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Abstract 

Increasing levels of CO2 in the atmosphere are rapidly affecting ocean chemistry, leading to 

increased acidification (i.e., decreased pH) and reductions in calcium carbonate saturation state. 

This phenomenon, known as ocean acidification, poses a serious imminent threat to marine 

species, especially those that use calcium carbonate. In this dissertation, I use a variety of 

methods (field-based experiments, surveys, meta-analysis) to understand how marine 

communities respond to both natural and experimental CO2 enrichment and how responses could 

be shaped by species interactions or food availability. I found that ocean acidification influenced 

community assembly, recruitment, and succession to create homogenized, low diversity 

communities. I found broadly that soft-bodied, weedy taxa (e.g., algae and ascidians) had an 

advantage in acidified conditions and outcompeted heavily calcified taxa (e.g., mussels, 

serpulids) that were more vulnerable to the effects of acidification, although calcified bryozoans 

and barnacles exhibited mixed responses. Next, I examined an important hypothesis of context 

dependency in ocean acidification research: that negative responses by calcifiers to high CO2 

could be reduced by higher energy input. I found little support for this hypothesis for species 

growth and abundance, and in fact found that, for some species, additional food supply 

exacerbated or brought out the negative effects of CO2. Further, I found that acidification stress 

can tip the balance of community composition towards invasion, under resource conditions that 

enabled the native community to resist invasions. Overall, it is clear that acidification is a strong 

driving force in marine communities but understanding the underlying energetic and competitive 

context is essential to predicting climate change responses. 
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Lay Summary 

 

Ocean acidification, the change in ocean chemistry caused by carbon dioxide emissions, is one of 

the most serious threats to marine ecosystems. In this thesis, I use both experiments in dock-side 

tanks where I manipulated CO2 concentration in British Columbia and naturally occurring 

volcanic carbon dioxide seeps in the Mediterranean in order to understand the ecological effects 

of ocean acidification. I found that ocean acidification changed animal community assembly 

processes to create simplified communities with decreased biodiversity. I found that acidification 

altered and delayed the developmental trajectory of these communities. My results highlight the 

importance of considering animal communities as a whole, as responses are contingent on the 

interaction between different species. For example, I find that acidification stress can tip the 

balance towards invasive species and is dependent on supply of food item (prey species). 

Overall, it is clear that acidification is a strong driving force in marine communities.   
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Some of the work included in this dissertation has been published or submitted for publication to 
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Bernhardt and Kat Anderson. Joey Bernhardt and I analyzed the data. I managed the database 
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Chapter 1: Introduction 

There are few areas of the ocean that are untouched by direct or indirect anthropogenic impacts 

(Halpern et al., 2015). Coastal ecosystems are in close proximity to human influence and as such 

experience a combination of local, regional, and global stressors. These stressors on biological 

systems, while often unintended and undesired, can be seen as an opportunity to test our 

understanding of how communities and ecosystems work. Ecological communities are complex 

assemblages of interacting species that exist in a defined space and time and can vary in 

taxonomy, abundance, morphology, and function (Morin, 2011). Community ecology aims to 

generalize patterns (e.g., diversity, composition) and processes (i.e. mechanisms to explain 

patterns) by focusing on interspecific interactions, physiological and demographic responses to 

environmental conditions, and neutral or random processes (Jackson & Blois, 2015). By altering 

both patterns and processes within natural communities, local, regional, and global stressors can 

give us insight into what drives and maintains them.   

My thesis addresses the ecological consequences of one of the most serious threats to marine 

ecosystems: ocean acidification (OA). Ocean acidification is the phenomenon by which changes 

in seawater carbonate chemistry occur as a result of increases in atmospheric CO2 from burning 

fossil fuels and subsequent thermodynamic equilibration of CO2 in air and seawater (Doney et 

al., 2009a). Throughout my thesis, I interchange the terms “ocean acidification” and 

“acidification”, but in both cases I am implying CO2-driven acidification, as opposed to 

acidification from other sources (e.g., changes in methane, nitrogen, or sulphur compounds, 

IPCC, 2013). Concentrations of carbon dioxide in the atmosphere have increased from ~280 

parts per million (ppm) in the pre-industrial era (~year 1750) to over 400 ppm today; the oceans 

have buffered this change, by absorbing over a quarter of the CO2 emitted in that time frame 
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(IPCC, 2013). Uptake of CO2 by the ocean decreases ocean pH, reduces carbonate ion 

availability, and in some cases causes undersaturation of seawater with respect to aragonite and 

calcite (Doney et al., 2009a). The different carbonate parameters play different physiological 

roles, but since pH is the most easily measured parameter, here I mainly consider the 

consequences of declines in seawater pH. Ocean acidification describes the direction of pH 

change, as it is predicted that global pH will decline by 0.3 to 0.5 units by the end of the century; 

since pH is on a logarithmic scale the change in one unit represents a change in order of 

magnitude (IPCC, 2013). The urgency of ocean acidification comes not only from the magnitude 

of expected pH change but also the astonishing pace of these changes which is unprecedented in 

geological history over the past 300 million years (Hönisch et al., 2012). With many regions 

already experiencing declines in seawater pH (e.g., the northeast Pacific,  Feely et al., 2008, 

2010; Cai et al., 2011; Wootton & Pfister, 2012), there are concerns that acidification may 

outpace potential acclimatization and adaptation (Sunday et al., 2014). Thus, there is an urgent 

need to understand how organisms and ecosystems will respond to projected acidification.  

I examine the ecological consequences of ocean acidification by focusing on species- and 

community-level responses to ocean acidification using field-based experiments, surveys, and 

meta-analysis. Ecological questions are arguably best addressed in field-based experiments, as 

simplified studies in laboratory settings cannot fully elucidate the processes that underlie 

ecological pattern (Wernberg et al., 2012). In addition to carefully controlled, field-based 

experiments, I use natural CO2 seeps (emitting CO2 for thousands of years as a result of volcanic 

activity, Hall-Spencer et al., 2008) which are a promising forum for exploring the community- 

and ecosystem-level consequences of long-term acidification. Throughout this dissertation, I 

focus on how species interactions, especially competition with invasive species and consumption 
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of available food, can modify response to acidification. The following is a review of the effects 

of ocean acidification on physiological responses and energetics, species interactions, and 

community patterns leading to the specific objectives and hypotheses of my thesis.    

 

1.1. Physiological Response and Energetics 

The biological effects of ocean acidification have been documented for at least 180 marine 

species at various stages of ontogeny (Kroeker et al., 2013a). Although neutral and even positive 

responses have been found, experimental ocean acidification has been shown to decrease 

calcification, photosynthesis, growth, and development across a number of species which likely 

contributes to noted reductions in survival and abundance (Kroeker et al., 2013a). Calcified 

species that use calcium carbonate to build and maintain their shells have been shown, with some 

exceptions, to be overall more sensitive to ocean acidification than non-calcified species 

(Wittmann & Pörtner, 2013). This is likely due to challenges posed by ocean acidification in 

availability of carbonate ions (Doney et al., 2009b), acid-base and ion regulation at sites of 

calcification (Melzner et al., 2009a), and dissolution of carbonate and aragonite (Pickett & 

Andersson, 2015).  

Many of the metabolic pathways to counter increases in CO2 (or [H+]) in extracellular or 

intracellular fluids in order to maintain homeostasis, such as acid-base and ion regulation and 

protein synthesis, are energetically costly (Melzner et al., 2009a; Sokolova et al., 2012; Stumpp 

et al., 2012a). Some of the physiological responses to ocean acidification may therefore be a 

result of energetic trade-offs with basal maintenance costs that increase under stress (Sokolova et 

al., 2012). The biochemical basis for this energetic trade-off is the allocation of energy in the 
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form of ATP, the production of which is limited both by food intake and metabolic rate 

(breakdown of food into ATP) (Pan et al., 2015). While ocean acidification has been shown to 

increase overall ATP production in the short term (Turner et al., 2015; Wang et al., 2017), it also 

can increase the proportion of ATP allocated to protein synthesis and ion regulation from a 

limited ATP pool (i.e. no increase in metabolic rate) (Pan et al., 2015). Further exploration into 

the effects of ocean acidification on energetic uptake, assimilation, and allocation, as well as a 

basic understanding of the metabolic costs of various biological processes (Frieder et al., 2017) 

and the plasticity of metabolic pathways in the face of stress (Pan et al., 2015), is needed to fully 

understand energetics of ocean acidification.  

 

1.2. Species Interactions 

As in many emerging fields, ocean acidification studies initially focused on the most easily 

answered questions, such as organism-level responses to changes in CO2 in the laboratory. While 

documenting physiological sensitivities of a wide range of taxa to ocean acidification and 

providing explanations for differences in response (e.g., interspecific and ontogenetic variation in 

physiology, importance of calcification; Kroeker et al., 2013a; Wittmann & Pörtner, 2013), 

many of these studies do not incorporate important aspects of natural ecosystems, namely other 

species that act as predators, competitors, habitats, or energy sources, all of which can influence 

species sensitivity to environmental conditions and stressors. Species interactions have been 

shown to alter physiological sensitivities: for example, predator-induced behavioural, 

morphological or physiological changes have resulted in changes to thermal performance curves 

(both optimum and maximum temperature) for individuals and populations (Culler et al., 2014; 

Katzenberger et al., 2014; Luhring & Delong, 2016). Further, habitat forming species can alter 
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realized abiotic conditions such that species inside these habitats (e.g., mussel beds, kelp forests) 

experience dramatically different conditions than those on the outside, or on the edge (Frieder et 

al., 2012; Jurgens & Gaylord, 2016). Finally, the realized outcome of environmental change on a 

given species could depend on the physiological sensitivity of another species with which it 

interacts (Kordas et al., 2011). Indeed, response measures from species in community settings 

show more variability, indicating that predictability of species responses might decrease when 

considered in a multi-species context (Hale et al., 2011; Kroeker et al., 2013a). Thus, testing 

sensitivities of species to ocean acidification in a functioning community context is essential to 

improving projections for a species of interest.  

Species interactions can be particularly unpredictable when one species lacks a shared 

evolutionary history with the other, i.e. an introduced species. Invasive species, introduced 

species that have established and spread in a new region (Ricciardi & Cohen, 2007), have been 

recognized as drivers of biodiversity loss and can pose a large and long-term threat to native 

communities (Lodge, 1993; Mainka & Howard, 2010; Sorte et al., 2010). Once established, 

introduced species can have profound effects on community structure; for example, invasive 

species are often exceptional competitors for food and space and thus reduce resources otherwise 

available to native species (Dukes & Mooney, 1999; Stachowicz et al., 1999; Tilman, 2004; 

Dijkstra & Harris, 2009; Grey, 2011). Invaders can also alter fundamental properties of the 

ecosystem including energy flow between trophic groups, benthic-pelagic coupling, nutrient 

cycling, habitat structure, and ecosystem functioning (Vitousek, 1990; Stachowicz et al., 2002a; 

Occhipinti-Ambrogi, 2007; Brook et al., 2008; Walther et al., 2009). Species and community 

responses to environmental variability suggest that there are multiple consequences of climate 

change for biological invasions, notably new introductions via increased transport, propagule 
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pressure, and biotic resistance, and exacerbation of ecological effects of already established non-

native species via changing reproductive phenology, shifting community composition, and 

geographic range shifts (Dukes & Mooney, 1999; Occhipinti-Ambrogi, 2007; Rahel & Olden, 

2008; Walther et al., 2009; Mainka & Howard, 2010). Thus far, ocean acidification has been 

shown to increase the abundance of some invasive species (Vaz-Pinto et al., 2013; Hall-Spencer 

& Allen, 2015) but changes in invasion processes, impact or biotic resistance under acidification 

have not been explored.  

Another form of interaction, consumption, can mediate all aspects of organismal fitness in 

heterotrophs. Under food limitation, energetic allocation can result in trade-offs between basal 

maintenance and fitness-related metabolic processes (Bradley et al., 1991; Sokolova, 2013). 

Sensitivity to environmental stress can therefore be influenced by changes in resource supply via 

changes in energetic allocation (McLean et al., 2015). Since ocean acidification imparts an 

energetic cost on organisms in order to maintain homeostasis (as described above; Sokolova et 

al., 2012; Stumpp et al., 2012b), a number of studies have proposed that sensitivity to ocean 

acidification could be modified by food availability (Edmunds, 2011; Comeau et al., 2013; 

Thomsen et al., 2013; Crook et al., 2013; Drenkard et al., 2013; Hettinger et al., 2013; Pansch et 

al., 2014; Ramajo et al., 2016; Towle et al., 2015; Pan et al., 2015; Ramajo et al., 2015; Maier et 

al., 2016; Büscher et al., 2017). Beyond this hypothesis, which I address in more detail below, 

changes in climate variables (e.g., pH, temperature) alter consumptive interactions in a number 

of ways, such as mismatch in timing of consumer and resource (Winder & Schindler, 2004), 

changes in feeding rate of the consumer (Clements, 2016), changes in palatability or defenses of 

the resource (Arnold et al., 2012; Poore et al., 2013) or changes in abundance or quality of the 

resource (Rossoll et al., 2012). Therefore, disentangling how climate change affects the energetic 
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context of an organism and how this in turn influences the response to climate change will likely 

prove important for improved predictions.  

 

1.3. Community Patterns 

There is growing interest in how the differential responses to changes in pH by various 

taxonomic and life history stages combined with species interactions could produce changes in 

structure, diversity, and function at the community level (Nagelkerken & Connell, 2015). 

Processes such as community assembly, succession, and the maintenance of diversity are 

important at a number of scales: from shaping the niche for a species of interest to setting the 

stage for ecosystem processes. A given species of interest or a whole ecosystem are often focal 

points for management and conservation and therefore community-level studies are necessary for 

linking and broadening our understanding of these levels (Harley et al., 2006; Wernberg et. al., 

2012). To date, substantial changes in algal, seagrass, and benthic invertebrate community 

composition and structure have been demonstrated in response to experimental and natural 

acidification, noting increased dominance of organisms with little dependence on calcification 

and overall drops in species richness (Martin et al., 2008; Dashfield et al., 2008; Hall-Spencer et 

al., 2008; Widdicombe et al., 2009; Porzio et al., 2011; Hale et al., 2011; Kroeker et al., 2011, 

2013b; Hofmann et al., 2012; Alsterberg et al., 2013; Christen et al., 2013; Campbell & 

Fourqurean, 2014; Fabricius et al., 2014; Nogueira et al., 2017; Vizzini et al., 2017). Candidate 

groups of organisms likely to be winners (e.g., fleshy weedy species) and losers (e.g., heavily 

calcified species) in sessile communities have been identified. Planktonic communities, in 

contrast, show mixed responses to elevated CO2: both resistance to acidification (Aberle et al., 

2013; Langer et al., 2017) and substantial changes in abundance and composition (Smith et al., 
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2016; Algueró-Muñiz et al., 2017). Finally, there is limited information on processes that link 

planktonic and benthic invertebrate communities: namely community assembly, settlement, and 

recruitment. For example, both natural and experimental acidification have been shown to 

decrease early recruitment of calcified invertebrates onto artificial substrata, resulting in species-

poor homogenized communities (Kroeker et al., 2013b; Donnarumma et al., 2014; Peck et al., 

2015; Allen et al., 2016; Cox et al., 2017). However, temporal dynamics of settlement and 

implications for subsequent recruitment and succession (Menge & Sutherland, 1987; 

Roughgarden et al., 1988) have yet to be explored in an acidification context.  

 

1.4. Study System 

I addressed questions about community change under ocean acidification using field-based 

marine fouling assemblages. These sessile invertebrate communities colonize anthropogenic 

structures and some natural rock outcroppings. Sessile fauna include colonial and solitary 

tunicates, barnacles, bryozoans, polychaetes, hydroids, and mussels, many of which are filter 

feeders. Marine fouling communities have long been used as model systems for studying patterns 

and processes in communities (e.g., stability, Sutherland, 1974). These quickly developing 

communities are ideally suited to studying recruitment and succession (Chalmer, 1982). Further, 

these communities typically have a high proportion of invasive to native species (Stachowicz & 

Byrnes, 2006), which make them well suited to studying species interactions. 
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1.5. Structure of this Dissertation 

In Chapter 2, I set out to answer the following questions about the ecological effects of ocean 

acidification: 

2.1. Does ocean acidification alter recruitment of fouling species from the plankton? 

2.2. Which biofouling species are winners and losers in the face of ocean acidification? 

Are traits of the winners and losers predictable? 

2.3. Does ocean acidification reduce fouling community diversity and richness? And if 

so, are these changes primarily driven by direct effects of ocean acidification or 

indirect effects (i.e. species interactions)? 

By manipulating CO2 in unique in-situ mesocosms, I captured recruitment and early successional 

dynamics of invertebrate communities from plankton while conserving natural fluctuations in 

environmental variables. I found that high CO2 promoted homogenized, low diversity 

communities.  

For Chapter 3, I moved from mesocosms to naturally acidified volcanic vent sites, where I 

observed the development of fouling communities along a pH gradient and asked if responses to 

the questions from Chapter 2 hold in naturally acidified sites. Specifically:  

3.1. Is order of arrival or subsequent succession between species different at the acidified 

site vs. the control site? 
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3.2. If communities from the acidified site are transplanted to control conditions mid-

succession, do past acidification effects persist, or are they reversed by alleviation of 

CO2 stress? 

Using reciprocal transplants along a shallow water volcanic CO2 gradient in the Mediterranean, I 

assessed the importance of timing and history of OA on patterns of succession and community 

structure. I observed that succession at the acidified site was initially delayed but then caught up 

over the next four weeks. These changes in succession led to homogenization of communities 

maintained in or transplanted to acidified conditions, and altered community structure in ways 

that reflected both short- and longer-term acidification history. These community shifts were 

likely a result of interspecific variability in response to increased CO2 and changes in species 

interactions.  

With this baseline of understanding of changes in communities, I set out to see if energetic 

context could modify the responses to acidification in Chapter 4. I asked: 

4.1. Are the effects of OA and food supply additive? 

4.2. If effects are non-additive, does food addition alleviate the negative effects of 

OA? 

A recent meta-analysis concluded that food supply confers resistance to ocean acidification 

(Ramajo et al., 2016). If true, this has far-reaching implications for how we both understand and 

study OA. In Chapter 4, I addressed this question by improving the meta-analytic methodology 

and updating the relatively small dataset. I first clarified the hypothesis put forward by the 

authors and others, and then examined the available data in a more appropriate framework. I 
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found that for calcification, food addition did indeed reduce CO2 impacts. Surprisingly, however, 

I found that food addition actually exacerbated the effects of acidification on growth, which may 

be due to the increased scope for CO2 effects in food-replete, high-growth situations. There has 

been little consideration beyond the individual level in understanding the relationship between 

food supply and response to acidification. Therefore, in Chapter 5 I set out to answer the 

questions: 

5.1. Do species in a community setting respond to food supply and acidification in 

the same way as in isolation? 

5.2. Does the pattern of interaction between food and acidification change when 

moving from the organismal to the community level?  

In Chapter 5, I examined species and community-level responses to OA and food addition 

(supplementation with one of two species of phytoplankton) in in-situ mesocosms. I used the 

interaction between dominant hydroids and invasive ascidians to illustrate how competition 

might change responses to OA and food addition using data from the experiment and a 

conceptual model. Community level responses reflect both a summation of the species-level 

responses within the community context and traits of the dominant species. Species richness and 

community structure demonstrated that the negative effects of acidification are not overcome by 

food availability. Overall, the proposed hypothesis regarding the ability for food addition to 

mitigate the negative effects of acidification is thus far not widely supported at species or 

community levels. 

Overall in this dissertation, I use novel field-based experiments to show that ocean acidification 

acts throughout the community assembly process to create homogenized, low diversity 
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communities. I found that species interactions, especially with invasive species, are key 

moderators of the effects of acidification and energetic supply. I demonstrated that working 

within the context of a functioning community allows for examination of mechanistic 

underpinning of response to CO2 and is essential in order to improve ocean acidification 

predictions. 
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Chapter 2: Field-based Experimental Acidification Alters Fouling Community 

Structure and Reduces Diversity 

 

2.1. Introduction 

Climate change, largely attributed to the rapid increase in atmospheric carbon since the industrial 

revolution, is having a considerable impact on marine ecosystems (Hoegh-Guldberg & Bruno, 

2010). Predicted consequences of greenhouse gas emissions range from alterations of ocean 

currents, upwelling patterns and storm frequencies, to salinity changes, increased temperatures, 

and changes in ocean chemistry (IPCC, 2013). Among climate change impacts, changes in the 

carbonate chemistry of the global ocean, or ocean acidification (OA), may be one of the most 

important for ecological systems (Halpern et al., 2008). Ocean pH is declining at a rate 

unobserved in the fossil record over the past 300 million years (Hönisch et al., 2012). While 

global surface ocean pH is predicted to decline by 0.3 to 0.5 units by the end of the century 

(IPCC, 2013; Doney et al., 2014), in some regions the rate of change may be faster due to shifts 

in upwelling intensity, eutrophication, or freshwater inputs (e.g., the northeast Pacific,  Feely et 

al., 2008, 2010; Cai et al., 2011; Wootton & Pfister, 2012). In regions currently experiencing 

elevated CO2 conditions, environmental suitability for some marine organisms may already be 

declining (e.g., pteropods in the California Current Ecosystem; Bednaršek et al., 2014).  

Over the past decade, experimental research has largely focused on organismal responses to OA. 

Effects on multiple performance metrics, including metabolic rate, growth, development, 

behaviour, and overall survival have been documented for a wide diversity of species 

(Widdicombe & Spicer, 2008; Dupont & Thorndyke, 2009; Kroeker et al., 2013a; Wittmann & 

Pörtner, 2013). Documented effects of OA range from negative to neutral and even positive, 
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depending on interspecific and ontogenetic variation in physiology and the cost of and reliance 

on calcified structures (Kroeker et al., 2013a; Wittmann & Pörtner, 2013). Because there is 

considerable variation in responses among species, there is growing interest in how the 

differential responses to changes in pH among and within species could influence community 

diversity, structure, and function. Importantly, OA could modify outcomes of competition, 

predation, and facilitation through effects on population growth rate, resource availability, 

production and efficacy of defensive structures, and behaviour among other factors (Leduc et al., 

2013; Sanford et al., 2014; Gaylord et al., 2015). Multi-species approaches are urgently needed 

to better understand how acidification will influence species interactions and cascading indirect 

effects at the community and ecosystem scale (Godbold & Solan, 2013).   

Community-scale questions are arguably best addressed in field-based (e.g., shallow subtidal 

CO2 vents) or pseudo-field-based (e.g., flow through-mesocosms) systems that encompass 

biological and physical complexities of the natural environment (Wernberg et al., 2012; Stewart 

et al., 2013). Recent experiments in field-based mesocosms show changes in community 

structure in seagrass (Campbell & Fourqurean, 2014) and phytoplankton communities (Schulz et 

al., 2013) following exposure to elevated CO2. Work in CO2 vent systems has demonstrated CO2 

effects on successional patterns (Kroeker et al., 2013b, 2013c; Porzio et al., 2013) and algal 

community structure (Kroeker et al., 2011; Porzio et al., 2011; Johnson et al., 2013). Vent sites 

are often dominated by species with little reliance on calcification, and are often lower in 

diversity and complexity than nearby reference sites (e.g., Hall-Spencer et al., 2008; Fabricius et 

al., 2014). These vent studies provide insight into the potential consequences of long-term 

acidification, including shifts in species interactions (Garrard et al., 2014) and local adaptation 

(Kroeker et al., 2013c).  
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One important determinant of species interactions and community structure is the dynamics of 

settlement and recruitment (Menge & Sutherland, 1987; Roughgarden et al., 1988). Although 

many studies to date identify species and community responses to acidification, most lack 

information on community assembly (i.e., settlement and recruitment). A few studies have 

followed recruitment and development of juveniles spawned from adults during laboratory 

acidification experiments (e.g., coralline algae, Roleda et al., 2015, oysters, Parker et al., 2012). 

Only a small number of studies have addressed recruitment under acidified but otherwise natural 

conditions.  Both Kuffner et al. (2007) and Jokiel et al. (2008) showed decreased recruitment of 

crustose coralline algae as a result of experimental HCl acidification in flow-through mesocosms 

(but see Gattuso et al. (2011) for reasons why HCl addition is an imperfect proxy for OA). 

Milazzo et al. (2014) found that transplanted vermetid gastropods had fewer successful brooded 

recruits in elevated CO2 areas at a natural CO2 vent site, due to poor attachment related to 

dissolution of settlement discs. Peck et al. (2015) measured colonization of Mediterranean 

microalgal and invertebrate biofouling organisms onto both pre-colonized and bare polyethylene 

pipes in flow-through tanks with filtered water supplied from a nearby lagoon. They found 

reduced numbers of spirorbid worms and higher abundance of diatoms and filamentous algae 

under acidified conditions. Although these studies hint at the potentially broad significance of 

acidification for settlement and recruitment processes, there is little information on the direct 

effect of experimentally manipulated CO2 concentration on the development of invertebrate 

communities from plankton in natural settings. Realistic field experiments that allow for natural 

recruitment dynamics are a necessary step forward for developing accurate climate change 

predictions for marine benthic communities. 
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In this study I tested how experimental acidification affects community diversity and structure in 

the context of a naturally recruited community.  Specifically, I manipulated CO2 concentration in 

field-based, flow-through mesocosms that supported fouling communities composed of both 

calcified and non-calcified taxa. I hypothesized that ocean acidification would affect community 

structure both by directly altering settlement and growth of sensitive organisms (Wittmann & 

Pörtner, 2013) and by indirectly altering survival of one organism via the success of another (i.e., 

a competitive effect, McCormick et al., 2013a). In particular, I expected the settlement and 

growth of calcifying organisms to be more susceptible to low pH than soft-bodied organisms 

(Kroeker et al., 2013a; Wittmann & Pörtner, 2013). I predicted that these acidification-driven 

changes in recruitment and competition might shift the community as a whole from an 

assemblage with a diverse range of calcified species, to an assemblage containing a reduced 

number and proportion of calcified species (as seen at vent sites, e.g., Kroeker et al., 2013c). 

These changes in composition and structure could drive corresponding reductions in overall 

richness and diversity, especially if uncompensated by increases in non-calcified species. If the 

predicted community changes are driven mainly by acidification effects on recruitment from 

larvae, then I expect the signal to be detectable early on in the experiment. In contrast, if the 

community responses to CO2 are driven by sensitivity of recruited juveniles or changes in 

species interactions, then I would expect community responses to emerge only later on in the 

experiment.  
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2.2. Materials and Methods 

2.2.1. Study Site and Species 

Experiments were conducted at the Reed Point Marina in Port Moody, British Columbia 

(49°17′31′′N, 122°53′25′′W). The marina is located near the sheltered eastern terminus of 

Burrard Inlet. The site is seasonally brackish with salinities ranging from 16 ppt in late spring to 

26 ppt in winter due to seasonal patterns in precipitation, snowmelt, and inputs from local 

streams and rivers (Thomson, 1981). The experiments were conducted over a ten-week period 

(25 July 2012 to 3 October 2012). Manipulations involved the sessile, invertebrate-dominated 

community that colonizes the undersides of anthropogenic structures and some natural rock 

outcroppings, which is widely referred to as the marine fouling community. Species found in the 

fouling community at this site included bryozoans (Membranipora membranacea Linnaeus 

1767), mussels (Mytilus trossulus Gould 1850), hydroids (Obelia dichotoma Linnaeus 1758), 

barnacles (Balanus crenatus Bruguiere 1789), and ascidians, both native (Corella inflata 

Huntsman 1912) and introduced (Botryllus schlosseri Pallas 1776).  

2.2.2. Experimental Set-up 

The ten-week experiment was conducted in a novel field-deployed flow-through mesocosm 

system. Twenty-four polyethylene mesocosms (52 L, 55 x 39 x 33 cm) were deployed between 

two floating docks and each mesocosm was partially submerged such that ~ 5 cm of the 

mesocosm container remained above water (Fig. 2.1). Individual aquarium pumps (Eheim 600 

Compact, Germany) with intakes at 1 m depth continuously supplied unfiltered seawater from 

below each mesocosm at a rate sufficient to replace the volume of the mesocosm approximately 
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four times per hour (~ 4 L min-1). The use of continuously flowing seawater in semi-submerged 

mesocosms preserved the natural temporal variation in pH, temperature, and salinity experienced  

 

Fig. 2.1. Photographs and schematic of the experimental mesocosms and tiles. Seawater is 

pumped in from 1 m depth and then overflows over the top of the mesocosm with a ~15 min 

turnover rate. Air or CO2 enriched air was continuously bubbled into each mesocosm to maintain 

treatment differences.  

 

In Port Moody. All pumps were equidistant to the source communities along the undersides of 

the docks. Each mesocosm had a clear lid to retain natural diel light cycles and to minimize the 

off-gassing of CO2. Mesocosm walls were scraped clear weekly to avoid diatom buildup, which 

along with associated bacterial buildup, might have influenced oxygen consumption and nitrate 

production. The mesocosms were randomly assigned to one of two treatments: ambient or 

elevated CO2.  In the ambient CO2 treatment, air was bubbled in via an air compressor (GAST 
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Inc) at ~1.67 L min -1. In the elevated CO2 treatment, a compressed 80% CO2: 20% O2 mix was 

bubbled in at ~0.035 L min -1 in addition to air at ~1.67 L min-1. This created a 680 ppm 

difference in dissolved CO2 in seawater between treatments which is within projections for the 

year 2100 (IPCC, 2013). Seawater within the mesocosms was well mixed and pH did not vary 

with space inside the tanks. Mass flow controllers and gang valves were used to control the 

volume of air entering each mesocosm and wooden airstones created fine bubbles for rapid 

equilibration. The mesocosms were continuously supplied with these air sources except for two 

occasions due to system failure where the tanks were without aeration for periods ≤ 48 hours. To 

avoid changes in water flow, the pump water intakes were cleaned every 3 to 4 days.  

Temperature and salinity were measured (Yellowstone Scientific Instruments Model 85, 

Montana USA) in each mesocosm and the adjacent marina at least twice per week at midday. 

Weekly pH measurements were taken at midday (Oakton 6 pH meter, Oakton Instruments, 

Illinois USA), calibrated using National Bureau of Standards (NBS) buffers. NBS buffers are not 

specifically designed to be used for calibration of pH meters for seawater measurement and can 

result in pH measures with accuracy of +/- 0.05 pH. Many others have used this technology, 

accepting the associated loss of accuracy (e.g., Wootton & Pfister 2012, Sanford et al., 2014). A 

water sample from each mesocosm was taken once per week and preserved with mercuric 

chloride for dissolved inorganic carbon (DIC) analysis following procedures in Dickson (2007) 

(Dissolved Inorganic Carbon Analyzer model AS-C3 Apollo SciTech Inc. Bogart, Georgia 

USA). The DIC and pH measurements were used to estimate the remaining parameters of the 

carbonate system using the CO2SYS program (Pierrot et al., 2006) with dissociation constants 

from Millero (2010) and Dickson (1990).  

http://www.nist.gov/pml/wmd/pubs/nbs.cfm
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Each mesocosm contained two roughened PVC tiles (14.5 cm x 14.5 cm, N=46) that served as 

recruitment surfaces. Tiles were weighted and suspended side by side in each mesocosm, with 

the recruitment surface facing down. Over the course of the experiment, propagules of fouling 

organisms were allowed to settle naturally on the tiles. Each tile was photographed once per 

week. Photographs were analyzed for percent cover of all species by overlaying a grid of 100 

points. The number of mussels, barnacles, and bryozoan colonies on each tile were quantified 

from photographs at the final (week 10) sampling date. I further classified bryozoans and 

barnacles as alive or dead/senescent; barnacles were determined to be dead if their test was 

empty and bryozoans were categorized as senescing if the test appeared to be dissolving, part of 

the natural seasonal attrition for this species. I also measured the size of the largest barnacle on 

each tile at the 10th week and the size of the three largest bryozoan colonies from weeks 0 to 4, 

before overlap began to affect colony growth, shape, and size. One randomly selected tile from 

each mesocosm was preserved in 3% formalin for fine-scale species identification; organisms 

were identified to the lowest taxonomic unit possible in the laboratory under a dissecting 

microscope. All intact mussels from these preserved tiles were photographed to determine a size 

spectrum for mussels on each tile (method verified with calipers to ensure accuracy). All 

photographic analyses were conducted in ImageJ (Schneider et al., 2012). The mussels from 

each tile were then dried for 48 hours and weighed together. One mesocosm out of the 24 

initially deployed was excluded from analysis due to consistent pump failure throughout the 

experiment; therefore, the final sample size was 23 (ambient conditions, n=11; elevated CO2, 

n=12). 
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2.2.3. Statistical Analyses 

To test my hypothesis about changes in community structure, permutational routines were 

performed on the data to understand multivariate community structure (using PERMANOVA, 

permutational multivariate analysis of variance) and community dispersion (using PERMDISP, a 

test for homogeneity of multivariate dispersions). As a percent cover of a given species is 

ecologically different than a percent cover of the next, all variables (i.e., species) were 

standardized by total percent cover of that species across tiles, putting abundances on the same 

scale. Next, I calculated a Bray-Curtis resemblance matrix on the standardized data. The 

PERMANOVA routine used the BC matrix to compare community structure, using 9999 

permutations and a type III sum of squares. To compare dispersion (i.e., variability) among the 

two tiles within mesocosms between treatments, I first calculated a resemblance matrix among 

centroids for mesocosms using Euclidean distance and then used the PERMDISP routine. To 

compare dispersion among tiles, ignoring mesocosms, between treatments I used PERMDISP on 

the BC matrix. All multivariate community analyses were conducted in PRIMER 6.0 (PRIMER-

E, Ivybridge, UK). 

The effect of acidification on the percent cover of each species (using the average % cover for 

the two tiles) and on size of bryozoan colonies (using the average size of 3 bryozoan colonies per 

tile, averaged across the two tiles in each mesocosm) over time was determined using repeated 

measures ANOVAs in JMP 10.0 (SAS Institute, Cary, North Carolina, USA). The majority of 

the data was normally distributed (within species, treatment and a given time point) and as 

RMANOVAs are typically robust against violations of normality (Vallejo et al., 2010), I chose 

not to perform transformations to this dataset. RMANOVAS do require compound symmetry or 

sphericity and I tested for this using Mauchly’s test. If sphericity was found to be violated, I used 
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the Greenhouse-Geisser correction (Field, 2013). I used generalized linear mixed-effects models 

(GLMMs) to analyze photographic data from both tiles in each mesocosm (i.e., the tile was the 

level of replication), with mesocosm included as a random effect (glmmADMB package, Skaug 

et al. 2013). Specifically, I used GLMMs to test for an acidification effect on the number of 

bryozoans, mussels, and barnacles at the end of the experiment, and for differences in the relative 

proportion of senescent bryozoans and dead barnacles. I graphically assessed the distribution fit 

using probability plots in R and then used the most appropriate distribution in analysis using 

GLMMs. The numerical response variables were assumed to be Poisson distributed and the 

mortality proportions were treated as binomial responses.  

GLMMs were also used to test for the effect of acidification on the size of the largest barnacle 

assuming a gamma distribution for the response. A gamma distribution was also assumed when 

analyzing the effect of acidification on the overall size of mussels and the largest 5% of mussels 

from a single preserved tile from each mesocosm. I used Generalized Linear Models (GLMs) 

with assumed gamma distributions to analyze the effect of acidification on size of the single 

largest mussel and gamma-corrected variance of mussel size per tile. To analyze the effect of 

acidification on the summed dry biomass of the preserved mussels, I used quantile regression 

(QR) of the median (tau = 0.5) because GLMs using a calculated mean of this measurement had 

heterogenous residuals that could not be resolved, and QR does not require homogeneity of the 

residuals (see Cade & Noon, 2003).  
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2.3. Results 

2.3.1. Seawater Parameters  

DIC and pH naturally fluctuated through time but communities in the elevated CO2 treatment 

experienced consistently lower pH over the course of the experiment than those in the ambient 

treatment (∆pHNBS = 0.35, Table 2.1, Fig. 2.2a). Temperature also fluctuated during the 

experimental period and ranged from a peak of 20.4°C in August down to 13.1°C in October 

with a negligible difference between treatments (∆temperature = 0.04°C; Fig. 2.2b). Salinity 

increased slowly throughout the experimental period from a minimum of 17.5ppt in July to  

 

 

 

 

 

 

 

 

Table 2.1. Seawater carbonate chemistry in ambient (n=11) and elevated (n=12) CO2 treatments. 

Mean midday values averaged over time from July 25th – Oct 3, 2012. Asterisks indicate 

calculated values in the CO2-SYS program (Pierrot et al., 2006). 
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Fig. 2.2. Mean water (a) pHNBS, (b) temperature, and (c) salinity in elevated CO2 and ambient 

mesocosms over the course of the experiment. Error bars represent standard error. 

 

25.3ppt in October; there was little difference between treatments (∆salinity = 0.01; Fig. 2.2c). 

Environmental conditions in ambient mesocosms were broadly similar to source water at 1 m 

depth, although the mesocosms were half of a degree cooler and slightly less acidic (∆pHNBS = 

+0.08, ∆temperature = -0.49°C, ∆salinity= -0.17ppt). 
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2.3.2. Community Responses 

Acidification significantly altered community structure after 10 weeks (PERMANOVA, Bray 

Curtis Similarity, pseudo-F=4.26, P=0.006; Fig. 2.3) primarily due to differences in abundances 

of sessile species. This response could be a result of the finding that communities that developed 

under elevated CO2 conditions were less variable than those under ambient conditions, both 

among the two tiles within each mesocosm (PERMDISP, F=6.56, P=0.038, Fig. 2.3), and 

among tiles across all mesocosms (PERMDISP, F=6.56, P=0.046).  

 

 

Fig. 2.3. MDS plot showing the relationship between communities in elevated CO2 conditions 

(n=24 tiles nested within 12 mesocosms) and ambient conditions (n=22 tiles nested within 11 

mesocosms) after 10 weeks. PERMANOVA, Bray Curtis Similarity, P=0.006.  
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Shannon’s diversity index (which incorporates the number and relative abundances of living 

species) was significantly lower in the elevated CO2 treatment compared to ambient conditions 

and was over 40% lower by the 10th week (Fig. 2.4a; MANOVA, Treatment F=19.8, P=0.0002, 

Time F=16.0, P<0.0001, Time*Treatment F=3.8, P=0.044). Conversely, species richness 

increased over time but did not differ between treatments (Fig. 2.4b; MANOVA, Treatment 

F=0.10, P=0.76, Time F=28.09, P<0.0001, Time*Treatment F=1.12, P=0.34), indicating that 

there were similar numbers of species in both treatments but the relative abundances of the 

species within a treatment differed, i.e. dominance increased under acidification.  

 

 

 

Fig. 2.4. Shannon’s diversity (a) and species richness (b) in elevated CO2 and ambient 

mesocosms over time. Error bars indicate standard error.  
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2.3.3. Species-specific Responses 

As organisms recruited to the tiles, the amount of space occupied rose from 0% to 80% in 10 

weeks, with no difference between treatments in total space occupied by the communities 

(RMANOVA, Treatment F=0.67, P=0.42, Time F=483.21, P<0.0001, Time*Treatment 

F=0.42, P=0.63). In both treatments, the bryozoan Membranipora membranacea was the 

dominant space-holder, covering about 60-70% of the tiles by the 10th week, while mussels 

Mytilus trossulus contributed ~25% cover at their peak (Fig. 2.5).  

 

 

Fig. 2.5. Percent cover of Mytilus trossulus (a), Obelia dichotoma (b), Membranipora 

membranacea (c), and Balanus crenatus (d) in elevated CO2 and ambient mesocosms over time. 

Error bars indicate standard error.  
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Barnacles and hydroids occurred in low numbers on almost all tiles, while both colonial and 

solitary tunicates occurred in low numbers on only a few tiles. Mussel cover was initially similar 

between treatments, but differences among treatments began to emerge after several weeks and 

mussel cover was decidedly lower in the elevated CO2 treatment over the second half of the 

experiment (RMANOVA, Treatment F=12.31, P=0.0021, Time F=67.48, P<0.0001, 

Time*Treatment F=6.01, P=0.0008, Fig. 2.5a). After 10 weeks, mussel cover had decreased by 

almost 40% and there were over 30% fewer mussels recruited per tile in the elevated CO2 

conditions compared to ambient conditions (GLMM, z=-2.37, P=0.018, Appendix A, Fig. 

S.2.1a). Acidification did not alter the average size of mussels per tile (GLMM, z=-0.86, P= 

0.39, Appendix A, Fig. S2.2a), nor the size of the largest 5% of mussels per tile (GLMM, z=-

1.58, P=0.11, Appendix A, Fig. S.2.2b), but did reduce the size of the single largest mussel on 

each tile (GLM, z=2.32, P=0.031, Appendix A, Fig. S2.2c). The variance of mussel size per tile 

was not different between treatments (GLM, z=0.98, P=0.34, Appendix A, Fig. S2.2d), nor was 

the summed dried biomass of mussels (QR (tau=0.5), t=-0.052, P=0.96, Appendix A, Fig. 

S2.1b). 

Total cover of the hydroid Obelia dichotoma remained low throughout the experiment (averages 

between 0 and 1.5 %). Nevertheless, cover of hydroids was significantly reduced by the end of 

the experiment in the elevated CO2 treatment (RMANOVA, Treatment F=6.21, P=0.021, Time 

F=4.87, P=0.011, Time*Treatment F=4.30, P=0.018, Fig. 2.5b).  

Bryozoan colonies covered more space under acidified conditions over the course of the 

experiment with differences becoming apparent after six weeks (RMANOVA, Treatment 

F=5.19, P=0.033, Time F=470.54, P<0.0001, Time*Treatment F=4.91, P=0.015; Fig. 2.5c). 

By the 10th week, colonies in the elevated CO2 treatment covered 10% more of the total space 
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than those in the ambient treatment (71% and 61%, respectively). At the 10th week, there were 

similar numbers of healthy (non-senescent) bryozoan colonies per tile in both treatments (mean 

18.1 vs. 20.9 for ambient and elevated CO2, respectively; GLMM, z=0.98, P=0.33; Appendix A, 

Fig. S2.3a) but there were fewer senescing colonies in the ambient CO2 treatment (mean 0.9 vs. 

2.3; GLMM, z=3.33 P=0.0009; Appendix A, Fig. S2.3b). The proportion of senescent bryozoans 

in the elevated CO2 treatment was more than double that in ambient conditions (mean 5.0 % vs. 

10.9% for ambient and elevated, respectively; GLMM, z= 2.91, P=0.0036). The size of young 

M. membranacea colonies was not different between treatments over the first four weeks 

(RMANOVA, Treatment F=0.42, P=0.66, Time F=516.41, P<0.0001, Time*Treatment 

F=0.74, P=0.39, Appendix A, Fig. S2.3c). After 4 weeks, colonies began to collide and compete 

for space, and growth could no longer be reliably quantified.   

Acidification had no effect on barnacle Balanus crenatus percent cover over time (RMANOVA, 

Treatment F=0.31, P=0.58, Time F=28.53, P<0.0001, Time*Treatment F=1.09, P=0.34, Fig. 

2.5d), number of live barnacles (GLMM, z=0.71, P=0.48, Appendix A, Fig. S2.4a), number of 

dead barnacles (GLMM, z=1.95, P=0.051, Appendix A, Fig. S2.4b), nor the proportion 

barnacles that had died by the end of the experiment (GLMM, z=1.42, P=0.15). Furthermore, 

maximum barnacle size after 10 weeks was not affected by acidification (GLMM, z=0.05, 

P=0.96, Appendix A, Fig. S2.4c). 
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2.4. Discussion 

I demonstrated that an experimental increase in CO2, with the accompanying reduction in 

seawater pH, can result in significant shifts in community diversity and structure. In addition to 

changes in community structure (nMDS), elevated CO2 reduced community variability 

(permDISP), resulting in more similar biofouling communities from one experimental tile to the 

next both among and within the acidified mesocosms. This indicates that there was a wider 

variety in the potential assemblages that could form under ambient conditions, whereas the 

potential community outcomes for any given tile under acidification was more restricted. The 

observed community structural changes were primarily attributable to differences in relative 

abundances of recruited species, as species richness and total use of free space were similar 

between treatments. The communities under acidified conditions typically had lower abundances 

of mussels and hydroids (three-dimensional and erect) and higher abundance of bryozoans (flat, 

primarily two-dimensional) compared to communities in ambient conditions. These community 

level changes could be the sum of both direct impacts on recruitment, growth, and space 

occupancy of single species and any indirect effects of CO2 resulting from shifts in interactions 

among species (Garrard et al., 2014; Gaylord et al., 2015). Fouling communities have a long 

history of use as model systems for studying emergent community patterns (e.g., stability, 

Sutherland, 1974) and although community structure and composition can be sensitive to 

environmental conditions including temperature and salinity (Dijkstra et al., 2010; Needles & 

Wendt, 2013), information on the effects of OA on fouling communities remains limited. To 

date, only a single study has specifically examined OA effects on a fouling community; Peck et 

al. (2015) monitored colonization of Mediterranean fouling species into indoor mesocosms that 

maintained stable (as opposed to naturally fluctuating) pH, temperature, food, and regular cycles 
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of light. Notably, they found that community composition changed significantly under 

acidification, with lower cover of calcified spirorbids and increased cover of soft-bodied 

ascidians under low pH conditions  (Peck et al., 2015).  

 

2.4.1. Efficacy of CO2 Manipulations 

Whole-community manipulations provide insight for a suite of ecological properties including 

the effects of OA on single species within a community context, on the outcome of species 

interactions, and on community-level measures like diversity and function. Several community-

level OA studies have taken advantage of either the feasibility and degree of control offered by 

the laboratory setting (Dashfield et al., 2008; Russell et al., 2009; Widdicombe et al., 2009; Hale 

et al., 2011; Hofmann et al., 2012), or the natural setting of existing spatial pH gradients at 

volcanic vent sites  (Kroeker et al., 2011, 2013b, 2013c, Porzio et al., 2011, 2013; Johnson et al., 

2013). However, both the lack of realism in laboratory studies and extremely high temporal 

variability in pH (Hofmann et al., 2011; Kroeker et al., 2011), issues with pseudoreplication 

(Wernberg et al., 2012), and potential for confounding with other biologically important factors 

(e.g., metal contamination, Boatta et al., 2013) at vent sites pose notable problems.  

Some of the weaknesses of laboratory and vent studies can be overcome with properly replicated 

field-based approaches, which are increasingly viewed as essential to progressing experimental 

marine climate science (Wernberg et al., 2012). Field-based mesocosm experiments can 

incorporate natural variability in pH, which is important for capturing realistic responses from 

organisms with high plasticity (Shaw et al., 2013a; Johnson et al., 2014). In my experiment, the 

CO2 manipulation reduced pH by ~0.35 pH units, a shift similar to that predicted to occur by the 

end of this century (0.3 – 0.5 pH units, IPCC, 2013) and already within the range of shallow 
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water (< 10 m) variation in coastal systems – including coastal British Columbia – due to inputs 

from coastal runoff, primary production / respiration, and upwelling (Feely et al., 2008; 

Bednaršek et al., 2014). Natural fluctuations in pH, temperature, and salinity were conserved in 

the mesocosms and for these environmental parameters, the water in ambient mesocosms was 

very similar to source water. Furthermore, the natural setting and length of my experiment 

allowed us to capture seasonal (summer to autumn) change in organism response to CO2 

(Godbold & Solan, 2013; Campbell & Fourqurean, 2014). 

There are, of course, limitations to experimental manipulation in mesocosms. Reference tiles 

placed outside the mesocosms developed with similar trajectories and species compositions, 

although higher biomass, than those inside the mesocosms (N. Brown pers. obs.). Water flow in 

the mesocosms did not mimic natural hydrodynamics of the marina; communities outside the 

mesocosms likely experience higher average mass flux rates and tidally-driven variation in 

current velocities not present within the mesocosms. Lower flow rates within mesocosms may 

have reduced larval supply and phytoplankton delivery, potentially limiting recruitment, growth, 

and survival of recruiting species. In addition, bubbling within the mesocosms could have 

affected settlement or development of some species. Furthermore, because acidification only 

occurred within the confines of the mesocosm, both propagules and food entering the mesocosms 

were not exposed to high CO2 prior to their arrival, and as such the effects of acidification on the 

settlement process and food quality may not be fully captured. Finally, my relatively short-term 

experiment necessarily exposed organisms to acute changes in pH and did not take into account 

transgenerational effects of CO2 nor the potential for adaptation, both of which are important for 

making realistic predictions about species response to climate change (Sunday et al., 2014; 

Rodríguez-Romero et al., 2015). In all field experiments, there is a tradeoff between realism and 
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feasibility and despite some limitations, my design allows us to observe natural community 

assembly under manipulated but naturally varying conditions.  

 

2.4.2. Direct and Indirect Effects of CO2 on the Community 

One of the most ecologically important calcified taxa in northeast Pacific fouling communities 

are mussels in the genus Mytilus. Although mussels have heavily calcified shells, research on the 

effects of OA on Mytilus spp. has yielded mixed results, suggesting that there may be species, 

population, and ontogenetic differences in growth responses to ocean acidification within the 

genus. There is evidence that acidification slows somatic growth rates in both M. trossulus and 

closely related M. edulis, M. californianus, and M. galloprovincialis larvae (Kurihara et al., 

2008; Gazeau et al., 2010; Gaylord et al., 2011; Sunday et al., 2011) and scope for growth and 

weight in juvenile M. chilensis (Navarro et al., 2013; Duarte et al., 2014). However, some 

studies found neutral (M. galloprovincialis, Range et al., 2012) or positive effects of 

acidification on somatic growth rates of Mytilus juveniles (M. edulis, Thomsen et al., 2013). In 

my experiments I did not find differences in biomass, nor size of juvenile M. trossulus (both 

average size and size of the largest 5%) that recruited into the mesocosms. The single largest 

mussel from each mesocosm was significantly smaller in the elevated CO2 treatment, indicating 

that pH-driven size limitation might still be important, at least at the upper limits of growth for 

this species. However, the ecological relevance of this result is questionable, especially given 

that there is a higher probability of finding a large individual on a tile with more mussels (i.e., in 

the control treatment, which tended to have more mussels). Given the ecological importance of 

Mytilus spp. (Buschbaum et al., 2009), a better understanding of how mussels will perform in the 

face of OA in the field is a research priority.  
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There were significantly fewer mussels in the elevated CO2 treatment than in the ambient 

treatment after six weeks and continuing until the end of the experiment. This pattern may have 

been due to pre-settlement impairment of larvae, pre-settlement avoidance based on chemical 

cues emitted from settled organisms after the sixth week, and/or early post-settlement mortality 

of juveniles. Although residence time of larvae may not have been sufficient to result in 

physiological impairment (water turnover time ~15 minutes), settlement rates could have been 

reduced in larvae unable to recover from the acute pH shock. Under a longer larval exposure 

period I might expect to see settlement effects on larvae and carry-over effects on recruitment 

(Ross et al., 2011). Indirect effects may also have been important; settling larvae are often 

sensitive to the resident community (Osman & Whitlach, 1995), which shifted due to 

acidification, and ocean acidification can affect larval settlement behavior (e.g., in corals) via 

response to altered chemical cues from settlement substrates with associated microbial 

communities (Doropoulos et al., 2012a; Doropoulos & Diaz-Pulido, 2013; Webster et al., 2013).  

Early mortality of juveniles likely contributed to the observed reduction in recruitment, as peak 

mussel recruitment occurred before differences between treatments became apparent and mussels 

in both treatments declined in numbers after this point (N. Brown, pers. Obs.). This mortality 

could be due to detachment, as some studies have noted byssal threads of attached mussels 

weakening and breaking in response to OA (O’Donnell et al., 2013). The response to elevated 

CO2 during the second half of the experiment could also reflect seasonal change in the 

interaction between CO2 and other environmental factors (Reum et al., 2014; Breitburg et al., 

2015). Shifts in temperature (Harvey et al., 2013), hypoxia (Gobler et al., 2014), salinity (Zhang 

et al., 2014), and food availability (Thomsen et al., 2013) can all modulate the sensitivity of 

organisms to acidification. Seasonal changes in these variables may have magnified responses to 
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CO2 in the last half of the experiment as organisms passed physiological thresholds of pH (Shaw 

et al., 2013b). In addition to changes in environmental variables, seasonal effects could include 

changes in larval supply and quality, although variation in the latter are poorly understood for 

this seasonal estuarine system. 

Percent cover of the hydroid Obelia dichotoma was significantly reduced after eight weeks in the 

elevated CO2 treatment. Although rare during my experimental period, populations of O. 

dichotoma can be abundant and important members in these fouling communities (Standing, 

1976). This is the first report of the effects of acidification on hydrozoans and further study is 

needed to elucidate the mechanism behind the observed response to elevated CO2.  

Percent cover of bryozoan colonies (Membranipora membranacea) increased under acidified 

conditions over time, with differences becoming apparent after six weeks. As there was no 

difference in the total number of colonies at the tenth week and no detectable differences in 

growth (by week 4, in the absence of intraspecific competition for space), the observed percent 

cover increase could be caused by release from competition with other organisms negatively 

affected by OA (e.g., mussels). Although seemingly neutral direct effects of OA early in the 

experiment and positive net effects of OA by week 10 may be surprising since M. membranacea 

is a calcified bryozoan, results from other calcified encrusting bryozoan species suggest CO2 

enrichment can enhance growth (e.g., Electra pilosa, Saderne & Wahl, 2013). Allocation of 

energy to rapid growth may be at a cost to other processes, e.g., defense in  Schizoporella errata 

(Lombardi et al., 2011). Although M. membranacea cover was higher in acidified treatments, I 

found a higher proportion of senescing Membranipora colonies in the acidified treatment, 

suggesting a fitness cost. This negative effect (likely direct), taken together with the positive 

effects of OA on bryozoan cover (potentially indirect), demonstrates the complexity of OA 
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effects on a functioning community. More work will need to be done to understand both the 

balance and the mechanisms of these effects. M. membranacea, although native to the Pacific 

coast, is a common invader elsewhere, with particularly important impacts on kelps where it can 

weaken blades, making kelps more susceptible to mechanical damage (Krumhansl et al., 2011) 

and inhibit native herbivores (O’Brien et al., 2013). Therefore, if the net outcome for M. 

membranacea is positive, the ecological impacts of M. membranacea as an invasive species 

might be enhanced as a result of ocean acidification.  

Not all members of the biofouling community responded to ocean acidification. Neither 

recruitment (percent cover and number) nor final size of barnacles (B. crenatus) was affected by 

acidification. There was a non-significant trend towards a higher number of dead barnacles 

(empty shells) on the high CO2 tiles when compared to those under ambient conditions. The 

trend in barnacle survival could be caused both by direct (e.g., physiological) and indirect effects 

(e.g., increased predation by nudibranchs, flatworms) of OA and warrants further investigation. 

In general, though, barnacles in this study and others appear to be resistant to the effects of OA 

(e.g., Balanus glandula & Semibalanus cariosus (Wootton et al., 2008), Amphibalanus 

improvisis (Pansch et al., 2012) and A. amphitrite (McDonald et al., 2009), Semibalanus 

balanoides and Elminius modestus (Findlay et al., 2010b)). However, not all barnacle 

populations show high resistance to acidification and some may be susceptible to shortened 

larval duration (Pansch et al., 2012) and reduced growth rates (Findlay et al., 2010a, 2010b), 

both of which could have ecosystem-level repercussions. 

Overall, my results suggest that responses to acidification include a combination of direct effects 

on particular species and indirect effects mediated by changes in species interactions, particularly 

competition. Although communities did not reach 100% cover in either treatment, competition 
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for space is thought to become important at ~50% cover for sessile benthic species such as 

barnacles (Menge, 2000). Furthermore, I observed both intraspecific (e.g., bryozoan colonies 

colliding) and interspecific competition (e.g., mussels recruiting on top of bryozoan colonies) 

during the experiment. Therefore, it is likely that the differences I observed can be attributable to 

a combination of changing competitive outcomes under OA, as observed by others (e.g., Russell 

et al., 2009; Kroeker et al., 2012; Connell et al., 2013) and direct effects of pH on specific 

species.  

 

2.4.3. Conclusions 

Contrary to the widely stated prediction (Wittmann & Pörtner, 2013), some calcified species 

were robust to changes in pH (barnacles, bryozoans), although others did poorly for some but not 

all performance metrics (mussels). Although calcification is clearly a key component in 

sensitivities of various taxa to acidification (Wittmann & Pörtner, 2013), I did not find the 

reliance on calcified structure to be a strong predictor variable in this species-poor biofouling 

community. However, the trend towards simplified, homogenous communities among tiles in the 

acidified mesocosms observed here is consistent with previous work (Kroeker et al., 2013c) 

which noted similar homogeneity among algal communities at low pH sites. This trend towards 

simplification may underlie the transformation from communities with erect or 3-dimensional 

species (like mussels and hydroids) to communities dominated by prostrate species (e.g., 

bryozoans), which may have implications for habitat complexity and associated species diversity 

(Fabricius et al., 2014). A growing concern for these ecosystems made up of low diversity, 

homogenized communities is the potential of compromised compensatory responses and reduced 

functional breadth (Gaylord et al., 2015). My results add to a small but growing list of studies 
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that have identified changes in community diversity and structure in response to elevated CO2 

(Hale et al., 2011; Kroeker et al., 2013c; Campbell & Fourqurean, 2014). The acidification-

induced shifts in diversity and species composition observed in this and other studies would have 

been difficult to predict on the basis single-species studies alone. Community-level studies such 

as this one are needed to link information at the individual and population levels, which make up 

the majority of climate change experiments, to ecosystem level impacts (Harley et al., 2006; 

Wernberg et al., 2012). With an improved understanding of how interconnected assemblages of 

species will respond to ocean acidification, we will be better positioned to understand and 

anticipate changes ranging from the distribution and abundance of species to the functioning of 

entire ecosystems (Widdicombe et al., 2009; Kroeker et al., 2013b).  
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Chapter 3: Natural Acidification Changes the Timing and Rate of Succession, 

Alters Community Structure, and Increases Homogeneity in Marine 

Biofouling Communities 

3.1. Introduction 

Anthropogenic carbon dioxide enrichment of the atmosphere and subsequent decreases in pH in 

the ocean are well documented (Feely et al., 2004; Tans, 2009). The rate of change of ocean pH 

is unprecedented in recent geological history (Hönisch et al., 2012) and the biological 

implications of these rapid chemical changes are being realized across a wide range of taxa 

(Kroeker et al., 2013a; Wittmann & Pörtner, 2013). In coastal marine ecosystems, changes in 

seawater CO2 are occurring on a number of different timescales: diurnally with photosynthesis 

and respiration, days to weeks with the lunar cycle and upwelling dynamics, seasonally due to 

both biotic and abiotic forcing, and over many decades with anthropogenic forcing (Hofmann et 

al., 2011; Boyd et al., 2016; Henson et al., 2017). It is clear that incorporating natural 

fluctuations in CO2 is necessary for making better predictions of the biological response to ocean 

acidification (Shaw et al., 2013a; Small et al., 2015; Boyd et al., 2016). Although a few studies 

have addressed this point at diurnal timescales (e.g., Clark & Gobler, 2016; Li et al., 2016), it is 

unclear how marine ecosystems respond to longer term (weeks to months) CO2 fluctuations and 

whether these effects can be reversed (transient vs. persistent effects) if CO2 stress is relieved 

(but see Vaz-Pinto et al., 2013). 

In communities influenced by disturbance (i.e., most communities), the effects of fluctuating 

CO2 are mediated by direct effects of acidification on settlement and recruitment and by indirect 

effects mediated by the interactions between early and later successional species. Ocean 

acidification can influence settlement of planktonic stages and recruitment into benthic 

populations (Cigliano et al., 2010; Brown et al., 2016), and resident organisms influence 
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subsequent settlement (i.e. secondary colonization, Osman et al., 1989). However, the 

importance of colonization history and priority effects in shaping community structure and 

succession in light of CO2 or pH heterogeneity at a variety of temporal scales has yet to be 

addressed. One challenge to understanding the effects of acidification on the succession and 

development of marine communities is that, to date, our understanding of biological effects of 

ocean acidification is primarily informed by studies of single species in isolation. Such studies 

show how ocean acidification might influence organisms through changes in energetic demand 

(Garilli et al., 2015; Harvey et al., 2016), reproduction and development (Ross et al., 2011), 

growth rate (Kroeker et al., 2013a), development of defensive structures (Sanford et al., 2014), 

and behaviour (Milazzo et al., 2016). Extrapolating from single-species studies to assess the 

effects of ocean acidification on community development, structure, and function requires 

understanding how changes propagate across these scales, and often the links between 

performance, demography and community structure are simply not known (but see Enquist et al., 

2015). To anticipate ecosystem-level changes, it is essential to understand responses of multi-

species assemblages to acidification. Early studies exposed pre-settled communities to 

acidification in laboratory conditions (e.g., Hale et al., 2011), but deeper understanding of 

recruitment and settlement processes requires in-situ CO2 manipulation (e.g., Brown et al., 2016) 

or observation where continued recruitment can occur.  

Shallow water CO2 seeps allow the study of intact communities and have been increasingly used 

as natural laboratories, providing insights into the community- and ecosystem-level effects of 

acidification. Changes in community composition, structure, and losses in diversity have been 

documented along natural CO2 gradients for both macro-algal (Kroeker et al., 2011; Porzio et al., 

2011; Johnson et al., 2012; Connell et al., 2013; Baggini et al., 2014, 2015; Linares et al., 2015) 
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and macroinvertebrate (Hall-Spencer et al., 2008; Cigliano et al., 2010; Fabricius et al., 2011, 

2014; Donnarumma et al., 2014; Goodwin et al., 2014) communities. A consistent pattern of 

community change over decreasing pH gradients is reduced abundance and diversity of 

calcifying taxa (e.g., coralline algae, molluscs) and increased dominance by non-calcified species 

(e.g., fleshy brown algae, anemones). These patterns are driven by a combination of direct 

effects on growth and survival, such as the dissolution of calcareous shells/skeletons combined 

with higher energetic costs associated with calcification (Wittmann & Pörtner, 2013), and effects 

mediated by demography and species interactions such as changes in competition, predation and 

habitat structure (Connell et al., 2013; Kroeker et al., 2013c; Linares et al., 2015; Sunday et al., 

2017). Although community-level outcomes of ocean acidification (and the species interactions 

that underlie them) have been documented for a wide range of marine communities, the effects 

of CO2 on recruitment, succession and development have been mainly investigated in algal 

communities (Kroeker et al., 2011; 2012; 2013b) and similar studies are lacking for marine 

invertebrates (although see Brown et al., 2016). Furthermore, the effects of the timing and 

duration of acidification events during succession have seldom been addressed, although the 

response of marine communities to acidification has been shown to change with seasonality (e.g., 

Baggini et al., 2014) and with timing and length of upwelling events (Iles et al., 2012). 

In this study, I observed how benthic marine invertebrate communities recruited and developed 

along a natural CO2 gradient. I used reciprocal transplant experiments to determine if fouling 

communities would reflect a lasting response to short but discrete exposure to elevated CO2 (e.g., 

mimicking an upwelling event) in early succession or reflect only most recent exposure to 

elevated CO2 regardless of prior conditions. Based on succession theory, I expected that CO2 

would disrupt succession by altering recruitment of primary vs. secondary colonizers and alter 
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the interactions among these taxa via inhibition or facilitation (Connell & Slatyer, 1977). Further, 

I predicted that the relative importance of discrete exposure early on in succession, continuous 

exposure throughout succession, or exposure later in succession on abundance would depend on 

species’ life history traits. For example, if timing of recruitment coincides with timing of 

acidification, a discrete exposure to CO2 that occurs early on in succession may influence 

recruiting primary colonizers more than secondary colonizers that are not reproducing and/or 

recruiting at the time of acidification. Other factors, like environmental tolerances, growth rate, 

ability to induce a resting stage, and concentration of propagules may determine how a given 

taxa responds to and/or rebounds from a short and discrete CO2 event. At the community level, I 

hypothesized that acidification would result in homogenized, low-diversity communities of 

biofouling organisms, dominated by a few weedy species with notable reductions in calcified 

taxa. 

 

3.2. Materials and Methods 

3.2.1. Site Description and Experimental Design 

The study was conducted in Levante Bay on Vulcano Island (38°25′08′′N, 14°57′40′′E) in the 

Aeolian archipelago in Northeastern Sicily (Italy) from March to June, 2013 (12 weeks). At this 

site, shallow volcanic seeps emit carbon dioxide bubbles that create a gradient in seawater 

carbonate chemistry that has been characterized by a number of recent studies (Arnold et al., 

2012; Johnson et al., 2012; Lidbury et al., 2012; Boatta et al., 2013; Calosi et al., 2013a; 

Milazzo et al., 2014). The biogeochemistry of the bay has been assessed to identify the most 

suitable areas for ocean acidification research (see Boatta et al., 2013; Vizzini et al., 2013) and 

the sites chosen for this study were outside of any measured metal contamination. Variability in 
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the pH gradient at the site is predominantly driven by currents influenced by westerly winds, and 

as such, the acidified water masses mostly run parallel to the northern shoreline of the bay 

(Boatta et al., 2013). When winds are high, e.g., during storms that are common in winter and 

early spring, low pH waters are more restricted to the immediate vicinity of the seeps and do not 

extend as far along the shoreline (Boatta et al., 2013). Two such storms occurred during the 

study period. I used two sites, ~70 m apart, along the CO2 gradient; the first had low mean pH 

(7.78), and the second had ambient mean pH (8.10) (here I use high CO2 and low pH 

interchangeably). my sites correspond to sites 40-60 and 120-130 in Boatta et al. (2013) for low 

pH and ambient pH respectively. I monitored temperature, salinity, and pH at each site at least 

once every two weeks throughout the observation period but daily for the first week and the last 

six weeks of the experiment. Samples for total alkalinity were taken every two weeks. I used 

these parameters to calculated dissolved inorganic Carbon (DIC), CO2, HCO3
-, and carbonate 

and aragonite saturation states using the CO2-SYS program (Pierrot et al., 2006). 

At each site, I suspended 70.5  70.5 cm semi-flexible PVC panels from buoys 1 m from the 

surface and 1 m from the bottom (n=3 panels per site). I deployed the panels on similar substrata 

at each site, which comprised of subtidal boulders and patches of seagrass. Each panel was 

oriented horizontally (Fig. 3.1), and 15 PVC tiles (14.5 cm x 14.5 cm) were secured to the 

underside of each panel using cable ties (n=15 tiles nested within each of 3 panels per site, 

therefore n=45 tiles per site). The panels were secured to the buoys and anchors using ropes to 

avoid horizontal spinning. Storms damaged some tiles and panels, so only undamaged tiles 

(n=20 per site, from across the three panels) were used in the analyses. After 8 weeks, I  
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Fig. 3.1. Photographs depicting sites (white symbols) along the pH gradient (left) and the panel 

and tile system. Panels (centre), with downward facing PVC tiles (right) attached to the 

underside, were suspended ~1 m from both surface and bottom using a buoy and anchor.  

 

reciprocally transplanted a subset of 10 tiles (selected randomly from the 20 total) from each 

CO2 regime, while the other 10 tiles were not transplanted, to determine if CO2 effects on 

recruitment occur early and persist or arise later during succession. Tiles from transplanted and 

non-transplanted groups were distributed randomly between the two panels in each site. At the 

time of this transplantation, I formed new panels (2 per site) with ten tiles each. 

 

3.2.2. Species- and Community-level Measures 

Photographs (one per tile) were taken every two weeks to determine changes in community 

composition, structure, Shannon’s diversity, richness, stability over time and percent cover (point 

count) of primary and secondary colonizing fouling species for eight weeks. After 

transplantation, the tiles were left for one additional month before being photographed and 

retrieved for preservation. The tiles and panels were brought to the surface for photography. I 
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conducted all photographic analyses in ImageJ (Schneider et al., 2012) and identified species to 

lowest taxonomic level possible in the laboratory. Primary colonizers were defined as those that 

recruited in the ambient site in the first four weeks, before the community reached 100% cover. 

Primary colonizers included two serpulid polychaete taxa (Serpulidae, Spirorbidae) and two algal 

guilds, a turf-forming green filamentous alga Cladophora sp., and a biofilm which was 

ubiquitous and has been described at this site as primarily a mix of diatoms and cyanobacteria, 

the composition of which changes along gradients of CO2 (Johnson et al., 2015).  Secondary 

colonizers (i.e., those that recruited only after space occupancy reached 100% at week four) 

included bryozoans (e.g., Schizomavella sp. and Patinella radiata), ascidians (Botryllus sp. and 

Diplosoma sp.), and Sphacelaria sp., which is a branched brown alga. These secondary 

colonizers may require a layer of biofilm in order to recruit, or their propagules may have only 

been in the water column during the latter half of the experiment due to seasonal or episodic 

reproductive patterns. Natural succession in marine communities often coincides with a 

disturbance regime (e.g., winter storms, sedimentation) that creates space (Sousa, 1979a). The 

disturbance regime in Vulcano Bay may coincide with seasonality, as summer time systems 

recover from winter storms, and I expect that the succession observed from bare surfaces 

reflected both directional community development and response to warming temperatures over 

time. 

 

3.2.3. Statistical Analyses 

All statistical analyses were performed using open-source R (R Development Core Team, 2009). 

I used the adonis and Betadisper functions in the Vegan package (Oksanen et al., 2015a) to 

analyze multivariate community structure (PERMANOVA test) and homogeneity of dispersions, 
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respectively. Community structure analyses were conducted on species abundance data (percent 

cover) of a given tile, standardized by total abundance of that species across all tiles, putting 

abundances of ecologically different species on the same scale. This community structure metric 

was calculated twice: pre-transplant using data from week 8, and post-transplant using data from 

week 12. I then calculated a Bray Curtis dissimilarity matrix on the standardized data. In all tests, 

for a given week, I used site as a fixed factor and separately tested for the effect of panel within 

site, and if initial or final panel (nested within initial or final site, respectively) had a significant 

effect, I included the term in the full model. To test if acidification influenced community 

structure at week 12 I used the 10 non-transplanted replicates per site. Next, to analyze if, during 

the reciprocal transplant, initial or final site or their interaction influenced community structure, I 

used all 20 tiles (10 of which had been transplanted from the other site). I calculated pre- and 

post-transplant community stability, the temporal mean over temporal variability of species 

abundances in a given tile, using the community.stability function in the codyn package (Hallett 

et al., 2016).  

I used both linear mixed effects models (LMEs, lme4 package, Bates et al., 2015) and 

generalized liner mixed-effects models (GLMMs, glmmADMB package, Fournier et al., 2012; 

Skaug et al., 2013) to analyze percent cover and count data (from photographs), community 

stability, and proportion of secondary colonizers. For the first 8 weeks (pre-transplantation), I 

used site as a fixed effect (n=20 per site), after which (post-transplantation) I used initial site, 

final site, and their interaction as fixed effects to incorporate tiles that were reciprocally 

transplanted (n=10 per site) and those that were not (n=10 per site). For a given point in time, tile 

was the level of replication and I treated both initial and final panels nested within site as random 

factors and all models included a random intercept. Numerical response variables (species 
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richness, cumulative counts) were considered either normally distributed and analyzed with 

LMEs or Poisson or negative binomially distributed and analyzed with GLMMs, to assess effect 

of site, depending on distribution fit to the data. I assumed either a Beta or Binomial distribution 

(based on fit of distribution to data) for percent cover data and analyzed the effect of site with 

GLMMs. I used a GLMM with assumed Gamma distribution to analyze the effect of 

acidification on Shannon’s diversity.  

 

 

3.3. Results 

3.3.1. Seawater Parameters 

Seawater pH fluctuated with time of day and wind direction. However, pH was consistently 

lower in the low pH site compared to the ambient site (∆pHNBS = - 0.32 ± 0.19, mean ± SE, daily 

differences between sites averaged across experimental period, Table 3.1, LM, F=141.7, 

P<0.0001). Total alkalinity was similar across sites at a given time point (∆TA = 3.45 ± 1.38, 

Table 3.1, LM, F=3.17 P=0.08). During the experimental period, temperatures ranged from 

14.4°C to 20.8°C and salinity from 37.8 to 38.6. Differences in temperature (∆temperature 

=0.01°C ± 0.15°C, LM, F=0.0019, P=0.97) and salinity (∆salinity = 0.00 ppt ± 0.01 ppt, LM, 

F=0, P=1) were negligible between sites during the survey.  
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Table 3.1. Carbonate chemistry of seawater from ambient and low pH sites. Temperature, 

salinity, pHNBS, and total alkalinity were collected from March to June 2013 (mean ± SE, n = 98). 

Asterisks indicate calculated values in the CO2-SYS program (Pierrot et al., 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.2. Primary Colonization Pre- and Post-transplant 

All tiles were colonized initially by biofilm. The biofilm grew more rapidly, and peaked and 

declined in cover earlier on tiles at the acidified site relative to the ambient site. After eight 

weeks, biofilm cover was higher on tiles at the acidified site than the ambient site (Fig. 3.2a; 

statistics are summarized in Table 3.2). Filamentous alga, Cladophora sp., had higher cover at 

the acidified site at its peak, although by week 8 there was no difference in cover between sites 

(Table 3.2, Fig. 3.2c). Calcified polychaetes – serpulid and spirorbid worms – had at least a two-

week delay in recruitment at the acidified site, and, by week 8, covered significantly less space 

(Table 3.2, Appendix B, Fig. S3.1a, c) and had less than a third the density at the acidified site 

relative to the ambient site (Table 3.2, Fig. 3.2e, g). Both serpulids and spirorbids would be  

Seawater parameter Control Low pH 

Temperature (°C) 18.96±0.15 18.97±0.15 

Salinity 38.19±0.011 38.19±0.010 

pHNBS 8.10±0.13 7.78±0.24 

Alkalinity (µmol kg-1) 2523.52±1.34 2526.97±1.41 

pCO2 (µatm)* 557.69±26.48 1499.91±151.71 

DIC (µmol kg-1)* 2271.16±6.42 2424.09±10.38 

HCO3
- (µmol kg-1)* 2066.59±9.62 2270.29±10.15 

Ω Calcite* 4.33±0.096 2.43±0.093 

Ω Aragonite* 2.82±0.063 1.59±0.060 
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Fig. 3.2. Abundance of selected primary colonizers in ambient and low pH sites over time. Left-

hand panels are trends through week 8 (i.e., pre-transplantation; n=20) and right-hand panels are 

patterns at week 12 (post-transplantation; n=10) of both transplanted and non-transplanted tiles. 

For the right-hand panels, shading indicates initial site and position on x-axis indicates final site. 

Species are: (a, b) biofilm (% cover), (c, d) Cladophora sp. (% cover), (e, f) serpulids (# 

individuals) and, (g, h) spirorbids (# individuals). Error bars indicate standard error. 
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Table 3.2. Statistical results from both GLMM (using z statistic) and LME (using X2) from 

analysis of percent cover of a given species. p indicates week in which peak % cover of this 

species occurred.  

 

 

considered primary colonizers under ambient conditions but classified as secondary colonizers 

(arriving after 100% space occupancy had been reached) under acidified conditions.  

Eight weeks into the experiment, a subset of tiles was reciprocally transplanted among sites. One 

month after transplantation, biofilm cover was related to only the most recent exposure to CO2 

(i.e. tiles maintained in or transplanted to low pH) as coverage was lower on tiles that ended up 

at the acidified site than those in the ambient site, (GLMM, Final site P=0.050, Table 3.3, Fig. 

3.2b), regardless of origin, and there was no evidence of the pre-transplant effects of CO2  

Group Species Abundance 

measure 

Week 8 

(p=peak) 

Mean 

abundance  

ambient site 

Mean 

abundance 

low pH site 

z 

or  

Χ2* 

P 

      *<0.05 

Primary 

colonizers 

Biofilm 

complex  

% cover 8 85.6  93.1 -4.43 <0.0001* 

Cladophora sp.  % cover 8 0.050  0.62  -1.44 0.15 

 Serpulids % cover               

# individuals 

8 p 0.52 

3.4 

0.30 

1.0 

3.33 

4.81 

<0.001* 

<0.001* 

 Spirorbids 

 

% cover               

# individuals 

8 p 7.06 

572.3 

2.05 

129.1 

3.05 

14.4* 

<0.001* 

<0.001* 

Secondary 

colonizers 

 

Diplosoma sp. 

          

% cover               

# colonies 

8 5.0 

2.0  

2.0 

0.4  

1.79 

5.22* 

0.074 

0.022* 

Botryllus sp.      % cover               

# colonies 

8 

 

0.44 

1.9  

0.69 

2.8 

-1.95 

-1.30 

0.051 

0.19 

Thin ramified 

bryozoan 

% cover 8 0.69 0.07 2.57 0.01* 

Patinella 

radiata  

 

% cover               

# colonies 

8 

 

0.050 

2.2 

0.074 

2.8 

-0.19 

-0.30 

0.85 

0.76 

Schizomavella 

sp.  

 

% cover               

# colonies 

8 0.15 

1.2 

0.025 

0.2 

0.98 

2.35 

0.33 

0.0019* 
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Table 3.3. Statistical results of GLMMs using percent cover of a given species and initial site, 

final site and their interaction as fixed effects (n=20).  

 

Group 

 

Species 

Initial site 

 

Final site Initial site * Final 

site 

z  P 

*<0.05 

z  P 

*<0.05 

z  P 

*<0.05 

Primary 

colonizers 

Biofilm complex 

(% cover) 

 

-0.40 

 

0.69 

 

-1.96 

 

0.050* 

 

0.49 

 

0.62 

Cladophora sp. 

(% cover) 

 

0.0 

 

1.0 

 

0.0 

 

1.0 

 

0.0 

 

1.0 

Serpulids 

(% cover) 

(# individuals) 

 

-1.83 

-2.51 

 

0.067 

0.012* 

 

3.06 

3.19 

 

0.0022* 

0.0014* 

 

-0.65 

0.22 

 

0.52 

0.83 

Spirorbids 

(% cover) 

(# individuals) 

 

-0.79 

-2.33 

 

0.43 

0.02* 

 

0.81 

0.46 

 

0.42 

0.65 

 

-0.47 

-0.17 

 

0.64 

0.87 

Secondary 

colonizers 

 

Diplosoma sp. 

(% cover) 

(# colonies) 

 

0.13 

-1.62 

 

0.89 

0.11 

 

0.80 

-0.80 

 

0.43 

0.42 

 

1.68 

0.82 

 

0.093 

0.41 

Botryllus sp. 

(% cover) 

(# colonies) 

 

0.49 

-0.02 

 

0.63 

0.99 

 

1.19 

0.27 

 

0.26 

0.79 

 

-0.48 

0.46 

 

0.63 

0.4 

Thin ramified bryozoan 

(% cover) 

 

0.30 

 

0.77 

 

3.41 

 

<0.001* 

 

-2.21 

 

0.027* 

Patinella radiata 

(% cover) 

(# colonies) 

 

-0.20 

-0.04 

 

0.84 

0.97 

 

1.38 

-0.53 

 

0.17 

0.60 

 

-0.49 

0.58 

 

0.62 

0.56 

Schizomavella sp. 

(% cover) 

(# colonies) 

 

-2.59 

-0.34 

 

0.0096* 

0.73 

 

-0.70 

0.20 

 

0.49 

0.84 

 

0.29 

-0.31 

 

0.77 

0.76 

 

carrying over (GLMM, Initial site P=0.69, Table 3.3, Fig. 3.2b). Cladophora sp. cover was 

reduced to zero after 8 weeks, therefore I was unable to determine if CO2 was more important in 

early or late succession for this taxon. Transplant results suggested that serpulid recruitment was 

influenced by CO2 early on and persisted, although there were also CO2 effects present during 

late succession. Overall, tiles that originated at the ambient site recruited more serpulid 

individuals than those that originated at the acidified site, regardless of final site (GLMM, Initial 

site P=0.012, Table 3.3, Fig. 3.2f) and cover of this species showed a non-significant trend in the 

same direction (Initial site P=0.067, Table 3.3). However, by the end of the experiment, there 
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were more individuals and higher cover of serpulids on tiles that had final exposure to high CO2, 

rather than ambient conditions (# individuals: GLMM, Final site P=0.0014, Table 3.3, Fig. 3.2f, 

Appendix B, Fig. S3.1b). Initial site alone influenced the number of individuals, but not cover, of 

spirorbids, such that tiles that originated in the ambient site had more spirorbids, regardless of 

their final locations (# individuals: GLMM, Initial site P=0.02, Table 3.3, Fig. 3.2h, Appendix B, 

Fig. S3.1d). 

3.3.3. Secondary Colonization Pre- and Post-transplant 

Fewer colonies of the colonial ascidian, Diplosoma sp., recruited by week 8 at the acidified site 

(Table 3.2, Appendix B, Fig. S3.1e) but these colonies covered a similar amount of space in both 

sites (Table 3.2, Fig. 3.3a). At the same time point, another colonial ascidian, Botryllus sp., had 

similar cover between sites (Table 3.2, Fig. 3.3c) and no difference in number of recruiting 

colonies between sites (Table 3.2, Appendix B, Fig. S3.1g). Bryozoans, a phylum with a broad 

range of morphologies, yielded mixed responses to acidification. At week 8, an erect calcitic 

bryozoan, Patinella radiata, had both similar cover (Table 3.2) and number of colonies at the 

acidified site compared to the ambient site (Table 3.2, Appendix B, Fig. S3.1i). Thin ramified 

bryozoans had higher cover under ambient conditions and were essentially absent from the 

acidified site (Table 3.2, Fig. 3.3e), while the encrusting aragonitic bryozoan, Schizomavella sp. 

recruited fewer colonies on tiles at the acidified site compared to the ambient site (Table 3.2, Fig. 

3.3g) but had similar cover (Table 3.2) between sites at week 8.  
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Fig. 3.3. Abundance of selected secondary colonizers in ambient and low pH sites over time. 

Left- and right-hand panels as in Figure 2. Species are: (a, b) Diplosoma sp. (% cover), (c, d) 

Botryllus sp. (% cover), (e, f) Thin ramified bryozoan (% cover) and, (g, h) Schizomavella sp. (# 

colonies). Error bars indicate standard error. 
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After the transplant experiment, soft-bodied ascidians appeared to be largely resistant to changes 

in acidification. Neither initial site nor final site influenced cover or number of Diplosoma sp. or 

Botryllus sp. (Fig. 3.3b,d, Appendix B, Fig. S3.1f,h Table 3.3). The bryozoan P. radiata 

remained resistant to acidification after transplantation, and there was neither an effect of initial 

nor final site on numbers of colonies and cover of this species (Table 3.3). Post-transplant thin 

ramified bryozoan cover was influenced by final site, as overall cover was higher on tiles that 

ended the experiment at the acidified site (Final site P<0.001), and this effect was especially 

strong for tiles transplanted from the ambient site (Initial*final site P=0.027, Table 3.3, Fig. 

3.3f). Early successional CO2 effects were apparent in post-transplant recruitment of 

Schizomavella sp., such that tiles that originated in the ambient site had more colonies than those 

from the low pH site (Initial site P=0.0096, Table 3.3, Fig. 3.3h).  

3.3.4. Community-level Results Pre- and Post-transplant 

The above changes in species recruitment and succession culminated in significant shifts in 

community structure (relative abundances of recruited species) on tiles at the acidified site at 

week 8 (PERMANOVA, R2=0.16, P=0.0001, Fig. 3.4a). Although community structure differed, 

there was no difference in community variance between sites (Betadisper, F=0.63, P=0.80, Fig. 

3.4a). Tiles were colonized more quickly under acidified conditions than those at the ambient site 

but this difference was only apparent for the first four weeks, and the tiles had similar cover at 

the 8th week (LME, Χ2=2.16, P=0.14). Pre- transplant community stability was higher for tiles at 

the acidified site than the ambient site (LME, Χ2=19.5, P<0.0001, Fig. 3.5a), indicating that over 

this time period, communities at the ambient site changed more than those at the acidified site.  
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Fig. 3.4. nMDS ordination plot showing the relationship between communities after (a) 8 weeks 

on tiles from low pH (open circles) vs. the ambient site (solid black triangles), n = 20 tiles, and 

(b) 12 week on tiles that either remained in low pH (open circles), were transplanted from low 

pH to the ambient site (solid blue circles), were transplanted from ambient site to low pH site 

(red open triangles), or remained in the ambient site (solid black triangles), n = 10 tiles.   
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Fig. 3.5.  Community-wide measures in ambient and low pH sites over time, left- and right-hand 

panels as in Figure 3.2, except for panel (a) which represents a cumulative measure over the first 

8 weeks. Measures are: (a, b) community stability, (c, d) secondary colonizers space occupation, 

(e, f) Shannon’s diversity, and (g, h) species richness. Error bars indicate standard error. 
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Secondary colonizers, which arrived after the 4th week, initially gained cover at the same rate in 

both sites but by the 8th week took up more space at the ambient site than at the acidified site 

(LME, Χ2=4.04, P=0.044, Fig. 3.5c), indicating that succession from primary to secondary 

species occurred earlier at the ambient site. I observed negative effects of acidification on 

diversity (GLMM, z=3.41, P=0.00065, Fig. 3.5e), but species richness was similar between sites 

(GLMM, z=1.25, P=0.21, Fig. 3.5g) after 8 weeks.  

After transplantation, both initial site and final site influenced community structure, i.e. 

communities that originated at the ambient site were different overall than those that originated 

at the acidified site (PERMANOVA, initial site, R2=0.10, P=0.0001, Fig 3.4b: triangles vs. 

circles) and communities that ended at the acidified site differed from those that ended at the 

ambient site (PERMANOVA, final site, R2=0.053, P=0.013, Fig. 3.4b: open vs. solid symbols). 

There was no evidence of an interaction between the effects of CO2 on early and late succession 

(PERMANOVA, initial*final site, R2=0.027, P=0.26, Fig. 3.4). In addition, although there was 

no evidence that CO2 affected community variability early in succession (Betadisper, initial site, 

F=0.14, P=0.71, Fig 3.4: triangles vs. circles), there was an influence of final site on variability – 

as tiles that were transplanted to the high CO2 site were significantly less variable than those that 

ended at the ambient site (Betadisper, final site, F=8.04, P=0.0073, Fig. 3.4: open symbols are 

more dispersed than solid symbols). Community stability between the 8th and 12th week was 

similar between sites, regardless of transplantation history (LME, final site, Χ2=0.0001, P=0.99, 

initial site: Χ2=2.32, P=0.13, initial*final site: Χ2=0.94, P=0.33, Fig. 3.5b). 

However, the proportion of secondary colonization was higher on tiles that ended under low pH 

conditions, regardless of origin (GLMM, final site, z=2.63, P=0.020, initial site: z=0.33, P=0.75, 

initial*final site: z=-0.26, P=0.80, Fig. 3.5d). After transplantation, Shannon diversity was 
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significantly higher on tiles that ended at the elevated CO2 site (GLMM, final site: z=2.23, 

P=0.026, Fig. 3.5f), while the negative effects of CO2 observed during early succession appeared 

to have no persisting influence on diversity by the end of the experiment (GLMM, initial site: 

z=-0.69, P=0.49, initial*final site: z=-0.58, P=0.56). Species richness appeared resistant to 

acidification after the transplantation experiment, as neither early nor late CO2 effects influenced 

the number of recruiting species (GLMM, initial site: z=-0.47, P=0.64, final site: z=0.31, P=0.76, 

initial*final site: z=-0.10, P=0.92, Fig. 3.5h).  

 

3.4. Discussion 

Timing and abundance of species recruiting from plankton are important determinants of long-

term community composition and structure (Sutherland, 1974; Sams & Keough, 2012) and, 

depending on the mechanism of succession, can determine long-term community stability 

(Connell & Slatyer, 1977). Environmental heterogeneity and disturbance regimes during 

recruitment can influence successional outcomes by promoting coexistence or dominance of 

early or late recruiting species (Platt & Connell, 2003; Cifuentes et al., 2010). Global change 

impacts on communities and ecosystems may therefore stem from the particular way in which 

environmental drivers interact with life-history trade-offs (e.g., competitive ability vs. dispersal / 

colonization ability) of early and late successional species, and how these species inhibit or 

promote one another. This is reasonably well understood for drivers like temperature in 

terrestrial ecosystems (e.g., Gounand et al., 2016; Lancaster et al., 2016), but in marine 

environments and for emerging drivers like ocean acidification, changes in succession – even 

when observed (e.g., Kroeker et al., 2013b) – are rarely explicitly examined in terms of the 

underlying mechanisms and time-history contingency.  
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Here, I used transplant experiments to elucidate the relative importance of CO2 effects early vs. 

later in succession on species abundance, diversity and composition. This is important for 

understanding how acidification might affect communities as they progress through successional 

and seasonal development. It is also key for determining the effects of discrete acidification 

events on marine communities. Upwelling regions experience intermittent acidification events 

that can span weeks (e.g., up to six week periods, Chan et al., 2017) or months (e.g., from early 

spring to late summer, Feely et al., 2008) and these events are expected to become less frequent 

but longer-lasting and stronger (Iles et al., 2012). Acidification events also occur in areas with 

high organic loading via terrestrial run-off, where discrete events can last for days to weeks but 

multiple cumulative events can occur over several months (Guadayol et al., 2009). 

Eutrophication-driven acidification may intensify in the future as eutrophication will likely 

increase with increased human development (Rabalais et al., 2009).  

On my experimental tiles, soft-bodied, weedy taxa, algae and ascidians, had an advantage in 

acidified conditions and outcompeted calcified taxa that were more vulnerable to the effects of 

acidification, as has been widely reported (Wittmann & Pörtner, 2013). Developing communities 

responded quickly to acidification (effects on some species were apparent after two weeks) and 

some of these effects were not reversed one month after transplantation. In sum, I found that 

succession was substantially altered by acidification, even when acidified conditions were not 

maintained for the full duration of the experiment. Future work should carefully consider 

temporal variation in acidification over longer experimental periods spanning important 

dynamics in community succession.  
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3.4.1. Recruitment and Development 

Early successional stages in many shallow benthic habitats – including downward-facing 

experimental surfaces – are dominated by photosynthetic microalgae and weedy macroalgae. 

Many photosynthetic marine taxa can take advantage of elevated CO2 (Connell et al., 2013; 

Cornwall et al., 2017). At Vulcano Island and other seep sites, biofilms are higher in percent 

cover and productivity and have altered composition relative to reference sites (Lidbury et al., 

2012; Johnson et al., 2013, 2015; Baggini et al., 2015). I observed the same boost in biofilm 

under acidified conditions during the early phase of succession, although it is unclear if 

composition changed. It is possible that the biofilm at low pH sites altered subsequent 

invertebrate recruitment by changing settlement cues (see Doropoulos et al., 2012), as succession 

was delayed in this site, despite early biofilm abundance. Filamentous green Cladophora sp. had 

a higher and slightly later peak in abundance on tiles at the acidified site. Such shifts in primary 

producer assemblages alter biomass of resources available for grazers (Russell et al., 2013) and 

may alter settlement patterns of recruiting invertebrates (Hadfield, 2011).  

I found that calcified primary colonizers had lasting responses to short but discrete exposure to 

increased CO2, whereas only one of the calcified secondary colonizers exhibited this response. 

This pattern could be caused by the differential duration of exposure experienced by primary 

(four weeks longer) vs. secondary species or traits of the species in each of the categories (e.g., 

primary colonizers were heavily calcified polychaetes, compared to relatively lightly calcified 

bryozoans). The recruitment of two types of calcified tube-forming polychaetes was both 

reduced and delayed under acidification. Delayed recruitment under acidification causes 

individuals of these species to arrive after the community has reached 100% cover and could 

imply that these organisms face stiffer competition for space than their counterparts that 
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recruited earlier into the ambient site. Tile site of origin influenced the recruitment of both 

spirorbids and serpulids and these effects persisted through time, regardless of transplantation 

into or out of the acidified site. My results align with observations of reduced abundances of both 

serpulids and spirorbids near CO2 seeps off Ischia (Cigliano et al., 2010; Donnarumma et al., 

2014), but suggest that this effect emerges very early in the establishment of these taxa. The two-

week delay in recruitment could be due to a combination of direct effects on adult reproduction, 

larval and juvenile recruitment and/or indirect effects such as inhibition by settled species. 

Acidification has been shown to impair serpulid larval calcification and juvenile growth (Lane et 

al., 2013) and compromise tube ultrastructure (Li et al., 2014) in the laboratory. Spirorbid 

growth could have been influenced by early exposure to CO2, as there were fewer spirorbids on 

tiles that originated in acidified sites, but similar space coverage, suggesting that spirorbids under 

acidification were larger. This could be a consequence of accelerated growth under acidification 

or differential mortality of smaller individuals within the population. Negative effects of 

acidification on these polychaetes may have higher level consequences as these ecosystem 

engineers form complex reefs that have high associated biodiversity (Smith et al., 2013; 

Fabricius et al., 2014).  

At various points of succession, colonial ascidians (Diplosoma sp. and Botryllus sp.) appeared 

either to tolerate or respond positively to acidification, which may reflect increased growth rate, 

increased facilitation, and/or reduced competition under increased CO2 conditions. It is difficult 

to disentangle these effects as growth rate in this context is undoubtedly influenced by other 

species, and facilitation and competition are difficult to infer without experimental manipulation. 

These ascidians, although native to the Mediterranean, are among a suite of globally invasive 

taxa that overgrow other filter feeders and can cause economic damage to the aquaculture 
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industry (Zhan et al., 2015). my results add to growing evidence that some ascidians respond 

positively to both natural (Donnarumma et al., 2014) and experimental (Peck et al., 2015) 

acidification (but see Fabricius et al., 2014) for an example of reduced ascidian cover at tropical 

seep sites). Overall, fast-growing nuisance species like ascidians are expected to benefit from 

future acidification (Hall-Spencer & Allen, 2015) and reduced competition with calcifying native 

taxa might increase relative dominance of invasive ascidians in an acidified ocean.  

I observed mixed effects of natural acidification on lightly calcified bryozoans, which may be 

related to differences in their carbonate mineralogy. The cyclostome bryozoan Patinella radiata, 

with a primarily calcitic skeleton, did not change in abundance near seep sites. Studies off Ischia 

have shown that this species can grow and reproduce at low pH (Donnarumma et al., 2014; 

Taylor et al., 2015). However, a thin ramified bryozoan appeared earlier at the ambient than the 

acidified site and an encrusting bryozoan Schizomavella sp., with a mainly aragonitic or 

bimineralic skeleton (Smith et al., 2006), had reduced recruitment at the acidified site. Carbonate 

mineralogy of bryozoans can help predict vulnerability to acidification for a given species - 

aragonite skeletons are more soluble than those composed of mainly calcite, and calcite 

solubility increases with proportion of Mg (Fortunato, 2015; Pickett & Andersson, 2015; Taylor 

et al., 2015).  However, mineralogy is not the sole determinant of dissolution rate. Other factors 

such as surface area, porosity, surface complexity, organic matrix material, and ambient pH at 

the calcification surface, may also play a role in response to acidification (Ries et al., 2009; 

Smith & Garden, 2013; Taylor et al., 2015). Morphological differences between related species 

highlight the importance of examining species-specific responses to acidification. However, the 

relevance of these morphological differences among species may be outweighed by relative 

competitive ability if and when these bryozoans are at risk of being overgrown by other species.  
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At CO2 seeps, within-seep vs. outside-seep recruitment is difficult to disentangle and life history 

strategy may determine the extent of direct effects of acidification on species-specific 

recruitment. If recruits are coming from within-seep source populations, which is most likely for 

species with short pelagic larval phases, observed recruitment effects (both positive and 

negative) could represent a culmination of both direct effects of acidification on larvae (e.g., 

physiological, Kurihara et al., 2008; Ross et al., 2011; Przeslawski et al., 2015; and/or 

behavioural Doropoulos et al., 2012; Doropoulos & Diaz-Pulido, 2013; Webster et al., 2013), 

transgenerational effects of acidification on nearby adult populations (Calosi et al., 2013b; 

Harvey et al., 2016; Ross et al., 2016), and multigenerational adaptation to chronic acidified 

conditions (Calosi et al., 2013b). In contrast, propagules arriving from outside the seeps will not 

experience generational effects of acidification.  

3.4.2. Species Interactions and Community-level Results 

Acidification first delayed succession of primary colonizers, then accelerated secondary 

succession. First, communities in acidified sites developed more slowly (i.e. were more stable) 

than ambient communities and had a smaller proportion of space used by secondary colonizers. 

After 8 weeks, however, the pace of change eventually recovered to levels similar to the control 

sites. At this point, the proportion of secondary colonizers increased on tiles at the high CO2 site, 

independent of colonization history. This mismatch in timing indicates that ocean acidification 

may alter species interactions between and within primary and secondary colonizer guilds. For 

example, the biofilm trajectory, likely a diatom bloom, was altered at the acidified site, resulting 

in reduced biofilm coverage at the acidified site by the end of the experiment. This likely 

contributed to increased cover of serpulids and bryozoans on tiles that experienced higher CO2 at 

the acidified site since, at ambient levels of CO2, the abundant biofilm overgrew and/or pre-
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empted space occupation by these invertebrates compared to the acidified site where there were 

fewer calcified invertebrates and lower biofilm cover during this time period. The benefits to the 

calcifying organisms transplanted to the acidified site may be short lived however, as some of 

these species were negatively affected by acidification overall.  

Accelerated secondary succession (despite an initial delay) and competition-mediated reductions 

in invertebrates at the ambient site likely contributed to higher species diversity on tiles that were 

maintained in or transferred to the acidified site. This pattern was not observed for species 

richness however, indicating that evenness or abundance of species was driving the diversity 

result. This unexpected result further underscores the importance of understanding shifting 

species interactions under acidification (Gaylord et al., 2015). Responses to CO2 could also be 

modulated at seep sites by seasonal effects on both calcifying invertebrates and algal competitors 

(Baggini et al., 2014), as seawater temperature increased from 14°C to 20°C during my 

experiment. Competition between serpulids and algae has been documented in benthic 

communities near Ischia CO2 seeps, although the pattern described there (Kroeker et al., 2013c) 

is opposite to what I have described here in shaded fouling communities. Thus, microhabitat 

could play an important role in competitive outcomes under acidification, and shaded areas may 

provide a refuge from algal competition for those calcified filter feeders that are able to recruit 

under acidification, although see Celis-Plá et al. (2015) for examples of positive combined 

effects of shade and acidification on macroalgae.  

The observed species-level changes at the acidified site, likely driven by direct effects and 

mediated by interspecific interactions, culminated in community-level shifts in structure. my 

results conformed to the general expectation that communities experiencing high CO2 may shift 

from calcified to mainly non-calcified consumers (Christen et al., 2013) likely due to energetic 
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trade-offs which result in less energy available for calcification (Gaylord et al., 2015). My results 

complement a growing number of studies documenting changes in community structure and 

diversity with increased CO2 in a range of habitat types (Kroeker et al., 2013b; Campbell & 

Fourqurean, 2014; Meadows et al., 2015; Raulf et al., 2015; Sarmento et al., 2015; Brown et al., 

2016). The significant trend towards homogeneity among invertebrate communities under 

acidified conditions by the end of my experiment is similar to that described for fouling 

communities in western Canada (Brown et al., 2016), and for algal communities close to CO2 

seeps (Porzio et al., 2011; Kroeker et al., 2013c).  

3.4.3. Conclusions 

I found that elevated CO2 conditions in the Mediterranean stimulated the initial colonization of 

settlement panels by biofilm. Despite the promotion of biofilm, succession was delayed at the 

acidified site and secondary colonization was lower. After eight weeks, however, subsequent 

secondary succession accelerated quickly, resulting in higher secondary colonization, altered 

community structure, and a more homogeneous biofouling community than that found at 

ambient levels of CO2.  Life history strategies, such as larval dispersal ability, environmental 

tolerances, growth rate and competitive ability, influence species-specific responses of organisms 

as they colonize new substrata, and are important to consider, even in closely related species 

(Gambi et al., 2016). I found marked shifts in recruitment patterns which may alter routes of 

energy flow between trophic levels; later settlers may arrive out of sync with food sources, 

predators, or competitors (Dupont & Thorndyke, 2009; Nagelkerken & Connell, 2015). I also 

found that acidification altered community structure and these changes were driven both by past 

exposure (colonization history) and recent exposure to high CO2. Accelerated secondary 

succession, homogenization, and changes to diversity under acidification occurred independently 
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of colonization history. These processes might be driven more by proximate environmental 

conditions and small-scale within-site recruitment. The observed community-level shifts are 

therefore likely a result of not only persistent and transient effects of interspecific variability in 

response to increased CO2 but also, importantly, shifting interactions between and within 

primary and secondary colonizer guilds (Connell & Slatyer, 1977; Gaylord et al., 2015). Overall, 

these short and longer-term acidification-driven changes in community succession may represent 

an as-of-yet undocumented feature of many marine communities, and could have important 

implications for ecosystem function and food web dynamics. 
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Chapter 4. Increased Food Supply Mitigates Ocean Acidification Effects on 

Calcification but Exacerbates Effects on Growth 

 

4.1. Introduction 

Ocean acidification (OA) has been recognized as one of the most significant threats to marine 

life (Wittmann & Pörtner, 2013), with demonstrated negative effects across many taxa in terms 

of growth and calcification (Kroeker et al., 2013a). Although the negative effects of acidification 

are not universal (Harley et al., 2012; Wittmann & Pörtner, 2013; Hall-Spencer & Allen, 2015), 

they are more common than positive effects and have been demonstrated in a wide variety of 

taxa (Kroeker et al., 2010, 2013a). In many cases, impairment by acidification reflects an 

underlying energetics problem, as organisms may need to redirect energy from growth and 

reproduction towards acid-base regulation, especially at sites of calcification (Sokolova et al., 

2012; Stumpp et al., 2012b). Given that sub-lethal negative effects of OA can result from this 

energetic trade off, a number of studies have proposed the hypothesis that negative responses to 

OA could be minimized in situations where energy (e.g., food) is more readily available (Ramajo 

et al., 2016). If true, this has far-reaching implications for how we both understand and study OA 

(Rossoll et al., 2012; Gaylord et al., 2015). 

Although the energy limitation hypothesis is ecologically relevant and physiologically plausible, 

many of the recent tests of the idea suffer from a lack of adequately framed and precisely stated 

expectations regarding the combined effects of OA and food supply, or from inappropriate 

statistical comparisons among different experimental groups. Perhaps as a result of the loose 

framing of expectations, the most appropriate meta-analytical techniques have not yet been 

employed to seek generalities across studies. Here, I 1) clarify the hypothesis put forward by a 

recent meta-analysis (Ramajo et al., 2016) and others (Edmunds, 2011; Comeau et al., 2013; 
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Thomsen et al., 2013; Crook et al., 2013; Drenkard et al., 2013; Hettinger et al., 2013; Pansch et 

al., 2014; Towle et al., 2015; Pan et al., 2015; Ramajo et al., 2015; Maier et al., 2016; Büscher et 

al., 2017), and 2) test the hypothesis using available data in a more appropriate meta-analytical 

framework.  

Meta-analysis can be used as a post-hoc tool to assess generality or consistency of a well-

defined, a priori hypothesis (Lortie & Callaway, 2006). I consider the following hypothesis:  the 

negative response to acidification by calcifiers is reduced by high food availability (or, 

alternatively, magnified by food limitation) (see Ramajo et al., 2016 and studies there within). 

Ideally, each independent study should test the same hypothesis by setting controls at naturally 

occurring food levels and then either enhancing or restricting food availability. The 

inconsistency among studies in Ramajo et al. (2016), both in setting controls (i.e. either “low” or 

“high” food was considered the control, depending on the study, so the direction of applied 

treatment also differed) and baselines (i.e. the magnitude of the control: some studies consider 

naturally occurring food levels, while others consider starvation as a baseline), make inferences 

more difficult. In this meta-analysis, I test the hypothesis by comparing patterns to both 

predictions, recognizing that relating control conditions to natural environments is essential for 

interpreting the results; this limitation is discussed in further detail below.  

Here, the crux of the hypothesis that a negative response to OA by calcifiers could be modified 

by food availability lies in the idea that increased food supply does not simply offset some of the 

negative consequences of ocean acidification; rather, it implies a positive interactive effect of 

food and OA (sensu Morris et al., 2007). For this type of statistical interaction, the term 

‘positive’ refers to the fact that the observed response to simultaneously elevated food and CO2 

is more positive, or less negative, than the response predicted from the single-factor effects by a 
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null, non-interactive model. The proper statistical test of the food limitation hypothesis would 

therefore be to estimate the statistical interaction between food supply and ocean acidification 

where the effect of OA on performance is stronger with limited food and weaker with abundant 

food. The distinction between this positive interactive scenario and two alternatives (non-

interactive and negative interactive scenarios) is outlined in Figure 4.1. The non-interactive 

scenario is one in which the effect of OA does not depend on food availability (Fig. 4.1a, slopes 

are equal). Here, I use the term ‘non-interactive’ to imply a null additive model in multilevel 

meta-analysis and a null multiplicative model in factorial meta-analysis. In the positive 

interactive scenario, the response of an organism to acidification is altered by food addition such 

that the negative effect of OA apparent under low food conditions is reduced or disappears when 

food supply is high (Fig. 4.1b, low food slope is more negative). Finally, in the negative 

interactive scenario, food addition actually promotes a stronger negative response to CO2 (Fig. 

4.1c, high food slope is more negative). This last case is not predicted directly from an energetic 

model of effects of OA, but thus far the only example of a significant interaction between 

factorially manipulated CO2 and food supply is of this type (see Cole et al., 2016). These three 

hypotheses lead to how food supply alters the effect of OA on performance (Fig. 4.1d-f) and, 

equivalently, how OA affects an animal’s performance response to food supplementation (Fig. 

4.1g-i). Here, I regard an organism’s performance as any measure that can be metabolically 

linked to energetic supply (Sokolova et al., 2012) and expect that performance metrics that relate 

more directly to energy use and allocation will be more influenced by food addition. Using a 

factorial meta-analysis, I can further test that a negative effect of CO2 and a positive effect of 

food supply can combine in a multiplicative way (i.e. no interaction, Fig. 4.1j) or in an  
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Fig. 4.1. Schematic demonstrating hypothetical responses of organisms where high CO2 has a 

negative effect and high food supply has a positive effect on performance. Left-hand panels 

show a scenario where organismal response to high CO2 is not modified by food supply, 

demonstrating a non-interactive effect of food and OA on performance (a). Middle and right-

hand panels depict interactive effects of food and ocean acidification on performance, where 

organismal response to high CO2 is modified by food supply in a positive (b) or negative (c) 

way. The outcomes of (a), (b), and (c) could be realized across many studies in a meta-analysis, 

where the mean effect sizes (in Ln response ratio, LnRR) of OA may remain the same, regardless 

of food addition (d) or differ under food supplementation (e, f). In (d), while higher food may be 

beneficial and OA may be detrimental, a change in food supply does not alter the magnitude of 

the OA effect. Similarly, the effect of food supply could have no relationship with CO2 (g) or be 

influenced by change in CO2 (h, i). Finally, in a factorial meta-analysis, the interaction between 

food supply and OA could be non-significant (a simple multiplicative outcome, in this case (j), 

significantly positive (k), where the interaction food and OA on average improves the 

performance of organisms relative to the non-interactive case (compare b to a), or significantly 

negative (l), where the interaction between food and OA on average decreases performance of 

organisms relative to the non-interactive case (compare c to a). 
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interactive way, either where the interaction on average improves (Fig. 4.1k) or decreases 

performance relative to the non-interactive null expectation (Fig. 4.1l). 

Ramajo et al. (2016) set out to explore these possibilities using 12 studies that factorially 

manipulated OA and food supply to calcifying invertebrates from a range of taxa (corals, 

crustaceans, molluscs and echinoderms) and life history stages (larvae, juveniles, and adults) 

found in different environments (both temperate and tropical). However, rather than comparing 

OA effects at high and low food supply (i.e. slopes of lines, Fig. 4.1a-c), Ramajo and colleagues 

compared both the high food acidified treatment (solid upward-pointing triangles, Fig. 4.1a&b) 

and the low food acidified treatment (solid downward-pointing triangles, Fig. 4.1a-c) to a single 

reference treatment: high food, non-acidified (open upward-pointing triangles, Fig. 4.1a-c). This 

comparison using a common denominator is atypical in the meta-analysis literature, where, in 

subgroup analyses, independent effect sizes are computed within subgroups (Borenstein et al., 

2009a). Because the effect size of acidification was not calculated independently for each 

subgroup (level of food supply) by Ramajo et al. (2016), the response ratios (lnRR) presented for 

low and intermediate food supply cannot be considered true effect sizes and thus cannot be used 

to compare if the effect of CO2 changes under food supply levels. Therefore, the authors 

inadvertently tested a substantially different hypothesis, namely that when food is abundant, 

increasing CO2 has a small effect, but that simultaneous exposure to OA and food deprivation 

has a large negative impact relative to well-fed, non-acidified controls. Because the analysis did 

not include any data from organisms under ambient CO2 conditions and low or intermediate food 

supply (open down-facing triangles, Fig. 4.1a-c), the analysis cannot determine if or how the 

response to OA changes with food supply (i.e. cannot distinguish between the interactive vs. 

non-interactive scenarios outlined in Figure 1).  
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To clarify the relationship between OA effects and food supply, I re-examined the available 

literature using two different types of meta-analysis: multilevel meta-analysis (employed by 

Ramajo et al. (2016) and others (Konstantopoulos, 2011) and factorial meta-analysis (Gurevitch 

et al., 2000; Morris et al., 2007; LaJeunesse, 2011). Within each of these types of meta-analysis I 

used three different datasets to test the hypothesis that the response to OA is modified by food 

supply. I first created an updated dataset by extracting data from the eleven published studies in 

Ramajo et al. (2016) and six additional studies (Taylor et al., 2014; Cole et al., 2016; Maier et 

al., 2016; Büscher et al., 2017; Hurst et al., 2017; Swezey et al., 2017a) (see Appendix C, Table 

S4.1). In order to compare these results to findings in Ramajo et al. (2016), I next replicated their 

dataset twice, first including the incorrect log response ratio (LnRR) calculation along with other 

errors in the dataset, and secondly by correcting the LnRR calculation in order to demonstrate the 

impact that this miscalculation makes on the results and inferences (see Appendix C).  

 

4.2. Methods 

Two meta-analytic techniques were explored to test the hypotheses posed above. The first, 

multilevel meta-analysis, uses ln response ratios of the effect of CO2 (comparing across food 

levels) and the effect of food (comparing across CO2 levels). The second technique, factorial 

meta-analysis, is suitable for papers that employ fully-factorial experiments and is considered a 

more powerful method for this type of dataset. The analysis used by Ramajo et al. (2016), 

specifically their calculation of effect size, was not appropriate for the stated hypothesis and, this 

mismatch calls their conclusion into question. I have therefore replicated results from Ramajo et 

al. (2016), using both types of meta-analysis. These methods can be found in the Appendix C.   
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4.2.1. Multilevel meta-analysis (Fig. 4.2) 

I extracted data on growth and calcification responses to CO2 from 17 articles in which both food 

supply and CO2 were manipulated. All data (68 observations for calcification measures, 144 for 

growth measures) were extracted from figures using WebPlotDigitizer (Rohatgi, 2015). The 

papers used in the multilevel analysis were all the published articles from Ramajo et al. (2016) 

and six additional articles found during an ISI Web of Knowledge search using similar search 

terms (Appendix C, Table S4.1). Here, I used the width variable from Taylor et al. (2014) 

because this is the most commonly used measure of urchin growth in both fisheries and 

population-level literature. Furthermore, Taylor et al. (2014) was only used for the LnRR effect 

of CO2 analysis but not for the effect of food analysis since negative and positive values cannot 

be compared using LnRR (for example, a high food value of + 20% change in growth and low 

food value of – 20% change will result in ln (-1) which is undefined, therefore change in weight 

can only be used in this analysis if all values are positive). I only used the aggregate ambient 

CO2 level described in Maier et al. (2016) and only one elevated CO2 level (intermediate) 

because, as above, LnRR cannot evaluate dissolution at the same time as calcification. I added a 

constant (0.5%) to all percentage growth measurements in Büscher et al. (2017) since values 

close to zero approach infinity when taking ln(0).  

Meta-analytic calculations and statistics were performed in R (Version 3.3.1, R Development 

Core Team, 2009), using the metafor package (Viechtbauer, 2010). I calculated a weighted ln 

Response Ratio (lnRR) using OA/Control within each food supply level (escalc function, 

metafor package in R, Viechtbauer, 2010). I constructed multilevel models with food supply as a 

fixed effect and aspects of non-independence as random effects using the rma.mv function in R 

(Viechtbauer, 2010) and checked these models for publication bias (using a contour-enhanced 
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funnel plot, Peters et al., 2008) and sensitivity to outliers (following methods in Habeck & 

Schultz, 2015). I used restricted maximum likelihood (REML) approaches to test if effect size 

estimates were significantly different than zero and significantly different between food supply 

and CO2 levels. Some levels of CO2 were different between food levels within an experimental 

treatment, therefore I averaged between food levels to obtain a single CO2 level for each low 

food-high food pair to regress against the LnRR effect of food. I excluded intermediate food 

levels because the sample size was too small to make meaningful comparisons (the minimum 

number of studies included in meta-analysis generally depends on the sample sizes of the studies 

themselves, but Higgins & Green (2008) suggest a minimum of 10 studies, and here only 3 

studies included intermediate food levels). The data used included several non-independent 

measures: common control for multiple levels of CO2, multiple variables for same response 

(growth responses only), and multiple independent studies within the same article. I accounted 

for dependent sampling errors caused by using a common control for multiple levels of CO2 by 

constructing a variance-covariance matrix of the effect size estimates (Gleser & Olkin, 2009). I 

accounted for multiple variables for the same response and multiple independent studies within 

an article by including an unstructured random effect of response variable unit (of the form 

~Unit|Paper_no) and food supply (of the form ~Food.supply|Paper_no) which allows the random 

effects to have different variances for each outcome while also allowing random effects to be 

correlated (Berkey et al., 1998). I plotted estimates for the mean and confidence intervals 

generated from the rma.mv models. For the calculated LnRR of food supply (high food/control, 

low food), I used data from all CO2 levels, therefore there was an unequal number of 

observations in each category. To account for this, I included an unstructured random effect for 

CO2 level (of the form ~ CO2_level|Paper_no) in addition to an unstructured random effect of 
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response variable unit (of the form ~Unit|Paper_no). I tested all models first for an overall effect 

of the moderator (QM), food supply or CO2, and then tested between levels of the moderator – i.e. 

testing for the interaction between food and CO2 (QMcoef), e.g., High vs. Low food or Ambient 

vs. Elevated CO2. These tests of heterogeneity described by the moderators (QM tests) are akin to 

a Wald-type Chi-squared test (Viechtbauer, 2010). When there was only a single moderator (as 

in Fig. 4.2e,f), the effect of the moderator (e.g., CO2) is a test of the slope vs. zero (QMslope) and 

the overall response (regardless of moderator) is a test of the intercept vs. zero (QMintercept).  

 

4.2.2. Factorial Meta-analysis (Fig. 4.3) 

For this analysis, I used the same data as the multilevel analysis (Fig. 4.2), with one exception: 

Taylor et al. (2014) was excluded because we cannot take the ln of negative values (as above). In 

order to account for multiple CO2 levels per paper, I averaged effect sizes across a single paper, 

as factorial LnRR are not appropriate for constructing a variance-covariance matrix to account 

for multiple comparisons to the same CO2 control. I accounted for multiple responses per paper 

in this analysis in the same way. Multiple study sites within papers were considered to be 

independent enough to consider separately. 

I calculated ln response ratios for overall and interactive effects of food limitation and high CO2, 

using factorial meta-analysis methods (Gurevitch et al., 2000; Morris et al., 2007; LaJeunesse, 

2011). Overall effects incorporate the effects of the interacting factor at all levels. In this 

analysis, I assume effects (food supply and high CO2) are multiplicative, which is a more 

biologically realistic null model than simply additive (i.e. “you can’t die twice”,  Sih et al., 

1998). I calculated overall and interactive effect sizes and sampling variance from equations 
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Appendix B.7 to B.12 in Morris et al. (2007). I weighted effect sizes by inverse sampling 

variance using a random effects model where weights were assigned using within study variance 

plus between studies variance (Borenstein et al., 2009b) and corrected for the small number of 

studies using equation 7 in Hedges et al. (1999). I constructed 95% confidence intervals using 

equation 8 in Hedges et al. (1999) and inferred significance from these confidence intervals. If 

the interaction effect is not different than zero (CIs overlap zero), then I can infer multiplicative 

effects (Morris et al., 2007). If otherwise, I infer significant interactive effects: if the interaction 

effect is positive (above zero), then the interaction between the two factors has a positive effect 

on performance relative to the simple multiplicative case; if negative (below zero), I infer the 

interaction of the two factors has a negative effect on performance relative to the multiplicative 

scenario (Morris et al., 2007). 

 

4.3. Results and Discussion 

Using the updated dataset, I calculated log-response ratio (LnRR) of the effect of CO2 using 

response to OA / control (solid vs. open symbols, Fig. 4.1a&b) where control was low CO2 

conditions under the same food supply level as the OA treatment. I found non-interactive effects 

of OA and food supply for both growth and calcification. In other words, the response to OA did 

not depend on food supply (calcification QM(coef)=1.84, P=0.17, Fig. 4.2a; growth QM(coef)=1.31, 

P=0.25, Fig. 4.2b). Furthermore, restricting this analysis to the data and methods used by 

Ramajo et al. (2016) did not alter my conclusions (calcification QM(coef)= 0.60, P= 0.44, Fig. 

4.3b, and growth QM(coef)= 0.28, P= 0.61, Fig. S4.2d). With regard to the data plotted in Figures 

4.2a and 4.3b, I remind readers that a statistical difference cannot be inferred between a 

significant result and a non-significant result (Gelman & Stern, 2006), although it is a common 
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mistake to draw this conclusion when the confidence interval crosses zero in one case but not the 

other. In other words, a difference in statistics (e.g., whether the confidence interval includes 

zero or not) cannot be used to infer a statistical difference between sampled populations.  

Across food treatments, I detected an overall significant negative response to high CO2 for 

calcification-related responses (QM=6.56, P=0.037, Fig. 4.2a). For calcification, the effect size of 

OA was positively related to the experimental change in CO2 (QM=10.79, P=0.0045, Fig. S4.1a). 

In contrast, overall growth responses to OA were less variable, did not differ from zero 

(QM=1.33, P=0.52, Fig. 4.2b), and did not change with increasing experimental change in CO2 

(QM = 2.37, P=0.30 Fig. S4.1b). These results concur with a recent meta-analysis showing that 

calcification responses to OA across many taxa were stronger than growth responses (Kroeker et 

al., 2013a). The non-significant growth response to OA found here suggest either that my 

analysis represents an insufficient sample size to detect a true effect or that the species tested 

were relatively resistant to acidification compared to responses reported elsewhere (Kroeker et 

al., 2013a). 

Across CO2 levels, food supply had no effect (but trending positive) on calcification (OA: 

QM=5.33, P=0.069, Fig. 4.2c; continuous CO2: QM(intercept)=3.19, P=0.074, Fig. 4.2e) and a strong 

positive effect on growth (OA: QM=20.59, P<0.0001, Fig. 4.2d; continuous CO2: QM(intercept)= 

15.74, P<0.0001, Fig. 4.2f). The response to high food supply did not depend on OA  
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Fig. 4.2. Mean effect sizes (LnRR) for the responses of calcification (left hand panels) and 

growth (right hand panels) to food supply and elevated CO2. Mean responses to elevated CO2 did 

not depend on food supply for (a) calcification (QM(coef)=1.84, P=0.17) nor (b) growth 

(QM(coef)=1.31, P=0.25). Across food treatments, there was a significant negative response to high 

CO2 for (a) calcification (QM=6.56, P=0.037) but not (b) growth (QM=1.33, P=0.52). Response 

to high food was not different between elevated and ambient CO2 levels for (c) calcification 

(QM(coef)=2.62, P=0.11) or (d) growth (QM(coef)=1.64, P=0.20) responses, nor did response to high 

food supply depend on continuous CO2 for (e) calcification (QMslope=1.72, P=0.19, 

slope=0.0001) or (f) growth (QMslope=0.48, P=0.49, slope=0.00). Across OA levels, food had no 

effect (but trending positive) on (c) calcification (QM=5.33, P=0.069) and a significant positive 

effect on (d) growth (QM=20.59, P<0.0001). Across a continuous CO2 gradient, food had a 

significant positive effect on (f) growth (QM(intercept)=15.74, P<0.0001), but not (e) calcification 

(QM(intercept)= 3.19, P=0.074) responses. Parameter estimates and confidence intervals from fitted 

REML models. Symbols represent the treatment in each study from which the LnRR was 

calculated (open vs. closed circles for ambient and elevated CO2, respectively). Numbers in 

brackets indicate the number of studies contributing to the LnRR; for (e) and (f), n=11 and n=15, 

respectively. 
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manipulation or continuous CO2 level for growth (OA: QM(coef)=1.64, P=0.20, Fig. 4.2d; 

continuous CO2: QM=0.48, P=0.49, Fig. 4.2f) or calcification responses (OA: QM(coef)=2.62, 

P=0.11, Fig. 4.2c; continuous CO2: QM=1.73, P=0.19, Fig. 4.2e). These results suggest that 

growth may be more tightly linked to food supply than OA, while OA may be relatively more 

important for calcification. 

As an alternative approach, I next employed a factorial meta-analysis on the same data to 

calculate overall effects of CO2 and food addition and their interaction. This analysis is a 

powerful tool when using fully factorial datasets (i.e. each experiment manipulated both OA and 

food supply) (Gurevitch et al., 2000; Morris et al., 2007; LaJeunesse, 2011). Here, I confirm that 

CO2 has a significant negative effect on calcification (LnRR=-0.26, lower=-0.29, upper=-0.23, 

Fig. 4.3a), as found in Fig. 4.2a. For growth in this analysis I was able to detect a small, 

significant negative effect of CO2 (LnRR=-0.020, lower=-0.026, upper=-0.013, Fig. 4.3), 

whereas I was unable to detect this effect using multilevel meta-analysis (Fig. 4.2b). In this 

analysis, I find strong significant overall effects of food on both calcification (LnRR=1.07, 

lower=1.03, upper=1.11, Fig. 4.3a) and growth (LnRR=0.57, lower=0.56, upper=0.59, Fig. 

S4.2b), whereas previously I found a significant effect on growth only and a positive trend for 

calcification (Fig. 4.2c-f). When analyzed factorially, I found that the interaction between OA 

and food supply had a small and significant positive effect on calcification (LnRR=0.13, 

lower=0.07, upper=0.19, Fig. 4.3a). This result provides support for the positive interaction 

hypothesis that food addition can ameliorate response to CO2 (Fig. 4.1b). For growth, I find 

support for the opposite hypothesis, where the interaction between food supply and CO2 had a  
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Fig. 4.3. Factorial analysis. Overall and interactive effect sizes for CO2 and food supply for (a) 

calcification and (b) growth responses. (a) Here, I find that overall, CO2 had a significant 

negative effect on calcification (LnRR=-0.26, lower=-0.29, upper=-0.23), whereas food addition 

had an overall significant positive effect on calcification (LnRR=1.07, lower=1.03, upper=1.11). 

The interaction between CO2 and food supply was significantly positive for calcification 

(LnRR=0.13, lower=0.07, upper=0.19), meaning that OA effects were weaker (less negative) at 

high food. (b) For growth responses, CO2 had a small but significant negative effect (LnRR=-

0.020, lower=-0.026, upper=-0.013), food had a positive effect (LnRR=0.57, lower=0.56, 

upper=0.59). The interaction between CO2 and food supply was small but significantly negative 

for growth (LnRR=-0.024, lower=-0.035, upper=-0.012), meaning that OA effects were stronger 

(more negative) at high food. Error bars are 95% confidence intervals calculated from standard 

error for small sample sizes. If the error bars do not overlap zero then a significant response is 

inferred. Numbers in brackets indicate the number of studies contributing to the LnRR. 

 

small but significant negative interactive effect on growth (LnRR=-0.024, lower=-0.035, upper=-

0.012, Fig. 4.3b). This result implies that negative CO2 effects are actually more severe at high 

food concentrations, perhaps because high food conditions support a larger scope for the effect 

of CO2 to act on (Fig. 4.1c). 
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When I restrict the factorial analysis to the data used by Ramajo et al. (2016), I also find negative 

effects of CO2 and positive effects of food on both calcification and growth responses. In 

addition, the interactive effect of food supply and OA on calcification is similar to the previous 

result with more studies (LnRR=0.10, lower=0.043, upper=0.15, Fig. S4.3b). However, using 

only data from Ramajo et al. (2016), I find that the interactive effect of CO2 and food supply on 

growth is slightly positive (LnRR=0.03, lower=0.015, upper=0.048, Fig. S4.3d), which is in the 

opposite direction to the same analysis using more data (Fig. 4.3b). However, a change in sign of 

the interactive effect is an indication of extraction errors in the original Ramajo et al. (2016) 

dataset (Table S4.1), as re-analysis without extraction errors yields a non-interactive effect. 

Therefore, the negative interaction effect on growth is only detectable with a larger sample size.  

Overall, there was no consistent tendency for the effects of OA on growth and calcification to be 

modified in the same way by food supply. I find that for calcification there is evidence that 

positive effects of food supply do mediate negative response to acidification. For growth 

responses, in contrast, I found a significant negative interactive effect using factorial analysis, 

and no response using multilevel meta-analysis. Although both statistically sound methods, 

factorial analysis likely has more power to accurately estimate the effect size of the interaction, 

as it directly calculates an interactive effect for each study (Gurevitch et al., 2000), whereas in 

multilevel analysis, interactive effects (across studies) are inferred from the difference between 

levels of one main effect on the other main effect, after the main effects are calculated 

(Viechtbauer, 2010). In particular, the multilevel inference method may be less powerful than 

factorial meta-analysis for detecting if the effect of CO2 is different between high and low food 

levels given that each study defines food levels differently. There is currently no statistical 

comparison of the robustness of each meta-analytic techniques for this kind of data, but factorial 
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meta-analysis has been described as particularly useful for understanding the growing list of 

multiple stressor studies (Crain et al., 2008; Piggott et al., 2015). The findings of the multilevel 

analyses align more with the findings of the individual studies making up the meta-analysis, 

where the interaction between food and OA was non-significant in 21 of 22 cases, although, it 

should be noted that the single significant interactive case revealed an increased OA effect on 

growth at higher food rather than a decreased one (Cole et al., 2016) (consistent with Fig. 4.1c 

and findings of factorial meta-analysis on growth). The number of studies considered here and 

by Ramajo et al. (2016) is relatively low, although neither sensitivity nor bias analyses indicated 

cause for concern (see methods for details). It is also worth noting that some of the included 

studies did find interactive effects for other response variables where negative responses to OA 

were ameliorated under high food, including metabolic rate (Pan et al., 2015), aragonite crystal 

length (Crook et al., 2013) and, frequency of normal development (Cole et al., 2016), suggesting 

food supply could be important in mediating other physiological and developmental responses to 

OA beyond calcification and growth responses.  

There may be physiological mechanisms, yet to be explored, for the various hypotheses 

described above. Mechanistically, for added food to reduce the negative impact of OA (i.e., a 

positive interactive outcome), either feeding rates would need to increase to compensate for 

higher energetic demands, or energy acquisition from ingested food would need to be more 

efficient. The reverse would need to be true to support the negative interactive outcome, where 

OA impacts are most severe at high food supply. Currently, there is little evidence to support 

compensatory feeding under acidification. In fact, feeding and clearance rates have been shown 

to decline under acidification across a wide range of taxa, both herbivorous and carnivorous, 

encompassing a variety of feeding appendages and behaviours (Clements, 2016), which may 
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help to explain the negative interactive effect I found for growth. Similarly, available evidence 

does not suggest that increased assimilation efficiency is likely to be common under high CO2 

(Wang et al., 2015; Sui et al., 2016; Xu et al., 2016). From a physiological standpoint, therefore, 

the mechanisms underlying the significant positive interactive effects on calcification described 

here are yet to be pinpointed. It should be noted, however, that reductions in search and handling 

times and increases in palatability under acidification (Cripps et al., 2016; Duarte et al., 2016) 

could influence an organism’s energetic balance in such a way that OA costs are minimized by 

higher food availability, but most published experiments – including those in my meta-analysis – 

do not allow for these types of longer-term effects to emerge. Finally, it is important to recognize 

that food supply could mediate OA effects in a non-interactive scenario for one response variable 

(i.e. maximum metabolic rate), but appear interactive for another variable if the combined effects 

of OA and food limitation crosses some important physiological threshold (e.g., metabolic 

supply becomes insufficient to meet demand and the animal dies) or ecological threshold (e.g., 

population intrinsic growth rate, , drops below 1) (Kroeker et al., 2017). To the best of my 

knowledge, these scenarios have not been explicitly tested. 

Moving forward, I recommend that researchers take great care when framing and testing 

hypotheses related to the effects of food availability on responses to OA. The individual studies 

in this meta-analysis overwhelmingly found non-interactive effects, yet several authors use 

phrasing such as “food supply reduces the impacts of experimental OA” (Ramajo et al., 2016), 

“failure to provide food can increase vulnerability to OA in experimental assessments” (Ramajo 

et al., 2016), “food supply… can mitigate the negative impacts of future OA” (Pansch et al., 

2014), “feeding and energy availability can mediate reductions in growth due to OA stress”  

(Towle et al., 2015), and “Zooplanktivory ameliorates the effects of ocean acidification” 
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(Edmunds, 2011). Others have pointed out this discrepancy, for example Drenkard et al. (2013) 

comment on the misclassification of non-interactive results as interactive by Edmunds (2011) 

and underscore that, despite misinterpretation, both of their datasets confirm that energetic status 

does not alter calcification sensitivity to ocean acidification. The authors of the above papers 

may have intended to convey that the negative effects of OA at low food availability can be 

offset by supplying more food. I believe the language used above could equally be interpreted as 

a modification of the effect of OA (i.e. an interactive effect) or an offsetting of the effect of OA 

(i.e. a non-interactive effect). Careful and deliberate consideration of language used to describe 

experimental results can help guide further mechanistic experiments to enhance our 

understanding of ocean acidification responses. 

Many of the studies cited here were driven by observations in the field where ecosystems are 

observed to be healthy in the presence of high food despite acidic conditions (Melzner et al., 

2011; Thomsen et al., 2013; Pansch et al., 2014). In the absence of a non-acidic, high food 

‘control’, however, it isn’t clear if acidic conditions are truly having no effect, or if there is 

simply no difference between non-acidified, low food situations and acidified, high food 

situations. Of course, this does not rule out the broader contention that adding more food will 

allow organisms to maintain performance under increasing acidification; indeed, that outcome 

would be expected from a non-interactive scenario (compare the open downward-facing triangle 

to the filled upward-facing triangle in Fig. 4.1a). However, if this argument is applied to global 

change scenarios generally, it would be akin to comparing a present-day ocean with little food to 

a future ocean with an abundance of food. While it is certainly possible that OA can increase 

food availability (e.g., for some herbivores; Gaylord et al., 2015), this will not be the case for all 

species, nor in all habitats, and the opposite can also be true (Polovina et al., 2008). Unless 
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changes in food supply through time are known in advance, the proper comparison is the effect 

of OA (elevated vs. ambient CO2) at low food supply compared to the effect of OA (elevated vs. 

ambient CO2) at high food supply (Figure 4.1a-c solid and dashed lines, respectively). Overall, 

my results suggest that the ultimate role of food as a modifying influence on ecological 

responses to ocean acidification will depend on the relative importance of calcification and 

growth to fitness and population, community, and ecosystem dynamics. Further, I suggest that 

future changes in ocean acidity could affect systems of both high and low productivity and food 

availability, but the ecological effects may be difficult to predict without knowledge of the ways 

in which acidification indirectly affects food supply. 

Understanding the distinction between interactive and non-interactive effects is important for 

furthering our mechanistic understanding of ocean acidification. If these effects are indeed non-

interactive (as suggested by multilevel meta-analysis), we can make specific predictions about 

the effect of OA separately from the effect food, allowing us to have somewhat more confidence 

in cautiously predicting OA effects for food supply conditions not directly considered in the 

original studies. However, the negative interactive effect on growth (found in the factorial 

analysis) suggests that ecological contexts in which food is super-abundant may be more 

susceptible to OA effects than more food-limited systems, and the converse is true in terms of 

calcification. The presence of mixed interactive effects prevents us from generalizing broadly 

from a limited set of results as the outcome of one effect cannot be predicted independently from 

the other, and suggests that future OA impacts may vary meaningfully from one context to 

another.  

Overall, I provide evidence that food supply both mitigates and worsens the negative effects of 

OA, depending on the response variable. Clearly, there remains much work to be done on this 
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topic. I agree with Ramajo et al. (2016) that researchers should, where possible, explicitly relate 

food supply levels to natural conditions (e.g., Drenkard et al., 2013; Thomsen et al., 2013) and 

organismal requirements, as interactive effects of food supply and OA could emerge when 

crossing ecological thresholds. Furthermore, if and when “low food” treatment levels equate to 

starvation of the organism, researchers should consider that other energetic processes, such as 

metabolic depression, are likely to become important and this could change the response to OA. 

More studies are needed to determine the full extent to which responses to OA change across a 

wide range of food supply levels and feeding modes. The careful selection of natural field-

relevant food supply levels can help identify when responses to OA are likely to cross ecological 

thresholds, which can generate interactive outcomes at higher levels of biological organization 

even when the underlying effects are non-interactive. Given that both food supply and marine 

carbonate chemistry are changing simultaneously through time, a more detailed understanding of 

the inter-relationship of their effects, both physiological and ecological, remains a research 

priority.  
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Chapter 5: Energetic Context and Competition for Limiting Resources 

Determine Species and Community Responses to Ocean Acidification 

 

5.1. Introduction  

As atmospheric and oceanic carbon content continue to rise and track worst-case projections, 

ocean pH is declining at rates unprecedented in the geological record (Hönisch et al., 2012; 

IPCC, 2013; Henson et al., 2017). This rapid ocean acidification (OA) will likely have severe 

consequences for marine organisms (Kroeker et al., 2013a; Wittmann & Pörtner, 2013). The 

majority of the recent deluge of acidification studies (Kroeker et al., 2013a) have been conducted 

without consideration of food supply to experimental organisms. This is an important oversight 

because sub-lethal physiological responses to OA are likely the result of energetic (or ATP) 

trade-offs, where maintenance costs increase under stress at the expense of other processes like 

growth, reproduction and calcification (Wood et al., 2008; Sokolova et al., 2012). Acidification-

driven ATP trade-offs towards acid-base regulation processes like protein synthesis and ion 

regulation, necessary for maintaining homeostasis, have been documented in both laboratory and 

field settings (Stumpp et al., 2012b; Calosi et al., 2013a; Navarro et al., 2013; Pan et al., 2015). 

Energetic supply, in the form of ATP, comes from the breakdown of carbohydrates, amino acids, 

and lipids; and food limitation is therefore a key constraint of total energy available for 

allocation (Sokolova et al., 2012). Therefore, it is important to understand how food supply 

might combine with acidification, not only to put published work in perspective but also to better 

understand mechanisms underlying the observed energetic trade-offs.  

Experiments that simultaneously manipulate food supply and CO2 can help determine if higher 

energetic supply can modify the outcome of acidification-driven energetic tradeoffs. Energetic 

tradeoffs in response to stress can be inferred by identifying decreases in non-maintenance 
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organismal performance metrics (e.g., growth, activity, reproduction, storage) or increases in 

maintenance costs (e.g., metabolic rate) or direct changes in ATP allocation (Kooijman, 2010; 

Sokolova et al., 2012). Most studies that address the relationship between food supply and ocean 

acidification measure organismal performance metrics like calcification and growth (Ramajo et 

al., 2016, Chapter 4), although changes in ATP allocation have also been directly measured (Pan 

et al., 2015). The expectation for these experiments is that increases in total energy supply 

should mitigate negative responses to OA at the organismal level (Ramajo et al., 2016)(Chapter 

4, Prediction Fig. 4.1b – positive interaction between food and OA). However, for growth 

responses, food supply has been shown to combine additively with acidification at the organism 

level (Fig. 4.1a, no interaction) across individual studies (Edmunds, 2011; Melzner et al., 2011; 

Comeau et al., 2013; Thomsen et al., 2013; Crook et al., 2013; Drenkard et al., 2013; Hettinger 

et al., 2013; Pansch et al., 2014; Towle et al., 2015; Pan et al., 2015; Ramajo et al., 2015; Cole et 

al., 2016) or in fact slightly exacerbate the negative effects of acidification  (Fig. 4.1.c, negative 

interaction, Fig. 4.3b), indicating that energy availability in the environment may not mediate 

bio-energetic mechanisms of OA at the individual level. This response could be in part due to 

food replete conditions supporting higher growth and therefore a larger scope for the effect of 

CO2, but the underlying mechanisms driving this pattern of response at the individual level are 

difficult to determine, especially since food limitation is not explicit in every study’s control.  

Many acidification-driven energetic trade-offs at the organism level (e.g., growth rate, size, 

reproductive output) can influence population parameters like carrying capacity, population size, 

birth rate, and death rate (e.g., Dynamic Energy Budget (DEB) theory; Kooijman, 2010; Nisbet 

et al., 2010; Muller & Nisbet, 2014). Some of the links between energetic trade-offs and a 

species’ population dynamics require clear integration of species-interactions; for example, 
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decreased calcification under acidification could promote shell weakening that increases 

predation risk and therefore influences the calcifier’s population death rate (Kroeker et al., 

2014). Integrating interacting populations of virtual species with a range of traits can lend insight 

into community properties like production, frequency distribution of species, and biodiversity 

(Maury & Poggiale, 2013; Enquist et al., 2015). Processes like species interactions at small 

scales can produce patterns at large scales (e.g., intertidal zonation Wootton, 2001). Community 

patterns can also be maintained by energetic homeostasis of individuals under stress (e.g., 

consumption Ghedini & Connell, 2016). The extent to which cascading effects of a stress-

induced energetic trade-off at the individual level have community level consequences have yet 

to be explored. Overall, there has been little consideration beyond the individual level in 

understanding the relationship between food supply and response to acidification (but see Pansch 

et al., 2014). Here, I present results from a field-based mesocosm experiment at the community 

level manipulating phytoplankton food availability and quality and propose a conceptual 

framework for these results in competitively structured communities.  

I examined species-level responses to OA and food availability and quality within the 

community context and how these responses align with theoretical predictions outlined in 

Chapter 4, modified for three food levels: natural phytoplankton from the water column (no food 

added) and naturally supplied phytoplankton supplemented with low- or high-quality 

phytoplankton diets. I examined three hypotheses about how increased food supply and elevated 

CO2 could combine. First, I hypothesized (1) that some species’ abundances will decline in 

response to acidification, especially those that use calcium carbonate to build and maintain their 

skeletons (Wittmann & Pörtner, 2013). Based on meta-analysis in Chapter 4, I next expected (2) 

that if individuals are food limited, adding any food beyond naturally occurring levels will 
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increase species abundance, and that a high-quality (high fatty acid phytoplankton) diet will have 

a stronger positive effect on abundance than a low-quality diet. Although, in a community 

setting, changes in food availability or quality could influence competition outcomes, and not all 

species may benefit from food supplementation (Chesson & Huntly, 1997). Using the simplified 

expectations of a positive effect of food addition and negative effect of acidification, these 

factors can combine (i) non-interactively, where these effects are independent (Fig. 5.1i), (ii) in a 

positive interactive way, where the combination of food addition and acidification has a positive 

(or less negative) effect on abundance when compared to the control response (Fig. 5.1ii), and 

(iii) in a negative interactive way, where the combination of diet and acidification has a negative 

effect on performance compared to the control response (Fig. 5.1iii). If individual growth 

influences abundance (% cover) in a community setting, following from the growth results of 

factorial meta-analysis in Chapter 4, I expected (3) that effects of food quality and acidification 

to combine interactively, such that negative effects of acidification on abundance are slightly 

greater under high food supply (prediction iii). Deviations from this response would indicate that 

there are other physiological or ecological mechanisms at play. Next, I observed spatial 

dominance patterns between the two most abundant species to test whether acidification or food 

supply or their combination alters the spatial landscape. I then determined whether community 

level properties, like species richness, community structure and biomass, tend to follow 

conventional expectations regarding increases in resource supply (i.e. that increases in food 

availability should increase productivity and species richness, Wright 1983; Cardinale et al., 

2009) and declines in pH (i.e. acidification) should decrease productivity and richness 

(Nagelkerken & Connell 2015). 
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5.2. Methods 

5.2.1. Study System 

This experiment was conducted on marine biofouling communities, sessile suspension feeding 

invertebrates. At my field site, these communities include colonial and solitary tunicates, 

barnacles, bryozoans, polychaetes, hydroids, and mussels. Mussels and hydroids at this site have 

been shown to be vulnerable to acidification (Brown et al., 2016). A complete species list with 

abundance information can be found in Appendix D, Table S5.2. The two most dominant species 

were the invasive ascidian Botryllus schlosseri and the cryptogenic hydroid Obelia dichotoma 

(Gartner et al., 2016). Marine fouling communities have long been used as model systems for 

studying patterns and processes in communities (e.g., stability, Sutherland, 1974). These quickly 

developing communities are ideally suited to studying recruitment and succession (Chalmer, 

1982). Further, these communities typically have a high proportion of invasive to native species 

(Stachowicz & Byrnes, 2006), which make them well suited to studying species interactions. 

5.2.2. Experimental Design 

The twelve-week experiment was conducted at the Reed Point Marina in Port Moody, British 

Columbia (49°17′31′′N, 122°53′25′′W) from July to October 2015. The length of the experiment 

was considered enough time for fouling species at this site to colonize tiles and interact with each 

other (Brown et al., 2016). I employed a field-deployed, flow-through mesocosm system, 

modified from Brown et al. (2016) by using more powerful pumps (to increase flow rate) and 

smaller mesocosms (to increase replication). Sixty semi-submerged translucent polyethylene 

mesocosms (25 L, N=60) were supplied continuously (~ 16 L per min) with unfiltered seawater 

pumped from 1 m depth to preserve natural fluctuations in temperature, salinity, and pH. One 

weighted PVC tile (14.5 cm x 14.5 cm, N=60) was suspended in each mesocosm and propagules 
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of fouling organisms settled naturally on shaded undersides of the tiles. Photographs of the tiles 

were taken once per week and percent cover of all species was analyzed by overlaying a grid of 

100 points on each image. All photographic analyses were conducted in ImageJ (Schneider et al., 

2012).  All tiles were preserved in 3% formalin for dry weight estimates and species ID. The 

undersides of the tiles were scraped of biomass, which was put in a 60 °C drying oven for 48 

hours, then weighed.  

Mesocosms were bubbled with air or a CO2 mix, to create randomly assigned ambient (~545 

ppm, n=30) or elevated (~1605 ppm, n=29) CO2 conditions, respectively. One mesocosm was 

dropped from the analysis because the settlement tile was dropped and lost during measurement. 

Temperature, salinity, and pH (NBS scale) were measured twice per week at midday (using 

Yellowstone Scientific Instruments Model 85, Montana USA for temperature, salinity; Oakton 6 

pH meter, Oakton Instruments, Illinois USA, for pH calibrated using National Bureau of 

Standards buffers). Water samples were taken once per week for dissolved inorganic carbon 

(DIC) analysis following Dickson (2007). I used these measurements to calculate the remaining 

carbonate parameters with the CO2SYS program (Pierrot et al., 2006). Carbonate parameters are 

described in Appendix D, Table S5.1. While CO2 is the unit of manipulation, CO2 is difficult to 

measure in the field and pH is an accurate indirect measure of CO2. Therefore, throughout the 

manuscript I refer to elevated CO2 and low pH interchangeably. Elevated CO2 mesocosms were 

intended to maintain consistently lower pH values than the controls, and while this was achieved, 

CO2 addition and equilibration were not equal among mesocosms, which resulted in a range of 

average pH values in the elevated CO2 treatment. This gave us the opportunity to view my 

results along a gradient of pH, as opposed to high vs. low pH. 
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Mesocosms were randomly assigned to be supplied with food either naturally from plankton and 

other suspended sources in the water that was pumped through them (no food added, n=20), or 

this natural food supply supplemented four times per week (~9.75 mg C mesocosm-1week-1) with 

concentrated dead algal cells of green flagellate Tetraselmis sp. (n=20) or diatom Thalassiosira 

weissflogii (n=19) (Brightwell Aquatics, USA). These two taxa are found worldwide in marine 

and brackish waters, are similar in size (between 8 and 20 µm), and are of a size class which 

many suspension feeders in fouling communities can consume (Mook, 1981). Thalassiosira spp. 

typically have higher fatty acid content (including triacylglycerols, sterols, and importantly 

Eicosapentaenoic acid - EPA, an omega-3 fatty acid, known also as 20:5(n-3)) than Tetraselmis 

spp. (Volkman et al., 1989; Brown, 1991) and values reported by the manufacturer of the 

mixtures support this claim. In addition to phytoplankton, the mixtures contain purified water, 

proprietary amino acids, Ascorbic acid, and Citric acid. I used a FlowCAM (Fluid Imaging, 

USA) to estimate cell counts per mL of each concentrated diet. I then varied the amount of each 

diet going into the mesocosms by matching carbon content (~97500 pg C/mL once mixed in the 

25 L mesocosms) but not cell counts of the two different phytoplankton species (Mullin et al., 

1966; Verity et al., 1992; Montagnes et al., 1994). Food was added to mesocosms in pulses four 

times a week (twice in one day, separated by 8 hours, every 3-4 days). During feeding, the 

pumps to all mesocosms (including the no food added treatment) were turned off to prevent the 

added food from being immediately flushed out. Each mesocosm (including those in the no food 

added treatment) was stirred after food addition then allowed to sit for 30 minutes, which should 

be enough time for a developed fouling community to consume phytoplankton at these 

concentrations (Lesser et al., 1992). Note that this method was chosen for ease of application, 

and may not reflect natural phytoplankton bloom dynamics.  
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5.2.3. Statistical Analyses 

I used generalized linear models (GLMs) to understand how the effect of low pH varied with 

food availability and among species by the end of the experiment (week 12) in R (Version 

3.3.1)(R Development Core Team, 2009). Although I found 24 species overall, many were in 

low abundances, so, for this analysis, I only used species with a treatment mean of at least 1% 

cover or 1 individual (10 species total). When possible, I used counts as a more accurate 

representation of abundance. For all models, I graphically assessed the data distribution fit using 

probability plots using the fitdistrplus package (Delignette-muller & Dutang, 2015) and then 

used the most appropriate distribution in analysis using GLMs: numerical response variables 

were assumed to be Poisson distributed and percent cover (out of 100 points) or proportional 

data were treated as binomial responses. I fitted the models with orthogonal contrasts and tested 

with analyses of co-variance with likelihood-ratio chisquare and Type III Sum of Squares.  

I regressed species abundance across concentration of hydrogen ions ([H+]), instead of pH, in 

order to capture the log-scale of the measured pH in my statistical analyses. Although all 

calculations were made in [H+], the x-axes demonstrate how pH changes on a log scale and refer 

to this unit in pH units throughout the results for ease of interpretation. We chose this method of 

visualization to emphasize the log nature of pH, which is often ignored or considered linear. The 

values of [H+] used in the analysis came from the minimum tenth percentile of pH values across 

the entire experiment (12 weeks). I used this method because 1) it provides a higher resolution 

look at the effect of CO2 when compared to treating CO2 as a categorical variable, 2) it more 

appropriately captures variation in shallow coastal pH values (e.g., even where no CO2 is added, 

10% of the pH values are on average 7.8 pH), 3) the 10% value allows us to capture the lowest 

pH values of the experiment in each treatment in order to detect a lower limit of pH in biological 
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response (e.g., is there a lower limit to abundance for a given species, after which abundance 

drops off dramatically?). I also calculated response to average [H+] and presented these similar 

results in Appendix D (deviations from minimum [H+] are highlighted in the text).  

To test my first hypothesis (1), I first looked at how [H+] influenced species abundance across all 

food treatments. Here, I adjusted p-values to control for a false discovery rate (Benjamini & 

Hochberg, 2000) to account for multiple comparisons when comparing across the ten most 

abundant species (De Cáceres et al., 2010). Next, if food treatment or the [H+] * food treatment 

was significant (Hypotheses 2, 3), I conducted pairwise Wald tests comparing the “no food 

added” treatment to the “low-quality” and “high-quality” diets respectively and their interaction 

with [H+] and corrected for multiple comparisons. Similarly, to understand how species richness, 

evenness, space occupation, and biomass changed with acidification and food availability, I 

regressed these variables against [H+]. I constructed a linear model (LM) for evenness and GLMs 

with binomial, Poisson, and Gamma distributions for space occupation, number of species and 

biomass respectively, with [H+] and food treatment as fixed crossed factors. The appropriate 

distribution for each model was chosen after visualizing the data fit to candidate distributions.  

To understand how food availability, quality and their possible trade-off with physiological 

effects of OA influenced spatial dominance between the two most abundant species (the invasive 

ascidian Botryllus schlosseri and the cryptogenic hydroid Obelia dichotoma), I calculated a ratio 

of the relative abundance of these two species (% cover of each species + 0.5%, to avoid 

problems associated with dividing by zero). I took the ln ratio of these species to centre results 

around 0, where positive values indicate that the ascidian dominated and negative values indicate 

dominance by hydroids. I used a linear mixed effects model, including week as a fixed effect and 

mesocosm within week as a random effect (allowing for both an uncorrelated random intercept 
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and slope), using the lme4 package (Bates et al., 2010), to understand how this ratio changed 

over time and with treatments. I tested this multi-level model using an ANOVA with Type III 

sum of squares and a Kenward-Rogers approximation for degrees of freedom, which is 

appropriate for small sample repeated measures designs with complex covariance structures 

(Schaalje et al., 2002).  

To analyze multivariate community data to test whether food quality, quantity and OA affected 

community-level patterns, I used permutational routines on all 24 species over time and at the 

final time point. I first used principal response curves (Van Den Brink et al., 1999) to evaluate 

multivariate community structure over time using the prc function in the vegan package 

(Oksanen et al., 2015b). I next standardized by total percent cover of a given species across all 

tiles, within a given week, to better capture changes in rare species. Next, I performed a 

Hellinger transformation to this data, as the similarity index used in prc is Euclidean distance 

(Legendre & Gallagher, 2001). This method is a useful graphical tool but at this point, we are 

unable to statistically use this tool to analyze two interacting fixed effects. We can subset the 

data to test for overall effects of food availability and acidification by using pairwise permanovas 

(corrected for multiple comparisons) that permutate the data at each time point (Oksanen et al., 

2015b). To understand how community structure varied among treatments within mesocosms, I 

used constrained analysis of principal coordinates (capscale). I used week 12 of the experiment 

and standardized the data in the same way as above. I then calculated a Bray-Curtis (BC) 

resemblance matrix and used the adonis function, a permutational multivariate analysis of 

variance, to the effects of diet and acidification on community structure, and Betadisper, a test 

for homogeneity of multivariate dispersions, to understand community variability under 

acidification and diet.  
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5.3. Results 

5.3.1. Species Responses Within a Community Context 

Substantial variation in species responses to food addition and experimental acidification was 

found for both minimum 10th percentile of pH (Fig. 5.1) and average pH (Fig. S5.1). 

Inconsistencies between response to minimum 10th percentile of pH and average pH are noted in 

the text, statistical tests found in Appendix D, Tables S5.5 and S5.6. Of the ten most abundant 

species, eight responded significantly to acidification (Fig. 5.1; results of statistical tests can be 

found in Appendix D, Table S5.3). The barnacle Balanus crenatus and the nudibranch 

Hermissenda crassicornis had reduced abundance under low pH, regardless of food treatment 

(no food added, high-quality food added, or low-quality food added), and there was no 

interaction between pH and food treatment in either case (Fig. 5.1f, i, Table S5.3). For other taxa, 

however, any significant main effects of pH cannot be interpreted in isolation given a number of 

significant interactive effects between food treatment and pH (see below). Only a single species, 

a calcified bryozoan Disporella sp., had no response to acidification, food treatment, or their 

interaction (Fig. 5.1g).  

Pairwise comparisons between each diet and the control (no food added but phytoplankton 

available from the water column) suggested that neither diet had a consistent effect in magnitude 

nor direction across all species and most species responded to one of the two diets only (results 

of these statistical tests, corrected for multiple comparisons, can be found in Appendix D, Table 

S5.4). Many of these responses had interactions with pH (discussed below). Two taxa 

experienced direct effects of a single diet with no main or interactive effect of pH (non-

interactive outcomes, theoretical prediction i, Fig. 5.1): the invasive ascidian Botryllus schlosseri 

and the invasive caprellid, Caprella mutica. Relative to the control food treatment, B. schlosseri  
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Fig. 5.1. (i-iii) Theoretical predictions for the combination of food supply and acidification 

(modified from Chapter 4, Fig. 4.1a-c with an additional food level) and (a-j) data from the last 

time point of the experiment for ten of the most abundant species. A positive effect of food 

addition and negative effect of acidification can combine (i) non-interactively, where these 

effects are independent (i.e. green or red slope = blue slope), (ii) in a positive interactive way, 

where the combination of food addition and acidification has a positive (or less negative) effect 

on abundance when compared to the control response (i.e. green or red slope > blue slope, 

reading slope from right to left), and (iii) negative interactive effects where the combination of 

diet and acidification has a negative effect on performance compared to the control response (i.e. 

green or red slope < blue slope, reading slope from right to left). Regressions of species 

abundance (% cover and # individuals or colonies) across minimum tenth percentile of hydrogen 

ion concentration values across all weeks (here represented as pH which is -log([H+]) for 

illustration purposes). Circles represent data from tiles in ambient CO2 mesocosms and triangles 

represent those from high CO2/low pH conditions. Blue symbols and regression lines are from 

mesocosms with ambient food supply (organisms fed on plankton and other suspended matter 

coming in from pump), whereas red and green lines and points represent data from added 

phytoplankton in a high-quality diet (Thalassiosira sp.) and low-quality diet (Tetraselmis sp.), 

respectively. Selected species had mean cover greater than 2%. Error bars represent 95% 

confidence intervals on a binomial model for % cover and Poisson model for counts (n=10 for all 

treatments, except 9 for high-quality food, low pH).  
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had an overall negative response to the Tetraselmis (low-quality) diet (Fig. 5.1b, Tables S5.3, 

S5.4), whereas C. mutica had an overall positive response to the Thalassiosira (high-quality) diet 

(Fig. 5.1d, Tables S5.3, S5.4). 

Seven of the ten species exhibited significant interactive effects of acidification and food supply. 

There were no species that demonstrated interactive effects that met the commonly-stated 

expectation, where a positive overall effect of diet mitigated the negative overall effects of 

acidification, creating an interactive effect of diet and CO2 that was positive (Ramajo et al. 2016, 

theoretical prediction ii Fig. 5.1). Two species did exhibit positive interactive effects, where 

beneficial effects of a diet emerged under acidification. The soft-bodied invasive ascidian, B. 

schlosseri, was the only species that benefitted significantly from acidification across food 

supply conditions and in particular, the high-quality diet. The tectinaceous tube-dwelling protist 

Folliculina sp. benefitted from the low-quality diet under acidification. The benefits for these 

two species only emerged under low pH conditions and, for Botryllus, abundance was reduced 

when fed Thalassiosira under control pH conditions (Fig. 5.1b,c, Tables S5.3, S5.4). Most 

interestingly, some species exhibited responses that do not match the explicit predictions made 

thus far (but see Chapter 4) – where the benefit of a given diet disappeared under low pH 

conditions (high-quality food: calcified Membranipora membranacea and serpulid worms, Fig. 

5.1e,j; low-quality food: Didemnum sp., Fig. 5.1h, Tables S5.3, S5.4) or where additional food 

supply exacerbated or brought out the negative effects of CO2 (high-quality food: dominant non-

calcified hydroid Obelia dichotoma and trending for calcified barnacle Balanus crenatus Fig. 

5.1a,f; low-quality food: C. mutica Fig. 5.1d, Tables S5.3, S5.4). I did find clear overall negative 

effects of low pH on the abundance of M. membranacea and serpulid worms despite the presence 
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of these negative interactions, but the main effects are not clearly interpretable for hydroids or 

barnacles.  

It should be noted that when measured using average pH, some of the interactive responses were 

altered (Fig. S5.1, Statistical results found in Tables S5.5, S5.6). M. membranacea abundance 

declines in response to average pH and increases in response to high-quality food but there is no 

significant interaction between these factors (Fig. S5.1e). Similarly, serpulid recruitment was 

lower under average pH but there was no longer an interaction with high-quality food (Fig. 

S5.1j). Response by C. mutica is altered slightly when measured under average pH: a significant 

interaction emerges where under Thalassiosira diet there was no average response to 

acidification but under ambient food supply caprellid abundance increased with acidification 

(Fig. S5.1d). 

 

5.3.2. Dominance Switching Between the Two Most Abundant Species  

I found that the ratio between the two most abundant species, the hydroid Obelia dichotoma and 

the ascidian Botryllus schlosseri, over the entire experiment was not consistent through time 

(Fig. 5.2). Initially hydroids were far more dominant than ascidians and covered over 20 times 

more space, but, over time, ascidians increased in abundance relative to hydroids and, in some 

cases, came to occupy more space than hydroids (Table S2; GLM, Week: F=107.12, P<0.0001). 

Over time, an overall effect of acidification emerged, where tiles in elevated CO2 (low pH) 

conditions had a higher proportion of ascidians, and, by the end of the experiment, tended to be 

dominated by ascidians, while ambient CO2 conditions were still dominated by hydroids (GLM, 

CO2*Week: F=107.12, P=0.0094). There was no overall effect of diet or an interaction between  
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Fig. 5.2. Ln of the relative abundance of ascidian Botryllus schlosseri and hydroid Obelia 

dichotoma), with values on the y-axis transformed to represent the magnitude of differences in 

abundances over the course of the experiment. 1:1 ratio line indicates where the two species are 

in equal abundance. Colours represent food addition treatments, where blue is no food added 

where organisms only fed on natural phytoplankton, green is low-quality diet added and red is a 

high-quality diet added. Circles and solid lines represent data from ambient CO2 conditions, 

while dashed lines and triangles represent data from elevated CO2 conditions. Error bars 

represent standard error (n=10 per treatment, save 9 for high quality diet under elevated CO2).  

 

 

 

time and diet. However, an interaction between acidification and diet did emerge over time, 

where the effects of acidification described above became more extreme under a high-quality 

diet (GLM, CO2*Food quality*Week: F=107.10, P=0.039). 
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5.3.3. Community-level Response to CO2 and Food Supply 

Species richness within mesocosms by the end of the experiment decreased in low pH conditions 

but there was no overall effect of food quality or quantity, or an interaction between acidification 

and food availability (Fig. 5.3a, Table S5.4). The overall decline in richness reflects the 

aggregate species-level responses where a number of species declined in abundance in response 

to acidification for at least one of the diets. Evenness among species within mesocosms was not 

affected overall by acidification but was influenced by the interaction between diet and 

acidification such that communities fed high-quality diets had low evenness under ambient pH 

conditions (when dominated by hydroids) but evenness increased under low pH conditions 

(when communities were dominated by ascidians) (Fig. 5.3b, Table S5.4). This effect of high-

quality food and its interaction with pH was only apparent when using 10th percentile [H+] and 

disappears when regressed against mean [H+] (Fig. S5.2, Tables S5.5, S5.6). 

The total amount of space occupied was significantly influenced by the interaction between diets 

and acidification, but the significant overall effects of acidification and each food quality 

treatment are difficult to interpret given this interaction (Fig. 5.3c, Tables S5.3, S5.4). Under 

ambient CO2 conditions, the communities fed Tetraselmis covered significantly less space than 

those under control conditions, and those fed Thalassiosira covered significantly more space 

than the controls. Under acidification, these patterns were reversed: low-quality diet 

communities occupied more space than the control diet and high-quality diet communities took 

up the least amount of space on the tiles. Total biomass was not influenced by acidification, food 

supply, or their interaction (Fig. 5.3d, Table S5.4). 
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Fig. 5.3. Regression of end of experiment (a) species richness, (b) evenness, (c) proportion space 

occupied per tile, and (d) biomass per 1% cover of tiles across minimum tenth percentile of 

hydrogen ion concentration, represented as pH as in Fig. 5.1. Colours and shapes as in Fig. 5.1. 

Error bars represent 95% confidence intervals on a binomial model for % cover and Poisson 

model for counts (n=10 for all treatments, except 9 for high-quality food, low pH). 
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Principle response curve analysis over the course of the experiment revealed different trajectories 

for the various elevated CO2 and food-addition treatments when compared to the no-food control 

(Fig. 5.4a). This analysis also plots species scores, which indicate relative contributions to the 

community level results. Overall, I found a significant effect of high CO2 (dashed vs. solid lines, 

Permutational ANOVA, F=16.08, P=0.005) trajectories, but not an overall effect of food quality 

(red vs. green vs. blue lines, Permutational ANOVA, F=2.06, P=1.00). Pairwise tests (corrected 

for multiple comparisons) indicate that within the no food added and the low-quality food 

treatments, there was no significant difference between ambient and high CO2 conditions (no 

food added: solid blue vs. dashed blue lines, Permutational ANOVA, F=4.56, P=0.885; low-

quality food added: solid green vs. dashed green lines, Permutational ANOVA, F=2.01, P=1.00). 

However, within the high-quality food treatment, there was a significant difference between 

community level responses at ambient vs. elevated CO2 (no food: solid red vs. dashed red lines, 

Permutational ANOVA, F=19.45, P=0.005).  

At the final timepoint, acidification had a small but significant effect on community structure, 

but not food or the acidification x food interaction (Fig 5.4b; PERMANOVA, [H+]: F-

model=1.91, R2= 0.032, P=0.030; Food quality: F-model=1.31, R2= 0.044, P=0.15, [H+]*Food 

quality: F-model=1.33, R2= 0.044, P=0.13). The differences under acidified conditions were not 

driven by homogenization, as multivariate dispersion was similar between CO2 levels 

(Betadisper, F =0.26, P=0.61) and Food supply levels (Betadisper, F =0.16, P=0.85). 
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Fig. 5.4. Community structure relationships over time using principal response curves (a) and by 

the end of the experiment using constrained analysis of principle coordinates (b). Colours and 

symbols are as in Fig. 5.1, (n=10 for all treatments, expect 9 for high-quality food, low pH). (a) 

the solid blue line represents the control communities and the other treatments deviate from this 

line in terms of relative abundances of different species. The contribution of different species to 

the community effect axis is shown on the right. (b) ordination plot of constrained principal 

coordinates showing the relationship between communities in different treatments.   

 

5.4. Discussion 

Here I test the hypothesis that food supply can mitigate the negative effects of acidification in a 

community setting, by examining both species-specific and community-wide responses to 

increased CO2 (measured as decreased pH) and increased food supply. There is some evidence 

for the direct effects of acidification and food supply on both species and community-level 

responses but these patterns are dwarfed by the interactive responses. For species abundance and 

community measures, I find little support for the most commonly stated hypothesis – that food 

addition interacts with acidification statistically and ameliorates its negative effects – and instead 

find evidence for the exacerbation of negative effects of acidification under food addition. I 
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hypothesize that some of these patterns, described below, could be driven by competitive 

interactions.  

5.4.1. Species-level Direct Effects 

A broad array of taxa in the fouling community were affected by experimental acidification, food 

supplementation, or both. To my knowledge, this is the first record of response to acidification 

by spirotrich ciliates (here Folliculina sp.), Didemnum sp. ascidians and nudibranchs. 

Zooplanktonic ciliates in large-scale mesocosms have been shown to be generally resistant to 

changes in abundance with increase CO2 (Lischka et al., 2017). The resistance to acidification 

under ambient food supply for Didemnum sp. is unsurprising, as ascidian abundance has been 

shown to be largely unaffected by natural acidification (Brown et al., 2017). Declines in overall 

nudibranch abundance (combined data from egg casings and adult sightings) in response to 

acidification is concerning for this predator in fouling communities (Epelbaum et al., 2009; 

Willis et al., 2017). It should, however, be noted that nudibranchs are mobile and were perhaps 

actively avoiding low pH conditions. Caprellids, like other amphipods, have been found in high 

abundances under low pH conditions at natural vent sites (Cigliano et al., 2010), while here I 

found acidification increased caprellid abundance but only under ambient food supply. Heavily 

calcified serpulids have been shown to decline in response to experimental and natural 

acidification (Donnarumma et al., 2014; Li et al., 2014; Lucey et al., 2016; Brown et al., 2017) 

and here I did not find any recruitment below a minimum pH level of 7.4; it is clear that this 

taxon will be a “loser” under ocean acidification. Declines in Membranipora abundance with 

acidification described here are in direct contrast to increases in abundances in response to 

similar experimental conditions in the same location (Brown et al., 2016). This difference in 

response could be due to differences in environmental conditions between years or difference in 
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the competitive environment (the role of competition for dominant space-holders is considered in 

more detail below). Bryozoans have been shown to have a wide range of responses to 

acidification, and the resistance by Disporella across all food supply levels is one of a number of 

interesting demonstrations of resistance by calcifying species. While calcification is widely 

considered a strong predictor for sensitivity to acidification (Wittmann & Pörtner, 2013), the 

variability in response across and within calcified taxa found here and elsewhere (e.g., Calosi et 

al., 2013b; Busch & McElhany 2017) highlights the need to identify mechanisms of acidification 

resistance in calcifiers (e.g., dolomite calcite, Nash et al., 2012, although see limitations to using 

mineralogy, Busch & McElhany 2017), susceptibility in non-calcifiers (e.g., acid-base balance, 

Melzner et al., 2009) or other traits that may influence response to environmental stressors (e.g., 

coloniality, Swezey et al., 2017). 

Contrary to theoretical predictions for species in isolation, food supplementation did not increase 

abundance in all species. This finding could be consistent with satiation, if food provided to the 

mesocosms from phytoplankton in the water column coming in via the pump was abundant. 

However, it is likely that pump flow does limit food intake as the species within mesocosms 

grow more slowly and reach a lower biomass than those grown outside of mesocosms (N. Brown 

personal observation). Another consideration is that not all suspension feeders consume the 

same partition of the plankton and the chosen diet provided to these communities may have been 

outside the size range of some species or some species may be selective in consumption. Only in 

one species (Botryllus schlosseri) did abundance decline with food addition (of Tetraselmis diet) 

at all pH levels. This could be a direct result of either toxicity of this particular diet or a physical 

deterrent to feeding (e.g., filtration blocking) to this species. But given that this diet has similar 
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size range and added chemical components as the Thalassiosira diet, these possibilities do not 

appear likely.   

5.4.2. Species Interactions Could Generate Unexpected Species-level Responses to Low pH 

and Food Supply 

I found that for some species, food can increase abundance at one end of the pH spectrum – 

relative to the ambient food supply conditions – while depressing abundance at the other. I 

hypothesize that this pattern (here observed as a negative interaction for hydroids, caprellids and 

serpulids, and a positive interaction for ascidians and folliculinids) could be generated by inter-

specific interactions. Using an inferred interaction between the two most abundant species in my 

system, I develop a simplified conceptual model that describes potential responses to 

acidification under different food conditions in isolation and in competition (i.e. in a community 

setting). This conceptual idea is a first attempt to understand how species interactions could 

modify an underlying energetic model in response to acidification stress.  

I assume that direct response to food addition is positive in both species in isolation. In my 

simplified model, the hydroid Obelia dichotoma decreases in abundance in response to low pH at 

all food supply levels (Fig. 5.5, left-hand panels), while Botryllus schlosseri¸ the invasive 

ascidian, increases in abundance in response to low pH at all food supply levels (Fig. 5.5, right-

hand panels). First, I might expect that, in isolation, the positive effects of food supply are largest 

when environmental conditions are favourable, based on growth results from the meta-analysis 

in Chapter 4 (Fig. 5.1 prediction iii, Fig. 5.5a,b). Note that negative interaction is in reference to 

the overall effect of the interaction on the organism. Next, I expect that in a multi-species  
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Fig. 5.5. Theoretical predictions for how the combination of acidification and food addition 

might change depending on if the species under consideration is in isolation vs. in a competitive 

environment. I expect that food supply will have a larger effect when environmental conditions 

are favourable, both for species that respond overall (a) negatively (e.g., hydroid) or (b) 

positively (e.g., ascidian) to acidification and overall positively to food addition. I then 

hypothesize that presence of a competitor in a given pH range would depress the abundance of 

the focal species in that pH range, below ambient food supply (i.e. red lines cross blue lines). For 

example, if the ascidian can take up the high-quality diet (red lines) under low pH conditions, the 

abundance of the hydroid in this treatment is reduced under those pH conditions (c). Similarly, if 

hydroids that take up high-quality diet under high pH conditions could reduce abundance of 

ascidians under high pH conditions (d). Compare panels c and d to Figure 1 a and b, respectively.  
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Assemblage, shifting competitive balances under acidification (Kroeker et al., 2013c) could 

outweigh any benefits of food addition and depress the abundance of the inferior competitor 

below ambient food treatments (i.e. lines crossing). In my example, ascidians that do well under 

acidification displace hydroids in that treatment (Fig. 5.5c), whereas under control pH 

conditions, hydroids are able to take advantage of high-quality food under control pH conditions 

and displace ascidians (Fig. 5.5d). Therefore, here I might understand interactive effects of low 

pH and food availability as a result not of the organisms’ direct responses to these two factors 

but as a result of indirect effects (species interactions). 

My conceptual example is based on the pattern I see in the data, where I found a significant 

interactive effect of food and low pH on hydroid abundance (Fig. 5.1a, Tables S5.3, S5.4), which 

could be a result of interaction with ascidians that responded positively to acidification under all 

food conditions and especially under high-quality-food (Fig. 5.1b, Tables S5.3, S5.4). Both of 

these species exhibited depressed abundances below ambient food supply conditions at one end 

of the pH spectrum. The outcome of competition has been shown to be influenced by 

acidification in a number of systems (Diaz-Pulido et al., 2011; Connell et al., 2013; McCormick 

et al., 2013b; Short et al., 2014; McCoy et al., 2016). Indeed, it is possible that temporal 

variation in competitive effects at my study site may explain the change in sign of acidification 

effects on the bryozoan Membranipora membranacea from positive in an earlier experiment, 

where acidification reduced the abundance of competitively dominant mussels (Brown et al., 

2016), to negative in the present experiment, where acidification may have reduced 

Membranipora cover directly or perhaps indirectly via enhanced abundance of competitively 

dominant ascidians. In all of these examples, it is unclear if these changes in dominance were 

due to direct effects of acidification on abundance (i.e. population size of given species N1 or N2 
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in a Lotka-Volterra competition model) or effects on the competition coefficient (i.e. effect of 

species 1 on species 2, α12, and vice versa, α21) (Macarthur & Levins, 1967). Further experiments 

are necessary to disentangle the mechanism: growing each species in isolation (i.e., identifying 

the patterns in Fig. 5.5a,b) and combination (both species, Fig. 5c,d) would allow us to fully 

understand if response to acidification and food availability are changing with the presence of an 

interspecific competitor and conversely how the per capita effects of each species on the other 

changes with resource availability and acidification (Gaylord et al., 2015).  

Competition is the most likely candidate for this pattern, as there is not strong evidence for other 

explanations. For example, toxicity of the algal species could increase under acidification from 

increases in disease load (Williams et al., 2014) or production of toxic compounds (Jin et al., 

2015), but this is unlikely as phytoplankton cells were dead and only in acidified conditions for a 

short time. Increased predation pressure under acidification combined with a desirable high-

quality resource (i.e. hydroids fed high-quality food) could be responsible for depression in 

abundance of hydroids, however the sole candidate predators in the system, the nudibranch 

Hermissenda crassicornis, did poorly under acidification (Fig. 5.1i). These nudibranchs can also 

feed on ascidians so reduced ascidian abundance under high-quality food and ambient pH 

conditions could be a result of predation by this species, although H. crassicornis has been 

shown to prefer feeding on hydroids over B. schlosseri (Epelbaum et al., 2009). Furthermore, 

nudibranchs have been shown to preferentially feed on hydroids that are themselves feeding 

(kleptopredation, Willis et al., 2017), but whether this mechanism extends to ascidians or if 

nudibranchs can detect high-quality prey required further investigation. 
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5.4.3. Shifting Competitive Outcomes as a Result of Changes in Resource Supplies and 

Environmental Conditions 

Over the course of the experiment, in most treatments, the ratio between hydroids and ascidians 

appeared to move away from hydroid dominance towards invasive ascidian dominance. 

However, hydroids fed high-quality food were able to maintain dominance, but only under 

ambient CO2 conditions. These spatial dominance patterns could be driven by direct effects of 

acidification or food supply on each species, changes in competition between dominant species 

under acidification and/or increased resource supply, or a combination of these effects.  

Although hydroids have previously been reported to be sensitive to acidification (Brown et al., 

2016), here I found no direct effect of acidification under control or low-quality diets, and the 

negative effect of acidification only emerged under high-quality food. Ocean acidification is 

expected to increase the abundance of nuisance species like invasive species and typically weedy 

organisms (Hall-Spencer & Allen, 2015) although there is no empirical evidence to support 

changes in invasion processes, impact or biotic resistance under acidification. Ascidians are 

particularly successful invaders (Zhan et al., 2015) and some species have been shown to be 

resistant to acidification (Brown et al., 2017). Since tiles were not at 100% cover, I expect that 

succession here had yet to reach equilibrium, and potentially the ascidians might eventually 

outcompete hydroids in all treatments.  

Subtidal sessile invertebrate communities typically compete for both food (exploitation) and 

space (interference) and it can be hard to disentangle these effects (Buss & Jackson, 1981). Here, 

resource type likely matters, as I found maintenance of hydroid dominance only under high-

quality diet and not low-quality diet or control diet. Complicating matters further are differences 

in morphology (ascidians are generally prostrate, whereas hydroids are erect and branching) and 
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feeding apparatus (hydroids are tentacles feeders whereas ascidians are filter-feeders) between 

species. The Thalassiosira (high-quality) diet in particular could be providing a novel resource 

axis that only a few species can take advantage of, although many of the species described in this 

paper, and certainly hydroids and ascidians, are generally opportunistic and non-selective feeders 

(Lesser et al., 1992; Petersen, 2007; Orejas et al., 2013). Regardless, the diet of concentrated 

dead Thalassiosira cells was evidently beneficial for some species, and although this species of 

plankton can be found in the study area, it is unclear if the communities would respond the same 

way to a natural increase in Thalassiosira population.  

OA has been shown to reverse spatial dominance in fish (McCormick et al., 2013b), fleshy algal 

communities (Connell et al., 2013; Kroeker et al., 2013c), cyanobacterial communities (Van de 

Waal et al., 2011) and in simulations of coralline algal communities using historical data 

(McCoy et al., 2016). Acidification stress could decrease feeding efficiency (Clements, 2016) or 

increase the limiting resource level (R*, Tilman, 1990) needed to sustain a population for 

hydroids but not ascidians, allowing the latter species to dominate and change the outcome of 

competition. Manipulative competition-OA experiments have thus far shown that elevated CO2  

and presence of a seaweed competitor can combine both additively (Diaz-Pulido et al., 2011) or 

interactively (Short et al., 2014). Further experiments paying close attention to limiting resources 

will be necessary to establish generalities.  

Increased food availability is expected to cause declines in competition intensity between species  

(MacArthur, 1970; Gaylord et al., 2015), however, this theory makes the assumption that 

communities are at equilibrium and that food is actually available to all species. Seed-addition 

experiments in rodent communities have found a similar pattern where food addition enhanced 

the dominance of one species at the expense others (Brown & Munger, 1985). Theory predicts 
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that habitats with higher resource levels, or less competition for resources, should be more 

susceptible to invasion (Fluctuating Resources Availability Theory, Davis & Pelsor, 2001; 

Olyarnik et al., 2009). This is supported by experiments that show increasing concentrations of a 

limiting resource supports invasion success and decreases competitive ability of native species 

(e.g., Romanuk & Kolasa, 2005; Burns, 2013). However, others find that the negative effects of 

invasion are less pronounced at high resource levels (Riley & Dybdahl, 2015) and invasion 

success can be inhibited by other dominant species that benefit from resource addition (Lennon 

et al., 2003). Furthermore, all invasive species are not alike, and traits of the invader (e.g., r- vs. 

k-selected) might determine outcome of competition under differing resource levels (Mata et al., 

2013). Importantly, I found that acidification stress can tip the balance of community 

composition towards invasion, even under the resource conditions that enabled the native 

community to resist the ascidian invasion under ambient conditions.   

 

5.4.4. Community-level Outcomes and Consequences of Dominance Switching 

Theories involving resource availability at the community level are nuanced with spectrums of 

resource limitation for each species, the balance among resources in a community, and the 

exploitation of a given fraction of the available resources (Cardinale et al., 2009). With the 

assumption that increased overall resources are beneficial to all species, at least in terms of direct 

effects, increases in food availability should support (1) a higher number of species (via reduced 

extinction probability, species-energy theory, Wright 1983), (2) species that are more evenly 

distributed across space (via decreased competitive intensity), (3) communities that occupy more 

space (space becomes limiting resource, resource ratio theory, Braakhekke & Hooftman 1999) 

and (4) communities with higher biomass (Cardinale et al., 2009). Further, I expected that 
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acidification would decrease richness and secondary production for both calcified and non-

calcified species (Nagelkerken & Connell, 2015). However, I did not find these patterns to be 

widely supported here. The expectations from my test of resource addition to potentially 

selective suspension feeders may not be as straightforward a test of adding energy to a system as, 

for example, adding nitrogen to N-limited plant communities. We do not yet have a set of 

expectations for how acidification might influence the response to food addition for this kind of 

complex community (e.g., cascading from energetic limitation of individuals, Kooijman, 2010), 

but I could expect that community properties reflect the sum of species responses that may 

cancel each other out (expectation = non-interactive, Fig. 5.1i), or the most dominant species 

(expectation = interactive, as exhibited by abundant hydroids and ascidians, Fig. 5.1iii). 

Species richness declines have been found in response to experimental manipulations of CO2 and 

natural CO2 from vent sites (Nagelkerken & Connell, 2015). These species-poor communities 

could potentially be more susceptible to invasion  (Stachowicz et al., 2002b), and this may be 

responsible for the increased abundance of ascidians under acidification. Conversely, 

communities dominated by ascidians that do well under acidification might drive low diversity. 

Disentangling the diversity-invasibility response to acidification would require manipulation of 

ascidian presence. Dominant species can be important for driving species interactions and 

diversity, especially if they provide habitat (Hillebrand et al., 2008). Here, hydroids are a more 

complex habitat than ascidians and their branches often host other species (e.g., mussels, 

caprellids, bryozoans, N. Brown personal observation). Declines in complexity of habitat-

forming species due to acidification has been shown to be a driver of biodiversity loss (Sunday et 

al., 2017). Importantly, the reductions in species richness show that food addition, at least for the 

diets tested, cannot compensate for the negative effects of acidification.  
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Evenness is inextricably linked to the abundance of the most dominant species. Responses to 

experimental resource enrichment have largely resulted in decreases in evenness via the rise of a 

dominant species (Hillebrand et al., 2008; Liess et al., 2009). Since I saw increases in percent 

cover by the two most dominant species under food addition (at different ends of the pH 

spectrum), I might then expect evenness to be overall lower in the high-quality diet treatment, 

but this was only true when hydroids were dominant (under ambient pH conditions). Likely this 

was a combination of differences in magnitude of dominance (Fig. 5.2) and traits of the 

dominant species which can affect aggregate properties (Norberg et al., 2001). Regardless, it was 

surprising that the high-quality diet, low pH communities were the most even, since this 

community type had the highest proportion of ascidians (i.e. where ascidians were most 

dominant) and acidification has been shown to decrease evenness (Kroeker et al., 2011). Insight 

into how invasibility might be influenced by community evenness and how invasive species 

transform evenness (Hillebrand et al., 2008) is needed to elucidate the mechanism.  

Occupied space was never 100% in any of the communities, but most communities still had high 

enough cover to suggest that space could also be a limiting resource and that competition is 

important (Menge, 2000). Increases in space occupation under ambient CO2 conditions and the 

Thalassiosira diet could have be driven by hydroid dominance in this treatment. Similarly, 

species that benefitted from Tetraselmis diet and acidification (Folliculina sp.) could be 

contributing to the increases in space occupation in that treatment. Decreased space occupation 

under food addition (described for both diets) is a surprising result. This pattern could be a result 

of (1) competition for the food source from species recruiting on the inner walls of the tanks that 

may compete for food but are not represented in the tile community (in particular mussels that 

strongly benefit from Tetraselmis diet – N. Brown pers. comm.) or (2) the presence of colonial 
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ascidians (Botryllus in high-quality diet under high CO2 and Didemnum in low-quality diets 

under ambient CO2) that use chemical inhibition to deter other species from recruiting and free 

up space once they seasonally senesce (Teo & Ryland, 1995; Joullié et al., 2003). Again, cause 

and effect are difficult to disentangle here since native communities that have temporal gaps in 

space occupation may be more susceptible to invasion (Stachowicz et al., 1999, 2002b). Overall, 

the competition dynamics for space may depend on food availability at different points in 

succession and decreased space occupation under high food supply at the final time point may 

only represent a temporary transition or be a result of lag time of the effect of food supply.  

Some studies have found that limiting resources can constrain community structure along spatial 

(Ballance et al., 1997) and temporal (Coma & Ribes, 2003) productivity gradients. Community 

structure responses do show evidence of distinct communities under acidification and diet and 

their interaction. In principal response curves, the high-quality food addition treatment under 

ambient CO2 conditions were, as expected from the species-level results, dominated by hydroids, 

while the same food level under high CO2 conditions were dominated by ascidians. This supports 

the species-level results, an interactive effect of food supply level and CO2, for the high-quality 

food. Again, this is contrary to the hypothesis that food addition might collapse differences found 

between CO2 levels under no food addition. In fact, within a community context I found the 

opposite, that the largest differences between ambient and elevated CO2 emerged when food 

supply was high. However, in a constrained principal components analysis on the final time 

point, I didn’t find support for the interaction. This is a similar analysis to principle response 

curves, which used percent cover of most species but counts for some rare species and a Bray-

Curtis similarity matrix on a set of standardized species abundances designed to down-weight the 

effects of the most abundant species. Overall, this could indicate that acidification had stronger 



118 
 

community-wide effects than food addition at the level achieved here, especially for rare species, 

that masked any distinct communities based on repeatable single species responses across tiles.  

5.4.5. Conclusions 

Food addition treatments did not perfectly mimic addition of a limited resource or overall 

increase in energy to the system (Cardinale et al., 2009) and likely competition for food and 

space are confounded here (Buss & Jackson, 1981). However, the artificial increase in 

concentrations of a given algal species may reflect expected changes in phytoplankton 

community under climate change where some species or taxa will benefit at the expense of 

others (Dutkiewicz et al., 2015) and timing of production peaks may be altered (Poloczanska et 

al., 2016). I further expect that the quality of phytoplankton could decline under acidification 

(Rossoll et al., 2012), restricting transfer of essential fatty acids to upper trophic levels 

(Bermudez et al., 2016). The species used here have both been shown to be resistant to 

acidification (high-quality Thalassiosira weissflogii, Goldman et al., 2017, King et al., 2015; 

low-quality Tetraselmis spp., Cripps et al., 2016) but these effects could change under 

multivariate climate scenarios (Li et al., 2017) or in multi-species assemblages (Liu et al., 2017). 

Finally, whole-ecosystem phytoplankton production has been shown to be declining in the open 

ocean (Polovina et al., 2008; Capuzzo et al., 2017), but eutrophication has caused increases in 

production in coastal waters (Rabalais et al., 2009). The ideal experimental test would be of a 

longer duration and include both a living phytoplankton community and suspension feeders that 

are subject to the same climate conditions. It is important to understand how bottom-up 

processes might influence integrative processes and I have shown that change in the 

concentration of a single phytoplankton species can have significant downstream consequences 

on competition and community level metrics. 
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Overall, the community level responses reflected both a summation of the species-level 

responses within the community context and traits of the dominant species. Species richness and 

community structure demonstrated the negative effects of acidification that are not overcome by 

diet alone. Space occupation and evenness in contrast were likely influenced by the traits of the 

dominant species. There are some community function metrics that might act on important rare 

species, (e.g., N-fixation in plants) but these were not explored here. It is clear that, both at the 

species and whole-community level, acidification is an important driving force. The degree to 

which effects at species level might stabilize or destabilize effects at community level is yet to be 

determined, but my results suggest that interspecific interactions between dominant species may 

be a key mechanism that drives ecological responses to acidification. I demonstrated that food 

availability, at least for the diets provided, does not generally mitigate the negative effects of 

acidification and can, in fact, exacerbate these effects. This exacerbation, i.e. larger differences 

between ambient and elevated CO2 when food supply is high, is particularly important as 

reported responses to acidification could be substantially altered with consideration of diet and 

indirect effects (Kroeker et al., 2013a; Ramajo et al., 2016). Finally, the proposed hypothesis 

regarding the ability for food addition to mitigate the negative effects of acidification is thus far 

not widely supported at species or community levels, and there is need for a new set of 

predictions for mechanics of community energetic response to acidification. It is becoming 

apparent that understanding the underlying energetic and competitive context is essential to 

predicting climate change responses. 
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Chapter 6: Concluding Remarks 

In this dissertation, I examined the responses of marine fouling communities to natural and 

experimental CO2 enrichment. Understanding the mechanisms underlying community-level 

responses to ocean acidification is essential to improving predictions involved in forecasting the 

effects of climate change (Gaylord et al., 2015). Here, I investigated whether CO2-based 

acidification could influence the dynamics of recruitment and succession to shape community 

structure and diversity. I manipulated timing and duration of acidification events to examine if 

the effects of CO2 are persistent or transient. I noted if there were consistent traits among species 

that responded positively or negatively to acidification. I explored the role of indirect effects 

through which CO2 can act on communities - namely species interactions and food supply. I 

manipulated food supply in order to elucidate predictions about how this bottom-up process 

alters or is altered by acidification.  

In this chapter, I first review the major findings from Chapters 2 through 5. Throughout, I refer 

to and answer specific questions posed in the introduction (question number in brackets) and 

interpret the findings in light of the main hypotheses posed in the introductions of each chapter. 

Next, I synthesize findings across chapters and identify commonalities, differences, and potential 

context dependencies in my results and compare these to findings in the literature. Following 

from the overall results of my dissertation, I consider next steps for the field of the ecology of 

ocean acidification. Finally, I highlight the challenges my dissertation has addressed and 

summarize my contribution to this field of research.  
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6.1. Major Findings 

In Chapter 2, I found, consistent with my predictions, that ocean acidification, at levels predicted 

by the end of this century (experimentally added ~800 ppm CO2), significantly modified 

community structure by altering the relative abundance of recruiting species (Q2.1). 

Furthermore, community variability was reduced both among and within the acidified 

mesocosms, which resulted in more homogenous biofouling communities from one experimental 

tile to the next. By the end of the experiment, Shannon diversity was 41% lower in the acidified 

treatment relative to ambient conditions (Q2.3). Since species richness and total use of free space 

were similar between treatments, the observed community structural changes were primarily 

attributable to differences in the relative abundance of recruited species under acidification. 

Some calcified species were vulnerable to acidification, consistent with my prediction, however, 

other calcifying species were resistant or increased in response to CO2 and some non-calcified 

species were vulnerable, both surprising results (Q2.2). By the end of the experiment, 

recruitment of the habitat-forming mussel (Mytilus trossulus) was reduced by over 30% in the 

elevated CO2 treatment compared to the ambient treatment. This reduction may in part be due to 

early mortality of juvenile mussels, as differences between CO2 treatments were not apparent 

until partway through the experiment, and after peak mussel recruitment. Acidification did not 

appear to affect mussel growth, as average mussel sizes were similar between treatments at the 

end of the experiment. Hydroid (Obelia dichotoma) cover was significantly reduced in the 

elevated CO2 treatment after eight weeks. Conversely, the percent cover of bryozoan colonies 

(Mebranipora membranacea) was higher under acidified conditions with differences becoming 

apparent after six weeks. Neither recruitment nor final size of barnacles (Balanus crenatus) was 

affected by acidification.   
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In the following chapter (Chapter 3), I used reciprocal transplant experiments along a shallow-

water, volcanic CO2 gradient to assess the importance of the timing and duration of high CO2 

exposure on patterns of colonization and succession in a natural benthic fouling community. As 

expected, the relationship between primary and secondary colonizers was key to alterations of 

succession. I showed that succession at the acidified site was initially delayed (less community 

change by eight weeks), despite initial promotion of biofilm under acidification (Q3.1). 

However, subsequent (over the next four weeks) secondary succession accelerated quickly at the 

acidified site, resulting in higher secondary colonization, altered community structure, and a 

more homogeneous biofouling community. The changes in community structure reflected both 

short- and longer-term acidification history (Q3.2). These community shifts were likely a result 

of interspecific variability in response to increased CO2, as there were marked shifts in 

recruitment, and changes in species interactions. For example, high CO2 altered biofilm 

development. This allowed serpulids to have the highest cover at the acidified site by the end of 

the experiment, even though early (pre-transplant) negative effects of CO2 on recruitment of 

these worms was still detectable. As hypothesized, weedy species grew well under low pH 

conditions. The ascidians Diplosoma sp. and Botryllus sp., settled later and were more tolerant to 

acidification than their calcified competitors. Botryllus schlosseri is native to the Mediterranean 

but introduced in British Columbia, but difficulty of identifying juveniles here to species-level 

made it difficult to confirm the widespread Botryllus schlosseri over related Botryllus lechii that 

is not present in B.C. Overall, communities demonstrated substantial shifts in recruitment and 

succession from both discrete acidification events at different stages of successional 

development and continuous exposure to acidification.  
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In Chapter 4, I examine a key hypothesis of context dependency in ocean acidification research: 

that negative responses to high CO2 could be reduced by higher energy input. This hypothesis is 

the basis for a general consensus in the literature that food availability can mitigate negative 

effects of acidification. I first expand this hypothesis by adding two alternative predictions about 

how acidification and food supply could combine and visualize prediction outcomes using both 

multi-level and factorial meta-analyses. Using factorial meta-analysis, I confirmed that food 

addition has a positive effect and CO2 a negative effect on both growth and calcification for a 

small subset of species (mostly calcifying invertebrates like corals and mussels, but the growth 

dataset also included a species of flatfish). However, while food addition reduced the impact of 

CO2 on calcification for these species, I found that food addition exacerbated the effects of 

acidification on growth (Q4.1, Q4.2). This result may be due to organisms in food-replete 

situations having an increased scope upon which CO2 effects can act. These interactive effects 

were undetectable using a multilevel meta-analytic approach, where I found only non-interactive 

effects of food supply and acidification. Ongoing changes in food supply and carbonate 

chemistry, coupled with under-described, poorly understood, and potentially surprising 

interactive outcomes for these two variables, suggest that the role of food should remain a 

priority in ocean acidification research. 

After formulating predictions for how ocean acidification and food supply combine to affect 

individual species in Chapter 4, I next explored the consequences of the same hypotheses in a 

community setting (Chapter 5). The marine invertebrates in the studies used for meta-analyses 

included similar types of organisms (mussels, oysters, bryozoans) that are also found in the 

fouling communities here, although the identity of the species differed from my study systems. I 

conducted a study in field-deployed mesocosms to test the potential for food availability and diet 
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to modify the effects of acidification on developing marine fouling communities. I supplemented 

natural food supply with one of two species of phytoplankton (Thalassiosira sp. and Tetraselmis 

sp.) that had different concentrations of fatty acids. After twelve weeks, I found substantial 

variation in response to acidification between treatments. The only species that benefitted 

significantly from acidification across food supply conditions was the invasive ascidian Botryllus 

schlosseri. Pairwise comparisons between each diet treatment and the control suggested that 

neither diet had a consistent effect in magnitude or direction across all species, and most species 

responded only to one of the two diets. Seven of the ten most abundant species exhibited 

significant interactive effects of acidification and food supply. There were no species that 

demonstrated the interactive effects generally expected from the literature, where a positive 

overall effect of diet mitigated the negative overall effects of acidification (Q5.1). Rather, for 

some species, additional food supply exacerbated or brought out the negative effects of CO2 

(e.g., for the hydroid Obelia dichotoma). Community richness significantly declined with 

acidification but there was no direct or interactive effect of food supply (Q5.2). Community 

structure responded similarly, with only an overall response to acidification, while space 

occupation, evenness, and biomass reflected patterns of ascidian or hydroid domination. I 

hypothesize that in many cases the response to food addition and acidification is moderated by 

competition; for example, only under ambient CO2 conditions could hydroids take advantage of 

high-quality food to resist ascidian dominance. Importantly, I found that acidification stress can 

tip the balance towards invasion, even under resource conditions that would otherwise have 

resisted invasions. Overall, the proposed hypothesis regarding the ability for food addition to 

mitigate the negative effects of acidification is not widely supported at species or community 

levels. It is clear that acidification is a strong driving force in these communities but 
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understanding the underlying energetic and competitive context is essential to predicting climate 

change responses. 

 

6.2. Synthesis  

Species that use calcium carbonate to build and maintain skeletons and external structures are 

predicted to be more sensitive to ocean acidification (Wittmann & Pörtner, 2013). In field 

experiments, I found broadly that soft-bodied, weedy taxa (e.g., algae and ascidians), had an 

advantage in acidified conditions and outcompeted heavily calcified taxa (e.g., mussels, 

serpulids) that were more vulnerable to the effects of acidification, although calcified bryozoans 

and barnacles exhibited mixed responses. I found that invasive ascidians, Botryllus schlosseri, 

exhibit a positive response to acidification in their introduced range (Northeast Pacific) but no 

change in abundance (likely this species, but could be a related species in the Botryllus genus) in 

their native range when exposed to acidification (Mediterranean). Further, I found opposing 

effects within the same species in the same location but in different years (e.g., the response to 

acidification by Membranipora membranacea was positive in Chapter 2 (2012) and negative in 

Chapter 5 (2015). This could be driven by a number of factors including measured and 

unmeasured environmental differences (e.g., higher salinity in 2015 than 2012), differences in 

species composition between experiments that led to differences in competitive hierarchies, or 

differences in experimental set-up. Finally, through factorial meta-analysis, I found that the 

negative effects of acidification on calcification of marine invertebrates can be ameliorated by 

food addition, but the negative effects on growth are in fact slightly worsened by food addition 

(Q4.1, Q4.2). In field experiments, I found the interaction between acidification and food 

addition can result in substantial declines in abundance for some species that are otherwise 
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unaffected by changes in pH (Q5.1). These mixed responses call for examination of context 

dependency from interactions with other environmental factors (e.g., temperature and salinity, 

Harvey et al., 2013), variability in pH regimes (Calosi et al., 2017), habitat buffering (Wahl et 

al., 2017), or food limitation (Thomsen et al., 2013).  

Overall, my findings support the expectation that ocean acidification will simplify marine 

communities by acting on important ecological processes that ultimately determine community 

structure and diversity (Vizzini et al., 2017). This homogenization of variation (a constraint of 

community structure) with acidification occurred in two experiments (Chapter 2 and Chapter 3), 

where there were relatively fewer species observed overall (total of 6 and 12, respectively), but 

not in experiments in Chapter 5, with relatively more species in the pool (24 species). Perhaps 

communities with larger local species pools can resist homogenization of variation by having a 

larger number of functionally redundant species. In contrast to our results, perturbations of many 

kinds (habitat disturbance, introduction of a predator, or invasive species) have been found to 

increase variability in performance-related responses of species and ecosystems (Odum et al., 

1979), community compositional variability over time (Micheli et al., 1999) and multivariate 

changes in abundances (Warwick & Clarke, 1993). Similarly, rising variance is considered an 

indicator for regime shifts (Carpenter & Brock, 2006). The spatial extent, frequency and intensity 

of a given disturbance might determine its influence on variability by altering heterogeneity 

within and among patches of a given size (Fraterrigo & Rusak, 2008). The mechanisms 

underlying increases or decreases in abundance and compositional community variability in 

response to stress have yet to be elucidated but they likely come about by changing species 

interactions (Fraterrigo & Rusak, 2008). We can perhaps extend the intermediate disturbance 

hypothesis for diversity (Sousa, 1979a, 1979b) to multivariate community variability (of which 
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beta-diversity is a component), and expect that variability is highest at intermediate levels of 

environmental stress.  

Beyond homogenization of variance, I found consistent acidification-driven changes in the 

biofouling community structure and diversity, regardless of temporal/environmental context 

(e.g., higher salinity at the same site in Chapter 5 vs. Chapter 2) or location (i.e. Northeast 

Pacific Chapters 2 and 5, Mediterranean Chapter 3). These changes occurred as a result of both 

past and more recent exposure and these effects could be either transient or persistent, even after 

the removal from acidified conditions. In addition, I show that changes in structure and diversity 

with acidification can come about either as changes in relative species abundances with the same 

number and suite of species, or as changes in composition and number of recruiting species. I 

show that species interactions, especially competition with invasive species, are key moderators 

of these community responses to acidification. These interactions are especially important to 

consider when interaction outcomes or intensity are modified by stress (e.g., acidification) or 

resource supply (Gaylord et al., 2015).  

There are multiple consequences of the interaction between climate change and biological 

invasion, including new introductions via increased transport, propagule pressure, and biotic 

resistance and exacerbation of already established invasions via changing reproductive 

phenology, shifting community composition, and geographic range shifts (Dukes & Mooney, 

1999; Occhipinti-Ambrogi, 2007; Rahel & Olden, 2008; Walther et al., 2009; Mainka & 

Howard, 2010). Here, I found that the invasive ascidian, Botryllus schlosseri, increased in 

abundance and dominance in response to experimental acidification. This result adds to 

mounting evidence that under climate change, communities could undergo a shift in species 

composition from communities dominated by native species to communities dominated by 
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invasive species, as has been found in response to experimental heat waves (Sorte et al., 2010c) 

and is already documented in long term studies (Stachowicz et al., 2002b; Dijkstra et al., 2010; 

Sorte & Stachowicz, 2011) that correlate with changes in temperature, salinity, and pH (Dijkstra 

et al., 2010; Needles & Wendt, 2013). These shifts in dominance of invasive species could 

influence long term persistence at a given site or promote population expansion to other sites. It 

is imperative to play close attention to the abundance and spread of invasive species in the 

context of climate change as they pose a large threat to native communities and ecosystems 

(Lodge, 1993; Grosholz, 2002; Mainka & Howard, 2010; Sorte et al., 2010).   

 

6.3. Next Steps 

6.3.1. Multiple Stressors 

It is important to recognize that ocean acidification is not the only threat that marine ecosystems 

are facing: the effects of human impact are wide ranging and vary in scale from changes in 

climate variables like temperature and salinity to local eutrophication and spread of invasive 

species (Crain et al., 2008; Russell & Connell, 2012; Harvey et al., 2013; Sperling et al., 2016). 

Multiple stressors can be viewed as context dependencies, as here I consider changes in 

phytoplankton availability to be an energetic context on which ocean acidification acts. 

Elsewhere, when added phytoplankton reaches extreme levels and, e.g., shades the benthos, this 

type of experiment would be considered a multi-stressor experiment of eutrophication and ocean 

acidification (e.g.,  Burnell et al., 2013). The combination of multiple factors, regardless of the 

direction, need to be considered in climate change research, as they may interact non-additively 

and produce ecological surprises (Crain et al., 2008, 2009; Darling & Côté, 2008). Frameworks 

that incorporate multiple stressors on individual organisms (Sokolova, 2013) and ecosystems 
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(Halpern et al., 2015) are necessary steps forward to understanding the complexities in responses 

to multiple interacting stressors.   

 

6.3.2. Ecosystem Function 

My dissertation examined community responses to acidification and some of the possible 

mechanisms underlying these responses. There has been recent interest in the consequences of 

these observed community shifts in diversity and species composition on ecosystem functions: 

standing stocks and energy flow in ecosystems (Jax, 2005; Nagelkerken & Connell, 2015). For 

example, changes in nutrient cycling with acidification have been demonstrated in both benthic 

invertebrate (Widdicombe et al., 2009; Bulling et al., 2010) and phytoplankton (Schulz et al., 

2013) communities. Importantly for filter feeding communities, Navarro et al. (2013) found 

significant reductions in clearance rates of Mytilus chilensis under high CO2 conditions. A few 

studies have assessed the effects of acidification on community respiration in a variety of 

systems; however, there seems to be no trend with CO2 (e.g., coral reefs Leclercq et al., 2002; 

phytoplankton Tanaka et al., 2013; bacterial communities Motegi et al., 2013). Increases in 

primary production with acidification have been shown in communities of phytoplankton (e.g., 

Engel et al., 2013) and macroalgae (e.g. Pajusalu et al., 2013); although these effects may 

change over time (Schulz et al., 2013) and can be mediated by the presence of consumers (e.g., 

invertebrate mesograzers (Alsterberg et al., 2013). Kroeker et al. (2011) found reduced biomass 

of benthic invertebrate communities under naturally acidified conditions. While this may be 

driven by changes in the weight of calcified structures and not by changes in soft tissue biomass 

(e.g., Christen et al., 2013); I did not find similar declines in biomass here. Finally, functional 

diversity of assemblages in acidified conditions has been shown to be reduced (Kroeker et al., 
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2013d), which will have consequences for overall ecosystem functioning. Many ecosystem 

functions are directly responsible for stability of services that humans rely on, and are therefore 

important to consider in climate change research (Jax, 2005; Doney et al., 2012). Finally, 

although ecosystem functions have been examined under acidification, mechanistically linking 

shifts in community composition and diversity to cascading effects on ecosystem function, using 

experimental manipulation of diversity for example, will be important for understanding the 

pathway of CO2 effects from organism to ecosystem.   

6.3.3. Climate Change, Energetics, and Food Supply  

There is a clear need for a conceptual framework to mechanistically support the hypotheses 

regarding how food supply and acidification interact at the organismal level. This could be 

achieved by first establishing a relationship between acidification and metabolic demand using 

stress tolerance frameworks (Sokolova et al., 2012; Sokolova, 2013) and pH-specific regulation 

in energy acquisition and assimilation. Then we can explore the consequences of increasing 

demand and/or limiting supply on organismal performance. Next, organismal level responses 

(e.g., growth rate, survival, reproduction rate) could be linked to population level outcomes, as 

has been explored using dynamic energy budget modelling (Gaylord et al., 2014; Monaco et al., 

2014; Muller & Nisbet, 2014). Finally, manipulative removal experiments (e.g., species 

removals, diversity manipulations) will be required to understand the relationship between food 

supply and acidification in a community setting.  
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6.4. Final Thoughts 

 My dissertation has addressed a number of challenges in the field of ocean acidification and 

climate change research more generally. First, my dissertation contributes to a recent push 

moving from organismal sensitivity to climate change in single-species studies to multi-species 

experiments at the community level (Harley et al., 2006). Further, in my novel field-based 

mesocosms, I capture natural fluctuations in environmental parameters (especially pH) that have 

been shown to be important for determining realistic responses to acidification (Wernberg et al., 

2012; Shaw et al., 2013a). I chose my study system in order to incorporate invasive species in 

my experiments, and contrasted the effects of a particular invasive species in its native and 

invaded ranges. Invasive species already pose a serious threat to native communities and are 

expected to benefit from climate change (Mainka & Howard, 2010), therefore close attention 

should be paid to these species. Finally, in my field-based experiments, I captured natural 

recruitment of organisms from plankton and focus on processes like community assembly, 

succession and species interactions to generate mechanistic hypotheses about the pathways of 

CO2 effects. I test some of these predictions using meta-analysis and field-based manipulation of 

food supply. Mechanistic understanding of the effects of ocean acidification is critical to moving 

forward with accurate predictions (Gaylord et al., 2015).    
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Appendix A: Supplementary Information for Chapter 2 

 

 

Fig. S2.1. (a) The number of mussels per tile (GLMM, P=0.018) and (b) summed dry weight (g) 

of mussels (QR, tau=0.5, P>0.05) for ambient and elevated CO2 treatments at week 10. 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2.2. Effects of experimental acidification on Mytilus trossulus size distribution at the end 

of the 10-week experiment: (a) mussel size (cm2) (GLMM, P>0.05), (b) largest 5% of mussels 

(GLMM, P>0.05), (c) size of the single largest mussel (GLM, P=0.03), and (d) variance of 

mussel size (GLM, P>0.05).    
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Fig. S2.3. Effects of experimental acidification on Membranipora membranacea: (a) healthy 

colonies (GLMM, P>0.05) and (b) senescent colonies (GLMM, P=0.0009) after 10 weeks in 

ambient (n=11) and elevated (n=12) CO2 conditions. (c) Size of Membranipora colonies (cm2) in 

acidified and control conditions over the first four weeks of the experiment (RMANOVA, 

P>0.05).  
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Fig. S2.4. Effects of experimental acidification on Balanus crenatus after 10 weeks: (a) live 

barnacles (GLMM, P>0.05), and (b) dead barnacles (GLMM, P=0.051) at week 10. (c) Basal 

area of the largest barnacle (GLMM, P>0.05) at week 10 in acidified and control conditions 

(n=23). 
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Appendix B: Supplementary Information for Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3.1. Abundance of selected primary and secondary colonizers in ambient and low pH sites 

over time, left-hand panels are up to week 8 (n=20) and right-hand panels are at week 12 (n=10) 

of both transplanted and non-transplanted tiles. For the right-hand panels, shading indicates 

initial site and position on x-axis indicates final site. Species are: (a, b) Serpulid, (c, d) spirorbid, 

(e, f) Diplosoma sp., (g, h) Botryllus sp., and (i,j) Patinella radiata. Error bars indicate standard 

error.  
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Appendix C: Supplementary Information for Chapter 4 

Regression with delta CO2 analysis (Fig. S4.1) 

I tested for differences in response to CO2 (slopes) across experimentally imposed changes in 

CO2 between food supply levels using QM tests (here the test statistic is referred to as QMslopes). 

Models included deltaCO2 as a co-variate and were tested as in the multilevel analysis (Fig. 4.2).  

 

Repeatability analysis (Fig. S4.2) 

Here I used exactly the same papers as the original analysis and included intermediate food 

supply levels. When possible, I used data extracted by Ramajo et al.(Ramajo et al., 2016), 

courtesy of Laura Ramajo, and then extracted the additional data points for “low food, low pH” 

ourselves (but see Table S4.1). I followed statistical methods as presented in Ramajo et 

al.(Ramajo et al., 2016). I present the data as bias-corrected bootstrapped confidence intervals 

and plotted these on top of bias-corrected means (BCa method). I used tests of heterogeneity 

described by the moderators (QM tests) on a random-effects model (study as random) to test 

differences between food supply levels for effect sizes. I inferred the QM method from their 

results although it is not described their methods. I first recreated the Ramajo et al. analysis, 

using a common denominator of “Control CO2, High food” treatment for all LnRR calculations 

(i.e. at every food level this was the common denominator) (Fig. 4.3 left hand panels). I then 

used the same data but the proper LnRR calculation (Fig. 4.3 right hand panels). This 

repeatability analysis contains a few known errors (see Table S4.1), so should be interpreted only 

as a comparison of the two LnRR techniques, not as a reliable result. 

 

Repeatability analysis using factorial meta-analysis (Fig. S4.3) 

Here, I calculated the factorial LnRR using the same methods as above for Fig. 4.3, using data 

from the repeatability analysis, Fig. S4.2. I conducted both the repeated analysis with a LnRR 

calculation error and a repeated analysis with this error corrected. Although factorial meta-

analysis uses a different calculation than the analyses in the main paper, I assumed the same 

common denominator of “Control CO2, High food” treatment employed by Ramajo et al. (2016) 

as the control in the factorial LnRR calculations. This analysis is for illustration purposes only as 

Ramajo et al. (2016) did not employ this analysis in their paper. The results of this analysis 

demonstrate how the interaction effect is exaggerated when LnRR is calculated using a common 

control.  
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Fig. S4.1. Relationship between magnitude of CO2 effect imposed in the study on LnRR of (a) 

calcification (N=11) and (b) growth (N=16) measures under high (blue lines) and low food supply (red 

lines) conditions. The regression line and confidence intervals are predicted estimates and confidence 

intervals based on an REML model. Across food supply levels, calcification response ratios declined with 

increasing experimental change in CO2 (QM = 10.79, P=0.0045, slope high food = -0.003, slope low food 

= - 0.002). However, the rate of change of calcification LnRR with increasing delta CO2 (i.e. slope) did 

not differ between food treatments (QMslopes= 1.51, P= 0.22). Growth LnRR did not change with 

increasing experimental delta CO2 (QM= 2.37, P=0.30, slope high food = -0.0001, slope low food = 0.00) 

and there was no difference in slopes between food treatments (QMslopes= 2.35, P= 0.12).  
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Fig. S4.2. Repeatability analysis. Mean effect size (LnRR) of (a,b) calcification and (c,d) growth 

responses to CO2 under low, intermediate, and high food supply levels using exact data from Ramajo et 

al. (2016)(see table S1). (a) and (b) show the analysis using the incorrect LnRR calculation employed by 

Ramajo et al. and (c) and (d) show how a corrected LnRR dramatically alters the results. Error bars 

shown are the bias-corrected bootstrapped 95% confidence intervals around bias-corrected estimates. In 

this analysis, if the 95% confidence intervals do not overlap between food supply levels a significant 

difference in CO2 response is inferred between those food supply levels. Therefore, the incorrect analysis 

(a) and (b) suggests that the response to CO2 is significantly different between low and high food supply 

for calcification (QM(coef)=5.56, P= 0.018) and growth (QM(coef)=6.45, P= 0.011); whereas the correct 

analysis (c) and (d) shows that the response to CO2 is not significantly different between food supply 

levels for calcification (QM(coef)=0.60, P= 0.44) and growth (QM(coef)=0.28, P= 0.61). Numbers in brackets 

indicate the number of studies contributing to the LnRR.  
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Fig. S4.3. Factorial repeatability analysis. Overall and interactive effect sizes for CO2 and food supply for 

(a,c) calcification and (b,d) growth responses using exact data from Ramajo et al.(Ramajo et al., 

2016)(see table S1). (a) and (b) show the analysis using the incorrect LnRR calculation employed by 

Ramajo et al. and (c) and (d) show how a corrected LnRR dramatically alters the results. (a) For 

calcification, the incorrect analysis shows an overall significant negative effect of CO2 (LnRR=-0.50, 

lower=-0.54, upper=-0.45), a significant positive effect of food supply (LnRR=0.26, lower=0.24, 

upper=0.29), and a very large positive interaction effect of CO2 and food supply (LnRR=1.10, 

lower=1.02, upper=1.19). (c) The corrected analysis shows a small significant negative effect of CO2 

(LnRR=-0.20, lower=-0.24, upper=-0.17), a large significant positive effect of food supply (LnRR=1.03, 

lower=1.00, upper=1.07), and a much smaller positive effect of the interaction between CO2 and food 

supply (LnRR=0.10, lower=0.043, upper=0.15). (b) For growth, the incorrect analysis shows an overall 

significant negative effect of CO2 (LnRR=-0.39, lower=-0.39, upper=-0.38), a significant positive effect 

of food supply (LnRR=0.30, lower=0.29, upper=0.31), and a large positive interaction effect of CO2 and 

food supply (LnRR=0.86, lower=0.85, upper=0.87). (d) The corrected growth analysis shows a small 

significant negative effect of CO2 (LnRR=-0.014, lower=-0.024, upper=-0.0044), a large significant 

positive effect of food supply (LnRR=0.73, lower=0.72, upper=0.74), and a small positive effect of the 

interaction between CO2 and food supply (LnRR=0.03, lower=0.015, upper=0.048). I note that this 

interaction is in the opposite direction as calculated with more data in Fig. 4.2, however when calculated 

without extraction errors (Table 1) this effect becomes non-interactive. In both calcification and growth 

responses, the incorrect common control analysis inflated the interaction effect. Error bars are 95% 

confidence intervals calculated from standard error for small sample sizes. If the error bars do not overlap 

zero then a significant response is inferred. Numbers in brackets indicate the number of studies 

contributing to the LnRR. 
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Table S4.1. Differences between datasets used in Ramajo et al.(2016), the repeatability analysis, factorial 

analyses, and main analysis in Chapter 4. 

 
Ramajo et al. original analysis, Repeated analysis, 

Factorial analysis using Ramajo et al. data 
 

Main analysis 
 

Factorial main analysis 

Calcification    

Hettinger et al. 
2013  

total dry weight shell growth shell growth 

Edmunds 2011 Calcification 
mg/cm2/day 

Calcification 
mg/mg/day 

Calcification 
mg/mg/day 

 
Comeau et al. 

2013 

 
Reversed feeding level for high CO2 for 

calcification measure (incorrectly used 0.22 mg 
CaCO3 day-1 mg-1 instead of 0.11) 

 

 
Used correct high and low CO2 for 

calcification measure 

 
Used correct high and low CO2 

for calcification measure 

Edmunds 2011 &  
Thomsen et al. 

2013 

Used SE incorrectly as SD, artificially reducing 
variability 

 

Used correct value for SD Used correct value for SD 

Maier et al. 2016 --------- 
 

net calcification net calcification 

Swezey et al. 
2017 

--------- 
 

Proportion zooids Mg/Ca > 12 Proportion zooids Mg/Ca > 12 

 
Growth 

 

   

Melzner et al. 
2011 

length length & somatic growth somatic growth 

Hettinger et al. 
2013 

shell growth shell growth & total dry weight total dry weight 

Pansch et al. 
2014 

growth (mm) growth (mm) & dry weight dry weight 

Thomsen et al. 
2013 

shell length shell length & organic mass organic mass 

Drenkard et al. 
2013 

septa diameter septa diameter & tissue lipid weight tissue lipid weight 

Edmunds 2011 Low temp as control High temp as control (as specified in 
Edmunds 2011) 

High temp as control (as 
specified in Edmunds 2011) 

Crook et al., 
Drenkard et al.  

& Edmunds 2011  
 

 
Used SE incorrectly as SD, artificially reducing 

variability 

 
Used correct value for SD 

 
Used correct value for SD 

Oddvarsdotter 
2014 

(unpublished) 

 
carbon (ug C/L) 

 
Not included, unpublished data 

 

 
Not included,  

unpublished data 
 

Taylor et al. 2014 --------- % change width included for LnRR 
effect of CO2 

 

Not included, ln (negative 
number) = NA 

Büscher et al. 
2017 

--------- growth (% per day) growth (% per day) 
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Cole et al. 2016 
 

--------- shell length shell length 

Hurst et al. 2017 --------- 
 

Larval growth (mm/day) and mass 
growth (mg/day) 

 

Larval growth (mm/day) and 
mass growth (mg/day) 

Swezey et al. 
2017 

--------- 
 

growth efficiency  growth efficiency 

 
All papers 

 
Included intermediate food levels 

No correction for multiple comparisons to 
control CO2 

 
Excluded intermediate food levels 

Corrected for multiple comparisons to control CO2  
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Appendix D: Supplementary Information for Chapter 5 

 

Table S5.1. Seawater carbonate chemistry in ambient (n=30) and elevated (n=29) CO2 

treatments. Mean midday values averaged over the duration of the experiment. Asterisks indicate 

calculated values in the CO2-SYS program (Pierrot et al., 2006).  

 

Seawater parameter Control Low pH 

Temperature (°C) 15.6 ± 0.1 15.6 ± 0.1 

Salinity 24.7 ± 0.1 24.7 ± 0.1 

pHNBS 

Alkalinity (µmol kg-1) 

8.00 ± 0.01 

1596.9 ± 9.0  

7.64 ± 0.02 

1622.6 ± 11.46 

pCO2 (µatm)* 544.6 ± 22.3 1604.9 ± 97.1 

DIC (µmol kg-1)* 1509.5 ± 8.9 1625.2 ± 11.1 

HCO3
- (µmol kg-1)* 1416.7 ±8.7 1520 ± 10.4 

Ω Calcite* 1.8 ± 0.06 1.03 ± 0.06 

Ω Aragonite* 1.13 ± 0.04 0.65 ± 0.03 
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Table S5.2. Mean and SE of abundance (percent cover, # individuals or # colonies) of all species 

at week 12 in each treatment. 
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Table S5.3. Statistical results from generalized linear models using X2 statistic and linear models 

using F statistic from percent cover or counts of a given species or community measure. These 

models are designed as ANCOVAs to test the overall and interactive effects of acidification 

(measured as minimum 10th percentile [H+]) and food supply. Corrected P refers to P values that 

have been adjusted for false discovery rate. Bold represents significant results at P<0.05.  

 

 

 

 

 

 

Species or 

community 

measure 

Effect of minimum 10th 

percentile [H+] 

Effect of food treatment Effect of food treatment *  minimum 

10th percentile [H+] 

 

Chisq 

 

df 

Corrected 

P 

 

Chisq 

 

df 

 

P 

 

Chisq 

 

df 

 

P 

% Obelia 20.54 1 1.46e-05 100.88 2 < 2.2e-16 96.92 2 < 2.2e-16 

% Botryllus 27.52 

 

1 7.75e-07 36.52 

 

2 1.176e-08 18.47 

 

2 9.778e-05 

 

% Folliculina 11.43 

 

1 0.0012 20.72 

 

2 3.172e-05  

 

66.45 

 

2 3.713e-15 

 

% Caprellid 18.82 1 2.88e-05 129.85 2 3.31e-07 51.72 2 5.887e-12 

% 

Membranipora 

68.62 

 

1 2.2e-15 

 

11.54 

 

2 0.0031 

 

5.3584 

 

2 0.019 

 

# Balanus 5.41 

 

1 0.025 2.136 2 0.34 

 

7.065 2 0.029 

 

# Disporella 0.34 

 

1 0.56 0.70 

 

2 0.71 0.15 

 

2 0.93 

 

# Serpulidae 

 

26.12 1 1.07e-06 

 

9.41 

 

2 0.0091 

 

7.51 

 

2 0.023 

 

% Didemnum 

 

1.14 

 

1 0.31 11.66 

 

2 0.0029 

 

12.91 

 

2 0.0016 

 

Hermissenda 

% (adults and 

egg sacks) 

7.77 1 0.0076 

 

1.486 2 0.476 3.75 2 0.15 

Richness 6.39 1 0.011 0.54 2 0.76 0.57 2 0.75 

Evenness 

 

0.79 

(F) 

1 0.38 5.89 

(F) 

2 0.0049 5.28 

(F) 

2 0.0081 

% cover 

occupied space 

25.56 1 4.298e-07 93.64 2 <2e-16 78.36 2 <2e-16 

Dry Biomass  

(per tile)  

0.89 

(F) 

1 0.35 1.59 

(F) 

2 0.21 0.86 

(F) 

2 0.43 
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Table S5.4. Statistical results from pairwise generalized linear models using X2 statistic and 

linear models using F statistic from percent cover or counts of a given species or community 

measure. These models are designed as ANCOVAs to test the overall and interactive effects of 

acidification (here measured as minimum 10th percentile [H+]) and each food supply 

independently. Corrected P refers to P values that have been adjusted for false discovery rate. 

Bold represents significant results at P<0.05.  

 

  

Species or 

community 

measure 

 

 

 

Effect of Food quality Effect of food quality * min.10.pH 

Food 

effect 

 

Z value 

Corrected 

P 

Interactive 

effect 

Z value Corrected 

P 

% Obelia High + 8.75 4e-16 - -8.94 4e-16 

Low  -0.15 0.88  -0.82 0.55 

% Botryllus High - -5.85 2.012e-08 + 3.97 1.468e-04 

Low - -3.41 8.67e-04  -0.24 0.81 

% Folliculina High  0.80 0.42  -0.94 0.42 

Low - -3.48 0.001 + 6.59 1.72e-10 

% Caprellid High + 2.21 0.036  1.208 0.34 

Low + 5.29 1.058e-06 - -5.98 9.16e-09 

% 

Membranipora 

High + 3.37 0.003 - - 2.73 0.0126 

Low  1.55 0.13  - 1.51 0.13 

# Balanus High  1.44 0.30  -2.39 0.068 

Low  0.75 0.61  -0.46 0.65 

# Serpulidae High - -2.44 0.046 - -2.27 0.046 

Low  -0.87 0.52  0.28 0.78 

% Didemnum High  0.99 0.33  -0.96 0.33 

Low + 2.88 0.0098 - -2.81 0.0098 

Evenness 

 

High - -2.54 0.028 + 2.87 0.023 

Low  0.84 0.53  -0.19 0.85 

Occupied space 

(%) 

 

High + -8.74 4e-16 - 8.31 4e-16 

Low - -3.29 0.0013 + 3.20 0.0014 
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Fig. S5.1: Regressions of species abundance (% cover and # individuals or colonies) across 

average hydrogen ion concentration values across all weeks (here represented as pH which is -

log([H+]) for illustration purposes). Circles represent data from tiles in ambient CO2 mesocosms 

and triangles represent those from high CO2/low pH conditions. Blue symbols and regression 

lines are from mesocosms with ambient food supply (organisms fed on plankton and other 

suspended matter coming in from pump), whereas red and green lines and points represent data 

from added phytoplankton in a high-quality diet (Thalassiosira sp.) and low-quality diet 

(Tetraselmis sp.), respectively. Selected species had mean cover greater than 2 %. Error bars 

represent 95% confidence intervals on a binomial model for % cover and Poisson model for 

counts (n=10 for all treatments, except 9 for high-quality food, low pH).  
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Fig. S5.2: Regression of end of experiment (a) species richness, (b) evenness, (c) proportion 

space occupied per tile, and (d) biomass per 1% cover of tiles across average hydrogen ion 

concentration, represented as pH as in Fig. S5.1. Colours and shapes as in Fig. 5.1. Error bars 

represent 95% confidence intervals on a binomial model for % cover and Poisson model for 

counts (n=10 for all treatments, expect 9 for high-quality food, low pH). 
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Table S5.5. Statistical results from generalized linear models using X2 statistic and linear models 

using F statistic from percent cover or counts of a given species or community measure. These 

models are designed as ANCOVAs to test the overall and interactive effects of acidification 

(here measured as average H+]) and food supply. Corrected P refers to P values that have been 

adjusted for false discovery rate. Bold represents significant results at P<0.05. Deviations from 

results in Table S5.3, minimum 10th percentile pH, are indicated with an asterisk.  

 

 

 

Species 

Effect of average [H+] Effect of food treatment Effect of food treatment * average 

[H+] 

 

Chisq 

 

df 

P  

Chisq 

 

df 

 

P 

 

Chisq 

 

df 

 

P 

% Obelia 32.30 1 1.320e-08 

 

52.66 2 3.680e-12 41.37 2 1.038e-09 

% 

Botryllus 

72.33 

 

1 < 2.2e-16 36.47 

 

2 1.205e-08 17.16 

 

2 0.000188 

 

% 

Folliculin

a 

7.42 

 

1 0.0065 18.21 

 

2 0.00011 

 

51.23 

 

2 7.50e-12 

 

% 

Caprellid 

13.17 1 0.000284

4 

43.21 2 4.15e-10 60.55 2 7.13e-14 

% 

Membran

ipora 

70.27 

 

1 <2.2e-16 

 

8.18 

 

2 0.017 

 

3.79 

 

2 0.15* 

 

# Balanus 9.87 

 

1 0.0017 0.17 2 0.92 

 

2.44 2 0.29* 

 

# 

Disporell

a 

0.32 

 

1 0.57 0.48 

 

2 0.79 0.38 

 

2 0.83 

 

# 

Serpulida

e 

 

20.64 1 5.55e-06 

 

4.14 

 

2 0.13* 

 

3.33 

 

2 0.19* 

 

% 

Didemnu

m 

 

1.06 

 

1 0.30 5.03 

 

2 0.081* 

 

6.26 

 

2 0.044 

 

Hermisse

nda % 

(adults 

and egg 

sacks) 

8.22 1 0.0041 

 

1.94 2 0.38 2.90 2 0.23 

Richness 6.57 1 0.010 0.49 2 0.78 0.29 2 0.87 

Evenness 

 

0.89 

(F) 

1 0.35 3.43 

(F) 

2 0.040 2.58 

(F) 

2 0.085* 

% cover 

occupied 

space 

8.11 1 0.0044 58.03 2 2.51e-13 41.64 2 9.10e-10 

Dry 

Biomass  

(per tile)  

0.66 

(F) 

1 0.42 1.97 

(F) 

2 0.15 1.22 

(F) 

2 0.30 
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Table S5.6. Statistical results from pairwise generalized linear models using X2 statistic and 

linear models using F statistic from percent cover or counts of a given species or community 

measure. These models are designed as ANCOVAs to test the overall and interactive effects of 

acidification (here measures as average [H+]) and each food supply independently. Corrected P 

refers to P values that have been adjusted for false discovery rate. Bold represents significant 

results at P<0.05. Deviations from results in Table S5.4, minimum 10th percentile pH, are 

indicated with an asterisk. 

 

 

 

Species or 

communit

y measure 

 

 

Food 

level 

 

Effect of Food quality 

 

Effect of food quality * min.10.pH 

Food effect  

Z value 

Corrected 

P 

Interactive 

effect 

Z value Corrected 

P 

% Obelia High + 5.12 1.3e-08 - -5.64 3.4e-08 

Low  -0.79 0.57  -0.061 0.95 

% 

Botryllus 

High - -5.87 1.76e-08 + 3.83 0.00025 

Low - -3.21 0.0018  0.16 0.87 

% 

Folliculina 

High  0.41 0.86  -0.18 0.86 

Low - -3.38 0.0015 + 5.82 2.42e-08 

% 

Caprella 

mutica 

High + 3.54 0.000528 - -2.69 0.007194* 

Low + 6.24 8.86e-10 - -6.66 1.1e-10 

% 

Membrani

pora 

High + 2.63 0.034  - 1.710 0.17* 

Low  0.402 0.92  - 0.081 0.93 

% 

Didemnum 

High  0.64 0.52  -0.73 0.52 

Low  2.015 0.16*  -1.75 0.16* 

Evenness 

 

High  -1.68 0.20*  1.79 0.20* 

Low  0.92 0.48  -0.35 0.72 

Occupied 

space (%) 

 

High + 3.97 2.74e-04 - -2.97 0.0030 

Low - -3.81 0.0002 + 3.71 0.00028 


