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Abstract. Slump blocks are widely distributed features along marsh shorelines that can disturb marsh edge habitats, and 

affect marsh geomorphology and sediment dynamics. However, little is known about their spatial distribution patterns, nor 10 

their longevity and movement. We employed an Unmanned Aerial Vehicle (UAV) to track slump blocks in 11 monthly 

images (March 2020 – March 2021) of Dean Creek, a tidal creek surrounded by salt marsh located on Sapelo Island (GA, 

USA).  Slump blocks were observed along both convex and concave banks of the creek in all images, with sizes between 

0.03 and 72.51 m2. Although the majority of blocks were categorized as persistent, there were also new blocks in each 

image. Most blocks were lost through submergence, and both decreased in area and moved towards the center of the channel 15 

over time. However, some blocks reconnected to the marsh platform, which has not been previously observed. These blocks 

were initially larger and located closer to the marsh edge than those that submerged, and increased in area over time. Only 13 

out of a cohort of 61 newly created blocks observed in May 2020 remained after 5 months, suggesting that most blocks 

persist for only a short time. When taken together, the total area of new slump blocks was 886 m2 and that of reconnected 

blocks was 652 m2. This resulted in a net expansion of the channel by 234 m2 over the study period, accounting for about 20 

66% of the overall increase in the channel area of Dean Creek, and suggests that slump block processes play an important 

role in tidal creek channel widening. This study illustrates the power of repeated UAV surveys to monitor short-term 

geomorphological processes, such as slump block formation and loss, to provide new insights into marsh eco-

geomorphological processes.  

 25 

1 Introduction 

Salt marshes are globally valuable ecosystems, serving as crucial interfaces between marine and upland environments 

(Murray et al., 2022). They are important in nutrient cycling, shore protection, and carbon sequestration, and they also 

provide nursery habitat for commercially important fish and shellfish (e.g., Barbier et al., 2011; Chmura et al., 2003; Kirwan 

and Mudd, 2012; Möller et al., 2014). Marshes are dynamic environments and their vegetated area the area of vegetated 30 

marsh can change over time, not only as the result of progradation or retreat of the open-fetch marsh edge (e.g., Marani et al., 

2011; Mariotti and Fagherazzi, 2013; Schwimmer, 2001; Tommasini et al., 2019; Yang et al., 2022), but also due to 

widening and contracting of interior channels (Burns et al., 2021a; Chen et al., 2011; D’Alpaos et al., 2005; Zhao et al., 
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2022). These changes in marsh-edge geomorphology can influence drainage patterns (D’Alpaos et al., 2005; Stefanon et al., 

2012, 2010; Zhou et al., 2014) and the marsh sediment budget (Kirwan and Guntenspergen, 2010; Mariotti and Carr, 2014; 35 

Yang et al., 2023), with broad implications for habitat provisioning, carbon storage, and other ecosystem services.  

Slump blocks (Fig. 1b) are vegetated sedimentary units that have broken from the marsh platform and occur as small islands 

in the adjacent channel. Slump blocks have been observed along marsh shorelines in many areas and can be quite common, 

and have been described, for instance, in New England (Houttuijn Bloemendaal et al., 2021; Redfield, 1972), San Francisco 

(Fagherazzi et al., 2004; Gabet, 1998) and the Netherlands (Koppel et al., 2005). Much attention has been focused on blocks 40 

formed along open fetch marshes that are exposed to wave attack (Allen, 2000; Bendoni et al., 2016; Francalanci et al., 

2013; Koppel et al., 2005; Zhao et al., 2017), but blocks are also seen in low-energy environments (FitzGerald and Hughes, 

2019; Houttuijn Bloemendaal et al., 2021; Li and Pennings, 2016). In Georgia marshes, investigators documented blocks that 

separate from the marsh platform and then creep down the bank at an average rate of 16 cm/month (Frey and Basan 1978, 

Letzsch and Frey 1980b). Slump block formation can result from a variety of factors, such as bank undercutting, variations 45 

in water level, seepage erosion and animal activity (e.g., Francalanci et al., 2013; Frey and Basan, 1978; Gasparotto et al., 

2022; Gong et al., 2018; Kirwan and Murray, 2007; Rinaldi and Casagli, 1999; Zhao et al., 2022, 2021). Slump blocks can 

also be formed through freezing and thawing (Argow et al., 2011), and Deegan et al. (2012) reported vegetated blocks that 

broke from the marsh platform as the result of nitrogen fertilization, which decreased bank stability as the result of increased 

above-ground biomass and reduced below-ground biomass of the vegetation colonizing channel banks.  50 

Slump blocks can play an active role in marsh dynamics, potentially contributing to channel erosion and the lateral retreat of 

marsh boundaries (Deegan et al., 2012; Frey and Basan, 1978; Kirwan and Murray, 2007; Zhao et al., 2022). For example, 

Frey and Basan (1978) have documented that bank slumping is one of the main indications of lateral retreat of marshes in 

Georgia. The fate of the material comprising slump blocks is largely unknown, but it may be incorporated into the sediments 

of the creek, redeposited on the marsh platform, or exported out of the system (Mariotti and Carr, 2014; Yang et al., 2023). 55 

Creekbank slumping also disturbs marsh habitat: Li and Pennings (2016) found that slumping affected about 16% of long-

term vegetation monitoring plots in Georgia marshes, with what they termed either an “initial” (crevices observed on the 

marsh edge) or  “or “terminal” (plot collapsed into the creek) slump. The formation of a slump block has implications not 

only for the survival of the vegetation on the block (which may eventually drown), but also the associated marsh organisms. 

Cracks produced by bank slumping might also provide a temporary refuge or a barrier for fish and other nekton (Nelson et 60 

al., 2019).  

Despite their potential importance, little is known about slump block distribution over space and time, nor is there much 

information on their longevity or movement. This stems in part from the fact that slump blocks can be difficult to access in 

the field and so most previous work has been limited in scope. In this paper, we took advantage of unmanned aerial vehicles 

(UAVs), which offer a cost-effective way to conduct synoptic observations of salt marshes (e.g., Dai et al., 2021; Doughty et 65 

al., 2021; Lynn et al., 2023; Pinton et al., 2020). We used 11 high-resolution UAV images taken over a one-year period to 

track slump blocks along a tidal creek in a Georgia salt marsh. We had three main objectives: 1) to describe the spatial and 
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temporal distributions of slump blocks; 2) to characterize the “life cycle” of slump blocks by tracking newly formed blocks 

over time; and 3) to assess whether there is a relationship between slump block formation and changes in channel area. Our 

results offer new insight into the dynamics of these blocks, and suggest that they are important components of the ecological 70 

and geomorphological processes of salt marshes. 

2 Methods 

2.1 Study site 

This analysis was carried out on Sapelo Island, Georgia, a barrier island in the southeastern USA (see Fig. 1a). The average 

rate of sea level rise (SLR) is about 3.5 mm/year, based on records measured at the NOAA Fort Pulaski tidal gauge from 75 

1935 to 2023 (National Oceanic and Atmospheric Administration, 2023). Dean Creek (Fig. 1 a, c), the focus of this study, is 

a salt marsh tidal creek on the south end of Sapelo Island that is constrained by the Pleistocene upland to the west and 

Holocene recurved sand spits to the east. Dean Creek is about 40 m wide at its mouth where it connects to Doboy Sound.  

Water levels in this area are predominantly controlled by semi-diurnal tides with an average tidal range of approximately 2.5 

m. Tidal flow is ebb-dominant, and there are several ebb-oriented point bars located in areas where the ebbing flow deposits 80 

sediment downstream of convex shorelines (Fig. 1c). These point bars are typically sandy, and exhibit sand waves 

demonstrating their non-cohesive nature. Finer-grained sediment accumulates along the creekbank in the lee of these point 

bars. Sandier sediments are also deposited downstream of tight-radius changes in channel direction, where large scale 

bedforms are also observed (Letzsch and Frey, 1980a).   

Dean Creek is surrounded by salt marsh habitat, which is dominated by the cord grass Spartina alterniflora ('Spartina' 85 

hereafter), with tall-form plants (>70 cm) growing primarily along creekbanks and medium- (30-70 cm) and short-form 

plants (<30 cm) found on the main marsh platform. The slump blocks, which detach from the creekbank, are colonized by 

tall-form plants. For this study we focused on an 850 m segment along the length of Dean Creek, as part of an ongoing 

research project to understand salt marsh disturbances within the Georgia Coastal Ecosystems Long-Term Ecological 

Research (GCE-LTER) Program. 90 
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Figure 1: Overview of the research area. (a) the southeastern coast of the USA and the location of Dean Creek (yellow star) on 

Sapelo Island; (b) an example of slump blocks (photograph by Merryl Alber); (c) positions of slump blocks digitized from each 

image of Dean Creek and surrounding marshes, overlaying an image from July 2020 captured using a DJI Matrice 210 UAV with 95 

a MicaSense Altum (Near Infrared, central wavelength = 840 nm). The yellow triangles indicate the positions of point bars, and 
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the yellow arrows indicate oyster reefs; (d) the numbered reaches along the centerline of Dean Creek, separated by points where 

the curvature equals zero. 

2.2 Image analysis 

Images The images used in this study were cropped from larger orthophotos images (Lynn et al. 2023). Briefly, these images 100 

data were acquired using a DJI Matrice 210 UAV equipped with a MicaSense Altum sensor during morning low tides within 

1-2 hours of solar noon. Tides at the time of the flights averaged -0.55 m MSL, with a minimum of -1.13 m MSL (Table S1). 

The larger images were georeferenced by 12 permanent Ground Control Points (GCPs) distributed across the entire scene, 

which were used to produce georeferenced images using Pix4D software. Pixel resolution was 0.05 m, and georectification 

resulted in an average root mean square error of 2 pixels (0.005 m2). Image processing and georeferencing is described in 105 

detail in Lynn et al. (2023). 

The intact marsh boundary and the perimeters of slump blocks in each image were manually digitized using ArcGIS 10.8. 

The intact marsh boundary was defined based on areas of continuous vegetation along the edge of the creek without any bare 

gaps or crevasses wider than 0.3 m. Slump blocks were defined as vegetated units surrounded by water. We set a minimum 

block size of 0.0025 m2 so that each block contained at least 1 pixel. We also set a 0.3-m minimum distance from the nearest 110 

intact marsh edge to delineate a disconnected block. These metrics were chosen based on what could be readily distinguished 

as distinct from the bank in the imagery as well as preliminary field measurements that demonstrated that incipient blocks 

were at least that far from the channel edge before functioning as a separate unit. We assessed the accuracy of our estimate of 

slump block size by randomly selecting 6 blocks of different sizes and manually digitizing their boundaries 10 times. The 

coefficient of variation of these estimates ranged from 2.5 to 9.6% and averaged 4.9% (see Table S2 in Supporting 115 

Information), which provides a measure of the error associated with the manual estimation of slump-block size.  

The first UAV image (acquired in May 2020) served as the baseline image for channel segmentation into reaches and further 

analyses of shoreline change. Specifically, the digitized intact marsh edge was used to convert the image into a binary map 

(water or marsh) using ArcGIS 10.8. Next, the centerline of the channel, which represents the main axis of Dean Creek, was 

generated by applying the skeletonization procedure to the channelized area in Matlab R2020a software (Kerschnitzki et al., 120 

2013). The creek was then segmented into 12 reaches at the location of inflection points of the channel centerline where the 

curvature of the centerline equaled 0 (Fig. 1d). The curvature at each pixel of the channel centerline was estimated by using 

the method proposed by Marani et al. (2002). The centerline length of these 12 reaches ranged from 40 to 142 m, and 

averaged 72 m. Banks were designated as concave or convex within each reach based on their planar morphology. 

2.3 Spatial and temporal distribution of slump blocks 125 

The digitized imagery provided information on the location, size, and number of slump blocks observed in the study area in 

each image. We used these data to characterize blocks in terms of their size frequency distribution and evaluate how the 

number and cumulative area varied over time. We also used the location information to quantify the number and cumulative 



6 

 

area of blocks in each reach of the channel. Finally, we evaluated whether bank shape (convex or concave) influenced the 

spatial distribution of blocks by comparing the number and cumulative area of blocks along each bank, normalized to the 130 

length of the nearest bank segment within each reach.  

2.4 Tracking slump blocks  

We followed individual slump blocks from image to image in order to understand how they changed over time in each 

observation interval. We classified blocks into four categories: “new”, “persistent”, “submerged” and “reconnected”. New 

blocks were those that were only present in the latter image of an observation interval and thus were newly formed (Fig. 2 a, 135 

b). Note that new slump blocks could not be identified in the initial image (March 2020) since we did not have an antecedent 

image for comparison. Persistent blocks were those that were present in both images (Fig. 2 e, f). Submerged blocks were 

those that were not visible in the later image (Fig. 2 g, h). Reconnected blocks were those that were no longer separated from 

the marsh in the later image (Fig. 2 j, k). This latter category was unexpected, as we had assumed that blocks would all move 

down the bank towards the base of the channel over time and eventually be submerged. We therefore visited several of the 140 

reconnected blocks using Real-Time Kinematic GPS positioning in June 2023, more than two years after the end-point of the 

study, to confirm that these blocks had in fact been reincorporated into the intact marsh (Supplementary Fig. S1). 

We used the classifications to track blocks in each category so that we could determine the cumulative area of blocks that 

were newly formed, persisted, submerged or reconnected between images. The size of blocks can either increase (Fig. 2 e, f) 

or decrease (Fig. 2 f, g) over time, so changes in the cumulative block area could be positive or negative. In order to 145 

calculate the net change in the area of blocks from the previous image, we summed the changes in persistent blocks, as well 

as the area of blocks that had submerged within the interval. We also observed both the merging and splitting of blocks 

between images (Fig. S2 in Supporting Information), which affected the number but not necessarily the cumulative area of 

the blocks. We therefore rely mainly on areal changes to interpret our results. 

We compared the initial characteristics of blocks with different destinies (i.e., submerged and reconnected with the marsh 150 

platform) by selecting those blocks that were identified as newly produced and either submerged or reconnected within the 

observation period. We measured their distances to the intact marsh edge at the time they were first observed, which we 

considered their initial gap width, as well as their initial size, to compare the properties of different block types.  

Finally, we followed a “cohort” of new slump blocks (hereafter ‘cohort blocks’), identified in our first repeat aerial survey in 

May 2020. This allowed us to estimate how long a new slump block is likely to last and to characterize the change in the 155 

cumulative area of cohort blocks over time. We also used cohort blocks with a lifespan longer than one month (i.e., occurred 

in at least two consequent images) to analyze the rates of movement and changes in size and location of submerged and 

reconnected blocks. To analyze changes in their locations, we tracked them in each image by measuring their shortest 

distance to the fixed intact marsh boundary, which was digitized based on May 2020 image, and then used this information 

to calculate the rate of movement towards the channel centerline of each block type over time using linear regression in 160 
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Matlab R2022a. The rate of change in area over time for each block type was also analyzed by linear regression, again based 

on Matlab R2022a software. 

 

 

Figure 2: Examples of changes in slump blocks over time. A denotes digitized area of the blocks in each panel; yellow lines 165 
represent slump block boundaries and black lines represent the edge of the intact marsh. Panels (a-d) depict the formation of a 

new slump block, which was first observed on 3/18/2020 (panel b) and was still present on 3/24/21 (panel d). The location of the 

block before it broke from the marsh is denoted by a dotted yellow line in panel (a). Note change in the shape of marsh edge once 

the block formed. Panels (e-h) depict changes in the location and area of a slump block as it submerged. The dashed yellow line in 

panel (h) represents the boundaries of the location of the block in the previous observation. Panels (i-l) depict reconnection of a 170 
slump block, resulting in a lateral extension of the marsh edge. The dashed yellow line in panel (k) represents the boundaries of the 

location of the block in the previous observation. The area of the block in panel (j) was used to represent the area of the block 

reconnected with the marsh platform on the next observation date (e.g., 06/17/2020). Scale bars in panels (a), (e), and (i) apply to 

the top, middle, and bottom rows, respectively. 

 175 
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2.5 Slump block contribution to changes in channel area 

We estimated the change in channel area over the course of the study by comparing the channel edge location in the first 

(March 2020) and final (March 2021) images. Although in most places the channel had widened over time, there were a few 

places where it had narrowed. We then calculated the area that had been removed from the creekbank in the form of slump 180 

blocks by summing the area of newly produced blocks (regardless of whether they were persistent or submerged) and 

subtracting the area of blocks that were reconnected. We compared these values to estimate what percentage of the change in 

channel width could be accounted for by the process of slump block formation. We did this calculation for each reach of the 

channel as well as for the entire study area as a whole.  

3 Results 185 

3.1 Spatial and temporal distribution of slump blocks 

Slump blocks were present in each of the 11 images of Dean Creek that we analyzed for this study (Fig. 1c with the UAV 

image acquired in July 2020 and Fig. S3 in Supporting Information). Blocks exhibited a log-normal size distribution (Fig. 

S4). They ranged from 0.03 – 72.51 m2, with an average size of 5.08 m2.  There were an average of 182 ± 30 blocks per 

image (Fig. 3a), with an average cumulative area of 879.74 ± 118.55 m2 (Fig. 3b). The number of blocks fluctuated over the 190 

course of the study year, with a maximum in June and July 2020 (223 blocks) and a minimum in December 2020 (146 

blocks, see Fig. 3a), whereas the cumulative area ranged from a maximum of 1131.92 m2 in June 2020 to a minimum of 

757.24 m2 in February 2021 (Fig. 3b). Given that this is only one year of observations, it is too early to ascribe a seasonal 

pattern to these results.   

 195 

 

Figure 3: Temporal changes in (a) number and (b) cumulative area of slump blocks digitized in each image over the course of the 

study. X-axes represent the acquisition date of each image with a format of mm/yy. 
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Blocks were observed along both banks of the creek, with almost all reaches affected over the course of the study (Fig. 1d 200 

and Fig. S3). However, there was considerable spatial and temporal variation in their distribution, with the most blocks (Fig. 

4a) and largest cumulative block area (Fig. 4b) in the middle reaches (3-7) and another peak in reach 11, which was further 

upstream. Interestingly, there were very few blocks in areas affected by ebb-oriented point bars (Figs. 1c and 4). The most 

striking example is on the eastern bank along reach 10 where large-scale sand waves downstream of an ebb point bar are 

evident. No slump blocks were observed along this bank over the entire course of the study. There were also fewer blocks in 205 

reaches 1-2, which are closest to the mouth (Figs. 1c and 4). Although we predicted that more blocks would be associated 

with concave as compared to convex banks due to the potential undercutting of the creekbank, we found no evidence of such 

(Fig. S5 in Supporting Information).  
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 210 

Figure 4: Spatial and temporal distributions of (a) number and (b) cumulative area of slump blocks digitized over the course of the 

study, separated by reach (see inset, Figure 1d). 

 Formatted: English (United Kingdom)
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3.2 Tracking slump blocks 

Classifying slump blocks by category allowed us to assess blocks that persisted from image to image, those that were new, 215 

and those that were lost, either through submergence or reconnection. The majority of blocks in each image were classified 

as persistent. There were an average of 141 ± 31 persistent slump blocks in each image (= 1410 total, see Fig. 5a), with an 

average cumulative area of 787.42 ± 137.07 m2 (Fig. 5b). There were a total of 270 new blocks observed over the course of 

the study, with the highest number of new blocks appearing in May 2020, September 2020, and December 2020 images (Fig. 

5c). The highest cumulative area of new blocks was observed in the December 2020 image, followed by those first observed 220 

in May 2020 (Fig. 5d). An average of 27 ± 18 new blocks (Fig. 5c) appeared in each image, with an average cumulative area 

of 88.61 ± 69.27 m2 (Fig. 5d). A total of 322 blocks were lost to submergence (Fig. 5e), with the highest losses appearing in 

two intervals, i.e., from July to August 2020 (60 lost) and from October to December 2020 (57 lost).  

As described in the methods, some blocks increased in area while others decreased (Fig. 2). The overall result (Fig. 5f) was 

that the net change in cumulative slump block area was positive from March to June 2020 and again from February to March 225 

2021, despite the submergence of blocks within each of these intervals (Fig. 5e). When summed over the entire study period, 

there was a cumulative loss of 407.91 m2 of block area (as the result of the difference between positive and negative values, 

Fig. 5f). In addition, a total of 107 blocks (Fig. 5g) with a cumulative area of 652.45 m2 (Fig. 5h) were reconnected over the 

course of the study.  

 230 
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Figure 5: Changes in number (left column) and area (right column) of blocks with different fates over the course of the study. 

Panels (a), (c), (e), and (g) show the number of persistent, new, submerged, and reconnected blocks that were identified during 

each observation interval. Panels (b), (d), and (h) show the cumulative area of persistent, new, and reconnected blocks that were 

identified during each observation interval. Panel (f) shows the net change in block area calculated by subtracting the area of 235 
submerged and reconnected blocks from the cumulative area of blocks in the previous image. X-axes represent the time interval of 

image acquisitions with a format of mm/yy – mm/yy. 

 

The comparison of the initial properties of blocks that submerged (Fig. 6a) with those that were lost through reconnection 

(Fig. 6b) revealed differences in slump blocks with these different fates. The initial properties of blocks that submerged (Fig. 240 

6a) with those that were lost through reconnection (Fig. 6b) were compared using a one-way ANOVA. These analyses 

showed, first, that the initial size of blocks that were lost to submergence (1.45 ± 1.63 m2) was significantly smaller (p-value 

< 0.05) than that of those that eventually reconnected (5.49 ± 4.53 m2) (Fig. 6c). Second, blocks that were lost to 

submergence were significantly farther (p-value < 0.05) from the marsh edge (1.34 ± 1.25 m) when first observed compared 

to those that eventually reconnected (0.49 ± 0.21 m, see Fig. 6d). 245 
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Figure 6: Comparison of blocks with different destinies. (a-b) are maps of blocks that exhibited a full lifespan within the study 

period (i.e., from newly produced to completely submerged or reconnected with marsh); (c-d) Box-whisper plots of initial size and 

initial gap width of submerged and reconnected blocks. Data are presented with the average value, quartiles and extremes. The p-250 
value in each panel is the result of a one-way ANOVA test conducted to test the hypothesis of no difference between the means of 

the two groups. 

 

The cohort of new blocks that we tracked starting in May 2020 provided information on the rate of disappearance of blocks 

over time (Fig. 7). During the first 5 months (from May to October) there was a linear reduction in the number of blocks (R2 255 

= 0.97), from 61 to 13. Most of these (44) had submerged while 4 had reconnected (Fig. 7a). During the first 5 months, the 

cumulative area of blocks decreased linearly (R2 = 0.97) from 184.52 to 109.85 m2 (Fig. 7b). The cumulative area of the 

submerged blocks over this period was 49.89 m2, whereas that of the reconnected blocks was 27.58 m2. In both cases the 

rates of change decrease after 5 months, with the remaining blocks largely persisting. At the end of the study period (after 10 

months), 10 blocks persisted, with a cumulative area of 75.67 m2, which accounts for 16% by number and 41% by area of 260 

the original cohort.  
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Figure 7: Temporal changes in the number (a) and cumulative area (b) of a cohort of new blocks first observed in May 2020. 

Remaining blocks were present in the creek through the last observation (April 2022); submerged were blocks that were no longer 265 
present in the creek; reconnected were those that merged with the marsh platform. X axes represent the date of image acquisition 

with the format of mm/yy. 

 

When we followed cohort blocks with different fatesfates, we found that the submerged blocks decreased in area over time 

(Fig. 8a) whereas those that eventually reconnected increased in area (Fig. 8b). In addition, most of the blocks that were 270 

submerged moved towards the channel center (Fig. 8c), whereas those that reconnected were likely to move toward the bank 

(Fig. 8d). Interestingly, the rate of movement of the submerged blocks towards the channel center (Fig. 8c) was an order of 

magnitude faster than the rate of movement of the marsh-facing edge of reconnecting blocks toward the intact marsh 

platform (Fig. 8d). 
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Figure 8: Frequency distributions of changes in area (a, b) and rate of movement (c, d) of a cohort of new blocks first observed in 

May 2020. Blocks that submerged over the course of the study decreased in size (a) and tended to move towards the center of the 

channel (c) whereas those that reconnected increased in size (b) and tended to move towards the bank (d). One month was 

considered as 30 days. 280 
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3.3 Slump block contribution to changes in channel area 

Overall, we estimate that the channel area increased by 355 m2 between May 2020 and May 2021, which follows the same 

trend as the long-term increase estimated from a series of aerial photographs collected between 2013 and 2018 (Fig. S6 in 

Supporting Information). Although this translates to an average increase in channel width of 0.41 m, the change in channel 285 

area varied by reach (Fig. 9): reach 6 showed a decrease of 91 m2 in channel area over the course of the study whereas reach 

10 showed an increase of 129 m2.  There was a positive linear relationship (R2 = 0.55; p < 0.01) between the net area of 

marsh lost due to the formation of slump blocks and the observed increase in channel area within each reach, with net area 

calculated as the total area of newly produced blocks minus the area of reconnected blocks measured over the study period. 

Note that the net change due to slump blocks was negative in reaches 2, 6 and 7 as a result of block reconnection with the 290 

marsh platform, which matched the decrease in channel width in the associated reaches. When taken together, the total area 

of new slump blocks was 886 m2 and that of reconnected blocks was 652 m2, resulting in a net loss due to slump blocks of 

234 m2. This represents 66% of the overall increase in channel area, and suggests that the slump block generation process 

plays an important role in tidal creek channel widening. 

 295 

 

Figure 9: The relationship between the net change in channel area due to slump-blocks processes (the difference between the new 

block area and area of blocks reconnected with the marsh platform, ∆𝑺𝒔𝒃) and the observed change in channel area (∆𝑺𝒄) in 

different channel reaches (see Figure 1d). The lines through zero separate areas that showed loss (negative values) and gain 

(positive values) of channel area. The 95% confidence interval is represented by the light grey area. 300 
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4 Discussion 

This analysis yielded several important insights regarding slump blocks in salt marshes. First, slump blocks can be 

ubiquitous along tidal creeks. Second, some slump blocks submerge over time, while some of them reconnect to the intact 

marsh platformSecond, although most slump blocks submerge over time, some of them reconnect to the intact marsh 305 

platform. Third, these slump blocks are dynamic and generally persist for less than 6 months. Finally, the formation and loss 

of slump blocks can be an important contributor to creek widening. We examine each of these findings below. 

4.1 Spatiotemporal distribution of slump blocks 

The presence of vegetated slump blocks in salt marshes has been described in publications dating back to the 1970s 

(Redfield, 1972), and there have been studies over the years on this and related phenomena (e.g., Bendoni et al., 2016; 310 

Francalanci et al., 2013; Gabet, 1998; Gao et al., 2022; Letzsch and Frey, 1980b; Zhao et al., 2022). However, improvements 

in UAV and computing technology coupled with repeat observations have now provided us with enhanced capabilities to 

characterize the spatial and temporal dynamics of these blocks. Here we report that vegetated slump blocks were present 

along all reaches of Dean Creek on Sapelo Island in all 11 images encompassing the one-year time frame of the study. 

However, there were more blocks with greater cumulative area in reaches 3-7 and 11 than the other reaches, and most 315 

reaches had their highest number and area of blocks in the first 3 images (March 2020 - June 2020). 

Although this was an observational study, we can use the patterns of slump block occurrence (and non-occurrence) to 

explore the factors that may contribute to slump block formation. One interesting pattern in this regard was that few to no 

blocks were found downstream of, and in the lee of, ebb point bars (Fig. 1c and Fig. S3). We suggest that the ebb-oriented 

point bars serve to protect the adjacent bank from erosion, provide a more quiescent environment in which finer-grained 320 

sediment can accumulate, and create a gentle slope that Spartina can more easily colonize, as compared to the rest of the 

creek. Although limited in number, most of the blocks that were formed in these areas ended up reconnecting, and reach 6 in 

particular, where a large number of blocks reconnected, was the one reach where the channel area decreased over the course 

of the study. We also saw fewer blocks in reaches 1 and 2 at the mouth. This is an area with abundant oyster reefs (Fig. 1c 

and Fig. S3), that may protect and stabilize the bank to prevent blocks from forming.  325 

We expected that undercutting of the creekbank edge by currents would be important in the formation of slump blocks. This 

has been observed in other systems (Francalanci et al., 2013; Schwimmer, 2001), and rotational failure as a consequence of 

undercutting was suggested as a possible cause of bank slumping in Georgia marshes (Frey and Basan, 1978). However, we 

did not find a higher density of slump blocks associated with concave as compared to convex banks where we would expect 

the currents to be faster (Fig. S5). This suggests that bank undercutting is probably not the primary reason for bank slumping 330 

in this system, and that other processes are likely involved. In fact, large-scale pore water circulation toward the creekbank 

has been documented throughout other similar Georgia marshes (Jahnke et al., 2003), which may have the potential to 
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reduce bank stability and promote the formation of slump blocks (Mariotti et al., 2019; Zhao et al., 2022). However, the 

primary reason for the bank slumping in this area is still unclear and deserves future analyses. 

Although this clearly needs further study, our field observations show numerous cracks (see Fig. S7) along the marsh edge 335 

that make the bank unstable, and we suggest that the slump block formation that we observed is likely a function of the local 

slope in combination with the load exerted by the tall, aboveground vegetation and saturated, unconsolidated muddy 

sediments.  

4.2 Tracking slump blocks 

As far as we know, this is the first demonstration that slump blocks can reconnect to the creekbank (but see Redfield, 1972, 340 

who speculated that this might occur). This fate was unexpected, as we assumed that all slump blocks would be submerged 

over time. We were initially concerned that this could be an artifact if the vegetation had leaned over and obscured the gap in 

the UAV imagery, especially during the growing season. However, we confirmed this finding through both field 

observations and additional UAV imagery in June 2023, more than two years after the end of the study. In March 2020, the 

gap between the bank and the slump block displayed in Figs. 2i-l was approximately 80 cm (measured in ArcGIS), whereas 345 

in June 2023 the creekbank was continuous in this location, with no evidence of a block. Moreover, the maximum distance 

between vegetation patches was approximately 3 cm (see Fig. S1g).  

The ability to track slump blocks from image to image provides information on the dynamics of block persistence and fate. 

The number and cumulative area of blocks varied, with an average of 27 new blocks, and 141 persistent blocks in each 

image. Blocks were also lost during each interval, either to submergence (an average of 32 blocks) or to reconnection (an 350 

average of 11 blocks). If we compare blocks lost via submergence versus through reconnection to the marsh platform, we 

find that, although there are a greater number of blocks lost to submergence, given their generally small size, the overall loss 

in block area is primarily driven by the reconnection process. The picture that emerges is quite dynamic, particularly as some 

blocks increased in area whereas others lost area between images, not to mention splitting and/or merging. Although we 

found an overall net loss of block area over the course of the year, there were several intervals where blocks that were 355 

tracked from the previous image actually had a net increase in area even when the loss of submerged blocks was accounted 

for (note that for this analysis reconnected blocks were not considered lost from the system). These observations show that 

slump blocks are not stable and can follow different trajectories over time, which would not have been captured with a one-

time survey. 

We cannot estimate an average lifespan for the blocks as 10 of the cohort blocks that we started tracking in May 2020 360 

remained at the end of the study. However, most were lost during the first seven months: only 13 of the original 61 remained 

in December 2020, and their cumulative area had decreased from 184 to 107 m2, after which time the loss rate decreased. 

This lifetime is longer than that for slump blocks observed on unvegetated intertidal areas, where blocks tend to reach the 

channel base immediately (Gao et al., 2022). The longer persistence in the marsh is likely due to the presence of vegetation, 

as it has been shown that the associated root and rhizomes may serve to counterbalance gravity and a large portion of the 365 
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shear stress exerted by water flow, thereby preventing the blocks from detaching too quickly or being eroded away 

immediately (Brooks et al., 2021; Chen et al., 2012; Simon et al., 2006). It should be noted, however, that blocks found in 

Plum Island, MA, have been tracked for multiple years (Deegan et al., 2012; Mariotti et al., 2019). This highlights the fact 

that slump blocks in different systems are not necessarily the same in physical character or behavior. 

Finally, the cohort study provided a way to compare blocks of a known fate (submergence or reconnection) that were tracked 370 

over their entire life span. Although most of these were submerged (=44) as compared to reconnected (=7), the initial size of 

the blocks that eventually submerged was smaller than those blocks that finally reconnected with the marsh (average 1.45 vs. 

5.49 m2). This demonstrates that there were many small blocks that eventually submerged and a few larger ones that 

reconnected. The fact that larger blocks were more likely to reattach might be related to the larger area of Spartina, which 

may have increased the strength of their initial attachment to the marsh platform and slowed the movement toward the 375 

channel base, thus enhancing the opportunity for sediment to accumulate within the gap. 

When first observed, those that submerged were further from the creekbank (average distance = 1.34 m) than those that 

reconnected (average distance = 0.49 m). There were also differences over time: Blocks that submerged slowly lost area and 

generally moved towards the center of the channel, whereas those that reconnected gained area and exhibited a marsh-facing 

boundary that advanced toward the creekbank, as vegetation filled the gap between the block and the intact marsh platform. 380 

We suspect that the initial gap width is positively related to the slope of the bank, i.e., blocks that submerge are more likely 

to be found in areas with steeper slopes than those that reconnect.  

The fact that both the growth direction and rate of movement of reconnecting blocks were different than that of submerging 

blocks suggests that these blocks are affected by different processes. Submergence is likely due to a decrease in elevation as 

the block moves downslope. When the block is lower than the threshold elevation for vegetation survival, vegetation is lost 385 

(Morris et al., 2002; Koppel et al., 2005). Reattachment, which is much slower, may occur where the bank is not as steep and 

may be facilitated by sediment trapping on the bank side of the block coupled with vegetation growth. The gaps between 

slump blocks and the marsh platform are able to accumulate a large amount of sediment and increase elevation as a result of 

reduced water velocity behind vegetated patches and the proximity to channel edges (Bouma et al., 2007; D’Alpaos et al., 

2011; Marani et al., 2007; Temmerman et al., 2003b, 2003a). We do not have measurements of sedimentation at the study 390 

site, but Gabet (1998) found that local sedimentation rates in marsh-block gaps (about 90 mm/year) were substantially higher 

than that on the adjacent salt marsh platform (1-55 mm/year) in a tidal channel in San Francisco Bay, California.but Gabet 

(1998) found that local sedimentation rates in marsh-block gaps were approximately 1.5-2 times higher than on the adjacent 

salt marsh platform in a tidal channel in San Francisco Bay, California. In addition to these physical processes, the vegetative 

spread of Spartina facilitates the rapid filling of these gaps as long as local elevations can support its survival (Ge et al., 395 

2013; Huang et al., 2008; Liu et al., 2014). Numerical modeling has also indicated that sediment accumulation can 

potentially facilitate the re-establishment of vegetation (Koppel et al., 2005), which in turn could lead to the reconnection of 

slump blocks. It would be interesting to explore these opposing processes (sediment accumulation and vegetative regrowth 

versus erosion and elevation loss) to determine whether they can be used to predict slump block fate. It may be that larger 
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blocks are likely to develop sheltered areas behind them,  which can accumulate more sediments to build up the surface 400 

(Bouma et al., 2007; Le Bouteiller and Venditti, 2015), and that there are thresholds of size, gap distance, and elevation from 

which slumps can recover.  

4.3 Slump block contribution to changes in channel area 

Our repeated UAV observations suggest that the studied segment of Dean Creek expanded laterally between 2020 and 2021. 

When taken together, the total area of new slump blocks was 886 m2 and that of reconnected blocks was 652 m2, resulting in 405 

a net loss in marsh area due to slump blocks of 234 m2. This represents 66% of the overall increase in channel area (about 

355 m2), and suggests that slump blocks play an important role in tidal creek channel widening. The widening of internal 

channels is consistent with the trend over recent decades (Fig. S6 in Supporting Information) as well as previous 

observations in Georgia marshes (Burns et al., 2021b, 2021a). Widening in interior channels have also been observed in 

marshes in other areas (e.g., Chen et al., 2021; Vandenbruwaene et al., 2013; Watson et al., 2017; Yang et al., 2022). The 410 

importance of bank slumping in channel widening also underscores the need to understand what types of marshes produce 

slump blocks and what controls their formation and fate. Our findings demonstrate that marsh loss from slump block 

formation in more quiescent, protected marsh areas, where fetch and wave disturbance are limited, can be equally important 

as that at the open-fetch marsh edge. The rate of vegetated marsh loss observed here was about 0.41 m/yr (0.29 m/yr due to 

slump blocks). This rate is on the same order as open-fetch erosion that is associated with wave attack, documented as 0.23 415 

m/year in Horse Island Marsh, DE (Schwimmer, 2001), 0.26 m/year in San Felice marsh in the lagoon of Venice, Italy 

(Yang et al., 2023), and 0.23-2.81 m/year in marshes in Charleston, SC (Mariotti and Fagherazzi, 2013). Moreover, Burns et 

al. (2021b) found that marsh loss along interior channels was 16-fold greater than along the open fetch edge in a GA marsh 

and more than 3-fold greater in marshes in Plum Island, MA. These interior processes have received less attention than 

lateral erosion due to wave attack, and would enhance models of marsh evolution if they were explicitly incorporated 420 

(Mariotti et al., 2019).  

We anticipate that sea level rise will likely increase slump block formation and loss, further exacerbating channel widening. 

This is consistent with results derived from numerical modeling (D’Alpaos et al., 2010; Kirwan and Murray, 2007). Rising 

seas serve to increase the inundation period and depth of the marsh platform, thus potentially challenging bank stability by 

reducing the cohesion of sediments and increasing the pore water pressure within them. The prolonged flooding of blocks 425 

may also result in more being lost due to submergence as opposed to reconnecting, with greater inundation driving mortality 

of stabilizing vegetation. Additionally, intensified storms may enhance the energy of currents along banks (Leonardi et al., 

2016), potentially leading to the production of more slump blocks.  

4.4 Implications and future work 

We expect that the main findings of these analyses regarding the spatial distribution of slump blocks, block dynamics and 430 

block contribution to marsh loss and creek widening will be applicable to other mesotidal marsh systems. Although there is 
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much work to be done to evaluate how and under what circumstances slump blocks are formed and what determines their 

fate, the findings presented here demonstrate that slump blocks can be dynamic features of salt marshes. As UAV and other 

remote sensing technology become available, it will be interesting to see where else slump blocks are found and whether 

they share common characteristics in terms of slope, sediment composition and cohesion, and tidal energy. Being able to 435 

predict whether a block reconnects or submerges is also important for future modeling of marsh persistence in a world of 

accelerating SLR. Our working conceptual model is that local slope determines whether a block ends up dropping to an 

elevation below which the vegetation can survive. Block size and the initial gap are both also important: blocks that are 

larger and have a narrower gap are more likely to be able to trap sediment to support revegetation.  

This work also raises multiple lines of inquiry regarding the significance of slump blocks in terms of their effects on marsh 440 

geomorphology and sediment dynamics. For example, we do not yet know the ultimate fate of submerged slump blocks, 

whether it results in sediment loss, nor its importance to the sediment budget of the marsh and estuarine system. We suggest 

that a portion of sediments is likely to be redistributed over the marsh platform (Hopkinson et al., 2018; Kirwan and 

Guntenspergen, 2010; Mariotti and Carr, 2014; Yang et al., 2023) and the rest exported from the system (Ganju et al., 2015).  

Exported sediments are probably widely distributed within the estuarine system, given the energetic tidal current velocities 445 

(Blanton et al., 2003). Loss of slump blocks also results in a loss of vegetated habitat, which has implications for carbon 

cycling. As an initial estimate, above-ground biomass of tall Spartina for this site was estimated as 1004 ± 349 g/m2/y 

(Wieski and Pennings, 2014). Considering that we documented a loss of approximately 408 m2 of the vegetated area through 

slump block submergence in one year (Fig. 5f), this amounts to a large flux of annual carbon production, emphasizing the 

need for further studies in this area. New and existing technologies could be applied in new ways to create a spatially explicit 450 

estimation of the sediment loss and carbon release via slump blocks through the integration of field observations and active 

(e.g., LiDAR and SAR) and passive remote sensing data (e.g., multi- or hyper-spectral data).  

Isolated slump blocks also have implications for ecosystem processes. The process of block formation represents a 

disturbance to intact marsh edge habitat (Li and Pennings, 2016). Depending on its elevation and longevity in the creek, this 

will affect not only the vegetation but the associated fauna and also sediment geochemistry and the microbial community, all 455 

of which will likely vary over the lifetime of the block.  The blocks also represent ephemeral habitat for fish and other 

nekton and may represent a hot spot for predation on marsh invertebrates. All of these questions highlight the need for 

further study of slump block processes. 

 

Data availability 460 

Data analyzed in this study are available on the GCE-LTER Data Website: https://gce-

lter.marsci.uga.edu/public/app/dataset_details.asp?accession=GPH-GCED-2309 



25 

 

Author contribution: 

ZY: conceptualization, formal analysis, investigation, writing – original draft, visualization, writing – reviewing and editing. 

CA: conceptualization, formal analysis, investigation, visualization, writing – reviewing and editing. MA: conceptualization, 465 

formal analysis, investigation, writing – original draft, visualization, writing – reviewing and editing. 

Competing interests: 

The authors declare that they have no conflict of interest. 

Acknowledgements 

We thank Jacob Shalack, John Williams, Adam Sapp, Matt Pierce, Claudia Venherm, and Tyler Lynn with their assistance in 470 

acquiring and processing UAV imagery and help in the field. We appreciate the comments from Steven Pennings, John 

Schalles, Jeb Byers and other members of the GCE-LTER Disturbance working group. We also thank Andrea D’Alpaos and 

Chao Gao for discussions regarding slump block dynamics. This is contribution 1117 of the University of Georgia Marine 

Institute. We are grateful for constructive reviews from anonymous reviewers, the associate editor and the editor, which are 

helpful to improve this paper. 475 

Financial support 

This work was supported by the Georgia Coastal Ecosystems Long Term Ecological Research project, which is supported by 

the National Science Foundation (OCE-1832178). 

References 

Allen, J.R.L.L., 2000. Morphodynamics of Holocene salt marshes: A review sketch from the Atlantic and Southern North 480 

Sea coasts of Europe. Quat. Sci. Rev. 19, 1155–1231. https://doi.org/10.1016/S0277-3791(99)00034-7 

Argow, B.A., Hughes, Z.J., FitzGerald, D.M., 2011. Ice raft formation, sediment load, and theoretical potential for ice-rafted 

sediment influx on northern coastal wetlands. Cont. Shelf Res. 31, 1294–1305. https://doi.org/10.1016/j.csr.2011.05.004 

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., Silliman, B.R., 2011. The value of estuarine and coastal 

ecosystem services. Ecol. Monogr. 81, 169–193. https://doi.org/10.1890/10-1510.1 485 

Bendoni, M., Mel, R., Solari, L., Lanzoni, S., Francalanci, S., Oumeraci, H., 2016. Insights into lateral marsh retreat 

mechanism through localized field measurements. Water Resour. Res. 52, 1446–1464. 

https://doi.org/10.1002/2015WR017966 



26 

 

Blanton, J.O., Seim, H., Alexander, C., Amft, J., Kineke, G., 2003. Transport of salt and suspended sediments in a curving 

channel of a coastal plain estuary: Satilla River, GA. Estuar. Coast. Shelf Sci. 57, 993–1006. https://doi.org/10.1016/S0272-490 

7714(03)00005-2 

Bouma, T.J., van Duren, L.A., Temmerman, S., Claverie, T., Blanco-Garcia, A., Ysebaert, T., Herman, P.M.J., 2007. Spatial 

flow and sedimentation patterns within patches of epibenthic structures: Combining field, flume and modelling experiments. 

Cont. Shelf Res. 27, 1020–1045. https://doi.org/10.1016/j.csr.2005.12.019 

Burns, C.J., Alber, M., Alexander, C.R., 2021a. Historical Changes in the Vegetated Area of Salt Marshes. Estuaries and 495 

Coasts 44, 162–177. https://doi.org/10.1007/s12237-020-00781-6 

Burns, C.J., Alexander, C.R., Alber, M., 2021b. Assessing long-term trends in lateral salt-marsh shoreline change along a 

U.S. East Coast Latitudinal Gradient. J. Coast. Res. 37, 291–301. https://doi.org/10.2112/JCOASTRES-D-19-00043.1 

Chen, C., Tian, B., Schwarz, C., Zhang, C., Guo, L., Xu, F., Zhou, Y., He, Q., 2021. Quantifying delta channel network 

changes with Landsat time-series data. J. Hydrol. 600, 126688. https://doi.org/10.1016/j.jhydrol.2021.126688 500 

Chen, Y., Collins, M.B., Thompson, C.E.L., 2011. Creek enlargement in a low-energy degrading saltmarsh in southern 

England. Earth Surf. Process. Landforms 36, 767–778. https://doi.org/10.1002/esp.2104 

Chen, Y., Thompson, C.E.L., Collins, M.B., 2012. Saltmarsh creek bank stability: Biostabilisation and consolidation with 

depth. Cont. Shelf Res. 35, 64–74. https://doi.org/10.1016/j.csr.2011.12.009 

Chirol, C., Spencer, K.L., Carr, S.J., Möller, I., Evans, B., Lynch, J., Brooks, H., Royse, K.R., 2021. Effect of vegetation 505 

cover and sediment type on 3D subsurface structure and shear strength in saltmarshes. Earth Surf. Process. Landforms 46, 

2279–2297. https://doi.org/10.1002/esp.5174 

Chmura, G.L., Anisfeld, S.C., Cahoon, D.R., Lynch, J.C., 2003. Global carbon sequestration in tidal, saline wetland soils. 

Global Biogeochem. Cycles 17. https://doi.org/10.1029/2002gb001917 

D’Alpaos, A., Lanzoni, S., Marani, M., Fagherazzi, S., Rinaldo, A., 2005. Tidal network ontogeny: Channel initiation and 510 

early development. J. Geophys. Res. Earth Surf. 110, 1–14. https://doi.org/10.1029/2004JF000182 

D’Alpaos, A., Lanzoni, S., Marani, M., Rinaldo, A., 2010. On the tidal prism–channel area relations. J. Geophys. Res. 115. 

https://doi.org/10.1029/2008JF001243 

D’Alpaos, A., Mudd, S.M., Carniello, L., 2011. Dynamic response of marshes to perturbations in suspended sediment 

concentrations and rates of relative sea level rise. J. Geophys. Res. Earth Surf. 116, 1–13. 515 

https://doi.org/10.1029/2011JF002093 

Dai, W., Li, H., Gong, Z., Zhou, Z., Li, Y., Wang, L., Zhang, C., Pei, H., 2021. Self-organization of salt marsh patches on 

mudflats: Field evidence using the UAV technique. Estuar. Coast. Shelf Sci. 262, 107608. 

https://doi.org/10.1016/j.ecss.2021.107608 

Deegan, L.A., Johnson, D.S., Warren, R.S., Peterson, B.J., Fleeger, J.W., Fagherazzi, S., Wollheim, W.M., 2012. Coastal 520 

eutrophication as a driver of salt marsh loss. Nature 490, 388–392. https://doi.org/10.1038/nature11533 



27 

 

Doughty, C.L., Ambrose, R.F., Okin, G.S., Cavanaugh, K.C., 2021. Characterizing spatial variability in coastal wetland 

biomass across multiple scales using UAV and satellite imagery. Remote Sens. Ecol. Conserv. 1–19. 

https://doi.org/10.1002/rse2.198 

Fagherazzi, S., Gabet, E.J., Furbish, D.J., 2004. The effect of bidirectional flow on tidal channel planforms. Earth Surf. 525 

Process. Landforms 29, 295–309. https://doi.org/10.1002/esp.1016 

FitzGerald, D.M., Hughes, Z., 2019. Marsh Processes and Their Response to Climate Change and Sea-Level Rise. Annu. 

Rev. Earth Planet. Sci. 47, 481–517. https://doi.org/10.1146/annurev-earth-082517-010255 

Francalanci, S., Bendoni, M., Rinaldi, M., Solari, L., 2013. Ecomorphodynamic evolution of salt marshes: Experimental 

observations of bank retreat processes. Geomorphology 195, 53–65. https://doi.org/10.1016/j.geomorph.2013.04.026 530 

Frey, R.W., Basan, P.B., 1978. Coastal Salt Marshes, in: Coastal Sedimentary Environments. Springer US, New York, NY, 

pp. 101–169. https://doi.org/10.1007/978-1-4684-0056-4_4 

Gabet, E., 1998. Lateral Migration and Bank Erosion in a Saltmarsh. Estuaries 21, 745–753. 

Ganju, N.K., Kirwan, M.L., Dickhudt, P.J., Guntenspergen, G.R., Cahoon, D.R., Kroeger, K.D., 2015. Sediment transport-

based metrics of wetland stability. Geophys. Res. Lett. 42, 7992–8000. https://doi.org/10.1002/2015GL065980 535 

Gao, C., Finotello, A., D’Alpaos, A., Ghinassi, M., Carniello, L., Pan, Y., Chen, D., Wang, Y.P., 2022. Hydrodynamics of 

Meander Bends in Intertidal Mudflats: A Field Study From the Macrotidal Yangkou Coast, China. Water Resour. Res. 58, 1–

28. https://doi.org/10.1029/2022WR033234 

Gasparotto, A., Darby, S.E., Leyland, J., Carling, P.A., 2022. Water level fluctuations drive bank instability in a hypertidal 

estuary. Earth Surf. Dyn. 2080, 1–28. 540 

Ge, Z., Cao, H., Zhang, L., 2013. A process-based grid model for the simulation of range expansion of Spartina alterniflora 

on the coastal saltmarshes in the Yangtze Estuary. Ecol. Eng. 58, 105–112. https://doi.org/10.1016/j.ecoleng.2013.06.024 

Gong, Z., Zhao, K., Zhang, C., Dai, W., Coco, G., Zhou, Z., 2018. The role of bank collapse on tidal creek ontogeny: A 

novel process-based model for bank retreat. Geomorphology 311, 13–26. https://doi.org/10.1016/j.geomorph.2018.03.016 

Hopkinson, C.S., Morris, J.T., Fagherazzi, S., Wollheim, W.M., Raymond, P.A., 2018. Lateral Marsh Edge Erosion as a 545 

Source of Sediments for Vertical Marsh Accretion. J. Geophys. Res. Biogeosciences 123, 2444–2465. 

https://doi.org/10.1029/2017JG004358 

Houttuijn Bloemendaal, L.J., FitzGerald, D.M., Hughes, Z.J., Novak, A.B., Phippen, P., 2021. What controls marsh edge 

erosion? Geomorphology 386. https://doi.org/10.1016/j.geomorph.2021.107745 

Huang, H. Mei, Zhang, L. Quan, Guan, Y. Juan, Wang, D. Hui, 2008. A cellular automata model for population expansion of 550 

Spartina alterniflora at Jiuduansha Shoals, Shanghai, China. Estuar. Coast. Shelf Sci. 77, 47–55. 

https://doi.org/10.1016/j.ecss.2007.09.003 

Jahnke, R.A., Alexander, C.R., Kostka, J.E., 2003. Advective pore water input of nutrients to the Satilla River Estuary, 

Georgia, USA. Estuar. Coast. Shelf Sci. 56, 641–653. https://doi.org/10.1016/S0272-7714(02)00216-0 



28 

 

Kerschnitzki, M., Kollmannsberger, P., Burghammer, M., Duda, G.N., Weinkamer, R., Wagermaier, W., Fratzl, P., 2013. 555 

Architecture of the osteocyte network correlates with bone material quality. J. Bone Miner. Res. 28, 1837–1845. 

https://doi.org/10.1002/jbmr.1927 

Kirwan, M.L., Guntenspergen, G.R., 2010. Influence of tidal range on the stability of coastal marshland. J. Geophys. Res. 

Earth Surf. 115, 1–11. https://doi.org/10.1029/2009jf001400 

Kirwan, M.L., Mudd, S.M., 2012. Response of salt-marsh carbon accumulation to climate change. Nature 489, 550–553. 560 

https://doi.org/10.1038/nature11440 

Kirwan, M.L., Murray, A.B., 2007. A coupled geomorphic and ecological model of tidal marsh evolution. Proc. Natl. Acad. 

Sci. 104, 6118–6122. https://doi.org/10.1073/pnas.0700958104 

Koppel, J. van de, Wal, D. van der, Bakker, J.P., Herman, P.M.J., 2005. Self‐Organization and Vegetation Collapse in Salt 

Marsh Ecosystems. Am. Nat. 165, E1–E12. https://doi.org/10.1086/426602 565 

Le Bouteiller, C., Venditti, J.G., 2015. Sediment transport and shear stress partitioning in a vegetated flow. Water Resour. 

Res. 51, 2901–2922. https://doi.org/10.1002/2014WR015825 

Leonardi, N., Ganju, N.K., Fagherazzi, S., 2016. A linear relationship between wave power and erosion determines salt-

marsh resilience to violent storms and hurricanes. Proc. Natl. Acad. Sci. U. S. A. 113, 64–68. 

https://doi.org/10.1073/pnas.1510095112 570 

Letzsch, W.S., Frey, R.W., 1980a. Deposition and Erosion in a Holocene Salt Marsh, Sapelo Island, Georgia. J. Sediment. 

Res. Vol. 50, 529–542. https://doi.org/10.1306/212F7A45-2B24-11D7-8648000102C1865D 

Letzsch, W.S., Frey, R.W., 1980b. Erosion of Salt Marsh Tidal Creek Banks, Sapelo Island, Georgia. Senckenbergiana 

maritima. Vol. 12, 201-212.  

Li, S., Pennings, S.C., 2016. Disturbance in Georgia salt marshes: Variation across space and time. Ecosphere 7, 1–11. 575 

https://doi.org/10.1002/ecs2.1487 

Liu, H., Lin, Z., Qi, X., Zhang, M., Yang, H., 2014. The relative importance of sexual and asexual reproduction in the spread 

of Spartina alterniflora using a spatially explicit individual-based model. Ecol. Res. 29, 905–915. 

https://doi.org/10.1007/s11284-014-1181-y 

Lynn, T., Alber, M., Shalack, J., Mishra, D.R., 2023. Utilizing Repeat UAV Imagery to Evaluate the Spatiotemporal Patterns 580 

and Environmental Drivers of Wrack in a Coastal Georgia Salt Marsh. Estuaries and Coasts. https://doi.org/10.1007/s12237-

023-01265-z 

Marani, M., D’Alpaos, A., Lanzoni, S., Carniello, L., Rinaldo, A., 2007. Biologically-controlled multiple equilibria of tidal 

landforms and the fate of the Venice lagoon. Geophys. Res. Lett. 34, 1–5. https://doi.org/10.1029/2007GL030178 

Marani, M., D’Alpaos, A., Lanzoni, S., Santalucia, M., 2011. Understanding and predicting wave erosion of marsh edges. 585 

Geophys. Res. Lett. 38, 1–5. https://doi.org/10.1029/2011GL048995 

Marani, M., Lanzoni, S., Zandolin, D., Seminara, G., Rinaldo, A., 2002. Tidal meanders. Water Resour. Res. 38, 7-1-7–14. 

https://doi.org/10.1029/2001WR000404 

https://doi.org/10.1306/212F7A45-2B24-11D7-8648000102C1865D


29 

 

Mariotti, G., Carr, J., 2014. Dual role of salt marsh retreat: Long-term loss and short-term resilience. Water Resour. Res. 50, 

2963–2974. https://doi.org/10.1002/2013WR014676 590 

Mariotti, G., Fagherazzi, S., 2013. Critical width of tidal flats triggers marsh collapse in the absence of sea-level rise. Proc. 

Natl. Acad. Sci. U. S. A. 110, 5353–5356. https://doi.org/10.1073/pnas.1219600110 

Mariotti, G., Kearney, W.S., Fagherazzi, S., 2016. Soil creep in salt marshes. Geology 44, 459–462. 

https://doi.org/10.1130/G37708.1 

Mariotti, G., Kearney, W.S., Fagherazzi, S., 2019. Soil creep in a mesotidal salt marsh channel bank: Fast, seasonal, and 595 

water table mediated. Geomorphology 334, 126–137. https://doi.org/10.1016/j.geomorph.2019.03.001 

Möller, I., Kudella, M., Rupprecht, F., Spencer, T., Paul, M., Van Wesenbeeck, B.K., Wolters, G., Jensen, K., Bouma, T.J., 

Miranda-Lange, M., Schimmels, S., 2014. Wave attenuation over coastal salt marshes under storm surge conditions. Nat. 

Geosci. 7, 727–731. https://doi.org/10.1038/NGEO2251 

Murray, N.J., Worthington, T.A., Bunting, P., Duce, S., Hagger, V., Lovelock, C.E., Lucas, R., Saunders, M.I., Sheaves, M., 600 

Spalding, M., Waltham, N.J., Lyons, M.B., 2022. High-resolution mapping of losses and gains of Earth’s tidal wetlands. 

Science. 376, 744–749. https://doi.org/10.1126/science.abm9583 

Nelson, J.A., Johnson, D.S., Deegan, L.A., Spivak, A.C., Sommer, N.R., 2019. Feedbacks Between Nutrient Enrichment and 

Geomorphology Alter Bottom-Up Control on Food Webs. Ecosystems 22, 229–242. https://doi.org/10.1007/s10021-018-

0265-x 605 

National Oceanic and Atmospheric Administration (NOAA). (2023). Sea level trends - New York. Retrieved from 

https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=8670870 

Pinton, D., Canestrelli, A., Wilkinson, B., Ifju, P., Ortega, A., 2020. A new algorithm for estimating ground elevation and 

vegetation characteristics in coastal salt marshes from high-resolution UAV-based LiDAR point clouds. Earth Surf. Process. 

Landforms 45, 3687–3701. https://doi.org/10.1002/esp.4992 610 

Redfield, A.C., 1972. Development of a New England Salt Marsh. Ecol. Monogr. 42, 201–237. 

https://doi.org/10.2307/1942263 

Rinaldi, M., Casagli, N., 1999. Stability of streambanks formed in partially saturated soils and effects of negative pore water 

pressures: The Sieve River (Italy). Geomorphology 26, 253–277. https://doi.org/10.1016/S0169-555X(98)00069-5 

Schwimmer, R.A., 2001. Rates and processes of marsh shoreline erosion in Rehoboth Bay, Delaware, U.S.A. J. Coast. Res. 615 

17, 672–683. 

Simon, A., Pollen, N., Langendoen, E., 2006. Influence of two woody riparian species on critical conditions for streambank 

stability: Upper Truckee River, California. J. Am. Water Resour. Assoc. 42, 99–113. https://doi.org/10.1111/j.1752-

1688.2006.tb03826.x 

Stefanon, L., Carniello, L., D’Alpaos, A., Lanzoni, S., D’Alpaos, A., Lanzoni, S., 2010. Experimental analysis of tidal 620 

network growth and development. Cont. Shelf Res. 30, 950–962. https://doi.org/10.1016/j.csr.2009.08.018 

Formatted: Italian (Italy)

Formatted: English (United States)

https://doi.org/10.1073/pnas.1219600110
https://doi.org/10.1007/s10021-018-0265-x
https://doi.org/10.1007/s10021-018-0265-x
https://tidesandcurrents.noaa.gov/sltrends/sltrends_station.shtml?id=8670870


30 

 

Stefanon, L., Carniello, L., D’Alpaos, A., Rinaldo, A., 2012. Signatures of sea level changes on tidal geomorphology: 

Experiments on network incision and retreat. Geophys. Res. Lett. 39, 1–6. https://doi.org/10.1029/2012GL051953 

Temmerman, S., Govers, G., Meire, P., Wartel, S., 2003a. Modelling long-term tidal marsh growth under changing tidal 

conditions and suspended sediment concentrations, Scheldt estuary, Belgium. Mar. Geol. 193, 151–169. 625 

https://doi.org/10.1016/S0025-3227(02)00642-4 

Temmerman, S., Govers, G., Wartel, S., Meire, P., 2003b. Spatial and temporal factors controlling short-term sedimentation 

in a salt and freshwater tidal marsh, Scheldt Estuary, Belgium, SW Netherlands. Earth Surf. Process. Landforms 28, 739–

755. https://doi.org/10.1002/esp.495 

Tommasini, L., Carniello, L., Ghinassi, M., Roner, M., D’Alpaos, A., 2019. Changes in the wind-wave field and related salt-630 

marsh lateral erosion: inferences from the evolution of the Venice Lagoon in the last four centuries. Earth Surf. Process. 

Landforms 44, 1633–1646. https://doi.org/10.1002/esp.4599 

Vandenbruwaene, W., Bouma, T.J., Meire, P., Temmerman, S., 2013. Bio-geomorphic effects on tidal channel evolution: 

Impact of vegetation establishment and tidal prism change. Earth Surf. Process. Landforms 38, 122–132. 

https://doi.org/10.1002/esp.3265 635 

Watson, E.B., Wigand, C., Davey, E.W., Andrews, H.M., Bishop, J., Raposa, K.B., 2017. Wetland Loss Patterns and 

Inundation-Productivity Relationships Prognosticate Widespread Salt Marsh Loss for Southern New England. Estuaries and 

Coasts 40, 662–681. https://doi.org/10.1007/s12237-016-0069-1 

Wieski, K., Pennings, S.C., 2014. Climate Drivers of Spartina alterniflora Saltmarsh Production in Georgia, USA. 

Ecosystems 17, 473–484. https://doi.org/10.1007/s10021-013-9732-6 640 

Yang, Z., Finotello, A., Goodwin, G., Gao, C., Mudd, S.M., Lague, D., Schwarz, C., Tian, B., Ghinassi, M., D’Alpaos, A., 

2022. Seaward expansion of salt marshes maintains morphological self-similarity of tidal channel networks. J. Hydrol. 615, 

128733. https://doi.org/10.1016/j.jhydrol.2022.128733 

Yang, Z., Tognin, D., Finotello, A., Belluco, E., Puppin, A., Silvestri, S., Marani, M., D’Alpaos, A., 2023. Long‐Term 

Monitoring of Coupled Vegetation and Elevation Changes in Response to Sea Level Rise in a Microtidal Salt Marsh. J. 645 

Geophys. Res. Biogeosciences 128, 1–17. https://doi.org/10.1029/2023JG007405 

Zhao, K., Lanzoni, S., Gong, Z., Coco, G., 2021. A Numerical Model of Bank Collapse and River Meandering. Geophys. 

Res. Lett. 48, 1–10. https://doi.org/10.1029/2021GL093516 

Zhao, K., Coco, G., Gong, Z., Darby, S.E., Lanzoni, S., Xu, F., Zhang, K., Townend, I., 2022. A Review on Bank Retreat: 

Mechanisms, Observations, and Modeling. Rev. Geophys. 60, 1–51. https://doi.org/10.1029/2021RG000761 650 

Zhao, Y., Yu, Q., Wang, D., Wang, Y.P., Wang, Y., Gao, S., 2017. Rapid formation of marsh-edge cliffs, Jiangsu coast, 

China. Mar. Geol. 385, 260–273. https://doi.org/10.1016/j.margeo.2017.02.001 

Zhou, Z., Olabarrieta, M., Stefanon, L., D’Alpaos, A., Carniello, L., Coco, G., 2014. A comparative study of physical and 

numerical modeling of tidal network ontogeny. J. Geophys. Res. Earth Surf. 119, 892–912. 

https://doi.org/10.1002/2014JF003092 655 

Formatted: English (United States)

Formatted: English (United States)

https://doi.org/10.1029/2023JG007405
https://doi.org/10.1029/2021GL093516

