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HIGH	  RESOLUTION	  GEOMORPHOLOGIC	  SURVEYS	  OF	  ESTUARINE	  HABITATS	  AT	  

ELKHORN	  SLOUGH,	  CALIFORNIA	  

I. Aiello and C. Endris, Moss Landing Marine Laboratories 
 

INTRODUCTION	  

Terrestrial Laser Scanning (TLS) was used to document rates and distribution of 

long- (>1 year) and short-term (months/days) geomorphologic change in key estuarine 

habitats of Elkhorn Slough.  

TLS is more effective in estuarine environments than other methods (e.g. classic 

surveys, aerial photos, LiDAR); the advantages of this approach include portability, low-

cost of the instrumentation, and measurement accuracy; the disadvantages include the 

limited range for measurements and the fact that accuracy and resolution decrease with 

distance. 

During the project period we monitored several key areas across Elkhorn Slough 

(Fig.1; Tab.1) including: the Old Salinas River (OSR) at Potrero and Sandholdt, the 

lower Elkhorn Slough at Bird Observatory, the middle Elkhorn Slough (Yampah Marsh), 

Parsons Slough (Sill west and Sill east, FS1, FS2, FS3), and the upper Elkhorn Slough 

(Kirby, N. Azevedo, and Azevedo Landing). For each of the sites surveyed in Elkhorn 

Slough a geodetic network of foresights, backsights and control points has been created 

and, when possible, tied to the Elkhorn Slough elevation control network. 

The choice of a survey site was mainly constrained by the physical characteristics of 

the terrain including: the presence of firm ground or solid man-made structures; 

elevated ground relative to the targeted survey area suitable for locating the TLS (fore-

sight); a distance of less than 50 m between the TLS and survey area to reduce the 

impact of the IR beam divergence affecting both accuracy and resolution of the survey. 

Available TLS surveys conducted prior to the beginning of the project (Potrero, 

Sandholdt, Bird Observatory, N. Azevedo) were used as a baseline dataset and were 

compared with new surveys to establish long-term geomorphologic trends. 

The main geomorphologic features surveyed include: marsh edge, mudbank and 

mudflat (Fig.2). These features were identified solely based on their geomorphologic 



 2 

characteristics (shape, occurrence etc.) and not based on their elevations. 

 

METHODS	  

Instruments: Terrestrial Laser Scanning (TLS) surveys were carried out with a 

Trimble VX Spatial Station. This state-of-the-art spatial station is equipped with Direct 

Reflex (DR) technology, a direct drive system with robotic servo-mechanisms and a 

built-in digital camera. The instrument is operated via radio-link by a controller unit and 

can collect accurate (<3 mm), rapid (15 points/s) spatial data (point clouds). The range 

of operation of the DR laser is 2 to 500 m; while on target mode the acquisition can 

work as far as 2 km. The IR laser cannot penetrate water. The accuracy reported is the 

factory accuracy, but the actual accuracy obtained in the field is widely variable and 

depends on a multitude of factors including environmental conditions, characteristics of 

the targeted surface, and distance between the targeted surface and TLS. 

The following observations are a result of several experiments carried out at Aiello’s 

Lab at MLML: 

Both accuracy and resolution decrease with increasing distance from the target 

surface as effect of the increasing beam size and decreasing strength of the 

backscattered beam.  The angle of incidence between the IR light and the target is very 

important in determining both the resolution and accuracy of the measurement. An 

obvious effect of low angles of incidence is the shadow effect by which high-rugosity 

features prevent the laser beam from detecting smaller features behind them. Most 

surveys conducted at Elkhorn Slough were performed at low angles of incidence 

(examples) so the occurrence of potential biases should be thoroughly considered. 

1) Distortions of the DEM; point seem further away with increasing angle of 

incidence, with increasing moisture content and decreasing grain size; 

2) Resolution; footprint area grows (res decreases) with increasing angle of 

incidence; 

3) Single point, accurate measurements (topo points) of premeasured targets show 

that the ability to resolve cm-scale details decreases dramatically with increasing 

distance and angle of incidence, and that relief is always underestimated. For 

instance, at 50m, at 90º incidence the underestimate is ~33% of the height and is 

>60% at 60º.   
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4) The ability to resolve details is also influenced by the IR laser footprint in relation 

to size and shape of the surface geometry:  

 

For each survey two main benchmarks were used: a foresight (where the TLS was 

located), a backsight (used to orient the TLS), and at least 3 control points when 

possible. Backsight and control points were used to verify the accuracy of repeated 

surveys. When possible the benchmarks were tied to the Elkhorn Slough control 

network. 

A list of the foresights and backsights used is provided in Table 2 and Table 3 (Table 

3 is for Yampah Marsh only). 

The accuracy for multiple surveys was tested by using the backsight coordinates 

and elevations measured form the foresight. 

Post-processing the TLS data was performed using RealWorks Survey Advanced 

v6.3 (Trimble’s 3D software used for the manipulation, registration, cleaning and 

analysis of spatial data) and ArcGIS v9.3. 

Different strategies were adopted to monitor geomorphologic change through time 

for the diverse estuarine features surveyed (marsh edge, mudbank and mudflat) with 

respect to the different geomorphologic characteristics and orientations relative to the 

incoming IR beam from the TLS (Figure 2). The main tool used for the comparison 

analysis (i.e. to determine whether accretion or erosion occurred for any given surveyed 

surface) is the ‘surface comparison tool’ in RealWorks. This tool compares points within 

point clouds based on a grid, the resolution of which is chosen by the operator and, 

crucially, relative to a reference plane of comparison. The choice of the reference plane 

was adapted for each survey to allow the calculation of surface change along a plane 

that best represents the most probable direction of change within the targeted natural 

landscape.  For example, we can expect accretion or erosion along a pickleweed edge 

to mostly occur along a vertical plane parallel to that edge.  With the exception of 

material eroding or depositing at the base of the edge, we are less likely to detect 

change along a horizontal plane. In this way, points are compared perpendicular to the 

plane (horizontally), providing a reasonable approach to detecting undercutting of the 

edge and/or slumping/failure of overhanging mud and vegetation. For sub-horizontal 

features such as mudflats, the expected geomorphologic change is relative to the 

horizontal and a horizontal comparison plane was used.  
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RESULTS	  

Results are presented separately for the OSR, and the lower, middle and upper 

slough and for Parsons Slough. A list of all foresights and backsights used for the 

surveys are shown in Tables 2 and 3. 

OLD	  SALINAS	  RIVER	  SITES	  

The sites monitored along the OSR channel are Potrero and Sandholdt bridge (Fig. 

1). Potrero is a triangular mudflat area that indents the marsh just off Potrero Rd., 

northwest of the culvert/bridge over the OSR channel (Fig. 3). Sandholdt is closer to the 

mouth of Elkhorn Slough and includes a large mudflat area in the center of the OSR 

channel and a mudbank portion just west of it (Fig. 4). The benchmark elevations for the 

two sites were tied to a Monterey County benchmark located on the eastern side of the 

Sandholdt bridge (Fig. 4). The latter benchmark is also the back-sight used for the 

surveys at Sandholdt (Sh2). The elevation of the fore-sight at Potrero (Port2) was 

calculated by leveling the back-sight (TELE2) with the Sandholdt bridge county 

benchmark. 

POTRERO	  

A total of 6 surveys were carried out at this site. Four of the surveys were conducted 

in the three years prior to the beginning of the project. Surveyed areas ranged between 

460m2 and 550m2 (Table 5). The main geomorphologic element surveyed at this site is 

the mudflat incised by several tidal creeks (surveyed area ~520m2). A small sandbank 

(area ~120m2) and the edge of the marsh and adjacent mudbank (area ~12m2) were 

also surveyed. 

Accuracy 
Table 4 shows the back-sight coordinates for the 6 scans carried out at Potrero 

including the standard deviations (SDs) for easting, northing and elevation. Based on 

the position of the back-sight, the repeated surveys are within a few mm of each other 

and in particular the standard deviation of the backsight elevation is 1.1 cm (Table 4). 

Since elevation is the most important parameter used to determine whether the site has 

experienced accretion or erosion, we used the standard deviation of the elevation to 

calculate the standard volume error normalized for the mudflat (520m2), the sandbank 

(120m2) and the creeks (12m2). This volume was used to calculate the error bars in the 
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plot showing the geomorphologic change of the mudflat (Figure 5). 

Mudflat 
Our survey data show that the overall geomorphologic trend of the Potrero mudflat 

indicates accretion (Table 5). Sediment accumulation has been relatively constant over 

the 3 year survey period with an average accretion rate of ~2.3 cm/year (Figures 5 and 

6a,b). Small, local areas of erosion were measured only in the earlier surveys.  

The cross sections in Figures 7 and 8 show that accretion is widespread, and 

sediments have been draping both the tidal creeks and interfluves. Most of the erosion 

has occurred in the survey period prior to the beginning of the project and it is 

concentrated in the tidal creeks. The surveys also show that during the study period the 

morphology of the tidal creeks have changed from U- to V-shaped. Creek morphology 

can be an indicator of bank stability, with V-shaped creeks generally more stable than 

U-shaped creeks.  However, in low-relief terrain such as this, a mudflat creek that 

progresses from U- to V-shape can also be an indicator of increased fluid flow velocities 

across the mud-surface due in part to tidal currents and/or rain and freshwater run-off.  

A substantial rainfall event occurred on Oct. 5th, 19 days prior to the final survey, which 

may have contributed to increased runoff and localized scouring of the thalweg in the 

mudflat creeks. 

Pickleweed Edge: 
Comparisons of the pickleweed edge through repeated surveys were performed 

using a mostly vertical plane that best fit the orientation of the surface area (see 

‘Methods’ for further explanations). During the study period, the pickleweed edge shows 

mainly retreat, although some points of accretion can be also observed (Table 5). The 

mudbank rimming the pickleweed edge has been mainly eroding and experienced a 

total drop of about 4 cm in less than 2 years.  

SANDHOLDT	  

A total of 6 surveys were carried out at this site with one of the surveys conducted 

during the project (Fig. 4). The surveys included a large mudflat ‘island’ at the center of 

the OSR channel and the adjacent mudbank to the west. The mudflat areas surveyed 

ranged between 80m2 and 95m2 (Table 7), while the mudbank area surveyed is more 

than 300m2 large.  

Accuracy 
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Table 6 shows the back-sight coordinates for Sandholdt including the standard 

deviations (SDs) for easting, northing and elevation. The position of the back-sight is 

less than a cm between surveys and the standard deviations for easting, northing and 

elevation are between 4 and 2 mm. The SD for elevation is only 2mm demonstrating 

that the surveys can be compared with no need for error calculations. 
Mudflat 
Our long-term survey data comparisons show that in a three year period there has 

been a prominent loss in elevation of the mudflat (Figures 9, and 10): a total erosion of 

about 5m3 for an area of 90m2. The volume change corresponds to an average erosion 

of ~1.85 cm/year (Figure 11): interestingly the volume loss per m2 is similar to the 

volume gain per unit area that Potrero has experienced during the same time period.  

Mudbank 
Significant erosion has also occurred along the mudbank on the western side of the 

channel. 

LOWER_MIDDLE	  ELKHORN	  SLOUGH	  

YAMPAH	  MARSH	  

Yampah Marsh is the marsh area just north of Yampah Hill in the central part of 

Elkhorn Slough. The marsh is bisected by a maze of tidal creeks and punctuated by 

several salt pannes in different phases of development ranging from smaller (few tens 

of cm areas where the pickleweed is just receding) to larger (more than several meters 

in diameter) pannes paved by a mudflat. The latter are often rimmed by mudbanks and 

relatively steep pickleweed edges. The general purpose of surveying this region was to 

build a baseline topographic framework for future, higher resolution studies of the 

pannes system and to compare our TLS data with the available LiDAR imagery for the 

area. For instance, the topographic framework obtained with our survey will be used to 

compare occurrence, position and maturity of the pannes in relation to small changes in 

relief. For this project a large portion of the marsh area was surveyed at relatively low 

resolutions (<1m) using a survey rod. The rod allowed measurements of the elevation of 

the mud at the base of the pickleweed that would otherwise be impossible using direct 

laser scanning.  

Benchmarks 
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In order to carry out the survey several primary and secondary benchmarks, as well 

as controls points, were obtained using geodetic triangulation based on two 

benchmarks of the Elkhorn Slough elevation control network present in the area 

(9413631H and 9413631J; Table 3, Figure 12). 

Comparison between LIDAR and TLS 
 

The results of our TLS survey were compared with the available LiDAR imagery for 

the area gridded at 2.5m resolution. The comparison between LiDAR (min) and TLS 

shows that the majority of the marsh is higher (10-20 cm) in the LiDAR than the TLS 

(Figures 13a,b). The difference between TLS and LiDAR is even more conspicuous 

when LiDAR max values are used: the residuals show that the whole survey area is 

more than 10cm positive and that the highest anomalies (30-40 cm) are in the western 

sector of the survey. 

We used the comparison between LiDAR and TLS data to assess whether the 

bottom of the pickleweed has the same elevation throughout the surveyed area or if it is 

actually sloping. This comparison was done for similar marsh habitats (i.e. marsh 

occurring in the very close interval of elevation). For this purpose we used the LiDAR 

imagery to extract two contours at 150cm and 160cm elevation. The contours were then 

used to produce west-east oriented topographic profiles from the TLS data. The profiles 

were filtered for larger topographic features including the axes of tidal channels and 

pannes. The presence of potential sloping surfaces was tested by interpolating a linear 

trend on the filtered data (Figure 14a). Both profiles (Figure 14b) show that the base of 

the marsh at Yampah is dipping to the west with a similar slope gradient of slightly less 

than 1cm every 100m. 

Although the marsh area surveyed at Yampah is relatively small, the preliminary 

results of our survey show that the bottom of the pickleweed is indeed sloped. This 

subtle but potentially important tilting of the bottom of the marsh can be only determined 

with physical measurements as it does not appear in DEM data collected with other 

methods (e.g. LiDAR). 

PARSONS	  SLOUGH	  

A total of 5 areas were surveyed throughout Parson Slough (Figure 15) including: 1) 

West Sill (the mudbank and pickleweed edge along the west side of the Parson 
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Slough’s main channel looking west from the new sill; 2) East Sill (mainly mudbank 

outlining the corners where the Parson channel is dissected by the artificial levees; 3) 

FS1 (the Five Fingers loop boardwalk); 4) FS2 (near Parsons Slough overlook); 5) FS3 

(the wildlife blind). 

The three survey sites FS1, FS2 and FS3 were all connected using the same 

geodetic framework since they all share a common backsight (BS1) located on the 

powerline tower at the southern end of the Parsons Slough overlook trail (Table 10). 

The elevation model for these sites is based on a sighting from the FS3 foresight to the 

East Sill; this foresight, in turn, is based on benchmark 9413631A of the Elkhorn Slough 

benchmark network. 

WEST	  SILL	  

The geomorphologic features surveyed at this site include the mudbank and the 

pickleweed edge of the northeastern border of Yampah Marsh facing the sill (Figure 16). 

This site experienced the largest and most obvious change during the relatively short 

period covered by the surveys (Figure 17).  

We conducted three surveys from the Parson’s RR Bridge Site “RR-SILL”, 

approximately 25 m west of the railroad tracks and 20 m north of the northern sill wall 

(UTM 4074943.5 N, 611933.2 E).  A permanently installed 4” diameter vertical pipe 

served as the base station platform, approximately 2 m above the marsh surface.  

Surveys were targeted towards the east-facing mudbank on the west side of the 

channel.  Distance from the base station ranged from 70 to 85 m and included 

approximately 100 m2 of mudbank area.  Post-processing of point clouds included 

survey registrations using control points (0.005 m error); the backsight elevations are 

less than 7mm apart (Table 10). 

 A subset of points was compared between three surveys conducted on the 

following dates: Survey 1, 4-20-2011; Survey 2, 5-23-2011; and Survey 3, 9-27-2011.  

Survey comparisons included approximately 23,000 points (0.03 m spacing) from each 

survey over an 18 m long by 1 m high mudbank (18 m2 total).  Results reveal a net 

volume loss of 3.0 m3 between Survey 1 and Survey 2, amounting to an average of 

31.5 cm of lateral mudbank retreat.  Another 12.2 m3 were removed between Survey 2 

and Survey 3, amounting to an average of 76.8 cm of mudbank retreat. Together these 

data show that there is a constant monthly trend of volume loss of ~0.16 m3/m2. As 
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much as 1.5 m of mudbank retreat is visible at certain locations between Surveys 2 and 

3.  Photographs and profile comparisons suggest significant undercutting and bank 

collapse (Figure 17).  

EAST	  SILL	  

The features surveyed from the foresight designated ‘the blind’ (Figure 15) include 

the mudbank just south of the foresight and the mudbank just east of the sill (‘the nose’; 

Figure 18). Although not as dramatic as for the Parson’s RR Bridge Site, this site too 

experienced large gemorphologic change during the relatively short period covered by 

the two surveys (Figure 18). Much of the change occurred at the bottom of the 

mudbanks with geomorphologic features that were identified as undercutting.  

More precisely, the results of the TLS surveys clearly show that the mudbank east of 

the sill strongly is experiencing rapid erosion with much of it affecting the mudbank (the 

‘nose) just east of the sill (erosion there is estimated to be more than 18 cm/y) (Table 9). 

FS1	  

The survey was conducted from the boardwalk and it covered mainly the mudflat 

area to the east of the structure (Figure 15; Table 11). Two surveys were conducted on 

November 2010 and May 2011. Although the two surveys are more than 6 months 

apart, virtually no change in elevation of the mudflat was detected (linear erosion is less 

than 7mm; Table 11). However, given the difference in backsight elevation between the 

two surveys (the residual for the backsight elevation is 1.3cm; Table 10) the amount of 

erosion for this site could be slightly underestimated. 

FS2	  

Two surveys were conducted from the southernmost tip of the Parsons Slough 

overlook on December 2010 and July 2011 (Figure 15). Surveyed geomorphologic 

features include: mudbank on the levee just east of the foresight and the mudbank area 

just to the south of the foresight (Figure 19). The residual for the two surveys (Table 10) 

show a perfect match for the elevations of the backsight (overlook trail powerline tower) 

indicating that they can be compared with the highest confidence.  

At site FS2, most of the geomorphologic change was observed in the mudbank 

levee east of the foresight where a loss of about 0.21m3 of sediments occurred over 

only ~3.7m2 of mudflat surveyed (Table 11). 
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Besides a slight accretion in the mudflat just south of the foresight, no significant 

change was recorded in the rest of the mudbanks surveyed (Table 11). 

FS3	  

For this survey locality the foresight was established on a permanent structure 

(blind) used for wildlife observation. The location, elevated relative to the underlying 

mudflat allows for a relatively high angle survey of the underlying mudbank and mudflat 

(Figures 15 and 19). The backsight (as for FS1 and FS2) is a target on the powerline 

tower. The three surveys conducted at this site were accurately repeated as indicated 

by the measurements of the backsights all within 1 cm (Table 10). 

The surveys were conducted on December 2010, May 2011 and January 2012. 

Overall the geomorphologic change between the first two surveys was minimal and 

mainly concentrated in the southern mudbank (~0.5 m3 over 126m2) while the rest of the 

survey area experienced both small erosional and depositional patterns (Figure 19; 

Table 11). Interestingly, the rate of erosion of the mudflat had increased dramatically 

between the second and third survey (May 2011 and January 2012; Table 11) with 

more than one order of magnitude increase of the volume of eroded mud (Figure 19). 

 

CENTRAL	  ELKHORN	  SLOUGH	  

HUMMINGBIRD	  

The site is located on the western side of Hummingbird Island facing a secondary 

channel which branches off from the main channel of Elkhorn Slough (Figure 20). A 

total of two surveys were conducted in August and November 2011. Backsight residuals 

show that the two surveys are highly comparable (Table 12). The geomorphologic 

features surveyed include the mudflat just in front of the foresight and the mudbank on 

the western side of the secondary channel (Figure 20). 

The comparison between the mudbank area shows mainly erosion (1.23m3 over 

100m2) mostly concentrated at the juncture between the mudbank and the mudflat. 

However a smaller amount of sediment accumulation was also detected in the upper 

part of the mudbank (Table 13). 

Interestingly a similar amount of erosion (1.58m3) was measured in the mudflat area 

(121m2) in front of the backsight. Erosion is mostly concentrated in the southeast sector 
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closer to Hummingbird Island although smaller erosional features occur also elsewhere 

in the mudlflat. 

KIRBY	  

This site is located just northwest of the Kirby parking lot (Figure 19). The foresight is 

a rod in the pickleweed marsh while the backsight is the NOAA benchmark 9413651C. 

Backsight residuals show that the elevation of the two surveys are comparable within 

2mm (Table 12). The main features that were surveyed are a relatively large mudflat 

area just to the west and a smaller mudbank area southeast of the foresight (Figure 22). 

The comparison between two surveys carried out on July and October 2011 shows 

mainly erosion and that most of the erosion has occurred on the mudbank (Table 13).  

NORTH	  AZEVEDO	  

The site surveyed at North Azevedo is located near a culvert that separates a 

subsidiary channel of Elkhorn Slough from the North Azevedo Pond The culvert is 

located underneath the railroad where our foresight was located (Figure 23). The 

backsight used for the survey is one of the Elkhorn Slough elevation control network 

(Elks 1) (Table 2). 

The survey conducted in December 2011 was compared with two previous ones 

carried out about 2 and 3 years earlier thus providing an excellent baseline line to 

estimate geomorphologic change. It is worth noting that the culvert was modified right 

after the first survey was conducted so some of the change that we observed could 

have been directly cause by a change in the hydraulic regime due to the new culvert 

especially in the areas in direct proximity of the structure. 

The main geomorphologic features surveyed include the mudbank and the 

pickleweed edge north, in front and south of the foresight, and the mudbank to the north 

where the N-S tidal channel curves to the west. 

Over the survey period all these areas changed significantly: while most of the 

mudbank in the channel in front of the foresight experienced significant accretion, the 

mudbank in the northern part of the channel experienced erosion (Figure 24, Table 15). 

AZEVEDO	  LANDING	  

The site surveyed at Azevedo Landing is located on the wooden pier on a secondary 

tidal creek off the main channel (Figure 25). The foresight is on the actual structure of 
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the pier while the backsight is a metal rod on top of the hill just to the east of it (Figure 

24). Backsight residuals show that the two surveys carried out on July and October 

2011 were accurately repeated (Table 14). The surveyed areas are two mudbanks to 

the north and the east of the foresight, respectively. Both mudbanks have been eroding 

during the 4 months between the surveys (Table 15; Figure 25), and the most significant 

erosion occurred in the south-east mudbank. 

 

 

Conclusions	  

The main observation that can be drawn by analyzing the TLS data reported is that 

all surveyed sites have experienced erosion during the study period including the 

surveys that were conducted before the beginning of this study. All sites but one 

(Portrero Rd.) have experienced net erosion. Evidence of sediment accumulation is only 

minor and geomorphologic features showing accumulation occur mainly in the mudflat 

at Potrero Rd. and on some of the mudbanks at North Azevedo. Both sites are 

somewhat unique compared to the rest of the surveyed sites and they are both close to 

major hydraulic features (culverts). The Potrero mudflat is located at the southern end of 

the OSR that still experiences unobstructed tidal inundation.  However, the restricted 

opening beneath the Potrero Rd. bridge may result in an eddying of tidal currents and 

increased sedimentation. (Figure 3). North Azevedo is near a recently modified culvert 

and is likely experiencing accumulation from sediments derived from the pond just east 

of the culvert (Figure 23). 

All of the three main geomorphologic features investigated in Elkhorn Slough 

(mudflat, mudbank, pickleweed edge) have experienced erosion. Mudbanks displays 

the highest rates of erosion and the widest range of erosional rates (between 1.4 and 

93.3 mm/year) (Table 16; Figure 27). 

The most striking and rapid example of mudbank erosion is the mudbank west of the 

sill at Parsons Slough (erosion is 1.865 m/year). The rate of erosion at this site is two 

orders of magnitude higher than anywhere else in Elkhorn Slough and obviously it is the 

consequence of the emplacement of the sill at the mouth of Parsons Slough. 

Of all geomorphological features surveyed throughout Elkhorn Slough mudflats 

show the minimum amount of erosion and the narrowest range of erosional rates 
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(between 10.9 and 20.2 mm/year). 

Pickleweed edge (which has been monitored in fewer sites including Potrero and 

North Azevedo), is eroding at similar rates as the mudbanks (Table 16; Figure 27). 

For the sites having more than two repeated surveys (e.g Sandholdt, FS3, West 

Sill), tend lines can be interpolated through the survey data (e.g. Figure 5 and 9). The 

interpolations show that, whether it is accumulation or erosion, the trend of volume 

change recorded during repeated surveys is consistent trend throughout the survey 

period. 

We tested whether there is a correlation between the rates of accumulation or 

erosion for a specific geomorphologic feature and its elevation (either mean, maximum 

or minimum elevation) (Figure 28). Our data show that although there is a correlation 

between type of geomorphologic feature and erosional rates ((highest in mudbanks; 

Figure 27), erosion is not necessarily constrained by elevation, but rather by 

morphology. 
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Figures	  and	  Tables	  

Fig. 1: Overview of Elkhorn Slough showing the location of the surveyed sites 

Fig. 2: Main geomorphologic features surveyed at Elkhorn Slough. Point clouds were 

partitioned into 3 separate zones based on morphology (i.e. mudbank, mudflat, and 

pickleweed edge) and compared using unique planes of reference. 

Fig. 3: Fore- back-sight and surveyed area at Potrero Rd. 

Fig. 4: Fore- back-sight and surveyed area at Sandholdt. 

Fig. 5: Plot showing mainly accretion through time on the mudflat at Potrero. 

Fig. 6a,b: GIS maps showing accretion at Potrero 

Fig. 7: GIS maps showing accumulation at Potrero 

Fig. 8: Cross sections showing accumulation at Potrero (see Figure 7 for location) 

Fig. 9: GIS map showing erosion at Sandholdt (June vs. December, 2008) 

Fig. 10: GIS map showing erosion at Sandholdt (December 2008 vs. December, 

2011) 

Fig. 11: Example of mudflat erosion at Sandholdt 

Fig. 12: Geodetic framework for Yampah and surveyed area. 

Fig. 13: GIS of TLS DEM at Yampah; b) trends in pickleweed edge bottom 

elevations 

Fig. 14: Comparison Lidar minimum 2009 vs. TLS at Yampah Marsh. 

Fig. 15: Map showing surveyed areas at Parsons Slough. 

Fig. 16: Location map for East Sill. 

Fig. 17: photos/hillshade showing erosion of the mudbank at West Sill. 

Fig. 18: a) Location of surveyed mudbanks at East Sill; b) Example of mudbank 

erosion at East Sill. 

Fig. 19: Example of mudbank erosion at the Parsons Slough overlook sites. 

Fig. 20: Fore- back-sight and surveyed area at Hummingbird. 

Fig. 21: Examples of geomorphologic change at Hummingbird. 

Fig. 22: Fore- back-sight and surveyed area at Kirby. 

Fig. 23: Fore- back-sight and surveyed area at North Azevedo. 

Fig. 24: Geomorphologic change at North Azevedo, pictures and hillshades. 

Fig. 25: Fore- back-sight and surveyed area at Azevedo Landing. 

Fig. 26: Geomorphologic change at Azevedo Landing, pictures and hillshades. 
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Fig. 27: Summary plots showing rates of geomorphologic change for the different 

sites/features surveyed at Elkhorn Slough (see Tab. 16 for data). 

Fig. 28: Plot showing the relationships between rates of accumulation or erosion for 

a specific geomorphologic feature and its elevation. 

 

Tab. 1: Location, survey interval, types of environments and areas covered by the 

TLS survey data presented in this report 

Tab. 2: List of benchmarks and benchmark coordinates used for the TLS surveys. 

Tab. 3: List of benchmarks and benchmark coordinates used for the TLS surveys for 

Yampah Marsh. 

Tab. 4: Backsight residuals for Potrero Rd. 

Tab. 5: Volume calculations for Potrero Rd. 

Tab. 6: Backsight residuals for Sandholdt. 

Tab. 7: Volume calculations for Sandholdt. 

Tab. 9: Volume change at West and East Sill. 

Tab. 10: Backsight residuals for the Parsons Slough sites including: West Sill, East 

Sill, and FS1, FS2 and FS3. 

Tab. 11: Volume changes at Parsons Slough Outlook trail (FS1, FS2 and FS3). 

Tab. 12: Backsight residuals for Kirby and Hummingbird. 

Tab. 13: Volume changes at Kirby and Hummingbird  

Tab. 14: Backsight residuals for North Azevedo and Azevedo Landing  

Tab. 15: volume changes at North Azevedo and Azevedo Landing 

Tab16: Summary table comparing the rate of volume and linear change for the three 

main geomorphologic features collected in the different sites surveyed at Elkhorn 

Slough. 
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