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Background


We propose to hold a workshop of the regional ocean science community to devise practical science and policy strategies for rapidly advancing knowledge of the impacts of ocean acidification on marine ecosystems.
The Problem. Recognition of the large changes in ocean pH from atmospheric fossil fuel CO2 invasion is now widespread. Schemes for the direct recognition of the oceanic fossil fuel CO2 invasion signal were first published over a quarter century ago (Brewer, 1978; Chen and Millero, 1979), and the signal is now unmistakable with modern high precision techniques (Sabine et al., 2004). However it is the projection for the future which now arouses the greatest concern. With the publication of widely accepted IPCC scenarios for future fossil fuel CO2 production (see the report by Nakicenovic and colleagues (IPCC, 2000)) there have been reasonably clear ideas of the scale of the problem. Under the widely used example of the IPCC IS92A scenario surface ocean pH will decline by about 0.3 pH units by the middle of this century, and could very well exceed 0.4 pH by the end of the century. Such changes in ocean chemistry have not been experienced on Earth for many millions of years (Cicerone et al., 2004; Royal Society, 2005; NSF-NOAA-USGS, 2006)).

The Question.  Is this a well understood threat to ocean ecosystems? While the detection of the oceanic CO2 signal is unassailable, the projected environmental impacts rest on far shakier ground. The economic consequences of even a modest change in fossil fuel strategy are enormous, reaching into every segment of society. So vast and sweeping would be such changes that the challenges to knowledge will be necessarily be adversarial, and will raise the burden of proof well beyond the norm for scholarly publication. If we cry “Wolf”, and are found to be wrong it will bring confusion and discredit to science. If we understate the problem and oceanic ecosystems undergo such profound change that mankind can no longer experience the ocean as civilization has known it throughout recorded time, then we will have failed in our duty.
Ocean Experiments


Almost all ocean experiments today are based upon confined aquaria studies, similar to the greenhouse studies of land plants over twenty years ago. The results from aquaria studies are compelling (Kurihara et al., 2004; Portner et al., 2004) but necessarily open to challenge. Moving beyond this to open ecosystem studies will be difficult; there are very large technical and policy issues that have yet to be resolved. But if we do not do this we will run afoul of the very same problems that have confounded terrestrial science predictions, and we will not observe the complexity and adaptability that characterizes life and it’s response to environmental change. We will not know, and we will not make convincing policy arguments.

The next generation of experiments? Scientists have already begun tentatively to move beyond small-scale aquaria studies; Riebesell and colleagues (Riebesell, 2004) have advanced the use of mesocosms – 2m diameter, 10m deep plastic bags suspended from rafts in a fjord for studies of elevated CO2 levels on phytoplankton growth. Large scale biosphere studies of coral calcification (Langdon et al., 2005) have shown strong negative effects of lower pH on calcification rates.

But all of these are still confined studies. What would it take to move beyond this? In recent work a MBARI team has attempted to address this problem by initiation of a prototype FOCE (Free Ocean CO2 Enrichment) experiment – the ocean equivalent of the land based FACE (Long et al., 2006).


What other experimental and model approaches are needed? Can modern genomic techniques be applied in novel ways to examine adaptations? To what extent may naturally occurring oceanic high CO2/low pH environments, such a sea floor CO2 seeps, be useful analogs?
Questions for the Workshop

There are two classes of problems here for debate at this workshop: technical, and political. Both are challenging.

The Technical Challenge. Are these useful approaches to take – or will aquaria studies alone suffice? Is it feasible on a reasonable scale? What are the design constraints?

CO2 released into free air is simply transported and mixed – there is no atmospheric chemistry. CO2 enriched sea water released into the ocean for an equivalent perturbation experiment has a complex chemistry with slow reaction rates. Air has no “buffer capacity” – sea water does, and thus fairly large quantities may be required to induce change of the desired scale. Atmospheric CO2 sensors are simple and stable; oceanic pH etc measurements are complex and less stable. The field is thus reminiscent of the status of FACE experiments two decades ago – and we need to undertake the equivalent “controversial possible step” – this appears to be achievable, albeit with difficulty.
Can an experimental backbone (software and hardware) be designed that can be implemented by many, with the option of changing scale, sensors etc. to suit the needs of diverse sites around the world? How would power and reactants be delivered?

The Political Challenge. While there are no limits, or permits required, on experimental atmospheric releases of large quantities of CO2, oceanic restrictions abound. This makes little sense scientifically (mankind currently “disposes” of some one million tons of CO2 per hour in the surface ocean without permit) but is rooted in decades of well-meaning ocean environmental policy. For example the London Convention of 1972, designed primarily to prohibit the further disposal of chemical weapons, was crafted so that any species not listed was prohibited – no one thought to include CO2. Other examples limiting “discharge” may be interpreted as prohibiting practically any perturbation experiment. Thus unless policy changes are made we may never usefully predict by direct experiment, and we will fall into a Greek tragedy-like trap of our own making. This is a classic example of the tragedy of the commons:
“The law locks up both man and woman

Who steals the goose from off the common

Yet turns the greater felon loose

Who steals the common from the goose.”

What permitting system would be effective? What oversight procedures and reporting requirements should be put in place? 

Ocean Solutions. There is no magic bullet now in sight to change world fossil fuel CO2 policy. The recent IPCC Special Report on Carbon Capture and Storage (2005) makes plain the limits, financial cost, energy penalty, and environmental footprint of this advanced technological strategy. Much slower growth in CO2 and thus slower and less acute surface ocean pH changes are possible. If experiments can objectively and convincingly show the environmental benefits of this, or the environmental costs of proceeding too far, then the world will have a more powerful incentive to act. 

We propose that this workshop address the critical policy and technical issues that will enable the sophisticated and long term studies that make prediction of the impact of a high CO2/low pH ocean possible. If such difficult policy and experimental issues can be resolved then it is likely that these strategies will be adopted by ocean science and policy communities around the world.
Vast human populations live by the sea and they are motivated to understand its future. Scientists have the task of providing honest answers, and the resilience of the ocean may yet surprise us.
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Appendix

As we search for answers here we may wish to look at the experience of other fields. The following very brief account is one example from the terrestrial science community. There are surely other examples we could draw from.

The Experience of Others. What will it take to make the case? For a useful example we might consider the recent, and perhaps unfortunate, history of the terrestrial science community in dealing with land vegetation and CO2 policy. In very much abbreviated form we may trace the arguments from the early 1980’s. 

Arguments were made that, based upon fundamentals, land plants would grow better in a high CO2 atmosphere. The rationale is that leaves must open pores to admit CO2 for photosynthesis; this also provides a conduit for loss of water vapor. In a high CO2 atmosphere pores may be open for less time, minimizing water loss and increasing productivity. Experiments in greenhouses provided support for this argument, and the policy debate eagerly exaggerated this phenomenon. The 1997 UNFCC Kyoto Protocol placed extraordinary emphasis on forestation as a solution, with plans for a huge “carbon credit” economy. So adventurous became the argument that at one time it was even proposed (Fan et al., 1998) in a major journal that the U.S. was a net and growing sink for CO2 in spite of our vast fossil fuel consumption. This is not credible.

However the case for large beneficial effects of higher CO2 levels on vegetation was by no means secure. A full decade earlier the US Dept. of Energy had convened a major study (DoE, 1985) of the direct effects of increasing CO2 on vegetation. It was recognized that enclosed greenhouse experiments may not accurately simulate the real effects on open forests and croplands, and ways were sought for more realistic simulations of our future world. It was here that Free Air CO2 Enrichment (FACE) experiments were first debated as a “controversial possible step.” 

The technical challenges seemed daunting, and the quantities large involving controlled environmental release of thousands of tons of CO2 per year. Scientists and engineers persisted, experimental design and control improved through the march of technology, and a large world wide network of FACE sites evolved. It soon became clear that only very modest gains in plant growth, if any, were being experienced from CO2 “fertilization”. The impetus to continue experimenting is strong, but as time went by the conclusions became unavoidable, and in June 2006 Science noted “Plant Productivity Benefits of High Carbon Dioxide Busted” in publishing the paper by Long et al. (2006) and the Perspective by Schimel (2006). These papers formally reported what had been known in the community for some time – that “this casts serious doubt on projections that rising [CO2] will fully offset losses due to climate change” – and two decades of optimism were undone.

Lessons for the ocean? These are some of the most competent, skilled, and informed of terrestrial scientists. By painstakingly carrying out difficult, controversial and long term experiments they uncovered the truth, unhappy though it may be. How well are ocean scientists positioned to undertake similar studies?

