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Abstract 

Tidal salt marshes provide a range of ecosystem services.  The most recently recognized 

is their provision of highly effective sinks for atmospheric carbon dioxide, a 

characteristic they share with mangroves swamps which largely replace salt marshes in 

the intertidal zones of tropical regions.  Efforts are emerging to use salt marsh 

preservation or restoration in carbon offset programs, similar to the REDD initiative for 

tropical forests, but a number of issues first must be addressed to determine if a site meets 

the requirements of these programs.  As intertidal systems, both salt marshes and 

mangrove swamps are threatened by increasing rates of sea level rise, and it will be 

essential to determine their sustainability, thus meeting the requirement of permanence of 

the carbon sink.  In many areas the vegetation responsible for marsh soil accretion may 

not survive increased flooding periods, resulting in submergence of the marsh in its 

present location or inability to restore a marsh at its previous elevation.  However, the 

marsh and its carbon sink, may survive if allowed to migrate inland.  Thus assessment of 

permanence requires a determination if inland migration will be hindered by barriers such 

as high slopes or development, i.e., if the ecosystem is in a coastal squeeze.  Presently, 

the only technology that can provide elevation models at the required vertical accuracy is 

Lidar, which also is extremely valuable for assessing vulnerability of coastal 

communities to flooding.  Yet, Lidar data is not available for all coastlines, even those in 
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the developed world.  To effectively plan for the future of our coastlines requires Lidar 

coverage on all sensitive coastlines and its free availability for impact assessments. 

 

Introduction 

Tidal salt marshes, which are found predominantly along protected coastlines with 

temperate climates provide many ecosystems services, paralleling those of mangrove 

swamps which occur in similar settings along tropical coasts (e.g., Costanza et al. 1997, 

Millennium Ecosystem Assessment 2005, Chmura et al. in press). The support salt 

marshes provide to coastal fisheries through export of energy for coastal fisheries and 

provision of refugia for juvenile fish is well recognized (e.g., Boesch and Turner 1984, 

Deegan et al. 2000).  Marshes also provide valuable habitat for plants, birds and other 

animals, many of which serve as food resources.  These same functions can stimulate 

indirect economic benefits to communities which provide services and supplies to 

recreational waterfowl hunters and fishers.  In some regions marsh plants are harvested 

for subsistence consumption or commercial sale, like the glassworts of Europe.  Native 

vegetation of salt marshes is also harvested as fodder or simply used as natural pastures.  

The salt tolerance of tidal salt marsh vegetation makes them potential candidates as 

alternative crops and forage in salinized soils (Gallagher 1985), which are likely to 

become more problematic as rising sea levels cause salinization of groundwater.   

Indirect benefits from marshes may be more valuable.  The utility of tidal marshes for 

protection from storm surges has been noted for decades, and recent modelling studies 

have helped highlight characteristics that enhance this value (Barbier et al. 2008, Morgan 

et al. 2009, Koch et al. 2009).  Another long recognized value is the capacity of marshes 
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to reduce nutrient loading to coastal waters.  However, recent studies have shown that an 

increased supply of nutrients will reduce root production of marsh grasses (Darby and 

Turner, 2008) which plays an important role in accretion of the marsh soil (see below).  

Fertilization experiments in both mangroves and salt marshes have shown that addition of 

nitrogen can enhance the release of nitrous oxide from the soil (Muñoz-Hincapié et al. 

2002, Moseman-Valtierra 2011), a greenhouse gas with 298 times the global warming 

potential of carbon dioxide (Forster et al. 2007).  Thus, the service provided by nutrient 

regulation may be offset by a reduction in the potential for greenhouse gas regulation of 

salt marshes.   

 

Carbon Storage in Tidal Salt Marshes 

The recognition that tidal salt marshes are significant carbon sinks is the most recent 

ecosystem service recognized (Connor et al. 2001, Chmura et al. 2003).  Although the 

potential of freshwater wetland soils as a carbon sink has been recognized for some time, 

many studies had overlooked soils of tidal salt marshes and mangrove swamps, perhaps 

due to the intensive research focus on carbon export in support of coastal fisheries (Nixon 

1980; Odum 2000) and the assumption that % soil carbon reflected carbon quantity.  

However, the quantity of carbon is a product of the % soil carbon and the overall soil 

bulk density (e.g., grams soil per cubic centimeter).  Carbon quantities were assumed to 

be lower on coasts where tidal floodwaters contribute large quantities of inorganic 

sediment to tidal wetland soils.  These inputs simply dilute organic matter with mineral 

sediments that are three orders of magnitude heavier than organic matter.  Thus, a tidal 

salt marsh soil that contains 5% carbon but has a bulk density of 5 kilograms per square 
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meter can hold the same amount of carbon as a soil that contains 50% C, but has a bulk 

density (mass/volume) 0.5 kilograms per square meter.   

Rates of carbon dioxide sequestration in salt marshes are probably an order of 

magnitude higher that in terrestrial forests (figure 1), but uncertainties exist in the global 

area of salt marsh and the rates of carbon dioxide sequestration throughout each marsh.  

The carbon burial rates reported for tidal salt marshes range from 18 to 1713 g C m
-2

 yr
-1

.  

Considering that the global area of marshes likely ranges from 22,000 to 400,000 km
2
, 

these wetlands could be storing 4.8 to 87.2 Tg C yr
-1

 (Mcleod et al. 2011). 

Reports by the United Nations Environment Programme (Nelleman et al. 2009) and 

the International Union for the Conservation of Nature (Laffoley and Grimsditch 2009) 

have stimulated international interest in the carbon stored in tidal salt marshes and other 

coastal ecosystems, termed "Blue Carbon", and highlighted threats to the sustainability 

those ecosystems that serve as Blue Carbon sinks.  Mcleod et al. (2011) have since 

identified key areas of uncertainty and specific actions needed to address them, and 

Crooks et al. (2011) have proposed a research agenda to prepare a greenhouse gas offset 

protocol for tidal wetlands restoration and management and an " Action Plan to Guide 

Protocol Development".  One of the requirements they identified is that sites used for 

offsets (carbon credits) be in appropriate landscape settings that allow the spatial 

migration required to accommodate sea level rise.  Crooks et al. note that registries and 

agencies will require a high degree of confidence that a carbon offset project will be 

successful over at least 100 years. 

 

Marsh Accretion, Sustainability, and Permanence 
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Considering threats of rising sea levels, permanence is the first criterion that should 

be addressed and can be combined with planning programs that assess vulnerability of 

coastal communities to sea level rise.  The high rate of sea level rise associated with 

climate warming threatens the permanence or sustainability of the marsh and the carbon 

it stores.  Rising sea levels require that marsh soils accrete vertically to maintain their 

position in the tidal frame and they have done this for millennia.  However, there is a 

threshold above which marshes are not able to keep up, so that to persist, the system must 

migrate to higher elevations found on adjacent uplands to persist. 

A major factor in marsh accretion and migration is plant growth which also is 

responsible for carbon dioxide fixation from the atmosphere.  The carbon stored in tidal 

salt marsh soils comes from plant production, as plants fix atmospheric carbon dioxide 

during photosynthesis and store it in leaves, stems and roots.  Rates of plant production 

vary considerably (Table 1).  In North America aboveground production ranges from 60 

g C m
-2

 yr
-1

 in northern Canada and Alaska to averages as high as 812 g C m
-2

 yr
-1

 in the 

north central Gulf of Mexico (Mendelssohn and Morris 2000).  However, most 

productivity studies have been limited to biomass produced by vascular plants 

aboveground, missing two important components of carbon stores: below-ground 

production of roots and rhizomes (Table 1) and microflora (cyanobacteria and 

eurkaryotic algae such as diatoms) that live on the soil surface (Sullivan and Currin 

2000).  In many salt marshes belowground production is significantly greater than 

aboveground (Table 1).  This soil biomass is much less available for export to detrital 

food chains that support coastal fisheries, thus remains stored in soil as organic matter.   
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This accumulation of soil organic matter, primarily through root production, is key to 

the continued vertical accretion of marsh soils.  If rates of soil accumulation are adequate, 

the marsh soil thickness will increase, maintaining its surface elevation with respect to 

rising sea level.  Paleoenvironmental studies of marsh soils (e.g., Shaw and Ceman, 1999) 

have documented not just an increase in surface elevation, but also lateral accretion of 

marsh soils as marsh plants colonize mudflats to the seaward side and adjacent terrestrial 

or wetland environments to the landward side.  The slow rate of sea level rise over the 

last 5,000 years has allowed development of carbon-rich deposits as much as 6 m thick in 

some estuaries.  Organic matter in those deposits is preserved as tidal floodwaters 

saturate the soil and reduce the potential for aerobic decomposition.  Anaerobic 

decomposition is much less efficient (Buol et al. 2003), enabling accumulation of organic 

matter in the soil, and the effective carbon sink.   

Vegetation provides another positive feedback to marsh accretion by enhancing the 

deposition of suspended sediment from tidal floodwaters (Figure 2, Fitzgerald et al. 

2008).  In some estuaries that carry little suspended sediment marsh soils can develop 

nearly solely through accumulation of organic matter (Chmura 1986), but when 

suspended sediment is available it can greatly enhance marsh accretion.  During the 

eighteenth and nineteenth centuries land clearance associated with European settlement 

of North America increased suspended loads in waters along some coastal reaches 

causing expansion of tidal marsh areas in locations such as Chesapeake Bay on the mid-

Atlantic coast and Plum Island Estuary on the Massachusetts coast (Kirwan et al. 2011).  

Results of modelling experiments by Kirwan et al. (2011) support this cause and effect.  

Their model results also suggest that an expansive marsh platform could replace a 
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landscape dominated by ocean water in <100 yr if suspended sediment concentrations 

were increased by one to two orders of magnitude.  Even after sediment loads are reduced 

the level of these marsh platforms could continue to track sea level at the rates of sea 

level rise experienced in the last 100 years.  Unfortunately, these same modelling 

experiments indicate that if lost, these marshes cannot be restored under present 

conditions. 

Other experiments with models and manipulated field conditions show that, to a 

point, increased sea levels actually can stimulate production of one of the dominant 

marsh species on the western Atlatnic, Spartina alterniflora,  producing a further 

ecogeomorphic feedback (Morris et al. 2002; Mudd et al. 2009).  The increased 

hydroperiod provides greater opportunity for suspended sediment to settle and denser 

vegetation provides greater capacity to trap the sediment.  There is a threshold, however, 

above which the increased tidal submergence becomes a stress on marsh vegetation.  

Saturated soils present challenges to nutrient uptake and drain plants energy stores, 

resulting in decreased production (e.g., Burdick and Mendelssohn 1990). With this 

negative feedback comes a continued deficit in marsh vertical accretion, degradation of 

the marsh, and loss of the carbon sink.  Erosion of the marsh soil could then result in 

shifts of carbon to other parts of the estuary, where it might be redeposited or even 

oxidized, resulting in return of the stored carbon to the atmosphere as carbon dioxide.  On 

many coasts projected increases in rates of sea level rise are likely to push marsh 

vegetation beyond the critical threshold (Kirwan et al. 2010). 
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Threat of Accelerated Sea Level Rise 

Anthropogenic activities have eliminated or damaged tidal salt marsh ecosystems 

(e.g., Silliman et al. 2009), but the most pervasive threat to the remaining area of salt 

marsh is probably accelerated sea level rise (Fitzgerald et al. 2008; Nicholls et al. 1999).  

In many regions a combination of natural and anthropogenic factors is causing tidal 

marshes to experience high rates of sea level rise such that an accretion deficit already 

exists.  An example is the marshes of the Mississippi Delta's Barataria Basin which, from 

1947-2006, experienced a rise in sea level of 0.92 cm yr
-1

.  The pattern of sea level rise 

was closely paralleled by loss of wetland area - at rates as high as 28 km
2
 yr

-1
 during the 

same period (Fitzgerald et al. 2008).  In fact, Sivitski et al. (2009) reported that, with the 

exception of Australia, deltas were at serious risk in all climate zones and on all 

continents, as natural processes that result in subsidence (compaction of sediments) were 

compounded by anthropogenic factors (e.g., changes in hydrology and sediment loads) so 

that a number of deltas are sinking at rates many time faster than global sea level is 

rising.   

In their fourth assessment report, the IPCC projected that global sea level would rise 

from 0.18 to 0.59 m by the end of the century (Bendoff et al. 2007).  Such an increase 

will further hasten marsh loss in those areas already experiencing accretion deficits and 

threaten additional sites.  The sustainability of the additional sites will increase with tidal 

range and concentration of suspended sediments in local tidal floodwaters (Kirwan et al. 

2010).  For instance, models by Kirwan et al. (2010) indicate that a salt marsh with a tidal 

amplitude of 3 m and suspended sediment load of 3 mg L
-1

 and one with a 0.5 m 
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amplitude and suspended sediment load of 10 mg L
-1

 both could be sustainable at rates of 

sea level rise of 5 mm yr
-1

, close to the maximum predicted by the IPCC. 

More recent research indicates that the rates of sea level increase may have been 

significantly underestimated by the IPCC.  Vermeer and Rahmstorf (2009) have 

suggested that sea level could increase 0.75-1.90 m by 2100 (figure 3).  If rates of sea 

level rise increased linearly over this time, marshes would experience rates of 7 to 17 mm  

yr
-1

, leaving only those marshes with both high suspended sediment supplies and high 

tidal ranges likely to survive. The present area of vulnerable marshes will be transformed 

to subtidal environments, but if suitable low lying land is available in bordering terrestrial 

reaches they may be displaced inland. 

Increasing sea levels have already placed marshes bordering steep slopes or on 

developed coastlines in what has been termed a ―coastal squeeze‖ (Doody 2004).  On 

many coasts the ability of marshes to expand inland is severely restricted by urban 

development or embankments associated with ―reclamation‖ (figure 4).  Walls, dikes, and 

paved surfaces present physical barriers to marsh expansion inland, and the seaward edge 

of salt marshes is expected to retreat.  This situation will ultimately result in loss of tidal 

salt marshes.  Increased rates of sea level rise will increase the duration of tidal flooding, 

limiting vegetation production at the lower elevations along the seaward edge of the 

marsh.  If landward lateral accretion is not possible, these marshes will eventually 

disappear. 

 

Requirement to Assess Sustainability and Permenance 
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Since accretion rates of many marshes are unlikely to keep up , survival of the marsh 

(and the carbon sink) will depend upon its displacement inland.  The ability of a marsh to 

migrate will be dependent upon the slope of bordering terrestrial lands and whether 

human development has posed any barriers to such migration, placing the carbon sink in 

a coastal squeeze (Doody 2004).  Buildings, roads, walls and even pavement can serve as 

barriers. 

The first information needed to determine if a site is appropriate for a greenhouse gas 

offset program is if the marsh is sustainable.  That is, will it continue to accrete vertically 

and laterally as sea level rises?.  Determination of the carbon sequestration rates of a 

marsh will have little value if it is not sustainable and does not meet the requirement for 

permanence.  In fact soil accumulation rates of marsh undergoing submergence can be 

quite high (Cahoon et al. 1995) - a condition which could result in high rates of carbon 

sequestration, but for a limited period.   

Assessment of future marsh sustainability requires a digital elevation model 

developed from spatial data collected at a resolution relevant to the marshes.  Several 

methods are available for inferring elevations of land close to sea level, but most have a 

resolution too coarse to properly assess tidal salt marsh sustainability.  Topographic maps 

conventionally have been used to examine elevations and slopes.  These are available for 

most coastlines, but contour intervals are commonly on the order of 3 to 10 m (Titus and 

Richman 2001).  Yet, the predicted increases in sea level and the entire vertical range of 

many marshes is 70 to 260 cm (table 2), less than a single contour interval.   Assessing 

the potential for marsh migration requires other resources that can produce a digital 

elevation model accurate to within centimeters.  
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The Need for Lidar Coverage of Coastal Lands 

Over the last decade a new technology has been proven to provide the vertical 

resolution required for the needed DEMs.  Light detection and ranging systems, referred 

to as Lidar, successfully have been used to determine elevation in tidal areas with vertical 

resolution as fine as  0.16 m in North Carolina (Poulter and Halpin 2008) and 0.05 m in 

Venice (Marani et al. 2004).  Lidar technology uses radio-frequency waves, firing pulses 

of highly coherent, narrowly focused light generated with a laser (Monmonier 2008). For 

topographic work it is mounted on an airborne platform equipped with a GPS, an inertial 

measurement unit, and a computer.  A receiver unit located on the aircraft collects the 

returning energy from the interaction of the laser pulses with the land or water surface in 

the surveyed area.  The received laser pulse is recorded as a function of time, and the 

positioning of the laser measurement is calculated using information such as aircraft 

positioning and altitude, scan angle, and time of the transmitted pulse.  A series of filters 

is used to isolate vegetation surface from actual ground surface (Lefsky et al. 2002).  

"Topographic" Lidar, appropriate for determining elevations of marsh and adjacent 

uplands, operates at infrared wavelengths, while "Bathymetric" (or ALB) Lidar operates 

at a green wavelength allowing it to penetrate coastal waters to depth as great as 60 m, 

but this is dependent upon turbidity (Monmonier 2008; Pe'er and Long 2011).  Both are 

expensive to acquire, edit and process, but there presently is no other alternative to 

topographic Lidar that can support the high resolution modelling required for analysis of 

marsh migration potential. 
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Lidar also provides better horizontal resolution compared to many remote sensing 

techniques.  Topographic Lidar has a horizontal footprint of 15 to 20 cm, and error is 

greater in the horizontal than vertical component.  However, the horizontal error can be 

reduced by combining Lidar with hyperspectral imagery from remote sensing which, 

depending upon the imagery, can provide information on vegetation and constructed 

surfaces, as well as help to identify the nature of barriers to marsh migration, such as 

roads or dikes (Millette et al. 2010; Klemas 2011).  The vertical uncertainty of other 

methods translates into greater uncertainty in determination of areas within critical 

elevation zones, highlighting another advantage of Lidar. 

Gesch (2009) compared the uncertainty of Lidar to elevation data available from 

GTOPO30, SRTM, and NED (DEM source), using coastal North Carolina as an example.  

He demonstrated that (at the 95% confidence level) there was as much as a three-fold 

difference in the area inundated by a <1 m rise in sea level.  Maps derived from the three 

more commonly used data sources showed considerably greater areas of uncertainty 

associated with delineation of the 1 m contour, challenging the ability of planners to 

assess vulnerability of terrestrial lands or potential for marsh migration (Figure 5, from 

Gesch et al. 2009). 

Considerable funds of governmental, private and non-governmental organizations are 

devoted to conservation of tidal salt marshes, yet some may not be sustainable.  Wise use 

of private and public funds requires that sustainability of existing marshes be assessed, 

justifying the investment in obtaining Lidar coverage.  Over a decade ago Nicholls et al. 

(1999) noted the inevitable loss of some wetlands to sea level rise and urged selective 
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planning to minimize wetland losses rather than attempting to maintain the existing stock.  

Fine scale DEMs developed from Lidar will help us to make those hard choices. 

In jurisdictions where tidal marshes are already protected, investment in greenhouse 

gas offset programs is best made in initiatives to restore tidal salt marshes and high 

resolution elevation data is needed to assess sustainability of restored marsh areas.  

However, salt marsh restoration programs are fairly opportunistic.  For example, the Gulf 

of Maine Council (GOMC, with jurisdiction over waters of the US and Canada) has 

identified sites where salt marsh area has been lost and provides grants to local 

organizations who come forward with proposals for restoration.  The GOMC requires 

that successful proposals address a number of issues, but there is no assessment as to 

whether the restored marsh is likely to be sustainable under any scenario of sea level rise.  

Organizations such as the GOMC which have limited funds may want to reconsider how 

these are spent and divert some to utilize existing Lidar data to assess which sites are 

sustainable and partner in programs to obtain Lidar imagery where it is not yet available.   

A broad community of stakeholders should be interested in supporting the collection 

of Lidar data for their coastal regions.  The availability of Lidar-based DEMs enables 

more insightful and effective coastal planning, so that stakeholders can consider a suite of 

potential impacts of sea level rise, such as increased exposure to coastal erosion and 

which socio-economic sectors will be affected by inundation.  High resolution 

topographic data made available in North Carolina enabled an accurate assessment of 

which lowland habitats were vulnerable to increased sea level and where migration inland 

was likely to be hindered due to ownership patterns and land management (Poulter et al. 

2009).  Of course, it has unparalleled value for planning for risks of flooding of coastal 
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property.  In North Carolina it has allowed stakeholders to better understand risks of sea 

level rise, to develop potential response strategies, and increased political receptivity to 

policy change (Poulter et al. 2009).  Coastal communities will be faced with hard 

decisions and will need accurate maps on a scale that relates to property boundaries to 

plan where to invest in shoreline protection or relocation of activities.  Ironically, those 

coastal properties most vulnerable to seal level inundation may be the best locations to 

enable inland migration of tidal marshes.  Some protected properties may have less value 

than the tidal salt marsh that could occur there is barriers were removed.  Feagin et al. 

(2010) were able to examine this dilemma using DEMs developed from Lidar available 

for the coast of Galveston Island, Texas.  They used property values and the value of 

ecosystem services to calculate economic trade-offs between protection of property and 

removal of barriers to marsh migration.  The Galveston study clearly shows why we need 

information of the scale of private property holdings to make comprehensive assessments 

of sea level rise impacts.  Merging initiatives to plan for protection of developed property 

and conservation of coastal habitat will provide greater justification for investment in 

Lidar, and an economic rationale for it, as well. 

 

Lidar Cost and Availability 

Lidar requires a substantial monetary investment, but when large areas are covered it 

gives an exceptional return for the investment and is less expensive then the alternative 

that provides comparable resolution, i.e. field based elevation surveys with satellite based 

survey instruments.  Rogers et al. (2007) compared costs for obtaining a digital elevation 

model for marshes at Wells, Maine in the US.  Based upon their project, conducted in 
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2005, they found no advantage of obtaining Lidar for a target area less than 49 acres, as 

compared to field surveys, as the minimum cost of a commercial based low resolution 

Lidar survey was ~US$14,000.  The cost of Lidar per unit area decreases considerably 

with the size of the area surveyed because a single major investment is the cost to get the 

platform airborne.  

It is difficult to determine the extent of Lidar coverage around the coastlines of the 

world.  Despite efforts at developing a clearinghouse for the information (e.g., at 

http://lidar.cr.usgs.gov/) there is no comprehensive data base.  It appears that Lidar has 

been collected for all coastlines of the UK and Spain 

(www.02.ign.es/PNOA/vuelo_lidar.html).  In the US, Lidar is available for all, or 

portions of coastlines in the states of Maine, Maryland, Texas, Oregon, Mississippi, 

Delaware, South Carolina, New York and Florida 

(www.csc.noaa.gov/digitalcoast/data/coastallidar/details.html).  The US government had 

announced a program to fund and acquire additional imagery, but that program has been 

stalled (Vierling et al. 2011).  In Canada Lidar data has been collected for segments of the 

coastline along the Gulf of St. Lawrence and Bay of Fundy.  In the US and Canada past 

collection of Lidar imagery has been possible through collaborations of governmental 

agencies, academia and other partners, funded through targeted grants which do not 

necessarily ensure free availability to additional users, thus reducing the economic return 

on this investment.  Effective planning for impacts of sea level rise and income from 

greenhouse gas offset programs will mean long-term savings for all levels of government. 

Consideration of adequate funding for Lidar coverage to ensure public availability should 

be a priority policy for all governments with low lying coastal regions. 



09/09/2011 16 

 

Acknowledgements 

This research was support by the Canadian GEOIDE Network of Centres of Excellence, 

Project PIV-41, "The Participatory Geoweb for Engaging the Public on Global 

Environmental Change."  I thank B. Poulter for his thoughtful review of this manuscript. 

 

References 

Barbier EB, Koch EW, Silliman BR, Hacker SR, Wolanski E, Primavera J, Granek EF, 

Polasky S, Aswani S, Cramer LA,  Stoms DM, Kennedy CJ, Bael D, Kappel CV, 

Perillo GME, Reed DJ.  Coastal Ecosystem–Based Management with Nonlinear 

Ecological Functions and Values. Science 2008; 319:321-323. 

Bertness MD, Shumway SW.  Competition and Facilitation in Marsh Plants.  The 

American Naturalist 1993; 142:718-724. 

Bindoff NL, Willebrand J, Artale V, Cazenave A, Gregory J, Gulev S, Hanawa K, 

LeQuéré C, Levitus S, Nojiri Y, Shum C K, Talley LD, Unnikrishnan A. 

Observations: Oceanic Climate Change and Sea Level. In: Solomon S, Qin D, 

Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL, editors. Climate 

Change 2007: The Physical Science Basis. Contribution of Working Group I to the 

Fourth Assessment Report of the Intergovernmental Panel on Climate Change 

Cambridge University Press, Cambridge and New York; 2007. 

Boesch DF, Turner RE.  Dependence of fishery species on salt marshes: the role of food 

and refuge.  Estuaries 1984; 7:460-468. 



09/09/2011 17 

Buol SW, Southard RJ, Graham RC, McDaniel PA.  Soil Genesis and Classification, fifth 

edition.  Wiley-Blackwell, 2003. 

Boumans RMJ, Burdick DM, Dionne M.  Modeling Habitat Change in Salt Marshes 

After Tidal Restoration.  Restoration Ecology 2002; 10:543–555. 

Burdick DM, Mendelssohn IA.  Relationship between anatomic and metabolic responses 

to soil waterlogging in the coastal grass Spartina patens. Journal of Experimental 

Botany 1990; 41:223-228.  

Cahoon DR, Reed DJ, Day JW Jr.  Estimating shallow subsidence in microtidal salt 

marshes of the southeastern United States: Kaye and Barghoorn revisited.  Marine 

Geology 1995; 128:1-9. 

Chapman, V.J.  1977.  Chapter 1 Introduction. Pp 1-30 In Chapman, V.J. (ed.) 

Ecosystems of the World 1 Wet Coastal Ecosystems.  Elsevier, Amsterdam 428 pages. 

Chmura, G.L.  Tidal Salt Marshes.  In: Laffoley, D.d‘A. and Grimsditch, G. (eds). The 

management of natural costal carbon sinks. IUCN, Gland, Switzerland. 53 pp.; 2009. 

Chmura GL. Morphological, Physical and Chemical Characteristics of a Ditched and 

Unditched Tidal Salt Marsh Soil. Unpublished M.S. thesis, University of Rhode 

Island; 1986. 

Chmura, G.L., Burdick, D.M. and Moore, G.E.  in press.  Chapter 18.  Recovering salt 

marsh ecosystem services through tidal restoration.  Roman, C.T. and Burdick, D.M. 

(eds).  Restoring Tidal Flow to Salt Marshes: A Synthesis of Science and 

Management.  Island Press. 

Chmura GL, Anisfeld S, Cahoon D, Lynch J. Global carbon sequestration in tidal, saline 

wetland soils. Global Biogeochemical Cycles 2003;17:1-12. 



09/09/2011 18 

Connor R.  An examination of carbon flow in a Bay of Fundy salt marsh.  Unpublished 

M.Sc. thesis, McGill University; 1995. 

Connor R, Chmura GL, Beecher CB.  Carbon accumulation in Bay of Fundy salt 

marshes: implications for restoration of reclaimed marshes.  Global Biogeochemical 

Cycles 2001; 15:943-954. 

Costanza R, d'Arge R, deGroot R, Farber S, Grasso SM,  Hannon B, Limburg K, Naeem 

S, O'Neill RV, Paruelo J, Raskin RG, Sutton P, van den Belt M.  The value of the 

world's ecosystem services and natural capital. Nature 1997; 387:253–260. 

Crooks S, Emmett-Mattox S, Findsen J.  Findings of the National Blue Ribbon Panel on 

the Development of a Greenhouse Gas Offset Protocol for tidal  wetlands restoration 

and management: Action Plan to guide protocol development.  Restore America's 

Estuaries, Philip Williams & Associates, Ltd., and Science Applications International 

Corporation; 2010. 

Darby, F.A. and Turner, R.E.  2008.  Effects of eutrophication on salt marsh root and 

rhizome biomass accumulation.  Marine Ecology Progress Series 363:63-70. 

Deegan, L.A., Hughes, J.E. and Rountree, R.A.  2000.  Salt marsh ecosystem support of 

marine transient species.  Pp 333-368  In Weinstein, M.P. and Kreeger, D.A. (eds) 

Concepts and Controversies in Tidal Marsh Ecology.  Kluwer Academic Publishers, 

London, 875 pages. 

Doody J. ‗Coastal squeeze‘— an historical perspective.  Journal of Coastal Conservation 

2004; 10:129-138. 

http://www.int-res.com/articles/meps2008/363/m363p063.pdf
http://www.int-res.com/articles/meps2008/363/m363p063.pdf


09/09/2011 19 

Feagin RA, Martinez ML, Mendoza-Gonzalez GM, Costanza R.  Salt marsh zonal 

migration and ecosystem service change in response to global sea level rise: a case 

study from an urban region.  Ecology and Society 2010; 15: 

Fitzgerald DM, Fenster MS, Argow BA, Buynevich IV.  Coastal impacts due to sea-level 

rise.  Annual Review of Earth and Planetary Sciences 2008; 36:601-647. 

Forster P, Ramaswamy V, Artaxo P, Berntsen T, Betts R, Fahey DW, Haywood J, Lean 

J,  Lowe DC, Myhre G, Nganga J,  Prinn R, Raga G, Schulz M, Van Dorland R. 

Changes in Atmospheric Constituents and in Radiative Forcing. In: Solomon S, Qin 

D, Manning M, Chen Z, Marquis M, Averyt KB, Tignor M, Miller HL, editors. 

Climate Change 2007: The Physical Science Basis. Contribution of Working Group I 

to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change 

Cambridge University Press, Cambridge and New York; 2007. 

Gallagher J.  Halophytic crops for cultivation at seawater salinity. Plant and Soil 1985; 

89:323-336. 

Gesch DB, Gutierrez BT, Gill SK.  Coastal elevations. In: CCSP Coastal Sensitivity to 

Sea-Level Rise: A Focus on the Mid-Atlantic Region. A report by the U.S. Climate 

Change Science Program and the Subcommittee on Global Change Research. [James 

G. Titus (Coordinating Lead Author), K. Eric Anderson, Donald R. Cahoon, Dean B. 

Gesch, Stephen K. Gill, Benjamin T. Gutierrez, E. Robert Thieler, and S. Jeffress 

Williams (Lead Authors)]. U.S. Environmental Protection Agency, Washington D.C., 

USA, 320 pp., 2009. 

Gesch DB.  Analysis of Lidar elevation data for improved identification and delineation 

of lands vulnerable to sea-level rise.  Journal of Coastal Research 2009; 53:49-58. 



09/09/2011 20 

Hinde HP. The Vertical Distribution of salt marsh phanerogams in relation to tide levels. 

Ecological Monographs 1954; 24:209–225. 

Hutchinson I. Vegetation-environment relations in a brackish marsh, Lulu Island, 

Richmond, B.C. Canadian Journal of  Botany 1982; 60:452-462. 

Ibañez C, Curco A, Day JW, Jr, Prat N. Structure and productivity of microtidal 

Mediterranean coastal marshes.  In: Weinstein, MP, Kreeger DA, editors Concepts 

and Controversies in Tidal Marsh Ecology.  Kluwer Academic Publishers, London, 

875 pages; 2000. 

Kirwan ML, Guntenspergen GR, D‘Alpaos A, Morris JT, Mudd SM, Temmerman S. 

Limits on the adaptability of coastal marshes to rising sea level. Geophysical 

Research Letters 2010; 37:L23401, doi:10.1029/2010GL045489. 

Kirwan ML, Murray AB, Donnelly JP, Corbett DR.  Rapid wetland expansion during 

European settlement and its implication for marsh survival under modern sediment 

delivery rates.  Geology 2011; 39:507-510. 

Klemas, V.  Remote sensing of wetlands: case studies comparing practical techniques.  

Journal of Coastal Research 2011; 27:418-427. 

Koch EW, Barbier EB, Silliman BR, Reed DJ, Perillo GME, Hacker SD, Granek EF, 

Primavera JH, Muthiga N, Polasky S, Halpern BS, Kennedy CJ, Kappel CV, 

Wolanski E.  Non-linearity in ecosystem services: temporal and spatial variability in 

coastal protection. Frontiers in Ecology and the Environment 2009; 7:29-37. 

Laffoley Dd‘A, Grimsditch G editors. The management of natural coastal carbon sinks. 

IUCN, Gland, Switzerland; 2009. 



09/09/2011 21 

Lefsky MA, Cohen WB, Parker G, Harding DJ.  Lidar remote sensing for ecosystem 

studies.  Bioscience 2002; 52:21-30. 

Marani M, Lanzoni S, Silvestri S, Rinaldo A.  Tidal landforms, patterns of halophytic 

vegetation and the fate of the lagoon of Venice.  Journal of Marine Systems 2004; 

51:191-120. 

Mcleod E, Chmura GL, Björk M, Bouillon S, Duarte CM, Lovelock C, Salm R, 

Schlesinger W, Silliman B.  A Blueprint for Blue Carbon: Towards an improved 

understanding of the role of vegetated coastal habitats in sequestering CO2.  Frontiers 

in Ecology and the Environment 2011 

Mendelssohn IA, Morris JT.  Eco-physiological controls on the productivity of Spartina 

alterniflora Loisel.  In: Weinstein, MP, Kreeger DA, editors. Concepts and 

Controversies in Tidal Marsh Ecology.  Kluwer Academic Publishers, London, 875 

pages; 2000. 

Millennium Ecosystem Assessment. Ecosystems and Human Well-being: Synthesis. 

Island Press, Washington, D.C.; 2005. 

Millette TL, Argow BA, Marcano E, Hayward C, Hopkinson CS, Valentine V.   Salt 

marsh geomorphological analyses via integration of multitemporal multispectral 

remote sensing with LIDAR and GIS.  Journal of Coastal Research 2010; 26:809–

816. 

Monmonier M.  High -resolution coastal elevation data: the key to planning for storm 

surge and sea level rise.  In: Sui DZ, editor.  Geospatial technologies and homeland 

security.  Springer Science; 2008. 



09/09/2011 22 

Morgan PA, Burdick DM, Short, FT.  The functions and values of fringing salt marshes 

in northern New England, USA. Estuaries and Coasts 2009; 32:483-495. 

Morris J., Sundareshwar PV, Nietch CT, Kjerfve B, Cahoon DR.  Responses of coastal 

wetlands to rising sea level. Ecology 2002; 83:2869–2877. 

Muñoz-Hincapié M, Morell JM, Corredor JE.   Increase of nitrous oxide flux to the 

atmosphere upon nitrogen addition to red mangroves sediments. Marine Pollution 

Bulletin 2002; 44:992–996. 

Moseman-Valtierra S, Gonzalez R, Kroeger KD, Tang J, Chao WC, Crusius J, Bratton J, 

Green A, Shelton J.  Short-term nitrogen additions can shift a coastal wetland from a 

sink to a source of N2O.  Atmospheric Environment 2011; 45:4390-4397. 

Mudd SM, Howell SM, Morris JT.  Impact of dynamic feedbacks between sedimentation, 

sea-level rise, and biomass production on near-surface marsh stratigraphy and carbon 

accumulation.  Estuarine, Coastal and Shelf Science 2009; 82:377-389. 

Murphy, M.T.  2009.  Getting to the root of the matter: variations in vascular root 

biomass and production in peatlands and responses to global change.  Unpublished 

Ph.D. dissertation, McGill University, Montreal, QC, Canada. 

Nellemann C, Corcoran E, Duarte CM, Valdés L, De Young C, Fonseca L, Grimsditch G. 

editors. Blue Carbon. A Rapid Response Assessment. United Nations Environment 

Programme, GRID-Arendal; 2009. 

Neves JP, Ferreira LF, Simões MP, Gazarini LC.  Primary production and nutrient 

content in two salt marsh species, Atriplex portulacoides L. and Limoniastrum 

monopetalum L., in Southern Portugal.  Estuaries and Coasts 2007; 30:459-468. 



09/09/2011 23 

Nicholls RJ, Hoozemans FMJ, Marchand M,  Increasing flood risk and wetland losses 

due to global sea-level rise: regional and global analysis. Global Environmental 

Change 1999; 9:S69-S8. 

Nixon, S.W.  1980.  Between coastal marshes and coastal water – a review of twenty 

years of speculation and research on the role of salt marshes in estuarine productivity 

and water chemistry.  Pages 437-525 IN Hamilton, P. and MacDonald, K.B. (eds.) 

Wetland processes with emphasis on modeling.  Plenum Press, New York, NY. 

Odum, E.P.  2000.  Tidal marshes as outwelling/pulsing systems.  Pp 3-8 In Weinstein, 

M.P. and Kreeger, D.A. (eds) Concepts and Controversies in Tidal Marsh Ecology.  

Kluwer Academic Publishers, London, 875 pages. 

Pe'eri S, Long B.  LIDAR technology applied in coastal studies and management.  

Journal of Coastal Research 2011; 62:1-5. 

Poulter B, Halpin PN. Raster modeling of coastal flooding from sea level rise. 

International Journal of Geographical Information Sciences 2008; 22:167–82. 

Poulter B, Feldman R, MM Brinson MM, Horton BP, Orbach MK, Pearsall SH, Reyes E,  

Riggs SR, Whitehead JC. Sea level rise research and dialogue in North Carolina: 

Creating windows for policy change. Oceans and Coastal Management, 2009; 53(3-

4):147-153. 

Rogers J, Konisky R, Mustard R, Fisher J.  Salt marsh assessment and restoration tool 

(SMART): An evaluation of hyperspectral, LIDAR and SWMM for producing 

accurate habitat restoration predictions.  NOAA/UNH Cooperative Institute for 

Coastal and Estuarine Environmental Technology , 2007. 



09/09/2011 24 

Roman CT, Daiber FC.  Aboveground and belowground primary production dynamics of 

two Delaware Bay tidal marshes.  Bulletin of the Torrey Botanical Club 1984; 3:34-

41. 

Sánchez JM, Izco J, Medrano M. Relationships between vegetation and environmental 

characteristics in a salt marsh system on the coast of Northwest Spain.  Journal of 

Vegetation Science 1996; 7:695–702. 

Shaw J, Ceman J.  Salt-marsh aggradation in response to late-Holocene sea-level rise at 

Amherst Point, Nova Scotia, Canada.  The Holocene 1999; 9:439-451. 

Silliman BR, Bertness MD, Edwin D. Grosholz ED, editors.  Human Impacts on Salt 

Marshes, A Global Perspective.  University of California Press, Berkley, 329 pages; 

2009. 

Sullivan, MJ. and Currin CA.  Community structure and functional dynamics of benthic 

microalgae in salt marshes.  In: Weinstein, MP, Kreeger DA, editors Concepts and 

Controversies in Tidal Marsh Ecology.  Kluwer Academic Publishers, London, 875 

pages; 2000. 

Silvestri S, Defina A, Marani M.  Tidal regime, salinity and salt marsh plant zonation.  

Estuarine, Coastal and Shelf Science 2005; 62:119–130. 

Syvitski JPM, Kettner AJ, Overeem I, Hutton EWH, Hannon MT, Brakenridge GR, Day 

J, Vorosmarty C, Saito Y, Giosan L, Nicholls RJ. Sinking deltas due to human 

activities. Nature Geoscience 2009; 2:681-686, doi: 10.1038/NGEO629. 

Titus JG, Richman C. Maps of lands vulnerable to sea level rise: modeled elevations 

along the US Atlantic and Gulf coasts. Climate Research 2001; 18:205–28. 



09/09/2011 25 

Turner RE, Howes BL, Teal JM, Milan CS, Swenson EM, Goehringer-Toner DD.  Salt 

marshes and eutrophication: and unsustainable outcome.  Limnology and 

Oceanography 2009; 54:1634-1642. 

Vierling LA, Martinuzzi S, Asner GP, Stoker J, Johnson BR, , LiDAR: Providing 

structure. Frontiers in Ecology and the Environment 2011; 9(5): 261-262. 

Vermeer M, Rahmstorf S. Global sea level linked to global temperature. Proceedings of 

the National Academy of Sciences 2009; 106:21527-21532. 



09/09/2011 26 

Table 1.  Rates of above and below ground production of selected tidal salt marsh species from three 

different plant families in North America and Europe demonstrate the importance of below ground 

production with varied plant forms. 

  below above   

species  ---g m
-2

 yr
-1

--- region reference 

Chenopodiaceae      

Arthrocnemum macrostachyum 1260 683 Po Delta Ibañez et al. 2000 

Arthrocnemum macrostachyum 50 190 Ebre Delta Ibañez et al. 2000 

Arthrocnemum macrostachyum 340 840 Ebre Delta Ibañez et al. 2000 

Salicornia fructosia 950 580 Ebre Delta Ibañez et al. 2000 

Atriplex portulacoides 1601 598 Guadiana River Neves et al. 2007 

      

Plantaginaceae      

Plantago maritima 648 296 Bay of Fundy Connor 1995 

      

Poaceae      

Spartina patens 1113 500 Bay of Fundy Connor 1995 

Spartina patens 3300 785 Delaware Bay Roman & Daiber 1984 

Spartina alterniflora 1575 718 Bay of Fundy Connor 1995 

Spartina alterniflora 6500 1487 Delaware Bay Roman & Daiber 1984 
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Table 2.  Tidal amplitudes and elevation range of vegetation in selected salt marshes. 

country coast 

tidal 

amplitude 

(m) 

elevation 

range of 

vegetation 

(m) source 

Italy Venice Lagoon 0.7 0.2 Silvestri et al. 2005 

Italy Venice Lagoon 0.7 0.3 Silvestri et al. 2005 

USA Drakes Island, Maine 2.1 2.0 Boumans et al.  2002 

Canada British Columbia 2.6 0.9 Hutchinson 1982 

USA Palo Alto, California 2.6 1.2 Hinde 1954 

USA Plum Island, Massachusetts 3.0 2.1 Millette et al. 2010 

Spain Ortigueira and Ldrido Rivers 3.6 2.4 Sánchez et al. 1996 

Canada Bay of Fundy 6.0 >3.0 Chmura et al. 1997 
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Table 3. Comparison of costs of obtaining Lidar 

data vs. collecting field data with a real time 

kinematic Geographical Positioning System 

(RTK GPS), based upon US $ in 2005 (Rogers et 

al. 2007) 

Type Cost/Acre Points/Acre Cost/Point 

Lidar $2.34 1396 $0.00 

RTK GPS $287.00 62.69 $5.44 
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Figure captions 

 

Figure 1.  Mean long-term rates of carbon accumulation in sediment (g C m-2 y-1) for 

forests and coastal vegetated ecosystems using a log scale. Maximum rates of 

accumulation are indicated using error bars.  (figure 2 from Mccleod et al. 2011). 

 

Figure 2, Conceptual model of factors that contribute to soil accretion in a tidal salt marsh 

(from Fitzgerald et al. 2008 fig 17). 

 

Figure 3.  Projection of seal level rise from 1990 to 2100 made by Vermeer and 

Rahmstorf (2009) based upon IPCC temperature projections for three different emission 

scenarios (labelled on the right).  The sea-level range projected in the IPCC AR4 

(Bindoff 2007) for these scenarios is shown for comparison in the bars on the bottom 

right.  Also shown is the observations-based global sea-level data (red) including 

artificial reservoir correction. 
 

Figure 4.  Two scenarios of tidal marsh response to rising sea level (dotted line).  

Elevation of the marsh surface (solid black line) increases as increased tidal flooding 

allows organic matter and mineral sediments to accumulate.  Increasing elevation is 

accompanied by lateral accretion over inland terrestrial soils, as pictured in the upper 

diagram.  Constructed barriers (e.g., wall, dykes) prevent lateral accretion on the inland 

edge of the marsh.  At lower elevations (dashed-dotted lines), marsh vegetation does not 

survive increased submergence, resulting in loss of marsh on the seaward edge (from 

Chmura 2009). 

 

Figure 5. Comparison of how differences in vertical resolution result in differences in 

uncertainty of land area flooded in North Carolina.  (A) Lands vulnerable to a 1-meter 

sea-level rise, developed from topographic map-derived DEMs and (B) lidar elevation 

data.  The darker blue tint represents the area at or below 1 m in elevation, and the lighter 

blue tint represents the additional area in the vulnerable zone given the vertical 

uncertainty of the input elevation datasets. The more accurate lidar data for delineation of 

the vulnerable zone results in a more certain delineation (from Gesch et al. 2009). 
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I have taken the liberty to itemize and number the reviewer's comments and place my response directly 
below each in boldface, italic font.  The manuscript revisions also include some technical editing I thought 
was needed upon rereading it myself (including a missing reference). 
 
Main Comment 
The paper highlights the main issue of permanence in coastal wetlands being related to elevation data and 
that the likelihood of marshes not being able to migrate inland is mainly because of urban barriers. There are 
other issues, perhaps secondary, associated with the permanence of coastal wetlands that should be raised 
(at least in list form for this manuscript), including  
 
1)climate change and its effects on species (i.e., marsh die‐off or species invasions),  

Marsh die‐off has been shown not to relate to climate change, but predominantly to cascade effects by 
overharvesting of predators (e.g., loss of blue crabs on the western mid‐Atlantic permitted increased 
populations of snails that kill off salt marsh grass, or loss of finfish permitting other over population of 
burrowing crabs that decimate marsh vegetation). 
There is no literature on species invasions related to climate change in tidal salt marshes and to suggest 
this would be simply conjecture. 

 
2)  feedbacks from elevated CO2 on productivity,  

Research is inconclusive on this and to identify it as a "threat" is preliminary.  As compared to C4 plants, 
C3 plant production may be enhanced by elevated CO2, which could affect tidal SALT marsh plant 
community structure if the C3 plants are tolerant of the increased salinities that would probably 
accompany sea level rise.  However, a 2011 paper by Kathilankal et al. in Hydrobiologia vol 669, 
pages167–181 reports that field studies show that Spartina alterniflora (a dominant tidal salt marsh 
plant of the western Atlantic) is likely to respond to elevated CO2 with increased production. 

 
3) changes in erosion (from sea level rise and storminess) and  

Erosion was mentioned, but I have added additional mention of it on page 7 ‐ noting that these are 
climate related... 

 
4)  direct human destruction (see Henman and Poulter 2008, for example).  

This paper is about freshwater peatlands, particularly the pocosins that could be submerged with rising 
sea level.  Direct human destruction does not threaten permanence of a tidal salt marsh, but simply 
eliminates it.  Nicholls identifies sea level rise as the major threat to tidal salt marshes and this is what 
we can address with Lidar ‐ the focus of this paper.  There are excellent reviews regarding threats to salt 
marshes, in fact a whole book on it, which I now cite in the following sentence prefacing the beginning 
of the section Marsh Accretion, Sustainability, and Permanence:  "Anthropogenic activities have 
eliminated or damaged tidal salt marsh ecosystems (e.g., Silliman et al. 2009), but the most pervasive 
threat to the remaining area of salt marsh is probably accelerated sea level rise (Fitzgerald et al. 2008; 
Nicholls et al. 1999)." 

 
5)  In addition, the resilience of coastal wetlands (related to permanence) to sea level rise has been 
decreased by human activities (i.e., drainage, dikes etc.) that provide some opportunity for positive 
management effects on permanence (see Pearsall and Poulter 2005, for example).  

This book chapter is about brackish and freshwater wetlands (e.g., cypress swamps) threatened by 
rising sea level.  The opportunities for positive management is outside the scope of this paper. 

 
6)  Lastly, the assumption that inland marsh migration could keep pace with marsh loss from sea level rise if 
there were no urban barriers should be evaluated some more ‐ for example, elevations tend to rise rapidly 
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(with steeper slopes) beyond the coastal plains that have formed during the Pleistocene, and so the coastal 
'squeeze' is not necessarily of urban creation.  

The contribution of steep slopes to coastal squeeze already was mentioned in the text.  I have added yet 
another mention ‐ "low lying" to line 5 on page 9 and bordering "steep slopes or" to line 7 on the same 
page.  There are steep slopes bordering some marshes that are the result of fairly recent isostatic 
change (during the Holocene), so dealing with this in any more detail would require a major geomorphic 
endeavour, outside the scope of this paper. 

 
Minor 
P1: Chmura in press, missing from References 

Added 
 
P3: Intro paragraph to 'Carbon storage in Tidal Salt Marshes' needs clarifying 

I have made additions, deletions and done some reorganization that I believe increases clarity.  These 
changes are displayed through track changes of the  

 
P4: Prefer 'rates of carbon sequestration' to rates of carbon 'dioxide' sequestration 

Changed 
 
P10: First paragraph ‐ would help to clarify what is meant by the marsh being 'sustainable' ‐ I'm assuming its 
something to do with its resilience to SLR? 

I have added the following sentence immediately after:  "That is, will it continue to accrete vertically 
and laterally as sea level rises?"   

 
P11: Another aspect of the vertical uncertainty of lidar is related to the density of vegetation and how this 
affects the lidar returns reaching the actual soil elevation. It might be useful to have a comment on this (or 
even a reference) as to how wetland elevations might possibly be biased from dense vegetation. 

Most of the articles discussing uncertainty, error, etc. do not discuss problems with marsh 
vegetation, after some investigation I found the explanation, which I have added along with the 
supporting reference:  "A series of filters is used to isolate vegetation surface from actual ground 
surface (Lefsky et al. 2002)." 

 
P13: Poulter et al. 2009 missing from References 

Added 
 
P14: Could you be 'bold' enough to extrapolate the per acre cost of lidar acquisition to a global estimate.?! 

There are compounded uncertainties here as we are certain of neither the global area of tidal salt 
marsh nor the area of existing Lidar coverage.  As it is highly unlikely that any single institution would 
assume responsibility for the global mapping I don't see the value in such an extrapolation. 

 
P14: An additional area of uncertainty is the vertical datum that lidar uses to reference sea level. in areas 
where there is a paucity of long‐term tide gage records, does this present issues for datum assignment ‐ and 
could this issue be raised here? 

I do not think it is appropriate to raise this issue here.  Lidar is useful whether tide gauge records are 
available or not and all vertical datums are tied into a standard datum, not a local level.  Lidar allows us 
to plan (as noted in the existing manuscript) for various scenarios of sea level rise.  The projection of sea 
level rise is not an uncertainty of the Lidar, but of the response of the ocean.  Also, satellite altimetry is 
replacing tide gauge records for assessment of sea level change and is part of the IPCC assessment of 
sea level change. 

 



P15: Regarding the comment of the US Government pulling funds for lidar acquisition, because this is 
somewhat anecdotal, is there more information on this (year, program etc.) 

I have added the missing reference:  Vierling et al 2011 
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