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Abstract  10 

 11 

Rises in sea level can alter the distribution of coastal wetlands through migration landward and loss 12 

due to inundation. The expansion of coastal developments can prevent potential wetland migration, 13 

exacerbating loss as sea levels rise. Pre-emptive planning to set aside key coastal areas for wetland 14 

migration is therefore critical for the long term preservation of species habitat and ecosystem 15 

services, yet we have little understanding of the economic costs and benefits of doing so. Using data 16 

and simulations from Queensland, Australia, we show that the opportunity cost of preserving 17 

wetlands is likely to be much higher under sea level rise than under current sea levels. However, we 18 

find that payments for ecosystem services can alleviate these costs, and in many cases may make 19 

expanding the reserve network profitable in the long run. This highlights the need to develop 20 

markets and payment mechanisms for ecosystem services to support climate change adaptation 21 

policies for coastal wetlands.  22 

Introduction 23 

Coastal ecosystems have important biodiversity values, with ~2,700 threatened species globally 24 

using these habitats for at least part of their life cycle (IUCN 2013). Additionally, coastal wetlands 25 

mailto:r.runting@uq.edu.au


 

Runting et al Costs of wetlands under sea level rise 2 

provide substantial benefits to humans through the provision of ecosystem services, such as the 26 

maintenance of fisheries, coastal protection, and carbon sequestration (Barbier et al. 2011). 27 

However, under sea level rise, coastal wetlands can be lost through inundation (Lovelock et al. 28 

2015), but they can also migrate landward in the absence of steep gradients in topography or 29 

anthropogenic barriers, such as built structures (Kirwan & Megonigal 2013). The establishment of 30 

anthropogenic barriers to wetland migration could be prevented by pre-emptively expanding the 31 

coastal reserve network (i.e. adding to the set of protected areas) to accommodate wetland 32 

response to sea level rise. However, we know little about the likely costs and benefits of such an 33 

approach. 34 

Global sea level rise is one impact of climate change that has seen recent upward revisions as further 35 

information becomes available (IPCC 2007; Church et al. 2013). These revisions, combined with the 36 

accelerated subsidence of deltas from anthropogenic activity (such as fossil fuel and water 37 

extraction and the trapping of sediment in reservoirs) (Syvitski et al. 2009), warrants urgent 38 

attention and the development of sound pre-emptive adaptation strategies. Despite this imperative, 39 

current spending on climate change adaptation remains low relative to the anticipated future costs 40 

(Parry et al. 2009). However, emerging markets for ecosystem services, such as the carbon market 41 

(voluntary or otherwise), may have the potential to relieve the financial burden of preserving coastal 42 

wetlands under sea level rise.  43 

Previous studies have estimated the impact of sea level rise on coastal ecosystems (FitzGerald & 44 

Fenster 2008; Craft et al. 2009) and the species that depend on them (Traill et al. 2011; Iwamura et 45 

al. 2013), but none have quantified the costs of preserving wetlands under increasing rates of sea 46 

level rise and the potential of payments for ecosystem services to mitigate this cost. There has been 47 

a focus on the costs arising from human displacement or damage to private property and 48 

infrastructure (Dasgupta et al. 2009; Bin et al. 2011; Arkema et al. 2013; Hinkel et al. 2014), but 49 
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there has been little consideration of the costs of preserving wetlands to facilitate their migration. 50 

Setting aside land for wetland migration has an opportunity cost, as this land might have otherwise 51 

been developed (e.g. for urban use) (Mills et al. 2014). Whilst the human element is undoubtedly 52 

important, it is vital that strategies to preserve wetlands under climate change are considered 53 

alongside anthropocentric impacts in order to conserve species and ecosystem services.  54 

The aims of this research were to (i) determine if the opportunity costs of preserving coastal 55 

wetlands is higher under sea level rise compared to current sea levels, and (ii) determine the extent 56 

to which potential payments for ecosystem services can alleviate these costs. Here we show that, 57 

because coastal land value increases with elevation, coastal wetlands are likely to migrate into more 58 

expensive land with sea level rise, thus increasing the costs of pre-emptively preserving those 59 

wetlands. We also demonstrate that, even when the area of coastal wetlands is projected to expand 60 

under sea level rise, the cost of preserving these wetlands is still likely to be greater with sea level 61 

rise than without it. Despite the higher costs of preserving wetlands under sea level rise, we show 62 

that payments for ecosystem services have the potential to offset the opportunity cost of the 63 

reserve network.  64 

Methods  65 

To establish why preserving coastal wetlands might cost more under sea level rise we quantified the 66 

relationship between coastal land values and elevation for the state of Queensland, Australia. We 67 

then undertook a local scale case study to compare the cost of expanding the reserve system with 68 

and without sea level rise and payments for ecosystem services, to determine the change in costs 69 

and potential of ecosystem services (Fig. 1). 70 

Coastal land value and elevation 71 
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To understand how land values vary with elevation we quantified the relationship between coastal 72 

land values and elevation for the entire 6,973 km coastline of Queensland. This coastline traverses 5 73 

global ecoregions (WWF 2000) and 4 climatic zones (equatorial, tropical, subtropical and grasslands) 74 

(Stern et al. 2000), with human settlement patterns varying from urban to remote (Pink 2011). As 75 

extensive elevation data were required, we used a 1 second (~ 30 m) Digital Elevation Model (DEM) 76 

(Gallant 2010). We obtained unimproved land values for 2012 from the Queensland Valuation and 77 

Sales database (DERM 2013) and converted these into a value per hectare at a resolution of ~30 m 78 

(to match the elevation data). We then categorised the DEM into 100 classes based on 10 cm 79 

elevation increments up to 10 m above sea level. These categories were used to derive the mean 80 

land value for each 10 cm interval of elevation. To determine the effect of urban, regional or remote 81 

areas on this pattern, we separated the results based on the remoteness classes from the Australian 82 

Statistical Geography Standard Remoteness Structure (Pink 2011). 83 

Wetland transition model 84 

The Sea Level Affecting Marshes Model (SLAMM, (Clough et al. 2012)) was used to predict wetland 85 

transitions under sea level rise for a 600 km2 section of Moreton Bay, Australia (Fig. 2). SLAMM 86 

simulates the main processes driving coastal wetland conversions and shoreline modifications under 87 

sea level rise, including salt water intrusion, erosion and sedimentation, wetland transition 88 

dynamics, and anthropogenic barriers to these dynamics (Craft et al. 2009; Clough et al. 2012). 89 

When executed, SLAMM calculates the relative change in elevation and associated wetland 90 

transitions for each cell in each year through to 2100. The inclusion of these processes at a fine 91 

spatial and temporal resolution enables SLAMM to give an accurate assessment of sea level rise, 92 

particularly when combined with LiDAR-derived elevation data (McLeod et al. 2010; Geselbracht et 93 

al. 2011). We parameterised SLAMM for Moreton Bay with a combination of field based and 94 

remotely sensed data for the area (Supplementary Methods). Moreton Bay was chosen because it is 95 
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located near two urban centres (Brisbane to the north and the Gold Coast to the south) and contains 96 

a variety of ecosystem types, along with agricultural land. As the future rise in sea level is uncertain, 97 

we used a range of projections to 2100 (28 cm, 55 cm, 98 cm and 128 cm) from the IPCC’s fifth 98 

assessment report (Church et al. 2013) to account for this variation (Supplementary Methods). This 99 

produced fine resolution (~5 m) simulations of changes in the distributions of wetlands for each year 100 

(2013-2100) for each SLR scenario. 101 

 Ecosystem services 102 

Whilst there are a range of ecosystem services provided by coastal wetlands, we focused on 103 

quantifying and valuing soil carbon sequestration and nursery habitat value for commercially 104 

important species.  To quantify soil carbon sequestration, we used local field measurements for the 105 

different wetland types, and applied a range of carbon prices from the voluntary carbon market 106 

(mean $6.1 AUD MgC-1) and estimates of the social value of carbon (from $10.94 to $96.94 AUD 107 

MgC-1, Supplementary Methods).  To determine the value of nursery habitat, we linked a potential 108 

levy on the gross value of production of three mangrove-dependent and commercially important 109 

species (Penaeus merguiensis, Scylla serrata, and Lates calcarifer) to the area of mangroves that 110 

interface with the ocean. When combined with the simulations of wetland change, this produced an 111 

economic value in each year to 2100 for both services for all properties within the study site. These 112 

values were discounted to form a net present value that was appropriate to compare with land 113 

values (Supplementary Methods). 114 

Finding the optimal reserve network 115 

We used integer linear programming to find the optimal reserve network for a range of wetland area 116 

targets for the least cost under sea level rise (Supplementary Methods). Each property parcel was 117 
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either set aside for wetlands (i.e. protected), or assumed to be lost to future development. The 118 

opportunity cost was initially based on unimproved land values (plus a transaction cost), but in 119 

subsequent scenarios the capitalised value of payments for ecosystem services was subtracted from 120 

the opportunity cost for each property. Spatial dependencies among planning units were enforced, 121 

to allow for the process of wetland migration. The resulting reserve networks were compared across 122 

sea level rise projections and ecosystem service payment schemes, based on the total cost of the 123 

solution and the area of wetlands preserved within the reserve network. 124 

Results  125 

Land value and elevation 126 

Our analysis of coastal land values and elevation for the coastline of Queensland, Australia showed a 127 

generally positive association between land value and elevation in the narrow coastal strip (up to 10 128 

m above sea level, Fig. 2). The positive relationship was most apparent in major cities and regional 129 

settlements, but values were consistently low in remote areas (Fig. 2). This rise in land values for 130 

cities and regional settlements is likely due to the declining flood risk with elevation. The shapes of 131 

the curves differ as the confounding drivers of land value (such as slope, accessibly, and amenity) are 132 

regionally variable. 133 

 Cost of reserve network 134 

We predicted a substantial change in the distribution and extent of wetlands under sea level rise for 135 

our case study in Moreton Bay, Australia (Fig. 3). Under the current reserve network, the landward 136 

movement of wetlands resulted in fewer wetlands protected under sea level rise. We estimated a 137 

loss of 4-31% of the current area of protected wetlands, with higher sea level rise scenarios resulting 138 

in lower levels of protection, despite an overall increase in wetland extent (Fig. 4). 139 



 

Runting et al Costs of wetlands under sea level rise 7 

Therefore, to maintain the area of wetlands protected under future sea level rise, additional 140 

resources are required to expand the reserve network to allow for wetland migration. Under the 141 

lower rates of sea level rise (28 and 55 cm), matching the current level of protection would only 142 

require a modest additional investment (up to $40,000 AUD), yet a much larger investment is 143 

required under the higher rates of sea level rise (98 and 128 cm, a 377% [$151,000 AUD] and 677% 144 

[$271,000 AUD] increase respectively over lower rates of sea level rise) (Fig. 5 and Supplementary 145 

Fig. 1). Further, increasing the level of protection beyond current levels exacerbates the increase in 146 

cost even further. For example, under current sea levels, a 20% increase in the area of wetlands 147 

protected would cost $105,000 AUD, with much of this target being met on public lands. However, 148 

as coastal wetlands move landward onto private land under the higher sea level rise scenarios, the 149 

required investment to match this target could be up to $1.3 million AUD (a 1,138% increase over 150 

current sea levels, Fig. 5).  151 

Payments for Ecosystem Services 152 

Payments for ecosystem services have the potential to attenuate the opportunity costs of 153 

protection. We found that a carbon payment alone (at $6.11 MgC-1 AUD) completely compensated 154 

for the cost of protecting an additional 32-33 km2 of wetlands (a ~60% increase over the current 155 

reserve network) under the baseline (0 cm) and lower SLR scenarios (28 and 55cm, Fig. 5). However, 156 

under higher rates of sea level rise (98 cm and 128 cm), including a carbon payment only 157 

compensated for the cost of protecting an additional 20 km2 and 15 km2 (a 37% and 27% increase 158 

from the current reserve network) respectively (Fig. 6). Stacking carbon payments with a potential 159 

nursery habitat payment provided only a modest additional expansion over carbon payments alone 160 

(up to an additional 1.3 km2 [~2% increase]), as the most cost-efficient areas for nursey habitat were 161 

already selected by a payment for carbon (Fig. 6).  Protecting a smaller area of wetlands (than given 162 

by the above values) would be more than compensated for by ecosystem service payments, as the 163 
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capitalised value of the ecosystem services exceeded the opportunity cost of the reserve network 164 

(Supplementary Fig. 2). 165 

Discussion 166 

We have shown that substantial changes in the distribution of coastal wetlands under seal level rise 167 

are likely to lead to increases the costs of protecting them. Consistent with other studies, we 168 

predicted a landward movement of wetlands (particularly mangroves) under sea level rise (Traill et 169 

al. 2011; Di Nitto et al. 2014; Saintilan et al. 2014) (Fig. 3b). This landward movement, combined with 170 

the positive association between land values and elevation (Fig. 2) drives the increase in cost of pre-171 

emptively protecting wetlands to facilitate landward wetland migration under sea level rise. In fact 172 

we show that the higher the sea level rise projection, the higher the opportunity cost of expanding 173 

the protected area network (Fig. 5). This higher cost of preserving coastal wetlands is likely to be a 174 

general consequence of sea level rise, particularly in regions where the potential for urban 175 

development places further upward pressure on coastal land values.  176 

Despite these higher costs, payments for ecosystem services have the potential to substantially 177 

reduce the net cost of expanding the reserve network under sea level rise. It is possible that the 178 

benefits from payments for ecosystem services could be further increased under different market 179 

conditions. For example, even more wetlands could be preserved if the carbon price reflected the 180 

social value of carbon (i.e. the total economic damages from emitting an additional 1 MgC-1), or if 181 

these higher carbon payments were combined with those for the total value of nursery habitat. In 182 

both of these cases, the capitalised values of the services exceed the opportunity cost for all 183 

modelled wetland targets (up to 80% of the total wetland area in each scenario) (Supplementary 184 

Table 2). Furthermore, including payments for additional ecosystem services not quantified here, 185 
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such as storm protection or nutrient retention, would likely increase the economic benefits of 186 

coastal wetland protection.  187 

Whilst receiving payments for ecosystem services reduces the costs of coastal wetland protection 188 

for local planning authorities, this cost is shifted to the beneficiaries of the services. Carbon 189 

sequestration has potential buyers in both the public and private sectors, and transactions can be 190 

facilitated through the relatively well-established voluntary carbon market (Hamrick et al. 2015). In 191 

this case, shifting the cost burden to the buyer is unlikely to be problematic, as the buyers’ 192 

participation is voluntary (such as individuals who purchase voluntary carbon offsets for air travel 193 

(Mair 2011)). In contrast, a nursery habitat payment shifts the costs to local fisheries via a 194 

compulsory levy. This may face opposition from commercial fishers if the additional cost is perceived 195 

to threaten the economic viability of their enterprise (Marshall 2007). Given that stacking nursery 196 

habitat payments with carbon payments facilitated only a modest additional expansion of the 197 

reserve network over carbon payments alone (~2%, Fig. 6), the additional administrative burden and 198 

potential controversy of a nursery habitat levy might not be justified in this case. 199 

It is imperative that local planning authorities pre-emptively limit development in dryland areas that 200 

are likely to transition to wetlands under climate change. The primary difficulty in implementing this 201 

strategy is that the opportunity costs of purchasing properties or re-zoning land are borne 202 

immediately, whereas the benefits take much longer to materialise and often flow to beneficiaries 203 

external to the local area (Friess et al. 2015). Even when the capitalised value of payments for 204 

ecosystem services exceed the opportunity cost of expanding the reserve network, the revenue from 205 

ecosystem service markets would not start flowing until the wetlands had migrated sufficiently 206 

landward. This delay in receiving benefit could explain why this strategy is not adopted in many 207 

vulnerable areas, despite the long term advantages. For example, local and state governments along 208 

the USA Atlantic coast plan to develop 60% of land below 1m elevation (Titus et al. 2009), and 209 
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Australian state governments across the eastern sea board have removed sea level rise from state 210 

planning policies (Bell & Baker-Jones 2014). However, climate change adaptation policies are 211 

emerging in other areas, such as the Thames Estuary 2100 plan (for London and the tidal reaches of 212 

the Thames river) which incorporates a projected sea level rise of up to 1.9 m and includes 213 

provisions for intertidal habitat creation (Environment Agency 2012). 214 

Given the dynamic nature of land markets under sea level rise, coastal land may be cheaper in the 215 

future as flood risk increases (Bin et al. 2011). However, this does not necessarily justify local 216 

planning authorities delaying the purchase or re-zoning these areas. If new dwellings or other hard 217 

structures are permitted in the potential future locations of wetlands or their migration pathways, 218 

this will not only impact biodiversity through arresting wetland migration, but will also have socio-219 

economic impacts. For example, the costs may be shifted to the coastal property owner who may 220 

face reduced property prices, periodic flooding, or relocation in a worst-case scenario. Furthermore, 221 

it may not always be the case that the cost of coastal land will decline. Despite increasing risks, 222 

coastal populations are large and growing (Martínez et al. 2007), which is likely to create upward 223 

pressure on land prices in future (Glaeser et al. 2005). Furthermore, future risks may not be given 224 

appropriate consideration (Newell et al. 2015), particularly if insurance companies are able to 225 

compensate damages (Bagstad et al. 2007) or the impacts of sea level rise are predicted to occur 226 

outside of the investors’ outlook. 227 

We have shown here that payments for ecosystem services can alleviate some of the costs of 228 

expanding the coastal reserve network under climate change, and in many cases may result in a 229 

profit in the long run. These cost reductions are possible because the costs are shifted from planning 230 

authorities to the beneficiaries of the services, which may not always be well received. Higher rates 231 

of sea level rise can reduce the effect of payments for ecosystem services, which highlights the 232 

importance of ambitious climate change mitigation efforts alongside adaptation plans. Although 233 
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profits are possible in the long run, planning authorities may be strained in the short term, as some 234 

of the revenue from ecosystem service payments would not be received until wetland migration 235 

occurred. Alternatively, delaying the implementation of climate change adaptation policy may risk 236 

losing key areas of coastal wetlands, the species they support, and services they provide. 237 

  238 
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Figure legends 354 

 355 

 356 

Figure 1 | Diagram of the methodology used to expand the reserve network under a range of sea 357 

level rise scenarios and potential payments for ecosystem services. The Sea Level Affecting Marshes 358 

Model (SLAMM) was used to simulate coastal wetland change under a range of sea level rise 359 

projections. This produced a map of coastal wetlands for each year to 2100 for as section of 360 

Moreton Bay, Queensland, Australia. Based on these wetland distributions, we modelled the 361 

provision of ecosystem services (carbon sequestration and nursery habitat for commercially 362 

important species) at each time step, and calculated the net present value of potential payments for 363 

these services (Supplementary Methods). Using integer linear programming, we then optimised the 364 

selection of additional wetland sites under the range of sea level rise projections and compared the 365 

resulting opportunity cost under different combinations of payments for ecosystem services. This 366 

allowed us to determine the potential of payments for ecosystem services to compensate the cost of 367 

reserve expansion under sea level rise. 368 

 369 
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 370 

Figure 2 | The average value of coastal land at increasing elevation in Queensland, Australia, 371 

separated by remoteness class. The remoteness classes are categorised based on the level of 372 

accessibility to remoteness to various service centres via the road network (Pink 2011). Trend lines 373 

indicate the moving average. 374 



 

Runting et al Costs of wetlands under sea level rise 18 

 375 

Figure 3 | The distribution of coastal vegetation in the south of Moreton Bay, Australia. Panel (a) 376 

shows the location of the case study (specifically latitude 27.3°S to S27.5°S and longitude 153.15°E to 377 

153.25°E), and panel (b) shows the distribution of coastal vegetation in 2100 based on no sea level 378 

rise, a rise of 28 cm, 55 cm, 98 cm and 128 cm. 379 
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 380 

Figure 4 | The change in the provision of wetlands and ecosystem services under sea level rise. Panel 381 

(a) shows the percentage change in the area of wetlands (wetlands), amount of carbon 382 

sequestration (carbon), and area of nursey habitat for commercially important species (nursery 383 

habitat) under sea level rise based on the current reserve network. The remaining panels show the 384 

area of wetlands (b), amount of carbon sequestration (c), and area of nursery habitat for 385 

commercially important species (d) that would be protected and unprotected in 2100 based on the 386 

current reserve network in Moreton Bay.  ‘Protected’ refers to areas that are currently contained 387 

within the reserve network, and ‘unprotected’ refers to all other areas. 388 
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 389 

Figure 5 | The total cost of preserving increasing wetlands under different rates of sea level rise 390 

(SLR) in the absence of payments for ecosystem services. Dotted lines indicate the area of wetlands 391 

that are currently contained within the reserve network (5577 ha), and a 20% expansion of the area 392 

of wetlands protected (6692 ha). 393 
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 394 

Figure 6 | The maximum area of wetlands that can be preserved and still ‘break-even’ ($0 cost) 395 

under different sea level rise (SLR) scenarios and payments for ecosystem services. The ‘break even’ 396 

point is where the capitalised revenue from ecosystem service payments exceeds the opportunity 397 

cost of expanding the reserve network. ‘No payments’ refers to the baseline case where there are no 398 

payments for any ecosystem services. ‘Voluntary carbon’ is the result of an active voluntary carbon 399 

market with recent (2012) carbon prices. ‘Nursery habitat’ refers to payments that could flow from a 400 

levy on the gross value of production for commercially important and mangrove dependent species. 401 

‘Carbon & nursery’ is the result from stacking payments for carbon and nursery habitat. Error bars 402 

represent the minimum and maximum wetland area based on variations in discount rates, voluntary 403 

carbon payments, and the method used to calculate the amount of nursery habitat. The dotted line 404 

indicates the wetland area that is currently contained within the reserve system (5577 ha).  405 


