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ABSTRACT

Amundson, R. G., Kohut, R. J., Schoettle, A. W., Raba, R. M., and Reich, P. B. 1987. Correlative reductions in whole-plant photosynthesis and yield of
winter wheat caused by ozone. Phytopathology 77:75-79.

Winter wheat (cultivar Vona) was exposed to four levels of 03 (7-hr accelerated thfe loss of moisture from the heads. Ozone significantly
exposure period averages of 0.027, 0.054, 0.076, and 0.096 ppm) and four reduced stomatal conductances of flag leaves, net photosynthesis of wholelevels of SO2 (4-hr exposure period averages of 0, 0.039, 0.166, and 0.363 plants and individual heads, and seed dry weights per head as a result of
ppm) and all combinations of the two pollutants from anthesis until reduced seed size but not seed number. Reductions in seed weights causedharvest. Sulfur dioxide did not affect net photosynthesis or yield but by ozone were highly correlated with measured reductions in whole-plant
temporarily reduced stomatal conductances of flag leaves. No interactions and individual head photosynthesis. Exposure of Vona winter wheat to ambient
between SO2 and 03 were found for any variables measured. Ozone and higher 03 concentrations from anthesis until harvest resulted in yield
accelerated the senescence of flag leaves, stalks, and heads and also losses caused by reductions in net photosynthesis.

Additional key words: growth, Triticum aestivumn.

During the growing season, most of the agricultural regions of Since then (4), others have reported a strong relationship between
the United States are exposed frequently if not daily to elevated net photosynthetic rates (measured for extended periods of time)
ozone (03) concentrations that are mainly of anthropogenic origin, and growth or yield of corn (28), tobacco (21), and soybean (3,25).
Results of several field studies have shown that ambient 03 Zelitch (29) suggested that the lack of adequate characterization of
concentrations reduce the yields of many crops (13,14). Although the photosynthetic rates for the whole population of leaves on the
03 has been shown to reduce rates of photosynthesis (15), few plants and for the range of environmental conditions encountered
studies have used realistically low concentrations and attempted to by the plant could account for the lack of a positive correlation
relate 03-mediated changes in photosynthesis to changes in growth between photosynthetic rates and growth or yield. Other factors
or yield (1,24,25). that have not been considered in such studies are the influences of

In contrast to the chronic exposures to 03, many agricultural elevated concentrations of air pollutants on the relationships
regions of the United States are also exposed intermittently to between photosynthesis and growth and yield. The present study
elevated concentrations of sulfur dioxide (SO 2). Even though was conducted to determine whether 03 and SO 2 interact to reduce
exposures to SO 2 are less frequent than exposures to 03, the effects net photosynthesis, growth, and yield of a widely grown cultivar of
of repeated exposures to SO 2 in combination with elevated winter wheat (Triticum aestivum cv. Vona) and to determine
ambient concentrations of 03 may be important over much wider whether reductions in growth and yield were correlated with
areas because the two pollutants have been shown to interact (26). reductions in net photosynthesis.
However, the nature of the effects of SO 2 in combination with 03
on plant injury and growth are variable (11,16,26,27); thus, the MATERIALS AND METHODS
potential exists for either positive or negative interactions between
these two pollutants and net photosynthesis, growth, and yield. Cultural practices. Winter wheat (T. aestivum cv. Vona) was

Because of the paucity of information on the relationships planted with a drill on 12 October 1982 at a rate of 100 kg of seed
among rates of photosynthesis, growth, and yield, extrapolation of per hectare in rows 17.5 cm apart and banded with 10-20-20 (NPK)
data from studies of the effects of these two pollutants on relatively fertilizer at a rate of about 280 kg" ha-'. Soils in the experimental
short-term variables (stomatal conductance, foliar injury, and plot are in the Collamer and Niagara series, both of which are
rates of growth) to predict yield is not advisable. Therefore, studies Hapludalfs. The soils are described as silt loams. In May 1983, the
that measure the effects of realistic concentrations of pollutants on field was top-dressed with ammonium nitrate fertilizer at about
several levels of plant processes are needed to produce a better 120 kg • ha- . Stand density during the study was about 120-140
understanding of the relationships between short-term responses tillers per meter. Plants were sprayed with dinocap (Karathane) on
to pollutant exposure and long-term effects on growth and yield. 17 May to control powdery mildew (Erysiphe graminis). Soil
We are not aware of any such studies to date. moisture at a depth of 25 cm was monitored with tensiometers to

Before the late 1970s, a few studies showed a positive correlation indicate the need for irrigation. No irrigation was applied during
between photosynthetic rates and plant growth or yield (2,18,22). the study.
Most similar studies indicated that these two obviously related Pollutant treatments and monitoring. There were four 03
processes were not correlated or were negatively correlated (4). treatments in the open-top chambers (10): charcoal-filtered air
The publication costs of this article were defrayed in part by page charge payment. This (CF), nonfiltered air (NF), and NF in which the 03 levels werearticle must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. maintained at 1.4X and 1.8X ambient by 03 additions. Daily 03
§_1734 solely to indicate this fact. additions lasted 7 hr (1000-1700 hours EDT) except when©1987 The American Phytopathological Society precluded by rain or technical difficulty.
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There were four SO 2 treatments in the open-top chambers: NF, monitor changes in CO 2 concentrations for determination of
and NF to which SO 2 was added to produce three additional individual head net photosynthesis.
treatment levels. Exposures lasted 4 hr and were conducted three Final harvest. On 18 and 19 July, all plants were harvested from
times each week with minor variations in exposure duration and two 1-m rows in the center of each chamber. The plants were cut
frequency because of rain and equipment maintenance. The 03 and near the ground and the heads clipped from the straw and counted.

SO 2 generation, distribution, and monitoring systems used in this Dry weights of the heads and straw were determined after they
study are described in detail in a companion paper (19). were oven-dried at 75 C for 48 hr. Twenty heads from each

The 4 X 4 factorial experiment was conducted in two chamber were individually threshed and the seeds weighed and
randomized complete blocks and thus required 32 open-top counted.
chambers. Eight additional chambers were divided equally Data analysis. Whole-plant photosynthesis data were calculated
between the NF and 1.8X treatments, thus 40 chambers were used. on a dry weight basis (mg CO 2 g-' hr-') using the total abovegrouhd
Ambient plots not enclosed by chambers constituted another dry weight minus the respective seed dry weight. For statistical
treatment. analyses, only photosynthetic rates monitored at near full sunlight

All chambers were positioned in the field and started between 1 intensities (> 1,500 ME m- 2 s-1) and between 1200 and 1500 hours
and 4 June. Ozone exposures were initiated on 12 June and were used. Because the sampling period coincided with the interval
terminated on 17 July. At the time exposures began, the wheat between anthesis and senescence, the photosynthetic rates of the
heads were three-quarters emerged and flowering had not started. plants declined dramatically with time. Therefore, the rates of
The SO 2 exposures were initiated on 22 June and terminated on 15 photosynthesis were analyzed by analysis of covariance with date
July. Flowering was completed and the kernels watery when the as a covariant. The same adjustment for date was made for the
SO 2 exposures began. The kernels were fully ripe when the photosynthetic rates of the individual heads. Analysis of variance
exposures were terminated and all chambers and plots were and regression analysis were used to assess the final seed dry
harvested for yield on 18 and 19 July. The period for all pollutant weights per head.
exposure calculations in the study was 12 June through 17 July, a
36-day interval. RESULTS

Growth and senescence evaluation. Destructive measures of
plant growth were made at about 1-wk intervals from 6 June until Pollutant monitoring. For 03, the seasonal 7-hr averages for the
final harvest. All plants in a 25-cm section of row were clipped at treatments during the exposure period (12 June to 17 July) were:
ground level, and the culms (headbearing stems), tillers (non- CF, 0.027 ppm; NF, 0.054 ppm; 1AX, 0.076 ppm; 1.8X, 0.096 ppm;
headbearing stems), and emerged heads were counted. Dry weights and ambient, 0.057 ppm. Ozone additions were made on 34 of the
of tillers, culms less the emerged heads, and heads were measured 36 days of the study period. Sulfur dioxide exposures were
after drying at 75 C for 48 hr. conducted on 12 days during the study, with 10 exposure periods

The degree of yellowing of the flag leaves was rated visually on lasting 4 hr, one lasting 5 hr, and one lasting 3 hr for a total of 48 hr.
23 June. Plots were rated on a scale of 1-5 in increments of 0.5, The following average SO 2 concentrations were monitored for the
where 1 = all yellow to dry, 2=>75%yellow, 3= 50-75%yellow, 4  exposure periods: ambient, 0; NF without SO 2 addition, 0; and
= 25-50% yellow, and 5 = <25% yellow-green. On 13 July, five S0 2-added treatments, 0.039,0.166, and 0.363 ppm. Ambient SO 2

heads were cut from each of the rows bordering the center two rows was low, with detectable levels (>0.005 ppm) occurring in 50 hr of
in each chamber to determine percent moisture content of the the 864 hr during the study period. Additional data on the
heads. A fresh weight of each five-head sample was determined, pollutant exposure regimes are presented by Kohut et al (19).
and after drying at 70 C for 48 hr, dry weights were measured. Growth. Because the pollutant exposures were initiated at head

Stomatal conductance and net photosynthesis. Measurements emergence, no effects of the pollutants were found on head number
of stomatal conductance of the flag leaves were made with a steady per 25 cm of row. In addition, at the start of the exposures, most of
state porometer (LICOR, Model 1600, Lincoln, NB) beginning on the vegetative portion of the plants had developed; therefore, no
8 June and ending on 28 June. Measurements were made during effects of treatments were found on total aboveground plant dry
midday (1100-1500 hours EDT) at least 2 days per week. Four weight. The effect of 03 on average dry weights of heads is shown in
locally fabricated cylinders (cuvettes) were used to enclose about Figure 1. Exposure to 03 reduced average head weight, with the
25 cm of wheat row for measurement of whole-plant net highest (1.8X) 03 treatment about 40% lower than the CF
photosynthetic rates. The cylinder frame was made of clear treatments (Fig. 1). In contrast, exposure to SO 2 had no effect on
Plexiglas and was covered with transparent Teflon (Type FEP, 1 head weight.
mil). The air within the cuvettes was mixed by an impeller attached Senescence. There were dramatic differences in the degree of
to a miniature electric motor. The top of the cylinder was senescence of flag leaves caused by exposure to the increasing
perforated to allow entry of ambient air, which was drawn by a
pump (Reciprotor, Terracon Corp., Waltham, MA) out the
bottom of the cylinder through polypropylene tubing (1.27 cm i.d.)
to the CO 2 analyzer (Model 600AR, Anarad, Santa Barbara, CA). .0----- .
Flow rates were monitored with a mass flow meter (Model 525, 0.8.-.

Kurz, Carmel Valley, CA) and maintained at 35-45 L min-' to -
reduce heating or excessive reduction of CO 2 concentrations
within the cuvettes. The highest temperature differential • 0.6 -- A---

monitored between cuvette and ambient air was 2 C, and the '
highest CO 2 depletion allowed was about 40 ppm. Two pieces of L ". ._3 -3

plastic film were butted against the wheat stalks parallel to the row " 3 -

and were covered with sand to a depth of about 3 cm to eliminate • 0.4

water and CO 2 input from the soil. In addition, the sand helped to , , /
physically stabilize the cuvettes and provide a seal at the base. /,,•'P "03 (PPM)

Measurements of whole-plant net photosynthesis were begun on 9 0 0.2 / * = a

June and terminated on 7 July. 0 =.024

Two thermoelectrically cooled cuvettes (Portable Environment A =.076

Cuvette, Kananaskis Centre for Environmental Research,

Calgary, Alberta) were used to measure the net photosynthetic 7 14 21 28 5 12 19

rates of individual heads of wheat; these measurements were JUNE JULY

started on 18 June and ended on 11 July. An infrared gas analyzer Fig. 1. Average dry weights of heads of Vona winter wheat exposed to five
(Model AR500R, Anarad Inc., Santa Barabara, CA) was used to 03 treatments from 12 June until final harvest on 17 July.
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concentrations of 03 (Table I). For example, on 23 June, 11 days surfaces in all 03 treatments (Fig. 4). The reductions ranged from
after the start of the 03 exposures, flag leaves on plants exposed to 15 to 30%, with no apparent interaction between SO 2 and 03. On
the CFtreatmentswerelessthan25%yellow, in contrast to almost days without SO 2 or in the hours preceding SO 2 exposures,
complete yellowing of those exposed to the highest 03 stomatal conductances of plants exposed to SO 2 were similar to
concentrations. Because the SO 2 exposures were initiated on 22 those of plants exposed to the same concentrations of 03 but
June and no SO 2 injury was noted after the first day of exposure, without SO 2.
only the respective 03 treatments were evaluated on 23 June. Net photosynthesis and yield. Net photosynthetic rates of whole

Percent moisture content of the heads was determined on 13 plants were reduced by exposure to increasing concentrations of 03
July. There was a dramatic decline in the percent moisture content (Fig. 5). The average net photosynthetic rates of plants exposed to
of the heads due to 03 (Table 2); plants exposed to the CF the 1.8X ambient 03 treatments were about 50% of the rates of
treatments had on average a 39% moisture content, whereas plants
exposed to the 1.8X treatment had a 14% moisture content. There
was little change in percent moisture content of the heads with
exposure to increasing concentration of SO 2. No interactions were 1.6 -
found between 03 and SO 2 affecting percent moisture content.

Stomatal conductance. Stomatal conductances of flag leaves
were measured before the starting date of the 03 treatments and
continued until the leaves were chlorotic. In general, stomatal
conductances increased and then declined with increasing age of
the leaf and were higher for adaxial than abaxial surfaces (Figs. 2 1.2 "
and 3, respectively). The highest 03 treatment reduced both
adaxial surface (Fig. 2) and abaxial surface (Fig. 3) stomatal
conductances of the flag leaves after only 1 day of exposure. The E "
differences in stomatal conductances between the 03 treatments |
remained essentially the same from the start of the treatments until
the end of the measurement period. By 24 June, most leaves in the 0.8 .
highest 03 treatment were senescent. Because only nonsenescent Y/ \

leaves were used for conductance measurements, the values shown \
in Figures 2 and 3 for that period are unrepresentatively high for
the 1 .8X treatment. \

Exposure to SO 2 reduced stomatal conductances of both leaf ".
0 .4 .

TABLE 1. Effect of 03 on the degree of yellowinga of flag leaves 11 days
after initiation of 03 treatments (10 days after anthesis)

Degree of flag leaf yellowing
03 treatmentb No.c Rating 01
CF 8 4.9 ± 0.35 9 15 21 27
NF 12 4.0 ± 0.69 JUNE
Ambient 8 3.4 ± 0.50 Fig. 2. Changes in adaxial stomatal conductance (Kad) of the flag leaves of
l4X 8 1.8 ± 0.60 Vona winter wheat exposed to three 03 treatments (CF = *-e, NF =1.8X 12 1.1 ± 0.19 _o---o, 1.8X = 0- -0--) from 12 June to 17 July. Units are centimeters peraPlots were rated on a scale of 1-5 in increments of 0.5, where 1 = all yellow second, with_+ SE indicated by the vertical bars.
to dry, 2 = >75% yellow, 3 = 50-75% yellow, 4 = 25-50% yellow, and
5 = <25% yellow-green.CF = charcoal-filtered air, NF = nonfiltered air, ambient = chamberless 1.2

plots, and lAX and 1.8X = multiples of ambient 03 concentration during
exposure periods.

CNumber of chambers or plots per treatment.

1.0

TABLE 2. Effects of SO2 and 03 on percent moisturea content of the wheat
heads on 13 July "7,

Moisture content (%) E0

Averaged
S02 treatmentc over SO2  .0 0.6

03 treatment" NF NF+0.04 NF+0.17 NF+0.36 treatments , .
CF 39 39 39 38 39 c"(.\
NF 37 35 34 37 36 0.4.
Ambient 36.9 ± 4.6d
1.4X 32 30 29 27 30
1.8X 14 14 14 15 14 .... •.

0.2 T "Averaged over
03 treatments 30 30 29 29

aPercent moisture content = (I - dry wt/fr wt) X 100.
bCF = charcoal-filtered air, NF = nonfiltered air, ambient = chamberless 0 122C =ch rolflee aiN = oflee aia bet ca bres9 15 2'1 217
plots, and 1.4X and 1.8X = multiples of ambient 03 concentrations during
exposure periods. J U N EcNF +0.04, +0.17, or +0.36 = NF to which 0.04, 0.17, or 0.36 ppm SO 2  Fig. 3. Changes in abaxial stomatal conductance (Kab) of the flag leaves of
(average) was added during the SO 2 exposure periods. Vona winter wheat exposed to three 03 treatments (CF = e- ., NF =dThere were eight ambient plots, whereas most treatments only had two o---o, 1.8X = 0- • -"1) from 12 June to 17 July. Units are centimeters per
values, second, with ± SE indicated by the vertical bars.

Vol. 77, No. 1, 1987 77



plants exposed to the CF treatments (Fig. 5). The average dry seed numbers per head. For more information on yields of these
weight of grain per head wasalso reduced byabout 50% in the 1.8X plants, see Kohut et al (19).
ambient 03 treatment compared with the CF treatment
(Fig. 5). DISCUSSION

Net photosynthesis of individual heads of wheat was also
monitored from 18 June until 6 July. The average net The significant decline in yield of winter wheat caused by 03 is in
photosynthetic rates of heads exposed to the 1.8X ambient 03 agreement with other field studies on winter wheat (12,20).
treatment was reduced by about 50% compared with the average Differences in the magnitude of effect of ambient concentrations of
rate of heads exposed to the CF treatment(Fig. 6). In addition, the 03 in the different cultivars or years are discussed in detail by
reduction in weight of grain per head was essentially the same as Kohut et al (19).
the reduction in net photosynthesis per head (Fig. 6). Net The timing ofthestart of the 03 treatments helps explain why the
photosynthetic rates of whole plants and individual heads of wheat effects of 03 were on seed size but not seed number. Fischer (6) and
exposed to SO 2 with 03 were not significantly different from the Evans (5) showed that low light conditions during the 10- to 20-day
rates of whole plants or heads exposed to comparable 03 period before pollination can severely reduce the number of seeds
concentrations without SO 2 . per head, presumably because of reduced photosynthesis.

Analysis of variance indicated that only 03 had a significant Conversely, CO 2 enrichment during the same period greatly
effect on yield; the effects of SO 2 and 03 X SO 2 were not significant. increased the number of seeds per head (7), and Havelka et al (9)
The regression equation for effect of 03 on 100-seed weight was: showed that the C0 2-mediated increase in yield was associated
100-seed weight = 2.589 - 13.522 (03), where 100-seed weight is in with increased photosynthesis of the flag leaf. Gifford et al (8)
grams and 03 is the seasonal 7-hr average in parts per million. The reviewed the literature on the relationship between photoassimilate
effect of 03 on yield was the result of reduced seed weight and not partitioning and productivity and noted that for cereals, once seed

number has been set, the yield has essentially been set except in
cases of adverse environmental conditions. In the experiment
reported here, elevated 03 concentrations were imposed after seed
number had been set, and as would be predicted for a stress

1.0- imposed at anthesis, yields were reduced as a result of reduced seed
size.

_0.8 -- N
L) 6 - 0.6
E L U-•

E
00.4

04 o 0.20.4 "0.4
.tj

'U

0 .02 .04 .06 .08 .10

0.2 03 Ippml

Fig. 5. Effects of 03 on whole-plant net photosynthesis (o----) and
average seed weight per head (o--- o) in Vona winter wheat. Photosynthetic
rates are presented on a total aboveground dry weight minus seed dry

0 weight basis. The measurements presented were made from 12 June until 28
C F N F 1.4 1.8 June. Because of the decline in photosynthetic rates over this sampling

period, time was used as a covariate for calculating means and standard
errors. Dry weight per head was determined at the final harvest. Vertical
bars indicate ± SE.
L00.6

E d4 ~
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Fig. 4. Effect of 03 alone (o---o) or in combination with S02 (*--.) on Fig. 6. Effects of 03 on individual wheat head photosynthesis (.--) and
stomatal conductances of the adaxial (Kad) and abaxial (Kab) leaf surfaces average seed weight per head (o---o) in Vona winter wheat. Photosynthetic
of the flag leaves of Vona winter wheat. Values are averages for respective rates are presented on a total head dry weight minus seed dry weight basis.
treatments during the SO2 exposure period from 22 June until 15 July. The measurements were made from 18 June until 11 July. Because of the
Values for the SO2 + 03 treatments were determined only during the decline in photosynthetic rates over this sampling period, time was used as a
periods of SO2 exposure and were averaged over all three SO2 treatments. covariate for calculating means and standard errors. Dry weight per head
Units are centimeters per second, with ± SE indicated by vertical bars. was determined at the final harvest. Vertical bars indicate ± SE.
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Rates of net photosynthesis of whole plants declined with time Photosynthesis for Ecosystem Models. CRC Press, Boca Raton, FL.

from about 1 wk before anthesis until senescence, and the decline 5. Evans, L. T. 1978. The influence of irradiance before and after anthesis
was similar to that found by Puckeridge (22) and Johnson et al (17) on grain yield and its components in microcrops of wheat grown in a
was similar winto r th eat found byPukeie (22)ar anduJoh on inet aconsistent day length and temperature regime. Field Crops Res. 1:5-19.

for other winter wheat cultivars. The linear reduction in net 6. Fischer, R. A. 1975. Yield potential in a dwarf spring wheat and the

photosynthesis produced by increasing concentrations of 03 is in effect of shading. Crop Sci. 15:607-613.

agreement with the results of studies on soybean (25) and hybrid 7. Gifford, R. M., Bremner, P. M., and Jones, D. B. 1973. Assessing

poplar (23). Most significantly, the percent reductions in net photosynthetic limitation to grain yield in a field crop. Aust. J. Agric.

photosynthesis of both whole plants and individual heads Res. 24:297-307.

produced by 03 corresponded to the percent reductions in seed dry 8. Gifford, R. M., Thorne, J. H., Hitz, W. D., and Giaquinta, R. T. 1984.

weights per head produced by 03. Crop productivity and photoassimilate partitioning. Science

Our findings that exposure to elevated concentrations of 03 225:801-808.
from anthesis to harvest reduced net photosynthesis of whole 9. Havelka, U. D., Wittenbach, V. A., and Boyle, M. G. 1984. C0 2-
fromts andthes tohavest reduces inw le-t photosynthesisof whle enrichment effects on wheat yield and physiology. Crop Sci.

plants and that the reductions in whole-plant photosynthesis were 24:1163-1168.
highly correlated with the respective reductions in seed size 10. Heagle, A. S., Body, D. E., and Heck, W. W. 1973. An open-top field

indicate that yield in this cultivar of winter wheat is intimately chamber to assess the impact of air pollution on plants. J. Environ.

associated with photosynthetic rates during this period. The effects Qual. 2:365-368.

of 03 on photosynthesis were also associated with accelerated 11. Heagle, A. S., Heck, W. W., Rawlings, J. 0., and Philbeck, R. B. 1983.

senescence as indicated by degree of yellowing of the flag leaves Effects of chronic doses of ozone and sulfur dioxide on injury and yield

and percent moisture content of the wheat heads. The loss in of soybeans in open-top field chambers. Crop Sci. 23:1184-1191.

moisture content of the heads was most likely the result of 12. Heagle, A. S., Spencer, S., and Letchworth, M. B. 1979. Yield response

accelerated senescence and not water stress induced by 03, because of winter wheat to chronic doses Of 03. Can. J. Bot. 57:1999-2005.
13. Heck, W. W., Adams, R. M., Cure, W. W., Heagle, A. S., Heggestad,

03 acted to significantly reduce leaf stomatal conductances and H. E., Kohut, R. J., Kress, L. W., Rawlings, J. 0., and Taylor, 0. C.

thus should have improved plant moisture status. In a previous 1983. A reassessment of crop loss from ozone. Environ. Sci. Technol.

study (25) on the effects of 03 on photosynthesis of soybean, 03 12:572A-581A.
reduced both the photosynthetic efficiency and duration of 14. Heck, W. W., Taylor, 0. C., Adams, R., Bingham, G., Miller, J.,

photosynthesis of individual leaves. In this study, the 03 Preston, E., and Weinstein, L. H. 1982. Assessment of crop loss from

treatments were started at anthesis, when photosynthetic rates ozone. J. Air Pollut. Control Assoc. 4:353-361.

naturally decline (17,22), and thus, the relative contributions of the 15. Hill, A. C., and Littlefield, N. 1969. Ozone: Effect on apparent

loss of photosynthetic efficiency and the reduced duration of photosynthesis, rate of transpiration, and stomatal closure in plants.
Environ. Sci. Technol. 3:53-56.

photosynthesis (senescence) to the reductions in whole plant 16. Jacobson, J. S., and Colavito, L. J. 1976. The combined effect of sulfur

photosynthesis could not be determined, dioxide and ozone on bean and tobacco plants. Environ. Exp. Bot.

Conclusions. Exposure of Vona winter wheat to four treatment 16:277-285.

levels of 03 from anthesis until harvest resulted in a significant 17. Johnson, R. C., Witters, R. E., and Ciha, A. J. 1981. Apparent

linear reduction in seed weights. Seed numbers were not affected, photosynthesis, evapotranspiration, and light penetration in two

but the reduced seed weights resulted in a similar linear reduction contrasting hard red winter wheat canopies. Agron. J. 73:419-422.

in total yield. Ozone acted to accelerate senescence of flag leaves 18. Kanemasu, E. T., and Hiebsch, C. K. 1975. Net carbon dioxide

and heads. Rates of net photosynthesis of whole plants and heads exchange of wheat, sorghum, and soybean. Can. J. Bot. 53:382-389.

were also significantly reduced by 03, and the reductions in net 19. Kohut, R. J., Amundson, R. G., Laurence, J. A., Colavito, L., van

photosynthesis were highly correlated with the 0 3-induced Leuken, P., and King, P. 1987. Effects of ozone and sulfur dioxide on

reductions in yield. We conclude that exposure of Vona winter 20yield of winter wheat. Phytopathology 77:71-74..
reatctions inyelevated conc ludetthatis O isukey tof Vnaue yinte 20. Kress, L. W., Miller, J. E., and Smith, H. J. 1985. Impact of ozone on
wheat to elevated concentrations of 03 is likely to cause yield winter wheat yield. Environ. Exp. Bot. 25:211-228.

reductions in proportion to the increases in 03 and that the yield 21. Peterson, R. B., and Zelitch, I. 1982. Relationship between net CO 2

reductions will be the result of accelerated senescence and reduced assimilation and dry weight accumulation in field-grown tobacco.

rates of net photosynthesis. Plant Physiol. 70:677-685.

Sulfur dioxide did not produce reductions in yield, even at a 22. Puckeridge, P. W. 1971. Photosynthesis of wheat under field

fairly substantial exposure concentration. No interactions were conditions. III. Seasonal trends in carbon dioxide uptake of crop

found between SO 2 and 03 for stomatal conductance, rates of net communities. Aust. J. Agric. Res. 22:1-9.
photosynthesis, percent moisture content of heads, or yield. We 23. Reich, P. B. 1983. Effects of low concentrations of 03 on net
poosynclu thesis, percnts mistrecontently Of h teads, or yeld t Wphotosynthesis, dark respiration, and chlorophyll contents in aging

conclude that SO 2 acts independently of 03 in terms of plant hybrid poplar leaves. Plant Physiol. 73:291-296.

physiological response over the range of exposures used and that 24. Reich, P. B., and Amundson, R. G. 1985. Ambient levels of 03 reduce

either higher concentrations or dosages of SO 2 would be needed to net photosynthesis in tree and crop species. Science 230:566-570.

reduce the yield of Vona winter wheat. 25. Reich, P. B., Schoettle, A. W., Raba, R. M., and Amundson, R. G.
1986. Response of soybean to low concentrations of ozone: Reductions
in leaf and whole plant net photosynthesis and chlorophyll content. J.
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