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• Historical perspective to DOE’s carbon-
climate-vegetation research that has evolved 
significantly over the past 40 years to 
address some of the nation’s most pressing 
energy and scientific challenges

• Insight to the experimental design logic and 
challenges to experimental manipulation 
studies

• A guide for lessons learned operating first of 
a kind ecosystem manipulation experiments



A history of CO2 research… where should we start?
With a focus on the role of CO2 fertilization in the global carbon cycle,
1958 is a good place to start.

Carl A. Ekdahl and Charles D. Keeling. 1973. In Carbon 
and the Biosphere, Woodwell and Pecan, ed.



July 1970, 100 scientists conducted a month–long Study of Critical Environmental 
Problems (SCEP)

Considered effects of increases in CO2 resulting from fossil fuel combustion to the 
year 2000 and the risk of long-term warming of the planet

“SCEP believes that the likelihood of direct climate change in this century resulting 
from CO2 is small, but its long term potential consequences are so large that much 
more must be learned about future trends of climate change if society is to have 
time to adjust to changes which may be necessary.”

Recommendations:
• Improve estimates of future fossil fuel combustions and emissions
• Study changes in mass of living matter and decaying products
• Continue Mauna Loa measurements and additional stations
• Systematic study of the partition of CO2 between the atmosphere, oceans, and 

biomass
• Develop comprehensive computer models of atmosphere dynamics and ocean-

atmosphere interactions for expected CO2 levels.

Bulletin of the Atomic 
Scientists (1970), 26: 24-30

The Williamstown Study of Critical Environmental Problems



Bacastow and Keeling, 1973

Introduces the biota growth factor (β) as an adjustable 
parameter that reflects the degree of CO2 fertilization needed 
to balance global C budget

“In our model we assume that the land biota responds to 
gaseous CO2 approximately as do individual plants grown in 
glass houses with adequate light, water, and nutrients. If this 
assumption holds, the land biota may nearly double by 2070.” 

They recognize this is unrealistic and rather assumed that 
plant growth will not be able to keep pace with fossil fuel 
consumption.

The Biota Growth Factor -- β 



The potential role of CO2 fertilization in the global 
carbon cycle is questioned

“Another effect to be considered is the enhanced rate of 
photosynthetic production that might be caused by the 
increasing concentration of CO2 in the atmosphere…. 
however, its importance in the carbon cycle is presently 
unclear.”

Baes et al.. Carbon dioxide and climate: The uncontrolled 
experiment. American Scientist, 1977.

The increase of biomass atmospheric carbon dioxide 
may partly be due to the expansion of forestry and 
agriculture. Will CO2 fertilization compensate for the 
land source (deforestation and cultivation)? It seems 
unlikely to be complete because of nutrient limitation.

Bolin B.  Changes of land biota and their importance for 
the carbon cycle. Science, 1977. 

The biosphere is a net source of CO2 to the 
atmosphere. The potential increase in NPP due to 
increasing CO2 is too small to compensate for the 
release of CO2 from fossil fuels and forest clearing. 

Woodwell et al. The biota and the world carbon 
budget. Science, 13 January 1978.

Model of atmospheric CO2 levels driven primarily by 
fossil fuel emissions and ocean uptake.
Assumed biospheric growth factor and deforestation 
compensated each other.

Siegenthaler & Oeschger. Predicting future 
atmospheric carbon dioxide levels. Science, 27 
January 1978



The case of the missing sink
Ocean flux + deforestation + increase in 
atmospheric CO2 anthropogenic CO2
release…

…there must be a ‘missing sink’ 

The search for the missing sink—the Holy grail of biogeochemistry—may very 
well end in forest.

October 13, 2015/ Bill Schlesinger



“The key problem for national and international policy making as to 
the CO2 question is uncertainty itself; uncertainty that must be 
reduced through research.”

DOE program development began with a series 
of workshops

1977
Miami Beach workshop to “discuss the current knowledge of the CO2
cycle and the consequences of increases in CO2 content.” 

“Research will be required on the role of nutrient availability, water 
availability, and sunlight on the effect of CO2 increases on plant 
productivity, particularly on trees.” 

“Modeling teams must be closely coupled with field researchers.”



Development of a coordinated research program

Roger Dahlman et al. 1985. J. Environ. Qual. 14: 1-8

The new DOE program focused on three research areas: 
global carbon cycle, climate effects, and vegetation effects

Focus of Vegetation Effects:
• Effects of elevated CO2 and other 

key variables on yield of major crops

• Fundamental effects of long-term 
exposure on plant physiology and 
growth

• Ecosystem responses – productivity 
plant community composition, 
carbon change



“In nature, the rate of photosynthesis and 
biomass production probably is limited more 
often by water and nitrogen deficiency than 
by the low CO2 concentration of the air.”

“Increasing the CO2 concentration will have 
little effect if … the use of photosynthate is 
limited by lack of nitrogen.”

BioScience 31:29-33 (1981)

• Forest responses are particularly 
important

• Evaluation of the role of forests in 
stabilizing the global CO2

concentration will require a large, 
coordinated effort

• Meantime, much useful information 
can be obtained from small-scale 
experiments in controlled 
environments



“In many temperate forests a large 
proportion of nutrients occur in soil 
components, and a shift to preferred 
nutrient incorporation in vegetation… 
…could be the first step to another 
Carboniferous Age!” 

CO2 and Phytomass
One of Kramer’s chief concerns about the 
plant-CO2 responses was the limits to 
growth already set in nature by water and 
nutrient deficiency.  

Thus a key question follows: Is there any 
evidence for elevated atmospheric CO2
alleviating the water and nutrient deficiency 
of plants?



Rising Atmospheric Carbon Dioxide and Plant 
Productivity: An International Conference

Athens, Georgia, May 1982 (DOE and AAAS)
Objective:
Review what is known about the response of photosynthesizing plants to 
elevated CO2, and identify needed research.

Topics:
Carbon metabolism Microbial effects
Physiological response Terrestrial plant communities
Plant growth and development Aquatic plant communities

Boyd Strain & Fakhri Bazzaz

“…the initial effect of elevated CO2 will be to increase NPP in most 
plant communities. …a critical question is the extent to which the 
increase in NPP will lead to a substantial increase in plant biomass. 
Alternatively, increased NPP could simply increase the rate of turnover 
of leaves or roots without changing plant biomass.” 



1985 State-of-the-Art 
Report

Enhanced plant growth and yield from more 
CO2 is now widely recognized

Gains in knowledge about a few crop plants, but 
considerable ignorance remains about 
responses of native species and ecosystems

Suitable models for evaluating responses of 
plant communities and ecosystems to elevated 
CO2 do not now exist.



BioScience 41:96-104 (1991)

In 1991 there were just two CO2 enrichment 
experiments in intact, natural ecosystems 
• Chesapeake Bay salt marsh community (Bert Drake)
• Moist tussock tundra at Toolik Lake, Alaska (Walt 

Oechel)

The salt marsh was very responsive to elevated CO2. 
The tundra was not.

Which is the correct response?



BioScience 41:96-104 (1991)

“…ecosystems are likely to vary in their response to 
elevated CO2.”

“Laboratory and field experiments indicate that 
nutrient availability, water stress, and temperature 
affect the response, and natural ecosystems vary to 
the degree that these factors control system function.”

“A diverse sampling of ecosystems with different 
resource limitations… is appropriate.”

“At minimum, these experiments should be 
undertaken in each of the world’s six major 
biomes (tundra, boreal forest, temperate 
forest, tropical forest, grassland, and 
desert).”

A research framework



1982-1988

1996-2009

1989-2003

2008-2020+





• Most of the C3 plants and terrestrial ecosystems 
studied do respond positively to increased 
concentrations of atmospheric CO2. 

• Many other environmental factors tend to lessen the 
effects of CO2 on plant growth and ecosystem carbon 
cycling.

• A single, simple conclusion from the entire suite of 
DOE CO2 experiments will never be sufficient.

• “Nature is not that simple.” (E. R. Lemon)

What did we learn?



Looking forward...
…while looking back

The issues and questions put forward 30-40 years ago are still valid
Do we need new questions?

• Allocation, nutrient feedbacks, and plant-soil interactions continue to be 
important research foci

• A greater range of ecosystems and biomes need to be investigated  
• Can we address CO2 effects on plant community composition?
• New remote sensing tools create new opportunities, especially for scale-

related issues

The more we learn, the more complicated the analysis becomes…
but that’s the real world!



Lessons and legacy

• A resounding success!

- 100’s of papers, student training, 
career advancement, public engagement

• Demonstrated importance of model-data interaction

• Inspired and informed DOE’s current NGEEs and 
SFAs

• Provided hypotheses, approaches, and technology 
for new and proposed FACE experiments in 
Australia, United Kingdom, and Brazil

• Demonstrated the power of manipulative 
experiments that encompass the feedbacks 
between biotic systems and the atmosphere and 
soil
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