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ABSTRACT OF THE THESIS 

 

Response of calcified and non-calcified southern California seaweeds to increased CO2 
and temperature 

 

by  

 

Susan Laurel Kram 

 

Master of Science in Biology 

 

University of California, San Diego, 2013 

 

Professor Jennifer E. Smith, Chair 

Professor Jonathan B. Shurin, Co-Chair 

 

Anthropogenic carbon dioxide levels have increased rapidly in the last 300 years, 

leading to climate change phenomenons such as global warming and ocean 

acidification.  Declining oceanic pH associated with ocean acidification is expected to 

negatively affect growth of calcified algae, but it is unclear how these conditions will 

impact non-calcifying algae.  Likewise the combined effects of ocean acidification and 

global warming on seaweeds are largely unknown. CO2 enrichment and warming 

experiments were conducted with seven species of southern California calcifying and 

non-calcifying seaweeds; algal growth, chlorophyll fluorescence, carbonic anhydrase 
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activity, pigment concentration and photosynthetic oxygen production relative to 

irradiance were measured.  Ambient seawater conditions were compared to treatment 

conditions where pH was reduced by 0.2 ± 0.05 units via a constantly bubbling a CO2-air 

blend in continuous flow aquaria and/or temperature was increased 2°C ± 0.5°C.  CO2 

enrichment significantly increased the growth rate of one fleshy alga while the others 

were not affected.  Under high CO2, one calcified alga had significantly decreased 

growth rates while the other two trended towards slower growth.  A non-calcified alga 

experienced a significant negative interaction between the increased CO2 and 

temperature treatment, but the calcified alga did not.  Elevated CO2 and/or temperature 

did not have a significant effect on pigment (chlorophyll a, and b, carotenoids and 

phycobilins) concentration, chlorophyll fluorescence, carbonic anhydrase activity or 

photosynthetic oxygen production for any of the species.  These results suggest that 

calcified algae may be less competitive under more acidic oceanic conditions but inter-

specific responses among non-calcified algae may vary.  
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Introduction 

Atmospheric Carbon Dioxide Levels 

Anthropogenic carbon dioxide (CO2) emissions have increased since the 

American Industrial Revolution mainly through the combustion of fossil fuels, cement 

production, agriculture and deforestation. In 1800 atmospheric CO2 concentration was 

281 ± 2 µatm (Etheridge et al. 1996) and it has recently (June 13, 2013) surpassed 400 

µatm (keelingcurve.ucsd.edu) at the long term monitoring station atop a Hawaiian 

volcano at Mauna Loa, which is considered one of the most favorable locations for 

measuring undisturbed air.  The emissions from fossil fuels and cement production in the 

1980s-90s alone account for half of the anthropocene emissions (Sabine et al. 2004) 

and there is now an average increase of 1.4 µatm carbon dioxide per year at Mauna Loa 

(Keeling, Trends: Atmospheric Carbon Dioxide Record from Mauna Loa).  This increase 

of carbon dioxide is likely affecting marine and terrestrial organisms in ways that are still 

not understood. 

Changes in atmospheric concentrations of greenhouse gases (such as carbon 

dioxide) alter the energy balance of the climate system and are drivers of climate 

change.  Changes in the ocean and on land including thinner sea ice, decreases in 

permafrost extent, and sea level rise provide evidence that the world is warming and 

anthropogenic CO2 emissions are a main cause (IPCC 2007).  Additional changes in 

ocean chemistry suggest that the increase in greenhouse gases have the potential to 

directly or indirectly affect all life on earth. 

The Earth’s history through the geologic timeline reveals that there have been 

naturally occurring large scale changes in atmospheric carbon dioxide levels in the past.  

http://cdiac.ornl.gov/trends/co2/sio-keel.html_�
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However, the rate of change in carbon dioxide during the anthropocene is 

unprecedented.  Such dramatic changes within the CO2 system in the open ocean 

surface waters have probably not occurred for more than 20 million years of Earth’s 

history (Feely et al. 2004).  A meta-analysis by Crowley and Berner (2001) compares 

paleo-atmospheric CO2 levels from retrospective geochemical models with paleo-

isotopic analysis of palaeosols, algae, and foraminifera plant stomata.  They assert that 

concentrations ranged between 100 and 7,500 µatm during the past 300 million years.  

Importantly however, the highest concentrations inferred from the geological record were 

thought to have developed over many millions of years, and were most likely caused by 

very slow processes involving tectonics and biological evolution.   

The carbon cycle, or the natural fluctuation of carbon within our planet’s systems, 

can be separated into four different reservoirs: atmosphere, biosphere, hydrosphere and 

geosphere.  Over geologic time, the fluxes of carbon between these four reservoirs will 

generally remain stable in relative size (Kleypas & Langdon 2006).  Occasionally 

however, if there is a relatively large flux (increase or decrease) of carbon from one 

reservoir to another it alters the balance between them (Elderfield 2002).  The carbon 

cycle then responds with a series of negative feedbacks that cause increased rates of 

carbon uptake in other reservoirs.  Given enough time, these feedbacks eventually bring 

the carbon cycle back to equilibrium, but not necessarily to the same stasis as before the 

original flux occurred (Kleypas & Langdon 2006).  When a CO2 change occurs over long 

time periods (longer than 100,000 years) oceanic chemistry is buffered by interactions 

with carbonate minerals, thereby reducing sensitivity to pH changes.  However when a 

CO2 change occurs quickly, over short time periods (less than 10,000 years), ocean pH 

is relatively sensitive to the added CO2 (Caldeira et al. 1999).   
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The ocean has already played a large role in sequestering anthropogenic carbon 

dioxide.  Without this oceanic uptake of CO2, atmospheric CO2 levels would be about 55 

µatm higher today than what is currently observed (Sabine et al. 2004).   The ocean will 

continue to absorb CO2 and it is estimated that on the time scale of several thousands of 

years, approximately 90% of the anthropogenic CO2 emissions will be absorbed by the 

ocean (Archer et al. 1998).  The absorption of CO2 by the ocean and associated 

changes in carbonate chemistry results in the phenomena known as ocean acidification 

(OA).  In 2007 the Intergovernmental Panel on Climate Change (IPCC) released a 

synthesis report predicting the continuation of CO2 emissions and related changes in 

oceanic pH.  Their prediction states a pH decrease between 0.14 and 0.35 units will 

occur in the 21st century (IPCC 2007).   

Ocean Acidification: The Breakdown  
 

Carbon dioxide in the atmosphere is a chemically unreactive gas but when 

dissolved in seawater it becomes more reactive and takes part in several chemical, 

physical, biological and geological reactions.  Dissolved inorganic carbon (DIC) occurs in 

three basic forms: aqueous CO2, bicarbonate (HCO3
-) and carbonate (CO3

2−).  As 

atmospheric CO2 dissolves in seawater, the following chemical reaction takes place 

(Leclercq et al. 2000): 

[CO2 + H20 <-> H2CO3 <-> HCO3
- + H+ <-> CO3

2- + 2H+] 

One of the effects of this chemical reaction is to increase the concentration of 

hydrogen ions [H+] which by definition determines the acidity of the seawater as 

measured on the pH scale.  A pH of 7 is neutral, an acid has a pH of less than 7 and an 

alkali has a pH of greater than 7 units.  Therefore the amount of CO2 that dissolves in 
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seawater has a strong influence on the resultant acidity, alkalinity and pH of the oceans 

(Royal Society 2005).   

Under normal seawater conditions (pH 8.0 to 8.2), bicarbonate is roughly six to 

ten times more abundant than carbonate and less than 1% of the DIC remains as 

aqueous CO2 (Kleypas et al. 1999).  As more CO2 is added to seawater, the carbonate 

ion concentration decreases and aqueous CO2 concentrations increase.  So while ocean 

acidification refers to the lowering of pH, it also infers a reduction in carbonate ion 

concentration (Kleypas and Langdon 2006) which has been shown to negatively affect 

biogenic calcium carbonate (CaCO3) precipitation and calcification rates of marine 

organisms (Orr et al. 2005).   

Ocean Warming 

 Monitoring over the past century and long term reconstructions of climate over 

the past millennium indicate that the earth’s temperature has been steadily increasing 

(Mann et al. 1998).  This is, in part, also due to increasing atmospheric carbon dioxide 

as the accumulation of CO2 in the atmosphere traps heat reflected as infrared radiation, 

increasing temperatures across the globe (Gao et al. 2012).  The IPCC estimates that 

sea surface temperature will increase by at least 0.2°C every decade, but these rates 

could be much faster depending upon the specific emission scenario (IPCC 2007). 

Effects of Ocean Acidification and Warming on Marine Organisms 

 A meta-analysis done by Kroeker et al. (2010) concludes that predicted ocean 

acidification conditions will have negative effects on survival, growth, calcification and 

reproduction for many marine organisms by the end of this century.  However the 

authors also conclude that additional variation in responses to ocean acidification was 
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driven by differences amongst taxonomic groups, and organisms such as crustaceans, 

fish and non-calcified seaweed responded positively to changes in carbonate chemistry.  

In addition, differences in effect sizes between developmental stages were specific to 

taxonomic groups suggesting that variation in life history characteristics will prove some 

organisms more resilient than others.  These differential sensitivities have important 

implications because individual species often play disproportionately strong roles in 

structuring communities (Shurin et al. 2002), such as marine seaweeds. 

 Temperature-adaptive physiological variation and ecological interactions are 

instrumental in structuring the biogeography and distribution of many marine species 

(Stillman 2002, Compton et al. 2007).  Recent changes in global temperature have 

already resulted in poleward shifts in geographical distributions (Mieszkowska et al. 

2006) and changes in species interactions (Pӧrtner 2008).  D. Schiel et al. (2004) 

conclude that complex and unforeseen impacts can occur in near shore benthic 

communities due to ocean warming.  They caution against using simplified models of 

species’ responses to ocean warming based on their present biogeographic distributions 

and instead suggest that knowledge of key ecological interactions is also necessary to 

predict changes to communities. 

 R. Hale et al. (2011) conclude that increased ocean acidification and global 

warming will alter rocky benthic macrofaunal community structure and reduce 

biodiversity.  Species responses may depend on their life strategy or physiology and 

even those species that are taxonomically closely related may vary in their response. 
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Importance of Benthic Macroalgae 

Marine algae or seaweeds provide habitat, refugia, and energy in the form of 

fixed carbon for numerous species in shallow coastal ecosystems (Beck et al. 2003).  In 

the intertidal zone the complex, branched axes of macroalgae create complex 

interwoven canopies and are often resistant to wave action and other forms of 

disturbance. Further, because these macroalgal communities are able to avoid 

desiccation when exposed at low tide, they are a source of shelter and protection 

(Nelson 2009) for numerous other mobile and sessile benthic taxa.  The structure 

provided by the stiff, calcified branches of geniculate (articulated, jointed) coralline algae 

also greatly influence the abundance and species-composition of benthic invertebrates 

(Konar & Foster 1992).  The term ‘auto-genic ecosystem engineer’ (sensu Jones et al. 

1994) has been applied to reflect the way in which these algae modify the habitat by 

their three-dimensional structure (Nelson 2009).  Because of the importance of 

macroalgae as ecosystem engineers in intertidal habitats it is important to understand 

how their abundance and distributions may be affected by global change (warming and 

OA). 

Encrusting coralline algae (CCA) bind together adjacent substrata and provide a 

calcified tissue barrier against erosion.  On tropical coral reefs CCA are known as active 

reef builders and contribute heavily to net reef accretion. Further, certain species of CCA 

provide hard substrata for settlement of invertebrate larvae (Price 2010).  Non-geniculate 

(crustose) coralline algae also release compounds that are known to enhance settlement 

and morphogenesis of a range of invertebrate species (Nelson 2009).  For some taxa 

the requirement of this cue can be so strong that the larvae fail to metamorphose and 

will eventually die if the CCA are not present (Morse et al. 1996).  Coralline algae are 
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also an important food source for some commercially important juvenile invertebrates 

(Jernakoff et al. 1993).   

Predicted Effects of Ocean Acidification on Benthic Macroalgae 

To date, the majority of ocean acidification studies have focused on a subset of 

taxa including planktonic organisms (Iglesias-Rodriguez et al. 2008) and commercially 

important invertebrates  (Kuirhara 2008).  Some organisms seem highly susceptible to 

ocean acidification and changes in carbonate chemistry while others are more tolerant.  

It is still challenging to predict how non-lethal changes in growth or calcification rates will 

affect other demographic rates such as settlement or reproductive success.  Specifically 

the biological and ecological implications of ocean acidification on macroalgae are not 

well understood because of the highly variable species-specific responses (Kroeker et 

al. 2010; Ries et al. 2009). 

In the broadest terms macroaglae can be divided into two categories: calcified 

and non-calcified (also known as fleshy).  The distinction lies in whether or not an alga 

precipitates calcium carbonate, either intracellularly or extracellularly.   The lowering of 

oceanic pH and consequential lowering of the carbonate saturation state is expected to 

negatively affect the growth and reproduction rate of calcified algae, as well as their 

performance and competitive abilities (Orr et al. 2005, Gao et al. 1993, Kleypas & 

Langdon 2006; Kuffner et al. 2008, Fabry et al. 2008, Martin & Gattuso 2009, Diaz-

Pulido et al. 2007, Anthony et al. 2008).  While ocean acidification might have a negative 

impact of calcified algae, non-calcified algae might be able to grow faster due to the 

presence of more CO2, which is necessary for photosynthesis (Beardall et al. 1998).   
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It is difficult to compare studies investigating the effects of ocean acidification on 

calcified algae because of differences in experimental methods, duration of treatments 

and variation in response variables.  However, despite these issues many studies have 

found that calcification is sensitive to the carbonate concentration of seawater and that 

calcification rates are likely to decline significantly by the middle of this century with 

rising atmospheric CO2. 

Bicarbonate use, for photosynthesis, via carbon-concentrating mechanisms 

(CCMs), is an active process and thus is energetically costly compared to diffusive CO2 

uptake (Kubler & Raven 1994). It has been theorized that macroalgae with CCMs are 

not currently limited by carbon for growth and photosynthesis (Beardall et al. 1998, 

Giordano et al. 2005), but may need to devote less energy to carbon acquisition under 

continually elevated CO2 conditions, such as those that are predicted for the future.  

Macroalgae that either rely on absorbing CO2 or can reduce reliance on converting 

HCO3
- when CO2 is more readily available might therefore be “enriched” under OA 

conditions.  Species that are able to use excess CO2 may have more resources to 

allocate to growth and reproduction which may alter their competitive abilities against 

other benthic competitors.   

Counter arguments state that the photosynthesis of many types of algae is 

frequently saturated or close to saturated with the current inorganic carbon composition 

of seawater.  This has been largely explained by their ability to use HCO3
-, which is an 

order of magnitude more abundant in seawater than the other carbon species, via CCMs 

such as the carbonic anhydrase enzyme (Beer 1994, Beer & Koch 1996, Beardall et al. 

1998).  Intertidal species for example are likely to respond less to increased carbon 

dioxide as they are generally considered to be carbon-saturated (Beardall et al. 1998).  
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Thus, it is expected that species that can use HCO3
- might show little response to rising 

levels of atmospheric CO2 as they are not considered to be carbon limited, whereas 

those unable to use bicarbonate and exhibit carbon-limited photosynthesis might 

respond positively.   

Cornwall et al. (2012) conducted a short term study in which they compared the 

photosynthetic responses of three types of macroalgae: (i) those that can utilize both 

CO2 and HCO3
- during photosynthesis, (ii) obligate CO2 users, and (iii) a calcifying 

macroalga.  They found that macroalgae that can use both CO2 and HCO3
- mostly used 

HCO3
- at pH levels typically found in its natural habitat (pH 7.9), but at seawater levels 

predicted to occur within the next 300 years, the same species switched to increase CO2 

use.  The obligate CO2 users did not show an increase in photosynthesis between the 

two pH treatments, however the authors conclude that non-CCM macroalgae may still 

benefit from OA, if they are carbon-limited.  Lastly, the calcified macroalga appeared to 

almost exclusively use HCO3
- in pH 7.9 seawater, but then switched to use more CO2 at 

pH 7.5.  The authors believe it is unlikely that the calcifying alga will benefit from the 

increased energy available from the use of energetically cheap CO2 because calcifiers 

are expected to face reductions in growth due to the lowering of the carbonate ion 

concentration. 

With these conflicting ideas, it is important that we continue to generate more 

data using long-term growth experiments with seaweeds grown under CO2 and ambient 

conditions (Beardall et al. 1998).  A large consideration that hasn’t been adequately 

studied is the adaptation and acclimation of species to changes over the course of 

longer periods of time (months or years).  Most studies published are based on ‘shock’ 

experiments (lasting for a couple days or weeks) and they do not account for species’ 
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ability to acclimate (but see Martin & Gattuso 2009 and Martin et al. 2013).  With the 

limited data available on the potential effects of OA on marine algae, it is clear that the 

response will likely be species specific and thus it is difficult to build generalizable 

predictions about future impacts of OA on these communities.   

Predicted Effects of Global Warming on Benthic Macroalgae 

Slight increases in temperature are known to increase the metabolic rates of 

many organisms living well within optimal environmental envelopes.  For primary 

producers, photosynthesis is known to gradually increase with increased temperature to 

reach an optimum, and then declines with further warming (Zou et al. 2011).  Therefore 

growth and productivity of seaweeds is expected to be directly affected by temperature 

(Pereira et al. 2006).  However, much less is known about the potential interaction 

between ocean acidification and increasing ocean temperature on marine algae, but the 

limited research available suggests synergistic negative impacts on calcifiers (Gao et al. 

2012, Diaz-Pulido et al. 2012, Anthony et al. 2008) and no studies exist to date for fleshy 

species.   

Measuring the Effects of Ocean Acidification on Benthic Macroalgae 

Ocean acidification is still a relatively new area of study, and therefore the 

potential effects of OA on many marine organisms, especially marine algae are not yet 

fully understood.  The goals of this thesis were to measure the effects of OA on several 

common species of CA seaweeds (from subtidal and intertidal habitats) including both 

calcified and fleshy species (one invasive) as well as examining the potentially 

interactive effects of CO2 and warming on a subset of these species. Numerous 

physiological response variables were measured including: growth rate, chlorophyll 
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fluorescence, pigment concentration, carbonic anhydrase activity and photosynthetic 

oxygen production related to irradiance in an attempt to capture as many potential 

affects as possible. 

Based upon the existing literature I expected the response of macroalgae to OA 

to vary depending on whether the species was calcified and whether carbon 

concentrating mechanisms were present.  I predicted that growth rates would decrease 

for calcified algae under CO2 enrichment and that non-calcified algae would be 

enhanced or have no response, depending on whether or not the species were carbon-

limited or possessed CCMs. 

The measurement of chlorophyll fluorescence has proven to be a powerful 

method of assessing the properties of the photosynthetic apparatus (Schreiber 2004) 

and estimating photosynthetic efficiency.  Developed initially for higher plants, the pulse 

amplitude modulated (PAM) chlorophyll fluorescence method offers an alternative to 

traditional gas exchange techniques for the nonintrusive analysis of photosynthetic 

activity in intact leaves and algae (Franklin et al. 2001).  This PAM technology is 

commonly used to measure health and physiological status of algae (Smith et al. 2006).  

I postulated that if a macroalga is under stress, such as a calcified alga in a high CO2 

environment, it would have lower chlorophyll fluorescence.  Similarly, if an alga was not 

stressed, such as a fleshy alga in a high CO2 environment that was not limited for 

resources, it may have a higher chlorophyll fluorescence.   

Variations in pigment concentration usually correspond with photo-acclimation of 

algae to different light levels (Gao & Zheng 2009).  However, in past studies where 

macroalgal thalli were grown under CO2 enriched conditions, pigment concentrations 

were affected.  Gao & Zheng (2009) found decreased concentrations of chlorophyll a 
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and phycoerythrin in the calcified alga Corallina sessilis.  Andría et al. (2001) also found 

reduced concentrations of chlorophyll a and phycoerythrin in a non-calcified Gracilaria 

species as did García-Sánchez et al. (1994) in Gracilaria tennuistipitata.  CO2 

enrichment can lower the demand of energy for the HCO3
- utilization mechanism, 

leading to down-regulated pigmentation (Gao and Zheng 2009).  However Yildiz et al. 

(2013) found that the chlorophyll a or phycoerythrin concentrations of Corallina officinalis 

were not significantly affected by high CO2 treatment.  Caroteniods are also known to 

play important photoprotective roles under high light regimes (Vincent & Roy 1993).  

Calcified algae acclimated to high CO2 might raise the carotenoid content when their 

calcium carbonate skeleton becomes thin to protect against photo-damage (Gao & 

Zheng 2009).  I postulated that under high CO2 conditions non-calcified species may 

reduce chlorophyll a and phycobilin concentrations. 

The enzyme carbonic anhydrase is present in many organisms (Hewett-Emmett 

& Tashian 1996) as it is a zinc-containing metalloenzyme that catalyzes the reversible 

inter conversion of CO2 and HCO3
-: (Sültemeyer 1998) 

CO2 + H20 <-> HCO3
- + H+ 

Carbonic anhydrase activity in marine algae can be used to assess whether the species 

or individual has carbon concentrating mechanisms (ability to take up bicarbonate and 

convert it to CO2 for use by cellular processes).  No clear pattern has emerged indicating 

the potential response of non-calcified algae to CO2 enriched seawater and this could be 

due to the capacity of different macroalgal species to utilize different “species” of 

dissolved inorganic carbon.  All macroalgae can utilize CO2 directly via diffusion, but in 

most cases, diffusive uptake of CO2 alone is insufficient to support maximum rates of 

photosynthesis (Kubler et al. 1999) because it is the least abundant carbon species, 
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highly diffusive, and thus difficult to concentrate at the site of photosynthesis.  I 

hypothesized therefore, that algal species that possess the carbonic anhydrase enzyme 

will down-regulate enzymatic activity under CO2 enrichment.  For two out of three of the 

macroalgae species that are being used in these CO2 enrichment experiments, it is not 

known whether the carbonic anhydrase enzyme is present or not. 

 Photosynthetic rates of macroalgae display a wide range of values, depending on 

a multitude of factors including light, temperature, nutrients, water motion, and the 

capacity for acclimation to environmental fluctuations and stress (Franklin et al. 1997, 

Hader et al. 1997).  Photosynthetic-irradiance curves can not only assess the present 

photosynthetic capacity of a plant or alga, but the organism’s potential activity over a 

wide range of ambient light intensities.  These photosynthesis–irradiance curves are 

commonly used to measure and describe the acclimation of photosynthetic apparatus to 

a range of light intensities, using O2 or CO2 gas exchange measurements (Ralph & 

Gademann 2005).  There are three distinct regions of traditional photosynthetic-

irradiance (PE) curves: the light limited (α), the light saturated (starts at Pmax) and the 

photoinhibited region (β).  I hypothesized that if macroalgae have increased growth rates 

under CO2 enrichment, they may have increased rates of photosynthesis in the light 

limited PE curve region or an increased maximum rate of photosynthesis. 

This thesis, in full, is currently being prepared for submission for publication of 

the material.  Kram SL, Price NN, Hamilton SL, and Smith JE.  The dissertation author 

was the primary investigator and author of this material. 
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Methods and Materials 

Experimental Species 

 Seven seaweeds commonly found in San Diego were chosen for the five ocean 

acidification and/or global warming experiments that ranged from 17-31 days in length.  

For the three ocean acidification experiments Dictyota flabellata, Dictyopteris undulata, 

Sargassum horneri, Jania adhaerens and Lithothamnion californicum were selected.  

Dictyota flabellata and Dictyopteris undulata are both southern California native brown 

fleshy algae.  They were each paired with Sargassum horneri, an invasive brown fleshy 

alga that was first found in southern California (Long Beach) in October 2003 and is 

native to Japan and Korea (Miller et al. 2007).  Jania adhaerens and Lithothamnion 

californicum were paired together because they are both calcified algae, but Jania is 

articulated and Lithothamnion is encrusting.  For the two experiments that combined 

ocean acidification and global warming Plocamium cartilagineum and Corallina 

vancouveriensis were chosen.  They are both red algae, but Plocamium is non-calcified 

and Corallina is calcified articulated.  All experimental pairs were collected from the 

same habitat and collection site.  Experimental specimens within a species were 

selected based upon common size and absence of epiphytes.  All species, experimental 

logistics and response variables are summarized in Table 1 and 2. 

Aquaria 

To investigate the impacts of ocean acidification on temperate algal growth and 

physiology, CO2 bubbling experiments were conducted in continuous flow aquaria to 

prevent nutrient limitation in the long-term experimental setting.  Individual algal 

specimens were placed in 1-liter glass beakers and continuously supplied with flow-
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through filtered seawater pumped directly from an intake off the Scripps Institution of 

Oceanography (SIO) pier at a depth of 3-4.5 meters. Seawater flow rates within each 

aquaria were maintained a rate of 0.25 L/min using Rain Bird pressure compensator 

modules placed within Rain Bird Xeri-Bird 8-Outlet Manifolds. Occasional clogging of 

pressure compensator modules did occur, however, daily monitoring helped to alleviate 

any long-term effects caused by reduced flow.  The aquaria lighting included four full 

spectrum 54 watt Giesemann T-5 fluorescent lamps (one Midday, one Pure Actinic, and 

two Aquablue) that incorporated an hour long sunrise and sunset, mimicking natural light 

conditions.  All beakers were located on the same bench and evenly distributed.  The 

control and treatment beakers alternated and their positions were rotated weekly to 

prevent edge effects of the lighting 

CO2 Enrichment Treatment 

Treatment conditions were created by constantly bubbling a CO2-air blend into 

each individual treatment mesocosm at a rate that lowered the pHSW by 0.2 ± 0.05 and 

held steady over the aquaria water residence time of four minutes. This experimental pH 

was chosen to represent future ocean acidification conditions in the 21st century as 

specified by the IPCC, in which pH levels could drop by 0.14 and 0.35 units depending 

on the emission scenario (IPCC 2007) by the year 2100.  The custom CO2 bubbling 

system also maintains natural daily seasonal variability occurring in the natural 

environment off of the Scripps Institution of Oceanography pier.  Two Omega FMA 

5400/5500 Mass Flow Controllers were used to control the blending rates of the ambient 

air and the pure CO2.  The ambient air was sent through a DRIERITE Laboratory Air and 

Gas Drying unit before being blended with pure CO2.  A LI-COR 820 CO2 Gas Analyzer 

measured and logged the concentration of CO2 in the CO2-air blend that entered the 
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mesocosms for the duration of the experiments. Ambient mesocosms were bubbled with 

air originating from the same source (a non-oil based building air compressor) as the 

CO2-air blend used in the treatment conditions. Ambient air flow rates were adjusted so 

that they were the same as treatment mesocosms. Ambient air mesocosms (n = 10 per 

species) were maintained at a pH = 8.00 ± 0.05, while CO2 treatment mesocosms (n=10 

per species) were maintained at a pH = 7.80 ± 0.05. In addition, control mesocosms (n = 

3 per level) which did not contain living samples were maintained at the desired ambient 

and treatment pH to account for any potential impact that the organisms may have had 

on seawater chemistry. 

Temperature Treatment 

For two of the OA experiments a temperature treatment was also added (two 

levels: ambient and elevated) to create an orthogonal manipulation of acidification 

crossed with warming scenarios (4 treatment groups total). The temperature treatment 

increased ambient temperature by 2°C ± 0.5°C and was designed to represent future 

ocean warming conditions predicted for the year 2100 by the IPCC (IPCC 2007).  

Temperature was increased in mesocosms by placing beakers in clear acrylic water 

baths held at different temperatures.  Eight beakers were placed in each of the six baths. 

Replicate CO2 enriched and ambient air treated jars alternated within each bath.  Four 

Hydro Thermal Submersible 400 Watt Aquarium Heaters at their maximum setting were 

placed inside each bath and additional 26°C building supplied heated seawater was 

added to the water baths to achieve the desired 2°C ± 0.5°C temperature increase 

above ambient temperature.  In addition, control mesocosms (n = 1 or 2 per level) which 

did not contain samples were maintained at the desired temperatures. 
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Experimental Monitoring 

Temperature and pHsw data were collected daily at midday (13:00 PST ± 2 hours) 

in all aquaria using a handheld HACH HQ30d or HQ40d Portable pH, Conductivity, 

Dissolved Oxygen, ORP and ISE Multi-Parameter meter and PCH101 or PCH201 glass 

electrode pH probe calibrated daily with certified Tris buffer from the Dickson lab at 

Scripps Institution of Oceanography (Figures 1 & 2).  Minor adjustments were made to 

bubbling rates in individual aquaria if the experimental pH went above or fell below the 

desired 0.2 ± 0.05 below ambient.  Temperature treatment adjustments were made by 

increasing or decreasing the flow rate of the 26°C seawater. Temperature and pHsw were 

also continuously logged every 15 minutes in one ambient air and one CO2 enriched 

mesocosm without an algal sample using Honeywell’s Durafet Non-Glass pH Electrodes.  

Temperature and light intensity were continuously logged every 15 minutes using Onset 

HOBO® Pendant UA-002-64 data loggers in the additional control mesocosms without 

samples (Figures 3 & 4). 

Water samples were collected from all control (without algae) mesocosms and 

one mesocosm per treatment and species at the beginning, middle and end of each 

experiment in 500 ml Corning-brand Pyrex sample bottles and fixed with 120μl or 240μl 

saturated HgCl2 solution (1% headspace).  The samples were analyzed for carbon 

chemistry parameters in the Dickson lab at Scripps Institution of Oceanography 

according to standard operating procedure 3b (Dickson et al. 2007).  Total dissolved 

inorganic carbon (CT) was determined using a Single Operator Multi-parameter 

Metabolic Analyzer (SOMMA) and a UIC Model 5011 CO2 coulometer. Total alkalinity 

(AT) was determined by open cell acid titration using a Metrohm Dosimat Model 665 and 

Thermo Scientific Ross potentiometric pH probe and meter. Salinity was determined 
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using a Metler Toledo Model DE45 density meter. Seawater dissolved inorganic carbon 

parameters (HCO3
−,CO3

2−, CO2, pCO2), pHSW, and saturation state of carbonate 

minerals (Ω-calcite and Ω-aragonite) were calculated based on measured CT and AT 

using the computer program CO2SYS (version 14; Pierrot et al. 2006) and stoichiometric 

dissociation constants defined by Mehrbach et al. (1973) and refit by Dickson & Millero 

(1987) (Table 3). 

Response Variables 

Growth Rate 

Algal growth rates were calculated as a change in wet weight for fleshy algae 

and a change in weight via the buoyant weighing method (Davies 1989) for calcified 

algae.  The fleshy algae were carefully spun using a salad spinner and blotted dry with 

paper towels to remove excess water before being weighed; all algae were 

photographed after weighing.  Changes in weight were standardized by initial mass and 

duration of experiment. 

Chlorophyll Fluorescence 

The ratio of the variable (Fy) to the maximum (Fm) fluorescence after dark 

adaption, the Fv/Fm ratio, represents the maximum quantum efficiency of photosystem II 

(Yildiz et al. 2013).  The maximum quantum yield was determined by dark adapting the 

algae for one hour at the end of each experiment. After this dark adapted phase, Fv/Fm 

was measured using a saturating pulse of light using a pulse amplitude modulated 

fluorometer (Diving Pam, WALZ). Two or more measurements were taken on each 

sample and measurements were averaged for a single sample prior further statistical to 

analysis for treatment effects.  
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Pigment Analysis 

For analysis of chlorophyll a, chlorophyll b and carotenoid pigment content of all 

samples a tissue sample weighing less than 0.1 g (wet weight) was collected from each 

specimen at the end of each experiment.  Samples were photographed and submerged 

in microcentrifuge tubes (Eppendorf) with 1.00 mL of pure dimethylformamide (DMF).  

Samples were stored in the dark at 0°C for at least 24 hours after which 1 mL of 

resulting liquid was transferred to glass cuvettes using a pipette.  Absorbances at 

wavelengths: 480, 510, 630, 643, 664 and 750 nm were measured using a 

spectrophotometer (HP 8453); two readings were taken per sample at each wavelength 

value.  Cuvettes were cleaned with 90% acetone between uses. Final pigment 

concentrations were calculated based on Jeffrey and Humphrey (1975) and normalized 

to each sample’s wet weight. 

Phycobilin pigment content was assessed for red algae from two experiments 

(Table 2) following the protocol developed by Rosenberg and Ramus (1982).  Tissue 

samples weighing less than 1.00 g (wet weight) were collected from fresh algal 

specimens.  Phycobiliproteins were extracted by grinding samples into a slurry in 0.05 M 

phosphate buffer (pH 6.7).  The slurry was placed into microcentrifuge tubes (covered in 

tinfoil) in 0°C refrigerator overnight.  The next day the samples were centrifuged and the 

absorbance of the supernatant was read at wavelengths: 562, 565, 615, 650, 652 and 

750 nm. Concentrations of phycoerythrin, phycocyanin and allophycocyanin were 

determined using equations from Rosenberg and Ramus (1982) and were normalized to 

subsample wet weight. 
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Carbonic Anhydrase Activity Analysis 

Carbonic anhydrase (CA) activity was assessed for all samples in two 

experiments (Table 2) using a modification of the potentiometric technique described by 

Giordano and Maberly (1989).  Tissue samples weighing approximately 1 g (wet weight) 

were collected from algal specimens and frozen until assays were performed.  

Experiment 4 samples were flash frozen in liquid nitrogen before being placed in -80°C 

freezer.  Experiment 2 samples were placed directly in a -80°C freezer until analyzed.  

Carbonic anhydrase was extracted on ice (at ~5°C) by grinding the sample with acid-

washed sand into a 5 mL of Tris-borate buffer (Tris buffer powder [300mM], saturated 

boric acid, Dithiothreitol [25mM], EDTA [5mM], Polyclar AT [2% w/v], Bovine Serum 

Albumin [0.5% w/v], and Triton X-100 [0.1% v/v]) with a chilled mortar and pestle until 

the sample became a slurry.  Extracted enzymes were separated from ground algal 

contents by centrifugation at 1600g for one hour at 5°C.  The supernatant was aliquoted 

into two portions for enzymatic activity and control, which were boiled at 100°C for 10 

minutes to denature the enzyme.  0.1 mL of the supernatant was added to a reaction 

chamber kept at 5ºC containing 15 mL of a phosphate buffer (Monosodium phosphate, 

monohydrate and Disodium phosphate, heptahydrate); prior to the assay, pH of the 

buffer was adjusted by adding small volumes of 0.1 M HCl to create starting pH 

conditions of 8.36 ± 0.02.  The buffer solution was stirred continuously by a magnetized 

stir bar and an external motor throughout the following assay.   

The reaction was initiated by adding 1.5 mL of distilled deionized water, 

saturated with CO2 using dry ice.  Handheld HQ40d HACH meters with glass electrode 

PHC201 pH probes were used to record the time taken for the pH to fall from 8.2 to 7.8.  

The relative rate of pH decline was compared between untreated samples and boiled 
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controls.  If the pH dropped equally as fast then the carbonic anhydrase enzyme was not 

present.  The carbonic anhydrase enzyme converts bicarbonate into carbon dioxide, 

which produces a hydrogen ion, lowering pH faster.  Therefore if the sample pH dropped 

faster than the control it indicated that the enzyme was present.  The magnitude of the 

rate indicated levels of activity. 

Photosynthetic Irradiance Curves 

Samples were incubated in one liter glass jars within a water bath held at 

constant and ambient temperatures. Each jar also received constant stirring with a 

magnetic stir bar spinning at the same rate across jars to disrupt formation of diffusive 

boundary layers.  Samples with branching segments that were 75% or more dead tissue 

were removed at the end of the experiment, to prevent dead tissue from overshadowing 

live tissue.  Dead tissue was also removed so as not to confound results with the oxygen 

production/consumption of other fouling organisms.  O2 measurements were taken 

within each jar with a dissolved oxygen optode (HQ40d HACH meter and IntelliCAL, 

LDO 101) at one minute intervals for twenty five minutes at eight light levels. The eight 

light levels were: 0µE, 200µE, 385µE, 510µE, 635µE, 760µE, 880µE, 950µE. To create 

the lighting conditions four 54 watt full spectrum fluorescent Giesemann T-5 lamps (one 

Midday, one Pure Actinic, and two Aquablue) and two additional 29 watt LED lights 

(Finnex, Ray II, 10000K) were used. Water changes occurred between each light step to 

ensure samples were kept at their same experimental CO2

The data were fit using a 2-parameter non-linear regression using SigmaPlot 

(version 11.0) and the parameters alpha and P

 enrichment and temperature 

treatments.  Parafilm was used to cover the top of each beaker to prevent gas from 

diffusing out of the water. 

max were estimated from significant fits.  
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Statistical Analysis 

Growth rates, chlorophyll fluorescence, pigment analysis, carbonic anhydrase activity 

and photosynthetic irradiance curves are presented as the mean ± standard error 

(sample sizes for each treatment and species were 6-10, Table 2) and the analyses 

were completed with the program JMP (version 10).  Data were tested for normality 

using the Shapiro Wilk test.  For normally distributed data with one experimental 

treatment (CO2 manipulation only), a two-tailed T-test was used to test the null 

hypothesis that simulated OA had no effect on the measured physiological responses.  

For normally distributed data with more than one experimental variable (factorial 

manipulation of CO2 addition and warming) a two-way analysis of variance (ANOVA) 

was used to establish differences among treatments.  Factor I (fixed) was the CO2 

treatment (ambient or elevated) and factor II (fixed) was temperature (ambient or 

warmed); each factor had two levels.   Post hoc contrasts were used to compare relative 

responses among subsets of treatments.  For data failing the normality test, the 

nonparametric Wilcoxon test was used to test for rank differences in physiological 

response.  While we could not test for synergistic effects of CO2 temperature 

manipulations with this non-paramentric approach, we could use the post hoc Steel 

Dwass test to perform multiple pair-wise comparisons of treatment groups against the 

nominal control (ambient air and temperature).   

This thesis, in full, is currently being prepared for submission for publication of 

the material.  Kram SL, Price NN, Hamilton SL, and Smith JE.  The dissertation author 

was the primary investigator and author of this material. 
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Results 

Growth Rate 

Ocean Acidification 

The brown fleshy algae D. flabellata and S. horneri both experienced negative 

growth rates over the course of this experiment but neither were affected by the CO2 

enrichment (Figure 5, Table 4).  These species were unfortunately targeted by 

herbivorous amphipods that accompanied the specimens from the collection site. Thus 

all samples lost significant amounts of tissue associated with grazing activity.  In 

subsequent experiments an insecticide was used to eliminate this issue.  In the absence 

of invertebrate grazers, the invasive brown fleshy alga S. horneri was not affected by the 

high CO2 treatment, however the native species D. undulata had significantly elevated 

growth rates with high CO2 (Figure 5, Table 4).  Both of the coralline algae J. adhaerens 

(articulated) and L. californicum (encrusting) showed a negative growth trend in the high 

CO2 treatment but these trends were not statistically significant (Figure 5, Table 4).   

Ocean Acidification & Warming 

There was a significant interaction between the simulated OA and warming 

treatments on the growth rates of the fleshy red alga P. cartilagineum because the 

direction and magnitude of the effect of CO2 was dependent upon temperature (Table 4).  

In ambient temperature conditions, elevated CO2 depressed growth of P. cartilagineum 

(Figure 5). When warmed, the alga actually lost mass over the course of the experiment, 

but if also exposed to simulated OA conditions, this effect was reversed. Exposure to 

elevated CO2 mitigated the temperature effect so that, on average, these specimens 
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gained mass.  However, the antagonistic interaction of CO2 with warming was no 

sufficient to match growth rates recorded in ambient temperatures. 

C. vancouveriensis, an articulated coralline alga, experienced negative growth 

rates across all treatments due to bleaching and tissue fragmentation of all specimens 

associated with collection and handling (Figure 5).  Despite this overall loss rate, there 

were detectable effects of warming and OA treatment on growth and calcification (Table 

4). The growth rates for C. vancouveriensis were significantly reduced by exposure to 

increased CO2 alone and the combination of increased CO2 and temperature relative to 

overall ambient conditions, although those two treatments did not differ from one 

another.  C. vancouveriensis was not affected by increased temperature alone (Figure 5, 

Table 4).  

Chlorophyll Fluorescence 

Elevated CO2 and/or increased temperature did not affect the chlorophyll 

fluorescence of any of the seven experimental species (Figure 6, Table 5). 

Pigment Analysis 

Pigment concentrations from D. flabellata and S. horneri were not measured 

because the herbivorous invertebrates consumed most of the tissue.  Chlorophyll a, b, 

and carotenoid concentrations were measured from D. undulata and S. horneri 

(Experiment 2) but there was no effect of increased CO2 (Table 6 and 7).  Chlorophyll a 

and phycolbillin accessory pigments were measured in J. adhaerens and P. 

cartilagineum, but elevated CO2 and/or increased temperature did not have a significant 

effect on either of the pigment concentrations (Table 6 and 7).  Chlorophyll a was 
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measured in C. vancouveriensis but it was also not affected by either elevated CO2 

and/or increased temperature (Table 6 and 7). 

Carbonic Anhydrase 

D. undulata, S. horneri and P. cartilagineum carbonic anhydrase activity was not 

significantly affected by increased CO2 (Figure 7, Table 8).  Activity levels of carbonic 

anhydrase enzyme were found to be postitive relative to controls in all three species that 

were examined, confirming that the enzyme is present and suggesting that carbon 

concentrating mechanisms are utilized by these algae (Figure 7). 

Photosynthetic Irradiance Curves 

 The photosynthetic production of oxygen for C. vancouveriensis was measured 

across eight different light levels to create photosynthetic irradiance (PE) curves.  

Unfortunately we were unable to optimize our methods to ensure that the light levels 

appropriately spanned the ranges needed to get good parameter estimates for all 

treatments.  Our highest light level reached 950µE, but levels exceeding 1300µE have 

been measured in situ for this species.  Thus, direct comparisons between all treatments 

(n=6/treatment) are not possible because we were unable to fit an appropriate model to 

all of our replicates.  Figures 9-12 display the best fitting model (Exponential Rise to 

Maximum, Single, 2 parameter) and Table 9 displays the Pmax, α values and statistical 

results.  Figure 8 displays the mean (±SE) values for each treatment at each light level.  

Observationally, the combined elevated CO2 and temperature treatment has a higher 

rate of photosynthesis for a majority of the light levels.  In addition, the high CO2 

treatments have generally more specimen to specimen variability than the ambient air 

treatments.  
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This thesis, in full, is currently being prepared for submission for publication of 

the material.  Kram SL, Price NN, Hamilton SL, and Smith JE.  The dissertation author 

was the primary investigator and author of this material. 
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Discussion 

Most ocean acidification research to date has focused on organisms growing on 

tropical coral reefs (Kuffner et al. 2008, Diaz-Pulido et al. 2009, Anthony et al. 2008), 

commercially important invertebrates (Ries et al., 2009, Kuirhara 2008) and pelagic 

phytoplankton such as coccolithophores (Iglesias-Rodriguez et al. 2008).  This is the first 

study, however to examine the effects of ocean acidification and increased temperature 

on these species of macroalgae from the temperate coast of southern California.  CO2 

enrichment resulted in significantly increased growth rate for one non-calcified alga 

Dictyopteris undulata, while the other three fleshy species were not affected.  This 

demonstrates the variability in the response of fleshy algal species to CO2 enrichment 

and thus likely to future OA scenarios.  CO2 enrichment caused all three of the calcified 

algal species to trend towards reduced growth, although only one alga showed 

statistically significant negative effects.  This suggests that not all calcified algae may be 

negatively impacted by OA to the same magnitude.  The combination of increased 

temperature and CO2 affected both calcified and non-calcified algae, but in different 

ways, demonstrating the need to investigate the interactive effects of ocean acidification 

and global warming in future studies. 

The growth rates from the first experiment (D. flabellata and S. horneri) are 

perhaps not trustworthy because of the unexpected presence of micro-herbivores.  D. 

undulata had significantly increased growth under enriched CO2 conditions and was 

found to possess the carbonic anhydrase enzyme (Figure 7).  Increased CO2 did not 

have a significant effect on carbonic anhydrase activity, but there was a slight decrease 

under the high CO2 treatment (Table 8).  In the presence of increased CO2 D. undulata 

seems to have opportunistically increased its diffusive carbon dioxide uptake, allowing 
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more energy for growth, and started to down regulate the energetically expensive CCMs.  

D. undulata may be a more competitive species in the future as increased CO2 

associated with ocean acidification accelerates its growth rate. 

S. horneri’s growth rate, from the same experiment, was not affected by 

increased CO2 (Table 4), however it did show high levels of carbonic anhydrase activity 

(Figure 7).  There have been no other studies investigating carbonic anhydrase activity 

in Sargassum horneri or Dictyopteris undulata. However, Thomas and Tregunna (1968) 

found evidence that another invasive species, Sargassum muticum cannot uptake CO2 

for photosynthesis thus concluding that S. muticum must pump bicarbonate ion for 

photosynthesis.  Perhaps this is a requirement for all Sargassum species, and 

Sargassum is not able to down-regulate CA production and activity, preventing it from 

taking advantage of the more readily available carbon dioxide.   

Both calcified red algal species, J. adhaerens and L. californicum, trended 

towards decreased growth rates under the high CO2 treatment (Table 4).  Unfortunately 

there was not enough tissue in individuals to analyze carbonic anhydrase activity.  

These results suggest that not all calcified species may experience the same magnitude 

of negative response to ocean acidification.  The response of calcified macroalgae to 

increased CO2 needs to be further studied because of the potentially conflicting 

responses of decreased calcification rates and increased photosynthesis.  Additional 

response variables should also be analyzed to better understand the full effects of 

increased CO2 on species’ growth, reproduction rate, performance and competitive 

abilities. 

Interestingly, for the non-calcified red alga P. cartilagineum, the effects of CO2 on 

growth rate were only positive under increased temperature, suggesting that the 
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increase in CO2 offset some of the negative effects of increased temperature.  Growth 

rates revealed a significant negative response overall to increased temperature, despite 

the antagonistic interaction with exposure to CO2.  At the time of the experiment 

(November – December 2012) the ambient seawater temperature was ~17°C while the 

increased temperature treatment was ~19°C (Figure 4).  However, for the past two years 

(2011 & 2012) the temperature off the SIO Pier has been as high as 21-23°C in the 

summer months (June-September) (SCCOOS, Web).  This implies that P. cartilagineum 

may have a strong seasonal response to temperature as it usually persists in the field 

across both summer and winter despite the wide range of temperatures it experiences. 

Perhaps our negative response to temperature was due to the fact that these 

experiments were “shock” experiments where the samples were not allowed to gradually 

experience increases in temperature that would have naturally occurred in the field 

allowing the samples to gradually acclimatize.   

A study completed in Stillwater Cove, Carmel Bay, California (over 1,000 km of 

coastline north of San Diego) found that Plocamium cartilagineum produces spores 

throughout the entire year, with slight peaks in spring and summer (Downing 1995).  

They also found that P. cartilagineum utilizes vegetative fragmentation as a form of 

reproduction.  Therefore it is possible that with the increase of temperature P. 

cartilagineum increased its vegetative fragmentation and spore output consistent with 

warmer, summer temperatures, causing the high temperature treatment to lose biomass 

over time.  At the conclusion of the experiment all visible fragments were collected and 

included in the final weight of the samples, but because the specimens were kept in 

continuous flow for the length of the experiment, it is possible that additional fragments 

floated away. 
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P. cartilagineum growth rates were not affected by an increase in CO2 alone, but 

high levels of carbonic anhydrase were found (Figure 7).  The presence of carbonic 

anhydrase in Plocamium cartilaginuem has also been shown by Giordano and Maberly 

(1989), but Raven et al. (2005) did not.  The lack of response to increased CO2, but the 

presence of carbonic anhydrase enzyme suggests that P. cartilaginuem may have not 

been carbon-limited in our experimental setting.  If so, then P. cartilaginuem may be less 

competitive against other fleshy species in the future, such as the native species 

Dictyopteris undulata, which was able to take advantage of increased CO2 in our 

experiments. 

The calcified alga Corallina vancoveriensis was negatively affected by increased 

CO2 but the effect was not as severe when temperature was elevated (Table 4).  

However since the increased temperature treatment was applied at the end of winter 

(February – March 2013) and San Diego sea surface temperatures are warmer in the 

summer, it is possible these specimens were previously acclimated to that temperature 

range.  Additional experiments could be completed for all these species in the summer, 

using the same temperature increase, but exposing the algae to temperatures above 

that which they experience during a typical annual cycle. 

The C. vancouveriensis PE curves do not support the growth rate results, but 

they do shed light on the complex responses of a calcified alga to ocean acidification 

which include potential for decalcification and increased photosynthesis.  Although the 

PE curve results cannot be directly compared between treatments, because no one 

model was able to fit all the curves, a pattern was observed that the high CO2, high 

temperature treatment experienced higher rates of photosynthesis than the other 

treatments at a majority of the light levels (Figure 8).  The high CO2 treatments also 
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seemed to experience more variability than the ambient air treatments, suggesting that 

at least some individuals in the high CO2 treatments may have had a positive 

photosynthetic response.   

Arguably, the methods that were used for the PE curves in this study were not 

ideal because saturating light levels weren’t achieved suggested refinements (outlined 

below) would be more appropriate for model fitting and generation of accurate parameter 

estimates. Some of the modifications included: bubbling seawater with nitrogen to lower 

the oxygen concentration prior to PE measurements preventing oxygen super-saturation 

from occurring, using light levels that spanned a larger gradient in intensity, and 

increasing the number of sensors so that more replicates and controls could be run 

together.  

 This suite of experiments supports the hypothesis that the effects of OA will be 

species-specific.  To make these findings more impactful as community and ecosystem 

predictors they should be run for a longer duration and include additional species.  

Longer experiments could reveal addition negative impacts on organisms that are 

missed in short or midterm experiments (Dupont et al. 2010) and in order to improve 

future predictions of specific species multispecies community studies should be 

employed (Hale et al. 2011). 

Conclusions 

The increase of CO2 and/or increase of temperature did not have an effect on 

chlorophyll fluorescence or pigment concentrations of any of the calcified and non-

calcified macroalgae examined (Table 5, 6 and 7).  Because growth rates were 

significantly affected for a few of the species, it is likely that their physiology was also 
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altered, but the response was not captured by the chosen metrics.  Since the effects of 

ocean acidification on macroaglae are largely species-specific (Price et al. 2011) it is still 

possible that significant results could be found for other species. 

This study is an important addition to the amassing research investigating the 

effects of ocean acidification on macroaglae.  This is one of the first experimental 

designs to incorporate continuous flow and natural variability in temperature and pH, 

creating a more realistic experimental environment.  It is important that a variety of 

response variables be examined to identify additional effects of ocean acidification, 

global warming and their combination and to be able to extrapolate these effects to an 

ecosystem level.  Macroalgae are ecosystem engineers and understanding how climate 

change will affect them will give researchers a better idea of how the ocean seascape 

may change in upcoming centuries. 

This thesis, in full, is currently being prepared for submission for publication of 

the material.  Kram SL, Price NN, Hamilton SL, and Smith JE.  The dissertation author 

was the primary investigator and author of this material. 
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Figures and Tables 

 

Figure 1. Daily mean pH by treatment for Experiments 1-3.  High CO2 pHsw treatment 
0.02 ± 0.05 units lower than control pHsw.  Data collected daily at midday (13:00 PST ± 2 
hours) using a HQ40d HACH meter and PCH101 glass electrode probe calibrated daily 
with certified Tris buffer from Andrew Dickson lab at Scripps Institution of Oceanography.  
Experiment 1 (5/28/12-6/25/12) species: Dictyota flabellata and Sargassum horneri; 
Experiment 2 (7/3/12 – 7/19/12) species: Dictyopteris undulata and Sargassum horneri; 
Experiment 3 (7/26/12 – 8/22/12) species: Jania adhaerens and Lithothamnion 
californicum. 
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Figure 2. Daily mean pHsw by treatment for Experiments 4 & 5.  High CO2 pHsw 
treatment 0.02 ± 0.05 units lower than control pHsw and high temperature treatment 2°C 
± 0.5°C warmer than ambient.  Data collected daily at midday (13:00 PST ± 2 hours) 
using a HQ40d HACH meter and PCH101 glass electrode probe calibrated daily with 
certified Tris buffer from Andrew Dickson lab at Scripps Institution of Oceanography.  
Experiment 4 (11/28/12 – 12/19/12) species Plocamium cartilagineum; Experiment 5 
(2/5/13 – 3/8/13) species: Corallina vancouveriensis 
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Figure 3. Temperature data collected every 15 minutes from six HOBO data loggers    
(n = 3/treatment) for Experiments 1-3.  Experiment 1: 5/28/12-6/25/12; Experiment 2: 
7/3/12 – 7/19/12; Experiment 3: 7/26/12 – 8/22/12. 
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Figure 4. Temperature data collected every 15 minutes for Experiments 4 & 5 from six 
HOBO data loggers (n = 1 or 2/treatment).  Experiment 4: 11/28/12 – 12/19/12; 
Experiment 5: 2/5/13 – 3/8/13. 
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Figure 5. Percent weight change mean (±SE) for all experiments.  Values determined by 
the change in weight.  Underlined species are non-calcified: Dictyota flabellata, 
Dictyopteris undulata, Sargassum horneri and Plocamium cartilagineum.  Other species 
are calcified: Jania adhaerens, Lithothamnion californicum and Corallina 
vancouveriensis.  See Table 2 for statistical results. 
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Figure 6.  Mean (±SE) dark adapted yield for all experiments.  Underlined species are 
non-calcified: Dictyota flabellata, Dictyopteris undulata, Sargassum horneri and 
Plocamium cartilagineum.  Other species are calcified: Jania adhaerens, Lithothamnion 
californicum and Corallina vancouveriensis.  See Table 3 for statistical results. 
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Figure 7. Mean (±SE) internal carbonic anhydrase activity units for three non-calcified 
species of macroalgae (Dictyopteris undulata, Sargassum horneri and Plocamium 
cartilagineum).  See Table 6 for statistical results. 
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Figure 8.  Mean (±SE) photosynthetic rates at eight light levels for Corallina 
vancouveriensis (n=6/treatment). 
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Figure 9. Corallina vancouveriensis Photosynthesis-Irradiance (PE) curve for the 
ambient air, ambient temperature treatment (n=6).  Fit equation: f=a*(1-exp(-b*x)), 
parameter estimates: a = ylast(y) {{previous: 0.0196031}} {{MinRange: 6}} {{MaxRange: 
18}}; b = -ln(.5)/(x50(x.y,.5)-min(x)) {{previous: 0.0677745}} {{MinRange: 0}} 
{{MaxRange: 0.12}}.  Curve fit: p value = 0.0001, a fit: p value = 0.0001, b fit: p value = 
0.0022. 

 

 

 

 

 

 

 

 

 

 

 

 



42 
 

 

 

PE Curve High CO2, Ambient Temp

µE/m2/second

0 200 400 600 800 1000

D
O

 [m
g/

L]
/g

/m
in

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

 

Figure 10. Corallina vancouveriensis Photosynthesis-Irradiance (PE) curve for the high 
CO2, ambient temperature treatment (n=6).  Fit equation: f=a*(1-exp(-b*x)), parameter 
estimates: a = ylast(y) {{previous: 0.0173376}} {{MinRange: 6}} {{MaxRange: 18}}; b = -
ln(.5)/(x50(x.y,.5)-min(x)) {{previous: 0.00657081}} {{MinRange: 0}} {{MaxRange: 0.12}}.  
Curve fit: p value = 0.0050, a fit: p value = 0.0001, b fit: p value = 0.4465. 
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Figure 11. Corallina vancouveriensis Photosynthesis-Irradiance (PE) curve for the 
ambient air, high temperature treatment (n=6).  Fit equation: f=a*(1-exp(-b*x)), 
parameter estimates: a = ylast(y) {{previous: 0.0201911}} {{MinRange: 6}} {{MaxRange: 
18}}; b = -ln(.5)/(x50(x.y,.5)-min(x)) {{previous: 0.00672773}} {{MinRange: 0}} 
{{MaxRange: 0.12}}.  Curve fit: p value = 0.0001, a fit: p value = 0.0001, b fit: p value = 
0.0463. 
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Figure 12. Corallina vancouveriensis Photosynthesis-Irradiance (PE) curve for the high 
CO2, high temperature treatment (n=6).  Fit equation: f=a*(1-exp(-b*x)), parameter 
estimates: a = ylast(y) {{previous: 0.0259176}} {{MinRange: 6}} {{MaxRange: 18}}; b= -
ln(.5)/(x50(x.y,.5)min(x)) {{previous: 160.365}} {{MinRange: 0}} {{MaxRange: 0.12}}.  
Curve fit: p value = 0.0007, a fit: p value = 0.0001, b fit: p value = 1.0000. 
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Table 1. Experimental logistics for three ocean acidification and two ocean acidification 
and global warming experiments. 

 

 

Table 2. Response variables measured for specific species after ocean acidification 
and/or global warming experiments.  N=10 per species per treatment.  Chlorophyll 
abbreviated ‘Chl;’ carbonic anhydrase ‘CA’ and photosynthesis-irradiance ‘PE.’ 

 

 

 

 

 

 

 

 

Experiment Dates
Duration 
(Days) Species 1

Noncalcified/
Calcified

Native/ 
Invasive Species 2

Noncalcified/
Calcified

Native/ 
Invasive

Collection 
Depth

1
May 28, 

2012 - June 
25, 2012

27 Dictyota flabellata Non-calcified Native Sargassum horneri Non-calcified Invasive 2-3m

2
July 3, 

2012 - July 
19, 2012

17 Dictyopteris undulata Non-calcified Native Sargassum horneri Non-calcified Invasive 2-3m

3

July 26, 
2012 - 

August 22, 
2012

27 Jania adhearens Calcified Native Lithothamnion californicum Calcified Native Intertidal

4

November 
28, 2012 - 
December 
19, 2012

21 Plocamium cartilagineum Non-calcified Native - - Intertidal

5

February 5, 
2013 - 

March 8, 
2013

31 Corallina vancouveriensis Calcified Native - - Intertidal

Experiment Species 1 Noncalcified/
Calcified

Species 2 Noncalcified/
Calcified

Growth 
Rate n=10

Chl 
Fluorescence 

n=10

Chl a 
n=10

Chl b 
n=10

Carotenoid 
n=10

Phycobilin 
n=10

CA 
Enzyme 

n=10

PE 
Curve 
n=6

1 Dictyota 
flabellata

Non-calcified Sargassum 
horneri

Non-calcified  

2 Dictyopteris 
undulata 

Non-calcified Sargassum 
horneri

Non-calcified      

3 Jania adhearens Calcified
Lithothamnion 
californicum Calcified   Jania Jania

4
Plocamium 

cartilagineum Non-calcified - -     

5
Corallina 

vancouveriensis Calcified - -    
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Table 3. Mean seawater chemistry for experimental aquaria.  Seawater pH (pHsw), and 
dissolved inorganic carbon parameters (pCO2, CO2, HCO3

-, CO3
-) were calculated from 

measured values of total dissolved inorganic carbon (DICT) and total alkalinity (AT) with 
the computer program CO2SYS (version 14; Pierrot et al. 2006).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experiment n Treatment Salinity AT DICT pHsw HCO3
- CO3

2- CO2 pCO2 calcite aragonite
(µmol/kg) (µmol/kg) (µmol/kg) (µmol/kg) (µmol/kg) (µatm)

1 4 Ambient Air 33.61 2243 2027 7.99 1855 157 14.9 452 3.8 2.5
2 5 Ambient Air 33.54 2237 2015 8.03 1837 164 13.8 405 4.0 2.6
3 5 Ambient Air 33.55 2233 2010 7.99 1834 162 14.3 444 3.9 2.5
4 2 Ambient Air 33.46 1487 2047 7.96 1893 136 17.2 483 3.3 2.1
5 2 Ambient Air 33.46 2233 2048 7.99 1896 136 16.8 449 3.3 2.1
4 2 Ambient Air High Temp 33.49 2230 2078 7.85 1937 119 22.2 664 2.9 1.9
5 2 Ambient Air High Temp 33.48 2234 2047 7.97 1892 138 16.9 475 3.3 2.1
1 4 High CO2 33.61 2242 2118 7.77 1989 103 26.2 795 2.5 1.6
2 5 High CO2 33.55 2234 2015 7.80 1974 105 24.9 731 2.5 1.6
3 5 High CO2 33.55 2234 2090 7.81 1954 114 23.2 714 1.8 1.8
4 2 High CO2 33.49 2230 2133 7.74 2015 87 30.6 859 2.1 1.3
5 2 High CO2 33.46 2232 2124 7.79 2003 93 28.2 759 2.2 1.4
4 2 High CO2 High Temp 33.50 2230 2230 7.72 2009 90 30.3 901 2.2 1.4
5 2 High CO2 High Temp 33.49 2222 2127 7.73 2010 86 31.4 887 2.1 1.3
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Table 4. Statistical results examining differences in growth rates within each species to 
increased CO2 and temperature to various calcified and non-calcified species of algae 
(non-calcified: Dictyota flabellata, Dictyopteris undulata, Sargassum horneri and 
Plocamium cartilagineum; calcified: Jania adhaerens, Lithothamnion californicum and 
Corallina vancouveriensis). 

.  

 

 

T-test
Experiment Species Calcified/noncalcified Source T DF p value

2 Dictyopteris Noncalcified Air/CO2 2.221947 18 0.0393*
2 Sargassum Noncalcified Air/CO2 0.575668 18 0.572

Two way ANOVA
Experiment Species Calcified/noncalcified Source F DF p value

4 Plocamium Noncalcified Air/CO2 0.0826 1 0.7753
4 Plocamium Noncalcified ±Temp 25.7472 1 <.0001*
4 Plocamium Noncalcified Air/CO2 x Temp 7.2329 1 0.0104*

Contrast Test
Experiment Species Calcified/noncalcified Source F DF p value

4 Plocamium Noncalcified
Air vs CO2 at 

Ambient Temp
3.1251 1 0.0847

4 Plocamium Noncalcified
Air vs CO2 at High 

Temp
4.1143 1 0.0492*

Wilcoxon/Kruskal-
Wallis Test

Experiment Species Calcified/noncalcified Source X2 df p value

1 Dictyota Noncalcified Air/CO2 3.5714 1 0.0588
1 Sargassum Noncalcified Air/CO2 2.52 1 0.1124
3 Lithothamnion Calcified Air/CO2 1.1285 1 0.2881
3 Jania Calcified Air/CO2 1.2857 1 0.2568
5 Corallina Noncalcified ±CO2 ±Temperature 21.3673 3 <.0001*

Comparison for all 
pairs using Steel-

Dwass Method

Experiment Species Calcified/noncalcified Source Z p value
5 Corallina Noncalcified CO2 High vs CO2 Amb 0 1
5 Corallina Noncalcified Air High vs Air Amb 1.54965 0.4078
5 Corallina Noncalcified CO2 High vs Air High 0.1152 0.1152
5 Corallina Noncalcified CO2 Amb vs Air High -2.30558 0.0967
5 Corallina Noncalcified CO2 Amb vs Air Amb -3.74185 0.001*

5 Corallina Noncalcified
CO2 High Temp vs Air 

Amb Temp
-3.74185 0.001*
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Table 5. Statistical results for chlorophyll fluorescence to the effects of increases CO2 
and/or temperature to various calcified and non-calcified species of macroalgae (non-
calcified: Dictyota flabellata, Dictyopteris undulata, Sargassum horneri and Plocamium 
cartilagineum; calcified: Jania adhaerens, Lithothamnion californicum and Corallina 
vancouveriensis). 

 

 

Table 6. Mean (SE) pigment concentrations (µg/g fresh weight) for various calcified and 
non-calcified macroalgae (non-calcified: Dictyopteris undulata, Sargassum horneri and 
Plocamium cartilagineum; calcified: Jania adhaerens, and Corallina vancouveriensis) 
normalized to fresh weight.  Phycocyanin (PC), Allophycocyanin (APC), Phycoerythrin 
(PE).  

 

Nonparametric 
Comparisons for 
Each Pair Using 

Wilcoxon Method
Experiment Species Calcified/noncalcified Source Z p value

1 Dictyota Noncalcified Air/CO2 -0.18944 0.8497
1 Sargassum Noncalcified Air/CO2 0.804322 0.4212
2 Dictyopteris Noncalcified Air/CO2 1.400576 0.1613
2 Sargassum Noncalcified Air/CO2 0.340296 0.7336
3 Lithothamnion Calcified Air/CO2 0.449073 0.6534
3 Jania Calcified Air/CO2 -0.11339 0.9097

Wilcoxon/Kruskal-
Wallis Test

Experiment Species Calcified/noncalcified Source X2 DF p value
4 Plocamium Noncalcified ±CO2 ±Temperature 4.1331 3 0.2474
5 Corallina Calcified ±CO2 ±Temperature 0.2867 3 0.9625

Species Treatment Chl a Chl c Carotenoid PC APC PE
Dictyopteris Ambient Air 442.08 (19.84) 178.83 (28.66) 111.24 (18.77) - - -

High CO2 445.02 (15.47) 190.10 (15.29) 132.64 (24.66) - - -
Sargassum Ambient Air 395.09 (29.41) 156.61 (22.03) 121.55 (24.71) - - -

High CO2 400.97 (30.03) 124.23 (21.79) 135.54 (12.04) - - -
Jania Ambient Air 93.42 (10.41) - - 0.020 (0.003) 0.004 (0.003) 0.113 (0.015)

High CO2 102.40 (6.61) - - 0.017 (0.006) 0.002 (0.001) 0.093 (0.014)
Plocamium Ambient Air 1.52 (0.26) - - 0.007 (0.001) 0.006 (0.001) 0.017 (0.002)

High CO2 0.94 (0.28) - - 0.007 (0.001) 0.006 (0.001) 0.018 (0.002)
Ambient Air, 
High Temp 1.00 (0.25) - - 0.007 (0.001) 0.006 (0.003) 0.017 (0.002)

High CO2, 
High Temp 1.26 (0.41) - - 0.009 (0.002) 0.007 (0.001) 0.021 (0.003)

Corallina Ambient Air 149.80 (19.81) - - - - -
High CO2 188.32 (20.52) - - - - -

Ambient Air, 
High Temp 151.10 (7.58) - - - - -

High CO2, 
High Temp 174.43 (18.11) - - - - -
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Table 7. Statistical results for various pigment concentrations (Chlorophyll a, b, 
carotenoids & phycobillins) to the effects of increased CO2 and/or temperature to various 
calcified and non-calcified species of macroaglae (non-calcified: Dictyopteris undulata, 
Sargassum horneri and Plocamium cartilagineum; calcified: Jania adhaerens, and 
Corallina vancouveriensis). 

 

Table 8. Statistical results of increased CO2 and/or temperature on Dictyopteris 
undulata, Sargassum horneri and Plocamium cartilagineum carbonic anhydrase enzyme 
activity. 

 

T-test
Experiment Species Calcified/noncalcified Response Variable Source T DF p value

2 Dictyopteris Noncalcified Chlorophyll B Air/CO2 0.346785 18 0.7328
2 Sargassum Noncalcified Chlorophyll B Air/CO2 -1.04501 18 0.3098
3 Jania Calcified Chlorophyll A Air/CO2 0.728304 8 0.4872
3 Jania Calcified Phycocyanin Air/CO2 -0.48466 7 0.6427
3 Jania Calcified Allophycocyanin Air/CO2 -1.80348 7 0.1143
3 Jania Calcified Phycoerythrin Air/CO2 -0.93021 7 0.3832

Two way ANOVA
Experiment Species Calcified/noncalcified Source F DF p value

5 Corallina Calcified Chlorophyll A Air/CO2 3.1903 1 0.0825
5 Corallina Calcified Chlorophyll A Temp 0.1324 1 0.7181
5 Corallina Calcified Chlorophyll A Air/CO2 x Temp 0.1927 1 0.6633

Nonparametric 
Comparisons for 
Each Pair Using 

Wilcoxon Method
Experiment Species Calcified/noncalcified Response Variable Source Z p value

2 Dictyopteris Noncalcified Chlorophyll A Air/CO2 0.0377964 0.9698
2 Sargassum Noncalcified Chlorophyll A Air/CO2 0.0377964 0.9698
2 Dictyopteris Noncalcified Carotenoid Air/CO2 1.096097 0.273
2 Sargassum Noncalcified Carotenoid Air/CO2 -0.188982 0.08501

Wilcoxon/Kruskal-
Wallis Test

Experiment Species Calcified/noncalcified Source X2 DF p value
4 Plocamium Noncalcified Chlorophyll A ±CO2 ±Temperature 5.0811 3 0.166
4 Plocamium Noncalcified Phycocyanin ±CO2 ±Temperature 1.56 3 0.6685
4 Plocamium Noncalcified Allophycocyanin ±CO2 ±Temperature 1.1459 3 0.766
4 Plocamium Noncalcified Phycoerythrin ±CO2 ±Temperature 0.6571 3 0.8833

Nonparametric 
Comparisons for 
Each Pair Using 

Wilcoxon Method
Experiment Species Calcified/noncalcified Source Z p value

2 Dictyopteris Noncalcified Air/CO2 -1.36472 0.1723
2 Sargassum Noncalcified Air/CO2 1.493452 0.1353

Wilcoxon/Kruskal-
Wallis Test

Species Calcified/noncalcified Source X2 DF p value

4 Plocamium Noncalcified ± CO2 ±Temperature 1.5951 3 0.6605
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Table 9. Statistical results model fitting to Experiment 5 Corallina vancouveriensis PE 
curves.   

 

 

 

 

Equation: Exponential Rise to Maximum, Single, 2 Parameter
f=a*(1-exp(-b*x))

Model Fitting
Experiment Species Treatment DF F p value Pmax p value α p value

5 Corallina Air 47 96.03 <0.0001* 0.0196 <0.0001* 0.0068 0.0022*
5 Corallina CO2 47 8.6815 0.005 0.0189 <0.0001* 0.0097 0.4465
5 Corallina Air, High Temp 47 38.29 <0.0001* 0.0202 <0.0001* 0.0067 0.0463*
5 Corallina CO2, High Temp 47 13.04 0.0007* 0.0259 <0.0001* 160.36 1.0000
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