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Global Carbon Cycle

Global Ocean Chemistry

Local Ocean Chemistry
Coral Reef Ecosystem

Presenter
Presentation Notes
CC: We’re going to start with the global carbon cycle.  As ocean chemistry, global ocean chemistry is a reflection of the interactions with this global carbon cycle. And we’re going to discuss the marine ecosystems. Specifically we’re going to look at tropical shallow water coral reef ecosystems, as they reside within this larger global ocean chemistry context. And I’ll briefly be discussing how the coral reef ecosystems infer some change to the local chemistry in which they reside.



1 Petagram = 1 Gigatones = 
1015grams = 1 billion metric 
tonnes = 11 million Railroad 
hopper cars of Coal

- Chris Sabine (NOAA PMEL)

http://www.globalcarbonproject.orgGlobal Carbon Project 2010; Updated from Le Quéré et al. 2009, Nature Geoscience; Canadell et al. 2007, PNAS

Global Carbon Cycle

Presenter
Presentation Notes
CC: To talk about the global carbon cycle, we have to talk in very large units. Typically in pentagrams or gigatons of carbon, as it’s exchanged between the various reservoirs in the planet: the geological reservoir, the atmospheric reservoir, the oceanic reservoir, and the biosphere. 

A pentagram of carbon is equivalent to a gigaton of carbon, which is ten to the fifteenth grams of carbon, or a billion metric tons. To visualize this, we can think of a railroad hopper car full of coal.  One pentagram equates to approximately eleven million railroad hoppers of coal. So when we talk about exchanges, on the order of several pentagrams of carbon, you can imagine this is a very tremendously large amount of carbon.
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Global Carbon Cycle

Presenter
Presentation Notes
CC: Our current estimates to the amount of anthropogenically-influenced carbon which fluxes from the geological reservoirs into the atmosphere, we find that about 1.1 pentagrams of carbon is currently attributed to deforestation.  That includes both the cutting down of the forest, which is a reduction in its sink, and also the emissions through burnings. On top of this, of course there is fossil fuel emissions, which are tapped from the geological reservoir and burned and the carbon is emitted into the atmosphere. Current estimates are in the order of about 7.7 pentagrams of carbon attributed to fossil fuel emissions currently on an annual basis.  This  has obviously increased significantly since the industrial revolution, so roughly nine pentagrams of carbon is being emitted by these processes.  
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Global Carbon Cycle

Presenter
Presentation Notes
How the global carbon budget is put together:
Atmospheric CO2. The data is provided by the US National Oceanic and Atmospheric Administration Earth System Research Laboratory. Accumulation of atmospheric CO2 is the most accurately measured quantity in the global carbon budget with an uncertainty of about 4%.
Emissions from CO2 fossil fuel. CO2 emissions from fossil fuel and other industrial processes are calculated by the Carbon Dioxide Information Analysis Center of the US Oak Ridge National Laboratory. For the period 1958 to 2007 the calculations were based on United Nations Energy Statistics and cement data from the US Geological Survey, and for the years 2008 and 2009 the calculations were based on BP energy data. Uncertainty of the global fossil fuel CO2 emissions estimate is about ±6% (currently ±0.5 PgC). Uncertainty of emissions from individual countries can be several-fold bigger.
Emissions from land use change. CO2 emissions from land use change are calculated by using a book-keeping method with the revised data on land use change from the Food and agriculture Organization of the United Nationals Global Forest Resource Assessment 2010. Uncertainty on this flux is the highest of all budget components.
Ocean CO2 sink. The global ocean sink is estimated using an ensemble of five process ocean models. Models are forced with meteorological data from the US national Centers for Environmental Prediction and atmospheric CO2 concentration.  Current  uncertainty is around 0.4 PgC y-1.
Land CO2 sink. The terrestrial sink is estimated as the residual from the sum of all sources minus ocean+atmosphere sink. The sink can also be estimated using terrestrial biogeochemical models as in previous carbon budget updates.
More information on data sources, uncertainty, and methods are available at:
http://lgmacweb.env.uea.ac.uk/lequere/co2/carbon_budget.htm 
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Global Carbon Cycle
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Presentation Notes
CC: Where does it go?  Well, it does not, in fact, all go into the atmosphere.  When we quantify how much is in the atmosphere, it’s only about half this amount. About four pentagrams of carbon is in the atmosphere. We can quantify how much of it is taken up by the oceans.  It appears to be about close to two and a half pentagrams of carbon is being uptaked by the oceans. And we infer that the residual of that is being tied up in land plants and soils.  So it’s important to consider that were it not for the oceans taking up this two and a half pentagrams of carbon each year, our conditions in terms of climate change, because of CO2’s influence on global warming, might be more significant. And so the uptake of ocean carbon has normally been considered actually a benefit to us. However, there are implications and those implications are what the remainder of this talk will largely be talking about. 
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≈ 48% of anthropogenic 
CO2 taken up by the ocean

CO2
A railroad train carrying 
2.3 Pg of carbon would 
stretch around the Earth 
14 times! – Chris Sabine 
(NOAA PMEL)

Global Ocean Chemistry
What is Ocean Acidification?



What is Ocean Acidification?
≈ 48% of anthropogenic 

CO2 taken up by the ocean

CO2

Ocean acidification (OA) represents 
a direct chemical change to global 
ocean chemistry in response to 
rising levels of atmospheric carbon 
dioxide (CO2) and is in addition to 
any possible effects of CO2 on the 
climate system.

Global Ocean Chemistry

Presenter
Presentation Notes
CC: So let’s consider that 2.3 pentagrams of carbon taken up by the oceans each year now.  Over the Industrial Revolution, roughly half of all the carbon that has been emitted has been taken up by the oceans.  What are the influences of that? That defines for us ocean acidification, which represents a direct chemical change to global ocean chemistry in response to rising levels of atmospheric carbon dioxide, and is an addition to any possible effects that might be attributed on the climate system.




What is Ocean Acidification?

“Ocean Acidification” refers to the 
reduction in seawater pH resulting from 
the reaction of CO2,gas with water.

]+≈ H10[aLog-  pH

pH scale figure modified from http:EPOCA-Project.eu

Global Ocean Chemistry

pH is a measure of hydrogen 
concentration in a solution:

Presenter
Presentation Notes
CC: So let's look at the chemistry a little more closely. When carbon dioxide reacts with water, any water, it forms carbonic acid. This species is very short lived and rapidly disassociates into hydrogen and bicarbonate. That hydrogen is what we refer to commonly as pH, which you may be familiar with. Ocean acidification refers to the reduction in seawater pH resulting from the reaction of CO2 gas with water. pH is a rather funny quantity, as it is actually defined as the negative log of effectively the hydrogen concentration. So as we add hydrogen to the water by means of ocean acidification, we actually lower pH. So the fact that it’s on a log scale and it’s negative leads to a couple of misconceptions.





“Ocean Acidification” refers to the 
reduction in seawater pH resulting from 
the reaction of CO2,gas with water.

]+≈ H10[aLog-  pH

What is Ocean Acidification?
Two Major Misconceptions:
1) The oceans are turning to battery acid!
2) The changes are insignificant!

Figures from http:EPOCA-Project.eu

Global Ocean Chemistry
“To put the possible environmental changes facing
us into some perspective, one would have to turn the clock 
back at least 100 million years to find analogous surface 
ocean pH conditions.” – Ridgwell and Zeebe (2005)

Presenter
Presentation Notes
CC: If we look at the pH scale, which you may be familiar with from working with battery acid or baking soda, oceans fall at a value of about 8. The first major misconception that we have with ocean acidification is that the oceans are turning to battery acid. Far from it. They are a very long ways from that. The oceans currently exhibit a pH value of about 8.1, and we expect as a consequence of ocean acidification, a few tenths of a pH unit change in ocean acidification. But remember, it’s a log scale. So while on the ultimate scale, on the large scale of pH scales, this seems like a rather minor change, it is, in fact, significant.  If we look at the work of Ridgwell and Zeebe, they describe it is as, to put the possible environmental changes facing us into some perspective, one would have to turn back the clock at least 100 million years to find an analogous surface ocean pH condition. 

If we look at this figure which shows historically the past twenty thousand years of oceanic pH, we find that the range of pH and surface oceans by means of the glacial inter-glacial variability, is dwarfed by what we anticipate by means of anthropogenically-driven ocean acidification. So it is, in fact, a rather significant change in geological scale. 




Observing Ocean Acidification
Global Ocean Chemistry

Station Aloha

Station Mauna Loa

Figure courtesy of Richard Feely (NOAA PMEL) reproduced from 
Doney, Science (2010) and Dore et al., PNAS (2009)

Presenter
Presentation Notes
CC: So this is all rather academic. These changes are basic fundamental chemistry. Can we in fact observe any of this happening in the real world? Well, to do this we can look at some of these long-term time series which have been established. This one is station Aloha off of Hawaii. And we’re all familiar with the Mauna Loa station, which has been monitoring atmospheric carbon dioxide concentrations for several decades now. And sure enough, what we find is with this increase in atmospheric CO2, we find a near correspondence to the ocean’s pH, in fact, decreasing. 




What is a Coral Reef?
Coral Reef Ecosystems

Joanie Kleypas (Lead Author);Jean-Pierre Gattuso (Topic Editor) "Coral reef". In: Encyclopedia of Earth. Eds. Cutler J. Cleveland 
(Washington, D.C.: Environmental Information Coalition, National Council for Science and the Environment). 
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• Composed predominantly of scleractinian corals
• High biodiversity  (600,000 to 9 million reef species)
• Structural complexity drives biodiversity

3CaCO

Presenter
Presentation Notes
CC: If we look at the marine ecosystems, specifically we’re going to talk about shallow water tropical coral reef ecosystems. How might they be influenced by these changes?  Let’s define what we mean by coral reef ecosystems. And there are several definitions out there, mind you. But for the interests of this talk, we’re going to be talking about coral reef ecosystems as being composed predominantly of scleractinian corals, which are corals which produce a calcium carbonate mineral phase. The living coral actually exist as a very thin veneer on the top of a much larger skeletal structure that it’s constantly building. 

Coral reefs are often referred to as rainforests of the seas, because of the high biodiversity they have. Estimates range from perhaps six hundred thousand to maybe nine million reef species exhibit, exist in these coral reef ecosystems. Much of this biodiversity is driven by the structural complexity of these coral reef ecosystems. And the structural complexity is derived from the production of calcium carbonate mineral phases in these reef ecosystems. 

***
The term "coral reef" generally refers to a marine ecosystem in which the primary organisms are corals.  They are by definition are composed predominantly of scleractinian corals  (product calcium carbonate skeletal materials).  However, coral reefs are comprised of much more than corals. They are often considered the marine counterpart to rainforests because of their high biodiversity.  The number of reef species is unknown, although estimates range from 600,000 to 9 million.   This diversity is driven in large part because the reef itself provides a tremendous amount of structural complexity). 
 
The more technical definition of "coral reef" includes an additional geological requirement that the reef organisms produce enough calcium carbonate to build the physical reef structure. The coral reef community lives only on the surface veneer of the reef, on top of already existing skeletal material left behind by previous reef-builders. Many processes act to break down the skeletal material and reef as soon it is laid down by organisms. These include mechanical processes such as waves and currents, and a wide array of biological processes (e.g., bioerosion). Some of the best known bioeroders are large organisms such as parrotfish and sponges, but much of the bioerosion occurs at the microscopic scale by organisms such as algae and fungi. A coral reef is produced only if the coral reef community produces more calcium carbonate than is removed. Indeed, some coral reef communities grow too slowly to build a reef.
 
Most scleractinians, and particularly those that build reefs, are colonial, anemone-like animals that house microscopic algae and secrete skeletal structures composed of calcium carbonate. The coral animal apparently derives energy and nutrients through photosynthesis by the algal symbionts, which enhances its growth and allows it to thrive in nutrient-poor conditions. Corals are usually the main contributors to reef accumulation and provide the main structural network, or “framework”, of the reef. However, algae that secrete calcium carbonate, such as coralline red algae and an abundant calcifying green alga known as Halimeda, are almost always significant contributors as well. While many calcifying algae contribute particles that rapidly become reef sediments, coralline red algae often have an encrusting growth form that tends to act as a “glue” that holds the reef fragments and sediments together. Another significant component to reef sediments are benthic foraminifera, protozoans that secrete calcium carbonate tests that range from microscopic to millimeters in length. These organisms produce the bulk of the reef structure and the basis for the entire coral reef community, which includes representatives from nearly every marine phylum, from unicellular organisms to fish and mammals. Coral reef communities similar to those of today first appeared after the Cretaceous-Tertiary extinction event 65 million years ago, and have increased in prevalence in the last few million years.




What is a Coral Reef?
Coral Reef Ecosystems

Figures provided courtesy of Joanie Kleypas (National Center for  Atmospheric Research)

Coralline Algae
(hi-mag calcite)

Corals (aragonite)

Halimeda
(aragonite)

Benthic Forams
Calcite + hi-mag calcite

Mollusks

Presenter
Presentation Notes
CC: Not just corals produce calcium carbonate minerals in these environments. There are corals, there are Coralline algae, there are macro algae like Halameda, there are benthic forams, there are a variety of mollusk, that all produce, to some extent, a form of calcium carbonate mineral phase.




Reef’s in the Balance
Coral Reef Ecosystems

Production Loss

Dissolution

bioerosion

Mechanical
erosion

Precipitation

Calcification

Coral Reef CaCO3 Budget The more technical definition of "coral 
reef" includes an additional geological 
requirement that the reef organisms 
produce enough calcium carbonate to 
build the physical reef structure. – J. 
Kleypas

Presenter
Presentation Notes
CC: In fact, the more technical definition of a coral reef includes an additional geological requirement that reef organisms within these ecosystems produce enough calcium carbonate to build the physical reef structure. So, we can think of coral reefs as a balance of processes: both production of calcium carbonate and the loss of calcium carbonate from these systems. This would include calcification by biological means, as well as precipitation by inorganic means, albeit that a very minor contributor. These have to be balanced against processes such as mechanical erosion, bioerosion, and dissolution processes on an annual basis for the reef to maintain that structural complexity which is so important to maintaining biodiversity. 




CaCO3 Saturation State (Ωarg)
Coral Reef Ecosystems

Presenter
Presentation Notes
CC: So let's go back to that blackboard and consider the chemistry of ocean acidification once more. Previously we talked about how it contributes hydrogen, which lowers pH. But seawater is a rather complex entity. And much of that hydrogen, in fact, reacts with another species in seawater called a carbonate ion. So therefore, by uptaking CO2, we not only alter the pH of the system, but we reduce the availability of carbonate ion. Carbonate ion is an important species, as it is a contributor to the formation of these calcium carbonate mineral phases, which make up and comprise the structural complexity of coral reef ecosystems. 




Coral Reef Ecosystems
CaCO3 Saturation State (Ωarg)

Presenter
Presentation Notes
CC:  There's a very important term, which we must define as we go forward, and this is saturation state. All saturation state refers to is the degree to which sea water is super saturated with respect to these carbon mineral phases. All seawater is super saturated with respect to carbon mineral phases in the surface. Roughly about four times super saturated with respect to aragonite, which is a prominent calcium carbonate phase in these coral reef ecosystems. 



Coral Reef Ecosystems

Ω > 1 = precipitation Ω < 1 = dissolution

“Saturation State”

“Since the time of the HMS 
Challenger expeditions in the late 
19th century, it has been 
recognized that that the 
saturation state of seawater 
overlying sediments in the deep 
ocean exerts a major influence on 
the distribution and abundance of 
calcium carbonate in these 
sediments” – J. Morse

CaCO3 Saturation State (Ωarg)

Presenter
Presentation Notes
CC: Since the time of the HMS Challenger expeditions in the late nineteenth century it has been recognized that the saturation state of seawater overlying sediments in the deep ocean exerts the major influence on the distribution and abundance of calcium carbonate in these environments. Saturation state is a critical term.



Global Ocean Chemistry
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Animation courtesy of Richard Feely (PMEL)
after Feely et al (2009) with Modeled Saturation Levels using NCAR CCSM3 model

CaCO3 Saturation State (Ωarg)

Presenter
Presentation Notes
CC: How might ocean acidification change over the course of the industrial period and into the future as a consequence of ocean acidification? Shown here is an animation, provided by Richard Feely at PMEL, which shows the decline over time of ocean acidification in response to rising atmospheric CO2. It shows the changes in saturation state which initially tropical waters, where many of the shallow tropical reefs exist, exhibit saturation states well in excess of four. As we move further on into the future, we expect that these systems will actually fall to about two, two and a half times super saturation with respect to aragonite, which is still favorable to precipitation. However, there are important considerations to make. 




Production
Coral Reef Ecosystems

Morse, Gledhill, Millero (2003)

Precipitation Rate of Aragonite Calcification Rate of Aragonite

Langdon & Atkinson (2005)

Inorganic Biological

Both inorganic precipitation and biologically 
mediated calcification are affected by the degree to 
which seawater is supersaturated Ω. 

Production Loss

Coral Reef CaCO3 Budget

Presenter
Presentation Notes
CC:…And that involves the kinetics of calcium carbonate production. In both inorganic and biological calcification, the rate at which calcium carbonate is actually produced is strongly influenced by the degree to which seawater is super saturated with respect to the mineral phase it’s producing. Here are figures showing the precipitation rate of inorganic calcium carbonate in seawater as a function of saturation state. As well as the variety of experiments which try to quantify the calcification rate of corals in response to saturation state. In both cases they decline. 

So, although seawater will remain super saturated, with respect to aragonite in the tropical waters, there is a concern that decreasing values of saturation state could result in the decline of calcification rates within coral reef ecosystems. And when we look at the balance of reef systems, this may pose a threat by means of shifting the system out of balance, whereby the lost terms may dominate the system. 




Calcification
Coral Reef Ecosystems

Slide courtesy of Anne Cohen Woods Hole Oceanographic Institution, Woods Hole, MA

Presenter
Presentation Notes
CC: However, biocalcification is infinitely more complex than inorganic precipitation. For one, actually the rates of biolcalcification are several orders of magnitude faster than inorganic precipitation. The reason for this is that most organisms strongly control the site of nucleation within themselves, and control the degree of saturation state within that fluid. How this is done is still a matter of intense debate and discussions. And there is an awful lot of research involved currently underway. 

But if we look at some of the work from Anne Cohen, what she has found by looking at the crystal morphologies, of these mineral phases produced by these organisms, that it appears that the saturation state internal to the coral is a function of the external saturation state of sea water. And so as you lower the external saturation state, for example by means of ocean acidification, you will lower the saturation state internal to that coral, and therefore lower the rate of calcification.




Calcification
Coral Reef Ecosystems
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Calcification

Coral Reef CaCO3 Budget

Slide courtesy of Anne Cohen Woods Hole Oceanographic Institution, Woods Hole, MA

“In corals (and possibly in other 
organisms, energetic cost 
associated with raising fluid 
saturation state limits growth 
rate” but “The response to OA 
can be modulated by nutritional 
status” – A. Cohen

Presenter
Presentation Notes
CC: However, it is important to note, that some experiments now show that you can actually offset this process by feeding the corals. You can actually provide them enough energy by means of directly feeding them to compensate for the effects of ocean acidification. And corals’ and possibly other organisms’ energetic costs associated with the rising fluid saturation states limit growth rates, but the response to OA can be modified by nutritional status.




Calcification
Coral Reef Ecosystems
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Mechanical 
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Coral Reef CaCO3 Budget

In terms of calcification 
rates, a range of 
sensitivities and 
responses to OA have 
been experimentally 
determined precluding 
a simple narrative

Figures provided courtesy of Joanie Kleypas (National Center for  Atmospheric Research)

Presenter
Presentation Notes
CC: It is because of these complexities of biocalcification that we may now be able to understand some of the more complex results that we’re beginning to see in terms of coral and other organisms’ calcification rates in response to saturation state. Some of them do in fact track linearly with saturation state. Some others exhibit a parabolic function. And others actually respond favorably to changes in saturation state. So in terms of calcification rates, a range of sensitivities and responses to OA have been experimentally determined now precluding a simple narrative.




Calcification
Coral Reef Ecosystems

“Skeletal records show that throughout the Great Barrier Reef 
(Australia), calcification has declined by 14.2% since 1990, 
predominantly because extension (linear growth) has 
declined….the causes of the decline remain unknown..” - De’ath et 
al., Science (2009)

Production Loss

Coral Reef CaCO3 Budget

Presenter
Presentation Notes
CC: In fact, if we go out into the field, and we actually make measurements of the rates of coral calcifications, we see actually a rather limited number of studies. But one such, is the one from De’ath in Science in 2009, where he found that skeletal records showed that throughout the Great Barrier Reef in Australia, calcification rates declined by 14.2 percent since 1990, predominantly because of extension of linear growth of these corals has declined. The causes of the decline, however, remain unknown. Calcification is the net sum of both extension and density. And so, we see in these figures, that while density has in fact declined for many years, extension actually kept up quite well until the 1990’s and then collapsed. This may be an example of synergistic threats. Ocean acidification is not the only phenomenon occurring. We also are exhibiting rises in sea surfaces temperatures, which result in coral bleaching. So this may be a representation of synergistic effects. 




Calcification
Coral Reef Ecosystems
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Data from Tanzeil et al., 2011
for Porites lutea from the Andaman Sea, South Thailand

“There was a significant decrease in 
coral calcification (23.5%) and linear 
extension rates (19.4 – 23.4%) between 
the two sampling periods…while 
skeletal bulk density remained 
unchanged” – Tanzil et al., (2009)

Production Loss

Coral Reef CaCO3 Budget

Presenter
Presentation Notes
CC: A recent study that looked at the coral growth rates in Thailand, showed that there was a significant decrease in coral calcification, almost 25%, and linear extension rates almost 20% between the two sampling periods they sampled, which is only over a couple decades. Note that these rates of decline, however, are far beyond anything we might expect from ocean acidification. Furthermore, they found that the skeletal bulk density remained unchanged, different from what we see in the GBR [Great Barrier Reef]. 




Calcification
Coral Reef Ecosystems
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Coral Reef CaCO3 Budget

“Linear trends indicate that extension increased, density decreased and 
calcification remained stable while the most recent decade was not 
significantly different than decadal averages over the preceding 50 years 
for extension and calcification. The results suggest that growth rates in 
this species of subtropical coral have been tolerant to recent climatic 
changes up to the time of collection (1996).”  - Helmle et al., Nature 
Com. (2011)

Presenter
Presentation Notes
CC: If we look closer to home here in the Florida Keys, what we find from a recent study is that linear trends have indicated that extension increased, density decreased, similar to what you see in the GBR, but calcification in fact remained stable. While the most recent decade was not significantly different than the decade averages over the preceding fifty years for extensions in calcification, the results suggest that growth rates in the Florida Keys at least from these corals that were sampled, have been tolerant of recent climate changes up until the time of collection. So coral calcification in response to ocean acidification may in fact be a rather complex process. But it is but only one process that defines the balance of a coral reef ecosystem. 




Mechanical/Bioerosion
Coral Reef Ecosystems

“Eastern Tropical Pacific (ETP) reefs represent a real-world example 
of coral reef growth in low-Ω waters that provide insights into how 
the biological-geological interface of coral reef ecosystems will 
change in a high-CO2 world”. – Manzello et al., PNAS (2008)

Inorganic cementation in reefs describes the 
precipitation of CaCO3 that acts to bind 
framework…coral reefs of the Eastern 
Tropical Pacific are poorly developed and 
subject to rapid bioerosion and exhibit low 
cement abundance.

Production Loss

Coral Reef CaCO3 Budget

Presenter
Presentation Notes
CC: If we look at coral reefs which currently reside in waters which are similar to what we expect for ocean acidification over the next century, we can look at reefs contained within the eastern tropical Pacific, which are experiencing upwelling, which is high CO2-enriched waters upwelling from deep onto these reef systems. So these reef systems actually exhibit saturation states below three. And where we find this, what we find is that the inorganic cementation in these reefs, which describes the precipitation of calcium carbonate that acts to bind the framework maintaining that structural complexity, that these coral reefs of the eastern tropical Pacific are in fact poorly cemented and are subject to bioerosion and exhibit low cement abundance. 

So if you look at the loss terms, in terms of the coral reef ecosystem and the budget, while coral calcifications may actually be maintained, and in fact, many of the corals in the ETP [Eastern Tropical Pacific] in fact maintain rather high coral calcification rates, the actual net balance of that reef system may be in loss. 





Bioerosion
Coral Reef Ecosystems

Production Loss

Coral Reef CaCO3 Budget

Grazers

Grazers

Macroborers

Microborers

Slide modified courtesy of Joanie Kleypas (National Center for  Atmospheric Research)

At elevated pCO2 (750 ppm) 
the depth of penetration of 
Euendolithic bioeroders
increased increasing 
dissolution rates by 48% -
Tribollet et al., Global 
Biogeochem. Cycles (2009)

Presenter
Presentation Notes
CC: Bioerosion, which is enhanced in the eastern tropical Pacific, is completely consistent with recent experiments that have found that at elevated high CO2 levels the depth of penetration of endolithic bioeroders, which are micro algae that bore into the coral skeleton, actually increases the dissolution rates by nearly 50% at higher CO2 levels. Calcification being but one piece of this balance, we have to consider other losses. The fact that if we have lost cementation we might be exposed to greater mechanical erosion, as well as bioerosion may be more efficient. 




Mechanical erosion
Coral Reef Ecosystems

Production Loss

Coral Reef CaCO3 Budget
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Present-day pH

Kuffner et al., Nature Geoscience (2008)
Jokiel et al. Coral Reefs (2008)

“Crustose coralline algae (CCA) play 
an important role in the growth and 
stabilization of carbonate reefs.  
Under present day pH, CCA had 
developed 25% cover in the control 
mesocosms and only 4% under the 
acidified mesocosms”. – Jokiel et al., 
Coral Reefs (2008)

Acidified (~2xCO2)
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Presentation Notes
CC: Furthermore, a study done by Jokiel et al., actually demonstrated that the abundance of crustose coralline algae may be influenced by ocean acidification. Crustose coralline algae play an important role in the growth and stabilization of carbonate reefs. Under present day pH conditions and their experiments in these mesocosms, they found that CCA had developed 25% cover in the controlled mesocosms, but only 4% in the acidified mesocosms. 




Local Ocean Chemistry

“It is predicted that atmospheric pCO2 will exceed 
the average pCO2 threshold value for calcification 
and dissolution on the Molokai reef flat by the 
year 2100.” – Yates & Halley (2006)

Dissolution Rates 
measured on Molokai, HI

Under current conditions, the 
Molokai reef flat exhibits net 
dissolution 13% of the time.

Image of "SHARQ" available from http://soundwaves.usgs.gov/2007/01/

Production Loss

Coral Reef CaCO3 Budget

Dissolution
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CC: The last cog in the balance, which we have not talked about, is dissolution in the loss term.  How might ocean acidification affect the actual dissolution rates of coral reefs? Currently, active dissolution does occur within the sediments of many coral reef ecosystems.  If you look at a study by Yates and Halley in 2006, they actually found that under current conditions, the Molokai reef flat, which is in Hawaii -- it’s actually a fairly high latitude system -- it actually exhibits a net dissolution 13% of its time. It is predicted that as atmospheric CO2 levels increase, we will exceed the average p CO2 threshold within these systems for calcification dissolution on the Molokai reef flat by the year 2100. What that means is that there are other processes local within the system that control the carbonate chemistry that can actually drive CO2 to higher levels.  And we’ll see more of that in a minute.

So, the expectation is that calcification may or may not decrease on corals in response to ocean acidification.  Clearly inorganic precipitation will likely decrease, although that is a very minor production process on coral reefs. Mechanical erosion may be impacted by loss of CCAs and cements. Bioerosion may be accelerated. And dissolution will surely accelerate. 





Global Ocean Chemistry

“Before the industrial revolution, more than 98% 
of corals reefs were surrounded by waters that 
were >3.5 times saturated with respect to their 
skeleton materials (aragonite). If atmospheric 
CO2 is stabilized at 450 ppm only 8% of existing 
coral reefs will be surrounded by water with this 
saturation level.– Cao and Calderia (2008)Cao and Calderia, GRL (2008)

Is there a geochemical threshold?

Langdon & Atkinson (2005)

Critical

Optimal
Kleypas et al., (2009)
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Presentation Notes
CC: What might be a geochemical threshold for ocean acidification? This seems to be the catch phrase. And it may actually be very difficult to define. If you look at some of the work of Cao and Caldeira, what they find is that before the Industrial Revolution, what we know is that 98% of all the coral reefs currently existing were surrounded by waters that exhibited saturation states at least three and a half times super saturated with respect to aragonite. 

If atmospheric CO2 concentrations achieve 450 ppm, which is actually a very modest level, only 8% of the existing coral reef ecosystems will reside in waters of equivalent saturation states. 



Local Ocean Chemistry

Gledhill et al., (2008)

• Saturation State is controlled by more 
than pCO2!
• Locally and on short time-scales, Ω
can be dominated by temperature and 
salinity changes.

CRCP Atlantic OA Test-bed

La Parguera, PR
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CC: Most studies that have looked at trying to discern a geochemical threshold with regards to saturation state have arrived at a value of somewhere around three. And in fact, if you look at the coral reef systems in the eastern tropical Pacific that Derek Manzello looked at, those waters in fact do reside below a level of saturation state of three. Right now, tentatively, with great uncertainty, we’re assigning perhaps a critical threshold of omega, saturation state of around 3, 3.1.




Local Ocean Chemistry

Regional

Near Reef

CRCP Atlantic OA Test-bed

La Parguera, PR
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CC: However, saturation state is controlled by a number of other processes, not just CO2.  Locally and on short time scales saturation state can be dominated by other factors including temperature and salinity changes. If you look back at that term, saturation state, omega, it’s defined as the product of both calcium and carbonate ion, divided by the solubility product and the mineral phase of interest. 

Calcium is influenced obviously by salinity. So if we change salinity, you will change saturation state. In fact that happens in many environments with fresh water inputs. Furthermore, the solubility of carbonate mineral phases is actually quite complex and is a function of both temperature and salinity. At higher temperatures, calcium carbonate is in fact, less soluble, unlike many other mineral phases. We see this reflected at the regional seasonality that we see in the greater Caribbean region. This is a product that we have been working on for a few years, which is a synthesis of both ship and satellite data used to estimate the surface water saturation states of the greater Caribbean region. And in fact we see very large seasonality in saturation state, predominantly driven by temperature changes.

If we take a closer look at the local chemistry on the reef system itself, we can look at some work we’ve been advancing at an Atlantic Ocean acidification test bed, currently located in La Parguera, Puerto Rico, where we have a series of monitoring efforts involved, including an autonomous monitoring station which monitors CO2 within these waters. And what we find is that as a consequence of local reef processes, which can include both photosynthesis, which will uptake CO2 out of the local water, and respiration, which will actually produce CO2. In addition we have calcification, which actually produces CO2 as a response to that chemical reaction, which is often counterintuitive. Photosynthesis and respiration on a daily cycle tend to net balance.  And so there’s not necessarily any net contribution of CO2 at least on a diurnal, or weekly, or monthly cycle to the surrounding environment. However, calcification, which is preceding both day and night on reefs, actually produces CO2. And so what we see in the first figure is that this reef system in La Parguera, Puerto Rico serves almost exclusively as a source of CO2 to the surrounding water.

Since it’s driving CO2 into the water regardless of ocean acidification, it is itself lowering saturation state. In fact, if we look at a time series of over two years of this reef system of saturation state, we find that the wintertime minimums of saturation state of this reef system are significantly lower than the regional ranges we’ve seen in saturation state seasonally. So we expect that there should be a step-down in saturation state as you move up onto a reef as a result of its own biogeochemical process feeding into the local chemistry of its environment. Setting a geochemical threshold for ocean acidification is complicated by the local and regional influences on saturation state, as well was the local processes of the reef itself feeding back on its local chemistry. 




Coral Reef Ecosystems
Non-carbonate Factors
Larval Clownfish: Amphiprion percula 

Ocean acidification impairs 
olfactory discrimination and 
homing ability of a marine 
fish. -Munday et al. PNAS
(2009.)

Slide modified courtesy of Joanie Kleypas (National Center for  Atmospheric Research)
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CC: We’ve only been talking about carbonate budgets really on the reef system, but there are other processes which can be affected by ocean acidification. So let’s take a brief look at non-carbonate factors. One interesting effect has been that ocean acidification appears to impair the olfactory discrimination and homing ability of marine fish. What this means is that clown fish, for example, which need to find their way back onto the reef, depend on scent. The scent appears to be compromised and confused at higher CO2 levels. And so it is a concern that these fish may be at threat as a consequence of ocean acidification, independent of any effects that you might expect with regards to saturation state. 



Coral Reef Ecosystems
Non-carbonate Factors

Seagrass may be enhanced by OA. –
Palacios & Zimmerman, MEPS (2007)

Slide modified courtesy of Joanie Kleypas (National Center for  Atmospheric Research)
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CC: Furthermore, not all organisms are expected to be losers as a consequence of ocean acidification. Ocean acidification is in effect a CO2 enrichment of the water. And we find some species like sea grass, which actually may benefit from ocean acidification. An important consideration when you’re looking at coral reef ecosystems though is that sea grass and coral reefs tend to compete for space. And so this might actually facilitate a community phase shift of these ecosystems in response to ocean acidification.




Coral Reef Ecosystems
Non-carbonate Factors
“Coral recruitment, which necessitates successful 
fertilization, larval settlement, and postsettlement
growth and survivorship, is critical to the persistence 
and resilience of coral reefs….. 

The cumulative impact of OA on fertilization and 
settlement success is an estimated 52% and 73% 
reduction in the number of larval settlers on the reef 
under pCO2 conditions projected for the middle and 
the end of this century, respectively… 

Additional declines of 39% (mid-CO2) and 50% (high-
CO2) were observed in postsettlement linear extension 
rates relative to controls…

These results suggest that OA has the potential to 
impact multiple, sequential early life history stages, 
thereby severely compromising sexual recruitment and 
the ability of coral reefs to recover from disturbance…”

- Albright et al., PNAS (2010)
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CC: Some of the more interesting work has been looking at a range of effects on different life cycles or life stages of corals.  This is some work recently done by Albright et al. in 2010 looking at coral recruitment. Coral recruitment, which necessitates successful fertilization, larval sediment, and post-sediment growth and survivorship, is crucial to the persistence and resilience of coral reefs. The cumulative impact of OA on fertilization and settlement success is estimated 52% and 73% reduction in the number of larval settlers on the reef under p CO2 conditions projected from the middle and end of the century.  Additional declines of almost 40% and perhaps more than 50% under high CO2 levels were observed with the post-settlement linear extension rates relative to the control conditions. These results suggest that OA has the potential to impact multiple sequential early life stages, thereby severely compromising sexual recruitment and the ability of coral reefs to recover from disturbances.




The Ultimate Solution…
A Balanced Budget
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CC: What might be the solution to ocean acidification? Clearly the ultimate solution is achieving a balanced budget. Carbon emissions are largely driven by our dependence on fossil fuel energy. But it isn’t just our dependence on the fossil fuel energy. It’s literally the one aspect that as we consume those fossil fuels, we emit a by-product into the atmosphere. So it is possible that you could still drive your energy bases off of fossil fuel. But the one concern is that you need to find someplace else to put that carbon. 

One solution might be through carbon sequestration technologies. It may also be possible, aside from the point sources where the energy is being produced, you could actually maybe scrub it out of the atmosphere. But all of these are very expensive, elaborate geoengineering projects. Perhaps a more simple approach might be to actually reduce our energy demands, our carbon intensity demands, or perhaps promote additional sinks, which might promote fostering a reduction in deforestation, which we saw contributes about one pentagram of carbon into the atmosphere each year. The ultimate solution is really achieving a balanced budget.



The Interim Solution…
Foster Reef Resilience

© WWF-Canon / Jürgen FREUND 

© WWF-Canon / Diego M. GARCES

Multiple, Synergistic Stresses on both
Global & Local Scales
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CC: So what do we do in the interim?  In the interim, we just have to foster reef resilience. Not just to ocean acidification, but to a variety of threats, which include pollution, overfishing, and climate change itself, which again is independent of ocean acidification, whereby we see a warming of sea surface temperatures that attribute to coral bleaching events, mass coral bleaching events which have had significant damage to coral reefs locally.




Concluding Remarks
• Ocean Acidification represents a global scale change in ocean chemistry 
in direct response to rising atmospheric CO2.

• These changes represent perhaps the most rapid shift in ocean 
chemistry in millions of years.

• Coral Reef Ecosystems may prove vulnerable to such changes due to 
several factors including reduced carbonate production (precipitation, 
calcification), enhanced mechanical erosion, enhanced bioerosion, and 
enhanced dissolution.

• The precise ecological implications remains uncertain  given the range 
of calcification response thus far observed.

• Additional factors beyond carbonate budget considerations may 
represent the greatest concern for coral reefs.

• Coral reef are under threat from a number of global and local factors 
demanding improved management which better foster resilience.

Presenter
Presentation Notes
CC: Ocean acidification represents a global scale change in ocean chemistry in direct response to rising atmospheric CO2. These changes represent perhaps the most rapid shift in ocean chemistry that we have seen in millions, perhaps tens of millions, or hundreds of millions of years. It’s geologically quite significant. Coral reef ecosystems may prove vulnerable to such changes due to several factors, including but not limited to carbonate production by means of its effects on calcification rates. We may also see enhanced mechanical erosion by means of its effects on CCAs and also on cement abundance; we may see enhanced bioerosion; and we may most likely see enhanced dissolution rates, all of which contributing to a reef out of balance. 
 
The precise ecological implications remain quite uncertain given the ranges of calcification responses thus far observed and is an area of greatly needed intensive research. Additional factors beyond carbonate budget considerations must also be looked at, as we’re seeing other effects on other life stages of corals, as well as effects on non-calcifying organisms. Coral reefs are under threat from a number of global and local factors, all of which demand an improved management, which can better foster resiliencies to these changes.
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