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Executive Summary: 

 

The vast majority of the world’s coastlines are rocky, with California’s coastline being no 
exception. These coastline types, and more specifically the California coast, exhibit a number of 
diverse morphologies including wide sandy beaches, pocket coves, and plunging cliffs. Another, 
less studied coastal feature found in these environments are sea stacks, remnants of former 
headlands separated from the coast through erosional processes. 
 
Several mechanisms have been proposed to explain the formation of sea stacks, including 
subaerial erosion, differential rates of erosion by rock type, and hydraulic compression. Limber 
and Murray (2015) examined another potential mechanism associated with coastal evolution, 
modeling abrasion-driven preferential erosion. In their models they found that under low 
sediment availability conditions, headland flanks were eroded away faster than the seaward 
heads, eventually evolving into sea stacks. Looking for observational evidence of their proposed 
mechanism, they documented the frequency of sea stacks along two distinct stretches of the 
California coast, one with high sediment availability and one with low. They recorded a higher 
number of sea stacks in the low sediment availability sample than in the high sediment 
availability area, results consistent with model predictions. 
 
Seeking to further test these predictions, I expanded the search area from discrete coast lengths to 
entire littoral cells (designated compartments used for sediment budget analysis) over the length 
of the State. Employing the same methods regarding source photography and designation 
criteria, I counted sea stacks and related coastal features (sea stumps and sea arches) for 10 cells, 
as well as recorded their specific geographic coordinates. I used sediment budget data from a 
2006 report for California’s Coastal Sediment Management Workgroup, combining fluvial and 
cliff/bluff sediment inputs and designating this as the available sediment supply. Finally, I also 
designated an approximate distance for each feature (sea stacks and sea stumps combined) from 
the northern border of their respective littoral cell, because sediment supply accumulates moving 
south within each cell. 
 
The emergent inverse relationship between sea stack frequency and available sediment seen in 
the model barely registered when viewed on a littoral cell scale. However, recognizing the 
additive nature of available sediment in littoral cell dynamics, a more localized approach was 
taken in which features within 5 or 10 km windows were binned together. Plotting feature 
density against localized sediment supply at these two finer spatial resolutions, the inverse 
relationship flagged in the models was more apparent. Comparing the two bin scales, results 
using the 10 km resolution exhibited the stronger relationship, both in terms of correlation 
coefficient and regression slope. 
 
Comparing my findings to those in the original paper, the sea stack frequency/sediment supply 
relationship predicted by the model appears strongest at the 10s of kilometers scale, suggesting 
that conditions controlling sea-stack formation vary on scales larger than 5 kilometers. 
Examining this relationship on a cell by cell basis, there is also evidence of a stronger 
relationship within each cell than our regression, which lumps all the data together, shows. 
Conditions such as rock type might vary between different cells, tending to obscure the 



 - 2 - 

relationship when the data is analyzed as a whole. In addition, other processes, either in addition 
to abrasion or instead of it, might be important, including joint and fractures, or local 
heterogeneities in rock strengths. Additionally, my modeling of littoral cells assumes sediment 
supply accumulates monotonically and linearly along their length, both conditions that we know 
to be oversimplifications for several littoral cells and possibly for the others. 
 
Future research in this area might continue to examine this relationship on the mesoscale, 
attempting to control for other erosional processes such as differences in rock strength and 
proximity to sediment sources/sinks. A greater understanding of sea stack formation will 
increase overall knowledge of erosional processes influencing California’s coast, and rocky 
coasts the world over. 
 
 
 
 
For additional information, contact bobaney13@gmail.com. 
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Introduction: 

 

 California and its coast are world-renowned. The mix of expansive sandy beaches, 

dramatic coastal vistas, and rugged cliffs forms an unrivaled coastline. This combination has 

helped shape the state’s identity, providing economic, spiritual, and recreational benefits to 

locals and tourists alike (NOAA, 2015). This environment also plays host to unique but poorly 

understood coastal features know as sea stacks. These features evolved from promontories where 

waves tunneled through headland’s landward bases forming arches, and these arches collapsed 

leaving standalone seaward buttresses i.e. sea stacks (Sunamura, 1992). 

 An earlier paper by Patrick Limber and A. Brad Murray in Earth Surface Processes and 

Landforms, “Sea stack formation and the role of abrasion on beach-mantled headlands”, explored 

a possible explanation for the formation of these unique features (Limber & Murray, 2015). 

Through coastline evolution models, they identified abrasion-driven preferential erosion as a 

mechanism of sea stack formation (Limber & Murray, 2015). In addition to modeling sea stack 

creation through preferential erosion under a number of wave field, cliff aspect and roundness, 

and cliff height settings, Limber and Murray also assessed observational evidence for this 

proposed mechanism in the field (Limber & Murray, 2015). They documented sea stack 

abundance along two limited lengths of the California coast as a test of their findings, and found 

results consistent with model predictions (Limber & Murray, 2015). This project expands on 

their initial observations, providing a more spatially comprehensive and extensive field test of 

their conclusions regarding sediment abrasion in sea stack formation. 

 

Background: 

 

 Sunamura defines a rocky coast as “a coast that is cliffed and yet composed of 

consolidated material irrespective of its hardness” (Sunamura, 1992). Under this definition, it is 

estimated that around 80% of the world’s coastline is rocky coast (Emery & Kuhn, 1982). 

California mirrors this global trend, with 72% (~1300 km) of its coastline identified as “actively 

eroding seacliffs” (Griggs et al., 2005). As a result, California’s coast is constantly changing. 

 Though sea cliff erosion is a unidirectional process, beaches constantly shrink and widen 

through erosion and aggregation, respectively (Sunamura, 1992). The movement of sediment in, 
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out, and throughout the system significantly influences the crenulated morphology associated 

with rocky coastlines. For instance, beach sediment both prevents or enhances sea cliff retreat 

depending on its abundance (Limber & Murray, 2011). In preventative instances, sufficient 

sediment exists to dampen or hamper waves from reaching and eroding the cliff toe (Limber & 

Murray, 2011). Enhanced erosion occurs when there is a minimal amount of fronting beach, 

where sediment combines with wave energy to create a more powerful scouring mixture (Limber 

& Murray, 2011). Such a scenario is more erosive than sea cliffs with no fronting beach at all 

which are directly exposed solely to wave erosion (Limber & Murray, 2011). 

 Extrapolating on this idea, Limber and Murray examined why certain rocky coasts stay 

crenulated and others evolve to form flat, smooth configurations (Limber & Murray, 2014). 

Modeling rocky coastlines on the scale of millennia, they found that headland relief decreases as 

sediment supply increases (Limber & Murray, 2014). In simple terms, as more sediment is either 

retained or added to the system, beaches will widen and expand to cover former promontories, 

reducing differential erosion rates that lead to undulating coastlines.  

 Returning to sea stacks, how these remnants of former headlands are generated remains 

disputed. Past studies have referenced a number of possible erosional processes, including 

hydraulic compression, weaknesses in rock joints, and subaerial erosion among others (Clark & 

Johnson, 1995; Shepard & Kuhn, 1982; Emery & Kuhn, 1982). In their 2015 study, Limber and 

Murray applied their theories of beach sediment-induced sea cliff abrasion to sea stack creation 

(Limber & Murray, 2015). Utilizing a combination of coastline evolution models, they 

demonstrated that in a sediment-limited system subject to a primarily symmetric wave climate, 

sea stacks form as headland flanks are preferentially eroded (Figure 1) (Limber & Murray, 

2015). In this scenario, wave eroded sediment from the headlands collects on the shoulder pocket 

beaches (YC) and edges up the promontories, tapering out eventually to zero i.e. no fronting 

beach (Limber & Murray, 2015). Somewhere along this thinning headland fronting beach the 

maximum abrasion intensity exists, where enhanced erosion occurs at its highest rate (Limber & 

Murray, 2015). The flanks of the headland are eroded at this point for both sides (preferential 

erosion notches), pinching continuously until a sea arch is created, which transforms into a sea 

stack upon the collapse of the landward bridge (Limber & Murray, 2015).  
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 These results, in addition to others from previously conducted tests, indicated a potential 

“inverse relationship between beach sediment supply and sea stack abundance, which suggests 

that rocky coasts with more sediment input may have fewer stacks” (Limber & Murray, 2015). 

This nascent theory was tested using observational data from two limited stretches of the 

California coast where sediment supply was reasonably well known (Limber & Murray, 2015). 

The researchers recorded an inverse relationship between sea stack abundance and sediment 

supply, finding lower numbers of sea stacks (0.02 stacks/km) in the higher sediment supply area, 

and higher numbers (0.88 stacks/km) in the lower one (Limber & Murray, 2015).   

 These stretches, although discrete, were only subsamples of larger coastal compartments 

and of the California coast as a whole. Known as littoral cells, these compartments are semi-

independent coastal segments with distinct sediment sources and geographic boundaries allowing 

for quantitative analysis (Hapke et al., 2006). Effectively, they provide a means of sediment 

accounting – inflow and outflow. Such accounting is important when considering the primarily 

southernly direction of alongshore sediment transport for California’s coast, with alongshore 

currents generated by North Pacific swell moving north to south through cells (Hapke et al., 

2006). For California, littoral cell boundaries are predominantly rocky headlands that block 

Figure 1. Plan-view schematic from Limber and Murray paper illustrating sea stack formation 
through landward erosion of a headland (Limber & Murray, 2015) 
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alongshore sediment transport, or submarine canyons that intercept this flow and carry sediment 

out of the system (Hapke et al., 2006). 

 As a result of such sediment sinks, California’s coastline is essentially a sediment-limited 

system. Given the semi-independent nature of littoral cells, any significant sediment input must 

occur within the cell boundaries from two primary sources: streams and rivers, and sea cliffs. 

Although proportional addition varies between cells, streams and rivers by and large are the main 

sources, providing anywhere between 70-90% littoral sediment (Patsch & Griggs, 2007; Runyan 

& Griggs, 2003). In their sand budget study, Patsch and Griggs pinned statewide fluvial inputs as 

87% of overall sediment contribution, and 90% for southern California (Santa Barbara cell and 

down) (Patsch & Griggs, 2007). Coastal cliffs are the second largest sediment source but provide 

far less on average, with the Oceanside littoral cell near San Diego a notable exception (Hapke et 

al., 2006; Runyan & Griggs, 2003). Damming of coastal rivers and streams and sea cliff 

armoring have further reduced already limited sediment additions (Griggs et al., 2005). 

 Against this backdrop, the value of accurate littoral cell sediment budgeting is apparent. 

Relying on previously established boundaries, Patsch and Griggs quantified the total annual sand 

supply and loss for 10 of California’s 25 littoral cells (Patsch & Griggs, 2006). Compiling these 

values is not easy and without controversy however, with disagreements ranging from the littoral 

cell boundaries to annual drift rate to the episodic nature of sediment loading events (i.e. El Niño 

vs. La Niña years) to name a few (Patsch & Griggs, 2007). Patsch and Griggs highlight cross-

shore sediment transport, the movement of sediment off- or onshore in between a cell’s 

boundaries, as a significant source/sink mechanism that is poorly understood (Patsch & Griggs, 

2007). Of primary concern is total sand supply, with sediment input comparable to revenue in 

budgetary terms. 

  Sediment input is used as an indicator of sediment supply primarily based on the idea of 

embayment filling explored in earlier research (Limber & Murray, 2011; Limber et al., 2014). In 

simple terms, if a coastline had a number of crenulations and potential catches for sand, available 

sediment would fill up these embayments until they reached an equilibrium and inflow equaled 

outflow. One of the primary reasons why sea stacks are hypothesized to occur in rocky coastline 

areas (i.e. littoral cell heads) is the lack of adequate sand to protect embayment cliffs from wave-

assisted abrasion erosion (Limber & Murray, 2015). A helpful analogy is the idea of a bucket 

dotted with holes of differing diameter, starting smaller at the bottom and growing progressively 
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larger near the top. Pouring sand in, only a small amount escapes at the bottom but more starts to 

flow out as the bucket gets increasingly full. Eventually an equilibrium is reached where sand in 

is equal to sand out – the bucket (i.e. the coastline) is no longer aggregating sand. Limber and 

Murray modeled this and found that increasing sediment supply (via input) reduces the 

occurrence of prominent headlands, effectively reducing those areas subject to abrasion-sea stack 

forming processes (Limber et al., 2014; Limber & Murray, 2014). 

 

Methods: 

 

 To extend the sea stack formation work previously conducted by Limber and Murray, I 

sought to replicate the data collection process as consistently as possible. This began with the use 

of the same online digital photograph archive, the California Coastal Records Project (CCRP), 

which captures the California coast in a continuous series of low-altitude oblique aerial photos 

(Limber & Murray, 2015). Since the original counts were made using the 2013 collection of 

images, I relied primarily on this series, and when needed (i.e. seaward features not included, 

geographic gaps in data sets, uncertainty regarding designation) occasionally on past albums; 

never on post-2013 photos. 

 In examining these photos, I focused primarily on sea stacks. However, the California 

coastline is peppered with a number of sea stack-related features worth documenting, specifically 

sea stumps (former sea stacks) and sea arches (potential future sea stacks). For the sake of 

completeness, I employed an inclusive method of observing and recording. However, with this 

also came a great deal of subjectivity in feature designation, specifically concerning sea stacks 

and sea stumps. 

 Consulting with the authors on their methods of sea stack designation, I attempted to 

apply similar criteria to feature assignment. Beginning with the same length of Santa Barbara 

coast surveyed in the original study, I looked through the selection of CCRP photos and 

identified the same single sea stack Limber and Murray designated (Limber & Murray, 2015). 

Any other coastal feature sighted therein was designated as either a sea stump or sea arch. 

Starting with this stretch of coast within the Santa Barbara littoral cell effectively trained my eye 

to distinguish between features, most importantly the distinction between sea stacks and sea 

stumps. For these, the most striking difference is height out of the water. An easy visual cue was 
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white staining from bird guano, a sign that the highest reaches of the rocks were safe from tidal 

action. 

 When a coastal feature was flagged in the CCRP photos, the information was entered into 

a feature class in ArcGIS Pro. Three point feature classes were created for each feature of 

interest: sea stacks, sea stumps, and sea arches. Using Google Maps, an approximate longitude 

and latitude for each feature was determined and used to locate the new point feature in 

geographic space. Doing so related said features to a specific reach of coastline in their particular 

littoral cell. 

  

 

 Using the boundaries designated by Habel and Armstrong in 1978, Melanie Coyne with 

the California Coastal Commission digitalized California’s 25 cells into a File Geodatabase 

Feature Class available through ArcGIS’s online portal (CSMW, 2005; Patsch & Griggs, 2006). 

Also included was information concerning sediment budgets for each cell, with 10 cells 

Figure 2. Map of the 10 California littoral cells analyzed 
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particularly well-documented (CSMW, 2005). These numbers were confirmed and updated using 

the original tables, specifically focusing on sediment input via fluvial and cliff erosion processes 

(Patsch & Griggs, 2006). With cell boundaries identified, I then processed the CCRP photos for 

each of the 10 littoral cells of interest (Eureka, Santa Cruz, South Monterey Bay, Santa Barbara, 

Santa Monica, San Pedro, Laguna, Oceanside, Mission Bay, and Silver Strand) (Figure 2) 

(Patsch & Griggs, 2006). The only cell boundary extension was made for the Eureka cell, with 

the northern extent increased slightly to the dominant headland of Trinidad Head. 

 The California coastline length was derived from several California geographic 

information systems (GIS) sources. The primary coastline was a polyline shapefile created in 

1994 by the California Department of Fish and Wildlife depicting the coastline at mean high tide 

(California Department of Fish and Wildlife, 1994). Since the coastline included both offshore 

and inshore features, in addition to the primary shoreline, some clipping and buffering was 

required to produce the desired stretch. A buffer file was created using a polygon of California’s 

state waters jurisdiction, providing a seaward boundary for reference (California Department of 

Fish and Wildlife, 2018). The buffer was 100 m wide, 50 m on each side to capture the majority 

of the active coastline and exclude any inshore features that might incidentally increase the total 

shoreline length. Once complete, the intersection between derived coastline and each littoral cell 

was performed and the geodesic length calculated, enabling the calculation of sea stacks per 

kilometer.  

 Additional analysis was performed determining where in the littoral cell features of 

interest (combined sea stacks and sea stumps) occurred. Since sea stumps are likely indications 

of former sea stacks, aggregating them with current sea stacks provides a more robust catalogue 

to identify coastal trends, as well as removes any subjectivity as far as sea stack/sea stump 

categorization goes (Limber, 2012). Working under the general premise that littoral cell sediment 

supply is additive, the rate of alongshore sediment transport (i.e. sediment input to local beaches) 

should increase the further south along the coastline you travel (Patsch & Griggs, 2007). A point 

near the northern beginning of a littoral cell should thus have a lower amount of available 

sediment supply moving into to it than a point near the southern end. Dividing each littoral cell 

into an arbitrary unit allows for an estimation of a feature’s (𝑛) localized sediment supply 

(𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡()*+(,-./)  using distance from the northern beginning, denoted by 
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𝑑𝑖𝑠𝑡. 𝑓𝑟𝑜𝑚	𝑐𝑒𝑙𝑙	𝑠𝑡𝑎𝑟𝑡, as a fraction of total cell length (𝑡𝑜𝑡𝑎𝑙	𝑐𝑒𝑙𝑙	𝑙𝑒𝑛𝑔𝑡ℎ). For localized 

sediment supply of point n, the equation is: 

𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡()*+(,-./(𝑛) = 𝑐𝑒𝑙𝑙	𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡	𝑠𝑢𝑝𝑝𝑙𝑦 × A
𝑑𝑖𝑠𝑡. 𝑓𝑟𝑜𝑚	𝑐𝑒𝑙𝑙	𝑠𝑡𝑎𝑟𝑡
𝑡𝑜𝑡𝑎𝑙	𝑐𝑒𝑙𝑙	𝑙𝑒𝑛𝑔𝑡ℎ B 

Points 5 m apart were generated along littoral coast lengths. A table of the combined coastal 

features proximal to the nearest 5 m point was generated, associating coastline length distance 

with each point. For instance, a feature associated with a point 200 units down from the littoral 

cell beginning would be designated as 1 km south of the start (5 m x 200 = 1000 m = 1 km). 

With this measurement, I calculated the approximate distance down drift for each combined 

feature from its respective littoral cell’s northern beginning. These feature distances were 

generated for all relevant littoral cells. With these derived distances, I generated localized 

sediment values using the above formula, producing a more distinct and varied dataset of 

combined coastal features. 

 

Results: 

 

 Documented location and numbers of sea stacks and sea stumps aligned with previous 

studies, with combined feature counts in apparent agreement when compared over equivalent 

spatial areas (Table 1) (Limber, 2012).  

 

 

Littoral Cell Sea Stacks Sea Stumps Combined Coastal Features Length of Cell (km) 
Eureka 11 28 39 71.50 
Santa Cruz 39 240 279 150.88 
South Monterey Bay 3 33 36 38.13 
Santa Barbara 17 49 66 249.22 
Santa Monica 11 77 88 96.37 
San Pedro 0 9 9 45.02 
Laguna 7 65 72 25.99 
Oceanside 1 12 13 89.64 
Mission Bay 10 27 37 25.99 
Silver Strand 0 0 0 22.72 

Table 1. Observed and recorded information for the 10 littoral cells  
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 Initial results for sea stack frequency per kilometer versus littoral sediment supply (using 

totals for each cell) were mixed, with the inverse relationship hinted at in the earlier study barely 

registering. Plotting the derived sea stacks per kilometer of coastline for each littoral cell against 

the known sediment supply from Patsch and Griggs study, no discernable pattern was visible 

(Patsch & Griggs, 2006). A line of best fit was added displaying a negative slope, indicating an 

inverse relationship. However, the R2 value was barely above zero (0.003), indicating little to no 

explanation of variance. 

Figure 3. Mapped sea stacks 
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 Returning to the premise of increasing sediment supply as one moves further along a 

littoral stretch, exploring the relationship between coastal features and sediment supply through a 

more localized approach seemed appropriate. Examining the mapped sea stacks (Figure 3), sea 

Figure 4. Mapped combined coastal features (sea stacks and sea stumps) 
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stumps, and combined features (Figure 4), a pattern was discernable. For these littoral cells, 

features were concentrated primarily near the updrift (northern) boundaries of the cells, and at 

other cell sharp outcroppings such as Points (see Point Año Nuevo, Santa Cruz cell; Point 

Conception, Santa Barbara cell; Point Dume, Santa Monica cell), indicating the influence of 

some intracell mechanism. Additionally, the sediment supply for each cell is additive, starting at 

zero at its northern boundary and increasing down the coast, achieving its final total at its 

southern end (Hapke et al., 2006; Patsch & Griggs, 2007). And finally, cell length varies 

significantly throughout the State, with the longest cell around 250 km and the shortest 23 km. 

These longer and larger cells have a greater likelihood of accumulating sediment based solely on 

their active reach, regardless of coastal processes. 

 To better explore this intracell variability and reduce potential geographic bias, features 

along with their calculated localized sediment supply were then binned into two finer spatial 

resolutions, 5 km (Figure 5) and 10 km (Figure 6). Moving north to south, features that fell 

Figure 5. Five kilometer resolution scatterplot of combined coastal features for each littoral cell vs. 
calculated localized sediment supply 
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within each window (5 or 10 km wide) were combined allowing for both a 5 km and 10 km 

review of coastal features versus sediment supply. 

 Examining coastal features in this fashion, a more nuanced picture of the inverse 

relationship between them and sediment supply emerges. For the 5 km localized binning, we saw 

a more distinct inverse relationship than with sea stacks over the entirety of the cell (steeper 

slope of -39411 vs. -3222.7, respectively). The derived R2 value was also higher (0.056), 

explaining more of the variance but not necessarily a substantial amount. The 10 km bin, on the 

other hand, best matched the predicted inverse relationship. Its line of best fit had the steepest 

slope (m = -110269) and explained the greatest amount of variance of the three (R2 = 0.137). 

  

Discussion: 

 

 Expanding on the earlier work by Limber and Murray, there does appear to be some 

relationship between coastal features and littoral sediment supply (Limber & Murray, 2015). 

Figure 6. Ten kilometer resolution scatterplot of combined coastal features for each littoral cell vs. 
calculated localized sediment supply 
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This relationship is even more pronounced when littoral cells are further dissected into localized 

segments. Incorporating the simplified theory of sediment supply addition over the entire length 

of the littoral cell better emulates the coastal processes taking place, allowing the coastal feature-

sediment supply relationship to surface. 

 For both 5 km and 10 km binned feature groups, the inverse relationship between coastal 

feature frequency and sediment supply was observed. This approach better aligned with the 

earlier findings of Limber and Murray along Santa Cruz and Santa Barbara coastal stretches 

(Limber & Murray, 2015). Although these two initial surveys (Santa Cruz, 35 km; Santa 

Barbara, 55 km) were larger than the localized bins, they were far smaller than their respective 

littoral cells (Limber & Murray, 2015). And the finding that the 10 km bin produced a stronger 

correlation between coastal feature frequency and sediment supply than the 5 km method 

indicates that conditions affecting the formation process vary over at least the 10 km scale. 

Additionally, both 10 km and 5 km bins that contained the highest number of coastal features 

were predominately located in the northern reaches of littoral cells. Examining these bin 

scatterplots (Figures 5 & 6), it is not surprising then that those locations with higher coastal 

features per kilometer are associated with low sediment supply given applied theories of littoral 

cells and alongshore transport. 

  A potential concern is reliance on sediment input as a proxy for sediment supply. 

Although sediment budgeting accuracy has improved over the years, there is still much to be 

desired (Patsch & Griggs, 2007). Cross-shore exchange is extremely difficult to determine, 

sometimes acting as a sink for littoral cell sediment while in other cases acting as significant 

sources (Patsch and Griggs, 2007). With such limited understanding of a potential fundamental 

process in a littoral cell’s sediment budget, sediment input may be either an under or over 

estimate of the true active sediment supply (Patsch & Griggs, 2007). Patsch and Griggs even 

identify three littoral cells (Eureka, Southern Monterey Bay, and Santa Barbara) where this 

cross-shore loss is occurring to some indeterminate degree (Patsch & Griggs, 2007). The 

removal of significant amounts of sediment from alongshore currents undermines the assumption 

that areas down drift have higher levels of available sand. Similarly, the localized additive model 

applied here is linear, assuming an identical sediment amount increase per distance unit down 

shore. We know this is not the case, with the majority of littoral cell sediment influxes occurring 

at distinct locations, primarily stream and river outflows (Patsch & Griggs, 2007). 
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 Although there is evidence that preferential abrasion is responsible for sea stacks, we 

cannot rule out other erosional processes or possible combined effects given the relatively low 

correlation observed at all scales (5 km, 10 km, entire littoral cells). A process either poorly 

reflected or not at all in this study involves local differences in rock strength (Hapke & Reid, 

2007). The same tectonic interactions that produced California’s cliffed coastline also resulted in 

heterogenous rock combinations of differing strengths over small spatial scales (Hapke & Reid, 

2007). This juxtaposition of rock weaknesses produces substantial variation in cliff erosion rates, 

conditions potentially resulting in sea stacks (Hapke & Reid, 2007). When examined from the 

scale of littoral cells, such lithologic differences might be averaged out. But these same 

differences may emerge when studied at higher resolutions on the scale of 10 to 50 km, 

conflating cliff erosion rate differences with preferential abrasion erosion. Additionally, 

California’s seismic activity has resulted in numerous fractures and joints in coastal rock 

formations (Hapke & Reid, 2007). Such fractures are vulnerable to hydraulic compression, 

which preferentially erodes cliffs forming sea caves, which can evolve into sea stacks (Clark & 

Johnson, 1995). Given the stronger coastal feature frequency/sediment supply signal observed at 

mesoscales, both in the original study and the 10 km bin, we cannot necessarily rule out these 

other cliff-forming processes known to act on similar scales as also influencing sea stack 

formation. 

 Further examining the 10 km binned data, the inverse relationship between coastal 

feature frequency and sediment supply appears stronger when each cell is examined individually. 

A majority of the cells (Eureka, Santa Cruz, Santa Barbara, Santa Monica, Laguna, and Mission 

Bay) all exhibit inverse relationships, although the positions and shape of the implied curves 

varies. Despite their small sample sizes precluding us from assigning any statistical significance, 

these plots further indicate a strong, possibly even non-linear, correlation between sea stacks and 

sediment supply. For each of the cells listed above, a polynomial curve actually describes the 

data better than a linear line of best fit. These observations suggest: 1) the relationship between 

coastal feature density and sediment supply might be stronger than our regression demonstrates, 

and 2) other variables might be different between cells, such as average rock type within each 

cell or wave action. To the first point, these curves indicate a more intensive interaction, with 

sediment supply falling off dramatically as sea stack frequency begins to tick up. The second 
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issue raised potentially lends itself to further study, possibly controlling for one or multiple 

conceivably influential variables. 

 Expanding the observation for evidence of the sea stack-formation mechanism described 

by Limber and Murray, my findings give credence to a possible mechanism at work. Despite no 

control over confounding variables such as different wave actions, rock strengths, subaerial 

erosion, and shoreline infrastructure, there is strong indication that sea stack frequency is 

inversely related to sediment supply. These conditions may produce low sediment availability for 

headlands, the modeled scenario Limber and Murray found most conducive to sea stack 

formation. Further research in this area should consider controlling for other variables, removing 

uncertainty and allowing for greater confidence in the abrasion-driven erosion hypothesis of sea 

stack formation. A greater understanding of sea stack formation will undoubtedly increase 

overall knowledge of erosional processes influencing California’s coast, and rocky coasts the 

world over. 
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