How substantial are ultraviolet-B supplementation inaccuracies in
experimental square-wave delivery systems?
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Abstract

Square-wave (SQW) ultraviolet-B (UV-B: 280-315 nm) radiation supplementation
systems continue to be used in outdoor experimental locations due to the economically
restrictive installation and maintenance costs, and technical expertise required to
effectively operate more advanced modulated (MOD) delivery systems. However,
continued yet contentious criticisms of SQW delivery systems risk creating prejudices as
to the validity of plant responses measured in these with potentially negative
repercussions on future UV-B experimentation. Consequently, we quantified the
magnitude of UV-B supplementation inaccuracies in our typical outdoor step-wise SQW
delivery system using 7-year records of computer-modeled and instrument-measured
solar UV-B irradiances and synchronous measurements of total solar (300—-3000 nm)
radiation and daily sunshine duration. Both broad-and narrow-band instrument
measurements confirmed that our step-wise SQW delivery system rendered larger total
daily supplemental UV-B exposures (time-integrated UV-B irradiances) than a MOD
delivery system on only substantially overcast days (25% or less daily sunshine duration).
These larger supplemental UV-B exposures were augmented with increased magnitude of
the added artificial UV-B supplement. However, their ranges did not exceed those in a
MOD delivery system by more than 10% for added UV-B supplements of realistic
magnitude (30% or less above background), except on virtually completely overcast days
(5% or less daily sunshine duration). Also, our step-wise SQW delivery system rendered
higher photon flux ratios of UV-B/total solar radiation than a MOD delivery system on
only substantially overcast days, the ranges of which were also augmented with increased
magnitude of the added artificial UV-B supplement. However, these features were
restricted to high solar angles, since with reduced solar angle these higher photon flux
ratios also included progressively less overcast days. Nevertheless, ranges of photon flux
ratio increases were well below reported thresholds inhibiting to plant growth at all solar
angles for the added artificial UV-B supplements of realistic magnitude, except on
virtually completely overcast days. Results point to an under-estimation of clear-sky UV-
B irradiance by the computer-encoded semi-empirical model commonly utilized to
predict background and supplemental UV-B irradiances for SQW delivery systems. They
confirm the superiority of MOD delivery systems in providing more realistic conditions
of UV-B increases but likewise demonstrate little justification on results derived from all
field-based SQW delivery systems as exaggerated where sensible irradiation protocols
and realistic UV-B supplements are applied.
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1. Introduction

Ultraviolet-B (UV-B: 280-315 nm) radiation, though representing only a small
fraction of the total solar electromagnetic spectrum, exerts a disproportionately large
photobiological effect on living organisms due to its absorption by important biological
macromolecules, such as proteins and nucleic acids (Jansen et al., 1998). Stratospheric
ozone is an important attenuator of solar UV-B radiation (Rozema et al., 1999). Reports
of its decline globally, linked to the industrial emissions of chlorofluorocarbons (Fraser
and Prather, 1999), has prompted research into the effects of solar UV-B increases on
agricultural and natural plant ecosystems (Caldwell et al., 1995; Rozema et al., 1997;
Laakso and Huttunen, 1998).

Early research conducted predominantly in growth-chamber and glasshouse
environments did not adequately simulate the overall radiation environment (Teramura,
1983). Subsequent outdoor studies have utilized artificial sun lamps to supplement
background solar UV-B radiation (McLeod, 1997). However, lamp spectral
characteristics do not precisely match the change in solar spectrum caused by ozone
depletion (Caldwell et al., 1986). Because of this feature, and the strong dependency of
photon absorption on wavelength, weighting functions based on action spectra for
specific responses have been advanced to assess the biological effectiveness of both the
UV-B irradiation source and predicted ozone depletion (Rundel, 1983). Uncertainties
surrounding weighting functions include their specificity to a particular biological
response, and limitation to the experimental conditions used to generate the action
spectrum (Coohill, 1991, 1992). Indeed, most analytical action spectra have been
generated from biological responses to monochromatic radiation in the laboratory over
hours. Ideally, spectral responses over extended periods of days, weeks and months to the
full solar spectrum in the field are required to accurately evaluate the relevance of
biological responses to ozone depletion (Flint and Caldwell, 1996).

Apart from these and other qualitative issues, e.g. optical stability of filters used to
create UV-B treatments and controls (Middleton and Teramura, 1993; Do6hring et al.,
1996; Newsham et al., 1996), there are more immediate concerns regarding the
quantitative delivery of desired UV-B radiation in outdoor supplementation systems. The
great majority of field experiments have used square-wave (SQW) delivery systems, in
which lamps provide constant UV-B supplements representing a chosen ozone depletion
scenario for a particular day of the year under assumed clear-sky conditions. Lamp
supplements in such delivery systems are often supplied in a step-wise manner to
compensate partly for diurnal changes in solar zenith angle, and also adjusted for sea-
sonal variations in UV-B radiation. Spectral models provide the required UV-B radiation
supplements for specified geographic locations, times of the year and ozone thickness. A
variety of spectral models covering a multitude of approaches ranging various
approximations of the radiative transfer equation to semi-empirical models have been
advanced (Nunez et al., 1994). One developed by Green and co-workers (Green et al.,



1974, 1980) has the capacity for interpolation and extrapolation to other sets of
environmental conditions (Rundel, 1986). This, with algorithmic revisions (Green, 1983)
has been incorporated into a readily accessible computer program (Bjérn and Murphy,
1985) frequently used by biologists to predict background solar UV-B radiation levels,
and required experimental UV-B supplements to simulate a given stratospheric ozone
depletion scenario on both instantaneous and daily bases.

Modulated (MOD) field irradiation systems have also been developed and employed
by a few laboratories in which UV-B supplements are supplied as proportional
increments to constantly monitored background UV-B conditions (Caldwell et al., 1983;
McLeod, 1997). These delivery systems account for diurnal, seasonal, and cli-mate-
related fluctuations in solar UV-B radiation by maintaining a constant supplemental to
background UV-B ratio, and place relatively less emphasis on computer-modeled
predictions of UV-B irradiance, since background UV-B intensity continuously controls
the incremental UV-B supplement. As a consequence, SQW delivery systems have come
under increased criticism (Sullivan et al., 1994; Allen et al., 1998). The rationale ad-
vanced include semi-empirical model over-estima-tion of the supplementary UV-B
irradiance for a given ozone depletion scenario, and absence of supplemental UV-B
adjustments for local changes in climate, such as variations in the amount and form of
cloud and atmospheric aerosols. These has been argued, invariably lead not only to
greater UV-B supplementation than intended but also to substantially higher total photon
flux ratios of UV-B to UV-A, and photosynthetically active radiation (PAR) than would
naturally occur in response to ozone depletion (Fiscus and Booker, 1995). These ratios
are particularly important in determining how sensitively plants respond to changes in
UV-B (Smith et al., 1992; Caldwell et al., 1994).

Alleged UV-B supplementation excesses in SQW delivery systems, though seemingly
valid from a theoretical perspective are controversial. One 5-month comparison between
a SQW and MOD delivery system indicated that the daily average total UV-B irradiance
received by plants was up to 30% greater in the SQW delivery system (Sullivan et al.,
1994). Mere down regulation of the system to compensate for this increase was
problematic due to difficulties in forecasting constantly changing weather conditions
necessary to adjust SQW systems to give the same daily exposures as MOD systems
resulting in either over-or under-exposure. However, it was also acknowledged that these
estimates, which were based on an admixture of spectroradiometer, broad-band UV-
detector and pyranometer converted measurements, probably represented a worst-case
scenario. Notable in this regard also are conflicting reports on semi-empirical model
precision in predicting UV-B irradiance. Over-estimation of ground level UV-B
irradiance, especially at lower solar angles, has been demonstrated for earlier versions
(Green et al., 1974, 1980) of the semi-em-pirical model (Fiscus and Booker, 1995). How-
ever, later revisions (Green, 1983), computer-encoded by Bjorn and Murphy (1985),
show model deviations from spectroradiometer-mea-sured UV-B irradiance spectra
ranging from 0 to 20% at three different latitudes, though these did exceed a factor of 3 at
300 nm at one location (Bjorn and Murphy, 1985). Another independent study also
demonstrated relatively close correspondence between erythemal-weighted UV-B ir-
radiances predicted with the Bjorn and Murphy (1985) computer-encoded semi-empirical



model and those measured with a broad-band (Robertson—Berger) meter (Booker et al.,
1992).

SQW UV-B supplementation systems continue to be used in outdoor experimental
locations due to the economically restrictive installation and maintenance costs, and
technical expertise required to effectively operate more advanced MOD delivery systems.
However, continued yet contentious criticisms of SQW delivery systems risk creating
prejudices as to the validity of plant responses measured in these with potentially nega-
tive repercussions on future UV-B experimentation. Therefore, it is imperative that the
alleged UV-B delivery inaccuracies associated with SQW supplementation systems are
properly quantified so that realistic judgements of their magnitude can be made and
corrective actions considered.

2. Methods

2.1. Description of monitoring site

The monitoring site was the University of Natal situated in the industrialized coastal
city of Durban (29°58%S; 30°57%E). The site’s subtropical climate is warm and humid,
with a mean annual rainfall of 1018 mm (Climate of South Africa, 1986) averaging 26
mm precipitation and 28% cloud cover during June (midwinter) and 135 mm
precipitation and 65% cloud cover during January (midsummer).

2.2. Modeled solar ultraviolet-B radiation

A freely available computer-encoded semi-em-pirical model (Bjorn and Murphy,
1985) was used to predict clear-sky solar UV-B irradiances in the 280-315 nm range. A
few subroutines were added to this program. These allowed the following:

1. Input of authentic total column ozone values into the program.

2. Automated computation at 10-min intervals for southern hemisphere locations of
absolute UV-B irradiances weighted by the generalized plant response action spectrum
(Caldwell, 1971) as mathematically formulated by Green et al. (1974), and normalized at
300 nm.

3. Time integration of all UV-B irradiance computations into total daily UV-B
exposures using the following formula:

-2 1
Total daily UV-B exposure (kJm d )= 0.06[0.5((to—t;)(Ir+Iry))]

are t—t; were the times (min) between consecutive measuring intervals, and Ir; and Ir,
were the predicted plant-effective UV-B irradiances (W m ?) at the beginning and end of
each measuring interval.

Total column ozone values imputed into the program were obtained from NASA
TOMS instrumentation flown on board the Nimbus 7 (McPeters et al., 1996), Meteor
(Herman et al., 1996), Earth Probe (McPeters et al., 1998) and Adeos (Krueger et al.,
1998) satellites, and also the Global Ozone Monitoring Experiment (GOME) flown on
the ERS-2 satellite (Burrows et al., 1999). Ozone values closest to the Durban location
were extracted from 1° latitude by 1.25° longitude satellite grid data using bilinear
interpolation. Due to the differential satellite orbits, sampling close to local midday was



every 24 h for TOMS and every 72 h for GOME. UV-B irradiance computations used
standard program defaults for an urban environment and ground cover corresponding
with green farmland, which best described the monitoring site surrounds. Barometric
pressure, atmospheric relative humidity and aerosol level inputs into the program were
standardized at 950 mbar, 50% and 1.0, respectively. The modeled solar UV-B
irradiances, with associated times and solar zenith angles, and time-integrated total daily
UV-B exposures covered the 2618-day period from March 1993 to April 2000 with
intermittent gaps (about 935 days in total) due to incomplete satellite ozone coverage.

2.3. Measured solar ultraviolet-B radiation

Measurements of solar UV-B radiation were obtained concurrently with broad-and
narrowband instruments located in an observation tower, which allowed free view to
within a few degrees of the true horizon. The broad-band instrument comprised an
internally temperature-stabilized pyranometer (YES model UV-B1, Yankee
Environmental Systems, Inc. Turners Falls, MA), which records incident UV-B irradi-
ance every 15 s over 2r sr, i.e. with full view of the observable horizon. The instrument’s
analog voltage output, with a cosine response of less than 5% for 0-60° solar zenith
angle, was interfaced with a data logger, which digitized and averaged readings over 10-
min intervals. The averaged readings were downloaded daily to a personal computer,
which computed solar zenith angles, converted analog voltage readings into absolute and
biologically weighted irradiances compliant with the generalized plant action spectrum,
and time-integrated all UV-B irradiance measurements into total daily UV-B exposures.
The solar UV-B irradiance measurements with associated times and solar zenith angles,
and time-integrated total daily UV-B exposures covered the 2618-day period from March
1993 to April 2000 with intermittent gaps (about 455 days in total) due to instrument
performance and calibration checks.

The narrow-band instrument comprised a double monochromator spectroradiometer
(Bentham model DM 150, Bentham Instruments Ltd. Reading, Berkshire, UK) interfaced
with a personal computer. The light sensor was a fiber optic cable, topped by a teflon
diffuser, connected to a temperature-stabilized photomultiplier detector sealed in an
insulated container. The instrument was calibrated monthly for absolute response against
an incandescent lamp (Bentham CL2, Bentham Instruments Ltd.) mounted inside a
baffled cylinder to exclude ambient and reflected lamp light, and simultaneously checked
for wavelength alignment using vapor emission lines from a mercury arc lamp. Scans at 2
nm intervals between 280 and 450 nm were taken daily for every 5° of solar zenith angle.
The spectral irradiance measurements were biologically weighted with the generalized
plant action spectrum, and all weighted UV-B measurements in the range 280-315 nm
time-integrated into total daily UV-B exposures. The UV-B irradiance measurements,
with associated times and solar zenith angles, and time-integrated total daily UV-B
exposures covered the 1277-day period from November 1996 to April 2000 with inter-
mittent gaps (about 173 days in total) due to instrument performance and calibration
checks.

2.4. Measurements of total solar radiation and sunshine duration
Digitized total solar (300-3000 nm) radiation measurements averaged hourly, and



parallel sunshine duration measurements covering the period from March 1993 to April
2000 were supplied by the South African Weather Bureau for a proximal meteorological
station at the Durban International Airport. Measurements of total solar radiation (TSR)
were obtained from a Moll-Goranski thermopile housed in a Kipp and Zonen CM5
pyranometer (Delft, The Netherlands). Parallel sunshine duration measurements were
obtained with a Campbell-Stokes type recorder and expressed as a fraction of total day
length. These were considered a more reliable correlate of UV attenuation than cloud
amount, which exhibits a poor functional dependency on TSR. By implication, this
should also apply to biologically weighted UV-B irradiances, since there are several
reports of similar attenuation by cloud of TSR and UV-B irradiances weighted with the
McKinley and Diffey (1987) reference erythemal action spectrum (Frederick and Steele,
1995; Bodeker and McKenzie, 1996; Thiel et al., 1997). More recent assignment of UV-
irradiation data to distinct cloud forms has yielded satisfactory cubic relationships (Thiel
et al., 1997), but their application was an impractical proposition in this study due to the
general paucity of cloud form records in the meteorological archives.

2.5. Comparison of square-wave and modulated delivery systems

2.5.1. Total daily supplemental ultraviolet-B exposures

Artificial UV-B supplements of different magnitude (10, 20 and 30% above
background) were added to broad-and narrow-band instrument measurements of UV-B
irradiance in accordance with SQW and MOD delivery principles. In the SQW delivery
system, the artificial UV-B supplements added to the instrument measured background
UV-B irradiances were computed from a semi-empirical model and spread over an 8-h
artificial irradiation period centered on the solar noon (12:00 h South African Standard
Time at 30°E). A step-wise irradiation protocol was adopted. Two-thirds of the modeled
UV-B supplement was spread over the 4-h photoperiod centered on the solar noon, with
the remaining one-third spread equally over the two extra 2-h photoperiods at either ends
of the day. In practice, these diurnal UV-B intensity adjustments were achieved by
switching-on greater numbers of lamps in the banks during the solar noon centered
photoperiod than that at either ends of the day. Seasonal UV-B intensity adjustments
were achieved by varying the distance between the lamps and plant apices. In the MOD
delivery system, the added artificial UV-B supplements were merely proportional
increments (10, 20 or 30% above background) of the constantly instrument-monitored
ambient UV-B irradiance. Illustrated step-wise SQW and MOD delivered supplemental
UV-B exposures for completely and slightly overcast days are presented in Fig. 1(A) and
(B). For example, measured background UV-B irradiances on the completely overcast
Julian day 7 of 1998 (sunshine duration 0.7% of day length) integrated over time gave a
total daily UV-B exposure of 4.286 kI m>d™".
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Fig. 1. Instrument measured total solar (300—-3000 nm) and biologically weighted UV-B (280-315 nm)
radiation, and added UV-B supplements of 20% above background levels in accordance with step-wise
SQW and MOD delivery principles under (A) completely overcast (0.7% daily sunshine duration) and (B)
slightly overcast (61% daily sunshine duration) days.

The corresponding total daily UV-B exposure predicted for clear-sky conditions from
the computer-encoded semi-empirical model using the total column ozone record of

-2 -1
0.260 atm cm for this specific date was 8.853 kIJm d . Addition of 20% of the
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predicted total daily UV-B exposure, namely 1.771kJm d (29.509 Wm ),asa
supplement to the instrument measured background UV-B irradiances gave a total daily

supplemental UV-B exposure in the SQW delivery system of 6.057 kJ m d . The
corresponding total daily supplemental UV-B exposure rendered in the MOD delivery

-2 -1
system on this overcast day was 5.144 kIm d (Fig. 1(A)).

Total daily supplemental UV-B exposures rendered by step-wise SQW and MOD
delivery systems were matched with synchronous measurements of daily sunshine
duration expressed as percentages of day length. Exposures were sorted and grouped into
11 incremental sunshine percentage categories in the range 0—100% daily sunshine
duration. Differences between SQW and MOD delivered total daily supplemental UV-B
exposures for each sunshine category were calculated as follows:

% difference = (SQW-MOD)/MOD) « 100 (2)

2.5.2. Photon flux ratios of ultraviolet-B/total solar radiation

Instrument measured UV-B irradiances with their added SQW and MOD UV-B
supplements were synchronized with independent hourly measurements of TSR (Fig.
1(A) and (B)). Photon flux ratios between SQW delivered UV-B and TSR (SQW/TSR)
and MOD delivered UV-B and TSR (MOD/TSR) were computed daily for early morning
(09:00 h), midday (12:00 h) and late afternoon (15:00 h) photoperiods. Over an entire
year, these computed photon flux ratios included the solar angle range 19—84°, with an
average solar angle interval and standard error of 0.0098 9 0.00022°. The computed ratios
were sorted and grouped into five incremental solar angle categories, each covering a
range of 12° solar angle, except for the first category which included a range of 19-36°
solar angle. The ratios were matched with synchronous measurements of daily percentage
sunshine, and further subdivided into 11 incremental daily percentage sunshine cat-
egories. Differences between step-wise SQW and MOD delivered ratios of UV-B/TSR
for each solar angle and daily sunshine percentage category were calculated:

% difference = ((SQW/TSR-MOD/TSR) /MOD/TSR) ¢ 100 3)

2.6. Statistical analyses

Differences between step-wise SQW and MOD delivery systems in total daily
supplemental UV-B exposures provided and photon flux ratios of UV-B/TSR rendered
were tested for normality in distribution. The students t-test was then applied to the
normal data to test the null hypotheses that the mean differences in total daily
supplemental UV-B exposures and photon flux ratios rendered by the two delivery
systems were zero (Bland, 1987).



3. Results
3.1. Comparison of square-wave and modulated delivery systems

3.1.1. Total daily supplemental ultraviolet-B exposures

Both broad-and narrow-band instrument measurements (Table 1) confirmed that our
step-wise SQW delivery system rendered significantly (P 0 0.01) larger total daily
supplemental UV-B exposures than a MOD delivery system on only substantially
overcast days (25% or less daily sunshine duration). These larger supplemental UV-B

Table 1 Differences (%) between SQW and MOD delivered total daily supplemental UV-B
exposures for added UV-B supplements of three different magnitudes measured by broad-and
narrow-band instrumentation

Sunshine duration as Added artificial UV-B Added artificial UV-B Added artificial UV-B Numbers
percentage of
day length supplement 10% above supplement 20% above supplement 30% above measurem
background background background
Mean 9 SEM t -Statistic g/gﬁl 9 t -Statistic g/gﬁl 9 t-Statistic
Broad-band (YES pyranometer) measurements
0-5 11.990.58 24 10%** 21.891.06  24.10%** 3029147  24.10%** 279
5-15 2.990.29 9.88*** 5290.52 9.88*** 7.290.73 9.88*** 113
15-25 1.390.25 3.32%* 239047 3.32%* 3.290.65 3.32%* 126
25-35 -0.190.19 -1.61 -0.29035 -1.61 -0.39049 -l.61 109
3545 -1.290.18 —7.11%%* 229033 —7.11%%* -3.19046  —7.11%** 109
45-55 -1.590.11 —11.67***  =2.79021 -11.67*** 379029 -11.67*** 141
55-65 -2.290.11 —16.51*** 419020 -16.51*** -5790.27 -16.51*** 174
65-75 -2.790.08 —21.92%**  —4990.15 -21.92%**  —6790.21 -21.92%** 229
75-85 -2.990.08 —22.92%*%*  —539(0.15 —22.92%*%*  _7390.20 -22.92%** 290
85-95 -3.190.05 —28.84%**  —5790.10 -28.84*%**  _7990.13 -28.84%** 477
95-100 -3.790.05 —19.77*¥*%*  -6.790.09 —-19.77%**  -9390.13 -19.77*** 114
Narrow -band (Bentham spectroradiometer)
measurements
0-5 12.590.85 19.29%** 2299 1.55  19.29%** 31.792.15  19.20%** 154
5-15 2.390.45 4. 48%** 4290.82 4. 48%*%* 5.891.14 4.48%** 50
15-25 1.690.37 2.92%* 2.990.68 2.92%* 4.190.95 2.92%* 60
25-35 -0.190.28 —-1.51 -0.190.51 -1.51 -0.290.71 -1.51 59
35-45 -1.390.29 —5.07%** —2.390.53  5.07*** -3.290.73  5.07*** 47
45-55 -1.490.22 —6.91%%* —2.59040 —6.91*** -3.490.55 —6.91*** 74
55-65 -2.390.19 —8.74%** —4.290.34  -8.74%** -5.790.48  —8.74%** 78
65-75 -2.390.19 —10.28***  —4290.34 -10.28*** 589047 -10.28*** 110
75-85 -2.790.13 —13.21%*%*  —4990.24 -1321*%* —6.890.33 —13.21*%* 150
85-95 -3.190.08 —17.95%*%*  —=5790.14 —17.95*%%*  -8.090.20 —17.95%%* 246
95-100 -3.590.12 —12.53**%*  —-6.590.23 —12.53***  -9090.31 —12.53%** 78

** Statistically significant differences between SQW and MOD delivered exposures at P<0.01.
*#% Statistically significant differences between SQW and MOD delivered exposures at P<0.001.

exposures were augmented with increased magnitude of the added artificial UV-B
supplement (Fig. 2(A)). However, their ranges did not exceed those in a MOD delivery

system by more than 10% for the added UV-B supplements of realistic magnitude (30%



or less above background), except on virtually completely overcast days (5% or less daily
sunshine duration).
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Fig. 2. Differences (%) between SQW and MOD delivery systems in (A) total daily supplemental UV-B
exposures provided and (B) photon flux ratios of UV-B/TSR rendered for 11 categories of daily sunshine
duration, five solar angle classes and added UV-B supplements of three different magnitudes.

3.1.2. Photon flux ratios of ultraviolet-B/total solar radiation

Our step-wise SQW delivery system also rendered significantly (P <0.05) higher
photon flux ratios of UV-B/TSR than a MOD delivery system on only substantially
overcast days, the ranges of which were also augmented with increased magnitude of the
added artificial UV-B supplement (Table 2). However, these features were restricted to



high (above 72°) solar angles, since with reduced solar angle these significantly (P 0
0.05) higher photon flux ratios also included progressively less overcast days (Fig. 2(B)),
i.e. days with 45% or less sunshine duration at solar angles below 36° (Table 2).

4. Discussion

The impression created in most criticisms of SQW delivery systems is one of
substantial UV-B supplementation excesses, and exaggerated plant responses to the
greater total amounts of UV-B supplied (Sullivan et al., 1994; Allen et al., 1998).
However, their exist few factual studies of SQW and MOD delivery systems operating
concurrently. One published study claimed an up to 30% greater total daily supplemental
UV-B exposure rendered in a SQW than MOD delivery system, and an observed trend
towards a lower, though statistically insignificant, photosynthetic capacity in SQW irra-
diated plants (Sullivan et al., 1994). Noteworthy was that this study’s observations were
based on extreme experimental protocols. The added artificial UV-B supplements were
unrealistically high (60% above background), and the SQW delivery systems were
operated under all climatic conditions, despite some unspecified adjustments to lamp
outputs to compensate for overcast days. Our observations indicate much smaller UV-B
supplementation excesses in a step-wise SQW delivery system than alleged. Indeed, their
ranges did not exceed those in a MOD delivery system by more than 10% for the added
artificial UV-B supplements of realistic magnitude, except on virtually completely
overcast days (5% or less sunshine duration) under which lamp banks would normally be
switched off. Even switching off of lamp banks on just substantially overcast days (25%
or less daily sunshine duration) resulted in actual inadequate total daily supplemental
UV-B exposures rendered in our step-wise SQW delivery system. Furthermore,
arguments that SQW delivery systems add a flat irradiance whereas MOD delivery
systems follow the peaks in natural sunlight were not supported by our measurements.
These clearly indicated that the supplemental UV-B irradiances rendered by both SQW
and MOD delivery systems in an outdoor situation closely followed the measured peaks
in natural sunlight. However, the SQW delivery system rendered smaller UV-B supple-
ments than the MOD system in the sunlight peaks on both completely and slightly
overcast days (Fig. 1(A) and (B)), and vice-versa in the sunlight depressions, indicating
that the accumulated effects on plants might not be the same. These UV-B supple-
mentation deficiencies in the SQW delivery system were due to a consistent under-
estimation of clear-sky background UV-B irradiance by the computer-encoded semi-
empirical model. Published spectral data along a latitudinal gradient (Caldwell et al.,
1980), and one year’s spectroradiometer measurements at a separate southern-hemisphere
location (Musil et al., 1999) concur with this observation.

It has been proposed that elevated photon flux ratios of UV-B/PAR and UV-B/UV-A
are also an important cause of discrepancies between results of field-based SQW and
MOD delivery systems (Allen et al., 1999). Increased sensitivity of plants to UV-B
radiation at low PAR and UV-A levels have been widely reported (Allen et al., 1998).
Studies of Antarctic phytoplankton populations (Smith et al., 1992) have demonstrated
photosynthetic inhibition proportional to an increase in the ratio of UV-B/ (UV-A +
PAR), but among terrestrial plants there appears to be a threshold of PAR above which



detrimental UV-B effects are substantially reduced or even eliminated. Indeed, Caldwell
et al. (1994) found that in soybean plants exposed to MOD UV-B supplements in the field
that significant reductions in biomass only occurred when PAR and UV-A levels are

reduced to 50% their flux in sunlight (161and 1900 mmol m 2s 1 UV-A and PAR,
respectively). However, under these reduced UV-A and PAR levels, no further growth
inhibition was observed in experiments where ratios of UV-B/(UV-A + PAR) were
increased by 33%. These findings are supported by those of Deckmyn and Impens (1997)
who found that a 30% increase in UV-B irradiance caused equivalent reductions in total
dry weight and photosynthesis of rye plants at four incremental PAR levels below 1100

Table 2 Differences (%) between SQW and MOD delivered photon flux ratios of UV-B/TSR for three solar angle classes and added
UV-B supplements of three different magnitudes

Sunshine duration as percentage of Added artificial UV-B Added artificial UV-B Added artificial UV-B Numbers
day length supplement 10% above supplement 20% above supplement 30% above measurern

background background background

Mean 9 SEM ¢ -Statistic Mean 9 SEM t-Statistic Mean 9 SEM ¢ -Statistic
Solar angle range: \24°-36°
0-5 2229249 8.80%** 40.8 9 4.56 8.79%** 56.496.32 8.80%** 138
5-15 7.191.36 2.74%* 13.092.49 2.74%* 17.993.45 2.74%* 76
15-25 4.490.75 4.76%* 8.091.37 4.76%* 11.191.90 4.75%* 76
25-35 6.19231 2.26* 11.294.24 2.26* 15.595.88 2.26* 54
3545 2.691.00 2.03* 4.791.84 2.04* 6.592.55 2.04* 75
45-55 2.491.24 1.36 459228 1.36 6.293.16 1.35 73
55-65 2.090.85 1.56 379155 1.56 519215 1.56 130
65-75 0.090.38 -1.07 0.190.70 —1.08 0.190.97 —-1.08 198
75-85 —0.890.25 —0.74 -1.49045 —-0.75 -1.990.62 —0.75 304
85-95 -1.190.16 —5.16%** -2.090.29 —5.18%** -2.890.40 =5 17*** 656
95-100 —2.590.06 —6.50%%* -4.690.12 —6.50%*** —6.390.16 —0.5]1%** 210
Solar angle range:48°—60°
0-5 16.09 1.37 12.55%** 29.392.51 12.55%** 40.6 9 3.48 12.55%** 185
5-15 10.392.54 4.54%** 18.8 9 4.66 4.55%%* 26.196.45 4.55%%* 79
15-25 6.291.38 4.18%** 11.492.53 4.19%** 15.893.50 4.19%** 75
25-35 7.592.86 2.25% 13.895.24 2.25% 19.197.26 2.25% 64
3545 5291.77 2.12% 9.693.25 2.12% 13.394.50 2.12% 80
45-55 3.291.69 1.12 5993.10 1.11 829429 1.11 94
55-65 -1.090.48 —3.46%** -1.890.88 —3.46%** —2591.22 —3.46%** 112
65-75 -1.690.55 —6.25%** -2.991.02 —6.20%** -4.09 141 —6.20%** 116
75-85 -3.390.17 —8.30%** —6.090.30 —8.30%** —8.390.42 —8.209%** 147
85-95 -3.590.11 —8.30%*** -6.390.20 —8.31*** —8.890.28 —8.30%*** 133
95-100 —-4.390.12 —9.27*** -7.990.23 —9.28*** -10.990.32 —9.29%** 33
Solar angle range:72°-84°
0-5 17.291.79 10.83%** 31.693.27 10.83%** 43.794.53 10.83%** 122
5-15 6.191.40 3.64%** 11.292.57 3.64%** 15.493.56 3.64%** 50
15-25 3.791.30 2.45% 6.892.39 2.45% 9.593.30 2.45% 54
25-35 —0.790.49 —2.81* -1.390.90 —2.80* -1.891.25 —2.81* 55
3545 —0.690.58 —2.86%** -1.191.07 —2.85% -1.591.48 —2.85% 52
45-55 -1.59041 —6.31%** —2.790.76 —6.32%** -3.891.05 —6.32%** 68
55-65 -2.890.19 —8.20%** -5.190.35 —8.25%** -7.090.49 —8.25%** 73
65-75 -3.190.17 —16.09%** -5.890.31 —16.08*** -8.090.43 —16.08*** 71
75-85 -3.290.15 —14.01%** -5.890.27 —14.02%** -8.190.37 —14.02%** 73
85-95 -3.590.10 —10.13%*** —6.490.18 —10.12%** —8.890.25 —10.12%** 66
95-100 -3.790.26 —14.36%** —6.790.48 —14.20%** -9.390.67 —14.16%** 5

* Statistically significant differences between SQW and MOD delivered exposures at P00.05
** Statistically significant differences between SQW and MOD delivered exposures at £00.01.
**% Statistically significant differences between SQW and MOD delivered exposures at P00.001.



mmol s~ Our observations, however, show that ranges of photon flux ratio increases in
our stepwise SQW delivery system were well below reported thresholds inhibiting to
plant growth at all solar angles for the added UV-B supplements of realistic magnitude,
except on virtually completely overcast days. Nevertheless, there is some experimental
evidence suggesting that smaller, though unspecified, changes in photon flux ratios, espe-
cially at low PAR levels during early or late daily photoperiods, may impact on plant
performance. Sullivan et al. (1994), for example, reported that slight increases in UV-B
radiation during early morning, and more importantly during late evening photoperiods in
a MOD but not SQW delivery system differentially affected plant carbohydrate
metabolism. Plants in the MOD delivery system displayed significantly lower starch
levels at the end of the night in spite of a higher daily starch accumulation rate, which
pointed to an altered day length response to photosynthate partitioning. Perhaps, some
developmental and biochemical responses may be affected by differential timing of UV-
B exposures in SQW and MOD delivery systems, but their relevance have yet to be
substantiated. Indeed, these are controversial considering the general insensitivity of
many plants to realistic UV-B increases in context of their normal radiation environment,
and the extreme measurements that often have to be employed to elicit significant UV-B
effects in plants (Fiscus and Booker, 1995). Clearly, MOD delivery systems do provide
more realistic assessments of UV-B increases and their application should be encouraged
where economically feasible. However, likewise there seems little justification on balance
for branding results derived from all field-based SQW delivery systems as exaggerated
where sensible irradiation protocols and realistic UV-B supplements have been applied.
Indeed, the results of this study provide a means of gauging the magnitude of UV-B
supplementation inaccuracies in a typical out-door step-wise SQW supplementation
system using a commonly monitored meteorological criterion, daily sunshine duration, as
a reference. Utilization of authentic ozone data and the computer-encoded semi-empirical
model published by Bjoérn and Murphy (1985) are prerequisites in such assessments, and
implementation of corrective measurements.
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