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EXECUTIVE SUMMARY 
The rocky intertidal is an iconic seascape of the California coast. Existing at the land-sea 
interface, the rocky intertidal is one of the most accessible and diverse habitats making it 
an extremely important resource for education, recreation, and harvest. They are 
particularly important to the coastal Indigenous Nations of California who have a deep 
cultural connection and inherent stewardship rights to their coast. Indigenous Nations 
have studied and observed the intertidal since time immemorial, passing on and adding to 
this wealth of traditional knowledge through the generations. They know the current state 
and the history of their specific intertidal systems better than anyone. As such, we are 
working in partnership with the Tolowa Dee-ni’ Nation on one of three study areas in this 
pilot project to combine expertise and implement a novel approach to the study of climate 
change impacts on the California rocky intertidal.   

 
As a highly productive ecosystem defined by strict ecological zonation due to biological 
and physical tolerances, the rocky intertidal is presumed to be particularly susceptible to 
global environmental change, especially sea level rise (SLR). However, it has long been 
assumed that the biological response of intertidal organisms to climate change will occur 
slowly over long periods of time that more or less mirror the long term trend of SLR. 
This study offers preliminary evidence that this may not be the case. 
 

In this collaborative study we use large-area imaging to create 3-dimensional (3D) habitat 
maps and digital elevation models of the rocky intertidal at three sites: Pyramid Point 
State Marine Conservation Area (PPSMCA); Cabrillo National Monument (CNM); and 
Scripps Coastal Reserve (SCR), which bookend the southernmost and northernmost tidal 
regimes of the state. These products are used to describe the change in mean tidal 
elevation of invertebrate and algal community structure from 2017-2018 at one of the 
sites (SCR).  We then use high-resolution sea level and significant wave height data to 
determine potential associations between zonation variability and short-term 
oceanographic conditions.   
 

The Tribal Intertidal Digital Ecological Survey (TIDES) project is a product of 
collaboration between Scripps Institution of Oceanography faculty and students and the 
Natural Resources Department of the Tolowa Dee-ni’ Nation. Over time, this partnership 
will build overall capacity for adaptive coastal management by combining traditional 
knowledge of historically observed patterns in intertidal communities with advanced 
imaging/mapping techniques that maximize data acquisition in the field. This project and 
the foundational partnership and guidance of the Tolowa Dee-ni’ Nation establishes the 
framework for diverse coastal communities and managers to implement high-resolution 
large-area imaging of rocky intertidal habitats. This collaborative approach can better 
inform future changes associated with SLR while creating a digital archive to address a 
wide range of future research questions as they arise, including areas of interest such as 
population dynamics of culturally important species. 
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PROJECT BACKGROUND  
Ø Vulnerability to Sea Level Rise 

The physical stress from tidal fluctuations in combination with intense intra- and 
interspecific competition results in strict biological zonation across the intertidal (Harley 
& Helmuth, 2003; Menge, 1976). As a result, these systems have been of particular 
interest to empirical and theoretical ecologists for decades (Dayton, 1971; Menge 1976), 
however, it also makes them vulnerable to changes associated with sea level rise (SLR).  
 

As SLR occurs, increased wave exposure is also predicted for a large fraction of 
California’s rocky intertidal (Vaselli et al. 2008), which may result in reduced habitat 
availability with increased vertical zonation and competition in communities of Mytilus 
californianus and Balanus glandula (Harley & Helmuth 2003; Helmuth et al., 2006). 
SLR and wave action effectively decrease emersion time, as well as desiccation and heat 
stress, altering the overall stress landscape of the habitat that cumulatively results in 
increased vertical zonation (Harley & Helmuth, 2003).  With rocky intertidal backed by 
cliffs comprising 80% of global oceanic coastline (Jackson & Mcilvenny, 2011), 
increasing vertical zonation will result in “coastal squeeze” as the vertical extent of the 
intertidal zone narrows resulting in an overall reduction in habitat availability (Emery & 
Kuhn, 1982; Doody, 2013). 
 

In fact, recent predictions of the impact of SLR have estimated between 27% and 57% 
percent habitat loss under scenarios of 0.3 and 2 meters mean sea level (MSL) increase, 
respectively (Vaselli et al., 2008; Jackson & Mcilvenny, 2011). Together, shifts in 
species’ vertical distribution and habitat loss may lead to increased competition for space 
and a restructuring of community composition (Helmuth et al., 2006). All of these 
conflating factors make it imperative to study these ecosystems at ecologically relevant 
scales within a historical context of climatic change.  
 

The Tribal Intertidal Digital Ecological Survey (TIDES) project brings together robust, 
large-scale imaging methodology with the longest-standing record keepers of rocky 
intertidal ecological change to confront the challenges of studying climate change 
impacts. As the TIDES project progresses, we plan to co-generate in-depth ecosystem-
level vulnerability assessments in partnership with interested Indigenous Nations along 
the California coast. This project contributes to the development of an integrated cross-
cultural approach to coastal resource management, and technological implementation that 
will improve coastal management decisions in the face of climate change. 

 
Ø Role of Indigenous Peoples In Conservation 

As stewards of the rocky intertidal with traditional knowledge on intertidal natural history 
and monitoring since time immemorial, Indigenous Nations have a vested interest in the 
protection and preservation of coastal ecosystems. This comes from a deep connection to 
place, relationship to tribal identity, reliance on specific species and habitats for 
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subsistence, ceremonial and other customary uses tied very intimately to specific places 
and spaces on both land and sea. Traditional knowledge is defined in academic literature 
as an ever evolving body of scientific knowledge passed through generations by cultural 
transmission, adapting over time as a result of continuous development by Indigenous 
Peoples living in, observing, and increasing understanding of their local environment – it 
is in part, adaptive resource management (Van Pelt et al., 2017; Berkes 1999; Berkes et 
al. 2000). 
 

Tribal citizens who continue the traditional stewardship and sustainable use practices have an 
intimate understanding of coastal and marine ecosystems built from millennia of practical 
application of traditional knowledge as adaptive management (Van Pelt et al., 2017).  It is no 
coincidence that while only 22% of the world’s land surface is currently within territories 
held by Indigenous Peoples, these areas account for over 80% of global biodiversity 
(Sobrevila, 2008). Indigenous nations in California have each developed a unique 
expertise as resource managers with inherent rights and responsibility to their ancestral 
lands and waters (Van Pelt et al., 2017).  

 
Traditional knowledge is increasingly recognized outside of Indigenous communities for 
its ability to inform conservation policy and resource management (Ramos et al. 2016; 
Stephenson et al., 2014; Jones et al. 2010; Jollands and Harmsworth 2007; Cirone 2005; 
Lazrus and Sepez 2005; McIntosh 2005; Hunn et al. 2003). Tribal governments and citizens 
utilize both traditional knowledge systems and academic science to inform their resource 
management decisions (Van Pelt et al., 2017). For all of the above reasons, it is imperative 
that Indigenous Nations have an integral role in the collection and analysis of data related to 
coastal resource management used to inform habitat and species health, as well as policy 
decisions.  

 

In the face of climate change, Indigenous communities like the Tolowa Dee-ni’ Nation 
are utilizing advancements in conservation technology along with traditional knowledge 
to acquire the most robust scientific data to develop the best possible conservation and 
management approaches (Van Pelt, et. al 2017; Foale, 2006; Gearheard, et. al 2011). The 
TIDES project was specifically designed in partnership with the Tolowa Dee-ni’ Nation 
to create a knowledge exchange between one of the premier oceanographic institutions in 
the world and an Indigenous Nation.  The combined expertise within this partnership 
framework will guide the TIDES project toward the ultimate goal of providing advanced 
analysis and decision support tools for the conservation of intertidal ecosystems in 
partnership with Tribal Nations. 
 

Ø The Tolowa Dee-ni’ Nation and TIDES 
Currently headquartered in the Smith River region of Northern California, the Tolowa 
Dee-ni’ Nation have been stewards of their coastline and marine environments since time 
immemorial and continue to implement traditional conservation measures to ensure the 
health and longevity of the natural resources in their territory (Van Pelt, et. al 2017). 
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Tolowa Dee-ni’ ancestral territory extends from Wilson Creek north to the Sixes River in 
Oregon, and from the Applegate watershed in the Coastal Range out to the Pacific Ocean 
horizon (Fig. 1) (Tolowa Dee-ni’ Nation Constitution, 2015; Drucker 1937; Gould 1968; 
Hudson 1981).  

 
Fig. 1. Tolowa Dee-ni’ Nation ancestral territory, Taa-laa-waa-dvn the Dee-ni’ homelands. Image from the 
Tolowa Dee-ni' Nation.  

 
The Tolowa Dee-ni’ have survived a long history of continued displacement, genocide, 
and systematic discrimination within their homelands (Tolowa Dee-ni’ 2018). Today the 
Tolowa Dee-ni’ Nation is a self-governing sovereign Tribal nation with over 1,700 
citizens and seven elected Tribal Council representatives (Tolowa Dee-ni’ Nation 2018).  
Over nine hundred acres of Tribal trust or fee land are held by the Tolowa Dee-ni’ 
Nation; the only Tribe of California with federal trust land in the ocean (Van Pelt et al., 
2017).  

 
The Tolowa Dee-ni’ Nation have an intimate connection with the ocean, and continue to 
utilize ocean resources for ceremonial, sustenance, recreational, and cultural purposes 
(Van Pelt et al., 2017; Tolowa Dee-ni’ Nation 2018). Within the rocky intertidal, 
resources that are harvested via traditional stewardship practices include: abalone 
(Haliotis spp.), mussels (Mytilus californianus), and seaweed (Porphyra spp.) among many 
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others. The Tolowa Dee-ni’ Nation have been actively involved in both traditional and 
scientific intertidal monitoring in order to sustainably manage their coastal resources.  

 

Within the Natural Resources Department, the Tribe has a Marine Program. Staff gather 
traditional knowledge and scientific data, as well as engage the tribal citizens and leadership, 
to inform management of marine waters within ancestral territory, particularly near 
reservation lands. Now, as a foundational partner of the Tribal Intertidal Digital Ecological 
Survey (TIDES) project, the Natural Resources Department of the Tolowa Dee-ni’ Nation 
will be instrumental in the continued development and implementation of cutting edge 
conservation technology as it is initially applied to ecological monitoring of the California 
rocky intertidal.   

 

PROJECT RATIONALE 
Global climate change, like sea level rise (SLR) pose a significant threat to marine 
ecosystems, making rigorous and long-term monitoring programs essential to better 
inform adaptive coastal management plans. Specifically, there is a need to evaluate the 
current state of rocky intertidal ecosystems and assess how projected SLR will impact 
these important communities. Large-area imaging approaches are increasingly being used 
in subtidal systems to assess community composition, spatial structure and change over 
time due to their advantages over conventional in situ surveys (Edwards et al., 2017; 
Ferrari, 2016). Large-area imaging methods provide ecologically relevant scales of 
analysis, which exponentially increases the possible sample sizes and therefore 
robustness of the surveys. This approach also creates a data archive in perpetuity that 
enables exact study replication and posterity for future research. Despite these benefits 
and relative implementation simplicity, large-area imaging approaches have yet to be 
widely integrated into intertidal research  (Murfitt, 2017).  

 
This project provides previously unavailable information on rocky intertidal habitat 
vulnerability to sea level fluctuation. The entire intertidal extent is only available for 
rigorous study during extreme spring tides, which occur for a limited number of hours on 
a few days per year. The low-cost and easily transferrable methodology utilized here 
captures large-areas (100’s of square meters) of intertidal habitat in extreme detail (sub-
cm) compared to conventional transect and small-scale quadrat methods. 

 
This study serves in part to provide proof of concept for the robustness of the application, 
and transferability of this large-area imaging approach to intertidal ecology. Additionally, 
this project develops an approach and workflow for intertidal research that can be used to 
investigate a wide range of research questions by any number of stakeholders within and 
outside conventional academia. We have specifically partnered with the Tolowa Dee-ni’ 
Nation in the creation of the TIDES project in order to establish a framework for 
Indigenous Nations to implement this methodology in managing their intertidal 
resources. The TIDES project is a product of this capstone, and with guidance from the 
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Tolowa Dee-ni’ Nation will continue to expand to additional sites along the California 
coastline in the coming years.  

  
Ø Specific Project Objectives & Outcomes 

This project was designed to accomplish the following: 
1. Characterize the current structure of rocky intertidal communities at these 

locations (e.g., percent cover, numerical abundance and densities);  
2. Determine if habitat availability and community structure fluctuates on short-term 

(annual) time scales; 
3. Identify if these potential short-term changes in zonation and community 

composition correspond to fluctuations in sea level and wave action trends in the 
same period;  

4. Develop a transferable method for collection, processing and analysis of large 
area imaging for rocky intertidal habitats that can be replicated by local 
communities at additional locations; 

5. Establish an equal partnership with the Tolowa Dee-ni’ Nation; 
6. Hold training sessions to replicate the methodology in partnership with the 

Tolowa Dee-ni’ Nation; 
7. Establish two temporary survey sites with the Tolowa Dee-ni’ Nation to test the 

implementation of the method in the Northern California intertidal environment; 
8. Construct 3D models of the rocky intertidal at six survey sites in Northern and 

Southern California for visualization purposes and to be used in public outreach. 

 
First, we resampled survey sites established by the Smith Lab in 2017 at Scripps Coastal 
Reserve (SCR) and Cabrillo National Monument (CNM).  We replicated the 3D models 
of the four San Diego survey locations, which provide compelling visualizations of short-
term ecological variability within the intertidal. We then completed a point count analysis 
of community composition and mean tidal elevation in 2018 that is directly comparable 
to the same assessment completed in the previous year’s study. The results of this 
comparative analysis discussed below prove the utility of this methodological application 
for examining rapid biological response to annual sea level fluctuation at ecologically 
relevant scales.  

 
Once the concept of the method and transferability were established, we built a 
foundational partnership with the Tolowa Dee-ni’ Nation. While working with the 
Tolowa Dee-ni’ Nation in the Pyramid Point State Marine Conservation Area 
(PPSCMA), we were able to establish temporary survey sites for method transfer and 
analysis training purposes, and set up the framework for future project expansion. 

 
Reconstructed 3D models and derived 2D products enable in-depth visualization, data 
extraction and analysis of intertidal communities without the limitations of the tidal 
cycle. Besides generating important ecological data, the imaging techniques utilized here 
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provide an immersive visualization experience that puts the greatest possible level of 
information directly in the hands of community members, managers, and scientists for 
collaborative assessment.  
 

 
METHODS 

Ø Scripps Coastal Reserve & Cabrillo National Monument 
In December 2016 and January 2017 one 
survey site was established at Scripps Coastal 
Reserve (SCR) and three at Cabrillo National 
Monument (CNM) (Fig. 2). These sites were 
established chosen by the Smith Lab due to 
their alignment with long-term ecological 
monitoring programs operated by the Multi-
Agency Rocky Intertidal Network (MARINe, 
2018). As areas of high ecological 
importance, SCR and CNM are designated 
marine protected areas (MPAs) under the 
Marine Life Protection Act (MLPA) of 
California. In both the 2017 and 2018. tidal 
levels of at least -0.3m were targeted for 
surveying.  

Both sites are also of high social, educational, 
and economic value as highly visited tourist 
destinations. CNM in particular receives over 
215,000 annual visitors (National Parks 
Service, 2018). While SCR is uniformly open 

access, the three survey sites at CNM cover a 
gradient of accessibility and resultant visitation impact. As illustrated in Figure 2, CNM 
Zone 1 and corresponding survey site is open access and highly impacted. Zone 2 is 
publicly accessible but the natural topographic characteristics of the area make it more 
physically strenuous, and so the area is less frequently visited and less impacted as a 
result. Zone 3 is not publicly accessible and so the least impacted by trampling effects 
(Huff, 2006; Roy, 2007). 

 
In 2017, the Smith Lab characterized the extent of these four sites using digital elevation 
models (DEMs) from a publicly available LiDAR dataset downloaded from the NOAA 
Office of Coastal Management. Resolution of this LiDAR data set is verified to be 50cm 
horizontal accuracy and 4.8cm vertical accuracy.  Data was downloaded with WGS1984 
and Mean Lower Low Water datums. Elevation data was then extracted using ArcGIS 
10.5 (ESRI 2016. ArcGIS Desktop: Release 10.5 Redlands, CA, USA). 
 

Fig. 2., Scripps Coastal Reserve and Cabrillo 
National
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For image collection and analysis, one plot of 
30.0m x 6.0m was established at each survey 
site running lengthwise across the elevation 
gradient and inclusive of representative 
vertical zonation within the rocky intertidal. 
Transect tapes were used to bound the 9.0m x 
33.0m image collection area according to 
corner markers set by predetermined GPS 
coordinates to provide a 1.5m buffer beyond 
the target survey plot. During 2018 survey 
replication, GPS coordinates were used to 
locate the position of corner markers, which 
are then visually confirmed using a 2D 
orthorectified planar image of the previous 
year’s plot extent. 
 

Images were collected by suspending a high-
resolution camera approximately 1.0m off the 
terrain by rope tension created by two 
surveyors standing at opposite sides (either 
lengthwise or widthwise) of the plot. The 

camera is passed back and forth between the surveyors across the plot creating a grid 
pattern of image collection (Fig. 3). To ensure sufficient area overlap, images were 
collected using a linear field of view with continuous image capture every 0.5 seconds 
yielding approximately 12,000 images per plot. Hand-held extra photos are then taken to 
capture any areas within the plot that the cross-section passes may have missed (i.e. 
particularly high rocks or large overhanging features) (Fig. 4).  

 

Six 50.0cm scale bars were placed within the survey plot where they are clearly imaged 
and visible in the final 3D model to provide exact spatial reference. Two of these scale 
bars were equipped with multi-directional levels to provide a leveling reference during 

Fig.	3,	Grid	pattern	of	image	collection.	

Fig.	4.,	Actual	camera	path	during	image	collection	of	2018	survey	at	SCR.	

5m	



K. Miller | 11 
 

model reconstruction. Ground control point (GCP) coordinates were collected at the four 
corner markers of the plot and all scale bars. 

 
Raw images were processed using commercially available Structure-from-Motion 
software Agisoft PhotoScan (Agisoft LLC 2014, St. Petersburg, Russia) to create 3D 
models of the intertidal at each study site. Using custom visualization and analytical 
software (Viscore) designed by collaborators at the UC San Diego Department of 
Engineering (Kuester lab), models were scaled and reconstruction error (< ±1mm) was 
assessed using markers of known dimension placed in the field of view and identified in 
imagery.  Viscore was used to generate accurate 2D orthorectified planar images (i.e. 
orthoprojections) directly from the 3D point cloud. Representative elevation values 
extracted from the LiDAR data set used in 2017 were inputted to 2018 model within 
Viscore in order to provide fixed vertical reference.  
 

In the 2018 SCR model, Viscore was used to generate 9530 stratified random points 
within a study boundary of 30m x 6m (Fig. 5 & 6) that was consistent with the previous 
year (compared to the 2017 analysis, which used 9595 stratified random points generated 
within ArcGIS 10.5 (ESRI 2016. ArcGIS Desktop: Release 10.5 Redlands, CA, USA). 
All 9530 points were identified to the highest taxonomic resolution possible, from which 
latitude, longitude, and elevation values were extracted in order to describe vertical 
zonation patterns.   

 
 

 

Fig.	5,	Scripps	Coastal	Reserve	2018	model	with	9530	stratified	random	points	generated	within	a	
30m	x	6m	study	boundary	using	Viscore	illustrated	in	pink	and	presented	in	aerial	view.	
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Seventeen functional groups of sessile benthic organisms (e.g., invertebrates and algae) 
were used in SCR analyses to ensure adequate sample size (Table 1). Mean tidal 
elevation values were calculated for the 17 functional groups in 2017 and 2018 at the 
SCR study site. A T-test was performed using R version 3.4 to determine if the mean 
elevation values for each group have changed since the initial baseline study in 2017 at 
SCR.  

 
Table 1. Functional groups assigned to stratified random point count data of SCR in 2017 and 2018.  

 Functional Group Assignment 
1 

 

Abiotic Factor 
2 

 

Anemone 
3 Barnacle 
4 Brown Macroalgae 
5 Chiton 
6 Green Algae 
7 Green Macroalgae 
8 Limpet 
9 Mixed Algae 
10 Mussel 
11 Red Macroalgae 
12 Red or Green Macroalgae 
13 Snail 
14 Surfgrass 
15 Turf Algae 
16 Unknown 
17 Worm 

 

Fig.	6,	Scripps	Coastal	Reserve	2018	model	with	9530	stratified	random	points	generated	
within	a	30m	x	6m	study	boundary	using	Viscore	illustrated	in	pink	and	presented	in	side	view.		
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Ø Water Level & Wave Height Data Analysis 
Water level and wave height information provided by the National Oceanic and 
Atmospheric Administration (NOAA) and the Coastal Data Information Program (CDIP) 
are in reference to a fixed vertical datum that provides base elevation from which water 
elevation is reckoned. All water level and wave height information provided below are in 
reference to fixed tidal gauges on the Scripps Pier (NOAA station ID: 9410230) that 
provide benchmarks for measuring the local water levels at the Scripps Coastal Reserve 
(SCR).  

 
Annual mean water level for the twelve-month period leading up to 2017 and 2018 SCR 
surveys was calculated using hourly water level data referenced to mean lower low water 
(MLLW) retrieved from NOAA Tides & Currents. Hourly data for the twelve months 
(January 29, 2016 – January 28, 2017) leading up to the first survey at SCR yielded 8,785 
data points. Hourly data for the twelve months (January 29, 2017 – January 28, 2018) 
leading up to the second survey at SCR yielded 8,761 data points because it was a leap 
year. The hourly data was averaged separately by year to calculate the annual mean water 
level for the twelve-month periods leading up to the 2017 and 2018 SCR surveys (Table 
3).  Variance for both periods was then calculated as 𝑠2= ∑ !!!!

!

n-1
 where 𝑠 2 = variance, 𝑥! 

= a number in the sample, 𝑥 = sample mean, and n = sample size.  

 

Annual mean significant wave height (Hs) was calculated from hourly Hs data collected 
at the Scripps Pier by the Coastal Data Information Program (CDIP). Hourly data from 
January 29, 2016 – January 28, 2017 yielded 8797 data points. Hourly data from January 
29, 2017 – January 28, 2018 yielded 8323 data points.  Variance in Hs for both periods 
was then calculated as 𝑠2= ∑ !!!!

!

n-1
 where 𝑠 2 = variance, 𝑥! = a number in the sample, 𝑥 = 

sample mean, and n = sample size.  
 

Ø Building a Conservation Technology Partnership with the Tolowa Dee-ni’ 
Nation 

Establishing a partnership with the Tolowa Dee-ni’ Nation was an integral component of 
this capstone project from its very inception. As part of this pilot project, with the Marine 
Program staff of the Natural Resources Department of the Tolowa Dee-ni’ Nation we 
were able to establish two temporary survey sites that were used to demonstrate field 
methods of image collection (Fig. 7). We spent one day scouting feasible locations for 
image collection that coincide with the Marine Program’s long term monitoring efforts. 
We then established the first temporary site at Duu-me See, Pyramid Point State Marine 
Conservation Area (PPSMCA). The PPSMCA survey location is closely monitored by 
the Marine Program staff as part of their long-term sea star monitoring project.  PPSMCA 
is characterized by very large boulders and tremendous sand dynamics, which can vary 
by more than 5m between seasons. We spent two days imaging the PPSMCA site while 
training and revising field methods to best fit the specific terrain. We then established a 
second temporary survey site at the Prince Island Clam Beds (PICB). The PCICB 
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continue to be an important harvesting 
resource for the Tolowa Dee-ni’ Nation and 
local residents, which is characterized by 
mid-sized boulders and tidal flats.  

 
Pyramid Point State Marine 
Conservation Area & Prince Island Clam 
Beds 

Two smaller plots (6m x 5m at Duu-me See, 
PPSMCA and 10.7m x 8.6m at PICB) were 
established in May 2018 with the Tolowa 
Dee-ni’ Nation Marine Program, which 
complement their long term monitoring 
locations within the PPSMCA. The purpose 
of these temporary sites was to provide field 
demonstration and training of the mage 
collection methodology, test the feasibility 
of the method in the northern coast. Images 
were collected and processed following the 
same procedures outlined above.  

 
 

 
RESULTS 

Ø Scripps Coastal Reserve 2017-2018 

Seventeen functional groups including abiotic substrata (rock or sand) were represented at the 
Scripps Coastal Reserve (SCR) study site in 2017 and 2018. However, “mixed algae”, 
“unknown”, and “worm” groups were removed from all calculations due to inadequate sample 
size in one of the years (Table 2). Mean tidal elevations were calculated for the remaining 14 
functional groups in both 2017 and 2018. A significant change in mean tidal elevation was 
observed for eleven of the functional groups with 95% confidence. Only limpets, green 
macroalgae, and snails showed no significant change in mean tidal elevation (Table 2).  

 

 

 

 

 

Table 2.  Calculated mean tidal elevation in 2017 and 2018 at SCR. N is the sample size for the 14 functional 
groups used in calculations for both 2017 and 2018. Calculated mean tidal elevation (mean TE) presented in 
meters for each functional group in 2017 and 2018. Standard error (SE) for 14 functional groups assigned in 
2017 and 2018. PV is the statistical significance of variance in n-values between 2017 and 2018, P-value was 
based on 95% confidence and  

PPSMCA	
temporary	
survey	site	

PICB	
temporary	
survey	site	

Fig. 7, Temporary survey sites established 
and imaged in March 2018 with Marine 
Program staff of the Tolowa Dee-ni’ 
Nation, PPSMCA & PICB. 
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values less than 0.05 and are therefore significant and presented in bold. 

 
Red macroalgae (predominantly Articulated coralline) experienced the greatest difference in 
mean elevation change from 0.26m in 2017 to -0.01m in 2018. Surfgrass (Phyllospadix spp.) 
similarly experienced a large decrease in tidal elevation from 0.16m in 2017 to -0.26m in 2018 
(Fig. 8).   
 

Fig. 8. SCR mean tidal elevations of functional groups for 2017 and 2018.  
In general there was a decrease in tidal elevation observed for most functional groups 
between 2017 and 2018. Only barnacles and chitons experienced an increase in mean 
tidal elevation from 2017 to 2018.  
 

  2017 2018 2017-2018 
  N Mean TE (m) SE N Mean TE (m) SE PV 

Abiotic Factor 1727 0.053 0.007 1017 0.142 0.011 1.86-11 
Anemone 52 0.507 0.061 328 0.166 0.014 1.20-06 
Barnacle 1722 0.523 0.011 626 0.762 0.018 2.44-28 

Brown Macroalgae 195 0.468 0.039 65 0.137 0.026 1.56-11 
Chiton 5 0.1 0.081 12 0.334 0.054 0.044 

Green Algae 50 1.328 0.036 135 0.114 0.014 7.02-41 
Green Macroalgae 15 0.422 0.110 856 0.191 0.006 0.054 

Limpet 25 0.383 0.069 89 0.281 0.019 0.164 
Mussel 8 1.343 0.114 33 0.725 0.065 0.001 

Red Macroalgae 1831 0.264 0.006 1976 -0.014 0.003 3.04-258 
Red or Green 

Macroalgae 
307 0.192 0.019 316 0.107 0.011 9.69-05 

Snail 2 0.721 0.502 3 -0.064 0.075 0.358 
Surfgrass 19 0.163 0.030 2 -0.259 0.017 1.79-07 

Turf Algae 3496 0.195 0.004 3523 0.068 0.003 1.58-126 



K. Miller | 16 
 

Ø Water Level and Significant Wave Height at SCR from 2017 to 2018 
Mean annual water level in the twelve months prior to the first survey of SCR (January 
29, 2016 to January 28, 2017) relative to MLLW was calculated to be 0.866 m (Table 3). 
The water level variance over that same period was calculated to be 0.233 m. Mean 
annual water level in the twelve months between the first and second surveys at SCR 
(January 29, 2017 to January 28, 2018) relative to MLLW was calculated to be 0.860 m. 
Variance over the same time period was calculated to be 0.234 m. There is a slight 
decrease in mean water level in the twelve-month period leading up to the second survey 
at SCR when compared to the first survey period (0.006 m decrease). Variance in water 
level, however, shows the opposite trend in that water levels from January 2017-2018 
were slightly more variable when compared to January 2016-2017 (0.233m in 2017 
versus 0.234m in 2018).  

 
Table 3. Calculated annual water level relative to MLLW from hourly data; and calculated mean significant 
wave height (Hs) from hourly data.   

  
  

MLLW (m) Hs (m) 
Mean s2 Mean s2 

2017 0.866 0.233 0.867 0.187 
2018 0.860 0.234 0.776 0.141 
Difference 0.006  - 0.091  - 

 
From January 29, 2016 – January 28, 2017 the mean Hs was calculated to be 0.867m. 
From January 29, 2017 to Janaury 28, 2018 the mean Hs was calculated to be 0.776m, 
meaning there was less wave action in the twelve months leading up to the second survey 
when compared to the first (Table 3). There was also less variance in Hs during the 
twelve months leading up to the second survey. In general, larger waves mean more run 
up, which increases the total inundation for the intertidal. Therefore, lower Hs in the 
twelve months leading up to the 2018 surveys likely indicate less total inundation during 
that period.   
 

Ø Cabrillo National Monument 2017-2018 
In-depth 3D and 2D visualizations for each of the three Cabrillo National Monument 
(CNM) study sites were generated using Viscore. These products provide visual 
comparison of each survey site in 2017 and 2018 to be used for outreach, communication, 
and future research purposes.  
 

Ø Partnership with the Tolowa Dee-ni’ Nation: Tribal Intertidal Digital 
Ecological Survey (TIDES) Project 

One of the products of this capstone is the development of a partnership platform 
between the Tolowa Dee-ni’ Nation and faculty & students at Scripps Institution of 
Oceanography (SIO). This partnership brings together expertise in two ways of 
understanding and studying the marine environment in a collaborative knowledge 
exchange to create the Tribal Intertidal Digital Ecological Survey (TIDES) project. The 



K. Miller | 17 
 

TIDES project utilizes a low-cost and easily transferrable large-area imaging approach 
for robust ecological study of the rocky intertidal in partnership with the Tolowa Dee-ni’ 
Nation. This puts cutting edge technology and research tools into the hands of an 
Indigenous Nation to be used alongside traditional and conventional intertidal 
management efforts for improved conservation and monitoring outcomes. The TIDES 
project also provides an opportunity for SIO faculty and students to learn from the 
shareable aspects of traditional knowledge associated with the specific intertidal within 
the Tolowa Dee-ni’ Nation’s ancestral territory, Taa-laa-waa-dvn. As Such, the TIDES 
project represents an invaluable combination of traditional knowledge keepers with 
advanced imaging, digitization, and analytic techniques. Therefore, over time the TIDES 
project will produce the best possible information sets for assessing short and long-term 
biological response to changing oceanographic conditions and a robust digital archive for 
a wide range of future research interests.  
 

Two temporary survey sites were established and imaged with the Natural Resources 
staff of the Tolowa Dee-ni’ Nation, which were used to prove methodological 
transferability and feasibility for the northernmost California tidal regime (Fig 9a,b). 
These images were processed into an in-depth 3D habitat map, which will soon to be 
analyzed with the Natural Resources staff (Fig. 10). 

 
As outlined in more detail below, we plan to continue developing the TIDES partnership 
project in order to establish working relationships with, and opportunity for participation 
of other interested Indigenous Nations. 

 

Fig.	9a,	Marine	Program	staff	of	the	Tolowa	
Dee-ni’	Nation	employing	conventional	point	
count	method	of	intertidal	field	research.	

Fig.	9b,	Marine	Program	staff	employing	the	
large-area	imaging	methods	as	part	of	the	
TIDES	project	survey	site	establishment	in	
PPSMCA.	



K. Miller | 18 
 

DISCUSSION 
Even with the temporal limitations of the first stages of this study, it is clear that large-
area imaging technology provides an accurate tool for large-scale (100’s m2) ecological 
assessment of community structure and composition along the California rocky intertidal 
coastline. The high degree of accuracy and resolution, along with cost-efficient 
transferable methods mean that interested parties with a wide range of expertise can 
implement this technique with little to no decreased accuracy of results, which is the most 
common limitation cited against so-called “citizen science.” The method provides a 
highly precise tool for capturing the intertidal with high-resolution imagery that allows 
for mapping the composition of the entire intertidal habitat at annual or seasonal intervals 
with a vast range of potential applications.  
 

Ø Scripps Coastal Reserve 2017 to 2018 
This initial comparison of mean tidal elevation change between 2017 and 2018 at the 
Scripps Coastal Reserve (SCR), serves as a jumping off point for further and more 
detailed investigation of biological response to changing physical oceanographic 
conditions. This short-term study shows the SCR to be a highly dynamic system, perhaps 
more so than previously thought (Fitzgerald et al., 2008) and provides the basis for 
further enquiry into the rate at which ecological response to short term sea-level 
fluctuation, and to the long term trend of SLR takes place.  Despite some theoretical 
support for the possibility that species may respond in a non-linear and potentially 
precipitous fashion to factors such as climate change (Wilson and Agnew 1992; Wilson 
et al. 1996; Davis et al. 1998), the predominant interpretation remains gradualist (Hunt, 
2006; Fitzgerald et al., 2008; Bilskie, Alizad & Wang, 2015; Harley et al., 2006). It is 
generally accepted that small environmental changes over long periods of time, such as 
climate change will result in similarly small biological response over equally long periods 

Fig.	10,	Pyramid	Point	State	Marine	Conservation	Area	temporary	survey	plot	
established	in	May	2018	as	part	of	the	TIDES	project.	

1
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of time (Hunt, 2006; Fitzgerald et al., 2008; Bilskie, Alizad & Wang, 2015; Harley et al., 
2006). Very few empirical studies of long enough record and high enough resolution 
exist to appropriately explore the potential for abrupt ecological response to long-term 
climatic trends. As a result, most coastal management plans assume this gradualist 
approach (Cal SLR guidance doc 2018), which undermines our ability to make effective 
conservation and management decisions in the case of deviation from the assumed long-
term, incremental trend. This information void leaves us vulnerable to sudden ecological 
response to climate change.  

 
Additionally, it is the habitat-forming species (mussels, barnacles, turf algae, surfgrass, 
etc.) that are most likely to exhibit this non-linear response to long-term climatic trends 
such as SLR (Hunt, 2006). Ecological theory accepts that strongly mutualistic, or density-
dependent systems such as those listed above, are the ones most predisposed to exhibit 
non-linear dynamics (Wilson and Agnew 1992; Gurney and Lawton 1996; Dayton paper; 
Hunt 2006). Further complicating matters, it is these very habitat-forming species that are 
crucial to overall conservation success, because their survival is ecologically leveraged to 
ensure the survival of their community associations (Dayton). It also tends to be these 
type of species that are most culturally important to Indigenous nations, for instance, the 
Tolowa Dee-ni’ Nation continues the traditional harvest of their clam beds, anemones, 
mussels, barnacles, and algae (“Lat” known in Latin as Porphyra spp.) (Van Pelt et al., 
2016). 
 

This study is therefore an important beginning to resolving the previously identified 
knowledge gap, by establishing a long term monitoring partnership with the Tolowa Dee-
ni’ Nation that will provide a high-resolution visual archive of representative rocky 
intertidal locations along the California coast. This method creates a snapshot of the 
intertidal extent from the lowest-low water line to beyond the splash zone that is then 
preserved for posterity. By effectively taking the intertidal home with us, we are able to 
create a digital record of the exact ecological state and response to changing 
oceanographic conditions, which will provide the necessary resolution to improve 
predictive change models to SLR and other stressors and improve the effectiveness of 
California’s coastal management plans (Fig., 11). 
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The results of this particular short-term study show that from 2017 to 2018 there was a 
general decrease in mean tidal elevation for functional groups assessed, which correlates 
as expected with a lower monthly mean sea level over the same time period compared to 
the previous twelve months. This observation is consistent with the 2003 findings by 
Harley & Helmuth that effective sea level is a greater determining factor to vertical 
zonation in the rocky intertidal than substrate aspect or maximum temperature. By 
decreasing the duration of emersion, wave action tends to increase the upper limit and 
mean vertical distribution of intertidal organisms (Harley & Helmuth 2003).  Therefore, 
with lower monthly mean significant wave height, it can be assumed that the intertidal at 
SCR would have experienced less total inundation and so a decrease in the effective 
mean sea level (Harley & Helmuth 2003) from 2017 to 2018.  

 
Surfgrass showed the largest tidal elevation change, decreasing from 0.16m to -0.26m. 
This decrease in mean tidal elevation along with a much lower sample size in the second 
year (n=19 in 2017 and n=2 in 2018) are consistent with expected response of this species 
to decreased significant wave height and mean sea level. Surfgrass beds are highly 
productive and important habitat-forming ecosystems unto themselves, which also 
provide nursery habitat for commercially important fishes and invertebrates including the 
California spiny lobster (Panulirus interruptus) (Engle 1979). Because surfgrass does not 
tolerate significant heat or desiccation, its upper limit would be greatly influenced by 

Fig.	11,	Dike	Rock	at	Scripps	Coastal	Reserve	imaged	as	part	of	large-area	imaging	surveys	by	the	
Smith	Lab	covered	in	green	macroalgae	in	2017	(left)	and	essentially	barren	in	2018	(left),	which	
represents	a	tidal	elevation	change	of	over	1m.	Arrows	indicate	consistent	position	on	the	rock	
face	between	years	for	visual	comparison.	
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physical factors such as sea level and wave action (Stewart 1989a; Engle & Davis 2000). 
Therefore, it is not surprising that the mean tidal elevation of this functional group 
exhibited the greatest decrease between 2017 and 2018, when the mean sea level and 
wave action over the same period also dropped significantly. 

 
Going forward, it will be interesting to continue tracking such habitat-forming functional 
groups with specific focus on their life history, known physiological tolerances, and how 
specific recruitment events correspond with oceanographic conditions such as sea-surface 
temperature, significant wave height, wave height variance, mean sea level and sea level 
variance, as well as longer term variation such as El Nino Southern Oscillation (ENSO) 
and Pacific Decadal Oscillation (PDO).  
 

Conversely, barnacles and chitons were the only two functional groups observed to have 
a higher mean tidal elevation in the second year. One complicating factor to this 
observation is that barnacle shells tend to persist after death and in the photogametric 
analysis no distinction was made between living and non-living barnacles. Barnacles 
were also separated into large (i.e. thatched and gooseneck) and small (i.e. acorn 
barnacles) in the point count analysis, but subsequently grouped together in the mean 
tidal elevation calculations. However, because the two sizes of barnacle tend to exist in 
slightly difference tidal zones, a more accurate assessment might be possible by 
maintaining their distinction in future analyses.  
 

While the sample size of the single barnacle group was one of the largest in both years 
(n= 1722 in 2017 and n=626 in 2018), the only other functional group observed to have a 
higher mean tidal elevation in year two, chitons were one of the smallest. In 2017, the 
sample size of chitons was 5, which increased slightly in 2018 to 12. In follow up 
analysis, it would be prudent to specifically designate all chitons found within the study 
plot in both years in order to increase sample size and then determine if the finding of 
increase mean tidal elevation remains consistent. 
 

Red macroalgae experienced the most significant change in mean tidal elevation from 
0.26m in 2017 where n=1831 to -0.014m in 2018 where n=1976. The red macroalgae 
functional group at SCR was largely comprised of articulated coralline algae and 
Gelidium spp., both of which are easily identifiable through the photogrammetric process. 
Therefore, it would be interesting to follow this result with a more in-depth 
conceptualization of the timing of various oceanographic occurnces over the last 12 
months compared to the previous, and how the timing of such events (SST peaks, storm 
events, significant wave height, fresh water influx, etc.) corresponds with known life 
history stages and timing for red macroalgae in the area to see if any direct correlation 
can be drawn.  

 
The turf algae functional group was observed to experience a similarly significant 
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decrease in mean tidal elevation between 2017 and 2018. Turf algae was also among the 
functional groups with the largest sample size in both years (n= 3496 in 2017 and n= 
3523 in 2018). In their 2008 paper, Vaselli et al asset that SLR will increase availability 
of vertically steep substrata and to track if this consequently reduces abundance of lower 
intertidal organisms, such as turf algae that tend to exist on the more horizontal planes. In 
general, it is known that substrate aspect contributes to determining the vertical zonation 
patterns of littoral organisms (Wethy 1983; Harley & Helmuth 2003). As such, part of the 
continued follow up to this short-term study, should include the characterization of the 
study areas in terms of aspect ratio to investigate potential habitat loss of such important 
habitat-forming groups as turf algae.   

 
With turf algae in particular, another potential avenue of future study could include 
tracing its patch size and dimensions using a combination of Viscore and Adobe 
Photoshop to analyze patch dynamics between years in relation to oceanographic 
conditions. Helmuth et al’s 2006 suggestion that regional influence of sea level and wave 
dynamics can overwhelm more large-scale climactic patterns emphasizes the importance 
of utilizing methods such as those applied here that examine environmental variables on 
ecologically relevant scales (Helmuth et al. 2006) in order to advance our understanding 
of potential climate change impacts on both local and more global levels.   
 

Potential methodological limitations of the large-area imaging approach include difficulty 
in identifying whether hard-shelled organisms such as Acorn barnacles are alive or dead, 
and so are not differentiated in this study. It is also not currently possible to include 
organisms inhabiting vertical substrate or overhangs in the visual point count (VPC) 
analysis and as such organisms like colonial anemones, limpets, and some large barnacle 
species may be underrepresented. Additionally, with current camera resolution 
technology used in this approach it is only possible to visually assess organisms of 
greater than 1cm, and so excludes small organisms. These current limitations will be 
reduced with continued software and technological advancements and do not detract from 
the robustness or application of the method. 

 
Overall, the observation that mean tidal elevation of most functional groups decreased at 
SCR between 2017 and 2018 provides interesting grounds for further investigation in a 
longer term or seasonal study. In the 2015 review, Passeri et al. call for more evidence in 
support of non-linear response of dynamic environments such as the rocky intertidal to 
SLR. This study provides the framework and initial assessment of a collaborative 
approach to SLR impact assessment with Indigenous nations across the California coast.  
 

Ø TIDES (Partnership development with Tolowa Dee-ni’ Nation 
Coastal Indigenous Nations like the Tolowa Dee-ni’ Nation are the foremost experts on 
long-term ecological and geomorphological changes of their coastline. The coastal 
Indigenous Nations of California also have an inherent right to continue leading the 
stewardship of their coastal systems. The Tolowa Dee-ni’ Nation specifically have been 
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involved in traditional and conventional scientific monitoring of their intertidal for many 
years, and as such are the ideal foundational partners for this project. Upon completing 
surveys in San Diego, I traveled to northern California to work with the Tolowa Dee-ni’ 
Nation is the establishment of the Tribal Intertidal Digital Ecological Survey (TIDES) 
project, an outcome of this capstone. 
 

Together we were able to establish two temporary survey sites in Pyramid Point State 
Marine Conservation Area (PPSMCA) and Prince Island Clam Beds (PICB). At these 
sites, I held training and field demonstrations of the large-area imaging approach with the 
Marine Program staff. We were to adapt the method successfully for implementation in 
the northern California tidal regime and terrain, which vary greatly from that of San 
Diego. The second survey site was imaged in a single day, which speaks to how quickly 
the field method can be transferred to interested stakeholders.  
 

I conducted preliminary Viscore demonstrations and analysis training. We then worked 
together to begin developing user-friendly standard operating procedures for 
photogrammetric analysis in Viscore that will facilitate methodological and conceptual 
transfer to other interested Indigenous Nations in the future. I will continue to work with 
the Natural Resources staff on processing and analysis of the data collected during this 
trip in the coming months. 

I was also invited to present the TIDES project to the Tolowa Dee-ni’ Nation Fish and 
Game Committee. Committee members responded positively to the partnership project 
and provided enthusiastic support for its continued development. The Tribal Council 
representative who sits on the Fish and Game Committee actually participated in the field 
surveys and image collection the following morning.  
 

Based on this level of positive response from the Fish and Game Committee, we plan to 
continue developing the partnership framework of the TIDES project with guidance and 
support from the Natural Resources staff of the Tolowa Dee-ni’ Nation. We plan to co-
author funding applications in support of local capacity for project development, and to 
co-develop training workshops that will facilitate expansion to additional Indigenous 
Nations interested in participating in the TIDES project. 

 
A realistic limitation to the method and expansion of TIDES partnership will be the sheer 
volume of data storage and sharing capabilities necessary to maximize public access and 
utilization of the information. A dedicated file transfer protocol (FTP) site could be the 
first step in resolving data sharing capabilities among and between tribal nations 
interested in participating, which will complement the training workshop to be co-
developed with the Tolowa Dee-ni’ for effective implementation of the methods.  
 

Partnership with the Tolowa Dee-ni’ Nation will also provide a direct comparison 
between execution of the method by Scripps Institution of Oceanography faculty and 
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students, and non-academic counterparts as evidence for the transferability and stability 
of accuracy within the method. Finally, a standardized species or functional group 
identification user guide is needed to minimize user variation and comparability across 
sites and between years.  

 
FUTURE OUTLOOK: TIDES 

Partnership with the Tolowa Dee-ni’ Nation has been successfully established, and will 
provide a framework for expansion to collaborate with three additional coastal tribes over 
the next three years. The TIDES project was presented to the Tolowa Dee-ni’ Nation Fish 
and Game Committee with a very positive response, and two temporary survey sites were 
established. Upon a return visit, further staff training with Viscore and permanent survey 
sites will be established both inside and outside of the PPSMCA.  

 
In 2018 we plan to co-develop training workshops that will facilitate knowledge 
exchange between the Tolowa Dee-ni’ Nation, other interested Tribal Nations, and 
Scripps researchers in order to establish self-sufficiency with the methodology and a 
sustainable research partnership framework. In 2019-2021 with guidance from the 
Tolowa Dee-ni’ Nation we hope to expand the project to include additional interested 
tribes and coastal managers (Fig., 12).  

Fig. 12, Current and proposed TIDES locations over the next 1.5 years. 

 
Ø Immediate Next Steps: 

● Overlay all maps with LiDAR elevation data and model resultant habitat change 
under sea level rise scenarios for California to produce a risk map for the three 
survey locations; 

● Produce visualizations directly comparing any habitat availability and community 
structure change from 2017-2018 at CNM, and for the first time point of 
PPSMCA; 

● Establish an access pipeline based on the successful partnership model with the 
Tolowa Dee-ni’ Nation through this project that can then be expanded to any 
interested coastal communities and managers; 
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● Co-authored funding applications in preparation to support dedicated training 
programs and build local, on-site capacity for participating Tribal Nations; 

● In partnership with state and federal agencies, combine the above outcomes into 
decision support tools to facilitate adaptive risk management plans for the 
California coast. 

 

 
CONCLUSION 

The purpose of this project was to provide a proof of concept for the feasibility of 
utilizing large-area imaging to assess ecological vulnerability to sea level rise across the 
California coast in partnership with Indigenous communities. While the sample size of 
this initial SCR comparison between 2017 and 2018 is too small to draw any definite 
conclusions, it does show the method holds great promise for such application and 
provides clear evidence that further investigation of this kind will provide novel insights 
to rocky intertidal ecological response to climactic variations on short and longer term 
time scales. 

 
Ultimately, the TIDES project has collected rigorous high-resolution large-area imagery 
of important rocky intertidal habitats that will enable planning for future changes 
associated with SLR. Importantly, with the Tolowa Dee-ni’ Nation as foundational 
partner, we hope to expand the project to include additional interested Indigenous 
communities over the next 16 months. In doing so, the TIDES project will empower 
Indigenous nations to use cutting edge technology to visualize, archive, and provide 
optimal conservation measures for current and future management of important cultural 
sites in the face of climate change. 
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