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Preface

Water and carbon dioxide are the two most important compounds affecting plant growth. In intro-
ductory botany textbooks, we have seen the familiar equation for photosynthesis, which shows car-
bon dioxide (CO,) joining with water (H,0), in the presence of light and chlorophyll, to form sugar
(C¢H,,0¢) and oxygen (O,), as follows:

6CO2 +6H20 light+chlorophyll C6H1206 +602

Life on earth would not be possible without photosynthesis. We survive because of the oxygen
and food (sugars) produced by photosynthesis. Therefore, it is of critical importance to look at
the plant water relations under elevated CO,, because the CO, concentration in the atmosphere is
increasing.

The CO, concentration in the atmosphere was first recorded by Charles D. Keeling (1928-2005)
of the Scripps Institution of Oceanography at the University of California at San Diego. He moni-
tored it beginning in 1957 at Mauna Loa in Hawaii and in Antarctica at the South Pole. In the
50 year period between 1958 and 2008, the CO, concentration in the atmosphere increased from 316
to 385 ppm. This book aims to put the information in one source as no books document plant water
relations under elevated CO,.

This book was developed from research conducted in the Evapotranspiration Laboratory at
Kansas State University between 1984 and 1991 with field-grown sorghum, winter wheat, and
rangeland plants under elevated CO,. Such experiments had not been done before in the semiarid
Great Plains of the United States. The rising levels of CO, in the atmosphere were of interest to the
U.S. Department of Energy, which funded our work. It has been 27 years since we started our first
experiments. We can thus make some predictions, based on our early results, about how plants are
responding to elevated CO,, which was 330 ppm in 1984 when we started our studies. I present some
of these predictions in this book.

This book is not a literature review. It describes experiments that appear in peer-reviewed
journal articles. Thousands of papers have been written on the effects of elevated levels of atmo-
spheric CO, on plants. It is impossible to review the entire literature. I have thus picked selected
articles as examples and then discuss each one, often providing an illustration from the paper. For
each paper that I illustrate, I mention the full name (common and scientific) of the plant under
investigation. When this is not mentioned in the original article, I have referred to Fernald (1950)
and Bailey (1974). For each experiment, I also provide the type of soil used (if it is given in the
original article) and the general conditions of the experiment [greenhouse, growth chamber, open-
top or enclosed chambers, or FACE (free-air carbon dioxide enrichment) facility]. All information
in the book has been taken from hard copy sources (books and journal articles). I have carefully
documented the source of the information. When it comes from a lengthy article or a book, I have
provided the exact page on which I found the information. In this way, the interested reader can
easily find the source.

This book has much instructive material, which I use to teach my graduate-level class. When a
new scientific concept is raised, I provide a detailed explanation.

The book deals only with water and elevated CO,. It does not deal with temperature, nutrients, or
other factors, such as the greenhouse effect (warming of the atmosphere by trace gases), that affect
plant growth under elevated CO,, although in the last chapter I mention temperature briefly.

The book is organized as follows. I start with an introductory chapter (Chapter 1) dealing with
drought, because it is predicted that the central Great Plains, where Kansas is located, will become

xiii
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Xiv Preface

drier as the CO, concentration in the atmosphere increases. In this chapter, I provide a preliminary
overview of the three types of photosynthesis: C;, C,, and Crassulacean acid metabolism. The book
then describes water as it moves from the soil through the plant and out into the atmosphere. This
is the way that water moves through the soil-plant—-atmosphere continuum. Chapters 2 through 5
deal with soil. Chapter 2 discusses the composition of the soil atmosphere. Chapter 3 deals with the
interaction of elevated CO, in the soil with the physical factors in the soil, such as compaction, that
affect root growth. Because oxygen is a key factor for root growth, Chapter 4 deals with variable
oxygen concentration of the soil along with elevated CO, in the soil. Carbon dioxide can be elevated
both in the soil and in the atmosphere. Therefore, I had to distinguish the effects of elevated CO, in
the soil from elevated CO, in the atmosphere. While Chapters 2 through 4 focus on elevated CO, in
the soil, Chapter 5 deals with soil when the atmosphere above it is elevated with CO.,.

After the discussion of soil and elevated CO,, I then consider the root. Chapter 6 deals with
elevated CO, and root growth. In this chapter, studies with roots have been done with carbon iso-
topes, and I discuss carbon isotope ratios and how they are used in plant science in detail. Chapter 7
deals with the effects of elevated CO, on plant water, osmotic, and turgor potentials. Chapters 8 and
9 deal with stomata under elevated CO,. Chapter 8 discusses stomatal conductance. In this chapter,
I present material about the resistances in leaves, the units used to measure stomatal conductance,
and the physiological factors affecting stomatal opening and closing. Chapter 9 deals with stomatal
density. In this chapter, the geological timescale is presented as we learn from the geological record
that stomatal density is affected by CO,. Next, I take the water out of the plant into the atmosphere
and discuss the effects of elevated CO, on transpiration and evapotranspiration in Chapter 10. In
this chapter, I discuss ethylene, because it is a gas similar to CO,, and I distinguish the two gases
and their effects on plants. I also cover the general principles of evapotranspiration and how it is
determined. Next, I discuss water use efficiency in Chapter 11. In this chapter, I present material
about the historical aspects of water use efficiency. Chapter 12 compares C; and C, plants under
elevated CO, and provides a detailed account of C, photosynthesis and its advantages, and how it
has evolved. Chapter 13 deals with plant anatomy and focuses on the xylem (including wood)—the
tissue that carries water in plants. In this chapter, I discuss the three variations of C, photosynthesis,
because it is necessary to know this material to understand one of the topics described in this chapter.
Chapter 14 deals with phenology and how this is affected by elevated CO,. In this chapter, I also
cover the Q,, value (a value related to the rate of reactions), the degree-day concept, and heat units as
these are necessary to know to understand how a plant progresses through its different phenological
stages. I also provide sample problems to help students calculate the Q,,. Finally, Chapter 15 deals
with the growth and yield of many different kinds of plants under elevated CO, and well-watered
conditions. In any work dealing with plant water relations, some measure of plant growth (e.g.,
height, biomass, or leaf area) should be provided, because growth integrates all factors affecting a
plant. Therefore, I have devoted an entire chapter to this.

Each chapter ends with a summary. Because the humanistic side of science is usually overlooked
in scientific books, I have appended to several chapters the biographies of people who have devel-
oped the concepts discussed in those chapters.

The units for CO, in the different chapters are expressed as ppm, (mol/mol, uL/L (or pul/1—Tliter
can either be capitalized or not capitalized when it is abbreviated), cm3/m?3, or in Pascal (Pa). When
I worked with the Tri-Societies (American Society of Agronomy, Crop Science Society of America,
and Soil Science Society of America) on the book that we (Allen et al. 1997) edited, it suggested
the common unit of wmol/mol. Therefore, in this book I have converted the units as much as pos-
sible to wmol/mol. I have left the unit of Pascal (pressure unit) unchanged, as one needs to know the
temperature and elevation of the place where the research was done to convert it to a concentration
unit. As I did not have this information, I retained the unit as Pascal.

A key part of the book are the figures. They have been redrawn from the originals by Eldon
J. Hardy, who was my draftsman at the College of Engineering when I was in the Department of
Agronomy at Oklahoma State University. He is now retired. This book would not have been possible
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without his help. His drawings are unparalleled for uniformity, clearness, and precision. I extend
my profound thanks to him for working closely with me during the last three years to prepare these
drawings.

I am grateful to the publisher, CRC Press, Taylor & Francis, for publishing this book. I would
especially like to thank Randy Brehm, editor, Chemical and Life Sciences Group, Taylor & Francis,
for her prompt and peerless assistance during all stages of publication of this book. I would like
to thank the four reviewers that she contacted and who supported the publication of this book.
I would also like to thank John Edwards, project coordinator, Editorial Project Development,
Taylor & Francis, for his help during the production of this book.

REFERENCES

Allen, L.H., M.B. Kirkham, D.M. Olszyk, and C.E. Whitman (Eds.). 1997. Advances in Carbon Dioxide Effects
Research. ASA Spec. Pub. No. 61. Madison, WI: American Society of Agronomy, Crop Science Society
of America, Soil Science Society of America. 228pp.

Bailey, L.H. 1974. Manual of Cultivated Plants. Revised edn. Fourteenth printing. New York: Macmillan
Publishing Company. 1116pp.

Fernald, M.L. 1950. Gray’s Manual of Botany. New York: American Book Company. 1632pp.

© 2011 by Taylor & Francis Group, LLC






’I Elevated Atmospheric
Carbon Dioxide: Drought

INTRODUCTION

In this introductory chapter, we consider the effect of elevated levels of CO, on the growth of plants
under drought. Drought is our first topic, because it causes most (40.8%) of the crop losses in the
United States (Boyer 1982), and it is predicted that as CO, concentration increases in the atmo-
sphere, large areas, especially the crop-producing latitudes of the central United States, will become
drier. We know as a fact that the CO, concentration in the atmosphere is increasing, as documented
by the careful measurements of Keeling (1970). (See Appendix for a biography of Charles David
Keeling.) The increase is thought to be due to the increased burning of fossil fuels, which has
occurred since the middle of the last century (Figure 1.1). The CO, concentration in the atmosphere
has risen from 316 ppm in 1958 to 385 ppm in 2008 (Dlugokencky 2009). Figure 1.2 shows the CO,
concentration between 1959 and 1979 (Idso 1982), and Figure 1.3 shows the concentration between
1980 and 2005 (Schnell 2005).

We first look at the predictions. We then consider plants with the C;5- and C,-type of photosyn-
thesis and how elevated CO, will affect their photosynthesis, and consequently growth, differently
under drought. (In Chapter 12, we shall investigate C; and C, plants under elevated CO, in more
detail.) We then look at experimental data, starting with the studies we (in the Evapotranspiration
Laboratory at Kansas State University) did in the 1980s in the field in the semiarid central Great
Plains of the United States We follow with studies done in controlled environments using a variety
of plants, including crops, trees (both angiosperms and gymnosperms), and a cactus-family plant.
Finally, we mention the effects of elevated CO, on plants grown under saline conditions, because
drought and salinity often occur together.

Many studies have been done concerning elevated CO, and drought. Here, we look at only a few
examples and focus on growth. Growth is critical to monitor in any experiment, because it inte-
grates all stresses such as drought. Of the four soil physical factors that affect plant growth (water,
temperature, aeration, and mechanical impedance), water is the most important (Kirkham 2005,
pp- 1, 6). In the final chapter (Chapter 15), we return to growth of plants under elevated CO,, but
under well-watered conditions.

PREDICTIONS

Manabe and Wetherald (1980) predicted the effects on precipitation and evaporation, and the differ-
ence between the two, if the CO, concentration is doubled or if it is quadrupled (Figure 1.4). This
figure demonstrates that the effects of elevated levels of CO, will depend on latitude. It is projected
that between 37° and 47°N latitude, there will be a decrease in precipitation, an increase in evapora-
tion, and a decrease in the excess of precipitation over evaporation (Manabe and Wetherald 1980;
Rosenberg 1982).

Even a small difference between precipitation and evaporation can make a big difference in
irrigation needs for agriculture. Although only about one-seventh of the cropland in the United
States is irrigated, it produces a disproportionately large share of the market value of the crops
(Waggoner 1984). Irrigation accounts for about half of all water consumption in the United States.
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FIGURE 1.1 The global rate of production of industrial CO, carbon and the mean global atmospheric CO,
concentration as a function of time. The curves through the industrial CO, carbon data are exponential fits
to the intervals 1860—1914 and 1945-1978. Adapted from Keeling (1982, Fig. 6). (Reprinted with permis-
sion from Idso, S.B., Carbon Dioxide: Friend or Foe? IBR Press, A division of the Institute for Biospheric
Research, Inc., Tempe, AZ, pp. 92, Fig. V-1; Keeling, C.D., The oceans and terrestrial biosphere as future
sinks for fossil fuel CO,, in Reck, R.A. and Hummel, J.R., eds., Interpretation of Climate and Photochemical
Models, Ozone and Temperature Measurements, AIP Conference Proceedings No. 82, American Institute of
Physics, New York, 1982, pp. 47-82, Fig. 6. Copyright 1982, American Institute of Physics.)
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FIGURE 1.2 Continuous trends of atmospheric CO, concentration at Mauna Loa, Hawaii and at the South Pole.
(Adapted from Idso, S.B., Carbon Dioxide: Friend or Foe? IBR Press, A division of the Institute for Biospheric
Research, Inc., Tempe, AZ, pp. 92, Fig. I-1; Keeling, C.D., The oceans and terrestrial biosphere as future
sinks for fossil fuel CO,, in Reck, R.A. and Hummel, J.R., eds., Interpretation of Climate and Photochemical
Models, Ozone and Temperature Measurements, AIP Conference Proceedings No. 82, American Institute of
Physics, New York, 1982, pp. 47-82, Figs. 1 and 2. Copyright 1982, American Institute of Physics.)
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FIGURE 1.3 Globally averaged trace gas (CO,) mole fraction determined from samples collected as part of
the NOAA/CMDL Global Cooperative Air Sampling Network (data courtesy of T.J. Conway, NOAA/CMDL).
(NOAA stands for National Oceanic and Atmospheric Administration, and CMDL stands for Climate
Modeling and Diagnostics Laboratory.) (Reprinted from Schnell, R.C., Bull. Am. Meteorol. Soc., 86(6), S20,
2005, Fig. 3.1, top. With permission from the American Meteorological Society.)

Because irrigation uses runoff and runoff is often only the small difference between precipitation
and evaporation, changes in precipitation can cause relatively great changes in the supply of water
for irrigation. Thus, irrigation and the valuable crops that it produces seem particularly susceptible
to a decrease in precipitation or an increase in evaporation that may occur as a result of increased
levels of CO, (Waggoner 1984).

The area between 37° and 47°N latitude includes the major grain-growing areas of the Midwest
of the United States that are both in the humid [e.g., lowa and Illinois, where corn (Zea mays L.)
dominates] and semiarid parts of the country [e.g., Kansas and Nebraska, where wheat (Triticum
aestivum L.) dominates]. Soybean [Glycine max (L.) Merr.], a legume, is also a major crop in Iowa
and Illinois.

PHOTOSYNTHESIS OF C; AND C, PLANTS

Corn has the C,-type of photosynthesis, and wheat and soybean have the C; type. So we must con-
sider the effect of drought on crops with C, and C; photosynthesis. As we know from introductory
botany, the concentration of CO, in the air directly affects plants, because photosynthesis depends
on CO,, which is taken up by plants, and, in the presence of light, water, and chlorophyll, it is con-
verted to sugar, and oxygen is given off. In all plants, photosynthesis involves the C; process that
converts CO, into molecules with three carbons (phosphoglyceric acid, a three-carbon compound).
In some species, called C, plants, CO, is first converted into molecules with four carbons (oxaloace-
tic acid, a four-carbon molecule), which are then transported within the leaf to sites (bundle-sheath
cells) (Kirkham 2005, pp. 357-362) where CO, is released, providing a high concentration of CO,
for the C; process. We shall return to the difference in C; and C, photosynthesis in more detail in
Chapters 6, 12, and 13.

The same enzyme that catalyzes the first step in the C; process (ribulose-1,5-bisphosphate
carboxylase/oxygenase or Rubisco) (Parry et al. 1993) can also catalyze an oxidation that leads to
photorespiration, which is respiration that occurs in the light. Photorespiration consumes as much
as a third of the CO, that the plant has absorbed in the light (Waggoner 1984). Photorespiration is
slowed by high concentrations of CO, and, hence, occurs more rapidly in C; plants, such as wheat,
than in C, plants, such as corn (also called maize; both wheat and corn are in the grass family or
Poaceae). When atmospheric CO, is relatively low, net photosynthesis is faster in C, than in C,
plants (Figure 1.5). But at higher levels of CO,, the changes in photorespiration per change in CO,
lead to greater increases in net photosynthesis for C, plants than for C, plants. Therefore, increasing
levels of CO, will affect C, and C, plants differently. C; plants should benefit more from an increase
in CO, concentration than C, plants (Figure 1.5).
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FIGURE 1.4 Zonal-mean values of (a) precipitation rate, P; (b) evaporation rate, E; and (c) precipitation
rate minus evaporation rate, (P — E), over the continent. Units are cm/day. (Reprinted from Manabe, S. and
Wetherald, RT., J. Atmos. Sci., 37, 99, 1980, Fig. 14. With permission from the American Meteorological
Society, Copyright 1980.)

Now, let us look briefly at the effect of elevated levels of CO, on transpiration, because this is
going to affect how well a plant can survive under drought. The water in plants can be directly
affected by CO,, because CO, closes stomata. (In Chapters 8 and 10, we return to study in detail the
effect of elevated CO, on stomata and transpiration, respectively.) It is essential that the stomata let
CO, into the leaf for photosynthesis, but at the same time, open stomata also allow water to escape.
It is well known that CO, is an antitranspirant. That is, as the CO, level is increased, stomata close
and transpiration is decreased. The closing of the stomatal pores conserves water. Again, C; and
C, plants are affected differently (Figure 1.6). In light, the stomata of maize, a C, plant, have been
shown to narrow when the CO, concentration is increased from 300 to 600 umol/mol (0.03%—
0.06%), and transpiration is decreased by about 20%. Transpiration from wheat, a C; plant, however,
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FIGURE 1.5 Although the predicted increase in the amount of CO, in the atmosphere will lead to higher
temperatures and less rainfall, its effects on agriculture may not be altogether negative. Photosynthesis, which
reduces CO, to carbohydrates (calculated here per square decimeter of leaf surface exposed to bright light per
hour), increases with the amount of CO, present. Maize (corn) shows the rapid photosynthesis of C, plants
(those that first convert CO, to a four-carbon compound) at 300 ppm CO, (300 umol/mol CO,), and wheat
shows the greater increase in photosynthesis at high concentrations of CO, of C; plants (which convert CO, to
a compound with three-carbon atoms). (Reprinted from Waggoner, P.E., Am. Sci. 72, 179, 1984, Fig. 1. With
permission from the Crop Science Society of America.)

is decreased by only about 5%. The contrast is assumed to be typical of the difference between C,
and C, plants (Rosenberg 1981).

PHOTOSYNTHESIS OF CAM PLANTS

In addition to plants that have the C; and C, photosynthetic systems, there is a third group of
plants that keep their stomata open at night and fix CO, into organic acids, especially malic
acid (Salisbury and Ross 1978, p. 145). Their metabolism of CO, is unusual, and because it
was first investigated in members of the Crassulaceae (or orpine family), it is commonly called
Crassulacean acid metabolism, often abbreviated CAM. CAM has been found in 18 families,
including the Cactaceae (cactus family), Orchidaceae (orchid family), Bromeliaceae (pineapple
family), Liliacea (lily family), and Euphorbiacea (spurge family). Many CAM plants are succu-
lents, but not all. Some succulents, like the halophytes (plants that can grow in saline soils), do
not possess CAM. Species with CAM usually lack a well-developed palisade layer of cells, and
most of the leaf cells are spongy mesophyll. Bundle-sheath cells are present, but in contrast to
those of C, plants, they are similar to the mesophyll cells (Salisbury and Ross 1978, p. 145). The
only commercially important plant with CAM metabolism is pineapple (Ananas comosus Merr.;
Bromeliaceae). Little research has been done with CAM plants and elevated CO,, but we shall
discuss one paper at the end of this chapter.
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FIGURE 1.6 Effect of CO, concentration on transpiration of C; and C, species in light (right) and dark-
ness (left). Wheat (Triticum sp.; Poaceae or grass family), barley (Hordeum vulgare L.; Poaceae), and dande-
lion (Taraxacum officinale Weber; Compositae or composite family) are C; plants, and maize (Zea mays L.;
Poaceae), amaranthus (Amaranthus sp.; Amaranthaceae or amaranth family), and setaria (Setaria sp.; Setaria
italica Beauv. is foxtail millet; Poaceae) are C, plants. (With kind permission from Springer Science+Business
Media: Climatic Change, The increasing CO, concentration in the atmosphere and its implication on agri-
cultural productivity. I. Effects on photosynthesis, transpiration and water use efficiency, 3, 1981, 265-279,
Rosenberg, N.J., Fig. 3.)

FIELD STUDIES WITH CROPS

Now, let us turn to the experiments we did under field conditions with elevated CO, in Kansas in
the 1980s. Chaudhuri et al. (1990) found that elevated CO, compensated for reductions in yield of
winter wheat (7. aestivum L. cv. Newton), a C; crop, due to low water supply. We grew the wheat
under ambient (340 umol/mol) and elevated levels (485, 660, and 825 pumol/mol) of CO, during
three growing seasons in 16 underground boxes (77 cm long, 37cm wide, and 180cm deep) con-
taining a silt loam soil. Water in half of the boxes was maintained at 0.38 m*/m? (high water level;
this was field capacity) and in the other half between 0.14 and 0.25 m3/m? (low water level or about
half field capacity). Boxes were weighed to determine the amount of water used by transpiration.
Plastic chambers (121 x 92 x 168 cm) covered the boxes to maintain different CO, levels. Grain yield
of the high-water-level wheat grown under ambient CO, was about the same as the grain yield
of low-water-level wheat grown at the highest level of CO, (825 umol/mol) (3 year means: 725
and 707 g/m? for the 340 and 825 umol/mol levels, respectively) (Figure 1.7). Similar results were
obtained for yield components (spike number, spike weight, kernels/spike, and kernel weight).
Even though leaf area was not measured by Chaudhuri et al. (1990), it probably was increased
under elevated levels of CO,, because transpiration increased as the level of CO, increased.
Consequently, Chaudhuri et al. (1990) found no reduction in total water used by wheat grown under
elevated CO, and drought. However, water use efficiency (WUE) was increased. WUE is the amount
of dry matter (grain yield or vegetative yield) divided by the amount of water needed to produce that
dry matter. The amount of water lost can be based on evapotranspiration or transpiration (Kirkham
2005, pp. 469-484). The inverse of WUE is called the water requirement. In semiarid regions like
Kansas, it is important to increase the WUE (or decrease the water requirement). This means that
more grain can be obtained for the same amount of water. We shall return to the effects of elevated
levels of CO, on WUE and water requirement in Chapter 11. Chaudhuri et al. (1990) found that the
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FIGURE 1.7 Grain yield of well-watered (high water level) and drought-stressed (low water level) winter
wheat as affected by CO, concentration during a 3 year study. Vertical bars =+standard deviation. Only half of
the bars is drawn for clarity. (Reprinted from Chaudhuri, U.N. et al., Agron. J., 82, 637, 1990. With permission
from the American Society of Agronomy.)

water requirement for grain production decreased as the CO, concentration increased. The results
are given in Chapter 11 and showed that the water requirement of wheat was reduced by about
30% when the CO, concentration was increased 2.4 times (from 340 to 825 wmol/mol) CO,. This
decrease in water requirement would be beneficial in semiarid regions.

In another early field experiment, Nie et al. (1992a) compared the photosynthetic rate of a C;
grass (Kentucky bluegrass; Poa pratensis L.; Poaceae) and a C, grass (big bluestem; Andropogon
gerardii Vitman; Poaceae) growing in a silty clay loam soil in the spring in a tall-grass prairie under
two levels of CO, (ambient and twice ambient or 356 and 715 wmol/mol CO,, respectively) in closed
top chambers and watered with two different levels of water (field capacity or 0.38 m3/m? and no
water added). The prairie is a rangeland and these two grasses are dominant on it. Kentucky blue-
grass grows in the cooler months of the spring and fall, and big bluestem grows in the hot summer
months. The rangelands occur in the extensive mid-continental area of North America, where it is
predicted that rainfall will be reduced as the CO, in the atmosphere increases. The area forms a
band of dry land 790-1580km wide that stretches from Mexico to Canada (Kirkham et al. 1991).

Under well-watered conditions, elevated CO, increased the photosynthetic rate of Kentucky blue-
grass by 48% (from 9.2 to 17.8 umol/m?/s) but did not affect the photosynthetic rate of big bluestem,
the C, grass (average photosynthetic rate of about 22 umol/m?/s) (Figure 1.8, top) (Nie et al. 1992a).
When no water was added, photosynthetic rates of both grasses were decreased, but, again, elevated
CO, had little effect on the photosynthetic rate of big bluestem (Figure 1.8, bottom). However, the
average photosynthetic rate of Kentucky bluegrass was increased from 8.9 to 16.3 umol/m?/s, so it
had a photosynthetic rate similar or slightly less than that of big bluestem under drought (average
photosynthetic rate of big bluestem under the dry conditions and high CO, was 20.8 umol/m?/s).
With elevated CO, and high water, Kentucky bluegrass had a photosynthetic rate almost the same
to that of big bluestem under both high moisture (Figure 1.8, upper right) and low moisture (Figure
1.8, lower right). The results showed that the photosynthetic rate of the C; grass under elevated
CO, could be increased to a rate about as high as that of the C, grass under ambient CO,. However,
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FIGURE 1.8 Net photosynthetic rate of Kentucky bluegrass (circles) and big bluestem (squares) grown under
a high (715 umol/mol) and a low (354 umol/mol) atmospheric CO, concentration and a high (field capacity)
and a low (no water added) soil moisture. Means of 8—16 measurements. Vertical bars =+standard error. (With
kind permission from Springer Science+Business Media: Photosynthetica, Photosynthesis of a C; grass and a
C, grass under elevated CO,, 26, 1992a, 189-198, Nie, D., He, H., Kirkham, M.B., and Kanemasu, E.T., Fig. 1.)

even though the photosynthetic rate of Kentucky bluegrass was increased under the elevated CO,,
its average photosynthetic rate was still less than that of big bluestem. The average photosynthetic
rates during the season for big bluestem and Kentucky bluegrass grown under the elevated CO, and
high water level were 21.8 and 17.8 umol/m?/s, respectively. These values suggest that if Kentucky
bluegrass is to have a photosynthetic rate similar to that of big bluestem, the ambient level of CO,
must be more than doubled.

In another field study, double-the-ambient level of CO, (658 vs. 337 umol/mol) did not affect the
rate of photosynthesis of big bluestem under either a high water level (field capacity) (Figure 1.9,
top) or a low water level (half field capacity (Figure 1.9, bottom) (Kirkham et al. 1991). Other studies
show that the photosynthetic rate of C, plants does not increase when the CO, concentration is aug-
mented (Patterson and Flint 1990; Ziska et al. 1990). Reviews (Morison 1993; Idso and Idso 1994)
indicate that the increase in growth caused by elevated CO, is usually greater in drought-stressed
plants than in well-watered ones. However, it appears that it will be the C, plants that will benefit
most from augmented CO, under dry conditions.

A 2 year (1993-1994) free-air CO, enrichment (FACE) experiment was done in the desert region
of the southern United States (Maricopa, Arizona) on a clay loam soil to see the effects of elevated
CO, and drought on spring wheat (T. aestivum L. cv. Yecora Rojo) (Wall et al. 2006). (We describe
how FACE experiments are set up in the first section of Chapter 6.) Plants were exposed to ambient
levels of CO, (370 umol/mol or ambient+ 180 umol/mol; i.e., 550 umol/mol) (FACE plants) under
ample and reduced water supplies (100% and 50% replacement of evapotranspiration, respectively).
Photosynthetic rate varied according to the stage of development (Figure 1.10). When inflorescences
were emerging (75 days after emergence; Figure 1.10a), the FACE plants and the watered control
plants had similar photosynthetic rates. Elevated CO, compensated for reductions in photosynthetic

© 2011 by Taylor & Francis Group, LLC



Elevated Atmospheric Carbon Dioxide: Drought 9

High-water level

80l ® Two times ambient CO,| 4
® Ambient CO,

Photosynthetic rate, pmol/m?/s

0 L L 1 L 1 L 1 1 L L L L
180 200 220 240 260 280 300
T T Ll I T T 1 1 1 1 1
'[ Low-water level
80 | T ® Two times ambient CO, |
| ® Ambient CO,

Photosynthetic rate, pmol/m?/s

"

220 240 260 280 300

Day of year

180 200

FIGURE 1.9 Photosynthetic rate of big bluestem leaves with two atmospheric CO, levels and two soil-water

levels. (Reprinted from Kirkham, M.B. et al., Crop Sci., 31, 1589, 1991, Fig. 4. With permission from the
American Society of Agronomy.)
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FIGURE 1.10 Dawn to dusk trends in mean leaf net assimilation rate (A) of fully expanded sunlit wheat
leaves for days after 50% emergence (DAE) and five developmental stages during a 1993 experiment in
Maricopa, Arizona. Plants were exposed to ambient (370 umol/mol) or free-air CO, enrichment (FACE:
550 umol/mol CO,) under ample (wet) and reduced (dry) water supplies (100% and 50% replacement of evapo-
transpiration, respectively). Symbols: Open squares: CO,-enriched plants, wet; closed squares: CO,-enriched
plants, dry; open triangles: ambient level CO,, wet; closed triangles: ambient level CO,, dry. (Reprinted from
Wall, GW. et al., Agron. J., 98, 354, 2006, Fig. 6. With permission from the American Society of Agronomy.)
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10 Elevated Carbon Dioxide: Impacts on Soil and Plant Water Relations

rate due to drought. The FACE wet and dry plants had the same photosynthetic rate. At the milk-
ripe stage (99 days after emergence; Figure 1.10c) and soft-dough stage (105 days after emergence;
Figure 1.10d), the photosynthetic rate of the FACE wheat was higher than that of plants under the
other treatments. But by the hard-dough stage (118 days after emergence; Figure 1.10e), plants under
the well-watered conditions had a higher photosynthetic rate than plants under dry conditions, and
CO, enrichment had no effect on increasing the photosynthetic rate under drought.

In a later 2 year (1998-1999) study at the same FACE facility in Arizona with elevated CO,
(561 pmol/mol; ambient CO, concentration was 368 umol/mol), sorghum plants (Sorghum bicolor
(L)) Moench ‘Dekalb DK54’) were grown under well-watered and dry conditions (Ottman et al.
2001). During each season, the well-watered plots received an average of 1132 mm of water, and the
dry plots received 383 mm. At final harvest, the elevated CO, increased yield from 999 to 1151 g/
m? in the dry plots, but it had no effect in the wet plots. Ottman et al. (2001) conclude that as CO,
concentration in the atmosphere increases, sorghum yield is likely to be higher in the future in areas
where water is limited.

CONTROLLED ENVIRONMENT STUDIES WITH CROPS

Studies done under controlled environment conditions have confirmed the field studies done by
Chaudhuri et al. (1990), Kirkham et al. (1992), Nie et al. (1992a), and Wall et al. (2006). Kaddour
and Fuller (2004) grew three Syrian cultivars of durum wheat (7. durum Desf.) under controlled
environmental conditions with either 400 umol/mol CO, or 1000 pumol/mol CO, at two levels of
water availability. Plants grew in a loam-based compost. The fully irrigated pots were given water
to reestablish 90% of available water content (about pot capacity) once the soil water availability
had reached 60% available water capacity. Water in the pots in the drought-stressed treatment was
restored to 70% available water capacity when the soil water availability had reached 45% avail-
able water content. All cultivars responded in a similar manner to both the CO, and water stress.
Raising the CO, level enabled plants to compensate for the low water availability, so that plants at
high CO, with drought stress had the same ear number as those under ambient CO, and irrigated
conditions (Figure 1.11). Leaf area index at ear emergence was depressed by low water availability
but was unaffected by CO, level (Figure 1.12). Biomass production followed the same pattern as
for ear number, with CO, improving dry weight under both water-stressed and irrigated treatments
(Figure 1.13).
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FIGURE 1.11 Effect of elevated CO, (1000 umol/mol) and water stress on ear production of three durum
wheat cultivars registered in Syria (Cham 1, Cham 3, and Cham 5). Control plants grew at an atmospheric
CO, concentration of 400 umol/mol CO,. CO,—=control CO,; CO,+=eclevated CO,; H,O—=water restricted;
H,O+=full irrigation. (Reprinted from Kaddour, A.A. and Fuller, M.P., Cereal Res. Commun., 32, 225, 2004,
Fig. 2. With permission from Akadémiai Kiadé.)
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FIGURE 1.12 Effect of elevated CO, (1000 umol/mol) and water stress on leaf area index (LAI) at ear emer-
gence of durum wheat cultivars registered in Syria (Cham 1, Cham 3, and Cham 5). Symbols are the same as
in Figure 1.11. (Reprinted from Kaddour, A.A. and Fuller, M.P., Cereal Res. Commun., 32, 225, 2004, Fig. 3.
With permission from Akadémiai Kiadé.)
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FIGURE 1.13 Effect of elevated CO, (1000 umol/mol) and water stress on vegetative biomass production at
ear emergence of three durum wheat cultivars registered in Syria (Cham 1, Cham 3, and Cham 5). Symbols are
the same as in Figure 1.11. (Reprinted from Kaddour, A.A. and Fuller, M.P., Cereal Res. Commun., 32, 225,
2004, Fig. 4. With permission from Akadémiai Kiado.)

Miiller (1993) studied the influence of two CO, concentrations (ambient or 340 pumol/mol and
elevated or 800 umol/mol) and of drought stress on dry matter production of two winter wheat
cultivars (Alcedo and Norman) grown in pots with a mixture of sand and a sandy loam soil, which
were placed in two climate chambers. Soil with the well-watered and drought-stressed plants was
maintained between 60%—80% and 40%—-50% of the maximum water holding capacity of the soil,
respectively. As in other studies (Chaudhuri et al. 1990; Kaddour and Fuller 2004; Wall et al. 2006),
he saw that elevated CO, compensated for reductions in growth due to drought stress. Similarly,
André and Du Cloux (1993) also found that doubling of CO, (from 330 to 660 wmol/mol) compen-
sated for water-stress-induced inhibition of photosynthesis of wheat (7. aestivum L. cv. Capitole)
grown in closed chambers.

Another C; grass, rice, also has increased photosynthesis under drought when the CO, level is
raised. Widodo et al. (2003) measured the midday photosynthetic rate of rice (Oryza sativa L. cv.
IR-72) grown in sunlit, controlled-environment chambers at two CO, concentrations (ambient or
350 umol/mol and elevated or 700 pmol/mol). Four water-management regimes were imposed: con-
tinuously flooded; drought stress imposed during panicle initiation; drought stress imposed during
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anthesis; and drought stress imposed at both stages, that is, panicle initiation and anthesis. When
rice plants reached the developmental stage required for initiating drought treatments, the paddy
water was drained from the bottom of the soil bins of the chambers. Drought was terminated on the
day when rice plants desiccated to the point of near-zero photosynthetic rate in high light at midday,
and water was restored in the afternoons. At elevated CO, concentration, photosynthetic rates were
high at most sampling dates. Under flooded conditions, average photosynthetic rates of plants grown
under 700 and 350 umol/mol CO, averaged about 35 and 25 umol/m?/s. Near the end of drought
periods, water deficit caused decreases in the photosynthetic rate. These drought-induced effects
were more severe for plants grown at the ambient than at the elevated concentration of CO,. Plants
grown under elevated CO, concentration were able to maintain midday leaf photosynthesis longer
into the drought period than plants grown at ambient CO, concentration. By 76 days after planting,
leaves of the plants grown with 700 umol/mol CO, with drought imposed at panicle initiation and
at both stages (panicle initiation and anthesis) maintained moderate photosynthetic rates (15 and
11 umol CO,/m?/s, respectively), while leaves of the plants grown with 350 umol/mol CO, with
drought imposed at panicle initiation and at both stages had low midday photosynthetic rates (1 and
4 umol CO,/m?/s, respectively). In addition, midday leaf photosynthetic rates recovered from water
deficit more rapidly in the elevated CO, treatment. While doubled CO, did not compensate fully
for reductions in photosynthesis due to drought, the elevated CO, did increase the photosynthetic
rate of water-stressed rice. Thus, in the absence of other potential climate stresses, rice grown under
future increases in atmospheric CO, concentration may be better able to tolerate drought (Widodo
et al. 2003).

As noted, soybean, a legume, is a major crop grown in the humid Midwest of the United States.
Allen et al. (1994) determined photosynthetic rate and transpiration rate of soybean [Glycine max
(L) Merr. cv. Bragg; Fabacea (formerly called Leguminosae) or the pulse family], grown under
two moisture regimes in controlled-environment, outdoor chambers at 330 and 660 umol/mol CO,.
Well-watered plants were kept at field capacity, and drought-stressed plants received no water during
a 13 day period. Leaflets at high CO,, either water stressed or well watered, had higher photosyn-
thetic rates (Figure 1.14a) and lower transpiration rates (Figure 1.14b), and, therefore, higher water
use efficiencies (calculated by dividing the photosynthetic rate by the transpiration rate; Figure
1.14¢) than those at control CO, levels. Photosynthetic rates of soybean grown under drought stress
and elevated CO, were higher than those of soybean grown under well-watered, ambient CO, dur-
ing the first three days of the water-stress treatment (Figure 1.14a). At the end of the experiment,
soybean grown with the elevated CO, under drought had a photosynthetic rate similar to that of
well-watered soybean under ambient levels of CO,. So, in this experiment with soybean (Allen et al.
1994), elevated CO, only compensated for reductions in photosynthesis due to water stress during
early stages of drought stress.

TREES

We shall first consider experiments in which gymnosperm trees and angiosperm trees have been
studied separately. In gymnosperms, the ovules are borne in an exposed position on the sporophyll (a
modified leaf that bears sporangia; a sporangium is a spore case or a single cell giving rise to spores)
(Friend and Guralnik 1959). In contrast, the angiosperms or flowering plants have their ovules and
seeds within a closed ovary. In angiosperms, the sporophyll refers to the stamens and carpels (Esau
1977, p. 527). In Greek, the word gymnosperm means naked seed and the word angiosperm means
a seed in a case. We remember that gymnosperms are the more primitive group, and the flowering
plants are highly evolved. Gymnosperms include ancient lines of seed-bearing plants. Extinct lines,
recognized as gymnosperms, were conspicuous in the Paleozoic era (520-185 million years ago;
see Figure 9.10 for the geological time chart) and are regarded as the ancestral stock from which
the modern conifers may have originated (Foster and Gifford 1959, p. 320). Angiosperms constitute
the dominant and most ubiquitous vascular plants of modern floras on the earth. The fragmentary
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FIGURE 1.14 Midday averages of (a) assimilation rate (A), (b) transpiration rate (E), and (c) water use
efficiency (WUE) of soybean leaflets grown at CO, concentrations of 660 tmol/mol (high) and 330 umol/
mol (low) under non-stressed and water-stressed conditions. The legends HCNS and HCWS label the high
CO,, non-stressed and water-stressed treatments, respectively, and LCNS and LCWS label the low CO,, non-
stressed and water-stressed treatments, respectively. (Reprinted from Allen, L.H. et al., Agron. J. 86, 625,
1994, Fig. 3. With permission from the American Society of Agronomy.)

evidence that we have concerning the evolution of angiosperms is provided by fossilized wood
and especially by impressions of leaf form and venation. It shows that by the Middle Cretaceous,
angiosperms had reached a high stage of morphological specialization. The angiosperms apparently
suddenly appeared in the Cretaceous period (150—60 million years ago; Figure 9.10) and evolved at
a much faster rate than that of the gymnosperms (Foster and Gifford 1959, p. 444).

Townend (1993) grew 2-year-old Sitka spruce [Picea sitchensis (Bongard) Carriere] plants, a
gymnosperm in the Pinaceae or pine family, from four clones in boxes filled with peat under two
moisture regimes in naturally lit growth chambers for 6 months at either ambient (350 wmol/mol)
or augmented (600 wmol/mol) CO, concentrations to elucidate the plant’s response to drought under
elevated CO,. Plants grew in boxes that were kept well watered or allowed to dry out slowly over the
summer. Severe drought was not obtained, because the lowest soil matric potential (measured with
tensiometers) under dry conditions was —0.05MPa. The matric potential under the well-watered
conditions was maintained at —0.005 MPa. Plants growing in elevated CO, showed a 6.9% increase
in mean relative growth rate compared to controls in the drought treatment and a 9.8% increase
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FIGURE 1.15 Mean relative growth rates (MRGR) over a 6 month growing period for four clones of Sitka
spruce plants. Bars without a letter in common signify a significant difference (P <0.05). Comparisons apply
within clones only. Error bars indicate + one standard deviation. (Reprinted from Townend, J., Tree Physiol.,
Fig. 6, 1993 by permission of Oxford University Press.)

compared to controls in the well-watered treatment (Figure 1.15). However, only one clone (Clone 2;
Figure 1.15) had increased growth under elevated CO, and drought compared to plants grown with
ambient CO,. Clone 2 plants that grew with 600 umol/mol CO, and drought had a higher growth
rate than Clone 2 plants that grew with 350 umol/mol CO, and well-watered conditions. This result
indicated that elevated CO, could compensate for reductions in growth of spruce due to a mild
drought, at least in one clone.

Liang and Maruyama (1995) assessed the effects of atmospheric CO, enrichment and drought
stress on photosynthetic rate, leaf conductance, transpiration, and WUE in 2-year-old alder (Alnus
firma Sieb. et Zucc.), an angiosperm in the Corylaceae or hazelnut family. It is a common pioneer
tree species in the cool-temperate mountain zone in Japan. Measurements were conducted in a
controlled environment laboratory at three CO, concentrations: 350 (ambient), 600, and 900 wLmol/
mol. Plants were grown in a mixture of loam, gravel, and vermiculite. Five watering regimes
were imposed. Plants were watered at the following leaf-water potentials (measured with a pres-
sure chamber): water potential of higher than —0.3 MPa (well watered); —0.5; —0.8, —1.0 MPa; and
lower than —1.2MPa (serious drought stress). Water was added daily to the well-watered control to
maintain the soil at pot capacity. Under well-watered conditions, rates of photosynthesis increased
with increasing CO, concentrations and leaf conductance decreased. With drought stress, photo-
synthesis, leaf conductance, and transpiration decreased. Nevertheless, under drought, photosyn-
thesis was stimulated by elevated CO,, while CO, had no effect on transpiration. Transpiration of
CO,-enriched plants was similar to that of plants grown at the ambient level of CO,. The overall
result was an increase in WUE with drought. They concluded that if a doubling of atmospheric CO,
concentration occurs by the mid-twenty-first century, then the photosynthetic rate of Alnus firma in
drought-affected regions may be expected to increase. But a reduction in water use is not indicated
(Liang and Maruyama 1995). Kerstiens et al. (1995) pointed out that the total water consumption
of a tree, which is dependent on leaf area, is a critical factor, in determining a plant’s response to
elevated CO,. However, in semiarid regions, WUE is equally as important as total water used, as
noted for wheat in Kansas (Chaudhuri et al. 1990).

Tschaplinski et al. (1995) found that elevated CO, compensated for drought-induced reductions
in growth of three tree species, all angiosperms. They grew 1-year-old seedlings of American syca-
more (Platanus occidentalis L.; Platanaceae or plane-tree family), sweet gum (Liquidambar sty-
raciflua L.; Hamamelidaceae or witch-hazel family), and sugar maple (Acer saccharum Marsh.;
Aceraceae or maple family) in pots placed in four open-top chambers containing either ambient air
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(343 umol/mol CO,) or ambient air enriched with 300 umol/mol CO, (652 umol/mol average during
the study). Two soil moisture regimes were included within each chamber: a well-watered treatment
with plants watered daily and a drought treatment in which plants were subjected to a series of
drought cycles. Duration and depth of the drought cycles were determined by soil matric potential.
Mean soil water potentials at re-watering for the water-stressed seedlings under ambient CO, for
sugar maple, sweet gum, and sycamore were —0.5, —0.7, and —1.8 MPa, respectively, compared with
greater than —0.1 MPa for well-watered plants.

Under well-watered conditions, elevated CO, increased the growth rate of sugar maple by 181%
resulting in a 4.3-fold increase in total plant dry weight after 81 days (Figure 1.16a), compared with
1.6- and 1.4-fold increases for sycamore (Figure 1.16b) and sweet gum (Figure 1.16¢), respectively,
after 69 days (Tschaplinski et al. 1995). Root/shoot ratios were not affected by elevated CO, in
sycamore (Figure 1.16e) or sweet gum (Figure 1.16f). But the CO,-induced increase in dry weight of
sugar maple was preferentially allocated to shoots rather than roots under well-watered conditions
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FIGURE 1.16 Effects of drought and atmospheric CO, concentration on total plant dry weight (a—c) and
root/shoot (R/S) ratios (d—f) of sugar maple (top), American sycamore (middle), and sweet gum seedlings
(bottom). Seedlings were grown in pots under either ambient (343 umol/mol CO,) or elevated (652 umol/
mol CO,), and under periodic drought cycles (filled bars) or were kept moist (open bars). Data are means and
one standard error of the means of five or six plants per treatment. (Reprinted from Tschaplinski, T.J. et al.,
New Phytol. 129, 63, 1995, Fig. 1. With permission from New Phytologist, Lancaster University.)
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(Figure 1.16d). This result contrasts with what is typically observed. Root growth usually increases
under high CO,. We shall study roots under elevated CO, in detail in Chapter 6.

Sugar maple under the drought-stressed, elevated CO, conditions grew as well as the sugar maple
under the ambient CO, (either drought stressed or well watered) (Figure 1.16a). However, elevated
CO, compensated, partially or fully, for drought-caused reductions in growth in sycamore and sweet
gum. The compensation was full for sweet gum (Figure 1.16¢). For sycamore, the compensation was
only partial (Figure 1.16b). Tolley and Strain (1984b, 1985) reported that elevated CO, compensated
fully for drought-induced reductions in growth of sweet gum. Drought-stressed sweet gum grown in
1000 umol/mol CO, exhibited a photosynthetic rate similar to well-watered plants grown at ambient
CO, (Tolley and Strain 1985). Sionit et al. (1985) found only a partial compensation for drought in
sweet gum seedlings grown at 675 umol/mol CO,. Double the ambient level of CO, did not affect
the photosynthetic rate of sweet cherry (Prunus avium L.; Rosaceae or rose family) under drought
(Centritto 2005). These results suggest that the degree of compensation of photosynthetic rate to
drought depends on the degree of drought experienced and the concentration of CO, (Tschaplinski
et al. 1995).

Extrapolation of short-term responses of tree seedlings grown in pots to long-term responses of
mature trees growing in a forest is risky (Tschaplinski et al. 1995). But results of such short-term
studies may suggest how competitive relationships among trees under elevated CO, will change.
Competition may be different on mesic versus xeric sites. The short-term growth stimulation
of sugar maple by elevated CO, was greater than that of sycamore and sweet gum when plants
were well watered, but this advantage was eliminated by drought. The three species studied by
Tschaplinski et al. (1995) would rarely, if ever, be found together in the same forest. Longer-term
studies with mature trees of species that typically coexist are essential to determine the impact of
drought on forests, as the CO, concentration in the atmosphere increases. Sugar maple may benefit
the most of the three species studied in a CO,-enriched atmosphere, but productivity will be limited
if frequent droughts occur.

To determine if high CO, concentrations may ameliorate the negative effects of drought, Miao
et al. (1992) grew two angiosperms, gray birch (Betula populifolia Marsh.; Corylaceae) and red
maple (A. rubrum L.; Aceraceae), exposed to four watering regimes with ambient (350 umol/mol)
and elevated (700 umol/mol) atmosphere CO, levels. Plants grew under greenhouse conditions in
pots filled with a mixture of soil, sand, and Turface. Turface is an artificial medium, somewhat like
“kitty litter,” used in greenhouse production (Jaeger and Hellmers 1981). Plants received one of
four moisture treatments designated “very dry,” “dry,” “moist,” and “flooded.” Plants in very dry
pots were watered only when they wilted. Dry pots were watered when the upper 2 cm of soil dried.
Moist pots received water when the top soil appeared dry. Flooded pots were kept in standing water
maintained to a height 2 cm below the soil surface.

The magnitude of growth enhancement due to CO, was dependent on soil moisture and spe-
cies. Red maple showed the greatest response to elevated CO, under moist soil conditions (Figure
1.17b), while gray birch showed the greatest response under dry soil conditions (Figure 1.17a). Under
“very dry” and “dry” conditions, doubled CO, increased the growth of gray birch more than that
of red maple. However, the elevated CO, concentration increased growth of red maple, too, under
dry conditions. The results showed that the magnitude of the response of gray birch and red maple
seedlings to elevated CO, will be contingent on the availability of soil moisture. We shall return to
soil moisture under elevated atmospheric CO, in Chapter 5.

Xiao et al. (2005) studied a leguminous tree (Caragana intermedia Kuanget H.C. Fu; Fabaceae)
exposed to drought and elevated CO,. The plant is a deciduous shrub that occurs in Inner Mongolia,
China. It is typically about 0.7-3.0m tall and has plumose, compound leaves. It reduces erosion
and acts as a windbreak. Seedlings were grown in sand with a slow release fertilizer and placed
in two greenhouses exposed to two CO, concentrations (350 or 700 umol/mol) under three water-
ing regimes: well watered (watered to 60%—70% of pot capacity); moderately watered (45%—55%
of pot capacity); and drought stressed (30%—-40% of pot capacity). Height, basal diameter, and
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FIGURE 1.17 Total biomass of (a) gray birch and (b) red maple grown under two levels of CO, (350 and
700 umol/mol) and four levels of moisture. Numbers on the top of lighter columns represent percent increase
in total biomass of plants grown in 700 umol/mol CO, relative to plants grown in 350 umol/mol CO,. Error
bars refer to one standard error. (Reprinted with kind permission from Springer Science+Business Media:
Oecologia, Elevated CO, differentially alters the responses of cooccurring birch and maple seedlings to a
moisture gradient, 90, 1992, 300-304, Miao, S.L., Wayne, P.M., and Bazzaz, F A, Fig. 1.)

number of leaves of plants grown under the well-watered conditions and with the 350 umol/mol
CO, concentration were similar to those of plants grown under the two water-stressed treatments
and 700 umol/mol CO,. So elevated CO, compensated for reductions in growth due to drought.
The authors concluded that elevated CO, may weaken the effect of drought stress on growth of
C. intermedia seedlings.

GYMNOSPERM VERSUS ANGIOSPERM TREES

While a tremendous amount of work has been done studying and modeling trees under elevated
CO, (Thornley and Cannell 1996; Medlyn et al. 1999; Valentini et al. 2000), few studies appar-
ently have compared specifically gymnosperms and angiosperms under elevated CO, and drought,
even though models have considered them separately (Whitehead et al. 2001, 2004). Gymnosperms
dominate the cold regions, because of their vascular system. The two conducting cells in the xylem
tissue are tracheids and vessel members. Angiosperms, the most highly evolved plants, have both
tracheids and vessel members, while gymnosperms have only tracheids (Kirkham 2005, p. 318).
Water in tracheids is less likely to cavitate because they are narrower than the vessel elements,
which can be wide and long at maturity. Imagine a northern tree thawing in the spring. As the ice
melts, the tracheids become filled with liquid containing the many bubbles of air that had been
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forced out by freezing. As melting continues and transpiration begins, tension begins to develop in
the xylem tissue. Because of the small dimensions of the tracheids involved, the pressure difference
across the curved air—water interface bounding the bubbles would be considerable, resulting in
much higher pressure in an air bubble than would exist in the water. Any bubbles that form should
dissolve fairly readily, restoring the integrity of the water column (Kirkham 2005, p. 327). This
process could not occur in the wide and long vessel members.

In addition to the difference in vascular cells between gymnosperms and angiosperms, the dis-
tribution and positioning of stomata differs between the two classes of plants. The epidermis of
the conifer leaf of pine (Pinus), for example, is heavily cuticularized and has such thick walls that
the spaces between the cells are almost obliterated (Esau 1965, p. 446). The fiber-like cells of the
hypodermis (a layer or layers of cells beneath the epidermis and distinct from the underlying ground
tissue cells; Esau 1977, p. 512) also have thick walls and form a compact layer interrupted only
beneath the stomata. The epidermis bears numerous stomata on one or all sides in different conifers.
The front cavity of the stoma is typically filled with a whitish or dark, granular or alveolate (hon-
eycombed) occluding material (Esau 1965, p. 446). Since this material is porous and the pores are
filled with air, the stomata appear white superficially. The guard cells are sunken and are overtopped
by the subsidiary cells. The shape of stomata in gymnosperms differs from that in C, plants like
monocotyledonous grasses, which are dumbbell-shaped, and C, dicotyledonous plants, which are
elliptical (Kirkham 2005, p. 382). In the angiosperms, the stomata are distributed all over the leaves,
even though leaves of tree species often have stomata only on the lower (abaxial) surface (Kirkham
2005, p. 380; see also Table 9.1). This arrangement of stomata in angiosperms contrasts with that
in gymnosperms. In many genera, including Pinus, the stomata occur in longitudinal rows parallel
with the vascular bundles (Esau 1965, p. 446).

Because of the difference in vascular and stomatal anatomy between gymnosperm and angio-
sperms, one would expect that the two classes of plants might respond differently to elevated CO,
under drought. Tolley and Strain (1984b, 1985) grew an angiosperm (L. styraciflua L., sweet gum)
and a gymnosperm (Pinus taeda L., loblolly pine) under elevated CO, and drought, even though
they made no comparison specifically between the two classes of plants. The two species co-
occur in forests in the Piedmont of the United States (Sionit et al. 1985). The Piedmont is a plateau
between the Atlantic coast and the Appalachian Mountains, covering parts of Alabama, Georgia,
South Carolina, North Carolina, and Virginia (Friend and Guralnik 1959). The two plants are early
successional tree species, which commonly invade fields of the North Carolina Piedmont (Tolley
and Strain 1985). However, the drier microsites of abandoned fields in the North Carolina Piedmont
may frequently be dominated by loblolly pine as the first arboreal species (Tolley and Strain 1984b).

In a study without water stress (Tolley and Strain 1984a), the two species were exposed to three
levels of CO, (350 or ambient, 675, and 1000 pmol/mol). Elevated CO, did not increase growth of
loblolly pine, while it increased height, leaf area, basal stem diameter, and total dry weight of sweet
gum. In a subsequent study, Tolley and Strain (1984b) subjected the two tree species to water stress
using the same three CO, levels (350, 675, and 1000 umol/mol). Plants grew in pots in walk-in
growth chambers in the Duke University Phytotron in Durham, North Carolina. The substrate was
mixture of gravel, vermiculite, and Turface. Half of the seedlings in each CO, treatment had water
withheld until plant water potentials reached about —2.5 MPa, while the remaining plants were well
watered. At the end of the drying cycle, stressed plants were returned to well-watered conditions
for a 14 day recovery period. After the 2 week recovery period, stressed loblolly pine and sweet
gum seedlings grown at 1000 umol/mol CO, had total dry weights similar to corresponding control
values. For sweet gum seedlings in particular, the reduction of early seedling growth following
exposure to a period of drought under normal atmospheric CO, concentration was ameliorated by
growing plants under elevated CO,.

Tolley and Strain (1985) also measured gas exchange rates of the two species. Carbon diox-
ide enrichment changed little the photosynthetic rates of either water-stressed or well-watered
loblolly pine seedlings (Figure 1.18, right). In contrast, the effect of water stress was delayed for
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FIGURE 1.18 Net photosynthesis over a drying cycle for well-watered (open symbols) and water-stressed
(closed symbols) seedlings grown at 350 (open and closed circles), 675 (open and closed triangles), and 1000
(open and closed squares) jtmol/mol CO,. Left: sweet gum; right: loblolly pine. Each value is the average of
three measurements. Error bars are Tukey’s HSD (honestly significant difference test) values at P<0.05. Note
the difference in magnitude of the photosynthetic scale for sweet gum and pine. (Reprinted with kind permis-
sion from Springer Science+Business Media: Oecologia, Effects of CO, enrichment and water stress on gas

exchange of Liquidambar styraciflua and Pinus taeda seedlings grown under different irradiance levels, 65,
1985, 166172, Tolley, L.C. and Strain, B.R., Fig. 2.)

sweet gum seedlings grown at elevated CO,, particularly at 1000 umol/mol CO, (Figure 1.18, left).
Development of internal plant water deficits was slower for stressed sweet gum seedling grown at
elevated CO,. As a result, these seedlings maintained higher photosynthetic rates over the drying
cycle than stressed sweet gum seedlings grown at 350 umol/mol CO, and stressed loblolly pine
seedlings grown at ambient and enriched CO, levels. Tolley and Strain (1984b, 1985) concluded that
with the future increases in atmospheric CO, concentrations, sweet gum seedlings should be able to
tolerate longer exposure to low soil moisture, resulting in a greater survival of seedlings on dry sites
of abandoned fields in the North Carolina Piedmont, now dominated by loblolly pine.

Growth and transpiration efficiency (biomass accumulation/water consumption) of two temper-
ate-forest tree species exposed to ambient and elevated CO, concentrations (350 and 700 pmol/
mol, respectively) were investigated under well-watered and drought-stressed conditions by Guehl
et al. (1994). The trees were Quercus petraea Lieblein (Durmast oak; Fagaceae or beech family)
and P. pinaster Aiton (cluster pine; Pinaceae). The plants grew in a mixture of sphagnum peat and
sand. Half of the plants were well watered by restoring soil water content to pot capacity twice a
week, and half of the plants were subjected to a soil drought by restoring soil water content to 40%
of pot capacity twice a week. Under well-watered conditions, doubling the CO, concentration for
one growing season increased biomass by 138% in Q. petraea and 68% in P. pinaster (Figure 1.19,
top). In contrast, under drought, elevated CO, increased biomass by only 47% in Q. petraea and
had no significant effect on biomass growth in P. pinaster. Transpiration efficiency was higher in
Q. petraea than in P. pinaster in all treatments (Figure 1.19, bottom). The CO,-promoted increase
in transpiration efficiency was higher in Q. petraea (about 80%) than in P. pinaster (about 50%).
The results showed that the elevated CO, fully compensated for reductions in growth due to drought
of Q. petraea, an angiosperm, but had no effect in alleviating growth reduction in P. pinaster, a
gymnosperm.

Taken together, the results indicate that several angiosperm trees [e.g., sycamore (Tschaplinski
et al. 1995); sweet gum (Tolley and Strain 1984a.,b; Tschaplinski et al. 1995); gray birch and red
maple (Miao et al. 1992); C. intermedia, a leguminous tree (Xiao et al. 2005); Durmast oak (Guehl
et al. 1994)] will grow better than gymnosperm trees [e.g., Sitka spruce (Townend 1993); loblolly
pine (Tolley and Strain 1984b, 1985); cluster pine (Guehl et al. 1994)] under drought as the CO,
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FIGURE 1.19 Growing season integrated whole-plant biomass accumulation, water consumption, and tran-
spiration efficiency for P. pinaster (cluster pine) and Q. petraea (Durmast oak) grown under two CO, concen-
trations (350 and 700 umol/mol) and two water treatments (well-watered or pot capacity and drought-stressed
or watered when soil water content reached 40% of pot capacity). Mean values (+ standard errors) not sharing
common letters are significantly different (P<0.05). (Reprinted from Guehl, J.M. et al., Tree Physiol., 14,
Fig. 1, 1994 by permission of Oxford University Press.)

concentration in the atmosphere increases. Townend (1993) did observe an increase in growth of
one clone of Sitka spruce, out of the four he studied, due to elevated CO, when the plants were
exposed to a mild drought. When the two classes of plants (angiosperms and gymnosperms) have
been compared in the same experiment (Tolley and Strain 1984b, 1985; Guehl et al. 1994), elevated
CO, has not affected the photosynthetic rate or growth of gymnosperms under drought, but angio-
sperms have responded. I do not know the reason for the nonresponsiveness of gymnosperms to
elevated CO, under drought. Gymnosperms often have evergreen leaves that are needle shaped. In
contrast, angiosperm trees usually produce new, broad leaves in the spring and must grow fast to
produce seeds before winter and dormancy. The flat leaves with stomata spread out over the surfaces
apparently are well adapted to take up CO, for fast growth. The gymnosperms are not under such
constraints and can grow slowly, yet survive.
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The lack of response of gymnosperms, C; plants, to elevated CO, under drought is like that
of C, plants. However, C, plants have a physiological reason to be nonresponsive to elevated
CO,. They recycle CO, within their leaves, unlike C; plants, so C, plants have enough CO, for
maximum photosynthesis and growth even without elevated levels of CO, in the atmosphere.
Concentrations of CO, above about 300 umol/mol often appear not to affect the photosynthetic
rate of C, plants (Figure 1.5) (Waggoner 1984). However, this cannot be considered as a general
rule, because C, plants do increase their rate of photosynthesis at concentrations above 300 wmol/
mol (see Chapter 12).

CAM PLANT

Luo and Nobel (1993) studied the response of a CAM plant (Opuntia ficus-indica Mill.; Indian fig;
Cactaceae) to elevated CO,. They did not expose the plants to drought under elevated CO,. But it is
important to see how plants in the cactus family might respond to elevated CO,, because they grow
in arid regions. As noted, CAM plants keep their stomata open at night, unlike C; and C, plants
that close their stomata at night. Cladodes (35 cm long, 20cm wide, 2cm thick) were planted with
one-third of their surface area below the soil surface in pots containing a loamy sand. A cladode
is a flattened leaf-like stem (Allen 1990). The pots were placed in two growth chambers with CO,
concentrations of 360 or 720 umol/mol. Plants were well watered, and the soil water potential in
the root zone was above —0.3 MPa. Relative growth rates of the plants were comparable to values
for productive C; and C, plants. Under the elevated CO, concentration, biomass of newly initiated
cladodes was 7% higher (Figure 1.20), and area was 8% less (Figure 1.21), compared to plants
grown with 360 umol/mol CO,. The combination of more biomass and less area caused the specific
cladode mass to be 16% higher for the doubled CO, concentration. (Specific mass is the biomass
divided by the area.) Luo and Nobel (1993) noted that the basal cladodes of O. ficus-indica had a
large capacity for storage of water, which could buffer environmental stresses such as drought and
thereby reduce their effects on growth of daughter cladodes. The results indicate that cacti, which
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FIGURE 1.20 Biomass of cladodes of O. ficus-indica grown under two CO, levels: 360 umol/mol (open
triangles) or 720 umol/mol (closed triangles). (Reprinted from Luo, Y. and Nobel, P.S.: Growth character-
istics of newly initiated cladodes of Opuntia ficus-indica as affected by shading, drought and elevated CO,,
Physiol. Plant., 1993, 87, 467-474, Fig. 1. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.)

© 2011 by Taylor & Francis Group, LLC



22 Elevated Carbon Dioxide: Impacts on Soil and Plant Water Relations

800

600

Cladode area, cm?
'S
S
o

200

0 1 1 1 1 1 1
0 10 20 30 40 50 60
Time, days

FIGURE 1.21 Cladode area of O. ficus-indica (Indian fig) grown under two CO, levels: 360 umol/mol (open
triangles) or 720 mol/mol (closed triangles). (Reprinted from Luo, Y. and Nobel, P.S.: Growth characteris-
tics of newly initiated cladodes of Opuntia ficus-indica as affected by shading, drought and elevated CO,,
Physiol. Plant., 1993, 87, 467-474, Fig. 2. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.)

naturally live under aridity in deserts, may grow better as the CO, concentration in the atmosphere
increases. They also suggest that the time of day that a plant takes up its CO, (night for the CAM
plants) does not affect its responsiveness to elevated CO,.

SALINITY

Because drought and salinity often occur together, it is important to consider plants exposed
to salinity and elevated CO,. Zeroni and Gale (1989) in the Negev, a southern region in Israel
of partially reclaimed desert (Friend and Guralnik 1959), studied rose (Rosa hybrida cv. Sonia;
Rosacea), a salt-sensitive plant, grown under salt stress in growth chambers simulating conditions
of winter in greenhouses in the desert in Israel. The roses were placed in chambers with one of
three concentrations of CO, (320, 600, and 1200 umol/mol). Plants grew in pots containing volca-
nic cinder and were fertilized with a nutrient solution. The plants were irrigated with water con-
taining one of four levels of salt. Local, brackish well water was used that contained a total soluble
salt level of 3436 g/m3. This is equivalent to an electrical conductivity of about 5 millimhos/cm
or 5 deciSiemens/m (dS/m) (Richards 1954, p. 11). The concentrations used in the experiment
were 0%, 25%, 50%, 75%, and 100% of the well water concentrations, or 0, 859, 1718, 2577, and
3436 g/m3. Plants died when treated with 3436 g/m? salt. Subsequently, the highest concentration
used was 2577 g/m? total soluble salt. Salinity tolerance increased at the two high concentrations
of CO, (Figure 1.22).

In addition, raising the salt concentration in the presence of either 600 or 1200 tmol/mol CO,
caused a decrease in blindness compared with either the controls without salt or the plants grown
at 320 umol/mol CO,. Blindness is a problem in rose production (Laurie et al. 1969, pp. 327-351).
The normal flowering shoot on a greenhouse rose possesses fully expanded sepals, petals, and
reproductive parts (pistils and stamens). The failure to develop a flower on the apical end of the
stem is a common occurrence; such shoots are termed “blind.” The sepals and petals are present,
but the reproductive parts are absent or aborted. The cause of blind shoots is not known. Severe
defoliation will often temporarily increase blindness (Laurie et al. 1969, p. 340). Zeroni and Gale
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FIGURE 1.22 Branch length of “Sonia” roses grown at four levels of salinity and three levels of CO,:
320 umol/mol (squares); 600 tmol/mol (circles); and 1200 wmol/mol (triangles). (Reprinted from Zeroni, M.
and Gale, J., J. Hort. Sci., 64, 503, 1989, Fig. 5. With permission from the Headley Brothers, Ltd., The Invicta
Press.)

(1989) observed that the decrease in blindness was accompanied by an increase in cane length and,
in some cases, increases in flower diameter and fresh weight. The results demonstrated that grow-
ers of roses in desert regions could irrigate the plants with local water that may be brackish if the
CQO, is supplemented, as can be done in climate-controlled greenhouses. In addition, the results
showed that like water stress, salt stress can be ameliorated by elevated levels of CO, (Zeroni and
Gale 1989).

Nicolas et al. (1993) also observed that salinity tolerance of two types of wheat (7. aestivum L.
cv. Matong and 7. durum Desf. cv. Modoc) was improved under an elevated level of CO,. Modoc is
more salt-sensitive than Matong. The wheat plants were grown for 6 weeks in two greenhouses in
Canberra, Australia, one with ambient CO, (350 umol/mol) and the other with double the ambient
level (700 umol/mol CO,). The plants grew in polyvinyl tubes filled with a potting mix consisting
of river loam, peat moss, and river sand with fertilizer added. A solution of 150 mol/m? NaCl +
10 mol/m? CaCl, was applied to the salt-treated plants, while the nonsaline controls were irrigated
with water. Using the conversion chart of Richards (1954, p. 11), 150 mol/m? NaCl has an electrical
conductivity of 18 millimhos/cm, or 18dS/m and 10 mol/m? CaCl, has an electrical conductivity of
2.3 millimhos/cm or 2.3dS/m. Doubling the CO, concentration increased shoot and root growth
of each cultivar under both saline and nonsaline conditions (Figure 1.23). Under salinity, high CO,
increased dry matter accumulation of the salt-sensitive Modoc to a greater extent (+104%) than
that of the more salt-tolerant Matong (+73%). In the salt treatment, shoot growth was increased to
a greater extent than root growth (Figure 1.23, right). Leaf area showed similar trends to shoot dry
weight (Figure 1.24). Salinity reduced tillering, but high CO, partly reversed the effects of salinity
(Figure 1.25). Their results showed that high CO, increased growth by stimulating the develop-
ment of tiller buds that would otherwise have been inhibited. Growth may also be increased under
salinity stress in an atmosphere with augmented CO,, because oxidative damage is mitigated by
elevated CO, (Pérez-Lépez et al. 2009). For a discussion of oxidative stress, see Bray et al. (2000,
pp. 1189-1197).
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FIGURE 1.23 Effects of salinity and CO, level on shoot and root dry matter for two wheat cultivars
“Matong” and “Modoc.” Closed circles: salt, ambient CO, (350 umol/mol); closed squares: salt, high CO,
(700 pmol/mol); open circles: no salt, ambient CO,; open squares: no salt, high CO,. Bars represent the least
significant difference (P=0.05) in all figures. (Reprinted from Nicolas, M.E. et al., Austral. J. Plant Physiol.,
20, 349, 1993, Fig. 1. With permission from CSIRO Publishing.)
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FIGURE 1.24 Effects of salinity and CO, level on leaf area and average leaf area of the emerged tillers
for two wheat cultivars “Matong” and “Modoc.” The symbols are the same as those defined in the legend of
Figure 1.23. (Reprinted from Nicolas, M.E. et al., Austral. J. Plant Physiol., 20, 349, 1993, Fig. 3. With per-
mission from CSIRO Publishing.)
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FIGURE 1.25 Effects of salinity and CO, level on the total number of tillers per plant and the average dry
weight of the emerged tillers for two wheat cultivars “Matong” and “Modoc.” The total tiller number includes
all tiller buds visible to the naked eye. The symbols are the same as those defined in the legend of Figure 1.23.
(Reprinted from Nicolas, M.E. et al., Austral. J. Plant Physiol., 20, 349, 1993, Fig. 2. With permission from
CSIRO Publishing.)

SUMMARY

Elevated CO, has either completely or partially compensated for reductions in growth and photo-
synthetic rate of the C; plants, wheat, soybean, and rice due to drought. The degree of compensa-
tion of drought-induced reduction in growth depends upon the level of CO,, the species, the stage
of plant growth, and the severity of the moisture stress. The data indicate that in a CO,-increased
world, C; plants will survive better under drought compared to a low-CO, world. Results of research
cited in this chapter indicated that elevated CO, does not increase the photosynthetic rate of C,
plants under drought. Thus, in the area that is predicted to be most affected by elevated CO, (lati-
tudes between 37° and 47° N), C, plants, such as wheat, which is widely grown in the region, should
benefit more from elevated CO, than C, plants, if the climate becomes drier. However, at ambient
CO, levels, C, plants have a higher photosynthetic rate than C; plants, both under well-watered
and drought-stressed conditions. In general, the overall effect of elevated CO, is to make C; plants
appear to respond the same as C, plants, as far as their photosynthetic rate is concerned. Data indi-
cate that as CO, concentration in the atmosphere increases, yield of C, plants will be maintained
under drought, and yield of C; plants will increase such that it will become more similar to that of
C, plants under drought.

Elevated CO, has compensated partially or fully for reductions in growth and photosynthetic rate
of several angiosperm trees due to drought. However, experiments show that some gymnosperm
trees do not respond to elevated levels of CO, under drought. If gymnosperms and angiosperms
grow in the same forest, angiosperms may be better able to compete as the CO, level in the atmo-
sphere increases, if conditions become drier. The biomass of cladodes of a CAM plant in the cactus
family (Indian fig) increased with elevated CO,. Therefore, the fact that CAM plants keep their
stomata open at night, in contrast to C; and C, plants, does not seem to affect their responsiveness
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to elevated CO,. Elevated CO, has compensated for reductions in growth of roses and wheat due
to salinity. In addition, elevated CO, reduced blindness (failure to form flowers) in roses. Thus, the
effects of salt stress can be ameliorated by elevated levels of atmospheric CO,.

APPENDIX

BioGrAPHY OF CHARLES DAvID KEELING

Charles David Keeling, the first person to measure accurately the rising levels of CO, in the atmo-
sphere, was born on April 20, 1928, in Scranton, Pennsylvania, United States (Brown 2005). He
was the son of Ralph Franklin and Grace Noerr (Sherburne) Keeling. He married Louise Barthold
and they had five children: Andrew, Ralph, Emily, Eric, and Paul (Marquis Who’s Who 2004). He
graduated from the University if Illinois in 1949 (Marquis Who’s Who 2004), majoring in chem-
istry (Brown 2005). He got a PhD from Northwestern University in 1954 (Marquis Who’s Who
2004), where he studied chemistry and isotope geochemistry (Heimann 2005). He was a research
fellow in geochemistry at the California Institute of Technology in Pasadena between 1953 and 1956
(Marquis Who’s Who 2004). Then he joined Scripps Institution of Oceanography of the University
of California at San Diego in La Jolla, California, where he was an assistant research chemist
(1956-1960), associate research chemist (1960-1964), and associate professor of oceanography
(1964-1968). He became professor of oceanography in 1968 (Marquis Who’s Who 2004).

When he moved to the California Institute of Technology in 1953, he became interested in the
problem of measuring levels of CO, in the atmosphere (Heimann 2005). Before that time, the pros-
pect that levels of atmospheric CO, could be altered on a global scale because of the burning of
coal, gas, and oil was largely theoretical. At the end of the nineteenth century, Svante Arrhenius (see
Chapter 14 for a biography of Arrhenius) and Arvid Hogbom had suggested that temperature might
be affected by greenhouse gases. But the possibility of increasing atmospheric CO, was of no con-
cern because the ocean was believed to absorb most of any increase (Heimann 2005). In the 1950s,
however, Roger Revelle and Hans Suess at the Scripps Institution of Oceanography in California
realized that the sink capacity of the ocean is limited, because of the slow mixing with deeper
waters. Measurement of atmospheric CO,_ thus, became a compelling topic of scientific interest. A
job offer from Revelle brought Keeling to Scripps, where he remained his entire career (Heimann
2005), except for sabbatical leaves. During a sabbatical stay in Stockholm with Bert Bolin in the
early 1960s, they demonstrated that fossil-fuel emissions contributed to the global distribution of
atmospheric CO, (Heimann 2005). [Bert Bolin died on December 30, 2007, at the age of 82. For his
obituary, see Watson (2008).]

Keeling looked for alternatives to the existing, questionable methods of determining variations
in CO, and eventually resorted to using an infrared analyzer (Heimann 2005). Because this is a rela-
tive measurement, he had to devise a system of calibration to make the measurements accurate and
comparable between different sites and over long time spans. In conjunction with the “International
Geophysical Year 1957 (this was a series of global geophysical activities spanning 1957-1958),
systems were set up on Mauna Loa in Hawaii and in Antarctica, supplemented by laboratory mea-
surements on air flasks regularly sampled at the South Pole. The choice of such remote places was
to ensure that they were as far away from local sources of CO, as possible, thus allowing reliable
detection of changes in the background atmosphere (Heimann 2005).

Keeling produced a classic paper showing that the atmospheric CO, concentration was rising at
a rate consistent with estimates of fossil-fuel emissions (Keeling 1970). In this paper, he shows a
figure that has become known as the “Keeling Curve” (Koepp 2005). The figure has “Concentration
Atmospheric CO, (ppm)” on the y-axis and “Year” on the x-axis, beginning with 1958. He also
showed that the concentration at Mauna Loa exhibits a characteristic seasonal variation. Using con-
current measurements of the *C/2C isotope ratio in CO,, which differs according to the exchange
processes with the land and ocean, Keeling was able to demonstrate that this seasonal variation is
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probably driven by the annual cycle of vegetation in the Northern Hemisphere (Heimann 2005).
The records also show interannual variations, which can be related to climate fluctuations such as
those of the El Nifio-Southern Oscillation. And using concurrent 3C/!?C isotope measurements,
Keeling’s group could estimate the relative contributions of land and ocean to these phenomena
(Heimann 2005).

After making these measurements of CO,, many would have moved on to other scientific inves-
tigations (Heimann 2005). However, Keeling anticipated the power of long-term observations, and,
despite many funding crises, relentlessly pursued the measurements. Keeling was not always an
easy colleague to work with (Heimann 2005). He was meticulous and demanded the same standards
from his coworkers. But it is thanks to this attention to detail that we now have two highly accurate
records of atmospheric CO, (Mauna Loa and South Pole) spanning half a century (Heimann 2005).
Between the late 1950s and today, levels of CO, have risen from about 315 ppm (Heimann 2005) to
385 ppm (Dlugokencky 2009).

Charles Keeling’s son, Ralph Keeling, works not only in the same field as his father but also at
the same institution, the Scripps Institution of Oceanography (Kerr 2003). Ralph Keeling makes
precise measurements—precise to six significant figures—of the oxygen in the atmosphere. That
allows him to track the carbon passing through atmosphere, oceans, and plants, a prime concern
of greenhouse-warming researchers. For Ralph Keeling, early signs of scientific interest came
at age 2, when he was just learning to talk (Kerr 2003). On a summer-time trip to the Cascade
Mountains [a mountain range in western Oregon and Washington and British Columbia (Friend and
Guralnik 1959)], the family was admiring Nisqually Glacier when Ralph piped up, “How do you
make glaciers?”

In college, Ralph Keeling had been considering theoretical physics, not his father’s work with
analytical instruments (Kerr 2003). But after one semester of graduate school at Harvard, he joined
his parents in Switzerland, where his father was on sabbatical leave. With his father’s encourage-
ment, he became a member of a project of the late Hans Oeschger, who was developing a technique
for extracting gases trapped in glacial ice over the millennia. Ralph said, “That galvanized my
interest in being an instrumentalist” (Kerr 2003). He went on to develop a novel interferometric
technique for measuring atmospheric oxygen so precisely that its combination with carbon could
be followed (Kerr 2003). His work, for example, has analyzed ocean and land-biota sinks for CO,
(Keeling et al. 1996) and has allowed precise measurements of anthropogenic CO, in the ocean
(Keeling 2005).

Charles Keeling won many awards. In 2001, the President of the United States, George W. Bush,
selected him to receive the U.S. Medal of Science, the highest award in the United States, for life-
time achievement in scientific research (Brown 2005; Marquis Who’s Who 2004). He got a Special
Achievement Award from the Vice President of the United States in 1997. He was recipient of the
Half Century Award of the American Meteorological Society in 1981 and the Blue Planet Prize of
the Asahi Glass Foundation in 1993 (Marquis Who’s Who 2004), which is given by the Science
Council of Japan (Heimann 2005). He also received the Tyler Prize for Environmental Achievement
(Heimann 2005). He was a fellow of the John Simon Guggenheim Memorial Foundation in 1962. He
was named fellow of the American Association for the Advancement of Science and the American
Geophysical Union, from which he also received the Ewing Medal in 1991. He was a fellow of the
American Academy of Arts and Sciences and a member of the National Academy of Science, as
well as a member of Sigma Xi (Marquis Who’s Who 2004). He was a member of the commission
on global pollution of the International Association of Meteorology and scientific director of the
Central CO, Calibration Laboratory of the World Meteorological Organization (Brown 2005).

Charles Keeling was involved in the political life of his hometown. He also conducted a choir,
and, after a hard day at work, he enjoyed playing the grand piano, which he did with proficiency
(Heimann 2005). In his biography in Marquis Who’s Who (2004), Keeling lists his avocations
as musical performance and off-road walking. He had great interest in foreign cultures. During
a sabbatical stay in Switzerland, he took on the challenge of taking lessons in the Bernese
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Swiss—German language with success. But his major love was nature, and especially the moun-
tains (Heimann 2005).

He died on June 22, 2005 (Brown 2005), of a heart attack in Hamilton, Montana (Koepp 2005).
He was survived by his widow, Louise, and his five children (Brown 2005). His fame was such that
his death was recognized in popular publications. According to his obituary in Time magazine,
Keeling’s “precise measurements of carbon dioxide in the atmosphere over five decades became
the undisputed basis for global-warming concerns” (Koepp 2005). His final resting place is near his

summer house in the wilderness of Montana (Heimann 2005).
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2 Elevated Carbon Dioxide
in the Soil: Composition
of the Soil Atmosphere

INTRODUCTION

As we noted in Chapter 1, the four soil physical factors that affect root growth, and consequently
plant growth, are water, aeration, temperature, and mechanical impedance (Kirkham 2005, p. 1).
In Chapter 1, we looked at the effect of lack of water on plants under elevated atmospheric CO,.
In this chapter, we turn to soil aeration and focus on elevated CO, in the soil atmosphere. Most
biological reactions that occur in soil consume oxygen (O,) and produce CO,. The effects of
soil aeration on growth of plants can be divided into two categories (Taylor and Ashcroft 1972,
p. 352). First, reduction of soil constituents occurs, which in turn influences growth. In the absence
of adequate O, in the soil, sulfide, ferrous, and manganous compounds form; organic matter is
reduced to alcohols, aldehydes, or methane, and hydrogen gas may appear; and essential nitrates
are reduced to toxic nitrites or to free nitrogen gas (Taylor and Ashcroft 1972, p. 352). We shall
not be concerned about these soil processes in this chapter. Second, aeration directly affects the
physiological condition of plants. They require adequate soil aeration for the proper development
of their root systems. Because the greatest influence of aeration on root growth is attributable to the
concentrations of O, and CO, in the soil air (Taylor and Ashcroft 1972, p. 353), we shall consider
both gases in this chapter.

COMPOSITION OF THE SOIL ATMOSPHERE

Boussingault and Léwy (1853) were early researchers who studied the composition of the atmo-
sphere of the soil. (See Appendix for a biography of Boussingault.) Their research, along with that
of others after them, established five general characteristics of the soil atmosphere (Taylor and
Ashcroft 1972, p. 365):

1. The sum of the CO, and O, in the soil air is nearly the same as the sum of these two com-
ponents in the air above the soil.

2. The CO, content usually increases with depth.

3. The CO, content of the soil shows a marked seasonal trend.

4. The proportion of CO, in the soil air depends upon the amount of organic matter in the soil.

5. Rainfall has a strong influence upon the CO, content of soil air.

Let us consider each one in more detail.

CO, anD O, IN SoiL AND AIR

As we shall discuss further in this chapter, as well as in Chapter 4, it is generally felt that diffusion is
the main way that gases move in the soil. Thus, the amount of CO, in the air above the soil should be
about the same as the CO, in the soil, unless there are pockets of high respiration, such as those that
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occur when manure is put on the soil or when a pathogen is localized in a particular part of the soil
(Don Kirkham, Iowa State University, personal communication, c. 1985). However, even in healthy
soil without manure, respiration of roots will cause somewhat elevated levels of CO, around roots.
Because of the difficulty of measuring concentration of CO, and O, right at the root surface, exact
concentrations are hard to determine. But some general conclusions can be made about the concen-
tration of CO, and O, in the soil air. Even though it is felt that the sum of CO, and O, is about the
same above the soil and in the soil (Taylor and Ashcroft 1972, p. 365), the concentrations of CO, and
0, in the above-ground air differ from those in the below-ground air. There tends to be an inverse
relation between the concentrations of these two components in the soil (Taylor and Ashcroft 1972,
p- 353). The amount of CO, is usually greater in the soil, and the amount of O, less, than in the atmo-
sphere above. Acceptable average figures for soil air might be 0.25% CO, and 20.73% O, compared
to 0.03% CO, (but rising) and 20.95% O, in the atmosphere (Taylor and Ashcroft 1972, p. 365). [The
concentration of CO, in the atmosphere in 2008 was 0.0385% (Dlugokencky 2009).] Cropped soils
generally have more CO, and less O, than bare or fallow soils, and grass-covered soils are generally
higher in CO, than cultivated ones (Taylor and Ashcroft 1972, p. 365).

When aeration is restricted, the soil processes use up O, and produce CO, faster than they can
be exchanged with the atmosphere. The net result is a reduction of O, and a buildup of CO, in the
soil. There is often a question as to which factor causes reduced root growth. Is it a result of O,
deficiency or CO, toxicity (Taylor and Ashcroft 1972, p. 353)7 As we shall see Chapters 3 and 4,
apparently the CO, concentration has to become high before it restricts root growth. So it appears
that O, concentration in the soil is the critical factor affecting root growth. Diffusion of gases in soil
practically stops when the fraction of air-filled pores is less than 10%. Therefore, roots need at least
10% by volume air space in the soil to survive (Kirkham 1994). Taylor and Ashcroft (1972, p. 354)
state that a deficiency of O, may be said, in general, to exist when O, comprises 15% or less of the
soil air if the remainder is nitrogen. A maximum concentration of CO, that roots can tolerate is not
established.

The concentration of CO, in the soil has to be extremely high to kill plants, as demonstrated by
CO, from volcanoes. Areas of dead and dying trees have long been observed near a dormant vol-
cano at Mammoth Mountain in eastern, central California, United States, which last erupted about
500 years ago (Farrar et al. 1995; Williams 1995). The damage was initially considered to be an
effect of 4 years of drought (Farrar et al. 1995). But it was noted that all trees, regardless of age or
species, were equally affected within dead or dying areas, which gradually increased in number
and size. The soils in the region have normal temperatures and show no signs of acid alteration or
other lethal agents such as sulfur gas, radon, or mercury. Also, biological pests were not the cause
of the tree kill.

The death of the trees was a mystery until Farrar et al. (1995) did their study. In July 1994, they
did a reconnaissance soil-gas survey in the tree-kill areas and found that samples from the 15cm
depth contained >20% CO,. Then, in September and October of 1994, they did a thorough study
and analyzed CO, in the soil from samples taken along two transects near Reds Lake (RL) and
Horseshoe Lake (HSL), which covered both the tree-kill areas and control sites in a healthy forest.
The types of trees in the forests were not named by them. The CO, concentrations ranged from less
than 1% in the healthy forest to more than 90% at several locations within tree-kill areas. Where
CO, concentrations exceeded 30%, most trees were dead (Figure 2.1). [The cover of the August 24,
1995, issue of Nature with the articles by Williams (1995) and Farrar et al. (1995) also shows the
dead trees.] Farrar et al. (1995) conclude that the trees were being killed by large volumes of CO,
emitted through the soil from magma deep within the mountain. The forest die-off was the most
conspicuous surface manifestation of the magmatic processes at Mammoth Mountain. While vol-
canologists (Farrar et al. 1995) are interested in the massive vegetation kills as obvious indicators
of possible magmatic unrest at depth, we as plant and soil scientists are interested in the data, which
show that extremely high concentrations of CO, in the soil are needed to kill tree roots (greater
than 30%).
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FIGURE 2.1 Carbon dioxide concentrations in September 1994 at 0.6m depth along two transects at
Mammoth Mountain in eastern California, United States. Top panel: Transect RL near Reds Lake; bottom
panel: Transect HSL near Horseshoe Lake. Symbols at the top of each panel denote relative degree of tree
mortality along the transects. (Reprinted by permission from Macmillan Publishers Ltd., Nature, Farrar,
C.D., Sorey, M.L., Evans, W.C., Howle, J.E,, Kerr, B.D., Kennedy, B.M., King, C.Y., and Southon, J.R., Forest-
killing diffuse CO, emission at Mammoth Mountain as a sign of magmatic unrest, 376, 675-678, Fig. 2,
Copyright 1995.)

High concentrations of CO, also are needed to be lethal to humans. Farrar et al. (1995) did a
survey of confined spaces in areas of known high CO, discharge near HSL and found CO, concen-
trations greater than 1% in campsite lavatories and small tents, 25% in a small cabin, and 89% in
a utility vault of 0.6 m diameter and 1 m depth. These values exceed U.S. health standards (Joseph
1985, pp. 155-156), described in the next paragraph, and the last two would be quickly lethal (Farrar
et al. 1995). The CO, leakage may have contributed to the death of a cross country skier in 1998
(Altevogt and Celia 2004).

The U.S. Occupational Safety and Health Administration (OSHA) provides information to
employers and employees about the safety of different chemicals (Joseph 1985, p. xv). Carbon diox-
ide is not regulated as a hazardous substance or hazardous waste. Overexposure by inhalation may
lead to rapid breathing, rapid heart rate, headache, sweating, shortness of breath, dizziness, mental
depression, visual disturbances, shaking, unconsciousness, and death (Joseph 1985, p. 155). Skin or
eye contact with solid CO, may cause frostbite. The time-weighted average (TWA) for the permis-
sible exposure limit set by OSHA is 5000 ppm (0.5%). The short-term exposure limit (STEL) set by
the American Conference of Governmental Industrial Hygienists (ACGIH) is 15,000 ppm (1.5%).
The STELSs are limits established by the ACGIH that represent the maximum concentrations work-
ers can be exposed to for 15 min periods without suffering adverse effects with certain excursion
limits (Joseph 1985, p. xxiv).
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Mineral or geothermal springs also produce large amounts of CO,. They are being used as exper-
imental areas to study the effects of elevated CO, on plants. Two mineral springs in New Zealand,
near Kamo and Kaeo in the North Island, release large volumes of CO, resulting in concentrations
near the vents of 5000 umol/mol (0.5%) and 2000 pmol/mol (0.2%), respectively (Newton et al.
1996a). In central-western Italy, more than 100 geothermal CO, springs exist, 8 of which were
studied by Miglietta et al. (1993a). Carbon dioxide concentrations at these springs were as high
as 10,000 wmol/mol (1%). The springs offer the chance to study plants that have been exposed to
elevated CO, for lengthy periods.

CO, witH DEPTH IN THE SoiL

It has been known for a long time that the CO, concentration increases with depth below the soil
surface. Lundegardh (1927, pp. 423—424) reported that in the top 15cm depth, the CO, concentra-
tion in the soil air averages about 0.3% for lighter soils but may rise to 1% or more, especially in
wet soils rich in humus. Even in the same field, the variation from plot to plot may be prominent,
particularly in soils that are not well cultivated and contain lumps of decomposing organic matter.
Lundegardh (1927, p. 424) suggested that by determining the CO, concentration at the 15 cm depth,
one can detect poor aeration of the soil that can be removed by cultivation or drainage.

The values for CO, concentration in the soil air are important to estimate growth conditions
for roots. Lundegardh (1927, pp. 419-420) said that a CO, concentration higher than 1% in the
soil atmosphere may become dangerous to crop growth. But the resistance of different plants to
elevated levels of CO, in soil varies greatly. It is well known that wet-land plants, like rice (Oryza
sativa L.), appear to tolerate low O, in the root zone better than mesophytes. [A mesophyte is a plant
adapted to grow under medium conditions of moisture (Friend and Guralnik 1959).] However, an
internal supply of O, via the aerial organs appears to supply O, to the roots of bog plants (Leyton
and Rousseau 1958, p. 467), and the distance O, may need to move to roots deep in soil may affect
their survival. (In Chapter 4, we talk of movement of gases up and down a plant.) Differences in
tolerance have also been reported among tree species. Willow (Salix sp.), alder (Alnus sp.), man-
grove (Rhizophora sp. or Avicennia sp.), and black spruce (Picea mariana Mill.) are associated with
waterlogged soils, and Norway spruce (P. abies Karst), Sitka spruce (P. sitchensis Carr.), Scots pine
(Pinus sylvestris L.), and jack pine (P. banksiana Lamb) are species associated with well-aerated
soils (Leyton and Rousseau 1958, p. 467). Cannon and Free (1925, p. 162) report the O, content at a
depth of 38cm (15 in.) in a soil in India (type not given) immediately about the roots of three types
of plants: Crotolaria (common name: rattle-box, which is a large genus especially prevalent in Asia
with annual and perennial erect herbs and shrubs), 2.23%-9%; Indigofera (indigo), 3.33%-5.24%;
and Zea (the genus of corn, Zea mays L.), 6.25%—13.82%.

The CO, concentration increases with depth, while soil and root respiration decreases with depth.
Lundegardh (1927, p. 424) measured CO, production in the profile of a sandy soil (uncropped) and
found the following values for soil respiration (in g/m?/h): 0—10cm depth, 0.271; 10-20cm depth,
0.084; 20-30 cm depth, 0.016; and 30—40 cm depth, 0.009. The data showed that the soil microbio-
logical activity was concentrated in the surface layer and decreased rapidly with depth.

Bhupinderpal-Singh et al. (2005) labeled pasture plants, growing in columns with a silt loam soil,
with *CO, to see the distribution of label with depth. The plants were ryegrass (Lolium perenne
L.) and white clover (Trifolium repens L.). They analyzed the carbon in the root exudates at the
soil-root interface, which would be an indication of respiration by the roots. They also analyzed
the carbon in the roots. Seven days after pulse labeling, most of the total below-ground “C at the
soil-root interface was recovered from the 0—20 mm depth (55%), followed by 20-40mm (22%),
40-80 mm (15%), 80—120 mm (4%), and 120200 mm (4%). Similarly, of the total below-ground “C
in roots, 68%, 17%, 9%, 3%, and 3% were recovered from the 0-20, 20-40, 40-80, 80-120, and
120-200mm soil depths, respectively. Decreased *C activity in roots with increasing soil depth
followed the pattern of decreasing root mass with depth, as follows: 13.2 g in the 0-20 mm depth;
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4.5g at 20-40mm; 1.9 g at 40-80mm; 0.8 g at 80—120mm; 0.8 g at 120-160mm; and 0.4 g in the
160200 mm depth. The data indicated that CO, production by these pasture roots decreased rap-
idly with depth, because their mass decreased rapidly with depth. Their data supported an earlier
observation that surface CO, fluxes are proportional to root activity (Ben-Asher et al. 1994).

Even though CO, evolution from roots decreases with depth, CO, generation in the deep subsur-
face of the soil (beyond the root zone) has long been recognized (Keller 1991). Keller (1991) studied
an 18-m-thick surface deposit of clayey calcareous till in the Western Glaciated Plains of Canada.
He found large increases in the CO, concentration with depth. The subsoil CO, production appeared
to be due to respiration by aerobic microbial communities that utilize the soil- and sediment-derived
organic carbon as substrates.

However, most CO, from respiration comes from the soil surface (Hunt et al. 2004), because that
is the location of roots and microorganisms that break down roots and residue. Hunt et al. (2004)
studied two sandy loam soils where grassland plants grew on the South Island of New Zealand.
The dominant plants were native fescue [Festuca novae-zelandiae (Hack.) Cockayne] and the
introduced flat-weed (Hieracium pilosella L.). The soils were well drained and formed two distinct
phases, determined by past fluvial processes. The “stony soils” had a high stone content (58% by
volume), and the “shallow soils” had few stones (6%). Carbon-dioxide production in the stony soils
at the 0.0-0.1 and 0.1-0.2 m depths was 49 and 18 mg/kg, respectively. For the shallow soils, these
values were 75 and 25 mg/kg, respectively, for the two depths. Under well-watered conditions, 26%
of the soil surface CO, efflux came from soil microbial activity. Soil respiration declined by a factor
of four as the soil water content declined from field capacity (0.21 m*/m?3 for the stony soils; 0.27 m3/
m? for the shallow soils) to the driest value obtained (0.04 m3/m?3). Hunt et al. (2004) estimated that
85% of the ecosystem respiration emanated from the soil surface.

Hendry et al. (1999) studied CO, production at a field site 10km south of Saskatoon, Canada
(52° 09’ N; 106° 39” W), to calculate the rates of in situ CO, production with depth through an
unsaturated zone over 550 days. Maximum CO, gas concentrations occurred during the sum-
mer (0.85%-1.22%), and minimum concentrations occurred during the winter (0.04%—-0.24%).
They found that CO, gas concentrations decreased with increasing depth during the summer and
increased with depth during the winter. Respiration rates ranged from 5 g carbon/g/day in the
soil (top) horizon in the summer to zero in the winter. Below 3 m in unsaturated sections in the C
horizon, the rate remained relatively constant throughout the year at about 10~#~10-3 pg carbon/g/
day. [C horizons or layers are little affected by pedogenic processes. The material of C horizons
may be either like or unlike that from which the set of horizons formed. In general, C horizons are
above bedrock but below organic or mineral layers (Soil Science Society of America 1997).] Roots
contributed about 75% of the CO, in the summer months. They concluded that although microor-
ganisms are present in subsurface environments, their in situ activity in the unsaturated zone of
northern soils may be low.

Dueiias et al. (1995) measured emissions of CO, from soils in the semi-urban area surrounding
Malaga, Spain. The soil at one site, labeled M1, had 32% clay, 13% fine sand, 55% coarse sand, and
2.85% organic matter. The soil at another site, labeled M2, had 88% clay, 4% fine sand, 8% coarse
sand, and 3.92% organic matter. (The three soil textural classes, clay, sand, and silt, always add
to 100% when the soil texture is determined. Organic matter is excluded in this 100%.) The soil
at site M1 was bare, and the soil at site M2 was in a forest with Ficus (fig) and Eucalyptus (gum
tree) trees. Measurements of CO, were made by inserting tubes into the soil and taking samples
of soil air. The samples were injected into a gas chromatograph to measure CO,. The concentra-
tion of CO, decreased with depth (Figure 2.2). Even though one soil was bare and the other was
vegetated, the change in CO, concentration with depth was similar. At the 0.6 m depth (maximum
depth measured for the vegetated soil), the CO, concentration in the soil was about 0.008 ppm on a
volumetric basis, and at the 0.5 m depth in the bare soil, the CO, concentration was about 0.010 ppm
on a volumetric basis. Their data confirm the general observation that CO, concentration in the soil
increases with depth.
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FIGURE 2.2 Concentration of CO, with depth in two soils in the semi-urban area near Malaga, Spain.
Site M1 was a bare soil and site M2 was a forested soil. Horizontal lines show the standard deviations. Note
the different depth scales on the ordinate. (Reprinted from Chemosphere, 30, Dueiias, C., Fernandez, M.C.,
Carretero, J., Liger, E., and Pérex, M., Emissions of CO, from some soils, 1875-1889, Copyright 1995, Fig. 2a,
with permission from Elsevier.)

The rate of emission with depth depends upon the depth of the water table. Moore and Dalva
(1993) in Montreal, Canada, used laboratory columns (80cm long; 10cm diameter), which they
filled with three different types of peat soils, to determine the effect of water table depth on CO,
flux from the surface of the soils. The samples of peat were collected from three sites: an open bog
in southern Ontario, Canada; a poor fen in subarctic Quebec; and a swamp with trees in Quebec.
The base of each column had a water-tight cap and the top was sealed with a removable cap that
contained a septum, through which headspace air was sampled with a syringe. The concentration of
CO, in the headspace air was determined by gas chromatography. The water table in columns was
lowered to a depth of about 50cm beneath the peat surface in each column, at a rate of 2cm/day.
After a period of 15 days to allow the columns to equilibrate with the lowered water table, the water
table was raised at a rate of 2cm/day until saturation was reached, and sampling was continued for
10 days.

Lowering of the water table created gas-filled pore space, which averaged 26%, 36%, and 25%
for the bog, fen, and swamp columns, respectively. All three peat types showed a strong increase
in CO, emission rates as the water table was lowered from the surface to a depth of 50cm (Figure
2.3a through c for bog, fen, and swamp, respectively). A notable pattern of the falling limb (Figure
2.3, solid circles) was large CO, emissions compared to the rising limb (Figure 2.3, open circles).
Emission rates at the 50cm depth for the falling water table were about 10 times those when the
water table was at the peat surface. Note that some values in Figure 2.3 are off scale and have been
written as numbers on the right-hand side of Figure 2.3a through c. The results of Moore and Dalva
(1993) show that more CO, was emitted from a peat soil with a falling water table than a peat soil
with a rising water table.

Dinsmore et al. (2009) found that depth of water table affected CO, emissions from a peatland
soil near Edinburgh, Scotland. Northern peatlands are considered to contain approximately a third
of the estimated total global soil carbon pool (Dinsmore et al. 2009). Vegetation on the soil was a
patchy mix of coarse grasses and soft rush covering a Sphagnum base layer. They subjected soil
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FIGURE 2.3 The relation between CO, emission rates and water table position on the falling (closed circles)
and rising (open circles) limbs of an experiment to examine the effect of a dynamic water table on gas emis-
sions from three types of peat-land soils: (a) bog, (b) fen, and (c) swamp. Data show the mean values (n=5).
(Moore, T.R. and Dalva, M.: The influence of temperature and water table position on carbon dioxide and
methane emissions from laboratory columns of peatland soils. J. Soil Sci. 1993, 44, 651-664, Fig. 3. Copyright
Wiley-VCH Verlag GmbH & Co. KGaA. Reprinted with permission.)

cores with vegetation to two water table treatments: 0—5 and 30-35cm. Emissions of CO, were
highest in the cores subjected to the low water table treatment. That is, when the water table was
put at a depth 30 cm lower in the soil, the flux of CO, out of the soil into the atmosphere was greatly
increased. Lowering of the water table in organic soils by drainage often increases the release of soil
carbon as CO, (Smith et al. 2003). Even though CO, emissions from peatlands, which are often near
marshes, can be reduced by putting the water table lower in the soil, emissions of CO, from them
are high. In a survey of CO, emissions from different soil types in China, highest CO, emission
rates were from marshland sites and lowest CO, emission rates were from sand dunes (Yao et al.
2010). If a soil is too dry (as in a sand dune), plants and microbes grow with difficulty due to lack
of water, and there is little CO, production from roots or microbial activity. Reduced soil moisture
lowers CO, efflux (Garten et al. 2009). Howeyver, variability of water content along a 100 m slope of
an evergreen broadleaved forest in southern China did not result in any difference in CO, emission
from the soil, as determined by Fang et al. (2009). The soil was a lateritic red earth formed from
sandstone. Soil CO, release was independent of slope position in their study.

SeasoNAL AMOuUNTs oF CO, anD O,

There is a marked seasonal fluctuation in O, content of the soil atmosphere, as shown in Figure 2.4
(Boynton and Reuther 1938). This figure shows three soils in an apple (Malus sp.) orchard in New
York: sandy loam (high O, throughout the year); silty clay loam (low O, in spring); silty clay (low
0, in winter and spring). The sandy loam soil is well aerated and produces many apples; the silty
clay is poorly aerated and trees are short lived with low productivity. During the period from late
December to April in New York, the soil is frequently frozen on the surface. This produces a sheet
of ice that prohibits the movement of gases, so that O, is gradually used and cannot be replaced by
diffusion (Taylor and Ashcroft 1972, pp. 365-366).

Crusting over of the soil will have the same effect as an ice sheet, and the crust prevents diffusion
of O, to roots. Tillage corrects this problem (Kirkham 1994). As noted earlier, diffusion appears
to be the main method of exchange of gases between the soil and the air. For soil aeration, it is
generally assumed that convection is negligible, and that the major mechanism of gas transport is
diffusion within the soil space (Kirkham 1994), even though the supposition has been challenged,
as reviewed by Tanner and Simonson (1993). The assumption of gas transport by diffusion is based
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FIGURE 2.4 Seasonal trend of oxygen concentration at 2ft (61 cm) depth in three orchard soils of west-
ern New York. The sandy loam soil is well aerated and produces many apples; the silty clay is poorly aer-
ated and trees are short-lived with low productivity. (Reprinted from Boynton, D. and Reuther, W., Proc.
Am. Soc. Hort. Sci. 36, 1, 1938, Fig. 1, bottom left. With permission. Copyright 1938, American Society for
Horticultural Science.)

in large part on data obtained by Buckingham (1904) and Romell (1922). The velocity of diffusion
is large (Buckingham 1904, p. 44).

The seasonal trend is also illustrated in Figure 2.5 (Furr and Aldrich 1943) for an irrigated
date (Phoenix sp.) garden on a calcareous very fine sandy loam soil. Respiration of roots and soil
organisms reduced the O, concentration and increased the CO, concentration. Because respiration
increases with temperature, these changes were more marked in the summer than in the fall and
winter. An increase in soil moisture tension (decrease in soil water content) (Figure 2.5, bottom) was
accompanied by an increase in O, content (Figure 2.5, top). [Soil moisture tension is the old term
for matric potential (Kirkham 2005, p. 56).] The changes in gas concentrations, as shown in Figure
2.5, would be more noticeable in soil high in organic matter, because of the greater microbial activ-
ity, than in soil containing little organic matter (Kramer 1969, p. 138). We shall talk about organic
matter later in this chapter.

We have been discussing seasonal changes in CO, concentration in the soil. We digress here
briefly to see how CO, concentration in the air above the soil changes with season. Rosenberg
(1981) presented information about the annual cycle of CO, concentration just above the soil surface
for typical agricultural land in the eastern Great Plains of North America (Mead, Nebraska; 41°
09’ N; 96° 30" W). The mean daily CO, concentration at 16 m above ground level varied from about
340 ppm in winter to a minimum of about 328 ppm in early August of 1972. The annual range for
daytime concentrations was greater. It varied from about 339 ppm in winter to about 305 ppm in
late July and early August when photosynthetic activity in this region is greatest. Figure 2.6 shows
the change in CO, concentration at two levels above the soil (16 and 1.0m) during 24 h on July 17,
1973. During the day at 16 m, the midday concentrations were about 300 ppm. At 1.0m above the
soil, the midday concentrations were even lower, because the growing plants extracted CO, from
the air. These data are typical of many days in July and August. They demonstrate that agricultural
lands provide a strong sink for CO,, and this sink strength is easily detected 16 m above the ground.
Maximal CO, fluxes above the soil surface at Mead, Nebraska, measured between 5.6 and 16 m
above ground, occurred in mid to late July (Figure 2.7), when photosynthetic activity was at its
maximum (Rosenberg 1981).

© 2011 by Taylor & Francis Group, LLC



Elevated Carbon Dioxide in the Soil: Composition of the Soil Atmosphere 37

Percent

Cm of water

bb, 44, o, gy fmeations g
9 20 31 10 20 31 10 20 30
July August September

FIGURE 2.5 Variations in oxygen, carbon dioxide, and soil moisture tension of soil at various depths (6, 30,
and 96 in. depths or 15, 76, or 244 cm depths). An increase in soil moisture tension indicated a decrease in
water content and was accompanied by an increase in oxygen content. The data come from an irrigated date
garden on calcareous very fine sandy loam soil. (Reprinted from Furr, J.R. and Aldrich, WW., Proc. Am. Soc.
Hort. Sci., 42, 46, 1943, Fig. 1. With permission from American Society for Horticultural Science.)

420 —_——
c 400 k- m ®16m i
g W1.0m
380+ J
g =
T 360} L J
5 e
=]
§ sa0lgme® 2 b
=) ..
S ® ne
= 320 e
: . ik
300 .o:o....a.IO ]
- July 17, 1973 B mEggen
0 2 4 6 8 10 12 14 16 18 20 22 O

Solar time, h

FIGURE 2.6 Typical diurnal pattern of CO, concentration at 1 and 16 m above ground during the growing
season at Mead, Nebraska, United States. (Reprinted with kind permission from Springer Science + Business
Media: Climat. Change, The increasing CO, concentration in the atmosphere and its implications on agri-
cultural productivity. I. Effects on photosynthesis, transpiration and water use efficiency, 3, 1981, 265-279,
Rosenberg, N.J., Fig. 6.)
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FIGURE 2.7 Growing season CO, flux in 1973 and 1978 at Mead, Nebraska, United States. (Reprinted with
kind permission from Springer Science+Business Media: Climat. Change, The increasing CO, concentration
in the atmosphere and its implications on agricultural productivity. I. Effects on photosynthesis, transpiration
and water use efficiency, 3, 1981, 265-279, Rosenberg, N.J., Fig. 7.)

CO, Emissions as Affected by Tillage

Conservation agriculture in its version of permanent raised bed planting with crop residue retention
increases yields and improves soil characteristics such as aggregate distribution and organic matter
content (Patifio-Zuiiiga et al. 2009). The objective of the study of Patifio-Zufiiga et al. (2009) was
to investigate how conservation agriculture with permanently raised beds and residue affected CO,
emissions. The experiment was carried out at El Batan in Central Mexico, which has an annual rain-
fall of 600 mm per year. The soil was a Cumulic Haplustoll, which is used for farming in the region,
and it has good physical and chemical properties. [Cumulic Haplustolls are moderately extensive in
the Great Plains of the United States, and nearly all are cultivated (Soil Survey Staff 1975, p. 305).]
The experiment had tilled and non-tilled beds, and each type of bed either had residue (wheat or
maize straw) or no residue (straw was removed). With residue retention, the CO, emission was 1.2
times larger in soil under tilled beds compared to non-tilled beds. They found that permanently
raised bed planting with crop residue retention and not tilled decreased emissions of CO, compared
to soil under conventionally tilled raised beds.

Fortin et al. (1996) showed that CO, fluxes from the soil surface vary not only with season, but
also with the type of cultivation. During a 2 year period (1992-1993), they cultivated a silt loam soil
in Ottawa, Ontario, Canada in two different ways: conventional tillage and no-tillage. Conventional
plots were moldboard plowed in the fall to a depth of 180 mm and disked once in the spring of each
year. Barley (Hordeum vulgare L.) was planted on May 8, 1992 (day of year 129), and oat (Avena
sativa L.) was planted on May 5, 1993 (day of year 125), with a no-till drill. Following planting,
rings (soil collars) for CO,-emission measurements and time domain reflectometry probes, used to
get soil water content, were installed for the season. Carbon dioxide fluxes were measured using
a closed-chamber system. Soil temperatures were measured with thermocouples. In general, soil
CO, emissions were lower in the no-till plots than in the conventionally tilled plots until about day
168 (Figure 2.8), a period during which soil temperature in no-till plots was lower (the average of
the plots was 12.7°C) than in the conventionally tilled plots (average: 15.9°C). The lower soil tem-
peratures were due to the 100% residue cover. During this period, soil water in the no-till plots was
higher than in the conventionally tilled plots (Figure 2.9). From mid-June (June 15=day of year
166) until plowing in August (day of year 239=August 27), soil temperature differences between
treatments were less than 1°C. During this time, soil CO, emissions were higher in the no-till plots
than in the conventionally tilled plots (Figure 2.8). Yet the soil water content was still higher in the
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FIGURE 2.8 Soil CO, emissions from a conventional-tillage and a no-tillage Typic Endoaquoll planted to
oat in Ottawa, Ontario, in 1993. Harvest and plowing were done within the same week. Least significant dif-
ference (LSD) values are shown. (Reprinted from Fortin, M.-C. et al., Soil Sci. Soc. Am. J. 60, 1541, 1996,
Fig. 4. With permission from the Soil Science Society of America.)
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FIGURE 2.9 Volumetric soil water content in conventional-tillage and a no-tillage Typic Endoaquoll planted
to oat in 1993. Values (with standard deviations) are averaged for the 150 mm depth. (Reprinted from Fortin,
M.-C. et al., Soil Sci. Soc. Am. J., 60, 1541, 1996, Fig. 5B. With permission from the Soil Science Society of
America.)

no-till plots (Figure 2.9). This suggested that soil respiration, as reflected by the CO, emissions, is
inhibited at low soil water contents. Emissions of CO, from the two treatments were similar after
plowing on day 239. The results of Fortin et al. (1996) showed that no-tilled soil does not necessar-
ily have a higher or lower CO, emission than conventionally tilled soil. The amount of CO, released
will depend upon soil moisture and temperature, and these are variable during a season.

Reicosky and Lindstrom (1993) also showed that the amount of CO, emitted from the soil sur-
face depends upon tillage. They determined the effect of no-tillage and four fall tillage methods on
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CO, flux from a clay loam soil in Minnesota, a state in the northern Corn Belt of the United States.
The four tillage treatments were as follows: moldboard plow only, moldboard plow plus disk harrow
twice, disk harrow once, and chisel plow once. The depths of tillage for these four methods were
0.250, 0.250, 0.075, and 0.150 m. Wheat (Triticum aestivum L.) was in the plots before tillage. The
wheat was harvested on August 22, 1991 and tilled into the soil on September 4, 1991 (day of year
247). No-tillage had 0% residue incorporation. The CO, flux was measured with a portable system
with an infrared gas analyzer. Measurements of CO, flux started within 5 min after the completion
of tillage and continued for 19 days. Moldboard plow had the roughest soil surface and the highest
initial CO, flux (29 g/m?/h) and maintained the highest flux throughout the study. Moldboard plow
plus disking twice and chisel plow had similar initial rates (7 and 6 g/m?/h, respectively), which
were greater than disk harrow and no-tillage (flux ranged from 0.2 to 0.7 g/m?/h). The high values
probably reflected a flush of microbial CO, and CO, released from large voids generated by the till-
age event. The high initial CO, fluxes were more related to depth of soil disturbance, which resulted
in a rougher surface and larger voids, than to residue incorporation. Measurement of the CO, flux
from the tilled surfaces was continued on day of year 253 after a major rainfall event (49 mm
received in 3 days—day of year 250, 251, and 252). Results were consistent with earlier findings
(Figure 2.10). Moldboard plow showed the highest CO, flux and no-tillage showed the lowest. The
results of Reicosky and Lindstrom (1993) contrasted with those of Fortin et al. (1996), who showed
that no-till plots emitted more CO, during summer months than conventionally tilled plots (Figure
2.8). This is because the no-till plots had more water in the soil than the conventionally tilled plots
(Figure 2.9). Lack of water was probably limiting microbial activity and root respiration in their
conventionally tilled plots. Reicosky and Lindstrom (1993) made their measurements after a heavy
rainfall, and water was not limiting microbial activity in any of their treatments. They noted that
even though it was not part of their study, the variation in soil temperature was probably the major
factor affecting CO, emissions under their different tillage treatments.

In passing, we note that the methods to measure CO, flux from the soil are becoming easier to
make. Until recently, the CO, flux from the soil has often been measured using a closed-chamber
system and an infrared gas analyzer (Reicosky and Lindstrom 1993; Fortin et al. 1996). Such meth-
ods can cause air disturbances, which may alter CO, concentration in the soil, and they also are
laborious (Young et al. 2009). However, recent advances in sensor technology provide robust capa-
bility for continuous measurement of soil gases. Young et al. (2009) evaluated the performance of
solid-state CO, sensors (Model GMM?220 series, Vaisala, Inc., Helsinki, Finland) in silt loam soil
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