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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.
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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.
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