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Dear Mr. Socci:

I am enclosing the transcript of "The Greening of Planet
Earth" which reflects the differences between the 27:50 original
and 15:30 edited versions of the videotape. You will also find
enclosed a copy of the edited production which is being distri-
buted as a "presenter's copy" for use in extremely time-limited
situations such as service club luncheons. The longer version
is in general circulation.

Regarding the curriculum vitae of the scientists who appear
in "The Greening of Planet Earth," they had not previously been
collected. I am contacting each of them and requesting that they
send it to me for forwarding to you.

If I can be of further assistance, please let me know.

Sincerely,

/7

Ned Leonard

Magruder Building

1625 M Street, NW.
Washington, DC. 20036-3264
Telephone 202/463-6580
Telecopier 202/223-8790



Transcript of

THE GREENING OF PLANET EARTH
("Redlining" denotes text edited from 15:30 version)

NARRATOR: -

DR. HERMAN MAYEUX:

DR. BRUCE KIMBALL:

DR. MARY BRAKKE:

DR. GERD-RAINER WEBER:

DR. KENNETH BOOTE:

DR. HARTWELL ALLEN:

Dawn of the Industrial Revolution. Western society is
primarily agricultural and commercial. The
concentration of carbon dioxide in the atmosphere is 270
parts per million. -

And then, factories spring up across the countryside and
industrial towns grow around them. We begin to burn
fossil fuels in large quantities — and then burn more.
The carbon dioxide level of the air rises. The level rises
again. Then again.

The 1950s. The concentration of carbon dioxide in the
air is 315 parts per million. Still more fossil fuels are
burned. More and more carbon dioxide is emitted into
the atmosphere. More industrialization — then more.
More carbon dioxide — then more.

The year 2085. The atmospheric level of carbon dioxide
has doubled to 540 parts per million. What kind of
world have we created?

A better world, a more productive world. Plants are the
basis for all productivity on earth. They're the only
organisms that can utilize the sun’s energy and create
matter, food. And they’re going to do that much more
effectively, much more efficiently.

With a doubling of CO,, why cotton growers can look
forward to yields that are 60 percent and more greater
than what they are at present-day levels.

For citrus it would be a very, very positive thing.

Our world will be a much better one.

In terms of plant growth it’s nothing but beneficial.
We would expect a world in which crop plants would

produce about 30 to 40 percent more than they are
currently producing.
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DR. SHERWOOD IDSO:

NARRATOR: -

DR. LEON ALLEN:

Agronomy Department,
University of Florida

A dbubling of the CO, content of the atmosphere, will
produce a tremendous greening of planet earth.

Carbon dioxide is the major building block of life.
Plants extract it from the atmosphere during
photosynthesis and transform it into the food we need to
survive. As a by-product of this process, oxygen is
released.

Throughout the history of life on earth, there has
generally been much more CO, in the atmosphere than
there is today.

These higher levels of carbon dioxide encouraged life.
Vegetation in prehistoric eras was lush and grew
profusely over wide areas.

As this vegetation died and decayed, much of its trapped
carbon was transformed into the coal, oil, and natural
gas the world depends on today. '

The carbon dioxide that was in the atmosphere is now
being returned to it by the burning of fossil fuels, a
natural by-product of man’s industrial evolution. And,
as more and more scientists are confirming, our world is
deficient in carbon dioxide, and a doubling of
atmospheric CO, is very beneficial.

"AGRICULTURE"

We are investigating the effects of elevated levels of
atmospheric carbon dioxide on plants using controlled
environment chambers wherein we can control CO,
levels very precisely. We are interested in this because
we want to know how C; crop species such as rice and
soy bean may respond to future levels of atmospheric
carbon dioxide.

What we are finding is that these species respond quite
nicely to a doubling of carbon dioxide and give increased
yields up to 30 to 40 percent.
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DR. JEFFREY BAKER:

Agronomy Department,
University of Florida

DR. HERMAN MAYEUX:

Agricultural Research Service,
USDA

DR. HYRUM JOHNSON
Agricultural Research Service,
USDA

elevated CO, levels stimulate growth and ultimately this
translates into increased grain yield.

We're getting, typically, anywhere from 30 to 40 percent
increases in grain yield. We getincreased carbon uptake
through photosynthesis. We get a decline in carbon loss
during nighttime respiration. We also get a decline in
total water use, and all this translates into an increase in
grain yield which is the useful portion of the plant with
rice.

We grew a wheat crop, two varieties of wheat, across a
CO, gradient from well below what it was in pre-
industrial times, up to what it is now. And we found
that both of those varieties increased their yield by a
factor of three.

Earlier, we did an experiment with oats. At the time we
took the oats out, then we did measure the biomass, the
total increase in stem and leaf weight and so on. It was
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DR. BRUCE KIMBALL.:
US Waier Conservation Laboratory,
USDA

DR. ALLEN:

NARRATOR:

DR. MARY BRAKKE:

Agronomy Department
University of Florida

on the same order of increase as we found with the
wheat.

A world in which the CO, concentration has doubled is
one in which the plants will enjoy it a lot more. They
have been, in effect, eating the CO, out of the air for a
long time and they’re rather starved for CO,. So the

plants are really going to like this high CO, world that
we’re going into now.

The increase in atmospheric CO, is a benefit that will
occur around the globe, regardless of where you're
located. There’ll always be some benefit for somebody,
for everybody perhaps.

"WATER-USE EFFICIENCY"

Enriched levels of atmospheric carbon dioxide not only
enhance plant growth, but they also make plants more
water efficient. In fact, a doubling of CO, would also
double most plants’ water use efficiency.

Plants exposed to higher levels of CO, do not open the
stomates, or pores, in the leaves as widely as when there
is less CO, in the air. And the smaller the openings, the
less water is lost by evaporation into the atmosphere.

But what does this imply?

The idea of increased water use efficiency for citrus is
very, very positive and it’s a good sign for areas such as
Florida which are facing severe reductions in the water
use for agricultural purposes, even at present.
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DR. ALLEN:

In areas that are irrigated we expect there to be maybe
40 percent, at least 40 percent greater productivity per
unit of water applied. This could lead to either greater
areas being irrigated, but more likely to a very nice
increase in crop yield with no further inputs into the
agricultural system.
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NARRATOR:

DR. GERD-RAINER WEBER:

German National Coal Association

DR. LINDZEN:

"COMPUTER SIMULATIONS"

This real-world evidence of CO,’s positive effects has
been challenged over the years by theoretical computer
models. Some of these models say that the earth is
warming to a frightening degree due to the man-made
"greenhouse effect’ — a phenomenon in which CO,, plus
harmful greenhouse gases, trap the heat escaping into
the atmosphere and send it back to earth.

The models say. that this will cause the polar icecaps to
melt, drought to grip the heartland of the U.S., and
superstorms to ravage the planet. But are these models
accurate? What role does CO, play? Has there actually

been any global warming? What are the computer
simulations trying to do?

What computer models are doing is they are trying to
simulate the physics and the chemistry that is going on
in our atmosphere. However, the chemistry and the
physics are so complex that even if we knew all the
processes that have a bearing on climate, it would be
very hard to model it, to simulate it, with a set of
physical or chemical equations.

The same models that, for instance, predict 5 degrees
for a doubling are predicting we should have seen 2
degrees or at least one degree Centigrade in the last
century. Nobody claims we’ve seen anything more than
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DR. WEBER:

DR. LINDZEN:

about a half degree. The number often centers on
something a little smaller than that. And that is overtly
inconsistent with the models. Moreover, there is
virtually no one who believes that the half degree is due
to greenhouse gases, because climate has always varied
by itself without man’s intervention.

So the reality falls about at least 50 percent short of
what the models predict. Now this is really one of the
major issues. We simply don’t see, at this point, the
warming the models predict.

It's garbage in, garbage out. If you put in a bad
parameterization, if you put in inadequate resolution,
you do not have credible answers coming out. It’s not
as though I would believe the models if they only gave
me that it would get colder. There’s no basis for
believing them.
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Laboratorv of Tree Ring Research,
USDA
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"TREES AND ANCIENT FORESTS" -

Trees account for about three-quarters of all
photosynthesis done by land plants, and two-thirds of all
photosynthesis done globally. What effect will a
doubling of CO, have on them?

Part of the answer comes from an experiment being
conducted with sour orange trees and another part from
Bristlecone pines — the oldest living organisms in the
world.

We're here at eleven thousand feet in the White
Mountains of eastern California to discuss the growth of
Bristlecone pine. It has shown some phenomenal
increases in the past one hundred years or so, that we
can’t attribute to temperature or to precipitation. We
think that the increasing carbon dioxide may have had
a very important effect on this growth.

The experiment that we have been conducting here for
four years deals with growing sour orange trees under
normal conditions of atmospheric CO, concentration.
And then, where the CO, content of the air has been
enriched to an approximate doubling, not quite a
doubling, of the current concentration.

And we have followed these trees, as I said, for about
four years now, and the enriched trees have almost
tripled their biomass. That is they have grown
approximately three times faster than the trees growing
in normal air.
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DR. IDSO:

DR. GRAYBILL:

Most recently we have put in several new chambers,
where we are looking at five other species of trees. We
are looking at them under a range of CO,
concentrations that actually go far above what we have
looked at with the large sour orange trees over the past
few years. And we find that these other trees appear to
respond exactly the same way as the sour orange trees
to atmospheric CO, enrichment. And as the CO,
content continues to rise beyond what we’ve looked at
in the past, the response seems to be linear. It
continues to go up and up and up.

We have gone out to a level of twelve hundred parts per
million of CO, and there seems to be no drop off in the
response. It means that we may have way more than a
tripling of the growth of these trees. A quadrupling.
Maybe five or six times more. It’s absolutely incredible.

If carbon dioxide levels continue to increase, and it is
critical to the growth of plants (as we know it is) then
we might well begin to see increases in productivity —
forest productivity, wood production — as we go down
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DR. IDSO:

NARRATOR:

the mountainside, as carbon dioxide levels increase.
And again, we might see increased efficiency in use of
water in those forests as well. This might have another
ramification in that, over large areas, we might see a
surplus of water over time.

As the CO, content of the air continues to rise in the
future, the planet’s trees will become more and more
stimulated. That is they will grow at greater and greater
rates. And as they do this, they will extract more and
more CO, from the atmosphere. As time goes on and
their growth rates are doubled or tripled or even
quadrupled, which is a real likelihood as far as our
experiments indicate, you will have so much CO, being
removed from the atmosphere, that there will come a
point where the CO, content of the atmosphere will rise
no further, because the trees of the planet will be yearly
extracting as much CO, from the atmosphere as
mankind yearly puts into it.

"WETLANDS"

Since 1986, the Smithsonian Institution in Washington,
D.C. has sponsored research into the effects of enriched
levels of CO, on marshland plants. Co-sponsored by the
U.S. Department of Energy, these experiments are being
conducted near the Chesapeake Bay in Edgewater,
Maryland.

In this field, plants are growing in open-topped
chambers. Some are being exposed to twice today’s
level of CO,. For comparison, others are growing in
chambers with current levels of CO,. Both C; and C,
plants are being studied.

C; plants comprise about 95 percent of all plant species
on earth, and the enriched C, plants react very
positively. They take in more CO, during the day and
release less at night. They don’t decay as quickly. They
increase their growth rate dramatically, both above
ground and below it. They use water more efficiently
and they use less of it.



THE GREENING OF PLANET EARTH

PAGE 12




THE GREENING OF PLANET EARTH

PAGE 13

NARRATOR:

"THE FUTURE"

What does the future hold? In great measure, it holds
a variety of questions:

Questions about the wholesale destruction of our
tropical rain forests, about becoming the most efficient
energy users we can, and questions about how we intend
to feed our exploding global population.

In addition to these questions, however, the future also
holds great promise. And contributing to this promise
is the positive effect that carbon dioxide has on our
world.

As we have seen, enriched levels of CO, in the air
greatly enhance growth and water use efficiency in
almost all the world’s vegetation. Crop plants will
continue to grow more productively, contributing ever
greater supplies of food. Forests will extend their
ranges, grasses will grow where none grow now, and
great tracts of barren land will be reclaimed.

In fact, it is not inconceivable that the vitality of our
entire biosphere could rise by a full order of magnitude
over next few centuries to a new greening of planet
earth.

END
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- gummary

The biosphere Is now responding and will continue to respond to Increased CO2. The
responses are potentially important and certainly worthy of further study. They will almost
certainly, however, be much more modest than the dramatic greening of the earth presented in
the video.

The video makes a number of valld points and a number of unjustified arguments. Below
Is_ a summary of both kinds of conciusions, followed by a more detalled analysis of each.

- Summary of Valld Points
«. Increasing COz2 Is a reality, and the increases are very likely to continue,

. Direct effects of CO2 on the blospheré are potentlally Important and probably deserve a
level of emphasis comparable to that Invested in studying effects mediated through climate
change.

. Most plants respond to Increasing CO2 with modest increases in photosynthesis and
growth, but only under some conditions.

. Increased COz tends to lead to modest Increases In water use efficiency, and these may lead
to increased plant production in dry habltats, including extensions In the ranges of some
spacies. '

Summary of Unjustified Conclusions and Errors

. The video argues that Increased CO2 may Iead to dramatic Increases in the productivity of
agricultural and natural ecosystems. Actual increases are likely to be much more modest
and perhaps Insignificant. In general, the production increases resulting from elevated
COp in controlied environment studles (lypically 30 - 40 %) probably represent the
upper range of responses in agricultural and natural ecosystems.

J The video puts little emphasis on factors, other than COg, that limit plant production. In
both agricuttural and natural ecosystems, production Increases resulting from increased
COg are limited, both by the characteristics of Individual plant species and by the
avallabliity of light, water, and mineral nutrients, which are the other resources
required for plant growth,
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The video argues that production will increase so much that the rate of carbon storage In
the biosphere will eventually equal the rate of emission from anthropogenic effects. The
video falls to distinguish betwean the controls on ¢arbon fixation and carbon storage.
Nelther terrestrial nor ocean ecosystems can dramatically increase carbon storage,
because neither has sufficlent available mineral nutrients to allow large increases In
storage.

The video argues that rings of high-altitude trees and the increasing seasonal cycle In
atmogpheric COg2 demonstrate that the biosphere ls already responding 1o elevated CO2. In
fact, results of the tree-ring studies are controversial, and the Increasing seasonal cycle
Is oonsistent with other explanations.

The video takes an unjustifiably skeptical perspective on the role of atmospheric CO2 In
climate change
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“The Greening of Planet Earth: The Effects of Carbon Dioxide on the Blosphere” develops
the argument, at a level accassible to non-sclentists, that increasing atmospheric carbon
dioxide (COg) is and will continue to be & major benefit, stimulating plant growth, increasing
agricultural production, and vegetating the deseris. The basic biology that forms the video's
starting point Is largely correct. COg is the primary substrate for photosynthesis and hence for
plant growth, and photosynthesis or CO2 uptake in most plants does increase In response to
increased CO2. These basic facts underlie tha potential that global plant productivity will rise
with Increases In the CO2 concentration In the atmosphere. The video builds on these basic facts
by presenting a number of exparimental and theoretical results indicating signlificant yield
increases In response to elevated CO2.  These results are the work of respected sclentists, and
most have been published in the peer-reviewed llterature.

Does this mean that elevated CO2 will lead 1o the video's dramatic greening of the planet
Earth? Certainly not. While many of the video's technical points are correct, most of the
conclusions drawn trom them reprasent extrapolations that not only reach well beyond the
avallable data but aiso ighore a number of well-understood and clearly-documented processes
that are acting and will continue to act to limit the biosphere's response 1o Increasing
atmospheric CO2. ' .

Analysis of Valid Points

1) The Reality of Increasing CO32: The concentration of COz in the atmosphere Is clearly
increasing. It is currently higher that it has been for the last 160,000 years, about 25%
higher than It was at the start of the Industrial Revolution. The recent Increase has been driven
by fossil fugl combustion and deforestation. Growth of human populations and economic
davelopment will continue to exerl strong pressure for further Increases, unless governments
act to limit COp emissions. Tha video Is Justified in making the paint that increased atmospheric
CO» is a fact, while it s not yet possible to categorically prove that increased concentrations of
CO> and other greenhouse gases have or will ever cause significant changes in the global climate.

2) Direct CQ2 Effects on the Biosphere Deserve Focus: To date, the public attention,
scientiflc discussion, and research funding conceming increasing atmospheric COz have
emphasized predicted changes In global climate rather than direct effects on the biosphere. This
emphasls is unfortunate, both bacause direct effects of CO2 on the biosphere are virtually
certaln and because the potential Impacts of direct and climate-mediated effects on the biosphere
are potentlally comparable in magnitude. If the video had stopped short of unjustified
extrapolation, it could make a contribution in shifting attention on COz to & more balanced
emphasis on lts role in both climate change and direct effects on the blosphere.

3) Yield Increases are a Real Possibility: Several of the researchers who appear on
the video describe results of emplrical and modeling studies indicating that doubling
atmospheric COp can increase ylelds of agricultural crops up 10 30 - 40 %. | consider
responses of this magnltude typlcal of responses reported In the peer-reviewed Iiterature for
growth chamber, greenhouse, and open-top chamber studles. Of the two published studies on
natural ecosystems, one reported somewhat larger and the other reported smaller increases In
production. Ona Imporant fealure of many of the sltudies using controlled environments is that
the cultural conditions, especlally nutrignt avallability and planting denslty, were adjusted to
encourage the maximum response to increased CO2. In commercial agriculiural systems and In
natural ecosystems, the COgz responses of production will tend o be less.
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4) Range Extensions Into Drier Sites are a Real Possibility: The video argues that
Increased water use efficiency (growth or photosynthesis per unit ef water used) resulting -
from elovated CO2 will allow plants to extend their ranges Into drier reglons. This possibility . -
has not been studied emplrically, but it Is reasonable and potentially important. Realized
increases in water use efficlency will probably tend to be relatively small, however, and are
more likely to result in changes In the abundance of plants already on a site than In the invasion
of whole new ecosystems. Factors like decreased soll moisture associated with global warming
and constraints of energy balance on water use will tend to minimize increases In water use
efflolenoy. '

Analysis of Unjustified Conclusions and Errors

The video's unfounded or Incorrect conciusions all result from unjustified extrapolation
of valid empirical and theoretical results. Three classes of misinterpretation underlie most of
the errors. These are (1) a fallure to recognize the full range of production limiting factors In
agricultural and natural ecosystems, (2) a failure o distinguish carbon fixation from carbon |
storage in terms of consequences for the atmosphere, and (3) an unjustifiably extreme
skepticlsm about greenhouse-gas Induced climate change. In addition, the video makes a
misteading analysis of evidence consistent with current responses of the blosphere to elevated
€Oz, and it fails to mentlon potentlally important probiems that may result from direct
responsas of the blosphere to increased atmospheric CO2. Below, | consider each of these points
in more detall.

1) Production-limiting factors In agricultural and naturai- ecosystems: Several
speakers on the video report production increases of 30 - 40 % in agricultural specles exposed
to doubled CO2. One speaker reports much larger Increases in sour orange trees. In commercial
greenhouses, production increases of 30 - 40 % are common, and increases in this range are
likely to be possible In fleld crops, especially when planting densities are low. The much larger
responses discussed In the video are possible under experimental conditions, but are unllkely
under commercial or natural conditions. The video's extrapolation from the modest yleld
Increases discussed by most of the speakers to suggestions about two-fold increases In water use
efficlency and several-fold Increases in the production of natural ecosystems Is very tenuous.

it soems to be based on the assumptlon that since trees dominate the production of the

terrestrial biosphere, then the CO2 responses of experimental trees In pots should be used to
project the CO2 responses of natural ecosystems. The crilical Issue in developing extensions
from experimantal to natural ecosystems Is not the stature of the plants, but the ability of
Individual specles to respond and the status of the habltat with respect 1o water, mineral
nutrlents, and light, the other resources (in addition to CQ2) required for plant growth. Most
natural ecosystems are characterized by plant species uniikely to have high potential to
accelerate growth and resource avallabilities that will tend 1o make them no more than modestly
responsive 1o elevated CO2.

All plants need light, water, mineral nutrients, and COz2 10 grow. When they use all of
the avallable pool of any of these resources, growth stops. Elevated CO2 can increase growth
through three mechanisms. When all other resources are abundant, most plants, especially
those wiih the Ca photosynthetic pathway, are carbon limited, and elevated CO2 gives plants the
potentlal to capture more of the avallable pools of the other resources. Elevated CO2 also
increases the efficiency, defined as growth or photosynthesis per unit of resource use, with
which plants can use water, mineral nutrients, and light. In experimental studles, water use
efficlency often Increases by about the same amount as production (30 - 40 %), but
constraints of canopy energy balance will tend to make this effect smaller In the fleld. The
responses of nutrient and light use efficlency are also smaller than the 30 - 40 % range.
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Finally, elevated CO2 can potentially allow plants lo access additional resources, for example
through growing deeper roots or faclliitating biological nitrogen fixation. -

Several factors Indicate that growth responses in the range of 30 - 40 % are probably
higher than the average response In natural ecosystems. First, many laboratory studies
indicate that the blochemical potential for photosynthesis decreases in plants grown under
elevatad CO2. These decreases, perhaps reflecting limits on the plants' abliity to utllize
additional carbohydrate, may constrain ecosystem level-growth responses. Second, Increased
CO3 Is fikely 1o lead to decreased nutrient avallability at the ecosystem level. As plants produce
blomass with a higher ratio of carbon to nitrogen, the dead plant matter becomes more resistant
to decomposition, resulting in a situation in which a larger pool of nutrlents Is bound In
decaying plant matter and less is avallable to support new plant growth. Third, nutrient use
efficiency s probably much less responsive to elevated CQ2 in ocean than in terrestrial
ecosystems, Thus, ocean ecosystems essentlally lack one of the major response mechanisms of
terrestrial ecosystems. It Is unlikely that elevated COg2 will lead to any significant Increase In
the productivity of nutrient-imited ocean ecosystems, or all ocean ecosystems except coastal
zones and high latitude upwelling zonas.

In commerclal agriculture, production increases resulting from elevated COz may be
substantlal, but the in¢crease in economic yleld will often be much smaller. Especlally in forage
crops, whare the priorlty Is on protein production, elevated COg will tend to increase biomass
accumulation while decreasing protein content, such that the total yield in protein per unit area
.of cropland Is largely unaffected by the increased CO2. Where the primary product Is
carbohydrate-rich fruits or tubers, the impact of elevated COz2 ig likely to be larger. Legume
crops may be able to Increase nitrogen fixation under elevated CQg, but only If fertlization with
phosphorus and the other minerals necessary for nitrogen fixatlon is increased.

The video strongly suggests that plant production is likely to continue 1o increase as GO2
levels rise well above two times the current level. The data addressing this point are minimal,
but three factors Indicate that production responsaes will begin to saturate as COp rises above the
amblent level. First, the biochemical response of photosynthesis 1o CO2 is a saturating function.
In plants with the C4 photogynthetic pathway (e.g. corn and sugarcane), photosynthesis is
typically COg saturated at current ambient levels. In planis with the C3 photosynthetic pathway
(90% of all plant species), photosynthesls saturates gradually with elevated COg2, with the
saturation beginning near ambient levels. Second, as Increasing COz leads to Increasing
carbohydrate availability, intrinsic limitations on plants’ abllities to use the carbohydrates are
likely 10 become Increasingly Important. Third, as the availability of carbohydrates continues
to increase, limitations Imposed by other resources will become Increasingly important.

In summary, the CO2 Induced production Increases described by the video clearly occur
under some conditions. The range of these conditions Is a matter of scientific uncertainty, but a
number of well established principles indicate that the production responses in natural
ecosystems will usually be smaller than the 30 - 40 % discussed by the video and certainly
smalier than the 3-fold to 10-fold suggested In the video's final minutes.

2) Carbon fixatlon vs. carbon storage: Rasults of only two studles on the responses of
natural ecosystems to elevated CO2 have been published, making generalization very difficult at
this point. There s, however, no doubt that the video makes a serious arror In suggesting that
Increasing CO2 will increase the rate of carbon storage In the blosphere up to the point at which
the blosphere stores all of the anthropogenic CO2, stabllizing the CO2 concentration In the
atmosphere. The limitations on the magnitude of the production response of natural ecosystems
(discussed above) will tend to limit increases In the rate of carbon storage. More Important,



however, Increasing carbon fixation does not necessarily lead to increases in oarbon storage. |f
decomposition or carbon loss Increases at the same rate as carbon fixation, carbon storage
remains unchanged. : )

In examining the likely responses of carbon storage to increased CO2, three Issues are
critical. Flrst, the biosphere has a very limited capacity to sequester carbon without also
sequestering nulrients such as nitrogen and phosphorus. The capacity to sequester carbon
without nutrients Is effectively zero In terrestrial ecosystems and Is very small in ocean
gcosystems. If carbon storage occurs, It will lead to nutrient depletion, and nutrient deplstion
tends to limit production. If the limiting nutrlent is already completely utilized (as Is the case
in most ocean and many terrestrial acosystems) the capacity for Increased carbon storage s
limited to the change In nutrient use efficiency (usually 20% or less). Storing one unit of
carbon In soil organic matter entalls also storing 0.1-0.2 units of nitrogen, while storing the
same amount of carbon in stems or wood requires losing 0.02 - 0.01 units of nitrogen from
circulation. Nitrogen fixation may Increase under elevated CO2, but biclogical fixation of one
unit of nitrogen releases approximately the same amount of carbon as could be stored with that
unit of nitrogen In the soil. industrial nitrogen fixatlon based on fossil fuel Is comparable in
efficlency, with the carbon release required to drive the process approximately equal 1o the
carbon that the could be stored with the nitrogen as soll organic matter. In summary, increases
in carbon storage In the blosphere as a result of increased atmospheric CO2 will almost
centainly be modest, bacause nutrient avallabllity places an upper limit on potential storage.

Second, the response of decomposition to increased atmospheric CO2 will depend on
soveral factors, and the overall direction of the change is likely to differ among ecosystems.
Increases In the carbon content of plant litter will tend to slow decomposition, but Increased soll
molsture (a possible result of increased water use efficlency), increased temperature, and
increased root allocation will all tend to increase decompasition. incraases In the size of the
pool of decomposing material will also tend increase the amount of material decomposed per unit
of time and will insure that the pool of stored carbon cannot Increase Indefinitely.

Third, as discussed above, biosphere responses are very likely to saturate with respect
to COp as concentrations rise higher and higher. In contrast o the video's description of the
blosphere as an ever Increasing carbon sink, it is much more likely that Increases In the size of
the carbon pool in the biosphere will act as negative feedbacks on the annual Increment,
potentially increasing the fraction of the anthropogenic CO2 that remains in the atmosphere.

3) Greenhouse-gas Induced climate change: The atmosphere Is complex and
incompletely understood, but the video's emphasls on the uncertainty concerning the role of CO2
in climate change is an extreme position In no way representative of a current sclentific
consensus on this Issue. The IPCC (Intergovernmental Panel on Climate Change) prediction of a
1.5 - 4 °C global warming resulting from a doubling of atmoespheric CO2 is closer to a consensus
position. Recent data indicating that changes In ozone and sulfate aerosols have offset some of the
radiative forcing due to to CO2 help explain why the evidence for recent warming is
inconclusive.

The prediction that increased atmospheric CO2 will isad fo some global wamming Is, in
my oplnlon, much more likely to be correct than indicated by the speakers on the video. The
baslc physical principles underlying the greenhouse effect are quite simple and broadly
accepted. The earth must maintaln energy balance. If more solar radiation is absorbed, then the
temperature must Increase untll reradlation to space increases enough to compensate for the
increased absorption. The uncertaintles concern other processes with the potential to either
amplify or suppress the Initlal response to CO2. Quantitatively, the most imponant of these Is a
water vapor feedback. Increased temperature should lead 1o increased water vapor In the air,
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and, since water vapor s a potent greenhouse gas, increased water vapor shoulkd amplify the
tendency toward warming. On the other hand, Increased water vapor could lead to increased
cloudiness, and clouds may either amplify or suppress the greenhouse effact, depending on thelr
structure and location. Recent satellite data Indicate that the water vapor feedback tends to
amplify CO2 inducad warming, as predicted by most of the climate models. -

The video_argues that increased atmospheric COz Is likely to increase the emission of
DMS and other sulfur compounds from ocean and terrestrial ecosystems and that these
compounds should offset global warming or sven produce a future cooling. This argument Is
probably incorrect. Ocean photosynthesls Is rarely carbon limited (as discussed above) and It
Is unlikely that elevated CO2 would stimulate DMS emissions if It fails to stimulate
photosynthesis. Increased COp shouid produce some stimulation of terrestrial photosynthesis,
but the consequences of this for sulfate aerosol formation and cloud reflectivity are unclear,
especially since cloud condensation nuclel are much more abundant over land than over the
O0BANS.

More remains to ba learned about the role of CO2 in gioba! warming, but a modest
warming resulting from a COp doubling Is lkely enough that it should be considered In any
serious evaluation of the CO2 issue. Research designed to identify and reduce the uncerlainties

In global ¢limate models, for example EPRI's MECCA program, should continue to narrow the
uncertainty in the coming years.

4) Evidence of current blosphere responses to elevated COz: The video argues that
two kinds of data, (1) recent increases in the width of tree rings from high altitude trees and
(2) racent Increases In the amplitude of the seasonal cycle in the atmospherlc CO2
concentration can be attributed only 1o Increased plant growth resulting from incrgased CO2.
Nelther argument is sound. With the high altitude tree ring studies, the analysis I8 simply
unclear. Some studles indicate that all the patterns appear 10 be conslstent with responses to
climate while others find evidence for a pattern not explained by climate and perhaps due to
increased CO2. The recant change in the amplitude of the seasonal cycle In the almosphere is
consistent with increased plant production, but it Is also consistent with a small change in
seasonality.

5) Other problems: Direct effects of COz on the biosphere may result In a number of
problems. These include changes in the nutritional value of crops, Increased aggressiveness of
weads with the Ca (CO2 sensitive) photosynthetic pathway in crops with the C4 (CO2
Insensltive) photosynthetic pathway (e.g. corn and sugarcane), increagsed crop losses to
herbivores, and changes In species composition resulling in the disappearance or decreased
abundance of deslrable species.



Editorial Forum

Atmospheric Carbon Dioxide: A Plant Fertilizer?

Boyd R. Strain

Horticulturists and greenhouse managers have
long known that increasing the carbon dioxide concen-
tration in greenhouses would give larger plants with
more and larger flowers and more crop yield.! Twenty
years ago, agronomists speculated from field experi-
ments and simulation modeling’ that enriching the
atmosphere around crops in the field would give a
fertilizer effect, causing more plant growth and greater
crop yield. Recent measurements® with citrus trees
suggest that a doubling or tripling of tree growth might
be brought about with a doubling of the atmospheric
concentration of carbon dioxide. All of these observa-
tions were made under controlled agricultural condi-
tions in which all other environmental requirements
were maintained at optimal levels. In other words,
when temperature, light, soil water, and mineral fertil-
izers are present in optimal ranges and when plants are
not suffering from disease, weed competition, or her-
bivory, adding carbon dioxide to the atmosphere gener-
ally increases plant growth and crop yield.

Realizing that the global atmosphere is steadily
increasing in carbon dioxide and believing that the gas
has the properties of a plant fertilizer, some individuals
have proposed that this increase is a good thing. They
suggest that we should not be concerned about carbon
dioxide enhancement because the fertilization effect is
going to help us feed the increasing human population.
This argument is usually offered with expressions of
doubt that such increases in carbon dioxide will result
in significant global warming. The purveyors of this
idea argue that if the greenhouse effect were going to
occur the thermal effect of the 25% increase observed
in carbon dioxide concentration during the past cen-
tury would be detectable in the global climate record.
We have all been treated to the pros and cons of this
argument in the pages of our scientific journals and
more frequently in the popular press. Newspapers,
news magazines, television commentators, and popular
movie idols have all entered into the fray. Is it any
wonder that our legislators and citizens remain in a
state of uncertainty and confusion?

Let us consider the evidence that atmospheric
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carbon dioxide might, under average agricultural field
conditions, serve as a fertilizer and stimulate plant
growth. An extensive review of the literature* disclosed
that much of the evidence for large increases (> 80%)
in carbon fixation from a doubling of carbon dioxide
concentration comes from short-term measurements of
net photosynthesis rates. The few long-term experi-
ments that have been made of total plant growth and
economic crop yield indicate that a doubling of carbon
dioxide would increase economic crop yield in ten of
the world’s leading crops by an average of 30%. This
discovery led to my statement’ that some fraction (2.5
to 10%) of the increases in crop yield realized in this
century could have been due to carbon dioxide fertiliza-
tion rather than to genetic improvement and the
application of mineral fertilizers and pesticides.

One possible complication that must be taken into
account in estimating future agricultural productivity is
that plants require a balanced supply of essential
mineral elements from the soil (e.g., nitrogen, phospho-
rus, sulfur, calcium, iron, and many others) to maintain
maximum growth rates. If the atmosphere is supple-
mented with carbon dioxide but the soil fertility is not
raised, plant tissues will become carbon rich but the
maximum possible growth response will not occur
because of mineral nutrient limitations. Agriculturists
in developed countries may have the means to add the
required soil fertilizers but third-world farmers will
experience new problems in maintaining yields. Like-
wise, rangeland and forest managers may not observe
significant growth increases because available nutri-
ents become incorporated into plant and litter material
and are not recycled in rates sufficient to meet the
demand resulting from the carbon fertilization. The
ecological recycling of mineral nutrients requires fun-

'Enoch HZ, Kimball BA'(eds) (1986): Carbon Dioxide Enrichment
of Greenhouse Crops. 2 Vol, Boca Raton. FL, CRC Press.

*Allen LH Jr, Jensen SE, Lemon ER (1971): Plant response to
carbon dioxide enrichment under field conditions: a simulation.
Science 173:256-258.

‘Idso SB, Kimball BA, Allen SG (1991): CO, enrichment of sour
orange trees: 2.5 years into a long-term experiment. Plant Cell
Environ 14:351-353.

*Cure JD, Acock B (1986): Crop responses to carbon dioxide
doubling: a literature survey. Agric Forest Meterol 38:127-143,

*Strain BR, Cure JD (1985): Direct effects of increasing carbon
dioxide on vegetation. US DOE/ER-0238. Springfield, VA, Nati
Tech Info Ser, US Dept Comm, p xvii.
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gal and bacterial decomposition of dead plant materi-
als. If these materials have high carbon to protein
(C/N) ratios microbial decomposers may be inhibited
and the rate of elemental recycling may decline. At
current rates of nitrogen and phosphorus addition in
agricultural and urban settings we are experiencing
ground and surface water pollution. It must be as-
sumed that these pollution problems would be intensi-
fied if it became necessary to increase the concentra-
tions, or rates of application, of soil fertilizers. The
expense of food production would increase if nitrogen
and phosphorus demands were to escalate. Since both
nitrogen and phosphorus fertilizer production are
energy intensive industries, one may also predict that
the energy requirement of intensive agriculture will
increase.

Another positive benefit from carbon dioxide en-
hancement has been suggested by observations that
plants lose less water by transpiration when they are
growing in atmospheres containing increased carbon

dioxide. This is because the stomatal pores in the.

epidermis of plant leaves, through which water vapor is
lost to the atmosphere by transpiration, are partially
constricted in the presence of high concentrations of
carbon dioxide. It is frequently observed, in fact, that a
doubling of atmospheric carbon dioxide can halve the
conductance of water vapor through the stomatal
pores. With more carbon fixed from increasing net
photosynthesis but decreasing water lost by transpira-
tion, the water-use-efficiency (WUE) ratio (CO, fixed
in photosynthesis/H.O lost in transpiration) increases.
Thus, it has been speculated that crop water use would
decrease, with the plants requiring less irrigation water
in irrigated fields and less soil water in dry-land
agriculture. On the other hand, it has been pointed out
that most crops produce greater leaf area under high
carbon dioxide concentrations and that greater leaf
area per plant would consume the water saved by
increasing WUE. The interaction between tempera-
ture, precipitation, and atmospheric humidity drives
evaporation and transpiration, so this issue will remain
unresolved until future climates can be more accu-
rately predicted. '

It is clear that plant species and varieties respond
differentially to carbon dioxide increase.’® In fact, plants
respond in differential fashion to essentially any envi-
ronmental change. In the case of carbon dioxide, plants
with the carbon-three (C-3) photosynthetic pathway
(most vascular plants of the world) increase in photo-
synthesis and growth up to at least double the current

*Lemon ER (ed) (1983): CO, and plants: The Response of Plants to
Rising Levels of Atmospheric CO,. Boulder, CO, Westview
Press.
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atmospheric carbon dioxide concentration if other
potentially limiting resources remain available. Carbon-
four (C-4) pathway plants (some important crops,
including corn and sorghum, and some aggressive
weeds, including Johnson grass) are nearly carbon
dioxide saturated at the current atmospheric carbon
dioxide concentration. Thus, we can predict that C-3
crops and weeds will be stimulated by carbon dioxide
enhancement while C-4 crops and weeds will be less
stimulated. Thus, while C-3 weeds will be more of an
agricultural problem in the future C-4 weeds may
decrease in importance. Likewise, C-3 crops (e.g.,
wheat, rice, barley, soybean, cotton) may experience
significant gains while C-4 crops (e.g., corn, sorghum,
sugar cane) may not be so stimulated. As stated above,
however, the degree of stimulation will be dependent
on other environmental factors remaining optimal for
the new carbon dioxide level. It is probable that
agriculturists will seek to optimize future productivity
by selecting the most responsive varieties and species
dependent upon the overall environmental conditions
realized in their area.

In addition to the argument that more atmospheric
carbon dioxide will be beneficial and therefore fossil
fuel releases do not have to be restrained, some
individuals maintain that restraints on fossil fuel con-
sumption may not have to be applied because carbon is
sequestered in forests and other carbon storing ecosys-
tems (e.g., peatlands). It has been estimated that the
rate of carbon dioxide enrichment of the global atmo-
sphere could be slowed by the extensive planting of
trees.” The hope is that, when the current rates of
carbon fixation are supplemented with carbon fertiliza-
tion due to atmospheric enrichment with carbon diox-
ide, much of the carbon dioxide will be scrubbed from
the atmosphere and stored in wood. The concept is
even being applied commercially by the Applied En-
ergy Services utility company, which plans to reforest
400 square miles of degraded tropical forest in Guate-
mala with the aim of exactly compensating for the
estimated 15.5 billion tons of carbon that will be
emitted during the 40-year life time of a new power
plant the company is constructing in Connecticut.

Ecologists pointed out several years ago,® however,
that biological productivity in unmanaged ecosystems
is limited by the natural recycling of mineral elements
in conjunction with periodic physical environmental
stresses (e.g., high and low temperature, drought,

Myers N (1991): Trees by the billions: A blueprint for cooling.
Internat Wildlife (Sept-Oct):12-15.

*Strain BR, Bazzaz FA (1983): Terrestrial plant communities. In
Lemon ER (ed) CO, and Plants: The Response of Plants to
Rising Levels of Atmospheric CO,. Boulder, CO, Westview
Press, pp 172-222.



salinity, insufficient or excess light) and biological
stresses (e.g., herbivory, parasitism, competition). Oc-
casional catastrophic events, such as hurricanes, floods,
and epidemic herbivory or disease in many tropical
ecosystems and drought, fire, and erosion in temperate
ecosystems, occur with sufficient frequency to reduce
net ecosystem productivity and the potential of ecosys-
tems to sequester carbon over the long term. For the
Guatemalan forest to do its part it will have to
sequester carbon at an average annual rate of almost
1000 tons per square mile per year for 40 uninterrupted
years. Although this rate is only 0.4 of estimated
maximum tropical forest sequestration rates, it is
probable that the degraded state of the land to be
reforested in Guatemala will prevent the required rate
of carbon storage. It must also be realized that carbon
sequestration only occurs in young and recovering
forests. Mature forests, like mature people, reach a
steady state of growth at which carbon intake equals
carbon loss on an annual basis. Thus, the millions of
square miles that would be required to sequester a
significant portion of the annual global carbon dioxide
injection would only have a temporary scrubbing effect.
Once the forests became mature it would be necessary
to harvest the trees and to plant new forests to
maintain sequestration. Of course, the timber could
not be used for firewood or short-term paper products.
It would be necessary to save all of the organic matter
produced by the forest and to keep it locked up forever
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to prevent it from reentering the atmosphere as carbon
dioxide.

On the basis of the evidence now available 1
conclude that although carbon dioxide is definitely a
plant fertilizer and humans may ultimately benefit
from some increase in the concentration of the gas in
the atmosphere, the accelerating rate of change pre-
dicted to occur if fossil fuel consumption continues to
grow unabated may not be tolerable. It will obviously
require a certain amount of time for the effects of the
carbon dioxide increase on plant growth to be incorpo-
rated into the agricultural technology of developed
countries but, at current or reduced rates of injection, I
believe such adjustments will be possible. However, the
agricultural systems of third-world countries or the
ecological systems of non-agricultural regions of the
earth cannot accomodate the current rate of injection.
These non-managed areas will undergo significant
ecological modification if restrictions are not applied to
future carbon dioxide injection rates. Carbon sequestra-
tion as a result of tree planting will not be important in
reducing carbon dioxide concentrations in the long
term. In the short term, tree planting will undoubtedly
be beneficial in terms of decreased erosion and de-
creased mineral nutrient loss to the rivers and oceans.
For the longer term, in addition to fossil fuel conserva-
tion, the development of non-carbon energy alterna-
tives will be essential both to reduce the risk of global
warming and to prevent over-fertilization of plant
crops.
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Editorial Forum

Atmospheric Carbon Dioxide: A Plant Fertilizer?

Boyd R. Strain

Horticulturists and greenhouse managers have
long known that increasing the carbon dioxide concen-
tration in greenhouses would give larger plants with
more and larger flowers and more crop yield.' Twenty
years ago, agronomists speculated from field experi-
ments and simulation modeling’ that enriching the
atmosphere around crops in the field would give a
fertilizer effect, causing more plant growth and greater
crop yield. Recent measurements’ with citrus trees
suggest that a doubling or tripling of tree growth might
be brought about with a doubling of the atmospheric
concentration of carbon dioxide. All of these observa-
tions were made under controlled agricultural condi-
tions in which all other environmental requirements
were maintained at optimal levels. In other words,
when temperature, light, soil water, and mineral fertil-
izers are present in optimal ranges and when plants are

‘not suffering from disease, weed competition, or her-

bivory, adding carbon dioxide to the atmosphere gener-
ally increases plant growth and crop yield.

Realizing that the global atmosphere is steadily
increasing in carbon dioxide and believing that the gas
has the properties of a plant fertilizer, some individuals
have proposed that this increase is a good thing. They
suggest that we should not be concerned about carbon
dioxide enhancement because the fertilization effect is
going to help us feed the increasing human population.
This argument is usually offered with expressions of
doubt that such increases in carbon dioxide will result
in significant global warming. The purveyors of this
idea argue that if the greenhouse effect were going to
occur the thermal effect of the 25% increase observed
in carbon dioxide concentration during the past cen-
tury would be detectable in the global climate record.
We have all been treated to the pros and cons of this
argument in the pages of our scientific journals and
more frequently in the popular press. Newspapers,
news magazines, television commentators, and popular
movie idols have all entered into the fray. Is it any
wonder that our legislators and citizens remain in a
state of uncertainty and confusion?

Let us consider the evidence that atmospheric
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carbon dioxide might, under average agricultural field
conditions, serve as a fertilizer and stimulate plant
growth. An extensive review of the literature* disclosed
that much of the evidence for large increases (> 80%)
in carbon fixation from a doubling of carbon dioxide
concentration comes from short-term measurements of
net photosynthesis rates. The few long-term experi-
ments that have been made of total plant growth and
economic crop yield indicate that a doubling of carbon
dioxide would increase economic crop yield in ten of
the world’s leading crops by an average of 30%. This
discovery led to my statement’ that some fraction (2.5
to 10%) of the increases in crop yield realized in this
century could have been due to carbon dioxide fertiliza-
tion rather than to genetic improvement and the
application of mineral fertilizers and pesticides.

One possible complication that must be taken into
account in estimating future agricultural productivity is
that plants require a balanced supply of essential
mineral elements from the soil (e.g., nitrogen, phospho-
rus, sulfur, calcium, iron, and many others) to maintain
maximum growth rates. If the atmosphere is supple-
mented with carbon dioxide but the soil fertility is not
raised, plant tissues will become carbon rich but the
maximum possible growth response will not occur
because of mineral nutrient limitations. Agriculturists
in developed countries may have the means to add the
required soil fertilizers but third-world farmers will
experience new problems in maintaining yields. Like-
wise, rangeland and forest managers may not observe
significant growth increases because available nutri-
ents become incorporated into plant and litter material
and are not recycled in rates sufficient to meet the
demand resulting from the carbon fertilization. The
ecological recycling of mineral nutrients requires fun-

'Enoch HZ, Kimball BA'(eds) (1986): Carbon Dioxide Enrichment
of Greenhouse Crops. 2 Vol, Boca Raton, FL, CRC Press.

Allen LH Ir, Jensen SE, Lemon ER (1971): Plant response to
carbon dioxide enrichment under field conditions: a simulation.
Science 173:256-258.

*Idso SB, Kimball BA, Allen SG (1991): CO. enrichment of sour
orange trees: 2.5 years into a long-term experiment. Plant Cell
Environ 14:351-353.

“Cure JD, Acock B (1986): Crop responses to carbon dioxide
doubling: a literature survey. Agric Forest Meterol 38:127-145.
*Strain BR, Cure JD (1985): Direct effects of increasing carbon
dioxide on vegetation. US DOE/ER-0238. Springfield, VA, Natl

Tech Info Ser, US Dept Comm, p xvii.
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" gal and bacterial decomposition of dead plant materi-.
‘als. If these materials have high carbon to protein -

(C/N) ratios microbial decomposers may be inhibited

- and the rate of elemental recycling may decline. At
. current rates of nitrogen and phosphorus addition. in

agricultural and urban settings we are experiencing

- ‘ground and surface water pollution. It must bé as-

sumed that these pollution problems would be intensi-
fied if it became necessary to increase the concentra-
tions, or rates of application, of soil fertilizers. The
expense of food production would increase if nitrogen

‘and phosphorus demands were to escalate. Since both

nitrogen and phosphorus fertilizer production are

-energy intensive industries, one may also predict that

the energy requirement of intensive agriculture will
increase. o :
Another positive benefit from carbon dioxide en-
hancement has been suggested by observations that
plants lose less water by transpiration when they are
growing in atmospheres containing increased carbon
dioxide. This is because the stomatal pores in the
epidermis of plant leaves, through which water vapor is
lost to the atmosphere by transpiration, are partially
constricted in the presence of high concentrations of
carbon dioxide. It is frequently observed, in fact, that a
doubling of atmospheric carbon dioxide can halve the
conductance of water vapor through the stomatal
pores. With more carbon fixed from increasing net
photosynthesis but decreasing water lost by transpira-
tion, the water-use-efficiency (WUE) ratio (CO, fixed
in photosynthesis/H.O lost in transpiration) increases.
Thus, it has been speculated that crop water use would
decrease, with the plants requiring less irrigation water
in irrigated fields and less soil water in dry-land
agriculture. On the other hand, it has been pointed out

that most crops produce greater leaf area under high

carbon dioxide concentrations and that greater leaf
area per plant would consume the water saved by
increasing WUE. The interaction between tempera-
ture, precipitation, and atmospheric humidity drives
evaporation and transpiration, so this issue will remain
unresolved until future climates can be more accu-
rately predicted.

It is clear that plant species and varieties respond
differentially to carbon dioxide increase.’ In fact, plants
respond in differential fashion to essentially any envi-
ronmental change. In the case of carbon dioxide, plants
with the carbon-three (C-3) photosynthetic pathway
(most vascular plants of the world) increase in photo-
synthesis and growth up to at least double the current

*Lemon ER (ed) (1983): CO, and plants: The Response of Plants to
Rising Levels of Atmospheric CO,. Boulder, CO, Westview
Press.
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-atmospheric carbon dioxide concentration if other

potentially limiting resources remain available. Carbon-

four (C-4) pathway plants (some important crops,
- including corn and sorghum, and some aggressive

weeds, including Johnson grass) are nearly carbon
dioxide saturated at the current atmospheric carbon
dioxide concentration. Thus, we can predict that C-3
crops and weeds will be stimulated by carbon dioxide
enhancement while C-4 crops and weeds will be less
stimulated. Thus, while C-3 weeds will be more of an
agricultural problem in the future C-4 weeds may
decrease in importance. Likewise, C-3 crops (e.g.,
wheat, rice, barley, soybean, cotton) may experience
significant gains while C-4 crops (e.g., corn, sorghum,
sugar cane) may not be so stimulated. As stated above,
however, the degree of stimulation will be dependent
on other environmental factors remaining optimal for
the new carbon dioxide level. It is probable that
agriculturists will seek to optimize future productivity
by selecting the most responsive varieties and species
dependent upon the overall environmental conditions
realized in their area.

In addition to the argument that more atmospheric
carbon dioxide will be beneficial and therefore fossil
fuel releases do not have to be restrained, some
individuals maintain that restraints on fossil fuel con-
sumption may not have to be applied because carbon is
sequestered in forests and other carbon storing ecosys-
tems (e.g., peatlands). It has been estimated that the
rate of carbon dioxide enrichment of the global atmo-
sphere could be slowed by the extensive planting of
trees.” The hope is that, when the current rates of
carbon fixation are supplemented with carbon fertiliza-
tion due to atmospheric enrichment with carbon diox-
ide, much of the carbon dioxide will be scrubbed from
the atmosphere and stored in wood. The concept is
even being applied commercially by the Applied En-
ergy Services utility company, which plans to reforest
400 square miles of degraded tropical forest in Guate-
mala with the aim of exactly compensating for the
estimated 15.5 billion tons of carbon that will be
emitted during the 40-year life time of a new power
plant the company is constructing in Connecticut.

Ecologists pointed out several years ago,® however,
that biological productivity in unmanaged ecosystems
is limited by the natural recycling of mineral elements
in conjunction with periodic physical environmental
stresses (e.g., high and low temperature, drought,

"Myers N (1991): Trees by the billions: A blueprint for cooling.
Internat Wildlife (Sept-Oct):12-15.

"Strain BR, Bazzaz FA (1983): Terrestrial plant communities. In
Lemon ER (ed) CO, and Plants: The Response of Plants to
Rising Levels of Atmospheric CO,. Boulder, CO, Westview
Press, pp 172-222.



salinity, insufficient or excess light) and biological

stresses (e.g., herbivory, parasitism, competition). Oc-
casional catastrophic events, such as hurricanes, floods,
and epidemic herbivory or disease in many tropical
ecosystems and drought, fire, and erosion in temperate
ecosystems, occur with sufficient frequency to reduce
net ecosystem productivity and the potential of ecosys-
tems to sequester carbon over the long term. For the
Guatemalan forest to do its part it will have to
sequester carbon at an average annual rate of almost
1000 tons per square mile per year for 40 uninterrupted
years. Although this rate is only 0.4 of estimated
maximum tropical forest sequestration rates, it is
probable that the degraded state of the land to be
reforested in Guatemala will prevent the required rate
of carbon storage. It must also be realized that carbon
sequestration only occurs in young and recovering
forests. Mature forests, like mature people, reach a
steady state of growth at which carbon intake equals
carbon loss on an annual basis. Thus, the millions of
square miles that would be required to sequester a
significant portion of the annual global carbon dioxide
injection would only have a temporary scrubbing effect.
Once the forests became mature it would be necessary
to harvest the trees and to plant new forests to
maintain sequestration. Of course, the timber could
not be used for firewood or short-term paper products.
It would be necessary to save all of the organic matter
produced by the forest and to keep it locked up forever
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to prevent it from reentering the atmosphére as carbon

~dioxide.

On the basis of the evidence now available I
conclude that although carbon dioxide is definitely a
plant fertilizer and humans may ultimately benefit
from some increase in the concentration of the gas in
the atmosphere, the accelerating rate of change pre-
dicted to occur if fossil fuel consumption continues to
grow unabated may not be tolerable. It will obviously
require a certain amount of time for the effects of the
carbon dioxide increase on plant growth to be incorpo-
rated into the agricultural technology of developed
countries but, at current or reduced rates of injection, I
believe such adjustments will be possible. However, the
agricultural systems of third-world countries or the
ecological systems of non-agricultural regions of the
earth cannot accomodate the current rate of injection.
These non-managed areas will undergo significant
ecological modification if restrictions are not applied to
future carbon dioxide injection rates. Carbon sequestra-
tion as a result of tree planting will not be important in
reducing carbon. dioxide concentrations in the long
term. In the short term, tree planting will undoubtedly
be beneficial in terms of decreased erosion and de-
creased mineral nutrient loss to the rivers and oceans.
For the longer term, in addition to fossil fuel conserva-
tion, the development of non-carbon energy alterna-
tives will be essential both to reduce the risk of global
warming and to prevent over-fertilization of plant
Crops.
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LANGUAGE: English
MAJOR DESCRIPTORS: *ecology
DESCRIFTORS: changes; greenhouse effect; carbon dioxide; climate;
atmosphere; drought; ozone; soils; plants
SECTION HEADINGS: 22  (Engineering & Envirommental Geology)

3/5/72

01834743 GEOREF NO.: 89-49775 BIBL. INDEX GEOLOGY NO.: 89-43049

TITLE: A problem for paleoclimatology?

AUTHOR(S): Idso, S. B.

CORPORATE SQURCE: U. 8. Water Comserv. Lzb., Phoenixz, AZ, United States

SOURCE: Quaternary Research (New York) wvol. 31 mo. 3 p. 433-434

DATE: 1989

COUNIRY OF PUBLICATION: United States

CODEN: QRESAV 1ISSN: 0033-5894 REFS.: 21

SUBFILE: B

DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic

LANGUAGE: English

MATOR DESCRIPTORS: *paleoclimetology

DESCRIPTORS: methods; interpretation; indicators; plants: carbon dioxide;
palynomorphs; microfossils

SECTION HEADINGS: 24 (Surficiel Geology, Quaternary Geology)

3/5/3
01819415 GEOREF NO.: 89-33608 BIRL. INDEX GEOLOCY NO.: 89-24494
TITLE: Historical temperature trends in the United States and the effect
of urban population growth
AUTHOR(S): Balling, R. C., Jr.; Idso, S. B,
CORPORATE SOURCE: Ariz. State Univ., Dep. Geogr., Tempe, AZ, Tnited
States; T. S. Water Conserv. Lab., United States
SOURCE: Journal of Geophysical Research, D, Atmospheres vol. 94 mno. 3
p. 3359-3363
DATE: 1989
COUNTRY OF PUBLICATION: United States
ISSN: 0747-7309 REFS.: 22
SUBFILE: B
DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic
ILIUSTRATTIONS: 4 tables; sketch maps .
LANGUAGE: English
MAJOR DESCRTPTQRS: #*United States; *ecology
DESCRIPTORS: stratigraphy; Holocene; observations; terrestrial enviromnent;
enviromental geology; land use; ternary; upper Holocene; climate;
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urbanization; conterminous regions; paleoclimatology; uman activity;
temperature; paleotemperature; modern; changes; regression smalysis;
statistical analysis; enviromment

SECTION HEADINGS: 22  (Engineering & Euvirommental Geology) 2%
(Suzficial Geology, ternary Ceology)

3/5/4

01615546 GEOREF NO.: 88 05742 BIBL, TNDEX GEOLOGY NO.: 88-04019

TITLE: Detection of global carbon dioxide effects

AUTHOR(S): 1Idso, S. B. -

CORPORATE SQURCE: TU. S. Water Conserv. Lab., Phoenix, AZ, United States

SOURCE: Nature (Londom) +vol. 329 mno. 6137 p. 293

DATE: 1987 .

COUNTIRY OF PUBLICATION: United Kingdom

CODEN:; NATUAS 1ISSN: 0028-0836

SUBFILE: B

DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic

LANGUAGE: English

MAJOB DESCRIPTORS: *atmosphere; *ecology '

DESCRIPTORS: geochemistry: carbon dioxide; observations; greenhouse effect;
global; seasonal variations

SECTION HEADINGS: 22  (Engineering & Envirommental Geolegy); 02
(Geochemiszry) '

3/5/5

01388671 GEOREF NO.: 85-32598 BIBL. INDEX GEOLOGY NO.: 85-34058

TITLE: Rising atmospheric carbon dioxide concent‘ratn.ons may increase
streanflow

AUTHOR(S): Idso, 8. B.; Brazel, A. J.

CORPORATE SOUTRCE: 0. S Water Counserv. Lab., Phoenix, AZ, United States

; Aviz. State Univ., United Siztes

SOURCE: Nature (London) ~wvol. 312 no, 5989 p. 51-53

DATE: 1984

COUNIRY OF PUBLICATION: United Kingdom

CODEN: NATUAS ISSN: 0028-0836 REFS.: 12

SUBFILE: B :

DOCUMENT TYPE: Serial BIBLIOCRAPHIC LEVEL: Analytic

ILIOSTRATIONS: illus.; 2 tables

LANGUAGE: English :

MAJOR DESCRTPTORS: *atmosphere; *Western U.S.; *hydrology

DESCRIFTORS: composition; changes; hydrogeology; hydrologlc cyele; carbon
dioxzide; geochemistry; atmospheric precipitation; rivers and strezums;
strezm flow; United States

SECTION HEADINGS: 21  (HBydrogeology & Hydrology)

3/5/6

01356529 GEOREF NO.: 84-57433 BIBL. INDEX GEOLOGY NO.: 84-52729

TITLE: '’Greenhouse effect’’ may be beneficial

AUTHOR(S): Idso, S. B.

CORPORATE SOURCE: U. 5. Water Conserv, Lzb. Agric. Res. Serv., Phoenix,
AZ, United States '

SQURCE: Geotimes wvol. 29 mno. 7 p. 7

DATE: 1984

COUNTRY OF FUBLICATION: United States

CODEN: GEUOTAJ 1ISSN: 0016-8556

SUBFILE: B
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DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic
LANGUAGE: English

MAJOR DESCRIPTORS: *atmosphere :
DESCRIPTORS: changes; carbon dioxide; fossil fuels; analysis
SECTION HEADINGS: 22  (Engineering & Environmental Geolqu)

3/5/7

01281003 GEOREF NO.: 83-43248 BIBL. INDEX GEOLOGY NO.: 83-41077

TITLE: Climatic effects of atmospheric carbon dioxidediscussions and
Teply :

AUTHOR(S): MacCracken, M. G.; Tdso, S. B.; Hansen, J.: Johnson,
Lacis, A.; Lebedeff, S.; Lee, P.; Rlnd D., Russell, G.

CORPORATE SOURCE: Lawrence Livermore Lab., Atmos. and Geophys. Sci. Div.,
Livermore, CA, United States; U. §. Water Comserv. Lab., United S;ates,
Goddard Space Flight Cent., United States

SQURCE: Science vol. 220 mo. 4599 p. 873-875

DATE: 1983

COUNTRY OF PUBLIGATION: United States

CODEN: SCIEAS ISSN: 0036-8075 REFS.: 10

SUBFILE: B

DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Anslytic

TLLUSTRATIONS: illus,

LANGUAGE: English .

NOTE: For releremce to article by Hansen, J., et al., see Science, Vol.
213, p. 957, 1981

MAJOR DESCRIPTORS: *atmosphere

DESCRIPTORS: composition; carbon dioxide; climate effects; temperature;
global; paleoclimatology

SECTION HEADINGS: 02 (Geochemistry)

3/5/8 :

01205119 CEOREF NO.: 82-33896 BIBL. INDEX GEOLOGY NO.: 82-30747
TITLE;: Climatic change; desert-forming processes
AUTHOR(S): TIdso, Sherwood B. ,

CORPORATE SOURCE: U. S. Water Conserv. Lab., Phoenix, AZ, United States
MONOGRAPH TITLE: Desert dust; origin, characteristics, and effect on man
EDITOR(S): Pewe, Troy L. (editor)

CORPORATE SOURCE: Ariz. State Univ., Dep. Geol., Tempe, AZ, United States
CONFERENCE TITLE: Desert dust; origin, characteristics, and effect on man
CONFERENCE LOCATION: Denver, CQ, United States -
CONFERENCE DATE: Feb. 22-23, 1977
SOURCE: Special Paper - Geological Society of America wmo. 186 p. 217-222
DATE: 1981 ‘

COUNTRY OF PUBLICATION: United States

ISBEN; 0-8137-2186-5

CODEN: GSAPAZ TISSN: Q072-1077 REFS.: 34

SUBFILE: B

DOCUMENT TYPE: Serial; Conference BIBLIOGRAPHIC LEVEL: Analytlc

LANCUAGE: English SUMMARY LANGUAGE: German; French; Russian; Chinese
MAJOR DESCRIPTORS: *ecology; *geomorphology; *sedimentation

DESCRTPTORS: changes; climate; eolian features; deserts; tramsport; wind

transport; desertification; landferm evolution; solar radiation
SECTION HEADINGS: 22  (Engineering & Environmental Geology)

3/5/9 .-
01205118 GEOREF NO.: 82-33895 BIBL. INDEX CEOLOCY NO.: 82-30746

D,;
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TITLE: (Climatic change; the zole of atmospheric dust

AUTHOR(S): Idso, Sherwood B.

CORPORATE SOURCE: U. S. Water Conserv. 1ab., Fhoenix, AZ, United States

MONOGRAPH TITLE: Desert dust; origin, characteristies, and effect on man .

EDITOR(S): Pewe, Troy L. (editor)

CORPORATE SOURCE: Ariz. State Univ., Dep. Geol., Tempe, AZ, United States

CONFERENCE TITLE: Desert dust; origin, characteristics, and effect on man

CONFERENCE LOCATION: Denver, CO, United States

CONFERENCE DATE: Feb. 22-23, 1977

SOURCE: Special Paper - Geological Society of America no. 186 p. 207-215

DATE: 1981

COUNIRY OF PUBLICATION: United States

ISBN: 0-8137-2186-5

CODEN: GSAPAZ TISSN: 0072- 1077 REFS.: 85

SUBFILE: B

DOCUMENT TYPE: Serial; Conference BIBLIOGRAPHIC LEVEL: Analytlc

ILLUSTRATIONS; illus.

1ANGUAGE: English SUMMARY LANGUAGE: German; French; Russian; Chinese

MAJOR DESCRIPTORS: *atmosphere; ¥pollution; *ecology :

DESCRIPTORS: composition; aerosols; air; dust; changes; climate; clastie
sediments; solar radiation; temperature; climate effects; human ecology

SECTION HEADINGS: 22  (Engineering & Emvironmental Geology)

3/5/10 ﬁ
01069763 GEOREF NO.: 81-64436 BIBL. INDEX GEOLOGY NO.: 81-60594
TITLE: Human actions and nature’s reactions

AUTHOR(S): Tdso, S. B. '

CORPORATE SOURCE: U, S. Water Comserv. Lab,, Phoenix, AZ, United States

MONOGRAPH TITIE: American Quaternary Association; smth biermial meeting,
abstracts and program

AUTHOR(S): Anonymous

CONFERENGCE TITLE: American Quaternary Association; Sixth blenm.al meeting

CONFERENCE LOCATION: Orono, Maine, United States

CONFERENCE DATE: Aug. 18-20, 1980

SOURCE: Am, Quat. Assoc., Natl, Conf., Abstr. mno. 6 p. 105-106

DATE: 1980 _

COUNTRY OF PUBLICATION: United States

CODEN: AMQUAM

SUBFILE: B .

DOCUMENT TYPE: Abstract; Serial; Conference BIBLIOGRAPHIC LEVEL: Analytic

LANGUACE: English

MATOR DESCRIPTORS: *atmosphere

DESCRIPTORS: temperature; greenhouse effect; carbon dloxlde mathemstical
models; models; composition; heat: balance; experimental studies;
pollution; human ecology

SECTION HEADINGS: 24  (Surficial Geology, Quaternary Geology)

3/5/11

01019546 GEOREF NO.: 81-12154

TITLE: Net radiation received by a horizontal surface at the earth, by B.
de Jong :

AUTHOR(S): 1Idso, S. B.

SOURCE: J. Hydrol. wvol. 24 no, 3-4 p. 351-352

DATE: 1975

COUNTRY OF PUBLICATION: Interpational

CODEN: JHYDA7 ISSN: 0022-1694
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SUBFILE: B

DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic
LANGUAGE: English

" MAJOR DESCRIPTORS: *book reviews

'DESGRIPTORS: hydrogeology; title '
SECTION HEADINGS: 15  (Miscellaneous & Mathematical Geology)

3/5/12

00978444 GEOREF NO.: 80-25856 BIBL. INDEX GEOLOGY NO.: 80-22802

TITLE: The climatological significance of a doubling of Earth s
atmospheric carbon dioxide conceniration

AUTHOR(S): 1Idso, S. B.

CORPORATE SOURCE: U. S. Water Conserv., Lab., Phoenix, Ariz , united
States

SOURCE: Science (AAAS) vol. 207 no. 4438 p. 1462-1463

DATE: 1980

COUNTRY OF PUBLICATION; United States

CODEN: SCIEAS TISSN: 0036-8075 REFS.: 11

SUBFILE: B

DOCUMENT TYPE: Serial BIBLIOGRAFHIC LEVEL: Analytic

LANGUAGE: English

MATOR DESCRIFTORS: #*atmosphere

DESCRIPTIORS: composition; carbom dioxide; abundance; climate:; theoretical
studies; mathematical models; models

SECTION HEADINGS: 02  (Geochemistzy)

3/5/13

00931060 GEOREF NO.: 79-18541 BIRL. IBIDEX GEOLOGY NO.: 79 18072
TITLE:; Duststorms of Mars

AUTHOR(S): Idso, S. B.

SOURCE: Astzonomy vol. 5 wno. 3 p. 34-39

DATE: 1977

COUNTRY OF PUBLICATION: United States

SUBFILE: B

DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic
TLEOSTRATIONS: illus.

LANGUAGE: English

MAJOR DESCRTPTORS: #Mars

DESCRIPTORS: observations; duststorms; 1973; Viking
SECTION HEADINGS: 04 (Extraterresizial Ceology)

3/5/14&

00899953 GCEOREF NO.: 78-36002 BIBL. INDEX GEOLOGY NO.: 78 35738

TITLE: Atmospheric dust; CllmaCOlOgiCEl consequencesdiscussion amd reply

AUTHOR(S): Hermam, B. M.; Twomey, S. A.; Staley, D. 0.; Idso, S. B.:
Brazel, A. J. :

CDRPORATE SOURCE: Univ. Ariz., Inst. Atmos. Phys., Tucson, Ariz., United
States; U. S. Water Conserv. Lzh,., United States, Ar:Lz State Univ.,
United States .

SOURCE: Sciemce (AAAS) vol. 201 no. 4353 p. 378-379

DATE: 1978

COUNTRY OF FUBLIGATION: United States

CODEN: SCIFAS REFS.: 1

SUBFILE: B

DOGUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytie

LANGUAGE: English
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NOTE: For reference to article by Idso, S. B., and Brazel, A. J., see
Science, Vol. 198, p. 731, 1977

MAJOR DESCRIPIQORS: *atmosphere; *pollutmn

DESCRIFTORS: composition; dust; air; effects; aerosols; clmate,
temperature; solar radiation; Arizona; global; FPhoenix '

SECTION HEADINGS: 22  (Engineering & Envirommental Ceology)

3/5/15

00898826 GEOREF NO.: 78-34875 BIBL. INDEX GEOLOGY NO.: 78 35753

TITLE: Climatological effects of atmospheric par‘—.l.culat:e pollut:Lon

AUTHOR(S): 1Idso, S. B.; Brazel, A, J.

CORPORATE SOURCE: U. S. Water Conserv. Lab., Phoenix, AJ::.z » United
States; Ariz. State Univ., United States

SOURCE: Nature vol. 274 nmo. 5673 p., 781-782

DATE; 1978

COUNIRY OF FUBLICATION: United Kingdom

CODEN: NATUAS REFS.: 17

SUBFILE: B

DOCUMENT TYPE: Seriazl BIBLIOGRAPHIC LEVEL: Analytic

ILIOSTRATIONS: illus.

LANGUAGE: English

COORDINATES: Latitude: N331500 ; N334500 ; Longitude: W1130000 ; W1122000

MAJOR DESCRIPTORS: *atmosphere; *pollution; *ecology; *volecanology

DESCRIPTORS: composition; particulate materials; effects; temperature;
changes; voleanism; dust clouds; Maricopa County; pollutants; climate;
Inman ecology; dust; experimental studies; cooling; enthropogenic
materials; warming; Arizona; Phoenix; South Mountzin; observations;
conservation : ';

SECTION HEADINGS: 22  (Engineering & Envirommental Geology)

3/5/16

00880363 GEOREF NO.: 78-16393 BIBL. INDEX GEOLOGY NO.: 78 21187

TITLE: A perspective on the role of atmospheric dust in elimatic change
theory

AUTHOR(S): Idso, S. B.

CORPORATE SQURCE: U. §. Water Conserv. Lab., Phoenix, Ariz., United
States

MONOGRAPH TITLE: Abstracts of the Fourth biemmial meeting of the American
Quaternary Association _

AUTHOR(S): Andrews, J. T.; Barry, R. ¢. (chairperson; chairperson)

CONFERENCE TITLE: Fourth biemmial meeting of the American Quaternary
Association '

CONFERENCE LOCATION: Tempe, Ariz., United States

CONFERENCE DATE: Oct. 9-10, 1976 _

SOURCE: Am. Quat. Assoc., Natl. Conf., Abstr. mo. & p. 59-60

DATE: 1976

COUNTRY OF PUBLICATION: United States

CODEN: AMQUAM

SUBFILE: B _

DOCUMENT TYPE: Abstract; Serial; Conference BIBLIOCRAPHIC LEVEL: Analytic

LANGUAGE: English

MAJOR DESCRIPTORS; *paleoclimatology; *geomorphology

DESCRIFIORS: Quaternary; globzal; landform evolution; deserts changes; dust
; thermal radiation; albedo; genesis; mechsmism; Holocez_;e

SECTION HEADINGS: 24  (Surficial Geology, Quaternary Geology)
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3/5/17 '
00871683 GEOREF NO.: 78-07713 BIBL. INDEX GEOLOGY KO.: 78-06469
TITLE: Solar and thermal radiation as estimators of soil water content
AUTHOR(S):  Jackson, R. D.; Reginato, R. J.; Idso, S. B.
CONFERENGE TITLE: Americsm Geophysical Union; 1976 fzll armual meeting
CONFERENCE LOCATION: San Franc., Czlif., United States
CONFERENCE DATE: Deec. 6-10, 1976
SOURGE: Eos (Am, Geophys. Unionm, Trams.) vol. 57 mo. 12 p. 913
DATE: 1976
COUNTRY OF PUBLICATION: United States
CODEN: EOSTAJ
SUBFILE; B
DOCUMENT TYPE: Abstract; Serial; Conference BIBLIOGRAPHIC LEVEL: Analytic
LANGUAGE: English

, MAJOR DESCRIPTIORS: *remote sensing; *soils

DESCRIPTORS: methods; infrared methods; water regimes; moisture; storage;
albedo; thermal radiation
SECTION HEADINGS: 21  (Hydrogeology & Hydrology)

3/5/18 _

00868664 GEOREF NO.: 78-04692 BIBL, INDEX GEQLOGY NO.: 78-06838

TITLE: Planetary radiation balance as a function of atmospheric dust;
climatological consequences

AUTHOR(S): Idso, §. B.; Brazel, A, T. .

CORPORATE SOURCE: U. §. Water Conserv. Lab., Phoenix, Ariz., United
States; Ariz. State Univ. :

SOURGE: Science (AAAS) wvol. 194 no. 4318 p. 731-733

DATE: 1977

COUNTRY OF PUBLICATION: United States

CODEN: SCIEAS REFS.: 6

SUBFILE: B

DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic

TLLUSTRATIONS: 1llus,

LANGUAGE: English

NOTE: U. §. Agric. Res. Serv.; Contrib.

MAJOR DESCRIPTORS: *envirommental geology; *atmosphere

DESCRIPTORS: comcepts; humzm ecology; observations; heast balaunce; dust;
solar radiation; aerosols; thermsl radiation; troposphere; temperature;
paleoclimatology; climate; Phoenix; Arizona; pollution

SECTION HEADINGS: 22  (Engineering & Environmental Geology)

3/5/19

00848385 GEOREF NO.: 77-33470 BIBL. INDEX GEOLOGY NO.: 77-34764

TITLE: An evaluation of totsl solar reflectance and spectral band
ratioing techniques for estimating soll water content

AUTHOR(S): Reginato, R. J.; Vedder, J. F.; Idso, S. B.; Jackson, R, D.;
Blanchard, M. B.; Goettelmzm, R. )

SOURCE: J. Geophys. Res. vol. 82 no. 15 p. 2101-2104

DATE: 1977

COUNTRY OF PUBLICATION: United States

CODEN: JGREA2 REFS.: 8

-SUBFILE: B

DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic
ILLUSTRATIONS: illus,

LANGUAGE: English

NOTE: Paper No. 6C0925
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COORDINATES: Latitude: N333000 ; N333000 ; Longitude: W1120300 ; W1120300
MAJOR DESCRIPTORS: *Arizona; *geophy51ca1 methods
DESCRIPTORS: Maricopa County; geophysical surveys; remote sensing; Fhoenix;

applications; solar radiation; reflectance; soils; moisture content;
techniques; airborme; United States

SECTION HEADINGS: 20  (Geophysics, Applied)

3/5/20 _

00828324 GEOREF NO.: 77-13409 BIBL. INDEX GEOLOGY NO.: 77-15594

TITLE: Soil water content and evaporation determined by thermal
parameters obtained from ground-based and remote measurements

AUTHOR(S) : Idso, S. B.; Reginato, R. J.; Vedder, J. F.; Jackson, R. D.;
.Blanchard, M. B.; Goettelman, R.

GORPORATE SOURCE: U. S. Dep. Agric., U. S. Water Conserv. Lzb., Phoenix,
Ariz., United States; NASA, Ames Res. Cent., United States

SOURCE: Eos (Am. Geophys. Union, Trams.) wvol. 56 mo. 12 Fall annual
meeting p. 985

DATE: 1975

COUNTRY OF PUBLICATION: United States

CODEN: EQSTAJ REFS.: O

SUBFILE: B '

DOCUMENT TYPE: Abstract; Serial BIBLIOGRAPHIC LEVEL: Analytic

LANGUOAGE: English ,

MAJOR DESCRIFTORS: #*hydrology; *soils; *geophysical methods

DESCRTIFTORS: surveys; water regimes; evaporztion; methods: applications;
remote semsing; airborme; infrared methods; ground; moisture

SECTION HEADINGS: 25 (Surficial Geology, Soils)

3/5/21
00805212 GEOREF NO.: 76-35798
TITLE:  Soil water content and evaporation determined by thermel
parameters obtained from ground-based and remote measurements
AUTHOR(S): Reginato, R. J.; Idso, S. B.; Vedder, J. F.; Jackson, R. D.;
Blanchard, M. B.; Coetrtelmzn, R, _
SOURGE: J. Geophys. Res. vol. 81 no. 9 p. 1617-1620
DATE: 1976
CODEN: JGREA2
SUBFILE: B
DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic
ITTOSTRATIONS: illus.
LANGUAGE: English
MAJOR DESCRIPTORS: *solls; #*Arizona; *engineering geology; *geophysical
surveys
DESCRIPTORS: water regimes; mols*ure content; evaporation; loam;
measurement; temperature; methods; instruments; Phoenix; surveys;
infrared surveys; remote sensing; comparison; ground; thermocouples
United States; satellite
SECTION HEADINGS' 22  (Engineering & Envirommental Geology)

3/5/22
00804579 GEOREF NO.: 76-35165
TITIE: Timing of ground truth acquisition during remote assessment of
soil-water content
AUTHOR(S):  Jacksen, R. D.; Reginato, R. J.; Idso, S. B.
CORPORATE SOURCE: U. S. Water Conserv. lab,, Phoenix, Ariz., United
States
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SOURCE: Remote Sensing Environ. vol. 4 mo. & p. 249-255

DATE: 1976

CODEN: RSEEA7

SUBFILE: B

DOCUMENT TYPE: Serial BIBRLIOGRAPHIC LEVEL: Analytic

ILLUSTRATIONS: illus.

LANGUAGE: English

MAJOR DESCRIPTORS: #*soils; *Arizona

DESCRIPTORS: Avondzle Loam; water regimes; water content; loam; remote
sensing; sampling; ground truth; United States; Phoenix

SECTION HEADINGS: 25 (Surficizl Geology, Soils)

3/5/23

00792180 GEOREF NO.: 76-22766

TITLE: The utility of surface temperature measurements for the remote
sensing of surface soil water status ,

AUTHOR(S): 1Idso, S. B.; Schmugge, T.; Jackson, R. D.; Reginato, R. J.

CORPORATE SQURCE: U. 8. Water Conserv. Lab., Fhoenix, Ariz., United
States; NASA Goddard Space Flight Cent., United States

SOURCE: J. Geophys. Res. vwol. 80 mo. 21 p. 3044-3049

DATE: 1975 -

CODEN: JGREA2

SUBFILE: B

DOCUMENT TYPE: Seriazl BIBLIOGRAPHIC LEVEL: Analytice

TLIOSTRATIONS: illus,

LANGUAGE: English

MAJOR DESCRTPTORS: *geophysical surveys; *Arizona; #¥soils.

DESCRIPTORS: infrared surveys; United States; Phoenix; thermzl; remote
sensing; satellite; applicztions; measurement; moisture content; Avondale
; Gran; Cashion; Navajo; water regimes; methods; temperature; surface

SECTION HEADINGS: 25  (Surficial Geology, Soils)

3/5/26

00780833 CGEOREF NO.: 76-11419

TITLE: Assessing soil-water status via albedo measurements

AUTHOR(S) : Idso, S. B.; Reginato, R. J. :

CORPORATE SOURCE: USDA, U. S. Water GCouserv. Lab., Phoenix, Ariz., United
States

SOURCE: Hydrol. Water Resour. Ariz. Southwest +wvol. & p. 41-34

DATE: 1974 :

SUBFLIE: B

DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Analytic

TLIDSTRATIONS: illus.; tables

LANGUAGE: English '

MAJOR DESCRIPTORS: #*soils: ®Arizoma

DESCRIPTORS: water regimes; storage; moisture content; evaporation;
measurement; methods; albedo; United States; Phoenix

SECTION HEADINGS: 25  (Suzficial Geology, Soils)

3/5/25

00778253 CEOREF NO.: 76-08839

TITLE: Surface albedo and desertification .
AUTHOR(S): Jackson, R. D.; Idso, S. B.:; Otterman, J.
SOURCE: Science (AAAS) wvol, 189 mo. 4207 p. 1012-1015
DATE: 1975

COUNTRY OF PUBLICATION: United States
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CODEN: SCIEAS

SUBFILE: B

DOCUMENT TYPE: Serial BIBLIOGRAPHIC LEVEL: Anslytic

ILIUSTRATIONS: illus.

LANGUAGE: English _

NOTE: Discussion and reply; for reference to article by Otterman, J., see
Science, Veol. 186, p. 531, 1974

MATOR DESCRIFTORS: *geomorphology

DESCRIPTORS: processes; desertification; mechanism; denudation; vegetation;
removal; soils; albedo; increase; Interpretation; temperature; surface;
United States; Mediterranean region; Africa; Egypt; Middle East; Israel

SECTION HEADINGS: 23  (Surficisl Geology, Geomorphology)

3/5/26

00731383 GEOREF NO.: 75-01105 :

TITLE: Thermal Blanketing: A Case for Aerosol-Induced Climatic Alteration

AUTHOR(S):  Idso, Sherwood B.

SOURCE: Science (AAAS) Vol. 186, No. 4158, p. 50-51, illus.

DATE: 1974 '

CODEN: SGIEAS

SUBFILE: B

DOCUMENT TYPE: Serial

JOURNAL ANNOUNCEMENT: 1975

LANGUACE: English

NOTE: lower zatmosphere pollution buildup, post-1946 warming trend,
greephouse effect, Phoenix, Arizona

MAJOR DESCRIPIORS: *Arizona; *Envirommental geology

DESCRIFIORS: Pollution; Maricopa County; Fhoenix; Atmosphere; lower;
climate; temperature; changes; observations; United States

SECTION HEADINGS: 22  (Engineering & Envirommentzl Geology)

3/5/27
00595308 GEOREF NO.: 71-22893 :
TITLE: Evaporation suppression by solar radiation reflection

AUTHOR(S):  Idse, Sherwood B.

SOURCE: J., Geophys. Res. Vol. 76, No. 12, p. 2500

DATE: 1971

CODEN: JGREA2

SUBFILE: B

DOCUMENT TYPE: Serial

JOURNAL. ANNOUNCEMENT: 1971

LANGUAGE: English

NOTE: For reference to original paper, see J. Geophys. Res. Vol. 75, No.
27, p. 5155-5163, 1970

MAJOR DESCRIPTORS: *Hydrology

DESCRIPTORS: Evaporation; Reflectance; solar radiation; mbnolayers;
discussion '

SECTION HEADINGS: 17 (Geophysics, General)
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BIOTIC INFLUENCES AS THE EARTH WARME:
WARMER AND WARMER, FASTER....and faster...and..?(l)

Geocrge M. Woodwell

Woods Hole Research Centerx
Woods Hole, Massachusetts

I am a biclogist with more than thirty years’ experience in
ecology addressing various aspects of the global carbon cycle,
especially the interactions between life and environment. I have
specialized in research on units of landscape such as forestes and
estuaries., I believe that we know enough now to anticipate great
difficulties with the capacity of the earth for supporting us
over the next years unless we move rapidly to correct the series
of trends outlined in the scientific presentations today. The
failure of the current US leadership to acknowledge this problem
and offer the leadership that the rest of the world expects of us
has made the United States an internaticonal pariah. To emphasize
the seriousness of that unflattering perspective I am enclosing
& copy of a recent editorial in The Guardian (2). I would also
call attention to the recent report of the Office of Technology
Assecssment that shows clearly that the nation could reduce its
reliance on fossil fuels by as much as Z0% almost immediately at
a net saving in dollars and with many ancillary environmental,
economic, international and military advantages (7).

The accumulation of carbon dioxide and methane in the
atmosphere is causing, and will cause, more than three guarters
of the warming anticipated from heat-trapping gasses ovey the
next several decades. Both are products of the exploitation of
fossil fuels and products of biotic activity. For brevity I shall

1, Testimony of G.M. Woodwell before the Subcommittee on
Health and Environment, Committee on Energy and Commerce, U.S.
House of Representatives, February 21, 1891.

z, Jeremy Leggett in The Guardian, Feb 1, 1991 (appended).
. OTA, 1991. Changing by Degrees: Steps tc Reduce
Greenhouse Gasses. Congress of the United States, Office of
Technology Assecssment. 4Zpp. "



emphasize carbon dioxide.

My most important conclusion is that evidence is
accumulating +that we are observing and can expect a conbvinuing
acceleraticn =f the rate cf accumulation of carbon dicxide and

methane as the earth warms, an acceleration %hat «will probably
speed the warming (%), '

I shall alsoc emphasize that the primary control of the
concentration of carbon dioxide in the atmosphere over years to
decades is on land, not the oceans. Forests are the most
important vegetation type on land because they are large in area,
contain about three times as much carbon as the atmosphere
currently contains, and because their annual metabolism involves
an exchange with the atmosphere of at least 100 billion tons of
carbon (Fig 1). This exchange is highly vulnerable to changes 1in
the environment.

The two most powerful factors that affect the influence of
forests on the composition of the atmosphere are their areal
extent and their metabolism.

The area of forested lands in the world is declining. The
magnitude of the decline is in question, but the pattern and
direction of change globally are not. The pattern is now almost
classical, if over—-cimplified here: in this world that adds 30
million new people annually, forests, especially in the tropics,
are displaced by agriculture. The agriculture survives for a
time, may be replaced by low-density grazing, and the land
gradually lapses into impoverishment. It falls out of the economy
and the records. Such land is accumulating globally, but there
little attempt to measure it., One third of the land area of
India i=s now recognized officially by Indian officials as,
impoverished to the point where it is outside agriculture and
non-forested. Most is barren, salinized, or rock from which the
=£0il has been lost through erosion by wind and monsoonal rains.
The accumulation of impoverished land is the most important land-
use change currently underway in the world. Most of that land was

4. Woodwell, G.M. 1983. Biotic effects on the concentration
of atmospheric carbon dioxide: A review and projection. in
Changing Climate, NAS Precss, Weshington, D.C., pp Zl16-241

——————— 1986. Testimony of G.M.Woodwell in hearings before the
U.S. Senate Subcommittee on Environmental Pollution, of the
Committee on Environment and Public Works, June 10-11, 1886.
Congressiconal Record Special Printing, pp 98-106

“MO/UNEP 1990. Climate Change: The IPCC Scientific Assessment.
36Spp. Geneva. '



once forested and its impoverishment constitutes a major transfer
of carbon from forest and scil to the atmosphere. The transfer
continues. It can and will be measured, but only by applications
of satellite imagery whose use, although technically advanced, is
not yet being applied to this purpose with sufficient vigor to
produce progress in proportion to the growth of the problem.
There is, of course, question as to how the warming of the earth
will affect climates globally, but the first assumption musti be
that a warming in the range of tenths of a degree C to one degree
or more C per decade will cause an acceleration of the trend
toward impoverishment.

The implications are seen most clearly by considering a
forest such as the eastern deciduous forest of North America. At
its warmer and drier limit it yields to grassland; at its wetter
and colder limit it is replaced by coniferous or mixed hardwoods
and softwoods in a transition zone to the borezl forest.
Throughout its broad range it is made up of populations of trees
of several species, but each population has existed through
cseveral generations and been selected for a genetic constitution
appropriate for that place and climate. As the earth warms and
climates change, plants at the warmer and drier limits of their
distribution first, fzil to reproduce, then succumb to pests of
dicease or fire. The forest is replaced by shrubland, later, by
grassland. The transition may be accelerated by fire or disease
as the trees are weakened. At the wetter and colder margin a
similar transition occurs except that while climates may be
appropriate to support forest, mortality of trees will far
outstrip the capacity of the trees to regenerate and the interim
community will be shrubland or some other stage of impoverished
forest. These are conspicuous changes at the margins of the
distribution of a plant community. There are parallel changes
throughout the community. Each population of plants has been
selected through several generations for the particular site and
climate of its place. As climate changes, each population becomes
maladapted to that place and each organism becomes more
vulnerable to disease, to competition, to parasites or other
disturbance. The community as a whole is weakened and,
ultimately, impoverished as longer lived species die and are
replaced but slowly if at all. The impoverishment will be
accompanied by accelerated decay of dead and dying plants, adding
to the release of carbon as carbon dioxide and methane into the
atmosphere.

The changes in “he metaboliem of forests as ocur earthly
habitat is -7 Zied under the human caress are also difficult to
discern. A close acquaintance with the physiclogy of forests
will lead in almost any direction: some have suggested that the
increased precipitation and temperature in the higher latitudes
associated with a warming of the earth and combined with the
increased carbon dioxide in the atmosphere will cause a surge in
the fixation and storage of carbon that will be a boon to life

3



and tend to check the accumulation of carbon dioxide in the
atmosphere. Such an effect may occur, possibly in a lesser degree
than some of the more optimistic have asserted (5), But others

will argue that whatever advantages there may be to gross
photosynthesis will be lost through the acceleration of
respiration in response to warmer temperatures (6). The issue is
vital, for it contains the potential for diminishing or greatly
aggravating the warming of the earth far beyond the current
calculations of the climatologists. The guestion hinges on
whether the changes in climate can be expected to stimulate the
removal of carbon from the atmosphere through photosynthesis or
the release of carbon as carbon dioxide and methane through the
stimulation of the respiration of decay.

I suggest that the evidence for a resolution of that
gquestion sufficient to provide a basis for govermnmental action 1is
available. The evidence was alluded to in the recent report of
the Intergovernmental Panel on Climate Change (see note 4 above)

" which provided an international consensus on the seriousness of
the problem. The IPCC called attention to the probability that-
the warming would proceed more rapidly than estimations based on
emissions from fossil fuels have suggested.

Three lines of evidence show that the deominant influence on
forests will be the changes in temperature and that a warming
will cause a net release of carbon from the land into the
atmosphere.

One is first principles of physioclogy and ecology: rates of
respiration, including the respiration of decay, are highly
sensitive to temperature. A one degree C. increace in temperature
will increase rates of respiration by 5-30%, sometimes more.

Rates of photosynthesis are much less sensitive to temperature
and can be increased by as much as 10% only with difficulty.
Virtually any disturbance of a forest stimulates respiration over .

: 5. The topic has been reviewed at length in Strain, B.R. and
J.D. Cure. (eds) 1885. Direct Effects of Increasing Carbon

Dicoxide on Vegetation. U. S. Dept of Energy. Natiomal Technical

Information Service, Springfield, Virginia 22161. 286 pp. and

summarized in Woodwell, G.M. 1988. The warming of the

industrialized middle latitudes 1385-2050: causes and

consequences. Prepared for the Symposium: Developing Policies for
Responding to Future Climatic Change held in Villach, Austria,
September, 1987. Climatic Change, 15:31-50, 1588.

-6, Houghton, R.A. and G.M. Woodwell, 19839. Global Climatic
Change. Ecientific American. April. pp3e-—44.



photosynthesis. Specific data addressing this issue are few andc
difficult to obtain.

But the most persuasive data we have are the observations of
variations in temperature and carbon dioxide over time. We have
the now well-known data from the Vostoc Core that show
concentrations of both carbon dioxide and methane varying with
temperature over 160,000 years of recent glacial history (Fig 2).
While these data offer little insight into cause and effect, they
do show that there is no basis, at least in that record, for
defending the hypothesis that as temperature and carbon dicoxide
ricse photosynthesis will be stimulated enocugh to reduce the
concentration of carbon dioxide in the atmosphere and cure the
problem. The carbon dioxide record seems to suggest that, at
least during declining temperatures, the carbon dioxide
concentrations lagged the changes in temperature.

We also have a set of data from Mauna Loa accumulated and
analyzed by David Keeling and his colleagues, who have shown
that there is a correlation between the temperature and carbon
dioxide concentrations when the upward trend and the pronounced
annual oscillation are removed (Fig. 3). The carbon dioxide
concentration lags the temperature, a relationship that suggests
that the temperature changes cause the changes in carbon dioxide.
The shorter term oscillations are ascribed by Keeling et al (7
to changes in the surface temperature of the oceans; the longer
term oscillations to changes in the metabolism on land. A more
recent analysis of these same data by Oppenheimer and others
shows that there are longer—-term cycles of temperature and carbon
dioxide that follow the same pattern with the carbon dioxide
lagging temperature.

The third line of evidence is what is happening at the
moment. We have had since 1980 seven of the warmest years for the
globe in 130 years of record. If the observations above hold, we
cshould see the accumulaticn of additional carbon in the
atmosphere as carbon diocxide as the large pools of carbon in
forests warm and respiration is accelerated. Such a change
appears to be underway. Keeling and his colleagues (6) again have
provided us with a set of data on the accumulation of carbon’
dioxide in the atmosphere (Fig 4). Two aspects of this curve are
important. Firstly, after 13973 there was a sharp drop in the rate

-of expansion of global use of fossil fuels. In fact the rate of

use stabilized through the first half of the 1980's. There was,

Mmoo -

7, ¥eell-y, 0.2., R.B. Bacastow, A.F. Carter, =.C.
P. Whorf, M. Heimann, W.G. Mock, and H. Roeloffzes. L1582, & thres
dimensional model of atmospheric CO% transport based on observed
winds: 1. Analysis of obeservaticnal data. Geophysical Monograph
55. American Geophysical Union (pplES—ZBE).



however, no obvious reduction in the rate of accumulation of
carbon dioxide in the atmosphere. In subsequent years, in fact,
with no appreciable increase in the use of fossil fuels globally,
the rate of accumulation accelerated above the rate that had
prevailed for more than 15 years. During the fifteen years prior
to 1986 the rate of accumulation was about 1.5 ppm/yr, eguivalent
to about 3 billion tons of carbon. Since that year the rate of
increase has varied up to 2.6 ppm or about 5 billion tons of
carbon without any equivalent change in the use of fossil fuels.
Keeling and colleagues examined this issue themselves in 1989 and
prepared the graph shown here. Their conclusion was that the
release is a biotic release. The conclusion was substantiated by
considering the isotopic ratio of carbon in air. The rate of
accumulation heat trapping gasses, especially carbon dioxide, has
ricen as might be expected from the experience summarized above.

The most important point here is that the warming of the
earth can be expected to release additional carbon invo the
atmosphere and to speed the warming. The process appears to be
underway. The seriousness of it becomes apparent only when one
compares the magnitudes of the flows of carbom that contribute to
the accumulation of 3-5 billion tons of carbon in the atmosphere
as carbon dioxide.

The releace from fossil fuels is about 5.6 billion tons of
carbon. There is an additional release from deforestation
currently estimated as between 0.5 and 3.0 billiom tonmns, possibly
more. Presumably these two fluxes are under human control and
have been the major cause of the long-term accumulation of carbon
in the atmosphere in heat—trapping gasses. A third net flux is
appearing, if these analyses are correct. It is a shift in the
formerly approximately balanced two-way flow of carbon through
gross photosynthesis and total respiration in favor of
respiration. The magnitude of such shift i potentially large,
enough %c swamp human capacities at control in a short time.

There is urgency in moving with deliberate and effective
speed to stabilize the heat-trapping gas content of the
atmosphere before we lose the capacity for affecting it and
commit the earth to a cycle of warming of unknown severity,
spveed, duration and effects. While we may be able to anticipate
with reasonable accuracy the effects of a warming of 1-2 degrees
C, we are not able %o anticipate the effecte of a greater warming
and the complex changes that will accompany it.

The steps to correct this circumstance are well known. The
reasons for our failure to take them have nothing to do with
science or knowledge or lack of insight as to the conseguences.



Figure Captions:

Fig. 1. The global carbon cycle. Units are in billions of tons of

carbon (1019 gyams). The important point is the flux of carbon
between the atmosphere and biotic pools on land. These flows are
affected heavily by climate and by the management of vegetation,
especially forests.

Fig. 2. Data on carbon dioxide and methane concentrations with
estimations of temperature over 160,000 years of recent history
of the earth. Adapted from IPCC, 1990.

Fig. 3. Temperature and carbon dioxide concentrations in air at
Mauna Loa. The annual increase and the seasonal oscillation have
been removed. (From Keeling et al. 1983)

Fig. 4. The accumulation of carbon dioxide in the atmosphere.
During the late 1970’s and early 1980°‘s there was a levelling of
the global use of fossil fuels. This levelling did not appear in
the rate of accumulation of carbon dioxide in the atmosphere as
shown in this graph. Later, during the late 1980°’s, the rate of
accumulation has increased without any concomitant increase in
the rate of consumption of fossil fuels. (From Keeling et al
1989)
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Friday February 1 1931
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Guli war: as the oil slick widens,
the rhetoric thickens. On the eve

facts,
George

of a major conference on
global warming, Jeremy Leggett
asks who are the world’s '

greatest carbon

criminals
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October 15, 1991

To: Katie McGinty
From: Tony Socci

Re: Plants, Crops and CO-2 Fertilization Effects

First of all, I have done much reading, much research
and much phone-calling regarding the relationship between
nutrients and plant/crop/tree yield (fluxes in biomass =
organic carbon fluxes). My initial brief discussion with you
does indeed, appear to have been correct, all around.

Needless to say, logically, intuitively,
plants/crops/tr z cannot simply grow (add mass) without the
addition of nutzs nts. The basis for this biogeochemical
relationship goés something like this: in the biosphere
carbon is a slave to the availability, or lack thereof, of
nutrients (mostly P). é%tated otherwise, nutrients are
biolimiting. CO0-2 is t a nutrient even though certain
biotic species can store extra carbon for a while. But
without additional nutrients to support the extra mass, in
time, the biota cannot survive or maintain that mass in the
absence of sufficient nutirents.

Nitrogen, because it is readily available to plants at
all times due to it’s atmospheric abundance, is not as
biolimiting as say P. All a plant has to do is sequester
it. There is more N than plants are currently using in
photosynthesis. P (phosphorous), on the other hand, is truly
biolimiting because it’'s availability to the biosphere is
governed by the weathering of continental crust, the only
source of additional P on the planet. Hence, it’s scarcity
limits biomass production. It’s availability enhances it.
The same arguments would apply, in part, to potassium as
well.

Even in a doubled CO-2 atmosphere, plants cannot
increase mass, and sustain it, in the absence of additional
nutrients. So, the real bottom line is that more
nutrients/fertilizer will be needed to accomodate extra
mass/biomass in higher CO-2 environments. And although there
are great differences among species with respect to rates of
photosynthesis, etc., the nutrient/carbon relationship or
dependency maintains. It is the basis of many models,
particularly with respect to oceanic productivity.

As I mentioned to you before, there is an apparent
(real) prevailing misconception that CO-2 alone has a



-2-

sustainable fertilization effect on the biosphere. 1In other
words, what these people are really saying is that the
biosphere has inexplicably (and in very short order,
timewise) become evolutionarily efficient in a truly
Darwinian sense. In other words, without understanding the
important subtleties here, people are alleging that the
biosphere can add mass in a higher C)-2 environment without
an additional source or supply of nutrients. This is
bullshit, of course. This would be true evolutionary
efficiency were it the case, which it is not.

Please note as well, increases in C/N ratios and
decreases in N content of plant leaves grown in high CO0-2
environments reflect potentially lowered nutritive value to
herbivores and so on down the food chain. 1In some studies,
insect larvae responded by increasingly higher consumption of
plants from higher CO-2 environments. Thus increased
herbivory could reduce or eliminate any potential gains in
plant carbon storage expected from CO-2 fertilization.
According to Woodwell, "At this time there is no direct
evidence that net ecosystem production has responded to
increasing CO-2, either regionally or globally (Woodwell,
1983; in: Atmospheric Carbon Dioxide and the Global Carbon
Cycle, p. 264, 1985).

From Strain and Cure: "...the relative CO-2 simulation
is smaller when nutrients are in short supply. Therefore, if
farmers are to obtain maximum benefit from the future higher
atmospheric CO-2 concentration, soil nutrient levels must not
be depleted. Fertilization (with nutrients) will probably
become even more important....because the plant yield
response will reflect a greater relative increase from CO-2
as well as the normal absolute increase from the fertilizer
(see accompanying papers).

Any questions or comments?
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are sufficiently large, the climate can be altered,
with a subsequent feedback effect on the dynamics of
terrestrial plant communities. ‘

P

factors other_ihan_inggased CO, must.be considered to _" ‘\
I

, accou t for the total effect (e.8., _climate change). _. S
The increase in phytomass simulated by seven

There is also an indirect effect resulting from | different forest ecosystem models (temperate deciduous

changes in the composition of radiatively active
atmospheric gases and other pollutants produced by
burning of fossil fuels and by changes in the terrestrial
landscape (e.g., Crutzen et al. 1979; Logan et al. 1981).
; The contribution to atmospheric CO, concentration

' because of decreases in terrestrial carbon storage and
~ .. a potential reverse effect from CO, fertilization are

iindirect influences. A COg-induced climate change
!'could influence the land cover and also alter the

dynamic responses of terrestrial ecosystems to human.
|| associated with gap-filling produced a larger landscape-
{ scale fertilization response.

disturbance.

The response of this highly interactive system is
inextricably linked to understanding the dynamics of
to centuries (Solomon et al. 1984). These dynamics
are currently being investigated using simulation models
(e.g., Lieth 1984; Shugart 1984). Model simulations

allow us to explore hypotheses about the effects on
the terrestrial carbon cycle of potentially important

such as CO,

. phenomena, fertilization and climate

"' change, in the‘?ﬁg&a_nﬁt:__a_bgéh?:é' “of needed field data
on these effects. Such exercises provided the few

~ estimates of geographic shifts in ecosystem distribution

and of alterations in carbon storage using climate model

scenarios of CO, warming.
Tree-ring records also have the
revealing these dynamics.
- history of atmospheric COs,
climates (Fritts 1976; Blasing

" fractionation (Freyer 1979).

©10.3.2.1 Effects of CO, Fertilization

Tree-ring data are being used to examine the relation-
~ ship between growth and CO, fertilization (e.g.,
' LaMarche et al. 1984). However, a multitude of
. potential interferences can produce unaccounted-for
variability (noise) in any given signal, and this limits
_the use of tree-ring data (Section_lQﬁ.Z.}). Thus, ex-
jsting data are often contradictory (Woodwell 1983) or
_ otherwise equivocal. A case in point is the growth
" enhancement observed in high-altitude tree rings over
. the period 1850-1859 to 1974-1983 attributed by
.+ LaMarche et al. (1984) to a CO, fertilization effect.
The magnitude of the observed growth enhancement
(7 to 11 times the level of a maximal response
expected, considering the approximate 20% increase in
- atmospheric CO, over the same interval) indicates that

i
i

the Earth’s forests over periods ranging from decades !

\

potential for
Besides the carbon isotopic
tree rings may record past
et al. 1981; LaMarche and
., Hirschboek 1984) and air pollution effects (Baes and

~ McLaughlin 1984), including effects on carbon isotope

iy

Human Alterations of the Global Carbon Cycle and the Projected

to subtropical rain forest) ranged from 20 to 60% when '~

the growth rate for all trees was uniformly increased by Ve

100% (i.e., less than a 1 to 1 correspondence between LR
‘ phytomass and individual growth stimulation [Shugart p——
I'ﬂﬂmw. The increase was not due | N
to an elevated maximum phytomass at any point igé__‘“f
the landscape, but rather was caused by an increased’ N
rate of filling of gaps made in the canopy. For this}
reason, simulated forests with a high rate of disturbance }
(e.g., fire, selective timber harvesting) and more growth

/
VR

14

B

This observation might be

significant in light of the previous discussion in Section =

10.2.9 (i.e., the growth response_ gs_grggg&.fngisturbed&' P

systems). However, as the following discussion suggests,

the gulf that separates model simulations and field r 7{

validation is great indeed. l v
rates are not uniform acrossl; /

vl

If changes in growth
all the species involved (more likely case), the potential
expression of CO,-induced fertilization could involve | -{
changes in the community composition and could be - /*
very complex, resulting in even smaller increases in
forest biomass (Shugart et al. 1984). Another critical",
uncertainty is whethier ations on growth imposed /| -}
by current water or nutrient deficiencies, or by changes - g
in plant morphology, will preclude a positive growth
response to CO, (Kramer 1981). Consideration of the' ¥
interrelationships between carbon, water, and nutrient V o
pathways in soil-plant systems has led to the opposed N
hypothesis that stimulation of root and rhizosphere Lo
processes by elevated levels of CO; could increase both ‘ )&
water-use efficiency and nutrient availability, and thus <
allow an increase in plant growth (Luxmoore. 1981; K:
Rosenberg 1981). This hypothesis is supported by the *
Tnitial results of studies where plants were grown under ‘.\ *
apparent nutrient limitation in a forest soil (Norby et -
al. 1984).. However, other. research on plant-herbivore: '
S . e . !
interactions under conditions of el vated CO, (Lincoln
et al. 1984) ﬁgqggqs_tg___ﬂf_g_t_'gny increases in carbon storage
may be offset by increased consumption. T _
~Increases in carbon-nitrogen _ratios_and decreases , ™

in nitrogen content of plant leaves grown in elevated . _

-.

CO, regimes reflect potentially lowered nutritive value g
to herbivores and, uitimately, to ‘microbes important
“n leaf litter decomposition, nutrient cycling, and
Soil formation. ~~ I~ laboratory “$tudies, insect larvae ‘\ 3
_responded by increasingly higher consumption of plants ,
o highet, COy atmospheres (Lincon et 2l 1989,
“Thus, in a field _situation,— increased Herbivory could .
" reduce or eliminate any potential gains in plant carbon
liminate any po = it carbon

o T ——
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Figure 10.6. Carbon storage dynamics simulated at 21 sites in eastern North America. Maps show carbon storage differences between
contemporary climate and (A) 2-x-CO; climate, (B) 4-x-CO; climate, (C) 200 years after 4-x-CO; climate stabilizes. Tree species of Florida,
Cuba, and other Gulf islands may be important in the southern United States in the future, but were not simulated (Source: Solomon and
Tharp 1985).

Storage expected from CO, fertilization. _Reduced to climate change is also rather crude (Sections
rates of litter decomposition and nutrient cycling caused 8.5.4 and 8.6.1), but some of the factors identified
by lowered_litter qualify could also_terminate an above (ecosystem-specific responses, importance of
.. increased _growth response to_elevated CO, without heterotrophs, sensitivity of nutrient cycles) appear
\ increased herbivory. = The role of consumers and to be common threads binding the interpretation of
| " decomposers (hetetotrophs) in mediating the effects CO, and climatic effects together. The forest stand
“N\" of CO, fertilization is potentially véry important, biit " simulation model approach suggested large decreases
" again, very poorly characterized (see Section 8.5.3; in carbon storage in eastern U.S. forests from CO,-
" Strain 1985). Significant conclusions about the effects induced climate warming not completely compensated
of elevaied atmospheric CO, levels on the global carbon  for by increased storage in Canadian boreal forests
. cycle are precluded by the current lack of information under generic model-projected climates, which included
_ 4\'\ {(Strain 1985), and thus the parameterization of a CO, seasonality (Solomon and Tharp 1985). The projected
+ "y fertilization response in global carbon cycle models (see__carbon storage losses (Figure 10.6) amounted to 10
lChapter 7) is currently a hypothetical exercise. At thisy|to 20% of the average standing biomass in these
time, there is no direct evidence that net ecosystcmzl systems (Olson et al. 1983). Such losses could
production has responded to increasing CO,, either [ offset potentially enhanced carbon storage from CO,
regionally or globally (Woodwell 1983). /“‘xfertilization. Losses of carbon and changes in forest
community structure were still occurring 200 years
after a 4-x-CO,; climate change scenario had been
10.3.2.2  Effects of Climate Change established (Solomon and Tharp 1985). The modifying
effects of soil characteristics or heterotrophs are not yet

Our understanding of potential ecosystem responses considered in such simulations.

s
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(" 5.5 in Chapter 5). Therefore, if farmers are to obtain .

)
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tissue culture may provide the means to multiply that
genetic potential into the large numbers of plants needed
for commercial crop production. ‘As the CO, content
of the atmosphere increases, selection for desirable .
productivity responses to the high CO, will undoubtedly
be made, whether automatically in field plots exposed
to the higher atmospheric concentration or consciously
in growth chambers with controlled CO, concentrations.

9.3.2 Changes in Cultural Practices

9.3.2.1 Fertilizer

Experiments to test the interaction between nutrient
concentration and atmospheric CO, concentration as it .
affects plant yield and growth have fairly consistently
shown that the relative CO, stimulation is smaller when

nutrients are in short supply (Kimball, in press; Table

maximum benefit from the future higher atmospheric
CO, cuncentration, soil nutrient levels must not be
depleted. Fertilization will probably become even more -
important, therefore, because the plant yield response
will reflect a greater relative increase from CO, as well

| as the normal absolute increase from the fertilizer.

i\

-~

As mentioned previously, yields are likely to
increase by a third, on the average, for a doubling
of atmospheric CO, concentration. Therefore, if a
third more nutrient is removed from the soil each year,
it is only logical that soil nutrient levels will more
rapicly become depleted if they are not replenished.
There is some uncertainty, however, whether the
increased fertilizer needs will bear a 1:1 relationship to
increased yields (see Chapter 5 for discussion). Randall

~———\and_Engelstad (1983) predict that increased amounts
_—~ of fertilizers will be needed to exploit the higher

future yield potential from improved plant varieties and
production systems. They did not explicitly consider the
effects of elevated levels of CO,, but certainly it will
be one of the f-.ctors in the improved future production
system.

Phosphorus and potassium. Phosphorus (P) and
potassium (K) will be considered first because their
inorganic transformations are better understood. Soils
naturally vary considerably in P and K contents and
in the rates at which weathering processes break down
minerals to make the P and K available to plants. If a
crop now obtains 50% of its P and K from the soil and
50% from applied fertilizers, and if CO,-induced growth
requires 33% more P and K to sustain yields and avoid
depletion, then the fertilizer application might have
to be increased as much as 66%. However, Randall
and Engelstad (1983) predict that improvements will be
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forthcoming in the efficiency of fertilizer use, which will
tend to decrease this figure. '

~ The increased atmospheric CO, concentration may
improve the efficiency of nutrient uptake and fertilizer
use. One reason is that there may be an increased
extent of soil exploration due to increased root-to-shoot
ratios. Another possibility is that the high-CO, plants
may exude greater amounts of carbohydrates and other
organic compounds from their roots, thereby stimulating

-~ the growth- of mycorrhizal fungi. These fungi form
.. . symbiotic associations with roots of some plant species
- .. -and: are known to help plants obtain P. If they have
: <. 'u greater supply of carbohydrates, it is plausible that
.. they will in- tumn make more P available to the plants
‘(Lamborg. et al. 1983). Preliminary results for trees,

reported by Norby et al. (1984), support the hypothesis
that stimulation of tree-root and rhizosphere processes
by elevated CO, increases nutrient uvailability.

- - As already mentioned, soils vary greatly in their
natural fertility, and crops vary in their requirements for
P and K and in their response to CO,. Localized testing

. of soil nutrient levels and of the various crop responses

to applied fertilizer will have to continue into the future

" for farmers to.adapt to the higher CO, world. _
... Nitrogen. Nitrogen (N) is not an abundant element

in’ soil-forming minerals, so the supply of this most
important nutrient must come from external or fertilizer
sources for sustained production. Many fertile soils such
as the midwestern mollisols have high levels of organic
matter from the remains of decaying plant and animal
material from previous years and centuries. As this
organic material decays, some N becomes available for
plant growth, analogous to the release of available P
and K from weathering of soil-forming minerals just
discussed. Because plants will be larger in the higher
CO, world, there probably will be a greater quantity
of plant material available for decomposition each year,
which in turn is likely to increase the organic matter
content of the soil (Larson et al. 1984), and more soil
nitrogen will become available each year. Although
quantities of plant material will be larger, the quality
of the material may be lower in the sense that its higher
C:N and C:P ratios may somewhat inhibit decomposer
organisms (Strain and Bazzaz 1983). For sustained
agricultural production, therefore, most N will have to
come from external sources.

The primary source of N is from N, in the
atmosphere. Nitrogen-fixing bacteria live in the soil and
in symbiotic association with legumes and a few other
plants. These bacteria obtain energy for metabolism
from decaying organic material, or directly from their
hosts in the case of symbionts, and they have the ability
to reduce atmospheric nitrogen and transform it into
other forms that can be metabolized by themselves and
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their host plants.

CO, enrichment nas increased the amount of N,
fixed by leguminous crops rather dramatically, with a
doubling of CO, concentration producing a doubling of
N fixation in several experiments (Hardy and Havelka
1977). More recent studies have shown substantial,
although more modest, increases (Williams et al. 1981).
Thus, we can surmise that leguminous crops will
probably not be limited by » lack of N in the future
high-CO, world, or at least not any more than they are
now.

Leguminous crops are often grown in crop rotations
because their residue contains high levels of N that
remain in the soil for the succeeding crop. In
CO,-enrichment experiments, the yield and growth of
legumes on the average have been increased by the
same 32% as other crops (Kimball 1983b; Table 5.3
in Chapter 5). Therefore, legume rotation should be
at least as good a method for obtaining N for the
nonlegume crops in the future high-CO, world as it is
now. However, Randall and Engelstad (1983), without
considering CO, enrichment, predict that biological
nitrogen fixation will have little effect on fertilizer needs
by 2030.

Most nonleguminous crops in developed countries
are grown with additions of N from commercial
fertilizer. To sustain yields that are 32% higher in
thie future, it scems logical that applications of N will
have to be increased by roughly the same average
percentage, remembering of course that crops vary
in their requirements, that soils vary in their organic
matter content, and that adjustments will have to
be made for residual N from previous legume crops.
Currently the efficiency of nitrogen fertilizer use is
orly about 50% (the proportion of applied fertilizer
taken up by the crop), at least for com (Randall
and Engelstad 1983). Improvements in the efficiency
of nitrogen use are forecast for the future, so this
increase in efficiency could possibly provide some of
the extra nitrogen needed to sustain higher yields in
the future higher CO, world. As with P and K, the
increased CO, concentrations may cause some increase
in efficiency through increases in root exploration and
through stimulation of microbial activity.

Supply and demand. The amounts of fertilizers
that will be applied in the future per unit area will
be determined by the marginal product value/fertilizer
cost ratio that brings the most profit. Although yields
are likely to increase about 32% on the average with
a doubling of CO, levels, as discussed previously, the
price of the agricultural product cannot be predicted
with any certainty.

Population increase was predicted to outpace
food production increase even before the days of

Malthus (Heady 1984), Instead, however, increases in
agricultural production have led to food surpluses in the
United States and other developed countries, and the
world hunger problem has in fact been a distribution and
economic problem, albeit severe and deadly to some,
rather than a shortage of production. Heady (1984)
predicts that a slower rate of population growth will
cause the demand for agricultural products to grow very
slowly until about the year 2000, and after that time
demand will be close to production, so increased food
prices and increased profitability of fcmhzer apph»auon
will result. s

- The fertilizer cost part of the ratno is also influenced _
by population “pressures  and the size of available
reserves. Engelstad (1984) said that ample supplies of
potash exist in Canada. However, the supply of high-
grade phosphate ore is limited, so progressively lower
grades of phosphate rock will have to be mined. On the
other hand, there are ample reserves of the lower grade
rock, so costs for P and K should not drastically change.
Nitrogen fertilizer production"requires large amounts
of fossil fuel energy -and 'a“hydrocarbon feedstock,
so in recent years the ‘price of nitrogen fertilizer has

" been tied to the price of natural gas (Engelstad 1984).

Coal may substitute for. natural gas in the future,
but nitrogen fertilizer from coal will be more than
twice as expensive as that from natural gas. Increasing
population brings increasing demand for energy, and
industrial development in Third World countries also
increases energy demand. Thus, for the short term it
certainly appears that the optimal rates of N application
will be lower, but they are likely to increase in the
distant future as food prices increase more rapidly than
energy prices.

9.3.2.2 Pest Control

Weeds. Increasing CO, concentration has increased
growth, on the average, of all species of plants that
have been studied. The growth increase of the 770
observations analyzed by Kimball (1983b) averaged
36%, but the range of individual responses was {rom
about —40 to +700%. Obviously there is a huge amount
of variability, so those plants that can gain a larger
relative advantage from the higher CO, level will have
a competitive edge over their neighbors. If the plants
that gain the most from the CO, happen to be weeds,
then greater weed control problems loom ahead in the
future.

However, as noted by Wittwer (in press), of
the 20 most important food crops, 16 have the G,
photosynthetic pathway. On the other hand, of the
world’'s 18 most noxious weeds, 14 have the C,
photosynthetic pathway. As already noted, C, plants
generally have a greater growth response to CO, than
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] CLIMATE ALERT

Climate News Around the World

Europe

Drought, landslides, stressed plants,
more frequent severe storms, and salt
marsh changes are among the impacts in
store for Europe if climate change mate-
rializes. A series of workshops has stud-
ied the impacts of climate and land-use
changes in Furope and a summary of the
findings and recommendations, Poten-

tial Impacts of Climatic Change in Eu-
1ope, has been published.

The Netherlands government has
- worked with the World Climate Program,
the International Institute for Applied
Systems Analysis and the European
Community Climate Program in conduct-
ing the workshops and has published a
summary of the findings and recommen-
dations in a report entitled, Potential
Impacts of Climatic Change in Europe.
Some of the many conclusions, recom-
mendations and research proposals de-
lineated in this slim volume are listed
below:

e More drought will hamper river
navigation, soils will become more prone
to erosion and, in Southeastern Europe,
to salinization, and air and water pollu-
tion will place further stress on forests,
according to the conclusions of a work-
shop, “Interrelated Bioclimatic and Land-
Use Changes.”

* A conference on “Landscape-Eco-
logical Impact of Climatic Change” con-
cluded that rapid shifts of vegetation in
decades instead of centuries will force
plants and animals onto soils and under
daylight regimes to which they cannot
adapt. Weeds and pests will take advan-
tage of destabilization and spread rap-
idly. While the disappearance of glaciers
is estimated to have only minor effects,
more unstable moraine slopes will con-
tribute to landslides, mud-flows and
sediment in rivers and reservoirs. Natural
fires may accelerate permafrost degrada-
tion.

* Coasts will be subject to possible
changes of ocean currents, changes in
frequency and duration of storms and
other extreme events, and shifts in sedi-
ment discharge, according to a work-
shop, “Expected Effects of Climatic
Change on Marine Coastal Systems.”

Erosion, sedimentation, soil chemistry
and changes in competitive ability will
affectsalt-marsh vegetation. Diatoms and
animals in tidal pools may receive higher
UV-B radiation.

¢ In a session on “The Greenhouse
Effect and Primary Productivity in Euro-
pean Agro-Ecosystems,” the participants
urged a clear distinction between the
beneficial, neutral, and detrimental ef-
fects of warming and of increased CO2

concentrations. While the direct plant-
physiologi ntra-
tion on annual agricnltural plants can be
assessed with some confidence. models
of perennials are ncertain,

tassTiouse_experiments with _some
SPETES Suggest thal CO2 cavichmen
ades away after prolanged expasyre.

e IIASA held a meeting on “Future
Environments for Europe: Some Implica-
tions of Alternative Development Paths”
at which a major issue for consideration
was climate and chemical time bombs. A
chemical time bomb is a phenomenon in
which certain man-made chemicals ac-
cumulate in ecological systems with no
apparent adverse effects for 2 number of
years until a threshold is reached. Thena
sudden explosion into the wider envi-
ronmentmay occur. Climaticchange may
provide the trigger: increased storm
strength may stir sediments in whichtoxic
chemicals have been stored for years, or
dessication of the soil can lead to aera-
tion and oxidation and mobilization of
substances hidden in it. IIASA with sup-
port of the Netherlands government has
started a project on “Chemical Time

Bombs in Europe”; climate change and -

land-use changes are among the forcing
factors considered.

India

The Government of India has in-
vested in 2 major research study of the
impacts of possible sea level rise due to
global warming along the Indian coast
and islands. The study is expected to be
completed in December 1991 and will be
particularly pertinent for the 25 percent
of the population living along the coast,
according to a paper prepared by Dr.
Kalipada Chatterjee, Ministry of Environ-
ment and Forests, Government of India,

foraJanuary conference in Nagoya, Japan,
the Asian Pacific Seminar on Climate
Change.

The entire west coast and some parts
of the eastern coast are subject to erosion
which is acute along the coast of Orissa,
Bengal and Kerala. A one meter rise of
sea level would cause shore recession of
from about 270 to 615 meters in various
east and west coat areas. On the Kerala
coast, about three to five meters a year
have been lost because of a lack of sedi-
ment deposition. Other coasts have suf-
fered because of the removal of sands for
construction materials. The Arabian Sea
istands are particularly vulnerable to sea
level rise as they have an elevation of
three to five meters.

Many of the areas vulnerable to ero-
sion are subject to repeated hazards of
surging sea waves and heavy rainfall
accompanying cyclonic winds. Possible
sea level rise would also accentuate the
problem of increased salt water intru-
sion, especially in the estuarine regions
and deltas of the east coast, already a
problem in some areas.

Most of the floods in the country
occur during the monsoons and are asso-
ciated with either the monsoon itself or
tropical storms or depressions. The lower
reaches of the rivers generally overflow
their banks during heavy rainfalls.

Although a strong base exists for
management and control of flood dam-
age, there has been an upward trend in
damages during recent years because of
a number of factors. The population
explosion has put a severe stress on
housing and sanitation facilities.

In the unplanned growth of large
and medium-sized cities, housing has
been built in river beds and catchment
areas, causing heavy loss of life and
property damage when waters rise. These
settlements have also blocked the natu-
ral drainage channels of flood waters
which then sweep away habitations in
their way. Although expenditures on
flood control have increased over the
years, they are not sufficient and much
more effort will be needed in the future,
especially under a climate change re-
gime, according to Chatterjee.
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Reprinted from the University Record

. KateKellogg, News and Information Services

Elevated CO2 Accelel ates Tree Glowth at UM B101001cal Station

Dr..James Teeri, Director of the
University of Michigan Biological
Statiapand professor ofbiology, has
found new evidence that elevated

growth and modify senescence of
-native Michigan trees. Pine, red
maple,and aspen grown atBlologl-
cal Station, responded significantly
toelevated(C02)levelsinoneofthe

“first experiments to simulate pre-
dicted effectsof global.yarmin

Kside ofagreenhouse (. 7)

The seedlings were grown in open-
topchambers and exposed to a con-
stant 700 parts per millwn of CO2
supplied by acomputerizeddelivery,
system. This concentration s ap-
proximately double the current §02
content of air, and simulates atmy-
sphericconditions predicted for tha
year 2050 if fossil fuel emissions
continue at their presen, _rate.
controlgroupin 1dent1ca |
received air with 355 parts per mil--
lion of CO2, the current worldwide
average, and bare plots were moni-
tored for possible chamber effects.

S

After asummerofgrowth,bigtooth
aspen (Populus grandidentata) in
‘the C02-¢levated chambersweighed
30 percent more than aspen grown

had 25 percent moreleafarea. Over
the same period, white pine (Pinus
strobus) and red maple (Acer

.levelsofcarbon dioxide CO2increase -

nearbyin untreated chambersand,

rubrum Yhadboth weigh_ed,about 20
percentmore than theiruntreated

counterparts. “We were amazed at,
‘E_l_a_zge_msponse_oL_tmLed

soil. Slmllarexpenmentducted
elsewhere in the country alsohave
shownlargegrowth response toel-
evated CO ostofthose were
conducted in greenhouses using fer:
tiliged soil. Oursisoneofthe ﬁrsrf'o
‘study the response of indigenous
trees—grownoutintheopeninun-

al/telég soil—toelevated C02." =

The researchers do not know ex-
actly why elevated C0O2 has trig-
gered the unusual rate of growth
but hypothesize that,in additionto
raising the temperature of the sur-
rounding air,itmay accelerateboth .
the photosyntheticratesofthe trees

Zak,assistant professorofnatural
resources-at UM explains that, as
rootgrowth and leafproductionin-
crease, the plant releases more car-
bon below ground, which in turn
stimulates growth of microbes in
the soil. Soilbacteria then convert
nitrogen in the soil to nitrate, in

and the growth cycle continues.

An apparentdelay of senescence in
the treated plants was an unex-
pected result of the elevated C02.
Undernormalconditions, plantspre-
pare for cold weather by drawing
nitrogen from leaves back to their
stems, Teeri explains. The leaves
changeeolorandeventually drop off
while the'nitrogen is recycled for
new shoots the following year. But.
asoflate Septemberlast year, wheri
photosynthesis usually declinesin
northern Michigan trees, the leaves
ofthetreated plants were still fully
active, Teerisays. “About one-third
of the leavés on each control plant
had turned yellow, representing a
normal 30 percentdecline in photo-
synthesis. “Wedon’tknow to what,

Carprsplert .

andnutrient cyclinginthesoil. Don .

effect creating-a natural fertilizer

extent C02 might block metabolic
eventsthat help prepareaa plant for
winter, last year we had to harvest 1
all' plants for data comparison.”

ThJs year, someofthetrees wereleft
in the ground until the first killing
frost in late October. The trees
exposed toeleyated CO2remained
active until the frost and did not
‘appear to be any more sensitive to
the cold than those exposed to nor-
mal CO2 concentrations.

Although the U-M scientists have
documented strong growth re-
sponses to CO2 in three different
species native to northern Michi-
gan,(Teerirautions againstdrawing
broad conclusions onthispar-
ticular experiment’s results. “We
have seen great variation within
thoseresponses and stillhave much
to learn about the different ways
“thatthethousands ofuntested spe-
cieswillrespond,” says Teeri. “Less

hardy speciesmight decreaseovera
_period ofatmospheric warming and

there is no question that predieted

atmospheric changes will have a |
composttionofbothnatural and ag-
rictltural ecosystems. We are cer-
fain the forests in northerrrMichi-
ganwilllook substantially different
100 years from now.”

7,6{»@% gWuQé . ﬂ,,_/ﬁx/n

somemightdisappearentirely. “But -| -




Dr. Stephen Schieider

Global change problems, many in
desperate need of solutions, rarely
fall within theintellectual boundaries
traditionally associated with univer-
sity departments. Structural charac-

teristics of mostuniversitiesconstrain |

their abilitiestoaddressglobal change
issues. Yettheexpertiseand facilities
foundinthelarge research university
today areimperative for thisprocess.
Three particular constraintsimpede
mostuniversitieseffortsinthisarea.
First, universities are typically di-
vided into disciplinary fields which
concentrate ontraditionally defined
areas of study. Inaddition, universi-
ties are in conflict concerning their
attitudes towards the place of schol-

“ars as policy advocacy. And, some

faculty at some universities also tend
to discount interdisciplinary work,
considering it of lower intellectual
quality than that of rigorous disci-
plinary studies,

For a major institution such as a
modern university to ignore global
change problemssimply because they
do not conform to their historical
organizational structureisintellec-
tually derelict and socially irrespon-
sible. Effortsto organize campusesto
foster global change teaching and re-
search opportunities are critical and
overdue. This will be a difficult pro-
cess: seeking solutions to global
change problemswill requireresearch
efforts and organizational changes
commensurate with the scale of the

“problems. Butitis a process worth -

undertaking. By recognizing and ad-
dressing such constraints, universi-
tiescan set an examples ofhow inter-
disciplinary work should be done
while maintaining quality standards
essential tothe success of that work.

 DISCIPLINARY STRUCTUREOF

THE UNIVERSITY

Global changeissuesdonotfitneatly
inte disciplinary boxes. They are
multidisciplinary in their very es-
sence. Such problems require the

. socialsciencestoshed light on why

" warrant policy ac-

The Role of the University in Global Change Research:
Structural Constraints and the Potential for Change

humans disrupt the environment;
thebiological sciencesto assess
how human actions affect

otherforms oflife;and
the physical
sciences

w N

eva-
luate
the ef-
fectsonthe
earth. Inad-
dition, deter-

mining whether
changes are se-
rious enough to

tions and how to act in the face of
scientific uncertainties and conflict-
ing values involves judgments for
‘which the humanitieshave consider-

- ableexperience. ;

But universities, like other institu-
tionsinsociety, are stratified by disci-
plinarydepartments. Such an orga-
nizational structureis cumbersome
for dealing with cross-cutting inter-
disciplinary problems. Because of
their traditional structures, univer-
sities and other departmental insti-
tutions such asgovernment agencies
are only willing, or legally able, to
tackle pieces of global change prob-

lems. Furthermore, since thereoften:

islimited communication across aca-
demic departments or government
agencies, interdisciplinary activities
areoften far from coordinated.

QUESTIONSOF QUALITY

Thesecond constraint facing univer-
sitiesinvolves theissue of interdisci-
plinary quality. WhileIcould hardly
argue with the proposition that re-
searchersshouldalwayspursue“qual-
ity,” it mustbe recognized that qual-
ity consistsof valuejudgments. Within
auniversity setting, quality generally
isdefined as ample production of origi-
nalwork thatadvances the discipline.
This definition is perfectly appropri-
ate for disciplinary efforts, but too
narrow for global change research.

Membersoftheaca-
demic community
who define quality
under this tradi-
tional, narrow defi-
nition of disciplinary
originality arguethat
interdisciplinary pro-
grams compromise
worth. - '

I believe that inter-
disciplinary quality,
although substan-

tially different from

the disciplinary no-
tionofthe concept, is
intellectually as vi-
ableand maybeeven
more valuable to so-
ciety. Interdiscipli-

nary quality must
possess originality.
Thisrequirementcan
be accomplished '

through an innova-

tive method of com- -

bining materialsfrom
various fieldsrather
than within the con-

. finesofonefield. The
materials fr(_)m vari- -

A e e
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Forced C02 Cuts
Bad Policy Idea

American environmental activists, demand-
ing that the United States sign on to an mter-
natonal agreement, that would cut carbon diox-
ide (CQ2) emissions by at least 20 percent by
2005, find willing allies in France and Germany.
It s obvious that some of the political forces in
these and other natfons have long resented U.S.
economic dominance.

Is this allance prompted by genuine environ-
mental concern, or do our global neighbors view
“

this as their

. chance to

©©ﬂumﬂ ﬂ cut Ameri-

By Barbara Keating can compe-

tition dowm

“ to Sj_ze? How
do we tell the difference?

Scientific opinion is split on the sublect of
global temperature change. Though scientists
unanimously agree that greenhouse gases,
principally CO2, are steadily increasing, there is
no consensus among impeccably credentialed
atrnospheric scientists as to the actual result.

- Since the U.S. stands tolose the most, it is not
at all surprising to hear envious nations lining
up with environmental activists who call for a
strict reduction of CO2 emissions,

A study by Alan Manne of Stanford University
and Richard Richels of the Electric Power Re-
search Institute found that, to meet the goals

Barbara Keating is
President of
Consumer Alert,
Modesto, Calif.

_“ '
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NES Week Plugged by Top
Energy Official, Senators

Sens. J, Bennett Johnston
(D-La.), Malcolm Wallop (R-
Wyo.) and Secretary of Energy

Resources Cammittee, told the

gathering of industry repre-
sentatives from around the

Adm. James D,
Watlins kicked
off National En-
ergy Security
Week Oct. 1. The
three officials
made presenta-
tions on the need |
for a comprehen-
sive energy bill
and expressed
why they feel
passing the Na-
tional Energy Se- |

135

formed National En-
ergy Security Coall-

and “has seen most
every mistake in.the
field of energy made.”

Committee

Americans in gen-
eral, are very slow to

curity Act of
1981, 8. 1220, as written, is
so important, rather than uy-
Ing to pass energy legislation
in plece-meal fashion.
Johnston, chairman of the
Senate Energy and Natural
L ]

U.S, Coal Should
Benefit From New
Overseas Markets

American coal producers
may be facing an “extraordi-
nary” business opportunity as
Eastern Europe and other de-
veloping nations tackle
monumental pollution and
energy problems, an Interior
Department (DOJ) official said
at NCA’s Coal Lawyer's Con-
ference,

Thomas Sansonetti, DOI!

{See KEYNOTE, page 6)

learn, he noted.

However, S, 1220, intro-
duced earlier this year by .

Johnston and Wallop, is the
complete energy package the
country needs, Johnston, Wal-
lop and Watkins agreed. .
Johnston noted that the bill

{s expected to be debated on
the Senate floor beginning the

week of Oct. 15. He plans to
{See NES, page 3
WHAT'S INSIDE: 35
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EPA May Be Added to P2

President's Cabinet

Senate Passes Leave Bill 2

Berube Named Montana 4
Powers's Chairman, CEO

Coal Lawyers Briefed 5, 6
On Eey Industry Issues

o

1130 17th St., N.W., Washington, O.C. 20038
Telephone: (202) 463-2625
Richard L. Lawson, President

country who are in- |
volved withthe newly .

tionthathehasbeen
amemberafthecom-
mittee for 19 years

members as well as
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(Cbntumed_ﬁ'om Page 1)

that are being seriously discussed, the U.S.
would be penalized by appraximately 3 percent
of its gross national product, or about $160
billion a year, while China and the European
Cormmunity (EC) wouid have to come up with
less than half this amount.

H'U.S. negotiators agree to the emissionreduc-
tion, American consumers will be forced to un-
dergo major shifts to lower living standards, A
drastic reductioninthe use of fossil-based fuels,
means not onty higher personal monthly utility
bills, but rises in prices on virtually allgoods and
services, and a dramatic rise in gasoline for
autornobiles and other transportation costs.

No Significant Warming

Since U.S. consumers are the highest users of
energy, the EC would like nothing better than a
chance to bring us down to its per capita energy
usage. Who can blame them? This might be
plausible, and regretfully necessary, if it meant
saving the planet from stir-fry, but sound scien-
tific evidence discloses no significant warming
to date and plenty of evidence that the political
theory is just that,

Pressured by Germany's Helmut Kohl and by
Frances' Francois Mitterrand, who heads acoun-
try where 70 percent of its electricity comes from
nuclear power plants, on the one hand. and by
demestic environmental activists, including his
own Environmental Protection Agency head Wil--
llam Reilly on the other, President George Bush
exhibits wise leadership in insisting on more
thorough evaluation of the scientific and eco-
nomic questions raised by half the scientific
exports before committing U.S. consumer/tax-
payers to exorbitant personal sacrifice.

No increase in overall global termnperature has
occurred in the past 10 years. The insignificant
one-hall of a degree Centigrade increase docu-
mented in the past 100 years occurred for the
maost part before heavy industrialization took
place. There certainly i1s no cause for panic.

The earth has always undergone cooling and
warming cycles, is coming out of a little ice age
and is expected to experience a new cooling
trend. Several global warming proponents inthe
scientific community warned of a comung ice age
as recently as the mid 1990s.

Consumer Alert is a national, non-profit.
membership organization dedicated to the
dissemination of accurate risk information
to the general public.
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Federal Lab, NOXSO Sign

Anew technique for control-
ling pollution is the subject of
the first exclusive icense agree-
ment reached between a fed-
eral coal laboratory and a pri-
vate firm,

- Last weekthe Departrnent of
Energy (DOE) announced it
had transferred the rights toa
technology that significantly
increases destruction of nitro-
gen axides (NOx) to the NOXSO
Corp. of Pittsburgh.
Developed by scientists at
DOE's Pittsburgh Energy Tech-
nology Center, the new tech-
nigue enhances the effective-
ness of an advanced scrub-
bing system invented by
NOXSO, now scheduled for
demonstration under the
agency's Clean Coal Technol-
ogy Demonstration Program.
The new technique uses tiny

| Tech Licensing Agreement

alumina beads covered with
sodium carbonate to capture
both sulfur dioxide and NOx.
The beads must be heated to
regenerate thelr effectiveness.
As a result of this arid further
processing, the captured sul-
fur compounds are converted
to elemental sulfur, a market-
able by-product.

The new developmpnt could
play an important role inmeet-
ing new requirements set forth
under the Clean' Air Act
Amendments of 1990,

NOXSO's proccss% without
DOE's NOx control enhance-
ment, currently is being tested
on a 5-megawatt flue gas slip-
stream at an Ohid Edison
power plant in Taronto, Ohlo.

A full-scale demoanstration
of the technique is schedule
to begin in 1994, | L

NES = {Continued from page 1)

bring the bill up.and debate 1t
by ttle, with the Corporate
Average Fuel Economy provi-
sion first, rather than debate
the entire bill at once.

During the past few weeks,
Johnston has made numer-
ous visits to his fellow sena-
tors and said he has found a
number of possible “swing
votes™ on S. 1220,

“I think we will be well abave
50 votes,” he said. “Maybe
above 60."

As a result, in case of a fili-
buster, there is an excellent
chance of gstung a vote for
cloture, he said.

Meanwhile, provisions re-
garding drilling in the Arctic
National Wildlife Refuge will
be thetoughest portiontopass,
Johnston told the group.

Johnston and Watkins said
that f the Senate can pass the
bill, it will be much more likely
that the House will follow suit.

“f we go to the house with a
very good bill, we're half way
home,” Johnston said.

As long as the NES legisla-
tionhasbeencirculating, there
have been a number of
"naysayers,” Wallop said. “Ev-
ery step of the way we have -
proved the naysayers to be
wrong" and no-one in the envi-
ronmental cormmunity has yet
to offer any type of alternative.

Wallop noted that the comn- -
mittee has tried to keep the
NES legislation from being “an-
other environmental bill;” how-
ever, it is environmentally
sound. .

President George Bush be-
lieves the legislaton is “one of
the most important bills in the
nation,” Watking sajd.

The president will be involved
with the bill at the right time.

*We have everything in this
bill,” he said. Nobody else in
the world has anything likeit.”

Page 3
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Entech's Berube Named CEO,
Chairman of Montana Power

Daniel T, Berube, pregident and
chief executive officerof Entech Inc.,
has been chosen to succeed Paul
Schmechel as Mantana Power Co.'s
chalrman and chief executive offi-
cer.

Schmechel plans to retire June
30, 1992,

Berube, 57, will take over the re-
sponsibilities as chief executive offi-
cer Jan. 1, Meanwhile, Schmechel
willremain as chatrran of the board
until his retirement,

John.J. Burke will continue in his
position as Montana Power's vice
chatrman of the board.,

As chiefexecutive officer of Entech,
Berube oversees Montana Power's
group of non-utility companies in-
volved in mining; ofl and gas explo-
ration, development and marketing:
technology and waste management.

Berube, an NCA board member,
joined Montana Power in 1964. Over
the years Berube, an engineer, has

served in engineering, construction
and operation at all five of the
company's coal-fired plants.

In 1987, Berube was named pres-
dent of Western Energy, Montana
Power’s coal mining subsidiary, and
a year later became the president of
Entech. Sinee 1990, he has been
Entech's chief executive omcer and
president.

A Boston native, he eamed associ-
ate degrees in chemistry and me-
chanical engineering at Northeast-
ern University, then served six years
inthe U.S, Alr Force. Later, Berube
earned a bachelor's degree in me-
chanical engineering from the Uni-
versity of Washington and a master's
in engineering science from Mon-
tana College of Mineral Sclence and
Technology.

Schmechel joined Montana Power
in 1933, and is recognized for lead-
ing the company's diversification ef-
forts into coal mining,

. the ﬂ.rst-cver joint con.ference of the NCAs ﬂnance ‘and ‘tax .
'icommlttees delegates heard discussfons on national energy strateg",
‘and environmental realities, the impact of the Clean Air Aét Amend-'
Teents of 1990 and coal property and employee loss control.

““Thomas Falkie, ‘chairman ‘of NCA's Accounting Comm.!tt _and""'*
‘president of Berwind Natural Resources Co.; ; gave the opemng mght o
" keynote address at the conference, held Sep . -
Inn & Chib, Ponte Vedra Beach, Fla. R e e
..’ During’the ‘dccounting session;" consultants with’ The Wyatt ' Co.::
L discussed the implementation of the Finaricial Accountmg Statement
106 regarding post-employment benefits ‘other than ‘Pensions and -
cost-control Issues relating to employee benefits. ‘An cnvi:on.mental'f'
accounting presentation was made by Price Waterhouse.
- The tax session included discussions on' recent developments n"
federal taxation, the current status of excess moisture with regard to -
‘black lung, reclamation taxes. foreign sales corporations and other -
“isspes, Pau] Cox a partner with Wyatt ‘I‘arrant & Combs wasa guwt
speaker. A
~ The 13th annual NCA FMancial Exeeuttves Conference wu.l be held
at'the Wigwam Resort. near Phoentx, Ariz. “The meeting will be held
Oct. 21-24, 1992 at which time the 1992 Survey of Coal Industry
Accountmg Practices will be released A e

.

Paged -

BN Rt
Highlight ICCR

Energy Secretary James D.
Watkins is scheduled to present a
keynote address at the 9th Interna-
tional Conference on Coal Research
on Tuesday, Oct. 15, during thelun-
cheon,

Watkins' address falls on the sec-
ond of three days of presentations
on issues of international concern.

Delegates from 15 countries, in-
cluding special guests from China,
Korea, Bulgaria, Yugoslavia and
Hungary, will be attending the con-
ference at the Omni Shoreham in
Washington, D.C., Oc¢t. 13-16,

The world premiere of the “The
Greening of Planet Earth” will be
held on the evening of Oct. 15. The
30-minute videofeatures several sei-
entists discussing various benefits
of increased levels of carbon dicdde
on plants, trees and agriculture,

Other areas of discussion include
power plant needs in the 21st cen-
tury, ¢lean use of coal though gasifi-
cation and liquefaction and energy
policies, research and development
with regards to environmental con.
cerns in various countries, .

NCA, Bureau of Mines, and the
Departments of Commerce, Energy
and State are jointly sponsoring the
conference along with the Interna-
tional Committee on Coal Research.,

To register for this intermational
event, call NCA's Gloria Runyon at
202-463-2656.

Meetings Set for
Clean Coal Round V

The Department of Energy (DOE)
plans to hold two public hearings in
preparation for the agency's fifth
round of the Clean Coal Technology
Program, currently scheduled to be
lssued in 1992,

DOE’s meetings will be in Chey-
enne, Wyo. on Oct. 30, and in Louis-
ville, Ky, on Nov, 12.

During the meetings, DOE will be
hearing views on various issues of
significance to the joint industry-
government program.

Coal News/October 7, 1991
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Could Benefit
US. Farmers

Prices Seen Rising
i As Productzon Fe alls

By William Booth

Washington Post Stafl Writer

could benefit from global warming,
according to the most elaborate

the greenhouse effect on U S. ag-
iculture.

While higher temperatures and
‘reduced rainfall would cut produc-
tion in many areas, hxgher concen-
trations of carbon dioxide in the air
would make up for much of this loss
by boosting plant growth. Because
food prices would rise, ' farmers
stand to earn more..

overall stand to gain-as much as
} $3.5 billion in annual revenue.
American agriculture is a $200 bil-
lion-a-year industry. In one scenar-
io, consumers would also benefit

' {rom increased productivity.

But while U.S. farmers overall

might enjoy higher prices, the ef-

: fects of global warming could create

¢ dramatic regiona! shifts in agricul-

&

* ture, with some areas hard hit by
* climatic change. Some of the gains

+ would be based on the higher prices

‘.
.
.
14
»
a
1
t
.

that would accompany reduced pro-
ductivity in some regions. Exports
of American farm goods could also
be reduced.

The researchers said, however,

that they were somewhat surprised
- to find that the effects of global
: warming on agriculture seem less

- dire than once feared. While in the

- popular imagination, global warm-
- ing is often associated with a return
- to Dust Bowl conditions, the scien-
- tists believe the United States will
- have little problem feeding itself in
the next century, despite_the pos-

Global Heatmg'

Farmers in the United States

analysis ever made of the impact of

‘The detailed computer analysis, -
published today in the scientific .|
journal Nature, finds, U.S. farmers | i

awral
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© sIDUITY _tna't"a've'rage annua tempér-
‘atures in the United States could
- increase as much as 10 degrees

. tal Protection Agency.

: United States could increase even
: more, since the effects of global

Fahrenheit. _
“None of these scenarios predict
mass starvation,” . said Bruce-

McCarl of the Department of Ag-
ricultural Economics at Texas
A&M University, one of 10 authors
of the report “Food security is not.
an issue.”

The research which is based on
an integration of economic, climate
and crop-growth models, is the
most detailed attempt to date on
the possible effects of warmer
weather on crops and prices in the -
United States. Much of the work
was sponsored by the Environmen-

“Qur results do not show catas-
trophe, but the effect of global
warming is not a benign one for
U.S. agriculture,” said Cynthia Ro-
senzweig of the NASA Goddard In-
stitute for Space Studies at Colum-.
bia University in New York, who
also participated in the study.

Rosenzweig stressed that the ||

effects of global warming on agri-
culture could still be profound, par-
ticularly for regions such. as :the
Southeast and Southwest, where
temperatures will be hottest and
where water may be scarce. - -
The computer simulations pre-
dicted that, overall, crops would
require more irrigation. The study
factored in the increased costs of
this but did not address the possi-
bility that global warming will cause
more variability in the climate,
which could cause more flooding,
drought and hail storms. Insect
pests could also expand their range.

Carbon dioxide is.accumulating in |

the atmosphere because of burning

of coal, oil, gasoline, natural gas and *

wood. Scientists fear that the added
gases will blanket the planet and
trap heat close to the surface, caus-
ing global temperatures to increase
about 4 degrees Fahrenheit by the
vear 2030. Temperatures in the

warming would be greatest toward
the poles and toward the centers of

large land masses.
PR x-ﬁ i‘#’ St

B R e LTV ]



CLIMATE-VEGETATION
INTERACTIONS

Edited by

Cynthia Rosenzweig
NASA Goddard Institute for Space Studies

and

Robert Dickinson
National Center for Atmospheric Research

Proceedings of a Workshop
held at and sponsored by

NASA/Goddard Space Flight Center
Greenbelt, Maryland

27-29 January 1986

Published December 1986
by the

Oftfice for Interdisciplinary Earth Studies (OIES)
University Corporation for Atmospheric Research (UCAR)
P.O. Box 3000
Boulder, Colorado 80307

ahgy Py 5. e e ) e T v R
P00 A I R ot S s 08 o o S e R e N S T e Tl T e T

Report OIES-2




CONTENTS

INTRODUCTION . ... ittt ittt ittt e teteaeetaaeneaeanenesan e neaeenaannnn, 1
I.  ATMOSPHERE-BIOSPHERE TUTORIALS . . . .. i it it et it e ettt e, 3
Global Climate and Its Connections to the Biosphere, Robert Dickinson . . . .. .o vttt e iee e e e 5
The Biosphere and Links to Climate, Boyd R. Strain . . . .. ... oo it ittt i e et e e i, 9
II. PROCESSES AT THE PLANT LEVEL--EXPERIMENTAL EVIDENCE . ... ... . iiuiutintnnrenennnnnn. 13
Climate-Vegetation Interactions: Stomatal Conductance and Photosynthetic Capacity, Graham D. Farquhar . ....... 15
Stomatal Control of Transpiration: Scaling Up from Pore to Paddock, Paul G. Jarvis ....................... 20
Radiative Transfer and Spectral Signature of Plant Canopies, John M. Norman . .......................... 24
I1I. PROCESSES ON THE COMMUNITY LEVEL . . ..ttt ittt ettt et e et eeanaannns 29
Global CO, Levels and the Response of Plants at the Population and Community Levels, Fakhri A. Bazzaz . . . . . ... 31
Impacts of Increasing CO, on Natural Vegetation, Particularly the Tundra, Walter C. Oechel and
George H. RIGCHerS - . . ot i i i et et ettt e e e e 36
Forest Succession Models, HH. Shugart . . ... .. i i i i i ittt ettt e e, 43
Simulation of Ecosystem Response to Rising CO,, with Special Attention to Interfacing with the Atmosphere,
BT T -+ 49
Human Transformations of the Earth's Vegelation Cover: Past and Future Impacts of Agricultural Development
and Climatic Change, William C. Clark, John Richards, and Elizabcth Flint ................ ... ....... 54
1V. PALEOCLIMATE AND HISTORICAL EVIDENCE. . . . ottt ittt et ittt ettt e st e ea i, 61
Vegetational Change in Eastern North America from 18,000 to 500 yr B.P., Thompson Webb I . . ... .......... 63
Lags in the Response of Forest Vegetation to Climatic Change, Margaret B. Davis. . « . .. v oo i v e en i e, 70
Tropical Vegetational History, Dorothy PelCet . . .« oottt ittt it i ittt et et et e iee e e eeea 72
The Response of Lake Levels to Climatic Change--Implications for the Future, F.A. Street-Perrott . .. ........... 77
Long-Term Temperature Trends and a Positive Departure from the Climate-Growth Response since the 1950s
in High Elevation Lodgepole Pine from California, Gordon C. Jacoby .. .. ... .. ..., 81
V. BIOSPHERE MODELING FOR GCMs AND GCM STUDIES . ...ttt ittt i ittt e e e e 85
The Simple Biosphere Model (SiB), Piers J. Scllers. . . v v vttt ittt e e e e 87
Sensitivity of Atmospheric Circulation and Rainfall 1o Land Surface Fluxes--GCM Simulation Studies at GLA,
Y.C.Sudand A. Molod . . oot i it e e e e e e e e 91




CLIMATE-VEGETATION INTERACTIONS

VL. HYDROLOGICAL CYCLE, WITH EMPHASIS ON BIOSPHERE CONTRIBUTION . .........cccuunn.. 101
Regional Evaporation Models, Keith G. MCNaughton ... ... .ottt ittt i eeaeeennnn. 103
Stability of Tree/Grass Vegetation Systems, Peter S. Eagleson . . . ... ..ot nii ittt neeieaeeennnn. 106
Amazon: Forest and Hydrological Cycle, Eneas Salati « « « v v oo vii it cnniniii it iiinieenneennnnnns 110

VII. CARBON CYCLE AND IMPLICATIONS OF INCREASING CO5 « « v v vevvenntiinenennecnnnnnnn. 115
Marine Ecosystem Aspects of the Carbon Cycle, James J. McCarthy . .......cciiiiiiii e, 117
Carbon Cycling in a North Temperate Forest, David M. Gates . . < oo ¢ v v ittt it mnien i ieneanennennns 120
Changes in Atmospheric Carbon Dioxide, Graeme L. Pearman . . . ... oo vt ieien i et i ie i ieeeinennnn 122
Increasing Amplitude of Seasonal CO, Cycle, Roger Revelle and Gundolf Kohlmaier . . ... .....covuune.... 125
Atmospheric Trace Gases: Interactions with the Biosphere, Dieter H. Ehhalt . .......................... 128

VIL SATELLITE OBSERVATIONS . . ¢ ittt it ittt ittt tae st teeatasanaaeaeeeenenanaann 133
Remote Sensing of the Terrestrial Biosphere, LY. Fung and CJ. Tucker . ... ..c.iitveneeeve e 135
Satellite Measurements of Marine Net Primary Productivity, Wayne ESaias . . « « e oo v vt nnnennnnnnennn. 140
Satellite Estimates of Evaporation from Vegetation, Robert J.Gumey . . . ..o v ittt iin e i iininnnen.. 144

RECOMMEND ATIONS & . ittt ittt ittt te et ennasienasensseeneeeaneneaeaenneeannnn 149

CONCLUSIONS Lttt it ittt te it ittt eeeeeeaaeaeaeeeesaneeseaeeee et 152

PARTICIPANTS -« ¢ ¢« et et et et aeeaeesenenesnsnsnsneneenneneneneneeeeeneeaneeminn, 155



13

PART 11

PROCESSES AT THE PLANT LEVEL--
EXPERIMENTAL EVIDENCE

SUMMARY

Plant physiologists study the biological processes of
vegetation at their most basic levels. These processes
include the fluxes of carbon, water, and energy as they occur
in and through plant cells, tissues, organs, and organisms.
Atmospheric modelers should understand the basic aspects
of plant physiology since the accumulations of these
exchanges between plants and the atmosphere integrated
over large vegetated areas affect climate. Thus, the second
workshop session examined processes at the plant or
canopy level, giving particular attention to the interactions
of these processes with the atmosphere.

The session presentations concemed plant fluxes at
varying levels of organization. Graham Farquhar discussed
the physiology of stomatal conductance, photosynthetic
capacity and carbon isotope studies. Paul Jarvis emphasized
the importance of the coupling (or uncoupling) of a leaf or
a plant canopy to the ambient air stream for the correct
determination of evaporation rate especially when consider-
ing the effects of increased atmospheric CO,. John Norman
reviewed radiative transfer at the earth’s surface and the
information contained in spectral signatures of plant
canopies.
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Climate-Vegetation Interactions: Stomatal Conductance and

Photosynthetic Capacity

Graham D. Farquhar

The effects of carbon dioxide on photosynthetic carbon
assimiliation and on stomatal conductance (and water loss)
vary with the time (and space) scale under consideration
(Table 1). My own experience, like that of most of us, is
with the shorter-term effects. The extension of obscrvations
at small scales--leaves, groups of plants, paddocks--to those
at larger scales is easier than the extension through time
scales, as the latter introduces completely new problems--
changes in reproductive success, competition, species com-
position, efc.

Fortunately, there may be a need for short-term
predictions, and I expect that simplified submodels of
stomatal responses will be incorporated in global
circulation models that are used for short-term
meteorological predictions. Such submodels will ensure
that the partition of radiation into fluxes of sensible (i.e.,
that which can be felt) and latent heat at the earth’s surface
is somewhat realistic. They may also serve as useful
inputs for hydrological modeling. I hope that models of

Table 1. Effects of (CO;) on photosynthesis and stomatal conductance. (Upward

arrow indicates a likely increase.)

Time Scale Photosynthesis Stomatal Conductance
Seconds Substrate ,
Minutes Enzyme Aperture
aclivalion\ \‘
Hours Triose phosphate (7) — Sink effects
Days Protein synthesis (?) /'
Leaf area
Superficial density
(no./area) (7)
Months Senescence (ﬂ.)
Reproduction (/')
Years (ﬂ ) Presence/absence vegetation
Species composilion
Fire frequency /
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photosynthesis will also be useful. First, stomatal
conductance to the diffusion of water vapor and CO, appears
impossible to predict without an understanding of the
“demand” for CO, by the photosynthetic machinery.
Secondly, large-scale short-term models of photosynthesis
may be useful if future, sensitive measurements of, say,
CO; concentration were to need correction of diurnal
variations. Lest it appear that I am clutching at straws in
an awempt to justify modeling photosynthesis in short-
term, I should add that such models are now being
incorporated in those predicting crop growth, and may be
included in global circulation models (Sellers, 1985).

Certain relationships which emerge at the small time and
space scales may be able to cross levels of organization
relatively unscathed. 1 would hope that the discrimination
by vegetation against 13CO, during photosynthesis
(Farquhar er al., 1982) is such an example, as its effects on
atmospheric CO, are clearly apparent (Pearman and Hyson,
1985). The effects of leaves on the 180 content of CO, in
air passing across them may be another (Hubick er al.,
1986), as this, too, is seen in the atmosphere (Tans et al,,
1986).

I now summarize the mathematical description of
photosynthesis of individual leaves, restricted o those with
the C3 pathway, because at the global level it is the most
important form.

MODEL OF C3; PHOTOSYNTHESIS

The rate of assimilation of CO, per unit projected area
of a leaf of a Cj species is given by

A=V,-05V,- R, , 1)

where A (umol CO, m2 s°1) is the rate of assimilation, V¢
(umol CO, m-2 571) is the rate of carboxylation of ribulose-
1,5-bisphosphate (RuPy), V,, (umol O, m2 s1) is the rate
of a competitive reaction, oxygenation of RuP,, and Ry
(umol CO, m2 s1) s the rate of respiration. The rate of
photorespiration, 0.5V, is half the rate of oxygenation
since only one CO, molecule is lost for every two
molecules of RuP; being oxygenated.
In tum, the rate of photorespiration, 0.5V,,, is given by

0.5V = V.I./C , )
where r+ is the CO, photocompensation point and C is the

partial pressure of CO,. Equations (1) and (2) may be
combined to yield

A=V, (1-T,/C)-R,. )

At a physiological level, particularly in ambient G,
concentrations, most data are accounted for by considering
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that rate of carboxylation occurs at the greatest rate
consistent with the constraints imposed by (a) the amount
of Rubisco (RuP, saturated rate - Wo), (b) the rate, W,
allowed for the regeneration of the CO, acceptor, RuP,,
often limited to the rate, W;, allowed by electron transport
or (c) Wy, the rate of carboxylation allowed by availability
of inorganic phosphate.
The RuP,-saturated rate of carboxylation is given by

W — chaxC
‘T C+K. (1+0/Ky) "’

@)

where V., is the maximum rate of carboxylation, C and
O are the partial pressures of CO; and O, at the RuP,
carboxylase-oxygenase (Rubisco) sites in the chloroplast,
and K and K, are the respective Michaelis constants of
Rubisco for CO, and 0,.

The resulting expression for the RuP;-saturated rate of
assimilation (Farquhar and von Caemmerer, 1982) is found
by assuming V. = W_. Thus

— chax (C - Fi) _
C+ K. (1+0/Ko)

Ry . )

The maximum rate, V., depends on the number of
sites of Rubisco, E, (umol m2), per unit area of leaf, and
kc(s1), the catalytic tumover number.

chax = kcEt . (6)

Each Rubisco molecule is an octamer, with eight sites
of catalysis. The above equations only apply to activated
Rubisco sites. As well as being involved in catalysis, CO,
also binds, together with Mg2+, elsewhere on each
monomer to activate it. The dependence on partial pressure
of CO, for this partial process is loosely described by
C/(C+K,) where K, is the effective Michaelis constant for
activation. Von Caemmerer and Edmondson (1986) esti-
mated K, at saturating light intensities from in vivo mea-
surements of radish leaves (Raphinus sativa) as 10 pbar.
However K, is inversely proportional to the concentration
of free Mg2* in the chloroplast stroma. CO, affects the
rates of carboxylation and oxygenation, and thereby affects
the concentrations of the CO, acceptor, RuP,, and of other
phosphorylated compounds, such as phosphoglyceric acid,
PGA, the product of RuP, carboxylation. These com-
pounds chelate Mg2+, making it less available for activation
(see theoretical treatment in von Caemmerer and Farquhar,
1986). The activation is also profoundly affected by pH
(Mot and Berry, 1986), which is in turn affected by CO,
concentration, both directly via conversion to bicarbonate,
and indirectly via its effects on the concentration of
compounds like PGA.

Other parameters in the earlier equations, such as k., and
hence V.« (but not r« [ Jordan and Ogren, 1984]) are also
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affected by pH. This dependence may explain why increased
partial pressure of CO, sometimes causes a decline in the
rate of photosynthesis (Woo and Wong, 1983), particularly
at nonphysiological, low partial pressures of O,. The last
topics--chelation, pH effects, control of activation (Salvucci
et al., 1986)--are active areas of biochemical research.

The capacity for regeneration of RuP,, W, is most
frequently at the rate W; limited by the potential rate of
electron transport, J (umol e” m2 s'1), at a particular light
intensity. Since about four electrons are required for each
carboxylation and each oxygenation (see discussion by
Farquhar and Kirschbaum, 1985), the capacity for RuP,
regeneration is

J
W, <W;, = ———.
-7 4+8I,/C

M
Substituting Vo = W; in Equation 3, we obtain the
electron transport limited rate of assimilation

J(C-T.)
=————""—-Ry.
A=CTT. ¢ ®
In turn the potential rate of electron transport at a
particular light intensity is given approximately (Farquhar
et al., 1986) by the solution of

0J% + (Jmax + I/2) J + Imax [/2=0, ©)

where I (umol quanta m-2 s-1) is the irradiance (400-700 pum)
effectively absorbed for photosynthesis, and J.x is the
temperature-dependent maximum rate (see Kirschbaum and
Farquhar [1984] for temperature dependence). Although a
leaf typically absorbs about 0.8 of the incident
photosynthetically active quanta, only about 0.7 absorbed
"white" quanta appear to be effective (Farquhar and
Kirschbaum, 1985). The irradiance is halved in the
equation because one photon must be absorbed by each of
the two photosystems for the passage of an electron. The
parameter 6 depends on the balance of limitations imposed
by the components of the chain, and its value affects the
curvature of the relationship between J and I, making it
small as 6 approaches zero. Recent unpublished experi-
ments suggest magnitude of about 0.7.

If the photosynthetical machinery is used optimally then
Jnax is distributed within the leaf according to the
proportion of quanta absorbed at a particular layer (Farquhar
et al., 1986). The same arguments can be made for a whole
canopy and the result is that Eq. 9 can be used for the whole
canopy with I being the total absorbed irradiance, and J,,,
the sum of the capacities at the various layers. From the
results of Terashima and Inoue (1985) it appears that
chloroplasts within leaves tend to have the above
properties. The capacities (Jyax and Vgnax) of leaves
lower in a canopy are also usually lower than those higher
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up. However, changing solar angle, and wind movement of
lecaves mean that real, closed canopies have internal
distributions of light intensity which are continually
changing. Nevertheless, it appears to me that these
uncertainties are often less than those associated with the
biochemical capacities, and that the solution of Eq. 9 will
be useful for modeling closed canopies as well as leaves and
thylakoids.  Modification is obviously necessary for
isolated plants.

The third limitation on rate of carboxylation is that
associated with the supply of inorganic phosphate. This
supply is controlled in part by starch synthesis which
releases phosphate and in part by extra-chloroplastic
metabolism (typically to sucrose) of triose phosphate
exported from the chloroplast. This releases inorganic
phosphate for reentry into the chloroplast. If the rate of
supply of phosphate, S, say, is limiting, the rate of CO,
assimilation should be independent of CO, and O,
concentrations (Farquhar and von Caemmerer, 1982) and
given by

A=3S-Ry. (10)

Sharkey (1985) noted a correlation between CO; and O,
insensitiviies in  Xanthium strumarium. The latter
occurred after water stress, and were also observed after large
amounts of carbohydrate were accumulated (Azcon-Bieto,
1983).

We see then that, theoretically, the sensitivity
(d nA/d nC = B) of assimilation rate to CO, partial pressure
depends on the conditions imposed and can be positive
(Equations 5, 8) or zero (Equation 10). In practice, as noted
earlier, it can also be negative (Woo and Wong, 1983).

Thus, even short-term effects of changes in partial
pressure of CO, are not well understood. Carbohydrate
accumulation is obviously a potential feature of vegetation
grown at increased CO, concentration, and over the short-
term (one day) can change the pattern of response.

However, the limiting capacities V pax, Jmax and S also
change (and adjust?) with time. For example, von
Caemmerer and Farquhar (1984) found that V,,, (and
possibly J,..x) was less in Phaseolus vulgaris plants grown
at 660 pbar than in plants grown at 330 pbar. The net re-

sult was that the assimilation rate per unit area at 660 pbar
CO, in lecaves from plants grown at 660 pbar was actually
slightly less than that at 330 pbar from plants grown at
330 pbar.

Effects of CO, at longer time scales are diverse, and the
reader is referred to the recent review by Warrick and Gifford
(1986) for details. The following are broad generalizations.

Decrease in photosynthetic capacity (Vmaxs Jmax» €1€.) is
a common but not universal feature in plants grown at high
p(CO,) (Kriedeman and Wong, 1984). This decrease
probably depends on the extent to which growth interferes
with the supply of light, water, and nutrients. It probably
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also depends on the extent to which ’sinks' for
photoassimilate become filled, thereby affecting capacity
via hormones (?), or less frequently, it appears, via a
reduction in S. The latter was reported as an unpublished
observation in Sharkey (1985). Thus, while the early rates

of photosynthesis at 660 pbar in young plants are usually
greater than those in 330 pbar, sometimes giving a
substantial increase (almost doubling) of initial growth rate,
the advantage generally decreases, at a rate which is variable
among species and conditions.

The net effect is that the increase of growth following a

doubling of the CO, concentration is 40 + 7% for immature

shoot dry weight and 26 + 9% for marketable yield of C;
species grown under good environmental = conditions

(Warrick and Gifford, 1986, based on a survey of Kimball,
1983).

LIMITING FACTORS

A common misconception about effects of CO, on yield
is that higher concentrations will have little or no effect
when other environmental factors also limit yield. Warrick
and Gifford (1986) review challenges to this notion. Based
on their findings, my guess is that CO, will have an
impact when the limitation is fundamentally one that
limits CO, fixation. Light is probably such a case, if one
lakes the view that the major role of light is to provide
energy, and that most of the energy is used for carbon
fixation.  Water is another, if one assumes that
transpiration is largely currency for the "purchase” of CO,
via stomata. Nutritional limitations are probably not
always of this kind, since the minerals are often essential
in their own right. For example, nitrogen is needed for
proteins found in cell walls.

STOMATA

The mechanism of stomatal action is very little
understood--least of all the response to CO, concentration.
Double nommal CO, concentration typically reduces
stomatal conductance to diffusion by about 40% (Morison,
1986). The nature of the CO, sensor is unknown. While I
have emphasized the reactions of Rubisco with CO,, and
while this enzyme may be present in some guard cells
(Zemel and Gepstein, 1985) it is unlikely to be the sensor.
The only other two proteins which I know to catalyze a
reaction with CO, are carbonic anhydrase (CO, HCOs) and
phospho-enolpyruvate (PEP) carboxylase (PEP + HCO5- _,
oxaloacetate) [N.B. HCOj5- rather than CO,). However
there are probably many other proteins containing amino
groups which react with CO, to form carbamates; such a
reaction occurs in Rubisco activation (Lorimer, 1983). It
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is our experience that stomatal conductance is more sens-
itive t0 CO, when the leaves are stressed—lack of water,
nutrients, chilling, etc. (Farquhar and Sharkey, 1982), and
involvement of the hormone abscisic acid has been
suggested (Raschke, 1975). Nevertheless, the mechanism
remains elusive. Wong et al. (1979) showed stomata
usually function such that the ratio of assimilation rate

(nmol CO; m2 s°1) 10 stomatal conductance (umol m-2 s-1)
is often about 100 x 106 = 100 ml CO,//£ air, when the
ambient concentration of CO, is 330 pf/£ and the vapor
pressure difference between leaf and air is 20 pb. This ratio
appears to double when the ambient concentration doubles.

SUMMARY

The short-term (one hour) responses of photosynthesis to
increased concentration of CO, are partly understood, while
those of stomatal conductance, although perhaps equally
well characterized, are not at all understood.

The amounts of various enzymes and electron transport
carriers, etc., which together determine photosynthetic
capacity change with time, and with growth conditions.
The long-term effects of increased CO, are partially
characierized, but not mechanistically, since the control of
gene expression is not even established in plants growing at
present day levels.

Where growth and reproduction are clearly limited by
factors unaffected by, and not linked with, carbon fixation,
then predictions of response to increased concentration of
CO, may be made with some confidence. This is rare.
Predictions of vegetation cover and succession are at present
largely based on the physiology and vital attributes of a
300 ppm world, which may, or may not, resemble those of
the next century.
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Global CO, Levels and the Response of Plants at the Population and

Community Levels

Fakhri A. Bazzaz

Most of the research on the long-term effects of carbon
dioxide (CO,) enrichment on vegetation has been directed at
understanding the physiology of CO, responses. This
research, recently reviewed by Bjérkman and Pearcy (1983),
suggests that the primary ecffects of increasing CO,
concentration are on photosynthetic rate and stomatal
aperture:  photosynthesis is increased and stomatal
conductance is decreased (Fig. 1). Increases in
photosynthetic rate make more carbohydrates available for
growth and respiration, whercas gecreases in stomatal
conductance reduce water loss and can improve the water
status of the plant especially under conditions of

Figure 1. Photosynthetic (Pn) and transpiration (E} rates as a Junction of
COy concentration. Vertical bars indicate one standard deviation. Leaf
conductance (1ir;) at compensation point, 200, 500, and 1000 vpm was
0.77,054,0.34 and 0.17 cm 571, respectively.
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walter stress. Significant differences in response to elevated
CO2 occur among specics even of the same community.

Extensive studies have been made of the growth of
agricultural crops under elevated CO, concentrations
(revicwed by Wittwer, 1983; Kimball, 1983). Results of
this research indicate that productivity and yield almost
always increase with elevated CO, levels, but variability is
large among species in the amount of response. Crop
plants with the threc-carbon (C3) pathway, for example,
always show greater photosynthetic enhancement than do
the fourcarbon (C,) plants. This effect has a clearly
understood physiological basis. There also are many
differences among C; specics and even among genotypes of
the same species, but the physiology of these differences
has not yet been investigated.

Differences in response to clevated CO, levels among the
members of an ecological community are likely to result in
changes 10 the species composition of the community. The
composition of the communitics depends on the
interactions of the community members with their physical
and biotic environments. The result is a very complex set
of interactions that will affect communities in complex
ways as CO, levels increase.

The effects of elevated CO, levels on plant communitics
have been studied in two ways. Most studies involve
several species of plants grown individually and focus on
the differences observed in final biomass, growth rates, seed
or fruit weight, or some other measure of potential
competitive success. There have been relatively few
examples of the other type of study, in which natural or
artificial communities of plants are exposed to different
levels of CO, and competitive outcomes directly observed.
Efforts arc being made to bring these two approaches
together by mathematical modeling techniques. '

Carlson and Bazzaz (1980) studied 14 plant species,
finding a wide varicty of changes in plant weight and
photosynthetic rate for two CO, concentrations (Table 1).
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Percent Increase*
Photosynthesis Biomass
Species 600 ppm 1200 ppm 600 ppm | 1200 ppm
C3 Plants

Datura stramonium (1) 74 96 74 115

@ 67 83 60 107

Chenopodium album 57 79 76 140
Polygonum pennsylvanicum 51 64 48 100
Abutilon theophrasti 44 75 38 65
Ambrosia artemisiifolia 10 24 68 112
Acer saccharinum 61 89 32 63
Populus deltoides 65 74 29 20
Platanus occidentalis 13 30 33 33
Glycine max 58 75 47 100
Helanthus annuus 20 38 40 55

C4 Plants

Setaria faberii 13 37 42 106
Setaria lutescens 40 20 70 45
Amaranthus retroflexus (1) 41 21 36 59

@) 27 KX 29 48

Zea mays 24 -7 21 10

*Percent increase over values at 300 ppm.
Source: Carlson and Bazzaz

Table 1. Percent increase in total biomass and in mean single-leaf photosynthesis for growth 28 days after planting at

different CO, concentrations relative 1o the values at 300 ppm.

Total biomass changes were significantly different among
species.

Experiments were performed by Garbutt and Bazzaz
(1984), on the effects of CO, concentration on flowering
and fruiting with particular attention given to the timing of
flowering. An alteration of the flowering time could
disrupt pollination relationships in insect-pollinated
flowers. Figure 2 shows that increased levels of CO,
advance the flowering time for several populations of Phlox
drummondii Hook., but that the differences in timing
among the populations were preserved. Increased CO,
levels enhanced all floral characters measured, that is,
maximum display, flower production rate, longevity, and
the total number of flowers produced. Figure 3 shows the
results of a study of CO, effects on the reproductive
biomass of Datura stramoniwm and Abutilon theophrasti.
As CO, concentration increased, sced number did not
significantly increase in D. stramonium and actually
decreased in A. theophrasti, but this decrease was offset by
increases in individual seed weight. Fruit weight increased

Figure 2. The flowering responses (days to flowering) of four populations
of Phlox drummondii to three levels of CO,. Bars indicate two standard
errors. Source: Garbutt and Bazzaz (1984).
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Figwre 3. The reproductive response of two oldfield annuals to

concentrations of CO;. (A) Abutilon theophrasti (B) Datura stramonium.
All data are on a per-plant basis, all weights are grams. Source: Garbutt
and Bazzaz (1984).

significantly in D. stramonium. A. theophrasti grew more
quickly, but final biomass was not significantly affected by
the CO, concentrations. Taken together, these studies
illustrate the danger of assuming that increased biomass
translates into increased seed output, especially if increased
biomass is measured at any time before reproductive
maturity.

Direct competition experiments have communities
consisting of old field annuals, deciduous tree seedlings, and
herbs of a California serpentine grassland.

A recurrent theme in competition research is the pairing
of C3 and C4 species, presumably because prediction of the
outcome based on physiology is so clear: as the CO,
concentration increased, the C; plant should do
progressively better with respect to the Cg4 plant, unless
there is water stress. If there is water stress, the
competititive relationship probably would not change
significantly with the level of CO, (Bjorkman and Pearcy,
1983).

Bazzaz and Carlson (1984) have studied the competition
among four species, three C3 and one Cy, at two levels of
moisture (Fig. 4). The effects of moisture and CO,
amplified each other, so that Polygonum pennsylvanicum,
a wet-soil C; species, gradually displaced Amaranthus
retroflexus, a C4 species, as the CO, and moisture levels
increased. The total biomass of the community increased
with an increase in the CO, concentration, but the
interactions of the other two species, Abutilon theophrasti
and Ambrosia artemisiifolia, did not change with a change
in the CO, concentration.

Zangerl and Bazzaz (1984) exposed six members of an
annual community to combinations of CO, and nutrient
concentrations, and of CO, concentrations and light
intensities. In the CO,-nutrient study, plants were collected
at reproductive maturity, and seeds were sorted out and
weighed separately from the rest of the plant (Fig. 5).
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Figure 4. Proportion of total above-ground biomass for assemblages of
Abutilon theophrasti (Abu), Ambrosia artemisiifolia (Amb), Polygonum

sylvanicum (Pol) and Amaranthus retroflexus (Ama) grown at 300,
600, and 1200 pL CO, and 15% (dry) or 30% (moist) soil moisture.
Source: Bazzaz and Carlson (1984).
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Figure 5. Individual species responses to CO; enrichment and nutrient
availability ( Setaria and Amaranthus are C, plants, the others are C3): (A)
vegetative biomass, (B) seed biomass. Nutrient level increases Jfrom left 1o
right: 95% confidence limit is indicated for each mean. Source: Zangerl
and Bazzaz (1984).
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Under low light levels, total community production was
not highest at the highest CO, concentration, suggesting
that some environmental conditions may cause the
production of at least some members of the community to
decrease with elevated CO, concentrations.

The results of these experiments suggest strong
interactions with other environmental factors. Furthermore,
the response of a species in the community may not be
predictable from the response of an isolated species. There
were also differences between vegetative response and
reproductive response of the species. Carlson and Bazzaz
(1984) examined the effects of SO, on plant growth with or
without CO, and found that the reduction in photosynthesis
and growth by SO, is greatly diminished by increased CO,.
Apparently, reduction in stomatal conductance causcd by
high CO, reduced the rate of entry of SO, into leaves and
lowercd its damage. Again C; and C4 species differed in
their response (Fig. 6). Thus, factor interactions are
important in plant response to increased CO,.
Environmental factors could be antagonistic, additive, or
synergistic and correct assessment of the response of biota
to their environment must consider their joint action.

Figure 6. Average total growth of C3 and C4 plants fumigated with 025
ppm SO, expressed as a percent of the growth of nonfumigated plants at
300, 600, and 1200 ppm CO;.

Populus delloides

2000 peinsteinm?2s™!

| 60+2%rh.
§30°C

1
N
(=]

1
(&)
=}

Eat

PHOTOSYNTHETIC RATE
(mg €O, dm2n")
m 1

[
[
/
]
]
—
N
o

(,u,wp O%H Buw 001x)
31VH NOILVHIdSNVHL

L
=

1 1 1 | 0
0 200 400 600 800 1000
CO, CONCENTRATION (vpm)

REFERENCES

Bazzaz, F.A. and R W. Carson, 1984: The response of plants to elevated

CO,. I Competition among an assemblage of annuals at different
levels of soil moisture. Oecologia, 62, 196-198.

Bjorkman, O. and R.W. Pearcy, 1983: Physiological effects. In CO; and
Plants: The Response of Plants to Rising Levels of Atmospheric
Carbon Dioxide, ER. Lemon (ed.), Westview Press, Boulder,
Colorado, pp. 65-106.

Cadson, RW. and F.A. Bazzaz, 1980: The effect of elevated CO,
concentration on growth, photosynthesis, transpiration, and water-use
efficiency of plants. In Environmental and Climatic Impact of Coal
Utilization, JJ. Singh and A. Deepak (eds.), Academic Press, New
York, pp. 609-623.

Garbuu, K. and F.A. Bazzaz, 1984: The effects of elevated CO, on plants.
I Flower, fruit and seed production and abortion. New Phytologist,
97, 433-446.

Kimball, B.A., 1983: Carbon dioxide and agricultural yield: an assemblage
of 430 prior observations. Agron. J., 75, 779-788.

Wiuwer, S.M., 1983: Rising atmospheric CO, and crop productivity.
Hortscience, 18, 667-673.

Zangerl, AR. and F.A. Bazzaz, 1984: The response of plants to elevated

CO,. II. Competitive interactions between annual plants under varying
light and nutrients. Oecologia, 62, 412-417.




‘Not A Catastrophe, A
~Boon: The Good News
‘About Carbon Dioxide

.- Sherwood Idso adores carbon

... dioxide. Doubling the atmospheric
.. content of carbon dioxide, says the

. agricultural scientist from Arizona,
‘would be a wonderful boon to the
" world, rather than the catastrophe

. described ‘by the scientists who
_believe that the world is headed for
" global warming because of CO2.

. ““The rapidly rising carbon diox-

. ide content of earth’s atmosphere

. bodes well for biology,”’ Idso told
-The Energy Daily last week. “A

- . great greening of the Earth is in pro-
- gress in a world-wide biological sys-

...tem starved for carbon dioxide.”’

627 National Press Buildin
Washington, D.C. 20045
(202) 638-4260

Telefax: (202) 662-9744

BY KENNEDY MAIZE

With more carbon dioxide in the
atmosphere, said Idso, deserts will

green, forests will advance, and soil .-

erosion will decline. ‘‘Greater agri-

cultural productivity will mean a

greater return of organic matter to

the soil.”” Idso is a researcher at the -

U.S. Department of Agriculture’s
conservation laboratory in Tempe
and a botany professor at” Arizona
State University. He ‘has published
his views on carbon dioxide in a new
book, Carbon Dioxide and Global
Change: Earth in Transition.

_ free’ by-product

" clean-up are unionized.

sponsibility of this office.”’

facilities.’’

| Labor Groups Battle Morales

While the environmental group Greenpeace has been grabbing the head-
lines, the U.S. labor movement has been quietly working in the trenches to
undermine the nomination of Diane Morales to be assistant energy secre-
tary for environment, safety and health. Opposition to the nomination by
the Industrial Union Department and the Metal Trades Department of the
AFL-CIO is a far more formidable threat to the tottering Morales nomination
than the fuss raised by the gadfly Greenpeace.

“The Senate Energy Committee isn’t going to fall all over themselves to

.- placate Greenpeace,’’ said a labor movement source close to the Morales
fight. “’But organized labor means something to many of the members of
the committee.”’ Also, labor’s opposition gains significance because many
of the DOE-owned, contractor-operated weapons facilities that require

Last month, the heads of the two powerful departments in the AFL-CIO

- wrote to Sen. Bennett Johnston {D-La.), chairman of the Senate commit-
tee. Howard Samuel and David Mallino of the [UD told Johnston that Mor-
ales “‘is simply not qualified to make the critical decisions and take the
kinds of policy actions necessary to protect the lives and health of 80,000
workers currently employed at DOE’s nuclear facilities. She has neither the
educational background, training or practical experience to assume the re-

The labor leaders noted that ““‘many of the workers at the DOE nuclear
facilities, most of whom are represented by unions affiliated with the in-
dustrial Union Department, have lost all confidence in DOE’s ability and
commitment to protect their safety and health. The Morales nomination
will do nothing to restore this confidence.’” _

In the letter from the Metal Trade Department, president Paul Burnsky
wrote: “To bring the DOE facilities into compliance with environmental,
safety and health laws the assistant secretary of energy for environment,
safety and health must be an individual who enjoys the confidence of DOE
workers, DOE contractors and the public at large....nothing in the back-
ground of Diane Morales indicates an ability to begin immediate oversight
of environmental clean-up and the creation of safe workplaces at the DOE
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According to Idso: “‘If we add
another 300 parts per million of
carbon dioxide, we will increase the
productivity of all plants by about
one-third.”” That is because the
pores in leaves where water escapes
close up in the presence of CO;.
That means the plants lose less
water and increase productivity as a
result. ““That’s really amazing when
you think about it,’” he said. “It’s a
[ to atmospheric
CO, enrichment. But you don’t hear

.. that side often because of the
. unbelievable

warnings we hear
about warming.”’

Idso is one of many scientists who
reject the warming hypothesis ad-
vanced by, among others, James
Hansen of NASA’s Goddard Insti-
tute of Space Science in New York.
“The global circulation models,”
upon which Hansen’s work is based,
‘“‘include only physical and chemical
things,”’ Idso said. But they don’t
include the effects of biological sys-
tems. ‘It is very likely that the bio-
logy of plants is playing a rather
significant role’” in the global cli-
mate, he said. ‘‘But that area has
not really been dealt with.”’

Biology may provide a large nega-
tive feedback mechanism to counter

‘global warming, said Idso. ““If the

surface of the oceans warms, the
productivity of the phytoplankton is
increased. They produce more
dimethylsulfaniopropinate. This
gets released as dimethylsulfide,
which is oxydized to form particles
that serve as cloud condensation nu-
clei. You get new clouds, and more
cooling. You also get increased
cloud reflectivity, a powerful nega-
tive feedback to warming.”’

Most of the actions proposed by
environmental groups to counter
global warming, such as increased

- energy efficiency and saving the

tropical rain forests, are worth do-
ing in their own right, said Idso.

~“‘The only ar(%ument I have with

them is with CO3. It is the prime
byproduct of combustion and we
could never do anything about it,
even if we wanted to. But we
shouldn’t want to. Carbon dioxide
is a basic building block of nature.
We need it. We need more of it.”’
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Concern about the issue of anthropogenerated climatic change is not new. Thomas
Jefferson, in Notes on the State of Virginia --the first respectable ecology text written
about the United States--speculated that deforestation was altering sea breeze dynamics and
that its continuation would bring those winds all the way to the Blue Ridge Mountains. His
concern over this issue in general was such that he suggested that individuals be appointed
in each state, and that they should meet every thirty years or so to see if the climate was
indeed changing.

Nonetheless, Jefferson never wrote that human beings should adjust their economic
activity as a result of its propensity to change the climate. What he did say was "study it".

If he were alive today, Jefferson would probably call for extensive scientific
investigation of the problem of global warming, and how it might effect ecological change.
That belief, which says no more than our policy should be commensurate with our science,
would be wholly unpopular.

mn——

. Virtually all scientists directly involved in research on_climatic change believe that the
earth will undergo some warming as a result of the increase in anthropogenerated emissions
that enhance the "greenhouse effect”. Nonetheless, there are now several compelling lines
of evidence that indicate the chance of an ecologically or economically disastrous global
warming is becoming more remote, either as a result of a substantial delay in onset, or
because the warming may express itself in ways that are primarily benign.

Moreover, within certain broad limits, how much the world warms can be irrelevant.
Rather more important is how the world warms, because the ecological effects will be
determined by the regionality, seasonality, and distribution of warming within the day-
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night cycle. Given these considerations, both observed and projected climate changes now
suggest a future that is at considerable variance with what might be referred to as the
"Popﬁlar Vision": global temperature change of appmximatély 4°C, pronounced sea level
rise because of the melting of major areas of land ice and thermal expansion of water , and
starvation and civil strife resulting from ecological chaos. An additional aspect of this
Vision is that any meaningful attempt to prevent warming will entail major economic
dislocation.

The Popular Vision became prominent because of two synergistic events. The first was
the publication of a generation of general circulation model (GCM) climate simulations in
the mid to late 1980's: These predicted a mean global warming of 4.2°C with winter
warming of as much as 18°C for the north polar regions; a typical example of one of these
is given by Washington and Meehl (1983), and shown in Figure 1. The second event was
the Congressional testimony of June 23, 1988 that there was a "high degree of cause and
effect” between current temperatures and human greenhouse alterations.

Nowhere in that testimony, and nowhere else did NASA's James Hansen ever state
that the anomalously warm summer of 1988 in the United States was caused by human
enhancement of the greenhouse effect. Nonetheless, the press and the public concluded
otherwise: 70% of the respondents to a subsequent Cable News Network poll agreed with
the statement that the 1988 drought was in fact caused by "the greenhouse effect” . There is
little doubt that such unanimity in fact does reflect a very Popular Vision.

Does that Vision remain warranted, or is it dramatically distorted? In order to determine

this, we examine here six important aspects of global warming.




1. Greenhouse Gas Concentrations and Temperature Histories

While .several greenhouse gases that have increased, almost all of the potential
temperature change is from (in descending order), Carbon Dioxide, Methane, Nitrous
Oxide, and Chlorofluorocarbons.

Continuous instrumental records of CO; concentration date from the late 1950's at
Mauna Loa Observatory, where the 1958 annual average was 315 parts per million (ppm).
The concentration now is near 354ppm. "Pre-industrial” (circa 1800) concentrations were
in the range of 270ppm , giving a rise of 31% to date. Based on the mid-1980's climate
models, this should have increased global mean temperature approximately 1.5°C, if other
factors were not either delaying or mitigating the warming, and the atmosphere and oceans
were in equilibrium.

Other greenhouse gases have also increased considerably. The current climate forcing
of methane is nearly 40% of the effect of increased CO,. In fact, the combined effect of all
of the non-COy anthropogenerated greenhouse enhancers is approximately an additional
80% of that caused by a change in COy alone. Thus the current effective CO_Z
concentration is approximately 420ppm, or 151-161% of the background range of 260-
279ppm. We have already gone ar least half-way 10 an effective doubling of the
background CO, concentration.

While the citation is often made that the history of global temperature as "at least not
contradictory to" the mid-1980's climate model projections, those models produce an
expected eqﬁi]ibrium global warming for this change of approximately 2.5°C , while a
least-squares fit of the surface (and primarily land based) global data gives a rise of

0.45%.10°C in the last 100 years. Further, Figure 2 demonstrates that virtually all of the
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warming of the northern hemisphere was prior to the major postwar emissions of the trace
gases. This dis_crepancy is further compounded by the fact that the "water” (southern)
hemisphere, which should warm up least and slowest, in fact shows the more
"greenhouse-like” signal.

Objective statistical analyses of this record doemonstrate that fully 90% of the warming
of the global record took was realized prior to 1945, with very little net change since then.
In 1945 the actual COy concentration was in the range of 307ppm and the effective
concentration was approximately 322ppm. This is only one-third of the total forcing to
date, and implies that there has been very little warming during the period in which the
majority of the greenhouse enhancement has taken place.

Are the oceans holding it back? According to climatologist Tom Wigley (1987), even
liberal estimates of what is called "oceanic thermal lag” still imply that that the globe
should still have warmed over a degree celsius (primarily after 1950), while the net global
warming since then is in fact approximately 0.30°C. Sea surface temperature analyses from
Massachusettes Institute of Technology ( Bottomley, et al, 1990) demonstrate very little lag

between th'at record and land readings. Thus if an ocean-atmosphere interaction is the major
reason for the relatively small warming to date, then some unknown deep ocean process is
required. Alternatively, the very small amount of observed warming suggests that the time
delay may be very long, or that there simply will not be that much change, unless there are
other mechanisms that are inhibiting it.

Idso (1990) recently compared northern and southern hemisphere temperature histories

and found a striking difference between them that appears with the onset of world




industrialization after world war II. As shown in Figure 3, beginning at that time, northern
hemisphere temperatures stopped rising at the rate that characterizes the 20th century, while

those in the southern hemisphere--which should warm less and slower--continued to rise.

2. Urban Heat Islands and Long-Term Site Bias

Localized warming related to urban buildup has long been recognized as a confounding
factor in regional and global temperature analyses. While causes include changes in the
surface energy balance, local wind flow, and amount of open sky, precise calculations on
the various components of the "urban effect” are not available. However, the effect is
statistically detectable at population levels of 2,500 and up. The temperature record is
further confounded by the fact that exponential population increases suggest the urban
warming bias should be of the same functional form as enhanced greenhouse forcing, and
" that it will therefore contaminate the latest years of temperature measurement. In other
words, it would be striking if the last years in the record weren't the warmest.

Tom Karl, of the U.S. National Climatic Data Center, and his coworkers have created a
deurbanized "Historical Climate Network" (HCN) of 492 stations that have been checked
for instrumental and location changes, and adjusted for population. While this record only
applies to the coterminous United States and is therefore not necessarily representative of
global trends (i.e. it shows a slow but unsteady cooling for much of the last fifty years), it
serves as an important check on other global records because they can be compared to it
over this limited region of high accuracy.

That comparion reveals an artifical warmihg of 0.10-.15°C in the global temperature

records of Jones (1988 and updated) presented in figure 2. Because of the urban effect, it

6



therfore appears that the true global warming in figure one during the last 100 yeam-is
0.35-0.40°C.

An additional, and more insidious problem may be introduced into long-term land
based climate records by a general site bias. Over what was the "developing world" of the
late 19th century, the longest-standing climate records have tended to originate at points of
commerce. Because of the predominance of water power during that era, it is likely that the
longest records are in fact at sites that are preferential for cold air drainagé. Such locations
may be bufferered from some true warming.

3. High Latitude and Daily Temperature Regimes

All general circulation climate models suggest that the polar warming will be
magnified in winter, and that these regions should already have warmed several degrees.
Nonetheless, there has been a substantial secular decline in winter temperatures over the
Atlantic Arctic since 1920, and there has been no change in polar night temperatures at the
south pole --a station that surely has no urban warming. Interestingly, Laurence Kalkstein
and his colleagues at the University of Delaware (1990) recently documented that, while
there has been no ner wamﬁhg of the North American arctic, the coldest airmasses, whose
mean surface temperatures are approximately -40°, have warmed some two degrees. Thus
the most severe airmass in North America may be undergoing some mitigation that is
consistent with an enhanced greenhouse. The only animals that live under these airmasses
are either in -water, sleeping, or dressed like the Michelin Tire Man. If this is the expression
of the enhanced greenhouse, it is hardly supportive of the Popular Vision,

The Popular Vision is not supported by recent studies on daily temperature regimes.




Karl and coworkers examined maximum and minimum values from the U.S. HCN and
found that the daily range (difference between the two) has declined precipitously since
1950, and is now. two standard deviations below the mean for the century. In that record,
maximum values have actually declined while minimum values have risen (Figure 4).

This behavior of the HCN is consistent with an enhanced greenhouée combined with
observed increases in cloudiness of 3.5% and reduced sunshine (Angell, 1990) that have
been documented across the coterminous United States. In spite of a slight (1.5% since
1970) ozone depletion in our latitudes, ultraviolet radiation reaching low elevations is
declining, while it is increasing at high elevation. This is also consistent with an increase
in low level cloudiness.

If enhanced greenhouse warming takes place primarily at night, the Popular Vision of
Juture climate is wrong. Evaporation rate increases, which are a primary cause of
projected increases in drought frequency are minimzed. The growing season is longer,
because that period is primarily determined by night low temperatures. Finally, many
plants, including some agriculturally important species, will show enhanced growth with
increased moisture efficiency because of the well-known "fertilizer” effect of CO,. Night
warming also minimizes polar melting because mean tempeatures are so far below freezing
during winter that the enhanced greenhouse is insufficient to induce melting.

I recently aggregated the monthly mean maximum and minimum records from the U.S.
HCN, rural Soviet data, and rural data from mainiand China. Together, these sets
comprise almost one-half of the land area of the northern hemisphere. In them, the ratio of
night to day warming, since coﬁcurmnt records began in 1950, was 10to 1. On a 100-year

trended basis, it was 16 to 1. As would be expected, if clouds were cancelling daytime
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warming and warming the nights, the winter (longest) nights showed the most warming,
and the summer (longest) days showed an actual cooling. The summer (shortest ) nights
showed the least relative warming, and the winter (shortest) days showed the least cooling,

Thus "how" the world has warmed already appears to be beneficial. If this is indeed
the expression of the altered greenhouse, the earth will have to reverse a course it has
already embarked upon to get to an enhanced-greenhouse disaster. The consistency of
climate behavior with the benign greenhouse hypothesis is profound and compelling.

4. More Recent Climate Models

The earlier generation of GCM's calculated a mean equilibrium warming for a doubling
of atmospheric COy of 4.2°C, with maximum warming of as much as 18°C during north
polar winter, and less significant warming (approximately two degrees) over tropical
oceans.

These models have now been improved with more realistic ocean-atmosphere and cloud
dynamics, and they have cooled their projections. By changing the cloud calculations,
warming in the United Kingdom Meteorological Office (UKMO) model for a doubling of
CO; dropped from 5.2°C to 1.9°. Witha coupled ocean and atmosphere general circulation
model, the net warming in the National Center for Atmospheric Research (NCAR) model
dropped to 1.6°C for thirty years after a shock doubling, compared to 3.7° in an earlier
equilibrium calculation (Washington and Meehl, 1990). The net equilibrium warming for a
doubling of CO5 in the with a new atmosphere-ocean model of the Geophysical Fluid
Dynm_ics Laboratory dropped to 1.8°C, compared to 4.3° in the more primitive version.

Warming projected for the southern hemisphere is approximately 1.0°C, with 2.5° projected




for the Northern Hemisphere.

The mean of these three runs is 2.0°C, down over two degrees from the prévious
mean. This sustantially reduced warming is calculated either with altered cloud or ocean
parameters. It therefore sems logicat that a combination of the two will produce even less
net warming.

Because maximum warming in all GCM's tends to concentrate at high latitude winter,
virtually all of the strong warming is now projected either for twilight or night, which is
consistent with what has been observed in the U.S. HCN.

It is tempting to view the unanimity of these newer models as a sign of reliability, but
that is not the case. In a version of the NCAR model that increases greenhouse gases by a
realistic 1% per year (as opposed to the "shock doubling” used in the model cited above),
calculations imply that the current land temperature should be 1.4°C above the 1950 mean ;
in fact the rise has been on the order of 0.3°. Thus, even the most conservative (least
warm) climate model appears to have grossly overestimated global land warming to date.
This version also predicts very unrealistic regional temperatures for the current greenhouse
enhancement.

5. The Response of Vegetation to an Increase in CO,

It has long been known that many plants show increased growth rates when subjected
to increasing concentrations of CO+. In fact, this response may be an expression of plant
evolution, inasmuch as virtually all terrestrial plant species evolved when the atmospheric
CO, concentration was higher than it is today. Many plants continue to show this
enhanced growth at concentrations higher than 3000ppm, some ten times gréater than late

19th century values.

10



In the last ice maximum, only 18,000 years ago,the earth's atmosphere was within
100ppm of being unable to support plant life because of a lack of carbon dioxide. In fact,
during the last 100million years, the earth has undergone a general cooling associated with
a reduction in atmospheric CO,, that has only been reversed by human industrial activity.

Enhanced atmospheric CO, appears to stimulate plant growth both by increasing the
rate at which carbon is fixed and by increasing plant water use efficiency. Thus we can
expect that plants of the 21st century, on the average, will grow more rapidly per unit of
moisture consumed. If the climate of that era is going to be dominated by night warming--
which will lengthen the growing season without substantially increasing the natural

evaporation rate--we may therefore expect a profound "greening” of the planet.

Atmospheric CO, has increased some 31% over background concentrations; is there
any evidence that this greening has begun? Yes: plant specimens from the British Museum
collected in the mid 19th century (prior to the major CO, input) have more stomata than
members of the same species collected today. These are the pores through which gases
exchange and are the major pathway for loSs of moisture. This verifies laboratory
experiments that demonstrate that plants grown under enhanced CO, have fewer stomata
than those grown under ambient concentrations,

Several "real world" surveys also indicate that vegetative growth is accelerating as a
result of the increase in carbon dioxide, The effect has been noted in montane species in
the western United States, in a virgin forest plot being carefully monitored by the Oak
Ridge National Laboratory, and in the northern forests of Scandinavia. In all these studies

the growth responses have been dramatic and appear to be unexplainable by any
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conventional weather variable . Further, they have occurred at time when forest growth is
ostensibly being retarded by acid precipitation. .

There is some other evidence for large scale vegetation expansion. Brush surveys in
the state of Texas indicate a change in the area infested by woody plants from 88 million
acres in 1963 to 106 million in 1983. In fact, these and other changes have prompted two
rangeland specialists to comment recently that "an experiment assessing the consequences
of increased CO, levels has already been conducted on a global scale, and we should
consider the possibility that the recent increases in abundance of woody plants on
rangelands are its most visible result” .

I recently published some computer models for corn yields in eastern North America
that changed the daily temperature range by warming the nights, and the yield response was
much greater than if growing season rainfall had increased. In other words, we are
already increasing crop yields because of climatic changes that are consistent with an
enhanced greenhouse.

6. Compensatory Cooling from other Industrial Products.

It is clear that human activity, besides enhancing the greenhouse effect, also produces
substances that can serve to counter that effect. These include particulates, which serve to
scatter radiation, and sulfur dioxide, which when oxidized to sulfate can nucleate clouds.

The human sulfate load in the Northern Hemisphere atmosphere now is equivalent to
the maximum loading from the 1815 Tambora volcano, which was been associated with a
2.0° cooling of short duration. Because anthropogenerated sulfates are primarily produced
and reside in the northen hemisphere, we may therefore be equalling or overcompensating

for current greenhouse forcing with actual negative forcing in the hemisphere that contains

12



most of the world's population.

In facf, if anthropogenerated particulates such as sulfates are in fact mitigating the
Popular Vision, we would €xpect to see the following:
1) Night warming from an increase in both clouds and greenhouse forcing,
2) A counteraction of daytime warming by the greenhouse forcing because of an increase
in clouds, and
3) A decrease in daily temperature range,
4) The smallest warming should be during the short summer nights,
5) The maximum cooling should be on long summer days,
6) The greatest warming should be on long winter nights, and
7) The minimum cooling should be on short winter days.
8) The effects should be concentrated in the industrial (Northern) hemisphere, and we
should see
9) Enhanced brightening of low-level clouds near sulfate souce regions.

All of these have been observed.

7. Smhuy

There are now several mutually consistent observations indicating that the Popular
Vision of apocalyptic climatic change is dramatically distorted. The Northern Hemisphere,
which should warm first and most, shows little net change in the last half-century.
Repeated measurements now show relative warming at night, which may- in fact be
beneficial. The amount of global warming is clearly less than it should be according to the

earlier GCM's, given the fact that we are already half way to an effective doubling of CO,.
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The only high-latitude signal that seems consistent with a greenhouse alteration is a 2.0°
warming of mnnasses whose average surface temperature is approximately -40°, which is a
slight modification of the airmass type that is most inhospitable in North America. Other
anthropogenerated compounds may be mitigating the warming. New climate models
partition almost all of the warming of more than 4°C to polar twilight or night, which will
have a minimal effect on ice melting. Observed data compellingly state that Northern
Hemisphere warming is occurring in a benign, if not beneficial, fashion.

If this is the couse the earth has embarked upon in response to human insults of the
atmosphere, the Popular Vision cannot be realized unless that course were diametrically
reversed. Further, have we inadvertantly discovered a very effective control technology
against gfeenhouse warming, or at least have fortuitously bought time to develop a
solution that is less disruptive than the 60-80% carbon emission reductions that are
generally considered required to stabilize concentrations?

In conclusion, the Popular Vision is now barely defensible. The earth's temperature
history suggests that warming for a doubling of CO, will be less than the four degrees
associated with the Vision, and that warming will take longer than previously thought.
Concentration of that delayed warming into winter and night will minimize ecological
disruption, and growth enhancement by CO, itself may f)roduce a beneficial net change.
Finally, we may be able to control warming, via aerosols, wiihout the massive economic
disruption inherent in the Popular Vision. The data have dealt the Popular Vision a serious,
and perhap; fatal blow.
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1. Expected temperature changes for a doubling of Carbon Dioxide in December-February
(Northern Hemisphere Winter) in the 1983 model of Washington and Meehl.

2a. Annual mean surface air temperatures for the southern hemisphere through 1990
(Jones, 1988, and updates).

2b. Annual mean surface air temperatures for the northern hemisphere through 1990
(Jones, 1988, and updates).

3. Top: Global Carbon Dioxide emissions. Middle: Northern Hemisphere temperatures,
with trend line established through 1950, extended through 1990. All readings after 1950
fall underneath the previously established trend. Bottom: Same, except for Southern
Hemisphere, which continues to warm at slightly less than the trended rate.

4. Maximum, minimum and daily temperature range in the U.S. Historical Climate

Network (Karl et al, 1988).
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Carbon Dioxide Rise
May Alter Plant Life,
Researchers Say

.

* Y AW
Studies suggestthe e”
zas could feed a burst ¥ /K
fvegetation. . . {3
By WILLIAM K. STEVENS . ﬁ
)

mosphere do not cause the

earth’'s climate to warm,
ey will probably work dramatic
hanges in natural and agricultural
cosystems, plant physiologists and
cologists say.

In a research effort that has been
.ccelerating over the last five years,
cientists are uncovering intricate
jatterns of plant responses to higher
evels of carbon dioxide. But they are
| considerable distance from under-
;tanding the full range of responses
)r achieving a consensus on how the
yositive and negative effects add up
n balance.

Carbon dioxide is accumulating in
the atmosphere so rapidly, largely
because of the burning of fossil fuels,
that the global concentration will dou-
bie by the end of the next century if
the present rate of buildup continues,
experts say. While scientists are still
uncertain about the ultimate impact
of the gas's heat-trapping properties
on global climate, some believe that
they can already detect the early
stage of a worldwide explosion of
vegetation stimulated by carbon di-
oxide, and their latest experiments
suggest that astonishing develop-
ments may lie ahead.

In a controlled experiment at a
Federal laboratory in Phoenix, for
instance, orange trees raised from
seedlings have been exposed to near-
ly doubled levels of carbon dioxide for
the last three years. The combined
volume of their trunks and branches
is almost triple that of orange trees
grown in normal air.

For some expeérts, this eye-opening
growth portends major improve-
ments in agricultural productlvity,
promises a lusher and more robust
natural world, and suggests that bur-
geoning trees and other vegetation

. might remove enough carbon dioxide
from the air to stablize atmospheric. ., .
concentrations, although atvgh{gher--
levels than now. &

Scientists have found that plants
growing amid higher carbon dioxide
levels also are hardier in some re-
spects. They use water Tnoré effi-
ciently and because of thelf greater
mass, they can better resist stress in
general, ) . ;

“T'm really sold on carbon dioxide;

1 think it's very beneficial,” said Dr.
Sherwood B. Idso of the Agriculture
Department’s water : conservation
laboratory in Phoenix, where thé or-
ange-tree experiment I undey, way.

But other scientists, urgihg caution,
are not so sure, and some say it is
possible that greater carbon dloxide |
levels may be harmful on balance. |
They say the growth can be limited or
even canceled out by a number of
offsetting factors, particularly short-
ages of soil nutrients. They alsosaya |
growing body of research leaves no |
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Sorting Out Mixed Effects
'Of a Profound Change

Scientists expect rising levels of atmospheric carbon
dioxide to stimulate the growth of many kinds of
plants. Some say this will bring about a global
explosion in vegetation. But others say growth could
be limited by stress and lack of nutrients. The net
effect could be nagative, some scientists say,
especially on natural ecosystems.
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Rising levels of carbon dioxide cause the nitrogen
content of plants in nutrient-poor soils to decrease
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content. Consequently, some plant-eaters must
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microbes. L vy Phlox studied in Texas responded to
higher levels of carbon dioxide by
tlowering earlier. The food supply for
pollinators was no longer available
when they expected and required it.
Theoretically, this could lead to a
reduction in pollinating insects.



Rise in Carbon Dioxide May Alter Plant Life

Continued From Page Cl

ubt that the growth spurt induced
y carbon dioxide affects some plant
»ecies much more than others, and
yme very little if at all. Some trees,
-asses and other plants will flourish
. the expense of others, they say,
srupting the ecological makeup of
‘oplands, forests, marshes and
-asslands with consequences that
ill reverberate through entire eco-
'stems.
And because the nitrogen content
unfertilized plants is diluted as
wrbon  dioxide stimulates their
‘owth, they say, many will be less
itritious. Experiments suggest that
ime insects that eat such plants do
it _develop properly and display
gher mortality rates even if they
it much more plant material to
ympensate for the lower quality.
1is, scientists fear, could reduce in-

:ct populations and affect entire

od chains.

Scientists are also turning up evi-
:nce that increased carbon dioxide
.ay alter the timing of plants’ flow-
‘ing, disrupting the interaction be-
veen some plants and their pollina-
s to the detriment of both.

“The consequences are unbeliev-
Jly complicated and there are so

many of them,” says Dr. Fakhri A.
Bazzaz, a plant ecologist at Harvard
University who is in the forefront of
research on the question. Experimen-
tal work suggests there is ‘‘no reason
to be sanguine’’ about the responses
of both natural and human-made eco-
systems to higher levels of carbon
dioxide, he said.

The Dynamics

Carbon Dioxide
And Plant Growth

Carbon dioxide is the primary raw
material used by plants in manufac-
turing carbohydrates from which
they build their tissues and enzymes.
Using energy acquired from visible
light in photosynthesis, plants *‘fix"
or capture carbon dioxide molecules
from the air.

In the last century, roughly the
industrial age, atmospheric carbon
dioxide has increased to about 350
parts per million from about 280
parts per million. In the latter half of
the next century, many scientists say,
it will reach 600 to 700 parts per
million if the current rate of increase
continues.

Scientists have established that
doubled concentrations of the gas
would have startling effects on the
growth of many types of plants,
greatly increasing rates of photosyn-
thesis and agricultural yields. One
survey of 700 agronomic studies by
Dr. Bruce Kimball at the Phoenix
laboratory found that crop yields im-
proved by 34 percent where carbon
dioxide was doubled.

Trees and plants usually grow tall-
er, produce more an bigger
branches, flowers and fruit, display
more and thicker leaves with more
chlorophyll and send out more exten-
sive root systems to search out more
nutrients in the soil. Scientists have
also established that increased car-
bon dioxide causes small pores on the
outside of leaves, called stomata, to
close slightly. This reduces the
amount of moisture lost from the leaf
to the atmosphere, enabling the
plants to withstand drought better.

A number of studies have suggest-
ed that the carbon dioxide increases
of the last few years are stimulating a
worldwide surge of plant growth.
Some scientists say this is reflected
in increased widths of tree rings and
in changes in the number of stomata
on plant leaves.

But the chief evidence comes from
_studies by a number of independent

researchers in the late 1980’s showing
that terrestrial vegetation in the
Northern Hemisphere is absorbing
more and more carbon dioxide in the
spring and early summer and releas-
ing more to the atmosphere as plants
die in the fall.

*“This tells me the biosphere as a
whole is being stimulated,” said Dr.
1dso. ‘‘More carbon dioxide is being
taken out of the atmosphere and
more is being put back in; the bio-
sphere breathes once a year and is
breathing deeper.”

Although plants emit oxygen as
part of photosynthesis, he said, the
amount added to the atmosphere be-
cause of increased growth would not
be enough to have a significant effect
on the vast pool of oxygen that ani-
mals breathe.

_The Caveats

Not All Plants
Respond Alike

Not all plants are taking in carbon
dioxide at the same rate. The differ-
ence shows up most broadly between
two main classes of plants, C3 and C4,
so named bacause of differences in
the way they absorb carbon-dioxide.

In the first stage of absorption, C3
plants manufacture a molecule with
three carbon atoms, while C4 plants
manufacture a four-atom molecule.
The C4 molecule is part of a chemical
mechanism, or ‘“‘pump,”’ that enables
the plant to assimilate carbon dioxide
more efficiently.

Lacking the more efficient mecha-
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on simple diffusion of carbon dioxide
through their tissues. Higher concen-
trations of the gas in the air aid this
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a C4 plant. The result is that C3's
benefit more than C4's from the high-
er concentrations. .

In the salt marshes of Chesapeake
Bay south of Annapolis, scientists led
by Dr. Bert Drake of the Smithsonian
Environmental Research Center at
Edgewater, Md., have studied the ef-
fects of increased carbon dioxide on
naturally growing C3 and C4 marsh
grasses for the last four years. Sur-
rounded by special chambers that
allow the plants to be saturated with
carbon dioxide, the C3 grasses
showed increases in photosynthetic
rates and mass of 60 to 80 percent.
The C4 grasses showed no increase.
Both species demonstrated greater
efficiency in water use.

Other species of C4 plants show
some increase in growth amid in-
creased carbon dioxide, but generally
the C3's outperform them. Among
C3's are many important field crops,
including wheat, rice and soybeans,
although a few field crops, like sugar
cane and corn, are C4's. Virtually all
trees and most broadleaf plants are
C3’s, while grasses may be either.

Some scientists say that with in-
creased carbon dioxide, C4 crops will
tind it more difficult to compete with
C3 weeds and vice versa.

Even within each of these broad
classes, species respond differently.
In a study.led by Dr. Boyd Strain, a
plant ecologist and physiologist at
Duke University, two common South-
ern species of C3 trees, sweet gum
and loblolly pine, were subjected to
higher carbon dioxide levels. Loblolly
is the South's most important timber
crop, and sweet gum is a major com-
petitor for resources in the €ecosys-
tem they share. The study found that
sweet gum seedlings, largely because
of their broad leaves, responded
more dramatically than the pines.

Many scientists believe differences
in species’ response to enhanced car-
bon dioxide, and other problems some
attribute to the enhancement, can be
satisfactorily managed and mini-
mized in agricultural settings where
one crop predominates, and that high-
er carbon dioxide levels will be an
agricultural boon.

“Agriculture has survived so many
catastrophic events,” said Dr. David
T. Patterson, a plant physiologist for
the Department of Agriculture asso-
ciated with Dr. Strain's laboratory,
“It’s likely that this change will also
be weathered.”

But the price of this might be high,
says Dr. Bazzaz, since crops do not
benefit from higher carbon dioxide
levels unless more fertilizer is ap-
plied and more pesticides are used to
kill insects and, in the case of C4
crops, competitive C3 weeds. This
would increase costs, and farmers in
some development countries might
not be able to afford it, he said.

-

o : r w Yrk Times
Dr. Sherwood B. Idso with a three-year-old orange tree grown in high
carbon dioxide levels at Agriculture Department laboratory, Phoenix.
Such trees were found to be hardier in some respects.

Tim K

Natural Ecosystems

The Impact
On the Wild

Natural ecosystems cannot be
managed like agricultural fields, Dr.
Bazzaz said. Both Dr. Strain and Dr.
Bazzaz, whose work deals mainly
with natural ecosystems, say shifts in
competitive advantage among plant
species could produce far-reaching
changes in the wild and even reduce
the number of species.

In his laboratory at Harvard, Dr.
Bazzaz has found that some annual
plants do not do as well as others
amid increased carbon dioxide. This,
he said, suggests that annuals will
leave fewer seeds when they die and
that other species that do better in
elevated carbon dioxide will become
dominant the following year. Other
experiments at Harvard have found
that increased carbon dioxide altered
the relative strength of five species of

“tropical trees.

While there is cause for concern on
this score, Dr. Idso wrote in a 1989
review of research on the subject, it is
possible that ecosystems could adjust
much as forests did in the remote
past, when carbon dioxide levels were
higher than now. '

-Humans also have little or no con-
trol over what Dr. Bazzaz and Dr.
Strain say is a drop in the nutritional
quality of natural vegetation that ac-
companies its jump in quantity at
higher levels of carbon dioxide.

“Without fertilizing the soil,” said
Dr. Strain, “you pump more carbon
into the plant and the ratio of carbon
to nitrogen or phosphorus goes way
up.” He said this means insects and
other plant-eaters have to eat more
plant material o get enough protein.

AR R R R R R

In an experiment at Dr. Bazzaz's
laboratory, Dr. Eric D. Fajer found
that larvae of the buckeye butterfly
ate 20 to 30 percent more vegetation
from plants when they were grown in
an atmosphere of doubled carbon di-
oxide, but that even so they developed
more slowly and had higher mortality
rates. Dr. Bazzaz suggests such ef-
fects could ‘“‘cascade down the food
chain’ as fewer insects survive to
provide food for predators. Dr. Idso,
in his recent review, wrote that while
some studies have found harmful re-
percussions for a number of insect
species, they have not done so for
others. o T

Reduced nitrogen in plants could
slow the decay of leaves and other
plant litter, said Dr. Bazzaz, reducing
soil fertility and producing a thick
carpet of undecayed leaves and twigs
that could hinder seed germination
and, ultimately, the regeneration of
forests. Dr. Idso says this could be
offset by higher populations of litter-
eating microorganisms that would be
attracted to the larger root networks,
and by an increase in earthworms.

While scientists struggle to learn
how all these factors play out in na-
ture, another question looms: If the
global climate does warm substan-
tially, how will this change the pic-
ture? Dr. 1dso says the stress of high
temperatures can be mitigated by
carbon-dioxide enrichment. But stud-
ies at the University of Florida found
that at both present and higher levels
of carbon dioxide, grain yields de-
crease as temperature rises. A world
5 1o 6 degrees warmer than now, as
climatologists now predict by the end
of the next century, “‘may not over-
power the carbon dioxide effect, but
we haven’t run the numbers," said
Dr. Hartwell Allen, a plant physiolo-
gist with the university and the Agri-
culture Department.
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Agricultural productivity is expected to be sensitive
to global climate change. Models from atmospheric
science, plant sclence and agricultural economics
are linked to explore this sensitivity. Although the
results depend on the severity of climate change
and the compensating effects of carbon dioxide
on crop ylelds, the simulation suggests that irri-
gated acreage will expand and regional patterns
of US agriculture will shift. The Impact on the US
economy strongly depends on which climate model
is used. - '

CARBON dioxide concentration of the atmosphere has increased
from ~280 p.p.m. before the industrial revolution to ~350 p.p.m.
today'. According to mast clitmate models, a continued build-up
of CO; and other infrared-absorbing ‘greenhouse’ trace gases
is likely to lead to surface air temperature rises of 1.5-5.5°C
and changes in precipitation patterns’ over the mext $0-75
years”’, Climate changes of the magnitude suggested by climate
models will have agricultural consequences. Many author have
presented qualitative ' discussions on thess agricultural
implications™'%, but quantitative estimates of changes in crop
yields and irrigation water use and thé resulting effects on
producers and consumers have not appeared. o
Here we report the results of a multidisciplinary study using
global climate models, crop-growth models and an economic
model to estimate effects of possible CO,-induced cliinate
change on US agriculture, Although this research pravides quan-
titative estimates of potential effects on the agricultural economy,
perbaps the main contribution is highlighting uncertainties in
current knowledge. For example, differences in average ssasonal
temperature and precipitation between two climate model
forecasts result in substantial differences in crop yiclds and
irrigation water requirements in some regidns of the US. The
effect of these and other uncertaintics on the economic assess-
ment i3 one means of finding prioritles for future rescarch.
Another contribution is recognition of the value of integrating
models from various disciplines, here atmoipheric science,

TABLE 1 * Summary of climate changs in GCMs for doubled CO: average
of US grid points :

Temperature change Pracipitation change
(c) (mm day™4)
Made| Annusl  Winter Summer Annual  Winter  Summer

GISsS +432  +848 +350 +0.20 +013 +0.24
GFOL 4509 +825 +485 000 +019 008

Source; ref, 30,
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agronomy and economics, Although interdisciplinary efforts of
this kind are encouraged'''?, it Is stressed that the results of
such an integrated approach do not predict the future; rather,
¢valuation of results officrs insights into effects of the hypothe.
sized conditions (here, CO,-induced climate change) ana system
(here, the US agricultural economy) as it is currently understoad.
These itsights may then contribute to the larger sacietal policy
discussion of both potential contro| strategies to reduce CO,
and other trace-ges emissians and on appropriate strategiés to
prepare for change. ’ E -

Effect of CO, Increases on US climate

A number of global-climate research projects have éalculated
likely climate changes under alternative CO, levels using
numgrical models of the atmogpheric general circulation known
@3 GCMs’. The forecasts used here ara from the NASA/ Goddard
Institute of Space Studies (GISS) model™ and the Prinéeton
Qeophysical Fluid Dynamics Laboratory (GFDL) model’.
Ratios of mean inonthly temperature, precipitation, and incident
solaf radiation for doubled CO, (to 630 and 600 p.p.f. respec-
tively) simulations to current clitate simulations were applied
to obscrved (1951-1980) .dally station climate variables.
Observed variabies at individual locations were -multiplied by
ratios of climate change from the appropriate GCM gridbox
(8%1at:x 10 long. for GISS; 4,5 lat. X 5° long. for- GFDL), No
interpolations were made between or within grid boxes because
GCM calculations do not acconnt fof this variation. The caléila.
tion of the GISS and GFDL climute-change models does not

TABLE 2 Derived clmate perametars of ssiected agriouliural regions a6

predioted by GISS end GFDL
' K o Averege annual
Evaporation Precipltation temperature
‘ ratiot ratiot Increase ("C)
Reglon* @SS ' GFOL C GSS  GADL  GISS  GROL
Southeast 108 083 111 092 35 49
Daita . 1.02 102 102 1.00 53 44

Northern Plaing 100 008 107 097 47 &9
Southern Plaing 000 102 082 100 44 45
Mounitain 110 1068 141 089 49 53
Pecific 1411 108 115 102 47 47

*The southeast region includes Florida, Georgia, South Carolina and
Alabama; Delta region ir¢ludes Arkansas, Louisiana and Misalgsippt Northem

Plaine are Kangas, Natraska, North Dakota and South Dakota; Southem .

Plaing are Oklahoma and Texag; Mountain region includes Arlzona, Cotorado,
idaha, Montana, New Mexico. Nevade, Utah and Wyoming; Pacific reglon
Includes Callfornia, Oregon and Washington. ' :

t Evaporation ratlo s the doubled-CO, faracast for ovaporetion relative
to the current-CO, forecast,

¥ Precipltetion ratio Is the doubled-CO,, foracast for pracipitation relative
to the current-CO, foracast, :
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include changes in the space and time distribution of climate
events. Therefore many significant climate and biophysica)
features are ignored. Forecasts of annual as well as seasonal
temperature and precipitation changes are summarized in Tables
1 and 2. The uze of two GCM models reflects some of the
variation in climate estimates, For example, both models forecast

increases in regional temperature but differ on changes in pre.:

cipitation and evaporation. Table 2 points out the lack of con-
sensus for some important agricultural regions, an issue that
has implications for assessing climate-change effects’™!.

It should be stressed that the doubled-CQ,-model represents
an equilibtium climate, rather than one respanding trangiently
to the gradually increasing trace-gas forcing. Because other trace
greenhouse gases (for example, CH,, N,O, chlorofluorocar-
bons) are increasing, the climate-change models may be con-
sidered to be an ‘eflective’ doubling of COQ,, meaning that the
radiative forcing of all greenhouse gases has the same radiative
forcing as doubled CO;. The effective doubling of CO, con-
centrations will occur around the year 2030, if present emission
trends continue. The climate change caused by this effective
doubling may be delayed, owing 1o slow uptake of heat by the
oceans and other factors. A more detailed discussion of these
and other uncertaintics is presented by Schoeider’.

Physical effects on the agricultural system

Crop yiold effects. The climate changes described in Tables |
and 2 are expected to lead to changes in crop yields, but
substantial resources and time would be needed to perform
experiments to explore even part of the range of these variations.
In this study, the SOYGRO (version 5.41)'", CERES-Maize'?
and CERES-Wheat'" dynamic-growth crop-simulation models
are used to project the effects of climate changes on the yields
of irrigated and rainfed winter wheat, maize (corn) and
saybeans'-*', The chaice of these widely validated models is
based on several criteria. First, the models simulate crop
response to the major climate variables of temperatute, precipi-
tation and solar radiation, and include the effects of s0il charac-
teristics on water availability for crop growth. They are also
physiologlcally oriented, with functions that calculate the rutes
of photosynthesls, translocation, respiration snd other crop
processes. Cirowing-degree days and photoperiod effects are
modelled for the three crops. Second, they are validated for a
range of soil and climate conditions. Third, these models are
developed with compatible data structures so-that the same soil
and climate data bases could be used with all crops. An impor-
tant issue in asgessing agricultural effects of climate change ig
the role of elevated CO, on plant growth®?®, Increased CO,
has been found to increase photosynthesis and decrease stomatal
conductance in most ¢rop plants in experimental settings, result-
ing in reduced transpiration rate per unit [eal area and overal|
Increase in watcr-use eficiency (seed yield divided by total
evapotranspiration during the growing season (kgha™
mm ") ¥, Modifications to the crop models were made to
culeululc photosynthesis and evapotrunspiration rates under
increased CO, "%, Photosynthetic rates were increased by 35,
25 and 10% for soybeans, wheat and maize, cespectively, under
doubled-CO, conditions.

Limitations of the ¢rop madals. Although the crop-simulation -

models were developed and tested over a runge of climate
conditions, they have not been tested under the temperature
conditions suggested by the GCMs. The crop models also
assume that soil nutrients are not limiting, there are 1o other
major soil problems, and that pests (insects, discases, weeds)
pos¢ no limitution to crop growth and yield, Further, the
beneficial effects of CO, on crop yields will be overestimated if
the equivalent warming of the doubled-CO, climate occurs
before an actual doubling of atmospheric CO, (due 1o increases
of other greenhouse gases) and if the experimental results are
not reproduced under warmer, more variable and pest-infected
field conditions. Finally, changes in climate variahility, which
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TABLE 3 Predicted parconlage change In Irrigatod-crop water use
recuirements end weter supply for irrigated reglona®

Irrigated-crop water use Supplyt:

Reglon GISS GFOL GISS GFOL
Southeast 16 147 160 -9.0
Delta 18 60 20 -~3.0
Northern Plaing -13 14 10 -30
Southern Plains —~4 -10 -30 -20 "
Mountain -8 2 20 -70
Pacific -9 3 70 -20
* Reglans are defined In Table 2.

t Water avallabllity in areas that currently do not rely on irrigation is not
aadreasad in these analysas. These exciuded areas contaln <29 of current
{1985) imigated acraage,

$ Changes In water supply are caltuigted uging basa weather, precipitation
{ratios) and gvapotranspiration (ratios). Spacifically, the percantage change
In water supply Is calculated as 36A(WS)= [(BP X PR) - (BE X ER) — BWS)/
BWS x 100 where WS, water supply; BP, basa pracipitation; PR, precipitation
vatlo (feracest precipitation/base precipitation) BE, baze avaporation; ER,
evapatranapiration ratlo {farecast evaporation/base evaporation) and BWS,
base water suppty (BP ~ BE),

were not simulated, could signiticantly alter the results. If
frequency of droughts or mesoscale convective complex (MCC)
rainfall and hail damage inoreuses, climate-change effects on .
crap yields could be more severs™, :
Crop yield results. Rainfed-crop yield estimates shown in Fig.
1 differ markedly for the two GCMs, even though the annual
avernge chunges shown in Table 1 ure not very ditferent. Crops
are sensilive to weather aver relatively shart periods of time,
and annual averages do not convey important shorter-term
differences. For example, consider the average monthly growing
geason precipitation for one location, Columbia, South Carolina.
The historical avernge for June is 113 mm. For the doubled-CO,’
analysis, the models differ sharply in monthly precipitation

forecasts, with GISS forecasting 148 mm and GFDL $0mm..

The lower summer growing-seuson precipitution for the GFDL
model accounts for its much lower yields under rinfed
conditions.

The simulated changes in crop yields are driven by two effects,
changes in climate and CO, enrichment. The Interaction of these .
forces Icads (o prediclions that vary by region. In more northern
latitudes u longer lrost-free growing scuson and increased tem-
peratures had a beneficial effect on simulated yields. In other.
reglons, high temperatures shoriened the duration of crap
growth stages, especially grain-fill, resulting in moderate 1o
severe yield dccreuses'-'. The bencficial effects of elevated
CO; on crop yields, however, offsets some or all of the adverse
climate effects. As a result, average yields in most regions
acturlly increase in the milder GIS$ climatc-change model,
whereas 2 pattem of yield decrenses persists in the hotter and
drier GFDL model. Ireiguted yiclds tend to be higher und less
variable than rainfed yields, in both the base-period and climate-
change scenariog'®-?!,

In regions where present crop yields are relatively low, high
percentage increuses in yields do not indicute large absolute
increases in crop yields. For instance, the Luke States and
Northern Plains regions currently have low relative average
yields based on 1951-1980 climate, so these increases may not
be as significant us the smaller percentage increases in the
higher-yiclding Corn Belt. Similatly, for the Southern Plains,

Mountuin, and Pacific regions, chunges in maize yields for ~

rainfed production are not as important ug changes under irriga-
tion, because the majority of the production from these regions
is from irrigated land, B

Irrigation water use and availability, Rising temperatures in
Tables | und 2 suggest increascd evapotranspiration, crop water
use and irrigution demand. The CERES and SOYGRO models
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calculate the irrigation water applied by irrigating the soil profile
up to field capacity whenever the crop becomes water-stressed.
Changes in irrigated-crop water-use requirements are presented
in Table 3. The irrigation water use values reported in Table 3
for the GISS and GFDL models are used to adjust irrigation
water requirements in the economic model of the agricultural
soctor. Changes in water use vary with GCM models, with
modest increases or alight decreases under GISS but gubstantial
increases projected under GFDL in the southern United States.
Changes in ground- and surface-water availability are esti-
mated using a simple hydrologic mass-balance approach that
reflects the interactions of evaporation, rainfall and temperature
forecasts from the GCMs (Table 3). If a region currently has
greater annual precipitation than annual potential evaporation,
the same percentage increase in evaporation and precipitation
could increase the differential, suggesting an increase in runoff.
Predicted changes in regional water supply that reflect these
estimates are reported in Table 3. Note that GFDL projections
are much more severe than GISS, showing water-supply reduc-
tions in all irrigated regions, caused by increased evaporation
driven by high temperatures. The procedure used to caleulate
regional changes are described in Table 3. Assumptions underly-
ing forecast changes in agricultural water availability are
discussed by Adams, Glyer and McCarl?®*, '

PR, anOGE BOVRRANS WITH DIRECT RFPEOTS

G198 2008 WHEAT WITH DIRECT RFPEOTE

B4 Ax008 BOYREANG WITH DIRECT ERFROTE

Economic consequancas. The final step in the assessment invol-
ves adjustments In the parameters of an economic model of the
US agricultural sector to reflect the crop yield, water use and
water-supply effects of climate change. A correct translation of
these effects into their implications for societal well-being
roquires a model that refiects the adjustments that producers,
consumers and other affected parties are likely to take to soften
the impacts of adverse climate'?. Thus, human behavioural
responses to adverse climate must be modelled.

The economic mode! is one previously used in & number of .
appraisals*’-** and is designed to simulate the effects of changes
in agricultural demand, resource usage or resource availablliry
on agricultural prices, quantities produced, consumers’ and
producers’ welfare, exports, imports and food processing. The
model considers production, processing, domeatic consumption,
Imports, exports and input procurement for most crop and
livestock commodities. Included are both primary commoditics
(those produced directly by farms) and secondary commodities
(activities such s soybean crushing and livestock feeding and
processing), .

A total of 1,683 production poasibilities are specified to rep-
resent major field crop and livestock production in the United
States. For some regions, field crops are divided into irrigated
and non-irrigated production. Bach crop and livestock

FiG. 1 Percentage changs In rain.feg
crop yislds simulated by the SOYGRO,
CERES-Malze, end CERES-Wheat
modals modified for the direct offects
of CO; on phatosynthesls and tranapir-
ation using GiSS and GFDL doubled-CO4
Climate-change modals, Soybeans and
oom were modalied at sites in the fol-
lowing statas: Alabama, Arkansas,
Florida, Gaorgla, Kertuoky, Louisiana,
Misaissippl, North Caroling, South
Caroline, Tenncases, Virginia, Min-
nagota, lowa, Misaouri, Wisconaln,
[fincis, Indlana, Michigan, Ohlo, New
York, Pannaylvanicc winter wheat -and
oo were modeflad In  Nebraska,
Kansag, Oklahoma and Texas. Results .

wares extrapolated to othar sitea on the
7O Jm00E COMN WiTH DIRECT EFPROTS basie of aimilarity of current-climata.
growing conditions.
Bl -50 - -41% B -40--31% @ -30--21% BB -20 - -11%
N -0--1% EBo- ox S8 10 - 1% B 20 - 29%
) ao-as% [ 40-49% NA , Not Applicable
NATURE - VOL 345 - 17 MAY 1990 .|
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TABLE 4 Estimated economic consequences of climate change on U8

agricuiture
Effect Change from baze
Con- Pro- Con. Pro-
Modal/analysis sumers ducers Tota! sumers ducers Totel
(thousand millien 1882 $)
Bage
(1981-83 climate,
demand and :
technology) 7732 1780 98512 -— —_
GISS with
daubled CO, 86682 1039 10601 +9.30 +159 +1089
GFDL with
doubled CO, 6344 2135 8478 -1389 +355 =~10.33

production activity requires information on yields and usages
of inputs or other commodities. This information s from the
1982 United States Department of Agriculture (USDA) Farm
Enterprise Data System (FEDS) budgets, the USDA survey of
irrigated acreage, Extension budgets, and Soil Conservation
Service (SCS) budget seta. -

Productian i simulated in 64 geographical subregions distin-
guished by resource endowments. These areas are then grouped
into ten larger regions for purposes of land, labour and water
supply. The water resource is of particular interest here and is
disaggregated into surface and pumped ground water sources.
Surface water is availabie for a constant price within each region,
but pumped ground water Is provided according to a supply
schedule where increasing amounts of water are available for
higher prices.

The production and consumption sectors are assumed to be
made up of a large number of indlviduals operating under
ocompetitive murket conditions. This leads to a model that
maximizes the difference between the areas under the demand
and supply curves. This area can be interpreted as a meagure
of economic welfare (ordinary consumers’ plus producers’ sur-
plus) equivalent to the annual net income (in 1982 dollars) lost
or gained by agricultural producers and consumers (both domes-
tic and foreign) as a consequence of climate change. The model
is solved as a quadratic programming problem. A more detailed
description of the model is found in Cheng and McCarl?.

Economlc model simulations

Adjustments in crop yields, irrigated-crop water requirements
and irrigation water availability were made in the economic
model aceording to cach GCM forecast (Fig. 1 and Table 3).
In addition to the modelled crops (maize, wheat, soybeans), the
yields for cotion, barley, grain sorghum, rice and alfalfa were
adjusted (by the average yield changes of the modelled crops)
based on similarity of current-climate growing conditions.
Inclusion of these other major crops is needed to account for
potential gubstitution of crops within and across reglons and to
reflect the role of guch ¢rops in livestock production. A model
solution is then generated to se¢ how climate change and ele-
vated CO, might alter the economics of the agricultural sector
relative to & hypothetical ‘no climate change' case.

‘Three solutions were generated with the economic model,
These include the yield and water manifestations of each ¢limate-
model forecast and a base solution of the 1981-83 economic
model. The direction and magnitude of the changes in income,
crop ucreage and other modelled chasacteristics between the
buse and the climate-change solutions indicate potential
econamic and resource implications (in quantitative terms) of
each climate scenario.

Results from the economic model

The ceconomic consequences of climate change are dependent
on the GCM projections. This can be seen in Table 4 where

22

annual aggregute effects on consumers and producers range
from a net gain of over $10,000 million (GISS) to & loss of over
$10,000 million (in 1982 dallars) for GFDL. These estimates
are ~8% of the 1982 market value of US erap and livestock
production. The GFDL losses are driven by the yield losses
shown in Fig. 1 and the substantial increases in irrigation water
requirements associated with adverse climate change. (Without
the mitigating effect of CO; on crop thld" economic laosses
under GFDL would increase threefold®.) Note that the change
In producers® income is positive under GFDL because of prices
rising by more than the climate-induced reduction In total pro-
duction (that is, inelastic demand). Producers in some reglons
do lose, however, as regional production declines by more than
the increase in prices.

Under the GFDL climate-change model, ¢rop prices increase
from reduced production of some crops. Thess price increases
work against consumers, whose losscs are greater than the gains
to producers reported in Table 4. Aggregate price and quantity
adjustments for crops and livestock commodities, expressed as
indices (weighted by the quantities of each crop), are reported
in Table 5, Price changes are slight to moderate across the
climate-change projections. GISS yleid (increases) and water
forecasts result in price declines of 17 and 16% for eight field
crops and four livestock commodities, respsctively. These price
declines are the result of 9 and 6% increases in agricultural
output for each group. For GFDL yield and water changes,
prices increace by 34 and 8% for the same set of comimaodities,
due to production reductions of 20 and 2% for crops and
livestock. . .

For perspective, we compare these aggrepate economic con-
sequences of climate change and elevated CO, to the economic
effects of other environmental stresses. The economic con-
sequences of anthropogenic tropospheric ozone on US agricul-
ture have been estimated to be $2,000-53,000 mitlion per year
in 1982 dollars™ whereas the estimates of a 15% depletion in
the stratospheric ozone column amount to ~$2,500 million?®.
Thus, the agricultural consequences of climate change under
GFDL imply potential economic costs four times greater than
these other environmental stresses.

A major policy concern |s whether climate change is a food
security issue for the United States. The reaults of these analyses
suggest that it is not. For GFDL, the capacity of the US agricul-
tural system to produce food and fibre is reduced, but under
GISS production actually increases. US consumers face modet-
ately higher prices under a GFDL ¢limate-change model and
the movement of US production into export markets is reduced.
Indeed, almost half of the consumers’ losses arising under the
GFDL climate change accrues to {oreign consumers, The analy-
sis here, hawaver, does not consider changes in agricultural
production due to climate change in other countries.

These simulations were derived from an economic model
based on 1981-83 economic and agronomic conditions. As the
full extent of the climate changes projected here will not oecur
for decades, the sensitivity of the ecconomia estimates were tested

TABLE 5 Agricuitural commodity pries and quantity Indices® for climate-

change modala (bage =1.00)

Fiald cropst Livestock commoditiest
Climate mods| Price Quantity Price Quantity
GI8S with doubled CQ, 083 1.09 084 108
GFDL with doubled CO, 1.34 0.80 108 098 .
*Indless reported here are  Figher Indices. where P=

[(p" - 6*/0° - a')p* - @/ - 12, @=l(p* - ql/pt - ¢O)p® - q¥/p° - PN,
and where p%q°) and p(q*) are vectors of pricas (quantities) In the original
and final equlliorla, respactivelyS,

t Fiald crops Inciude maiza, wheat, soybean, sorghum, cotton, oats, hay
(aifalfa and grass hays) and silage. )

3 Livestock commodities include poultry, pork, beef and milk products.
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TABLE 6 Effects of climate change on lrrigated and rain-fed ¢rop acreage

Dass acreage

Reglon* irrigated  Rain-fed Total

Corn Beit NA 9548 9546
Lake States NA 33.79 83.79
Southoast 112 10.79 1251
Delta EEL 1877 1058
Northern Plaing 10.28 91.40 101.68
Southern Plains 831 4894 54.70
Mourtain 1614 6.54 21688
Pacifio 7.79 194 9.67
Other (Northeaat and Appelachian) NA 19.54 1954
44.29 324.89 368.92

IS8, ahange from bage GFOL, change from basa

lrigated  Rain-fad Total Irigated  Rein-fad Total
NA +1.53 +1.63 NA —4.83 -493
NA +0.14 +0.14 NA +340 +3.40
=-0.08 =378 =384 -046 -452 -4.08
+1.08 -11.88 -10.60 +5.91 -0.08 =348
+3.94 -112 +282 +4.03 -244 +1.89
+1.60 -1240 -10.80 -0.60 -180 -2.80
-2.69 +1.46 -1.23 +0.02 -0.27 -0.25
-0.21 +1.03 +0.82 +0.28 +0.88 +1.21
NA -5.68 -15.68 NA =878 =878 .
+3.58 —40.50 -86.64 +9.48 -27.26 =1780

* Corn Belt reglon Includes the states liinole, Indlana, lowa, Ohlo and Miesourk Leke States include Michigan, Minnesota and Wisconain; other reglana

defined In Table 2. NA, not epplicable.

by changing demand and technology parameters in the economic
model. Specifically, US domestic and export demands were
inereased to refloct increases in US and world population, and
ylelds wore increased based on histerical per annum yleld
changes, projected until 2050, Increases in domestic and foreign
demand increased economic losses for the GFDL climate model.
Conversely, technology (through increased yields) offsets the
climate-induced losses reported In Table 4 for GFDL if ylelds
increass at rates comparabie to the last three decades. Although
such yleld increases offget the effects of adverse climate, climate
change still Imposes economic casts (in the form of foregone
higher yields in the absence of climate change).

Effects on regional production, irrigated acreags and the enviren-
ment. Climate change leads to a slight reduction in total US
cropped acreage. gate (and regional) acreage adjustments
are presented in Table 6. Under QISS, aggrogate acreage is
reduced due to increased yields. Far GFDL, acreage is reduced

owing to shifts in production between regions and associated -

changes In resource availability. Both analyses show reductions
in’ aggregate rainfed acreages. Included are some potentially
large regional adjustments, driven by the regional variations in
climate change. For example, north or northwest shifts in acreage
and production occur for some commoadities (Table 6). This
implies increased input demands in arcas of expanded crop
acreage, such as the Pacific and Lake State regions, and corre-
sponding reductions in regions experiencing acreage declines,
such as the southeast and Southern Plains. Shifts in regional
production patterns imply changes In the status of natural
resources. For example, expansion of agricultural production
" in some ateas increases the potential for soil erosion, ground-
and snrface-water pollution, and loss of wildlife habitats.
Changes in precipitation and temperatures under doubled-
CO, conditions favour irrigated crop production. Also, rising
commodity prices from reductions in total output under the

GFDL climate-change model enhance the feasibility of irriga-

tion activities, particularly those associated with groundwater

use. As a result, modelled irrigated crop acreage increases in,

most regions, as scen in Table 6. In the aggregate, the increascs
vary from 3.5 (GISS) to ~10.0 (GFDL) million acres. Region-
ally, major increases in irrigated acreage occur in the Northern
Plains and in the Delta. The southeast is the only region that
shows declines in irrigated acrenge, due to the large increase in
ctop water-use forecast by the crop simulation models. The
sustainability of any increase in irrigated acreage was not
included in the analysis.

Discussion

Our results show a range of possible outcomes for US agricul-
ture, depending on the severity of climate change and the com-
pensating effects of CO; on crop yields. Changes in temperature
and precipitation as forecast by the GCMs lead to reductions
in yield and increases in crop water demands. As modelled here,
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increased atmospheric CQ, enhances crop yields, mitigating
some or all of the climate-induced yield changes. Under the
most adverse case of climate change (GFDL), domestic-and
forelgn consumers face moderate increases in real prices. These
same price increases benefit US producers.

Some general implications for the US agricultural sector can
be drawn, First, because of posaibic changes in domestic and
foreign production under a GFDL climats, the role of the United
States in agricultural export markets may change. Second, pat-
terns of agriculture in the United States are likely to shift as a
result of changes in reglonal crop yields and in orop lerigétion
requirementa. Third, concern for future agricultural impacta on
important natural resources, especially land and water, scema
to be justified. Simulated irrigated acteage increases in most
major irrigated regions under the models of climate change
examined. 1n addition, irrigation may Increase in more humid
regions, a trend that is already occurring.

"These results aro & preliminary assessment of the potentlal
effects of climate change on agriculture. Critical uncertainties
remain, as does the question of appropriaté action in light of
uncertain but potentially important economic effects. We suggest
three sets of considerations to pursue. Pirat, policy makers need
to assess whether the probability of the projected agricultural
outcomes, coupled with the non-agricultural effects of climaté’
change (for example, sca level ris¢, damage to fiafural ecosys-
tems, and increased energy demand) warrant action now to plan
for and to reduce the magnitude of climate chinge. Second,
further research must be stimulated to understand'likely ‘crop’
yield, crop water demand and water supply as well as economic
adjustments to climate change, thereby reducing the uncertainty
of yield projections and other critical ifiputs to policy analyses.
Better projections of changes in regional climate variables, par-
ticularly thosc affecting hydrological balances, are essential.
Knowledge of ‘potential change in global agricultural ‘supply
and demand is also crucial. Finally, it seems desirable that, for
those regions (or countries) that may-be adversely affectad by
climate change, research priorities be set on adapting varieties,
species and production techniques to increased temperature and
drought stress. : g
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Nuclear receptor that identifies a novel
retinoic acid response pathway
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Molecular cloning and transcriptional activation
studies have revealed a new protein similar to the
steroid hormone receptors and which responds
specifically to vitamin A metabolites. This protein
is substantially different in primary structure and
ligand specificity from the products of the pre-
viously described retinoic acid receptor gene
family. By indicating the existence of an additional
pathway through which retinoic acid may exert its
effects, these data lead to a re-evaluation of
retinoid physiology.

THE rctincids comprise a group of compounds including
tetinoic acid, retinol (vitamin A), and a series of natural and
synthetic derivatives that exert profound effects on development
and dilferentiation in a wide variety of systems'"%. Retinoic acid
has also been shown to induce the transcription of several genes®,
supporting the hypothesis that it functions in a fashion
anglogous to sterold and thyroid hormones (reviewed in refs
10, 11). Recently, a new member of the nuclear receplor super-
(amily was identified as a retinoic-acid dependent transcription
factor, referred to as RARa (refs 12, 13). Subsequently, addi-
tional RAR-reluted genes have been isolated and at least three
diflerent RAR subtypes (a, £ and y) are now known in mice
and humans'?-", These retinoic acid receptors (RARs) share
homology with the superfamily of steroid hormone and thyeoid
hormone receptors and have been shown to regulate specific
gene expression by a similar ligand-dependent mechanism'™.
“The ligand-binding domains of these receptors are highly con-
served (>75% amino acid identity), suggesting that they all
aros¢ from s common ancestral retinoic acid receptor.
Nonetheless, these RAR subtypes are expressed in distinet
patterns throughout development'™ and in the mature
organism'™'*'72? indicating that they may mediate different
functions. One important question is whether all the actions of
retinolc acid are mediated through these proteins or whether
additional retinoic acid substrates and regulatory networks exist.
Here we describe the molecular cloning and characterization
ol a gene for a novel or ‘orphan” receptor and report that it

‘224

encodes a 462-amino-acid polypeptide that functions as a tran-
seription factor responsive to retinoic acid. Surprisingly, this
retinoic acid receptor-like protein is not part of the previously
described RAR-subfamily of receptors. These data demonsteate
the cxistence of an evolutionarily parallel regulatory systém
through which retinoids may exert their control of transcription,

Orphan receptor

Sequentia] low-stringency screening of a human liver and kidney
complementary DNA library with a cDNA fragment encoding
the human (h)RARa DNA-binding domain led to the isolation
of several cDNA clones encoding a novel nuclear receptor
(referred to as hRXRa). The testriction map and nucleotide
sequence of one of these clones, AXR3-1, are shown in Flg. 1.
The AXR3-1 sequence contains a long open reading frame of
at lcast 462 nmine acids ending at the termination codon at
nucleotide position 1,462-1,464. The presumptive initiation
methionine is placed at the first in-frame ATG at nucleatide
position 76-78, although an upstream termination codon is not
present. A second potential initiator methionine occurs 27 amino
acids downstream, The sequence surrounding both ATG sites
conforms well with the consensus described by Kozak? for a
translation initiation site, fn virro translation of RNA derived
from the insert (data not shown) shows that AXR3-1 prodices
a protein of relative molecular mass 54,000 (M,, 54 K), close
to the predicted M, of 50,811,

The amino-acid sequence of hRXRa has been compared with
that of other members of the steroid hormone receptor super-
family (Fig. 2a). The highest degree of similarity between
hRXRa and the other receptors is found in a cysteine-rich
sequence of 66 amino acids beginning at hRXRa residue 13§
(Fig. 1b). We have shown previausly that this region of the
human glucocorticoid receptor (WGR), thyroid hormone recep-
tor (hTR) and retinoic acid receptor (NRAR) is the DNA-binding
domain'!'*242* hRXRe shares striking similarity with the
Drosaphila receptor dXR2C8 (A, Oro, M. M¢Keown and R.E.," -
manuscript in preparation), both in its DNA-binding (86%) and
putative ligand binding (44%) domains. Although the RXRea
DNA-binding demain is similar ta that of other receptors such
as RARa (61%) and TRB (53%), the putative ligand-binding
domain is much less similar (<27% identity) and provides no
hint of the nature of the RXRe ligand. A comparjson hetween
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