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Abstract
The southern part of Tierra del Fuego, in the southernmost tip of South America, is covered by dense Nothofagus spp. forests and
Sphagnum-dominated peat bogs, which are subjected to the influence of ozone depletion and to increased levels of solar ultraviolet-B
radiation (UV-B). Over the last 5 years we have studied some of the biological impacts of solar UV-B on natural ecosystems of this
region. We have addressed two general problems: (i) do the fluctuations in UV-B levels under the influence of the Antarctic ozone ‘hole’
have any measurable biological impact, and (ii) what are the long-term effects of solar (ambient) UV-B on the Tierra del Fuego
ecosystems? In this paper, we provide an overview of the progress made during the first 4 years of the project. We highlight and discuss
the following results: (1) ambient UV-B has subtle but significant inhibitory effects on the growth of herbaceous and graminoid species of
this region (growth reduction #12%), whereas no consistent inhibitory effects could be detected in woody perennials; (2) in the species
investigated in greatest detail, Gunnera magellanica, the inhibitory effect of solar UV-B is accompanied by increased levels of DNA
damage in leaf tissue, and the DNA damage density in the early spring is clearly correlated with the dose of weighted UV-B measured at
ground level; (3) the herbaceous species investigated thus far show little or no acclimation responses to ambient UV-B such as increased
sunscreen levels and DNA repair capacity; and (4) ambient UV-B has significant effects on heterotrophic organisms, included marked
inhibitory effects on insect herbivory. The results from the experiments summarized in this review clearly indicate that UV-B influences
several potentially important processes and ecological interactions in the terrestrial ecosystems of Tierra del Fuego.  2001 Elsevier
Science B.V. All rights reserved.
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1. Introduction
The study of the biological effects of ultraviolet-B
radiation (UV-B; 280–315 nm) has attracted considerable
attention during the last two decades because the thinning
of the stratospheric ozone layer leads to elevated solar
UV-B at ground level [1–3]. In 1996 we set up a long term
experiment to study the impacts of solar UV-B radiation on
natural ecosystems of Tierra del Fuego (southern Argen-
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tina). The choice of this experimental location is based on
two major factors: the unique physical environment of
Tierra del Fuego, characterized by the influence of the
Antarctic ozone hole, and the structural and biological
diversity of the region.
Satellite data from the total ozone mapping spectrometer
(TOMS), which are available since 1978, indicate that the
area of the ozone hole has increased from ca. 2310 6 km 2
in the early 1980s to .25310 6 km 2 in the late 1990s [4].
Consequently, the area of influence of the ozone hole now
includes the southern regions of mainland Argentina and
Chile. Under the direct influence of the ozone hole, in
early spring, the thickness of the ozone layer above
southern Argentina and Chile drops from its normal level
of around 330 Dobson units (DU) to almost half of this
value within a time interval of less than 2 days [5–7]. But
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ozone depletion is not limited to this transient episodes:
parcels of ozone-poor air also linger over the region during
the summer, and TOMS ozone records indicate a significant decline in ozone levels for every month of the
growing season (October to March) relative to 20 years
ago. This decline represents, on average, an 11% reduction
in ozone levels [8].
Regarding the biological component, Tierra del Fuego is
unique in that it is the only area of the world regularly
affected by severe ozone depletion that is covered by well
developed terrestrial ecosystems. These ecosystems are
productive and diverse, particularly in comparison with the
ecosystems of Antarctica, where most of the UV-B research has been carried out. Tierra del Fuego harbors the
southernmost forest ecosystems of the world, which cover
most of the southern part of the island [9].
This combination of rich biology and heavily perturbed
atmospheric conditions prompted us to study the biological
impacts of solar UV-B radiation under natural field conditions. We have addressed two basic questions:

1. Do the fluctuations in UV-B levels during the spring
have any measurable biological impact?
2. What roles does present-day, ambient UV-B play in the
control of plant growth and trophic level interactions in
the native ecosystems of Tierra del Fuego?
In this paper, we briefly review the most recent results
of this study.

2. Ecosystems studied
The experiments were established near the city of
Ushuaia, Province of Tierra del Fuego, Argentina (548 49
230 S, 688 359 770 W, sea level). The area receives an
average annual precipitation of 520 mm; mean annual
temperature is 5.58C. The experimental plots were located
in three contrasting sites (Fig. 1): (a) a shrubland, dominated by the evergreen shrub Chiliotrichum diffusum
(Forster f.) O. Kuntze (‘mata negra’) and surrounded by a
deciduous Nothofagus forest; (b) a Sphagnum bog; and (c)
a Carex-dominated fen. The shrubland and bog sites are
located in the Tierra del Fuego National Park about 20 km
west of Ushuaia; the fen is located in Andorra Valley about
5 km north-east of Ushuaia. For a detailed description of
the experimental setup see Rousseaux et al. [8] and Searles
et al. [10].

Because we were interested in two interrelated, yet
different problems, the short-term responses to abnormally
high UV-B levels during the spring, and the long-term
effects of ambient UV-B on ecosystem biology, we used
two separate experimental approaches. To study short-term
impacts of UV-B fluctuations during the period in which
the region is subjected to the influence of the Antarctic
ozone hole, we correlated the doses of UV-B received at
ground level with the intensity of a particular biological
effect: the induction of DNA damage in native plants. To
study the impacts of present-day, ambient UV-B over
longer periods of time, we designed a manipulative
experiment that had two treatments: attenuated UV-B and
near-ambient UV-B. These treatments were imposed using
especially-designed plastic films that were suspended over
the vegetation using adjustable aluminum frames. The
attenuated UV-B treatment reduced the current flux of
biologically effective UV-B by ca. 80%, whereas the nearambient UV-B treatment attenuated the UV-B flux by less
than 10%. Both types of filters were perforated to allow
precipitation to pass through (for details see Refs. [8,10]).
We set up ten permanent plots of each treatment at the
shrub and bog sites, and fourteen permanent plots in the
fen. This manipulative experiment started in the spring of
1996.
Because it was technically not feasible to place filters on
top of whole trees, we did some branch-level experiments
to test the impact of attenuating UV-B on growth, acclimation, and trophic level interactions in Nothofagus trees (N.
antarctica, N. pumilio, and N. betuloides). In this case, the
filters were supported by chicken-wire frames (30340 cm)
to cover a small branch area; they were set on the trees
before bud break, and remained on the branches until the
end of the growing season.

3. Short-term impacts of ozone and UV-B fluctuations
We documented a significant inverse correlation between column ozone in early spring and the ground-level,
biologically-effective UV doses derived from spectral data
collected by the United States National Science Foundation
spectroradiometer in Ushuaia (Fig. 2). Similar results have
been reported for other years in Ushuaia and nearby Punta
Arenas (Chile) [5,7]. As expected, the correlation between
ozone column thickness and effective UV was stronger
when we used functions to weight the radiation in which
the quantum effectiveness declines sharply with the increase in wavelength. This is because only the shorter

Fig. 1. The three ecosystems chosen for study in the Tierra del Fuego area. (a) Shrubland dominated by Chiliotrichum diffusum; (b) minerotrophic bog
dominated by Sphagnum magellanicum; and (c) fen dominated by the sedges Carex decidua and Carex curta. The first two sites (a and b) are within the
boundaries of the Tierra del Fuego National Park, in the Laguna Negra area, approximately 20 km to the west of the city of Ushuaia. The fen ecosystem is
located on private property, in the Andorra Valley area, near Ushuaia. For detailed descriptions see Rousseaux et al. [8] (site a) and Searles et al. [10] (sites
b and c).
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Fig. 2. Inverse relationship between ozone column and UV-B dose
measured at ground level in the early spring. Ozone data were obtained
from the TOMS database (see http: / / jwocky.gsfc.nasa.gov, overpass data
file for the city of Ushuaia, October and November of 1997). UV-B was
measured at ground level with a scanning spectroradiometer of the US
NSF monitoring network based at CADIC (city of Ushuaia). The
irradiance data were weighted for biological effectiveness using Setlow’s
action spectrum for DNA damage, and integrated between dawn and
13:30 h to obtain a pre-noon biologically-effective UV dose (For details,
see Ref. [6]).

wavelengths of the UV spectrum (i.e. the UV-B) are
significantly affected by ozone depletion. These results
indicate that, in spite of the large day-to-day variations in
cloud cover, the passage of the ozone hole over the
southern tip of South America causes large increases in
biologically effective UV radiation at the ground level in
the early spring [3,6].
Do these ozone-related UV peaks in the early spring
have any measurable biological impact? In order to address
this question it is necessary to choose a response variable
with a fast response kinetics, and which can be unequivocally attributed to the variations in UV-B levels. We
chose to measure the density of cyclobutane pyrimidine
dimers (CPDs) in DNA extracted from leaves of plants that
occurred naturally in our field site. CPDs constitute the
major fraction (ca. 75%) of the aberrant DNA photoproducts induced by UV [11]. Eco-physiological studies
have provided indirect, correlative evidence suggesting
that the plant growth inhibition caused by high [12] and
ambient [13,14] UV-B doses may be related to DNA
damage.
Using the herbaceous Gunnera magellanica as a model
species, we found that the steady-state levels of CPDs
measured at midday in leaf tissue were linearly correlated
with the pre-midday UV dose measured at ground level
(Fig. 3).
The relationship between UV dose and CPD load was
particularly strong when we weighted the radiation for
biological effectiveness using spectra that assume a sharp
decline in quantum efficiency with increasing wavelength
from the UV-B into the UV-A regions of the spectrum [6].

Fig. 3. Effects of variations in pre-midday UV dose at ground level
during October and November 1997 (see Fig. 2) on the steady state levels
of CPDs measured in leaves of G. magellanica. The leaf tissue was
obtained from plants that occurred naturally in our field plots. The squares
in the shaded ellipse represent samples collected from plants covered with
filters that attenuated the UV-B component of solar radiation (For details
see Ref. [6]).

That weighting functions which strongly discount the UVA component gave the best prediction of CPD accumulation under real ozone variation probably reflects the
influence of UV-A-driven photoreactivation under natural
conditions. Photoreactivation would reduce the apparent
contribution of the UV-A waveband to the generation of
DNA damage. Of course, other factors, such as accumulation of phenolic sunscreens, may also affect the shape of
the weighting function that best predicts the impacts of
ozone-related UV fluctuations on a particular biological
process
Are the variations in CPD density that we measured in
response to ozone-related UV fluctuations physiologically
significant? Genetic tools (i.e. DNA repair mutants) are not
available in G. magellanica, and detailed kinetic analyses
of growth inhibition are not feasible in field studies with
species that show slow rates of growth. Therefore, the
evidence for a functional link between DNA damage and
alterations in plant growth remains circumstantial, and it is
based on three pieces of information: (1) present levels of
solar UV-B in the early spring do inhibit leaf area
expansion in G. magellanica (as well as in other herbaceous species, see below); (2) studies with DNA repair
mutants of Arabidopsis thaliana have clearly demonstrated
that CPDs have growth inhibitory effects in terrestrial
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plants [15,16]; and (3) in all cases studied thus far the
inhibitory effects of solar UV-B on growth were found to
be accompanied by increased levels of DNA damage in the
form of CPDs ([14,17,18] and C.A. Mazza unpublished
results).

4. Long-term effects of solar UV-B attenuation on
plant growth and physiological acclimation

4.1. Growth and morphology
In terms of effects of ambient UV-B on growth, the data
that we have collected in Tierra del Fuego indicate that:
(1) ambient UV-B inhibits the growth of some species
under natural field conditions; and (2) the effects are
different for different species (Table 1).
In the ‘mata negra’ shrubland site, we found significant
inhibitory effects of ambient UV-B on frond elongation in
the fern Blechnum penna-marina and leaf expansion in G.
magellanica (growth reductions between 10 and 12%). In
contrast in the dominant shrub, C. diffusum, we were not
able to detect any significant growth response to solar
UV-B [8]. In the Carex-dominated fen ecosystem, shoot
growth of the dominant Carex species was unaffected by
solar UV-B [10,19]; however, recent results show that root
length growth can be significantly inhibited by ambient
UV-B in this fen [20]. In the Sphagnum bog we detected a
small, but significant inhibitory effect of ambient UV-B on
Sphagnum height growth, particularly after the second
growing season of the experiment [19,21]. Similarly,
ambient UV-B reduced leaf production and total leaf area
in Tetroncium magellanicum (a perennial monocot)
[19,21]. No effects of UV-B attenuation were apparent on
the growth of the two woody species that emerge from the
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Sphagnum carpet (dwarf N. antarctica trees and Empetrum
rubrum) [19,21]. The experiments with full size
Nothofagus spp. trees have been limited to branch-level
manipulations of the UV climate, and the data collected
thus far do not show significant effects of ambient UV-B
on leaf area expansion [22].

4.2. Phenolic sunscreens and internal UV filtration
We measured accumulation of methanol-soluble UVabsorbing compounds and changes in leaf thickness (or
specific leaf mass) in most of the species, as indicators of
long-term screening acclimation to solar UV-B. In some
species of the shrubland site these measurements were
complemented with determinations of epidermal UV transmittance. In the majority of the species investigated we did
not detect a significant effect of ambient UV-B levels on
concentration of UV-absorbing compounds (G. magellanica, B. penna-marina, C. diffusum, S. magellanicum) or
specific leaf mass (G. magellanica, B. penna-marina, C.
diffusum) [8,17]. In contrast, in the Nothofagus trees, both
UV-B absorbing compounds and leaf thickness increased
in response to ambient UV-B radiation [22]. Searles [19]
also reported small effects of ambient UV-B on UVabsorbing compounds in Empetrum rubrum and Tetroncium magellanicum. Using UV-induced chlorophyll fluorescence to estimate epidermal transmittance [18,23],
Barnes et al. [23] confirmed the lack of effect of ambient
UV-B on sunscreen accumulation in all three species of the
shrubland site (G. magellanica, B. penna-marina, C.
diffusum). These measurements also demonstrated that
most of these species have very high constitutive levels of
phenolic sunscreens, and correspondingly very low epidermal transmittance to UV-B (Fig. 4).

Table 1
Summary of effects of solar UV-B on the growth of various plant species of the Tierra del Fuego ecosystems
Site

Species

Life form

Effect of solar UV-B

Ref.

Shrubland
(1adjacent
forest)

G. magellanica
B. penna marina
C. diffusum
N. antarctica
N. pumilio
N. betuloides

Perennial herb
Perennial herb
Shrub
Deciduous tree
Deciduous tree
Evergreen tree

Inhibited leaf growth
Inhibited frond growth
No effects detected
No effect on leaf area
No effect on leaf area
No effect on leaf area

[8,17]
[8]
[8]
[22]
[22]
[22]

Bog

S. magellanicum
E. rubrum
T. magellanicum

Moss
Shrub
Perennial graminoid

Inhibited height growth
No effects detected
Inhibited leaf growth

[19,21]
[19,21]
[19,21]

Fen

C. curta and
C. decidua

Perennial graminoid

No effects on shoot
growth; reduced
root length

[20]

Effects were determined by comparing the near-ambient with the attenuated UV-B treatments. Inhibitory effects are reported only if the difference
between treatments was statistically significant in the original study.
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Fig. 4. False color image indicating the intensity of chlorophyll fluorescence excited by UV in leaves of G. magellanica and soybean (Glycine max), which
is used here as a reference. In this system (for details see Ref. [18]), a low intensity of chlorophyll fluorescence indicates a low penetration of UV through
the epidermis and to the photosynthetic mesophyll. Notice the very dark appearance of the G. magellanica leaf in comparison with the soybean leaf.

4.3. DNA repair
Another attempt to characterize the long-term physiological acclimation to solar UV-B is based on measuring the
effects of exposure to different UV regimes on DNA
photorepair capacity in G. magellanica. Preliminary results
indicate that leaves from plants that occur naturally under
the filters that attenuate solar UV-B display CPD photorepair rates that are not very different from those of plants
exposed to ambient UV-B levels. In general, the CPD
photorepair capacity of G. magellanica appeared to be
low, compared to other species of temperate origin [24].
This reduced CPD repair capacity might explain why G.
magellanica is affected by the ambient levels of UV-B in

Tierra del Fuego, in spite of the fact that this species has
efficient UV-absorbing sunscreens.

5. Long-term effects of solar UV-B attenuation on
trophic-level interactions
We found significant effects of solar UV-B attenuation
on heterotrophic organisms in all three ecosystems (Table
2). The effects of solar UV-B on plant–herbivore interactions have received the most study, and will be summarized first.
In the shrubland site we have documented consistent
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Table 2
Summary of effects of near-ambient UV-B on heterotrophic organisms in the Tierra del Fuego ecosystems
Site

Organism / s

Effect of solar UV-B

Ref.

Shrubland
(1adjacent
forest)

Insects feeding on
G. magellanica
leaves

Reduced leaf herbivory

[8,17]

Insects feeding on
N. antarctica leaves

Reduced leaf herbivory

[26]

Microfauna in
Sphagnum capitulae

Increased density of testate
amoebae

[10,19,27]

Symbiotic mycorrhizae

Increased symbiotic
mycorrhizal infection of
Carex roots in fen

[28]

Slugs feeding on leaves of
most abundant species in fen

Reduced and increased
herbivory; changed diet
selection of slugs

[25]

Bog

Fen

Effects were determined by comparing the near-ambient with the attenuated UV-B treatments. Positive or negative effects are reported only if the
difference between treatments was statistically significant in the original study.

effects of solar UV-B on insect herbivory, which was
particularly intense early in the season on the perennial
herb G. magellanica, one of the first species to resume
growth at the end of the winter. Plants covered by filters
that attenuate solar UV-B radiation were significantly more
consumed by chewing insects than plants exposed to nearambient UV-B levels [8,17]. Moth larvae (Lepidoptera:
Noctuidae) were the most important consumers.
Are the impacts of solar UV-B on herbivory mediated by
changes in the host plants or through direct effects of
UV-B on the insects? The moth larvae that feed on G.
magellanica leaves are active during the night, and hide
under the litter layer during the day. Therefore, it is most
unlikely that the effects of UV-B on herbivory are mediated by direct effects of the radiation on the caterpillars.
Rousseaux et al. [17] tested the effects of UV-B on host
plant quality using ‘choice’ experiments. They found that
the plants that grew under attenuated UV-B were chosen
significantly more often by the natural fauna of insect
consumers than plants collected from under the nearambient UV-B treatment. These results indicate that solar
UV-B can alter parameters of tissue quality that insects use
in their host-selection decisions, and are consistent with
the idea that at least part of the effects of solar UV-B on
insect herbivory are mediated by UV-B-induced changes in
the plants.
Herbivory appeared to be much less intense in the Carex
fen and Sphagnum bog than in the drier shrubland.
Nonetheless, in the Carex ecosystem, Zaller et al. [25]
found that slugs in this fen consumed less decaying leaf
material of N. antarctica but more of C. decidua when
plants had been grown at ambient UV-B than when plants
grew at reduced UV-B. Also, the diet selection of slugs

among the six most abundant plant species in this fen was
affected by UV-B treatments [25].
The leaves of N. antarctica trees are also consumed by a
variety of herbivores, particularly lepidopteran larvae.
Using branch filters Rousseaux et al. [26] found that, in the
field, folivore insects consumed significantly more leaf
area in N. antarctica branches covered with UV-B-attenuating film than in control branches that received nearambient UV-B. These effects of ambient UV-B on herbivory are likely to be mediated by changes in tissue quality
because lepidopteran larvae showed preference for leaves
that had expanded under reduced UV-B when they were
tested in choice bioassays [26]. Chemical analysis of N.
antarctica leaf samples collected at the beginning of the
summer (before the start of insect damage) showed that
part of the variation in herbivory intensity could be
explained by a multiple regression model that included
levels of three specific phenolic compounds. The levels of
two of these phenolics (gallic acid and a non-identified
flavonoid-aglycone) were significantly affected by artificial
UV-B attenuation in the field [26].
In the Carex fen and Sphagnum bog sites, solar UV-B
also appeared to be an important factor regulating the
populations of other components of the ecosystems besides
plants and herbivorous insects. Searles et al. [10] reported
significantly larger densities of testate amoebae under nearambient UV-B levels than under attenuated UV-B. This
difference was confirmed by Searles [19] and Robson et al.
[27] in subsequent years. In the fen site, Zaller et al. [28]
found large increases in symbiotic mycorrhizal infection of
the Carex roots in the near-ambient UV-B plots, compared
with the attenuated UV-B treatment. The effects were
consistent over the seasons. The mechanisms that mediate
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these effects of solar UV-B on microfauna and symbiotic
organisms are presently unknown.

6. Response patterns and comparisons with other
ecosystems
The series of experiments described in this paper
represents one of the first attempts to study the impacts of
ambient UV-B on the biology of intact terrestrial ecosystems in an area of the world that is already exposed to
ozone depletion. Therefore, direct comparisons with other
studies are difficult to establish. In the following we will:
(1) draw some generalizations from the data collected in
the three ecosystems of Tierra del Fuego and compare our
results with those of other UV-B attenuation studies; and
(2) discuss them in connection with UV-B supplementation
studies carried out at high latitudes in the Northern
hemisphere.

6.1. Generalizations from the Tierra del Fuego data set
and comparison with other UV-B attenuation studies
We will highlight three general features of our data set:
(i) the subtle inhibitory effect of solar UV-B on the growth
of herbaceous plants; (ii) the reduced physiological plasticity to UV-B attenuation in all the plant species investigated; and (iii) the effects of solar UV-B on insect
herbivory.

6.1.1. Growth responses to solar UV-B
As summarized in Table 1, in nearly all the herbaceous
species investigated in our experiments in Tierra del Fuego
solar UV-B (near-ambient level) had subtle, but significant
inhibitory effects on growth or morphological development. In contrast, in our survey of woody perennials,
which included the shrubs C. diffusum and E. rubrum and
three species of Nothofagus trees, we could not detect
growth inhibitory effects of solar UV-B. Many previous
studies carried out at lower latitudes in both hemispheres
(i.e. ,408 latitude) reported inhibition of growth by
ambient UV-B in herbaceous species. These studies include those carried out with Datura ferox [13] and
cultivated species such as cucumber [29], lettuce [30], and
barley [14]. In UV-B attenuation experiments carried out at
mid and high latitudes in the Northern hemisphere (.408),
inhibitory effects of UV-B on the growth of herbaceous
species were found in some studies [31], but not in others
[32,33]. The series of experiments that is most similar to
ours, in terms of method and geographical location, is that
of Day and co-workers in the Antarctic Peninsula [34–36].
They examined the influence of solar UV-B on the
performance of Colobantus quitensis and Deschampsia
antarctica, two vascular species, in a multi-year field
study. In both species, ambient UV-B had significant
inhibitory effects on leaf elongation and leaf area. The

difference in relative UV-B levels between the near-ambient and attenuated UV-B treatments in our experiments
was similar to that imposed by Day and associates (ca.
85% ambient for the near ambient UV-B treatment vs. 20%
ambient for the attenuated UV-B treatment). However, the
magnitudes of the UV-B effects detected by Day and
co-workers (up to 43% reduction in leaf elongation in D.
antarctica, and up to 25% reduction in number of green
leaves in C. quitensis) [36] were much larger than the
responses that we have measured in our experiments (12%
growth inhibition or less). There may be several reasons
for the difference in the magnitude of biological response
between Day’s studies and ours; we believe that the
simplest explanation is that ozone depletion has been more
pronounced over the Antarctic Peninsula than over Tierra
del Fuego. Day et al. [36] estimate that ozone depletion
over their field site has resulted in a 62% enhancement of
(early-season) biologically effective UV-B (plant action
spectrum; Ref. [37]), whereas from the ozone data reported
by Rousseaux et al. [8] (11% reduction in ozone column),
we estimate that the increase in biologically effective
UV-B over Tierra del Fuego during the last two decades
should not exceed 25% (assuming constant sky transmission and a radiation amplification factor of 2.2). Therefore,
while the relative attenuation level imposed by Day and
co-workers is similar to that used in our studies, the current
(ambient) UV-B dose should be much more out of the
range of the presumed evolutionary niche for Antarctic
plants than for the plants of Tierra del Fuego.
Regarding growth responses of woody species to ambient UV-B, Hunt and McNeil [38] studied the effects of
solar UV-B on mountain beech (N. solandri var. cliffortioides) and broadleaf (Griselinia litoralis) in New
Zealand. In N. solandri, they found that UV-B attenuation
caused increased height growth and average leaf size (by
as much 45%); however, leaf number was reduced under
attenuated UV-B and the average total leaf area per
seedling was not affected by UV-B attenuation. Growth of
G. litoralis was not affected by UV-B attenuation. We are
not aware of other UV-B attenuation studies with woody
perennials except those conducted by Searles et al. [39] in
Panama and Schumaker et al. [40] in Pullman (WA, USA).
No significant effects of UV-B attenuation on leaf area
expansion were found in these studies.

6.1.2. Physiological acclimation to solar UV-B
All the species investigated in Tierra del Fuego had high
constitutive levels of phenolic compounds in their leaves
and these levels increased only slightly in response to solar
UV-B (Nothofagus spp.) or were not affected at all (all
species in the shrubland site). These large constitutive
levels of phenolic sunscreens did not prevent, however, the
transient accumulation of deleterious photoproducts in
DNA during days in which UV-B increased in response to
ozone depletion [6]. It is apparent from our preliminary
results that G. magellanica, the only species investigated in
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detail with respect to DNA damage, has constitutively low
repair rates [24]. Whether or not this is a general feature of
all the plants native to this high latitude region is presently
unknown.

secondary chemistry, and the complex sensory interactions
between plant and insects, it is hardly surprising to find
system-dependent effects of UV-B on insect herbivory.

6.1.3. Effects of solar UV-B plant–herbivore interactions
The third general feature that we identified in our data
set from Tierra del Fuego is the negative effect of solar
UV-B on levels of leaf herbivory in various species. Again,
this is consistent with the results of previous UV-B
attenuation studies in other systems. In terrestrial systems,
Ballare´ et al. [13] found that exposure of D. ferox
seedlings to the UV-B component of solar radiation
resulted in reduced levels of herbivory by a diverse guild
of chewing insects. Similar results were reported by Mazza
et al. [41], who worked with thrips and soybean plants, and
by Zavala et al. [42], who studied the effects of solar UV-B
attenuation on soybean herbivory by the velvetleaf worm
Anticarsia gemmatalis. In all the experiments reported to
date involving terrestrial plants, it could be demonstrated
that exposure to solar UV-B induces persistent changes in
the quality of plant tissues that the insects can recognize in
choice experiments carried out under controlled environmental conditions. The nature of these changes is unknown, but they may involve alterations in the levels of
specific phenolic compounds [43], as it may be the case for
N. antarctica trees (see discussion above), or changes in
specific defense proteins such as proteinase inhibitors [44].

7. Outlook

6.2. Comparisons with UV-B supplementation studies
carried out at high latitudes in the Northern hemisphere
UV-B supplementation studies involving natural vegetation have been conducted at a few locations in the
Northern hemisphere. One of the most complete series of
experiments has been conducted at a field site near Abisko
(688 Northern latitude, Sweden) [45–47], in a system that
has ecological convergence with our Tierra del Fuego field
site (for further discussion see Ref. [48]).
In terms of UV-B impacts on plant growth, the Abisko
supplementation studies that simulated ozone depletion
levels of ca. 15% on clear days yielded UV-B treatment
effects that were either similar or more intense than those
of our UV-B attenuation experiments. For example, the
studies at the Abisko site showed a 15% decrease in leaf
growth of Vaccinium myrtillus, 27% and 33% reduction in
stem growth of V. vitis-idaea and Empetrum sp., respectively [45], and 25% decrease in Sphagnum fuscum height
[46].
In terms of trophic-level interactions, Gwynn-Jones and
co-workers [49] reported that enhanced UV-B decreased
the intensity of herbivory in V. uliginosum, which is
consistent with the results of our experiments. However,
UV-B supplementation was found to increase herbivory by
70% in another species (V. myrtillus) included in the
Abisko study. Given the complex effects of UV-B on plant

Is ozone depletion affecting the functioning of terrestrial
ecosystems in Tierra del Fuego? If we focus our analysis
on short-term impacts, it is clear from the data collected by
our group [6] that the increases in solar UV-B during the
early spring cause proportional increases in the density of
aberrant photoproducts in the leaves of naturally occurring
plants. To the extent that these photoproducts have toxic or
mutagenic effects [15,16], it is reasonable to expect that
the increased UV-B levels in the spring have transient
negative impacts on the native flora of the Tierra del Fuego
ecosystems. If, on the other hand, we focus on long-term
effects of enhanced UV-B on plant growth, our ability to
draw robust conclusion is much more limited. Any inference in this regard would involve several assumptions
about (i) the UV-B climate that prevailed over the region
before the beginning of ozone depletion; and (ii) the
responses of the biological system to alterations in UV-B
over long time scales. We did find small but consistent
inhibitory effects of ambient UV-B levels on the growth of
herbaceous species in all three ecosystems (Table 1), and it
is reasonable to assume that solar UV-B plays now a
greater role as an environmental stressor than 20 years ago,
due to ozone depletion. This idea is strongly supported by
the comparison between our data and the data collected by
Day and co-workers [34–36] in the Antarctic Peninsula.
This comparison shows that a similar fractional level of
UV-B attenuation has impacts on plant growth that increase with the level of ozone depletion (i.e. from Tierra
del Fuego to Antarctica). If there were a linear correspondence between UV-B dose and plant growth inhibition, the inhibitory effect of enhanced springtime UV-B in
Tierra del Fuego should be around 3–4% for herbaceous
species (i.e. one-quarter to one-third of the inhibitory
effect that we detected when comparing the near-ambient
UV-B with the 80% attenuation treatments) [8]. The
magnitude of this predicted effect compares well with the
results of a recent meta-analysis of UV-B supplementation
studies [50]. This analysis indicated that UV-B supplementation treatments that simulated a 10–20% ozone
depletion resulted, on the average, in a 6% reduction in
plant biomass.
Current UV-B levels also had effects on plant consumers
and other heterotrophic organisms in the three ecosystems
that we studied. Due to limitations associated with extrapolating over large spatial and temporal scales it remains unclear if these organisms have different dynamics
or densities now than under the previous UV-B climate.
Our demonstration of strong effects of solar UV-B on
biotic interactions in natural systems suggests that further

76

C.L. Ballare´ et al. / Journal of Photochemistry and Photobiology B: Biology 62 (2001) 67 – 77

research on the underlying mechanisms and ecological
implications is warranted.

[11]
[12]

Acknowledgements
[13]

Special thanks go to Steve Flint for his contribution to
the design and coordination of the project. Carlos Mazza,
´
Veronica
Pancotto, and Paul Barnes provided intellectual
input at several stages during the development of this
work; Oscar Bianciotto, Nancy Lozano, Nicolas Garibaldi,
´
Veronica
Pancotto, Juan Rosales, and Ricardo Saenz
Samaniego helped with installation and maintenance of the
permanent field site. This work was supported financially
by US National Science Foundation Grants IBN 95244 and
DEB-9814357 as part of the Terrestrial Ecology and
Climate Change (TECO) Program and also by Agencia
´ Cientıfica
´
´
Nacional para la Promocion
y Tecnica
Grants
PICT 97 1-00342 and 99 1-5292 (Argentina). We thank the
personnel of the Centro Austral de Investigaciones Cien´
tıficas
(CADIC), especially Dr Eduardo Olivero, Dr Er´ for consistent logistic
nesto Piana, and Ing. Susana Dıaz
´ de Parques Nacionales
support, and the Administracion
´ Tecnica
´
´
(Direccion
Regional Patagonica)
for their permission to work in the Tierra del Fuego National Park.

References
´
[1] J.E. Frederick, S.B. Dıaz,
I. Smolskaia, W. Esposito, Ultraviolet
solar radiation in the high latitudes of south America, Photochem.
Photobiol. 60 (1994) 356–362.
[2] R.L. McKenzie, B. Connor, G. Bodeker, Increased summertime UV
radiation in New Zealand in response to ozone loss, Science 285
(1999) 1709–1711.
´ G. Deferrari, D. Martinioni, A. Oberto, Regression analysis
[3] S. Dıaz,
of biologically effective integrated irradiances versus ozone, clouds
and geometric factors, J. Atmos. Solar-Terr. Phys. 62 (2000) 629–
638.
[4] P.A. Newman, The Antarctic ozone hole, in: R.M. Todaro (Ed.),
Stratospheric Ozone, An Electronic Textbook, NASA Gooddard
Space Flight Center, Greenbelt, MD, 1999.
[5] V.W.J.H. Kirchhoff, S.C.A.R. Casiccia, F.B. Zamora, The ozone hole
over Punta Arenas, Chile, J. Geophys. Res. 102 (1997) 8945–8953.
´ C.V. Giordano, A.L. Scopel, A.M.
[6] M.C. Rousseaux, C.L. Ballare,
Zima, M. Szwarcberg-Bracchitta, P.S. Searles, M.M. Caldwell, S.B.
´
Dıaz,
Ozone depletion and UVB radiation: Impact on plant DNA
damage in southern South America, Proc. Natl. Acad. Sci. USA 96
(1999) 15310–15315.
[7] R.D. Bojkov, V.E. Fioletov, S.B. Diaz, The relationship between
solar UV irradiance and total ozone from observations over southern
Argentina, Geophys. Res. Lett. 22 (1995) 1249–1252.
[8] M.C. Rousseaux, A.L. Scopel, P.S. Searles, M.M. Caldwell, O.E.
´ Responses to solar ultraviolet-B radiation in a
Sala, C.L. Ballare,
shrub-dominated natural ecosystem of Tierra del Fuego (southern
Argentina), Global Change Biol. 7 (2001) 467–478.
[9] D.M. Moore, Flora of Tierra del Fuego, Missouri Botanical Garden,
St. Louis, MO, 1983.
´
´
[10] P.S. Searles, S.D. Flint, S.B. Dıaz,
M.C. Rousseaux, C.L. Ballare,
M.M. Caldwell, Solar ultraviolet-B radiation influence on Sphagnum

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

bog and Carex fen ecosystems: first field season findings in Tierra
del Fuego, Argentina, Global Change Biol. 5 (1999) 225–234.
A.B. Britt, Molecular genetics of DNA repair in higher plants,
Trends Plant Sci. 4 (1999) 20–25.
J. Hidema, T. Kumagai, J.C. Sutherland, B.M. Sutherland, Ultraviolet B-sensitive rice cultivar deficient in cyclobutyl pyrimidine
dimer repair, Plant Physiol. 113 (1997) 39–44.
´ A.L. Scopel, A.E. Stapleton, M.J. Yanovsky, Solar
C.L. Ballare,
ultraviolet-B radiation affects seedling emergence, DNA integrity,
plant morphology, growth rate, and attractiveness to herbivore insect
in Datura ferox, Plant Physiol. 112 (1996) 161–170.
C.A. Mazza, D. Battista, A.M. Zima, M. Szwarcberg-Bracchitta, C.V.
´ The effects of
Giordano, A. Acevedo, A.L. Scopel, C.L. Ballare,
solar ultraviolet-B radiation on the growth and yield of barley are
accompanied by increased DNA damage and antioxidant responses,
Plant Cell Environ. 22 (1999) 61–70.
C.Z. Jiang, J. Yee, D. Mitchell, A.B. Britt, Photorepair mutants of
Arabidopsis, Proc. Natl. Acad. Sci. USA 94 (1997) 7441–7445.
L.G. Landry, A.E. Stapleton, J. Lim, P. Hoffman, J.B. Hays, V.
Walbot, R.L. Last, An Arabidopsis photolyase mutant is hypersensitive to ultraviolet-B radiation, Proc. Natl. Acad. Sci. USA 94
(1997) 328–332.
´ A.L. Scopel, P.S. Searles, M.M.
M.C. Rousseaux, C.L. Ballare,
Caldwell, Solar ultraviolet-B radiation affects plant-insect interactions in a natural ecosystem of Tierra del Fuego (southern Argentina), Oecologia 116 (1998) 528–535.
C.A. Mazza, H.E. Boccalandro, C.V. Giordano, D. Battista, A.L.
´ Functional significance and induction by solar
Scopel, C.L. Ballare,
radiation of ultraviolet-absorbing sunscreens in field-grown soybean
crops, Plant Physiol. 122 (2000) 117–125.
P.S. Searles, Responses of Sphagnum and Carex peatlands to
ultraviolet-B radiation in southern South America, and a metaanalysis of UV-B effects on vascular plants, Ph.D. Dissertation, Utah
State University, UT, USA, 2000.
J.G. Zaller, S.D. Flint, P.S. Searles, M.M. Caldwell, M.C. Rous´ A.L. Scopel, O.E. Sala, Effects of ultraviolet-B
seaux, C.L. Ballare,
radiation on biomass allocation in a Carex fen ecosystem in Tierra
del Fuego, Argentina, Bull. Ecol. Soc. Am. (Abstract) 81 (2000)
238.
T.M. Robson, unpublished data, 2001.
´ O.E. Sala, A.L. Scopel,
T.M. Robson, J.G. Zaller, C.L. Ballare,
M.M. Caldwell, The response of Nothofagus tree species to UV-B
radiation resulting from ozone depletion, in the forests of Tierra del
Fuego, SPARC 2000 Associated Workshop: Impacts of UV radiation
on terrestrial and aquatic ecosystems, Mar del Plata, Argentina,
2000, p. 14.
´ R.J. Ryel, M.M. Caldwell,
P.W. Barnes, P.S. Searles, C.L. Ballare,
Non-invasive measurements of leaf epidermal transmittance of UV
radiation using chlorophyll fluorescence: field and laboratory tests,
Physiol. Plant. 109 (2000) 274–283.
C.V. Giordano, A.M. Zima, M.V. Herrera, M.C. Rousseaux, A.L.
´ M.M. Caldwell, DNA repair capacity of a
Scopel, C.L. Ballare,
native plant of Tierra del Fuego, Southern Argentina, in its natural
environment, in: SPARC 2000 Associated Workshop: Impacts of
UV radiation on terrestrial and aquatic ecosystems, Mar del Plata,
Argentina, 2000, p. 22.
J.G. Zaller, P.S. Searles, M.C. Rousseaux, S.D. Flint, M.M. Cal´ A.L. Scopel, O.E. Sala, Ultraviolet-B radiation
dwell, C.L. Ballare,
can affect slug herbivory of plant species native in a fen ecosystem
in Tierra del Fuego, Argentina, Plant Ecol., in press.
M.C. Rousseaux, R. Julkunen-Tiitto, A.L. Scopel, P.J. Aphalo, C.L.
´ Microclimatic effects on insect herbivory in Nothofagus
Ballare,
antarctica trees: Effects of solar UV-B and relationship with plant
secondary metabolites, in: SPARC 2000 Associated Workshop:
Impacts of UV radiation on terrestrial and aquatic ecosystems, Mar
del Plata, Argentina, 2000, p. 15.
´ O.E. Sala, A.L. Scopel, M.M. Caldwell,
T.M. Robson, C.L. Ballare,

C.L. Ballare´ et al. / Journal of Photochemistry and Photobiology B: Biology 62 (2001) 67 – 77

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Biodiversity of microfauna and fungal communities in a Sphagnum
bog under two levels of solar UV-B, ESA 86th Annual Meeting,
Madison, Wisconsin, 2001.
J.G. Zaller, M.M. Caldwell, S.D. Flint, A.L. Scopel, O.E. Sala, C.L.
´ Solar UV-B radiation affects belowground processes in a
Ballare,
fen ecosystem in Tierra del Fuego, Argentina, unpublished manuscript.
D.T. Krizek, R.M. Mireki, S. Britz, Inhibitory effects of ambient
levels of solar UV-B and UV-A radiation on growth of cucumber,
Physiol. Plant. 100 (1997) 886–893.
D.T. Krizek, S. Britz, R.M. Mireki, Inhibitory effects of solar UVand UV-B radiation on growth of cv. New Red Fire lettuce, Physiol.
Plant. 103 (1998) 1–7.
J. Rozema, A. Oudejans, N. Houter, H. Schoonheim, I. Walraven, C.
Van’t Klooster, J. Van de Staaij, M. Tosserams, N. De Bakker, A.
Van Beem, M. Stroetenga, R. Broekman, L. Van Heerwaarden, H.
Nelissen, R. Aerts, Responses of plants from a dune grassland
ecosystem in The Netherlands to solar UV-B: UV-B filtration and
supplementation experiments, in: J. Rozema (Ed.), Stratospheric
Ozone Depletion. The Effects of Enhanced UV-B Radiation on
Terrestrial Ecosystems, Backhuys Publishers, Leiden, 1999, pp.
203–225.
` J. Rozema, The effect of solar UV
M. Tosserams, A. Pais de Sa,
radiation on four plant species occurring in a coastal grassland
vegetation in The Netherlands, Physiol. Plant. 97 (1996) 731–739.
Y.A. Papadopoulos, R.J. Gordon, K.B. McRae, R.S. Bush, G.
´
Belanger,
E.A. Butler, S.A.E. Fillmore, M. Morrison, Current and
elevated levels of UV-B radiation have few impacts on yields of
perennial forage crops, Global Change Biol. 5 (1999) 847–856.
T.A. Day, C.T. Ruhland, C.W. Grobe, F. Xiong, Growth and
reproduction of Antarctic vascular plants in response to warming
and UV radiation reductions in the field, Oecologia 119 (1999)
24–35.
F. Xiong, T.A. Day, Effect of solar ultraviolet-B radiation during
springtime ozone depletion on photosynthesis and biomass production of Antarctic vascular plants, Plant Physiol. 125 (2001)
738–751.
T.A. Day, C.T. Ruhland, F. Xiong, Influence of solar ultraviolet-B
radiation on Antarctic terrestrial plants: results from a four-year field
study, J. Photochem. Photobiol. B: Biol. 62 (2001) 78–87.
M.M. Caldwell, Solar UV irradiation and growth and development
of higher plants, in: A.C. Giese (Ed.), Photophysiology, Academic
Press, New York, 1971, pp. 131–177.

77

[38] J.E. Hunt, D.L. McNeil, The influence of present-day levels of solar
ultraviolet-B radiation on seedlings of two Southern Hemisphere
temperate tree species, Plant Ecol. 143 (1999) 39–50.
[39] P.S. Searles, M.M. Caldwell, K. Winter, The response of five
tropical species to solar ultraviolet-B radiation, Am. J. Bot. 82
(1995) 445–453.
[40] M.A. Schumaker, J.H. Bassman, R. Robberecht, G.K. Radamaker,
Growth, leaf anatomy, and physiology of Populus clones in response
to solar ultraviolet-B radiation, Tree Physiol. 17 (1997) 617–626.
´ Perception of
[41] C.A. Mazza, J. Zavala, A.L. Scopel, C.L. Ballare,
solar ultraviolet-B radiation by phytophagous insects. Behavioral
responses and ecosystem implications, Proc. Natl. Acad. Sci. USA
96 (1999) 980–985.
´ Effects of ambient UV-B
[42] J. Zavala, A.L. Scopel, C.L. Ballare,
radiation on soybean crops: Impact on leaf herbivory by Anticarsia
gemmatalis, Plant Ecol. (2001) in press.
[43] E.S. McCloud, M.R. Berenbaum, Stratospheric ozone depletion and
plant-insect interactions: effects of UVB radiation on foliage quality
of Citrus jambhiri for Trichoplusia ni, J. Chem. Ecol. 20 (1994)
525–539.
[44] J.W. Stratmann, B.A. Stelmach, E.W. Weiler, C.A. Ryan, UVB / UVA
radiation activates a 48 kDa myelin basic protein kinase and
potentiates wound signaling in tomato leaves, Photochem. Photobiol. 71 (2000) 116–123.
¨
[45] U. Johanson, C. Gehrke, L.O. Bjorn,
T.V. Callaghan, The effects of
enhanced UV-B radiation on the growth of dwarf shrubs in a
subarctic heathland, Funct. Ecol. 9 (1995) 713–719.
[46] C. Gehrke, Effects of enhanced UV-B radiation on productionrelated properties of a Sphagnum fuscum dominated subarctic bog,
Funct. Ecol. 12 (1998) 940–947.
[47] C. Gehrke, Impacts of enhanced ultraviolet-B radiation on mosses in
a subarctic heath ecosystem, Ecology 80 (1999) 1844–1851.
´ A.L. Scopel, C.A. Mazza, Effects of solar UV-B
[48] C.L. Ballare,
radiation on terrestrial ecosystems: case studies from southern South
America, in: J. Rozema (Ed.), Stratospheric Ozone Depletion. The
Effects of Enhanced UV-B Radiation on Terrestrial Ecosystems,
Backhuys Publishers, Leiden, 1999, pp. 293–311.
[49] D. Gwynn-Jones, J.A. Lee, T.V. Callaghan, Effects of enhanced
UV-B radiation and elevated carbon dioxide concentrations on a
sub-arctic forest heath ecosystem, Plant Ecol. 128 (1997) 242–249.
[50] P.S. Searles, S.D. Flint, M.M. Caldwell, A meta-analysis of plant
field studies simulating stratospheric ozone depletion, Oecologia 127
(2001) 1–10.

