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Root temperature is a potentially important modifier of plant response

to air pollution. Soil temperatures can range widely between early spring and

late summer, when ozone (03) concentrations can be high. Radish

(Raphanus sativa L.) and rapid-cycling Brassica (Brassica rapa L.) were grown

in environmentally controlled environment chambers to determine the

interactive effects of 03 exposure and modified root temperature. Plants were

raised with or without an episodic 03 delivery combined with 13 °C or 18 °C

root temperature. Air temperatures were 25 °C/15 °C day/night for all

treatments.

Radish plants were sensitive to both 03 and low root temperature;

both of these stresses reduced plant biomass. Plants grown in 18 °C root

temperature without 03, had the largest mean biomass and mean leaf area of
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all treatments. Plants grown in the 13 °C root temperature with 03, had the

lowest mean biomass and mean leaf area of all treatments. Plants in the 03

treatments generally had slightly lower root to shoot ratios than plants in the

no 03 treatments. Photosynthesis was only reduced in the 03 and 18 °C root

temperature treatment. Carbon gain and 03 uptake were slightly higher for

plants raised in the 18 °C root temperature treatment.

Rapid-cycling Brassica (RCB) were more sensitive to 03 than to root

temperature. Plants raised in 03 treatments had lower total biomass and fruit

weights than plants in the other treatments. Fruit number differed only

between plants raised with 03 in 13 °C root temperatures, which showed

fewer fruits, and plants raised without 03 in 18 °C root temperatures. The 03

and 18 °C root temperature treatment had the lowest mean photosynthetic

rate. Carbon gain did not differ between treatments, but 03 uptake was higher

in plants grown in the 18 °C root temperature treatments.

These studies indicate that biomass is more sensitive to 03 when root

temperatures are low. Plants grown in 18 °C root temperatures are able to

compensate for 03-induced damages in the short term, but because

photosynthesis is lowered in this treatment, these plants may not be able to

compensate over longer growing periods.
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Responses of Raphanus sativa L. and Brassica rapa L. to Ozone and Modified
Root Temperature

Chapter 1

Introduction

Air pollutants, such as carbon monoxide (CO), sulfur dioxide (SO2),

nitrogen oxides (NOx) and photochemical oxidants, are distributed over vast

areas of industrialized countries. These air pollutants have the potential to

affect ecological processes and the physiology, growth, and productivity of

economically important crops and forests. The United States Environmental

Protection Agency (US EPA) has established air quality standards in the Clean

Air Act, which was first passed in 1963, reauthorized in 1970 and then

reauthorized again in 1990. Air quality standards were set mainly for the

protection of human health, but are also intended to limit air pollution

damage to plants. Air pollution must be controlled so as to protect human

health and well-being, and vegetation must also be considered when

establishing air pollution standards.

In order to understand more about plant responses to air pollution,

current research observes plant responses to air pollution under various

environmental conditions. Controlled environment experiments are

important because environmental factors, such as light, water and nutrient

availability and relative humidity are known to modify plant responses to air

pollution. Biological factors also affect plant responses to air pollution. For
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example, species with different life histories may also differ in air pollution

sensitivity. In addition, plant age, and even leaf age, are known to affect

physiological processes and, therefore, air pollution responses. Although the

effects on plants of many biological and environmental interactions in

combination with air pollutants have been investigated, little is known about

the combined effects on plants of air pollutants and root temperature. This

study uses a controlled environmental system to define the capacity for

increased root temperature to modify the responses of plants to the air

pollutant, ozone (03).

One experimental approach to examine the interaction of air pollutants

and specific environmental conditions requires raising plants in controlled

environments in which air pollution exposures, and other environmental

factors affecting plant physiology and growth, can be controlled. Experiments

must be able to control other environmental stresses to determine primary

responses to air pollutants in combination with a specific stress.

Experimental growth chambers provide an opportunity to determine how

specific stresses will modify plant responses to air pollutants.

Tropospheric 03 is mostly anthropogenic and is the air pollutant that

poses the most serious problem to control (Switzer, 1994). Ozone is

distributed over much of the US in concentrations that exceed US EPA

standards and are known to reduce plant productivity. When 03 levels reach

threshold concentrations, current losses in crop yield are estimated to average

5 to 10%, but 03 causes more damage than any other known air pollutant
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(Chameides, 1994). Crop yield losses are likely to increase. Ozone

concentrations are estimated to have doubled in the last hundred years; and,

using estimates of NOx emissions, models predict that 03 concentrations will

continue to increase at a faster rate than the previous one-hundred years

(Hough & Derwent, 1990).

Ozone and plant damage

Ozone is a tropospheric air pollutant and greenhouse gas that is formed

by the reaction of nitrogen oxides (NOx) and volatile organic compounds

(VOC) in the presence of solar radiation. Ozone concentrations are often

highest in the summer when solar radiation is high. Although typically

thought to be an urban air pollutant, 03 is also found in rural areas. Because

03 is a non-point source air pollutant, the precursor gasses (NOx and VOC)

can mix and move through the atmosphere to areas away from their source.

Ozone can then form when atmospheric conditions favor photochemical

reactions (NRC, 1991).

Ozone is regulated by the National Ambient Air Quality Standard

(NAAQS). This standard allows the hourly average concentration of 03 to

exceed the threshold level of 120 ppb one time per year. The standard is based

primarily on studies investigating impacts of 03 on human health; however,

plant damage from 03 is known to occur at levels below this standard (Taylor

and Hanson, 1992).
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Because 03 is a photochemical oxidant, precursor gasses can distribute

widely and react to form 03 when solar radiation levels are high. Ozone

concentrations are thus typically high in the late afternoon and lowest in the

early morning. Ozone concentrations therefore change with time of day to

form a diurnal pattern. Regional wind and weather patterns can also affect 03

concentrations (O'Hare & Wilby, 1995); thus, 03 levels fluctuate widely and

rarely remain constant.

To model the natural fluctuations and diurnal patterns of 03 exposures,

this study uses an episodic 03 profile that has a mean concentration of 63 parts

per billion by volume (ppbv). Ozone concentrations in this delivery differ

throughout each day: minimum 03 concentrations occurred between 0300

and 0500 hours, and maximum 03 concentrations occurred between 1400 and

1700 hours. The profile is modeled after actual data retrieved for six-

midwestern states from 1978-1983 (Ziminski, 1993). The 03 exposure profile

used in this study is common to agricultural areas of the United States.

Root temperature as a potential modifier of plant responses to 03

Soil temperatures change throughout the growing season. Soil

temperatures are very rarely identical to air temperatures, yet most controlled

environment studies do not control soil temperatures independently of air

temperatures. Soil temperatures affect both shoot (Walsh and Layzell, 1986)

and root (Larigauderie et al., 1991) growth. Soil temperatures may cause
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changes in nutrient uptake (Hood & Mills, 1994) and root respiration (Gordon

et al., 1989).

Because soil temperature affects overall plant physiology, soil

temperature may also affect plant responses to other stresses, such as air

pollutants, specifically 03. Increased soil temperatures cause a carbon

partitioning change to above-ground structures (Davidson, 1968). Ozone

damage often causes a carbon partitioning change to above-ground structures

to compensate for an 03-induced decrease in photosynthesis. Ozone can also

decrease root metabolism (Edwards, 1991). The additive effects of 03 and root

temperature on plants may be different than the individual effects.

Radish as a model species

Radish (Raphanus sativa L.) is used as a model species for studies

investigating carbon partitioning (Kostka-Rick & Manning, 1993). The fleshy

hypocotyl in radish may act as a carbon storage organ. Carbon partitioning

changes in response to environmental stresses can be determined by

measuring the size of the hypocotyl relative to the rest of the plant and in

relation to non-stressed treatments. Radish has also been used for studies

with other air pollutants (Winner & Mooney, 1988) and various multiple

stress studies involving 03 (Atkinson et al., 1988; Pell et al., 1990; Hassan et

al., 1995). Responses measured in this study can be compared to known

values to indicate consistency when adding a stress that has not been studied

in conjunction with root temperature, such as 03.
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Brassica as a model species

Brassica rapa L., rapid-cycling Brassica (RCB), has been genetically

selected to have a short life cycle; it can go from seed to fruit in five weeks. It

is used primarily in genetic studies (Williams & Hill, 1986), but it was chosen

for this experiment with environmental stresses for several reasons. Brassica

rapa L. and Raphanus sativa L. are both in the Brassicaceae family, but radish

contains a hypocotyl, which RCB does not have. A possible carbon storage

organ, such as the hypocotyl, may have offer plants extra compensation

resources that are unavailable to plants without storage organs. Comparing

these two species provides information about the compensation benefits

conferred on a plant with a hypocotyl compared to a plant without a

hypocotyl. Since RCB goes to fruit so quickly, the experiment with this plant

also measured fecundity. Rapid-cycling Brassica are also small, like radish,

and this small size limits competition between pots in the chambers.
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Study goals and experimental design

Root temperature has the potential to modify plant responses to 03.

Plants exposed to 03 and modified root temperature may show altered carbon

partitioning patterns to compensate for these combined stresses. Because soil

temperatures are rarely the same as air temperatures, this study investigates

two stresses which occur together (03 and increased root temperature) in

nature, but which have not been investigated in a controlled environment

study. Lastly, plants with different life strategies may be more or less sensitive

to the combined stresses of 03 and root temperature. The specific goals of this

experiment are:

1. To test the individual and combined effects of root temperature
and 03 on plant growth, reproductive output and physiology.

2. To determine how whole plant carbon partitioning changes in
response to 03 and root temperature are linked to whole plant
carbon gain and 03 uptake;

3. To place the responses of radish to 03 and root temperature in an
ecological context.

4. To compare the life strategies of a plant with a carbon storage
organ, radish, with a plant that lacks a carbon storage organ in
order to determine if compensatory responses to 03 and/or root
temperature are facilitated in a plant with a carbon storage organ.

To test the effects of root temperature and 03, Raphanus sativa L. and

Brassica rapa L. were grown, during two separate experiments, in

environmentally controlled chambers in one of four treatments: episodic 03

with root temperature at either 18 °C or 13 °C and charcoal filtered air with

root temperature at either 18 °C or 13 °C.
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Abstract

Soil temperatures may modify plant responses to air pollution. Soil

temperatures range widely between early spring and late summer, when

ozone (03) concentrations can be high. To determine plant responses to

interactions between 03 exposure and soil temperature, radish (Raphanus

sativa L., cv. "Cherry Belle") plants were grown in controlled-environment

experiments that combined these factors. Three hundred seedlings were

placed in growth chambers under one of four treatments: episodic 03 with

root temperature at 13 °C, episodic 03 with root temperature at 18 °C,

charcoal-filtered air with root temperature at 13 °C and charcoal-filtered air

with root temperature at 18 °C. Plants were grown for 28 days and then

harvested for biomass analysis. Ozone decreased the root to shoot ratio for

plants at 18 °C root temperatures; lower root temperatures tended to increase

root to shoot ratios, though this trend was not statistically significant.

Photosynthesis and stomatal conductance were measured on days 25, 26, and

27. Photosynthesis was reduced by 03 in the 18 °C root temperature

treatment. Results of this study suggest that plant biomass may be more

reduced by 03 when soil temperatures are low but that plant physiology may

be more sensitive to 03 when soil temperatures are high.
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Introduction

Ambient 03 concentrations decrease plant biomass (Winner, 1994),

photosynthesis (Heath, 1994), carbon partitioning to roots (Pell et al., 1993),

and stomatal conductance (Reiling & Davison, 1995). Predicting the effects of

03 on plants is difficult because light, water, and nutrient availability modify

plant responses to 03 (Krupa and Manning, 1988; Pell et al., 1993). Soil

temperatures may also alter plant responses to 03 by modifying processes

within the roots that affect whole plant physiology. Here we report the effects

of root temperature on responses of radish (Raphunus sativa L.) to 03.

Ozone (03) is a photochemical pollutant present in the lower

atmosphere throughout North America and Europe. Mean daily

concentrations of 03 in major agricultural areas of the United States are

estimated at between 0.04 and 0.07 parts per million (ppm) during the

growing season, with peak concentrations commonly exceeding 0.12 ppm

(Reich & Amundson, 1985). Ozone concentrations are regulated by the

National Ambient Air Quality Standard, which allows a maximum 1-hour

average 03 concentration of 0.12 ppm per day. Despite such standards, 03 is

still the most difficult air pollutant to control (Seinfeld, 1989). Several models

predict that emissions of 03 precursors (volatile organic compounds and

nitrous oxides) will continue to increase (IPCC, 1992), resulting in higher 03

exposures for plants (Chameides, 1995).
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Low soil temperatures decrease whole plant biomass (DE Lucia,

Heckathorn & Day, 1992) and rates of root growth (Kaspar & Bland, 1992).

Low root temperature may cause apparent increases in carbon allocation to

the roots due to decreases in root respiration. An apparent increase in carbon

partitioning to the roots may result in decreased shoot biomass. Low soil

temperatures also slow nutrient uptake in tomato (Tindall, Mills & Radcliffe,

1990), corn (Engels, Winkle & Marschner, 1992), and soybean (Legros &

Smith, 1994). Such a decrease in nutrient uptake may also decrease total

biomass for plants grown in low root temperatures.

Soil temperatures change throughout the growing season, reaching a

maximum in mid-summer. Since the warmest part of growing season may

coincide with the highest 03 levels, these stresses may act in conjunction to

affect plant growth. In addition, plant responses to 03 may be affected by long-

term soil warming associated with global climate change. Warmer soil

temperatures may also increase root respiration affecting the capacity for

plants to compensate for other stresses, such as 03. Compensation

mechanisms to these differing stresses are unknown because the effects of

root temperature on plant response to 03 have not been studied.

Cherry Belle radishes (Raphanus sativa L.) were used in this experiment

for several reasons. Current literature provides previous studies with radish

and 03 and establishes radish as a model species for studies involving carbon

partitioning and air pollutants (Kostka-Rick & Manning, 1993). Radish has a

short growing cycle and a small size which made it ideal for controlled
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environment studies. Radish also has a fleshy storage organ, the hypocotyl,

which may potentially serve as a carbon storage organ. The hypocotyl may

provide a buffer against stress-induced damage (Gillespie & Winner, 1989).

The goal of this study is to explore the effects of 03 and soil warming

both independently and together. The combination of soil warming and 03

poses important resource partitioning issues. Soil warming and 03 are likely

to have opposite effects on whole plant biomass, but similar decreases in

root/shoot ratio; thus, these stresses will help clarify whether larger plants

have greater capacity to make compensating shifts in root/shoot ratio than do

smaller plants. The specific objectives of this study are:

1. To determine whether root temperature modifies plant
responses to 03;

2. To determine how whole plant carbon partitioning changes in
response to 03 and root temperature are linked to whole plant
carbon gain and 03 uptake;

3. To place the responses of radish to 03 and root temperature in an
ecological context.

To address these objectives, radishes were grown in the presence or

absence of 03 and two root temperatures in a factorial experiment. Biomass

data and physiological measurements were taken for all four treatments and

differences were detected by ANOVA.
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Materials and Methods

Plant culture

Three seeds of domestic radish, Raphanus sativus L. cv. "Cherry Belle"

(Chas H. Lily Seed Co., Portland, OR) were planted in each of 300 four-inch

pots containing a soil medium of vermiculite and natural clay (3:1) amended

with 40 ml of Apex Polyon© 14-14-14 per 4 liters of mix. Preliminary trials

were done with 40 radish plants, half grown in four-inch pots and half grown

in six-inch pots, to determine if pot size affected radish biomass. A t-test

showed no differences in biomass between plants raised in either pot size (p >

0.05). The four-inch pots were subsequently used to provide a higher sample

size. Seeds were germinated for 7 d in an ambient-air greenhouse with a 16-h

photoperiod, while day and night temperatures were kept constant at 20 °C.

Pots were watered to capacity twice a day until germination.

Experimental design

The experiment was a 2x2 factorial design with two concentrations of 03

(present and absent) and two root temperatures (13 °C and 18 °C). Treatments

were randomly assigned to 12 continuously stirred tank reactor (CSTR)

chambers. Each chamber contained 25 pots providing three replicate

chambers with 75 pots per treatment (total n = 300). After 1 wk in the

chambers, pots were thinned to one individual, to minimize competition

effects. Pots were arranged in a circle and numbered so that significant
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location effects in the chambers could be tested by ANOVA. Plants were

grown until vegetative growth was completed and bolting occured on day 29.

Plant growth and treatments

Plants, growing in chambers, were watered with about 75 ml per pot

every other day to minimize drought stress. A steam generator (EHU-500,

Armstrong Machine Works, Three Rivers, MI) kept average daytime relative

humidity above 50% as measured by three humidity sensors (Humicap,

HMD 20, Vaisala Sensor Systems, Woburn, MA). Light was supplied by 1000

W metal-halide bulbs suspended 1 m above the plants; photon flux densities

averaged 400 gmol m-2 s-1 (SB-190 Quantum Sensors, Li-Cor Inc., Lincoln,

NB), over a 16-h photoperiod.

An important feature of this study is that air temperatures and root

temperatures were controlled independently. Air temperatures for all 12

chambers were set at 26 °C during the day and 15 °C at night. Root

temperatures were kept constant at either 13 °C for the cool root temperature

treatments or at 18 °C for the warm root temperature treatments. Root

temperatures were maintained by a fan blowing air cooled by chilled water

circulating through a heat exchanger located in the root zone of the chambers.

Pots were placed in holes cut out of a 5-cm-thick foam deck to insulate air

temperatures from root temperatures.
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An ozonator (PCI ozone and Control Systems, Inc., West Caldwell, NJ)

delivered 03 in a weekly, episodic pattern that varied each week and averaged

63.3 ppbv over the course of the experiment. Ozone levels followed a diurnal

pattern reaching a maximum between 1400 h and 1700 h and a minimum

between 0300 h and 0500 h, just before chamber lights came on in the

morning. The pattern was based on EPA 03 data averaged over six

Midwestern states during the summer of 1985 (Ziminski, 1993). Hourly 03

concentrations were measured by two UV photometric analyzers (Model 49,

Thermo Environmental Instruments, Inc., Franklin, MA). Control plants

received charcoal-filtered air.

Physiological measurements and harvest

Photosynthesis on a leaf area basis (A) was measured with a Li-Cor 6200

Portable Photosynthesis System and a Li-Cor 6250 CO2 infrared gas analyzer

(Li-Cor Lincoln, NB) for seven randomly selected plants from each treatment

over days 24, 25 and 26. Measurements were taken on the most recently

emerged, fully expanded, leaf and on older leaves to test for leaf age effects. In

addition to photosynthesis, stomatal conductance (gs) and CO2 concentrations

within the leaf (C) were also calculated by the Li-Cor. Ozone uptake was

determined using conductance values in the equation Q03 = average [03] x

stomatal conductance / 1.68 (a constant from the ratio of the diffusivity of

water to the diffusivity of 03) (Ziminski, 1993). All plants were destructively

harvested on day 29 of the experiment, and leaf areas were measured with a
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Li-Cor leaf-area meter. Samples were stored in a -7 °C cold room until all

roots were washed (4 d) and then dried at 65 °C for 4 d before shoot, root and

hypocotyl weights were measured.

Statistical analysis

Chamber means were calculated for all variables of interest to control

for chamber effects. A two-factor analysis of variance (ANOVA) with root

temperature, 03 , and the interaction term, 03 x root temperature, detected

differences between chamber means and interactions between root

temperature and 03. Scheffe post-hoc tests detected differences between

treatments when ANOVA showed significant variable effects. Both tests

were performed at the 0.05 probability level. All statistical tests were done

with Data Desk (Data Description, Inc., Ithaca, NY).

Results

Biomass

Ozone reduced root weight, shoot weight, hypocotyl weight, and total

biomass only at 13 °C (Fig. 1). The 18 °C root temperature resulted in

increased shoot weight and total biomass in the presence of 03 (Fig. 1). When

added together, hypocotyl and root weights differed for all four treatments (p

= 0.04), indicating that below ground biomass (hypocotyl plus root weight)

was more sensitive to 03 (p S 0.05) than was above-ground biomass in both

root temperatures. Because 03 reduced plant biomass more in 13 °C root
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temperatures, plants in 18 °C root temperatures may have been able to

compensate for 03 stress.

Root temperature had a larger effect on total biomass than did 03, (Table

1). Ozone and root temperature did not interact in producing effects on total

biomass (Table 1). The 03 and 13 °C treatment suggested that combined

stresses of 03 and 13 °C root temperature resulted in lower total biomass than

all other treatments (Fig. 1).

2
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Root Wt
Hypocotyl Wt
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Total Biomass
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18 °C 13 °C
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18 °C

Figure 1. Average dry weight (grams per plant) for roots, hypocotyls, shoots,
and total biomass for radish plants raised in the four treatments:
ozone and no ozone at 13 °C root temperature; ozone and no ozone
at 18 °C root temperature. Bars represent standard error of the
mean. Letters represent statistical differences between treatments at
p < 0.05 for total biomass and individual tissue types.
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Root-to-shoot ratio

The hypocotyl and root weights divided by the stem and leaf weights

(Fig. 2) compose the root-to-shoot ratio (R/S). Ozone reduced R/S in plants at

18 °C root temperatures because whole plant carbon partitioning showed a

shift to the shoots in this treatment (Table 1). Root temperatures of 13 °C

resulted in a higher R/S ratio in both 03 treatments because lower root

temperature caused a whole plant carbon partitioning shift towards below-

ground biomass (Fig. 2). In general, low root temperature decreased the

weight of both above-ground and below-ground structures. The general

effects of 03 included decreased growth of below-ground structures and an

increase of above-ground structures for the 18 °C root temperature.

Table 1. P-values are shown for means of total biomass (g), shoot dry weight
(g), root dry weight (g) and root/shoot ratio as detected by ANOVA
in response to the treatments of root temperature and ozone.

Root temperature Ozone
Root temperature
and Ozone

Total biomass 50.01 0.12 0.21
Shoot dry weight 50.01 0.90 0.069
Root dry weight 50.01 0.08 0.48
Root/shoot ratio 0.10 50.01 0.43
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Figure 2. The root-to-shoot ratio for radish plants raised in each of the four
treatments: ozone and no ozone at 13 °C root temperature and
ozone and no ozone at 18 °C root temperature. Bars represent
standard error of the mean. Letters represent statistical differences
between treatments at p < 0.05.
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Leaf effects

Leaf area (LA) was measured to determine whether 03 reduced LA in

comparison to control plants even though 03 causes an overall increase in

carbon partitioning to the shoots in the 18 °C root temperature treatment.

Root temperature (p 5. 0.01) affected LA more than did 03 (p = 0.13). Ozone

reduced LA in the 13 °C root temperature (Fig. 3). In the absence of 03, leaf

area was lower in the 13 ° treatment than in the 18 °C treatment, but this

difference was not statistically significant (Fig. 3). Leaf area showed a trend

towards an 03-root temperature interaction effect, though this trend was not

statistically significant (p = 0.07).

Leaf weight showed responses that were similar to those of LA. Ozone

did not significantly affect leaf weight (p = 0.89); however, plants raised in 18

°C root temperatures had greater leaf weight than plants raised with 13 °C

root temperatures (p 5. 0.01). There was also an interaction effect between 03

and root temperature for leaf weight (p 0.05).
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Figure 3. Leaf area (m2) for all four treatments: ozone and no ozone at 13 °C
root temperature; ozone and no ozone at 18°C root temperature.
Bars represent standard error of the mean. Letters represent
statistical differences between treatments at p < 0.05.
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Physiological effects

Photosynthesis on a leaf area basis (A) and stomatal conductance (gs)

were measured in order to determine physiological responses to 03 and root

temperature and to assess the effects of change in LA on whole plant carbon

gain. Ozone uptake rates were also calculated on a per leaf basis and on a

whole plant level to determine if there was a correlation between LA,

conductance rates, 03 uptake per plant, and whole plant carbon gain.

Ozone reduced A on a leaf area basis only at 18 °C (Table 2). Root

temperature did not affect A (p = 0.31), and there was no temperature-03

interaction effect (p = 0.50). Stomatal conductance (gs) was also not

significantly affected by 03 or root temperature. Although no statistical

difference was found, 03 tended to reduce conductance at both root

temperatures (Table 2). Ozone uptake was calculated on a leaf area basis and

did not differ between treatments (Table 2).

Whole plant carbon gain rates can be calculated by the product of LA x A

if A and gs do not change with leaf age. Since leaf age did not affect A (p =

0.34) or gs (p = 0.72) in any treatment, whole plant carbon gain was calculated

for each treatment. Whole plant carbon gain rates did not differ between the

treatments (Table 3); therefore, plants in the 03 and 18 °C root temperature

treatments, which showed decreased rates of A, apparently compensated by a

carbon shift to above-ground structures to sustain whole plant carbon gain

rates similar to other treatments. Plants in the 18 °C root temperature also
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had higher whole plant 03 uptake rates (Q03 x LA) than plants in 13 °C root

temperature. Since stomatal conductance did not differ between these two

groups, higher whole plant 03 uptake, for plants at 18 °C root temperature,

resulted from increased LA alone (Table 3).

Table 2. Stomatal conductance for H2O per leaf (gs), photosynthesis per leaf
(A), 03 uptake rate per leaf (Q03). Asterisks mark statistically
different treatments within a row (p S 0.05). Data represent means
per treatment.

03, 13 °C 03, 18 °C No 03, 13 °C No 03, 18 °C
gs 0.355 0.387 0.398 0.415
A 10.08 8.56 * 10.28 9.96
Q03 13.31 14.51
g5 = mol Irf2
Q03 = nmol rri2 s1
A = mmol rri2 s1

Table 3. Whole plant carbon gain (WP CG) and 03 uptake for whole plant (Q
03) as calculated by A*leaf area and 03 uptake per leaf leaf area
respectively. Data are means for each treatment. Asterisks mark
statistically different treatments within a row (p S 0.05).

WP CG
WP Q03

03, 13 °C
7.64
10.19

03, 18 °C
9.64

16.03 *

No 03, 13 °C
12.55

No 03, 18 °C
14.16

WP (20, = nmol
WP CG = 1=01 st
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Discussion

Root temperatures can modify plant responses to 02

Plants grown with cool (13 °C) roots and 03 had significantly smaller

hypocotyls, shoots, and total biomass than plants grown without 03 and with

warm (18 °C) roots. Regardless of 03 presence, plants grown in cool roots

partitioned more carbon to the roots, although the increase in root to shoot

ratio was only significant in the warm root temperature treatments. The

trend towards an increase in root to shoot ratio, with cool roots, may possibly

be a compensation mechanism in response to decreased root metabolism. In

an earlier study with pea (Pisum sativum L., cv. "Alaska"), root growth rate

was negatively correlated with increasing root-zone temperatures for roots

101-110 mm in length (Gladish & Rost, 1993). If the hypocotyl served as a

carbon storage organ, plants raised in 03 with roots at 13 °C may have used

carbon stored in the hypocotyl to compensate for losses in photosynthetic

productivity induced by 03. This compensation could explain why these

plants had smaller hypocotyls at harvest.

Carbon partitioning

Ozone and root temperature treatments changed whole plant carbon

partitioning in our experiment as expected. Ozone decreases root to shoot

ratio (Mooney & Winner, 1991), root growth (Manning & Feder, 1976; Kasana,

1991), number of lateral roots, and, possibly, lateral root emergence in general
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(Bambridge et al., 1995). To compensate for 03-induced reductions of

photosynthesis, plants appear to partition carbon to the shoots. Because 03

decreases root growth more than shoot growth and because root temperature

also affects root growth, both stresses were expected to modify R/S ratio when

combined.

Carbon partitioning to the shoots was enhanced by warm root

temperatures, as shown by the plants in 03 at 18 °C, which had the lowest R/S

(Fig. 2). Soil warming may ameliorate plant biomass decreases caused by 03

but only if root structures are not harmed by processes associated with

decreasing R/S.

Soil warming or 03-caused decreases in resource partitioning to the

roots may reduce the ability of plants to compensate to combined stresses such

as low nutrients and drought. The stress of low root temperatures may cause

plant biomass to be more susceptible to 03; however, 03 also decreases carbon

partitioning to the roots in warm root temperatures. If plants with warm root

temperatures do not have adequate root biomass to meet nutrient and water

needs, total biomass in plants with warm root temperatures and 03 may also

be decreased.

Physiological effects in an ecological context

Photosynthesis rates on a leaf area basis did not account for changes in

biomass. For example, photosynthesis on a leaf area basis was decreased only

for plants grown in the warm root temperature and 03 treatment; however,
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this same treatment did not have lower biomass than the no 03 plants in the

same root temperature. Although photosynthesis and final biomass were not

related in this experiment, other species with longer growth cycles may show

a correlation between photosynthesis and biomass over time. Root

temperature alone did not affect photosynthetic rates.

A review of previous studies concludes that 03 generally reduces

photosynthetic rates, depending on duration and concentration of exposure

(Darrall, 1989). Several mechanisms for 03-induced reduction of

photosynthesis have been proposed (Heath, 1994). Ozone may decrease

photosynthesis by inhibiting ribulose bisphosphate carboxylase (rubisco)

production. Because oxygenase activity increases at higher temperatures, thus

increasing photorespiration, photosynthesis decreases. Warm root

temperatures and 03 may act together to decrease rubisco generation more

than either stress independently. This decrease in rubisco may explain why

plants in the 03 and warm root temperature treatment showed decreased

photosynthetic rates; whereas, plants in the 03 and cool root temperature

treatment showed no such decrease. Plants in the 03 and warm root

temperature treatment also showed significantly higher 03 uptake rates

because of increased LA, but because of increased metabolism were able to

compensate for this increased 03 uptake and maintain whole plant carbon

gain similar to other treatments.

Reductions in stomatal conductance did not parallel reductions in

photosynthesis. Ozone did reduce stomatal conductance, but the difference
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was not significant. A previous study with Plantago major L. showed that 03

did not affect photosynthesis but did decrease conductance, indicating that

decreased conductance was not correlated to a drop in photosynthesis (Reiling

& Davison, 1995). Enhanced plant growth and evaporation from soils with

warm root temperatures may have resulted in water stress and ultimately

stomatal closure; however, in this study, conductance was not reduced for

plants grown without 03 and warm root temperatures, indicating that these

plants did not experience water stress.

These experiments with radish suggest that 03 and low soil

temperatures (spring and fall) may decrease plant biomass compared to 03

and high soil temperatures (summer). Biomass was more susceptible to 03

induced decreases at low root temperatures. Enhanced 03 responses in the

fall are described as premature senescence (Wiltshire et al., 1993) and may be

triggered by the interaction of reduced soil temperatures and 03. Whole plant

carbon gain is maximized by increasing photosynthesis on a leaf basis (A) and

by increasing LA, espcecially in warm root temperatures; but, when 03 (an A

inhibitor) is present, the increase in LA also causes an increase in 03 uptake,

and thus a decrease in photosynthesis. Because photosynthesis will decline in

the presence of warm root temperatures and 03, mature plants could be more

susceptible to 03 when soil temperatures are high in the summer.

Further research should include analysis of fitness and plant species

with different life cycle strategies. This study does not take soil nutrients,

water, pathogens or other air pollutants into account; these stresses will
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modify plant responses to 03 and soil temperature. The potential for root

temperatures to modify plant responses to 03 has been demonstrated in this

study and justifies future field studies where 03 and root temperatures are

monitored and manipulated.
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Abstract

Brassica rapa L. (rapid-cycling Brassica), were grown in controlled

environment chambers to determine the interactive effects of ozone (03) and

increased root temperature (RT) on biomass, reproductive output, and

photosynthesis. Plants were grown with or without an average treatment of

63 ppbv 03. RT treatments were 13 °C, low root temperature, (LRT) and 18 °C,

high root temperature, (HRT). Air temperatures were 25 °C / 15 °C day/night

for all RT treatments.

Ozone had a greater effect on plant biomass than RT. Plants in 03 had

significantly smaller total plant dry weight, shoot weight, leaf weight, leaf area

and leaf number than plants grown without 03. Plants in LRT also had

slightly lower biomass than HRT plants, but this trend was not statistically

significant. For all variables, LRT plants grown in 03 had significantly

smaller biomass than plants grown in HRT without 03.

Ozone reduced both fruit weight, but not fruit number; LRT also

slightly reduced fruit weight and fruit number, but these reductions were not

statistically significant. Ozone showed a trend towards a reduction in

photosynthesis for HRT plants, but RT within each 03 treatment had no

effect.
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Introduction

Ambient 03 levels reduce biomass (Winner, 1994), photosynthetic rates

(Darrall, 1989; Hassan et al., 1994) and stomatal conductance (Reiling and

Davison, 1995). Plant responses to 03 are modified by water availability

(Tingey & Hogsett, 1985), nutrient availability (Pell et al., 1995), light level

(Tjoekler et al., 1995), air temperature (Ormond et al., 1973), presence of other

air pollutants (Atkinson et al., 1988), altitude (Wieser & Havranek, 1995), and

CO2__Ievel (Mortensen, 1995). Soil temperature is another factor that may

modify plant responses to 03, but the interactions of soil temperature and 03

are not well-studied. This paper studies the combined effects of 03 and soil

temperature on rapid-cycling Brassica (RCB), Brassica rapa L.

Studies investigating the effects of air pollutants on plants are

increasingly important because models predict most air pollutant levels are

rising (Seinfield, 1989). Ozone is the most prevalent photochemical air

pollutant in North America (Bohm, 1992) and the United Kingdom

(Ashmore & Bell, 1991). Because 03 is produced from the interaction of

precursor gasses (nitrogen oxides and volatile organic compounds) and solar

radiation, 03 cannot be regulated and monitored like other air pollutants that

are emitted at point sources. Since 03 is not produced by one source, regional

03 levels are difficult to predict because 03, and its precursors, can spread

thousands of kilometers from its origin to rural and other urban areas. The

spread of 03 to rural agricultural areas can have a large impact on crops

during the growing season in midsummer, when 03 concentrations are
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highest (Chameides et al., 1994). In addition to crop damage, forest

productivity is also affected by 03 (Smith, 1990).

Because 03 levels can be high just before plants produce reproductive

structures, the effect of 03 on reproductive output is of interest. Ozone has

been shown to reduce pod dry weight in bean (Brunschon-Harti et al., 1994).

In a study with rice (Oryza sativa L. cv. Koshihikari), 03 decreased panicle dry

weight, but the percentage of panicle dry weight to the whole plant was

increased, indicating that plants acclimated to an 03-induced decrease in plant

dry weight in order to produce reproductive structures (Nouchi et al., 1995).

Changes in root temperature also affect plant growth. Increased root

temperatures cause an increase in whole plant carbon partitioning to the

shoots (Thomas & Sprent, 1984; Udomprasert et al., 1995). With decreasing

root temperatures, whole plant carbon partitioning to the roots increases.

Studies with sunflower (Helianthus annuus L. cv. Autumn Beauty) indicated

that a low root temperature of 10 °C increased the fraction of dry matter in the

roots compared to plants grown with root temperatures of 20 °C and 30 °C

(Szaniawski, 1983).

Low root temperatures may increase carbon partitioning to the roots to

compensate for reduced root metabolism and nutrient uptake since both

functions may decrease with low root temperature. Studies with three desert

species indicate that decreasing air temperature slowed root growth by

reducing cell division and cell extension (Drennan & Nobel, 1995). A recent

study with snapdragon (Antirrhinum majus L.) indicated that root
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temperatures below 15 °C decreased nutrient uptake, with a root temperature

of 22 °C being optimal for growth (Hood & Mills, 1994). A similar study with

corn (Zea mays L.) showed that root temperatures of 12 °C and 18 °C decreased

nutrient uptake when compared with root temperatures at 24 °C (Engels et al.,

1992).

Rapid-cycling Brassica was chosen to test 03 and root temperature

interactions because most previous studies of carbon partitioning changes in

response to 03 and other stresses have been performed with another member

of the Brassicaceae, radish (Raphanus sativa) (reviewed in Kosta-Rick &

Manning, 1993). The radish hypocotyl may be a carbon storage organ that is

not present in other plants; the hypocotyl may provide a buffer against 03

damage. Without the hypocotyl, plant response to 03 may not or may not be

as adaptable in RCB as in radish. Rapid-cycling Brassica are also selected to go

to seed in five weeks (Williams & Hill, 1986). Because of this selection,

changes in carbon partitioning between roots, shoots, and reproductive tissue

are of particular interest. One possibility is that carbon partitioning to shoots

is increased (due to selection for fast fruit growth) and partitioning to below-

ground biomass is unexamined. The trend in carbon partitioning for RCB

may be quite different than for herbaceous plants with below-ground carbon

sinks, such as radish. If carbon partitioning of RCB to roots is minimized, the

capacity of RBC to reduce root to shoot ratio in response to 03, high root

temperature treatments, and their combination may be limited. If capacity to
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shift R/S in response to 03 is a compensation response (Atkinson et al., 1988),

then RCB may have a limited ability to compensate for 03-induced changes in

carbon partitioning.

The potential for root temperature to modify plant responses to 03 is

important because soil temperatures can change over the growing season;

thus, the effects of 03 may differ between the spring, when soil temperatures

are low, and the summer, when soil temperatures are high. In addition, the

combined effects of 03 and soil warming are unknown. Because 03 is well-

known to reduce carbon partitioning to the roots (Tingey et al., 1971; Mooney

& Winner, 1991) and increased root temperature also reduces carbon

partitioning to the roots (Davidson, 1968), one objective of this paper is to

determine the carbon partitioning patterns of Brassica rapa in response to 03

and increased soil temperature. Because 03 also reduces net carbon gain (A),

it is of interest to determine if warming the roots stimulates above-ground

growth, thereby increasing 03 uptake. Lastly, reproductive output may also be

affected by the interaction of 03 and root temperature. More specifically, the

objectives of this paper follow:

1. To determine whether root temperature modifies plant responses
to 03;

2. To determine how whole plant carbon partitioning changes in
response to 03 and root temperature are linked to whole plant
carbon gain and 03 uptake;

3. To determine whether the reproductive output of plants is
modified by 03 and root temperature.
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Materials and Methods

Species Selection

To determine the potential for root temperature to modify plant

responses to 03, Brassica rapa L. were grown in environmentally controlled

chambers. A rapid cycling population was chosen because it can go from seed

to fruit in five weeks, which makes it ideal for a fecundity study (Williams &

Hill, 1986) Brassica rapa is less than 0.5 m tall at maturity; therefore, it can be

grown in experimental chambers with minimal competition effects or effects

of of size.

Plant culture

Three seeds of rapid-cycling Brassica, Brassica rapa, (Crucifer Genetics

Cooperative, University of Wisconsin-Madison, Madison, WI) were planted

in each of 300 four-inch pots containing a soil medium of vermiculite and

natural clay (3:1) amended with 100 ml of Peter's solution (14 -14 -14) per pot

once each week. Seeds were germinated in experimental chambers with a 16-

h photoperiod with constant day (25 °C) and night (15 °C) temperatures. Pots

were watered to capacity twice a day until germination.

Experimental design

The experiment was a 2x2 factorial design with two concentrations of 03

(present and absent) and two root temperatures (RT) (13 °C and 18 °C).
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Treatments were randomly assigned to one of 12 continuously stirred tank

reactor (CSTR) chambers. Each chamber contained 25 pots providing three

replicate chambers with 75 pots per treatment (total n = 300). After 1 wk in

the chambers, plants were thinned to one individual per pot, to minimize

within pot competition effects. Pots were arranged in a circle and numbered

so that significant location effects in the chambers could be tested by ANOVA.

Plants were harvested after fruiting was complete on day 32.

Plant growth and treatments

To minimize drought stress, plants were watered twice a day with drip

irrigation heads placed in each pot. A steam generator (EHU-500, Armstrong

Machine Works, Three Rivers, MI) kept average daytime relative humidity

above 40% as measured by three humidity sensors (Humicap, HMD 20,

Vaisala Sensor Systems, Woburn, MA). Light was supplied by a 1000 W

metal-halide bulb suspended 1 m above the plants in each chamber; photon

flux densities averaged 400 .tmol in-2 S-1 (SB-190 Quantum Sensors, Li-Cor

Inc., Lincoln, NB), over a 16-h photoperiod. Air temperatures were set at 25

°C during the day and 15 °C at night.

Root temperatures were kept constant at 13 °C for the low RT (LRT) and

at 18 °C for the high RT (HRT) treatments. Root temperatures were

maintained by a fan blowing air cooled by chilled water circulating through a

heat exchanger located in the root zone of the chambers. Pots were placed in
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holes cut out of a 5-cm-thick foam deck to insulate air temperatures from root

temperatures.

An ozone generator (PCI ozone and Control Systems, Inc., West

Caldwell, NJ) continuously delivered 03 in an episodic pattern that varied

each day and each week and which averaged 63.3 ppbv over the course of the

experiment. The pattern was based on EPA 03 data averaged over six

Midwestern states during the summer of 1985 (Ziminski, 1993). Ozone levels

followed a diurnal pattern reaching a maximum between 1400 h and 1700 h

and a minimum between 0300 and 0500, just before chamber lights came on

in the morning. Hourly 03 concentrations were measured by two UV

photometric analyzers (Model 49, Thermo Environmental Instruments, Inc.,

Franklin, MA). Control plants received charcoal-filtered air.

Physiological measurements and harvest

Photosynthetic rate, net uptake of CO2 per unit leaf (A), was measured

with a Li-Cor 6200 Portable Photosynthesis System and a Li-Cor 6250 CO2

infrared gas analyzer (Li-Cor Lincoln, NB). Eight randomly selected plants

were sampled from each treatment over days 25 and 26. Measurements were

taken on the most recently emerged, fully expanded, leaf and on older leaves

to test for leaf age effects. In addition to photosynthesis, stomatal conductance

(gs) and CO2 concentrations within the leaf (Ci) were also determined by the

Li-Cor. Ozone uptake was determined using conductance values in the
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equation Q03 = average [03] x stomatal conductance / 1.68 (a constant from the

ratio of the diffusivity of water to the diffusivity of 03) (Ziminski, 1993).

Total plant dry weight was measured for two plants per chamber each

week to determine the onset of treatment effects. In addition all remaining

plants were destructively harvested on day 32 of the experiment, and leaf

areas were measured with a Li-Cor leaf-area meter (Li-Cor Lincoln, NB). Fruit

number and plant height per plant were also recorded at time of harvest.

Plants were stored in a -7 °C cold room until all roots were washed (a 4 d

period) and then were dried at 65 °C for 4 d before shoot, root and fruit

weights were measured.

Statistical analysis

Chamber means were calculated for all variables of interest. A two-

factor analysis of variance (ANOVA) with RT and 03, and the interaction

term, RT x 03, detected differences between the chamber means and

interactions between RT and 03. Scheffe post-hoc tests detected differences

between treatments when ANOVA showed significant variable effects. Both

tests were performed at the 0.05 probability level. All statistical tests were

done with Data Desk (Data Description, Inc., Ithaca, NY).
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Results

Growth over time

The weekly incremental harvest showed that differences in total plant

dry weight for the treatments first appeared in week 2, became more apparent

in week 3, and continued until final harvest in week 4 (Fig. 4). Plants exposed

to 03 and LRT had statistically lower biomass than plants grown without 03 at

HRT for all weeks. Plants grown in 03 at HRT and no 03 at LRT were not

statistically different, indicating that plants could compensate to one stress

(either low RT or 03), but that plants grown in both stresses (03 and LRT)

could not. These trends continued until final harvest.
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Figure 4. Average total biomass is represented each week for 6 randomly
chosen plants per treatment. Week four represents final harvest.
Like letters indicate no statistical differences (p > 0.05) between
treatments each week. Bars represent standard error of the mean.
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Biomass at Final Harvest

At final harvest, dry weight was measured for individual plant parts to

determine whether changes in whole plant carbon allocation occurred and

treatment effects on total biomass. Ozone decreased whole plant biomass and

the biomass of all plant components, with the exception of root weight,

within the LRT treatment (Fig. 5). Root temperature did not affect root

weight in either 03 treatment; this was an unexpected result (Fig. 5).

Changes in carbon partitioning

Within both RT treatments, 03 generally decreased both root weight

and shoot weight, indicating that a decrease in total biomass resulted from

reductions in both above ground and below ground structures (Fig 5).

Although studies with Populus tremuloides (Pell et al., 1995) and Raphanus

sativa (Pell et al., 1993) have found that 03 reduces root to shoot ratio, 03 had

no effect on root to shoot ratio in this study (Table 4). Root temperature also

had no effect on whole plant carbon partitioning.

Fruit weight divided by total plant weight (FW /TW) was calculated to

determine carbon allocation to reproductive structures in relation to the rest

of the plant. The FW/TVV did not change with 03 or RT; therefore, plants

produced the same amount of fruit mass per gram of whole plant weight

across all treatments (Table 4).
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Figure 5. Averages per treatment for root weight, fruit weight, shoot weight,
and total plant dry weight (g). Different letters represent statistical
differences at the 0.05 level for total weight and tissue types. Bars
represent standard error of the mean.

Table 4. Whole plant carbon partitioning responses of Brassica rapa to 03 and
RT. Average means per treatment are shown for root to shoot ratio
(R/S); average weight per fruit (FN/FW); average fruit weight per
total plant weight ( FN/FW). Like letters indicate no statistical
difference at the 0.05 level across rows.

03, 13 °C No 03, 13 °C 03, 18 °C No 03, 18 °C
R/S 0.153 a 0.140 a 0.117 a 0.198 a
FW/TW 0.159 a 0.184 a 0.169 a 0.190 a
FN/FW 0.294 a 0.363 a 0.330 a 0.352 a
R/S = root weight (g) / shoot weight (excluding fruits) (g)
FW/TW = fruit weight (g) / total plant dry weight (g)
FN/FW = (mg) per fruit per plant
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Fruiting responses

The phenology of fruiting was observed to determine whether the LRT

treatment would slow initiation of fruiting compared to plants in the HRT

treatment. Phenology was also observed over time to see if 03 would

accelerate fruiting since 03 is known to accelerate senescence and abscission of

leaves in apple (Wiltshire et al., 1993). Plants grown in 03/LRT began fruiting

two days later (d 24) than other treatments, indicating that time of fruiting

was not affected by 03 or LRT individually; but when combined, these stresses

slowed the onset of fruiting (Fig. 6).

Fruit number (Fig. 6) was observed to determine if differences in fruit

weight (Fig. 5) were due to differences in fruit numbers and/or differences in

average weight per fruit. Ozone significantly lowered fruit weight in both RT

treatments. Root temperature had no effect on fruit weight (Fig. 5). Ozone

and LRT treatments produced fewer fruits when compared with the HRT

without 03 treatments, though this was the only statistically different

comparison between treatments. Although the difference is not statistically

significant, fruit number was slightly more reduced in the 03 and LRT

treatment than the 03 and HRT treatment, indicating that 03 did not affect

fruit number in HRT treatments and that RT had no effect on fruit number

in the absence of 03.
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Fruit weight was divided by fruit number (FW/FN) to determine

weight per fruit. This ratio did not statistically differ between treatments,

indicating that differences in fruit weight are not explained wholly by changes

in weights per fruit, but could also reflect a decrease in fruit number,

although this decrease was not statistically significant (Table 4). Regardless of

03 presence, RT had no effect on fruit number. At the harvest date, all plants

were showing signs of senescence.
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Figure 6. Average fruit number for 21 randomly selected plants per treatment
for days 22, 24, 28 and 38 since planting. Different letters represent
statistical differences at the 0.05 level between treatments for a given
day. Bars represent standard error of the mean.
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Physiological and leaf level effects

03 is known to decrease photosynthesis, which could contribute to 03-

induced reductions in growth (Fig. 5). Ozone tended to reduce photosynthetic

rates of plants in this study, particularly at HRT, but had no effect on stomatal

conductance (Table 5). Root temperature alone did not affect photosynthetic

rate or conductance (Table 5).

Leaf area (LA) and leaf number were measured to determine if plants

were compensating to an 03 induced reduction in photosynthesis by

increasing one or both of these growth parameters. Ozone significantly

decreased LA at both RT treatments. Increased RT tended to increase LA, but

this trend was not significant (Table 5). Leaf number was significantly

reduced by 03, but this difference was primarily due to a difference between

the 03 at LRT treatment and the no 03 at HRT treatment. Within a single RT,

plants in 03 did not produce a significantly different number of leaves than

plants without 03, indicating that if compensation for decreased whole plant

photosynthetic rate occurred, the difference was in LA and not leaf number.

Carbon gain and Oa uptake

Instantaneous whole plant carbon gain was calculated by A x LA to

determine if plant compensation to stress was occurring at a physiological

level (photosynthetic rate) or if compensation was due to carbon partitioning

changes to the shoots (LA). Ozone decreased whole plant carbon gain at both

RT treatments; this reduction is due to a decrease in LA and not a change in A
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for plants in 03 treatments (Table 5). Root temperature also slightly decreased

carbon gain, but this difference was not significant (Table 5).

Ozone uptake on a whole plant basis was greater for plants raised in

HRT treatments (Table 5). The effect of RT on whole plant 03 uptake rates is

attributable to a change in LA and not gs.

Table 5. Treatment means for stomatal conductance, g; 03 uptake by the leaf,
Q03; photosynthesis per leaf, A; leaf area per plant, LA; leaf number
per plant, LN; whole plant 03 uptake, WP Q03; whole plant carbon
gain, WP CG. Like letters indicate no statistical difference between
means within a row (p < 0.05 ).

03, 13 °C No 03, 13 °C 03, 18 °C No 03, 18 °C

gs 0.180 a 0.287 a 0.189 a 0.240 a

Q03 6.74 a 7.07 a

A 7.01 a,b 9.92b 5.73 a 10.15b

LA 0.227 a 0.734 b 0.390 a 0.934 b

LN 10.30 a 16.19 ab 14.19 ab 18.95 b

WP Q03 1.53 a 2.76 a

WP CG 1.68 a 7.22 b 2.21 a 9.46 b

gs = mol
Q03 = nmol m-2 s1
A = mmol m-2 s-1
LA = ni?
WP Q03 = nmol s-1
WP CG = 1=01 s'
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Discussion

Root temperature modifies plant responses to Oa

Ozone reduced biomass at both root temperatures for RCB. Other

studies with Brassica have also shown an 03-induced decrease in biomass of

about 12% (Adaros et al., 1991; Hassan et al., 1995), but in this study, 03

reduced plant growth in the low root temperature treatments by 57% and by

67% in the high root temperature treatment. Rapid-cycling Brassica may be

more affected by 03 than other members of the Brassicaceae because this plant

may not have the capacity to respond to stress by partitioning resources from

other parts of the plant. The combined effects of low root temperature and 03

resulted in the smallest plant dry weight and smallest plant shoots, roots and

fruits.

Root temperature also modified the effect of 03 on photosynthetic rate.

Plants raised with 03 and high root temperatures had lower mean

photosynthetic rates than plants in other treatments. Ozone is known to

decrease photosynthetic rates (reviewed in Darrall, 1989), and low root

temperatures have also been shown to decrease photosynthetic rates. In

yellow cedar, CO2 assimilation rates (A) declined as root temperatures were

decreased from 25 °C to 0 °C (Grossnickle & Russell, 1991). A study with

wheat showed a similar decline in leaf area, photosynthetic rate and

conductance with decreasing root temperature from 23 °C to 3 °C (AL-

Hamdani et al., 1990). In both of these studies the root temperature was much
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lower than the 13 °C root temperature in the present study. In this

experiment, root temperature did not effect conductance or photosynthetic

rate, but low root temperature did slightly decrease leaf area, though this

decrease was not significant. Within the 03 treated plants, leaf areas were

higher for plants raised in high root temperatures, which may explain an

observed increase in 03 uptake (Table 5). This increase in 03 uptake is a

probable cause for reducing photosynthesis for plants in 03 and high root

temperatures.

Carbon partitioning

Previous studies with Brassica also indicate that low root temperatures

result in whole plant carbon partitioning changes that reduce shoot biomass

(Kaeperska & Szaniawski, 1993). Ozone caused a trend toward whole plant

carbon partition change to above ground growth, although this trend was not

significant as shown by results of root to shoot ratios. Within both root

temperature treatments, the presence of 03 resulted in smaller root weights,

though this difference was only statistically significant in the high root

temperature treatments. Plants in the high root temperatures and 03 may

have partitioned less carbon to the roots to compensate for 03-induced

damages to the shoot. Plants in low root temperatures may not have

partitioned more carbon to above-ground growth because decreased root

temperature generally enhances carbon partitioning to below-ground growth

(Kaeperska & Szaniawski, 1993). Ozone generally reduces root to shoot ratios
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(Winner, 1994); this study showed a trend toward lower root to shoot ratios in

the presence of 03, but this trend was not significant. A previous study with

seedlings of beech and spruce also reported no changes in root to shoot ratios

in the presence of 03 (Braun & Fliickiger, 1995). Studies with seedlings may

not show 03-induced changes in root to shoot ratio because young plants are

already shifted heavily towards increased shoot growth to reach sunlight.

One reason that the root to shoot ratio was not decreased by 03 in RCB may be

due to qualities selected for in this species. Because this species has been

selected for a rapid life cycle, plants may have to allocate more resources to

the shoot in order to produce fruits quickly. If this is the case, RCB plants may

not be able to compensate to 03-induced stress to the shoots because the root

to shoot ratio of these plants is already greatly reduced.

Root temperature affected carbon gain less than did 03. In general, low

root temperatures resulted in smaller plants, but this difference was greater in

the presence of 03. Because plants raised in both 03 and low root

temperatures had the lowest biomass of all treatments, plants may be able to

compensate for either 03 or low root temperature via changed patterns in

carbon partitioning; but, in the presence of 03 and low root temperature,

plants cannot compensate and overall biomass declines.

Reproductive output

Fruiting onset began two days later for plants in 03 and low root

temperatures. Because low root temperatures slow photosynthate
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translocation (AL Hamdani, et al., 1990) and xylem transport (Engles et al.,

1992), whole plant metabolism may have also been slowed. Plants raised in

03 may have gained less carbon than plants raised without 03 because of the

03-induced reduction in photosynthesis, although this reduction was not

statistically significant (Table 5). The combination of reduced carbon gain and

slowed metabolism may explain why plants with low root temperatures and

03 fruited two days later than plants in other treatments.

Within each root temperature, 03 reduced fruit number, though this

difference was not statistically significant. Ozone caused an increase in bud

abortion and abscission in Brassica napus L. (Bosac et al., 1994). Within each

03 treatment, low root temperature treatments also showed fewer fruits,

though this treatment (03 and low root temperature) was only statistically

lower than the plant raised in high root temperatures without 03. Low root

temperatures have been shown to decrease nutrient uptake in snapdragon

and tomato (Hood & Mills, 1994; Tindall et al., 1990). Brassica may also have

slower nutrient uptake in response to lower root temperatures. The

combination of reduced reproductive sites and the possibility of slower

nutrient uptake may explain fewer fruit numbers for plants raised with 03

and low root temperatures when compared to fruit numbers for plants raised

without 03 and high root temperatures.

These studies indicate that 03 may have a very large effect on the

growth, biomass, and reproductive output of a plant like RCB, which lacks a

carbon storage organ. The 03-induced effect may be even more dramatic
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when plants are exposed to low root temperatures (spring and fall). Rapid-

cycling Brassica cannot indicate how plants may respond to 03 and root

temperature over a long growing season or over many growing seasons.

Future research should include studies with perennials and woody species.
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Chapter 4

Conclusion

Radish and rapid-cycling Brassica showed similar responses to 03 and

root temperature. Both species generally showed decreased total biomass in

response to 03 and low root temperature independently. The combination of

low root temperature and 03 resulted in the smallest plants for both radish

and RCB. Plants grown in either the 03 and high root temperature treatment

or the no 03 and low root temperature were intermediate in growth; and,

generally, these two treatment groups did not statistically differ. Plants grown

in the high root temperature and no 03 treatment had higher biomass than

all other treatments, though the statistically significance of this result varied.

These results suggest that plants can compensate for one stress (03 or low root

temperature), but the combination of these stresses reduces plant growth,

indicating that plant biomass may be more sensitive to 03 when soil

temperatures are low, in the early spring or late fall.

Reproductive output in RCB was also hindered by 03 and low root

temperature. Ozone delayed onset of fruiting for plants raised in low root

temperatures. Plants in 03 showed significantly lower fruit weights than

plants grown without 03. Although 03 did lower fruit number, this

difference was only significant between the low root temperature and 03

treatment and the high root temperature without 03 treatment. Low root

temperature within each 03 treatment did decrease fruit number and fruit
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weight, but these differences were not statistically significant. These results

suggest that plant fecundity may be reduced by 03 when soil temperatures are

low.

Plant physiology was affected most in the 03 and increased root

temperature treatment. Although stomatal conductance and internal CO2

levels remained relatively constant in both species, photosynthesis levels

were decreased for plants raised in 03 and high root temperatures for both

species, although this difference was only statistically lower in radish. Low

root temperature only decreased photosynthesis slightly in the presence of 03

for RCB, but this result was not statistically significant. In radish, 03 had no

effect on photosynthesis for plants raised in the low root temperature

treatments. An increase in 03 uptake was a probable cause for decreased

photosynthesis in the 03 and high root temperature treatments.

Carbon partitioning and 03 uptake

Whole plant carbon partitioning changed in response to both root

temperature and 03. Radish was more affected by root temperature than by

03. Radish plants raised in low root temperatures had slightly smaller

hypocotyls and roots (below-ground structures) than those raised in high root

temperatures, although differences were not statistically significant. Radish

plants raised in 03 showed a trend towards lower root to shoot ratios than

plants grown without 03, indicating that plants in 03 showed carbon

partitioning changes that resulted in increased shoot growth.
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Rapid-cycling Brassica showed a greater response to 03 than to root

temperature. Ozone caused RCB plants to have smaller shoots; root weights

were reduced by 03 only in the high root temperature treatments. Smaller

shoots without smaller roots in the low root temperaute treatments might

have caused a change in root to shoot ratios. However, because root to shoot

ratios remained the same throughout the treatments, perhaps RCB plants are

unable to compensate to stress through carbon partitioning changes. High

root temperatures increased above-ground growth and plants in this

treatment showed larger leaf areas, regardless of 03 presence.

In both species, high root temperature tended to increased leaf area,

though this trend was only statistically significant for radish in the presence

of 03. Increased leaf area most likely caused the slight increases in both carbon

gain and 03 uptake for plants grown in the high root temperatures. The

increase in 03 uptake is a probable cause of a trend toward decreased

photosynthesis for plants in the high root temperature and 03 treatments.

Although plants raised in the 03 and high root temperature treatments did

not show reduced dry weights, these results indicate that a decrease in

photosynthesis could reduce biomass in plants with longer growing seasons.

03 and root temperature in an ecological context

Root temperatures will be lowest in the early spring and late fall when

soil temperatures are low. Soil temperature is also influenced by wind speed,

albedo, canopy cover, cloud cover, hydrology and humidity. Because these
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factors will change throughout the growing season, soil temperatures can be

low even when air temperatures are high. This study indicates that plants

may be more susceptible to 03 when soil temperatures are low. Because fruit

production was also affected by 03 and low root temperature, reproductive

output may be affected throughout the growing season, whenever soil

temperatures are low.

This study investigated two species with relatively short life cycles.

Because 03 and high root temperatures increased 03 uptake and reduced

photosynthesis, plants with longer growing cycles could become more

damaged by 03 and high root temperatures over time. In both radish and

RCB, 03 caused a trend toward carbon partitioning changes that resulted in

increased shoot weight compared to root weight. If adequate soil nutrients

and water are not available, plants in 03 will have fewer below-ground

resources to obtain nutrients and water.

Comparison of species responses

Radish may have been better able to compensate to decreased root

temperature and 03 because of the hypocotyl, which is found in radish but not

in RCB. Ozone damages were larger in RCB, but radish may have used the

hypocotyl as a carbon source for changes in carbon partitioning. The

hypocotyl in radish may have served as a buffer to 03 damage in the leaves

that may have caused a decrease in carbon fixation.
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Because RCB has been selected to grow from seed to fruit in five weeks,

these plants may already put more resources into above-ground growth.

Such rapid above-ground growth may suggest that RCB already have a very

low root to shoot ratio. With an already low root to shoot ratio, RCB may not

be able to partition extra carbon to the roots to compensate for decreased

photosynthates there which result from decreased photosynthate production

in the shoot. Because RCB may lack compensation ability, these plants may

be more susceptible to 03 than plants that have a carbon storage organ, such as

radish.

Future Research

These studies with radish and RCB show that plant growth and

production are inhibited more by 03 in the presence of low root temperatures;

however, plant physiology, specifically photosynthesis, was inhibited more by

03 in the presence of warm root temperatures. Although there was no

correlation between reduced photosynthesis and reduced dry weight, these

results may be different in species with longer growth cycles. Research with

high root temperatures and 03 on woody species and herbaceous perennials

may show a correlation between reduced photosynthesis and 03 over time.

These experiments both took place in controlled environment

chambers so responses to stresses could be clarified, but these chambers also

provided plants with water and nutrient abilities that are generally higher

than those in the field. Because high root temperature plants in 03 had
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greater shoot growth, the root growth over time could be decreased so as to

limit water and nutrient uptake. Future studies with modified nutrient and

water availability added to the stresses of 03 and high root temperature may

provide more answers about the growth of plants in response to these

changing stresses. Such studies could also take place in the field to determine

responses of field grown plants to 03 and high root temperature. These

stresses may also change competition between species in specific ecosystems

and these changes would be best studied in field experiments.
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