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Abstract: 
The role of ecosystems in coastal risk reduction has not been sufficiently accounted for in coastal planning and engineering. Evidence is now available that shows how, and under what conditions, ecosystems can play a valuable function in wave and storm surge attenuation, erosion reduction and in the longer term maintenance of the coastal profile. Both through their capacity for self repair and recovery, and through the co-benefits they provide, ecosystems can offer considerable advantages over traditional engineering approaches in some settings. They can also be combined with traditional engineering designs. We make a number of recommendations to encourage the utilization of existing knowledge and to improve the uptake of ecosystems in policy, planning and funding for coastal hazard risk reduction.
One Sentence Summary: 
Ecosystems can play important roles in reducing risk from coastal hazards and need to be incorporated into policy, planning and engineering approaches. 



The risks and costs of coastal hazards to people and infrastructure are increasing. The landfall of “Superstorm" Sandy in New York on 30 October 2012, just a few months after Hurricane Isaac hit the Louisiana coast (on the 7th anniversary of Katrina’s landfall) has re-ignited public discourse on the role of climate change in altering storm distribution and intensity. While academic debate in this arena continues (1-3), action may still be a prudent response (4). This was well captured in the words of the New York mayor Michael Bloomberg following the devastation of Sandy: “while the increase in extreme weather we have experienced in New York City and around the world may or may not be the result of it [climate change], the risk that it may be — given the devastation it is wreaking — should be enough to compel all elected leaders to take immediate action”(5). Further impetus for action is that an increasing number of people and economic investments are vulnerable to such disasters as coastal populations expand (6). This has led to a growing reliance on risk reduction through  engineered solutions (7-9), but such solutions can themselves trigger further problems: interfering with coastal water movements, reducing sediment input or  altering natural systems that play a role in flood risk mitigation. 

Risk reduction strategies need to be robust, reliable, safe, cost-efficient, and adaptive to deal with uncertain future scenarios. There is now substantial evidence describing how ecosystems can reduce flood risk in the face of extreme storm events, and can mitigate impacts such as erosion and inundation linked to longer-term sea level rise. Such benefits can stand alone, but can also be incorporated into hybrid engineering solutions where ecosystems are utilized alongside engineering responses in coastal defense. Although there are historical examples of hybrid approaches, for example using saltmarshes to protect dykes in Northern Europe (10), and although soft engineering approaches such as beach nourishment have increased in many areas, the concept of combining living ecosystems into coastal engineering remains rare, or relatively small-scale (11). Ecologists, planners and engineers need to work together to bring these ecosystem services into wider coastal defense planning and implementation to optimize risk reduction in the coastal zone. Here, we provide a brief review of key ecosystem services and make recommendations for immediate implementation.


Flood risk mitigation services of ecosystems
Many coastal ecosystems are known to attenuate waves. Waves can be rapidly reduced in height as they pass over or through morphologically complex ecosystems (12-16). This attenuation is non-linear, with greatest reduction in the first meters of transit (17, 18). Models are beginning to capture the complexity of these processes (19, 20). Such attenuation also reduces wave set-up and run-up which can be a major component of erosion and inundation dynamics. While such processes may become less effective in some submerged ecosystems during high water and storm surge events (21), mangroves, supra-tidal vegetation and coastal forests continue to play this role. In many coastal settings multiple communities such as mangroves, seagrasses and reefs are found in sequence across the coastal profile and are likely to play an additive, even synergistic role in coastal defense. 

Over wide expanses (kilometers rather than meters) mangroves and other coastal wetlands can reduce surge water levels and inundation extent (22-24). Much was written about the role that mangroves may have played in coastal defense following the 2004 Asian Tsunami, but overall the conclusions were mixed (25). Extreme events can overwhelm both natural and human defenses, but partial attenuation or reduction of impacts can still save lives and there is evidence that in some places wide mangrove forests, seagrass beds or coral reefs may be able to perform such a role In the case of surges associated with storms or small to moderate tsunamis (24, 26-31).

Ecosystems can also contribute to the maintenance or accretion of substrates. They generate considerable volumes of organic and mineral sediments (e.g., coral sands, seagrass and marsh detritus) (32-35). By reducing wave energy, they lower water velocities and shear stress near the sea bed, reducing erosion and enhancing particulate deposition (16, 36-40). Erosion may be further reduced through mechanical protection provided by biofilms, roots and rhizomes, or through alteration of the mechanical and chemical properties of the substrate (e.g., bulk density, soil cohesion) (41-43).

Self-repair and adaptive capacity of ecosystems
Perhaps the most striking difference between ecosystems and engineered structures in the coastal zone is that ecosystems have the capacity to recover and regenerate in response to physical changes (32). Sedimentary records show that in some settings mangroves, coral reefs and saltmarshes have been able to maintain surface elevation with respect to sea-level rise, even at rates greater than currently being experienced (44-46), while they can of course also migrate laterally both landwards and seawards. Although such migration presents challenges in many managed landscapes, where allowed it ensures continued provision of hazard risk reduction in future sea level scenarios (47) (Figure 1). By contrast, alterations to sediment input or inundation of coastal wetlands, through the installation of hard engineering or changes in riverine inputs, frequently leads to subsidence (48, 49), while the prevention of landwards migration by engineered sea defenses can accelerate wetland loss through coastal squeeze as sea levels rise (50). 
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[bookmark: _GoBack]Figure 1: Graphic representation of how elevation of coastal marshes might be expected to vary in response to increases in relative sea level. A – contemporary natural shoreline. B – natural shoreline following sea level rise in locations where growth and sediment supply allow some degree of positive elevation change, as well as lateral (landwards) migration. C – hard engineering solutions “holding the line” of contemporary coastlines through increasingly large interventions. D – Hybrid interventions (see Figure 2), where space is allowed for the maintenance of natural coastal defenses.



Costs and co-benefits
In the face of global change and growing vulnerability, the design, building and maintenance costs of coastal engineered structures is increasing. Existing coastal ecosystems may already be providing some degree of protection with no installation costs, although  ecosystem restoration or ongoing management will likely incur future expense. Additionally, compared to mono-functional engineered flood defense infrastructure, coastal ecosystems provide multiple ecosystem services: thus shoreline defense may be only a small fraction of their total value (51). Effective valuation of this array of benefits is critical in coastal planning – the losses associated with hard engineering may be considerable if such protection entails the loss of these co-benefits (52).

Cautions
Of course ecosystems will play a variable role in coastal defense from one area to another, influenced by geomorphic setting (including bathymetry, coastal typology, geology and sediment supply), oceanography (including currents, tides), the dimensions and structure of the habitat, and the local risk environment. Such variability is already incorporated into designs for engineered structures and must be similarly accounted for in the utilization of ecosystems in coastal protection. The state of science for engineered structures is such that their response to particular hazards can be reasonably well modeled, and designs can be altered to achieve maximum risk reductions, often with relatively small spatial footprints, which may be of particular importance adjacent to highly developed shores. By contrast some ecosystems may require a much larger spatial footprint, but they also offer many co-benefits that can be lost with hard engineering approaches. Studies highlighting limitations are as important as those identifying opportunities in the development of ecosystem-based risk reduction (41, 52). In many areas, ecosystems may not provide acceptable levels of risk reduction. Elsewhere optimal solutions will include a hybrid of engineered and ecosystem components, with ecosystems reducing overall risk and increasing the longevity of engineered structures. 

Both natural and engineered structures have limits or thresholds to their functional performance. For example, wave attenuation by coral reefs or by submerged breakwaters will be diminished with increasing water depth over the structure (12), and during very high storm surges their role in wave attenuation may be much reduced. While we note that ecosystems often have a regenerative capacity, the most extreme coastal hazards can lead to widespread loss of mangroves, corals and other key biotic components, and can even result in changes in surface elevation. Conditions of substrate, light and elevation may remain suitable for these ecosystems, but time-frames for recovery may be years to decades (53). In places such recovery rates are being enhanced by anthropogenic interventions such as replanting (54, 55). Engineered structures have a design life, typically 20-50 years, and are built for projected environmental, climatic and anthropogenic conditions over that period. Under stable conditions we know that many coastal ecosystems can remain in place for centuries, although such longevity is often accompanied by lateral migration. Such persistence can also be challenged by climate change and more proximal human impacts. Thus coral bleaching and ocean acidification may threaten the longer-term future of coral reefs (56). Even so, reefs are likely to maintain their critical coastal protection function at least for the 20-50 year time scales of most coastal planners. 

Recommendations
We note recent and ongoing engineering work which is highlighting the role of ecosystems either alone or in hybrid engineering efforts, such as the Building with Nature work in The Netherlands (57, 58) and living shorelines work in the USA (11, 59). Such initiatives, largely driven by the private sector, complement the already well established efforts under way by many agencies and communities to utilize natural processes through ecosystem conservation, restoration and managed realignment (11, 60-62). Likewise we note the growing interest from other agencies in pursuing this work, including the U.S. Army Corps of Engineers Engineering with Nature approach and the Systems Approach to Geomorphic Engineering (SAGE) initiative of the U.S. Army Corps of Engineers, the Federal Emergency Management Agency (FEMA) and the National Oceanic and Atmospheric Administration, through their consortium, to carry these ideas forward. To embed this idea in policies and planning and work towards co-design of natural and engineered flood risk reduction infrastructure we recommend:

1. The risk reduction benefits of ecosystems need to be quantified and incorporated into local planning and development. Conservation and restoration initiatives need to be designed to deliver, or enhance, coastal protection benefits at the point of need. For example oyster reef restoration projects are being designed for specific environmental and risk settings, in the Gulf of Mexico following engineering guidelines for the design of low-crested, submerged breakwaters (62); 

2. Models and planning approaches also need to account for the cumulative benefits of multiple ecosystems – risk reduction capacity may be greatly enhanced across a sequence of habitats such as seagrasses, shellfish reefs and marshes, and such ecosystem combinations are common; 

3. Ecosystems should be managed where necessary to maintain or enhance risk reduction properties, including ecological restoration of key structural components of the ecosystem (mangrove, seagrass and saltmarsh plants, corals), but also physical interventions such as the restoration of water and sediment flows and the removal of pollutants;  

4. Investment decisions including loans by the World Bank and other Development Banks for climate adaptation and disaster risk reduction, and investment by agencies such as FEMA, should be informed not only by direct costs and benefits, but also by the suite of associated ecosystem service benefits that may be lost with hard engineering solutions;  

5. Where ecosystems offer acceptable levels of risk reduction then funds such as FEMA’s hazard mitigation grants, or international support such as Climate Adaptation Funds, should target and incentivize habitat conservation and restoration measures, and/or the utilization of hybrid solutions rather than focusing solely on hard defense solutions;  

6. Risk insurance models should examine risk reduction benefits associated with intact ecosystems; and where appropriate property owners should receive incentives for ecosystem conservation/restoration;  

7. While the design life of engineered structures is often well quantified, a similar quantification is only just starting to develop for ecosystems. Future research should be directed towards establishing a better knowledge of the resilience of natural features at the coast to allow these features to be incorporated into integrated coastal protection frameworks.  

Risk reduction in coastal areas is achieved through a variety of measures, including structural approaches (i.e. levees or walls), legal frameworks (i.e. building codes, land use zoning) and social and behavioral modifications (i.e. evacuation, retreat (Figure 2). Ecosystems form a critical but rarely acknowledged part of risk reduction in many areas, with potential cost-savings and co-benefits. New efforts and funding for coastal adaptation are rapidly being developed and allocated (63, 64); if appropriate natural solutions are overlooked, the economic and social costs for future generations will be significant.
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Figure 2: Ecosystems can form an important part of risk reduction, which is typically achieved through a combination of environmental, engineered, social, cultural and legal approaches as illustrated in the upper figure. Cumulative interventions (lower figure) cannot remove risk, but rather reduce it to an acceptable level of residual risk.
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