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Ocean Acidification (OA) has emerged as a major threat to marine ecosystems, 

particularly regarding calcifying organisms.  A growing body of literature describing 

laboratory investigations into pH stress indicates broadly deleterious effects for 

calcifiers, but responses vary greatly across taxa and can be influenced by variations 

in other environmental characteristics.  Scaling laboratory results to ecological 

performance is critical for understanding the impacts of OA on marine communities.  

One method that can be useful for elucidating these ecological impacts is to study 

organisms and communities in environments that naturally vary in pH.  The 

California Current Large Marine Ecosystem (CCLME) is one such ecosystem in 

which pH varies both in space and over time, bathing intertidal communities in a 

mosaic of pH conditions.  The dynamics of the CCLME during the upwelling season 

also drive biologically-relevant variation in productivity and temperature.  

My dissertation leverages variation in oceanographic processes along the 

CCLME to explore the potential for OA impacts on rocky intertidal community 



 

 

distributions and the performances of two major space occupiers in rocky intertidal 

communities.  In Chapter 2, a series of large scale community surveys along the 

CCLME were re-examined to ask if distributions of calcifiers and their mineral forms 

differ whether these differences are linked to environmental conditions.  The patterns 

of differential calcifier abundances that emerge may better inform studies into the 

potential community impacts of OA by highlighting regions where calcifiers are 

relatively diverse or replete.  Although these patterns are partially driven by complex 

interactions among temperature, phytoplankton productivity and upwelling, much of 

the spatial variation in calcifier abundance remains unexplained, suggesting the need 

to better characterize the pH environment along this oceanographically-complex 

region.   

In Chapter 3, I explored the relative influence of the pH mosaic along the 

CCLME on performance of the California mussel, Mytilus californianus.  When 

considered along with other known stressors such as temperature and chlorophyll-a 

variations, pH meaningfully contributed toward explaining variation in mussel 

growth, condition and shell thickness.  Contrary to expectation, some aspects of 

mussel performance were enhanced at comparatively low pH sites.  The potential 

implications of this work include mediation of pH stress by other environmental 

factors, energetic trade-offs between calcified and soft tissue development, a life 

history transition toward increased resilience, and genotypic or persistent phenotypic 

differences that integrate exposure history.  

In Chapter 4, I investigated the relative influence of natural pH variation on 

performance of the purple sea urchin, Strongylocentrotus purpuratus.  As with the 



 

 

California mussel study in Chapter 3, aspects of sea urchin calcified structures were 

enhanced, not suppressed as expected, at sites with comparatively low pH, after 

considering the effects of algal consumption and mean temperature.  The combined 

results of Chapters 3 and 4 underscore the complex interactions between multiple 

environmental stressors and organismal physiology, highlight the biological relevance 

of pH on ecological performance, and suggest that life in areas already subject to 

natural pH variation may have the adaptive capacity to persist under future 

conditions.    
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The Ecology of Ocean Acidification: Integrating the Effects of pH Variation 

among Other Environmental Stressors on Biogeography and Organismal 

Performance in Rocky Intertidal Communities 

 

CHAPTER 1 – GENERAL INTRODUCTION 

 

Ocean acidification (OA) has emerged as a significant threat to marine biota, 

ecosystems and human societies (Strong et al. 2014). OA describes the process by 

which increasing atmospheric carbon dioxide (CO2) drives higher concentrations of 

dissolved oceanic CO2 that, through a series of chemical reactions, lowers oceanic pH 

(Caldeira and Wickett 2003, Orr et al. 2005).  Global oceanic pH has declined by 0.1 

units since the beginning of the Industrial Revolution (Sabine et al. 2004), and 

forecasts predict a further reduction of 0.35 units by the end of the 21st century (Orr et 

al. 2005).  This rate of change is unprecedented in the geologic record, and has thus 

motivated significant efforts to understand the biological implications of OA (Doney 

et al. 2009).  

An exponentially growing collection of OA studies has documented a broad 

spectrum of negative responses to pH reductions, including such diverse outcomes as 

malfunctioning odor detection in fishes (Munday et al. 2013, Dixson et al. 2014) and 

depressed metabolism in squid (Rosa and Seibel 2008).  Most attention in OA 

research has been focused on one overarching characteristic: calcification.  Calcifying 

organisms, those that have hard body structures composed of calcium carbonate 

(CaCO3), include such major marine groups as foraminifera, coccolithophores, corals, 

molluscs, echinoderms and crustaceans (Fabry et al. 2008, Doney et al. 2009).  The 

chemical reactions involved in OA threaten the ability of these calcifiers to 
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biomineralize CaCO3 and generally lead to negative responses in a multitude of 

calcifying taxa (Fabry et al. 2008, Kroeker et al. 2010).   

While calcifier responses to OA stress are generally negative, a great deal of 

variability exists in such responses.  Ries et al. (2009) examined calcification stress 

among 18 marine calcifiers that were exposed to a range of OA conditions.  Six 

species (5 molluscs and 1 serpulid worm) demonstrated linear declines in 

calcification with increasing OA stress. Four species (2 molluscs, 1 coral and 1 

echinoderm) demonstrated threshold dynamics in which net calcification was 

relatively constant above a threshold of OA stress and declined below that threshold.  

In one mollusk, there was no significant relationship between OA stress and net 

calcification.  Four species (2 algae, 1 mollusc and 1 echinoderm) exhibited parabolic 

responses with net calcification declines outside optimal ranges of OA conditions.  

Three crustaceans displayed increasing net calcification under increasing OA stress.  

This one study alone highlights how the scale of OA effects can vary greatly across 

calcifying taxa.      

OA effects can be mediated by a variety of both biological and environmental 

factors.  Biological factors include the crystalline structure of CaCO3, the organismal 

developmental stage, the degree of calcification, and the degree of activity.  Marine 

calcifiers generally produce CaCO3 in one or more of the following three crystalline 

forms: aragonite, high-magnesium (high-Mg) calcite and low-Mg calcite (Bathurst 

1975).  The latter two forms differ in the amount of magnesium ions that are 

incorporated into the crystalline matrix.  Under constant chemical and temperature 

conditions, the three CaCO3 types differ in their solubilities, with high-Mg calcite as 
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the relatively most soluble form and low-Mg calcite as the least soluble (Mucci 

1983).  Thus, one prevailing hypothesis regarding OA is that taxa that produce more 

soluble CaCO3 forms are more stressed under OA conditions than taxa that produce 

less soluble CaCO3 forms.  A second biological factor that can mediate OA responses 

is the developmental stage during which calcifiers experience OA conditions.  A 

meta-analysis of recent OA studies found that larvae were generally more severely 

affected by OA conditions than juvenile or adult life stages (Kroeker et al. 2013).  OA 

effects can also be influenced by the degree of calcification, with the same meta-

analysis indicating that heavily-calcified taxa exhibited greater negative responses to 

OA stress than relatively less-calcified taxa (Kroeker et al. 2013).  A fourth biological 

influence on OA responses among taxa can be level of activity.  Relatively more 

active taxa such as teleost fish, cephalopods and crustaceans possess efficient ion-

regulatory mechanisms for CO2 excretion and acid-base balance, and have been 

demonstrated to better cope with OA conditions (Melzner et al. 2009).  Teasing apart 

these and other physiological mediators of calcification stress is important to 

understanding the diversity of OA responses. 

Environmental influences on calcifier responses to OA include such factors as 

resource availability, temperature and temporal variation in pH.  High food 

availability has been demonstrated to partially offset the negative effects of elevated 

pCO2 on Olympia oyster (Ostrea lurida) larval growth, weight and metamorphic 

success (Hettinger et al. 2013).  Calcification and growth in the blue mussel, Mytilus 

edulis, has been shown to depend primarily on food supply with little impact of high 

pCO2 (Thomsen et al. 2013).  Work on blue mussels also demonstrated the role that 
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temperature can play in mediating responses, with M. edulis shell strength reduced 

under warming of 4°C above ambient temperature but unaffected by pH reductions of 

-0.4 units below ambient (Mackenzie et al. 2014).  Higher temperature and reduced 

pH additively influenced reductions in the metabolism of larval purple sea urchins 

(Padilla-Gamiño et al. 2013).  This trend of enhanced sensitivity to OA with 

increased temperature has been documented for a variety of calcifying taxa (Kroeker 

et al. 2013).  Another environmental influence on OA responses can be degree of 

temporal variability in pH conditions.  Cornwall et al. (2013) found that the coralline 

alga Arthrocardia corymbosa not only grows less at lower mean pH but that 

fluctuating pH by 0.4 units higher during daylight and 0.4 units lower during darkness 

(thus maintaining the same mean pH) contributed additively toward reductions in 

growth.   

My research centered on the overarching question of how pH variation impacts 

ecological performance in natural communities where a variety of environmental 

influences are at play.  The complex interactions of environmental factors in OA 

studies indicate that a critical next step toward understanding the impacts of OA on 

marine ecosystems is to scale these laboratory studies to ecological performance.  

Such studies may be most informative if they take place in natural field conditions, 

where increased environmental heterogeneity may mediate responses.  My studies 

were conducted along the California Current Large Marine Ecosystem (CCLME), 

where seasonal upwelling drives the shoaling of low-pH waters into the intertidal 

(Feely et al. 2008, Hofmann et al. 2014, Chan et al. in prep).  
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In Chapter 2, I assess the distributions of rocky intertidal calcifiers and their 

primary forms of CaCO3 along 16º latitude of the CCLME.  The motivation for this 

chapter was to better frame discussions of the ecological impacts of OA by 

elucidating how calcifiers are distributed in space.  I used a 4-year dataset of annual 

intertidal community surveys conducted at 49 sites along the CCLME from 

Washington to Baja California to investigate where calcifiers were relatively 

abundant compared to areas with relative scarcity.  A major portion of this effort 

involved classifying surveyed taxa by primary CaCO3 type.  I was able to further 

compare distributions to variations in the key environmental factors of upwelling, 

temperature, and phytoplankton productivity.  Results of this work indicate that 

calcifiers are well distributed throughout the CCLME but that this distribution is 

patchy, with hot spots and cool zones of calcifier abundances.   

In Chapter 3, I narrowed my focus from assessing distributions among rocky 

intertidal communities to evaluating how a functionally and numerically important 

rocky intertidal inhabitant, the California mussel, Mytilus californianus, performed 

under field exposure to natural variation in pH.  Conducting field studies of the 

effects of pH allowed me to concurrently assess interactive responses to among site 

variations in temperature and phytoplankton productivity, a key metric of mussel food 

availability.  These studies involved transplanting mussels both in the intertidal and 

on nearshore moorings at 8 sites from central Oregon to southern California during 

the upwelling seasons in 2011 and 2012.  Response metrics included seasonal growth, 

shell thickness and condition index.  Results supported the hypothesis that pH 

variation contributes toward explaining differences in mussel performance, but the 
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enhancements of some performance aspects at sites with low pH compared to sites 

with high pH were counter-intuitive and went against current theory predicting low 

reduced performance under low pH conditions.  These responses were further 

mediated by placement on either the moorings or in the intertidal and the source 

population of mussels, indicating the potential for additional influences based on 

intertidal exposure and life history. 

In Chapter 4, I expanded the understanding of the interactive influence of 

natural pH variation to the effects on the purple sea urchin, Strongylocentrotus 

purpuratus.  These sea urchins are important calcifiers in the intertidal where they can 

form dense aggregations that exclude macroalgal growth and physically alter the 

substrate via burrowing.  For this study, I conducted field studies at 4 sites ranging 

between central Oregon and northern California during the upwelling seasons of 2012 

and 2013 during which I compared the relative influences of pH, temperature and 

food consumption on aspects of sea urchin anatomy.  Responses included weights of 

calcified components, test dimensions and gonad index.  Results supported the 

hypothesis that pH is an important factor in explaining variation in responses of this 

marine calcifier, but again were counter to the hypothesis that reduced pH drives 

reduced performance.  Sea urchins were generally heavier and larger at sites with 

lower pH compared sea urchins at the higher pH sites.  The provisioning of 

essentially ad libitum food during this study played the dominant role in explaining 

performance differences, with pH and temperature providing similar more muted 

explanatory contributions.  
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In Chapter 5, I summarize the general findings of my dissertation and discuss 

ways in which this work has broadened our understanding of the effects of pH 

variation and OA.  The results of our analyses of calcifier distributions can contribute 

toward further hypotheses regarding oceanographic influences and biological 

responses that result in regions of relatively rich versus depauperate calcifier 

abundances.  Regarding the studies on California mussels and purple sea urchins in 

field conditions along the CCLME, the two species responded similarly in three 

major ways: food availability/consumption generally explained the greatest amount of 

variation among responses; mean pH contributed as much toward explained 

variations as temperature; and responses were generally enhanced at sites with lower 

pH.  However, there were also major differences in how California mussels and 

purple sea urchins responded.  First, mussels exhibited greater overall variation than 

sea urchins.  Second, pH exerted the greatest influence on different characteristics of 

the two species (calcified weights in sea urchins and condition index in mussels).    

These studies highlight that natural pH variation influences important aspects of 

calcifier performances and that this influence is highly integrated with other 

environmental aspects.  Future ecological studies should consider the impacts of pH 

alongside other stressors to better understand the outcomes in our changing seas.   
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CHAPTER 2 – PLAYING THE SHELL GAME: GEOGRAPHICAL 

DISTRIBUTION PATTERNS OF INTERTIDAL CALCIFYING TAXA IN 

RELATION TO ENVIRONMENTAL VARIATION ALONG THE US WEST 

COAST 

 

ABSTRACT 

One prominent hypothesis regarding biological responses to ocean acidification 

(OA) is that the pH decline and concomitant changes to carbonate chemistry will 

affect calcifying flora and fauna more adversely than noncalcifiers. Responses may 

also vary among calcifiers based on the crystalline form of calcium carbonate (e.g. 

aragonite, high- or low-magnesium calcite) that is biomineralized by each species. 

Both hypotheses suggest that there will be ecological winners and losers in marine 

communities under future OA conditions. To aid in framing investigations of 

potential OA ecological effects, we compiled the first analyses of the spatiotemporal 

distribution of calcifiers and their mineral forms across a Large Marine Ecosystem. 

Combining a detailed literature review with a 4-year dataset of biodiversity surveys, 

we identified the primary calcification type for all species encountered at 49 rocky 

intertidal sites spanning 16 degrees latitude along the California Current Large 

Marine Ecosystem (CCLME). Our results indicate differential distribution patterns 

for calcifiers and their mineral forms. These patterns are partially explained by 

variation in upwelling, temperature, and phytoplankton productivity, but also 

highlight the utility of more detailed characterizations of the mosaic nature of pH 

variation along the CCLME and how that variation interacts with other environmental 

influences.   
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INTRODUCTION 

Ocean acidification (OA) has recently gained momentum as a potentially 

powerful environmental change confronting marine species. OA is defined as the 

reduction in oceanic pH caused by increased atmospheric carbon dioxide (CO2) 

driving higher concentrations of oceanic dissolved CO2 (Caldeira and Wickett 2003, 

Orr et al. 2005).  The global average atmospheric CO2 level at the beginning of the 

Industrial Revolution in the mid-19th century was approximately 280 parts per million 

(ppm) (Sabine et al. 2004).  As human consumption of fossil fuels has accelerated 

over the following decades of expanding industrialization, global atmospheric CO2 

has risen steadily, recently eclipsing 400 ppm for the first time in recorded history 

(ESRL/NOAA 2014).  As much as 50% of this additional CO2 has been absorbed by 

the oceans, driving an average pH reduction of 0.1 units over the same period (Sabine 

et al. 2004).  In addition to increased dissolved CO2 driving pH reductions, OA drives 

exponential shifts in the concentrations of bicarbonate and carbonate ions, two other 

important components of the oceanic carbonate system (Feely et al. 2004, Fabry et al. 

2008). Researchers estimate that carbonate ion concentration and pH will be reduced 

by 50% and 0.35 units, respectively, by the end of the 21st century (Orr et al. 2005).  

This rate of change is unprecedented in the geologic record, suggesting that the 

impacts could be dramatic for marine taxa that are sensitive to carbonate chemistry. 

One prevailing hypothesis that has arisen from these OA projections is that 

marine calcifying organisms, those that produce morphological features composed of 

calcium carbonate (CaCO3), are more susceptible to negative impacts from OA than 

non-calcifying taxa.  Calcifiers include such major groups as foraminifera, 
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coccolithophores, corals, molluscs, echinoderms and crustaceans.  A rapidly 

expanding collection of laboratory experiments that investigate the effects of OA-

scale variations in carbonate chemistry on calcifier performance indicate broadly 

deleterious effects, but also highlights that the degree of sensitivity can vary greatly 

among taxa (Ries et al. 2009, Kroeker et al. 2010, 2013).  When considering that 

species exist in interactive communities, there are likely going to be “losers” (those 

taxa with comparatively strong negative responses) and “winners” (those taxa with 

comparatively less severe or positive responses) in ecological communities under 

future OA conditions (Doney et al. 2009).  Therefore, a major challenge remains to 

better understand both how individual species respond to pH variation among other 

environmental complexities and how those responses will cascade through 

community interactions in natural ecosystems (Doney et al. 2009, Hofmann et al. 

2010, Turley and Gattuso 2012). 

A corollary hypothesis to the generally greater sensitivity to OA by calcifiers 

suggests that taxonomic differences in OA sensitivity among calcifiers may in part be 

driven by differences in the dominant polymorph, or crystalline form, of CaCO3 that 

is biomineralized. The dissolution rates differ among polymorphs when each type is 

placed in environmentally equivalent water masses (Bathurst 1975).  The three most 

common polymorphs in marine organisms are high-magnesium (high-Mg) calcite, 

aragonite, and low-Mg calcite, in order from most to least soluble at a set pH 

(Bathurst 1975, Mucci 1983).  These differential mineralogies among rocky intertidal 

community members could also influence differential responses to OA. 
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Examining how environmental variation influences patterns of abundance and 

distribution of organisms has long been a central line of inquiry in ecology (Connell 

1975, Menge and Sutherland 1976, 1987, Grime 1977).  Many early ecological 

explorations focused on local-scale dynamics in areas that are spatially small but 

experience large environmental variations, like the steep gradients between high and 

low tides.  Biota in the intertidal zone experience dramatic changes in such factors as 

immersion time, temperature stress, salinity exposure, and food availability over 

relatively small spatial scales.  These single-site studies have been incredibly 

influential in furthering the understanding of community ecological processes, 

including foundational concepts in disturbance (Sousa 1979), environmental stress 

(Menge and Sutherland 1987), keystone species (Paine 1969, 1974, Menge et al. 

1994, 2004), ecosystem engineering (Suchanek 1979) and facilitation (Bertness et al. 

1999).  As ecological inquiry has expanded, so have the scales at which researchers 

have examined ecological patterns and processes.  Benthic marine ecologists working 

in intertidal systems have uncovered how local-scale ecological dynamics are 

contextually dependent on larger-scale patterns in important biological processes such 

as propagule dispersal, food availability, and nutrient delivery (Gaines and 

Roughgarden 1985, Roughgarden et al. 1988, Menge 1992, 2000).  The environment 

also plays a major role, influencing local benthic dynamics through variation in 

factors that include temperature, salinity, wave exposure and upwelling.  Examining 

how these large-scale spatial patterns vary over time has allowed for greater 

understanding of the effects of seasonal, annual and decadal patterns in structuring 

ecological communities.   
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The shores of the California Current Large Marine Ecosystem (CCLME) 

represent an excellent natural laboratory for examining the effects of multiple climate 

and environmental factors on intertidal benthic marine communities (Helmuth et al. 

2002, 2006, Menge et al. 2011, 2015, Menge and Menge 2013).  The CCLME is a 

major eastern-boundary current upwelling system in which broad gradients in 

upwelling forcing, coastal circulation and variable bottom topography produce 

spatiotemporal variability in nearshore oceanographic conditions (Kosro et al. 1997, 

Grantham et al. 2004, Menge et al. 2015). Two general patterns in the upwelling 

regime merge near Cape Blanco, Oregon (42°N).  The northward pattern is 

characterized by frequent upwelling relaxation events during the May-September 

upwelling season (Huyer 1983). The southward pattern is characterized by a longer 

upwelling season (April-October), great average upwelling intensity and fewer 

relaxation events (Bakun and Nelson 1991). Upwelled waters bathe intertidal 

communities in conditions that are generally colder and more nutrient-rich, with 

variation in the frequency and persistency of upwelling events correlating with 

bottom-up and supply-side processes that are important in structuring rocky intertidal 

communities (Roughgarden et al. 1988, Menge 1992, Dudas et al. 2009).  Such 

upwelling-driven biological patterns can have cascading effects on other community 

processes as well.  Menge and Menge (2013) summarized these patterns with the 

intermittent upwelling hypothesis in which they found that variation in ecological 

subsidies, prey responses and species interactions in rocky intertidal communities are 

all unimodally correlated with gradients in both the magnitude and intermittency of 

upwelling events during the spring-summer upwelling season. 
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Recent studies have confirmed that the CCLME also experiences broad spatial 

and temporal variation in pH, suggesting that the region can serve as a natural 

laboratory for examining the relationships between forecasted global OA conditions 

and resulting biotic impacts (Feely et al. 2008, Hofmann et al. 2014, Chan et al. in 

prep).  Upwelled waters are naturally higher in CO2 in part due to the increased 

biological decay at depth (Raven et al. 2005). Van Geen et al. (2000) provided one of 

the first confirmations of high-CO2 conditions in the intertidal along the northern 

California coast of the CCLME.  The pH dynamics across a much larger swath of the 

CCLME were documented during a series of shipboard offshore transects taken in 

2007 along the US West Coast.  Low-pH waters that mimicked OA projections for 

the global average oceanic pH by 2050 were shoaling in coastal waters off southern 

Oregon and northern California (Feely et al. 2008).  Following these earlier studies, 

arrays of pH sensors have been placed with increasing frequency throughout the 

ecosystem.  These sensors have contributed to a much more detailed characterization 

of pH variation, capturing both the large-scale latitudinal mosaic and multiple scales 

of temporal variability from diel to seasonal patterns (Hofmann et al. 2014).  

While great strides have been made in recent years, efforts to characterize the 

pH climatology of the CCLME are still in relative infancy compared to the sampling 

history of other environmental factors.  This short history limits comparisons of 

ecological patterns against direct measurements of pH conditions.  However, past 

studies can be reframed and give rise to new perspectives by examining patterns 

among distributions of marine community inhabitants based on OA-relevant 

characteristics.  Such reframing can offer clues as to where the ecological effects of 
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OA may be relatively pronounced or muted, contributing toward discussions around 

conservation and adaptive management under future ocean carbonate chemistry 

conditions. 

To better frame discussions of potential OA community ecological effects, we 

analyzed annual rocky intertidal community surveys conducted from 2000-2003 

along the US West Coast (e.g., Russell et al. 2006, Schoch et al. 2006, Gouhier et al. 

2010).  Here, we address the hypothesis that calcifying marine organisms are 

“gateway” taxa for OA impacts and thereby drive community ecological sensitivity.  

Using these survey data, we investigated how marine calcifying organisms are 

distributed across real communities.  To address the hypothesized differential 

sensitivities driven by CaCO3 type, we further described the distributions of subset 

communities broken down by each calcifying taxon’s primary mineral form of 

CaCO3.  We examined how all of these distribution patterns are differentially 

influenced by three environmental factors – sea surface temperature, chlorophyll-a 

concentration and upwelling intensity – that are known to exhibit strong influences on 

overall community distributions along the CCLME.  To our knowledge, our study is 

the first to analyze the community distributions of macrobiotic calcifiers and their 

mineralogies across a Large Marine Ecosystem. 

 

METHODS 

Biodiversity surveys 

The Partnership for Interdisciplinary Studies of Coastal Oceans (PISCO) 

conducted extensive annual surveys between 2000 and 2003 at 48 rocky intertidal 
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sites spanning 16° latitude along the US West coast.  Details of the sites and methods 

used in these surveys are documented in Schoch et al. (2006).  By way of brief 

background, diversity and abundance of both sessile and mobile organisms were 

sampled at three tidal heights at each site.  Sampling was conducted using the 

transect-quadrat method (Lubchenco and Menge 1978) in which a (0.5 x 0.5 m) 

quadrat was placed at 10 randomly spaced intervals along three replicate horizontal 

transects, each 50-m in length, in each of three zones: high, mid and low intertidal.  

Abundances of sessile taxa were quantified by estimating percent cover for each 

taxon encountered in each quadrat. Abundances of mobile taxa were measured by 

counting the number of individuals in each quadrat.  All organisms were identified in 

the field to the species level when possible, though some measurements were limited 

to identification at the genus, family or “complex” level. The complex designation 

was based on the ability to identify encountered organisms to a more well-known 

taxonomic or functional group of similar species.  While not as precise as species 

identification, the genus and complex levels are satisfactory for distinguishing 

regional-scale community patterns (Dethier and Schoch 2006). Sites ranged from the 

northernmost at Warmhouse Beach on Cape Flattery, Washington (48.39 N 124.66 

W) to the southernmost at Sunset Cliffs in San Diego, California (32.72 N 117.26W) 

(Figure 2.1).  Table 2.1 describes the years studied, latitude and longitude for all sites. 

Because the spatial granularity was relatively fine across a large latitudinal range, the 

season in which sampling occurred at each site varied from winter at Southern 

California sites, spring at Central and Northern California sites and summer at 

Oregon and Washington sites.     
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Calcification classification 

We classified each taxon encountered in the surveys as either a calcifier (i.e. 

produces a CaCO3 structure) or a noncalcifier (those lacking CaCO3 features).  

Through a detailed primary literature review, each calcifier was further classified as 

either high-Mg calcitic, aragonitic, or low-Mg calcitic based on the primary 

polymorph of biomineralized CaCO3.  The literature review involved querying the 

Web of Science academic database using search terms that included the species name, 

“acidification”, “calcium”, “carbonate”, “calcification”, “polymorph”, “aragonite” 

and “calcite”.  Recognizing that taxonomic name assignments have changed over 

time, the literature review team searched under alternative species names in addition 

to those used during the survey timeframe. Each taxon is reported here using the 

taxonomic descriptions in the community surveys to maintain consistency with other 

reports on these datasets.  

Our review efforts revealed that the existing literature on polymorph type was 

relatively sparse.  We were often unable to establish direct evidence documenting the 

primary polymorph for each taxon in the surveys.  In such cases, we based the 

polymorph designation on documentation of the primary polymorph in related taxa; 

congeners when possible but occasionally at higher taxonomic levels.  For some 

groups, including echinoderms and crustaceans, this assumption that the primary 

CaCO3 polymorph is well-conserved across the group is well-supported by the 

literature (Chave 1954).  In other cases, particularly molluscs, the literature 

documents broad variation among taxa (including among congeners) in their primary 

CaCO3 polymorph.  One such example is the snail genus Littorina.  One study 
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(Lowenstam 1954) analyzed shells from L. planaxis and L. scutulata collected at La 

Jolla, California.  The L. planaxis shell was entirely aragonitic, whereas L. scutulata 

shells were composed of both aragonite and low–Mg calcite, with the relative 

aragonite composition ranging between 21-50% of the overall shell.  This dual-

polymorph shell composition is common among molluscs.  In such cases, we 

categorized each taxon based on the polymorph of the outer-most shell layer which is 

most directly in contact with the surrounding waters. 

For those taxa with dual-polymorph shells, our review also revealed that the 

ratio between the different CaCO3 polymorphs comprising the shells is a plastic trait 

in some species (as described in the earlier L. scutulata analysis), and that this 

plasticity can be environmentally influenced.  Temperature can have a sufficiently 

strong effect that different polymorphs can dominate at opposite temperature 

extremes.  Mytilus edulis shells can be almost entirely aragonitic in areas with mean 

annual temperatures over 20oC, but are predominantly low-Mg calcitic at lower 

temperatures (Lowenstam 1954).  Our literature review found very few examples of 

this environmental influence on the plastic nature of shell composition.  We suspect 

this limited evidence is likely due to a limited number of studies investigating such 

questions, not due to a lack of such patterns existing in other taxa.  However, with 

insufficient literature to either support or refute such trends across a wider set of taxa, 

we chose to exclude from our analyses any consideration of environmental effects on 

shell polymorph plasticity.   
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Environmental associations 

We compared abundances across the study region (32.7°N to 48.4°N) to the 

annual means for three environmental factors: sea surface temperature (SST), 

chlorophyll-a concentration (Chl-a), and the Bakun Upwelling Index (Bakun et al. 

1973).  Daily remote-sensed chlorophyll-a and sea surface temperature data within a 

radius of 0.2 degrees around each site were obtained respectively from NASA AQUA 

MODIS (0.0125 degree/1.4 km resolution) and NOAA Pathfinder (0.044 degree/5.5 

km). These data were then spatially-averaged to obtain a mean value for each year 

and site. The Bakun Upwelling Index was obtained from the NOAA Pacific Marine 

Environmental Laboratory (National Marine Fisheries Service, 

http://www.pfeg.noaa.gov).  Upwelling processes are generally driven by northerly 

winds along the Pacific coast that drive surface waters offshore and lead to nearshore 

shoaling of deeper waters.  The Bakun Upwelling Index uses estimates of coastal 

wind speeds to calculate the strength of upwelling processes. 

Statistical analyses 

We examined diversity patterns of non-calcifiers, calcifiers and primary-

polymorph subgroups using non-metric multidimensional scaling (NMDS). Because 

the abundance measures were different for mobile taxa (number of individuals per 

quadrat) and sessile taxa (% cover per quadrat), we chose to present results separately 

for the two groups.   

NMDS can be used to compare community composition between sites.  The 

algorithm first assigns each site a score in N-dimensional space, where each 

dimension represents the abundance of a single taxon.  The Bray-Curtis dissimilarity 
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between the community composition at each site is then computed and used to plot 

the objects onto a simplified k-dimensional ordination space (Shepard 1966, Ramette 

2007).  The degree of mismatch between the distance between objects in k-

dimensional ordination space and the distance between objects in the original N-

dimensional ordination space represents stress, which can be converted to a measure 

of relative fit via R2=1-stress2.  Numbers approaching the maximum value of 1 

indicate relatively close fit, whereas low numbers close to zero indicate relatively 

poor fit.  We chose a 2-dimensional simplified ordination space for ease of 

interpretation.  

To interpret the ecological significance of the NMDS axes, one can overlay 

fitted vectors for each environmental variable based on a regression of these factors 

onto ordination space (Ramette 2007).  NMDS axes and environmental vectors are 

positively (negatively) correlated when they have the same (opposite) directions. The 

length of each vector determines the strength of the correlation and thus the 

magnitude of the influence of the corresponding environmental factor.  Any two 

vectors in opposite directions (180°) have opposite influences.  Two orthogonal 

vectors (at 90° right angles to each other) display independent influences and are 

uncorrelated.   

NMDS analyses need to be approached with caution in that scaled 

dissimilarities among taxa in two-dimensional NMDS space cannot be directly 

compared to scaled dissimilarities among taxa shown in a different two-dimensional 

space.  This limitation is driven by the dependence of the NMDS axes on the taxa 

included in each analysis.  However, comparing analyses can still be useful for 
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assessing the relationships between the environmental variables and taxonomic 

distribution patterns. 

NMDS results were obtained via the metaMDS function (R vegan package 

version 2.2-1; Minchin 1987, Faith et al. 1987, Oksanen et al. 2015) using the R 

statistical package, version 3.1.0 (R Core Team 2014).  This function repeatedly 

performs NMDS using random starting configurations in an attempt to find a stable 

solution.  The maximum number of iterations was set at 1000.  Distance ranks were 

established using the Bray-Curtis dissimilarity (Bray and Curtis 1957). We used the 

Hellinger transformation to limit the effects of rare species on the ordination. The 

envfit function (R vegan package version 2.2-1; Oksanen et al. 2015) was used to 

calculate the magnitude and direction for each of the environmental vectors.  We 

report the magnitude as the R2 of the regressive fit for the corresponding factor.  We 

report the angle for each environmental vector based on the arbitrary choice of the 

NMDS1 positive axis as the 0° reference angle. The angle increases counterclockwise 

(e.g. any overlay in the upper left quadrant would have a 90-180° angle) to a 

maximum of 360° back at the NMDS1 positive axis. 

 

RESULTS 

Calcification classification 

Of the 119 mobile taxa encountered over the four-year survey period, 84.9% 

were calcifiers (Table 2.2). The most abundant mobile calcifiers among all sites were 

the Littorina complex (herbivorous snails), the Lottia complex (herbivorous limpets), 

the Idotea complex (detritivorous and herbivorous isopod crustaceans) and 
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Strongylocentrotus purpuratus (herbivorous purple urchin).  Littorina and Lottia 

produce CaCO3 structures that are composed primarily of low-Mg calcite, whereas 

Idotea and S. purpuratus produce high-Mg calcitic structures (For a comprehensive 

list of all observed taxa, their calcification status, and calcification type, see the 

Appendix).  While none of these four most abundant taxa produce predominantly 

aragonitic structures, more of the encountered calcifying taxa (n=44) were aragonitic 

than any other calcification group.  Twenty nine taxa chiefly biomineralize high-Mg 

calcite and 21 taxa biomineralize low-Mg calcite (Table 2.2).  Mobile non-calcifiers 

include nudibranchs, sea cucumbers and fish (Table A2.2).    

Contrary to mobile taxa, sessile taxa were dominated by noncalcifiers.  Of 169 

sessile taxa encountered, 11.8% biomineralize calcium carbonate structures (Table 

2.2). The most abundant sessile calcifiers among all sites were Mytilus californianus 

(the suspension-feeding California mussel), erect coralline algae, crustose coralline 

algae, and Balanus glandula (the suspension-feeding acorn barnacle).  M. 

californianus and B. glandula primarily produce low-Mg calcitic structures, while 

both the erect and crustose coralline algal groups principally biomineralize high-Mg 

calcite (and are the only two sessile taxa in this polymorph category) (Table A2.3).  

Four sessile taxa primarily biomineralize aragonite and 11 taxa are low-Mg calcite 

biomineralizers. Noncalcifiers were dominated by algal primary producers, with 130 

identified taxa (Table A2.4). 

Latitudinal abundance patterns 

Figure 2.2 indicates the latitudinal distributions of abundances for mobile and 

sessile calcifying taxa.  The numerical dominance by the Littorina and Lottia 
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complexes drove the overall pattern among mobile calcifiers. That is, low-Mg calcitic 

taxa were the dominant polymorph group throughout the study region and were 

especially abundant along the coasts of Washington’s Olympic Peninsula, Central 

Oregon and Southern California.   

Sessile calcifier abundances grouped by primary polymorph exhibited greater 

heterogeneity throughout the latitudinal range.  While high- and low-Mg calcitic 

groups were generally abundant throughout the latitudinal range, high-Mg calcitic 

taxa dominated toward the southern latitudes, counter to the pattern for low-Mg 

calcitic taxa.  The aragonitic group was numerically subordinate to the other two 

major polymorphs across the study region, with the greatest cover of aragonitic 

sessile taxa occurring in Southern California.  

Environmental influences  

Table 2.2 summarizes the results for all of the following NMDS analyses.  

These results include the stress and equivalent R2 for each 2-D NMDS model, and the 

separate magnitude (R2 measure of fit) and direction for each of the four 

environmental influences that we assessed: the Bakun Upwelling Index, site latitude, 

and remotely-sensed sea surface temperature (SST) and chlorophyll-a concentrations 

([chl-a]).  All analyses resulted in similar directional correlations of the four 

environmental parameters, with latitude and [chl-a] influences generally positively 

correlated with each other in one direction, and SST and upwelling correlating with 

each other in a generally opposed direction to latitude and [chl-a].    

Mobile and sessile taxa 
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The most general analyses of taxonomic distributions include all species 

encountered during the surveys, regardless of calcification status or type.  Figure 2.3 

displays the NMDS analyses that include all mobile and sessile taxa, with taxa coded 

into subgroups by calcification type.  For both mobile and sessile taxa, there were no 

clear groupings by calcification subgroup but instead a general ordinational 

distribution across taxa, indicating that calcification type does not influence 

taxonomic distributions in this ordination space.  

Regarding environmental factors, the greatest influence on mobile taxa 

collectively is site latitude (R2=0.7317; Table 2.2).  Variation in [chl-a] correlated to 

taxonomic dissimilarities between sites in a similar direction as the site latitude 

influence (Table 2.2: a difference of 3.1° between the two factors for mobile taxa), 

though [chl-a] had the smallest relative influence on taxonomic variation (R2=0.3232; 

Table 2.2).  Upwelling, the third-ranked environmental influence, had generally the 

opposite influence as latitude and [chl-a] (Table 2.2: differences in direction of 200.1° 

and 197.9°, respectively, compared to latitude and [chl-a]).  The strong influence of 

SST (R2=0.6663; Table 2.2) deviates further from the somewhat directionally similar 

influence of upwelling (Table 2.2: a difference of 46.4°). 

The environmental correlations with distributions of sessile taxa displayed 

similar patterns as those among mobile taxa.  Latitude (R2=0.6734; Table 2.2) and 

SST (R2=0.7515; Table 2.2) were the two parameters with greatest influence, though 

their rank order was switched for sessile taxa.  Upwelling and [chl-a] had similar 

correlational influences (R2 of 0.3346 and 0.3498, respectively).  The overall pattern 

of the directions of environmental correlations with sessile taxon distributions was 
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similar to the pattern seen for mobile taxa.  Latitudinal and [chl-a] influences were in 

a similar direction (14.1° apart), and both were in the opposite direction of upwelling 

(differences of 194.5° with latitude and 180.4° with [chl-a]).  Compared to the pattern 

among mobile taxa, the influence of SST was more closely aligned with upwelling 

(29.5° difference) for sessile taxa. 

Calcifiers and Noncalcifiers 

Mobile and sessile groups were each subdivided into calcifiers and 

noncalcifiers.  Figure 2.4 displays separate NMDS analyses for these two subgroups 

of mobile taxa.  Mobile calcifying taxa displayed very similar patterns of 

environmental influences as those patterns seen for all mobile taxa inclusive of 

noncalcifiers (Figure 2.3).  This similarity was likely driven by the high proportion of 

calcifiers among all mobile taxa.  Latitude had the greatest influence, followed by 

SST, upwelling and [chl-a] in decreasing strength of influence.  The directions of 

these influences on the subset of calcifiers were also quite similar as the directions 

among all mobile taxa.  Latitude and [chl-a] (3.1° difference) exhibited very similar 

directions and were nearly diametrically opposed to the upwelling influence.  The 

direction of SST influence was 46.4° difference away from upwelling. 

Three major distinctions were most apparent regarding environmental 

influences on mobile noncalcifiers compared to mobile calcifiers. First, SST exhibited 

the greatest influence on taxonomic distributions with latitude as the secondary 

influence, in contrast to the opposite rankings for mobile calcifiers.  Second was the 

degree to which upwelling correlates with the explained variation in taxon 

dissimilarities.  Upwelling had a weak influence on noncalcifier distributions 
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(R2=0.0517) relative to the other three environmental parameters compared to the 

relatively stronger influence of upwelling on calcifiers.  A third difference was the 

relative angles of environmental influences on community similarity. For mobile non-

calcifiers, SST and upwelling had similar directional influences (20.7° difference), 

but the two were not as closely correlated for mobile calcifiers (44.3° difference).  

Latitude and [chl-a] were also not as tightly correlated for mobile non-calcifiers 

(calcifiers: 3.1° difference; non-calcifiers: 19.5).  

Separate NMDS analyses for noncalcifying and calcifying sessile 

subcommunities indicated the same general pattern for both subcommunities, where 

SST and upwelling were closely correlated but directionally opposed to the correlated 

influences of latitude and [chl-a] (Figure 2.5).  The difference between angles for the 

[chl-a] and latitude vectors was similar between the two subgroups (16.9° for sessile 

calcifiers compared to 14.9° for sessile non-calcifiers), whereas the difference in 

angles between upwelling and SST was less conserved between the two subgroups 

(sessile calcifiers: 30.1°; sessile noncalcifiers: 39.1°).  The two subgroups also 

differed in the rank order of the magnitude of environmental influences.  The 

strengths of influences on non-calcifiers tracked the same rank order as the influences 

for all sessile taxa when considered collectively.  This match was driven by the 

numerical dominance of non-calcifiers among sessile taxa.  Influence order differed 

for calcifying sessile taxa, with latitude as the strongest followed by SST, upwelling 

and [chl-a] in descending order.  
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Calcification types 

We used NMDS to assess how the environment may differentially influence 

distributions of mobile (Figure 2.6) and sessile (Figure 2.7) calcifier subcommunities 

that were divided based on each taxon’s primary CaCO3 polymorph. High-Mg calcitic 

sessile taxa were excluded from this layer of analyses because the data were limited 

to only the two taxa of erect and crustose coralline algae. 

Among mobile calcifiers, the ranks of environmental correlations was similar 

for aragonitic and low-Mg calcitic groups.  Latitude was the strongest and [chl-a] was 

the weakest influence for both groups. Upwelling exhibited a stronger correlation 

than SST among low-Mg calcitic taxa whereas these ranks were switched among 

aragonitic taxa.  The rankings of environmental correlations was most unique for the 

high-Mg calcitic sessile subcommunity, with SST, latitude, upwelling and [chl-a] in 

order of strongest to weakest correlation.  The relative directions of all environmental 

influences among these three polymorph groups was similar.  Latitude and [chl-a] 

vectors were closely aligned for each (13.2° for high-Mg calcite; 9.2° for aragonite; 

2.0° for low-Mg calcite).  The relative directions between upwelling and SST showed 

more variety (3.6° for high-Mg calcite; 8.5° for aragonite; 35.0° for low-Mg calcite).  

Comparisons between the sessile groups of aragonitic and low-Mg calcitic 

calcifiers showed greater variation in both rank correlation and relative directions. 

Latitude correlated most highly with spread among the aragonitic group, followed in 

decreasing correlational rank by upwelling, SST and [chl-a].  In contrast, SST 

correlated most highly with variations among the low-Mg calcitic group, followed by 

latitude, upwelling and [chl-a].  The relative directions of environmental influences 
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varied for both the SST/upwelling pairing (26.3° for aragonite; 37.6° for low-Mg 

calcite) and the [chl-a]/latitude pairing (21.8° for aragonite; 2.9° for low-Mg calcite). 

 

DISCUSSION 

Our study provides the first detailed assessment of the distributions of rocky 

intertidal calcifiers and their primary mineralogies at the scale of a Large Marine 

Ecosystem.  We demonstrate that the abundances of community subgroups based on 

these characteristics varied markedly across latitudes, and that these variations were 

differentially influenced by sea surface temperature, upwelling intensity and 

nearshore planktonic primary production (as measured by chlorophyll-a 

concentration).  Taxon distribution patterns cannot be directly linked to variation in 

oceanic carbonate chemistry that are associated with OA, because reliable pH 

instrumentation was unavailable during the survey period.  However, our analyses 

can be useful for framing discussions of potential OA effects and highlighting areas 

for further ecological work that can accompany recent advances in field-deployable 

pH sensors. 

Environmental influences on taxon distributions 

Several general patterns emerged when considering all levels of our community 

and subcommunity analyses.  The ranked order of environmental correlations for non-

calcifiers was consistent for both sessile and mobile communities, with SST as the 

strongest influence followed by latitude, [chl-a], upwelling.  This differed from the 

rank order for calcifiers which was also consistent for mobile and sessile taxa.  

Calcifier distributions were correlated from highest to lowest strength with latitude, 
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SST, upwelling and [chl-a]. SST aligns in a similar direction as upwelling effects, and 

SST correlates more strongly with community distributions than upwelling in all 

analyses except for both mobile and sessile aragonitic taxa.  Correlations with [chl-a] 

were consistently ranked last among environmental influences except for analyses on 

mobile noncalcifiers, mobile high-Mg calcitic calcifiers, and sessile non-calcifiers.  

Upwelling and SST showed the greatest variation in the relative degree of correlation 

with community structure compared to the other measured influences. These 

subgroup patterns trickled up to the patterns for all mobile and sessile taxa according 

to which subgroup was numerically dominant among the two overall survey groups. 

Ecological implications 

Our efforts to describe each taxon as either a calcifier or noncalcifier and 

delineate the calcifiers by primary CaCO3 polymorph can be useful for designing 

studies that examine the prevailing companion hypotheses that calcifiers are more 

adversely affected by OA compared to noncalcifiers, and that different polymorphs 

are more susceptible to OA effects based on simple chemical dissolution dynamics 

(Doney et al. 2009).  Indeed, our evidence indicates that the distributions of calcifiers 

and noncalcifiers differ in the relative strengths of environmental influences.  

Noncalcifiers were influenced most strongly by SST whereas calcifier distributions 

were generally more heavily influenced by upwelling strength.  This latter correlation 

suggests that pH variation may be an underlying factor affecting calcifier 

distributions, a hypothesis that is in line with mounting evidence suggesting that 

upwelling processes drive the shoaling of low-pH waters nearshore (Feely et al. 2008, 

Hofmann et al. 2014).  Our analyses also indicate that subcommunities based on 
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primary polymorph are differentially influenced by all four environmental drivers 

considered.  The nature of these variations is more complex than predicted by simple 

mineral solubility dynamics.  For example, the relative rankings of four 

environmental influences differed between sessile and mobile low-Mg calcitic 

groups.  These inconsistencies among different groups with the same primary 

polymorph support the growing body of evidence that among-taxon variation in 

calcification physiology can ameliorate direct solubility stress (Ries et al. 2009, 

Kroeker et al. 2010, Crook et al. 2012).  Some variation is also likely driven by the 

assumptions we made when compiling primary polymorph information for the 

surveyed taxa.  Future efforts such as ours would be greatly served if more OA 

studies on calcification responses in single species were to report the CaCO3 

crystalline structure for the target taxon.   

That the overall pattern of upwelling and SST closely aligned in their directions 

of influence on community dissimilarities, regardless of the features used to describe 

the communities, may seem counter-intuitive given that upwelling at a given site 

generally brings colder waters toward the surface from depth.  However, this pattern 

makes sense at the regional scale of our study since upwelling is generally stronger 

and more persistent at lower latitudes where sea surface temperatures are also 

generally warmer (Huyer 1983, Roughgarden et al. 1988). We observed this 

latitudinal pattern in our study as evidenced by the influential direction of latitude 

opposing the directions for SST and upwelling. These and other environmental 

factors like oxygen availability can covary with pH in coastal upwelling systems, 

underscoring the importance of both expanding efforts to characterize the pH 
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environment and considering the impacts of multiple environmental stressors for 

organisms in these communities (Reum et al. 2015).   

Our spatial assessment of calcifier abundances may shed light on locations that 

are particularly susceptible to or resistant against OA impacts.  Areas with relatively 

low abundances of calcifiers, like those around 34°N and 45°N latitude (Figure 2.2), 

may already face harsh conditions.  Conversely, areas of higher calcifier abundances, 

such as those sites around 35°N and 47°N latitude (Figure 2.2) may be targeted for 

exploring refugia (Tittensor et al. 2010, Manzello et al. 2012) where calcifiers can 

thrive.  Contrasting locations with high calcifier abundances against those with low 

calcifier abundances suggest regions that may be useful for investigating extreme 

oceanographic influences (c.f. Hall-Spencer et al. 2008, Wootton et al. 2008, Crook et 

al. 2012, Hofmann et al. 2014).  Such local-scale impacts of OA are consistent with 

data obtained through recent deployments of pH sensors in this study region along the 

CCLME.  These sensor networks have documented that pH conditions do not vary 

along a latitudinal gradient but rather in a mosaic pattern with substantial pH 

variability (+/- 0.4 pH) at multiple spatial and temporal scales (Hofmann et al. 2011, 

2014, Evans et al. 2013). 

While our focus is on the influences of abiotic factors on regional-scale 

differences in community assemblages, a rich knowledge base also highlights the 

importance of local-scale species interactions that affect local community 

composition.  These biotic interactions may have also contributed to the patterns that 

we report.  However, previous work on this survey dataset showed that assessments 

of local communities at the regional scale is dominated by the regional species pool 
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not local-scale species interactions (Russell et al. 2006), particularly given that the 

majority of taxa in rocky intertidal systems interact weakly or imperceptibly with one 

another (Menge 1995, Berlow 1999).  Subsetting the taxonomic pool based on non-

interactive traits (e.g. phylogeny, trophic status) further lessens the importance of 

species interactions on determining regional community structure (Russell et al. 

2006). 

Conclusion 

Ocean acidification has emerged as a major threat to marine ecosystems, with 

particularly deleterious implications for calcifying biota.  Coastal zones along the 

California Current Large Marine Ecosystem already experience variable periods of 

low pH conditions among other multifaceted environmental variations during 

seasonal upwelling events.  To better inform discussions about the potential impacts 

of OA in this system, we provide the first evaluation of the distributional patterns of 

calcifying taxa and their primary CaCO3 polymorphs at the scale of a Large Marine 

Ecosystem.  These patterns may be informative for identifying locations where 

calcifiers are relatively stressed and where there may be OA refugia.  We also 

demonstrate that such distribution patterns interact in complex ways with variations 

in sea surface temperature, phytoplankton productivity, and upwelling intensity.  

These results highlight the importance of continuing to expand on investigations of 

physiological calcification mechanisms and greater characterization of the carbonate 

chemistry variations inherent in this oceanographically heterogeneous seascape.   
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FIGURES 

 

Figure 2.1. Locations of rocky intertidal community surveys conducted 

annually during 2000-2003.  The transect-quadrat method was used at 

three tidal heights at each site to quantify the abundances of field-

identified mobile and sessile taxa.  Some sites have been offset for clarity.  

Table 2.1 provides details on the spatial coordinates and years surveyed 

for each site. Figure adapted from Schoch et al. (2006). 

 

Map Data: © 2014 Google, INEGI  
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Figure 2.2. Latitudinal distributions of abundances during 2000-2003 for 

(a) mobile and (b) sessile taxa.  Abundances have been categorized based 

on the primary CaCO3 polymorph that each taxon biomineralizes.  Note 

that the latitudinal x-axis scale is not consistently spaced.  This eliminates 

unnecessary white space from the plots for portions of the coastline that 

were not surveyed.  
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Figure 2.3. Two dimensional non-metric multidimensional scaling 

(NMDS) ordination of Bray-Curtis community similarity matrices for (a) 

mobile and (b) sessile taxa. Symbols indicate the primary polymorph for 

each encountered taxon. Stress values indicate goodness of fit, with lower 

values indicating a better fit. Environmental vectors radiating from the 

centroid indicate the relative magnitude and direction of correlation that 

best explains species patterns. 
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Figure 2.4. Two dimensional non-metric multidimensional scaling 

(NMDS) ordination of Bray-Curtis community similarity matrices for 

mobile (a) calcifying and (b) non-calcifying mobile taxa.  Stress values 

indicate goodness of fit, with lower values indicating a better fit.  

Environmental vectors radiating from the centroid indicate the relative 

magnitude and direction of correlation that best explains species patterns. 
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Figure 2.5. Two dimensional non-metric multidimensional scaling 

(NMDS) ordination of Bray-Curtis community similarity matrices for (a) 

calcifying and (b) non-calcifying sessile taxa.  Stress values indicate 

goodness of fit, with lower values indicating a better fit.  Environmental 

vectors radiating from the centroid indicate the relative magnitude and 

direction of correlation that best explains species patterns. 
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Figure 2.6. Two dimensional non-metric multidimensional scaling 

(NMDS) ordination of Bray-Curtis community similarity matrices for (a) 

high-Mg calcitic, (b) aragonitic and (c) low-Mg calcitic mobile taxa.  

Stress values indicate goodness of fit, with lower values indicating a better 

fit.  Environmental vectors radiating from the centroid indicate the relative 

magnitude and direction of correlation that best explains species patterns. 



 

 

39 

   

 

 

Figure 2.7. Two dimensional non-metric multidimensional scaling 

(NMDS) ordination of Bray-Curtis community similarity matrices for (a) 

aragonitic and (b) low-Mg calcitic sessile taxa.  High-Mg calcitic taxa 

have been excluded from this analysis because the group is represented by 

only two taxa in the community surveys. Stress values indicate goodness 

of fit, with lower values indicating a better fit.  Environmental vectors 

radiating from the centroid indicate the relative magnitude and direction of 

correlation that best explains species pattern 



 

 

40 

   

 

TABLES 

Table 2.1. Locations of rocky intertidal sites included in the community surveys, with the years in which surveys were 

conducted at each site.  Locations are listed north to south by general geographic region. 

Region No. Site Name Latitude Longitude Years Surveyed 

Washington 1 Warmhouse Beach 48.39 -124.66 2000-2003 

 
2 Waatch Point 48.34 -124.7 2000-2003 

 
3 Makah Reef 48.32 -124.67 2000-2003 

 
4 Chilean Memorial 47.93 -124.66 2000-2003 

 
5 Teahwhit Head 47.88 -124.61 2000-2003 

 
6 Giants Graveyard 47.87 -124.58 2000-2003 

Oregon 7 Ecola Point 45.92 -123.99 2000-2003 

 
8 Cape Falcon 45.78 -123.98 2001-2003 

 
9 Smugglers Cove 45.76 -123.98 2000-2003 

 
10 Fogarty Creek 44.84 -124.06 2000-2003 

 
11 Manipulation Bay 44.83 -124.06 2000-2003 

 
12 Boiler Bay 44.83 -124.06 2000-2003 

 
13 Depoe Bay 44.81 -124.06 2000-2003 

 
14 Otter Crest 44.75 -124.07 2000-2003 

 
15 Strawberry Hill 44.25 -124.12 2002-2003 

 
16 Stonefield Beach 44.24 -124.11 2001-2003 

 
17 Tokatee Kloochman (Gull Haven) 44.21 -124.12 2001-2003 

 
18 Squaw Island 43.34 -124.38 2000-2003 

 
19 North Cove 43.32 -124.4 2000-2003 

 
20 Cape Arago 43.31 -124.4 2000-2003 

 
21 Blacklock Point 42.88 -124.53 2002 

Northern California 22 Trinidad Head 41.07 -124.16 2000-2003 

 
23 Point Delgada 40.03 -124.08 2000-2003 

 
24 Kibesillah Hill 39.6 -123.79 2000 

 
25 Todd Point 39.43 -123.82 2000-2003 

 
26 Point Cabrillo Lighthouse 39.35 -123.83 2000-2003 

 
27 Van Damme State Park 39.28 -123.8 2000-2003 

 
28 Duncans Landing 38.39 -123.1 2000-2003 

 
29 Horseshoe Cove 38.32 -123.07 2000-2003 

 
30 Mussel Point 38.32 -123.08 2000-2003 
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Central California 31 Point Lobos 36.51 -121.94 2000-2003 

 
32 Malpaso Creek 36.48 -121.94 2000-2003 

 
33 Soberanes Point 36.45 -121.93 2000-2003 

 
34 Piedras Blancas Point 35.66 -121.29 2000-2003 

 
35 San Simeon Point 35.63 -121.2 2000-2003 

 
36 Pico Creek 35.62 -121.15 2000-2003 

Channel Islands 37 Fraser Point 34.06 -119.92 2000-2003 

 
38 University Trailer 34.05 -119.9 2000-2003 

 
39 Blue Gum 34.03 -119.55 2000-2003 

 
40 Howlands Landing 33.47 -118.52 2000-2003 

 
41 Blue Cavern Point 33.45 -118.49 2000-2003 

 
42 Bird Rock 33.45 -118.49 2000-2003 

Southern California 43 Alegria 34.47 -120.28 2000-2003 

 
44 Resort Point 33.77 -118.42 2000-2003 

 
45 Point Fermin 33.71 -118.29 2000-2003 

 
46 Whites Point 33.71 -118.24 2000-2003 

 
47 LaJolla 32.84 -117.28 2000-2003 

 
48 False Point 32.82 -117.28 2000-2003 

  49 Sunset Cliffs 32.72 -117.26 2000-2003 
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Table 2.2: Results of Nonmetric Multidimensional analyses.  The number of taxa encountered in each group is 

indicated by n.  R2 is a measure of goodness of fit for the overall NMDS model and each environmental factor 

overlayed onto the ordination space. 

 
NMDS Model 

 
Upwelling 

 
SST 

 
Chlorophyll-a 

 
Latitude 

 
R2 Stress 

 
R2 Angle 

 
R2 Angle 

 
R2 Angle 

 
R2 Angle 

Mobile 
              

     All Taxa (n=119) 0.9668 0.1823 
 

0.5927 236.66 
 

0.6663 190.29 
 

0.3232 38.75 
 

0.7317 35.65 

          Calcifiers (n=99) 0.9656 0.1854 
 

0.6139 234.08 
 

0.6613 189.74 
 

0.3310 36.86 
 

0.7468 33.79 

               High-Mg calcitic (n=29) 0.9673 0.1810 
 

0.3423 149.92 
 

0.6196 153.50 
 

0.3794 317.61 
 

0.6131 330.81 

               Aragonitic (n=44) 0.9507 0.1880 
 

0.3994 200.99 
 

0.6648 192.48 
 

0.3120 9.87 
 

0.7226 19.02 

               Low-Mg calcitic (n=21) 0.9733 0.1627 
 

0.5841 261.76 
 

0.4728 296.76 
 

0.3064 94.92 
 

0.6190 96.95 

          Non-calcifiers (n=20) 0.9667 0.1825 
 

0.0517 19.83 
 

0.2180 40.50 
 

0.1056 229.69 
 

0.1579 210.18 

Sessile 
              

     All Taxa (n=169) 0.9843 0.1254 
 

0.3346 135.91 
 

0.7515 165.37 
 

0.3498 316.28 
 

0.6734 330.38 

          Calcifiers (n=20) 0.9668 0.1822 
 

0.5184 223.18 
 

0.6546 193.11 
 

0.3861 12.92 
 

0.7012 29.81 

               Aragonitic (n=4) 0.9984 0.0398 
 

0.4959 173.77 
 

0.4736 147.45 
 

0.4255 315.59 
 

0.6906 337.42 

               Low-Mg calcitic (n=11) 0.9702 0.1727 
 

0.4450 118.00 
 

0.6272 155.60 
 

0.2763 319.70 
 

0.5908 316.79 

          Non-calcifiers (n=149) 0.9845 0.1245 
 

0.3065 133.38 
 

0.7313 172.41 
 

0.3287 314.31 
 

0.6442 329.20 
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CHAPTER 3 – DECONSTRUCTING THE RELATIVE INFLUENCE OF 

UPWELLING-DRIVEN PH VARIATIONS ON GROWTH OF THE 

CALIFORNIA MUSSEL, MYTILUS CALIFORNIANUS, ALONG THE 

CALIFORNIA CURRENT LARGE MARINE ECOSYSTEM 

 

ABSTRACT 

The rapid expansion of laboratory studies addressing Ocean Acidification (OA) 

indicate broadly deleterious effects for marine organisms, particularly those relying 

on calcification processes. Growing evidence also supports combined effects of OA 

and other environmental stressors. A critical next step toward understanding OA 

impacts on natural communities is to scale these laboratory studies to ecological 

performance in the field, where increased environmental heterogeneity may mediate 

responses.  Our study leverages the upwelling-driven pH mosaic along the California 

Current Large Marine Ecosystem to deconstruct the relative influences of pH, 

temperature, and food availability on seasonal growth, condition and shell thickness 

of a spatially and functionally dominant intertidal inhabitant, the heavily-calcified 

California mussel Mytilus californianus. We measured seasonal performance on adult 

mussels both in the intertidal and on nearshore moorings at 8 sites between central 

Oregon and southern California over the 2011-2012 upwelling seasons. Sites were 

chosen to coincide with the first network of pH sensors at the scale of a Large Marine 

Ecosystem, providing the context for comparing pH influences among other 

environmental stressors. Our study reveals ecologically relevant scales of among-site 

and interannual variation in adult California mussel growth and size. Aspects of 

mussel performance were enhanced, not suppressed as expected, at comparatively 

low pH sites. Including local pH conditions with the previously documented 
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influences of variation in temperature and food availability enhances the explanatory 

power of models that describe the observed performance differences.  Performance 

also differed between mussels placed in the intertidal and those kept fully submerged 

on nearshore moorings, indicating likely impacts of the additional stressor of 

emersion time.  The site of origination for mussels was important, with responses 

differing between mussels from local populations and those from a common source 

population that were distributed among study sites.  Mussel performance therefore 

partially depends on genetic or persistent phenotypic differences driven by historical 

exposure. In light of other work by collaborators showing deleterious effects of pH on 

larval and juvenile mussels, our results demonstrate mediated effects of natural pH 

exposure on adults and suggest a transition during life history that leads to greater 

resilience and potential adaptive capacity to ocean acidification by adult California 

mussels. 

 

INTRODUCTION  

The last decade has seen an explosion in the awareness of ocean acidification 

(OA) and its potential to have dramatic impacts on diverse marine biota (Kroeker et 

al. 2010, 2013).  OA describes the process by which increasing atmospheric carbon 

dioxide (CO2) drives increasing CO2 uptake by the oceans with a corresponding 

reduction in oceanic pH.  A secondary effect of this pH decline is a reduction in 

carbonate ion (CO3
-) concentration, which in turn lowers solubility of the mineral 

calcium carbonate (CaCO3) (Fabry et al. 2008, Doney et al. 2009).  Widely diverse 

marine flora and fauna develop calcified physical features (e.g. shells, tests, 
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skeletons) that are composed of CaCO3.  A major research focus in recent years has 

thus been on the responses by marine calcifiers to variations in carbonate chemistry 

associated with OA (Doney et al. 2009). 

Meta-analyses summarizing laboratory experiments that investigated responses 

to acidification by marine taxa indicate broadly deleterious effects for calcifiers, 

including negative impacts on calcification, growth, survival, reproduction and 

abundance (Kroeker et al. 2010, 2013). The degree of OA sensitivity can vary greatly 

among broad taxonomic groups (e.g. crustaceans showing enhanced calcification 

under OA versus the reduced calcification observed in molluscs and echinoderms). 

Differential sensitivities may also be linked to the developmental stage of the 

organism (Kroeker et al. 2010). The expanding literature on organismal impacts also 

indicates trait-mediated sensitivity to OA stress. Heavily calcified organisms are 

generally more susceptible to OA than less-calcified organisms, and active, mobile 

taxa are generally less sensitive than inactive, sessile taxa (Kroeker et al. 2013).   

The crystalline structure, or polymorph, of CaCO3 that is biomineralized by 

each taxon is also hypothesized to influence calcification responses to OA. Molecules 

of CaCO3 can be aligned along different axes, producing the three most common 

polymorphs of aragonite, high-magnesium (high-Mg) calcite and low-Mg calcite 

(Bathurst 1975). The latter two differ in the degree by which magnesium is 

incorporated into the mineral matrix. These differences in geometry coincide with 

different susceptibilities toward calcification favorability for each polymorph. Given 

constant pH and temperature, high-Mg calcite is the least stable form of CaCO3 and is 

followed in increasing order of stability by aragonite and low-Mg calcite (Bathurst 
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1975, Mucci 1983, Raven et al. 2005). Saturation state (Ω) is the measure by which 

each polymorph is likely to calcify or dissolve, with values greater than 1 generally 

favoring calcification and those below 1 generally favoring dissolution. This general 

chemical property is heavily mediated by physiological processes often resulting in 

decreased net calcification at higher saturation states (Kleypas et al. 1999, Doney et 

al. 2009, Ries et al. 2009, Ekstrom et al. 2015).     

Alongside variation among taxa, species responses to OA can be mediated by 

other environmental forces.  For example, greater resource availability can increase 

resiliency to OA (Thomsen et al. 2013, Hettinger et al. 2013, Pansch et al. 2014, 

Garrard et al. 2014) whereas higher temperatures often exacerbate the effects of OA 

(Harvey et al. 2013, Kroeker et al. 2013, Duarte et al. 2014).  Temporal variations in 

the delivery of low-pH conditions also influences organismal responses (Putnam and 

Edmunds 2011, Price et al. 2012, Cornwall et al. 2013). Integrating the impacts of 

such multifactorial influences on calcifier responses to OA quickly becomes unwieldy 

for laboratory studies and suggests the utility of studies in naturally variable 

environments. 

The complex interplay of abiotic and biotic influences on species responses to 

OA suggests that there may be ecological “winners” (comparatively less stressed 

species) and “losers” (comparatively more stressed species) among the inhabitants of 

marine communities (Fabry et al. 2008, Doney et al. 2009).  Many calcifying 

organisms are also strong ecological interactors, so organismal OA effects likely 

cascade to important effects on marine communities.  Scaling laboratory results to 

ecological performance is therefore critical for furthering our understanding of the 
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impacts of OA on marine communities. The nature of such community impacts 

remains poorly resolved and represents a critical source of uncertainty in OA 

research.  

Understanding ecological performance in natural communities requires 

understanding the local pH environment.  A synthesis of pH measurements from 

autonomous sensors deployed at various locations around the global oceans indicates 

that the degree of spatiotemporal variability in pH can vary widely depending on 

local-scale variations in oceanographic and biological processes. Near-shore marine 

systems such as kelp forests and upwelling zones experience low-pH events that 

extend beyond forecasted pH reductions by the year 2050 in the global open oceans 

(Hofmann et al. 2011).  Regions with such wide natural variations in carbonate 

chemistry can be useful as natural laboratories for comparative approaches toward 

understanding how organisms respond to OA in situ (e.g. Hall-Spencer et al. 2008, 

Wootton et al. 2008, Crook et al. 2012).  

In the central California Current Large Marine Ecosystem (CCLME) along the 

US West Coast, broad gradients in upwelling forcing, coastal circulation and variable 

bottom topography produce spatiotemporal variability in nearshore pH conditions.  

Deep waters are naturally richer in CO2, and thus lower in pH, due to organic matter 

sinking from the relatively more productive surface waters (Raven 2005).  

Hydrographic surveys conducted in 2007 quantified this upwelling-driven shoaling of 

low-pH waters near shore between 44°N and 40°N latitude along the eastern Pacific 

coast (Feely et al. 2008).  One region off northern California revealed that the entire 

water column shoreward of the 50-m isobath was undersaturated with respect to 
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aragonite (Ω-arag < 1.0; pH < 7.75), resulting in conditions that mimic forecasts for 

the global ocean by the year 2050 (Feely et al. 2008).  The aragonite saturation state 

along the CCLME is expected to decrease rapidly over the coming few decades, with 

summer-long periods of undersaturated waters extending into nearshore waters within 

the next 30 years (Gruber et al. 2012, Hauri et al. 2013). Rocky intertidal systems 

along the CCLME are heavily populated by calcifying biota, suggesting potential 

sensitivity of these communities to projected changes in ocean chemistry (Rose et al. 

Chapter 2).  Given the degree of carbonate chemistry variation already inundating 

near-shore waters, rocky intertidal inhabitants may already possess physiologically 

plastic traits or the adaptive capacity to tolerate projected chemical changes 

(Hofmann et al. 2014).   

Efforts underway since 2010 by a collaborative research group, called 

OMEGAS (Ocean Margin Ecosystems Group for Acidification Studies), have 

focused on both better characterizing spatiotemporal patterns of carbonate chemistry 

along the US West Coast and understanding the physiological, ecological and genetic 

responses of focal organisms exposed to these chemical variations.  Hofmann et al. 

(2014) summarized the major approaches and findings of the OMEGAS project thus 

far. To assess carbonate chemistry variability among other physical conditions, the 

consortium established a network of environmental sensors that were deployed in the 

intertidal and on inner-shelf moorings (depth = 15-25 m) at several sites across a 

~1300 kilometer range of the CCLME between central Oregon and southern 

California.  These sensors included a custom-designed Durafet®-based field sensor 

that recorded pH at 10-min intervals, establishing the first network of pH sensors at 
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the scale of a Large Marine Ecosystem.  Detailed results from this sensor network are 

described elsewhere (Evans et al. 2013; Chan et al. in prep) but the overall trends 

reveal the encroachment of low-pH undersaturated waters reaching the rocky 

intertidal habitat, and that exposure to these low-pH waters is highly dynamic in 

space and time.  When considering relative cumulative exposure to low pH among 

sites, the resulting pattern along the study region was one of a mosaic pH landscape, 

as opposed to a possible latitudinal pH gradient, in which organismal exposure to low 

pH is defined by local oceanography that can vary at the mesoscale (Hofmann et al. 

2014).  OMEGAS researchers coupled these physical observations with a series of 

biological experiments that focus on performance of two important intertidal 

invertebrate calcifiers, the purple urchin, Strongylocentrotus purpuratus, and the 

mussel, Mytilus californianus.  The combined results of laboratory studies thus far 

(Yu et al. 2011, Gaylord et al. 2011, Evans et al. 2013, Pespeni et al. 2013, Padilla-

Gamiño et al. 2013, Kelly et al. 2013) indicated that larval purple urchins are 

generally more resilient than larval mussels to variations in carbon dioxide partial 

pressure (Hofmann et al. 2014).  Our study reported here extends OMEGAS research 

into field studies of adult M. californianus performance across the OMEGAS sites.  

A rich body of literature highlights the important roles played by M. 

californianus in rocky intertidal systems bordering the CCLME along the west coast 

of North America.  These mussels are dominant competitors for available substrate, 

out-competing all other biota to form dense beds of thousands of individuals (Paine 

1974, 1994, Robles et al. 1995). These beds provide habitat and ameliorate stress for 

a broad spectrum of infaunal community inhabitants (Suchanek 1979, Gosling 1992, 
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Smith et al. 2006). Mussels are also an important link in energy transfer through 

intertidal food webs, subject to strong top-down control by the keystone sea star 

predator, Pisaster ochraceus (Paine 1966, 1974, Menge et al. 1994, 2004, Navarrete 

and Menge 1996), and bottom-up influences from high near-shore productivity 

(Menge 1992, Menge et al. 1997).  As a bivalve mollusc, mussels are heavily reliant 

on their calcium carbonate shells for critical functions that include predation 

resistance, desiccation prevention, and hydrodynamic force dissipation (Gosling 

1992).  Understanding responses to environmental variability of this numerically and 

functionally dominant mussel species can be highly informative for understanding 

how dynamics of rocky intertidal communities may respond to climate change.    

We leveraged the dynamic pH mosaic along the CCLME to perform a series of 

mussel translocation experiments that test the hypothesis that in situ mussel 

performance is influenced by pH conditions.  Sites coincided with the large-scale 

OMEGAS coastal pH-sensing network, providing the context for comparing the 

influence of pH to biomimetic mussel body temperature and primary productivity. 

We predicted that mussel performance would be negatively affected by lower pH 

compared to sites experiencing higher pH, but that this influence could be 

confounded by effects of higher temperatures and greater productivity which can 

increase growth of M. californianus (Blanchette et al. 2007, Menge et al. 2008).  Our 

goal was to determine the relative importance of each of these factors in driving 

mussel performance, and how these effects varied in space and time. 

METHODS 

Study sites 
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The sites used in this study spanned a range of ~1300 kilometers of coastline 

and were distributed among four regions: central Oregon, northern California, 

Monterey Bay in central California, and southern California (Table 3.1).  Sites were 

established both on the rocky intertidal shore and on near-shore moorings.  Where 

logistically feasible, intertidal and mooring locations were paired in close proximity.  

Sites were chosen across the study range in an effort to capture the range of 

environmental variability encountered across this extent of the CCLME.   

Rocky intertidal sites (Table 3.1) in both 2011 and 2012 included Fogarty Creek 

(FCI) and Strawberry Hill (SHI) in Oregon; Van Damme State Park (VDI) and 

Bodega Marine Reserve (BMI) in northern California; Terrace Point (TPI) in central 

California; and Lompoc Landing (LLI) and Alegria (ALI) in Southern California. 

Hopkins Marine Station (HMI) in central California was added as an intertidal site in 

2012.  All sites are on wave-exposed shores where mussel beds dominate the middle 

intertidal zone.  Detailed descriptions of each site can be found elsewhere (Blanchette 

et al. 2007, Menge et al. 2008, Hofmann et al. 2014).  In general, each site included 

exposed rocky intertidal benches with mid-zone M. californianus beds with biota 

typical of the CCLME intertidal (Russell et al. 2006, Schoch et al. 2006).  

Mooring sites (Table 3.1) in both 2011 and 2012 included Lincoln Beach 

(FCM; paired with FCI) and Yachats Beach (SHM; paired with SHI) in Oregon; 

Bodega (BMM; paired with BMI) in northern California; and Purisima (LLM; paired 

with LLI) and Alegria (ALM; paired with ALI) in southern California.  All moorings 

were anchored at the 15m isobath.  
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Mussel transplants 

We measured the performance of small (30-45 mm total length) California 

mussels from April through October during the 2011 and 2012 upwelling seasons 

using a standard protocol (Menge 2000, Blanchette et al. 2007, Menge et al. 2008).  

We first collected mussels from each site for pre-study measurements and individual 

tagging in the lab.  These mussels were then translocated back to the field sites for the 

study duration.  At the end of the upwelling season, the mussels were retrieved for 

final measurements. 

Mussel source 

Prior to study initiation each year, mussels were haphazardly collected from the 

middle portion of wave-exposed M. californianus beds at each rocky intertidal site 

(local-source mussels). Prior to the 2011 study, mussels of the same size class were 

also collected from Bob Creek, Oregon, USA (common-source mussels).  These 

common-source mussels were used to assess the influence of prior exposure history 

on mussel performance by intermingling the common- and local-source mussels in 

each set of translocated mussels in the 2011 study. All mussels were delivered within 

12 hours of collection to seawater tables at marine laboratories for pre-study 

measurements and marking.   

Pre-study marking 

To establish an indicator of initial length, every mussel was marked prior to the 

study with a triangular notch on the posterior edge of the shell.  A triangular file was 

used to grind an approximately 1-2 mm groove into the posterior (fastest growing) 

end of the shell.  Macroscopic epibionts were removed from all mussels.  Common-
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source mussels had a small bead of Z-Spar epoxy added to each shell to distinguish 

these individuals from the locally-sourced mussels while the two source groups were 

intermingled during field exposure.    

Mussel translocation 

Mussels were translocated back to field sites at the beginning of each study 

season.  In 2011, mussels were sorted into 5 replicate groups of 50 per site, with each 

group consisting of 25 local- and 25 common-source individuals.  For the 2012 

season in which only local-source mussels were used, mussels were sorted into 5 

replicate groups of 30 per site.   

At each rocky intertidal site, plots were established for each group in the 

elevational middle of existing mussel beds at most sites and at +0.3 m above Mean 

Lower Low Water at VDI and BMI.  Each plot was cleared down to bare rock.  

Mussels in each group were placed abutting one another with their ventral sides down 

and umbos facing seaward.  To hold the mussels in place and provide adequate time 

for the mussels to reattach byssal threads to the substrate, a vexar mesh cover over 

each group was fastened with stainless steel lag screws inserted through pvc washers 

into wall anchors placed in holes drilled in the rock.  Two to four weeks after plot 

installation, the mesh was loosened over each group to encourage more byssal thread 

production.  After two to four more weeks, the mesh was loosened further into a 

“dome” over the mussels (i.e. the mesh did not provide any downward pressure on the 

mussels) to allow space for growth while protecting the mussels from predation.   

For each mooring site, replicate groups of mussels were placed into separate 

lengths of 0.5 cm vexar mesh tubing knotted on both ends. Within a replicate group, 
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mussels were haphazardly split into subgroups of 10 that were isolated from other 

subgroups along the tubing length by a knot tied between sections.  Each section of 

tubing was sufficiently long to allow unimpeded growth of the mussels over the study 

duration. Sets of five replicate tubing lengths were attached to each of the 15-m 

moorings.  The depths at which M. californianus were attached to each mooring was 

4m below the surface at FCM and SHM and 1m below the surface at BMM, HMM, 

LLM and ALM.  

Mussel morphology and performance 

All mussel replicates were retrieved from each intertidal and mooring site at the 

end of each study season (October) and frozen within two days of collection.  

Processing involved measuring linear aspects (length, width, depth) of each thawed 

mussel shell using Vernier calipers to the nearest 0.01 mm.  Macroscopic epibionts 

and byssal threads were removed from the shell exterior, and the byssal gland was 

pulled from the visceral cavity.  Each mussel was then dissected into two constituent 

parts – the shell and all other tissue.  Tissue included the mantle, foot, gills, gonads, 

adductor muscles, digestive tract, and other soft tissue.  The two constituents of shell 

and soft tissue were separately dried in an 80ºC oven until consistent dry weights 

were achieved (for at least 5 days).  Weights for shell and soft tissue were recorded to 

the nearest mg.       

Shell growth - Shell growth (mm) was measured as millimeters of new shell 

accumulated between the pre-study notch and the nearest edge of the growing shell.  

This difference was standardized to the individual’s initial length, measured in mm as 
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the distance from the pre-study notch to the opposite end of the shell.  Shell growth 

provides a measure of the external size gained throughout the study season. 

Condition Index – The condition index (unitless) of each mussel was measured 

as the dry tissue mass per total (tissue + shell) dry mass.  Higher condition indices 

correspond to mussels that have higher relative compositions of soft tissue mass to 

shell mass and may be indicative of energy allocation favoring tissue development 

(Davenport and Chen 1987, Blanchette and Gaines 2007).  Higher indices may also 

correspond to higher resource quality for predators.  

Shell thickness – Shell thickness (g/mm) was estimated by calculating the dry 

shell mass per final shell length. Major predators of M. californianus include Nucella 

whelks that drill small holes through mussel shells to gain access to edible tissue.  

Shell thickness can correspond to drilling susceptibility (Sanford et al. 2003).  

Environmental characterizations 

Temperature 

At each intertidal site, we deployed temperature loggers that were designed to 

mimic the thermal properties of living mussels subject to intertidal fluctuations 

(Helmuth and Hofmann 2001, Fitzhenry et al. 2004).  Each logger, or “robomussel”, 

consisted of a thermistor-based temperature recorder (Tidbit logger, Onset Computer 

Corp., Bourne, MA) embedded inside a rugged epoxy mold formed to mimic the 

shape of an adult mussel. We tracked replicate temperatures by installing 1-2 

robomussels nearby and at similar tidal heights as the live mussel replicates. 

Robomussels were adhered to the substrate with Z-Spar epoxy and secured with vexar 
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mesh bolted in place over the top.  Each robomussel recorded temperature at 10-

minute increments throughout the mussel deployments.   

Temperatures were logged on each mooring by custom-designed pH sensors 

(described in more detail below).  Biomimetic loggers were unnecessary because the 

mussels remained fully submerged at all times and thus had body temperatures 

equilibrated with the surrounding water. 

Phytoplankton primary productivity 

Phytoplankton are diet primary components for filter-feeding M. californianus 

(e.g., Bracken et al. 2012). We therefore quantified food availability using 

chlorophyll-a concentrations ([Chl-a]) as a proxy for phytoplankton abundance.  Chl-

a was measured by periodically collecting water samples in opaque bottles during low 

tide at each site (Menge et al. 1997, Leslie et al. 2005, Barth et al. 2007).  Each bottle 

was submerged approximately 0.5-1m below the water surface and allowed to fill 

completely.  Fifty ml of water from the bottle was then passed through 25-mm pre-

combusted Whatman GF/F glass-fiber filters with 0.7-µm pores.  Chl-a 

concentrations were determined by analyzing each sample using a fluorometer 

(Menge et al. 2008).  Because discrete sampling was not consistently conducted at all 

study sites in both study years, the Chl-a data that we use here are long term 

climatological summaries at each site derived from the average of all samples taken at 

each site over preceding years.  The same summaries were used for paired intertidal 

and mooring sites. Prior research has shown spatial variability but temporal 

consistency in the levels of Chl-a among subsets of the sites used in this study (Barth 

et al. 2007, Menge et al. 2015).  
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pH conditions 

We obtained intertidal and mooring pH data via an autonomous pH sensor 

deployed at each site in close proximity to the studied mussels.  Details on these 

custom-designed sensors can be found elsewhere (Evans et al. 2013, Hofmann et al. 

2014), but generally each was based on an ion-sensitive Honeywell Durafet® with an 

integrated data logger and power supply (Martz et al. 2010).  Sensors were calibrated 

either directly against certified reference materials or indirectly using 

spectrophotometric pH samples that were calibrated using certified reference 

materials.  pH is reported on the total hydrogen ion concentration scale (Dickson 

2010).  Calibrations occurred pre- and post-deployment for all sensors.  To spot-

check sensor performance, sensor data were periodically (2-4 weeks) compared to 

discrete water samples collected at all sites except at the four southern California sites 

in 2012 (LLI, LLM, ALI and ALM). 

Statistical analyses 

All analyses were performed using the using the R statistical package, version 

3.1.0 (R Core Team 2014).  Mixed-effects models were performed using the lmer 

function in the lme4 package (Bates et al. 2014) and hierarchical partitioning was 

conducted using the hier.part package (Walsh and Mac Nally 2013). 

We used mixed effects models to assess the spatiotemporal patterns of mussel 

morphology and performance, with replicate within site as the random intercept for 

all models.  The multiplicative fixed effects of site and year were analyzed separately 

for intertidal and mooring mussels at all sites that included mussel responses for 2011 

and 2012.  The multiplicative fixed effects of site and placement were analyzed for all 
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locations with paired mooring and intertidal sites, regardless of year studied.  The 

multiplicative fixed effects of site, placement and year were analyzed for locations 

that included both placements in both study years.  We also used a mixed effect 

model to assess the multiplicative fixed effects of site and mussel source on responses 

during the 2011 study. We obtained all post-hoc pairwise comparisons by determining 

Tukey’s HSD using the HSD.test function in the R package agricolae (Mendiburu 2014).  

To investigate the effects of seasonal mean pH, temperature and [Chl-a] on 

variation in mussel performance, we first assessed the most parsimonious additive 

linear regression model by stepwise AICc model selection using the R function 

step.AIC (Ripley et al. 2015).  Mussel responses included seasonal growth, condition 

index and shell thickness. Because this method assumes independence among the 

three explanatory variables, we also examined the Pearson correlation coefficients 

among all three. With evidence for collinearity of environmental means, we 

employed hierarchical partitioning to derive the independent and joint effects of each 

explanatory variable (Mac Nally 1996, 2000).  Hierarchical partitioning calculates the 

increase in the linear fit of a model when the given explanatory variable is included 

versus models when the variable is excluded.  Hierarchical partitioning resolves the 

independent effect of each explanatory variable and the conjoined effects of each 

variable with all other variables, given all possible linear combinations of explanatory 

variables (Chevan and Sutherland 1991, Mac Nally 2000).  This method is 

particularly amenable to resolving the separate and combined impacts of covarying 

explanatory variables (Heikkinen et al. 2004).   
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RESULTS 

Spatiotemporal effects 

Mussel growth and condition index at six intertidal sites FCI, SHI, VDI, BMI, 

TPI, and LLI depended on both the site and year studied, whereas variation among 

sites in shell thickness were independent of year (Table 3.2; Figure 3.2).  Among 

sites, the greatest performance in terms of both growth and condition index occurred 

at BMI in 2011 (Tukey’s HSD: p<0.0001 for all pairwise interactions between BMI 

in 2011 and other sites).  Mussel shell thickness was greatest at SHI in 2012 

compared to all other sites and years.  Mussels at the two Oregon sites, FCI and SHI, 

generally outperformed all mussels at all other sites except for mussel performances 

at BMI in 2011.  Mussels at HMI in 2012 and LLI in both study years were the worst 

performers in terms of growth and condition index, and the two sites were joined by 

ALI and VDI in 2012 as the sites with the lowest mussel shell thickness among all 

intertidal site and year combinations.  The greatest variation among sites across years 

was measured in mussel growth, followed by condition index and shell thickness in 

order of decreasing variation. 

Mussel growth and condition index on the mooring sites of FCM, SHM, BMM, 

LLM and ALM were also influenced by site and year, while shell thickness was 

independent of year studied (Table 3.2, Figure 3.3)  Condition index was generally 

greater to the north, peaking at BMM in 2011.  Growth and shell thickness were 

greater toward the southern sites of LLM and ALM, with growth particularly 

pronounced at ALM in 2012.  The opposite trend was seen for condition index, with 
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higher indices at the northerly sites of FCM, SHM and BMM.  Shell thickness was 

least influenced by site and year among all three responses. 

Mussels at mooring placements consistently outperformed those at paired 

intertidal placements among locations FC, SH, BM, HM, LL and AL except for shell 

thickness at FC and SH (Table 3.3, Figure 3.4; Tukey’s HSD: p<0.0001 for all 

pairwise differences).  Condition indices showed the greatest differences among sites 

between mooring and intertidal placements.  Growth was not as variable across sites, 

in part due to the relative consistencies of growth both in the intertidal and on 

moorings at FC, SH and BM.  Compared to those three sites, mussels grew less in the 

intertidal at HM, LL and AL but similarly or more so on moorings. The pattern was 

similar for shell thickness, with mussels at FC, SH and BM having relatively 

consistent shell thicknesses between mooring and intertidal placements, but much 

greater differences between the two placements at the more southerly HM, LL and 

AL locations.  

The four locations at which mussels were studied both on moorings and in the 

intertidal for 2011 and 2012 are FC, SH, BM and LL.  Site and placement 

significantly impacted all three mussel performance metrics, while study year had an 

effect on condition index alone (Table 3.4).   

Source effects 

Among intertidal sites in 2011 (Table 3.5; Figure 3.5), mussel source had a 

marginally direct effect on seasonal growth (χ2
(1)=3.2285; p=0.0724) and no 

interactive effect with site (χ2
(5)=8.552; p=0.1283). Source exhibited both strong 

direct (χ2
(1)=102.816; p<0.0001) and interactive (χ2

(5)=72.203; p<0.0001) effects on 
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condition index. At all sites except SHI, the condition index was greater for locally-

sourced mussels compared to those originating from Bob Creek, OR.  Source also had 

strong direct (χ2
(1)=6.4325; p=0.0112) and interactive (χ2

(5)=13.623; p=0.0182) effects 

on shell thickness.  VDI was the site with greatest variation between common- and 

local-source mussels.   

Among mooring sites in 2011 (Table 3.5; Figure 3.6), mussel source did not 

impact seasonal growth either directly (χ2
(1)=2.1114; p=0.1462) or via an interaction 

with site (χ2
(4)=1.2583; p=0.8684). Source was influential on condition index both 

directly (χ2
(1)=88.627; p<0.0001) and through an interaction with site (χ2

(4)=27.295; 

p<0.0001), with locally-sourced mussels outperforming common-source mussels at 

all sites.  Shell thickness was not directly influenced by source (χ2
(1)=1.4449; 

p=0.2294), but was impacted by an interaction between source and site (χ2
(4)=42.736; 

p<0.0001). Common-source shells were thicker than local-source shells at BMM and 

LMM but relatively thinner at FCM and ALM. 

Environmental influences 

Mean environmental conditions for all sites and both study years are 

summarized in Table 3.6.  Across both study years, intertidal mean pH ranged from a 

high of 8.167 measured at both HMI and TPI in 2012 to a low of 7.956 at VDI in 

2011.  Comparing between years, TPI recorded the highest intertidal pH in both 2011 

and 2012 whereas VDI (the latitudinally closest site to TPI) recorded the lowest 

intertidal pH in 2011 and SHI recorded the lowest intertidal pH in 2012.  Among 

mooring sites, BMM recorded the highest mean pH in both 2011 and 2012. FCM in 

2012 recorded the lowest mean pH among mooring sites regardless of year, though 
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SHM recorded the lowest mean pH in 2011.  Temperature varied among intertidal 

sites from a high of 16.74ºC at ALI in 2012 to a low of 10.33ºC at FCI in 2012.  

Among mooring sites, the highest temperatures were recorded at the southernmost 

sites in both 2011 (15.92ºC at ALM) and 2012 (13.64ºC at HMM).  The lowest 

mooring temperatures were recorded at the northernmost FCM in both 2011 and 2012 

(9.63ºC and 8.81ºC, respectively).  Because climatological means were used for [Chl-

a], there were no differences between placement or year in our study.  The location 

with the highest [Chl-a] was SH at 20.29 µg/L and the lowest [Chl-a] was measured 

at LL with 1.72 µg/L. 

The most parsimonious additive linear models for each of the three response 

variables included all three explanatory variables of mean pH, temperature and [Chl-

a], except for the models applicable to shell thickness in the intertidal and seasonal 

growth on moorings (Table 3.7).  Intertidal shell thickness was influenced by pH and 

[Chl-a], and seasonal growth on the moorings was influenced only by temperature.  

After considering the effects of the other additive environmental factors in each 

model, mean pH negatively impacted seasonal growth and condition index in the 

intertidal and shell thickness on the moorings, but was positively correlated with 

intertidal shell thickness and moored condition index (Table 3.7, + and - signs of the 

estimate).  Temperature had a positive influence on both intertidal and moored 

growth, intertidal condition index, and moored shell thickness.  The one negative 

influence of temperature was modeled for condition index on the moorings.  [Chl-a] 

positively influenced all intertidal responses and shell thickness on the moorings.  
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Condition index on the moorings was negatively correlated to [Chl-a] variation 

(Table 3.7).   

Correlations among pH, temperature and [Chl-a] means indicate that these 

factors were not independent (Table 3.8).  Temperature was strongly positively 

correlated with pH both in the intertidal (Pearson’s r = 0.7638) and on the moorings (r 

= 0.6928), and strongly negatively correlated with [Chl-a] on the moorings (r = -

0.7205).  [Chl-a] was weakly negatively correlated with both intertidal (r = -0.3549) 

and mooring pH (r = -0.3534), and intertidal temperature (r = -0.4153). 

In considering all possible models through hierarchical partitioning, the general 

pattern showed that independent effect outweighs the joint effect toward explaining 

variances for all three environmental explanatory variables of pH, temperature and 

[Chl-a].  Except for pH effects on condition index, this pattern applied to all three 

mussel responses both in the intertidal (Figure 3.7) and on moorings (Figure 3.8). On 

moorings, pH had a greater joint than independent contribution toward explaining the 

variance in condition indices.  Among intertidal mussels, [Chl-a] had the highest 

independent and combined contribution toward explaining variance among all three 

response parameters (Figure 3.7). Mean pH ranked as the second highest contributor 

for growth and condition index, and ranked third behind temperature for shell 

thickness.  For mooring mussels, the rank order of independent and combined 

contributions for the three environmental influences was the same among all three 

mussel responses: temperature had the greatest contribution followed by [Chl-a] and 

pH, listed in descending order of contribution magnitude. 
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DISCUSSION 

Our study revealed that variation in pH was biologically relevant to adult M. 

californianus performance alongside the effects of temperature and chlorophyll-a.  

Site pH correlations with mussel performance measures were complex, and not all 

negative.  We also demonstrated that pH effects were not limited to the calcified 

components of M. californianus and that life history may play an important role in 

organismal responses.  The complex relationship of pH variation covarying with 

temperature and [Chl-a] highlights the need for caution in directly interpreting these 

effects.   

Variations in performance 

M. californianus exhibits a broad range of performances across the CCLME 

(Blanchette et al. 2007, Menge et al. 2008, Bracken et al. 2012).  In our study, 

intertidal seasonal growth varied by as much as ~1500% among sites and between 

years.  Condition index and shell thickness also exhibited ecologically relevant scales 

of variation among intertidal sites with as much as ~360% and ~180% differences, 

respectively, among sites and years.  Comparison among overall performances at 

different sites provides insight into the ecological relevance of these differences.  For 

example, intertidal mussels at Fogarty Creek and Strawberry Hill are generally thick-

shelled and meaty with relatively fast growth compared to mussels at Hopkins Marine 

Station or Lompoc Landing that have thinner shells, less tissue mass, and much less 

seasonal growth.  Thinner shells increase susceptibility to predation from drilling 

whelks and reduces the forces required to crush M. californianus (Hunt and 

Scheibling 1997, Sanford and Worth 2009, Gaylord et al. 2011). As filter feeders, 
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mussels also serve a large ecological role in incorporating planktonic carbon into 

intertidal food webs (Bracken et al. 2012).  This role may be decreased at sites with 

smaller, less meaty mussels. 

M. californianus performance was not as varied on moorings compared to the 

intertidal.  Seasonal growth on the moorings varied by as much as ~200% among 

sites and years.  Condition index showed the greatest variation among sites and years 

with as much as a ~230% difference between Bodega Marine Reserve and Alegria.  

Shell thickness differences were most consistent between moored and intertidal 

mussels, with a maximum of 150% difference among mooring sites and years. 

Comparing overall mussel performances among mooring sites reveals an interesting 

dichotomy in which mussels at Alegria grew quickly and maintained thick shells but 

were much less meaty compared to other sites.  This may indicate different energy 

allocation strategies, with mussels at Alegria directing energy toward shell 

development and maintenance at the expense of tissue development. 

Dampening of variations in mussel performance on moorings versus the 

intertidal has been documented previously for populations around Point Conception 

in southern California. (Blanchette et al. 2007). These differences likely indicate the 

importance of other nearshore processes. The smaller response variances on the 

moorings may be driven by the relatively more stable environment provided by the 

mooring habitat (e.g. no wave exposure, aerial exposure, or reduced feeding time) 

compared to the intertidal. Our mooring results may also have been confounded by 

differences in depth between the pH sensor and mussel placements on the mooring.  

The sensors were mounted near the ocean floor whereas the mussels were nearer the 
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surface.  Both temperature and pH conditions are often stratified with depth (Feely et 

al. 2008, Mahadevan et al. 2011), suggesting that the reported pH and temperature at 

mooring sites may not sufficiently represent the actual conditions experienced by the 

relatively shallower mussels. 

Relative environmental effects 

Temperature, [Chl-a] and pH all had separate and joint effects on mussel 

performance along the CCLME.  Past studies on M. californianus along the Oregon 

coast have found strong positive correlations between mussel growth and [Chl-a] as a 

proxy for food availability (Menge 1992, Menge et al. 1994, 1997) while the 

conditions of populations in southern California were linked to temperature, not [Chl-

a] (Phillips 2005, Blanchette et al. 2007).  In contrast to the latter, our results 

indicated a positive effect of [Chl-a] from Oregon to southern California, and that this 

effect was most pronounced for intertidal mussels compared to those on moorings.  

This association is likely driven in part by the daily emergence of intertidal mussels 

on the shoreline during low tides.  Our results also agree with prior studies 

demonstrating that M californianus growth correlates with increasing temperature 

(Blanchette et al. 2007, Menge et al. 2008).  In our study, intertidal mussels generally 

responded with increased growth and condition index at sites with higher mean 

temperatures.  Temperature influenced all three mussel responses on the moorings.  

The one incongruous result in light of past studies is the negative effect of 

temperature on mooring-mussel condition index. 

While we hypothesized that lower pH sites would be stressful for mussels, our 

results actually indicate the opposite effect of pH on several mussel responses.  For 
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example, in the intertidal, seasonal growth and condition index were enhanced at sites 

with lower pH, as was shell thickness on moorings.  These results contrast to 

laboratory findings that revealed deleterious effects of elevated CO2 on M. 

californianus and congeners.  Larval M. californianus cultured under elevated CO2 

had thinner, weaker shells that grew more slowly than larvae cultured under ambient 

CO2 conditions (Gaylord et al. 2011).  Negative consequences of increased CO2 also 

included declines in the rate of calcium deposition and total weight for juvenile M. 

chilensis (Duarte et al. 2014), and reduced calcification in adult M. edulis (Gazeau et 

al. 2007).  However, we also documented some pH influences consistent with these 

negative effects. Intertidal shell thickness and mooring condition index were both 

negatively correlated with mean pH among our sites.  The direction and magnitude of 

these results need to be considered with caution given the high degree of collinearity 

among environmental stressors.  Nevertheless, we found that, compared to models 

that consider only the contributions of temperature and [Chl-a] toward explaining 

variances among mussel responses, adding the independent and joint contributions of 

pH sufficiently boosted the amount of explained variances to warrant including pH 

monitoring in future ecological studies of climate stressors.  

The apparently contradictory patterns of pH effects among mussel performance 

metrics highlight the complexities of both environmental variation in the nearshore 

environment and the interactive effects of multiple environmental stressors on 

organismal physiology.  Robust field-deployable pH sensors have only recently 

become available for widespread use among the scientific community (Martz et al. 

2010).  Researchers have begun to tease apart the complexities of natural 
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spatiotemporal pH variations (e.g. Manzello 2010, Hofmann et al. 2011, Harris et al. 

2013) and how these variations coincide with the natural dynamics of other 

environmental characteristics (e.g. Johnson et al. 2013, Mattsdotter Björk et al. 2014, 

Chan et al. in prep).  Such studies are uncovering critical intricacies in natural 

exposure regimes for marine biota and can greatly inform the nature of future OA 

laboratory examinations. Laboratory studies that cross variation in other 

environmental conditions with different pH (or CO2) levels are also helping elucidate 

interactive effects of environmental stressors.  When exposed for six months to near-

future pH and temperature conditions while undergoing food limitation, adult M. 

edulis shell strength was reduced under warming conditions but not by pH 

(Mackenzie et al. 2014). Adult M. edulis growth and calcification have been shown to 

be negatively affected by nutrient limitation but robust to changes in pH both in the 

laboratory and in field studies around Kiel Fjord in the Western Baltic Sea (Thomsen 

et al. 2013).  These and other studies underscore how diverse physiological stressors 

can have antagonistic or synergistic effects, depending heavily on organismal 

physiological tolerances (Hofmann et al. 2010, Boyd and Brown 2015). 

Responses aside from calcification 

Much research regarding OA effects on calcifying organisms focuses on 

characteristics of calcified components, including such responses as calcified growth, 

net dissolution/calcification and breakage susceptibility.  Mounting evidence 

indicates that pH stress can manifest in non-calcified tissue as well. We found that pH 

was an independent and combined contributor toward explaining variance in 

condition index.  These effects on soft tissue may be indicative of an energetic trade-
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off between shell quality (in terms of growth and shell thickness in our study) and 

tissue quality.  While we did not quantify variation in types of soft tissue, these 

effects could manifest as reduced musculature and/or gonad production.  Studies on 

adult M. edulis showing temperature had the greatest impact on performance in food 

limited conditions hypothesized that the mechanism was a reallocation of limited 

energy resources toward temperature-related metabolic increases and away from shell 

strength (Mackenzie et al. 2014).  O’Donnell et al. (2013) found that M. californianus 

byssal thread strength decreased under elevated CO2 while shell and tissue growth 

were unaffected.  Such detrimental effects of OA on non-calcified structures 

underscores the importance of investigation of a diversity of physiological responses 

to OA stress by both calcifiers and noncalcifiers. 

Role of life history 

Comparisons of responses between mussels from two different source 

populations at each site in 2011 indicated that performance depended partially on 

historical environment.  Source - whether mussels originated from the local site or 

from a common site in Oregon - explained variation in condition index both in the 

intertidal and on moorings, and shell thickness in the intertidal.  These results could 

indicate carry-over effects due to genetic or persistent phenotypic differences.  Shell 

thickness did not depend on the year of study, possibly further indicating that 

thickness is an integrated signal over the life history of the individual.  In light of 

other work by collaborators showing strong negative effects of pH reductions on 

mussel larvae (Gaylord et al. 2011), our results suggest a transition during life history 

from susceptibility to OA in juveniles to greater resilience to OA in adult mussels. 
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Conclusion 

Our study demonstrates complex responses by M. californianus to dynamic 

interconnected variation in temperature, chlorophyll-a and pH along the CCLME.   

Site pH exerted important influences on mussel performance, but these varied in both 

magnitude and direction depending on which response was measured.  With some 

responses, mussels even thrived at sites with lower pH, contrary to the prevailing 

hypotheses for calcifying biota.  Our study underscores the importance of OA 

investigations that consider real-world ecological contexts in which the impacts of pH 

variation are likely influenced by other aspects of the natural environment.  

Organisms that survive and thrive in areas that already undergo variation in pH, such 

as M. californianus along the CCLME, may have developed an adaptive capacity to 

mitigate pH as a physiological stressor given other advantageous aspects of the 

natural environment.    
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FIGURES  

 

Figure 3.1.   Locations of mussel studies conducted in 2011 and/or 2012.  

Locations marked with a filled circle (●) indicate paired intertidal and 

mooring sites, and those with empty circles (○) indicate intertidal sites 

only. Table 3.1 provides details on the spatial coordinates and years 

surveyed for each site.  
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Figure 3.2.   Intertidal mussels: mean (±SE) seasonal responses of (a) 

growth, (b) condition index and (c) shell thickness at sites from central 

Oregon to southern California during the 2011 and 2012 upwelling 

seasons.  Sites are arranged left to right from northernmost to 

southernmost.  Letters indicate differences among sites and/or years 

(Tukey’s HSD, alpha=0.05). 
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Figure 3.3.   Mooring mussels: mean (±SE) seasonal responses of (a) 

growth, (b) condition index and (c) shell thickness at sites from central 

Oregon to southern California during the 2011 and 2012 upwelling 

seasons.  Sites are arranged left to right from northernmost to 

southernmost.  Letters indicate differences among sites and/or years 

(Tukey’s HSD, alpha=0.05).  
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Figure 3.4.   Mean (±SE) mussel responses of (a) growth, (b) condition 

index and (c) shell thickness at locations with paired mooring and 

intertidal sites from central Oregon to southern California.  Sites are 

arranged left to right from northernmost to southernmost. Data are dual-

seasonal (2011 and 2012 combined).  Letters indicate differences among 

sites and/or years (Tukey’s HSD, alpha=0.05). 
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Figure 3.5.   2011 Intertidal mussels: Mean (±SE) responses of (a) growth, 

(b) condition index and (c) shell thickness between locally-sourced and 

common-sourced mussels at intertidal sites from central Oregon to 

southern California.  Sites are arranged left to right from northernmost to 

southernmost.  Letters indicate differences among sites and/or years 

(Tukey’s HSD, alpha=0.05). 
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Figure 3.6.   2011 Mooring mussels: Mean (±SE) responses of (a) growth, 

(b) condition index and (c) shell thickness between locally-sourced and 

common-sourced mussels at intertidal sites from central Oregon to 

southern California.  Sites are arranged left to right from northernmost to 

southernmost.  Letters indicate differences among sites and/or years 

(Tukey’s HSD, alpha=0.05). 
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Figure 3.7.   Intertidal mussels: the independent and joint contributions of 

the predictor variables for (a) growth, (b) condition index and (c) shell 

thickness, as estimated from hierarchical partitioning.  The predictors for 

pH and temperature are based on seasonal averages, and [Chl-a] is based 

on a long term climatological summary for each site. 
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Figure 3.8.   Mooring mussels: the independent and joint contributions of 

the predictor variables for (a) growth, (b) condition index and (c) shell 

thickness, as estimated from hierarchical partitioning.  The predictors for 

pH and temperature are based on seasonal averages, and [Chl-a] is based 

on a long term climatological summary for each site. 
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TABLES  

Table 3.1.   Locations and years in which mussel performance was measured for 

intertidal and mooring sites. 

Location Placement Years Studied Latitude Longitude 

Fogarty Creek (FC) Intertidal (FCI) 2011, 2012 44° 50.3 N 124° 03.6 W 
 Mooring (FCM) 2011, 2012 44° 51.6 N 124° 03.4 W 

Strawberry Hill (SH) Intertidal (SHI) 2011, 2012 44° 15.0 N 124° 06.9 W 

 Mooring (SHM) 2011, 2012 44° 15.4 N 124° 07.5 W 

Van Damme State Park (VD) Intertidal (VDI) 2011, 2012 39° 16.5 N 123° 48.2 W 

Bodega Marine Reserve (BM) Intertidal (BMI) 2011, 2012 38° 19.1 N 123° 04.4 W 

 Mooring (BMM) 2011, 2012 38° 18.6 N 123° 05.0 W 

Terrace Point (TP) Intertidal (TPI) 2011, 2012 36° 58.6 N 122° 03.9 W 

Hopkins Marine Station (HM) Intertidal (HMI) 2012 36º 37.2 N 121º 54.5 W 

 Mooring (HMM) 2012 36º 38.4 N 121º 55.2 W 

Lompoc Landing (LL) Intertidal (LLI) 2011, 2012 34° 43.1 N 120° 36.5 W 

Purisima (LL) Mooring (LLM) 2011, 2012 34° 43.6 N 120° 37.6 W 

Alegria (AL) Intertidal (ALI) 2012 34° 28.0 N 120° 16.7 W 

 Mooring (ALM) 2011, 2012 34° 27.7 N 120° 17.4 W 
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Table 3.2.   Effects of site and year on mussel responses at intertidal and 

mooring sites monitored in both 2011 and 2012.  Mixed effects models 

include site and year as multiplicative fixed effects and replicate as a random 

intercept. 

  

Placement Response 
Source of 

Variation 
Chi-sq df P-value 

Intertidal Growth Site 779.49 5 <0.0001 

  Year 14.91 1 0.00011 

  Site x Year 58.43 5 <0.0001 

       Condition Index Site 1154.10 5 <0.0001 

  Year 384.87 1 <0.0001 

  Site x Year 1935.41 5 <0.0001 

       Shell Thickness Site 854.03 5 <0.0001 

  Year 0.546 1 0.4598 

  Site x Year 114.10 5 <0.0001 

      

Moorings Growth Site 47.348 4 <0.0001 

  Year 17.779 1 <0.0001 

  Site x Year 90.029 4 <0.0001 

       Condition Index Site 1404.03 4 <0.0001 

  Year 10.786 1 0.0010 

  Site x Year 77.336 4 <0.0001 

       Shell Thickness Site 218.556 4 <0.0001 

  Year 0.9735 1 0.3238 

  Site x Year 104.567 4 <0.0001 
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Table 3.3.   Effects of site and placement on mussel responses at paired 

intertidal and mooring sites irrespective of study year.  Mixed effects 

models include site and placement as multiplicative fixed effects and 

replicate as a random intercept. 

 

Response 
Source of 

Variation 
Chi-sq df P-value 

Growth Site  178.81 5 <0.0001 

 Placement 318.12 1 <0.0001 

 Site x Placement 306.64 5 <0.0001 

     Condition Index Site  1236.00 5 <0.0001 

 Placement 1603.31 1 <0.0001 

 Site x Placement 217.29 5 <0.0001 

     Shell Thickness Site  314.955 5 <0.0001 

 Placement 83.918 1 <0.0001 

 Site x Placement 236.591 5 <0.0001 
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Table 3.4. Effects of site, placement and year on mussel responses at 

paired intertidal and mooring sites studied in both 2011 and 2012.  Mixed 

effects models include site, placement and year as multiplicative fixed 

effects and replicate as a random intercept. 

 

Response Source of Variation Chi-sq df P-value 

Growth Site  69.919 3 <0.0001 

 Placement 180.175 1 <0.0001 

 Year 0.5653 1 0.4521 

 Site x Placement 226.492 3 <0.0001 

 Site x Year 51.900 3 <0.0001 

 Placement x Year 0.3812 1 0.5370 

 Site x Placement x Year 8.5555 3 0.0358 

     
Condition Index Site  1605.77 3 <0.0001 

 Placement 1633.06 1 <0.0001 

 Year 112.543 1 <0.0001 

 Site x Placement 194.030 3 <0.0001 

 Site x Year 683.524 3 <0.0001 

 Placement x Year 19.903 1 <0.0001 

 Site x Placement x Year 148.515 3 <0.0001 

     
Shell Thickness Site  40.975 3 <0.0001 

 Placement 34.843 1 <0.0001 

 Year 2.1062 1 0.1467 

 Site x Placement 205.926 3 <0.0001 

 Site x Year 166.809 3 <0.0001 

 Placement x Year 3.1963 1 0.0738 

 Site x Placement x Year 10.554 3 0.0144 
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Table 3.5. Effects of study site and mussel source on mussel responses at 

intertidal and mooring sites monitored in 2011.  Local-source mussels 

originated from the study site, whereas common-source mussels originated 

from a single site at Bob Creek, OR.  Mixed effects models include site 

and source as multiplicative fixed effects and replicate as a random 

intercept. 

 

Placement Response 
Source of 

Variation 
Chi-sq df P-value 

Intertidal: 6 sites at FCI, SHI, VDI, BMI, TPI, LLI 

 Growth Site 512.266 5 <0.0001 

  Source 3.2285 1 0.0724 

  Site x Source 8.552 5 0.1283 

       Condition Index Site 1906.95 5 <0.0001 

  Source 102.816 1 <0.0001 

  Site x Source 72.203 5 <0.0001 

       Shell Thickness Site 79.738 5 <0.0001 

  Source 6.4325 1 0.0112 

  Site x Source 13.623 5 0.0182 

      

Moorings: 5 sites at FCM, SHM, BMM, LLM and ALM 

 Growth Site 18.426 4 0.0010 

  Source 2.1114 1 0.1462 

  Site x Source 1.2583 4 0.8684 

       Condition Index Site 1053.77 4 <0.0001 

  Source 88.627 1 <0.0001 

  Site x Source 27.295 4 <0.0001 

       Shell Thickness Site 159.984 4 <0.0001 

  Source 1.4449 1 0.2294 

  Site x Source 42.7360 4 <0.0001 
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Table 3.6.   Mean environmental data for each location and placement 

   2011  2012 

Location Placement  pH [Chl-a] (µg/L) Temp (ºC)  pH [Chl-a] (µg/L) Temp (ºC) 

Fogarty Creek (FC) Intertidal (FCI)  7.971 8.58 NA  8.002 8.58 10.33 

 Mooring (FCM)  7.942 8.58 9.63  7.758 8.58 8.81 

Strawberry Hill (SH) Intertidal (SHI)  8.018 20.29 11.81  7.991 20.29 10.52 

 Mooring (SHM)  7.920 20.29 9.37  7.910 20.29 9.33 

Van Damme State Park 

(VD) 
Intertidal (VDI)  7.956 3.87 11.10  7.996 3.87 9.69 

Bodega Marine Reserve 

(BM) 
Intertidal (BMI)  7.986 10.84 13.12  7.998 10.84 11.49 

Mooring (BMM)  8.067 10.84 11.33  8.145 10.84 11.30 

Terrace Point (TP) Intertidal (TPI)  8.102 2.47 NA  8.167 2.47 14.44 

Hopkins Marine Station 

(HM) 
Intertidal (HMI)  NA NA NA  8.167 3.16 14.01 

Mooring (HMM)  NA NA NA  8.094 3.16 13.64 

Lompoc Landing (LL) Intertidal (LLI)  8.076 1.72 14.19  NA 1.72 14.09 

Purisima (LL) Mooring (LLM)  7.989 1.72 12.71  NA 1.72 NA 

Alegria (AL) Intertidal (ALI)  NA 2.52 NA  NA 2.52 16.74 

 Mooring (ALM)  8.064 2.52 15.92  NA 2.52 NA 
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Table 3.7.   Most parsimonious additive linear models as determined by 

stepwise AICc for each type of mussel response in the intertidal and on 

moorings.  

Placement Response 
Source of 

Variation 
Estimate SE t value P-value 

Intertidal Growth Intercept 8.0936 0.6496 12.459 <0.0001 

 (R2-adj = 0.368) pH -1.0413 0.0852 -12.217 <0.0001 

  Temperature  0.0299 0.0041 7.317 <0.0001 

  [Chl-a] 0.0125 0.00060 20.625 <0.0001 

        Condition Index Intercept 3.7604 0.1392 27.01 <0.0001 

 (R2-adj = 0.552) pH -0.4890 0.0182 -26.77 <0.0001 

  Temperature  0.0185 0.00087 21.14 <0.0001 

  [Chl-a] 0.0034 0.00013 26.14 <0.0001 

        Shell Thickness Intercept -0.1956 0.0886 -2.206 0.0275 

 (R2-adj = 0.294) pH 0.0380 0.0110 3.459 0.0006 

  [Chl-a] 0.00296 0.00012 25.134 <0.0001 

       

Moorings Growth Intercept 0.03099 0.0294 10.557 <0.0001 

 (R2-adj = 0.0033) Temperature 0.00557 0.00252 2.213 0.0271 

        Condition Index Intercept -1.3809 0.1163 -11.869 <0.0001 

 (R2-adj = 0.1907) pH 0.2176 0.0155 14.016 <0.0001 

  Temperature  -0.0178 0.00094 -19.005 <0.0001 

  [Chl-a] -0.0012 0.00026 -4.734 <0.0001 

        Shell Thickness Intercept 0.9267 0.1427 6.494 <0.0001 

 (R2-adj = 0.1348) pH -0.1159 0.0190 -6.088 <0.0001 

  Temperature  0.0131 0.0011 11.421 <0.0001 

  [Chl-a] 0.0013 0.00032 4.023 <0.0001 
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Table 3.8.   Pearson correlation coefficient (r) matrix for environmental 

means at intertidal and mooring sites. 

 

  pH [Chl-a] Temperature 

Intertidal pH 1.000   

 [Chl-a] -0.3549 1.000  

 Temperature 0.7638 -0.4153 1.000 

     
Mooring pH 1.000   

 [Chl-a] -0.3534 1.000  

 Temperature 0.6928 -0.7205 1.000 
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CHAPTER 4 – TEASING APART THE INTERPLAY OF PH, 

TEMPERATURE AND RESOURCE EFFECTS ON FIELD PERFORMANCE 

OF THE PURPLE SEA URCHIN, STRONGYLOCENTROTUS PURPURATUS 

 

ABSTRACT 

Ocean acidification (OA) has emerged as a major threat to diverse marine biota 

and ecosystems.  A growing multitude of laboratory studies are uncovering the 

complexities with which responses to OA can be exacerbated or ameliorated by 

aspects of organismal physiology and complex interactions with other environmental 

stressors.  Parallel research efforts are uncovering the dynamic patterns of pH 

variation in natural systems.  A critical next step toward understanding OA impacts 

on natural communities is to scale these laboratory studies to ecological performance 

in the field, where increased environmental heterogeneity may mediate responses.  In 

this study, we investigated the relative influences of natural variations in pH and 

temperature alongside consumption of provisioned algae on the performance 

characteristics of calcified weight, test geometry and gonad index in the spatially 

dominant purple sea urchin, Strongylocentrotus purpuratus. We measured seasonal 

performance of small sea urchins in the intertidal at 4 sites between central Oregon 

and northern California over the 2012 and 2013 upwelling seasons.  Sites were 

chosen in an effort to capture the range of environmental variability encountered 

across this extent of the California Current Large Marine Ecosystem, an eastern-

boundary upwelling system with documented variability in pH conditions.  Our study 

reveals ecologically relevant scales of among-site and interannual variations in the 

dry weights of calcium carbonate body structures and sea urchin test geometry. These 
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calcified aspects of sea urchin performance were enhanced, not suppressed as 

expected, at comparatively low pH sites. The strongest environmental influence on 

performance was the regular manual provisioning of algal food for the sea urchins, 

aligning with evidence from other studies that highlight the ameliorative effects of 

high food availability on responses to environmental perturbations. Local pH 

conditions described observed performance differences with a similar explanatory 

power as local temperature. Our results demonstrate the mediated effects of natural 

pH exposure on purple sea urchins, underscoring the need for further investigations 

into the combined influences of multiple environmental stressors on organisms that 

inhabit dynamic systems like the CCLME. Such studies may offer insight into the 

adaptive capacity of community inhabitants as marine systems undergo projected 

environmental change. 

 

INTRODUCTION  

Ocean acidification (OA) has emerged as a significant threat to marine biota, 

ecosystems and human societies (Strong et al. 2014).  OA is the process by which 

increasing atmospheric carbon dioxide (CO2) drives declining marine pH with 

concomitant changes to other aspects of marine carbonate chemistry (Feely et al. 

2004, Raven et al. 2005, Orr et al. 2005).  These changes have the potential to lower 

the solubility of calcium carbonate (CaCO3), a mineral that is biologically important 

to a wide variety of marine calcifying organisms. Examples of calcified structures 

include molluscan shells, annelid worm casings, echinoderm skeletons and tests, 

crustacean exoskeletons, coral skeletons, and articulate coralline algal structure 



 

 

90 

   

 

(Chave 1954).  Consequently, much of OA research has focused on the effects on 

marine calcifiers (Doney et al. 2009, Gazeau et al. 2013).   

Syntheses of OA laboratory studies indicate that declining pH (or increasing 

CO2) does indeed have deleterious effects on many calcifiers but that responses vary 

greatly among taxa (Fabry et al. 2008, Kroeker et al. 2010, Branch et al. 2013).  

Among-taxon responses can be mediated by biological factors such as the crystalline 

structure of CaCO3, the degree of calcification, and the degree of activity (Kroeker et 

al. 2010, 2013) .  The three most common crystalline forms of CaCO3 among marine 

taxa are aragonite, high-magnesium (high-Mg) calcite and low-Mg calcite.  Each 

form differs in solubility at a given pH, with high-Mg calcite, aragonite and low-Mg 

calcite in order ranging from most to least soluble (Bathurst 1975, Mucci 1983).  This 

direct chemical solubility is often biologically mediated by physiological calcification 

mechanisms (Doney et al. 2009, Ries et al. 2009).  Responses to OA can also be 

influenced by abiotic factors such as temperature (e.g. Arnberg et al. 2013, Dorey et 

al. 2013), food availability (e.g. Thomsen et al. 2013, Hettinger et al. 2013) and the 

timing of pH variation (e.g. Price et al. 2012, Cornwall et al. 2013).   

Efforts to elucidate the complexities of organismal OA responses have been 

paralleled by research aimed at characterizing natural patterns of pH variability in 

marine systems.  The number of field-deployed autonomous pH sensors in marine 

waters recently has increased substantially, leading to better understanding of the 

nuances of spatial and temporal dynamics of natural pH variation (Manzello 2010, 

Hofmann et al. 2011, Sultivan et al. 2014). The California Current Large Marine 

Ecosystem (CCLME) along the US west coast has seen increasing attention toward 
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monitoring natural pH conditions.  The CCLME is a major eastern-boundary current 

upwelling system (EBUS) in which broad gradients in upwelling forcing, coastal 

circulation and variable bottom topography produce spatiotemporal variability in a 

variety of nearshore oceanographic conditions including temperature, nutrient content 

and phytoplankton productivity (Kosro et al. 1997, Grantham et al. 2004, Menge et al. 

2015).  Recent studies have confirmed that the CCLME also experiences a mosaic 

pattern of pH variation (Feely et al. 2008, Hofmann et al. 2014, Chan et al. in prep), 

indicating that the region can serve as a natural laboratory for examining ecological 

impacts of pH variability among a suite of other sources of environmental variation. 

At rocky intertidal locations along the CCLME, the vast majority of mobile taxa 

are calcifiers as are roughly half of sessile taxa (Rose et al. 2015; Chapter 2) and 

many play important ecological roles.  Calcifiers include the keystone predator 

Pisaster ochraceus, the California mussel Mytilus californianus that spatially largely 

defines the middle intertidal zone and provides habitat for a wide variety of 

organisms in dense mussel beds, and several species of barnacles that are present 

throughout the intertidal and can be spatially dominant in the high intertidal 

(Suchanek 1979, Smith et al. 2006, Menge et al. 2011).  The focus of this study was 

on the lower intertidal purple sea urchin, Strongylocentrotus purpuratus, another 

major calcifying space occupier and strong interactor in intertidal communities (e.g., 

Paine and Vadas 1969). 

Purple sea urchins are benthic macroalgal grazers that commonly occur from 

the lower intertidal to shallow subtidal from Alaska to Isla Cedros in Baja California  

(Ricketts et al. 1992).  A variety of studies have highlighted the grazing outcomes of 
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subtidal S. purpuratus in which large densities of mobile sea urchins can decimate 

kelp forests by grazing away kelp anchorage at the holdfast (Dayton 1985).  This 

strong trophic interaction underlies the keystone species role played by sea otters in 

which sea otter presence supports healthy kelp forests through predation upon the 

algivorous sea urchins (Estes and Palmisano 1974, Estes et al. 1978, Estes and 

Duggins 1995).  When drift kelp (portions of kelp that have lost anchorage) is 

plentiful, subtidal sea urchins are less apt to move and actively graze but tend to settle 

into cracks and crevices in the substrate where they can use their podia and spines to 

capture drift algae (Ebert 1968, Dayton 1975, 1985).   

The sedentary lifestyle is more common for intertidal S. purpuratus than active 

grazing (Ricketts et al. 1992).  In the intertidal, sea urchins face the potentially 

disruptive forces of high water velocities brought about by intertidal wave action 

(Denny et al. 2003) and desiccation during low tide exposure.  S. purpuratus partially 

overcomes these obstacles by preferentially living in tide pools and on softer rock that 

is exposed to air at low tide. In both habitats, sea urchins often use spines to excavate 

pits in the substrate (Ricketts et al. 1992).  These pits help reduce drag around the 

urchin (Denny and Gaylord 1996) and may provide pockets of moisture during aerial 

exposure.  S. purpuratus also habitually hold flotsam against their aboral surfaces 

with their tube feet, presumably as another mechanisms of avoiding thermal or other 

stresses experienced when exposed at low tide (J. Rose, personal observations). 

Intertidal sea urchins can form dense aggregations that dramatically alter the local 

communities by preventing the growth of macroalgae (Sousa et al. 1981).  Thus, 

understanding the impacts of environmental variability on S. purpuratus can give 
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important insights into potentially broader community impacts of future climate 

projections. 

In addition to its strong role in determining community structure, S. purpuratus 

is an interesting test subject for OA studies because of the arrangement of major 

calcified structures.  These echinoids produce three distinct types of high-Mg calcitic 

CaCO3 body parts: the exterior spines, the encapsulating test and the interior 

Aristotle’s lantern.  Each type has different functions.  Spines are important features 

for defense and food capture and, as mentioned above, can also be used to engineer a 

beneficial habitat by abrading pits in the substrate (Ricketts et al. 1992).  The test 

provides the sea urchin’s structural support and houses the internal viscera, gonads 

and other soft tissue.  The lantern, which functions primarily as a powerful calcified 

jaw but can also be used for pit digging, is also housed in the test.  Based on their 

anatomical positioning, these three CaCO3 structures differ in the degree to which 

each is directly exposed to surrounding waters and may thus be differentially 

impacted by external conditions.     

In this study, we investigated how mean pH, temperature and resource 

consumption and their interaction influences field performance of the purple sea 

urchin, S. purpuratus. We leveraged the dynamic environment of the CCLME to feed 

and monitor sea urchins at 4 rocky intertidal sites over two upwelling seasons.  To 

address the question of pH influence, we hypothesized that reduced pH would 

negatively affect performance. Our prediction was that the weight and geometry of 

calcified components would be greater at sites with relatively high pH and lower at 

sites with lower pH.  We also hypothesized that pH influences would be mediated by 
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effects of temperature and resource consumption, though we had no a priori 

expectation regarding the relative influence of each factor.  We addressed the 

question of possible metabolic trade-offs by investigating the relative influence of pH 

on the non-calcified process of reproduction, as determined using a gonad index.    

 

METHODS 

Study sites 

We studied sea urchin performance at sites spanning ~600 km of coastline along 

the US West Coast (Figure 4.1) from early May through mid-October in 2012 and 

from late March through early October in 2013.  Sites were chosen across the study 

range in an effort to capture the range of environmental variability encountered across 

this extent of the CCLME (Chan et al. in prep).  Sites (Table 3.1) included Fogarty 

Creek (FC), Strawberry Hill (SH) and Cape Blanco State Park (CB) in Oregon; and 

Cape Mendocino (CME) in northern California.  All sites are on wave-exposed rocky 

intertidal shores with fauna characteristic of the region (Schoch et al. 2006). To 

reduce variation imposed by exposure to low tides, all experiments were done in tide 

pools. 

The spatial extent of sea urchin populations varies among the sites.  At FC, S. 

purpuratus primarily inhabits tide pools and emergent substrata in the low intertidal 

zone.  We used one large tide pool for our experiments, to maximize our ability to 

access the experiment even when seas were turbulent.  The substrate of this tide pool 

consists of submerged boulders interspersed across a cobble and sand bottom.  Sea 

urchins live both in pits and on exposed surfaces along the side walls and margins of 
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the tide pool.  S. purpuratus also inhabit several nearby tide pools.  At SH, S. 

purpuratus are found exclusively in one tide pool in the upper middle tidal zone.  

This tide pool has vertical walls descending to a maximum depth of ~1.8 m.  Sea 

urchins in this pool are generally found on submerged exposed surfaces as deep as 

~1m.  The sea urchin habitat at CB is most unique among the four sites.  Here, few 

tide pools exist and the intertidal is strewn with boulders. S. purpuratus are mostly 

found inhabiting exposed pits in the substrate in the lower intertidal.  CB replicates 

were placed in several small tide pools.  At CME, purple urchins are prolific both on 

exposed surfaces and in pits throughout the lower intertidal and in tide pools in the 

mid-intertidal.  At CME, we focused our study on the largest mid-intertidal tide pool 

and a nearby smaller pool that both had resident sea urchins. 

Study design 

At the outset of each study year, ten small (30-35 mm total diameter) purple sea 

urchins were placed in each of four replicate enclosures that were submerged in tide 

pools at each site (n=40).  Sea urchins were haphazardly collected primarily from the 

same tide pool in which the replicate cages were installed, though some were 

collected from nearby tide pools if not enough small individuals could be found in 

tide pools with cages.      

Enclosures - Because quantifying the delivery of drift algae to individual 

urchins over the course of each study season was unfeasible, we opted to manually 

provide fixed amounts of drift algae to sea urchins throughout each study season.  

This required containing the study sea urchins in enclosure cages that were affixed to 

the substrate. Prior to attaching each cage, the substrate was scraped clear of all 



 

 

96 

   

 

sessile biota.  Each enclosure was made of 25-cm x 25-cm stainless-steel mesh walls 

that were anchored in place with washers and lag screws to prevent any gaps between 

the walls and the substrate. The walls extended 10-cm above the substrate for a total 

cage volume of ~6250 cm.  The lid of each cage consisted of a sheet of Vexar mesh 

that was placed across the top and attached with zip-ties to overlapping segments of 

wall mesh to prevent gaps between cage and lid.  During each food addition, zip-ties 

were clipped to allow cage access and new zip-ties were used to reseal the lids.  

Cages likely limited water flow and showed evidence of sediment accumulation, so 

such artifacts could have affected sea urchin performance. However, conditions were 

as close to identical among sites as possible, minimizing the possible effects of 

artifacts in making comparisons.  

Enclosures were fastened at each site in tide pools that already contained S. 

purpuratus residents.  At FC, all four cages were fastened to separate boulders that 

were selected haphazardly around the large tide pool.  At SH, the vertical walls of the 

tide pool necessitated partially draining the pool during cage installation.  At CB, the 

four replicate cages were split among three tide pools.  At CME, cages were split 

three to one large pool and one to a smaller nearby pool.  At both CB and CME, all 

pools that were used for the site replicates were at similar tidal heights and began 

flushing at approximately the same incoming tide level (J. Rose, personal 

observations). 

Manual feeding – After collecting and assigning S. purpuratus to cages, we 

returned to each site approximately every two weeks (except when sea conditions 

were too harsh to allow site access) for the remainder of the study season to manually 
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provide fixed amounts of algae to the cages.  Blades of Saccharina sessilis, a favored 

food (e.g. Ebert 1968, Van Alstyne et al. 1999), were collected from the nearby 

intertidal and sorted into groups that each weighed ~250 g (wet) as measured using a 

field scale.  Besides being a favored food, S. sessilis was chosen as the algal food 

source because it is readily available at all our study sites and is a dominant space 

occupier at many wave-exposed sites (Dayton 1975, Menge et al. 1994).  The wet 

weight of 250g was intended to be sufficient for ad libitum feeding in the cages 

between site visits based on previous field and laboratory studies (Paine and Vadas 

1969, Van Alstyne et al. 1999, Iles 2014).  We opened the lid on each cage and 

carefully recovered any detectable remaining S. sessilis from the previous feeding 

before replenishing the cage with freshly collected blades.  The weight of the 

remaining S. sessilis collected from each cage was recorded to the nearest 0.1g using 

the field scale.  The amount of algae eaten per cage was calculated as the difference 

in weights between addition and recovery.  The assumption that this difference was 

primarily driven by sea urchin consumption and not loss of decayed S. sessilis was 

based on the observation that margins of blades remaining after each trial often 

showed signs of sea urchin algivory (i.e. scalloped edges) and few signs of decay. 

Sea urchin performance 

All sea urchins in the replicate cages were retrieved from each site at the end of 

each study season (October) and kept on dry ice until placed in a freezer within one 

day of collection.  Sea urchins remained frozen until processed for data collection.   

Upon data collection, each sea urchin was rinsed and carefully dissected into five 

constituent components.  Calcified structures were divided into spine, test and lantern 
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components and soft tissue was divided into gonads and other tissue (primarily 

digestive). Spines were manually removed from the test first by hand and then by 

light scrubbing with a bristled brush.  Tube feet, pedicellariae and other external soft-

tissue structures were thus included with the spines.  A scalpel was used to cut open 

the test on the oral surface and reveal the internal anatomy for dissection into the 

appropriate structural category.  The five structural components were separately dried 

at 80ºC until consistent dry weights were achieved (at least 2 days for calcified 

structures and 5 days for gonads and other tissue).   

Calcification responses – To assess the potential for differential responses 

among types of calcified structures in S. purpuratus, we separately recorded to the 

nearest 0.001g the dry weights of the spines, test and lantern for each sea urchin.  

Geometric responses –Following spine removal but prior to test dissection, we 

recorded two aspects of test geometry to the nearest 0.01 mm using Vernier calipers.  

Test diameter was measured as the linear distance from opposing ambulacral and 

interambulacral regions along the test equator.  The test height was measured as the 

linear distance from the peristomial to periproctal regions.  We also calculated the 

ratio of test height to test diameter. This ratio can correlate with the volume of the sea 

urchin test (Elliott et al. 2013).        

Gonad Index – To assess the potential for energetic trade-offs between 

calcification and reproductive metabolic demands, we assessed S. purpuratus Gonad 

Index (GI).  The GI (unitless) was measured as the dry gonad weight per total weight 

(calcified components + gonad + other tissue), with all measurements taken to the 

nearest 0.001g (Raymond and Scheibling 1987, Ebert et al. 2010). 
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Environmental characterizations 

Autonomous pH sensors were deployed near the sea urchin cages at each site to 

record pH conditions at 10-minute intervals throughout each study season.  These 

sensors also logged temperature in °C.  Two different types of sensors were used: the 

“Seafet” and “Gifet”. Details on these custom-designed sensors can be found 

elsewhere (Seafet: Martz et al. 2010; Gifet: Evans et al. 2013, Hofmann et al. 2014), 

but each was based on an ion-sensitive Honeywell Durafet® with an integrated data 

logger and power supply (Martz et al. 2010).  Sensors were calibrated either directly 

against certified reference materials or indirectly using spectrophotometric pH 

samples that were calibrated using certified reference materials.  pH is reported on the 

total hydrogen ion concentration scale (Dickson 2010).  Calibrations occurred pre- 

and post-deployment for all sensors.  To spot-check sensor performance, sensor data 

were periodically (2-4 weeks) compared to discrete water samples collected at all 

sites. 

Statistical analyses 

The R statistical package, version 3.1.0 (R Core Team 2014) was used to 

conduct all analyses.  To assess the effects of site and year on each of the seven sea 

urchin responses, we used mixed effects models with the multiplicative fixed effects 

of site and year and replicate cage as a random intercept.  Mixed-effects models were 

implemented using the lmer function in the lme4 package (Bates et al. 2014).  Post-

hoc pairwise comparisons of means among sites and years were determined with a 

Tukey’s Honest Significant Difference (HSD) test with alpha=0.05.  This method was 

implemented using the HSD.test function in the R package agricolae (Mendiburu 2014). 
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We employed two methods in our assessment of environmental influences on 

sea urchin performance.  First, we obtained the most parsimonious additive linear 

regression model for each performance metric with mean pH, temperature and algal 

consumption rates as possible explanatory variables.  Model selection was 

implemented by stepwise AICc using the R function step.AIC (Ripley et al. 2015).  A 

limitation of such linear regression models is the assumption of independence among 

the explanatory variables.  We therefore also examined the Pearson correlation 

coefficients among our three explanatory variables to assess collinearity among 

environmental means.   

Our second method for assessing environmental influences involved 

hierarchical partitioning (Mac Nally 1996, 2000).  This method considers all possible 

additive models among explanatory variables and calculates the increase in the linear 

fit (R2) of a model when the given explanatory variable is included versus models 

when the given variable is excluded.  Hierarchical partitioning then compares the 

changes in fit to resolve both the independent effect of each explanatory variable and 

the conjoined (or “joint”) effect of each variable in combination with all other 

variables (Chevan and Sutherland 1991, Mac Nally 2000).  This method is 

particularly amenable to resolving the separate and combined impacts of co-varying 

explanatory variables (Mac Nally 2002, Heikkinen et al. 2004). We implemented 

hierarchical partitioning using the hier.part R package (Walsh and Mac Nally 2013). 
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RESULTS 

Spatiotemporal effects 

Study site and year interacted to affect S. purpuratus calcified dry weights for 

test and lantern, while spines were affected independently by site and year (Table 

4.2). The site x year interaction indicates that the effect of site varied by year; test and 

lantern weights were generally higher than other sites at FC and SH in 2013 than in 

2012 (Figure 4.2b, c). In pairwise comparisons among sites (Figure 4.2), sea urchins 

at each site in 2013 were heavier across all three calcified components compared to 

urchins at the same site in 2012 (Tukey’s HSD: p<0.0001 for all pairwise 

comparisons between years at the same sites), except for the lantern dry weight at CB, 

which was comparable between the two years. Sea urchins at FC in 2013 had the 

heaviest spines, test and lantern compared across all sites and years.  This rank was 

shared for test weight with SH and CB in 2013 and for lantern weight with SH in 

2013.  Calcified weights in 2013 were lowest at CME.  CME also ranked last for all 

three weights in 2012, a rank shared with SH in that year.   

Variation in all three geometrical responses, test height, test diameter, and the 

ratio of the two measures, was context-dependent, differing by site and year (Table 

4.2, Figure 4.3).  Among pairwise comparisons, the largest urchins in 2012 in terms 

of both height and diameter were at FC and CB (Figure 4.3).  Test height was lowest 

at both SH and CME, and diameter was smallest at CME.  While the urchins at CME 

had the smallest overall tests, the ratio between height and diameter was on scale with 

that for FC.  The height:diameter ratio was lowest for SH. In 2013, urchins at FC and 

SH had the highest test heights and diameters compared to other sites.  CB diameter 
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was on par with FC and SH, but height was reduced compared to both.  This 

difference in height resulted in CB urchins being relatively flattened compared to 

urchins at FC and SH.  CME had the shortest tests with the smallest diameters in 

2013, but the resulting ratios of height to diameter were equivalent for CME, FC and 

SH.  The greatest difference in the geometric ratio at a single site between years was 

observed at SH.  All other sites exhibited equivalent geometric ratios regardless of 

year. 

Gonad index also varied by site interacting with year (Table 4.2, Figure 4.4).  

Pairwise comparisons indicate that the gonad indices at FC and CB in 2013, while 

equivalent to each other, were much higher compared to other sites across years.  

These two sites were the only ones to exhibit between-year differences.  The gonad 

index was higher at FC than SH in 2012, though pairwise comparisons indicate that 

both sites were equivalent with CB and CME in 2012.     

Environmental influences 

Mean environmental conditions for all sites and both study years are 

summarized in Table 4.3. In 2012, seasonal mean pH among sites increased with site 

latitude, from a low of 7.955 at CME to a high of 8.002 at FC. This latitudinal 

gradient in pH switched directions in 2013 from a low of 7.993 at FC to a high of 

8.058 at CME. Algal consumption rates were highest toward the north in both 2012 

and 2013. In 2012, FC ranked highest (7.153g/day) and SH ranked second 

(7.035g/day), while in 2013, these ranks were reversed, with SH first (13.971g/day) 

and FC second (12.800g/day).  CME ranked third in both years (2012: 6.587g/day; 

2013: 10.034g/day), and CB ranked last (2012: 5.105g/day; 2013: 9.433g/day).  At all 
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sites, consumption rates were higher in 2013 than 2012 (Figure 4.5).  Seasonal mean 

temperature increased from north to south in 2012 from a low of 9.91ºC at FC to a 

high of 11.08ºC at CME. Mean temperature during the 2013 season was highest at SH 

(11.21°C), followed by FC (10.71°C), CME (10.07°C) and CB (9.95°C).  This rank 

order of temperature matches the rank order of algal consumption rates at the same 

sites in the same year.   

The most parsimonious additive linear models (Table 4.4) for 6 of the 7 S. 

purpuratus responses included all three explanatory variables of mean pH (p=0.0033 

or less), temperature (p=0.0048 or less) and algal consumption (p<0.0001), except for 

the model that best describes the test height:diameter ratio in which algal 

consumption was dropped from the final model.  After considering the effects of the 

other additive environmental factors in each model, mean pH and temperature were 

negatively correlated with all three aspects of calcified weight, both height and 

diameter test geometry, and gonad index (Table 4.4, coefficient estimates < 0).  The 

one positive correlation of mean pH was on the height:diameter ratio.  Algal 

consumption rates correlated positively with all responses except for the 

height:diameter ratio in which this factor was not significant and was excluded from 

the model.  These additive models explain the most variance in mean spine dry 

weight (R2-adj=0.5878), and also fit relatively well for the other two calcified 

components of test weight (R2-adj=0.4706) and lantern weight (R2-adj=0.4795). 

Among geometric responses, the final additive model explained the most variation in 

test diameter (R2-adj=0.5117) followed by the fit with variations in mean test height 
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(R2-adj=0.4268).  The additive model explained little variation in gonad index (R2-

adj=0.0.1346), and height:diameter ratio (R2-adj=0.1018).  

Correlations among mean pH, temperature and algal consumption rates, 

particularly when considered on a year-by-year basis, indicate that these factors were 

not entirely independent (Table 4.5).  Temperature was strongly negatively correlated 

with pH across both study years (Pearson’s r = -0.6025).  This correlation was more 

pronounced when considered by year (2012: r = -0.9981; 2013: r = -0.8022).  The 

correlation between algal consumption and temperature in 2013 was nearly 1:1 (r = 

0.9859) but only weakly negatively correlated in 2012 (r = -0.2517), resulting in an 

overall positive correlation across both study years (r = 0.4150).  The two 

environmental influences that were least correlated across years were algal 

consumption and pH (r = 0.3111), with a weak positive correlation between the two 

in 2012 (r = 0.2404) and a stronger negative correlation between them in 2013 (r = -

0.8494). 

With evidence of collinearity among explanatory variables, hierarchical 

partitioning was used to quantify the independent and joint contributions of mean pH, 

temperature and algal consumption rate across all possible additive models for each 

measure of sea urchin performance (Table 4.6; Figure 4.6-Figure 4.8).  For 6 of 7 

responses, algal consumption accounted for the most variance, including lantern dry 

weight (79% explained), test dry weight (79%), test height (79%), test diameter 

(76%), spine dry weight (66%) and gonad index (53%).  For 4 of these 6 responses, 

the percentages of variance explained by pH and temperature were similar, differing 

by 3% or less. pH and temperature accounted for 13% and 11%, respectively, of the 
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explained variance in test diameter, 11% and 10% for test height, 11% and 10% for 

test dry weight, and 9% and 12% for lantern dry weight. Differences in contributions 

between pH and temperature were more different for spine dry weight (difference of 

6% for a 14% contribution from pH and a 20% contribution from temperature) and 

gonad index (difference of 11% between an 18% contribution from pH and a 29% 

contribution from temperature). The test height:diameter ratio was the one response 

for which the independent contribution of algal consumption did not rank first.  

Temperature accounted for 58% of the variance for this response, followed by algal 

consumption at 30% and pH at 12% of total contribution toward R2.    

 

DISCUSSION 

In this study, we investigated the interplay of mean pH, temperature and 

resource consumption as influences on field performance of the purple sea urchin, S. 

purpuratus.  As we anticipated, performance characteristics in the areas of calcified 

weight, test geometry and gonad index were associated with variation in mean pH.  

Contrary to prediction, however, additive models of environmental effects indicated 

that sea urchins performed better in terms of both calcified weights and geometric 

proportions at sites with relatively low-pH conditions compared to sites with higher 

mean pH, when considered jointly with the additive effects of food consumption and 

temperature.  That is, with higher pH, spine, test, and lantern dry weights, and height 

and diameter of tests as well as gonad index, were lower (Table 4.4; coefficients for 

these relationships were negative).  
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These counterintuitive patterns between performance and pH may in part be 

driven by the strong contribution of constant food availability. In every case but one 

(test height to diameter ratio), algal consumption rate was the dominant influence, 

accounting for at least 50% of the explained variance for the response variable under 

consideration (Table 4.6). Other studies examining the combined effects of food 

availability and pH variation in invertebrates have found that ad libitum feeding can 

help ameliorate the negative consequences of pH variation alone (e.g. Melzner et al. 

2011, Thomsen et al. 2013).  The dominant influence of algal consumption on sea 

urchin responses underscores that environmental stress often imposes metabolic 

trade-offs. When food is plentiful, as it was in our study, calcifying fauna may be able 

to compensate for environmental stressors that would suppress performance under 

limited food conditions.   

Algal consumption at each site was much higher in 2013 compared to 2012. 

While the study lengths differed between years (Figure 4.5), the ~15% maximum 

difference in study length seems unlikely to drive as much as a ~200% increase in the 

daily rate of algal consumption between years.  The drivers behind these annual 

differences in consumption rates remain unaccounted for in our study, suggesting 

further efforts to better frame factors influencing of algal consumption by purple sea 

urchins.   

Spatial and temporal differences in test geometry were apparent in terms of both 

height and diameter, but the ratio between these two metrics was relatively consistent 

across years and sites (Figure 4.3).  Environmental factors were also weakest at 

explaining the variance in height-to-diameter ratio compared to the percentages of 
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variances explained for other aspects of calcified morphology.  This ratio is indicative 

of the test volume (Elliott et al. 2013), where the viscera and reproductive tissues of 

sea urchins are maintained, suggesting that the capacity for housing these organs 

remains relatively unchanged under pH and thermal variations.  Test geometry can 

also indicate sea urchin microhabitat (Grupe 2006), which is consistent with our 

observations of relatively flatter sea urchins Strawberry Hill in 2012 and Cape Blanco 

in 2013 where sea urchins did not occupy pitted surfaces.  

We were also interested in possible metabolic trade-offs associated with 

maintaining calcified structural integrity at the expense of non-calcified tissue.  While 

our results indicated that Gonad Index indeed differed among sites and years, the 

effectiveness of explaining these differences based on the environmental influences of 

food, temperature and pH was reduced compared to the explanatory power of these 

influences on variations in calcified structures (Table 4.6).      

Declining pH (Gruber et al. 2012, Hauri et al. 2013) is not the only predicted 

change in the CCLME over the coming decades.  Other environmental shifts likely 

include increased storm frequency (Ruggiero et al. 2010) and an increase in 

upwelling intensity and periodicity (Iles et al. 2012).  Increased storm activity may 

drive additional quantities of drift algae as wave forces increase the biomechanical 

stress on anchored algae.  Our results demonstrate that such a potential increase in 

food availability for intertidal sea urchins could lead to increases in sea urchin 

performance under future marine conditions.  Alternatively, increased storm 

frequency could lead to greater S. purpuratus dislodgement (Dayton 1985) and 

thereby negate benefits of increased algal availability.  The predicted changes in 



 

 

108 

   

 

upwelling are likely to have complex outcomes for purple sea urchins because of the 

concomitant changes in the dynamics of upwelling-driven variations in temperature, 

productivity and pH.   

Conclusion 

Our study demonstrates that variations in pH interact with temperature and food 

consumption to impact S. purpuratus calcified morphology along the CCLME.  The 

enhancement of calcified structures at sites with relatively low pH compared to sites 

with high pH counters the prevailing hypothesis of declines in pH negatively 

impacting calcifier performance.  Such results underscore the complexities of 

calcification physiology and the interactions of environmental factors in natural 

ecosystems and highlight the need for further investigations into the combined 

influences of multiple environmental stressors on organisms that inhabit dynamic 

systems like the CCLME. 
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FIGURES  

 

Figure 4.1.   Locations of sea urchin studies conducted in 2012 and 2013.  

Table 3.1 provides details on the spatial coordinates for each site.  
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Figure 4.2.   Mean (±SE) dry weights of sea urchin calcified components - 

(a) spines, (b) test and (c) lantern - at sites from central Oregon to northern 

California during the 2012 and 2013 upwelling seasons.  Sites are 

arranged left to right from northernmost to southernmost, with 2012 sites 

grouped to the left and 2013 sites grouped to the right.  Letters indicate 

differences among sites and/or years (Tukey’s HSD, alpha=0.05). 
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Figure 4.3.   Mean (±SE) measurements of sea urchin test geometry - (a) 

test height, (b) test diameter and (c) ratio of height to diameter - at sites 

from central Oregon to northern California during the 2012 and 2013 

upwelling seasons.  Sites are arranged left to right from northernmost to 

southernmost, with 2012 sites grouped to the left and 2013 sites grouped 

to the right.  Letters indicate differences among sites and/or years 

(Tukey’s HSD, alpha=0.05). 
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Figure 4.4.   Mean (±SE) sea urchin Gonad Index at sites from central 

Oregon to northern California during the 2012 and 2013 upwelling 

seasons.  Sites are arranged left to right from northernmost to 

southernmost, with 2012 sites grouped to the left and 2013 sites grouped 

to the right.  Letters indicate differences among sites and/or years 

(Tukey’s HSD, alpha=0.05).  
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Figure 4.5.   Average algal consumption among replicate sea urchin cages 

by site over the course of the (a) 2012 and (b) 2013 study seasons.  Each 

point indicates the mean difference between how much Saccharina sessile 

was recovered from each replicate cage at each site on the indicated Julian 

day and the original ~250g of S. sessile that had been added to the cages 

during the preceding site visit.  
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Figure 4.6.   The independent and joint contributions of mean temperature, 

algal consumption and pH toward explained variances in weights of the 

calcified components (a) spines, (b) test and (c) lantern, as estimated from 

hierarchical partitioning. 
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Figure 4.7.   The independent and joint contributions of mean temperature, 

algal consumption and pH toward explained variances in the test geometry 

metrics of (a) test height, (b) test diameter and (c) the ratio of height to 

diameter, as estimated from hierarchical partitioning. 
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Figure 4.8.   The independent and joint contributions of mean temperature, algal 

consumption and pH toward explained variances in the sea urchin Gonad Index, as 

estimated from hierarchical partitioning. 
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TABLES  

Table 4.1.   The latitude and longitude of rocky intertidal sites at which sea urchin 

performances were studied in 2012 and 2013. 

Location Latitude Longitude 

Fogarty Creek (FC) 44° 50.3 N 124° 03.6 W 

Strawberry Hill (SH) 44° 15.0 N 124° 06.9 W 

Cape Blanco State Park (CB) 42° 50.4 N 124° 33.9 W 

Cape Mendocino (CME) 40° 20.6 N 124° 21.8 W 
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Table 4.2.   Analysis of Deviance tables using Type II Wald χ2 tests for the 

effects of site and year on sea urchin responses in 2012 and 2013.  Mixed 

effects models included site and year as multiplicative fixed effects and 

replicate as a random intercept. 

  

Morphology Response 
Source of 

Variation 
Chi-sq df P-value 

Calcified 

Masses 

Spines Site 304.187 3 <0.0001 

 Year 196.093 1 <0.0001 

  Site x Year 6.1473 3 0.1047 

       Test Site 75.790 3 <0.0001 

  Year 243.515 1 <0.0001 

  Site x Year 28.092 3 <0.0001 

       Lantern Site 78.124 3 <0.0001 

  Year 218.495 1 <0.0001 

  Site x Year 47.205 3 <0.0001 

      

Test 

Geometry 

Height Site 56.822 3 <0.0001 

 Year 176.974 1 <0.0001 

  Site x Year 27.526 3 <0.0001 

       Diameter Site 138.181 3 <0.0001 

  Year 237.973 1 <0.0001 

  Site x Year 8.396 3 0.0385 

       Height:Diameter Site 20.617 3 0.0001 

  Year 12.627 1 0.0004 

  Site x Year 37.793 3 <0.0001 

      

Reproduction Gonad Index Site 76.154 3 <0.0001 

  Year 51.547 1 <0.0001 

  Site x Year 36.758 3 <0.0001 
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Table 4.3.   Mean environmental data for each site in 2012 and 2013.  

 

  2012  2013 

Site  pH Algal 

consumed/day 

Temp 

(ºC) 

 pH Algal 

consumed/day 

Temp 

(ºC) 

Fogarty Creek (FC)  8.002 7.153 9.91  7.993 12.800 10.71 

Strawberry Hill (SH)  7.991 7.035 10.25  8.001 13.791 11.21 

Cape Blanco (CB)  7.988 5.105 10.3  8.032 9.433 9.95 

Cape Mendocino (CME)  7.955 6.587 11.08  8.058 10.034 10.07 
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Table 4.4.   Most parsimonious additive linear models as determined by 

stepwise AICc for each type of sea urchin response.  All final models 

include pH, temperature and algal consumption except for the response of 

test height:diameter ratio in which algal consumption was dropped from 

the model. 

Response Source of Variation Estimate SE t value P-value 

Spine dry weight 

(R2-adj = 0.5878) 

Intercept 385.162 35.540 10.84 <0.0001 

pH -43.802 4.1795 -10.48 <0.0001 

 Temperature  -3.535 0.2633 -13.43 <0.0001 

 Algal Consumption 0.7015 0.0379 18.51 <0.0001 

      Test dry weight Intercept 144.140 46.634 3.091 0.0022 

(R2-adj = 0.4706) pH -16.263 5.4853 -2.965 0.0033 

 Temperature  -1.3626 0.3456 -3.942 0.0001 

 Algal Consumption 0.5888 0.0500 11.784 <0.0001 

      Lantern dry weight Intercept 17.126 5.2268 3.277 0.0012 

(R2-adj = 0.4795) pH -1.9800 0.6148 -3.220 0.0018 

 Temperature  -0.1219 0.0388 -3.146 0.0014 

 Algal Consumption 0.0657 0.0056 11.724 <0.0001 

            Test height Intercept 254.906 82.675 3.083 0.0023 

(R2-adj = 0.4268) pH -27.684 9.7245 -3.491 0.0006 

 Temperature  -2.1389 0.6128 -2.847 0.0048 

 Algal Consumption 0.9575 0.0886 10.810 <0.0001 

      Test diameter Intercept 770.803 128.358 6.005 <0.0001 

(R2-adj = 0.5117) pH -83.960 15.098 -7.632 <0.0001 

 Temperature  -7.2606 0.9514 -5.561 <0.0001 

 Algal Consumption 1.9946 0.1375 14.504 <0.0001 

      Height:diameter Intercept -2.2022 0.7508 -2.933 0.0036 

(R2-adj = 0.1018) pH 0.2944 0.0894 3.293 <0.0001 

 Temperature  0.0310 0.0054 5.756 0.0011 

            Gonad Index Intercept 3.2030 0.9467 3.383 0.0008 

(R2-adj = 0.1346) pH -0.3539 0.0070 -4.953 <0.0001 

 Temperature  -0.0348 0.1113 -3.179 0.0017 

 Algal Consumption 0.0059 0.0010 5.884 <0.0001 
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Table 4.5.   Pearson correlation coefficient (r) matrix for environmental 

means each site in 2012 and 2013, considered both separately and 

combined. 

  pH 
Algal 

consumption 
Temperature 

2012 pH 1.000   

 Algal consumption 0.2404 1.000  

 Temperature -0.9981 -0.2517 1.000 

     
2013 pH 1.000   

 Algal consumption -0.8494 1.000  

 Temperature -0.8022 0.9859 1.000 

     
Combined pH 1.000   

 Algal consumption 0.3111 1.000  

 Temperature -0.6025 0.4150 1.000 
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Table 4.6:   Independent and joint contributions of pH, temperature and algal consumption in explaining each urchin 

reponse.  Independent contributions are given both in terms as the raw contribution to explained variance and the 

percentage of contribution to the total R2. 

Response Source of Variation 
Independent 

Contribution (I) 
Contribution to 

R2 (%I) 
Joint 

Contribution (J) 
Total (I+J) 

Spine dry weight 
(R2-adj = 0.5878) 

pH 0.0845 14.26 -0.0306 0.0539 
Temperature  0.1157 19.52 -0.1090 0.0067 

 Algal Consumption 0.3923 66.22 -0.0847 0.3076 

      Test dry weight pH 0.0545 11.44 0.0015 0.0560 
(R2-adj = 0.4706) Temperature  0.0474 9.95 -0.0186 0.0288 
 Algal Consumption 0.3745 78.61 0.0710 0.4455 

      Lantern dry weight pH 0.0432 8.90 -0.0147 0.0285 
(R2-adj = 0.4795) Temperature  0.0603 12.42 0.0033 0.0634 
 Algal Consumption 0.3818 78.68 0.0825 0.4643 

            Test height pH 0.0461 10.65 -0.0032 0.0430 
(R2-adj = 0.4268) Temperature  0.0452 10.44 -0.1257 0.0326 
 Algal Consumption 0.3417 78.91 0.0658 0.4076 

      Test diameter pH 0.0662 12.80 0.0047 0.0709 
(R2-adj = 0.5117) Temperature  0.0565 10.93 -0.0535 0.0030 
 Algal Consumption 0.3944 76.27 0.0143 0.4086 

      Height:diameter pH 0.0129 11.90 -0.0128 0.0002 
(R2-adj = 0.1018) Temperature  0.0630 58.07 0.0099 0.0730 
 Algal Consumption 0.0326 30.02 0.0235 0.0561 

       pH     Gonad Index pH 0.0255 17.63 0.0046 0.0301 
(R2-adj = 0.1346) Temperature  0.0423 29.31 -0.0258 0.0166 
 Algal Consumption 0.0766 53.00 -0.0246 0.0521 
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CHAPTER 5 – GENERAL CONCLUSION 

 

The research presented in my dissertation is among the first studies to assess the 

impacts of natural pH variation in the field at the scale of a Large Marine Ecosystem. 

Past ecological OA studies have examined the biological impacts of natural pH 

variation on relatively small spatial scales.  These studies have leveraged natural pH 

variation in such systems as Mediterranean benthic volcanic vents that seep CO2 into 

the surrounding waters (e.g., Hall-Spencer et al. 2008, Baggini et al. 2014, Garrard et 

al. 2014), submarine springs called “ojos” in Mexico where low-pH (6.7-7.3) 

groundwater discharges into surrounding waters (Crook et al. 2012), and the Kiel 

Fjord estuary in the Western Baltic Sea where strong seasonal vertical stratification 

drives fluctuations of high CO2 (Thomsen et al. 2013, Pansch et al. 2014).  The 

greatest spatial extent in sites among these studies was ~15 km.  My work examines 

how widely-distributed taxa respond to a pH mosaic across several degrees of latitude 

where other variable aspects of the environment also strongly influence organismal 

responses.  Through my studies along the CCLME, I have gained valuable insights 

into the ecological complexities of calcifier responses to pH variation among a suite 

of other environmental stressors.  

In Chapter 2, I provided the first large-scale assessment of the spatial 

distributions of intertidal calcifiers and their primary crystalline forms of CaCO3.  By 

analyzing a series of detailed rocky intertidal surveys along the CCLME, I have 

learned that calcifiers are not uniformly distributed and that the complex patterns of 

variable abundances can be partially explained by upwelling, temperature and 
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phytoplankton productivity.  This work contributes to the broader discussion of the 

potential role of pH in structuring communities and can aid the development of 

further studies that seek to compare regions with divergent patterns to better 

understand the underlying oceanographic and/or biological mechanisms behind these 

patterns.  For example, locations that were hot spots of calcifier abundances may 

suggest that local oceanographic conditions were relatively benign for calcifying taxa 

compared to conditions at locations where calcifier abundances were lower.  If this 

oceanographic hypothesis was supported, those calcifiers that remain abundant in the 

more stressed locations may have phenotypic or genotypic advantages that confer 

resistance or resilience to the environmental stressors.   

I shifted perspectives in Chapters 3 and 4 from examining community patterns 

to focusing on how two spatially and functionally important rocky intertidal 

community inhabitants, the California mussel, Mytilus californianus, and the purple 

sea urchin, Strongylocentrotus purpuratus, responded to natural pH variation 

compared to the impacts of temperature and resource availability / consumption. 

In Chapter 3, I found that California mussel seasonal growth, condition index 

and shell thickness all varied greatly across the study range, with the greatest 

variation exhibited for growth (as much as 1300% difference in average mussel 

growth between sites).  Both the site from which study mussels were sourced and 

whether mussels were placed in the intertidal or on moorings also influenced 

performance.  The source effect suggests that mussels from different locations may 

have genotypic or persistent phenotypic differences based on prior exposure history.  

The placement effect indicates that aspects of intertidal exposure further mediate 
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mussel responses.  Regarding environmental influences, phytoplankton productivity 

(a proxy for resource availability) had the greatest influence on responses, with mean 

pH ranking second over temperature for the contribution toward explaining variation 

in both seasonal growth and condition index.  Counter to my predictions based on 

carbonate chemistry dynamics, mussel performance was enhanced, not suppressed, at 

sites with lower mean pH compared to mussels at sites with higher mean pH, even 

after considering the additive effects of temperature and productivity. 

 In Chapter 4, I examined the influences of pH, temperature and food 

consumption on three categories of morphological responses by purple sea urchins: 

the weights of calcified components, aspects of test geometry and gonad index.  Sea 

urchins across sites were generally heavier in 2013 than in 2012, and more robust at 

northern sites compared to southern sites in both years.  Calcified weights varied 

more among sites and years than aspects of test geometry. Gonad index was relatively 

consistent among sites and years.  In terms of environmental influences, the 

consumption rate of algal food provided ad libitum was the dominant influence on 

explaining variations in performance, with the aspects of pH and temperature having 

lesser but similar explanatory contributions.  Among responses, environmental factors 

explained the most variation for calcified weights. As with the California mussels, 

purple sea urchin performance was generally enhanced, not inhibited, at sites with 

relatively low pH after considering the additive effects of food consumption and 

temperature.  

Considering the combined results of both organismal studies, the two species 

responded similarly in three major ways.  First, food availability/consumption 
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generally explained the greatest amount of variation among responses.  This result is 

consistent with prior studies that indicate an ameliorative effect of high food 

availability on OA stress (e.g., Melzner et al. 2011, Thomsen et al. 2013, Hettinger et 

al. 2013).  Second, mean pH influenced responses on a similar scale as temperature 

influence, highlighting that pH is an ecologically relevant factor on calcifier 

responses to be considered amidst other interacting environmental stressors.  Third, 

both the California mussel and purple sea urchin studies revealed intriguing patterns 

whereby anatomical performances of calcified structures were enhanced at sites with 

relatively low-pH conditions compared to sites with high pH.  Compared to other 

work showing generally negative effects of pH variation on larval performance in 

both species (e.g., mussels: Gaylord et al. 2011; sea urchins: Evans et al. 2013, 

Padilla-Gamiño et al. 2013), this pattern highlights the complexities with which 

natural pH variation in the field is intertwined with other upwelling-driven 

environmental variations in such factors as temperature and primary productivity.  

Another possible factor contributing to the divergence in lab and field results is the 

developmental stage under investigation.  The adults in my work may be generally 

more robust to pH variation than their larvae, which would be consistent with past 

OA studies (Kroeker et al. 2013). 

While some patterns were consistent between the two studies, my investigation 

of multifaceted responses for each species showed that there were also major 

differences in the ecological sensitivities of California mussels and purple sea 

urchins.  First, mussels exhibited greater overall variation than sea urchins.  Seasonal 

growth and condition index in mussels varied by as much as ~1300% and ~300%, 
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respectively, between sites.  The greatest variation seen among sea urchin responses 

was ~200% between sites for spine dry weight.  Second, pH exerted the greatest 

influence on different characteristics of the two species.  For mussels, condition index 

was most sensitive to pH, suggesting possible energetic trade-offs between shell 

biomineralization and tissue development.  For urchins, calcified weights were most 

sensitive to pH variation, as expected.  Considering all responses collectively, purple 

sea urchins were generally more robust to pH variation than California mussels. 

The combined results of my dissertation advance the field of OA research by 

demonstrating that different species can respond in different ways to variation in local 

pH conditions and that other ecological factors can confound the expected direct 

effects of pH decline on calcifiers in their natural habitats.  Additional efforts to 

explore the intersection between the direct causal effects of pH variation as seen in 

laboratory studies and the complex, interwoven influences of pH variations among 

the sea of other environmental conditions will help tease apart the potential outcomes 

of OA over the oncoming decades. 

Continuing efforts to better understand the ecological consequences of OA have 

important economic ramifications.  A case study of US commercial fishery revenues 

found that the heavily calcified mollusc phylum accounted for 19% of the total $3.8 

billion US annual domestic harvest.  Crustaceans, another economically important 

group of calcifiers, comprised 30% of the total harvest.  Of the finfish that account for 

50% of total harvest, nearly half are predators on calcifying taxa (Cooley et al. 2009).  

Seafood sustainability is further threatened by indirect effects of OA that may alter 

food webs and reduce biogenic habitat (Branch et al. 2013).  OA has the potential for 
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severe direct negative impacts on US commercial fishery catches with cascading 

negative effects on extended aspects of the seafood industry including processing, 

wholesale and retail (Ekstrom et al. 2015).  

The environmental and economic threats of OA have led to a call for policy 

considerations to address to mitigation and management strategies.  The management 

responses considered thus far can be grouped into four categories: preventing OA, 

strengthening ecosystem resilience, adapting human activities and repairing damages 

(Billé et al. 2013).  The scope of such policy considerations extends from small-scale 

local government efforts in coastal communities up to multinational negotiations 

through United Nations bodies (Turley and Gattuso 2012).  A critical component to 

these and future discussions about the impacts of our changing oceans hinges on our 

ability to comprehend the ecosystem responses to forecasted changes.  This 

dissertation serves as one of many important steps to be taken in that direction.   
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APPENDIX A – CHAPTER 2 SUPPLEMENTAL TABLES 

 

Table A2.1. Mobile calcifying taxa encountered during site surveys across all study sites and years. Survey taxa are 

described to the taxonomic level to which each was identified in the field.  The primary CaCO3 polymorph for each 

survey taxon was determined based on the assumption of the same crystalline form as the corresponding reference 

taxon, as documented in the literature cited. 
 

Survey Taxon 
Primary CaCO3 

polymorph 
Common 
Grouping Trophic role 

Primary Polymorph 
Reference Taxon Reference Literature 

Asterina miniata High-Mg calcite Star Omnivore Echinodermata Simkiss and Wilbur 1989 

Astrometis sertulifera High-Mg calcite Star Carnivore Echinodermata Simkiss and Wilbur 1989 

Blue Cirolana High-Mg calcite Isopod Herbivore Idotea wosnesenskii Neues et al. 2007 

Brittle Star Complex High-Mg calcite Star Omnivore Echinodermata Simkiss and Wilbur 1989 

Cirolana harfordi High-Mg calcite Isopod Herbivore Idotea wosnesenskii Neues et al. 2007 

Dendraster excentricus High-Mg calcite Sand Dollar Suspension Feeder Echinodermata Simkiss and Wilbur 1989 

Evasterias troschelii High-Mg calcite Star Carnivore Echinodermata Simkiss and Wilbur 1989 

Henricia leviuscula High-Mg calcite Star Carnivore Echinodermata Simkiss and Wilbur 1989 

Idotea sp. High-Mg calcite Isopod Herbivore Idotea wosnesenskii Neues et al. 2007 

Leptasterias hexactis High-Mg calcite Star Carnivore Echinodermata Simkiss and Wilbur 1989 

Ligia sp. High-Mg calcite Isopod Omnivore Idotea wosnesenskii Neues et al. 2007 

Linckia columbiae High-Mg calcite Star Omnivore Echinodermata Simkiss and Wilbur 1989 

Pachycheles Complex High-Mg calcite Crab Herbivore Callinectes sapidus Ries et al. 2009 

Pachygrapsus crassipes High-Mg calcite Crab Omnivore Callinectes sapidus Ries et al. 2009 

Panulirus interruptus High-Mg calcite Lobster Carnivore Homarus americanus Ries et al. 2009 

Petrolisthes sp. High-Mg calcite Crab Herbivore Callinectes sapidus Ries et al. 2009 

Pisaster giganteus High-Mg calcite Star Carnivore Echinodermata Simkiss and Wilbur 1989 

Pisaster ochraceus High-Mg calcite Star Carnivore Echinodermata Simkiss and Wilbur 1989 
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Table A2.1. Mobile calcifying taxa encountered during site surveys across all study sites and years. Survey taxa are 

described to the taxonomic level to which each was identified in the field.  The primary CaCO3 polymorph for each 

survey taxon was determined based on the assumption of the same crystalline form as the corresponding reference 

taxon, as documented in the literature cited. 
 

Survey Taxon 
Primary CaCO3 

polymorph 
Common 
Grouping Trophic role 

Primary Polymorph 
Reference Taxon Reference Literature 

Pugettia sp. High-Mg calcite Crab Omnivore Callinectes sapidus Ries et al. 2009 

Pycnopodia helianthoides High-Mg calcite Star Carnivore Echinodermata Simkiss and Wilbur 1989 

Shrimp Complex High-Mg calcite Shrimp Omnivore Penaeus plebejus Ries et al. 2009 

Solaster dawsoni High-Mg calcite Star Carnivore Echinodermata Simkiss and Wilbur 1989 

Strongylocentratus 
droebachiensis 

High-Mg calcite Urchin Herbivore 
Strongylocentrotus 

droebachiensis 
Chave 1954 

Strongylocentratus 
franciscanus 

High-Mg calcite Urchin Herbivore Echinoidea Shirayama and Thornton 2005 

Strongylocentratus 
purpuratus 

High-Mg calcite Urchin Herbivore Echinoidea Shirayama and Thornton 2005 

Unidentified Crab High-Mg calcite Crab Carnivore Callinectes sapidus Ries et al. 2009 

Amphissa sp. Aragonite Snail Herbivore 
Urosalpinx cinerea, Conus 

californicus 
Ries et al. 2009; Smith 1972 

Astraea sp. Aragonite Snail Herbivore Astraea stellare Wind and Wise 1974 

Bittium eschrichtii Aragonite Snail Herbivore 
Crepidula sp, Cerithidea 
cingulata, Littorinidae 

Chave 1954, Ries et al. 2009, Vita-Finzi and 
McClure 1991, Taylor and Reid 1990 

Ceratastoma foliatum Aragonite Whelk Carnivore Ceratostoma ceratostoma 
Hall and Kennedy 1967 - based on fossil 
record 

Ceratastoma nuttalli Aragonite Whelk Carnivore Ceratostoma ceratostoma 
Hall and Kennedy 1967 - based on fossil 
record 

Cerithidea californica Aragonite Snail Omnivore Cerithidea cingulata Vita-Finzi and McClure 1991 

Conus californicus Aragonite Snail Carnivore Conus californicus Smith 1972 

Crepidula sp. Aragonite Snail Suspension Feeder Crepidula sp Chave 1954, Ries et al. 2009 

Crepipatella lingulata Aragonite Snail Suspension Feeder Crepidula sp Chave 1954, Ries et al. 2009 
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Table A2.1. Mobile calcifying taxa encountered during site surveys across all study sites and years. Survey taxa are 

described to the taxonomic level to which each was identified in the field.  The primary CaCO3 polymorph for each 

survey taxon was determined based on the assumption of the same crystalline form as the corresponding reference 

taxon, as documented in the literature cited. 
 

Survey Taxon 
Primary CaCO3 

polymorph 
Common 
Grouping Trophic role 

Primary Polymorph 
Reference Taxon Reference Literature 

Cryptochiton stellerii Aragonite Chiton Herbivore Polyplacophora Treves et al. 2003 

Cyanoplax hartwegii Aragonite Chiton Herbivore Polyplacophora Treves et al. 2003 

Epitonium tinctum Aragonite Snail Carnivore 
Crepidula sp, Cerithidea 
cingulata, Littorinidae 

Chave 1954, Ries et al. 2009, Vita-Finzi and 
McClure 1991, Taylor and Reid 1990 

Flat Tegula Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Haliotis sp. Aragonite Abalone Suspension Feeder Haliotis sp. Lowenstam 1954 

Hipponix cranioides Aragonite Snail Herbivore 
Crepidula sp, Cerithidea 
cingulata, Littorinidae 

Chave 1954, Ries et al. 2009, Vita-Finzi and 
McClure 1991, Taylor and Reid 1990 

Katharina tunicate Aragonite Chiton Herbivore Polyplacophora Treves et al. 2003 

Lepidochiton Complex Aragonite Chiton Herbivore Polyplacophora Treves et al. 2003 

Macron lividus Aragonite Whelk Carnivore Urosalpinx cinerea Ries et al. 2009 

Margarites Complex Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Maxwellia gemma Aragonite Whelk Carnivore Urosalpinx cinerea Ries et al. 2009 

Mitra idea Aragonite Snail Carnivore 
Urosalpinx cinerea, Conus 

californicus 
Ries et al. 2009; Smith 1972 

Mitrella carinata Aragonite Snail Omnivore 
Urosalpinx cinerea, Conus 

californicus 
Ries et al. 2009; Smith 1972 

Mopalia sp. Aragonite Chiton Herbivore Polyplacophora Treves et al. 2003 

Nassarius mendicus Aragonite Snail Omnivore 
Urosalpinx cinerea, Conus 

californicus 
Ries et al. 2009; Smith 1972 

Norrisia norrisi Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Nuttallina californica Aragonite Chiton Herbivore Nuttalina fluxa Treves et al. 2003 

Ocenebra sp. Aragonite Whelk Carnivore Urosalpinx cinerea, Conus Ries et al. 2009 
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Table A2.1. Mobile calcifying taxa encountered during site surveys across all study sites and years. Survey taxa are 

described to the taxonomic level to which each was identified in the field.  The primary CaCO3 polymorph for each 

survey taxon was determined based on the assumption of the same crystalline form as the corresponding reference 

taxon, as documented in the literature cited. 
 

Survey Taxon 
Primary CaCO3 

polymorph 
Common 
Grouping Trophic role 

Primary Polymorph 
Reference Taxon Reference Literature 

californicus 

Opalia funiculate Aragonite Snail Carnivore 
Crepidula sp, Cerithidea 
cingulata, Littorinidae 

Chave 1954, Ries et al. 2009, Vita-Finzi and 
McClure 1991, Taylor and Reid 1990 

Searlesia dira Aragonite Whelk Carnivore Urosalpinx cinerea Ries et al. 2009 

Small Ribbed Tegula Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Tegula aureotincta Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Tegula brunnea Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Tegula eiseni Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Tegula funebralis Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Tegula gallina Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Tegula like Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Tegula pulligo Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Tegula sp. Aragonite Snail Herbivore Tegula funebralis Smith 1972 

Tonicella lineata Aragonite Chiton Herbivore Polyplacophora Treves et al. 2003 

Trivia solandri Aragonite Snail Herbivore 
Crepidula sp, Cerithidea 
cingulata, Littorinidae 

Chave 1954, Ries et al. 2009, Vita-Finzi and 
McClure 1991, Taylor and Reid 1990 

Velutina Complex Aragonite Snail Carnivore 
Crepidula sp, Cerithidea 
cingulata, Littorinidae 

Chave 1954, Ries et al. 2009, Vita-Finzi and 
McClure 1991, Taylor and Reid 1990 

Acmea mitra Low-Mg calcite Limpet Herbivore Lottia scabra Gilman 2005 

Amphipod Complex Low-Mg calcite Amphipod Herbivore 
Order: Amphipoda: 

Gammaridae: Niphargus 
virei  

Greenaway 1985 
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Table A2.1. Mobile calcifying taxa encountered during site surveys across all study sites and years. Survey taxa are 

described to the taxonomic level to which each was identified in the field.  The primary CaCO3 polymorph for each 

survey taxon was determined based on the assumption of the same crystalline form as the corresponding reference 

taxon, as documented in the literature cited. 
 

Survey Taxon 
Primary CaCO3 

polymorph 
Common 
Grouping Trophic role 

Primary Polymorph 
Reference Taxon Reference Literature 

Cancer sp. Low-Mg calcite Crab Carnivore Cancer pagurus Greenaway 1985 

Caprella sp. Low-Mg calcite Amphipod Omnivore 
Order: Amphipoda: 

Gammaridae: Niphargus 
virei  

Greenaway 1985 

Diodora aspera Low-Mg calcite Limpet Omnivore Diodora apertura Gunatilaka 1975 

Fissurella sp. Low-Mg calcite Limpet Herbivore Fissurella sp. Gunatilaka 1975 

Hemigrapsus nudus Low-Mg calcite Crab Omnivore Hemigrapsus nudus Amato et al. 2008 

Hemigrapsus oregonensis Low-Mg calcite Crab Omnivore Hemigrapsus nudus Amato et al. 2008 

Littorina Complex Low-Mg calcite Snail Herbivore Littorina scutulata Lowenstam 1954, Ries et al. 2009 

Lottia Complex Low-Mg calcite Limpet Herbivore Lottia scabra Gilman 2005 

Lottia gigantean Low-Mg calcite Limpet Herbivore Lottia scabra Gilman 2005 

Lottia instabilis Complex Low-Mg calcite Limpet Herbivore Lottia scabra Gilman 2005 

Lottia on algae Low-Mg calcite Limpet Herbivore Lottia scabra Gilman 2005 

Macclintockia scabra Low-Mg calcite Limpet Herbivore Lottia scabra Gilman 2005 

Megatebennus bimaculatus Low-Mg calcite Limpet Omnivore Fissurella sp. Gunatilaka 1975 

Nucella canaliculata Low-Mg calcite Whelk Carnivore N. lamellosa Nienhuis et al. 2010 

Nucella emarginata/ostrina Low-Mg calcite Whelk Carnivore N. lamellosa Nienhuis et al. 2010 

Nucella lamellose Low-Mg calcite Whelk Carnivore N. lamellosa Nienhuis et al. 2010 
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Table A2.2. Mobile non-calcifying taxa encountered during site surveys across all study sites and years. Survey taxa 

are described to the taxonomic level to which each was identified in the field. 

Taxon 
Common 
Grouping Trophic role 

Anisodoris nobilis Complex Nudibranch Carnivore 

Dermasterias imbricata Star Carnivore 

Diaulula sandiegensis Nudibranch Carnivore 

Gunnel Complex Fish Carnivore 

Nemertean Complex Worm Carnivore 

Nereid Complex Worm Carnivore 

Nudibranch Complex Nudibranch Carnivore 

Phidiana crassicornis Nudibranch Carnivore 

Platyhelminthes Complex Worm Carnivore 

Rostanga pulchra Nudibranch Carnivore 

Sculpin Complex Fish Carnivore 

Gobiosox Complex Fish Omnivore 

Aplysia sp. Nudibranch Herbivore 

Cucamaria sp. Cucumber Herbivore 

Eupentacta quinquesemita Cucumber Suspension Feeder 

Pachythyone rubra Cucumber Suspension Feeder 

Peanut Worm Complex Worm Suspension Feeder 

Velella velella Hydrozoan Suspension Feeder 
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Table A2.3. Sessile calcifying taxa encountered during site surveys across all study sites and years. Survey taxa are 

described to the taxonomic level to which each was identified in the field. The primary CaCO3 polymorph for each 

survey taxon was determined based on the assumption of the same crystalline form as the corresponding reference 

taxon, as documented in the literature cited. 

Survey Taxon 
Primary CaCO3 

polymorph 
Common 
Grouping Trophic role 

Primary Polymorph 
Reference Taxon Reference Literature 

Crustose Corallines High-Mg calcite 
Coralline 

Algae 
Primary Producer 

F: Corallinales, O: 
Corallinaceae 

Biology of the Red Algae,  Cole and Sheath 
(eds.), 1990 

Erect Corallines High-Mg calcite 
Coralline 

Algae 
Primary Producer 

F: Corallinales, O: 
Corallinaceae 

Biology of the Red Algae,  Cole and Sheath 
(eds.), 1991 

Pseudochama exogyra Aragonite Scallop Suspension Feeder P. exogyra Yonge 1967 

Scallop Complex Aragonite Scallop Suspension Feeder P. exogyra Yonge 1967 

Tetraclita rubescens Aragonite Barnacle Suspension Feeder Tetraclita sp. Lowenstam 1964, Bourget 1987 

Balanus glandula Low-Mg calcite Barnacle Suspension Feeder Crustacea Clark and Wheeler 1917, Bourget 1987 

Balanus nubilus Low-Mg calcite Barnacle Suspension Feeder Crustacea Clark and Wheeler 1917, Bourget 1987 

Chthamalus sp. Low-Mg calcite Barnacle Suspension Feeder Crustacea Bourget 1987 

Diaperoecia californica Low-Mg calcite Bryozoan Suspension Feeder D. californica Smith 1972 

Flustrellidra corniculata Low-Mg calcite Bryozoan Suspension Feeder D. californica Smith 1972 

Megabalanus californicus Low-Mg calcite Barnacle Suspension Feeder Crustacea Bourget 1987 

Mytilus californianus Low-Mg calcite Mussel Suspension Feeder M. edulis Lowenstam 1954, Ries et al. 2009 

Mytilus trossulus Complex Low-Mg calcite Mussel Suspension Feeder M. edulis Lowenstam 1954, Ries et al. 2009 

Pollicipes polymerus Low-Mg calcite Barnacle Suspension Feeder Crustacea Bourget 1987 

Semibalanus cariosus Low-Mg calcite Barnacle Suspension Feeder Crustacea Bourget 1987 
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Table A2.4. Sessile non-calcifying taxa encountered during site surveys 

across all study sites and years. Survey taxa are described to the taxonomic 

level to which each was identified in the field. 
 

Taxon 
Common 
Grouping Trophic role 

Anthopleura artemisia Complex Anemone Carnivore 

Anthopleura elegantissima Anemone Carnivore 

Anthopleura sola Anemone Carnivore 

Anthopleura xanthogrammica Anemone Carnivore 

Corynactis californica Anemone Carnivore 

Epiactis prolifera Anemone Carnivore 

Urticina crassicornis Anemone Carnivore 

Balanophyllia elegans Coral Suspension Feeder 

Chelyosoma productum Tunicate Suspension Feeder 

Clavelina huntsmani Tunicate Suspension Feeder 

Colonial Tunicate Complex Tunicate Suspension Feeder 

Leathery Polychaete Tube Suspension Feeder 

Phragmatepoma californica Tube Suspension Feeder 

Pista elongata Tube Suspension Feeder 

Sandy Tube Complex Tube Suspension Feeder 

Sponge Complex Sponge Suspension Feeder 

Solitary Tunicate Complex Tunicate Suspension Feeder 

Styela montereyensis Tunicate Suspension Feeder 

Tunicate Complex Tunicate Suspension Feeder 

Acrosiphonia sp. Green Primary Producer 

Ahnfeltia fastigiata RedBranch Primary Producer 

Alaria marginata BrownLamin Primary Producer 

Analipus japonicus BrownOther Primary Producer 

Botryocladia sp RedBranch Primary Producer 

Bryopsis sp. Green Primary Producer 

Callithamnion sp RedBranch Primary Producer 

Carpopeltis bushiae RedBlade Primary Producer 

Chaetomorpha sp. Green Primary Producer 

Chaetomorpha spiralis Green Primary Producer 

Chondracanthus canaliculatus RedBlade Primary Producer 

Chondracanthus spinosus RedBranch Primary Producer 



 

 

 

 

149 

   

 

Table A2.4. Sessile non-calcifying taxa encountered during site surveys 

across all study sites and years. Survey taxa are described to the taxonomic 

level to which each was identified in the field. 
 

Taxon 
Common 
Grouping Trophic role 

Chondria californica RedBranch Primary Producer 

Chondria nidifica RedBranch Primary Producer 

Cladophora sp. Green Primary Producer 

Clumpy Laurencia RedBranch Primary Producer 

Codiocolax sp. RedEpi Primary Producer 

Codium fragile Green Primary Producer 

Codium hubsii Green Primary Producer 

Codium setchellii Green Primary Producer 

Coeloseira sp. RedBranch Primary Producer 

Constantinea simplex RedBlade Primary Producer 

Costaria costata BrownLamin Primary Producer 

Cryptopleura Complex RedBlade Primary Producer 

Cryptosiphonia woodii RedBranch Primary Producer 

Cumagloia andersonii RedBranch Primary Producer 

Cumathamnion sympodophyllum RedBranch Primary Producer 

Cystoseira osmundea BrownFucoid Primary Producer 

Delesseria sp. RedBranch Primary Producer 

Desmarestia sp. BrownOther Primary Producer 

Diatoms Diatom Primary Producer 

Dictyota Complex BrownBlade Primary Producer 

Dilsea Complex RedBlade Primary Producer 

Ectocarpus Complex BrownOther Primary Producer 

Egregia menziesii BrownLamin Primary Producer 

Eisenia arborea BrownLamin Primary Producer 

Endocladia Complex RedBranch Primary Producer 

Enteromorpha Complex Green Primary Producer 

Epiphytic Porphyra RedBlade Primary Producer 

Erythrocystis saccata RedEpi Primary Producer 

Erythrophyllum sp. RedBlade Primary Producer 

Farlowia Complex RedBranch Primary Producer 

Farlowia compressa RedBranch Primary Producer 

Farlowia conferta RedBranch Primary Producer 

Fleshy Crusts RedCrust Primary Producer 

Fucus sp. BrownFucoid Primary Producer 
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Table A2.4. Sessile non-calcifying taxa encountered during site surveys 

across all study sites and years. Survey taxa are described to the taxonomic 

level to which each was identified in the field. 
 

Taxon 
Common 
Grouping Trophic role 

Gastroclonium coulteri RedBranch Primary Producer 

Gelidium coulteri RedBranch Primary Producer 

Gelidium pusillum RedBranch Primary Producer 

Gigartina Complex RedBlade Primary Producer 

Gigartina exasperata RedBlade Primary Producer 

Gloiopeltis furcata RedBranch Primary Producer 

Gloiosiphonia sp. RedBranch Primary Producer 

Gracilaria Complex RedBranch Primary Producer 

Green Fleshy Crust Green Primary Producer 

Green Turf on Mussels RedEpi Primary Producer 

Gymnogongrus Complex RedBranch Primary Producer 

Halicystis ovalis Green Primary Producer 

Halidrys dioica BrownFucoid Primary Producer 

Halosaccion glandiforme RedOther Primary Producer 

Haplogloia andersonii BrownOther Primary Producer 

Hedophyllum sessile BrownLamin Primary Producer 

Helminthocladia australis RedBranch Primary Producer 

Hesperophycus harveyanus BrownFucoid Primary Producer 

Hildenbrandia sp. RedCrust Primary Producer 

Laminaria sp. BrownLamin Primary Producer 

Large Red Blade Complex RedBlade Primary Producer 

Laurencia blinksii RedBranch Primary Producer 

Laurencia lajolla RedBranch Primary Producer 

Laurencia pacifica RedBranch Primary Producer 

Laurencia snyderiae RedBranch Primary Producer 

Laurencia suboppisita RedBranch Primary Producer 

Leathesia/Colpomenia NA Primary Producer 

Lessoniopsis littoralis BrownLamin Primary Producer 

Macrocystis sp. BrownLamin Primary Producer 

Mastocarpus Complex RedBranch Primary Producer 

Mazzaella affinis RedBranch Primary Producer 

Mazzaella cornucopia RedBlade Primary Producer 

Mazzaella flaccida RedBlade Primary Producer 

Mazzaella heterocarpa RedBlade Primary Producer 
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Table A2.4. Sessile non-calcifying taxa encountered during site surveys 

across all study sites and years. Survey taxa are described to the taxonomic 

level to which each was identified in the field. 
 

Taxon 
Common 
Grouping Trophic role 

Mazzaella leptorhynchos RedBranch Primary Producer 

Mazzaella linearis RedBlade Primary Producer 

Mazzaella splendens RedBlade Primary Producer 

Melobesia marginata RedEpi Primary Producer 

Melobesia mediocris RedEpi Primary Producer 

Microcladia borealis RedBranch Primary Producer 

Microcladia coulteri RedBranch Primary Producer 

Navicula sp. Diatom Primary Producer 

Nemalion helminthoides RedBranch Primary Producer 

Neorhodomela Complex RedBranch Primary Producer 

Nereocystis leutkeana BrownLamin Primary Producer 

Nienburgia Complex RedBranch Primary Producer 

Odonthalia Complex RedBranch Primary Producer 

Opuntiella californica RedBlade Primary Producer 

Osmundea spectabilis RedBranch Primary Producer 

Pelvetiopsis arborescens BrownFucoid Primary Producer 

Pelvetiopsis limitata BrownFucoid Primary Producer 

Petalonia Complex BrownOther Primary Producer 

Petrospongium rugosum BrownOther Primary Producer 

Phyllospadix sp. Grass Primary Producer 

Plocamiocolax pulvinata RedEpi Primary Producer 

Plocamium sp. RedBranch Primary Producer 

Pogonophorella californica RedBranch Primary Producer 

Polysiphonia Complex RedBranch Primary Producer 

Porphyra sp. RedBlade Primary Producer 

Porphyrella sp. RedEpi Primary Producer 

Postelsia palmaeformis BrownLamin Primary Producer 

Prionitis Complex RedBranch Primary Producer 

Prionitis linearis RedBranch Primary Producer 

Pterocladia Complex RedBranch Primary Producer 

Pterosiphonia baileyi RedBranch Primary Producer 

Pterosiphonia sp. RedBranch Primary Producer 

Pterygophora californica BrownLamin Primary Producer 

Ptilota Complex RedBranch Primary Producer 
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Table A2.4. Sessile non-calcifying taxa encountered during site surveys 

across all study sites and years. Survey taxa are described to the taxonomic 

level to which each was identified in the field. 
 

Taxon 
Common 
Grouping Trophic role 

Rhodymenia sp. RedBlade Primary Producer 

Rivularia atra Other Primary Producer 

Sarcodiotheca sp. RedBranch Primary Producer 

Sargassum agardhianum BrownFucoid Primary Producer 

Sargassum muticum BrownFucoid Primary Producer 

Schizymenia Complex RedBlade Primary Producer 

Scinaia confusa RedBranch Primary Producer 

Scytosiphon sp. BrownOther Primary Producer 

Silvetia sp. BrownFucoid Primary Producer 

Smithora sp. RedEpi Primary Producer 

Soranthera ulvoidea BrownOther Primary Producer 

Ulva Complex Green Primary Producer 

Unidentified Blade RedBlade Primary Producer 

Unidentified Branched RedBranch Primary Producer 

Urospora sp. Green Primary Producer 

Zonaria farlowii BrownOther Primary Producer 

 

 

 


