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Abstract

The potential impact of an increase in solar ultraviolet-B (UV-B) radiation due to human activity on higher plants has been
the subject of many studies. Little work has been carried out so far on cotton responses to enhanced UV-B radiation. The
objective of this study was to determine whether or not the current and projected increases in UV-B levels affect cotton growth
and development, and to quantify and develop UV-B radiation functional algorithms that can be used in simulation models.
Two experiments were conducted during the summer of 2001 using sunlit plant growth chambers in a wide range of UV-B
radiations under optimal growing conditions. Leaves exposed to UV-B radiation developed chlorotic and necrotic patches
depending on the intensity and length of exposure. Along with changes in visible morphology, cotton canopy photosynthesis
declined with increased UV-B radiation. The decline in canopy photosynthesis was partly due to loss of photosynthetic
pigments and UV-B-induced decay of leaf-level photosynthetic efficiency (maximum photosynthesis) and capacity (quantum
yield) as the leaves aged. The total leaf area was less due to smaller leaves and fewer leaves per plant. Less plant height wa:s
closely related to a shorter average internode length rather than a fewer mainstem nodes. The UV-B did not affect cotton major
developmental events such as time taken to square, time to flower, and leaf addition rates on the mainstem. Lower biomass
was closely related to both smaller leaf area and lower photosynthesis. The critical limit, defined as 90% of optimum or the
control, for stem elongation was lower (8.7 k3frper day UV-B) than the critical limit for leaf expansion (11.2 kdfper
day UV-B), indicating that stem elongation was more sensitive to UV-B than leaf expansion. The critical limits for canopy
photosynthesis and total dry weight were 7 and 7.3k3 per day, respectively. The identified UV-B-specific indices for
stem and leaf growth and photosynthesis parameters may be incorporated into cotton simulation models such as GOSSYM
to predict yields under present and future climatic conditions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction present-day anthropogenic activities are clearly caus-

ing major changes in the atmospheric chemistry and
Global climate is the result of a complex system climate. The concentration of carbon dioxide ([&)D

of atmospheric processes and their products. Past andn the atmosphere has increased by more than 28%
since the beginning of the Industrial Revolution mainly
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gases in the atmosphere indicate that $C€uld in- plant sensitivities to UV-B radiation differ among
crease from current levels of approximately 3601 species and cultivars within a species; however, little
to between 540 and 97011 by the end of the 21st  is known about the responses of cott@®ogsypium
century Houghton et al., 2001 Furthermore, global  hirsutumL.), a major economic crop grown on over
circulation models (GCMs) project that the increase 32 Mha worldwide and over 5Mha in the United
in global surface air temperature could range from 1.4 States Iittp://www.ers.usda.gov/briefing/cotfon
to 5.8°C because of a projected increase in the con-  Cotton and all other crops cultivated betweer? MO
centrations of all greenhouse gases by the end of theand 40°S latitudes are already experiencing UV-B
21st century. In addition to their contribution to global doses of 2-10kJ it per day depending on location
warming, chloroflurocarbons (CFCs) also deplete the and season htp://www.toms.gsfc.nasa.gov/euy/
earth’s protective stratospheric ozone lay®tolina ery_.uvl.htm). The UV-B radiation is projected to
and Rowland, 1974; Dentener et al., 2DQ2ontinued further increase in the future. It is hypothesized that
depletion of the earth’s stratospheric ozone layer is of current and projected increases in UV-B radiation can
concern as the ozone column is the primary attenuator alter cotton growth and development. An understand-
of solar ultraviolet-B (UV-B) radiation (280-320nm). ing of the effects of solar UV-B radiation on cotton
Reductions in the ozone column have led to substantial would provide information about the causes of
increases in UV-B radiation at earth’s surface with the changes in growth, development, and physiology.
amount dependent on atmospheric and geographic fac-Therefore, the objectives of this study were to exam-
tors (Madronich et al., 1998; WMO, 1995As CFCs ine the effects of enhanced UV-B radiation on cotton
can remain in the upper atmosphere for 40-150 years morphology, phenology, growth, and physiology, and
(Molina and Rowland, 1974it is probable that terres-  to quantify and develop UV-B radiation-specific func-
trial plants will experience increased levels of UV-B tional algorithms that can be used in cotton simulation
for many more years, and stratospherigcrécovery is models.
not expected much before 2018dfmann and Pyle,
1999. Current growth rates however, are slightly neg-
ative for CFC-11 and CFC-11%(inn et al., 200D 2. Materials and methods

The UV-B radiation is readily absorbed by
biomolecules such as amino acids, pigments and nu-2.1. Soil-plant—atmosphere-research (SPAR) units
cleic acids Caldwell and Flint, 1994; Sullivan and
Teramura, 1989 In addition to the intensive investiga- Two experiments were conducted at the Mississippi
tions on growth and physiological responses to UV-B Agriculture and Forestry Experiment Station, Missis-
radiation on many field crops such as beRhdseo- sippi State (3328’'N, 88°47’'W), Mississippi, USA in
lus vulgarisL.) (Deckmyn et al., 1994 maize Zea 2001 using SPAR unitdg. 1). Details of the SPAR
maysL.) (Correia et al., 1998, 1999; Mark and Tevini, unit operation and control have been described by
1996, pea Pisum sativumL.) (Day et al., 1996; Reddy et al. (2001)The SPAR units are located out-

Mepsted et al., 1996 rice (Oryza sativalL.) (Dai doors and use solar radiation as the light source. Tem-
et al., 1992; Teramura et al., 1998oybean Glycine perature and C@can be controlled at predetermined
max (L.) Merr.] (Miller et al., 1994; Sinclair et al.,  set points. Each SPAR unit consists of a steel soil

1990; Teramura et al., 1980sunflower Helianthus bin (1 m deep, 2m long, 0.5 m wide) to accommodate
annuusL.) (Battaglia and Brennen, 20(Gand wheat the root system, and a Plexiglas chamber (2.5m tall,
(Triticum aestivunt..) (Li et al., 2000; Teramuraetal., 2.0m long, 1.5m wide) to accommodate aerial plant
1990, several reviews have recently summarized the parts, a heating and cooling system, and an environ-
effects and consequences of UV-B radiation on major mental monitoring and control system. The Plexiglas
agricultural and horticultural crops, and nonagricul- allows 97% of the visible solar radiation to pass with-

tural speciesAllen, 1990, 1994; Allen et al., 1998; out spectral variability in absorption and is opaque to

Caldwell et al., 1998; Groth and Krupa, 2000; Krupa solar ultraviolet radiation.

and Kickert, 1989; Teramura and Sullivan, 199%he Air ducts located on the northern side of each

inferences from these studies and reviews are that SPAR unit connect the heating and cooling devices to
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Fig. 1. Naturally lit controlled-environment chambers known as SPAR units used in the study.

each unit. Conditioned air is passed through the plant in each SPAR unit was monitored and adjusted every
canopy with sufficient velocity to cause leaf flutter 10s throughout the day, and maintained within set
(4.7kmh1) and is returned to the air-handling unit points 360+ 10l1~1 during the daylight hours.
just above the soil level. Chilled ethylene glycol is
supplied to the cooling system via several parallel 2.2. Plant culture
solenoid valves that open or close depending on the
cooling requirement. Two electrical resistance heaters Cotton cv. NUuCOTTN 33B, a midseason Upland
provide short pulses of heat, as needed, to fine-tune cotton variety, was used in both the experiments. The
the air temperature. Chamber air temperature,J)ICO  seeds were sown on 4 June 2001 in Experiment | and
and soil watering in each SPAR unit, as well as con- on 1 August 2001 in Experiment Il in the soil bins,
tinuous monitoring of all-important environmental filled with fine sand, of the SPAR units. Each SPAR
and plant gas exchange variables, were controlled unit had three rows of five plants per row, with each
by a dedicated computer system (Digital, Pro 380, row 0.67 m apart. Fifty percent emergence was ob-
Digital Equipment, Maynard). served 5 days after sowing in both experiments.
Temperatures in all units were maintained at Plants were irrigated three times a day with half-
30/22°C (day/night) during the experiments. Air strength Hoagland's nutrient solution delivered at
temperature in each SPAR unit was monitored and 0800, 1200 and 1700 h with an automated, and compu-
adjusted every 10s throughout the day and night and ter-controlled drip system to provide favorable nutrient
maintained within set points 0.5°C. The daytime and water conditions for plant growtkhléwitt, 1953.
temperature was initiated at sunrise and returned to Variable-density shade cloths placed around the edges
the nighttime temperature 1 h after sunset. The{[CO of plants at emergence were adjusted regularly to
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match plant heights, simulating the presence of other daily doses of biologically effective UV-B during the

plants and eliminating the need for border plants.

2.3. UV-B radiation treatments

In Experiment I, five UV-B radiation treatments,
zero (control, no UV-B), and a total daily dose
of biologically effective UV-B radiation of 4, 8,
12 and 16kJm? were imposed soon after emer-
gence. In Experiment Il, three UV-B treatments of
zero (control, no UV-B), and two total daily doses
of biologically effective UV-B radiation of 8 and
16kJnT2 per day were imposed from emergence
as in Experiment I. The UV-B doses imposed in
Experiment | simulated 5, 10, 15 and 30% deple-
tion of stratospheric ozonéiadronich et al., 1998
The 8kJnt?2 per day treatment is near natural solar
UV-B levels during June—July months in Mississippi
(http://www.toms.gsfc.nasa.gov/ety/ery.uvl.htmi
http://www.uvb.nrel.colostate.edu/UVB/ Although
the square-wave UV-B supplementation systems in
controlled environments provide disproportionate
spectral conditions on cloudy days, they are partic-
ularly useful for quantifying the growth and devel-
opmental responses of plants to allow modeling the
impact of UV-B without the interacting effects of
other variables.

In both experiments, UV-B radiation was delivered
to plants for 8 h from 0800 to 1600 h by UV-313 lamps
(Q-Panel Company, Cleveland, OH) driven by 40 W
dimming ballasts. To filter UV-C radiationr<280 nm),
the lamps were wrapped with solarized 0.07 mm cel-
lulose diacetate (CA) film (JCS Industries Inc., La Mi-

rada, CA). The CA on the lamps was changed at reg-

ular intervals to account for the degradation of the CA
properties. Eight UV-B lamps were arranged on the
aluminum frame to provide a uniform UV-B radiation
over the canopy. The UV-B energy delivered at the top
of the plant canopy was checked daily with a UVX
digital radiometer (UVP Inc., San Gabriel, CA) and
calibrated against an Optronic Laboratory (Orlando,
FL) Model 754 Spectroradiometer, which was used to
initially quantify lamp output. The lamp power was

experiments were.844-0.03, 7.81+0.04, 1164+0.08
and 1529 + 0.12kJ nT2 per day for the intended 4,
8, 12 and 16 kJm? per day UV-B radiation treat-
ments, respectively in Experiment | and63 £+ 0.05
and 1519 + 0.08 kJ nT2 per day for the intended 8
and 16 kJ m? per day UV-B treatments, respectively
in Experiment II.

2.4. Growth and developmental measurements

Nodes were counted and plant heights were mea-
sured on nine plants from the three rows (three plants
per row) in each unit at 3-day intervals. Daily obser-
vations were made for appearance of first square and
first flower. Leaf lengths were measured on all expand-
ing mainstem leaves at 3-day intervals on nine plants.
The leaf length measurements were subsequently
converted to leaf areas by developing a relationship
between the lengths of different leaves and leaf areas
measured using the LI-3100 leaf area meter (LI-COR
Inc., Lincoln, NE). The leaf area was calculated us-
ing the equationA = 7.4585— 0.1688L + 0.097L2
(R? = 0.99), whereA is the area in crhandL the
length in mm.

Final harvest was carried out 43 days after emer-
gence (DAE) in Experiment | and 66 DAE in Ex-
periment Il. The harvested plants were separated into
different plant components, dried to constant weight
and weighed to determine biomass. Bolls and squares
were counted at the end of the study in both experi-
ments.

2.5. Leaf photosynthesis

In the second experiment, net photosynthetic rates
(Pn) of the uppermost, fully expanded mainstem
leaves from five plants in each treatment were mea-
sured between 1000 and 1200h using a LI-6400
portable photosynthesis system (LI-COR Inc., Lin-
coln, NE) at regular intervals starting 20 DAE. When
measuringPy, the photosynthetic photon flux density
(PPFD), provided by a 6400-02 LED light source,

adjusted, as needed at 1000 h to maintain the respecwas set to 150pmolm2s~1. The temperature in

tive UV-B radiation levels. The distance from lamps
to the top of plants was always maintained at 0.5m
throughout the experiment. In the control units, unil-

the leaf cuvette was set to 3@, and [CQ] was set to
360ul1-1. In addition to the temporal trends in leaf
photosynthesis measurements, photosynthetic light

luminated bulbs with frame were placed. The average responses were measured at 38 DAE.
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To determine the influence of UV-B radiation on a quadratic equation, and canopy photosynthesis, ex-
leaf aging, leaf maximum net photosynthesis was pressed as mgGOn—2s-1, at 120Qumolm2s1
measured at 1500molm=—2s-1 from three leaves = PPFD was estimated from the light response curves
from three different plants starting from 5 days after during the last 10 days in each of the experiment.
leaf unfolding. The measurements were continued for
35 days. Photosynthetic light response curves were 2.7. Analysis of data
also generated 24 days after leaf unfolding in each
treatment. Quantum yield was determined from the  Statistical analysis was conducted by using analysis
initial slope of the light response curves when the light of variance (ANOVA) proceduresS@AS Institute Inc.,

was limiting and expressed asmol CO, wmol~! 1997. The least significant difference (LSD) tests at

photon. P = 0.05 were employed to distinguish among treat-
ments for the growth and physiological parameters

2.6. Canopy photosynthesis measured in the study. The standard errors of each

mean were also calculated and presented in the graphs

In both experiments, canopy photosynthesis was and tables as error bars. Regression analysis was car-
measured employing a mass balance approach in eactried out for determining the UV-B radiation indices
chamber throughout the experimerReddy et al., for various growth and developmental proces&53
1995; Acock et al., 1985 Each SPAR growth cham-  Institute Inc., 199Y.
ber and a fan-coil box formed a semi-closed system
for the measurement of GOfluxes. The Plexiglas
chamber containing the plants, ducts, and cooling 3. Resultsand discussion
system was sealed. The [GOwithin a SPAR unit
was monitored at 10s intervals and controlled at 3.1. Photosynthetic light response curves
predetermined levels. An absolute infrared gas an-
alyzer, calibrated weekly, was used to monitor and  Measuring and analyzing the functional responses
control [C] to within 10wl CO, 171 air of the set of CO, assimilation to light allow one to assess the
point. Commercial grade COwas injected through  influence of UV-B radiation on photosynthetic dam-
a system including a pressure regulator, solenoid age. The light response curves on the topmost, fully
and needle valves, and a calibrated flowmeter. The expanded leaves on the mainstem indicated a 60%
flowmeters were calibrated with a Brooks'’s gas dis- decrease in net photosynthesiB,) in 16 kJn1?2
placement apparatus at the beginning and at the endper day (high) UV-B treatment compared to the
of each experiment. The time intervals during which control Fig. 2A). Photosynthetic rate saturated at
the solenoid valves opened were monitored by the a lower light intensity at the high UV-B radiation
computer indicating the amount of gas injected. Car- treatment, approximately 10@dnolm—2s-1 PPFD.
bon dioxide flow rates were recorded three times a However there was not a significan® & 0.05) dif-
day and converted into mass quantity using gas cor- ference between the control and the 8kJPnper
rections for temperature and pressure. A leakage testday of UV-B treatments, ané, saturated at about
was performed each night to derive a correction fac- 1700umolm=2s~1 PPFD in both the treatments
tor for losses of CQ from the chamberAcock and (Fig. 2A).
Acock, 1989. All CO; exchange rate data were ob-
tained every 10s and integrated over 900 s intervals 3.2. Temporal photosynthesis trends
throughout the day-lit period. The corresponding in-
cident PPFD was also measured by monitoring with  The daily effects of UV-B radiation and cumulative
a 200 SB pyranometer (LI-COR Inc., Lincoln, NE) dose response on leaf gas exchange can be readily
and summarized with a data acquisition system at seen inFig. 2B. Temporal trends d®,, of the topmost,
900s intervals. Data for canopy net g@xchange  fully expanded leaves on the mainstem, measured at
rates P,) were summarized over the same time in- 1500pmolm—2s~1 PPFD, indicated no significant
tervals. The curves dP, vs. PPFD were fitted with (P > 0.05) differences between the control and the
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. 60 . Based on the fact that higher UV-B radiation low-
c,uz 501" gtj (A) | ers the light utilization efficiencyHig. 2A), maximum
S photosynthesisHig. 2B) and conductanceF{g. 2C),
£ it is concluded that higher UV-B radiation (16 k3 f
g per day) has both direct and indirect effects on cotton
£ leaf photosynthesis. Similar reductions in photosyn-
> thesis were observed in other crop species such as soy-
i‘é bean Yu et al., 198) and rice Teramura et al., 1990
T 40 . . . . Nogues et al. (1999Iso reached a similar conclusion
0 500 1000 1500 2000 that there is a direct effect of UV-B radiation on stom-
PPFD 2 -1 atal conductance in addition to that caused by changes
- ,pymolm “ s . . ..
@ g _ ' ' i ' . in mesophyll photosynthesis of pea, Asiatic dayflower
'«_E ®) (Commelina communls), and oilseed rapeBfassica
240} . napusL.) plants. Decreased leaf photosynthesis and
= stomatal conductance were not associated with inter-
g T W 1 cellular [COy] (C;) (Table 1. Therefore, elevation of
£ 5l | C; is indirect evidence that mesophyll photosynthetic
§ w capacity was reduced. This is also evident from lower
S 10} 1 light utilization efficiency in the higher UV-B radi-
o ation treated plants compared to the plants without
_ o YT ‘ ‘ ’ ' - ] the UV-B radiation treatment. Factors limiting cotton:
A:,w 15| —— 8k © | leaf photosynthesis may be associated with changes in
E " —oe 15kl activities of enzymes involved in carbon assimilation
g or the capacity for regeneration of RuBRigka and
61'0 I Teramura, 1992; Allen et al., 1997lthough we did
% not investigate these physiological processes. Other in-
Gos5¢| w T vestigations in similar studies have indicated that high
g UV-B radiation caused the loss of RuBP regeneration
©0.0 ; ; : : ; ; (Ziska and Teramura, 1992Rubisco Allen et al.,
0 10 20 30 40 50 60 70

1997 or PSIlI damageCorreia et al., 1999in several
Days after Emergence other species.

Fig. 2. Influence of (A) UV-B radiation and PPFD on cotton
photosynthetic light response curves of topmost, fully expanded
leaves on the mainstem, and temporal trends of (B) photosynthesis
and (C) stomatal conductance measured at 1366lm2s! To study age and photosynthesis relationships, leaf
PPFD of the same leaves. Each vertical bar indicat&sE. of gas exchange measurements were monitored on 10th
five observations (Experiment II). leaf on the mainstem from 5 to 35 days after leaf un-
folding (Fig. 3A and B). Averaged across measure-
ment days, there was 72% lower photosynthesis in
8kJ n2 per day UV-B treatment similar to the ob- the high UV-B treated plants compared to the con-
servations from the light response curves. Stomatal trol. The slopes appear similar over timeid. 3B).
conductance followed similar declines as that of the Therefore, the leaP, decreased as plants aged. Pho-
P, rates of topmost, fully expanded leavésg. 2C). tosynthetic rate saturated at a much lower light level,
At the high UV-B treatment, there was significantly 400umolm—2s~1 PPFD, compared to the light satu-
(P < 0.05) lowerP,, and stomatal conductance, 43% ration observed for the control and 8 k3 fnper day
compared to the controF{g. 2B and C). Intercellular UV-B treatments. Similar to the topmost, fully ex-
CO, concentration, on the other hand, did not differ panded leaf measurements, there was no significant
among the UV-B treatment3dble J. difference between the control and the 8 kFnper

3.3. Photosynthesis and leaf age relationships
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Table 1

255

Effects of UV-B radiation on leaf photosynthesjsnfol m—2s~1), stomatal conductance (molths™1), internal CQ concentration g1 ~1)

and light-use efficiencypmol CO, wmol~! photon}t

Parameter UV-B radiation (kJ™ per day)

0 8 16
Photosynthesis 30.18 0.90 & 28.80+ 0.50 a 17.30+ 1.12 b
Conductance 0.9& 0.10 a 0.90+ 0.10 a 0.50+ 0.10 b
Internal CQ concentration 259.68- 7.10 a 264.70+ 7.40 a 271.70+ 6.10 a
Light-use efficiency 0.16t 0.00 a 0.10+ 0.00 a 0.03+£ 0.00 b

aThe light-use efficiency was estimated from the leaf-level light response curves on the topmost fully expanded cotton leaves.
b Means with the same letter within a row are not significantly differght-(0.05).

day UV-B radiation treatment, and saturation occurred

approximately at 150@mol m—2s~1 PPFD Fig. 3A).
Quantum yields determined from the initial slope

of the light response curves under light limited con-

w
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Fig. 3. Influence of (A) UV-B radiation and PPFD on cotton leaf
photosynthetic light responses of leaf 10 on the mainstem, 24 days
after leaf unfolding, and (B) temporal trends in photosynthesis
of the same leaf. Each bar indicatésS.E. of five observations
(Experiment II).

ditions, showed a decline in plants grown with the
high UV-B radiation (0.032.mol CO, wmol~! pho-
ton) similar to maximum photosynthesiBi{ax). The
quantum yields however, were not significantly differ-
ent between the control and the 8 kJ%per day UV-B
treatments (0.06@8mol CO, umol~! photon for the
control and 0.062mol CO, wmol~! photon for the
8kJ nT2 per day UV-B).

The temporal trends oP, at 1500umolm—2s-1
PPFD for the 10th mainstem leaf indicated tRafax
increased up to 15 days of leaf unfolding in the con-
trol plants and 10 days after leaf unfolding in the
8kJ nT2 per day UV-B treatment, and then declined
linearly as leaves aged-ig. 3B). However, photo-
synthetic capacity in the high (16 kJTh per day)
UV-B treated plants showed a continuous and sub-
stantial decline with age from 5 days after leaf un-
folding. Thirty days after leaf unfoldind?, declined
to half of maximum capacity for the control and the
8kJ nT2 per day UV-B treatment and to one third of
the maximum for the 16 kJnf per day UV-B treat-
ment Fig. 3B). Decline in photosynthetic capacity and
efficiency with leaf age irrespective of the light envi-
ronment in which they were grown was observed in
cotton bySassenrath-Cole et al. (19%jnilar to the
results observed in this study. The rate and extent of
decay ofPmax and capacity (quantum yield) with high
UV-B radiation indicated an alteration and deteriora-
tion of physiological function associated with carbon
assimilation as the leaves aged.

3.4. Canopy photosynthesis

To study the overall effect of UV-B radiation on
photosynthesis, canopy-level net photosynthesis was
measured in both experiments and presenté&dgs. 4
and 5 Cotton canopies grown continuously in elevated
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Fig. 4. Effects of UV-B on cotton canopy photosynthesis. (A) Fig. 5. Effects of UV-B on cotton canopy photosynthesis. (A)
Light response curves and (B) means of photosynthesis rate for Light response curves and (B) mean of photosynthesis rate for
10 days at the end of the Experiment | estimated from the light 10 days at the end of the Experiment Il estimated from the light
response curves at 12@nolm=2s-1 PPFD. The regression lines  response curves at 12finol m~2s~! PPFD. The regression lines
were estimated by quadratic fit of the 900s data points collected were estimated by quadratic fit of the 900s data points collected
throughout the day for each treatment. For clarity, individual points throughout the day for each treatment. Each vertical bar in (B)
are presented only for 0, 8 and 16 kJ of UV-B treatments in (A) indicates+ S.E. of 10 observations (Experiment II).
and each vertical bar in (B) indicatesS.E. of 10 observations
(Experiment ). and 5B. Such an analysis allows one to estimate the
rates of canopy photosynthesis daily and they can be
UV-B radiation responded to increases in PPFD expressed as a function of UV-B treatment. Although,
with smaller increases in the rates of photosynthesis the absolute rates of canopy photosynthesis were dif-
(Figs. 4A and 5A. Both the initial slopes of the light  ferent due to age of the canopy in those respective ex-
response curves and the asymptotes were lower inperiments, the trends were similar in both experiments
plant canopies grown in elevated UV-B radiation. in response to UV-B radiation, and declined quadrat-
That result was similar to the leaf-level photosynthesis ically with increases in UV-B radiation.
responses to increasing PPFD. In Experiment |, there was a 46% decline in canopy
From these light responses curves, canopy photo- photosynthesis at the 16 kJthper day UV-B radia-
synthesis was estimated from the daily light response tion treatment and 65% decline in Experiment Il com-
curves at 120mol m—2s~1 PPFD in both the exper-  pared to the respective controls. The difference in the
iments, and correlated with UV-B radiatioRigs. 4B extent of damage to canopy photosynthesis in the two
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experiments was due to ages of the canopies at the 70 10

time of measurements. In Experiment |, the canopies  ¢o| 5 parere power g
were 34-43 DAE, and in Experiment Il, they were @ First Fruiting Node Number 18 s
57-66 DAE when the data were obtained. Unlike the 50t . o > (7
leaf-level net photosynthesis of the topmost fully ex- ¢ 40 —F& —5 - 7 18 E
panded leaves on the mainsteRig, 2B), a 18% de- iK 0 h S
cline in canopy photosynthesis was observed even in 8 14 2
the 8kJ nT2 per day UV-B radiation treatment com- 2071 8 : ° 2
pared to the control. The decline in the rate of canopy 10 + 12 2
photosynthesis indicated some damage to the photo- 0 .

synthesis system, particularly as the leaves aged since 0 4 8 12 16
canopy photosynthesis integrates leaf photosynthetic
capacities of various age groups. It is also consistent
with the evidence that damage to younger leaves be- Fig. 6. Influence of UV-B radiation on reproductive phenology of
comes progressively more severe with age as showncotton, first fruiting branch position on the mainstem, days from
by visual symptomsKig. 8. Canopy photosynthesis emergence to sqqaring and emergence to ﬂowering. The data are
.. . . . means= S.E. of nine observations from each experiment.
was positively and linearly correlated with biomass
accumulation rates (data not shown), indicating that
changes in canopy photosynthesis are being reflectedstructure, and finally biomass production and subse-
in biomass accumulatiorReddy et al. (1989jound quent seed cotton yield. Phenology, study of periodic
from carbon balance estimates that canopy photosyn-biological phenomenaReddy et al., 1997 is the time
thesis summations were in close agreement with struc- between like and unlike events, or the duration of a
tural carbon when adjusted for tissue constituents in- process. Like events include the time intervals between
dicating that canopy photosynthetic rates are more mainstem leaves and branch leaves on a plant. Unlike
likely predictors of dry matter production than photo- events include the intervals between plant emergence
synthetic rates of individual leaves. The decline in the and formation of a flower bud, flower or mature fruit.
photosynthetic capacity may be due to both direct and Duration of a process might include the period be-

indirect effects of UV-B radiation on photosynthesis tween unfolding of leaves and the time required for a

UV-B Radiation, kJ m2 ™!

system as discussed earlier.

The limitations of canopy carbon assimilation with
leaf age under the elevated UV-B radiation due to loss
of individual leaf CQ uptake will have substantial ef-
fects on yield.Landivar et al. (1983)eported that a
decline in canopy photosynthesis, due to loss of in-
dividual leaf photosynthesis, was directly correlated
with lint yield. They suggested that maintaining the
photosynthetic capacity of leaves by an additional 10
days would significantly increase lint yield. Thus, the
UV-B radiation effects on cotton photosynthesis will

leaf or internode to reach maximum size.

The sixth node was the first fruiting node in all
the treatmentsKig. 6). There were no variations
among treatments with respect to days-to-square and
days-to-flower. First square appeared 22 DAE and
the time interval between squaring and flowering
was 25 days. The time required for the formation of
flower buds, and flower in cotton was also not sensi-
tive to UV-B radiation. These results are similar to
the study conducted b$ampson and Cane (1999)
where UV-B did not affect flowering phenology in

have major consequences on growth, development andmeadow foam{imnanthes albd..).

finally yield.

3.5. Effects of UV-B on cotton phenology

If changes in phenological events occur, they will
have major effects on the number of leaves and fruiting
structures produced, and they may influence the sizes
of leaves, internodes and thus overall canopy size and

A leaf was considered emerged when three main
veins were clearly visible. Cotton plants, when grown
at optimum temperature, 30/2€ day and night, pro-
duced a mainstem leaf every 3 daysg. 7) similar
to prior observations for several other cotton cultivars
grown under similar conditionsReddy et al., 1997,
2000. UV-B radiation did not affect either vegeta-
tive development such as mainstem leaf development
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Fig. 7. Influence of UV-B radiation on production of mainstem
cotton nodes: (A) Experiment I; (B) Experiment Il. Each vertical
bar indicatest S.E. of nine observations.

rate, or reproductive development such as the first
fruiting node and time intervals between emergence
to square, emergence to flower and square to flower.
Similar observations were noticed in meadow foam
by Sampson and Cane (199@)dHart et al. (1975)

in several other species, flowering in garden petunia
(Petunia hybridal.), tasseling in maize and heading

Table 2
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in sorghum Sorghum bicolorL.). From our results
and from the published evidence, it is inferred that
the elevated UV-B radiation may not have any effects
on major phenostages such as squaring, flowering and
mainstem leaf addition rates. However, total fruiting
sites producedTables 2 and Bwere reduced due

to insufficient carbohydrate availability in the high
UV-B radiation-grown plantsReddy et al. (2000)e-
ported that carbon demand/supply alters the number
of fruiting sites produced on the branches, thus re-
sulting in variation in the total number of leaves and
fruiting structures.

3.6. Effect of UV-B on cotton morphology

In contrast to the effects of UV-B radiation on pho-
tosynthesis and growth, much less is known about
the foliar injury symptoms of elevated UV-B radia-
tion exposures on crops other than a few morpho-
logical deformations and necrosi&roth and Krupa,
2000. In this study, leaves showed yellowing along the
mid-veins and between the veins in UV-B irradiated
plants. Depending upon the intensity and the length
of exposure to UV-B radiation, these yellow patches
later turned into necrotic regions. These visible dam-
age symptoms were seen much earlier as the UV-B
doses increased. It took about 14 days for symptoms
to appear in the high UV-B treatment, but required
about 25-30 days in the other treatmefig (8). Sim-
ilar results were observed in Experiment Il (data not
shown). Changes in leaf color on exposure to enhanced
UV-B radiation have been reported in other species.
In pea leaves, visible signs such as bronzing of irra-
diated leaves appeared as quickly as 2 days after ex-
posure to UV-B Gtrid and Porra, 1992 Appearance
of black leaf symptom, a leaf disorder in grapétic
vinifera L.), was also observed on exposure to UV-B
(Lang et al., 200D Appearance of the chlorotic and

Effect of UV-B radiation on vegetative and reproductive dry weights and square numbers of cotton plants, 43 DAE in Experiment |

Parameter UV-B radiation (kJ™ per day)

0 4 8 12 16
Total weight (g per plant) 55.4 3.2 & 405+ 24b 428+ 40b 39.3+32b 273+ 19c
Squares (no. per plant) 23D 1.4 ab 189+ 1.4 b 244+ 13 a 20.3+ 2.0 ab 140+ 13 c
Square weight (g per plant) 2802 a 1.0+ 01c 1.4+ 02b 11+ 0.1c 09+ 0.1c

@Means followed by the same letter within a row are not signif

icantly differé@nt (0.05).
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Table 3
Influence of UV-B radiation on vegetative and reproductive dry matter production and boll retention of cotton plants, 66 DAE in Experiment
1l

Parameter UV-B radiation (kJT8 per day)

0 8 16
Total weight (g per plant) 119.6 10.3 & 113.0£ 51 a 371+ 39b
Square weight (g per plant) 2803 a 22+ 01a 1.0+ 02b
Boll weight (g per plant) 18.4- 2.1 a 143+ 14 b 21+ 07c
Retained bolls (no. per plant) 180 0.1 a 15.0+ 0.1 b 50+ 0.1c

2Means followed by the same letter within a row are not significantly differént (0.05).

necrotic patches could be attributed to the decrease insites produced, and plant height extension. Although
leaf chlorophyll content (up to 40%) on exposure to the influence of several environmental and nutritional
UV-B, which is widely reported $mith et al., 2000; aspects on cotton growth and development were ex-

Strid and Porra, 1992; Vu et al., 1981 tensively studiedReddy et al., 1997, 2000the in-
fluence of UV-B radiation on cotton growth processes
3.7. Effects of UV-B on cotton growth has not been studied so far. Therefore, it is useful to

better understand the response of cotton growth and
Plant growth and development plays a pivotal role development to changes in UV-B radiation. Growth
in crop production systems, controlling the production is defined as the increase in length, area, or weight
rate of new leaves, the duration of leaf area expansion of the whole plants or of individual organf¢ddy
of each leaf, the total number of leaves and fruiting et al., 1997. Plant height and leaf area expansions are

UV-B treatment, kJ m-2 d-1

Fig. 8. Foliar symptoms showing the damage caused by UV-B radiation. The cotton leaves were photographed when there were 13-14
leaves on the mainstem (Experiment I). Leaf number is from plant bottom to the top.
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recognized as the basic phenomena of shoot morpho- 120 ; — : ;
genesis and growth. Internodes elevate other organs, 100 I g:zj (A)
particularly leaves for effective interception and cap- —— 8kl
ture of photosynthetically active radiation. £ 80 r—— 12k

Prior studies indicated an inhibition of plant growth = |7°~ 16 kJ
by UV-B in soybean Kramer et al., 1992and Scot 2
pine Pinus sylvestris..) (Fernbach and Mohr, 1992 é 40
In addition, others reported inhibition of plant height & 20 |
and seedling length in pine plants because of UV-B
exposure Tevini and Teramura, 19890ur results in- of
dicate that plants grown in the UV-B-free environment . . . .
were significantly different and taller than plants with 0 10 20 30 40 50
uv-B exposure. There were no S|gn|f|Cam§ 005) Days after Emergence
differences among the 4, 8 and 12kJmper day 200 . . , . .
UV-B treatments with respect to plant height. How- —o— OkJ (B)
ever, the 16 kJm? per day UV-B treatment plants 787 8K |
were significantly £ < 0.05) shorter than the plants ¢ 150 =~ 16kJ
grown in the rest of the UV-B treatments. When plants & 1p5 |
were exposed to 16 kJT per day UV-B levels, there gey 100 |
was a 34% decrease in plant height compared to the %
control, 43 DAE Fig. 9A). For the 8kJ m? per day § 757
UV-B treatment, a 16% decrease in plant height was & 50|
observed compared to the control, 43 DAE. o5 |

In Experiment Il, there was no significant differ-
ence between plants in the control and 8 k¥rper o 10 20 30 40 50 80

day UV-B treatment. However, at the 16 kJfnper
day UV-B, plants were only half the size of the con-
trol plants fig. 9B). A previous study on aheahea Fig. 9. Influence of UV-B radiation on cotton plant height: (A)
and tassel flower, indicates 16 and 12%, respectively, Experiment |; (B) Experiment Il. Each vertical bar indicateS.E.
reduction in plant height when exposed to UV-B ©f nine observations.
(23.1kJ 72 per day,Sullivan et al., 1992 Trends in
plant height differed in both experiments with respect It is reported that UV-B radiation directly interacts
to the 8kJ N2 per day UV-B treatment. In Experi-  with the metabolism of plant growth regulators, such
ment |, the 8kJm? per day UV-B treatment plants as indole acetic acid (IAA) and alters plant growth
were significantly f < 0.05) shorter than those in  (Curry et al., 195%
the control at the end of the experiment. However, in  Ultraviolet-B radiation has been reported to cause
Experiment II, there was no significant difference for a reduction in leaf area in several crops. A significant
the same treatments at the end of the experiment. Thisreduction in leaf area was observed in several horti-
may be due to an increase in duration of exposure in cultural crops such as cucumber and radisavini
Experiment Il. Similar results were seen in loblolly et al., 1983. Also, sunflower Tevini and Teramura,
pine when exposed to UV-B, simulating a 25% de- 1989, pumpkin Cucurbita pepoL.) (Sisson, 198)L
crease in ozone level. The UV-B treated plants were and field crops such as soybedeamura and Murali,
shorter initially, but the plants later recovered in shoot 1986 had less leaf area when exposed to UV-B. In
growth Sullivan and Teramura, 1989 the present study, plants treated with UV-B radiation
In the present study, plant height was less due to had a significantly smaller canopy leaf area. Among
shorter stem internodes. In both experiments, UV-B the 4, 8 and 12 kJ n? per day UV-B treatments, there
had no effect on the number of mainstem nodes per were no statistical differences with regard to mainstem
plant and hence no effect on the node addition rates. leaf area, but they were significantly different from

Days after Emergence
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3000 . - - - as fruits mature. Therefore, if UV-B reduces available
: Sﬁ (A) resources or through some other mechanism causes
o 25001, 8kJ ] lower fruit production comparisons of leaf area growth
S 2000 | 7 12KJ l in response to UV-B may be confounded and mean-
= —o— 16 kJ i i i -
“c ingless. However, comparisons during the vegetative
:, 1500 | - growth period can be meaningful. Similar results were
g observed in a previous study on eggpldrat{mer and
= 1000 - T Mitchell, 1987. They found that leaf area decreased
3 500 - by 16% at 5 days after treatment. However, when ir-
radiated for 12 days, there was no significant decrease
0 . . . . in leaf area. In our experiments, at the high UV-B
20 25 30 35 40 45 radiation, leaf area was reduced significantly (50%)
Days after Emergence compared to the control plants, 66 DAEig. 10B).
4000 : : . : Barnes et al. (199Qkported a reduction in mainstem
3500 L~ OkJ r B leaf area in monocots when exposed to UV-B simu-
- —o— 8kJ lating a 20% decrease in ozone levels. This reduction
E 8000 ] in leaf area can also be attributed to a corresponding
“; 2500 r decrease in the number of leaves under UV-B irra-
S 2000 | diated conditions. A previous study [Ballare et al.
g 1500 | (1996)in long spine thorn apple indicates inhibition of
< ; ..
= leaf expansion by UV-B radiation. Smaller leaf area
g 1000 in plants grown in high UV-B may have also been a
500 r reason for lower canopy photosynthesis. The smaller
0 leaves would allow greater penetration of UV-B into
20 70 the lower canopy. This would result in continued ac-
Days after Emergence celerated aging of the older leaves and to their further

demise Figs. 4 and »

Previous work on the effects of UV-B radiation on
crop growth indicates a reduction in biomass accumu-
lation (Song et al., 1999; Krupa and Kickert, 1989
There was a 51% reduction in total dry matter, 43 DAE
the control and the 16 kJ™ per day UV-B treat- at high UV-B radiation compared to the control in our
ments Fig. 10A). The mainstem leaf area measured, first experiment and a reduction of 64% in the second
43 DAE, was 46% less in the high UV-B treated plants experiment at 66 DAETables 2 and 3 Barnes et al.
compared to the controF{g. 10A and B). Leaf area  (1993)reported a decrease in dry matter production in
responses to UV-B radiation were similar to the reduc- rice when exposed to UV-B, simulating 5% depletion
tions observed in plant height. In Experiment |, leaf in ozone level. The reduction in dry matter production
area of the control plants was significantly greater than was due to a decrease in both leaf area and canopy pho-
plants in the 8 kJ m? per day UV-B treatment. How-  tosynthesis. The decrease was more prominent in fruit
ever, in the second experiment, there was no signifi- dry matter than vegetative dry matter. Seed biomass
cant difference between the control and the 8k¥m  was reduced when black pinBifus contortal..) and
per day UV-B treatment at the end of the experiment, loblolly pine were irradiated with UV-BSullivan and
which may be due to additional time. The extended Teramura, 1980
growth period may have allowed the leaves of UV-B In our second experiment, reproductive dry weights
irradiated plants to expand more completely and par- measured at 66 DAE showed 19 and 85% reductions at
tially catch up with the nonirradiated plants. Cotton the 8 and 16 kJ im? per day UV-B treatments, respec-
plants slowdown and even stop producing new leaves tively, compared to the controlféble 3. This reduc-
during fruit growth, but begin producing new leaves tion in reproductive dry matter was due to a decrease

Fig. 10. Influence of UV-B radiation on cotton mainstem leaf area
development: (A) Experiment I; (B) Experiment Il. Each vertical
bar indicatest S.E. of nine observations.
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in the biomass of squares and bolls; boll biomass de- 1.2

creased by 88% whereas square biomass decreased by o

52% at 66 DAE when exposed to 16 kJfnper day 107 o

UV-B radiation (Table 3. The decrease in fruit dry 6 s a
weight was due to a decrease in the number and size é 08 °© :
of the bolls at high UV-B treatments. Increased fruit = g1 °
abscission observed at the 8 ki%iper day UV-B ra- f

diation treatment seemed to be mainly associated with = 0.4 o Stem Elongation Rate N
changes in leaf net photosynthesis as leaves aged and o Leaf Area Expanson Rate ©
thus lowered canopy photosynthesis resulting in fruit 0.2 4 Canopy Photosynthesis

loss at the 8 kJ P per day UV-B radiation treatment ¢ D‘rymaﬂer . . ‘ .
due to insufficient carbon supply. 0.0 0 4 8 12 16

UV-B Radiation, k m2d”

3.8. UV-B indices for cotton growth processes ) o )
Fig. 11. UV-B radiation indices for various growth processes of

cotton.
To date, quantitative relationships between vari-

ous growth and developmental processes of cotton
as a function of UV-B radiation are not available
for developing models to study current and projected
changes in UV-B radiation and their interactions with
other projected changes in the climaRe@dy et al.,
2002; Doherty et al., 2003 One way to quantify
the effects of UV-B radiation on cotton is to develop
UV-B radiation-specific growth and developmen-
tal indices as proposed bjobel (1991) Potential
growth, development or photosynthesis is defined as
the rate/amount of an individual process that takes
place under optimum environmental conditions with-
out the UV-B radiation. Then, by accounting for
UV-B radiation-specific reduction factors or indices,

All the indices, ranging from O when the given
environment stress is totally limiting that particular
development, growth or photosynthesis process, to 1
when it does not limit that parameter, represent the
fractional limitation due to the UV-B radiation. These
processes decrease as the effect of UV-B radiation
stress becomes more severe. This way, the effects of
UV-B radiation on cotton growth, development and
photosynthesis in a changing UV-B radiation envi-
ronment can be quantified without the interference of
other biotic and environmental stresses when grown
in an essentially stress-free environment. But, more
importantly, the effects of UV-B radiation can be
the effects of UV-B radiation on cotton can be quan- incorpor_ated into a mechanistic moo!e_l that responds

appropriately to environmental conditions and accu-

tified and modeledRig. 11). The corresponding re- ; :
. . . rately predicts cotton responses to weather variables.
gression parameters and coefficients are presented in " D . 0 .
Table 4 The critical limit defined as 90% of optimum or
the control, for stem elongation (8.7 kJfper day
UV-B) was lower than the critical limit for leaf expan-
Table 4 sion (11.2 kJ m? per day UV-B), indicating that stem
Regression parameters and coefficients of various growth and de- elongation was more sensitive to UV-B than leaf ex-
velopmental environmental productivity indices of cotton as af- pansion Fig. 11). The critical limits for canopy photo-
fected by UV-B radiation { = 14 ax+ bx%, wherey is the plant synthesis and total dry Weight were 7 and 7.3k®m
parameter and the UV-B dosage) . .
per day, respectively. A decrease in canopy photosyn-

Plant parameter Regression parameter Detefmiznation thesis was accompanied by a corresponding decrease
coefficient,r

a b in total dry matter indicating the dependence of total
Leaf area expansion 0.0157 —0.0022 0.86 dry matter prOduc.tlon on canopy phOtOSynthesl.& In
Stem elongation 0.0101 —-0.0025 093 general, reproductive dry matter was more sensitive to
Photosynthesis —0.00038 —0.002 0.86 UV-B than vegetative dry matter.
Dry matter —-0.00116 -0.0017  0.81 From the databasd-ig. 11 and Table 4, it seems

accumulation that developing functional algorithms for canopy
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photosynthesis, leaf and stem growth will account for Allen, L.H., 1990. Plant response to rising carbon dioxide and
most of the UV-B effects on cotton growth and de- potential interactions with air pollutants. J. Environ. Qual. 19,
velopment. The major life-cycle reproductive events 1534 _

(Fi 6) were not affected by UV-B. and there is no Allen Jr., L.H., 1994. Plant effects and modeling responses
9. . y ’ to UV-B radiation. In: Biggs, R.H., Joyner, M.E.B.
ne_ed to have any redUC“_O_n factors for those_ events. (eds.), Stratospheric Ozone Depletion/UV-B Radiation in the

It is also true for leaf addition rate on the mainstem, Biosphere. Springer, Berlin, pp. 303-310.

and critical limit for leaf addition rate is 18.1 kJTh Allen, D.J., McKee, |.F., Farage, P.K., Baker, N.R., 1997. Analysis

per day Fig. 7) The UV-B-specific photosynthesis of limitations to CQ assimilation on exposure to leaves of

index will be sufficient to account for fruit loss and two Brassica napusgultivars of UV-B. Plant Cell Environ. 20,

e . 633-640.

dry ma_tter_ partitioning and_ prOdUCt'on as the rates of Allen, D.J., Nogues, S., Baker, N.R., 1998. Ozone depletion

reduction in photosynthesis and total dry matter pro-  and increase in UV-B radiation: Is there a real threat to

duction go hand in hand as UV-B radiation increased.  photosynthesis? J. Exp. Bot. 49, 1775-1788.

The identified UV-B-specific indices for stem and Ballare,C.L., S_copel, AL _Stapleton, AL, Yanovsky, M.J., 1996.

leaf growth. and photosynthesis parameters should Solar ultraviolet-B radiation affects seedling emergence, DNA
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