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Corn Belt, it was predicted that photosynthesis would not be enhanced by
e[CO,]. The diurnal course of gas exchange of upper canopy leaves was mea-
sured in situ across the growing season of 2002 (Leakey et al. 2004). Contrary
to the prediction, growth at e[CO,] significantly increased A by up to 41 % and
by 10% on average. Greater A was associated with greater intercellular [CO,],
lower stomatal conductance, and lower transpiration. In two of four cultivars
grown, significant increases in production were observed. Summer rainfall
during 2002 was very close to the 50-year average for this site, indicating that
the year was neither atypical nor a drought year. However, stimulation of pho-
tosynthesis was limited to periods of mild drought, as following rainfall there
was no effect of e{CO,] on photosynthesis (Leakey et al. 2004). The results sug-
gest that, even in the wetter areas of the Corn Belt, photosynthesis and yield
increase if there are any periods of water stress (see Chapter 3, concerning
related results with sorghum).

4.4.2 Effects of [O,] Treatment on Photosynthesis

A number of prior enclosure studies with soybean (Mulchi et al. 1992) and
other plants (McKee et al. 1995,2000; Zheng et al. 2002) suggest that the effects
of e[O,] on photosynthesis accumulate with leaf age, reflecting the cumulative
uptake of ozone. In the 2002 SoyFACE experiment, two cohorts of leaves were
followed from completion of expansion through senescence, a period of
approximately 35 days (Morgan et al. 2004b). The first cohort of leaves was
formed during the vegetative stage of growth and remained green until about
halfway through the flowering phase. At complete leaf expansion, both control
and e[O,]-treated leaves showed a high A, which declined over their lifetime,
but there was no evidence of any e[O,] effect relative to the controls. The later
leaf cohort completed expansion near the beginning of pod-filling and per-
sisted throughout pod-filling. At full leaf expansion, A, was high but, in con-
trast to the earlier cohort, there was a significant e[O,] treatment effect from
the accumulation of damage, resulting in the treated leaves reaching an aver-
age A, of 0 (leaf senescence) while control leaves still maintained >30% of
the original A,. This accelerated decline of A, in the e[O,] treated leaves was
accompanied by accelerated losses in V... and a lesser but significant loss in
Jimaxe Unlike the first cohort, which moved deeper into the canopy as more
nodes and leaves were added above, the second cohort developed near the
completion of node formation and remained close to the top of the canopy
throughout its life. This difference in canopy position likely explains the
response differences as the two cohorts aged, given that under open-air con-
ditions ozone only reaches the lower canopy by diffusion down through the
upper canopy, resulting in a rapid decline of [O,] with canopy depth. [t should
be noted that the significant effect of e[O,] on the second cohort is of partic-
ular agronomic importance, since these are the leaves most responsible for
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providing photoassimilate during seed filling.

4.4.3 Effects of [CO,] and [0,] on Canopy Development

Any changes in canopy structure and duration caused by growth in e[CO,]
and e[O,] would be expected to impact the productivity of agro-ecosystems
(Drake et al. 1997; Long et al. 2004). By improving carbon assimilation and
efficiency of water use, e[CO,] may increase the leaf area index (LAI). Addi-
tionally, by raising the maximum quantum yield of photosynthesis (¢, 1a,)>
e[CO,] may decrease the light compensation point, increasing the carbon gain
in deeper-shaded leaves, which may in turn maintain a positive carbon bal-
ance thereby driving a further increase in LAI by delaying leaf abscission. In
contrast, e[O,] accelerates senescence and may thereby reduce LAL These pre-
dictions were tested at SoyFACE during the 2001 and 2002 growing seasons
(Dermody et al. 2005). Maximum LAT increased from 6.7+0.2 in ambient air to
7.4+0.2 in e[CO,]. The @y, ma, Of shade leaves in ¢[CO,] increased from
0.059+0.002 in ambient air to 0.067+0.002. Elevated [CO,] also extended the
growing season: for example, the average LAI of soybeans growing in e[CO,]
on 23 September (1.6+0.1) was ~33 % greater than in ambient air (1.1+0.1).
This was not delayed senescence, as there was no enhanced retention of shade
leaves but rather a sustained addition of new nodes and leaves at the top of
canopy later in the growing season. Although e[O;] did not affect the maxi-
mum LA, it shortened the growing season by as much as 40 %, reducing LAI
from 3.5+0.2 in ambient air to 2.1+0.2 near the end of the growing season. No
effect of e[0,] on g, e Was detected.

4.4.4 Effects of [CO,] and [O,] on Insect Herbivory

A common feature of growth at e[CO,] and e[O;,] is an alteration of leaf chem-
ical composition that can influence the palatability and nutritional quality of
foliage for herbivorous insects. For example, plants grown at ¢[CO,] and e[O;]
often produce leaves with a lower nitrogen and soluble protein content
(Mulchi et al. 1992; Cotrufo et al. 1998) and plants grown at e[CO,] commonly
accumulate sugars and starch in their foliage, also affecting palatability by
altering C:N (Cotrufo et al. 1998; Long et al. 2004). To meet their nutritional
requirements, some herbivores exhibit “compensatory feeding” by increasing
their consumption of foliage with lower N content (Bezemer and Jones 1998;
Whittaker 1999). To test these predictions, levels of herbivory were measured
in soybean grown in ambient air and air enriched with CO, or O, at SoyFACE
(Hamilton et al. 2005). FACE is unique among facilities for elevating either
[CO,] or [O,], in allowing the free movement of insect pests and predators.
Exposure to e[O,] appeared to have no effect on insect herbivory. Growth at
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e[CO,] significantly increased the susceptibility of soybeans to herbivory
early in the season, with the amount of leaf area removed increasing from 5%
in controls to more than 11 %. There was no evidence of compensatory feed-
ing in that leaf nitrogen content and C:N ratio were unaltered in those leaves
experiencing increased herbivory. Rather than feeding in an effort to compen-
sate for poor nutritional value, it appears that elevated sugar concentrations
stimulated Japanese beetles (Popillia japonica Newman) to increase con-
sumption of leaves grown at e[CO,]. Levels of soluble leaf sugars were
increased by >30% at e[CO,] (Chapter 16) and coincided with a significant
increase in the density of Japanese beetle. In two-choice feeding trials, Japan-
ese beetles and Mexican bean beetles (Epilachna varivestis Mulsant.) pre-
ferred foliage grown at e[CO,] to foliage grown at ambient [CO,] (see Chap-
ter 6 for potato herbivory). These results imply that growth at e[CO,] has the
potential to increase crop susceptibility to pests, particularly those insects
stimulated to feed by sugar availability, and thus possibly increasing the need
for insect pest management.

4.5 Resource Transformation

4.5.1 Effects of e[CO,] Treatment on Crop Production and Yield

To date, only two large-scale and fully replicated FACE experiments have
examined effects of e[CO,] on yields of C, grain crops: wheat and rice. Over
3 years of growth, rice seed yield was increased by 7-15% (Kim et al. 2003)
and wheat yield increased by 8 % in two growing seasons (Kimball et al. 1995;
Chapter 3) at e[CO,]. Modern soybean cultivars grown in the mid-west United
States include many indeterminate cultivars that fix nitrogen, thereby creat-
ing and sustaining additional carbon sinks. Indeterminate nodulated soy-
beans provide a good test of the maximum response to the e[CO,] of the
future atmosphere that can be anticipated under actual field conditions. The
effect of growth in e[CO,] on above-ground net primary production (ANPP)
and yield was investigated at SoyFACE over three growing seasons. Addition-
ally, via sequential harvests at 2-week intervals, a study investigated how the
patterns of production and partitioning were differentially affected with time
and developmental stage across the growing season (Morgan et al. 2005a).
Although a different cultivar was used in 2001 and a hailstorm defoliated the
crop mid-season in 2003, the relative enhancement of seed yield due to e[CO,]
was remarkably similar (~15 %) across the 3 years (Table 4.2). For cv Pana
grown in 2001, e[CO,] increased seed yield by greater number of seeds per
pod. The increased seed yield in e[CO,] for cv Pioneer 93B15 grown during
2002 and 2003 was due to an increase in the number of pods per plant, with no
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Table 4.2 The effects of growth at e[CO,] or [0,] on resource transformation in FACE-
grown soybean. Values in italics indicate significance at o = 0.1 or belter. Dashes indicate
missing data

Parameter Treatment  Percentage change at Reference
e[CO,] or [O,]

2001 2002 2003
Seed yield [CO,] 16 15 15 Morgan et al. (2005a)
[0;] - ~15 ~-25 Morgan et al. (2005b)
Harvestindex [CO,] -3 -2.0 -2 Morgan et al. (2005a)
(0,] - -2,5 -3 Morgan et al. (2005b)
Litterfall [CO, - 38 16 Morgan et al. (2005a)
[0,] - No change -39 Morgan et al. (2005b)
ANPP [CO,] - 15 17 Morgan et al. (2005a)
[0,] - ~11 -23 Morgan et al. (2005b)
Nodes [CO,] 21 22 8 Morgan et al. (2005a)

[03] - -

increase in the number of seeds per pod. There was a consistent and signifi-
cant, albeit small, decline in harvest index in all 3 years (Table 4.2). During
much of the season, the portion of the assimilated carbon that accumulated in
leaves as non-structural carbohydrate was small (<10 %) for both cultivars
and was independent of growth [CO,], implying enhanced export at ¢[CO,].
However, towards the end of the season, export of photosynthate slowed and
there was a significant, [CO,]-dependent daytime accumulation of non-struc-
tural carbohydrates in source leaves (Rogers et al. 2004, Chapter 16). Biweekly
litter production was not measured in 2001, but was significantly increased by
e[CO,] in 2002, although not in 2003 (Table 4.2), probably due to the removal
of much of the canopy by the July hailstorm. Above-ground net primary pro-
duction, the sum of the dry mass and cumulative litter production, was signif-
icantly increased by 2002 and 2003 (Table 4.2), but the difference was only evi-
dent in the later part of the growing season and was the result of the
prolonged growing season under e[CO,]. Continued addition of nodes in
¢[CO,] likely explains the increased stem dry mass and height; and the addi-
tional leaves associated with these nodes may explain the significant exten-
sion of the growing season by 2-7 days across the 3 yeats.
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4.5.2 Effects of O, Treatment on Crop Production and Yield

Among the major crops, soybean is one of the most susceptible to ozone, with
adverse effects apparent at concentrations as low as 40 ppb (Ashmore 2002;
Fuhrer et al. 1997). Nearly one-quarter of the earth’s surface is currently at risk
from tropospheric ozone in excess of 60 ppb during mid-summer, with even
greater concentrations occurring in isolated regions (Fowler et al. 1999a, b),
with Western Europe, the mid-west and eastern United States, and eastern
China being exposed to some of the highest background levels (Prather et al.
2001). The SoyFACE ozone experiment is the first on soybean or any other row
crop using free air fumigation. While the effects of ozone on soybean photosyn-
thesis at SoyFACE are subtle (see Section 4.4.2; Morgan et al. 2004b), the effects
on biomass and seed yield are robust (Morgan et al. 2005b). Seed yield de-
creased by 15% in 2002 and 25 % in 2003 for soybean grown in e[O,] (Table
4.2). The larger yield losses in 2003 likely are the consequence of the July hail-
storm that severely damaged the crop and from which the ¢[O,] plants recov-
ered more slowly.In 2002, yield reduction was entirely due to a 14 % decrease in
individual seed weight. While yield losses in 2003 resulted from both 7 %
decrease in seed weight and a 16 % decrease in pods per plant (i.e., four fewer
pods per plant). Elevated [O,] had similar impacts on both yield and shoot dry
mass at maturity but there was a trend, albeit not statistically significant, to a
slightly reduced harvest index (Table 4.2). Decreases in the shoot dry mass of
e[0,] grown plants relative to controls appeared late in the 2002 growing sea-
son; and leaf, stem, and pod dry mass all reflected this late season difference.
However, in 2003 decreases were apparent earlier, notably in stem dry mass,
possibly reflecting a weakened ability to recover following the mid-July hail-
storm. The decreased production in e[O,] grown plants in 2003 following the
hail may also explain the lower biweekly litterfall (Table 4.2). The depression in
cumulative ANPP caused by e[O;] increased as the growing season progressed.
In 2002, significant differences developed late in the growing season and per-
sisted throughout the remainder of the soybean lifecycle. The cumulative effect
of e[O,] over the 2002 season decreased ANPP by 11 % compared to controls
(Table 4.2).In 2003, ANPP of the control was 50 % lower than in 2002 and the
impact of e[O;] was greater, decreasing ANPP by 23 % relative to controls.

4.6 Consequences for Future Soybean Crop Management
and Plant Breeding

The soybean/corn rotation occupied about 62 x 10% ha in the United States
during 2003, more than that of any other crop system, making it among the
largest ecosystems in the contiguous 48 States (USDA 2004). Soybean is glob-
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ally the most important dicotyledonous seed crop in terms of area planted
and is also a major source of food protein worldwide (FAO-UN 2002). When
grown in the field under FACE fumigation, stimulation of ANPP and yield by
e[CO,] were smaller than predicted from open-top chamber studies
(reviewed by Ainsworth et al. 2002). Elevated [CO,] increased the ANPP and
seed yield of field-grown soybeans by about 15%, even while the harvest
index decreased by about 3%. From the statistical summary of published
reports of the e[CO,] response of soybean in enclosure studies, the yield was
24% greater in plants grown in 450-550 ppm [CO,] than in current [CO,],
with a 9% decrease in harvest index (Ainsworth et al. 2002). Although the
response found at SoyFACE for soybean is only 60 % of that predicted from
the meta-analysis of soybean enclosure studies, the overall yield stimulation
by e[CO,] is greater than in FACE grown rice (7-15%; Kim et al. 2003) and
spring wheat (8 %; Kimball et al. 1995). This difference among FACE experi-
ments with C, crops may reflect the indeterminate nature of the soybean cul-
tivars grown and/or the nitrogen-fixing capacity of soybean. The effects of
e[CO,] are apparent in soybean during early vegetative growth in enclosure
experiments and are sustained through the duration of the experiment (Ziska
and Bunce 1995; Miller et al. 1998). The greatest stimulation of dry mass due
to e[CO,] was found to occur during flowering, declining through pod-filling
(Ainsworth et al. 2002). In contrast to these findings, no significant increase in
any growth parameter was observed until pod-filling in SoyFACE in any of the
3 years. Furthermore, the subsequent relative stimulation by e[CO,| remained
constant throughout pod-filling to maturity. The extended growing season of
the SoyFACE soybean crop was also counter to the previous reports for soy-
bean from enclosure studies where there was either a lack of effect or a short-
ened growing cycle. Taken together, the comparison of results between FACE
and enclosure experiments suggest that our current projections of future
food supply, based largely on chamber studies, are overly optimistic, Resolv-
ing this potential overestimation of global food supply will require more stud-
ies with major food crops and comparisons of the different technologies for
examining the effects of [CO,] on crops (see Chapter 24).

In contrast to e[CO,], the effect of 0zone on soybean yield at SoyFACE was
close to that predicted from chamber studies, although this was perhaps by
happenstance since the cause for the decrease in yield appears to be different.
The meta-analysis of prior chamber studies suggests that decreased net pho-
tosynthesis alone was responsible for decreased production at the moderate
elevations of [O,] used in the SoyFACE experiment (Morgan et al. 2004a).
However, photosynthetic analyses of soybean grown under FACE fumigation
showed decreases in leaf photosynthesis only as leaves entered senescence,
which was accelerated in e[0,] (Morgan et al. 2004b). Accelerated senescence
induced by e[O,] would limit season-long canopy photosynthesis and account
for the dry mass decreases and yield losses, despite no response in leaf photo-
synthesis. Thus projection of crop yield should focus on the relationship of
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ozone deposition during the reproductive developmental stage. In addition to
the effects of ozone on the normal developmental program of soybean, the
defoliation resulting from the 2003 hailstorm provided a unique, albeit
unplanned, illustration of the effect of e[O,] on a field crop’s compromised
ability to recover from an extreme event. This might include outbreaks of
defoliating insects, high winds, as well as hail; all of which could increase with
global climate change and further exacerbate the impact on soybean produc-
tion. Based on calculations from published linear responses, every 1 ppb
increase in tropospheric [O,] potentially results in up to a 0.6 % yield reduc-
tion calculated from soybean yield response in the unstressed year, based on
a 40-ppb threshold for damage and an assumed linear response (Mills et al.
2000; Ashmore 2002). With global [O,] increasing by 10 ppb over the next half
century (Prather et al. 2001), this potentially will have significant impact on
global agriculture, especially in two of the major soybean growing areas of the
globe, which are projected to see large [O,] increases, i.e., China and the
United States mid-west (Fowler et al. 1999a; Prather et al. 2003).

4.7 Conclusions

The SoyFACE experiment is the first to focus on the affects of ¢[CO,] and
e[O,] on a seed legume under fully open-air conditions. The experiment
mimicked e[CO,] and e[O,] predicted for the middle of this century and was
conducted in one of the world’s major production areas for corn and soybean
under cultivation and management techniques standard for the industry in
the United States corn-belt region. Growth of soybean at e[CO, ] resulted in an
approximately 25 % increase in the daily integral of net leaf CO, uptake,a 20 %
increase in the rate of light saturated CO, uptake,a 15 % increase in seed yield,
a 15% increase in above ground primary productivity, and a 20 % increase in
node number. Growth of soybean at e[CO,] also resulted in approximately a
30% decrease in mid-day stomatal conductance, a 10 % decrease in stomatal
conductance averaged over the day, an 8 % decrease in the limitation of pho-
tosynthesis by stomatal conductance, and a 2--3 % decrease in harvest index.

Growth of soybean at ¢[CO,] caused about a 5% decrease in the ratio of
maximum carboxylation capacity compared to maximum electron transport
capacity, indicative of acclimation to optimize photosynthetic performance to
the higher [CO,] conditions. Growth of soybean at e[CO,] extended the grow-
ing season and resulted in increased herbivory by Japanese beetles.

Growth of soybean at e[O,] was largely deleterious to soybean although the
effects developed slowly over the course of the growing season. e[O,] resulted
in decreases in seed yield (15-25%), above-ground primary productivity
(11-23 %), and harvest index (2-3 %). Growth at e[O,] caused accelerated
senescence of the crop.
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Abbreviations

A = Net leaf CO, uptake

A’ = Daily integral of net leaf CO, uptake

A, = Light-saturated CO, uptake

ANPP = Above-ground primary productivity

C, = Intercellular CO, concentration

£., = Leaf mesophyll conductance

g, = Stomatal conductance

Jomax = Maximum rate of electron transport

Jos’ = Daily integral of photosystem II electron transport

I = Stomatal limitation to photosynthesis

LAI = Leaf area index

PPI = Photosynthetic photon irradiance

Rubisco = Ribulose-1,5-bisphosphate carboxylase/oxygenase
RuBP = Ribulose-1,5-bisphosphate

T,;, = Air temperature

Ve max = Maximum RuBP saturated rate of carboxylation
Pcormax = Maximum apparent quantum efficiency of CO, uptake
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