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Abstract
Solar ultraviolet-B radiation (UV-B, 280–315 nm) in the Southern Hemisphere has been increasing
over the last few decades due to seasonal stratospheric ozone depletion associated with the ‘ozone
hole’ and a more general erosion of the stratospheric ozone layer. We studied the effect of UV-B radiation on growth responses of Carex curta and C. decidua, the two most dominant sedges in a fen
ecosystem in Tierra del Fuego (Argentina) in field plots and growth chambers where UV-B radiation
was manipulated using different transparent plastic films that either transmitted or attenuated UV-B
radiation. In the field, leaf and spike elongation of both species was unaffected by UV-B treatments
in all four seasons studied (1997/98 through 2000/2001). Specific leaf areas (SLA) were only measured in the last two seasons and remained unaffected by UV-B for both species in the third field season. However, SLA decreased for C. curta in the fourth season but increased for C. decidua under
near-ambient UV-B. Ecosystem specific root length was unaffected by UV-B. Although UV-B did not
have a statistically significant effect on biomass production, there was a trend for a 15% higher production under near-ambient UV-B in the fourth year (P = 0.064). In the growth chambers, simulated
ambient UV-B approximately equivalent to ambient UV-B in Tierra del Fuego stimulated seedling
emergence of C. curta but reduced emergence of C. decidua; leaf elongation remained unaffected in
both species. While plant morphology of C. curta remained unaffected by UV-B radiation, C. decidua had fewer tillers per plant, however tillers had more leaves and biomass under simulated ambient
UV-B than under reduced UV-B radiation. The SLA of C. curta was unaffected by UV-B treatments;
however, it was significantly lower for C. decidua under simulated ambient UV-B. Root morphology
remained unaffected by UV-B for C. curta but roots of C. decidua were significantly thicker under
simulated ambient UV-B. Taken collectively, our findings demonstrate that even moderate changes
in UV-B radiation (e.g., corresponding to those expected with current stratospheric ozone depletion)
may influence growth, morphology and biomass allocation in a species-specific manner for these
native sedges in growth chambers and might also affect competitive relationships of these species in
the field.
Die ultraviolett-B-Strahlung (UV-B, 280–315 nm) über der Südhemisphäre ist in den letzten
Dekaden bedingt durch eine saisonale Abnahme an stratosphärischem Ozon (“Ozonloch”) und
einer zusätzlichen, eher generellen Erosion der stratosphärischen Ozonschicht angestiegen. Wir untersuchten den Effekt von UV-B-Strahlung auf verschiedene Wachstumsparameter von Carex curta
und C. decidua, den zwei dominierenden Seggenarten in Seggenried-Ökosystemen in Tierra del
Fuego (Feuerland, Argentinien) in einem Feldversuch (Versuchsdauer: vier Saisonen von 1997/1998
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bis 2000/2001) und in Wachstumskammern (Versuchsdauer: 3 Monate). Die Manipulation der UVB-Strahlung erfolgte dabei durch transparente Kunststofffilm-Filter, welche die solare UV-BStrahlung entweder transmittieren (Behandlung: “normale UV-B-Strahlung”) oder abschwächen
(Behandlung: “reduzierte UV-B-Strahlung”). Im Feldversuch war das Längenwachstum von Blättern
und Ähren beider Seggen-Arten in keiner der vier Vegetationsperioden von den UV-B Behandlungen
beeinflusst. Die spezifische Blattfläche der beiden Seggen wurde nur in den letzten beiden Vegetationsperioden gemessen und war in der dritten Vegetationsperiode für beide Seggen-Arten unbeeinflusst von der UV-B-Strahlung. Im vierten Jahr jedoch war die spezifische Blattfläche unter normalem UV-B bei C. curta reduziert und bei C. decidua erhöht. Die spezifische Wurzellänge im
Ökosystem war unbeeinflusst von der UV-B-Strahlung. Die Biomasse-Produktion des Ökosystems
war im dritten Versuchsjahr unbeinflusst von der UV-B-Strahlung, im vierten Jahr war jedoch ein
Trend zu einer um 15% höheren Produktion bei normalem UV-B im Vergleich zu reduziertem UV-B
erkennbar (P = 0.064). In den Wachstumskammern hat eine die Feldbedingungen in Tierra del
Fuego simulierende UV-B-Strahlung das Aufkommen von C. curta-Keimlingen erhöht aber jenes
von C. decidua reduziert; das Längenwachstum der Blätter war bei beiden Arten unbeeinflusst von
der UV-B-Strahlung. Während die Morphologie von C. curta von der UV-B-Strahlung unbeeinflusst
war, zeigte C. decidua weniger Sprosse pro Pflanze, diese Sprosse hatten jedoch mehr Blätter und
Biomasse unter simulierten normalen UV-B Bedingungen als unter reduziertem UV-B. Die spezifische Blattfläche von C. curta war unbeeinflusst von der UV-B-Strahlung, hingegen war sie bei C. decidua unter simuliertem normalen UV-B-signifikant kleiner. Die Wurzelmorphologie von C. curta
blieb unbeeinflusst von der UV-B-Strahlung, die Wurzeln von C. decidua waren jedoch signifikant
dicker unter simuliertem normalen UV-B. Zusammenfassend zeigen unsere Ergebnisse, dass selbst
moderate Änderungen in der UV-B Strahlung, wie sie beispielsweise im Zuge der gegenwärtigen
stratosphärischen Ozonabnahme vorkommen können, artenspezifische Modifikationen im Wachstum, der Morphologie und der Biomasse-Allokation dieser Seggen in Wachstumskammern bewirken und somit potentiell auch die Konkurrenzbeziehungen dieser Arten in den Seggenriedern
beeinflussen können.
Key words: biomass allocation – biomass production – global climate change – morphological
responses – ozone depletion – sedges – specific leaf area – specific root length – ultraviolet radiation

Introduction
The intensification of UV-B radiation due to a general
erosion of the stratospheric ozone layer (McKenzie et
al. 1999) and especially the pronounced seasonal
ozone depletion (i.e., “ozone hole”) over southern
South America has the potential to alter ecosystem
function (e.g., Caldwell et al. 1999, Rozema 1999).
Most plants that are normally exposed to sunlight
have means of protection from solar UV-B. This includes the shielding of sensitive radiation targets by
structural characteristics and pigments that screen out
the most damaging radiation (Caldwell et al. 1983).
Nevertheless, solar UV-B radiation has been shown to
cause direct damage in plants in the form of nucleic
acid damage, photooxidative effects and injury to specific targets in processes such as the photosystem II reaction center of photosynthesis (e.g., Ziska et al. 1993,
Teramura & Sullivan 1994, Rousseaux et al. 1999).
Beside these physiological responses, morphological
alterations in plants due to UV-B radiation such as
greater leaf thickness, shorter internode length, increased branching or tillering have been identified as
sensitive response parameters to UV-B radiation (e.g.,
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Barnes et al. 1995, Day et al. 1999). Most of these
morphological alterations represent mainly shifts in allocation without changes in biomass production (e.g.,
Flint & Caldwell 1996) and have been shown to affect
competitive interactions for several species (Gold &
Caldwell 1983, Ryel et al. 1990, Barnes et al. 1995).
However, there is a great variation in the response to
UV-B radiation among different plant functional types
and even different genotypes of the same species (e.g.,
Caldwell & Flint 1994, Tegelberg et al. 2003). While
considerable attention in UV-B research has been focused on the growth and ecological interactions of
economically important annual crops (e.g., Tevini &
Teramura 1989, Barnes et al. 1990, Barnes et al. 1993,
Mazza et al. 1999), there is still little knowledge of
how UV-B radiation might affect native plant species
in unmanaged ecosystems (but see Gehrke et al. 1995,
Björn et al. 1997, Day et al. 1999, Searles et al. 1999,
Rousseaux et al. 2001). Also, mainly due to differences in radiation applied, there is a general trend that
plants grown in open sunlight are generally much
more resistant to UV-B radiation than those grown
under growth-chamber or greenhouse conditions
(Tevini et al. 1990, Caldwell & Flint 1994, Fiscus &
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Booker 1995, Dai et al. 1997, Antonelli et al. 1998,
Stephanou & Manetas 1998).
In the current study, we focus on UV-B responses of
the two sedges Carex curta and Carex decidua, which
make up more than 90% of the herbaceous biomass in
a fen ecosystem in Tierra del Fuego, southernmost
South America. This location has already experienced
up to 13% decrease in springtime and summertime
ozone within the last two decades (Rousseaux et al.
2001) and the consequences of the concomitantly altered UV-B radiation to ecosystem processes may already be occurring (Ballaré et al. 2001). Manipulative
UV-B experiments indicate UV-B effects on microbial
populations in a peat bog (Searles et al. 1999, 2001,
2002), changes in herbivory in a shrub (Rousseaux
et al. 1998, 2001) and a fen ecosystem (Zaller et al.
2003), changes in root growth and mycorrhizal infection in a fen (Zaller et al. 2002) and changes in leaf
morphology of Southern beech trees (M. Robson, personal communication). Here we present results summarizing four years of a long-term field experiment located in Tierra del Fuego where we manipulated the
solar UV-B radiation with two types of selective plastic
filters providing either near-ambient or reduced UV-B
radiation. In addition, we also set up a growth chamber experiment complementary to the field experiment
in which these two species have been grown under radiation conditions simulating the level of UV-B radiation in the field.
The central aims of this study were to determine
how UV-B radiation affects (1) growth, biomass responses, and seed production of mature specimens of
two Carex species in the field, and (2) the emergence,
growth, morphology and biomass production of
seedlings of these species using growth chamber facilities. Since solar UV-B is already greater than historical
levels due to ozone depletion, our goal was to determine if present-day solar UV-B is exerting effects on
this system, rather than testing the effects of levels of
UV-B elevated above current levels.
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ca (Forster f.) Oersted (up to 1 m tall) and are dominated by the sedges Carex curta and C. decidua. Other
less dominant species are Carex magellanica Lam., the
herbaceous species Acaena magellanica (Lam.) Vahl,
Gunnera magellanica Lam., Caltha sagittata Cav., and
the fern Blechnum penna-marina (Poiret) Kuhn.
(nomenclature after Moore 1983).
Manipulation of UV-B radiation started in October
1996 with nine 1.4 m × 1.5 m experimental plots
maintained under near ambient UV-B conditions by
covering the plots with UV-transparent plastic film
(Aclar type 22A, 38-µm thick; Honeywell Inc. formerly Allied Signal, Pottsville, PA, USA) and nine plots
maintained at reduced UV-B conditions using clear
polyester film (100-µm thick, optically equivalent to
‘Mylar-D’, DuPont Co, Wilmington, DE, USA). Filters
were perforated to allow precipitation and a small
amount of unfiltered solar radiation to penetrate to
the plots. Plots maintained at reduced UV-B radiation
received about 20% of the ambient solar UV-B and
those maintained at near-ambient UV-B received about
90% of ambient UV-B radiation (when weighted with
the generalized plant action spectrum normalized to
300 nm after Caldwell 1971, Searles et al. 1999). Both
filters transmitted nearly 90% of the photosynthetic
active radiation (Searles et al. 1999). Filters were installed horizontally about 35 cm above the soil surface
and about 10 cm above the tallest vegetation. We replaced filters with new ones when they were destroyed
by wind. Experimental plots of the two treatments
were randomly interspersed between saplings of
Southern Beech. Every year, UV-B manipulation treatments were maintained during the growing season
from about early October until mid-March. By then
plants in the plots were starting to senesce. Micro-meteorological parameters (e.g., precipitation, air and
soil temperature) have been shown to be similar between filtered plots and adjacent unfiltered areas (see
Searles et al. 1999 for further details).
Field experiment measurements

Materials and methods
Field experiment
The field site is located in a fen ecosystem at an elevation of about 200 m (a.s.l.) near the city of Ushuaia,
Tierra del Fuego, Argentina (54°47′S, 68°16′W) where
the climate is sub-Antarctic (annual precipitation:
500 mm, mean annual air temperature of 5.5 °C). The
fen ecosystem grows in peat soil (pH = 6.0, N = 1.7%,
C/N ratio = 19.7) with the water table about 5–10 cm
below the soil surface. Experimental plots were located between scattered saplings of Nothofagus antarcti-

In the field, we monitored above-ground growth of
Carex curta and C. decidua at least once per growing
season between December 1997 and March 2001 (on
a total of 7 dates). Due to the different growth form of
the two sedge species we measured different growth
parameters for each species. For C. curta we measured
length of the youngest leaf starting from the tip of the
ligula to the tip of the leaf, stem length was measured
between the ligula of that leaf and the beginning of the
spike. Spike length was measured from the lowest
spikelet until the tip of the spike. For C. decidua we
measured the length of the three longest spike leaves,
stem length from the beginning of the spike until the
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ligula of the first leaf inserted at the stem. Spike length
and density was determined similarly as for C. curta.
Seed number and seed dry mass (oven-dried at 60 °C
for 48 h) were determined on a per plant basis. Belowground growth was determined by four ingrowth
cores (5.5 cm diameter, 10 cm depth) made of 1-mm
plastic screen inserted in each plot. Ingrowth cores
were filled with root-free peat soil derived near the
field site. In late February of 2000 and 2001, ingrowth
cores were collected and roots grown into the cores
carefully washed free of soil and stored in ethanol
until root length could be measured using a root
length scanner (Commonwealth Aircraft Corporation
ltd., Melbourne, Australia). Above-ground biomass
production was measured by harvesting above-ground
plant biomass in a center area of 70 cm × 70 cm in
each plot to a height of 2 cm above the soil surface in
early March, 2000 and late February, 2001. Vegetation of a 10-cm border strip of the plot border was cut
and discarded. Below-ground biomass production was
determined by drying roots that accumulated until the
end of the season in the ingrowth cores. Above- and
below-ground biomass was dried at 70 °C for at least
two days before weighing.
Growth chamber experiment
The experiment was conducted between June and
September, 1999 in two growth chambers (Mallory
Inc., Salt Lake City, USA). Seeds of Carex curta Gooden and Carex decidua Boott. were collected in January
1997, in a fen ecosystem in Ushuaia, Tierra del Fuego,
Argentina (55°S, 68°W) and stored at room temperature until they were used for this experiment. We planted one seed per species in a separate conical plastic
container (40-mm diameter, 210 mm length, 85 containers per species) filled with moist peat soil
(pH = 6.0, N = 1.34%, C/N = 29) and stored the containers for stratification at 5 °C under opaque plastic.
After five weeks (seeds still had not emerged from the
soil surface), we transferred the racks holding the containers to the growth chambers where we maintained
the different UV-B treatments (see below). Because of
the uncertain germination rates of these native sedge
species, we planted many more containers than would
be used in the actual measurements (42 in one chamber
and 43 in the other). For the measurements, a random
sample of 15 individuals per species and treatment
were used (see below). Plant containers with the two
different species were randomly mixed on the racks
and watered frequently with tap water to keep soil
moist throughout the experiment. No additional nutrients were added over the course of the experiment.
Because the growth chamber experiment was designed to complement field experiments conducted in
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Ushuaia, Tierra del Fuego, Argentina (see below), we
attempted to simulate solar UV-B conditions of late
spring and early summer under present-day conditions
(i.e. October–December; see Searles et al. 1999). We
set the duration of the photoperiod accordingly to this
time at the location (14, 16, and 17 hours for the first,
second, and third month of the growth chamber experiment, respectively). However, in order to accelerate plant growth in the chambers we increased the
daily temperatures resulting in an average 15% higher
monthly mean temperatures than in the field as measured at 10 cm height near our field plots using copper-constantan thermocouples connected to a datalogger (Campbell Scientific, Logan, Utah, USA). In order
to also simulate the highly variable weather conditions
at the field site, we occasionally allowed the temperature in the chambers to drop below 0 °C over night.
We used one 6000-W-xenon lamp per growth chamber as a source for photosynthetic active radiation
(PAR, 400–700 nm, 800 µmol m–2 s–1 at the soil surface) as well as for UV-B radiation (150 mW m–2,
weighted with the generalized plant spectrum normalized to 300 nm). Midday PAR at the field site during
this time is around 2000 µmol m–2 s–1 for clear skies
and around 700 µmol m–2 s–1 for overcast skies, which
are frequent in this region (J. G. Zaller, unpublished
data).
To create the two UV-B treatments within each
growth chamber we used two different transparent
plastic films to filter out different amounts of UV-B radiation emitted from the xenon lamps. Filters were
suspended about 10 cm above the soil surface or vegetation allowing us to have both UV-B treatments in
each chamber. Spectral irradiance under filters was
measured frequently with a double-monochromator
spectroradiometer (Optronic Laboratories, Model
742, Orlando, Florida, USA), which was calibrated for
wavelength accuracy and intensity before each use.
Spectral irradiance was weighted according to a generalized plant action spectrum (Caldwell 1971, normalized to 300 nm) to obtain biologically effective UV-B
radiation (UV-BBE). Cellulose di-acetate filters (different combinations of 125-µm and 75-µm thick filters
dependent on lamp characteristics) were used to simulate ambient UV-B conditions (“simulated ambient
UV-B”, mean daily UV-BBE radiation: 4.9, 5.2, and
5.5 kJ m–2 d–1 for a 14, 16, and 17-hour photoperiod,
respectively). Clear-sky UV-BBE radiation in Ushuaia is
about 5.5 kJ m–2 d–1 in December for a 17-hour photoperiod (abstracted from Searles et al. 1999). Clear
polyester film (100-µm-thick) was used to create low
UV-B treatments which allowed about 5% of the UV-B
radiation of the simulated ambient UV-B treatment
reach the soil surface. Both filter types transmitted on
average 85% of PAR as measured with a quantum
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sensor (LiCor, Lincoln, Nebraska, USA). To compensate for differences in radiation between the centers
and borders of racks, we rotated the racks within
chambers every second day. Racks were also rotated
between growth chambers at biweekly intervals to
minimize chamber effects. Filters were changed on average every second week to avoid photodegradation of
the filter material.
Growth chamber measurements
During the first three weeks after starting the growth
chamber experiment we monitored seedling emergence every day. We recorded the day of emergence,
seedling height and the number of leaves produced.
With further development of seedling growth, we also
measured the number of tillers and the number of
leaves per tillers. At the end of the experiment, we divided the plants into above-ground and below-ground
parts, measured the parameters mentioned above and
additionally determined the leaf area and root length
on a random subsample of 15 plants per species and
treatment. Above-ground plant material was weighed
after drying the samples for 24 hours at 65 °C, roots
were dried for 48 hours at 65 °C before weighing. We
also calculated the specific leaf area (SLA, cm2 g–1) and
specific root length (SRL, m g–1).
Statistical analyses
Field SLA and SRL data were analysed using a twoway ANOVA with the GLM procedure in SAS (release
8.2 for Windows; SAS Institute, Cary, NC, USA) with
UV-B treatment and Species as factors. Data were arcsine-transformed when needed to meet assumptions of
ANOVA. Above- and below-ground plant biomass
production in the system was analysed separately for
each season using a two-way ANOVA (factors: UV-B
treatment and Biomass component (above vs. belowground) within the GLM procedure. Data analysis for
the growth chamber experiment were conducted using
a nested ANOVA model with the “proc mixed” procedure in SAS with UV-B treatment and Species as fac-
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tors. In our model we used the general Satterthwaite
approximation for the denominator degrees of freedom. Experimental units here were Growth chambers,
UV-B treatment nested within Growth chambers and
Plant racks nested within UV-B treatments nested
within Growth chambers. The basic replication unit
for the growth chamber experiment was the two racks
per UV-B treatment. For each individual plant, the
number of days under UV-treatment (counted since
the first emergence on the soil surface) was used as a
co-variable in the statistical analysis. For the analysis
of the time course of seedling establishment in the
growth chambers a repeated measurement nested
ANOVA including 23 dates was conducted using the
GLM procedure in SAS. All ANOVA analyses were
performed using Type III sums of squares and were
followed by Tukey’s least squares means test for multiple comparisons. Values given throughout the text are
means ± SE.

Results
Field experiment
In the field, leaf and stem elongation of both species
remained unaffected by UV-B radiation for the four
seasons we present here (Table 1). Seed number, seed
dry mass, and number of plants with reproductive
spikes were not affected by the implemented UV-B radiation (Table 2). The SLA for both species remained
unchanged by UV-B in the third season (Fig. 1), however in the fourth season C. curta had a 15% lower
SLA (Tukey; P = 0.015) and C. decidua a 10% higher
(Tukey; P = 0.0384) under near-ambient UV-B and
also had a significant UV-B × Species interaction term
(Fig. 1). The SRL was not assessed separately due to
difficulties in distinguishing roots of the two species,
however ecosystem SRL remained unchanged by UV-B
treatment (season 1999/2000: 242.98 ± 7.96 mg–1 vs.
227.70 ± 22.24 mg–1 at reduced vs. near-ambient UVB; season 2000/2001: 143.64 ± 9.24 mg–1 vs. 129.68 ±
11.94 at reduced vs. near-ambient UV-B, respectively).

Table 1. Leaf length, stem and spike length of Carex curta and C. decidua in plots of a fen ecosystem receiving reduced or near-ambient UV-B radiation. For
data of the 1996–1997 season see Searles et al. 1999. T-tests showed no significant differences between treatments. Means in cm ± SE (n = 9).
Species

Plant part

1997–1998
---------------------------------------------------------------reduced
near-amb.
UV-B
UV-B

1998–1999
---------------------------------------------------------------reduced
near-amb.
UV-B
UV-B

1999–2000
---------------------------------------------------------------reduced
near-amb.
UV-B
UV-B

2000–2001
-----------------------------------------------------------------reduced
near-amb.
UV-B
UV-B

C. curta

leaf
stem+spike
3rd spike leaf
stem+spike

18.4 ± 0.8
28.9 ± 2.0
7.9 ± 0.4
16.3 ± 0.7

19.9 ± 0.9
27.2 ± 1.2
8.7 ± 0.4
12.3 ± 0.5

18.3 ± 7.7
27.7 ± 10.3
6.8 ± 3.2
15.2 ± 6.9

15.8 ± 4.5
24.3 ± 9.3
5.5 ± 1.8
14.3 ± 5.2

C. decidua

20.1 ± 0.8
30.5 ± 2.9
8.0 ± 0.4
16.0 ± 0.5

21.2 ± 0.9
28.3 ± 1.1
8.7 ± 0.3
13.0 ± 0.5

18.7 ± 4.6
28.7 ± 5.7
7.0 ± 2.9
15.7 ± 6.5

16.0 ± 5.3
26.2 ± 11.1
5.4 ± 1.8
14.5 ± 4.4
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Table 2. Number of seeds and seed mass of Carex curta and C. decidua in plots of a fen ecosystem receiving reduced or near-ambient UV-B radiation. T-tests
showed no significant differences between treatments. Means ± SE (n = 9).
Variable

Species

1996–1997
-------------------------------------------------------------------reduced
near-amb.
UV-B
UV-B

1997–1998
-------------------------------------------------------------------reduced
near-amb.
UV-B
UV-B

1998–1999
-------------------------------------------------------------------reduced
near-amb.
UV-B
UV-B

Seed number

C. decidua
C. curta
C. decidua
C. curta
C. decidua
C. curta

228 ± 12
110 ± 10
104 ± 5
51 ± 5
152 ± 18
95 ± 14

238 ± 12
124 ± 8
105 ± 6
44 ± 3
178 ± 38
143 ± 35

266 ± 11
107 ± 7
102 ± 6
27 ± 4
176 ± 29
71 ± 14

Seed mass
(mg/seed)
Plants with seeds
(Individuals m–2)

240 ± 12
110 ± 5
99 ± 6
46 ± 2
197 ± 32
109 ± 18

Fig. 1. Specific leaf area of mature plants of Carex curta and C. decidua in
field plots of a fen ecosystem in Tierra del Fuego, Argentina, maintained at
reduced (red.) and near-ambient (near-amb.) UV-B radiation. Two-way
ANOVA results presented for each season. Asterisks indicate significant
treatment effects (Tukey; P < 0.05). Means ± SE (n = 9). Small error bars are
not depicted.

235 ± 9
114 ± 9
104 ± 8
42 ± 4
153 ± 25
124 ± 12

254 ± 14
124 ± 9
91 ± 7
35 ± 4
218 ± 26
89 ± 10

Fig. 2. Above- and below-ground biomass production in field plots with
dominating mature Carex curta and C. decidua in a fen ecosystem in Tierra
del Fuego, Argentina, maintained at reduced and near-ambient UV-B radiation. Two-way ANOVA results: season 1999/2000, all effects non-significant;
season 2000/2001, UV-B: F1,32 = 3.70, P = 0.064; Biomass component
(above- vs. below-ground): F1,32 = 30.05, P < 0.001; UV-B × Biomass component: n.s.. Means ± SE (n = 9).

Fig. 3. Seedling emergence of Carex
curta and C. decidua in growth chambers
maintained at low and simulated ambient (amb.) UV-B radiation. Repeated
measures ANOVA results: UV-B: F1,11 =
39.36, P < 0.001; Spp: n.s., Spp × UV-B:
F1,11 = 5.56, P = 0.038; Time × UV-B:
F22,242 = 17.06, P < 0.001; Time × Spp:
n.s.; Time × UV-B × Spp: F22,242 = 2.69,
P < 0.001. Asterisks indicate significant
treatment effects for individual dates
(Tukey; * P < 0.05, ** P < 0.001, *** P <
0.001). Means ± SE (n = 2). Small error
bars are not depicted.
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Fig. 5. Specific leaf area of juvenile plants of Carex curta and C. decidua in
growth chambers maintained at low and simulated ambient (amb.) UV-B radiation. Results presented are from a two-way ANOVA. The asterisk indicates
a significant treatment effect (Tukey; P < 0.05). Means ± SE (n = 2). Small
error bars are not depicted.

Fig. 4. Number of tillers per plant (a, b), number of leaves per tiller (c, d),
and biomass per tiller (e, f) of juvenile plants of Carex curta and C. decidua in
growth chambers maintained at low and simulated ambient (amb.) UV-B radiation. Two-way ANOVA results presented for each parameter. Asterisks indicate significant treatment effects (Tukey; P < 0.05). Means ± SE (n = 2).
Small error bars are not depicted.

In the field, both above- and below-ground biomass
production also remained unaffected by UV-B treatment for both seasons studied, however total biomass
tended to be 15% higher under near-ambient UV-B in
the fourth season (Fig. 2).
Growth chamber experiment
UV-B treatment significantly influenced the seedling
establishment of both Carex species differently, also
demonstrated by a significant UV-B × Species interaction term (Fig. 3). Simulated ambient UV-B increased
the seedling emergence of Carex curta seedlings by
25%, but, in contrast decreased seedling emergence of
Carex decidua by 36% (Fig. 3). Cumulative leaf elongation remained for both species unaffected by UV-B
radiation treatment and amounted across UV-B treat-

ments at the end of the experiment to 131.35 ±
19.91 mm for C. curta and to 121.14 ± 16.36 mm for
C. decidua.
Number of tillers per plant, number of leaves per
tiller and dry mass per tiller of Carex curta seedlings
remained unaffected by imposed UV-B radiation (Fig.
4a,c,e). However, Carex decidua seedlings had 17%
less tillers (Tukey; t = 4.08, P = 0.010; significant UV-B
× Species interaction; Fig. 4b), tillers tended to be 33%
heavier (Tukey; t = 3.06, P = 0.060; significant UV-B ×
Species interaction; Fig. 4d) and had 15% more leaves
(Tukey; t = 3.15, P = 0.043; marginally significant UVB × Species interaction; Fig 4f) under simulated ambient UV-B than under low UV-B radiation. Also, leaf
and root morphology was significantly affected by UVB radiation. Specific leaf area of Carex curta remained
unaffected by UV-B (Fig. 5), however was 20% lower
for Carex decidua at simulated UV-B compared to low
UV-B (Tukey; t = 3.16, P = 0.043; significant UV-B ×
Species interaction; Fig. 5). Specific root length of
Carex curta remained unaffected by UV-B treatments
(averaged across UV-B treatments: 11.10 m/g), but was
20% lower for Carex decidua under simulated ambient
UV-B than under low UV-B radiation (12.69 ±
1.11 m/g vs. 9.98 ± 1.09 m/g for low vs. ambient UV-B,
respectively; Tukey; t = 3.52, P = 0.024).
Despite these alterations in growth and morphology, the above-ground biomass production of neither
species was affected by the treatments (Fig. 6). However, under simulated ambient UV-B, the below-ground
biomass production of Carex curta was 15% lower
than under low UV-B radiation and this resulted in a
marginally significant 11% reduction in total biomass
production of Carex curta grown at simulated ambi-
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Fig. 6. Above- and below-ground biomass production of juvenile plants of
Carex curta and C. decidua grown in growth chambers maintained at low
and simulated ambient (amb.) UV-B radiation. Two-way ANOVA results for
total biomass: UV-B: F1,4 = 4.98, P = 0.089; Spp: n.s.; UV-B × Spp: n.s. The asterisk indicates a significant treatment effect (Tukey; P < 0.05). Means ± SE
(n = 2).

ent UV-B (Tukey; t = 4.98, P = 0.089; Fig. 6). Root
biomass and total biomass production of Carex decidua remained unaffected by UV-B treatment (Fig. 6).

Discussion
In the field, where mature plants of the two Carex
species have been growing in plots maintained at reduced or near-ambient UV-B for more than five seasons, we were unable to detect UV-B effects on leaf
elongation, stem elongation, and seed production
(also, results in the first year did not show any UV-B
effects on above parameters, see Searles et al. 1999). In
contrast, in our growth chamber experiment, UV-B
greatly affected the emergence, tillering, and morphology of seedlings of the two Carex species from Tierra
del Fuego (Argentina). The UV-B response of the
sedges was highly species-specific, and for some parameters indicated responses in opposite directions
(e.g., seedling emergence or specific leaf area). Although, we detected substantial changes in the morphology of both species, leaf elongation and biomass
production was unaffected by UV-B radiation (see also
Barnes et al. 1988, Barnes et al. 1990). Similar mor-
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phological responses to UV-B, such as reduced total
leaf area and numbers of leaves and branches were
also reported for seedlings of two Antarctic vascular
plant species (Ruhland & Day 2000). Also, the grass
Deschampsia antarctica showed a reduced leaf elongation under near-ambient UV-B (Ruhland & Day
2000).
Sedge SLA, ecosystem SRL and biomass production
data are only available for two seasons: the two sedges
showed no response in the third season but significant,
UV-B responses for SLA in the fourth season in opposite directions for the two species. These responses
may be due to climatic differences between the two
seasons where SLA was unaffected in the season with
average precipitation but was affected in the year with
above average precipitation. Due to difficulties in separating roots of the two Carex species we only were
able to determine ecosystem SRL and ecosystem root
mass which remained unaffected by UV-B treatment.
Thus, it remains unclear whether UV-B radiation may
also have evoked species-specific root responses as we
showed in the growth chamber experiment. Aboveand below-ground biomass production was 70%
greater in the wet season than in the “normal” season,
however apart from a trend towards an average 15%
higher biomass production under near-ambient UV-B
for both years, UV-B did not affect biomass production in a statistically significant manner in this fen
ecosystem.
One of the central aims of this study was to compare the response of seedlings grown under controlled
conditions to the response of plants in the field. We
showed both in the growth chamber and the field experiment that the parameters of leaf elongation and
above-ground biomass production were insensitive to
UV-B for both Carex species. On the other hand, various UV-B-induced alterations were species-specific either in the growth chambers (e.g., leaf, root and tiller
morphology) or in the field experiment (e.g., leaf morphology). Although UV-B radiation conditions in the
growth chamber and the field were fairly similar, it
must be recognized that (1) in the chambers we studied the response of seedlings, but primarily mature
plants in the field, (2) plants in the growth chamber
grew in a non-competitive environment, and (3) other
differences between plants growing in the growth
chambers and the field might have affected plant response to UV-B. Taking these considerations into account, the observed morphological responses of the
two Carex species to UV-B radiation are still likely to
have consequences for the development and performance of these species. For instance it has been
demonstrated that the number of leaves per tiller is
positively correlated to plant survival (Carlsson &
Callaghan 1990b) and flowering probability (Carlsson
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& Callaghan 1990a) for another Carex species. For
Carex decidua this could mean that once it is established it is more successful under high UV-B than
Carex curta.
To what extent the UV-B induced differences on the
seedling emergence could also have consequences on
the species composition of these ecosystems is difficult
to predict. However, it is evident that seedlings that
emerge earlier tend to gain a disproportionate advantage in size, space pre-emption and resource capture
relative to their neighbours (e.g., Ross & Harper
1972, Abul-Faith & Bazzaz 1979) and small initial
differences among plants in size and growth may have
become greatly magnified over time (Weiner &
Thomas 1986, Thomas & Bazzaz 1993). The number
of seeds, seed dry mass, and viability were not affected
by the differences in UV-B radiation in either species
(Searles et al. 1999).
Taken collectively, our findings showed that (1) UVB radiation affected the growth and morphology of
seedlings of the two most dominant Carex species native in a fen ecosystem in Tierra del Fuego (Argentina)
when grown under controlled conditions, (2) that responses to UV-B in many cases varied between species,
and (3) that results from studies carried out under controlled conditions cannot be used to predict ecosystem
responses in the field. Finally, our results also showed
that the effect of UV-B radiation in the field is obviously influenced by the vicissitudes of weather variations
(e.g., precipitation), thus highlighting the importance
of long-term field experiments in the study of climatic
change effects on ecosystems, including solar UV-B radiation.
Acknowledgements. We are grateful to Oscar Bianciotto
for letting us install our experiments on his private property
in Ushuaia and to Eduardo Olivero and his team at the Centro Austral de Investigaciones Científicas, Ushuaia for their
constant logistic support. We thank Javad Torabinevad for
very helpful discussions and Carlos Ballaré and Marcel
Goverde for their valuable comments on earlier versions of
this manuscript. Thanks also to Nancy Lozano, Ricardo
Saenz Samaniego, Nicolas Garibaldi, Charlie Ashurst, Amy
Kaplan-Stevenson and Edith Totschnig-Zaller for technical
assistance. This work was made possible through a grant by
the NSF/DOE/NASA/USDA/EPA/NOAA Interagency Program on Terrestrial Ecology and Global Change (TECO) by
the United States National Science Foundation (IBN
9524144 and IBN 9814357).

References
Abul-Faith HA, Bazzaz FA (1979) The biology of Ambrosia
trifida L. II. Germination, emergence, growth and survival. New Phytologist 83: 817–827.

161

Antonelli F, Bussotti F, Grifoni D, Grossoni P, Mori B, Tani
C, Zipoli G (1998) Oak (Quercus robur L.) seedlings responses to a realistic increase in UV-B radiation under
open space conditions. Chemosphere 36: 841–845.
Ballaré CL, Rousseaux MC, Searles PS, Zaller JG, Giordano
CV, Robson TM, Caldwell MM, Sala OE, Scopel AL
(2001) Impacts of solar ultraviolet-B radiation on terrestrial ecosystems of Tierra del Fuego (southern Argentina).
An overview of recent progress. Journal of Photochemistry and Photobiology B: Biology 62: 67–77.
Barnes PW, Flint SD, Caldwell MM (1990) Morphological
responses of crop and weed species of different growth
forms to ultraviolet-B radiation. American Journal of
Botany 77: 1354–1360.
Barnes PW, Flint SD, Caldwell MM (1995) Early-season effects of supplemented solar UV-B radiation on seedling
emergence, canopy structure, simulated stand photosynthesis and competition for light. Global Change Biology
1: 43–54.
Barnes PW, Maggard S, Holman SR, Vergara B (1993) Intraspecific variation in sensitivity to UV-B radiation in
rice. Crop Science 33: 1041–1046.
Barnes PW, Jordan PW, Gold WG, Flint SD, Caldwell MM
(1988) Competition, morphology and canopy structure in
wheat (Triticum aestivum L.) and wild oat (Avena fatua
L.) exposed to enhanced ultraviolet-B radiation. Functional Ecology 2: 319–330.
Björn LO, Callaghan TV, Johnsen I, Lee JA, Manetas Y, Paul
ND, Sonesson M, Wellburn AR, Coops D, Heide-Jørgensen HS, Gehrke C, Gwynn-Jones D, Johanson U, Kyparissis A, Levizou E, Nikolopoulos D, Petropoulou Y,
Stephanou M (1997) The effects of UV-B radiation on European heathland species. Plant Ecology 128: 252–264.
Caldwell MM (1971) Solar ultraviolet radiation and the
growth and development of higher plants. In: Giese AC
(ed) Photophysiology. Academic Press, New York, pp
131–177.
Caldwell MM, Flint SD (1994) Stratospheric ozone reduction, solar UV-B radiation and terrestrial ecosystems. Climatic Change 28: 375–394.
Caldwell MM, Robberecht R, Flint SD (1983) Internal filters: Prospects of UV-acclimation in higher plants. Physiologia Plantarum 58: 445–450.
Caldwell MM, Searles PS, Flint SD, Barnes PW (1999) Terrestrial ecosystem responses to solar UV-B radiation mediated by vegetation, microbes and abiotic photochemistry.
In: Press MC, Schole JD, Barker MG (eds) Physiological
Plant Ecology. Blackwell, London, pp 241–262.
Carlsson BA, Callaghan TV (1990a) Effects of flowering on
the shoot dynamics of Carex bigelowii along an altitudinal gradient in Swedish Lapland. Journal of Ecology 78:
152–165.
Carlsson BA, Callaghan TV (1990b) Programmed tiller differentiation, intraclonal density regulation and nutrient
dynamics in Carex bigelowii. Oikos 58: 219–230.
Dai Q, Peng S, Chavez AQ, Miranda MLL, Vergara BS, Olszyk DM (1997) Supplemental ultraviolet-B radiation
does not reduce growth or grain yield in rice. Agronomy
Journal 89: 793–799.

Basic Appl. Ecol. 5, 2 (2004)

162

Zaller et al.

Day TA, Ruhland CT, Grobe CW, Xiong F (1999) Growth
and reproduction of Antarctic vascular plants in response
to warming and UV radiation reductions in the field. Oecologia 119: 24–35.
Fiscus EL, Booker FL (1995) Is increased UV-B a threat to
crop photosynthesis and productivity? Photosynthetic Research 43: 81–92.
Flint SD, Caldwell MM (1996) Scaling plant ultraviolet
spectral responses from laboratory action spectra to field
spectral weighting factors. Journal of Plant Physiology
148: 107–114.
Gehrke C, Johanson U, Callaghan TV, Chadwick D, Robinson CH (1995) The impact of enhanced ultraviolet-B radiation on litter quality and decomposition processes in
Vaccinium leaves from the Subarctic. Oikos 72: 213–222.
Gold WG, Caldwell MM (1983) The effects of ultraviolet-B
radiation on plant competition in terrestrial ecosystems.
Physiologia Plantarum 58: 435–444.
Mazza CA, Battista D, Zima AM, Szwarcberg-Bracchitta M,
Giordano CV, Acevedo A, Scopel AL, Ballaré CL (1999)
The effects of solar ultraviolet-B radiation on the growth
and yield of barley are accompanied by increased DNA
damage and antioxidant responses. Plant, Cell and Environment 22: 61–70.
McKenzie R, Connor B, Bodeker G (1999) Increased summertime UV radiation in New Zealand in response to
ozone loss. Science 285: 1709–1711.
Moore DM (1983) Flora of Tierra del Fuego. Anthony Nelson, Shropshire, England.
Ross MA, Harper JL (1972) Occupation of biological space
during seedling establishment. Journal of Ecology 60:
77–88.
Rousseaux MC, Ballaré CL, Scopel AL, Searles PS, Caldwell
MM (1998) Solar ultraviolet-B radiation affects plant-insect interactions in a natural ecosystem of Tierra del
Fuego (southern Argentina). Oecologia 116: 528–535.
Rousseaux MC, Scopel AL, Searles PS, Caldwell MM, Sala
OE, Ballaré CL (2001) Responses to solar ultraviolet-B
radiation in a shrub-dominated natural ecosystem of Tierra del Fuego (Southern Argentina). Global Change Biology 7: 467–478.
Rousseaux MC, Ballaré CL, Giordano CV, Scopel AL, Zima
AM, Szwarcberg-Bracchitta M, Searles PS, Caldwell MM,
Díaz SB (1999) Ozone depletion and UVB radiation: Impact on plant DNA damage in southern South America.
Proceedings of the National Academy of Science 96:
15310–15315.
Rozema J (1999) UV-B radiation and terrestrial ecosystems:
Processes, structure and feedback loops. In: Rozema J (ed)
Stratospheric Ozone Depletion: The effects of enhanced
UV-B radiation on terrestrial ecosystems. Backhuys Publishers, Leiden, pp 101–114.
Ruhland CT, Day TA (2000) Effects of ultraviolet-B radiation on leaf elongation, production and phenylpropanoid
concentrations of Deschampsia antarctica and Colobanthus quitensis in Antarctica. Physiologia Plantarum 109:
244–251.

Basic Appl. Ecol. 5, 2 (2004)

Ryel RJ, Barnes PW, Beyschlag W, Caldwell MM, Flint SD
(1990) Plant competition for light analyzed with a multispecies canopy model. I. Model development and influence
of enhanced UV-B conditions on photosynthesis in mixed
wheat and wild oat canopies. Oecologia 82: 304–310.
Searles PS, Kropp BR, Flint SD, Caldwell MM (2001) Influence of solar UV-B radiation on peatland microbial communities of southern Argentina. New Phytologist 152:
213–221.
Searles PS, Flint SD, Diaz S, Rousseaux M, Ballaré C, Caldwell MM (1999) Solar ultraviolet-B radiation influence on
Sphagnum bog and Carex fen ecosystems: first field season findings in Tierra del Fuego, Argentina. Global
Change Biology 5: 225–234.
Searles PS, Flint SD, Diaz SB, Rousseaux MC, Ballaré CL,
Caldwell MM (2002) Plant response to solar ultraviolet-B
radiation in a southern South American Sphagnum peatland. Journal of Ecology 90: 704–713.
Stephanou M, Manetas Y (1998) Enhanced UV-B radiation
increases the reproductive effort in the Mediterranean
shrub Cistus creticus under field conditions. Plant Ecology
134: 91–96.
Tegelberg R, Veteli T, Aphalo PJ, Julkunen-Tiitto R (2003)
Clonal differences in growth and phenolics of willows exposed to elevated ultraviolet-B radiation. Basic and Applied Ecology 4: 219–228.
Teramura AH, Sullivan JH (1994) Effects of UV-B radiation
on photosynthesis and growth of terrestrial plants. Photosynthesis Research 39: 463–473.
Tevini M, Teramura AH (1989) UV-B effects on terrestrial
plants. Photochemistry and Photobiology 50: 479–487.
Tevini M, Mark U, Saile M (1990) Plant experiments in
growth chambers illuminated with natural sunlight. In:
Payer HD, Pfirrman T, Mathy P (eds) Environmental research with plants in closed chambers. Air pollution research report 26. Commission of the European Communities, Brussels, Belgium, pp 240–251.
Thomas SC, Bazzaz FA (1993) The genetic component in
plant size hierarchies: norms of reaction to density in a
Polygonum species. Ecological Monographs 63: 231–249.
Weiner J, Thomas SC (1986) Size variability and competition in plant monocultures. Oikos 47: 211–222.
Zaller JG, Caldwell MM, Flint SD, Scopel AL, Sala O, Ballaré CL (2002) Solar UV-B radiation affects below-ground
parameters in a fen ecosystem in Tierra del Fuego, Argentina: implications of stratospheric ozone depletion.
Global Change Biology 8: 867–871.
Zaller JG, Searles PS, Rousseaux MC, Flint SD, Caldwell
MM, Sala O, Ballaré CL, Scopel AL (2003) Solar ultraviolet-B radiation can affect slug feeding preference for some
plant species native to a fen ecosystem in Tierra del Fuego,
Argentina. Plant Ecology 169: 43–51.
Ziska LH, Teramura AH, Sullivan JH, McCoy A (1993) Influence of ultraviolet-B (UV-B) radiation on photosynthetic and growth characteristics in field-grown cassava
(Manihot esculentum Crantz). Plant, Cell and Environment 16: 73–79.

