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LATITUDINAL GRADIENTS  

OF ROCKY INTERTIDAL COMMUNITY STRUCTURE 

ALONG THE NORTHEAST PACIFIC COAST:  

PATTERNS OF DISTRIBUTIONS, ABUNDANCE AND DIVERSITY 

 

Kristen Kusic Heady 

ABSTRACT 

 A central goal of ecology is to understand the causes of spatial and temporal 

variation in the composition and structure of ecological communities.  One way a 

species distribution may vary within its range is through changes in its vertical 

distribution.  Variation in vertical distributions can influence local species abundance, 

which in turn can determine species ranges and the structure of communities.  For my 

dissertation research, I investigated latitudinal gradients of rocky intertidal 

community structure along 5500km of coastline in the northeast Pacific Ocean.  The 

spatially explicit design of this study allows the explicit answering of many 

ecological questions at a fine resolution for a large suite of species across their 

geographic range.  By mapping the x, y, and z coordinates of  intertidal species at cm 

scale accuracy, I determined the distribution patterns for abundance, vertical extent, 

and upper vertical limit of species across their range.   I find the abundant center 

distribution, ramped south distribution and non-directional distribution are the most 

common distribution patterns.   The distribution patterns are consistent for the 

majority of species between abundance, vertical extent and upper vertica l limit.  Next, 

I test the explicit hypothesis that vertical distribution of species varied progressively 

with latitude using linear regressions, which examined the relationship between 
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community similarity and the vertical distribution of species.  For many of the 

abundant species of intertidal invertebrates and algae that constitute those 

communities, sites that have a similar vertical distribution of species also have a 

similar community structure.  Finally, I focus on central California to determine how 

the vertical distribution of species is explained by environmental factors.  Of the nine 

abiotic factors investigated, reef slope, rock color, solar incidence, rock hardness and 

reef length explained the variability of species’ upper limit.  These abiotic factors 

influence the temperature of the reef which relates to desiccation stress.  Whereas the 

vertical extent of species is explained by aspects of the reef’s geomorphology that 

influences the abundance and reach of mobile consumers such as reef slope and 

rugosity.   cross     of latitude, species’ vertical distribution change in relation to 

abiotic forces and underlie the community structure patterns within the rocky 

intertidal.   
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EXECUTIVE SUMMARY 

 A central goal of ecology is to understand the causes of spatial and temporal 

variation in the composition and structure of ecological communities.  One source of 

variation in community structure that has long captivated interest by ecologists is 

latitudinal variation along environmental gradients from tropical to polar 

environments (Dobzhansky, 1950; Pianka, 1966; Rohde, 1992).  These changes in 

community structure have often been attributed to changes in abiotic factors 

associated with changes in latitude, including environmental heterogeneity (Simpson, 

1964), environmental stability (Klopfer & Macarthur, 1960), and solar incidence 

(Terborgh, 1985).  Others have attributed these latitudinal differences to changes in 

fundamental species interactions: mutalism (Dobzhansky, 1950), predation (Paine, 

1966) and competition (Pianka, 1966).  One key consequence of these changes in 

abiotic and biotic drivers that underpins latitudinal variation in community structure 

is changes in species distributions.  Shifts in species distribution are reflected in the 

presence and relative abundance of species in communities.  These changes in the 

distributional patterns across the geographic range of species have long been 

recognized as drivers of variation in the structure of communities (Brown et al., 

1996). 

 One way a species distribution may vary within its range is through changes 

in its vertical distribution.  Much insight on how environmental factors and species 

interactions influence species abundances and distributions has come from altitudinal 

studies in high alpine plant and animal communities.  Variation in altitudinal ranges 
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of terrestrial species of plants and animals are reflected in patterns of abundance 

across geographic ranges of these species (Whittaker & Niering, 1965; Huang, 2010; 

Rahel & Hubert, 1991; Presley et al., 2010).  In alpine communities, Whitaker (1956) 

mapped the variation in the altitudinal ranges of plants in relation to how much 

moisture different slope faces received.  As conditions became dryer, species vertical 

distribution shifted up slope.   Latitude also affects the vertical distribution of species 

in alpine communities.  With increasing latitude, temperature decreases creating 

increased abiotic stress on tree species which results in a decrease in the elevat ion of 

treeline and the evergreen/deciduous tree ecotone (Ohsawa, 1990; Cogbill & White, 

1991).  Local scale variability in geomorphology or environmental factors can modify 

these large scale processes further shaping species distributions and community 

structure patterns.  The aspect of the land (Whittaker & Niering, 1965), soil formation 

(Johnson & Billings, 1962) and variation in wind and snow avalanches (Camarero et 

al., 2000) affect the distribution of alpine species.  Alpine species are often living at 

their physiological limits so slight changes in abiotic conditions can shift their 

distributions which in turn will affect their abundance.  Species interactions can also 

limit species distributions.  In Papua New Guinea, where there is no change in 

vegetation type, there are many bird species that are territorial to other species and 

replace each other across altitudes (Diamond, 1973).  Variation in abundance and 

distribution of species across their geographic range has generated great insight on 

how abiotic and biotic processes influence ecological communities.   
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 Based on the terrestrial studies described above, one would predict that the 

dramatic patterns of vertical zonation characteristic of rocky intertidal ecosystems 

would be an important source of geographic variation of species abundance. Within 

the intertidal, environmental conditions vary greatly over a very short vertical extent 

due to the interaction between tidal immersion, when organisms are subject to the 

buffered conditions of ocean waters, and emersion, when organisms are exposed to 

more variable atmospheric conditions. These very strong environmental gradients  

restrict species to a narrow band where they can survive (Doty, 1946).   Intertidal 

species are living at their physiological extreme; the expectation would be that 

changes in environmental conditions will be reflected in the vertical distributions, 

which may lead to changes in the abundances of these species across their range.  The 

rocky intertidal is an excellent system to study how vertical range and distribution 

influence latitudinal variation in community structure because entire communities and 

strong vertical zonation are confined to a very narrow range across latitudes.  

 For my dissertation research, I investigated latitudinal gradients of rocky 

intertidal community structure along the northeast Pacific Ocean, along 5500km of 

coastline between Alaska and Baja California, Mexico.  To answer many ecological 

questions, research needs to be conducted over broad geographic distances with fine 

spatial resolution.  Out of practicality, geographic extent is often compromised in 

order to achieve adequate resolution, and vice versa.  The spatially explicit design of 

this study allows the investigation of ecological questions at a fine resolution, with 

sites across a broad geographic scale.   Using differential global positioning systems 
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(dGPS) to map x,y, and z coordinates of  intertidal species at cm scale accuracy 

allows the explicit answering of many ecological questions for a large suite of species 

across their geographic range.  I investigated how patterns of species vertical 

distributions can be linked to biogeographic patterns.  I determined how species 

abundance patterns are linked to patterns of vertical distributions, which sheds light 

on environmental drivers of range limits.  Variation in vertical distributions 

influences local species abundance, which in turn can determine species ranges and 

the structure of communities across latitudinal gradients. Comparing the abundance 

and distribution patterns of different species gives insight on how life history, 

morphological and physiological traits, may be linked to environmental forcing.  I 

also investigated how geomorphology and oceanography affect species distributions 

across the landscape, which leads to a better understanding on how habitat 

complexity relates to patterns of local diversity. 

 In Chapter 1, I determined the distribution patterns for abundance, vertical 

extent, and upper vertical limit of species across their range.  In particular, I 

investigated the relationship between species abundance and vertical distribution.  I 

hypothesized that as the upper vertical limit of a species increase; the vertical extent 

of a species will also increase.  The increase in vertical extent of a species will also be 

reflected by a higher abundance at the site.  I predict that the upper vertical limit, 

vertical extent, and abundance of a species will show the same distribution patterns.  

The abundance and vertical distribution of this suite of intertidal invertebrate and 

algal species showed a broad range of distributions.  For abundance, the abundant 
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center distribution, ramped south distribution and non-directional distribution are the 

most common distribution patterns.   About a third of the species are most abundant 

in the center of their range, which builds upon previous work that shows that the 

abundant center distribution may be less common than previously thought (Sagarin & 

Gaines, 2002a).   As predicted, the distribution patterns are consistent for the majority 

of species between abundance, vertical extent and upper vertical limit.  

 In my second chapter, I test the explicit hypothesis that vertical distribution of 

species varied progressively with latitude using linear regressions, which examined 

the relationship between community similarity and the vertical distribution of species.  

I find that geographic patterns of community structure in the rocky intertidal along 

the northeast Pacific coast are strongly correlated with the vertical distributions of 

many of the abundant species of intertidal invertebrates and algae that constitute those 

communities.  For the majority of intertidal species surveyed, sites that have a similar 

vertical distribution of species also have a similar community structure.  This builds 

upon previous work that shows that community similarity increases as geographic 

distance and environmental differences decrease (Blanchette et al., 2008).   Along the 

northeast Pacific coast, there are distinct biogeographic regions that reflect shifts in 

the relative abundance of species, rather than complete changes in species 

assemblages among regions (Blanchette et al., 2008).  Many of the  most abundant 

species are found across all sites, but have large and consistent differences in 

abundance (Blanchette et al., 2008; Blanchette et al., 2009).  The results of this study 

add to our understanding of the mechanisms underlying patterns of community 
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structure by revealing how these patterns (i.e. species relative abundance) are 

correlated with patterns of vertical distribution among dominant taxa.   

 In the third chapter of my dissertation, I determine how abiotic factors explain 

the variability in species’ vertical distributions.  Within the northeast Pacific rocky 

intertidal ecosystem, biogeographic structure is highly correlated with environmental 

variables related to coastal upwelling, such as sea-surface temperature, nutrient 

concentrations, upwelling intermittency, and larval delivery (Fenberg et al. in press).  

As I found in my second chapter, the biogeographic structure of the northeast Pacific 

Coast is also strongly correlated with the vertical distribution of many of the abundant 

species of intertidal invertebrates and algae that constitute those communities.  S ites 

with a similar species composition have a similar vertical distribution of dominant 

space holding species.  Even though there is a strong correlation between species 

composition and vertical distributions, there is variability in the vertical distributions 

of species among sites.  In order to understand the causes of this variability, I focus 

on the Montereyan Province in central California to determine how the vertical 

distribution of species is explained by environmental factors at a regional scale.  The 

community composition of rocky intertidal reefs are similar at sites along the 450 km 

of coastline between Pt Reyes and Pt Conception (Blanchette et al., 2008), even 

though environmental factors such as reef geomorphology and oceanography vary.  

Specifically, I investigate how these abiotic factors influence the upper limit, the 

vertical extent and the lower limit of intertidal invertebrate and algae species.  

Investigating how these environmental factors affect species distributions across the 
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landscape will lead to a better understanding about how habitat complexity relates to 

patterns of community structure and diversity.   Geomorphic factors significantly 

explain the variability in the upper vertical limit and vertical extent of intertidal 

species, but are not as explanatory in the lower limit of species. The upper limits of 

species are determined by aspects of geomorphology that can affect the body 

temperature of species such as reef slope, rock color, solar incidence, rock hardness 

and reef length.  Whereas the vertical extent of species which takes into account both 

the upper and lower limit of species are also explained by aspects of the reef’s 

geomorphology that influences the abundance and reach of mobile consumers such as 

reef slope and meter-scale rugosity.   The two oceanographic factors, reef orientation 

in relation to the dominant swell and SST, were important in explaining the 

variability seen in the vertical distribution of some species but overall were not as 

important as geomorphology.  

 My dissertation research reveals that geographic patterns of community 

structure in the rocky intertidal along the northeast Pacific coast are strongly 

correlated with the vertical distributions of many of the abundant species of 

invertebrates and algae that constitute those communities.  Variations in species 

vertical distribution are important drivers of the community structure in both 

terrestrial communities along altitudinal gradients and intertidal communities.  These 

changes in species vertical distributions underlie latitudinal patterns of community 

structure.  Intertidal algae and invertebrates show a broad range of distribution 

patterns for abundance, vertical extent and upper vertical limit.  These d istribution 
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patterns are consistent with environmental factors such as length of emergence, 

timing of low tide events and temperature.  Across Central California the 

geomorphology of intertidal reefs are important in explaining variation in the vertical 

distribution of species.  Species upper limits which are often thought to be set by 

physiological and morphological constraints are strongly correlated with 

environmental factors.  While species lower limits which are often thought to be 

determined by competition and predation are not as strongly correlated with 

environmental factors.  As with alpine species, the vertical distribution of intertidal 

species is influenced by both biotic and abiotic factors, which act at various temporal 

and spatial scales.   
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CHAPTER 1 

Geographic patterns of abundance and vertical extent of rocky 

intertidal organisms across their range 

INTRODUCTION 

 Patterns of distribution and abundance across a species geographic range 

result from a combination of environmental conditions, ecological interactions, and 

population processes (Brown, 1984).  There is a strong expectation that since abiotic 

factors vary across latitudinal gradients; this variation will be reflected in the 

geographic distribution and abundance of species across space.  Within the field of 

biogeography, species are often thought to have an “abundant center distribution”, 

with species being most abundant at the center of their range and less abundant at the 

edges of their geographic distribution (Whittaker & Niering, 1965; Brown, 1984; 

Enquist et al., 1995). The common occurrence of this pattern is the basis of what is 

referred to as the Abundant Center Hypothesis. There are two ideas on how an 

abundant center distribution is established and maintained.  Evolutionary theory 

predicts that gene flow from the center of a species range can limit adaptation at the 

edge (Kirkpatrick & Barton, 1997).  Ecological theory predicts that species reach a 

maximum density where environmental conditions and resource are most favorable 

and that species decline as environmental conditions become less favorable due to 

physiologic constraints and increased ecological forces such as competition and 

predation towards the edge of their ranges (Brown, 1984). 
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 While both ecological and evolutionary theories predict “abundant center 

distributions”, there have been few assessments of this hypothesis based on empirical 

evidence.  A literature review of mainly terrestrial species distributions conducted by 

Sagarin and Gaines(2002a) found that only 39% of 145 datasets (121 species) showed 

an abundant center distribution.   A study conducted surveying the abundance of  

twelve intertidal invertebrate species found that only two species had an abundant 

center distribution, while six of the twelve species studied showed highest 

abundances near the edge of their range (Sagarin & Gaines, 2002b).  Sagarin and 

Gaines (2002b) hypothesize that these distributions patterns may be due species being 

very sensitive to specific environmental conditions, leading to sharp changes in 

abundance across smooth environmental gradient transitions.   Dispersal, physiology, 

species interactions and environmental gradients may still play a key role in setting 

range boundaries for different distribution patterns, but the mechanisms may not be as 

straight forward as the abundant center hypothesis predicates.   

 Patterns of species distribution within their geographic range also affect 

abundance patterns and are manifest in the geographic patterns of species abundance.  

One way a species distribution may vary within its range is through changes in its 

vertical extent.  In alpine communities, Whitaker (1956) mapped the variation in the 

altitudinal ranges of plants in relation to how much moisture different slope faces 

received.  As conditions became dryer, species vertical extent shifted up slope.   

Latitude also affects the vertical extent of species in alpine communities.  Treeline 

and evergreen/deciduous tree ecotone decreases in elevation as latitude increases and 
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temperature decreases ( Ohsawa, 1990; Cogbill & White, 1991).  Variation in 

altitudinal ranges of terrestrial species of plants and animals are reflected in patterns 

of abundance across geographic ranges of these species (Whittaker & Niering, 1965; 

Huang, 2010; Rahel & Hubert, 1991; Presley et al., 2010).  Based on the terrestrial 

studies described above, one would predict that dramatic patterns of vertical zonation 

characteristic of rocky intertidal ecosystems would be an important source of 

geographic variation of species abundance. Within the intertidal, environmental 

conditions vary greatly over a very short vertical extent due to the interaction between 

tidal immersion, when organisms are subject to the buffered conditions of ocean 

waters, and emersion, when organisms are exposed to more variable atmospheric 

conditions. These very strong environmental gradients  restrict species to a narrow 

band where they can survive (Doty, 1946).  Intertidal species are living at their 

physiological extreme; the expectation would be that changes in environmental 

conditions will be reflected in the vertical extent and upper limit of species 

(Widdowson, 1965), which may lead to changes in the abundances of these species 

across their range.    

 While some environmental conditions vary gradually and consistently across 

large spatial scales, other environmental conditions have complex small-scale 

variability.  Both large and small-scale processes will affect the vertical extent and 

abundance of species across their geographic range.   Along the Pacific coast of North 

America, many environmental conditions are highly correlated with latitude, while 

others are not.  In a study spanning fifteen degrees of latitude from Washington to 
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California, air temperature, water temperature, upwelling index, salinity, wave period, 

salinity, and wind direction decreased with increasing latitude, whereas tidal range, 

wind velocity, precipitation, wave run-up, and wave height increased with increasing 

latitude (Schoch et al., 2006). Other environmental factors, including sand abundance 

and wave power, were not correlated with latitude. Even though tides vary with 

latitude, small-scale variability in tidal height within the intertidal can be seen among 

sites when comparing periods of different tidal states of emergence, splash, surge, and 

submergence.  Because of this smaller scale variability, when length of tidal states 

where compared between sites in Washington, Oregon and California, no clear 

latitudinal patterns were found (Mislan et al., 2011).  For example, Santa Cruz had 

longer periods of submergence and shorter periods of emergence, while the sites 

surveyed in Bodega Bay to the north and Pacific Grove to the south both had shorter 

periods of submergence and longer periods of emergence (Mislan et al., 2011).    In a 

study comparing mussel body temperatures, a complex thermal mosaic of 

temperature was found instead of simple latitudinal patterns, with hot spots and cold 

spots found within each of the regions studied from Washington through California 

(Helmuth et al., 2006).  Understanding the patterns of species vertical extent and 

abundance across their geographic range will require consideration of processes 

acting at both smaller and larger scales and give insight on how processes that 

function at these scales interact to influence geographic patterns of community 

structure. 
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 There are two key impediments in testing the Abundant Center Hypothesis. 

First, there is a paucity of data sets adequate to provide a robust assessment.  I 

consider the attributes of a robust data set to be (1) samples distributed over sufficient 

area to capture the geographic range of the species of interest (2) samples conducted 

over sufficient time relative to the lifespan of organisms to determine the persistence 

of the geographic patterns of population abundance, (3) sufficient number and density 

of sampling sites to allow unbiased and accurate modeling of spatially explicit 

abundance patterns, (4) consistency of sampling protocols and design to estimate 

species distributions and abundance to minimize error in estimates based simply on 

inconsistent sampling, and (5) zonation data on a number of species, hopefully 

exhibiting varied life histories (to provide potential mechanistic explanation of 

patterns).  Second, there has been uncertainty as to what should count both 

statistically and conceptually as competing models to the Abundant Center 

Hypothesis.  Simple comparison to a null (random) model, while easy, seems without 

much merit.  However, the decision to include other models and the approach to 

assess relative fit is complicated.  In this study, species abundance and vertical extent 

are compared to five different distribution models (Figure 2).  These models represent 

species distribution patterns seen in other studies (Sagarin & Gaines, 2002b; 

Rivadeneira et al., 2010; Fenberg & Rivadeneira, 2011).  The models are not fixed for 

where the maximum or minimum abundance is located across the species range.  This 

allows a better fit to the data and therefore a better ecological understanding of 

species distributions.  Across all models, there is an equal area above and below the 
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constraint space.  This eliminates mathematical bias since there is an equal 

probability that a point may fall above or below the constraint space and the best 

model is determined by the actual pattern and not by increased probability of a point 

falling inside or outside of the constraint space due to differences in area that are 

constrained by the model.  To evaluate the fit of the observed data for each species to 

the constraint space, the weighted sum of residuals (WSR) was calculated for each 

model for all points found above the constraint space (grey dots).   The residuals of 

the points found above the constraint space were weighted by distance between sites, 

since sites were not evenly spaced along the coastline.  The model with the lowest 

WRS best fit the data.   

 These models represent an abundant center distribution (Figure 2a), three 

different models with the highest distribution at the edge of the species range (Figure 

2b-c) and a non-directional model (Figure  e).   n “ bundant Center” distribution 

may occur when environmental conditions are ideal at the center of a species range 

and then as you move a toward the edges of a species range conditions are less ideal 

resulting in a decrease in abundance (Figure  a).   ” Ramped South” (Figure  b) or 

“Ramped North” (Figure  c) distribution may occur when environmental conditions 

are favorable for a species and then change quickly (eg. ocean currents around Pt 

Conception) causing an abrupt change in species abundance, which could lead to a 

species having the highest abundance at edge of its range.   n “ bundant Edge” 

(Figure 2d) distribution may occur if there is resource depletion, environmental 

degradation, or an increase in predator abundance at the center of the range. While 
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many environmental factors vary gradually across space, local environmental 

conditions may cause certain areas to be more suitable for a species and these 

conditions may reoccur throughout the species range, which may lead to “Non-

directional” (Figure  e) patterns of high abundance.    Observational (Ebert & 

Russell, 1988; Woodson et al., 2012) and modeling studies (Gaylord & Gaines, 2000; 

Largier, 2003) reveal persistent spatial variation in dispersal and recruitment of 

marine larvae along the Pacific coast indicating that ocean flows themselves may 

generate different geographic patterns of abundance across a species range. 

 In this study the abundance, vertical extent, and upper vertical limit of species 

across their range was compared to these five distribution models.  In particular, I will 

investigate the relationship between the abundance of species across their range and 

vertical extent of the species.  I would expect that as the upper vertical limit of a 

species increase; the vertical extent of a species will also increase.  The increase in 

vertical extent of a species will also be reflected by a higher abundance at the site.  I 

predict that the upper vertical limit, vertical extent, and abundance of a species will 

show the same distribution patterns.    

METHODS 

Survey Region 

 In order to assess the vertical extents, upper vertical limit and abundance of 

species across their range, I utilized spatially explicit surveys of community structure 

at 94 sites ranging from Glacier Bay, Alaska to Punta Eugenia, Mexico (Table1, 
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Figure 1).  I conducted these surveys with the Partnership for Interdisciplinary 

Studies of Coastal Ocean’s (PISCO) Coastal Biodiversity Surveys team.  The 

methods for these surveys are described in detail in Blanchette et al. (2008) and site 

descriptions can be found at  http://cbsurveys.ucsc.edu/.  At each site, species 

composition and vertical extent was determined along a thirty meter wide grid 

containing eleven vertical transects.  The sites are gently sloping contiguous rocky 

reefs (0-20O) and were selected to be similar with regards to geomorphology, wave 

exposure and habitat type. At some sites where thirty meters of contiguous rocky 

substrate could not be found, two smaller grids were established (Blanchette et al., 

2008).    All sites were surveyed between 2001 and 2007.   

Biological Sampling Design 

 We used a point intercept sampling method to quantify the percent cover of 

algae and invertebrates based on the sampling methods detailed in Murray et al. 

(2006).  A thirty-meter baseline was established at each site above the upper biotic 

limit of barnacles in the splash zone parallel to the ocean. Eleven transect lines were 

laid out perpendicular to the upper baseline, spaced three meters apart, and strung out 

through the low intertidal zone to 0.0 m mean lower low water (MLLW) in general 

the surfgrass zone.  Using a uniform point contact method, species or taxon were 

recorded at 100 evenly spaced points under each transect.  When an organism could 

not be identified to species, it was identified at a higher taxonomic level such as 

genus or morphotype (e.g., Mastocarpus complex crusts).  Standard sampling 

intervals were determined by the length of each reef.  This was done to standardize 

http://cbsurveys.ucsc.edu/
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the sampling effort among sites so the same number of points was sampled at each 

site regardless of the length or slope of the bench.  Data were recorded for algal 

layering, epibionts, epiphytes, and whether the species were found within pools.  For 

each point, the species or substrate type (if no species was present) falling d irectly 

under the point was recorded.  Up to three species were recorded to account for layers 

of algae and epiphytes/ epibionts. If only one species was found under a point then 

the next two closest species were recorded, that were found within the circular area 

with a diameter of half of the sampling interval.  This allowed us to capture less 

common species and increase the sample size in order to better estimate the vertical 

distribution of species.  The spatially explicit grid design allowed a precise link 

between the species and the geomorphology of the reef.  Species abundance was 

calculated at all sites as percent cover.  Percent cover estimates were determined for 

all taxa found directly under a sampling point including epibionts/epiphytes, hosts 

and layering in algae.  The number of points for a species was then divided by the 

number of points sampled at a site (usually 1,100) then multiplied by 100 to give the 

percent.  Since multiple species can be found under a point, percent cover at a site 

could be greater than 100 percent.   

Topographic Sampling Design 

 Rock heights at each site were calibrated to mean sea level based on 

GEOID03, using a Trimble GPS pathfinder proXRT receiver combined with nomad 

G series computer and a Zepher Model 2 GNSS antenna.  This allowed us to establish 

a reference position at each site that was comparable among sites.   At 10 sites that we 
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were unable to use the Trimble GPS, rock height was calibrated with predicted tidal 

data generated using XTide software (www.flaterco.com/xtide/).  This was done by 

measuring the rock height at low tide and then referencing the height to the predicted 

tide level.  

 Topography was sampled at each site using a laser leveler.  Due to time 

limitations while sampling a site, rock height was measured along each transect line 

recording the major slope changes of each transect line.  The rock height was 

recorded for the top of a transect line, then recorded along the transect line at varying 

increments depending on the topographic complexity of the reef.  We measured all of 

the high points and low points along the transect line and points in between to capture 

subtle changes in the slope of the reef. These measurements were used to make a 

topographic map of the site.  For each biological point, rock height was determined 

by using the height of two closest measured points on either side of the biological 

point.  By drawing a line between two points of a known height and distance, the 

height of any point along that line can be determined by using the slope of the line 

and the distance from a known point. I used a linear equation to calculate rock height 

for each of the biological sampling points.  

Vertical Extent of Species 

In order to get an accurate representation of the vertical extent of a species, a 

species needed to be counted 20 times during the uniform point contact surveys at a 

site to be considered sufficiently present, and there had to be >10 sites that met this 

criterion for any given species for that species to be included in the analyses.  Species 

http://www.flaterco.com/xtide/
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found in pools were not used in this analysis because desiccation stress is decreased 

in pools during low tide and species are able to live higher along the shore line 

(Lewis, 1986).  I converted the upper rock height (hu) and lower rock heights (hl) for 

each species into a z-score to account for variation in tidal amplitude and mean sea 

level across 31 degrees of latitude and compared the normalized cumulative 

percentage between sites 

 

h (u or l )=     
           

 
  

 

where   is either the upper vertical height (     in meters of a species which was 

calculated as the 95th quantile/percentile of a species’ vertical height or lower vertical 

height (     in meters of a species which was calculated as the 5th quantile/percentile 

of a species’ vertical height, where µ is the mean sea level at the closest NOAA tidal 

station (MSL) in meters for the Epoch 1983-2001 in the terms of the North America 

Vertical Datum (NAVD), where   is the standard deviation of the tide height 

measured hourly at the closest NOAA tidal station for 2001.  The Mean Sea Level 

and tidal amplitude were calculated from NOAA tidal stations along the coast from 

http://tidesandcurrents.noaa.gov/ (Table 2).  A tidal reference for each site for Mean 

Sea Level and tidal standard deviation was determined by geographic distance to the 

nearest NOAA tidal station (Table 1).  The normal cumulative function (ZCF) 

converts the standardized vertical height into a cumulative distribution, which is an 
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estimate of the proportion of time a vertical height is submerged.  The range of data is 

from 0 (never submerged) to 1 (always submerged).   The normalized cumulative 

percentage for the upper vertical rock height (hu) and the normalized cumulative 

percentage for the lower vertical rock height (hl) are plotted in Figure 3.   The 

normalized cumulative percentage for the upper vertical rock height (hu) was then 

subtracted from normalized cumulative percentage for the lower vertical rock height 

(hl) to determine the relative tidal range of a species.  These calculations were carried 

out in SYSTAT 13.   

Data Analysis 

 In order to understand how abundance, vertical extent, and upper vertical limit 

vary across the range of a species, the following analyses were carried out for each 

species.  Each metric (abundance, vertical extent, and upper vertical limit) was 

converted to a relative scale by dividing each value by the maximum value at any site 

within the species geographic range.  The maximum value for each relative metric is 

1.  Latitudes were converted to a range index (RI) based on the formula used by 

Enquist et al. (1995), 

            

 

where L is the location of the site in degrees latitude, S is the latitudinal midpoint of 

the range, and R is the latitudinal extent of the range.  With RI the southern limit is -

1, center of the range is 0, and northern limit is 1.  Latitudinal range limits were 
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determined by documented range limits (I. A. Abbott & Hollenberg, 1976; Morris et 

al., 1980; Zabin et al., 2012).  When a species was found outside its published range, 

we expanded the range used in the analysis.  A few species had their northern (Bering 

Sea) or southern limit (Cabo San Lucas, Mexico) beyond the area surveyed for this 

study.  However the study region overlapped with the majority of the species ranges, 

so that the observed patterns are representative.   

 To examine the relationships between latitude and abundance, vertical extent 

and upper vertical limit for each species, I compared the cluster of points for a given 

metric verses latitude to the five hypothetical Equal area models (Figure 2).    I 

compared the cluster of points to both fixed models (represented in Figure 2) and 

models where the maximum and minimum relative metric were determined by the 

data.  Once the maximum relative metric was determined this point became the upper 

point of the constrained space (the tip of the triangle) and lines were connected from 

the tip to the edge (0, -1) and (0,1) for the abundant center, ramped south and ramped 

north models.   If there were two sites that had the same maximum relative metric 

then the mean of the range index of the two sites was used.  If the maximum relative 

metric value was found in the center third of the species range (between -0.33 and 

0.33 along the range index), this model was classified as an abundant center 

distribution (Figure 2a).  If the maximum relative metric value was found within the 

southern third of its range (between -1 and -0.33 along the range index), this model 

was classified as a ramped south distribution (Figure 2b).  If the maximum relative 

metric value was found within the northern third of its range (between 0.33and 1 



 

24 
 

along the range index), this model was classified as a ramped north distribution 

(Figure 2c).  For the abundant edge model with a non fixed center point, the 

minimum relative metric was determined by binning the range index into 10 bins, the 

center of the bin with the lowest mean of the relative metric was then determined to 

be the minimum value of the constrained space.   The upper points of the constrained 

space were fixed at (-1,1) and  (1,1) (Figure 2d).  The non-directional model has a 

constraint boundary at the relative metric of 0.5 across the entire range (Figure 2e).   

 To evaluate the fit of the observed data for each species and metric to the 

constraint space, the weighted sum of residuals (WSR) was calculated for each model 

(5 fixed models and 4 models where the maximum and minimum relative metric were 

determined by the data) for all points found above the constraint space (grey dots).   

The model with the lowest WSR across all five models is the model that best fit the 

data.  The residuals of the points found above the constraint space were weighted by 

distance between sites, since sites were not evenly spaced along the coastline.  There 

is a latitudinal bias in sites samples, with fewer sites sampled in both the north and 

the south and many sites sampled in California and the Channel Islands.  This 

latitudinal bias in sampling leads to a mathematical bias when summing the residuals.  

By weighting the residuals by the distance to its nearest neighbor this mathematical 

artifact was removed.   The weight of the site residual was calculated by taking the 

mean distance to the neighboring site north and south of the focal site.  If the site was 

located at the edge of the range, the site residual was weighted by the nearest site.  

The weight for the focal site was then multiplied by the focal site residual and then all 
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weighted residuals were summed to determine the WSR.   The model with the lowest 

WSR was determined to be the best model of the data.  All analyses were done in R 

(v. 2. Appendix 1). 

     

RESULTS 

 The patterns of abundance by latitude show a high degree of variability 

(Figure 3). Of the 28 species surveyed, eight species show an abundant center 

distribution (Table 3).  Nine species have the highest abundance in the southern third 

of their range, while four species have the highest abundance in the northern third of 

their range.  One species has the lowest abundance at the center third of its range and 

the highest abundance at both the southern and northern edge of their range.  Six 

species have a non-directional pattern of abundance.  

 The patterns of vertical extent by latitude also have a high degree of variation 

among species (Figure 4).  Low zone species were not included in this analysis since 

their lower limits could not be accurately determined by the study design.  Of the 20 

species surveyed, nine species have the widest vertical extent at the center of their 

range (Table 4).  Three species have the widest vertical extent at the southern edge of 

their range, while four species have the widest vertical extent at the northern edge of 

their range.  One species has the lowest vertical extent at the center of its range and 

the highest vertical extent at both the southern and northern edge of their range. Four 
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species fit the non-directional model, with no pattern of the broadest vertical extent at 

any part of their range.   

 The patterns of the upper vertical limit of a species show a high degree of 

variability among species (Figure 5). Of the 28 species studied, the upper vertical 

limit of nine species has the highest at the center of its range (Table 5).  The upper 

vertical limit of eleven species has the highest at the southern edge of its range, while 

six species have the highest at the northern edge of their range.  The upper vertical 

limit of one species is lowest at the center of its range and the highest at the edge of 

its range.  The upper vertical limit of one species fit the non-directional model. 

 When comparing distribution patterns across the three metrics (abundance, 

upper vertical limit and vertical extent), the majority of species show the same pattern 

for at least two of the three metrics (Figure 6).  Five species have the same pattern for 

all three metrics and five low zone species show the same pattern for abundance and 

upper vertical limit (Table 6).  Fourteen high and mid zone species show the same 

patters for two of the three metrics.  Distribution patterns of abundance and upper 

vertical limit were the same for thirteen of the twenty eight species that were studied, 

while the vertical extent of a species distribution was consistent with the upper 

vertical limit for fourteen of the twenty species studied.  There were four species that 

had different patterns across the metrics.   Across all species sampled there was a 

mixture of distributional patterns across all three metrics with maximum of three 

species sharing the same pattern for abundance, upper vertical limit and vertical 

extent. 
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DISCUSSION 

 The abundance patterns of this suite of intertidal invertebrate and algal species 

show a wide range of distributional patterns along the northeast Pacific coast.  For 

abundance, the abundant center distribution, ramped south distribution and non-

directional distribution are the most common distribution patterns.   About a third of 

the species are most abundant in the center of their range, which builds upon previous 

work that shows that the abundant center distribution may be less common than 

previously thought (Sagarin & Gaines, 2002a).  A third of the species have a ramped 

south distribution which may be due to length and timing of emergence and wave 

height across the range of these species.  Twenty percent of the species have a non 

directional pattern of abundance across their range.  Within the intertidal there are 

many abiotic and biotic factors that vary randomly across the landscape creating a 

mosaic of favorable habitats for certain species, which may lead to a non-directional 

pattern of abundance.    

 As predicted, the distribution patterns are consistent for the majority of 

species between abundance, vertical extent and upper vertical limit.  An increased 

abundance of a species may lead to an increase in the vertical distribution of a species 

or an increase in the vertical distribution of a species may lead to an increase in the 

abundance of a species.  As a species upper limit increases, its vertical extent may 

also increase and within this increased area, its abundance may also be higher.  

Increase in abundance may lead to an expansion of a species vertical extent and an 



 

28 
 

increase in a species upper or lower limit.   Increased abundance and increased 

vertical distribution could be caused by density dependent predator avoidance (Seitz 

et al., 2001), habitat amelioration ( Bertness & Callaway, 1994), recruitment 

dynamics (Raimondi, 1988), and facilitation (Bruno et al., 2003).  Although not all 

species showed the same pattern between the three metrics studied.  This lends 

support to the idea that a species upper and lower limit are set by different biological, 

environmental, and physiological forcing (Connell, 1961; Dayton, 1971; Underwood, 

1981; Foster et al., 1988; Harley, 2003). 

 For intertidal invertebrates and algae, ramped south is one of the most 

common distribution patterns for abundance and upper vertical limit.  Length of 

emergence, timing of emergence, temperature and wave height at a site during low 

tide events may all help to explain why the abundance and upper vertical limit of 

many species is higher at the southern edge of their range.  Periods of emergence are 

longer in the north than the south over the 18.6 yr tidal epoch (Mislan et al., 2011).  

Even though air temperature is warmer in the south than the north the overall length 

of exposure may be more stressful to these marine organisms.  Length of exposure 

reduces the time that a species can forage and may lead to a decrease in reproductive 

output.  The timing of low tide events, whether they are during the day or night will 

greatly affect distributions patterns of intertidal organisms.  Helmuth et al. (2002) 

found that some sites in Washington had a higher amount of low tide events during 

the midday then sites in California. This may lead to higher abundance and higher 

upper vertical limit at the southern portion of species ranges, where low tide events 
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are not as thermally stressful.  Another possible cause is wave height relative to tidal 

range.  So even though wave height increases with latitude (Schoch et al., 2006), 

wave height could have a larger affect in the southern portion of a species range.  

Since I have standardized my data by tidal range, when there is one meter of vertical 

wave splash in both British Columbia (4 m tidal range) and Southern California (2 m 

tidal range), the upper vertical limit in the north would increase from +2 to +3 m 

(from 50% to 75% of the tidal range) as compared to from +1 to +2m in the south 

(from 50% to 100% of the tidal range).  Temperature of mussels recorded in 

California, Oregon and Washington has shown there to be a complex mosaic of 

thermal regimes and not a simple latitudinal gradient (Helmuth et al., 2006).  The 

thermal mosaic of temperature may also help to explain non-directional patterns of 

vertical extent and upper vertical limit of some species.  

 By modifying existing species distribution models to make them be equal area 

above and below the constraint space, by allowing the apex and base of the models to 

shift with the maximum and minimum relative metric, and by weighting the sites by 

their proximaty to other sites allowed the models to accurately describe the species 

abundance and distribution patterns.  Having equal area models decreases the 

possibility of a model fitting the data better simply because there is a larger area of 

the constraint space creating a mathematical bias of the model.  By allowing the apex 

or base of the model to be centered around the highest or lowest relative metric 

increased the fit of the data.  For the majority of the species the range boundaries 

were found within the geographic scope of the study, but for some species range 
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boundaries were determined from the literature.  Range boundaries that were 

determined from the literature could be fairly vague.  For example, it was difficult to 

estimate the center of the range of many species of algae whose southern limit was 

identified as Baja, California which spans 8o of latitude.  Having flexibility built into 

the model helped to mitigate such problems.  

 

 In conclusion, intertidal algae and invertebrates show a broad range of 

distribution patterns for abundance, vertical extent and upper vertical limit.  The 

knowledge gained from this study provides a baseline on how species are distributed 

across their range and how these distributions correlate to important environmental 

factors, such as length of emergence, timing of low tide events and temperature.  

Although the evolutionary and ecological theories that explain the abundant center 

hypothesis are compelling, as found by Sagarin and Gaines (2002) and Rivadeneira et 

al. (2010) the results of this study show many different distribution patterns. These 

patterns, like so many in ecology, are species specific, and as mentioned long ago 

(Bartholomew, 1986) might best be examined at the species level as done by Fenberg 

and Rivadeneira (2011).  
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TABLES  

Table 1 Sites from north to south.  Tidal reference was determined by geographic 
distance to the nearest NOAA tidal station. 

Site 
No. Site Name 

Survey 
Date 

Latitude 
(dd) 

Longitude 
(dd) 

Tidal  
Ref. 

94 Graves Harbor, Ak, US 8/29/2003 58.27 -136.73 17 

93 Yakobi, Ak,US 8/30/2003 58.08 -136.55 17 

92 Port Mary, Ak, US 8/25/2003 57.15 -135.75 16 

91 Puffin Bay, Ak, US 7/31/2007 56.26 -134.82 16 

90 Coronation Island, Ak, US 7/31/2007 55.93 -134.34 16 

89 Hippa Island, BC, CA 6/23/2005 53.55 -133 16 

88 Duck Island, BC, CA 6/20/2005 51.9 -128.48 16 

87 Palmerston, BC, CA 8/13/2003 50.6 -128.27 15 

86 Little Ohiat, BC, CA 8/10/2003 48.85 -125.18 15 

85 Cannonball Island, Wa, US 7/11/2002 48.17 -124.74 15 

84 Chilean Memorial, Wa, US 7/9/2002 47.95 -124.66 15 

83 Taylor Pt, Wa, US 6/5/2004 47.87 -124.57 15 

82 Ecola, Or, US 6/24/2001 45.92 -123.98 14 

81 Fogarty Creek, Or, US 6/21/2001 44.84 -124.06 13 

80 Bob Creek, Or, US 6/23/2001 44.24 -124.11 13 

79 Cape Arago, Or, US 6/7/2005 43.31 -124.4 12 

78 Burnt Hill, Or, US 5/26/2002 42.23 -124.39 11 

77 Damnation Creek, Ca, US 6/2/2004 41.65 -124.13 11 

76 Cape Mendocino, Ca, US 5/28/2002 40.34 -124.36 10 

75 Shelter Cove, Ca, US 7/21/2001 40.02 -124.07 10 

74 Kibisilah, Ca, US 7/20/2001 39.6 -123.79 9 

73 Stornetta Ranch, Ca, US 5/5/2004 38.94 -123.73 9 

72 Sea Ranch, Ca, US 6/9/2005 38.73 -123.49 9 

71 Bodega, Ca, US 7/7/2001 38.32 -123.07 8 

70 Santa Maria Creek, Ca, US 5/14/2002 38.01 -122.85 8 

69 Bolinas Pt, Ca, US 5/16/2002 37.9 -122.73 8 

68 Mussel Flat, Ca, US 2/3/2005 37.7 -123 8 

67 Fitzgerald, Ca, US 11/5/2002 37.52 -122.52 8 

66 Pigeon Pt, Ca, US 11/3/2002 37.19 -122.4 7 

65 Ano Nuevo, Ca, US 6/11/2002 37.11 -122.33 7 

64 Scott Creek, Ca, US 12/3/2006 37.05 -122.24 7 

63 Sandhill, Ca, US 5/20/2004 36.98 -122.15 7 

62 Wilder, Ca, US 10/11/2007 36.96 -122.1 7 

61 Terrace, Ca, US 1/16/2003 36.95 -122.06 7 
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60 Natural Bridges, Ca, US 10/10/2007 36.95 -122.06 7 

59 Point Pinos, Ca, US 11/7/2007 36.64 -121.94 7 

58 Hopkins, Ca, US 1/18/2003 36.62 -121.91 7 

57 China Rocks, Ca, US 11/9/2007 36.61 -121.96 7 

56 Stillwater, Ca, US 4/29/2005 36.56 -121.94 7 

55 Pt Lobos, Ca, US 3/7/2005 36.51 -121.94 7 

54 Garrapata, Ca, US 11/6/2007 36.47 -121.93 7 

53 Andrew Molera, Ca, US 2/20/2001 36.28 -121.86 7 

52 Partington Pt, Ca, US 11/23/2003 36.17 -121.7 7 

51 Lucia, Ca, US 4/12/2004 36.01 -121.54 7 

50 Mill Creek, Ca, US 11/22/2003 35.98 -121.49 7 

49 Pt Sierra Nevada, Ca, US 4/18/2003 35.73 -121.32 6 

48 San Simeon Pt, Ca, US 9/27/2007 35.63 -121.2 6 

47 Cambria, Ca, US 3/4/2001 35.54 -121.09 6 

46 Hazards, Ca, US 3/5/2005 35.29 -120.88 6 

45 Shell Beach, Ca, US 3/23/2001 35.17 -120.7 6 

44 Stairs, Ca, US 3/25/2003 34.73 -120.62 6 

43 Lompoc, Ca, US 3/19/2007 34.72 -120.61 6 

42 Boat House, Ca, US 3/21/2001 34.55 -120.61 6 

41 Government Pt, Ca, US 3/27/2006 34.44 -120.46 6 

40 Alegria, Ca, US 5/26/2001 34.47 -120.28 5 

39 Arroyo Hondo, Ca, US 4/4/2005 34.47 -120.15 5 

38 Coal Oil Pt, Ca, US 3/13/2002 34.41 -119.88 5 

37 Mussel Shoals, Ca, US 5/23/2001 34.36 -119.44 5 

36 Old Stairs, Ca, US 5/27/2001 34.07 -119 4 

35 Paradise Cove, Ca, US 2/27/2006 34.01 -118.79 4 

34 Cuyler Harbor SMI, Ca, US 12/4/2002 34.05 -120.34 5 

33 Crook Pt SMI, Ca, US 11/14/2001 34.02 -120.38 5 

32 Fossil Reef SRI, Ca, US 12/12/2004 33.99 -120.24 5 

31 Johnsons Lee SRI, Ca, US 12/1/2002 33.91 -120.09 5 

30 Ford Pt SRI, Ca, US 12/15/2001 33.91 -120.05 5 

29 East Pt SRI, Ca, US 12/11/2001 33.94 -119.97 5 

28 Forney SCI, Ca, US 1/9/2002 34.06 -119.92 5 

27 Fraser Pt SCI, Ca, US 1/30/2003 34.06 -119.92 5 

26 Trailer SCI, Ca, US 1/10/2002 34.05 -119.9 5 

25 Prisoners SCI, Ca, US 1/8/2002 34.02 -119.69 5 

24 Willows SCI, Ca, US 1/25/2006 33.96 -119.75 5 

23 Valley SCI, Ca, US 1/28/2006 33.98 -119.67 5 

22 Middle AI, Ca, US 12/13/2005 34.01 -119.4 5 

21 Cat Rock AI, Ca, US 12/11/2005 34.01 -119.42 5 

20 Frenchys Cove AI, Ca, US 12/12/2005 34.01 -119.41 5 

19 Whites Pt, Ca, US 5/28/2001 33.72 -118.32 3 
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18 Pt Fermin, Ca, US 6/9/2001 33.71 -118.29 3 

17 Crystal Cove, Ca, US 4/29/2001 33.57 -117.84 3 

16 Shaws Cove, Ca, US 4/2/2005 33.54 -117.8 3 

15 Dana Point, Ca, US 2/25/2006 33.46 -117.71 3 

14 Landing Cove SBI, Ca, US 11/2/2006 33.48 -119.03 3 

13 Sea Lion Rookery SBI, Ca, US 11/4/2006 33.47 -119.03 3 

12 Bird Rock CI, Ca, US 1/20/2004 33.45 -118.49 3 

11 Little Harbor CI, Ca, US 4/21/2002 33.39 -118.48 3 

10 Thousand Springs SNI, Ca, US 2/26/2003 33.29 -119.53 3 

9 Marker Poles SNI, Ca, US 2/16/2007 33.22 -119.5 3 

8 Scripps, Ca, US 3/24/2002 32.87 -117.25 2 

7 Cabrillo Zone 1, Ca, US 3/26/2002 32.67 -117.25 1 

6 Cabrillo Zone 3, Ca, US 3/23/2002 32.66 -117.24 1 

5 La Bufadora, BCN, MX 2/12/2003 31.72 -116.71 1 

4 Punta Baja, BCN, MX 2/15/2003 29.95 -115.81 1 

3 Punta Rompiente, BCS, MX 2/19/2003 27.73 -114.99 1 

2 San Roque, BCS, MX 2/18/2003 27.18 -114.4 
 1 Punta Abreojos, BCS, MX 2/17/2003 26.71 -113.58 1 
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     Table 2 NOAA Tidal Station Locations.  A tidal reference for each site was 

determined by geographic distance to the nearest NOAA tidal station.  MSL is in 

relation to NADV.  Tidal standard deviation was calculated from hourly tidal height 
measurements for 2001. 

Location 
Tidal 
Reference MSL 

Tidal 

Standard  
Deviation 

Elfin Cove, Ak 17 1.201 1.039 

Sitka, Ak 16 1.201 0.947 

La Push, Wa 15 1.201 0.795 

Toke Pt, Wa 14 1.209 0.835 

South Beach, Or 13 1.130 0.781 

Charlestown, Or 12 1.092 0.714 

Cresent City, Ca 11 1.013 0.647 

North Spit, Ca 10 1.027 0.628 

Arena, Ca 9 0.922 0.549 

Pt Reyes, Ca 8 0.926 0.535 

Monterey, Ca 7 0.903 0.495 

San Luis, Ca 6 0.829 0.494 

Santa Barbara, Ca 5 0.821 0.486 

Santa Monica, Ca 4 0.791 0.505 

Los Angelas, Ca 3 0.798 0.508 

La Jolla, Ca 3 0.776 0.494 

San Diego, Ca 1 0.764 0.528 
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Table 3 Best fit model for abundance of species, which was determined by the lowest 
weighted sum of positive residuals (WSPR) among model types.  Model types are 

shown in Figure 2.  Model* indicates that the maximum value was not fixed at the 
northern, center or southern edge of the species range.  N is the number of sites, 

where a species was sampled. 

Species Model WSPR N 

Anthopleura elegantissima Ramped South < 0.001 80 

Anthopleura sola Ramped South 0.001 75 

Balanus glandula Abundant Center* 0.026 88 

Chondracanthus canaliculatus Abundant Center 0.142 66 

Cladophora columbiana Non-Directional 0.002 62 

Egregia menziesii Ramped South* < 0.001 76 

Endocladia muricata Ramped South* 0.005 77 

Fucus distichus Abundant Center* 0.005 43 

Gelidium coulteri/pusillum Ramped South* 0.010 68 

Halosaccion glandiforme Ramped South 0.215 24 

Mastocarpus complex blades Ramped South < 0.001 67 

Mastocarpus complex crusts Non-Directional 0.040 85 

Mazzaella affinis  Ramped South 0.002 61 

Mazzaella flaccida/splendens Abundant Center* 0 67 

Microcladia borealis Ramped North* 0.021 42 

Mytilus Canus Non-Directional 0.085 91 

Neogastroclonium subarticulatum Abundant Center* 0.006 55 

Neorhodomela larix Abundant Center* 0.030 28 

Odonthalia floccosa Abundant Edge* 0.048 36 

Pelvetiopsis limitata Abundant Center* 0.053 31 

Phyllospadix scouleri Non-Directional 0.034 68 

Phyllospadix torreyi Ramped South* 0.003 59 

Pollicipes polymerus Non-Directional 0.003 77 

Pterosiphonia bipinnata Ramped North 0.058 33 

Saccharina sessilis  Abundant Center 0.138 19 

Semibalanus cariosus Ramped North* 0.005 26 

Silvetia compressa Ramped South* < 0.001 52 

Tetraclita rubescens Non-Directional 0.036 52 
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Table 4 Best fit model for vertical extent of species, which was determined by the 
lowest weighted sum of residuals (WSPR) among model types.  Model types are 
shown in Figure 2.  Model* indicates that the maximum value was not fixed at the 

northern, center or southern edge of the species range.  N is the number of sites, 
where a species was sampled. 

 

Species Model WSPR N 

Balanus glandula Non-Directional 0.372 64 

Chondracanthus canaliculatus Abundant Center* 0.077 28 

Cladophora columbiana Ramped North 0.098 29 

Endocladia muricata Abundant Center 0.318 50 

Fucus distichus Ramped North* 0.247 28 

Gelidium coulteri/pusilum Non-Directional 0.090 19 

Halosaccion glandiforme Ramped North* 0.117 10 

Mastocarpus complex blades Non-Directional 0.235 43 

Mastocarpus complex crusts Abundant Center 0.351 51 

Mazzaella affinis  Ramped South 0.041 12 

Microcladia borealis Abundant Center* 0.292 17 

Mytilus Canus Non-Directional 0.193 60 

Neorhodomela larix Ramped South 0.019 16 

Odonthalia floccosa Abundant Edge 0.171 21 

Pelvetiopsis limitata Abundant Center* 0.048 19 

Pollicipes polymerus Abundant Center 0.286 28 

Pterosiphonia bipinnata Abundant Center* 0.404 11 

Saccharina sessilis  Ramped South 0.113 10 

Semibalanus cariosus Abundant Center* 0.285 20 

Silvetia compressa Ramped South 0.014 24 

Tetraclita rubescens Ramped North* 0.034 16 
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Table 5 Best fit model for upper vertical limit of species, which was determined by 
the lowest weighted sum of positive residuals (WSPR) among model types.  Model 

types are shown in Figure 2.  Model* indicates that the maximum value was not fixed 
at the northern, center or southern edge of the species range.  N is the number of sites, 

where a species was sampled. 

Species Model WSPR N 

Anthopleura elegantissima Ramped South 0.121 31 

Anthopleura sola Ramped South* 0 20 

Balanus glandula Abundant Center .523 64 

Chondracanthus canaliculatus Ramped South 0.066 28 

Cladophora columbiana Ramped North 0.200 29 

Egregia menziesii Ramped South* 0 17 

Endocladia muricata Abundant Center 0.408 50 

Fucus distichus Ramped North 0.357 27 

Gelidium coulteri/pusillum Ramped South 0.044 18 

Halosaccion glandiforme Ramped North* 0.065 10 

Mastocarpus complex blades Ramped South 0.368 43 

Mastocarpus complex crusts Abundant Center 0.454 51 

Mazzaella affinis  Ramped South 0.050 12 

Mazzaella flaccida/splendens Ramped North 0.083 43 

Microcladia borealis Abundant Edge 0.434 17 

Mytilus Canus Abundant Center* 0.287 60 

Neogastroclonium subarticulatum Abundant Center* 0.008 15 

Neorhodomela larix Ramped South 0.023 16 

Odonthalia floccosa Abundant Edge 0.238 20 

Pelvetiopsis limitata Abundant Center 0.442 19 

Phyllospadix scouleri Ramped North* 0.001 19 

Phyllospadix torreyi Ramped South* 0 14 

Pollicipes polymerus Abundant Center 0.414 28 

Pterosiphonia bipinnata Non-directional 0.408 11 

Saccharina sessilis  Ramped South* 0.118 10 

Semibalanus cariosus Abundant Center* 0.265 20 

Silvetia compressa Ramped South 0.042 24 

Tetraclita rubescens Ramped North 0.116 16 
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Table 6 Best fit model for abundance, upper vertical limit and vertical extent for all 
species. 
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FIGURES 

Figure 1 Map of Sites.  Numbers refer to names of sites in Table 1.  
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Figure 2 Five fixed  models used to determine the distribution of species across their 
range.  Data above the constrained space (grey circles) were used in determining the 

weighted sum of residuals (WSPR).  The model with the lowest WSPR best fit the 
data.   
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Figure 3 Distribution of relative abundance of species across their range determined by percent cover.  Inset model shapes 
show models the best fit model (see Table3).  
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Figure 4 Distribution of relative vertical extent of species across their range.  Inset model shapes show the best fit model (see 
Table 4). 
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Figure 5 Distribution of relative upper vertical limit of species across their range.  Inset model shapes show the best fit model 
(see Table 5). 
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Figure 6 Distribution of best fit models for abundance, upper vertical limit and 
vertical extent across species.  Each black square represents a species best fit model 

for all three metrics. For low zone species, the vertical extent could not be accurately 
determined due to sampling design (NA).  
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CHAPTER 2 

Latitudinal patterns of diversity and vertical distribution of rocky 

intertidal species along the northeast Pacific coast 

INTRODUCTION 

     One central goal of ecology is to understand the causes of spatial and temporal 

variation in the composition and structure of ecological communities.  One source of 

variation in community structure that has long captivated interest by ecologists is 

latitudinal variation along the gradient from tropical to polar environments 

(Dobzhansky, 1950; Pianka, 1966; Rohde, 1992).  These changes in community 

structure have often been attributed to changes in abiotic factors associated with 

changes in latitude, including environmental heterogeneity (Simpson, 1964), 

environmental stability (Klopfer & Macarthur, 1960), and solar incidence (Terborgh, 

1985).  Others have attributed these latitudinal differences to changes in fundamental 

species interactions: mutalism (Dobzhansky, 1950), predation (Paine, 1966), and 

competition (Pianka, 1966).  One key consequence of these changes in abiotic and 

biotic drivers that underpins latitudinal variation in community structure is changes in 

species distributions.  Shifts in species distribution are reflected in the presence and 

relative abundance of species in communities.  These changes in the distributional 

patterns across the geographic range of species have long been recognized as drivers 

of variation in the structure of communities (Brown et al., 1996).  

     The strong variation in structure of plant and animal communities along altitudinal 

gradients has also been the focus of attention by ecologists and has generated great 
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insight on how environmental gradients underpin patterns of community structure 

(Rahbek, 1995; Lomolino, 2001; Grytnes & McCain, 2007).  Like latitudinal patterns, 

altitudinal variation in abiotic factors has been identified as major correlates and 

causal drivers of variation in community structure.  Abiotic factors such as aspect of 

land (Whittaker & Niering, 1965), temperature (Korner, 1998) soil formation 

(Johnson & Billings, 1962), wind (Cogbill & White, 1991), snow avalanches 

(Camarero et al., 2000), and temperature (Jobbagy & Jackson, 2000) have been 

shown to affect community structure.   Changes in species interactions across 

altitudinal gradients have also been known to explain patterns of community 

structure, including changes in the relative importance and types of species 

interactions with changes in environmental harshness with increasing altitude 

(Diamond, 1973).  Like latitudinal patterns, changes in species distributions, 

especially altitudinal zonation, is a strong determinant of community composition and 

relative species abundance (Whittaker & Niering, 1965; Huang, 2010; Rahel & 

Hubert, 1991; Presley et al., 2010).  Furthermore, latitudinal patterns may modify 

altitudinal effects or vice versa; the effects of these two gradients may be 

interdependent drivers of community structure patterns.  In South & East Asia, 

altitudinal patterns and latitudinal patterns of tropical montane forests show differing 

patterns of community structure.  Along the equator,  there are three distinct tropical 

montane forest zones, but as temperature conditions become more extreme at 

northern latitudes, there is a single forest community (Ohsawa, 1990). 
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 Striking patterns of plant zonation can be seen across high alpine landscapes; 

similarly patterns of invertebrate and algal species zonation can be seen in the 

intertidal.  With altitude, physiological stress increases with elevation due to extreme 

cold, whereas in the intertidal, physiological stress increases with intertidal height due 

to extreme heat and desiccation. This becomes important when one overlays a 

latitudinal gradient of temperature on the two vertical patterns.   Species move 

downhill but upshore from the tropics towards the poles.  While alpine zonation 

patterns span thousands of vertical meters, intertidal zonation patterns are restricted 

by tidal range and may span just a few vertical meters.   

     The long history of ecological studies of rocky intertidal ecosystems has generated 

a wealth of understanding on how abiotic and biotic processes structure ecological 

communities.  Two key paradigms that have emerged from this body of work is how 

abiotic and biotic processes often determine the upper and lower boundary of species 

distributions, respectively (Connell, 1961; Paine, 1969; Underwood, 1981; Foster et 

al., 1988; Harley, 2003; Paine, 1974; Lawson, 1957; Robles & Desharnais, 2002).  

The other is how the relative importance of key species interactions (predation, 

competition, mutualism) vary across gradients of environmental harshness (Menge & 

Sutherland, 1987; Bertness & Callaway, 1994).  These drivers of variation in 

community structure are manifest in patterns of zonation (i.e. species distributions) 

along the short but very strong gradient associated with vertical change across 

intertidal landscapes (Ricketts et al., 1985).    Surprisingly however, how these 

patterns of variation in zonation and species distributions correspond with latitudinal 
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variation in community structure has been largely overlooked.  Based on the body of 

literature from terrestrial studies described above, one would predict that dramatic 

patterns of vertical zonation characteristic of rocky intertidal ecosystems would be an 

important source of latitudinal variation in the structure of these communities.  

     I use a large-scale, long-term data set with information on both species 

distributions, vertical zonation specifically, and latitudinal variation in community 

structure to test whether geographic patterns of community structure correspond with 

patterns of vertical zonation.  Specifically, I test the explicit hypothesis that vertical 

distribution of species varied progressively with latitude using linear regressions 

which examined the relationship between community similarity and the vertical 

distribution of species.  I find that geographic patterns of community structure in the 

north east Pacific rocky intertidal are strongly correlated with the vertical 

distributions of many of the abundant invertebrates and algae species that constitute 

those communities. 

METHODS 

Survey Region 

To test the hypothesis that geographic patterns of community structure are 

strongly related to variation in the vertical ranges (i.e. zones) of spec ies in the rocky 

intertidal, I used spatially explicit surveys of community structure at 94 sites ranging 

from Glacier Bay, Alaska to Punta Eugenia, Mexico (Table1, Figure 1).  These 

surveys were conducted by the Partnership for Interdisciplinary Studies o f Coastal 
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Ocean’s (PISCO) Coastal Biodiversity Surveys team.  The methods for these surveys 

are described in detail in Blanchette et al. (2008) and site descriptions can be found at  

http://cbsurveys.ucsc.edu/.  At each site, species composition and vertical distribution 

was determined along a thirty meter wide grid containing eleven vertical transects.  

The sites are gently sloping contiguous rocky reefs (0-20O) and were selected to be 

similar with regards to geomorphology, wave exposure and habitat type (Blanchette 

et al., 2008).  At some sites where thirty meters of contiguous rocky substrate could 

not be found, two smaller grids were established.  All sites were surveyed between 

2001 and 2007.   

Biological Sampling Design 

We used a point intercept sampling method to quantify the percent cover of 

algae and invertebrates based on the sampling methods detailed in Murray et al. 

(2006).  A thirty-meter baseline was established at each site above the upper biotic 

limit of barnacles in the splash zone parallel to the ocean. Eleven transect lines were 

laid out perpendicular to the upper baseline, spaced three meters apart, and strung out 

through the low intertidal zone to 0.0 m mean lower low water (MLLW) in general 

the surfgrass zone.  Using a uniform point contact method, species or taxon were 

recorded at 100 evenly spaced points under each transect.  When an organism could 

not be identified to species, it was identified at a higher taxonomic level such as 

genus or morphotype (e.g., Petrocelis phase).  Standard sampling intervals were 

determined by the length of each reef.  This was done to standardize the sampling 

effort among sites so the same number of points was sampled at each site regardless 

http://cbsurveys.ucsc.edu/
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of the length or slope of the bench.  Data were recorded for algal layering, epibionts, 

epiphytes, and whether the species were found within pools.  For each point, the 

species or substrate type (if no species was present) falling directly under the point 

was recorded.  Up to three species were recorded to account for layers of algae and 

epiphytes/ epibionts. If only one species was found under a point then the next two 

closest species were recorded, that were found within the circular area with a 

diameter of half of the sampling interval.  This allowed us to capture less common 

species and increase the sample size in order to better estimate the vertical 

distribution of species.  The spatially explicit grid design allowed a precise link 

between the species and the geomorphology of the reef.  Species abundance was 

calculated at all sites as percent cover.  Percent cover estimates were determined for 

all taxa found directly under a sampling point including epibionts/epiphytes, hosts 

and layering in algae.  The number of points for a species was then divided by the 

number of points sampled at a site (usually 1,100) then multiplied by 100 to give the 

percent.  Since multiple species can be found under a point, percent cover at a site 

could be greater than 100 percent.   

Topographic Sampling Design 

Rock heights at each site were calibrated to mean sea level based on 

GEOID03, using a Trimble GPS pathfinder proXRT receiver combined with nomad 

G series computer and a Zepher Model 2 GNSS antenna.  This allowed us to establish 

a reference position at each site that was comparable among sites.   At 10 sites that we 

were unable to use the Trimble GPS, rock height was calibrated with predicted tidal 
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data generated using XTide software (www.flaterco.com/xtide/).  This was done by 

measuring the rock height at low tide and then referencing the height to the predicted 

tide level.  

Topography was sampled at each site using a laser leveler.  Due to time 

limitations while sampling a site, rock height was measured along each transect line 

recording the major slope changes of each transect line.  The rock height was 

recorded for the top of a transect line, then recorded along the transect line at varying 

increments depending on the topographic complexity of the reef.  We measured all of 

the high points and low points along the transect line and points in between to capture 

subtle changes in the slope of the reef in order to make a topographic map of the site.  

For each biological point, rock height was determined by using the height of two 

closest measured points on either side of the biological point.  By drawing a line 

between two points of a known height and distance, the height of any point along that 

line can be determined by using the slope of the line and the distance from a known 

point. I used a linear equation to calculate rock height for each of the biological 

sampling points.   

 

Vertical Extent of Species 

In order to get an accurate representation of the vertical extent of a species, a 

species needed to be counted 20 times during the uniform point contact surveys at a 

site to be considered sufficiently present, and there had to be >10 sites that met this 

http://www.flaterco.com/xtide/
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criterion for any given species for that species to be included in the analyses.  Low 

zone species were not included in this analysis since the lower limit of these species 

was not accurately measured in the surveys.  Species found in pools were not used in 

this analysis because desiccation stress is decreased in pools during low tide and 

species are able to live higher along the shore line (Lewis, 1986).  I converted the 

upper rock height (hu) and lower rock heights (hl) for each species into a z-score to 

account for variation in tidal amplitude and mean sea level across 31 degrees of 

latitude and compared the normalized cumulative percentage between sites 

 

h (u or l )=     
           

 
  

 

where   is either the upper vertical height (     in meters of a species which was 

calculated as the 95th quantile/percentile of a species’ vertical height or lower vertical 

height (     in meters of a species which was calculated as the 5th quantile/percentile 

of a species’ vertical height, where µ is the mean sea level at the closest NOAA tidal 

station (MSL) in meters for the Epoch 1983-2001 in the terms of the North America 

Vertical Datum (NAVD), where   is the standard deviation of the tide height 

measured hourly at the closest NOAA tidal station for 2001.  The Mean Sea Level 

and hourly tide height data were obtained for a subset of sites along the coast from 

NOAA tidal stations:  http://tidesandcurrents.noaa.gov/ (Table 2).  A tidal reference 

for each site was determined by geographic distance to the nearest NOAA tidal 
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station (Table 1).  The normal cumulative function (ZCF) converts the standardized 

vertical height into a cumulative distribution, which is an estimate of the proportion 

of time a vertical height is submerged.  The range of data is from 0 (always 

submerged) to 1 (never submerged).   The normalized cumulative percentage for the 

upper vertical rock height (hu) and the normalized cumulative percentage for the 

lower vertical rock height (hl) are plotted in Figure 2.   The normalized cumulative 

percentage for the upper vertical rock height (hu) was then subtracted from 

normalized cumulative percentage for the lower vertical rock height (hl) to determine 

the relative tidal range of a species.  These calculations were carried out in SYSTAT 

13.   

 

Data Analysis 

 To test the hypothesis that geographic patterns of similarity in community 

composition are correlated with geographic patterns of the vertical distribution of 

species, I tested for a correlation between a spatial matrix based on community 

composition with a spatial matrix based on the vertical distribution of a focal species.  

A positive correlation between these matrices indicates that sites that have a similar 

vertical distribution of the focal species will also have a similar community 

composition. Conversely, sites that differ most in community composition will have 

the greatest differences in vertical distributions of the focal species among those sites.  

This analysis was done with twenty- four intertidal species of algae and invertebrates.    
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Not all species were found at each site, so each matrix had a unique set of sites for 

each focal species (Table 3).   

 For each of the twenty-four species, I first generated a community similarity 

matrix based on pair wise comparisons among all sites where the focal species was 

found using the Bray Curtis Similarity Index, where each cell contains the Bray 

Curtis Similarity Value for a pair of sites.  The Bray Curtis Similarity Index is based 

on percent cover estimates at each site.  The percent cover data were square root 

transformed in order to even out the contributions of abundant and rare species.  I 

then generated a second matrix in which each cell contained the difference in vertical 

distribution of the focal species between sites.  Matching like cells (cells with 

identical location (i, j)) between these two matrices allows for the test of the 

correlation between community composition and vertical distribution of the focal 

species.  These analyses were carried out in the statistical package Primer 6 

(Plymouth Routines in Multivariate Ecological Research).    

 To determine which focal species were contributing to the community-wide 

correlation between community composition and vertical distribution, I carried out a 

separate linear regression for each of the twenty-four focal species using these linked 

matrices.  In order to compare among linear regressions due to different sample sizes 

(species were present at a different number of sites), the effect size was determined 

using a scaled estimate that shows the relative effect of factors centered by the mean 

and scaled by range of the data.  The scaled estimate also shows whether the 

relationship between community similarity and vertical distribution was positive or 
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negative.   The linear regressions were calculated using JMP 9.0.0 statistical package. 

My prediction is that community similarity between sites will decrease as a function 

of increasing difference in the vertical range of a focal species between sites which 

will be represented by a negative slope in the linear regressions.  

 

RESULTS 

Of the 24 linear regressions, 15 species showed a significant relationship 

between the vertical distribution of the focal species and community similarity 

between sites (Table 3).  Five invertebrates and nine algal species have a negative 

relationship (ie. community similarity between sites decrease as a function of 

increasing difference in the vertical extent of a species between sites).  An example of 

this relationship can be seen for Pelvetiopsis limitata (Figure 3).  One invertebrate 

species (Semibalanus cariosus) has a positive relationship (ie. community similarity 

increase between sites as a function of increasing differences in vertical distribution 

of S. cariosus between sites).  

 

DISCUSSION 

The results of these analyses indicate that geographic patterns of community 

structure in the rocky intertidal along the northeast Pacific coast are strongly 

correlated with the vertical distributions of many of the abundant species of intertidal 

invertebrates and algae that constitute those communities.  For the majority of 

intertidal species surveyed, sites that have a similar vertical distribution of species 
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also have a similar community structure.  This builds upon previous work that shows 

that community similarity increases as geographic distance and environmental 

differences decrease (Blanchette et al., 2008).   Along 5500 km of the northeast 

Pacific coast from Alaska to Baja California, Mexico, there are distinct biogeographic 

regions that reflect shifts in the relative abundance of species, rather than complete 

changes in species assemblages among regions (Blanchette et al., 2008).  Many of the  

most abundant species are found across all regions, but have large and consistent 

differences in abundance (Blanchette et al., 2008; Blanchette et al., 2009).  The 

results of this study add to our understanding of the mechanisms underlying 

community structure patterns by revealing how these patterns of community structure 

(i.e. species relative abundance) are correlated with patterns of vertical distribution 

among dominant taxa (ie. focal species in this study).   

Abiotic factors influence the vertical distribution of a species within the 

intertidal.  Wave splash increases the vertical distribution of species above the high 

water mark (Lewis, 1964).  Variation in aspect and slope of the rocky substratum also 

greatly influence vertical zonation patterns (Stephenson & Stephenson, 1961).  

Changes in salinity and water temperature can also influence the vertical distribution 

of species.  Druehl (1967) found that the upper limit of some algal species decreased 

with increasing temperature and lower salinity while the upper limit of other species 

remained constant across these changing conditions.  Survival at different size classes 

also effect the vertical distribution of species, with smaller individuals often 

recruiting lower on the shore or in thermal refuges before moving to higher more 
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stressful environments (Lewis, 1986).  This variation in individual and species 

responses to changing environmental conditions creates variation in vertical 

distributions of species and differing patterns of community structure among sites.   

As a species’ upper and lower limits expand and contract in relation to abiotic 

factors, a neighboring species’ vertical distribution may also expand or contract due 

to competition, predation, herbivory or facilitation because space in the intertidal is a 

limiting factor.  Connell (1961) found that Balanus balanoides, a competive 

dominant, excluded Chthamalus stellatus from their zone of overlap, therefore 

contracting the vertical distribution of Chthamalus stellatus.  Wethey (1983) found 

that as the upper vertical distribution of Balanus balanoides expanded at northern 

latitudes, Chthamalus fragilis was completely excluded, truncating its northern 

geographic distribution.  A conceptual model proposed by Harley (2003) predicts that 

as vertical stress increases with increasing elevation in the intertidal and as 

environmental conditions become more severe, the upper and lower limits of two 

neighboring species can converge causing a species’ vertical distribution and 

geographic range to be truncated.  Over larger spatial scales, sites where species have 

similar vertical distributions their overall community composition are more similar.  

Conversely, sites that differ most in community structure will have the greatest 

differences in vertical distributions of species among those sites.    

 Many of the species in this study for which I detected a significant 

relationship between their vertical distribution and community similarity are species 

that are also dominant space holders in the intertidal.  Chthamalus spp., Balanus 
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glandula and Pelvetiopsis limitata are all dominant space holders in the high zone of 

the intertidal.   Balanus glandula removal by predators influences the vertical 

distribution and density of Chthamalus spp. through competitive release (Harley & 

O’Riley,  011) and Pelvetiopsis limitata through facilitation (Geller, 1991).  Many of 

the dominant space holders in the mid zone such as Fucus gardneri, Mytilus 

californianus, Silvetia compressa and the Petrocelis stage of Mastocarpus spp. also 

have a significant relationship between their vertical distribution and community 

similarity. These species form thick bands within the intertidal and are often 

competitively dominant excluding other species.  As the vertical distribution of these 

dominant space holders vary across space, this variation will affect neighboring 

species, which in turn will influence community structure at a site and overall 

community similarity between sites with similar vertical distributions of dominant 

space holding species.   

Other dominant space holders within the intertidal such as Chondrocanthus 

canaliculatus, Endocladia muricata, and Mastocarpus spp. did not show a significant 

relationship between their vertical distribution and community similarity.  Two of 

these species are currently undergoing taxonomic revision so any patterns of vertical 

distribution may be obscured by lumping these cryptic taxa (Lindstrom, 2008).   

These species of algae also tend to have a more patchy distribution within the 

intertidal, growing in amongst other species.  The patchy nature of their distribution 

may lead to a more gradual shift between species which may lead to more variability 

in the vertical extent of these species.  
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In conclusion, the geographic patterns of community structure in the rocky 

intertidal along the northeast Pacific coast are strongly correlated with the vertical 

distributions of many of the abundant species of invertebrates and algae tha t 

constitute those communities.  As with alpine species, the vertical distribution of 

intertidal species is influenced by both biotic and abiotic factors, which act at various 

temporal and spatial scales.  Variations in species vertical distribution are important 

drivers of the community structure in both terrestrial communities along altitudinal 

gradients and intertidal communities.  These changes in species vertical distributions 

underlie latitudinal patterns of community structure.  
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TABLES  

Table 1 Sites from north to south.  Tidal reference was determined by geographic 
distance to the nearest NOAA tidal station. 

Site 

No. Site Name 

Survey 

Date 

Latitude 

(dd) 

Longitude 

(dd) 

Tidal  

Ref. 

94 Graves Harbor, Ak, US 8/29/2003 58.27 -136.73 17 

93 Yakobi, Ak,US 8/30/2003 58.08 -136.55 17 

92 Port Mary, Ak, US 8/25/2003 57.15 -135.75 16 

91 Puffin Bay, Ak, US 7/31/2007 56.26 -134.82 16 

90 Coronation Island, Ak, US 7/31/2007 55.93 -134.34 16 

89 Hippa Island, BC, CA 6/23/2005 53.55 -133 16 

88 Duck Island, BC, CA 6/20/2005 51.9 -128.48 16 

87 Palmerston, BC, CA 8/13/2003 50.6 -128.27 15 

86 Little Ohiat, BC, CA 8/10/2003 48.85 -125.18 15 

85 Cannonball Island, Wa, US 7/11/2002 48.17 -124.74 15 

84 Chilean Memorial, Wa, US 7/9/2002 47.95 -124.66 15 

83 Taylor Pt, Wa, US 6/5/2004 47.87 -124.57 15 

82 Ecola, Or, US 6/24/2001 45.92 -123.98 14 

81 Fogarty Creek, Or, US 6/21/2001 44.84 -124.06 13 

80 Bob Creek, Or, US 6/23/2001 44.24 -124.11 13 

79 Cape Arago, Or, US 6/7/2005 43.31 -124.4 12 

78 Burnt Hill, Or, US 5/26/2002 42.23 -124.39 11 

77 Damnation Creek, Ca, US 6/2/2004 41.65 -124.13 11 

76 Cape Mendocino, Ca, US 5/28/2002 40.34 -124.36 10 

75 Shelter Cove, Ca, US 7/21/2001 40.02 -124.07 10 

74 Kibisilah, Ca, US 7/20/2001 39.6 -123.79 9 

73 Stornetta Ranch, Ca, US 5/5/2004 38.94 -123.73 9 

72 Sea Ranch, Ca, US 6/9/2005 38.73 -123.49 9 

71 Bodega, Ca, US 7/7/2001 38.32 -123.07 8 

70 Santa Maria Creek, Ca, US 5/14/2002 38.01 -122.85 8 

69 Bolinas Pt, Ca, US 5/16/2002 37.9 -122.73 8 

68 Mussel Flat, Ca, US 2/3/2005 37.7 -123 8 

67 Fitzgerald, Ca, US 11/5/2002 37.52 -122.52 8 

66 Pigeon Pt, Ca, US 11/3/2002 37.19 -122.4 7 

65 Ano Nuevo, Ca, US 6/11/2002 37.11 -122.33 7 

64 Scott Creek, Ca, US 12/3/2006 37.05 -122.24 7 

63 Sandhill, Ca, US 5/20/2004 36.98 -122.15 7 

62 Wilder, Ca, US 10/11/2007 36.96 -122.1 7 

61 Terrace, Ca, US 1/16/2003 36.95 -122.06 7 

60 Natural Bridges, Ca, US 10/10/2007 36.95 -122.06 7 

59 Point Pinos, Ca, US 11/7/2007 36.64 -121.94 7 
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58 Hopkins, Ca, US 1/18/2003 36.62 -121.91 7 

57 China Rocks, Ca, US 11/9/2007 36.61 -121.96 7 

56 Stillwater, Ca, US 4/29/2005 36.56 -121.94 7 

55 Pt Lobos, Ca, US 3/7/2005 36.51 -121.94 7 

54 Garrapata, Ca, US 11/6/2007 36.47 -121.93 7 

53 Andrew Molera, Ca, US 2/20/2001 36.28 -121.86 7 

52 Partington Pt, Ca, US 11/23/2003 36.17 -121.7 7 

51 Lucia, Ca, US 4/12/2004 36.01 -121.54 7 

50 Mill Creek, Ca, US 11/22/2003 35.98 -121.49 7 

49 Pt Sierra Nevada, Ca, US 4/18/2003 35.73 -121.32 6 

48 San Simeon Pt, Ca, US 9/27/2007 35.63 -121.2 6 

47 Cambria, Ca, US 3/4/2001 35.54 -121.09 6 

46 Hazards, Ca, US 3/5/2005 35.29 -120.88 6 

45 Shell Beach, Ca, US 3/23/2001 35.17 -120.7 6 

44 Stairs, Ca, US 3/25/2003 34.73 -120.62 6 

43 Lompoc, Ca, US 3/19/2007 34.72 -120.61 6 

42 Boat House, Ca, US 3/21/2001 34.55 -120.61 6 

41 Government Pt, Ca, US 3/27/2006 34.44 -120.46 6 

40 Alegria, Ca, US 5/26/2001 34.47 -120.28 5 

39 Arroyo Hondo, Ca, US 4/4/2005 34.47 -120.15 5 

38 Coal Oil Pt, Ca, US 3/13/2002 34.41 -119.88 5 

37 Mussel Shoals, Ca, US 5/23/2001 34.36 -119.44 5 

36 Old Stairs, Ca, US 5/27/2001 34.07 -119 4 

35 Paradise Cove, Ca, US 2/27/2006 34.01 -118.79 4 

34 Cuyler Harbor SMI, Ca, US 12/4/2002 34.05 -120.34 5 

33 Crook Pt SMI, Ca, US 11/14/2001 34.02 -120.38 5 

32 Fossil Reef SRI, Ca, US 12/12/2004 33.99 -120.24 5 

31 Johnsons Lee SRI, Ca, US 12/1/2002 33.91 -120.09 5 

30 Ford Pt SRI, Ca, US 12/15/2001 33.91 -120.05 5 

29 East Pt SRI, Ca, US 12/11/2001 33.94 -119.97 5 

28 Forney SCI, Ca, US 1/9/2002 34.06 -119.92 5 

27 Fraser Pt SCI, Ca, US 1/30/2003 34.06 -119.92 5 

26 Trailer SCI, Ca, US 1/10/2002 34.05 -119.9 5 

25 Prisoners SCI, Ca, US 1/8/2002 34.02 -119.69 5 

24 Willows SCI, Ca, US 1/25/2006 33.96 -119.75 5 

23 Valley SCI, Ca, US 1/28/2006 33.98 -119.67 5 

22 Middle AI, Ca, US 12/13/2005 34.01 -119.4 5 

21 Cat Rock AI, Ca, US 12/11/2005 34.01 -119.42 5 

20 Frenchys Cove AI, Ca, US 12/12/2005 34.01 -119.41 5 

19 Whites Pt, Ca, US 5/28/2001 33.72 -118.32 3 

18 Pt Fermin, Ca, US 6/9/2001 33.71 -118.29 3 

17 Crystal Cove, Ca, US 4/29/2001 33.57 -117.84 3 
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16 Shaws Cove, Ca, US 4/2/2005 33.54 -117.8 3 

15 Dana Point, Ca, US 2/25/2006 33.46 -117.71 3 

14 Landing Cove SBI, Ca, US 11/2/2006 33.48 -119.03 3 

13 Sea Lion Rookery SBI, Ca, US 11/4/2006 33.47 -119.03 3 

12 Bird Rock CI, Ca, US 1/20/2004 33.45 -118.49 3 

11 Little Harbor CI, Ca, US 4/21/2002 33.39 -118.48 3 

10 Thousand Springs SNI, Ca, US 2/26/2003 33.29 -119.53 3 

9 Marker Poles SNI, Ca, US 2/16/2007 33.22 -119.5 3 

8 Scripps, Ca, US 3/24/2002 32.87 -117.25 2 

7 Cabrillo Zone 1, Ca, US 3/26/2002 32.67 -117.25 1 

6 Cabrillo Zone 3, Ca, US 3/23/2002 32.66 -117.24 1 

5 La Bufadora, BCN, MX 2/12/2003 31.72 -116.71 1 

4 Punta Baja, BCN, MX 2/15/2003 29.95 -115.81 1 

3 Punta Rompiente, BCS, MX 2/19/2003 27.73 -114.99 1 

2 San Roque, BCS, MX 2/18/2003 27.18 -114.4 
 1 Punta Abreojos, BCS, MX 2/17/2003 26.71 -113.58 1 
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     Table 2 NOAA Tidal Station Locations.  A tidal reference for each site was 

determined by geographic distance to the nearest NOAA tidal station.  MSL is in 

relation to NADV.  Tidal standard deviation was calculated from hourly tidal height 
measurements for 2001. 

Location 
Tidal 
Reference MSL 

Tidal 

Standard  
Deviation 

Elfin Cove, Ak 17 1.201 1.039 

Sitka, Ak 16 1.201 0.947 

La Push, Wa 15 1.201 0.795 

Toke Pt, Wa 14 1.209 0.835 

South Beach, Or 13 1.130 0.781 

Charlestown, Or 12 1.092 0.714 

Cresent City, Ca 11 1.013 0.647 

North Spit, Ca 10 1.027 0.628 

Arena, Ca 9 0.922 0.549 

Pt Reyes, Ca 8 0.926 0.535 

Monterey, Ca 7 0.903 0.495 

San Luis, Ca 6 0.829 0.494 

Santa Barbara, Ca 5 0.821 0.486 

Santa Monica, Ca 4 0.791 0.505 

Los Angelas, Ca 3 0.798 0.508 

La Jolla, Ca 3 0.776 0.494 

San Diego, Ca 1 0.764 0.528 
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Table 3 Linear regression results comparing community similarity to species’ vertical 
extent between sites.  Species in bold had a significant relationship.  Sites represent 

the number of sites a species was found. The df represent all pair wise comparisons 
between sites where species where found.  The effect size shows whether the 

relationship between community similarity and vertical extent was positive or 
negative sites.  

Species 

Taxonomic 

Group Sites df 

p-

value 

Effect 

Size  

Balanus glandula barnacle  82 3320 0.004 -1.16 

Chondracanthus canaliculatus red alga 47 1080 0.119 0.79 

Chthamalus spp barnacle  92 4185 <0.001 -1.57 

Cladophora columbiana green alga 32 495 0.033 -2.01 

Endocladia muricata red alga 69 2345 0.611 0.27 

Fucus distichus brown alga 28 377 0.001 -3.72 

Gelidium coulteri/pusillum red alga 34 560 <0.001 -3.68 

Halosaccion glandiforme red alga 10 27 0.002 -8.95 

Mastocarpus complex blades red alga 44 945 0.072 -1.29 

Mastocarpus complex crusts red alga 56 1538 0.022 -1.18 

Mazzaella affinis  red alga 31 464 0.056 -1.64 

Mytilus californianus mussel 76 1489 0.020 -1.24 

Mytilus 
galloprovincialis/trossulus mussel 11 42 0.591 -1.53 

Neorhodomela larix red alga 16 119 0.131 1.73 

Odonthalia floccosa red alga 21 209 0.737 -0.5 

Pelvetiopsis limitata brown alga 19 170 <0.001 -7.22 

Petrospongium rugosum 
brown alga 16 119 0.744 0.57 

Pollicipes polymerus barnacle  39 740 0.010 -2.19 

Pseudolithoderma nigrum red alga 11 54 0.193 -2.05 

Pterosiphonia bipinnata red alga 11 54 0.541 1.88 

Semibalanus cariosus barnacle  20 189 0.012 3.63 

Silvetia compressa brown alga 36 629 <0.001 -4.41 

Tetraclita rubescens barnacle  36 629 <0.001 -4.26 

Ulva spp green alga 61 1829 0.001 -2.45 
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FIGURES 

Figure 1 Map of study sites.  Numbers are referenced in Table 1.  Biogeographic 
structure of rocky intertidal organisms along the northeast Pacific Coast.  Light-gray 

areas show the regions between biogeographic provinces (unsampled). Adapted from 
(Fenbergh et al in press).  
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Figure 2 The relative vertical extents of intertidal taxa, which have a significant relationship between community 
similarity and a species’ vertical distribution between sites, are shown.  Sites are arranged from south to north by site 

number  referenced in Table 1 and Figure 1.  Dashed lines separate the biogeographic provinces: Southern 
California/Magdalenia at 3.5, Montereyan/Southern Californian at 40.5, Mendocinian/Montereyan at 75.5, 

Columbian/Mendocinian at 86.5, Aleutian/Columbian at 88.5. 
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Figure 3 Relationship between community similarity and vertical range of 
Pelvetiopsis limitata. 
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CHAPTER 3 

The influence of geomorphology and oceanography on the vertical distribution 

of rocky intertidal organisms in Central California  

INTRODUCTION   

 The core of ecology seeks to understand how abiotic and biotic processes 

influences spatial variation of species distribution and abundances.  Small-scale 

variability in environmental conditions and changes in species interactions across 

gradients of environmental harshness lead to a complex mosaic of species abundances 

that vary both spatially and temporally (Menge & Sutherland, 1987; Bertness & 

Callaway, 1994).  Understanding how variability of environmental factors across 

space affect species distributions will lead to a better understanding of how biotic and 

abiotic processes influence ecological communities.  

 Variation in abundance and distribution of species across their geographic 

range has generated great insight on how abiotic and biotic processes influence 

ecological communities.  At a global scale, terrestrial biomes are created by 

differences in temperature and  precipitation (Raunkiaer, 1934), while marine 

ecoregions are shaped by variation in water temperature and current patterns 

(Wilkinson et al., 2009). Local scale variability in geomorphology or elevation 

modify these large scale processes further shaping species distributions and 

community structure patterns.  For example, much insight on how environmental 

factors and species interactions influence species abundances and distributions has 

come from altitudinal studies in high alpine plant and bird communities.  The aspect 
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of the land (Whittaker & Niering, 1965), soil formation (Johnson & Billings, 1962) 

and variation in wind and snow avalanches (Camarero et al., 2000) affect the 

distribution of alpine species.  Alpine species are often living at their physiological 

limits so slight changes in abiotic conditions can shift their distributions which in turn 

will affect their abundance.  Species interactions can also limit species distributions.  

In Papua New Guinea, where there is no change in vegetation type, there are many 

bird species that are interspecifically territorial and replace each other altitudinally 

(Diamond, 1973).   

 While altitudinal studies are revealing in terrestrial systems, the rocky 

intertidal is a model system to look at how geomorphology and oceanography 

influence species abundance and distributions.  Within intertidal communities, marine 

species are living at the upper edge of their physiological limits during low tide 

events (Hofmann & Somero, 1995; Buckley et al., 2001).  A predictable tidal cycle 

causes abiotic factors to vary greatly over the short vertical extent of the intertidal 

reef, which creates distinct zones or bands of species (Ricketts et al., 1985).  Within 

the rocky intertidal, many environmental factors have been shown to affect species 

distribution patterns such as wave splash (Lewis, 1964), reef slope and reef aspect 

(Stephenson & Stephenson, 1961), water temperature (Blanchette et al., 2008), rock 

color (Raimondi, 1988), rock type (Guidetti et al., 2004), currents, upwelling, 

nutrients (Menge, 2000),salinity (Zacharias et al., 2001), and geomorphology (Schoch 

& Dethier, 1996; Menconi et al., 1999).  These abiotic factors may influence the 

upper limit and lower limit of species in different ways subsequently narrowing or 
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broadening species vertical extent.  This in turn will allow for varying  biotic 

interactions across sites which will influence overall community structure patterns 

(Menge & Olson, 1990).   

 To answer many ecological questions, research needs to be conducted over 

broad geographic distances with fine spatial resolution.  Out of practicality, 

geographic extent is often compromised in order to achieve adequate resolution, and 

vice versa.  The spatially explicit design of this study allows the investigation of 

ecological questions at a fine resolution, with sites across a broad geographic scale.   

Using differential global positioning systems (dGPS) to map x,y, and z coordinates of  

intertidal species at centimeter scale accuracy allows the explicit answering of many 

ecological questions for a large suite of species across their geographic range.  

Further, species abundance patterns can be linked to patterns of vertical distributions 

(Heady Chapter 1), which will shed light on environmental drivers of range limits.  

Comparing the abundance and distribution patterns of different species can give 

insight on how life history, morphological and physiological traits, may be linked to 

environmental forcing.  Patterns of species vertical distributions can also be linked to 

biogeographic patterns (Heady Chapter 2).  Investigating how abiotic factors and 

geomorphology affects species distributions across the landscape can lead to a better 

understanding on how habitat complexity relates to local diversity.  

 Within the northeast Pacific rocky intertidal ecosystem, biogeographic 

structure is highly correlated with environmental variables, such as sea-surface 

temperature, nutrient concentrations, and larval delivery, all of which are related to 
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upwelling (Fenberg et al. in press).  The biogeographic structure of the northeast 

Pacific is also strongly correlated with the vertical distribution of many of the 

abundant species of intertidal invertebrates and algae that constitute those 

communities.  Sites with a similar species composition have a similar vertical 

distribution of dominant space holding species (Heady Chapter 2).  Even though there 

is a strong correlation between species composition and vertical distributions, there is 

variability in the vertical distributions of species among sites.    By focusing on 

central California, I examine how the vertical extent of species is influenced by 

environmental factors at a regional scale.  The community composition of rocky 

intertidal reefs are similar at sites along the 450 km of coastline between Pt Reyes and 

Pt Conception ( the Montereyan Province, Blanchette et al., 2008), even though 

environmental factors such as reef geomorphology and oceanography vary.  In 

particular, I investigate how key environmental factors including reef length, reef 

slope, reef rugosity, rock color, rock hardness, rock texture, solar incidence, reef 

orientation, and long-term mean sea surface temperature explain the variability in the 

vertical extent of dominant space holding intertidal invertebrates and algae.   

 Specifically, I investigate how these abiotic factors influence the upper limit, 

the vertical extent and the lower limit of intertidal invertebrate and algae species.  I 

predict that environmental factors will be more explanatory for upper rather than 

lower limits.  The upper limit of intertidal species are thought to be closely tied to 

environmental factors, since these are marine species trying to survive at their 

physiological limits (Somero, 2002).  Similarly, environmental variables related to 
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rock surface or organismal body temperature will be particularly important with 

regards to upper limits.   rock’s absorptivity increases as the rock’s color darkens, 

therefore darker rocks will be warmer than lighter rocks.   Rock hardness is a proxy 

for the ability of a rock to retain moister, with softer rocks staying cooler longer.  

Solar incidence provides a relevant way to assess overall orientation of the reef and 

relative thermal and irradiance exposure.  The vertical extent of a species will be 

linked to environmental factors that explain timing and length of emergence such as 

reef length, reef slope, and site orientation in relation to the dominant swell.  Lower 

limits of species are thought to be determined by biotic interactions such as 

competition and predation, so environmental factors that alter these biotic interactions 

will be important for determining lower limits.  Site orientation in relation to swell, 

reef rugosity, reef slope and reef length could influence foraging times by differences 

in wave action and vertical distance for a mobile consumer to find a refuge.  

METHODS 

Survey Region 

In order to access how geomorphology and oceanography influence the vertical 

distribution of intertidal species, I utilized spatially explicit surveys of community 

structure at 29 sites between Pt Reyes and Pt Conception along 450km of the coast in 

Central California (Table1, Figure 1).  I conducted these surveys with the Partnership 

for Interdisciplinary Studies of Coastal Ocean’s (PISCO) Coastal Biodiversity 

Surveys team.  The methods for these surveys are described in detail in Blanchette et 

al. (2008) and site descriptions and pictures can be found at  
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http://cbsurveys.ucsc.edu/.  At each site, species vertical distributions are determined 

along a thirty meter wide grid containing eleven vertical transects.  The sites are 

gently sloping contiguous rocky reefs (0-40O) and were selected to be similar with 

regard to wave exposure and habitat type. At some sites where thirty meters of 

contiguous rocky substrate could not be found, two smaller grids were established 

(Blanchette et al., 2008).    All sites were surveyed between 2001 and 2007.   

Biological Sampling Design 

We used a point intercept sampling method to determine the vertical extent of algae 

and invertebrates based on the sampling methods detailed in Murray et al.(2006).  A 

thirty-meter baseline was established at each site above the upper biotic limit of 

barnacles in the splash zone parallel to the ocean. Eleven transect lines were laid out 

perpendicular to the upper baseline, spaced three meters apart, and strung out through 

the low intertidal zone to 0.0 m mean low low water (MLLW).  Typically, this is the 

upper range of the surfgrass (Phyllospadix torreyi) zone.  Using a uniform point 

contact method, species or a higher level taxon were recorded at 100 evenly spaced 

points under each transect.  When an organism could not be identified to species, it 

was identified at a higher taxonomic level such as genus or morphotype (e.g., 

Petrocelis phase).   Standard sampling intervals were determined by the length of 

each reef.  This was done to standardize the sampling effort among sites, mainly to 

provide relatively uniform density of points per vertical distance.  Data were recorded 

for algal layering, epibionts, epiphytes, and whether the species were found within 

pools.  For each point, the species or substrate type (if no species was present) falling 

http://cbsurveys.ucsc.edu/
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directly under the point was recorded.  Up to three species were recorded to account 

for layers of algae and epiphytes/ epibionts. If only one species was found under a 

point then the next two closest species were recorded, that were found within the 

circular area with a diameter of half of the sampling interval.  This allowed us to 

capture less common species and increase the sample size in order to better estimate 

the vertical extent of species.  The spatially explicit grid design allowed a precise link 

between the species and the geomorphology of the reef.   

Topographic Sampling Design 

Rock heights at each site were calibrated to mean sea level based on GEOID03, using 

a Trimble GPS pathfinder proXRT receiver combined with nomad G series computer 

and a Zepher Model 2 GNSS antenna.  This allowed us to establish a reference 

position at each site that was comparable among sites.   At 10 sites that we were 

unable to use the Trimble GPS, rock height was calibrated with predicted tidal data 

generated using XTide software (www.flaterco.com/xtide/).  This was done by 

measuring the rock height at low tide and then referencing the height to the predicted 

tide level.  

Topography was sampled at each site using a laser leveler.  Due to time limitations 

while sampling a site, rock height was measured along each transect line recording 

only the major slope changes of each transect line.  The rock height was recorded for 

the top of a transect line, then recorded along the transect line at varying increments 

depending on the topographic complexity of the reef.  We measured all of the high 

points and low points along the transect line and points in between to capture subtle 

http://www.flaterco.com/xtide/


  

83 
  

changes in the slope of the reef in order to make a topographic map of the site.  For 

each biological point, rock height was determined by using the height of two closest 

measured points on either side of the biological point.  By drawing a line between two 

points of a known height and distance, the height of any point along that line can be 

determined by using the slope of the line and the distance from a known point. I used 

a linear equation to calculate rock height for each of the biological sampling points.   

Vertical Distribution of Species 

 In order to get an accurate representation of the vertical distribution of a 

species, a species needed to be counted 20 times during the uniform point contact 

surveys at a site to be considered sufficiently present, and there had to be >10 sites 

that met this criterion for any given species for that species to be included in the 

analyses.  Species found in pools were not used in this analysis because desiccation 

stress is decreased in pools during low tide and species are able to live higher along 

the shore line.  The upper and lower vertical height in meters of a species was 

calculated as the 95th and 5th quantile/percentile of a species’ vertical height.   The 

upper vertical rock height was then subtracted from the lower vertical rock height to 

determine the vertical extent of a species.  These calculations were carried out in JMP 

9. 

Environmental Data Collection 

 Cross-shore reef length, reef slope, and reef rugosity are based on the overall 

topography of the site and was calculated using the eleven transect lines where the 

biotic data was collected.  The transect lines are perpendicular to the ocean and 
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extend from above the upper biotic limit of barnacles into the surf grass or other low 

zone species (0.0 m MLLW).  Cross-shore reef length was determined by taking the 

mean length of the eleven vertical transect lines.  Transect lines were not held taught 

for this measurement but were allowed to lay along the contours of the reef, which 

leads to a slight over estimate of reef length.  Reef slope was calculated as the mean 

slopes of each transect line.  The slope for each transect was calculated as the change 

in vertical height from the first and last point on each line divided by the length of the 

line.  In order to determine reef rugosity, I calculated the standard deviation of the 

difference in elevation at 1 meter increments along the e leven vertical transect lines.   

Rock color, rock hardness and rock texture were determined though a series of tests.  

Rock samples were collected from each site.  Rock color was determined by matching 

the color of the rock to a rock color chart by eye (Goddard et al, 1948).  The color can 

then be broken down into three components; a light reflectance value, a hue and a 

chroma.  I used the light reflectance value of the rock color for my analysis since this 

gives a comparable estimate between rocks of how much visible light is reflected and 

therefore a proxy for the thermal properties of the rock color.  For example the color 

white has a light reflectance value of 10 and absorbs 20% of visible light while black 

has a light reflectance value of 0 and absorbs 95% of visible light.  Samples of rocks 

taken from the site were scratched to determine their hardness.  Rock hardness was 

determined through a series of scratch tests using Mohs scale of hardness, which uses 

ten common minerals of known hardness, which are ordered from the softest (1) to 

the hardest (10). Rock texture or centimeter-scale rugosity was determined on a scale 
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from 1 (smooth e.g. sandstone) to 6 (rough e.g. granite).  Rock samples from all sites 

were compared and a relative scale was created to try to represent the amount of 

small-scale rugosity.  Rock types were determined but were not used in these analyses 

and can be found at http://cbsurveys.ucsc.edu/.   

 Solar incidence was calculated to provide a relevant way to assess overall 

orientation of the reef and relative thermal and irradiance exposure.  The calculation 

of solar incidence takes into account the latitude and longitude of the site, the 

orientation of the reef in relation to true north, and the slope of the reef.  Solar 

incidence was calculated for all sites for solar noon on summer solstice.  Although 

solar incidence is a good proxy for the thermal exposure of a site, there are many 

other factors that affect the thermal conditions at a site, such as the combinat ion of 

reef orientation and air temperature (Miller et al., 2009).   Solar incidence 

calculations were made using the Science and Engineering Café on the net website. 

http://www.saecanet.com/calculation_page/000433_000562_incidence_angle.php 

 Reef orientation in relation to dominant swell was calculated by subtracting 

the direction the reef faces the ocean from the swell model at each site for the 

dominant swell direction for central California.  The dominant swell direction for 

central California was calculated from The Coastal Data Information Program for the 

period of October 2011 to March 2012.   The dominant swell direction was 292.5.  

Then using the swell model for the direction of 292.5, the swell direction for each site 

was determined from the regional map of Central California.  http://cdip.ucsd.edu/ 

http://cbsurveys.ucsc.edu/
http://www.saecanet.com/calculation_page/000433_000562_incidence_angle.php
http://cdip.ucsd.edu/
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 Sea surface temperature (SST) was averaged across mean monthly 

measurements from 2002-2009.  SST was determined from GIS rasters made 

available through Bio-ORACLE extracted from Aqua- MODIS (Tyberghein et al., 

2011).  Extracted pixel values (spatial resolution 5 arcmin, or 9.2 km) for the cells 

containing or closest to our study sites from the 70 N – 70 S dataset using 

ArcGIS 10.x.   

Data Analysis  

 In order to determine which environmental factors explained the variability in 

the vertical extent of intertidal invertebrates and algae, a best subsets regression 

analysis was used.  This analysis determines the best independent variables (i.e. nine 

environmental factors) to predict and explain variation in the dependent variable, 

vertical distribution of a species. I calculated  kaike’s information criterion corrected 

for small sample sizes (AICc) scores to evaluate the relative support for each model 

and refer to both a p-value to determine how well a model describes the data for a 

species and f-ratio to compare between different species models (Burnham & 

Anderson, 2002).  The f-Ratio is the ratio of explained to unexplained variance.   A 

separate analysis was carried out for the three aspects of vertical distribution; upper 

vertical limit, vertical extent, and lower vertical limit for each species.  The nine 

environmental factors are reef length, reef slope, reef rugosity, rock color, rock 

hardness, rock texture, solar incidence, reef orientation, and long-term mean sea 

surface temperature (SST).  Many of the environmental factors used in this analysis 

are correlated with each other but the tolerance between the environmental factors 
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was above 0.1, therefore the collinearity does not affect the model and all 

environmental factors could be used in the model.  These analyses were carried out in 

SYSTAT 13. 

 For species that have a significant best fit model ( p-value < 0.05), I 

determined the relative weighting, using AICc weights, of the nine environmental 

factors across the best subsets regression models with a delta AICc score of < 7 

(Burnham & Anderson, 2002).  First the weight of each model (  ) was determined 

by 

 

    
                 

                     
 

 

where ΔAICi  is the difference between the model AICc and the lowest AICc for the 

model set.  The AICc weight for a model, ωi, is the Delta AICc (ΔAIC) divided by the 

sum of the Delta AICc across all models.  AICc weights are the relative likelihood of 

each model: the bigger the Delta AICc, the smaller the weight and the less plausible 

the model.  For each species, the weights for every model that contained each one of 

the environmental factors was summed, then divided by the sum of all the weights 

across all the models, giving the relative weighting that each environmental factor 

contributed to influencing the variability of the vertical distribution of each species.  
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The average relative weight for each environmental factor was calculated by taking 

the mean of the relative weights across species.   

RESULTS  

Upper Limit 

 The best supported models for the upper limit of species are significant for 

sixteen of the nineteen taxa surveyed and are made up of two or three of the nine 

environmental factors (Table 2).   Low zone species are included in this analysis.  The 

variability in the upper limit of Balanus glandula and Chthamalus spp, two high zone 

barnacles, can be explained by reef slope, solar incidence and rock color (F-Ratio = 

7.55 and 8.66 respectively).  Reef slope and rock color are also key factors explaining 

the variability in the upper limit of mid zone sessile invertebrates and algae.  Mid 

zone algal species upper limit are also influenced by the rock hardness and rock 

texture.  For low zone species, reef slope and rock color are also key in determining 

the variability of the upper limit, while reef length, rock color, rock texture, rock 

hardness, solar incidence and reef orientation are also important for some species.  

The variability in the upper limit of species was well explained by the nine 

environmental factors with F-Ratios ranging from 2.57 to 14.77. 

 Relative weighting of each of the nine environmental factors show how a 

combination of many of the environmental factors explain the variance of the upper 

limit of species (Table 5).  Both reef and rock characteristics are important in 

explaining the variance seen in the upper limit of species.    By comparing the best fit 
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model across high and mid species, reef slope explains 26%, rock color explains 17% 

and solar incidence explains 15% of the variation in the upper limit (Table 8, Figure 

2).  These same factors also explain the variance in the upper limit of low zone 

species.  

Vertical Extent 

 The best supported models for the vertical extent of a species are significant 

for nine of the eleven species surveyed and are made up of two to four of the nine 

environmental factors (Table 3).  For the two high zone barnacles reef slope is an 

important variable.  Variation in the vertical extent of Balanus glandula is also 

explained by solar incidence (F-Ratio= 16.10).   The vertical extent of Chthamalus 

spp. are also explained by reef orientation in relation to swell (F- Ratio= 16.10).  For 

the mid zone mussel, Mytilus californianus,  reef slope, rock color,  rock texture and 

mean sea surface temperature all influence the vertical extent of this species (F-

Ratio= 7.30).  While the mid zone barnacle, Policipes polymerus, vertical extent is 

influenced by reef slope, rock hardness, and reef orientation in relation to swell (F-

Ratio= 10.64).  For mid zone algal species, reef slope, reef rugosity, rock hardness 

and mean sea surface temperature help to explain the variability of the vertical extent 

of species.   

 The vertical extent of species was explained by a combination of the nine 

environmental factors (Table 6).  Reef slope (29%) and reef rugosity (19%) had the 

highest weighting across all species in explaining the variability in the vertical extent 
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of species (Table 8, Figure 2).  Rock hardness, solar incidence and site orientation 

each contributed in explaining about 10% of the variability.  

Lower Limit 

 Only three of the eleven species best supported models were significant in 

explaining the variability of the lower limit of a species (Table 4).  The environmental 

factors most supported by model selection criteria were different across species.  For 

the high zone barnacles, reef length and reef rugosity are the two environmental 

factors best supported to explain the lower limit of these species.  For mid zone 

mussels and barnacles, reef rugosity and rock color are the most predictive 

environmental factors.  For mid zone algal species, reef length, reef rugosity, rock 

color, rock hardness and rock texture are some of the environmental factors that 

explain the lower limit of these species given the data.  The variability of the lower 

limit of species are not well explained by the best fit models with F- Ratios ranging 

from 0.81-7.49. 

 The relative weights of each environmental factor that explained the 

variability in the lower limit are shown for Pollicipes polymerus, Cladophora 

columbiana, and Mastocarpus complex crusts (Table 7).   Reef rugosity had the 

highest relative weight for Pollicipes polymerus and Mastocarpus complex crusts.  

Rock hardness and reef length have the highest relative weight for Cladophora 

columbiana. 
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 When AICc weights were averaged for each environmental factor across the 

three species that had significant best fit models, rock color, reef rugosity and rock 

texture each had a relative weight of about 20 percent (Table 8).  Interestingly rock 

slope, which had the highest weighting for the upper limit and vertical extent, did not 

explain any of the variability in the lower limit of species.  

DISCUSSION 

 Across the central coast of California the geomorphology of intertidal reefs 

are important in explaining variation in the upper vertical limit and vertical extent of 

intertidal species, but are not as explanatory for the lower limit of species, as reflected 

by the higher F- Ratios.  The upper limits of species are explained by aspects of 

geomorphology that can affect the body temperature of species such as rock color and 

solar incidence.  Whereas the vertical extent of species which takes into account both 

the upper and lower limit of species are also explained by aspects of the reefs 

geomorphology that influences the abundance and reach of mobile consumers such as 

reef slope and rugosity.  The two oceanographic factors, reef orientation in relation to 

the dominant swell and SST, were important in explaining the variability seen in the 

vertical distribution of some species but overall were not as important as 

geomorphology.  

 The physical aspects of the reef, slope, rugosity and length, were important in 

explaining the variability in the vertical distribution of intertidal species.  Reef slope 

explained the most variability for the upper limit and the vertical extent of species, 

but didn’t explain any of the variability in the lower limit of species (Figure 7).  s 
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reef slope increased, the upper limit and vertical extent increased for most species 

(Figure 2 &4).  Within Central California, sites range from being almost flat to having 

a slope of 40 degrees, with a coefficient of variation of 0.97.  Reef slope can affect 

wave run up and wave splash.  Waves can surge higher up vertical rock faces due to 

an amplification of  water velocity (Denny et al., 2003).  This increase in water 

velocity may lead to an earlier inundation of water at similar tidal height when 

compared to longer or shallower sites.  This variation in inundation times may lead to 

variation in the vertical extent and upper limit of species.  Reef rugosity explained the 

most variability in the lower limit of intertidal species. As rugosity increased the 

lower limit decreased (Figure 6) and the vertical extent of species increased 

(Figure5).  The lower limit of species is thought to be determined through biotic 

interactions such as predation and competition.  Rugosity can influence foraging 

times by differences in wave action and vertical distance for a mobile consumer to 

find a refuge.  Reef length explained some of the variability in both the lower limit 

and upper limit of species.  Within central California, sites range from being 5 meters 

to 174 meters long, with a coefficient of variation of 0.99.  As reef length increases, 

wave swash can decrease, which can reduce the upper limit of species.  Increased reef 

length can also reduce access to subtidal refuges for mobile consumers.  

 The physical aspects of the rock, color, hardness and texture, were important 

in explaining the variability in the vertical extent of intertidal species.   The upper and 

lower vertical limit of species was influenced by the light reflectance value of rock 

color, while rock color did not explain much of the variability of the vertical extent 
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species.  The light reflectance value of the rock color gives a comparable estimate 

between rocks of how much visible light is reflected and therefore a proxy for the 

thermal properties of the rock.  Difference in post-settlement mortality of barnacles 

has been linked to the thermal capacity of different rock types reducing the upper 

vertical limit of barnacles (Raimondi, 1988).  Rock hardness and texture may be 

important when considering survival of recruits of algae and invertebrates.  Rocks 

with increased texture may have small scale thermal refuges for species to establish, 

which could increase the vertical extent of a species (Lewis, 1986; Menconi et al., 

1999) 

 Solar incidence, which factors in both the slope and orientation of the 

intertidal reef in relation to the sun, was also an important environmental variable in 

determining the variability of the vertical distribution of species. As solar incidence 

increased the upper limit decreased and the vertical extent decreased.  Maximum 

substratum temperature can range over ten degrees depending on the angle of 

incidence (Harley, 2008).  Upper vertical limits of species has been shown to be 

limited by physiological ability to withstand stress during periods of emersion 

(Hofmann & Somero, 1995; Buckley et al., 2001).  By comparing two sides of an 

island where tidal and wave action where not different, differences in vertical 

distribution patterns of species was determined to be due to modification of the 

conditions imposed by the tides, by the slope and aspect of the rock (Stephenson & 

Stephenson, 1961).   
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 Reef orientation in relation to the dominant swell and long-term mean sea 

surface temperature explained less than 10% of the variation in the vertical extant of 

species.  Reef orientation along central California was highly variable with some sites 

facing the dominant swell and other sites facing completely opposite from the 

dominant swell.  Even though the coefficient of variation for reef orientation was 

0.70, this variation was not reflected in the vertical extent of species. I had 

hypothesized that reef orientation would be a good predictor of wave splash and wave 

intensity, which are known to influence the vertical extent of species.  As wave 

intensity increases, species are able to live at a higher elevation along the shore 

because emersion time decreases.   Harley and Helmuth ( 2003) found that on 

Tatoosh Island, Washington state, as wave splash increased, the upper limit of  

Balanus glandula and Mytilus californianus also increased.   Across central 

California, reef orientation does not appear to be a good proxy for wave splash.  

There is only a three degree change in SST along the coast of central California.  This 

change in temperature is not reflected in the variability in the vertical distribution of 

intertidal species.     

 In summary, across the central coast of California the geomorphology of 

intertidal reefs are important in explaining variation in the vertical distribution of 

species.    The environmental factors are a better fit to upper limits than to lower 

limits.  This supports the idea that upper limits are set directly by abiotic stress and 

are constrained by a species’ physiology, and lower limits are set indirectly by 

biological interactions.  The upper limit of intertidal species is strongly influenced by 
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reef slope, reef length, rock color, and solar incidence, which influence temperature 

of the rock and the time of emersion.  The vertical extent of intertidal species is 

explained by reef slope and rugosity.  The lower limit of species were not as strongly 

linked to the geomorphology of the reef, which supports the idea that lower limits are 

determined by species interactions, such as competition and predation.   
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TABLES  

Table 1 Central California sites between Pt Reyes and Pt Conception.  Sites sampled 
are listed from north to south. 

Site 

No. Site 

Latitude 

(dd) 

Longitude 

(dd) Sample Date 

1 Bolinas Pt, Ca, US 37.90 -122.73 05/16/2002 

2 Mussel Flat, Ca, US 37.70 -123.00 02/03/2005 

3 Fitzgerald, Ca, US 37.52 -122.52 11/05/2002 

4 Pigeon Pt, Ca, US 37.19 -122.40 11/03/2002 

5 Ano Nuevo, Ca, US 37.11 -122.33 06/11/2002 

6 Scott Creek, Ca, US 37.05 -122.24 12/03/2006 

7 Sandhill, Ca, US 36.98 -122.15 05/20/2004 

8 Wilder, Ca, US 36.96 -122.10 10/11/2007 

9 Terrace, Ca, US 36.95 -122.06 10/10/2007 

10 Natural Bridges, Ca, US 36.95 -122.06 01/16/2003 

11 Point Pinos, Ca, US 36.64 -121.94 11/07/2007 

12 Hopkins, Ca, US 36.62 -121.91 01/18/2003 

13 China Rocks, Ca, US 36.61 -121.96 11/09/2007 

14 Stillwater, Ca, US 36.56 -121.94 04/29/2005 

15 Pt Lobos, Ca, US 36.51 -121.94 03/07/2005 

16 Garrapata, Ca, US 36.47 -121.93 11/06/2007 

17 Andrew Molera, Ca, US 36.28 -121.86 02/20/2001 

18 Partington Pt, Ca, US 36.17 -121.70 11/23/2003 

19 Lucia, Ca, US 36.01 -121.54 04/12/2004 

20 Mill Creek, Ca, US 35.98 -121.49 11/22/2003 

21 Pt Sierra Nevada, Ca, US 35.73 -121.32 04/18/2003 

22 San Simeon Pt, Ca, US 35.63 -121.20 09/27/2007 

23 Cambria, Ca, US 35.54 -121.09 03/04/2001 

24 Hazards, Ca, US 35.29 -120.88 03/05/2005 

25 Shell Beach, Ca, US 35.17 -120.70 03/23/2001 

26 Stairs, Ca, US 34.73 -120.62 03/25/2003 

27 Lompoc, Ca, US 34.72 -120.61 03/19/2007 

28 Boat House, Ca, US 34.55 -120.61 03/21/2001 

29 Government Pt, Ca, US 34.44 -120.46 03/27/2006 
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Table 2 Best fit models based on AICc scores to explain the upper limit for 19 species.  The nine environmental factors 
considered included: reef length, reef slope, reef rugosity, rock color, rock hardness, rock texture, solar incidence, reef 

orientation and sea surface temperature (SST).  The F- ratio is the ratio of explained to unexplained variance in the best fit 
model.  P-value shows significance of a model, but not comparable between models due to different sample sizes.  

Species Zone Tax. Group F-Ratio p-Value Best Supported Model 

Balanus glandula high barnacle 7.55 < 0.01 Reef slope, Rock color, Solar incidence 

Chthamalus spp high barnacle 8.66 < 0.01 Reef slope, Rock color, Solar incidence 

Mytilus californianus mid mussel 2.81 0.08 Reef slope, Rock color 

Pollicipes polymerus mid barnacle 4.83 0.05 Rock color 

Chondracanthus canaliculatus mid red algae 3.68 0.08 Rock texture 

Cladophora columbiana mid green algae 5.23 0.02 Reef length, Rock hardness 

Endocladia muricata mid red algae 8.51 < 0.01 Reef slope, Rock texture, SST 

Gelidium coulteri/pusillum mid red algae 14.77 < 0.01 Reef slope, Solar incidence 

Mastocarpus complex blades mid red algae 6.87 < 0.01 Reef slope, Rock hardness 

Mastocarpus complex crusts mid red algae 7.805 < 0.01 Reef slope, Rock hardness 

Silvetia compressa mid brown algae 4.70 0.04 Reef length 

Anthopleura elegantissima low anemone 8.41 0.01 Reef slope, Solar incidence 

Sabellariidae low worm 10.20 < 0.01 Reef length, Rock color, Rock texture 

Cryptopleura/Hymenena spp low red algae 2.57 0.13 Reef length 

Encrusting coralline low red algae 8.08 < 0.01 Reef slope, Solar incidence 

Mazzaella flaccida/splendens low red algae 5.67 < 0.01 Rock color, Rock texture, Reef orientation 

Neogastroclonium 
subarticulatum 

 
low red algae 

 
8.56 

 
0.02 Reef orientation 

Pyropia/Wildemania spp. low red algae 5.73 0.03 Reef slope, Rock hardness 

Ulva spp low green algae 10.76 < 0.01 Reef slope, Rock color 
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Table 3 Best fit models based on AICc scores to explain the vertical extent for 11 species.  The nine environmental factors 
considered included: reef length, reef slope, reef rugosity, rock color, rock hardness, rock texture, solar incidence, reef 

orientation and sea surface temperature (SST).  The F- ratio is the ratio of explained to unexplained variance in the best fit 
model.  P-value shows significance of a model, but not comparable between models due to different sample sizes.  

 

Species Zone Tax. Group F-Ratio p-Value Best Supported Model 

Balanus glandula high barnacle 6.97 < 0.01 Reef slope, Solar incidence 

Chthamalus spp high barnacle 16.10 < 0.01 Reef slope, Reef orientation 

Mytilus californianus 
 
mid mussel 

 
7.30 

 
< 0.01 

Reef slope, Rock color,  
Rock texture, SST 

Pollicipes polymerus 

 

mid barnacle 

 

10.64 

 

< 0.01 

Reef slope, Rock hardness,  

Reef orientation 

Chondracanthus canaliculatus mid red algae 1.51 0.24 SST 

Cladophora columbiana mid green algae 13.69 < 0.01 Reef length, Reef slope 

Endocladia muricata 
mid 

red algae 
8.28 < 0.01 Reef slope, Reef rugosity,  

Rock hardness, SST 

Gelidium coulteri/pusillum mid red algae 41.25 < 0.01 Reef slope, Reef rugosity 

Mastocarpus complex blades 
 
mid red algae 

 
12.88 

 
< 0.01 

Reef length, Reef slope,  
Reef rugosity, Rock hardness 

Mastocarpus complex crusts 
 
mid red algae 

 
9.38 

 
< 0.01 

Reef rugosity, Rock hardness,  
Solar incidence, SST 

Silvetia compressa mid brown algae 2.13 0.16 Solar incidence 
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Table 4 Best fit models based on AICc scores to explain the lower limit for 11 species.  The nine environmental factors 
considered included: reef length, reef slope, reef rugosity, rock color, rock hardness, rock texture, solar incidence, reef 

orientation and sea surface temperature.  The F- ratio is the ratio of explained to unexplained variance in the best fit model.  P-
value shows significance of a model, but not comparable between models due to different sample sizes.  

 

Species Zone Tax. Group F-Ratio p-Value Best Supported Model 

Balanus glandula high barnacle 3.10 0.06 Reef length, Reef rugosity 

Chthamalus spp high barnacle 2.34 0.12 Reef length, Reef rugosity 

Mytilus californianus mid mussel 3.90 0.06 Reef rugosity 

Pollicipes polymerus mid barnacle 7.49 0.01 Reef rugosity, Rock color 

Chondracanthus canaliculatus mid red algae 2.49 0.14 Rock texture 

Cladophora columbiana mid green algae 3.60 0.05 Reef length, Rock hardness 

Endocladia muricata mid red algae 3.35 0.08 Rock texture 

Gelidium coulteri/pusillum mid red algae 4.27 0.06 Solar Incidence 

Mastocarpus complex blades mid red algae 2.35 0.12 Reef length, Reef rugosity 

Mastocarpus complex crusts 

 

mid red algae 

 

3.52 

 

0.02 

Reef rugosity, Rock color,  

Rock texture, Reef orientation 

Silvetia compressa mid brown algae 0.81 0.37 Reef length 
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Table 5 Relative weighting of each of the nine environmental factors to describe upper limit for each species, across best 
subset regression models with a delta AICC < 7.  Species with a non-significant best fit model are denoted by (--) as referenced 

in Table 2.    

Species 
Reef 

length 
Reef 
slope 

Reef 
rugosity 

Rock 
color 

Rock 
hardness 

Rock 
texture 

Solar 
incidence 

Reef 
orientation SST 

Balanus glandula .12 .32 0 .23 .04 .01 .28 0 0 

Chthamalus spp .09 .30 .01 .22 .11 0 .27 0 0 

Mytilus californianus -- -- -- -- -- -- -- -- -- 

Pollicipes polymerus 0 0 .08 .69 0 .15 .09 0 0 

Chondracanthus canaliculatus -- -- -- -- -- -- -- -- -- 

Cladophora columbiana .31 .05 0 .11 .43 0 0 0 .10 

Endocladia muricata 0 .34 .06 .06 .02 .23 .05 .01 .23 

Gelidium coulteri/pusillum 0 .41 .17 .01 .06 .10 .21 .04 0 

Mastocarpus complex blades .02 .44 .05 .15 .32 .02 0 0 0 

Mastocarpus complex crusts .01 .44 0 .03 .27 .09 .14 .02 0 

Silvetia compressa .64 .03 0 0 .03 .03 .28 0 0 

Anthopleura elegantissima 0 .43 .05 0 .11 0 .41 0 0 

Sabellariidae .39 0 0 .32 0 .15 .07 .08 0 

Cryptopleura/Hymenena spp -- -- -- -- -- -- -- -- -- 

Encrusting coralline 0 .42 .10 0 0 .09 .39 0 0 

Mazzaella flaccida/splendens .05 .17 .02 .26 .02 .24 0 .24 0 

Neogastroclonium 
subarticulatum .03 0 0 .20 0 .20 0 .53 .03 

Pyropia/Wildemania spp. .14 .44 .08 0 .29 0 .06 0 0 

Ulva spp .04 .40 .06 .39 .10 .02 .01 0 0 
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Table 6 Relative weighting of each of the nine environmental factors to describe vertical extent for each species, across best 
subset regression models with a delta AICC < 7.  Species with a non-significant best fit model are denoted by (--) as referenced 

in Table 3.   

  
Reef 

length 
Reef 
slope 

Reef 
rugosity 

Rock 
color 

Rock 
hardness 

Rock 
texture 

Solar 
incidence 

Reef 
orientation SST 

Balanus glandula .01 .26 .30 .04 0 .05 .20 .13 0 

Chthamalus spp 0 .30 .17 .03 .11 .03 .06 .29 0 

Mytilus californianus 0 .23 .02 .23 .05 .18 .10 .03 .17 

Pollicipes polymerus .04 .29 .13 0 .21 0 0 .30 .03 

Chondracanthus canaliculatus -- -- -- -- -- -- -- -- -- 

Cladophora columbiana .33 .46 .13 0 .01 0 .06 0 0 

Endocladia muricata .01 .32 .17 0 .10 .03 .09 0 .28 

Gelidium coulteri/pusillum 0 .36 .35 .01 0 .08 .18 0 .02 

Mastocarpus complex blades 0 .22 .23 0 .23 .13 .14 .06 .01 

Mastocarpus complex crusts .02 .21 .21 0 .22 0 .17 .02 .15 

Silvetia compressa -- -- -- -- -- -- -- -- -- 
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Table 7 Relative weighting of each of the nine environmental factors to describe lower limit for each species,  across best 
subset regression models with a delta AICC < 7.  Species with a non-significant best fit model are denoted by (--) as referenced 

in Table 4.   

  
Reef 

length 
Reef 
slope 

Reef 
rugosity 

Rock 
color 

Rock 
hardness 

Rock 
texture 

Solar 
incidence 

Reef 
orientation SST 

Balanus glandula -- -- -- -- -- -- -- -- -- 

Chthamalus spp -- -- -- -- -- -- -- -- -- 

Mytilus californianus -- -- -- -- -- -- -- -- -- 

Pollicipes polymerus 0 0 .31 .22 .07 .17 .17 .03 .04 

Chondracanthus canaliculatus -- -- -- -- -- -- -- -- -- 

Cladophora columbiana .32 0 0 .08 .36 0 .03 .02 .18 

Endocladia muricata -- -- -- -- -- -- -- -- -- 

Gelidium coulteri/pusillum -- -- -- -- -- -- -- -- -- 

Mastocarpus complex blades -- -- -- -- -- -- -- -- -- 

Mastocarpus complex crusts .3 0 .25 .20 .01 .22 .11 .17 0 

Silvetia compressa -- -- -- -- -- -- -- -- -- 
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Table 8 Average relative weighting of each environmental factor on lower limit, 
vertical extent and upper limit of high and mid zone species. Numbers in parenthesis 

are average relative weighting of each environmental factor for low zone species 
only. 

 

  Lower Limit Vertical Extent Upper Limit  

Reef length .12 .05 .13    (.09) 

Reef slope 0 .29 .26    (.27) 

Reef rugosity .19 .19 .04    (.04) 

Rock color .17 .03 .17    (.17) 

Rock hardness .15 .10 .14    (.07) 

Rock texture .13 .06 .07    (.10) 

Solar incidence .10 .11 .15   (.13) 

Reef orientation .07 .09 .01    (.12) 

SST .07 .07 .04       (0) 
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FIGURES 

Figure 1 Map of sites.  See Table 1 for site names and date sampled.  
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Figure 2 The relationship between reef slope and the upper vertical limit of species.  The AICc weights for reef slope are 
shown in the upper corner for each species as referenced in Table 5.  Species with a non-significant best fit model are denoted 

by (ns) as referenced in Table 2.   rrows represent an increase of reef slope from 0  to  0 . 
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Figure 3The relationship between rock color and the upper vertical limit of species.  Rock color is the light reflectance value 
which gives a comparable estimate of how much visible light is reflected and therefore a proxy for the thermal properties of 

the rock on a scale of 1 to 10.  The AICc weights for rock color are shown in the upper corner for each species as referenced in 
Table 5.  Species with a non-significant best fit model are denoted by (ns) as referenced in Table 2.  Arrows represent a change 
in rock color from dark to light. 
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Figure 4The relationship between reef slope and the vertical extent of species.  The AICc weights for reef slope are shown in 
the upper corner for each species as referenced in Table 6.  Species with a non-significant best fit model are denoted by (ns) as 

referenced in Table 3.   rrows represent an increase of reef slope from 0  to  0 . 
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Figure 5 The relationship between reef rugosity and the vertical extent of species.  The AICc weights for reef rugosity are 

shown in the upper corner for each species as referenced in Table 6.  Species with a non-significant best fit model are denoted 
by (ns) as referenced in Table 3.  Arrows represent an increase of reef rugosity from 0 to 0.5. 
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Figure 6 The relationship between reef rugosity and the lower vertical limit of species.  The AICc weight for slope is shown in 

the upper corner for each species as referenced in Table 7.  Species with a non-significant best fit model are denoted by (ns) as 
referenced in Table 4.  Arrows represent an increase of reef rugosity from 0 to 0.5.  
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Figure 7 Average relative weighting of each environmental factor on lower limit, 
vertical extent and upper limit of high and mid zone species.  
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APPENDIX  

 
R-code 

##################################################################### 

rm(list = ls()) # clears workspace 
##################################################################### 
# Define some functions 

####################### 
# Function called FNCTN (you can call it something else) 

# Input: 
# ri - standardized range locations (-1 < x < 1) 
# ra - standardized abundances (0 < y < 1) 

# invert - TRUE/FALSE (default).  FALSE = /\ ; TRUE = \/ 
# fixed.max = FALSE (default) or 'South' | \, 'Center' /\, or 'North' /| 

# Ouput: 
# List with elements: 
# exp.ra - expected ra values given observed ri with data-driven center (located 

at the ri with maximum ra) 
# Resids - model residuals 

# RSS - residual sums of squares 
# ri.mx - location of center 
# SCN - category that centers fall into: South |\; Center /\; North /| 

#  HF - Inverted or not: Hat /\; Funnel \/ 
FNCTN<-function(ri,ra,invert=FALSE,fixed.max=FALSE){ 

 # order data points by ri 
 ord<-order(ri) 
 ri<-ri[ord] 

 ra<-ra[ord]  
 

 # location of maximum (or minimum bin) ra value(s) 
 if(fixed.max=='South'){  ri.mx<- -1 } 
 if(fixed.max=='Center'){ ri.mx<- 0 } 

 if(fixed.max=='North'){  ri.mx<- 1 } 
 if(fixed.max=='Equal'){  ri.mx<- 0 } # overidden later.  zero 

for convenicence. 
 if(fixed.max==FALSE & invert==FALSE){ ri.mx<-mean(ri[which.max(ra)])
 } # Take the mean in case there are ties 

 if(fixed.max==FALSE & invert==TRUE){ ri.mx<-MinBin(ri,ra,nbins=10)
 } # Find the mid-point of the binned ri values that have the lowest non-zero 

mean ra value 
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 # To which category does ri.mx below (assuming 3 equi-spaced divisions) 

 SCN <- c('South','Center','North')[min(which(seq(-1,1,2/3)[-1]>=ri.mx))] 
  

 # Expected values for /\ shape: 
 # If ri <= ri.mx, then return 1st argument.  If not, then return 2nd argument.  
 exp.ra<-rep(NA,length(ri)) 

 exp.ra[which(ri<=ri.mx)] <- (ri[which(ri<=ri.mx)]+1)/(ri.mx+1) 
 exp.ra[is.nan(exp.ra)] <- 1 # Because 0/1 produces NaN at southern most sites 

(ri=0) 
 exp.ra[which(ri >ri.mx)] <- 1-(ri[which(ri>ri.mx)]-ri.mx)/(2-(ri.mx+1)) 
 

 if(fixed.max=='Equal'){   
  exp.ra=rep(0.5,length(ri)) 

  ri.mx=NA 
  SCN<-fixed.max 
 } 

 
 # If inversion is true, then the expected value is 1 minus the above 

 if(invert){exp.ra<-1-exp.ra} 
  
 # Residuals (both those above and below the line) 

 Resids <- ra-exp.ra 
 

 #  Sum of Residuals above the expected 
 SPR <- sum(Resids[Resids>0]) 
 

 #  Sum of Squqred Residuals above the expected 
 SSPR <- sum((Resids[Resids>0])^2) 

 
 # Multiply residuals by the weight of their data points (weighted using all 
sites, not just those above the model expectation) 

 WResids <- Resids * WeightFun(ri) 
 

 # Weighted Residuals above the expected 
 WResids <- WResids[WResids>0] 
 

 SWPR<-sum(WResids) 
 

 ifelse(invert,HF<-'Funnel',HF<-'Hat') 
 if(fixed.max=='Equal'){ HF<-fixed.max} 
 

 return(list(ri.mx=ri.mx, exp.ra=exp.ra, Resids=Resids, SPR=SPR, 
SWPR=SWPR, SSPR=SSPR, SCN=SCN, HF=HF)) 
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} 
 

# Function to estimate weights of each site - the average distance from the focal site 
to its nearest neighbours.  Used in FNCTN function (above).  

# Input: 
#    ri - standardized range locations (-1 < x < 1) 
WeightFun<-function(ri){ 

 y1 <- c(NA,ri) 
 y2 <- c(ri,NA) 

 wt1 <- abs(y1[-1]-y1[-length(y1)])  
 wt2 <- abs(y2[-1]-y2[-length(y2)]) 
 wt <- (wt1 + wt2)/2 

 wt[1] <- wt2[1] 
 wt[length(wt)] <- wt1[length(wt1)] 

 return(wt) 
} 
 

# Function to find ri bin that has minimum mean ra values 
# Input: 

# ri - standardized range locations (-1 < x < 1) 
# ra - standardized abundances (0 < y < 1) 
# nbins - number of bins 

MinBin<-function(ri,ra,nbins=10){ 
 bins<-seq(-1,1,2/nbins) 

 mids<-bins[-length(bins)]+(1/nbins) 
 x.c<-cut(ri,bins) 
 G<-as.matrix(levels(x.c));colnames(G)<-'Group.1' 

 mns<-tapply(ra,list(x.c),mean) 
 out<-mean(mids[which.min(mns)],na.rm=TRUE) 

 return(out) 
} 
 

 
##################################################################### 

##################################################################### 
##################################################################### 
options(stringsAsFactors=FALSE) 

setwd("C:/Users/haplogloia/Dropbox/write/ch 2/abundance/")  
# uncheck next line to choose file manually 

data<- read.table(file=file.choose(), header=T,sep=',') 
# uncheck next line to add in file 
# data<-read.table(file='BF_abundance_RI.csv',header=TRUE,sep=',')  

data<-data.frame(data) 
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spp<-unique(data$Species) 
 

pb <- txtProgressBar(min = 1, max = length(spp), style = 3) 
 

AllResults<-dim(0) 
 
ResampReps<-5000 

 
for (sp in 1:length(spp)){ 

 setTxtProgressBar(pb, sp) 
 temp.data<-subset(data,Species==spp[sp]) 
 

 ri<-temp.data$RI 
 ra<-temp.data$Abundance 

  
 # FOR NOW, REMOVE ALL RECORDS WHERE ri>1 or ri<-1 
 if(max(ri)>1){warning(paste(spp[sp],' has ri > 1'))}  

 rem<-which(abs(ri)>1) 
 if(length(rem)>0){ 

  ri<-ri[-rem] 
  ra<-ra[-rem] 
 } 

  
 ord<-order(ri) 

 ri<-ri[ord] 
 ra<-ra[ord]  
 

 ra<-ra/max(ra) 
  

  
 nsamp<-length(ri) # sample size 
 wts<-WeightFun(ri) # site weights 

  
  

 ##building the n models 
 
  nmodels=7 # number of models 

 
  # /\ model flexible 

  model.hat<-FNCTN(ri,ra) 
 
  # /\ model - fixed to center 

  model.ac<-FNCTN(ri,ra,fixed.max='Center') 
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  # |\ model - fixed to south 
  model.rs<-FNCTN(ri,ra,fixed.max='South') 

 
  # /| model - fixed to north 

  model.rn<-FNCTN(ri,ra,fixed.max='North') 
 
  # \/ model flexible 

  model.fun<-FNCTN(ri,ra,invert=TRUE) 
 

  # \/ model - fixed to center 
  model.ae<-FNCTN(ri,ra,fixed.max='Center',invert=TRUE) 
 

  # --model-equal abundance 
  model.ea <- FNCTN(ri,ra,fixed.max='Equal') 

 
 
 model<-c('model.hat','model.ac', 'model.rs', 'model.rn', 'model.fun', 

'model.ae','model.ea') 
 models.expra<-cbind(model.hat$exp.ra,model.ac$exp.ra, model.rs$exp.ra, 

model.rn$exp.ra, model.fun$exp.ra, model.ae$exp.ra,model.ea$exp.ra)  
 models.ri.max<-c(model.hat$ri.mx,model.ac$ri.mx, model.rs$ri.mx, 
model.rn$ri.mx, model.fun$ri.mx, model.ae$ri.mx,model.ea$ri.mx) 

 models.SCN<-c(model.hat$SCN,model.ac$SCN, model.rs$SCN, 
model.rn$SCN, model.fun$SCN, model.ae$SCN,model.ea$SCN) 

 models.HF<-c(model.hat$HF,model.ac$HF, model.rs$HF, model.rn$HF, 
model.fun$HF, model.ae$HF,model.ea$HF) 
 models.SPR<-c(model.hat$SPR,model.ac$SPR, model.rs$SPR, 

model.rn$SPR, model.fun$SPR, model.ae$SPR,model.ea$SPR)  
 models.SWPR<-c(model.hat$SWPR,model.ac$SWPR, model.rs$SWPR, 

model.rn$SWPR, model.fun$SWPR, model.ae$SWPR,model.ea$SWPR)  
   
 ## The observed Sum of Squared Positive Residuals (RSS), Sum of Positive 

Residuals (SPR), and Sum of Weighted Positive Residuals (SWPR)....for each the 
models all at once 

  SSPR.obs<-colSums((ifelse(ra>models.expra,(ra-models.expra),0))^2) 
  SPR.obs<-colSums(ifelse(ra>models.expra,(ra-models.expra),0)) 
  SWPR.obs<-colSums(ifelse(ra>models.expra,(ra-models.expra)*wts,0)) 

  
 # The null model randominzing procedure 

 runs<- ResampReps 
 A<-B<-C<-matrix(ncol=nmodels,nrow=runs) 
 for (k in 1:runs) { 

  obs.null<-sample(ra,replace=FALSE) 
  # RSS 
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  nrss<-colSums((obs.null-models.expra)^2) 
  A[k,]<- nrss 

  # SPR 
  nsr<-colSums(ifelse(obs.null>models.expra,(obs.null-

models.expra),0)) 
  B[k,]<- nsr 
  # SWPR 

  nwsr<-colSums(ifelse(obs.null>models.expra,(obs.null-
models.expra)*wts,0)) 

  C[k,]<- nwsr 
 } 
 ## the observed SSPR, SPR, and SWPR contrasted against the 5% percentile 

of the null model  
 SSPR.5percent<-apply(A,2,quantile,probs=c(0.05),na.rm=T) 

 SSPR.pvalue<-rowSums(apply(A,1,function(x){x<SSPR.obs}))/nrow(A) 
 SPR.5percent<-apply(B,2,quantile,probs=c(0.05),na.rm=T) 
 SPR.pvalue<-rowSums(apply(B,1,function(x){x<SPR.obs}))/nrow(B) 

 SWPR.5percent<-apply(C,2,quantile,probs=c(0.05),na.rm=T) 
 SWPR.pvalue<-rowSums(apply(C,1,function(x){x<SWPR.obs}))/nrow(C) 

  
 ## export results 
 table.results<-data.frame(species=rep(spp[sp],nmodels),model=model, 

SWPR.obs=SWPR.obs,SWPR.5percent=SWPR.5percent,SWPR.pvalue=SWPR.pval
ue, SPR.obs=SPR.obs,SPR.5percent=SPR.5percent,SPR.pvalue=SPR.pvalue, 

SSPR.obs=SSPR.obs,SSPR.5percent=SSPR.5percent,SSPR.pvalue=SSPR.pvalue, 
nsamp=nsamp, 
models.ri.max=models.ri.max,models.SCN=models.SCN,HF=models.HF) 

 table.results<-table.results[order(table.results$SWPR.obs),] 
 AllResults<-rbind(AllResults,table.results) 

  
# print(spp[sp]) 
# print(table.results) 

   
} 

 
AllResults<-AllResults[order(AllResults$species,AllResults$SWPR.obs),]  
 

write.table(AllResults,file='BestFitResults.txt',sep="\t",row.names=FALSE) 
 

warnings() 
 
 

 
 




