organization (FAO). International Union for Conservation of Nature Commission on Ecosystem Management (IUCN CEM); Society for Ecological Restoration (SER). Principles for Ecosystem Restoration to Guide the United Nations Decade 2021–2030; FAO: Rome, Italy, 2021; pp. 1–21. [Google Scholar]

	



McKinley, E.; Pagès, J.; Alexander, M.; Burdon, D.; Martino, S. Uses and management of saltmarshes: A global survey. Estuar. Coast. Shelf Sci. 2020, 243, 106840. [Google Scholar] [CrossRef]

	



Ladd, C.J. Review on processes and management of saltmarshes across Great Britain. Proc. Geol. Assoc. 2021, 132, 269–283. [Google Scholar] [CrossRef]

	



Bradbury, R.; Butchart, S.; Fisher, B.; Hughes, F.; Ingwall-King, L.; MacDonald, M.; Merriman, J.; Peh, K.; Pellier, A.; Thomas, D.; et al. The economic consequences of conserving or restoring sites for nature. Nat. Sustain. 2021, 4, 1–7. [Google Scholar] [CrossRef]

	



Zu Ermgassen, P.S.; Baker, R.; Beck, M.W.; Dodds, K.; Zu Ermgassen, S.O.; Mallick, D.; Taylor, M.D.; Turner, R.E. Ecosystem services: Delivering decision-making for salt marshes. Est. Coast. 2021, 44, 1–8. [Google Scholar] [CrossRef]

	



Burden, A.; Garbutt, A.; Evans, C.D. Effect of restoration on saltmarsh carbon accumulation in Eastern England. Biol. Lett. 2019, 15, 20180773. [Google Scholar] [CrossRef] [PubMed]

	



Gulliver, A.; Carnell, P.E.; Trevathan-Tackett, S.M.; Costa, M.D.D.P.; Masqué, P.; Macreadie, P.I. Estimating the Potential Blue Carbon Gains From Tidal Marsh Rehabilitation: A Case Study From South Eastern Australia. Front. Mar. Sci. 2020, 7. [Google Scholar] [CrossRef]

	



Baker, R.; Taylor, M.D.; Able, K.W.; Beck, M.W.; Cebrian, J.; Colombano, D.D.; Connolly, R.M.; Currin, C.; Deegan, L.A.; Feller, I.C.; et al. Fisheries rely on threatened salt marshes. Science 2020, 370, 670–671. [Google Scholar] [CrossRef]

	



Narayan, S.; Beck, M.; Wilson, P.; Thomas, C.J.; Guerrero, A.; Shepard, C.C.; Reguero, B.; Franco, G.; Ingram, J.C.; Trespalacios, D. The Value of Coastal Wetlands for Flood Damage Reduction in the Northeastern USA. Sci. Rep. 2017, 7, 1–12. [Google Scholar] [CrossRef]

	



Adam, P. Salt marsh restoration. In Coastal Wetlands, 2nd ed.; Perillo, G., Wolanski, E., Cahoon, D., Hopkinson, C., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 817–861. [Google Scholar]

	



Rendón, O.R.; Garbutt, A.; Skov, M.; Möller, I.; Alexander, M.; Ballinger, R.; Wyles, K.; Smith, G.; McKinley, E.; Griffin, J.; et al. A framework linking ecosystem services and human well-being: Saltmarsh as a case study. People Nat. 2019, 1, 486–496. [Google Scholar] [CrossRef]

	



Bayraktarov, E.; Saunders, M.I.; Abdullah, S.; Mills, M.; Beher, J.; Possingham, H.P.; Mumby, P.J.; Lovelock, C.E. The cost and feasibility of marine coastal restoration. Ecol. Appl. 2016, 26, 1055–1074. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Cioffi, W.; Cope, R.; Daleo, P.; Heywood, E.; Hoyt, C.; Smith, C.; Silliman, B. A Global Synthesis Reveals Gaps in Coastal Habitat Restoration Research. Sustainability 2018, 10, 1040. [Google Scholar] [CrossRef]

	



Jennerjahn, T.C.; Mitchell, S.B. Pressures, stresses, shocks and trends in estuarine ecosystems—An introduction and synthesis. Estuar. Coast. Shelf Sci. 2013, 130, 1–8. [Google Scholar] [CrossRef]

	



Mitchell, S.; Jennerjahn, T.C.; Vizzini, S.; Zhang, W. Changes to processes in estuaries and coastal waters due to intense multiple pressures—An introduction and synthesis. Estuar. Coast. Shelf Sci. 2015, 156, 1–6. [Google Scholar] [CrossRef]

	



Tabot, P.; Adams, J. Ecophysiology of salt marsh plants and predicted responses to climate change in South Africa. Ocean Coast. Manag. 2013, 80, 89–99. [Google Scholar] [CrossRef]

	



Adams, J.B. Salt marsh at the tip of Africa: Patterns, processes and changes in response to climate change. Estuar. Coast. Shelf Sci. 2020, 237, 106650. [Google Scholar] [CrossRef]

	



van Niekerk, L.; Adams, A.B.; Lamberth, S.J.; Taljaard, S.; MacKay, C.F.; Bachoo, S.; Parak, O.; Murison, G.; Weerts, S.P. Chapter 6: Pressures on the Estuarine Realm. In South African National Biodiversity Assessment 2018: Technical Report. Volume 3: Estuarine Realm; van Niekerk, L., Adams, J.B., Lamberth, S.J., MacKay, C.F., Taljaard, S., Turpie, J.K., Weerts, S.P., Raimondo, D.C., Eds.; South African National Biodiversity Institute: Pretoria, South Africa, 2019; pp. 76–135. [Google Scholar]

	



van Niekerk, L.; Adams, J.B.; Lamberth, S.J.; MacKay, C.F.; Taljaard, S.; Turpie, J.K.; Weerts, S.P.; Raimondo, D.C. South African National Biodiversity Assessment 2018: Technical Report. Volume 3: Estuarine Realm; South African National Biodiversity Institute: Pretoria, South Africa, 2019; pp. 1–376. [Google Scholar]

	



Turpie, J.K.; Letley, G. Chapter 2: Benefits of Estuarine Biodiversity. In South African National Biodiversity Assessment 2018: Technical Report. Volume 3: Estuarine Realm; van Niekerk, L., Adams, J.B., Lamberth, S.J., MacKay, C.F., Taljaard, S., Turpie, J.K., Weerts, S.P., Raimondo, D.C., Eds.; South African National Biodiversity Institute: Pretoria, South Africa, 2019; pp. 1–11. [Google Scholar]

	



Jones, S.; Carrasco, N.K.; Perissinotto, R.; Fox, C. Abiotic and biotic responses to the 2016/2017 restoration project at the St Lucia Estuary mouth, South Africa. Afr. J. Aquat. Sci. 2020, 45, 153–166. [Google Scholar] [CrossRef]

	



Lemley, D.A.; Adams, J.B.; Rishworth, G.M.; Bouland, C. Phytoplankton responses to adaptive management interventions in eutrophic urban estuaries. Sci. Total Environ. 2019, 693, 133601. [Google Scholar] [CrossRef]

	



de Villiers, N.; Harasti, D.; Hodgson, A.; Claassens, L. A comparison of the fauna in eelgrass and erosion control structures in a warm temperate Southern African estuary. Reg. Stud. Mar. Sci. 2021, 44, 101757. [Google Scholar] [CrossRef]

	



Bornman, T.G.; Adams, J.B.; Bezuidenhout, C. Adaptations of salt marsh to semi-arid environments and management impli-cations for the Orange River mouth. Trans. R. Soc. S. Africa 2004, 59, 125–131. [Google Scholar] [CrossRef]

	



Riddin, T.; van Wyk, E.; Adams, J. The rise and fall of an invasive estuarine grass. S. Afr. J. Bot. 2016, 107, 74–79. [Google Scholar] [CrossRef]

	



Cormier, R.; Elliott, M. SMART marine goals, targets and management–is SDG 14 operational or aspirational, is ‘Life Below Water’ sinking or swimming? Mar. Pollut. Bull. 2017, 123, 28–33. [Google Scholar] [CrossRef]

	



Hobbs, R.J.; Norton, D.A. Towards a Conceptual Framework for Restoration Ecology. Restor. Ecol. 1996, 4, 93–110. [Google Scholar] [CrossRef]

	



Choi, Y.D.; Temperton, V.M.; Allen, E.B.; Grootjans, A.P.; Halassy, M.; Hobbs, R.J.; Naeth, M.A.; Torok, K. Ecological resto-ration for future sustainability in a changing environment. Ecoscience 2008, 15, 53–64. [Google Scholar] [CrossRef]

	



Bornman, T.G.; Adams, J.B.; Bate, G.C. Freshwater requirements of a semi-arid supratidal and floodplain salt marsh. Estuaries 2002, 25, 1394–1405. [Google Scholar] [CrossRef]

	



Adams, J.; Veldkornet, D.; Tabot, P. Distribution of macrophyte species and habitats in South African estuaries. S. Afr. J. Bot. 2016, 107, 5–11. [Google Scholar] [CrossRef]

	



Wu, Z.; Yu, Z.; Song, X.; Li, Y.; Cao, X.; Yuan, Y. A methodology for assessing and mapping pressure of human activities on coastal region based on stepwise logic decision process and GIS technology. Ocean Coast. Manag. 2016, 120, 80–87. [Google Scholar] [CrossRef]

	



Corbau, C.; Zambello, E.; Rodella, I.; Utizi, K.; Nardin, W.; Simeoni, U. Quantifying the impacts of the human activities on the evolution of Po delta territory during the last 120 years. J. Environ. Manag. 2018, 232, 702–712. [Google Scholar] [CrossRef]

	



Bowd, R. Risk, Resilience and Social-Ecological Systems in Natural Resource-Based Development in South Africa. Ph.D. Thesis, University of KwaZulu-Natal, Durban, South Africa, 2015. [Google Scholar]

	



Adams, J.; Whitfield, A.; van Niekerk, L. A socio-ecological systems approach towards future research for the restoration, conservation and management of southern African estuaries. Afr. J. Aquat. Sci. 2020, 45, 231–241. [Google Scholar] [CrossRef]

	



Ostrom, E. A General Framework for Analyzing Sustainability of Social-Ecological Systems. Science 2009, 325, 419–422. [Google Scholar] [CrossRef]

	



Millennium Ecosystem Assessment (MEA). Ecosystems and Human Well-Being: Synthesis; Island Press: Washington, DC, USA, 2005; pp. 92–101. [Google Scholar]

	



Jb, A.; Pretorius, L.; Snow, G. Deterioration in the water quality of an urbanised estuary with recommendations for improvement. Water SA 2019, 45, 86–96. [Google Scholar] [CrossRef]

	



Adams, J.; Fernandes, M.; Riddin, T. Chapter 5: Estuarine habitat extent and trend. In South African National Biodiversity As-sessment 2018: Technical Report. Volume 3: Estuarine Realm; van Niekerk, L., Adams, J.B., Lamberth, S.J., MacKay, C.F., Taljaard, S., Turpie, J.K., Weerts, S.P., Raimondo, D.C., Eds.; South African National Biodiversity Institute: Pretoria, South Africa, 2019; pp. 52–75. [Google Scholar]

	



Department of Environmental Affairs and Development Planning (DEA&DP). Environmental Flows and the Health and Value of the Berg River Estuary: Potential Trade-Offs between Estuary Value and Regional Water Supply under a Changing Climate; DEA&DP: Cape Town, South Africa, 2021. [Google Scholar]

	



Department of Environmental Affairs and Development Planning (DEA&DP). Bank Erosion in the Berg River Estuary Causes and Concerns; DEA&DP: Cape Town, South Africa, 2021. [Google Scholar]

	



Wasserman, J. Recreating a Wetland at an Abandoned Saltworks: Towards a Rehabilitation Plan. Master’s Thesis, Nelson Mandela University, Gqeberha, South Africa, 2021. [Google Scholar]

	



Bornman, T.G.; Adams, J.B.; Bezuidenhout, C. Present Status of the Orange River Mouth Wetland and Potential For Rehabilitation; IECM Report No. 43; South African National Biodiversity Institute: Pretoria, South Africa, 2005; pp. 1–43. [Google Scholar]

	



Bezuidenhout, C. Macrophytes as Indicators of Physico-Chemical Factors in South African Estuaries. Ph.D. Thesis, Department of Botany, Nelson Mandela University, Gqeberha, South Africa, 2011. [Google Scholar]

	



Otte, M.L.; Fang, W.-T.; Jiang, M. A Framework for Identifying Reference Wetland Conditions in Highly Altered Landscapes. Wetlands 2021, 41, 1–12. [Google Scholar] [CrossRef]

	



Adams, J.B.; Cowie, M.; van Niekerk, L. Assessment of Completed Ecological Water Requirement Studies for South African Estuaries and Responses to Changes in Freshwater Inflow; Water Research Commission: Pretoria, South Africa, 2016; pp. 1–57. [Google Scholar]

	



van Niekerk, L.; Adams, J.B.; Taljaard, S.; Huizinga, P.; Lamberth, S. Advancing mouth management practices in the Groot Brak Estuary, South Africa. In Complex Coastal Systems—Transdisciplinary Learning on International Case Studies; Slinger, J., Taljaard, S., d’Hont, F., Eds.; Delft Academic Press: Delft, The Netherlands, 2020; pp. 89–104. [Google Scholar]

	



Nunes, M.; Adams, J.B.; van Niekerk, L. Changes in invasive alien aquatic plants in a small closed estuary. S. Afr. J. Bot. 2020, 135, 317–329. [Google Scholar] [CrossRef]

	



Zedler, J.B.; Kercher, S. Causes and Consequences of Invasive Plants in Wetlands: Opportunities, Opportunists, and Outcomes. Crit. Rev. Plant Sci. 2004, 23, 431–452. [Google Scholar] [CrossRef]

	



Gedan, K.B.; Silliman, B.R.; Bertness, M.D. Centuries of Human-Driven Change in Salt Marsh Ecosystems. Annu. Rev. Mar. Sci. 2009, 1, 117–141. [Google Scholar] [CrossRef]

	



Gopal, B. Future of wetlands in tropical and subtropical Asia, especially in the face of climate change. Aquat. Sci. 2012, 75, 39–61. [Google Scholar] [CrossRef]

	



Lu, Y.; Yuan, J.; Lu, X.; Su, C.; Zhang, Y.; Wang, C.; Cao, X.; Li, Q.; Su, J.; Ittekkot, V.; et al. Major threats of pollution and climate change to global coastal ecosystems and enhanced management for sustainability. Environ. Pollut. 2018, 239, 670–680. [Google Scholar] [CrossRef] [PubMed]

	



Saintilan, N.; Rogers, K.; McKee, K.L. The shifting saltmarsh-mangrove ecotone in Australasia and the Americas. In Coastal Wetlands, 2nd ed.; Perillo, G., Wolanski, E., Cahoon, D., Hopkinson, C., Eds.; Elsevier: Amsterdam, The Netherlands, 2019; pp. 915–945. [Google Scholar]

	



Raw, J.; Riddin, T.; Wasserman, J.; Lehman, T.; Bornman, T.; Adams, J. Salt marsh elevation and responses to future sea-level rise in the Knysna Estuary, South Africa. Afr. J. Aquat. Sci. 2020, 45, 49–64. [Google Scholar] [CrossRef]

	



Raw, J.L.; Adams, J.B.; Bornman, T.G.; Riddin, T.; Vanderklift, M.A. Vulnerability to sea-level rise and the potential for res-toration to enhance blue carbon sequestration in salt marshes of an urban estuary. Estuar. Coast. Shelf Sci. 2021, 260, 107495. [Google Scholar] [CrossRef]

	



Veldkornet, D.A.; Adams, J.B.; van Niekerk, L. Characteristics and landcover of estuarine boundaries: Implications for the delineation of the South African estuarine functional zone. Afr. J. Mar. Sci. 2015, 37, 313–323. [Google Scholar] [CrossRef]

	



Borchert, S.M.; Osland, M.J.; Enwright, N.M.; Griffith, K.T. Coastal wetland adaptation to sea level rise: Quantifying potential for landward migration and coastal squeeze. J. Appl. Ecol. 2018, 55, 2876–2887. [Google Scholar] [CrossRef]

	



Dittmann, S.; Mosley, L.; Beaumont, K.; Clarke, B.; Bestland, E.; Guan, H.; Sandhu, H.; Clanahan, M.; Baring, R.; Quinn, J.; et al. From Salt to C; Carbon Sequestration through Ecological Restoration at the Dry Creek Salt Field; Goyder Institute for Water Research Technical Report Series (19/28); Goyder Institute: Adelaide, Australia, 2019; pp. 1–102. [Google Scholar]

	



Riddin, T.; Adams, J. The seed banks of two temporarily open/closed estuaries in South Africa. Aquat. Bot. 2008, 90, 328–332. [Google Scholar] [CrossRef]

	



Riddin, T.; Adams, J. Water level fluctuations and phenological responses in a salt marsh succulent. Aquat. Bot. 2018, 153, 58–66. [Google Scholar] [CrossRef]

	



Fagherazzi, S.; Anisfeld, S.C.; Blum, L.K.; Long, E.V.; Feagin, R.A.; Fernandes, A.; Kearney, W.S.; Williams, K. Sea Level Rise and the Dynamics of the Marsh-Upland Boundary. Front. Environ. Sci. 2019, 7, 25. [Google Scholar] [CrossRef]

	



Wolters, M.; Garbutt, A.; Bekker, R.M.; Bakker, J.P.; Carey, P.D. Restoration of salt-marsh vegetation in relation to site suita-bility, species pool and dispersal traits. J. Appl. Ecol. 2008, 45, 904–912. [Google Scholar] [CrossRef]

	



Snow, A.A.; Vince, S.W. Plant Zonation in an Alaskan Salt Marsh: II. An Experimental Study of the Role of Edaphic Conditions. J. Ecol. 1984, 72, 669. [Google Scholar] [CrossRef]

	



Cooper, A. The effects of salinity and waterlogging on the growth and cation uptake of salt marsh plants. N. Phytol. 1982, 90, 263–275. [Google Scholar] [CrossRef]

	



Wiehe, P.O. A Quantitative Study of the Influence of Tide Upon Populations of Salicornia Europea. J. Ecol. 1935, 23, 323. [Google Scholar] [CrossRef]

	



Armstrong, W.; Wright, E.J.; Lythe, S.; Gaynard, T.J.; Gaynard, S.L.J. Plant Zonation and the Effects of the Spring-Neap Tidal Cycle on Soil Aeration in a Humber Salt Marsh. J. Ecol. 1985, 73, 323. [Google Scholar] [CrossRef]

	



Ungar, I.A. Are biotic factors significant in influencing the distribution of halophytes in saline habitats? Bot. Rev. 1998, 64, 176–199. [Google Scholar] [CrossRef]

	



Levine, J.M.; Brewer, J.S.; Bertness, M.D. Nutrients, competition and plant zonation in a New England salt marsh. J. Ecol. 1998, 86, 285–292. [Google Scholar] [CrossRef]

	



van Putte, N.; Temmerman, S.; Verreydt, G.; Seuntjens, P.; Maris, T.; Heyndrickx, M.; Boone, M.; Joris, I.; Meire, P. Groundwater dynamics in a restored tidal marsh are limited by historical soil compaction. Estuar. Coast. Shelf Sci. 2019, 244, 106101. [Google Scholar] [CrossRef]

	



Esteves, L.S.; Williams, J.J. Managed realignment in Europe: A synthesis of methods, achievements and challenges. In The Science and Management of Nature-based Coastal Protection; Bilkovic, D.M., Mitchell, M.M., Toft, J.D., Megan, L.P.K., Eds.; Taylor and Francis: New York, NY, USA, 2017; pp. 157–180. [Google Scholar]

	



Rogers, K.; Saintilan, N.; Copeland, C. Managed Retreat of Saline Coastal Wetlands: Challenges and Opportunities Identified from the Hunter River Estuary, Australia. Chesap. Sci. 2013, 37, 67–78. [Google Scholar] [CrossRef]

	



Zahawi, R.A.; Reid, J.L.; Holl, K.D. Hidden Costs of Passive Restoration. Restor. Ecol. 2014, 22, 284–287. [Google Scholar] [CrossRef]

	



Armitage, A.R. Perspectives on maximizing coastal wetland restoration outcomes in anthropogenically altered landscapes. Est. Coast. 2021, 44, 1699–1709. [Google Scholar] [CrossRef]

	



Shaw, G.; Adams, J.; Bornman, T. Sediment characteristics and vegetation dynamics as indicators for the potential rehabilitation of an estuary salt marsh on the arid west coast of South Africa. J. Arid. Environ. 2008, 72, 1097–1109. [Google Scholar] [CrossRef]

	



Adams, J.B.; McGwynne, L. Restoration of a salt marsh in a semi-arid Ramsar site. WIOMSA Mag. 2020, 12, 6–7. [Google Scholar]

	



Lovelock, C.E.; Atwood, T.; Baldock, J.; Duarte, C.M.; Hickey, S.; Lavery, P.S.; Masque, P.; Macreadie, P.I.; Ricart, A.M.; Serrano, O.; et al. Assessing the risk of carbon dioxide emissions from blue carbon ecosystems. Front. Ecol. Environ. 2017, 15, 257–265. [Google Scholar] [CrossRef]

	



Sasmito, S.D.; Taillardat, P.; Clendenning, J.N.; Cameron, C.; Friess, D.A.; Murdiyarso, D.; Hutley, L.B. Effect of land-use and land-cover change on mangrove blue carbon: A systematic review. Glob. Chang. Biol. 2019, 25, 4291–4302. [Google Scholar] [CrossRef]

	



Raw, J.; Tsipa, V.; Banda, S.; Riddin, T.; van Niekerk, L.; Adams, J.B. Scoping Study: A Blue Carbon Sinks Assessment for South Africa; Project 83360258 funded by GIZ; Deutsche Gesellschaft für Internationale Zusammernarbeit GmbH for the Department of Environment Forestry and Fisheries: Pretoria, South Africa, 2021. [Google Scholar]

	



Davis, K.; Binner, A.; House, L.; Bell, A.; Reserve, N.D.B.; Barnstaple, N.D.; Day, B.; Rees, S.; Smith, G.; Wilson, K.; et al. A Generalizable Integrated Natural Capital Methodology to Prioritise Investment in Saltmarsh Enhancement; University of Exeter: Exeter, UK, 2020. [Google Scholar]

	



Curado, G.; Manzano-Arrondo, V.; Figueroa, E.; Castillo, J. Public Perceptions and Uses of Natural and Restored Salt Marshes. Landsc. Res. 2013, 39, 668–679. [Google Scholar] [CrossRef]

	



Shumway, N.; Bell-James, J.; Fitzsimons, J.A.; Foster, R.; Gillies, C.; Lovelock, C.E. Policy solutions to facilitate restoration in coastal marine environments. Mar. Policy 2021, 134, 104789. [Google Scholar] [CrossRef]








[image: Diversity 13 00680 g001 550] 





Figure 1. Restorative continuum to improve salt marsh biodiversity, health and ecosystem services (adapted from Society for Ecological Restoration, [16]). 
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Figure 2. Ecosystem services provided by salt marshes. 
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Figure 3. Socio-ecological systems framework for salt marsh restoration (adapted from [50]). 
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Figure 4. Socio-ecological systems framework for salt marsh restoration at the Swartkops Estuary salt pan. 
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Figure 5. Restoration of salt marsh at an abandoned salt pan, Swartkops Estuary, South Africa, showing (a) the bare salinized pan and (b) the proposed location of a pipe that is intended to deliver stormwater from the Motherwell canal. Map source: Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN and the GIS User Community. 
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Table 1. Changes in the largest intertidal salt marsh areas (ha) in South Africa (east to west) and the associated pressures and protection status of each estuary. Habitat trends are indicated by arrows ( [image: Diversity 13 00680 i001] decreasing,  [image: Diversity 13 00680 i002] increasing, and  [image: Diversity 13 00680 i003] stable). Updated from [33] and [54].
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	Estuary
	Historic Area

(1937)
	Present Area

(2021)
	Habitat Trend
	Pressures
	Protection Status





	Kosi
	58
	58
	 [image: Diversity 13 00680 i003]
	Cattle browsing and grazing, trampling by people and cattle, fires.
	National (iSimangaliso Wetland Park World Heritage Site)



	Great Fish
	144
	133
	 [image: Diversity 13 00680 i001]
	Disturbance in lower reaches, flow reduction.
	None



	Kowie
	83
	27
	 [image: Diversity 13 00680 i001]
	Development—houses, marina. Eutrophication.
	None



	Swartkops
	537
	193
	 [image: Diversity 13 00680 i001]
	Development—industrial, infrastructure. Eutrophication.
	None



	Keurbooms
	105
	72
	 [image: Diversity 13 00680 i001]
	Development—houses, jetties.
	Partial, Provincial (CapeNature)



	Kromme
	89
	68
	 [image: Diversity 13 00680 i001]
	Development—houses, jetties, marina. Changes in freshwater inflow.
	None



	Knysna
	537
	295
	 [image: Diversity 13 00680 i001]
	Development—residential, infrastructure. Eutrophication.
	Partial, National (SANParks).



	Langebaan
	806
	806
	 [image: Diversity 13 00680 i003]
	Grazing pressure removed with establishment of protected area, potential for further expansion.
	National (SANParks)



	Groot Berg
	1965
	1310
	 [image: Diversity 13 00680 i001]
	Agriculture, development, marina.
	Partial, Provincial (CapeNature)



	Olifants
	195
	97
	 [image: Diversity 13 00680 i003]
	Salinization, flow reduction.
	None



	Orange
	154
	144
	 [image: Diversity 13 00680 i001]
	Mining, causeway, salinization, flow reduction.
	Ramsar
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Table 2. Changes in the largest supratidal salt marsh areas (ha) in South Africa (east to west) and the associated pressures and protection status of each estuary. Habitat trends are indicated by arrows ( [image: Diversity 13 00680 i001] decreasing,  [image: Diversity 13 00680 i002] increasing, and  [image: Diversity 13 00680 i003] stable). Updated from [33] and [54].
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	Estuary
	Historic Area

(1937)
	Present Area

(2021)
	Habitat Trend
	Pressures
	Protection Status





	Kosi
	229
	229
	 [image: Diversity 13 00680 i003]
	Cattle browsing, trampling by people and cattle, fires.
	iSimangaliso Wetland Park World Heritage Site



	Keiskamma
	312
	181
	 [image: Diversity 13 00680 i001]
	Agriculture, cattle browsing.
	None



	Swartkops
	643
	359
	 [image: Diversity 13 00680 i001]
	Development—industrial, infrastructure.
	None



	Gamtoos
	240
	84
	 [image: Diversity 13 00680 i001]
	Agriculture, flow reduction.
	None



	Keurbooms
	398
	304
	 [image: Diversity 13 00680 i001]
	Development.
	Partial, Cape Nature



	Knysna
	680
	221
	 [image: Diversity 13 00680 i001]
	Development—residential, infrastructure.
	Partial, Cape Nature



	Klein Brak
	594
	333
	 [image: Diversity 13 00680 i001]
	Development, agriculture.
	None



	Gouritz
	220
	8
	 [image: Diversity 13 00680 i001]
	Agriculture, flow reduction.
	None



	Heuningnes
	500
	259
	 [image: Diversity 13 00680 i001]
	Agriculture, flow reduction.
	Cape Nature/SANParks



	Klein
	208
	206
	 [image: Diversity 13 00680 i003]
	Changes in response to water level and mouth condition
	Cape Nature



	Langebaan
	1075
	1132
	 [image: Diversity 13 00680 i002]
	Grazing pressure removed with establishment of protected area, potential for further expansion.
	SANParks



	Groot Berg
	2926
	2178
	 [image: Diversity 13 00680 i001]
	Agriculture, flow reduction.
	Partial, Cape Nature



	Olifants
	1442.3
	879
	 [image: Diversity 13 00680 i001]
	Development—saltworks. Salinization, flow reduction, agriculture (supratidal covers ~183 ha and floodplain 696 ha, mostly loss of floodplain).
	None



	Orange
	1311
	627
	 [image: Diversity 13 00680 i001]
	Flow reduction and salinization.
	Ramsar
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Table 3. Priority estuaries for salt marsh restoration. Area (ha) of salt marsh lost in specific estuaries due to the salt pan development, agriculture, and other (degraded) activities. The potential for restoration (gain in extent) assumes that it will be possible to restore 50% of the salt pan area, 25% of the agricultural area, and 50% of the degraded area.
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	Estuary
	Salt Pan Area

(ha)
	50% Restored (ha)
	Agriculture

(ha)
	25% Restored

(ha)
	Degraded Area

(ha)
	50% Restored

(ha)
	Total Potential

Restoration Area





	Groot Berg
	608.4
	304
	748
	187
	225
	112.5
	603.5



	Swartkops
	628
	314
	n/a
	n/a
	175
	87.5
	401.5



	Orange
	n/a
	n/a
	119
	29.6
	563
	281.5
	311.1



	Olifants
	59
	29.5
	746
	186.6
	-
	-
	216.1



	Gamtoos
	n/a
	n/a
	215
	53.8
	242.4
	121.2
	175.0



	Gouritz
	n/a
	n/a
	540.8
	136.5
	2.6
	1.3
	137.8



	Klein Brak
	n/a
	n/a
	201.7
	50.4
	149.4
	74.7
	125.1



	Total
	1295
	648
	4073
	643.9
	1357
	679
	1970.1
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Table 4. Pressures (VH = very high, H = high, and M = medium) that require attention in order to restore salt marsh in seven estuaries that have the largest potential for salt marsh restoration. Specific restoration actions are identified.
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Freshwater Inflow

	
Water Quality

	
Invasive Alien Plants

	
Restoration Actions




	
Baseflow

	
Floods






	
Groot Berg

	
H

	
H

	
VH

	
M

	
Remove agriculture, restore salt pans, ensure freshwater inflow, bank restoration, improve water quality, and remove alien invasive plants.




	
Swartkops

	
VH

	
VH

	
VH

	
H

	
Remove old berms and upstream barriers, re-establish riparian vegetation, remove alien invasive plants, and rehabilitate abandoned salt pans.




	
Orange

	
VH

	
VH

	
H

	
M

	
Remove causeway, ensure freshwater input to reduce salinization, and control dust input from surrounding mining.




	
Olifants

	
M

	
M

	
H

	
H

	
Remove agriculture, ensure freshwater inflow, and potential for salt pan rehabilitation.




	
Gamtoos

	
M

	
M

	
M

	
M

	
Remove agriculture, ensure baseflow input, and improve water quality.




	
Gouritz

	
VH

	
VH

	
M

	
M

	
Remove agriculture, ensure baseflow input, and improve water quality.




	
Klein Brak

	
H

	
H

	
M

	
H

	
Removal of old berms and upstream barriers to tidal action, remove alien invasive plants, remove agriculture, and improve water quality.

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Water quality regulation -
including purification, pollution
improvement, disease regulation

Nutrient cyclin
Wave attenuation- i
coastal erosion protection Contint deta e
oa nce- Floo
reduction
Waterbird habitat- : - Carbon storage &
bird watching - Regulating sequestration
Cultural importance — ' Trophic enrichment of coastal
spiritual, cultural heritage Cultural . Su pporting waters — high biodiversity &
value h productivity

Tourm & Receation Resting areas for migratory

. birds & habitat for birds —
— amenity, aesthetic i ; : :
e e including breeding & feeding
A grounds.
- Food, fuel, fibre - Habitat for aquatic

S CREDUK invertebrates

saline Agriculture

Nursery for fish species — permanent
or transient, including important habitat
for commercial & recreational fisheries.






nav.xhtml


  diversity-13-00680


  
    		
      diversity-13-00680
    


  




  





media/file2.png
Improve tidal exchange,
Ensure freshwater inflow,
Prevent encroaching
development,

Reduce trampling, grazing

improve ‘Rehabilitation
ecosystem initiate Restoration
management | natural _
recovering
SRS native salt

marsh






media/file13.png





media/file5.jpg
Physical conditions
(0. dlovaton,substrate,
nundation)

‘Species composition
(0.3 natio vs invasive lants)
Structural diversity
(along @ zonaton gracint)
Ecosystem function
(0. roctutmont)
External exchanges
(0. gene flows)
Absence of threats
(0. dovelopmen, ntriont
envichmen)

s

=

Implementation
L 2
Monitoring] Ry,
Ecosystem Services
Food webs & fisheries

Carbon storage
=

Erosion control &
coastal protection

Nutrient sequestration &
eycling

e

Govern:

Analyse, adapt
Document & share
learning

regulate, moderate, reconcile diverse uses





media/file3.jpg
Water qualiy regulation -
ncluding purficaton, plltion
improvement, dseae regultion
‘Wave attenuation- ]
cosstal roion prtecton

Coastaldefence- iood

—
I Carbon storage &
et ue
i o ——
s WP Nty
e, productivity
T T
S i’ vttt
et el L s
- grounds.
e [ (Fo0 el Plae S Habitat for aquatic

o ommercial & receatonsfshertes.

_—— — %






media/file1.jpg
Improve tidal exchange,
Ensure freshwater inflow, | improve Rehabilitation

Prevent encroaching ecosystem |initiate  Restoration

development, management | natural |

Reduce trampling, grazing. recovering
native salt

marsh

recovery






media/file7.jpg
Restoration goal: restore aquatic habitat at dry abandoned salt pan

SALT MARSH STATE

Physical condtions
e s i bt e
e et s oy semert

[ p—

Sltmarh exent
[ —
fmesien

Speces composition
i —
st )

Thrests
Petnnof macrox ksl o]

Implementation: ivert stormwater

Monitoring

“Carbon storage
*Aquatic habita for water birds

*Stormwaterfitering / pollutant emoval
“Water quality improvement

“Caltural benefits
religious,spirtual receation, education

STATE OF
SOCIETAL SYSTEM,

Communty welbeing
recreatona pporunties

Restoratonof st captal
wter qalty nd human
helthimprovemen,cen
vaterforbaptsns &
deaning coremcries

Knowiedge enichment -
enveonmental educationsnd
eseach s





media/file10.png
Artificial wetland
Channel

Stormwater canal

im, S| Gyl e, GBI |96, LB, VLG, SooGeiil, 161

Proposed pipelinegg > Snuc s oo, i






media/file12.png





media/file9.jpg





media/file0.png





media/file14.png





media/file8.png
Restoration goal: restore aquatic habitat at dry abandoned salt pan

SALT MARSH STATE

Physical conditions

(water surface area, salinity, depth, water
column nutrients, sediment salinity, sediment
moisture content & redox potential)

Salt marsh extent
(vegetation map showing bare versus
vegetated areas)

Species composition
(percentage cover of native vs invasive plants
in quadrats / transects)

Threats
(Presence of macro or micro-algal blooms)

Implementation: divert stormwater

Monitoring

*Carbon storage
*Aquatic habitat for water birds

*Stormwater filtering / pollutant removal
*Water quality improvement

*Cultural benefits
religious, spiritual, recreation, education

STATE OF
SOCIETAL SYSTEM

Community well being -
recreational opportunities

Restoration of natural capital
- water quality and human
health improvement, clean
water for baptisms &
cleansing ceremonies

Knowledge enrichment -
environmental education and
research activities





media/file6.png
Physical conditions
(e.g. elevation, substrate,
inundation)
Species composition
(e.g. native vs invasive plants)
Structural diversity
(along a zonation gradient)
Ecosystem function
(e.g. recruitment)
External exchanges
(e.g. gene flows)
Absence of threats
(e.g. development, nutrient
enrichment)

| Implementation |

—

’ ‘ Monitoring ‘ \

Ecosystem Services

Food webs & fisheries

Carbon storage

=

Erosion control &
coastal protection

Nutrient sequestration &
cycling

Governance

=

Analyse, adapt
Document & share
learning

Community well being

Stakeholder engagement
Benefits distribution
Knowledge enrichment
Restoring natural capital

Sustainable economies

regulate, moderate, reconcile diverse uses





