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Ocean acidification (OA) has emerged as an important focus of research and policy in 

this decade.  Ocean acidification specifically refers to changes in the inorganic carbon 

system in the ocean resulting from its absorption of human-released CO2 from the 

atmosphere.  Anthropogenic atmospheric CO2 levels are rapidly increasing; much of this 

is dissolved and absorbed in the ocean (~30%) where it reacts with seawater altering 

fundamental properties including pH, pCO2 and saturation state of carbonate minerals.  

This change is of concern because of the potential of OA to disrupt biological processes, 

particularly those processes associated with calcification (Byrne, 2011; Diaz-Pilido, 

Anthony, Kline, Dove, & Hoegh-Guldberg, 2012).  For this study, I chose to investigate 

red coralline algae as a model organism because OA is predicted to have effects on 

calcification and photosynthesis, and because of the importance of coralline algae as an 

ecological engineer, which can be found in shallow water habitats globally.  While the 

response of coralline algae to OA is a serious concern, there remains very limited data on 

the interactions of OA with other ocean conditions (e.g., temperature, nutrients, and light) 

that may alter or modify the effects of low pH on coralline algae communities.  One 

nutrient in particular, phosphorus is known to have inhibiting effects on calcification in 

long-term studies.  My objective was to describe the short-term effects of a range of 

elevated pCO2 and phosphorus levels both alone, and together, on calcification and 



 

 

photosynthetic rates of Corallina vancouveriensis.  I exposed these algae to a range of 

pCO2 and phosphate concentrations and measured changes in total alkalinity, pH, and DO 

in acute exposure trials (<3 hours).  Corallina calcification rates were negatively affected 

by elevated pCO2 levels and decreased proportionately across a range of pCO2 from 300 

to 2500 µatm.  In contrast, exposure to elevated levels phosphate had no effect on 

Corallina calcification or photosynthesis.  When exposed to both elevated levels of 

phosphate and pCO2 together, I found no evidence of interactions between these factors.  

The results suggest that future atmospheric CO2 levels will have an impact on the 

calcification rates of Corallina, and that these rates will not be influenced acutely by 

increasing levels of phosphate found in coastal oceans.  
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Introduction 

Ocean Acidification 

The global atmospheric concentration of CO2 has increased 40% above pre-industrial 

values, to approximately 400 ppm today (Feely et al., 2004; Feely, Doney & Cooley, 

2009; Orr et al., 2005, IPCC, 2013). Over this time period, the ocean has served as a 

major sink of CO2, absorbing approximately one-third of the CO2 emitted by human 

activities (Feely et al., 2004).  This uptake of CO2 has resulted in measurable 

perturbations to the carbonate chemistry of the ocean (Fig.1).  CO2 in seawater occurs 

mainly in three inorganic forms; free aqueous carbon dioxide (CO2(aq)), bicarbonate 

(HCO3
-), and carbonate ion (CO3

2-) and a minor form of true carbonic acid (H2CO3) 

whose concentration is less than 0.3% of [CO2 (aq)]: 

CO2 (aq) + H2O ↔ H2CO3 ↔ HCO3
-
 + H

+
 ↔ CO3

2-
 + 2H

+ 

The sum of these three species equals the total dissolved inorganic carbon (DIC) in 

seawater and these reactions are near equilibrium; therefore, the concentration of one of 

the species cannot be altered without affecting the concentration of the others (Millero et 

al., 2002).   
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Figure 2. Changes in pH and carbonate chemistry induced by anthropogenic inputs of 

CO2. As pCO2 increases, pH and carbonate decrease, but total DIC (dissolved inorganic 

carbon) increases slightly (adapted from Wolf-Gladrow et al., 1999). 

The majority (>85%) of dissolved inorganic carbon in the current state of the ocean is in 

the form of bicarbonate, HCO3
-, while less than 9% occurs as carbonate (CO3

2-) and ~1% 

as dissolved CO2 (Doney, Fabrey, Feely, & Kleypas, 2009; Zeebe & Wolf-Gladrow, 

2001).  As the concentration of atmospheric CO2 increases, more is absorbed into the 

ocean, which pushes the reaction towards the end result of CO3
2-

 and then, as it reacts 

again to the multitude of available hydrogen ions, back to the HCO3
-
 state (Feely et al., 

2004).  This shift in carbonate species frees more protons (H
+
), and as a result the ocean 

is experiencing an overall increase in hydrogen ion concentration.  This increase in 

hydrogen ion concentration and associated decrease in ocean pH and changes in 

carbonate chemistry is known as ocean acidification (OA) (Koch, Bowes, Ross, & Zhang, 

2013; Caldeira & Wickett, 2003).   

Since the beginning of the industrial revolution, the mean pH of the surface ocean has 

dropped from 8.21 to 8.10 (Doney et al., 2009).  If atmospheric conditions of CO2 reach 

expected levels of 800-1000ppm by 2100, the ocean surface waters can be expected to 
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drop another 0.3-0.4 pH units (Feely et al., 2004; Koch et al., 2013; Meehl, Arblaster, & 

Tebaldi, 2007; Orr et al., 2005; IPCC, 2013).  This dramatic change in ocean water 

chemistry would cause a momentous shift within the dissolved inorganic carbon (DIC) 

pool in the ocean, causing a decline in CO3
2- by more than 50% (Feely et al., 2004).  

While these changes in surface ocean chemistry in response to anthropogenic CO2 are 

quantifiable and well supported by field evidence (Orr et al., 2005, Caldeira & Wickett, 

2003, Doney et al., 2009, Feely et al., 2004), the impacts on biological systems are less 

understood and more difficult to detect in the field.   

While these shifts in pCO2 are projected for 2100, coastal oceans are likely to exhibit 

early signs of OA.  River runoff, eutrophication, upwelling and elevated respiration are 

all processes that increase levels of acidification in shallow coastal waters (Hofmann et 

al., 2010).  Along the US west coast, the California current system (CCS) is experiencing 

all of these inputs, and its waters have been characterized by levels of pCO₂ to about 

1,100 μatm (Hofmann et al., 2010).  Sampling of Oregon central coast waters (Chan et 

al., unpublished data) have indicated that pCO₂ levels can reach in excess of 1,400 μatm, 

a level that was not expected for another 150 years.  Although some of these additional 

drivers (e.g. upwelling) to OA have always naturally existed, they are now being 

amplified by anthropogenic inputs (Iles et al., 2011).   

Ocean acidification represents only one aspect of potential impacts that climate change 

will have on ocean systems.  The convergence of multiple stressors including 

acidification, ocean warming, hypoxia, sea-level rise, pollution, and overuse of marine 

resources, could lead to damages far greater than just from individual threats (Mora et al., 

2013).  The ocean is a major driver of global climate.  It redistributes large amounts of 

heat around the planet via global ocean currents, through regional scale upwelling and 

downwelling, and via a process called thermohaline circulation.  Increases in thermocline 

depth and upwelling forcing are predicted responses of eastern boundary current systems, 

such as the CCS, to this type of warming (Bakun, 1990).  This has already impacted the 

CCS and manifested itself as severe shallow-water hypoxia (Grantham et al., 2011).  This 

is caused by increases in seasonal upwelling, which forces oxygen-poor and nutrient-rich 
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deep water onto continental shelves (Naqvi, 2000).  Research by Iles et al. (2011) suggest 

that these upwelling events are changing in ways that are consistent with climate change 

predictions: upwelling events are becoming stronger, and longer in duration.  This influx 

of nutrient-rich water, along with anthropogenic nutrient loading along the coastlines has 

led to increases in nitrogen and phosphate. This increase in phosphorus is particularly 

disconcerting because of the research that indicates it acts an inhibitor to calcification, 

and causes declines in abundance and growth in various calcifying organisms (Simkiss, 

1964a, b).  The interacting effect of increased nutrients, in this case, specifically 

phosphate has to be considered together with the effect of increased pCO2 because these 

two environmental variables fundamentally influence the physiology of algae.     

Response of marine organisms to ocean acidification 

The predicted changes in seawater chemistry over this century are anticipated to test the 

resiliency of marine biota.  Ocean temperature, pH, pCO2 and calcium carbonate 

saturation are changing rapidly, and the consequences to marine ecosystems remain 

poorly understood.  Direct impacts on marine organisms includes changes in species 

location and range (Byrne, 2011; Fabry, Seibel, Feely, & Orr, 2008; Orr et al., 2005), 

changes in physiology (Guppy & Withers, 1999; Reipschläger & Portner, 1996) and 

altered growth and recruitment (Kuffner, Andersson, Jokiel, Rodgers, & Mackenzie, 

2008; Chan et al., unpublished data).  There are also competitive advantages for certain 

species that can potentially take advantage of increases in pCO2, including seagrasses and 

some macroalgae.  In the near future, this may cause a shift in the community structure 

(Koch et al., 2013).  Research done by Hall-Spencer et al. (2008) demonstrated that 

benthic communities experienced large declines in sea urchins and coralline algae 

abundance in response long-term exposure to OA conditions (pH 7.8-7.9) in communities 

along volcanic vents that emit CO2.  They found that Controlled experiments, along with 

correlative evidence from these types of studies on natural CO2 gradients, highlight the 

vulnerability of many marine calcifiers to OA. 
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Calcification 

Calcification is the process by which many marine animals create shells, skeletons and 

structural crusts.  In seawater, calcifying organisms require both calcium (Ca
2+

) and 

carbonate (CO3
2-) ions to precipitate for calcification.  Ca

2+
 is not considered a limiting 

element in water, while CO3
2- is considered limiting (Kleypas & Langdon, 2000).  The 

process of creating calcium carbonate structures is reversible and the structures are 

vulnerable to dissolution unless the surrounding seawater contains saturating 

concentrations of carbonate ions (known as Ω) whose value dictates the direction of the 

reaction (Zeebe & Wolf-Gladrow, 2001): 

Ca
2+ 

+ 2HCO3
- ↔ CaCO3 + CO2 + H2O 

The formation of CaCO3 is something still being studied in most organisms; however, it 

is known that that CaCO3 is created in several forms including: aragonite, calcite and 

high-magnesium calcite, the latter of which has highest solubility in seawater and is thus 

most vulnerable to OA (Adey, 1998; Mucci, 1983).   

The result of ocean acidification, is a shift in the equilibrium of carbonate chemistry in 

seawater.  This reduces pH and thus the abundance of carbonate ions available for marine 

calcifiers to use to build their calcium carbonate skeletons.  There have been many 

experiments that show a strong correlation between the level of  carbonate concentration 

and the calcification rate in marine calcifiers (Kleypas & Langdon, 2000).  In fact, it has 

been shown that the calcification rates of coccolithophores, mollusks, corals, 

echinoderms and macroalgae have all declined with the lower carbonate (CO3
2-) levels 

associated with a decreasing ocean pH (Doney et al., 2009; Fabry et al., 2008; Kleypas & 

Langdon, 2000).  However, more must be done to understand the species-specific 

response to this change in ocean chemistry.  Differences in responses of calcifiers could 

reflect differences in mechanisms of calcification, or environmental factors such as light, 

temperature and nutrients (Fabry et al., 2008).  As the most widespread, and abundant 

calcifying macroalgae, more attention should be paid to ocean acidifications impacts on 

coralline algae. 

http://en.wikipedia.org/wiki/Dissolution_(chemistry)
http://en.wikipedia.org/wiki/Saturation_(chemistry)
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Phosphate and calcification  

Coastal oceans are particularly vulnerable to anthropogenic inputs due to circulation 

(upwelling), biological processes (respiration) and precipitation/runoff (eutrophication) 

(Hofmann et al., 2010).  These inputs are likely to be exacerbated through time, and when 

combined with ocean acidification will pose key challenges for coastal ecosystems (Kelly 

et al., 2011).  While the response of coralline algae to OA is a serious concern, there 

remains very limited understanding on the interactions between OA and changes in other 

ocean conditions (e.g., temperature, nutrients, and light) that may dampen or accentuate 

the effects of CO2 increases on coralline algae communities.  Phosphorus is an essential 

and at times limiting nutrient.  High runoff rates and/or seasonal upwelling can drive high 

concentrations of nitrate and phosphate nutrients in the near shore waters.  Elevated 

nutrient conditions are experienced regularly along the California current (Narayan, Paul, 

Mulitza, & Schulz, 2010).  While higher levels of nutrients can be favorable for primary 

growth, eutrophication or excessive levels of nitrate and/or phosphate have also been 

shown to have detrimental effect on near shore organisms, particularly marine calcifiers 

(Björk, Modammed, Björklund, & Semesi, 1995).    

Phosphate has long been recognized to have an inhibitory effect on the growth and 

calcification rate of marine calcifiers (Björk et al., 1995; Lin & Singer, 2006).  There are 

also limited data that show phosphate inhibits the precipitation of calcium carbonate in 

coralline algae (Brown, Ducker, & Rowan, 1977).  Bachra, Trautz & Simon (1963) and 

Simkiss (1964a, b) showed that phosphate ions interfere with the formation of CaCO3 

crystals by settling on the surface of the crystal and inhibiting the continued formation of 

the crystalline (CaCO3) lattice and calcite precipitation.  Numerous laboratory 

experiments (Brown et al., 1977; Demes, Bell, & Dawes, 2009; Lin & Singer, 2005; 

Simkiss, 1964a; Wilbur & Simkiss, 1968) indicate that calcification in coral reefs and 

mollusks are markedly suppressed by increases in phosphate levels in the surrounding 

water.  Mesocosm studies (Björk et al., 1995; Kinsey & Domm, 1974) also indicated a 

decrease in the rate of calcification during the period of increased fertilization (nitrogen 

and phosphates).  It has now been estimated that an increase in ocean phosphate levels to 

2 μM could cause coral reef communities to lose at least 50% of their present 
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calcification activity (Kinsey & Davies, 1979).  Nutrient addition studies include nitrogen 

as well as phosphates because fertilizers use both and this will cause increases in both in 

coastal waters during periods of runoff.  However, it has been found that the addition of 

nitrogen (as ammonia or nitrate) has no significant effect on calcification (Björk et al., 

1995).  There is no solid evidence found in the literature to indicate a direct decline in 

calcification due to nitrogen enrichment (Kinsey & Davies, 1979).     

Coralline algae  

Calcified algae are distributed throughout the marine world, and can be found from polar 

to tropical systems, and intertidal to deep benthic communities (Nelson, 2009).  Coralline 

algae are the principal marine calcifiers in many marine ecosystems, and can be major 

space occupiers on rocky substrata on the US west coast (Edwards, 1998, Kuffner et al., 

2008).  Although alone they are less culturally or economically significant than other 

marine calcifiers, coralline algae can play key roles in ecosystem structure and function.  

Calcification occurs in the large group of diverse brown, green and red macroalgae 

(Nelson, 2009). Of these, the red algae, in order Corallines are most prevalent 

ecologically, and occur as either geniculate (jointed or articulated) or non-geniculate 

(crustose) forms (Koch et al., 2013; Nelson, 2009).  Studies done by Borowitzka (1981) 

showed that coralline red algae deposit crystalized CaCO3 in an organized method within 

their organic cell wall.  Further, Smith and Roth (1979) proposed that the rate of CaCO3 

deposition is related to pH and/or the level of bicarbonate concentration within 

surrounding medium (seawater).  Coralline algae deposit CaCO3 as high magnesium-

calcite, this form of CaCO3 has a higher solubility than either pure calcite or aragonite, 

and is therefore more vulnerable to a decrease in Ω (saturation state) (Feely et al., 2004; 

Morse, Andersson, & Mackenzie, 2006).  As the CaCO3 content of coralline algae can be 

as high as 90% of the total biomass, (Bilan & Usov, 2001) calcification is an important 

process for the organisms growth and protection against disturbance and decay (Littler & 

Littler, 1999).  These attributes thus make coralline algae one of the most sensitive taxon 

to OA (Andersson, Mackenzie, & Bates, 2008). 
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Articulated red coralline algae (Rhodophyta, Corallinaceae) function as key ecosystem 

engineers by creating a 3-dimensional habitat structure.  The structure of articulated 

coralline algae is made up of complex, branched thallus which provides protection 

against physical intertidal stresses such as desiccation, wave forces, heat and UV 

exposure (Nelson, 2009).  They can also increase biodiversity by sheltering kelp and 

seagrass recruits from biological perturbations, grazing pressure and invertebrates from 

predation (Chan et al., unpublished data; Büdenbender, Riebesell, & Form, 2011; 

Fabricius & De’ath, 2001; Nelson, 2009). Research has also shown the importance to 

ecosystem services that CA have by providing nursery areas for juvenile fish and 

shellfish (Koch et al., 2013).  Kamenos et al., (2004a, b) found that cod, saithe, pollock 

and queen scallops all used rhodolith (articulated CA) beds for protection and habitat, 

particularly for juveniles.  Finally, marine algae play an important role in the global 

carbon cycle by the fixation of carbon by photosynthesis and calcification, which is 

eventually deposited into the sediments (Nelson, 2009).  

As coastally ubiquitous organisms, CA are thought to be particularly sensitive to OA 

because of their Mg-calcite structures and location in areas that may contain naturally 

acidified water such as coastlines (Hall-Spencer et al., 2008; Hofmann et al., 2010).  

Studies on growth and calcification rates of some species of CA have found evidence of 

the negative effects of OA (Anthony, Kleypas, & Gattuso, 2011; Jokiel et al., 2008; 

Semesi, Kangwe, & Björk, 2009; Smith & Roth, 1979). Jokiel et al., (2008) recorded a 

250% decline in rhodolith growth as a function of weight in response to acidified 

conditions.  While the amount of research into the mechanisms that are driving these 

changes is increasing, many species-specific responses to elevated pCO2 remain unclear.  

These types of studies are vital to develop clear models for how OA will alter ecosystems 

containing abundant forms of calcifying marine macroalgae; specifically geniculate 

coralline algae (Koch et al., 2013).  

Research Objectives 

The pressure on marine ecosystems from other stressors such as eutrophication are 

potentially creating ecosystems that are progressively more vulnerable to the changing 
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marine chemical conditions associated with increasing pCO2.  Both eutrophication and 

global climate change (including increasing atmospheric CO2) are sources of stress to 

coralline algae.  Predicting the biological impacts of multiple environmental stressors can 

be difficult; in general, responses to multiple stressors can be additive, antagonistic or 

synergistic (Darling & Cote, 2008).  The target species of this study is a red macroalgae 

from the order corallinales, Corallina vancouveriensis Yendo 1902, an important and 

common space occupier along the California Current system.  It remains unclear how an 

organism will respond to OA combined with additional environmental stressors; 

specifically calcification of coralline algae.   

The objectives of this research are three-fold: (1) to assess the effects of acute exposure 

to elevated pCO2 on the calcification rates of coralline algae, (2) evaluate effects of acute 

exposure of elevated phosphate levels on calcification rates, and (3) assess the 

combination of both acute elevated pCO2 and phosphate exposure on calcification rates.  

This study examines the short-term effects of these inputs on the rates of calcification, 

and evaluates how changes in physiological performance of coralline algae impacts 

growth and survival within their communities.  Because coralline algae are 

photosynthetic calcifying marine organisms, the response of these metabolic activities 

were also explored.  This study also seeks to answer questions regarding the role of 

photosynthesis on calcification rates of coralline algae.  First, to what extent may 

stimulation of photosynthesis by CO2 enhance photosynthesis and the supply of energy 

available for calcification?  Secondly, does the production of CO2 during calcification 

(from alkalinity declines) act to enhance photosynthesis?   

Finally, while there are numerous studies on the impact of increasing pCO2 on various 

marine calcifiers, very little research has been done on the impact of phosphate, and there 

is no evidence found in the literature on their combined effects.  Increased upwelling 

events, and its delivery of nutrients will mean increases in phosphate in these systems, 

which will compound with OA to stress coralline algae.  Understanding the impacts of 

rising pCO2, and its interaction with changing nutrient levels on Corallina will provide 

the foundation for a mechanistic evaluation of how these species may respond in the near 
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future.  Understanding these types of responses will play a crucial role for managers and 

decision-makers faced with creating adaptation and mitigation solutions to these 

problems (Fig. 2).   

  

Figure 3. A framework to visualize the role of experiments in identifying the 

consequences of ocean acidification (Riebesell et al., 2010) 

Materials & Methods 

Measuring calcification 

The focus of this study is measuring rates of calcification of coralline algae in acute 

exposures to various levels of pCO₂ and phosphate.  There are various methods to 

measure algal calcification rates.  The radioisotope 
45

Ca method involves the uptake of 

radioactive 
45

Ca into the sample, and then incorporated radioactivity is measured over 

time.  The buoyant weighing method infers calcification rates from changes in skeletal 

weight by weighing it in seawater where the density has been accurately determined.  

Lastly, skeletal density banding measurements and direct measurement of shell or 

skeleton weight and/or size has been used to estimate net calcification by changes in 

size/weight (Langdon, Gattuso & Andersson, 2010).  However for this study, and in 

general for short term experiments the measurement of total alkalinity (TA) changes in 

the surrounding sea water, called the alkalinity anomaly method is considered the most 
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effective for measurement of calcification/dissolution rates (Chisholm & Gattuso, 1991; 

Smith & Key, 1975).   The premise of the method is that the algae are placed in a 

container of water, calcium carbonate is precipitated (or dissolved), and this results in 

direct changes in the alkalinity of the seawater.  Therefore, by measuring the change in 

total alkalinity you can directly attribute a rate of calcification to the coralline algae.  

While photosynthetic activity has an impact on seawater content, namely oxygen, CO2 

and carbonate forms, most photosynthetic budgets do not change total alkalinity (TA) 

values of the surrounding sea water because the loss of HCO3 is balanced by loss of 

H
+
(El Haikali, Bensoussan, Romano, & Bousquet, 2004).  While the synthesis of organic 

matter during photosynthesis does change the concentration of bicarbonates; these are 

counterbalanced by equivalent changes in H
+
 concentration.  Thus, in general and for the 

purpose of this experiment, it is only the calcification and/or decalcification process that 

may significantly change the seawater TA values (Chisholm & Gattuso, 1991; Smith & 

Key, 1975).  Because 1 mol of CaCO3 precipitated reduces alkalinity by 2 molar 

equivalents, calcification can be directly measured from changes in total alkalinity.  In 

this experiment, I studied the evolution of dissolved oxygen, nutrients, pH and total 

alkalinity during short-term (1 hour) incubation experiments of calcareous Corallina in 

manipulated seawater in relation to the biomass of the tested sample.  

Target species 

One of the most common forms of coralline algae found in the California Current System 

is Corallina vancouveriensis.  These algae are in the phylum Rhodophyta, order 

Corallinales; and can be in the northeast Pacific, from Alaska to Baja California.  They 

are often found in low intertidal to sub-tidal zones (15-20 meters) and are pink to red in 

color.  These finely branched erect coralline alga have thalli that can grow to 15 cm tall, 

are featherlike with closely-spaced side branches of mostly flattened segments arising 

from main axis.  All sampled Corallina vancouveriensis were collected from Fogarty 

Creek (44.83915N, 124.052780W), Oregon.  This is approximately 70 miles west from 

Corvallis on the central coast of Oregon, 3 miles north of Depoe Bay.  The algae were 

collected during minus tides in rock pools.  They were collected by breaking off 
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fragments using a chisel and hammer, they were transported to the laboratory in plastic 

buckets and bags, cleaned of additional epiphytic organisms, and acclimated in aquaria. 

Lab set up 

A CO2 tank and regulator were used to bubble CO2 into the seawater until target pCO2 

levels were reached.  Levels of phosphorus were manipulated by addition of trisodium 

phosphate (Na3PO4) solutions, calculated to desired molarity using total volume of 

seawater used.  In order to account for the alkalinity that phosphate adds to seawater, 1.0 

M HCl was added to the phosphate mixture to adjust alkalinity to starting initial levels.  

In addition, unaltered seawater was added appropriately to equalize overall quantity of 

phosphate water added to each container.  Algae fragments were placed in 3-liters of 

seawater within individual clear plastic 3.8-liter containers with (2) control (ambient) 

seawater and (8) altered (experimental treatment) seawater.  These containers sat under a 

Sun System ® 10 grow light with a Hortilux Metal Halide bulb, which provided for the 

full spectrum of light (350-700nm).  Because the lamp also can increase the temperature 

of the water, the containers were placed in an ice-water water bath to maintain 

temperature between 9-15° degrees C, similar to field conditions.  Each container had a 

water pump (Aquatic Eco-Systems SP-800 Submersible Pump) circulating water at 70 

gallons per hour, these ensured that well mixed samples were drawn for analyses. Finally, 

the containers were covered with a clear plastic cover to reduce gas exchange with the 

atmosphere.  
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Figure 4. Layout of the experimental setup used for incubations during testing. 

The levels of pCO2 were chosen based on a literature review of expected climate change 

scenarios for mean surface ocean values (Orr et al., 2005; IPCC, 2013).  In addition, 

because pCO2 in the system already exceed mean surface ocean values, additional 

treatments were used to examine the effects of CO2 increases within the study system. 

The range included pre-industrial (<350ppm), present day (~400 ppm) and future (750, 

1000, 1500 and 2,500ppm).  Levels of phosphate were also chosen based on literature 

review that indicated “normal” oceanic conditions (0.04-0.40μM), and those experienced 

during coastal upwelling, and levels due to increased coastal run-off (up to 2 μM in the 

Gulf of Mexico).   At the end of the experiment, the algae were rinsed in deionized water 

and dried in an oven at 60° degrees C for several days, prior to dry weight determination. 

Seawater chemistry determination 

To assess the response of coralline algae calcification/dissolution rates this experiment 

was designed to test the changes in alkalinity over time while exposing CA to altered 

experimental seawater.  At each sampling period, O₂ and temperature were measured 

with YSI DO and temperature probe, and pH was measured with a SAMI (submersible 
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	pump		
circulator	
	

v	Control	
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autonomous moored instrument) or a Durafet®-based pH sensor, the sample was then 

sealed for alkalinity testing at a later date.  Changes in total alkalinity were determined 

from these water samples using the technique described by Yao & Byrne (1998).  This 

procedure involves three basic steps: (1) the water sample is titrated with acid until the 

pH is low to the point where all the bicarbonate (HCO3-) is converted to carbonic acid 

(H₂CO3).  During such an addition of acid the carbonate is converted into bicarbonate 

and bicarbonate is converted into carbonic acid.  In seawater, this endpoint occurs at 

about pH 4.2-4.3.  (2) Then nitrogen gas (N₂) is added to the sample to purge all of the 

CO₂ in the water.  (3) The difference between added and excess acid concentration 

allows for final alkalinity to be calculated.  For this study this method yielded a precision 

of ± 5 μmol kg
−1

 in triplicate seawater samples.  To calibrate, certified seawater standards 

from Andrew Dickson (Scripps Institute of Oceanography, La Jolla CA) were used at the 

beginning of each sample run.  The net calcification was calculated from changes in total 

alkalinity (TA) and multiplied by the mass of seawater in which the coralline algae were 

incubated and divided by time and CA biomass.  This provided a rate of calcification in 

units of μmol C
.
g

−1. 
h

−1
: 

Calcification = [((TA/dry weight mass)/2 x SW mass)]/Time 

From pH, alkalinity, temperature and salinity; total DIC (TCO2) and pCO₂ were 

calculated using CO2sys software (Lewis & Wallace, 1998).  Dissociation constants for 

carbonate, bicarbonate and dissolved carbon dioxide CO₂ determined by Mehrbach, 

Culberson, Hawley, & Pytkowicz (1973), refit by Dickson and Millero (1987) and KSO4 

using Dickson (1990).  

Experimental tests 

The following tests were conducted (see Table 2) in the order listed.  First, to test that 

there was a response of algae to pCO2, the algae were exposed to ambient seawater 

(~400ppm) and seawater with elevated pCO2 (~2000ppm).  Second, in order to obtain a 

clearer view of inflection or tipping points that pCO2 has on calcification rates, the 

number of treatment levels was increased and a regression design was used.  This 
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experiment used levels of 300, 600, 1000, 1,400 and 2,500 ppm of dissolved pCO2 as 

treatments.    

To test the effect of phosphate, sodium phosphate (Na3PO4) was used to create a 

regression design of various treatments levels by adding 0, 1, 2, 4, 8 and 16 mL of a 2 

mM solution to 3L seawater samples creating +0, +0.7, +1.3, +2.7, +5.3 and +10.7 μM 

treatments, respectively.   

Finally, to test the impact of both elevated pCO2 and phosphate and to determine their 

potential effects on each other, a factorial experiment was conducted.  Containers with a 

combination of treatments included: high phosphate (5.33 μM), high pCO2 (1,800ppm), 

low phosphate (0 μM) and low (ambient) CO₂ (~300ppm) (see Table 1).  

Table 1.  Summary of the combinations of treatments (A-D) for the experiments.  Each 

treatment had six replications. 

(A) High Phosphate and High CO2 (B) High Phosphate and Low CO2 

(C) Low Phosphate and High CO2 (D) Low Phosphate and Low CO2 
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Table 2. Timeline and treatments for the experiments that are mentioned in this paper.   

Controls for each experiment are not listed here. During the experiments mean alkalinity 

was 2140 μmol
.
kg

−1
, salinity was 30.7g/kg, and temperature of incubation was 11.4°C.  

The average pH was 8.13, 7.9, 7.67, 7.53 and 7.31 for 300, 600, 1000, 1500 and 

2500ppm of pCO2 respectively. 

Experiment  Date Variable Tested Treatments 

1 Feb. 26 2013 Elevated CO2 2010ppm & 

430ppm 

2 March 12 2013 Elevated CO2 2086 ppm & 

482 ppm 

3 April 18
th

 2013 Na3PO4 (Phosphate) 0, 0.67, 1.33, 

2.67, 5.33 & 

10.67μM 

Na3PO4 

4 May 7
th

 2013 Phosphate 0, 0.67, 1.33, 

2.67, 5.33 & 

10.67μM 

Na3PO4 

5 May 16
th

 2013 Elevated CO2 (regression) 300, 600, 1000, 

1400 & 2500 

ppm CO2 

6 June 13
th

 2013 Factorial of CO2 & Na3PO4 0 & 5.33μM of 

Na3PO4 

300 & 1800 

ppm of CO2 

7 June 18
th

 2013 Factorial of CO2 & Na3PO4 0 and 5.33μM 

of Na3PO4 

300 and 1800 

ppm of CO2 

 



17 
 

 

To begin each test reference, alkalinity was measured from two 20L polyethylene 

carboys filled with filtered seawater, and an initial pH was measured.  In one carboy 

ambient air was bubbled through the seawater for several hours to bring the seawater to 

ambient CO₂ levels, and in the other carboy either CO₂ was bubbled through, testing the 

pH periodically to verify pCO₂ levels.  Solutions of phosphate were added directly to 

each container to a predetermined molar amount.  Algae were placed in the containers 

and 3 liters of ambient or treatment seawater was added.  These were placed in a ~1-5° 

degree C ice bath to keep temperatures in each container within the range (9-16°C) of 

water temperature encountered in the field while under full irradiance (and heat) of the 

grow light.  The incubations were conducted for 1 hour, with samples retrieved and water 

parameters monitored at the beginning and final water sampling.  

Results 

Effect of pCO2 on Calcification 

The calcification rates of the coralline algae Corallina vancouveriensis exhibited a strong 

decline as a function of elevated pCO2 and decreasing pH.   Specifically, C. 

vancouveriensis calcification averaged 13.96±2.74 μmol C
.
g

−1. 
h

−1 
at 400ppm, and 

6.82±0.85 μmol C
.
g

−1. 
h

−1
 at 2000 ppm, a decline of 49% (Fig. 4).  Using a one-way 

ANOVA with treatment as a factor this was found to be significant (p = 0.026).  The 

responses of C. vancouveriensis calcification to pCO2 increases were further investigated 

with a CO2 regression experiment, where pCO2 was manipulated to span a range of 

concentrations from 300 to 2500 ppm.  The results of this experiment were highly 

significant and indicated that increasing pCO2 correlated with decreasing calcification 

rates (r
2
 = 0.79 and p = 0.0005), this indicates a linear relationship between pCO2 and 

calcification rates (Fig. 5).  There was also indication of algae dissolving (negative 

alkalinity) at 1580 ppm (Fig. 5&6).  
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Figure 4.  Difference in calcification rates on two separate testing dates, February 26 and 

March 12; ambient pCO2 levels were ~400ppm and elevated ~2000ppm (experiment 1 & 

2).  There was an average 49% difference in calcification rates between elevated and 

ambient levels. 

 

 

Figure 5. Relationship between calcification rates and level of pCO2 across 5 treatment 

levels of elevated pCO2; results are highly significant (experiment 5). 
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Figure 6. Change in alkalinity during treatments of increased pCO2 (experiment 5)  

During this experiment measurements of negative alkalinity was measured, possibly due 

to calcium carbonate structures began to dissolve at the y-intercept or 1,579 ppm of 

pCO2. 

There was also a significant difference found in rates of photosynthesis between elevated 

and ambient CO2 levels.  Since photosynthesis and calcification both consume inorganic 

carbon, we can estimate photosynthesis by subtracting the change in DIC due to 

calcification (alkalinity) from the change in total DIC, this gives us an estimate in change 

in DIC due to primary productivity.  Therefore, if changes in alkalinity were near zero 

that would mean photosynthesis predominates, and if changes in DIC were near 

proportion to loss due to calcification then photosynthesis would be a small, to non-

existent term.  By calculating a ratio comparing change in alkalinity to change in total 

DIC, a ratio can be determined that when near 1 indicates higher community calcification 

while a ratio of near 0 indicates higher community photosynthesis (0:1).  For experiments 

1 and 2, the ambient pCO2 ratio was 0.65 and for elevated pCO2 the ratio was 0.123, 

indicating less community calcification at elevated pCO2.  This ratio appears to decline 

linearly from 1 to 0 as pCO2 increases (Fig. 7).  The net photosynthetic rates were found 

to be significant between ambient (400ppm) (9.16 μmol C
.
g

−1. 
h

−1
) and high CO2 

(2000ppm) (29.97 μmol C
.
g

−1. 
h

−1
) levels (p = 0.028), with a 69% higher average rate of 

photosynthesis in elevated pCO2 trials.  Further, the elevated pCO2 regression showed 
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that there was a linear correlation between increasing pCO2 and photosynthetic rates.  

Primary production increased linearly with increasing pCO2 and decreasing pH (r
2 

= 

0.8918 and p< 0.001) (Fig. 8) and appeared to have a negative linear relationship to 

calcification rates (Fig. 9).   

 

Figure 7. Change in alkalinity to change in DIC; a ratio near (~1) indicates net 

community calcification and a ratio near (~0) indicates net community photosynthetic 

activity.  In this regression as pCO2 increases, the ratio drops closer to 0 (experiment 5). 
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Figure 8. Rate of photosynthetic activity (μmol C
.
g

 1. 
h

−1
) in response to changing levels of pCO2 

(experiment 5).  Results are highly significant, and as pCO2 increases so does the overall rate of 

photosynthesis. 

 

Figure 9. Relationship between calcification rates and photosynthetic activity during a 

regression of pCO2 (experiment 5).  Photosynthesis and calcification appear to have an 

inverse relationship. 
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Effect on Phosphate on Calcification 

There is no significant change (p > 0.05) in average calcification in response to 

increasing levels of phosphate (Fig. 10).  The standard deviation or “noise” between 

groups was too great to determine a pattern among treatments and the linear regression 

shows the plot of observed changes in calcification with a slope not significantly different 

from zero and confirmed lack of relationship of r
2 

= 0.078 (Fig. 11).  Photosynthesis rates 

also followed a similar pattern, both alkalinity:DIC ratios and net primary productivity 

were not significant (p > 0.05) at all levels of phosphate treatment (Fig. 12).   

 

Figure 10. Effects of a range of phosphate (Na3PO4) on rates of calcification (experiment 

3&4).  The results are not significant (p > 0.05) and it appears there is no impact of level 

of phosphate on calcification rates. 
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Figure 11. Rates of calcification in response to exposure to various levels of phosphate in 

treatments (experiment 3&4).  While there does appear to be a negative trend, results are 

not significant (p > 0.05) and line is approaching zero. 

 

Figure 12. Effects of a range of phosphate (Na3PO4) on rates of photosynthesis 

(experiment 3&4).  The results are not significant (p > 0.05) and it appears there is no 

impact of level of phosphate on photosynthetic rates. 
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Interaction between phosphate and pCO2  

In the final factorial tests of both CO2 and phosphate, the effects of pCO2 on calcification 

rates were evident, while the impacts of phosphate with both high and low CO2 were not.  

A two-way ANOVA with replication indicated that there was significance (p < 0.001) 

between high (~1800ppm) and low CO2 (~300ppm) treatments (see Table 3).  

Table 3. Results of a two-way ANOVA performed to test the effects of pCO2 and 

phosphate on calcification rates.  * indicate significant results, df: degrees of freedom. 

Source of Variation Df F P 

Phosphate 1 0.240671822 0.629 

pCO2 1 24.62407501 0.000* 

Phosphate x pCO2 1 0.615349729 0.442 

 

The experiment revealed a 75% difference in calcification between high and low pCO2 

treatments (Fig. 13).  Levels of phosphate (high 5.33 μM) and low (0 μM) had no impact 

on calcification rates between treatments (p = 0.63).  There were also no patterns detected 

when adding phosphate to either high or low pCO2 seawater treatments (p = 0.44).  

Additionally, phosphate (with high or low pCO2) had no impact on photosynthetic rates, 

a two-way ANOVA with replication gave no significance to alkalinity:DIC ratios and 

absolute rate of photosynthesis with different levels of treatment (p > 0.05) (Fig. 14). 
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Figure 5. Results of factorial that tested the impact of both pCO2 and phosphate at high 

and low exposures (experiment 6&7).  While results between levels of pCO2 are 

significant, there was no relationship between high and low treatments of phosphate or 

between pCO2 and phosphate. 

 

Figure 14. Change in alkalinity to DIC ratio for the factorial (experiment 6&7).  It 

appears low CO2 corresponds with higher community net calcification (<1) while higher 

CO2 corresponds with higher community productivity (1<).  While phosphate has no 

significant impact on this ratio. 
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Discussion 

 

The results of this study on elevated pCO2 effects confirm previous laboratory and field 

experiments (Büdenbender & Riebesell, 2011; Kuffner et al., 2007; Martin & Gattuso, 

2009; Jokiel et al., 2008; Ries et al., 2009) that calcification in coralline algae responds 

negatively to increases in pCO2.  The wide range of elevated pCO2 levels used were 

meant to test both current and possible near-future increases in atmospheric CO2.  This is 

particularly pertinent in the study area, where increasing intensities of upwelling 

associated with climate change is already augmenting the delivery of CO2 enriched 

seawater to the near shore (Narayan et al., 2010, Hoffmann, 2010).  While some 

assumptions are that organisms, including coralline algae, inhabiting highly variable 

environments are likely to be more robust to ocean acidification, recent research 

(Noisette, Egilsdöttir, Davoult, & Martin, 2013) suggests that the response varies widely 

amongst species exposed to the same fluctuating abiotic factors.  The algae in this 

experiment experienced a decline in calcification at all elevated levels of pCO2, including 

current levels, indicating they are unlikely to be more robust to future pH/pCO2 

conditions.  Regression analysis confirmed similar studies (Büdenbender et al., 2009; 

Gazeau et al., 2007) of a negative linear correlation between pCO2 and net calcification 

but also identified a “tipping point” where dissolution of CaCO3 structures begins to 

occur (~1,500ppm).  This is particularly disconcerting because levels of 1,100 to 1,400 

ppm of pCO2 (Hofmann et al., 2010; Chan et al., unpublished data) are already being 

recorded in the area of study in the California current system.  This study also verifies 

previous studies that have reported net dissolution of coralline algae in ‘business as 

usual’ CO2 emissions in the near future (Büdenbender et al., 2009; Anthony, Kline, Diaz-

Pulido, Dove, & Hoegh-Guldberg, 2008; Jokiel et al., 2008; Martin & Gattuso, 2009).  

The overall trend observed in these experiments supports the conclusion that rates of 

calcification heavily rely on seawater chemistry and impact the calcification rates of C. 

vancouveriensis (Fabry et al., 2008; Doney et al., 2009).  This is of particular concern as 

these organisms are ecosystem engineers (Nelson, 2009) whose decline would likely to 

scale up, impacting entire ecosystems.     
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While the formation of calcium carbonate (CaCO3) in the cell walls of Corallina is an 

extracellular chemical process, it is also largely controlled by the biological activities 

involved in photosynthesis and respiration (Borowitzka, 1981; de Beer & Larkum, 2001).  

Some studies suggest that the mechanism for calcification can be related to the localized 

increase in pH at the cell/seawater interface created by photosynthetic uptake of CO2 (and 

subsequent increase in saturation state of carbonate) (Borowitzka, 1987; McConnaughey 

& Whelan 1997).  There are many studies (Smith & Roth, 1979; Borowitzka, 1981; Gao 

et al., 1993) that have suggested that this may be an important means of influencing 

calcification rates in algae and that a decrease in pH due to OA and the subsequent shift 

in carbonate chemistry causes uptake of bicarbonate and carbonate less 

thermodynamically favorable.  A study by Ries, Cohen, & McCorkle, (2009) found that 

increases in calcification rates due to localized increases in pH due to photosynthesis at 

the cell/seawater interface appears to peak at 600-1,100ppm CO2.  However, the 

assumption that photosynthetic removal of CO2 simply elevates the carbonate saturation 

state (Goreau, 1959) does not seem to hold in this study where no increases in 

calcification due to increased photosynthesis were observed.  While unable to answer 

some of these questions entirely, this study did identify some important patterns of 

photosynthesis and calcification rates, the most noticeable being that photosynthesis 

correlates positively with increasing pCO2 while calcification rates had the opposite 

outcome.  In fact, as calcification rates dropped with increasing pCO2, photosynthesis 

rates increased almost proportionately (Fig. 4).  

This study was unable to detect a coupling between the two processes of photosynthesis 

and calcification.  A study done by Semesi et al., 2009 showed that raising pCO2 

enhanced photosynthesis by 13% but reduced calcification rates by 20%.  In studies 

conducted on corals (Hoegh-Guldberg & Smith, 1989; Stambler, Popper, Dubinski, & 

Stimson, 1991; Marubini & Davies, 1996; Marubini & Thake, 1999; Langdon & 

Atkinson, 2005) it was found that photosynthesis and calcification vary inversely when 

exposed to elevated CO2.  This suggests that an increase in photosynthesis does not 

necessarily counter the negative effects of elevated CO2 on calcification.  In other words, 

while there may be some mechanisms to control calcification, coralline algae are still 
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highly influenced by the physical components of CaCO3 precipitation, which can be very 

energetically costly to overcome (Borowitzka, 1987).  While more studies need to be 

done to understand the relationship between calcification and photosynthesis, these data 

indicate that increasing CO2 under OA conditions does increase photosynthesis but 

impedes calcification and growth.  As this study indicates, CO2 uptake alone cannot 

account for the calcification rates of algae.   

 

This study highlights the effects OA will have on a key member of the calcifying 

intertidal and sub-tidal community structure.  Hoffman et al. (2010) suggests that primary 

producers (seaweeds, phytoplankton) could capitalize on increased DIC and other OA 

conditions that encourage photosynthesis, whereas the decrease of CO3
2- 

may cause 

calcifying organisms to decline under OA conditions.  This type of impact on community 

structure has been observed in long term elevated pCO2 studies where calcitic species 

were significantly reduced in cover and species richness (Porzio et al., 2011).  Finally in 

studies of areas of natural CO2 fluctuations (volcanic vents) (Hall-Spencer et al., 2008) 

validated that such changes in seawater pH do radically alter marine communities 

composition. 

 

Phosphate studies       

In contrast to other long-term studies on the impact of phosphate on marine calcifiers that 

indicate a reduction in calcification rates, this study was unable to resolve a response to 

increasing levels of phosphate (0-10.67μM.  While research remains limited on acute 

impacts of phosphate on coralline algae, some studies indicate that long-term impact of 

exposure to phosphates has negative growth effect on coralline algae (Björk et al., 1995; 

Brown et al., 1977; Demes et al., 2009).  Other long-term studies also indicate that 

phosphate inhibits the precipitation of calcium carbonate from seawater (Morse, 1974, 

Pytkowicz, 1973), decreases calcification in corals (Lambert, 1974) and entire patch reefs 

(Kinsey et al., 1979).  Further, these studies suggest that the suppression of phosphate on 

calcification rates builds up gradually, and measurable impacts occur over longer periods 

of time (months to years) than those measured in this acute analysis.  A long-term study 
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by Kinsey & Davies (1979) identified a ‘build up’ in effects of phosphate on calcification 

rates and stated that an acute study (>12 hours) with elevated phosphate would not be 

likely to detect effects on the rate of calcification, but a mechanism was not offered.  

Since all the studies on nutrients and coralline algae and corals were long term, it is 

possible to hypothesize that coralline algae may continue to create calcium carbonate 

structures, but because phosphate interferes with the formation of CaCO3 crystals, that 

new growth would form into smaller and/or weaker structures.  A study done on 

Corallina by Brown et al. (1977) found after 4 and 8 week periods of elevated exposure 

to phosphate, new structures were morphologically different (didn’t branch normally) and 

had higher rates of necrosis.  Simkiss (1964a) suggested that small or weak calcium 

carbonate structures were produced as the phosphate settled on the surface of a crystal 

(CaCO3) and interfered with the continued normal formation of the crystal lattice.  

Additional in-situ studies would be necessary in order to further understand the 

mechanisms of phosphate on Corallina and gain a better understanding of the exact 

mechanisms involved in the inhibition of calcification by phosphate.  For the acute study 

however, it appears possible that while rates of calcification did not change, the 

continued formation of CaCO3 structures maybe have been structurally changed.  For the 

basis of this study however, we do understand phosphates impacts vary widely between 

acute and long-term exposure of C. vancouveriensis. 

Multi-factorial stressor interaction 

The final multi-factorial experiment was particularly important because to date there are 

no specific studies characterizing the response of coralline algae to both ocean 

acidification and changes in seawater related to the anthropogenic nutrient delivery by 

increases in upwelling and eutrophication, in this case specifically, phosphate.  In 

general, multiple stressors can produce a biological response that is not predictable from 

single-factor experiments, thus there is potential for multiplicative, additive or 

contradictory effects on each other.  Exposing coralline algae to multiple stressors is 

important because previous studies on various organisms have found nonlinear 

(synergistic or antagonistic) responses from marine organisms (Feng, Sabine, Hernandez-
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Ayon, Ianson, & Burke, 2008).  The results from my study indicate there is no interactive 

effect between pCO2 and phosphate on rates of calcification or photosynthetic activities.  

The level of phosphate had no impact on uptake of either high or low pCO2, as this would 

have been seen in changes in rates of photosynthesis.  In multi-factorial studies, finding 

such answers allow us to predict changes in complex and dynamic environments to key 

organisms, and model future changes in ecological processes and associated ecosystems 

(Kuffner et al., 2007). 

Lessons, limitations & future study 

There were several advantages and disadvantages to the type of short-term, single species 

study that I undertook.  First and foremost, this study was appropriate for the time and 

funding allotted to me, and made replication and interpretation of the effects achievable. 

However, this type of short-term study cannot always accurately reflect the scale or rate 

at which these changes to seawater chemistry will actually occur.  Generally, long-term, 

in-situ mesocosm studies are more encompassing of natural biological and environmental 

conditions likely to impact the species being tested.  They also allow for greater 

observation of indirect and direct effects of ocean acidification.  However, they are also 

very expensive and difficult to replicate and the greater range of observations can make 

interpretation of the effects more obscure (Riebesell et al., 2010).  The time allotted to me 

by this type of study allowed me to test two variables, and I was able to do so with 

replication with regression designs for the variables.  These regressions allowed 

interpretation of results that define a range of performance (calcification rates) over a 

range of pCO2 and phosphate.  This allowed identification of tipping points, functional 

relationships and for a better predictive power (Riebesell et al., 2010).   

Finally, while there are countless ways to improve and expand any type of experimental 

design, for this study the design of the experiment was relevant to the questions that were 

posed.   
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Figure 15. A summary of the strengths and weaknesses of single species culture (this 

study) and multiple species mesocosm experiments.  (Riebesell et al., 2010) 

While some immediate questions on the growth and productivity of coralline algae were 

answered in this study, I think that future research should follow up on some of the 

results and questions that this experiment formed.  Future questions to be addressed 

include: (1) how a change in calcification rate may affect the long-term ecology and 

survivorship of an organism, (2) determine the mechanism of calcification, and 3) assess 

the relationship between calcification and photosynthesis.  While it does appear 

photosynthesis may give a short-term advantage under high pCO2 to some species, the 

effect does not appear to be long-term and apply to every species of macroalgae.  How 

this process really is coupled remains relatively unknown among the scientific 

community.  Finally, (4) how does an ecosystem function different with or without 

calcifying species?  While there has been some research on the shift in species 

composition under high pCO2 (Hall-Spencer et al., 2008; Hofmann et al., 2010) little is 

known on how the ecosystem modifies to accommodate these changes.  This is critical 

for understanding not only the biological impacts of OA but also the impact on societies 

and communities that rely on these ecosystems. 
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highlight the necessity that studies are reported with suffi cient detail as to allow accurate comparisons between 

experimental results. 

Most published studies have so far only focused on limited aspects of natural life histories such as a single 

life stage, environment, etc. However, an individual may experience very different environmental conditions 

during its life. Consequently, an organism’s performance and adaptation potential to a new stress can be 

extremely variable in space and time, e.g. many benthic organisms, particularly in coastal areas, spend a 

part of their life cycle as pelagic larvae, exposing them to potentially greater variability in seawater pH and 

carbonate saturation than when they are buried within the sediment as adults. Many organisms are mobile 

and can change their local environment, for example via daily/seasonal migrations or avoidance of stressful 

conditions by moving. A review of published studies indicates that many of the experiments so far conducted 

have been carried out over relatively short time scales; ranging from less than 24 hours exposure to a maximum 

of 30 weeks. While such comparatively short exposure times may be relevant to studies designed to assess 

the potential of ocean acidifi cation to affect certain physiological and ecological processes, they do not truly 

refl ect the rate or scale by which changes in seawater chemistry will occur and thus affect organisms over a 

longer timescale. Moreover, very few analyses have been attempted over several generations. Consequently, 

there is currently a severe lack of studies that adequately assess the potential for individuals, populations and 

communities to adapt to ocean acidifi cation in the longer term.

Apart from previous studies that have explicitly investigated the impacts of acidifi cation on calcifi cation in 

corals and calcareous algae (see chapter 13) the majority of benthic experiments have used the addition of 

CO
2
 gas to manipulate seawater chemistry; either as pure CO

2
 gas (e.g. Widdicombe & Needham, 2007), as 

a specifi c air/CO
2
 mixture (e.g. Kurihara et al., 2007) or, in one case, the addition of fl ue gas generated by a 

power plant furnace (Palacios & Zimmerman, 2007) . These approaches are described in detail in chapter 2. 

Strengths and weaknesses7.3 

As previously noted, all experiments are an abstraction from reality and therefore represent a series of 

compromises (Figure 7.2). This does not mean that any one approach is better than another but we should be 

conscious of what each approach can provide and what it cannot. 

Figure 7.2 A summary of the strengths and weaknesses of single species cultures and multiple species 

mesocosm experiments.
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Policy implications 

Ocean Acidification is likely to have a wide range of direct and indirect effects on a 

variety of processes and species that may combine to produce unforeseen or predicted 

results.  Disseminating research findings to both the scientific community and the general 

public is a growing and important responsibility of the research community.  The 

outcome of this research project should help to fill the current data gap on this problem.  

Finally, effectively communicating results that make them accessible to the scientific and 

general community allows for greater public and scientific participation in future ocean 

policies (Fig. 2).   

The functional ecological role of coralline algae is in part a function of their calcification 

and to date little is understood about the multiple environmental influences on 

calcification of coralline algae.  The results of this study give a description of the 

influence of pCO2 and phosphate on calcification rates and given the economic and 

biogeochemical importance of the coastal ecosystem, it is essential to assess these types 

of potential impacts in the region (Hauri et al., 2009).  While impacts resulting in a 

change in growth and productivity of calcifying macroalgae are far from clear, we know 

these types of changes will have implications for the maintenance of a biodiverse 

productive habitat (Nelson, 2009).  The consequences are likely to be far-reaching, 

calcifying organisms provided 110 million metric tons of food for humans and were 

valued at US $160 billion in 2006 (Cooley et al., 2009) and millions of the world’s 

population depends on these harvests for food and livelihood.  Scientists have answered 

the question about the reality of ocean acidification, now it is time to extrapolate these 

results into questions of severity and scale of impact on these ecosystem services (Mora 

et al., 2013).  This study provides data that are helping to answer some of these questions.  

The linkages between the natural and social system are readily apparent and this type of 

research on calcified macroalgae should play a key role in development of national and 

international policies for the adaptation and mitigation of these types of anthropogenic 

impacts.     
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Conclusion 

 

This study illuminates patterns in the photosynthesis and calcification responses of 

coralline algae exposed acutely to elevated pCO2 and phosphate.  It is clear from these 

experiments that there is a high degree of complexity in the physiology of coralline algae 

and the variables that influence calcification and photosynthetic rates in them.  While 

previous studies have investigated the impacts of pCO2 and phosphate on coralline algae, 

none to date have shown the impacts of both pCO2 and phosphate together.  This study 

showed there are no impacts both alone and together with pCO2 on the calcification or 

photosynthetic rates of coralline algae when exposed to elevated phosphates.  What this 

research shows is that future levels of CO2 will have a negative effect on the calcification 

rates of coralline algae.  It also demonstrates that an increase in photosynthetic rate does 

not provide C. vancouveriensis the ability to overcome the negative impact that pCO2 has 

on saturation state of carbonate.  It is important to understand these negative effects 

because of the importance of this type of coralline algae to global ecosystems.  This 

includes changes to the ecosystem services they provide as habitat, food provision, 

predation sheltering for early life stages of numerous marine species and nurseries for 

commercial invertebrate and fishes (Kamenos et al., 2004a, b).  This experiment provides 

us insight into the phenotypic response of coralline algae to temporal changes in pCO2.  

This can be incorporated into future research and can help to provide a baseline on the 

science of ocean acidification impacts.  
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Appendices 

 

Figure 16. Effects of variation in pH on the productivity of Corallina vancouveriensis, as pH 

decreases net photosynthetic activity increases (experiment 1&2). 
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