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Abstract
Stratospheric ozone depletion caused by the release of chlorofluorocarbons is most
pronounced at high latitudes, especially in the Southern Hemisphere (including the socalled `ozone hole'). The consequent increase in solar ultraviolet-B radiation (UV-B,
280±315 nm) reaching the earth's surface may cause a variety of alterations in terrestrial
ecosystems. Most effects might be expected to occur above-ground since sunlight does
not penetrate effectively below-ground. Here, we demonstrate that solar UV-B radiation
in a fen in Tierra del Fuego (Argentina), where the ozone hole passes overhead several
times during the Austral spring, is causing large changes of below-ground processes of
this ecosystem. During the third and fourth year of a manipulative field experiment, we
investigated root systems in these plots and found that when the ambient solar UV-B
radiation was substantially reduced, there was a 30% increase in summer root length
production and as much as a threefold decrease in already low symbiotic mycorrhizal
colonization frequency of the roots compared with plots receiving near-ambient solar
UV-B. There was also an apparent shift toward older age classes of roots under reduced
solar UV-B. Such large changes in root system behaviour may have decided effects on
competition and other ecological interactions in this ecosystem.
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Introduction
The Antarctic ozone hole and the associated general erosion of the ozone layer at high latitudes in the Southern
Hemisphere is a dramatic alteration of the atmosphere
(Shindell et al., 1998) and has produced measurable
increases in ground-level solar UV-B even at southern
mid-latitudes (McKenzie et al., 1999). While the ecological
consequences are often poorly understood, UV-B-induced changes in vegetation may mediate other ecosystem changes (e.g., Caldwell et al., 1999; BallareÂ et al.,
2001). A meta-analysis of c. 100 field studies using elevated UV-B from lamp systems indicated that a consistent effect of supplemental UV-B radiation is an increase
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of UV-B-absorbing compounds (phenolics and related
compounds) in plant tissues but reductions in aboveground biomass production are also not uncommon
(Searles et al., 2001a). From individual studies, other
reported changes with implications for ecosystem function include altered litter decomposition rates (e.g.,
Gehrke et al., 1995; Cybulski et al., 2000; Newsham,
2001), foliage herbivory (e.g., Rousseaux et al., 1998;
Rousseaux et al., 2001; Zaller et al., 2002) and plant±microbe interactions (e.g., Paul et al., 1997; Searles et al.,
1999; Newsham, 2001; Searles et al., 2001b). Since solar
radiation does not penetrate appreciably into soils (Bliss
& Smith, 1985), little attention has been paid to changes in
below-ground processes (but see Klironomos & Allen,
1995; van de Staaij et al., 2001). Yet, a significant proportion of the primary production is allocated to the root
systems in most terrestrial ecosystems and below-ground
interactions play an influential role in nutrient and water
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fluxes and carbon sequestration in ecosystems (Fitter
et al., 1985; Jackson et al., 1996). Roots are a major source
of energy for soil heterotrophic communities and ultimately fuel the soil ecosystem (e.g., Coleman, 1985).
Here we present results from a well replicated field
experiment conducted in a sedge fen ecosystem in
Tierra del Fuego (Argentina) where we selectively manipulated ambient solar UV-B radiation over a four-year
period. Apart from the Antarctic continent, this region
experiences more ozone reduction than any other terrestrial ecosystem. In addition to the passage of the
Antarctic vortex containing the `ozone hole' directly
over the area (Diaz et al., 2001), there is a general erosion
of the ozone layer that persists into the late spring and
summer, long after the Antarctic vortex has dissipated
(Rousseaux et al., 2001). The central aim of our study was
to determine the effect of UV-B radiation on the growth,
depth distribution, apparent age and the mycorrhizal
colonization of roots in this fen ecosystem.

Materials and methods
The study site is located in a Carex fen near Ushuaia,
Tierra del Fuego, Argentina (54 47'S, 68 16'W; elevation
about 200 m a.s.l) where the climate is sub-Antarctic with
a mean annual air temperature of 5.5  C and an annual
precipitation of 500 mm (FAO, 1985). The fen occurs in
peat soil (pH  6.0, N  1.7 mg/g, C/N ratio  19.7) with
a water table about 5±10 cm below the soil surface.
Experimental plots (1.4  1.5 m) are interspersed among
scattered saplings of Southern Beech trees (Nothofagus
antarctica) and are dominated by the sedges Carex curta
and C. decidua (plant nomenclature follows Moore, 1983).
The experiment was first established in October, 1996,
with two types of plastic filters stretched taut horizontally over 18 plots to selectively manipulate the solar UVB transmission. All filters were uniformly perforated
with louvers to allow precipitation as well as a fraction
of the unfiltered solar radiation to penetrate to the plots
below (Searles et al., 1999). Nine plots were under clear
38 mm thick Aclar (type 22 A, Honeywell, formerly Allied
Signal, Pottsville, Pennsylvania, USA) to provide a nearambient UV-B treatment. This material transmits 90% of
the solar UV and visible wavelengths (Robberecht &
Caldwell, 1986; Searles et al., 1999). The other nine plots
were under 100 mm thick extra-clear polyester (optical
equivalent of DuPont Mylar, Wilmington, Delaware,
USA). This provided a `reduced-UV-B' treatment, with
10±20% transmittance at most UV-B wavelengths, a rapid
rise in transmittance at 320 nm with high transmittance in
the UV-A and 90% transmittance at the visible wavelengths (similar visible transmittance to the Aclar,
Searles et al., unpublished). These treatments were maintained during the growing seasons of four consecutive

years following snowmelt in early October until plant
senescence began in mid-March. These plots received
the same treatments each year of the study and these
studies are continuing. Occasionally filters would be destroyed by wind, but these were always promptly replaced.
In the third and fourth year of treatment, we used root
ingrowth cores (BoÈhm, 1979) constructed out of plastic
mesh to measure root production (1 mm plastic mesh,
10 cm long, 5.5 cm diameter). These ingrowth cores were
filled with local root-free peat soil. We inserted four
randomly distributed ingrowth cores in each plot in
early October, removed two in late December (i.e., spring
sampling period) and replaced those with new root-free
ingrowth cores. In March of the following year we removed all four cores and replaced all of them with a new
set of ingrowth cores for the following season (i.e.,
summer sample period and entire year period, respectively). After removal of the cores, cores were cut in half to
differentiate between root activity at depths of 0±5 cm
and 5±10 cm. All apparently living roots of the cores
were washed free of soil by using a uniform amount of
water over the same time span for each core. Roots were
preserved in 70% ethanol until further analysis. Root
length was measured with a root length scanner
(Commonwealth Aircraft Corporation ltd., Melbourne,
Australia). After the root length measurements, vesicular-arbuscular mycorrhizal colonization was determined
by acid fuchsin staining (Kormanik & McGraw, 1982). We
determined root length colonization (e.g., length where
vesicles and/or arbuscules were present) and its relative
intensity (three-level scale from scattered to solidly colonized) under a dissecting microscope using a mm-grid
underneath the Petri dishes. To estimate the relative apparent age of the roots we took digital photographs of the
total root samples per ingrowth core and analysed the
images for luminosity and colour quality (pixels per
brightness level ranging from 1±255 for each colour)
with Adobe Photoshop software (vers. 4, histogram function, Adobe Inc., USA). Roots generally turn darker with
age and as phenolics accumulate (e.g., Eissenstat et al.,
2000). Root-growth comparisons between UV-B treatments were based on length and dry mass (dried at
70  C for two days) of fine roots that accumulated in a
given period in the ingrowth cores. To assess belowground biomass, soil cores in the plots were taken to a
depth of 10 cm and the roots were subsequently washed,
dried and weighed. Abovegound plant biomass was
assessed by clipping all shoot material in March at 3 cm
above soil surface, with subsequent drying and
weighing. All statistical analyses were conducted using
a nested anova model (cores nested within plot, soil
depth nested within core) with the two UV-B treatments
as independent variables.
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Results and discussion
Root length production in the top 5 cm of the soil was
30% lower over the summer months under near-ambient
UV-B radiation than under reduced UV-B (Figs. 1a,b).
This was consistent for the two years when the root
systems were investigated. Root length production in
the soil layer between 5 and 10 cm was apparently unaffected by the UV-B radiation manipulations (Figs. 1a,b.
Specific root length, an indirect measure of root thickness, remained unaffected by the UV-B treatments in
both depths and years, however, was significantly
greater in the second year (across depths and UV-B treatments 87.04 + 20.51 vs. 228.32 + 37.93 m/g for 1998/1999
vs. 1999/2000, respectively; P , 0.05). Additionally, we
observed that roots that had been grown under nearambient UV-B were consistently more colonized with
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Fig. 1 Root length production (a, b), mycorrhizal colonization
(c, d) and root colour (e) in experimental plots of a Carex fen
ecosystem in Tierra del Fuego (Argentina) maintained at either
reduced or near-ambient UV-B radiation. Bars represent means
+SE (n  9). Significance of results derived from nested anovas
among the two soil layers: ***P , .01, **P ,0.05. No interactive
effects between UV-B and year or soil depth occurred.
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symbiotic mycorrhizal fungi than roots under reduced
UV-B radiation (Figs 1c,d). Intensity of mycorrhizal colonization remained unaffected by UV-B radiation (data
not shown). However, the mycorrhizal colonization rates
we measured were very low and may be due to the very
moist conditions of this ecosystem and the dominance of
sedges which have generally been considered nonmycorrhizal (but see Miller et al., 1999). Thus, changes in mycorrhizal colonization due to manipulation of solar UV-B are
unlikely to have substantial impact on plant performance
in this system, however, should be tested in root systems
with greater general colonization frequencies. It also
appeared that the UV-B treatments affected longevity
and/or chemical composition of roots in the 0±5 cm
layer since the roots were significantly lighter in colour
at near-ambient UV-B (Fig. 1e). Despite this considerable
reduction in root length production in the upper soil
layer for these two years under near-ambient solar UVB, this was not yet reflected in total root biomass at the
end of the growing season in these two years (e.g., for
1999/2000, 0±5 cm soil layer: 107.4 + 12.2 vs.
111.8 + 14.6 g roots/m2 for reduced vs. near-ambient
UV-B, respectively) or above-ground biomass production
(e.g., for 1999/2000, 137.6 + 10.5 vs. 161.4 + 24.0 g/m2 for
reduced vs. near-ambient UV-B, respectively).
It was surprising to see such considerable changes in
the root systems of this vegetation due to solar UV-B
manipulations. There are a few studies that have
reported UV-B-induced changes in root : shoot ratios
(Caldwell, 1997) or a tendency for reduced mycorrhizal
colonization of isolated plants (Klironomos & Allen, 1995;
van de Staaij et al., 2001), however, we are unaware of any
reports of changes in root systems due to UV-B treatments in field studies of intact ecosystems. At this time,
we lack a clear understanding of the processes causing
the observed UV-B-induced changes in the root system.
Above-ground, UV-B has been shown to influence
growth allocation. For example, typically, stems might
be shorter and leaves smaller, but more stems and leaves
are commonly produced under elevated UV-B radiation
(e.g., Barnes et al., 1990). Thus, it might not be surprising
that changes in UV-B radiation might be reflected in
altered root growth. Also, since UV-B has been shown
to rather consistently increase phenolic concentrations in
leaf tissues (Searles et al., 2001a) changes in phenolic
allocation from roots to leaves might be playing a role
in root development, mycorrhizal colonization and their
apparent ageing (colour changes). Given the decisive role
that root systems play in competitive balance of species,
fluxes of water and mineral nutrients and sequestration
of carbon in ecosystems (Fitter et al., 1985; Jackson et al.,
1996), the implications of our findings can be appreciated. Solar UV-B changes due to stratospheric ozone
depletion are expected to be greater in Tierra del Fuego
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than in most locations outside of Antarctica, however,
these sizeable changes in the root systems provide impetus for more general attention to the effects of solar
UV-B changes on the below-ground component of ecosystems.
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