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STRATOSPHERIC OZONE REDUCTION, SOLAR UV-B RADIATION
AND TERRESTRIAL ECOSYSTEMS

MARTYN M. CALDWELL and STEPHAN D. FLINT
Department of Rangeland Resources and the Ecology Center, Utah State University, Logan, Ulah
84322-5230, U.S.A.

Abstract. Stratospheric ozone reduction is occurring and will continue to increase in magnitude
into the next century. Yet, the consequences for terrestrial ecosystems of the increased solar UV-B
(280-320 nm) radiation resulting from total column ozone reduction are not understood. Based on
studies of higher plant response to UV-B, several possible consequences for ecosystems include
decreased primary production, altered plant species composition, and altered secondary chemistry
with implications for herbivory, litter decomposition and biogeochemical cycles. However, like
the assessment of increased atmospheric CO,, extrapolation from studies with isolated plants to
ecosystem function is very tenuous at best. Very few UV-B studies have dealt with multispecies
systems. Most of the UV-B research in the past two decades (since the first suggestions of ozone
reduction) has been conducted as short-term experiments in growth chambers and greenhouses where
the unnatural spectral balance of radiation can lead to unrealistic conclusions. Technical difficulties
in suitable measurement and manipulation of UV-B radiation also complicate the conduct of reliable
experiments. This essay surveys and categorizes some 300 papers from the past 20 years on this
subject, draws general conclusions from the research and offers some recommendations with respect
to ecosystem consequences.

1. Introduction

Documented global atmospheric changes present some of the most compelling
questions for the ecological community. Forecasting ecosystem consequences of
these changes is an elusive, but necessary, goal. Increasing atmospheric CO, and
increases in other greenhouse gases have received the most attention. Stratospher-
ic ozone reduction — not only the dramatic Antarctic ozone hole, but the general
decline at temperate and high latitudes — presents a rather different set of questions.
Since approximately 90% of the total atmospheric ozone column is in the strato-
sphere, changes at these high altitudes largely determine the total column radiation
attenuation properties in those wavelengths where ozone is the principal absorber
(Madronich, 1993). Therefore, the primary concern is the increased penetration
of solar UV-B (280-320 nm) radiation to the earth’s surface. This portion of the
solar UV spectrum is particularly effective in eliciting photochemical reactions.
Thus, even though small quantities of radiation are involved — less than %% of
the total solar flux reaching the earth’s surface (Blumthaler, 1993) — there can be
biologically significant effects of this radiation.

In this essay, we wish to assess the current state of UV-B research for terres-
trial ecosystems and draw some parallels with analogous research addressing the
elevated CO, question. There is a fundamental difference in that CO, is primarily
a resource for vegetation while UV-B may be better classified as a stress or some-
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times a source of information for plants. Nevertheless, the global nature of these
atmospheric-change problems and the need to assess potential ecosystem-level
consequences make the analogy worth pursuing.

Although the title involves terrestrial ecosystems, the research to date has been
conducted almost exclusively with higher plants. The general sentiment is that
insects and other animals that are routinely exposed to sunlight are well protected
by pigments, fur, exoskeletons, etc. This certainly bears greater scrutiny in the
future. For example, some amphibian eggs in exposed locations can be damaged by
solar UV-B radiation (Blaustein et al., 1994). As discussed later, there are potential
indirect effects of UV-B on herbivores and detritivores caused by changes in the
chemical and physical properties of plants. These indirect effects on consumers
and detritivores mediated by the vegetation are likely to be more important in
ecosystem function than direct effects of UV-B on these organisms.

Some perspective on atmospheric processes and anticipated events in the coming
decades will first be presented. This will be followed by a short discourse on
latitudinal gradients and then some commentary on technical problems involved
in UV-B measurement and manipulation in experiments with plants. An overview
of research thus far conducted and its pertinence to ecosystem analysis will follow
next. Finally, some generalizations about common findings from the research and
recommendations for the future are offered.

2. Will Ozone Continue Decreasing?

The Montreal Protocol and the subsequent convention agreements reached by the
principal treaty parties may well be the most successful international accord on
environmental protection thus far achieved. Recent measurements also confirm that
the growth rates of some of the most offending chlorofluorocarbons (CFCyy and
CFC),) are slowing (Elkins e al., 1993). Nevertheless, the chlorine and bromine
loading in the atmosphere will continue to increase for about a decade before a
slow decline begins, and chlorine in the stratosphere will be above the abundance
at which the Antarctic ozone hole formed for about a century! This will be further
complicated by the detrimental effects of increasing CHg, NOy, aerosols, and CO;
in the atmosphere (e.g. Waters ef al., 1993). Thus, stratospheric ozone reduction
will be very much an issue in the coming several decades.

Furthermore, though much has been learned concerning stratospheric ozone
behavior, the history of atmospheric developments in the last two decades has been
marked by several unanticipated events. The Antarctic ozone hole was the most
dramatic, but in the last few years general ozone reduction at temperate latitudes
has been much greater than predicted by atmospheric models (Gleason et al.,
1993). Unequivocal explanations have not yet become available. In short, though
long-term predictions are somewhat favorable, in the coming decades considerable
uncertainty remains. Thus, ecological consequences of these changes need to be
assessed.
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3. Stratospheric Ozone and Solar UV-B Radiation Vary Considerably over
the Earth

Unlike tropospheric CO, which is reasonably uniform over the globe, stratospheric
ozone is not. Although much of the stratospheric ozone forms at low latitudes,
stratospheric circulation patterns result in greater accumulations of the ozone at
higher latitudes. There are also seasonal variations; ozone column thickness reaches
a maximum in the early spring and a minimum in the late fall (e.g., Frederick et
al., 1989).

In addition to the latitudinal gradient of stratospheric ozone, prevailing solar
angles at different latitudes largely determine the solar UV-B under cloud-free
conditions. When the sun is closer to the zenith, there is a shorter pathlength
for solar radiation to penetrate through the atmosphere and, therefore, there is less
attenuation than when the sun is further from the zenith. The combination of smaller
solar zenith angles and less column ozone at lower latitudes results in much greater
solar UV-B flux at these latitudes — especially at the shorter UV-B wavelengths.
(As discussed later, radiation at the short UV-B wavelengths is most effective in
biological reactions.)

The latitudinal gradient of solar UV-B has the important result that a small
relative change in ozone column at low latitudes can result in the same absolute
increment of solar UV-B as a massive relative ozone decrease at high latitudes.
For example, at the time and location of the Antarctic ozone hole, a 40 to 50%
depletion of the ozone column results in about the same absolute increase in
daily UV-B radiation flux as less than 5% ozone depletion in the springtime at
30°latitude (these computations include a weighting function to describe general
biological effectiveness of the radiation (Caldwell, 1971) as discussed later). An
important ecological question, however, is whether it is the absolute or relative
increase in solar UV-B that is important for organisms. Organisms may be adapted
to levels of solar UV-B at the latitudes where they exist and changes relative to
these levels may be most pertinent. There are a few data sets to support this notion
(Caldwell et al., 1982; Barnes et al., 1987), but such evidence is far too limited to
be considered robust. This is an important question in future assessments.

4. UV-B Manipulation, Dosimetry and Weighting Functions

This essay is not meant to deal comprehensively with technical aspects of UV-B
research, however, it is important to convey an impression of the difficulties
involved. These difficulties are in part purely technical and in part a matter of
training biologists to appreciate and deal with these technical issues. Biologists
who conduct whole-plant experiments find that light measurement and manipu-
lation are rather routine and straightforward. The introduction of an integrating
dosimeter for total photon flux in the visible waveband (400-700 nm) by Biggs
et al. (1971) was a very useful contribution for plant scientists. With this ‘quan-
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tum sensor’, one can easily measure what is commonly termed ‘photosynthetically
active radiation — PAR’ or ‘photon flux density — PFD’. An error analysis by
McCree (1981) shows that the errors involved in using the quantum sensor with
sunlight and various lamps are small. Also, he showed that the discrepancy between
the true photosynthetic action spectrum and the quantum sensor spectral sensitivity
approximating total photon flux is usually not serious. Thus, with relative impunity,
the plant biologist can easily make PFD measurements and concentrate on other
aspects of his/her research.

Unfortunately, in the UV-B spectrum, measurement and expression of biolog-
ically meaningful UV-B are much more complicated and prone to errors (Ditfey,
1986). The lamps and filters generally available for manipulating the UV-B in plant
experiments do not provide ideal simulations of solar UV-B (Caldwell et al., 1986).
Furthermore, there are problems with optical degradation, aging and sensitivity to
environmental factors such as temperature.

Briefly, the basis of these problems lies with the absorption coefficient of ozone
which drops by orders of magnitude in the UV-B waveband (Stamnes, 1993). These
absorption characteristics determine how the solar spectrum reaching the earth’s
surface is truncated in the UV-B waveband and how ozone column reduction results
in a very wavelength-specific increment of solar UV-B. Within the UV-B, ozone
column reduction is only important in a waveband of about 25 nm — between 290
and 315 nm. At shorter wavelengths, absorption by ozone s so great that a small
fraction of the present ozone column is sufficient to block all radiation completely;
at longer wavelengths, it is so weak that decreases of ozone effect inconsequential
increases of UV flux. Within this 25-nm waveband, the solar irradiance decreases
by more than four orders of magnitude as a result of ozone absorption. With ozone
reduction, the relative enhancement of UV-B is also highly wavelength dependent
(Figure 1).

The additional radiation resulting from ozone reduction appears trivial if only
considered as a fractional increase in total solar flux reaching the earth. However, it
becomes important if radiation at the shorter UV-B wavelengths, which increases
the most with ozone reduction (Figure 1), is more biologically meaningful than
the radiation at the longer UV-B wavelengths. Indeed, the biological effectiveness
of most reactions to UV-B does increase considerably with decreasing wavelength
_ sometimes by orders of magnitude (Caldwell et al., 1986). To quantify this,
the spectral irradiance in the UV is usually weighted by a function describing
the biological effectiveness. Analogous to a quantum sensor for measuring PFD,
dosimeters (e.g., Berger, 1976; Diffey, 1986) have been devised for obtaining a
weighted integrated measure of ‘effective’ UV-B (the weighting function usually
is that describing sunburning of human skin). Such dosimeters can deviate in
spectral responsivity from the desired function (Smith and Ryan, 1993). Even if
these dosimeters perform flawlessly, the quantity obtained is confined to the built-in
weighting function and this cannot be easily extrapolated to UV-B weighted with
other biological functions. This is particularly a problem when such dosimeters



STRATOSPHERIC OZONE REDUCTION 379

N

IE 10° .

C
“

E o102 |

=

&

p—

[}

o 10" |

c

.9

Re;

O

=

- 100 n 0 1 I 1

o 280 300 320 340 360
.;3 / wavelength (nm)

Q /

% 107! i/ | ! ! { | !

280 . 290 300 310 320 330 340 350 380
wavelength (nm)

Fig. 1. Solar spectral irradiance (direct beam + diffuse) computed for normal ozone column thickness
and solar angle appropriate for midday in the summer at temperate latitudes. The dashed line represents
the irradiance for the same conditions, but with a 20% ozone column reduction. The inset shows the
relative factor by which irradiance is increased due to ozone reduction at different wavelengths.

are used to measure radiation from different sources — e.g., from the sun and from
lamps.

Alternatively, one can measure the spectral irradiance, wavelength by wave-
length. This is certainly the most desirable, but an instrument that can do this
adequately in the solar UV-B spectrum involves much more demanding (and expen-
sive) characteristics than if only measuring in the visible spectrum. The primary
reason for this is the orders-of-magnitude change in solar flux in this part of the
spectrum (Kostkowski et al., 1982).

Whether spectral irradiance data are collected or UV-B is estimated with a
dosimeter, the issue of the appropriate biological weighting function must be
addressed. These weighting functions are involved both in assessing and manip-
ulating UV-B. Small differences in these functions can result in large differences
in the radiation determinations since both the spectral irradiance and many of the
weighting functions change by orders of magnitude in the UV-B. Use of weighting
functions will not be addressed further here, but other sources discuss these issues
(Caldwell et al., 1986; Madronich, 1993).

Manipulating UV-B in biological studies involves either filtering sunlight or
use of UV lamps and filters that are prone to many limitations and problems.
Aging and temperature dependency of lamps (Adamse and Britz, 1992; Diffey,
1988) photodegradation of filters (Miller et al., 1992; Middleton and Teramura,
1993a) and geometrical constraints (Bjorn and Teramura, 1993) are not always
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appreciated or monitored. Since rather small amounts of energy are involved in
these manipulations and the UV-B phenomena are so wavelength specific, small
discrepancies can result in substantial problems.

5. Overview of Plant Research Involving UV-B

Although photobiological research with short-wavelength UV-C (<280 nm) has a
long history, most of the work dealing specifically with UV-B has occurred in the
last two decades. This was stimulated by the first concerns of stratospheric ozone
layer reduction in the early 1970’s. There are several recent reviews of much of
this literature (Caldwell et al., 1989; Tevini and Teramura, 1989; Teramura, 1990;
Tevini, 1993; Caldwell and Flint, 1994). In this section we present a summary of
the categories of research conducted, draw some generalizations from the literature
and discuss the relevance of this body of knowledge for assessing consequences of
ozone layer reduction for terrestrial vegetation. For this survey, 297 papers have
been examined. Even compared with the approximate 1200 papers on the issue
of plant response to elevated CO; where so much more work has been conducted
(Kérner, 1993), this appears to be a substantial number of papers dealing with
UV-B. Upon closer examination, this collection of papers provides information
on potential effects of elevated UV-B on plants and mechanisms of UV action,
but relatively little insight into the larger ecological questions relevant to this
environmental problem. Unfortunately, as with the elevated CO, problem, the
studies that contribute most to realistically assessing the elevated UV-B problem are
the most expensive and time consuming. Thus, the literature is primarily composed
of short-term experiments with limited realism for ecological questions (Figure 2).

In the 297 papers mentioned above, there are 330 experiments reported (Fig-
ure 2). Of these, almost half (47%) of the experiments have been conducted with
isolated plants in growth chambers or greenhouses. Another nearly 33% involved
work at the cellular and organelle level, assessments of leaf optical properties and
theoretical or review papers. Of the few studies conducted in the field, only a few
have involved plants in canopies and fewer still with mixed-species canopies. (The
classification of ‘field studies’ is taken very liberally and includes any research
conducted with sunlight, even if the plants were growing in pots, or in special
chambers. Such experiments either involved manipulation of sunlight with filters
or supplemental UV-B from lamp systems — usually without provision to adjust
the lamp UV-B output as conditions change.) Clearly, there is a pressing need for
research dealing with more complex systems, €.g., species mixtures growing in the
normal soil profile over long periods of time.

The duration of experiments ranges from a few hours to several years, but most
are rather short term. In a survey of greenhouse and growth chamber studies in
the past 4 years and all field studies in the past 20 years, more than 90% lasted
only a few months or less (Figure 3). This is particularly the case for greenhouse
and growth chamber experiments. In a 6-year field study of soybeans (Teramura
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Fig. 2. Percentage of UV-B studies with plants that have been conducted at various levels of
biological complexity and in different settings. This survey is based on 330 research reports in 297
papers published since 1972. The ‘cells and organelles’ category includes studies using cell cultures,
isolated organelles, isolated cells and a few with detached leaves. An approximately analogous figure,
categorizing elevated CO; research reports at different levels of complexity and duration, is given in
Korner (1993).
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et al., 1990a) and a 5-year field study of competition between wheat and wild
oat (Barnes et al., 1988), the effects of supplemental UV-B varied among years.
Though in most years the effects of UV-B were apparent, in a few quite dry years
in both studies, the effects of UV-B were not evident. In both of these studies, these
annual plants were replaced each year. Very little work has dealt with perennials,
especially trees. A three-year field study of Pinus taeda seedlings indicated that
apparent growth inhibition due to elevated UV-B tended to accumulate over the
three-year period (Sullivan and Teramura, 1992).

How plants respond to UV-B is dependent on how much UV-B they receive
and under what environmental conditions the plants grow and are irradiated. Early
in the history of this research it became apparent that plants growing in the field
were much less sensitive to UV-B than when grown in greenhouses or growth
chambers. There may be several reasons for this, but experiments specifically
designed to investigate the influence of PFD level on UV-B sensitivity showed that
UV-B effects were less pronounced if plants were under higher PFD (Teramura,
1980; Teramura et al., 1980; Warner and Caldwell, 1983: Mirecki and Teramura,
1984; Latimer and Mitchell, 1987; Cen and Bornman, 1990; Kramer et al., 1991;
Kumagai and Sato, 1992). More recently a field study using a combination of UV-
emitting lamps and filters indicated that both higher PFD and UV-A had mitigating
effects on UV-B reduction of plant growth (Caldwell et al., 1994). Although they
did not specifically test the effect of different levels of UV-A and PFD on UV-B
sensitivity, Middleton and Teramura (1993b) showed that UV-A could exert both
positive and negative effects on plant growth and some physiological characteristics
in a greenhouse study. Usually, the UV-A is not reported in greenhouse and growth
chamber experiments. However, since some of the UV-A is removed by greenhouse
glass and the lamps in many growth chambers do not emit a large flux of UV-A,
fluxes of UV-A comparable to those in sunlight are not anticipated (Middleton and
Teramura, 1993b). ‘

In many growth chamber and greenhouse experiments the ratios of UV-B: PFD
used are considerably higher than in the field. In greenhouse experiments, this is in
part attributable to cloud cover in which case the UV-B-emitting lamps are usually
not adjusted for lower output during cloudy periods. Of course, this can also take
place in field experiments in which UV-B lamps are used. There are electronic
modulation systems available which can automatically accomplish this adjustment
of UV-B lamp output to keep a realistic ratio of UV-B: UV-A: PFD as conditions
change during the day (Caldwell et al., 1983a; Bjorn and Teramura, 1993, McEvers
et al., 1993), but these have not been widely used.

To provide some perspective on how the average daily UV-B and PFD employed
in greenhouse and growth chamber experiments relate to the values measured in the
field, a brief survey is given in Figure 4. Forty papers describing growth chamber
UV-B experiments published between 1990 and October, 1993 were examined for
ratios of UV-B: PFD employed in the experiments. Of these, only 14 reported
enough information to determine the daily UV-B and PFD used. Since some of
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Fig. 3. Frequency histograms of experiment duration for UV-B studies conducted with plants. A
sample of 33 growth chamber and 24 greenhouse experiments published between 1990 and October,
1993, and all available field UV supplementation studies conducted since 1972 (23 papers reporting

28 different studies) are included in these diagrams.
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Fig. 4. Average daily integrated biologically effective UV-B using the generalized plant action
spectrum weighting function (Caldwell, 1971) normalized to 300 nm (UV-Bgg) and total photon flux
in the 400=700 nm waveband (PFD) employed in growth chamber and greenhouse experiments (e).
For comparison, measured solar UV-Bgg and PFD on a clear day (3 August 1993) at 1450 m elev.
and 41° N latitude (o) and the corresponding value computed (using the measured values as a basis)
for a 20% reduction of the ozone column (A). The same papers as surveyed for Figure 3 were used
in this depiction.

these papers included multiple treatments, there is a total of 20 data points in
Figure 4. Similarly, for greenhouse experiments during the same period, only 6
(out of 27) reported integrated daily PFD and the daily UV-B employed. Again
because of multiple treatments, ten data points are available. (We feel simply
reporting the maximum midday values of PFD in greenhouse experiments does not
provide a useful indication of the daily average values.) Even though maximum
PFED in growth chambers may not be particularly great, in some experiments with
sufficiently long daylengths, the integrated total-day UV-B:PFD ratio was close
to that of the natural environment. However, in most of these experiments the
UV-B : PED ratios were far from those experienced by plants in the field. The
levels of UV-B and PFD in Figure 4 and the generally low UV-A in greenhouse
and growth chamber experiments leads us to suggest that many such experiments
may have substantially exaggerated plant sensitivity to UV-B.

Field UV-B experiments have basically been of two types: UV-exclusionand UV
supplementation. Exclusion experiments are the more straightforward of the two
since this is only a matter of removing at least a portion of the UV from sunlight by
filters. A control for similar microenvironmental influence of the filters is normally
accomplished by use of a UV-transparent filter material. Such experiments have
been attempted in one form or another for much of a century (Caldwell, 1971).
These are appealing in that comparatively little expense is involved and one is
not encumbered by many of the problems in using UV-B lamp supplements. If
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they are properly conducted and if they indicate effects of the UV-B exclusion, or
attenuation, they provide convincing evidence that UV-B under current conditions
is influential. If such exclusion experiments do not show effects, they are less
meaningful with respect to the ozone reduction problem since one does not know if
additional UV-B might exert an influence. Plants may easily accommodate present
UV-B levels, but it is then not clear what consequences increased UV-B flux might
have in the event of ozone column reduction.

Field UV-B supplementation experiments involve UV-B-emitting lamps used
along with the normal solar radiation. (As mentioned earlier, these ideally should be
modulated so as to automatically vary in output as the background solar radiation
changes.) Field supplementation experiments have only been conducted in a few
locations. These have indicated reduced yield in some cases (e.g., Teramura et
al., 1990a). However, when compared with experiments in growth chamber and
greenhouse conditions, they often have shown that plants exhibit less UV-B damage
to photosynthesis and growth, and sometimes no damage was evident (Flint et al.,
1985; Beyschlag er al., 1988; Sinclair et al., 1990).

Other such field experiments have indicated more involved and indirect effects
of supplemental UV-B that may be ultimately of considerable ecological signif-
icance. An example is the influence of UV-B supplementation on plant species
competitive balance. There are many responses to UV-B that are primarily photo-
morphogenetic in nature. These include changes such as decreased leaf and intern-
ode length, increased branching and tillering of grasses and increased leaf thickness
(Barnes et al., 1990; Ballaré et al., 1991; Barnes et al., 1993). These changes are
often not particularly striking, especially under field conditions. In pure stands of
a single species, these changes usually result in no significant change in total shoot
production. However, in mixed-species stands, these changes can result in altered
competitive balance of the species involved (Gold and Caldwell, 1983; Barnes et
al., 1988). Such tests of changes in competitive balance have been conducted with
planted mixtures and their respective monocultures. Thus far, tests of competitive
balance change in vegetation as occurs in nature have not been reported. We are
aware of only one study presently underway that addresses elevated UV-B effects
on a natural vegetation community (Bjorn, personal communication).

Stratospheric ozone reduction is not occurring in isolation, but is taking place
concurrently with increasing atmospheric CO, concentrations and other factors
of global climate change. Only a few short-term experiments have addressed the
interaction of elevated UV-B and CO, in greenhouse experiments and then gen-
erally with very high UV-B levels (Teramura et al., 1990b; Rozema et al., 1990;
Ziska and Teramura, 1992; Stewart and Hoddinott, 1993, van de Staaij et al., 1993).
Although the various species reacted differently, there were not always statistically
significant interactions between the CO, and UV-B treatments for growth and pho-
tosynthesis parameters. When there were significant interactions, they generally
were in the direction one might expect, namely that UV-B decreased the stimu-
lation due to high CO,, or UV-B depressions of growth or photosynthesis were
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ameliorated by high CO,. Longer-term field experiments testing these interactions
under more realistic UV-B : PFD ratios will be required to probe the ecological
significance of the combined changes. However, such experiments are necessarily
technically demanding and expensive.

6. Some General Results from UV-B Research with Higher Plants

At this point, we draw some generalizations from the 300 papers mentioned above:

1. Irradiation with sufficiently large UV-B doses can result in many primary
effects in plant tissues including: Inhibition of Photosystem II function in
photosynthesis, DNA damage (particularly formation of cyclobutane thymine
dimers), free-radical formation, induction of secondary chemistry alterations
(particularly in the shikimic acid pathway) and photomorphogenetic changes.

2. At the whole-plant level, UV-B can cause a reduction in net photosynthe-
sis, growth inhibition, anatomical and morphological and allocation changes,
increases in flavonoids, related phenolics and phytoalexins, and inhibition of
pollen germination and pollen tube growth. Not all whole-plant phenomena
can be considered as damage. Sometimes growth changes or allocation alter-
ations do not result in decreased plant fitness. Some might even be interpreted
as positive for the plant (e.g., differences in allocation or secondary chemistry).

3. The link between primary events as listed in 1. and whole-plant phenomena
listed in 2. is not well established. For example, it is not clear to what extent
DNA damage is involved in whole-plant growth inhibition.

4. Plant species and even genotypes within a species can differ greatly in their
response to UV-B. Reasons for this are not clear. Differences in protective UV
filtration by pigments or plant structure may explain some of these differences.
Also, the degree to which additional UV-B-absorbing pigments are formed
upon exposure to higher UV-B has also been correlated with the extent of plant
accommodation of more intense UV-B.

5. Graminoids tend to be more resistant to UV-B damage than herbaceous dicots.
However, for purely photomorphogenetic changes (which do not result in
damage) graminoids tend to be more responsive to UV-B than dicots.

6. The effects of UV-B tend to be more pronounced if plants are growing in
low PED. If the ratio of UV-B:PFD is similar to sunlight, the effects are
usually much less apparent. There is also evidence that UV-A can also have
strong mitigating effects on UV-B influences, especially if PFD is low. Thus,
consideration of UV-B : UV-A : PFD ratios is important.

7. Much of the available research has been conducted with unrealistically high
UV-B : PFD ratios (UV-A is usually not specified). Therefore, many of the
phenomena listed in 1. and 2. may not be representative of plants in natural
field conditions, even with a depleted ozone layer.
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8. Yet, even without ozone layer reduction, simply removing or reducing the
UV-B in sunlight in simple filtration experiments shows that many plants
(especially in seedling stage) are detrimentally affected by solar UV-B.

9. Under more realistic ratios of UV-B : PFD, of the whole-plant phenomena listed
in 2., the frequency of effects reported in experiments would be: Induction of
more flavonoids (and related UV-B-absorbing compounds) > reduced growth
and morphological changes > reduced photosynthesis.

10. Experiments with mixed-species canopies are not common. But, those that
have been conducted tend to show that increased UV-B results in shifts in
competitive balance of species. This is usually not thought to be the result of
differential UV-B damage to plants (since the same UV-B does not usually
cause a reduction in growth or production in monocultures of these plants).
Instead, the shifts of competitive balance may be due to other phenomena
such as altered growth and allocation that change competitive ability of the
co-occurring species.

11. Experiments involving plant response to combinations of elevated CO; and
UV-B are very limited and conducted with high levels of UV-B in greenhouses.
These generally indicate either no interactions or that the enhancements of
elevated CO, on growth and photosynthesis are diminished by high UV-B.
These interactions also tend to vary among the few species tested.

12. Other environmental stresses such as water deprivation or nutrient limitations
often appear to dampen the response to elevated UV-B —but not always. Only a
few reports of interactions between UV-B and other factors such as temperature,
ozone fumigation, and heavy metals are available. Therefore, generalizations
about such factor interactions are not advisable.

7. Ecosystem-Level Implications

Based on information available at this time, we speculate that the effects of elevated
solar UV-B will probably not be reflected in reduced primary productivity butrather
in species composition changes in nonagricultural ecosystems. Nevertheless, this
hypothesis of little change in primary production needs to be rigorously tested.
(As mentioned before, one field study using potted plants (Sullivan and Teramura,
1992) did show reduced growth of Pinus taeda).

In agricultural systems, there may be a few varieties of certain crops that
experience some decline in productivity while other varieties of the same crop
species will not be influenced (e.g., studies of soybean varieties — Teramura and
Murali, 1986; D’Surney et al., 1993). Where crops compete with weeds or in
mixed-species intercropping systems, changes in competitive balance may again
be more important than reduced productivity as solar UV-B increases.

Other indirect influences of elevated solar UV-B on ecosystems may be medi-
ated by changes in the secondary chemistry of plant tissues. As mentioned in the
foregoing list of generalized results, a frequently reported result in both laborato-
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ry and field studies is that elevated UV-B often induces increases in plant tissue
flavonoids and related compounds. These are generally considered to be protective
compounds for plants in that they strongly absorb in the UV and the increased
levels of these compounds have been shown to afford greater UV-B protection
(Caldwell et al., 1983b; Tevini et al., 1991). However, other changes in phenolics
and other classes of secondary compounds may have importance in altering plant
susceptibility to disease and herbivory. Secondary metabolites, such as flavonoids,
glucosinolates and terpenoids, can act both as attractants and deterrents to insects
and other herbivores (Berenbaum, 1988). Recently, McCloud et al. (1992) showed
that elevated UV-B altered the ratio of certain furanocoumarins (an increased ratio
of psoralen to bergapten) and this was correlated with increased bacterial phototox-
icity. This, in turn, would suggest that disease severity might be lessened. In another
study, larvae of a lepidopteran caterpillar developed more slowly in early life when
reared on plants exposed to increased UV-B and this was attributed to potentia-
tion of phototoxins ingested by the larvae due to UV-B irradiation of the plants
(McCloud and Berenbaum, 1994). Enhanced UV-B in some cases exacerbates the
impact of fungal infection on higher plants (Orth et al., 1990; Panagopoulos et al.,
1992). Phenolic and related compounds can also affect digestibility of plant tissues
for herbivores or have regulatory effects on animals (such as ‘false hormones’).
This line of research as it bears on the solar UV-B question is attracting interest
in the research community, but such work is still in its infancy. Attractiveness of
plants to herbivores may be altered not only by changes in secondary chemistry, but
also by altered tissue morphology such as foliage toughness. A common response
of leaves to UV-B is an increase in leaf thickness (Barnes et al., 1990).

There are many other ecosystem-level implications of altered secondary chemi-
cal changes (Caldwell et al., 1989). Products of the shikimic acid pathway in plants
influence the food quality of agricultural products, and have functions such as insect
attractants, regulators of pollen tube growth and signals for symbiotic bacteria. If
lignin and other related end-products of this pathway are altered, decomposition
rates of plant materials may be changed which, in turn, can have a bearing on
biogeochemical cycles.

These implications of altered secondary chemistry and plant morphology on
plant diseases, herbivory and decomposition rates are primarily matters of specu-
lation at this time. However, realistic tests of these phenomena in ecosystem-level
experiments are needed.

There is limited evidence that UV can alter aspects of plant phenology, e.g.,
flowering (Kasperbauer and Loomis, 1965; Caldwell, 1968) senescence of foliage
(Sisson and Caldwell, 1977), etc. These phenomena have received little attention.
As with some of the changes in plant morphology and allocation induced by UV-B,
altered phenology of plants in isolation may be of little consequence. However,
in an ecosystem context, such changes may alter competitive balance, or rela-
tions between plants and their pollinators that, in turn, might change ecosystem
composition.



STRATOSPHERIC OZONE REDUCTION 389

8. A Few Recommendations

Ecosystem-level field experimentation is needed to evaluate realistic consequences
of increased solar UV-B resulting from ozone column reduction. Vegetation in
ecosystems functions differently than plants in isolation and behavior of the former
is not easily predicted from the latter. The history of research on the elevated CO,
question certainly shows that ecosystem-level effects of elevated CO, are not
easily predicted from experiments with isolated plants (Korner, 1993). If our thesis
is correct that the most meaningful consequences of increased solar UV-B are
indirect effects as discussed in the preceding section, these can be played out in
ecosytem interactions that are not readily envisaged.

The ecosystem-level consequences of other chronic stresses have been investi-
gated in greater detail, e.g., ionizing radiation (Armentano and Woodwell, 1976)
or factors leading to forest decline (Schulze et al., 1989). Such work provides
examples of ecosystem study, but due to the very different nature of the stresses
examined, they cannot be extrapolated to the question of increased solar UV-B
radiation.

Given the expense, physical constraints of manipulating UV-B, and time-
consuming nature of ecosystem-level study, considerable thought must be given to
candidate systems for study. Since few systems can be studied and extrapolation to
unstudied ecosystems will be tenuous, a mechanistic line of investigation should
be superimposed on ecosystem-level experiments.

Although few would argue with the need for mechanistic understanding of
any phenomenon, mechanistic investigation means different things to different
investigators. For the elevated UV-B problem, there has already been a considerable
effort directed to understanding mechanisms at the photochemical, molecular and
physiological levels (see Figure 2). While a few rather specific efforts at these
levels may still be useful, a greater emphasis should be placed on mechanisms at
the whole-organism and interorganism levels. For example, much is known about
the sites and modes of UV-B action on photosynthesis. Though more information
might be useful for some purposes, we feel it is more important to establish at
the ecosystem-level of study if intact plant photosynthesis is indeed affected under
realistic UV-B : PFD ratios for particular ozone reduction scenarios. If primary
production or species composition changes occur as a result of UV-B alterations
at the ecosystem-level, the reasons for this should be resolved, i.e., mechanisms
at the whole-organism or interorganism level. For example, if species composition
changes, is this the result of differential damage to photosynthesis or growth?

. or, is this the result of altered plant morphology that translates into altered
competition for light or belowground resources? ... or are shifts in secondary
chemistry and resulting alterations in disease or herbivory responsible for the
altered species composition? Though such ‘mechanisms’ may be specific to the
particular species under study, they provide a basis for modeling changes in other
ecosystems. They also provide a basis for judiciously selecting research at more
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physiological levels of study. For example, if the altered species composition is the
result of differential morphological changes for the principal species, what is the
physiological/photobiological basis of these differences?

Some modes of UV-B action at the ecosystem-level may become first apparent
by following population-level parameters. For example, little is known thus far
about the effects of UV-B on plant reproductive biology studied at the level of pollen
or ovule. While work is needed in this area, tracking population-level indicators of
reproductive success in ecosystem-level studies may provide the best indication of
UV-B effects on reproduction. Again, if these become apparent, more mechanistic
study is in order as described above.

While we suggest that ecosystem-level study be the focus of research designed
to evaluate the stratospheric ozone problem, there are good reasons to also include
specific studies under more reductionist conditions. Apart from the targeted mech-
anistic study mentioned above, selected factor-interaction experiments (e,g., ele-
vated CO, xUV-B) need to be undertaken. Ideally, some also might be approached
at the ecosystem level.

Finally, models developed from a sound empirical base are needed to integrate
findings, conduct sensitivity analyses, extrapolate to different weather conditions,
species combinations, etc. These will be imperfect to be certain, but as with all
aspects of global changes in climate, atmospheric composition and human land
use, models are necessary to provide a broader view of our future environment.

These few recommendations are not designed to describe a comprehensive
research plan and do not deal with several important issues (potential direct effects
on consumers, detritivores or the need to resolve radiation weighting factors
described briefly early in this essay). They do, however, describe the underpin-
nings and direction we feel research in this area must take in order to be ultimately
useful for public decision making.

Acknowledgements

Portions of this essay stem from work supported by the Cooperative State Research
Service, U.S. Department of Agriculture under Agreement No. 92-37100-7630 and
the Andrew W. Mellon Foundation. We thank P. S. Searles and J. Torabinejad for
their comments on the manuscript.

References

Adamse, P. and Britz, S. I.: 1992, ‘Spectral Quality of Two Fluorescent UV Sources during Long-Term
Use’, Photochem. Photobiol. 56, 641-644,

Armentano, T. V. and Woodwell, G. M.: 1976, ‘The Production and Standing Crop of Litter and
Humus in a Forest Exposed to Chronic Gamma Irradiation for Twelve Years’, Ecology 57,
360-366.

Ballaré, C. L., Barnes, P. W., and Kendrick, R. E.: 1991, ‘Photomorphogenic Effects of UV-B
Radiation on Hypocotyl Elongation in Wild Type and Stable-Phytochrome-Deficient Mutant
Seedlings of Cucumber’, Physiol. Plant. 83, 652-65%.



STRATOSPHERIC OZONE REDUCTION 391

Barnes, P. W,, Flint, S. D., and Caldwell, M. M.: 1987, ‘Photosynthesis Damage and Protective
Pigments in Plants from a Latitudinal Arctic/Alpine Gradient Exposed to Supplemental UV-B
Radiation in the Field’, Arctic Alpine Res. 19, 21-27.

Barnes, P. W., Jordan, P. W., Gold, W. G., Flint, S. D., and Caldwell, M. M.: 1988, ‘Competition,
Morphology and Canopy Structure in Wheat (Triticum aestivum L.) and Wild Oat (Avena fatua
L.) Exposed to Enhanced Ultraviolet-B Radiation’, Funct. Ecol. 2, 319-330.

Barnes, P. W., Flint, S. D., and Caldwell, M. M.: 1990, ‘Morphological Responses of Crop and Weed
Species of Different Growth Forms to Ultraviolet-B Radiation’, Amer. J. Bot. 77, 1354-1360.

Barnes, P. W., Maggard, S., Holman, S. R., and Vergara, B. S.: 1993, ‘Intraspecific Variation in
Sensitivity to UV-B Radiation in Rice’, Crop Sci. 33, 1041-1046.

Berenbaum, M.: 1988, ‘Effects of Electromagnetic Radiation on Insect-Plant Interactions’, in Hein-
richs, E. A. (eds.), Plant Stress-Insect Interactions, John Wiley & Sons, New York, pp. 167-185.

Berger, D. S.: 1976, ‘The Sunburning Ultraviolet Meter: Design and Performance’, Photochem.
Photobiol. 24, 587-593.

Beyschlag, W., Barnes, P. W., Flint, S. D., and Caldwell, M. M.: 1988, ‘Enhanced UV-B Irradiation
Has No Effect on Photosynthetic Characteristics of Wheat (Triticum aestivum L.) and Wild Oat
(Avena fatua L.) under Greenhouse and Field Conditions’, Photosynthetica 22, 516-525.

Biggs, W. W., Edison, A. R., Eastin, J. D., Brown, K. W., Maranville, J. W., and Clegg, M. D.: 1971,
‘Photosynthesis Light Sensor and Meter’, Ecology 52, 125-131.

Bjorn, L. O. and Teramura, A. H.: 1993, ‘Simulation of Daylight Ultraviolet Radiation and Effects of
Ozone Depletion’, in Young, A. R., Bjorn, L. O., Moan, J., and Nultsch, W. (eds.), Environmental
UV Photobiology, Plenum, New York, pp. 41-71.

Blaustein, A. R., Hoffman, P. D., Hokit, D. G., Kiesecker, J. M., Walls, S. C., and Hays, J. B.: 1994,
“UV Repair and Resistance to Solar UV-B in Amphibian Eggs: A Link to Population Declines?’,
Proc. Natl. Acad. Sci. 91, 1791-1795.

Blumthaler, M.: 1993, ‘Solar UV Measurements’, in Tevini, M. (ed.), UV-B Radiation and Ozone
Depletion: Effects on Humans, Animals, Plants, Microorganisms, and Materials, Lewis Publish-
ers, Boca Raton, Florida, pp. 71-94.

Caldwell, M. M.: 1968, “Solar Ultraviolet Radiation as an Ecological Factor for Alpine Plants’, Ecol.
Monogr. 38, 243-268.

Caldwell, M. M.: 1971, “Solar Ultraviolet Radiation and the Growth and Development of Higher
Plants’, in Giese, A. C. (ed.), Photophysiology Vol. 6, Academic Press, New York, pp. 131-177.

Caldwell, M. M. and Flint, S. D.: 1994, ‘Solar Ultraviolet Radiation and Ozone Layer Change:
Implications for Crop Plants’, in Boote, K. J., Bennett, J. M., Sinclair, T. R., and Paulsen, G. M.
(eds.), Physiology and Determination of Crop Yield, ASA-CSSA-SSSA, Madison, WL, (in press).

Caldwell, M. M., Robberecht, R., Nowak, R. S., and Billings, W. D.: 1982, ‘Differential Photosyn-
thetic Inhibition by Ultraviolet Radiation in Species from the Arctic-Alpine Life Zone’, Arctic
Alpine Res. 14, 195-202.

Caldwell, M. M., Gold, W. G., Harris, G., and Ashurst, C. W.: 1983a, ‘A Modulated Lamp System
for Solar UV-B (280-320 nm) Supplementation Studies in the Field’, Photochem. Photobiol. 37,
479-485.

Caldwell, M. M., Robberecht, R., and Flint, S. D.: 1983b, ‘Internal Filters: Prospects for UV-
acclimation in Higher Plants’, Physiol. Plant 58, 445-450.

Caldwell, M. M., Camp, L. B., Warner, C. W., and Flint, S. D.: 1986, ‘Action Spectra and Their
Key Role in Assessing Biological Consequences of Solar UV-B Radiation Change’, in Worrest,
R. C. and Caldwell, M. M. (eds.), Stratospheric Ozone Reduction, Solar Ultraviolet Radiation
and Plant Life, Springer, Berlin, pp. 87-111.

Caldwell, M. M., Teramura, A. H., and Tevini, M.: 1989, “The Changing Solar Ultraviolet Climate
and the Ecological Consequences for Higher Plants’, Trends Ecol. Evol. 4, 363-367.

Caldwell, M. M., Flint, S. D., and Searles, P. S.: 1994, ‘Spectral Balance and UV-B Sensitivity of
Soybean: A Field Experiment’, Plant Cell Environ. 17, 267-276.

Cen, Y. P. and Bornman, J. F.: 1990, “The Response of Bean Plants to UV-B Radiation under Different
Irradiances of Background Visible Light’, J. Exper. Bot. 41, 1489--1493.



392 MARTYN M. CALDWELL AND STEPHAN D. FLINT

Diffey, B. L.: 1986, ‘Possible Errors Involved in the Dosimetry of Solar UV-B Radiation’, in Worrest,
R. C. and Caldwell, M. M. (eds.), Stratospheric Ozone Reduction, Solar Ultraviolet Radiation
and Plant Life, Springer, Berlin, pp. 75-86.

Diffey, B. L.: 1988, “The Stability of Light Sources: Implications for Photobiological Studies’,
Photochem. Photobiol. 47, 317-320.

D’Surney, S. J., Tschaplinski, T. I., Edwards, N. T,, and Shugart, L. R.: 1993, ‘Biological Responses
of Two Soybean Cultivars Exposed to Enhanced UV-B Radiation’, Environ. Exper. Bot. 33,
347-356.

Elkins, J. W., Thompson, T. M., Swanson, T. H., Butler, J. H,, Hall, B. D., Cummings, S. O., Fisher,
D. A., and Raffo, A. G.: 1993, ‘Decrease in the Growth Rates of Atmospheric Chlorofluorocarbon-
11 and Chlorofluorocarbon-12°, Nature 364, 780-783.

Flint, S. D., Jordan, P. W., and Caldwell, M. M.. 1985, ‘Plant Protective Response to Enhanced UV-
B Radiation under Field Conditions: Leaf Optical Properties and Photosynthesis’, Photochem.
Photobiol. 41, 95-99,

Frederick, J. E., Snell, H. E., and Haywood, E. K.: 1989, ‘Solar Ultraviolet Radiation at the Earth’s
Surface’, Photochem. Photobiol. 50, 443-450.

Gleason, J. E, Bhartia, P. K., Herman, J. R., McPeters, R., Newman, P., Stolarski, R. S., Flynn, L.,
Labow, G., Larko, D., Seftor, C., Wellemeyer, C., Komhyr, W. D., Miller, A. J., and Planet, W.:
1993, ‘Record Low Global Ozone in 19927, Science 260, 523-526.

Gold, W. G. and Caldwell, M. M.: 1983, “The Effects of Ultraviolet-B Radiation on Plant Competition
in Terrestrial Ecosystems’, Physiol. Plant. 58, 435-444.

Kasperbauer, M. J. and Loomis, W. E.: 1965, ‘Inhibition of Flowering by Natural Daylight in an
Inbred Strain of Melilotus’, Crop Sci. §, 193-194.

Korner, C.: 1993, ‘CO, Fertilization: The Great Uncertainty in Future Vegetation Development’, in
Solomon, A. M. and Shugart, H. H. (eds.), Vegetation Dynamics and Global Change, Chapman
& Hall, London, pp. 53-70.

Kostkowski, H. J., Saunders, R. D., Ward, J. F., Popenoe, C. H., and Green, A. E. S.; 1982, ‘Measure-
ment of Solar Terrestrial Spectral Irradiance in the Ozone Cut-off Region’, in Nicodemus, F E.
(ed.), Self-Study Manual on Optical Radiation Measurements: Part IIl — Applications, National
Bureau of Standards, Gaithersburg, Maryland, pp. 1-80.

Kramer, G. E, Norman, H. A., Krizek, D. T., and Mirecki, R. M.: 1991, ‘Influence of UV-B Radiation
on Polyamines, Lipid Peroxidation and Membrane Lipids in Cucumber’, Phytochemistry 30,
2101-2108.

Kumagai, T. and Sato, T.: 1992, ‘Inhibitory Effects of Increase in Near-UV Radiation on the Growth of
Japanese Rice Cultivars (Oryza sativa L.) in a Phytotron and Recovery by Exposure to Visible
Radiation’, Japan J. Breed. 42, 545-552.

Latimer, J. G. and Mitchell, C. A.: 1987, ‘UV-B Radiation and Photosynthetic Irradiance Acclimate
Eggplant for Outdoor Exposure’, HortScience 22, 426-429.

Madronich, S.: 1993, “The Atmosphere and UV-B Radiation at Ground Level’, in Young, A. R,,
Bjorn, L. O., Moan, J., and Nultsch, W. (eds.), Environmenial UV Photobiology, Plenum Press,
New York, pp. 1-39.

McCloud, E. S. and Berenbaum, M. R.: 1994, ‘Stratospheric Ozone Depletion and Plant-Insect
Interactions: Effects of UVB Radiation on Foliage Quality of Citrus jambhiri for Trichoplusia
ni’, J. Chem. Ecol. 20, 525-539.

McCloud, E.-S., Berenbaum, M. R., and Tuveson, R. W.: 1992, ‘Furanocourmarin Content and
Phototoxicity of Rough Lemon (Citrus jambhiri) Foliage Exposed to Enhanced Ultraviolet-B
(UVB) Irradiation’, J. Chem. Ecol. 18, 1125-1137.

McCree, K. J.: 1981 ‘Photosynthetically Active Radiation’, in Lange, O. L., Nobel, P. S., Osmond,
C. B., and Ziegler, H. (eds.), Encyclopedia of Plant Physiology, vol. 12a Physiological Plant
Ecology. 1. Responses to the Physical Environment, Springer, Berlin, pp. 41-55.

McREvers, J. A., Hileman, M. S., and Edwards, N.: 1993, Air Pollution Effects Field Research Facility:
111 UV-B Exposure and Monitoring System. ORNL-TM-11607, Oak Ridge National Laboratory,
Oak Ridge, TN.

Middleton, E. M. and Teramura, A. H.: 1993a, ‘Potential Errors in the Use of Cellulose Diacetate
and Mylar Filters in UV-B Radiation Studies’, Photochem. Photobiol. 57, 744-751.



STRATOSPHERIC OZONE REDUCTION 393

Middleton, E. M. and Teramura, A. H.: 1993b, “The Role of Flavonol Glycosides and Carotenoids in
Protecting Soybean from Ultraviolet-B Damage’, Plant Physiol. 103, 741-752.

Miller, S. A., James, R. H., Sykes, S. M., and Beer, J. Z.: 1992, ‘Photoaging Effects on Spectral
Transmittance of Plastic Filters’, Photochem. Photobiol. 55, 625-628.

Mirecki, R. M. and Teramura, A. H.: 1984, ‘Effects of Ultraviolet-B Irradiance on Soybean. V. The
Dependence of Plant Sensitivity on the Photosynthetic Photon Flux Density During and after
Leaf Expansion’, Plant Physiol. 74, 475-480.

Orth, A. B., Teramura, A. H., and Sisler, H. D.: 1990, ‘Effects of Ultraviolet-B Radiation on Fungal
Disease Development in Cucumis sativus’, Amer. J. Bot. 77, 1188-1192,

Panagopoulos, 1., Bornman, J. F, and Bjorn, L. O.: 1992, ‘Response of Sugar Beet Plants to
Ultraviolet-B (280-320 nm) Radiation and Cercospora Leaf Spot Disease’, Physiol. Plant. 84,
140-145.

Rozema, J., Lenssen, G. M., and vandeStaaij, J. W. M.: 1990, “The Combined Effect of Increased
Atmospheric CO; and UV-B Radiation on Some Agricultural and Salt Marsh Species’, in Goudri-
aan, J., VanKuelen, H., and VanLaar, H. H. (eds.), The Greenhouse Effect and Primary Produc-
tivity in European Agroecosystems, Pudoc, Wageningen, pp. 68-71.

Schulze, E.-D., Oren, R., and Lange, O. L.: 1989, ‘Processes Leading to Forest Decline: A Synthesis’,
in Schulze, E.-D., Lange, O. L., and Oren, R. (eds.), Forest Decline and Air Pollution, Ecological
Studies Vol. 77, Springer-Verlag, Berlin, pp. 459-468.

Sinclair, T. R., N'Diaye, O., and Biggs, R. H.: 1990, ‘Growth and Yield of Field-Grown Soybean in
Response to Enhanced Exposure to Ultraviolet-B Radiation’, J. Environ. Qual. 19, 478-481.
Sisson, W. B. and Caldwell, M. M.: 1977, ‘Atmospheric Ozone Depletion: Reduction of Photosyn-
thesis and Growth of Sensitive Higher Plant Exposed to Enhanced U.V.-B Radiation’, J. Exper.

Bot. 28, 691-705.

Smith, G. J. and Ryan, K. G.: 1993, “The Effect of Changes or Differences in Robertson-Berger
Radiometer Responsivity on Solar Ultraviolet-B Measurement’, Photochem. Photobiol. 58, 512~
514.

Stamnes, K.: 1993, ‘Modeling of UV Penetration through the Atmosphere and Ocean’, in Chanin,
M. L. (ed.), The Role of the Stratosphere in Global Change, Springer, Germany, pp. 425-435.

Stewart, J. D. and Hoddinott, J.: 1993, ‘Photosynthetic Acclimation to Elevated Atmospheric Carbon
Dioxide and UV Irradiation in Pinus banksiana’, Physiol. Plant. 88, 493-500.

Sullivan, J. H. and Teramura, A. H.: 1992, “The Effects of Ulraviolet-B Radiation on Loblolly Pine.
2. Growth of Field-grown Seedlings’, Trees 6, 115-120.

Teramura, A. H.: 1980, ‘Effects of Ultraviolet-B Irradiances on Soybean. I. Importance of Photosyn-
thetically Active Radiation in Evaluating Ultraviolet-B Irradiance Effects on Soybean and Wheat
Growth’, Physiol. Plant. 48, 333-339.

Teramura, A. H.: 1990, ‘Implications of Stratospheric Ozone Depletion upon Plant Production’,
HortScience 25, 1557-1560.

Teramura, A. H. and Murali, N. S.: 1986, ‘Intraspecific Differences in Growth and Yield of Soybean
Exposed to Ultraviolet-B Radiation under Greenhouse and Field Conditions’, Environ. Exper.
Bot. 26, 89-95.

Teramura, A. H., Biggs, R. H., and Kossuth, S.: 1980, ‘Effects of Ultraviolet-B Irradiances on
Soybean. II. Interaction between Ultraviolet-B and Photosynthetically Active Radiation on Net
Photosynthesis, Dark Respiration, and Transpiration’, Plant Physiol. 65, 483-488.

Teramura, A. H., Sullivan, J. H., and Lydon, J.: 1990a, ‘Effects of UV-B Radiation on Soybean Yield
and Seed Quality — A 6-Year Field Study’, Physiol. Plant. 80, 5-11.

Teramura, A. H., Sullivan, J. H., and Ziska, L. H.: 1990b, ‘Interaction of Elevated Ultraviolet-
B Radiation and CO, on Productivity and Photosynthetic Characteristics in Wheat, Rice, and
Soybean’, Plant Physiol. 94, 470-475.

Tevini, M.: 1993, ‘Effects of Enhanced UV-B Radiation on Terrestrial Plants’, in Tevini, M. (ed.),
UV-B Radiation and Ozone Depletion: Effects on Humans, Animals, Plants, Microorganisms,
and Materials, 1.ewis Publishers, Boca Raton, Florida, pp. 125-153.

Tevini, M. and Teramura, A. H.: 1989, ‘UV-B Effects on Terrestrial Plants’, Photochem. Photobiol.
50, 479-487.



394 MARTYN M. CALDWELL AND STEPHAN D. FLINT

Tevini, M., Braun, J., and Fieser, G.: 1991, ‘The Protective Function of the Epidermal Layer of Rye
Seedlings against Ultraviolet-B Radiation’, Photochem. Photobiol. 53, 329-333.

van de Staaij, J. W. M., Lenssen, G. M., Stroetenga, M., and Rozema, J.: 1993, ‘The Combined
Effects of Elevated CO, Levels and UV-B Radiation on Growth Characteristics of Elymus
athericus (E. pycnanathus)’, Vegetatio 104/108, 433-439.

Warner, C. W. and Caldwell, M. M.: 1983, ‘Influence of Photon Flux Density in the 400-700 nm
Waveband on Inhibition of Photosynthesis by UV-B (280-320nm) Irradiationin Soybean Leaves:
Separation of Indirect and Immediate Effects’, Photochem. Photobiol. 38, 341-346.

Waters, J. W., Froidevaux, L., Read, W. G., Manney, G. L., Elson, L. S., Flower, D. A., Jarnot, R. F,,
and Harwood, R. S.: 1993, ‘Stratospheric C1O and Ozone from the Microwave Limb Sounder on
the Upper Atmosphere Research Satellite’, Nature 362, 597-602.

Ziska, L. H. and Teramura, A. H.: 1992, ‘CO; Enhancement of Growth and Photosynthesis in Rice
(Oryza sativa). Modification by Increased Ultraviolet-B Radiation’, Plant Physiol. 99, 473-48]1.

(Received 10 December, 1993, in revised form 16 May, 1994)



	Stratospheric Ozone Reduction, Solar UV-B Radiation and Terrestrial Ecosystems
	Recommended Citation

	R32042.pdf

