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1 Abstract 13 

Sea level rise (SLR) is threatening coastal marshes, leading to large-scale marsh loss in several 14 

micro-tidal systems. Early recognition of marsh vulnerability to SLR is critical in these systems to 15 

aid managers to take appropriate restoration or mitigation measures. However, it is not clear if 16 

current marsh vulnerability indicators correctly assess long-term stability of the marsh system. 17 

In this study, two indicators of marsh stress were studied, (i) the skewness of the marsh elevation 18 

distribution, and (ii) the abundance of codominant species in mixtures. We combined high-19 

precision elevation measurements (GPS), LiDAR imagery, vegetation surveys and water level 20 

measurements to study these indicators in an organogenic micro-tidal system (Blackwater River, 21 

Maryland, U.S.A.), where large-scale historical conversion from marshes to shallow ponds resulted 22 

in a gradient of increasing marsh loss. The two indicators reveal increasingly stressed marshes 23 

along the marsh loss gradient, but suggest that the field site with the most marsh loss seems to 24 

experience less stress. For the latter site, previous research indicates that wind waves generated 25 

on interior marsh ponds contribute to lateral erosion of surrounding marsh edges and hence 26 

marsh loss. The eroded marsh sediment might temporarily provide the remaining marshes with 27 

the necessary sediment to keep up with relative SLR. However, this is only a short-term alleviation 28 

as lateral marsh edge erosion and sediment export lead to severe marsh loss in the long term. Our 29 

findings indicate that marsh elevation skewness and the abundance of codominant species in 30 

mixtures can be used to supplement existing marsh stress indicators, but that additional indices 31 

such as fetch length and the sediment budget should be included to account for lateral marsh 32 

erosion and sediment export and to correctly assess long-term stability of micro-tidal marshes. 33 

  34 



2 Introduction 35 

Coastal marshes provide critical ecosystem services, such as carbon sequestration (Chmura et al., 36 

2003; McLeod et al., 2011; Ouyang and Lee, 2014), shoreline protection against storm impacts 37 

(Temmerman et al., 2013; Möller et al., 2014) and providing habitat for commercial fisheries 38 

(Boesch and Turner, 1984; Barbier et al., 2011), but the persistence of marshes over the next 39 

decades to centuries is threatened by accelerating sea level rise (SLR). When marshes cannot 40 

adapt to SLR by vertical accretion, submerging marsh vegetation dies off and is replaced by bare 41 

mudflats or open water areas, which is evident on large scales in the Mississippi River Delta (Day 42 

et al., 2000), the Venice Lagoon (Carniello et al., 2009) and the Chesapeake Bay (Kearney et al., 43 

1988). 44 

Elevated, vegetated marsh platforms and low, unvegetated mudflats or interior open water areas 45 

have been identified as a two stable states, each with positive feedback mechanisms that provide 46 

long-term stability (Fagherazzi et al., 2006; Marani et al., 2010; Wang and Temmerman, 2013; van 47 

Belzen et al., 2017). These feedbacks imply that once marshes convert to open water, it is very 48 

hard to reverse the process and to restore marshes. Early recognition of marsh vulnerability to 49 

SLR rise is thus critical to foresee these pending shifts and to take early management measures to 50 

preserve marshes and their highly valued ecosystem services in face of accelerating SLR. 51 

Two indices, (i) elevation skewness and (ii) the abundance of codominant species in mixtures, 52 

have been proposed as indicators of marsh stress, but have never been tested empirically in 53 

marshes experiencing large-scale marsh loss. First, the skewness of the elevation distribution has 54 

been introduced by Morris et al. (2005). In their study, Morris et al. (2005) argue that resilient 55 

marshes have a negative elevation skewness, i.e. with more high marsh than low marsh area, 56 

because resilient marshes have the tendency to build-up vertically until their elevation 57 

approaches mean high water level (Pethick, 1981; Allen, 1990; Temmerman et al., 2003). The 58 

highest high water level is the upper limit for marsh vegetation as sediment deposition must 59 

approach zero at elevations near that of the highest high tide (Morris et al., 2002). Further, Morris 60 

et al. (2005) argue that an increase in SLR rate would result in increased flooding and would 61 

provide accommodation space for marshes to grow, therefore temporarily forming normal 62 

elevation distributions within the tidal frame. With higher rates of SLR, the marsh elevation is 63 

expected to lag behind sea level, hence to lower within the tidal frame, and consequently to 64 

approach their inundation tolerance limit (Kirwan and Murray, 2008; Kirwan and Temmerman, 65 

2009). Marshes below this limit will die off, which results in a positively skewed elevation 66 

distribution of the remaining marsh portions above this elevation limit (Morris et al., 2005). Hence 67 

the change of elevation skewness from negative to positive values is interpreted as the effect of 68 

SLR on the ‘elevation capital’ of a marsh system, i.e. the position of the wetland elevation within 69 

the tidal zone (Cahoon and Guntenspergen, 2010). 70 

A second indicator of marsh vulnerability to SLR is (ii) the co-occurrence of species in mixtures. A 71 

theoretical background for this hypothesis is the stress gradient hypothesis (Bertness and 72 

Callaway, 1994), which postulates that in harsh environments, positive interactions and 73 

facilitation between multiple species prevail. In low stress environments, however, competition 74 

leads to dominance by few or even one single species. Bertness and Hacker (1994) indeed show 75 

that species interactions shift from competitive interactions at the highest marsh elevations to 76 

positive interactions when stress levels are high in the low elevated marsh areas. Examples of 77 

positive interactions are shade provision, which limits surface evaporation and salt accumulation 78 



(Callaway, 1994) and rhizosphere oxidation which alleviates anoxic substrate conditions 79 

(Bertness, 1991a; Boaga et al., 2014). The hypothesis that marshes dominated by codominant 80 

species in mixtures are indicative for higher stress levels and higher marsh vulnerability to 81 

submergence, has however never been tested. 82 

Wetland assessment methods usually rely on multiple indicators, which are evaluated and 83 

combined into a score (Carullo et al., 2007; Rogerson et al., 2010). Recently, Raposa et al. (2016) 84 

and Cole Ekberg et al. (2017) both have developed an indicator scheme specifically targeted to 85 

assess marsh vulnerability (or resilience) to SLR. Raposa et al. (2016) were the first to develop 86 

their MArsh Resilience to SLR (MARS) indices aiming to determine the ability of wetlands to resist 87 

SLR. Raposa et al. (2016) combined variables (see Table 1) measuring ‘elevation capital’ with 88 

variables measuring accretion rates and SLR rates to compute a final score. Interestingly, one of 89 

their elevation indices is the elevation skewness. Cole Ekberg et al. (2017) included in their 90 

assessment also different vegetation types, but relies heavily on model outputs (SLAMM, see Table 91 

1). 92 

[Table 1 here] 93 

Although the development of such indices is highly important to assess marsh vulnerability to 94 

SLR, there is a need for validating such indices against observations of long-term (i.e. over 95 

decades) historical marsh loss, in order to increase trust in these indices to correctly assess long-96 

term stability of marshes with SLR. In this study, we combined field data and LiDAR imagery to 97 

test the skewness of the elevation distribution and the abundance of codominant species in 98 

mixtures as indicators of marsh vulnerability with SLR. We collected our data in the Blackwater 99 

River marshes (Blackwater Estuary, Maryland, U.S.A.), an organogenic micro-tidal marsh system 100 

where widespread historical marsh loss over the last 80 years has resulted in a spatial gradient of 101 

increasing marsh loss (Schepers et al., 2017). We test if the skewness of the elevation distribution 102 

and the abundance of codominant species differ the indicator scores by Raposa et al. (2016) and 103 

Cole Ekberg et al. (2017). Based on our evaluation of the indicator values against observed marsh 104 

loss rates, we argue that lateral erosion of marsh edges and consequent sediment export 105 

important mechanisms of marsh loss in our study area that are not assessed by the marsh 106 

vulnerability indicators, hence we propose indicators that should be included in future further 107 

developments of vulnerability indicators. This will aid managers to assess the marsh condition 108 

and to take early adaptation measures. 109 

3 Study area 110 

The Blackwater marshes (Maryland, USA; 38°24’ N, 76°40’ W) are a brackish coastal marsh system 111 

along the Blackwater river that connects Lake Blackwater, a large (> 5 km diameter) shallow open 112 

water area, with the Fishing Bay, an interior bay of the Chesapeake Bay (Fig. 1.). Since 1938 more 113 

than 2,000 ha or 51 % of the marshes have been converted to shallow open water, with most 114 

marsh habitat lost at or near Lake Blackwater and leaving the most downstream marshes closest 115 

to the Fishing bay relatively intact (Stevenson et al., 1985; Scott et al., 2009; Schepers et al., 2017). 116 

As a result, there is a spatial gradient of decreasing marsh area and increasing shallow open water 117 

area in upstream direction along the Blackwater River (Fig. 1). The marsh loss has been attributed 118 

to insufficient surface accretion relative to SLR (Stevenson et al., 1985), lateral marsh erosion 119 

along the pond edges (Stevenson et al., 1985; Ganju et al., 2013) and vegetation disturbance by 120 

rodents (Kendrot, 2011). 121 



 122 

 123 

 124 

[Figure 1 here] 125 

Short-term measurements showed that salinity varies little (<2 ppt) between the most 126 

downstream site near Fishing Bay and upstream site at Lake Blackwater, but the salinity might 127 

change significantly on seasonal timescales (Fleming et al., 2011). The tidal range (from 1 to <0.05 128 

m) and allochthonous sediment input decreases from the Fishing Bay to Lake Blackwater (Ganju 129 

et al., 2013). At the most upstream areas, frequent northwestern storms export sediment out of 130 

the system (Stevenson et al., 1985; Ganju et al., 2013, 2015). 131 

4 Methods 132 

4.1 Field data 133 

We selected four sites with an increasing proportion of open water areas as a measure of marsh 134 

loss (Fig. 1) along the Blackwater River, in such a way that transects of 1,000 m length and 135 

perpendicular to the river would not cross other river bends or upland areas. At each site three 136 

transects of 1,000 m (250 m apart) straddling the Blackwater River were created in a GIS system 137 

(ESRI ArcGIS 10.1). During a field campaign in August 2014 the elevation relative to the North 138 

American Vertical Datum of 1988 (NAVD88) was recorded with a high-precision GPS (Trimble R8 139 

RTK-GPS, vertical error <2 cm) every 10 m along each transect. At the same time, we determined 140 

the species composition by recording dominant plant species (all species with >30% cover) within 141 

a circular, 0.5 m diameter plot centered on each GPS measuring point. Points located in tidal 142 

channels or ponds were excluded in this study. 143 

During the same period (August 14 to October 29, 2014), we recorded water level measurements 144 

at each field site with pressure transducers (Hobo U20L-02, Onset, MA, USA). The measurements 145 

were recalculated to the NAVD88 vertical datum after local atmospheric pressure compensation. 146 

Tidal characteristics, including mean tidal range and mean high water level (MHW), were 147 

calculated from this dataset with the Tides package in R (Cox and Schepers, 2017). 148 

4.2 LiDAR imagery 149 

Additional to the GPS elevation data, we used LiDAR (Light Detection and Ranging) elevation data 150 

that were recorded in spring 2004 and downloaded from Maryland’s GIS & Data portal (see Data 151 

Availability section) as a 0.91 m resolution digital terrain model. Comparison with our GPS-data 152 

(n = 737) revealed a high overall accuracy of the LiDAR data, with an average difference of 0.08 m 153 

(RMSE 0.11 m) and normally distributed residuals without trends or spatial patterns (see 154 

Supporting Information). Elevation changes in the area are lower than 1 cm/year (Cahoon et al., 155 

2010), which implies that in the 10 year between the LiDAR data (2004) and the field campaign 156 

(2014), maximum elevation changes of around 10 cm are in the same order of magnitude as the 157 

vertical error on the LiDAR data. For each of the four sites, we extracted the LiDAR elevation data 158 

within an area of 125 m around the three transects. Based on an aerial image classification of 2010 159 

(Schepers et al., 2017), only the marsh elevation was retained, resulting in >300,000 elevation 160 

points at the most intact site and >150,000 for the most degraded site. 161 



4.2 Marsh vulnerability indices 162 

Several indices of wetland vulnerability have been calculated. The skewness of the elevation 163 

distribution was calculated for each site with both the GPS measurements and the LiDAR 164 

measurements. We defined the Pearson's moment coefficient of skewness as: 165 

𝑠𝑘𝑒𝑤 =  
1

𝑛
 ∑ (𝑥𝑖−𝑥̅)3𝑛

𝑖=1

[
1

𝑛−1
 ∑ (𝑥𝑖−𝑥̅)2𝑛

𝑖=1 ]
3 2⁄      (equation 1) 166 

where n = the number of measurements, xi = each measurement (here each elevation data point), 167 

𝑥̅ = the average of all measurements (all elevation data points).  168 

In order to assess whether the skewness of the marsh elevation distribution is an indicator for 169 

marsh drowning driven by relative SLR, we simulated marsh drowning at field site 1 by removing 170 

the lowest quantiles of the LiDAR marsh elevation distribution in four different steps. These four 171 

steps were chosen to simulate an increasing percentage of marsh loss (1.86%; 12.20%; 34.33%; 172 

57.89%) that matches the increasing percentages of marsh loss observed from field site 1 to 4. 173 

The skewness was then calculated on the remaining LiDAR marsh elevations after simulated 174 

marsh drowning, and it was evaluated whether the simulated marsh drowning resulted in 175 

increased skewness of the remaining marsh elevations. 176 

Species composition was determined by recording the dominant plant species (all species with 177 

>30% cover) within a circular, 0.5 m diameter plot centered on each GPS measuring point. Species 178 

abundances along the marsh loss gradient were calculated by summing the number of 179 

occurrences for each species in each field site. The total number of points with at least two 180 

dominant species present, i.e. codominant species in a mixture, were also summed for each field 181 

site. All numbers were scaled to proportions for each field site because a wider river or more 182 

marsh loss results in a different number of marsh point measurements per field site. For example, 183 

an abundance of 0.4 for a species in field site 2 means that the species is (co)dominant at 40% of 184 

all marsh points in field site 2. Similarly, a mixture of two species with an abundance of 0.12 means 185 

that these species are present together (each >30% cover) at 12% of all marsh points of that field 186 

site. Site 2 has most points (n=243), slightly more points than field site 1 (n=222), where the river 187 

is a little wider, and more points than field sites 3 and 4 (n= 164 and 114, respectively) with more 188 

marsh loss. At three points Spartina patens (spp), Spartina alterniflora (spa) and Distichlis spicata 189 

(dsp) were present in equal coverages (all >30%). For these points we counted each specific 190 

mixture (spp – spa, spa – dsp, dsp – spp).  191 

We verified the results of these two indicators (elevation skewness and vegetation composition) 192 

with the indicators of Raposa et al. (2016) and Cole Ekberg et al. (2017)(Table 1). We did not 193 

include all indicators because of limited data availability, and we modified two species indicators 194 

of Cole Ekberg et al. (2017). The percentage of low marsh is in Cole Ekberg et al. (2017) defined 195 

as regularly flooded areas dominated by tall-form (>50 cm ) Spartina alterniflora. We defined this 196 

indicator as areas with Spartina alterniflora monocultures (the only species with a cover >30 %). 197 

Cole Ekberg et al. (2017) defined Perennial turfgrass type I as ‘irregularly flooded, dominated by 198 

Spartina patens, Distichlis spicata, Juncus gerardii, with no S. alterniflora’. We did not record 199 

species with coverages <30 %, so we can not garantuee that S. alterniflora is not present at our 200 

GPS points. Therefore we modified this index as areas with Distichlis spicata or Spartina patens 201 

monocultures (or a mixture of both) but where Spartina alterniflora was not dominant (cover is 202 

<30 %). 203 



To calculate the MARS average scores, we used the metric threshold table from Raposa et al. 204 

(2016, see Table 2). The average of the category scores (marsh elevation score and tidal range) 205 

produced a MARS average score for each field site. To convert the Cole Ekberg et al. (2017) indices 206 

to field site scores, we ranked the index scores from 1-4 with increasing vulnerability and 207 

calculated an average score. Note that contrary to Cole Ekberg et al. (2017), a higher score 208 

indicates a higher vulnerability. 209 

4.3 Analyses and statistics 210 

All data analyses, figures and maps were made in R (R Core Team, 2017). The non-parametric 211 

bootstrap technique was applied to determine if the skewness of the GPS elevation distribution 212 

was significantly different from zero: the elevation dataset was randomly resampled 10,000 times 213 

with replacement, each resample having the same size as the original dataset, and on each 214 

resample the skewness was calculated. If zero is within the 2.5th and 97.5th percentile of these 215 

10,000 skewness values, the skewness is not significantly different from zero, similarly to a 216 

statistical test with 0.05 confidence level (α). Since the LiDAR-dataset consists of a huge dataset 217 

(n > 150,000) and includes the whole study area rather than a selection of sample points, the 218 

bootstrap technique was deemed to be not necessary for the LiDAR data. 219 

5 Results  220 

5.1 Elevation skewness 221 

At the selected field sites the marsh loss ranges from 2 % at field site 1 to 58% at field site 4 (Fig. 222 

2 top row). The skewness of the marsh elevation distribution at these field sites shows similar 223 

results for the LiDAR analyses (Fig. 2 row 2), the GPS measurements (Fig 2. row 3) as well as the 224 

GPS bootstrap method (Fig. 2 bottom row). The skewness shifts from significantly negative at the 225 

most intact field site 1, to non-skewed at site 2, to a positive skewness at site 3 (Fig. 2). Field site 226 

4 has a non-skewed elevation.  227 

 228 

[Figure 2 here] 229 

 230 

[Figure 3 here] 231 

  232 



5.2 Vegetation community structure 233 

 234 

[Figure 4 here] 235 

The most abundant species in the Blackwater Marshes are Schoenoplectus americanus, Spartina 236 

alterniflora and Spartina patens (Fig. 4). Although Spartina patens is considered as a high marsh 237 

species (Bertness, 1991b; Smith, 2009; Wigand et al., 2011; Raposa et al., 2017) and 238 

Schoenoplectus americanus and Spartina alterniflora are considered low marsh species (Bertness, 239 

1991b; Nyman et al., 1994; Donnelly and Bertness, 2001), these species do not show a clear 240 

abundance shift with increasing marsh loss (Fig. 4) or with decreasing marsh surface elevation 241 

(data not shown). A less abundant high marsh species is Distichlis spicata (dsp), which does show 242 

a clear decline along the marsh loss gradient (Fig. 4). Spartina cynosuroides (spc) occurs in more 243 

or less similar abundances throughout the study area (Fig. 4). Bolboschoenus robustus, Juncus 244 

gerardii and Iva fructusea were sparsely present (<10 points) and not included in our analysis.  245 

 246 

[Figure 5 here] 247 

Specific mixtures between two species show various patterns with increasing marsh loss (i.e. from 248 

field site 1 to field site 4). However, when summing all the mixture points, our results show that 249 

field site 3 has the highest proportion of mixture points (Fig. 5), whereas field site 4 has a lower 250 

proportion of mixtures. 251 

5.3 Comparison with other indices indicating marsh vulnerability to SLR. 252 

In Table 2 the results are shown of the MArsh Resilience to SLR (MARS) indices, calculated for our 253 

study area. Darker colors are indicative of more vulnerable marshes. In Table 3 we calculated 254 

indices that were mentioned in the recent work of Cole Ekberg et al. (2017). Although there are 255 

some differences between individual indices, the average scores indicate similar results, with 256 

increasing marsh loss from field site 1 to 4, the indices indicate an increasing vulnerability to SLR 257 

from field site 1 to 3. At field site 4, the site with most marsh loss, the vulnerability decreases again 258 

compared to field site 3. 259 

[Table 2 here] 260 

[Table 3 here] 261 

6 Discussion 262 

6.1 Elevation skewness 263 

The skewness of the marsh elevation distribution shifts from significantly negative at the most 264 

intact field site 1, to non-skewed at site 2, to a positive skewness at site 3 (Fig. 2). This indicates 265 

that the marshes at the intact site 1 are mostly high elevation marshes close to their upper limit 266 

with a large elevation capital, and therefore highly resilient to SLR. In contrast, the positive 267 

skewness at field site 3 with considerable marsh loss indicates that there are more low elevation 268 

marshes close to their lower elevation limit, and hence vulnerable to SLR. Field site 4 deviates 269 

from this trend of increasing positive skewness with increasing marsh loss percentage, as field 270 



site 4 has the highest marsh loss percentage but a non-skewed elevation distribution. Potential 271 

explanations for this observation will be discussed at the end of this section. 272 

An increase in the rate of SLR will lower the elevation of the marshes compared to the mean high 273 

water level and create accommodation space and increased flooding (Morris et al., 2005). Since 274 

marshes need time to build-up to adjust to a new equilibrium rate, the skewness of the elevation 275 

distribution becomes more positive (Kirwan and Murray, 2008; Kirwan et al., 2010). The shift 276 

from negative to positive skewness with increasing marsh loss from site 1 to 3 can be explained 277 

by the gradient in marsh loss. First, marshes with lower tidal ranges will be more impacted by a 278 

similar sea level rise because of a proportionally bigger shift of their growth range (Kirwan and 279 

Guntenspergen, 2010; Kearney and Turner, 2016). More marsh loss thus results in a more positive 280 

skewness (Fig. 3). This is the case in our study area, where tidal range decreases in upstream 281 

direction from field site 1 (0.63 m tidal range) to field site 3 (0.20 m tidal range). Simulated marsh 282 

drowning of the lowest elevated marsh portions (Fig. 3) indeed shows that increasing marsh loss 283 

by drowning results in an increasingly positive skewness. This is not surprising since we cut off 284 

lower values, but the fact that the patterns of simulated marsh loss resemble the actual observed 285 

patterns (Fig. 3, compare top row with bottom row), supports the hypothesis that marsh die-off 286 

at the lowest areas is at least partly responsible for the observed shift in skewness from field site 287 

1 to 3.  288 

At field site 4 the elevation has a slightly positive (LiDAR data) or no significant skewness (GPS 289 

bootstrap method, see Fig. 2 right column). This is remarkable; from our marsh loss simulation 290 

(Fig. 3) we would expect the most vulnerable, positive skewness at site field site 4 as this site has 291 

experienced most marsh loss. We hypothesize that is due to increased sediment availability 292 

generated by eroding marsh edges or pond bottoms at the most degraded field site 4. Studies of 293 

Ganju et al. (2013, 2015) in the same area support this hypothesis, showing appreciable 294 

suspended sediment concentrations (55 mg/L) and high accretion rates (>5 mm/yr) within marsh 295 

vegetation close to field site 4, likely originating from sediments eroding from pond bottoms and 296 

marsh edges. Furthermore, the remaining marsh portions in field site 4 are mostly located along 297 

the edges of ponds and channels (see Fig. 2) and therefore close to the local source areas of 298 

suspended sediments. These sediments build up the few remaining marsh areas, leading to non-299 

skewed elevation distributions (Fig. 2). This hypothesis implies then that the lowest, most 300 

vulnerable areas have already converted to open water ponds, and that the remaining marsh 301 

portions fringing along channel and pond edges are only moderately vulnerable to SLR. 302 

 303 

6.2 Vegetation community structure 304 

The most abundant species in the Blackwater Marshes are Schoenoplectus americanus, Spartina 305 

alterniflora and Spartina patens (Fig. 4). Spartina patens is considered as a high marsh species 306 

(Bertness, 1991b; Smith, 2009; Wigand et al., 2011; Raposa et al., 2017) and Schoenoplectus 307 

americanus and Spartina alterniflora are considered low marsh species (Bertness, 1991b; Nyman 308 

et al., 1994; Donnelly and Bertness, 2001), but these species do not show a clear abundance shift 309 

with increasing marsh loss (Fig. 4) or with decreasing marsh surface elevation (data not shown). 310 

We hypothesize that clear abundance shifts with marsh loss are absent because they occupy 311 

elevations far below their optimum range, as flooding experiments of Schoenoplectus americanus 312 

and Spartina patens in the Blackwater Marshes have demonstrated (Kirwan and Guntenspergen, 313 



2012; 2015). In these cases, other factors such as interspecific interactions might become more 314 

important.  315 

6.3 Indices neglect erosional feedback mechanisms 316 

Most indicators (% elevation below third elevation, elevation skewness, tidal range, marsh 317 

orthometric height, percentage unvegetated) show the consistent pattern of increasing 318 

vulnerability with increasing marsh loss from the intact marshes at site 1 to the degraded marshes 319 

at field site 3. However, field site 4 shows a consistent decrease in vulnerability for nearly all the 320 

indices. This is especially noteworthy because field site 4 is the area with the highest proportion 321 

of marsh loss, where more than 58% of the area consists of ponds that once were vegetated 322 

marshes (e.g. Schepers et al. 2017).  323 

Site 4 has not only the highest proportion of marsh loss, but also the largest (Schepers et al., 2017) 324 

and deepest ponds (Schepers et al., 2019), providing favorable conditions for wind-generated 325 

wave erosion of the marsh edges surrounding the ponds. Also previous studies in other marsh 326 

areas with interior marsh ponds have highlighted that wind waves generated on the ponds play a 327 

key role in erosion of the marsh edges surrounding ponds. For example, Mariotti et al. (2013) and 328 

Ortiz et al. (2017) have demonstrated that interior marsh ponds larger than a certain threshold 329 

width (300 m in Mississippi marshes, 200-1000 m in US Atlantic marshes) are susceptible to 330 

runaway expansion due to the positive feedback between increasing wind fetch length and wave 331 

erosion of the surrounding marsh edges. Lateral expansion of ponds enhances the chance for pond 332 

merging, leading to larger ponds, larger wind fetch length and hence higher rates of wave-driven 333 

marsh edge erosion. This is also evident along the die-off gradient in our study area, where the 334 

average fetch length of the ponds increases suddenly from ca. 200 m at field site 4 to >1000 m just 335 

upstream at Lake Blackwater (Schepers et al., 2017) (Fig. 1). Ganju et al. (2013) demonstrate that 336 

marsh edge erosion along Lake Blackwater occurs predominantly into the direction of the most 337 

energetic wind (and ostensibly wave) direction, highlighting the role of wind-induced erosion as 338 

a mechanism for marsh loss. Schepers et al. (2017) show that over the last 80 years, open water 339 

areas have expanded considerably also at field site 4.  340 

Furthermore, the sediments that are brought into suspension in the ponds due to surrounding 341 

marsh edge erosion, are subsequently exported from the marsh system. Ganju et al. (2013) 342 

measured tidal sediment fluxes through the main tidal channel draining the Blackwater marshes 343 

(our study area), and demonstrated a clear net sediment export from the marsh system during 344 

periods of dominant northwesterly winds. In a follow-up study, Ganju et al. (2015) demonstrated 345 

that upstream Blackwater marshes (close to field site 4) are unstable and exporting sediment, 346 

whereas marshes close to field site 1 are stable and importing sediment (Ganju et al. 2015, 347 

Guntenspergen 2017, unpublished data). The observation that ponds in site 4 are mostly 348 

connected to the tidal channel network (Schepers et al., 2017) might also facilitate export of 349 

eroded material with tidal ebb currents (Ganju et al. 2013; Schepers et al., 2019). In a further study 350 

by Ganju et al. (2017), including 8 different micro-tidal marsh systems, the Blackwater marshes 351 

were the only marsh system having a clear negative sediment flux. These observations all suggest 352 

that the marshes at field site 4 are vulnerable to an irreversible trajectory of continuing marsh 353 

edge erosion, rather than being only moderately vulnerable to SLR as suggested by the 354 

vulnerability indices.  355 

6.4 Accounting for lateral erosional processes to determine marsh loss risk 356 



We highlighted that existing indicators for marsh vulnerability to SLR do not account for lateral 357 

marsh edge erosion, a process that can erode the whole marsh by positive feedback mechanisms 358 

between increasing wind fetch length over increasing open water area (ponds), and increasing 359 

erosion rate of the adjacent marsh edge (Fagherazzi et al., 2013; Mariotti and Carr, 2014). To 360 

overcome this problem, we recommend including (i) the fetch length of interior marsh ponds and 361 

(ii) tidal channel sediment flux to assess the risk of marsh loss. Fetch length is a straightforward 362 

indicator for wind-generated wave erosion of marsh edges surrounding ponds, and is defined as 363 

the distance over continuous water surface in one direction, from one side of the pond to the other 364 

over which wind can generate waves (Rohweder et al., 2012; Ortiz et al., 2017; Schepers et al., 365 

2017). Schepers et al. (2017) quantified the average fetch length oriented along 4 directions (N-S, 366 

E-W, NW-SE, NE-SW). If we calculate the average fetch length at each point in our transect that is 367 

located in a pond, we see an increase from 4.3 m to 281.0 m (Table 4), hence larger fetch lengths 368 

at site 4 means higher vulnerability to lateral marsh erosion.  369 

[Table 4 here] 370 

Large fetches can activate wave-induced marsh erosion, but the question is where the eroded 371 

sediment is transported to and eventually deposited, as this determines marsh stability on the 372 

long term (e.g. Ganju et al. , 2013, 2015, 2017). Does the eroded sediment nourish nearby marshes 373 

(Hopkinson et al 2018)? Or is it exported from the marsh system? The sediment budget of a marsh 374 

system will ultimately determine the final course of the marsh (French, 2006; Mariotti and Carr, 375 

2014; Ganju et al., 2015, 2017; Mariotti, 2016). The connection of large ponds with the tidal 376 

channel system might be an important factor influencing tidal import or export (Millette et al., 377 

2010; Schepers et al., 2019; Wilson et al., 2010, 2014). Sediment budgets have been measured 378 

through these connections and tidal channels, by intensive and long-term sediment flux 379 

measurements (Ganju et al., 2015, 2017). However, Ganju et al. (2017) suggest, based on a 380 

sediment flux study in eight micro-tidal marshes along the Atlantic and Pacific coasts, that the 381 

ratio between unvegetated-vegetated marsh area can be used as a single snapshot to infer the 382 

sediment budget. When this metric is calculated for our field sites, the ratio increases from 0.02 383 

at field site 1 to 1.37 at field site 4 (Table 4). In fact, this metric is similar to the ‘percentage 384 

unvegetated’ as proposed by Cole Ekberg et al. (2017), the only metric that did not show a 385 

decrease in vulnerability at field site 4 (Table 3). 386 

In conclusion, we propose to include fetch length of ponds and ratio of unvegetated versus 387 

vegetated marsh area as two additional indices to assess the long-term vulnerability of marshes, 388 

in particular to wind wave driven marsh edge erosion and tidal export of eroded sediments. The 389 

values for these two metrics show an increase from field site 1 towards field site 4, and indeed 390 

identify field site 4 as the most vulnerable to marsh loss in our study area. 391 

 392 

7 Conclusion 393 

Along a spatial gradient of increasing marsh loss, the skewness of the marsh elevation distribution 394 

shifts from negative to positive, indicating a shift from marshes that are resilient to SLR to marshes 395 

that are highly vulnerable. The abundance of individual species was not found to be a good 396 

indicator for marsh vulnerability to SLR, but the total proportion of codominant species in 397 

mixtures increased along the marsh die-off gradient and resulted in the same vulnerability trend 398 



as the elevation skewness. These vulnerability trends corroborate previously proposed indices of 399 

marsh vulnerability to SLR. 400 

A remarkable result was that all above-mentioned indices suggested a lower vulnerability at the 401 

site with the largest area of marsh loss. This highlights a shortcoming of the current indices 402 

because they do not account for marsh loss by lateral erosional feedback mechanisms by wind 403 

waves and tidal currents. We recommend including two parameters, fetch length and sediment 404 

budget, to correctly assess long-term vulnerability which should aid managers to take the 405 

appropriate restoration or mitigation measures. 406 

Our results demonstrate that there might be two management strategies, based on the extent of 407 

marsh loss. The elevation skewness and the proportion of mixtures of marshes, in combination 408 

with newly proposed indicators by Raposa et al. (2016) and Cole Ekberg et al. (2017), can be used 409 

initially as indictors of vertical marsh vulnerability to SLR. This will aid managers to monitor 410 

existing marshes and to recognize early signs of marsh stress to SLR. If needed, the managers can 411 

take actions to alleviate the stress e.g. by ensuring that enough sediment reaches marshes to keep 412 

up with SLR or sediment is applied to marshes to recover optimum elevations. However, if 413 

marshes are already experiencing marsh loss, our results indicate that managers should be 414 

especially cautious about lateral processes that are not included in typical vulnerability 415 

assessments, and can result in runaway erosion of large marshes. Preventing wave erosion by 416 

nature based strategies such as building oyster reefs might be a suitable option (Walles et al., 417 

2015; Salvador de Paiva et al., 2018). Importantly, maintaining existing marshes is essential for 418 

either strategy since recovery of lost marshes may be far more difficult to achieve due to feedback 419 

mechanisms (Slocum and Mendelssohn, 2008; Day et al., 2011; Baustian et al., 2012; Mariotti, 420 

2016). 421 
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Figure Captions 640 

Figure 1: Aerial image of the Blackwater Marshes. From lower right corner to upper left corner of the image 641 
(i.e. in upstream direction along the Blackwater River) marshes are changing from high marsh vegetation 642 
cover (reddish color) close to the Fishing Bay (SE-corner) to increasing open water areas (dark color) in 643 
upstream direction, and ultimately to Lake Blackwater (NW-corner). White lines indicate GPS measurement 644 
points. White shaded areas with dashed outlines are no marshes but upland areas. Inset:  Location of the 645 
Blackwater marshes along the Chesapeake Bay (white rectangle) 646 

Figure 2: Changes in skewness of elevation distributions along the gradient of increasing marsh loss from 647 
field site 1 (left) to 4 (right). Top to bottom: aerial images of field sites with increasing marsh loss (marshes 648 
represented by reddish color); LiDAR elevation distributions and calculated skewness; GPS elevation 649 
distributions and skewness; and bootstrap analysis of the skewness of the GPS elevation distributions, 650 
indicating if the skewness is significantly negative (resilient marsh), neutral or positive (vulnerable marsh) 651 
when the 0 skewness (red vertical line) is lower, in or higher than the skewness range (indicated by the 652 
grey vertical lines i.e. the 2.5th and 97.5th percentile) respectively. 653 

Figure 3: Changes in skewness of elevation distributions along a gradient of simulated increasing marsh 654 
loss (from left to right). Top row: aerial images of field site 1 with simulated progressive marsh loss of the 655 
lowest areas. Marsh areas are represented by reddish colors. Middle row: LiDAR elevation distribution and 656 
skewness corresponding with the marsh loss simulations. Bottom row: The observed marsh loss at field 657 
sites 1 to 4. Note that the simulated marsh loss resemble the observed marsh loss. 658 

Figure 4: Abundances of the most prevalent species (sa: Schoenoplectus americanus, spa: Spartina 659 
alterniflora, spp: Spartina patens, dsp: Distichlis spicata and spc: Spartina cynosuroides) in the four sites with 660 
increasing marsh loss (sites 1 to 4 indicated on the X-axes). The numbers do not show consistent trends 661 
with increasing marsh loss except for Distichlis spicata. 662 

Figure 5: Proportion of mixtures in each field site with increasing marsh loss (sites 1 to 4 indicated on the 663 
X-axis). The total number of mixtures results in a similar trend as the skewness indicator (see Fig. 2). sa: 664 
Schoenoplectus americanus, spa: Spartina alterniflora, spp: Spartina patens, dsp: Distichlis spicata and spc: 665 
Spartina cynosuroides 666 

 667 
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Tables 670 

Table 1: vulnerability indices with short explanation from Raposa et al. (2016) and Cole Ekberg et al. (2017). 671 

Indices from (Raposa et al., 2016) 

Percentage of marsh below Mean High Water level (MHW) 

Percentage of marsh below lowest third of  plant distribution 

Elevation skewness (see equation 1) 

Elevation change rate (mm yr-1) 

Short-term accretion rate (mm yr-1) 

Long-term accretion rate (mm yr-1) 

Turbidity of the water (NTU) 

Tidal range (m) 

Long-term rate of Sea Level Rise (SLR) (mm yr-1)  

Short-term inter-annual variability in water levels (mm) 

Indices from Cole Ekberg et al. (2017) 

Median marsh orthometric height (m NAVD88) 

Median marsh elevation relative to MHW 

Modelled marsh loss with 0.3, 0.9 and 1.5 m of SLR with the Sea Level Affecting Marshes 
Model (SLAMM) 

Loading Response:  the depth that the PVC tube and penetrometer (4.6 kg) sink into the 
marsh when placed on its surface,  

Penetration depth: the depth of penetration of the PVC tube after five blows from the 
hammer attached to the penetrometer. 

Percentage unvegetated marsh area 

Percentage S. alterniflora monoculture (low marsh) 

Percentage turf grass type I (irregularly flooded, dominated by Spartina patens, Distichlis 
spicata, Juncus gerardii, with no S. alterniflora) 

Percentage of perennial turfgrass type II (identical to type I, but S. alterniflora may be 
present but not dominant. 
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Table 2: vulnerability indices according to (Raposa et al., 2016)* show increasing vulnerability from field 675 
site 1 to site 3 and again a decrease in vulnerability in site 4. A lower MARS score means higher vulnerability 676 
to SLR. 677 

Colorscale  Resilient    Vulnerabl

e 
Field site 1 2 3 4 

% below MHW 79.7 96.3 93.9 86.8 

% below third elevation 4.5 18.5 34.1 5.3 

Skewness -1.11 -0.12 0.49 -0.02 

Average Marsh Elevation index 3.6 3 2.6 3.3 

Tidal range (m) 0.63 0.31 0.20 0.06 

MARS average score 2.5 2 1.5 2 

*Not included: Elevation change rate, short-term and long-term accretion rate, turbidity, long-678 

term rate of SLR, short-term inter-annual variability in water levels. 679 
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Table 3: vulnerability indices according to (Cole Ekberg et al., 2017)*  show increasing vulnerability from 682 
field site 1 to site 3 and again a decrease in vulnerability in site 4. 683 

Field site 1 2 3 4 

Median marsh orthometric height (m NAVD88) 0.41 0.19 0.12 0.12 

Median marsh elevation relative to MHW -0.06 -0.12 -0.11 -0.06 

Percentage unvegetated 1.55 11.42 33.25 58.24 

Percentage S. alterniflora monoculture (low 

marsh) 

23.42 9.88 34.15 15.79 

Percentage turf grass type I (high marsh) 47.75 2.47 9.15 11.40 

Average score (1 vulnerable – 4 resilient) 3.8 2.6 2 2.6 

*Not included: average S. alterniflora height, Modelled loss with 0.3, 0.9 and 1.5 m of SLR, soil 684 

penetration depth and loading response, percent of perennial turfgrass type II. 685 
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Table 4: proposed indices to be include to assess long-term marsh vulnerability. 688 

Field site 1 2 3 4 

Average fetch length for all pond points (m) 4.3 68.3 60.5 281.0 

Ratio Unvegetated/vegetated marsh area 0.02 0.14 0.52 1.37 

Long-term score (1 vulnerable – 4 resilient) 4 2.5 2.5 1 
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