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Abstract

Variations in the amount of solar ultraviolet-B radiation (UV-B) reaching the biosphere may alter productivity

in non-agricultural plants. We examined how ambient levels of UV-B modify the biomass of seven temperate-
zone species including three grass spediehinochloa crusgalliSetaria faberi Elymus virginicuy three forbs
(Verbascum blattarial actuca biennisOenothera parviflors and one tree specieQqercus rubrd. Plants were

grown outside in enclosures near Morgantown, WV, USA*(R9 79 W) for one season under near-ambient or

no UV-B conditions. The different levels of UV-B were achieved using filters which differentially transmit UV-

B irradiance. There was a trend towards reduced above-ground biombasbiennis(14%) and significantly
increased above-ground biomass0n parviflora (10.2%) under ambient UV-B. The partitioning of biomass
between individual plant parts was altered by ambient UV-BDinparviflora Leaf biomass was significantly
increased (18%), and there were trends toward increased stem (6.7%) and reproductive (9%) biomass. In addition
to biomass stimulation®). parvifloragrew significantly taller (5.3%) under ambient UV-B. This study provides
evidence that some non-agricultural plants exhibit species-specific growth responses to variable UV-B, with short-
lived forbs appearing to be the most sensitive. If the biomass and morphological alterations observed for the forbs
in this study were to persist over several years, they might modify population dynamics, competitive interactions,
and productivity in ecosystems as UV-B levels fluctuate in the future.

Introduction species exhibit stimulations in growth under higher
UV-B (Barnes et al. 1990; Musil 1995; Musil & Wand
Reductions in stratospheric ozone of approximately 1994; Tosserams et al. 1997).
10-11% have occurred in northern midlatitudes from Traditionally, photobiologists use two methods for
1979-1993 due to anthropogenic pollution (Callis assessing plant sensitivity to variations in UV-B radi-
et al. 1997; Bojkov & Fioletov 1997). This decrease ation — supplementation studies or exclusion studies
in the thickness of the stratospheric ozone layer has (Caldwell & Flint 1994). Supplementation studies use
led to increases of nearly 10% in the amount of solar lampbanks of flourescent lights to supplement ambi-
UV-B radiation (UV-B) reaching the earth’s surface ent levels of UV-B and have the advantage of directly
at several midlatitude locations (Herman et al. 1996; assessing if elevated levels of UV-B will affect plant
Kane 1998). Changes in the amount of UV-B reach- physiology and development. A drawback, however,
ing the biosphere could have substantial negative or is that lamp systems can be costly, require a source
positive impacts on plant productivity (Caldwell et al. of electrical power, and can be difficult to operate
1995; Rozema et al. 1997b). Most plants that are re- and maintain, in remote locations. Exclusion stud-
sponsive to UV-B have reduced biomass under higher ies use plastic films with different UV-B transmission
UV-B levels (Bogenreider & Klein, 1982; DeLucia properties to filter natural sunlight and have several
et al. 1994; Searles et al. 1995; Sullivan et al. 1994; advantages over lampbank systems. First, the use of
Tosserams et al.1997). However, a small number of films is less expensive than lampbanks, especially



176

modulated lamp systems. A second advantage is thatfrom different life forms. Natural species were cho-
exclusion studies require minimal maintenance and no sen because our current understanding of UV-B ef-
power source; this makes them ideal for field stud- fects is biased toward agricultural species (Rozema
ies, especially in remote locations. A final advantage et al. 1997a; Teramura 1990). Only a limited num-
is that exclusion eliminates some confounding effects ber of studies have examined the effects of UV-B on
that occur in elevated studies which make their results plants from natural ecosystems compared to agricul-
difficult to interpret and compare. For example, lamp- tural plants (McLeod & Newsham 1997; Rozema et al.
banks deliver supplemental UV-A along with UV-B, 1997a), despite the fact that crops account for only 6%
and special care must be taken to isolate UV-B ef- of productivity worldwide (Vitousek et al. 1986).
fects (Newsham et al. 1996). In contrast, films used The goal of our study was to examine if variable
in exclusion studies have little effect on UV-A while levels of natural UV-B would affect above-ground bio-
strongly attenuating levels of UV-B. mass production in plant species that normally reside
Along with the practical advantages of exclusion in field and forest ecosystems of the Eastern United
studies, their ultimate value is that they appear to ef- States. We examined the UV-B sensitivity of seven
fectively identify plants with the greatest sensitivity to  species including three grassdsckinochloa crus-
elevations in UV-B (Caldwell & Flint 1994). Evidence galli, Setaria faberi Elymus virginicu} three forbs
for this claim comes from situations where the same (Verbascum blattaria Lactuca biennis Oenothera
species have been examined using both experimen-parviflora) and one treeQuercus rubra by growing
tal methods. For example, the spedigsamagrostis them under natural levels of UV-B or in the absence of
epigeios Plantago lanceolataand Verbascum thas-  ambient UV-B.
puswere determined to be unresponsive in biomass
parameters under both exclusion (ambient vs no UV-
B) and lampbank (ambient vs elevated UV-B) studies Methods
(Tosserams et al. 1996, 1997). In additidfigna ra-
diata (cv. PS-16) had reduced biomass under higher Six experimental enclosures were located in an open
UV-B treatments in experiments using both methods area at the West Virginia University Horticultural
(Pal et al. 1997; Singh 1997; Singh & Agrawal 1996). Farm (elevation 397 m) near Morgantown, WV USA
Two other useful observations can be made by com- (39° N, 79 W). Three replicate enclosures were used
paring methods. One is that in the studies examined, for each of the two UV-B treatments: ambient and no
the magnitude of the change in mean biomass was al-UV-B. Each enclosure consisted of a wooden frame
ways larger when lampbanks were used — this was true (1.53-m-widex 1.53-m-deepx 1.83-m-tall) with a
whether the lampbanks were used under greenhouse opitched roof. The roof and all sides of each cham-
field conditions. For example, the total above-ground ber were covered with either 0.13-mm thick polyester
biomass irvigna radiatawas only lowered 29.8% un-  plastic film (optically equivalent to Mylar-D, Dupont,
der ambient UV-B in an exclusion study (Pal et al. Wilmington, DE) for no UV-B treatments or 0.038-
1997) but was reduced by 49-64% under elevated mm thick Teflon film (Type 300 A, Dupont, Wilming-
UV-B in lampbank studies conducted under field con- ton, DE) to provide the near ambient UV-B treatments.
ditions (Singh 1997; Singh & Agrawal 1996). The Although both films are highly transparent90%) to
second observation is that the pattern of UV-B effects PAR, they differ in their transparency to UV-B — poly-
on mean biomass were consistent between methods;ester film has a steep transmission cut-off at 320 nm,
V. radiatg P. lanceolata andV. thaspushad reduced = whereas Teflon transmits 85% of radiation in the UV-B
biomass andC. epigeioshad increased biomass un- range (Figure 1). Temperatures both inside and outside
der higher UV-B levels using either method (Pal et al. each enclosure were monitored daily using max/min
1997; Singh 1997; Singh & Agrawal 1996; Tosserams thermometers. The average daily temperature at our
et al. 1996, 1997). Therefore, exclusion studies seemstudy site ranged from 14.7 to 27°C during the
to identify the most sensitive species and can indicate growing period from June to mid-October, 1996. The
the general pattern of response for these species totemperatures inside the enclosures never differed more
elevated UV-B levels. than 1.2°C from the external air temperature.
In this study, we used the exclusion method to Biologically effective UV-B weighted to 300 nm
examine the responsiveness to variations in UV-B of using the generalized plant action spectrum of Cald-
seven non-agricultural, temperate-zone plant specieswell (1971) was measured monthly both inside and
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Figure 1. Transmission spectra for polyester and Teflon films deter-
mined using a UV-visible recording spectrophotometer.
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litter chemistry and decay. All pots were filled with
Pro-mix BX potting soil. The pots were watered to sat-
uration each morning and afternoon during the growth
period. During weekday mornings, pots were also
fertilized with 200-mL of half-strength Hoagland’s so-
lution (10.2 mM N, 3.1 mM K, 2.6 mM Ca, 1.0 mM

P, 1.0 MM Mg, 1.0 mM S, 0.08 mM CI, 0.05 mM Fe,
0.02 mM B, 2.0uM Zn, 2.0 uM Mn, 0.1 uM Cu,
0.09uM Mo). Pots rested on platforms 0.75 m above
the ground under each enclosure; thus, the only nutri-
ents and water received by each replicate were those
we applied to the individual pots.

The experimental set-up was a complete block
design with nesting. It consisted of three replicate
enclosures per UV-B treatment level, with 10 pots
of each species randomly assigned to and positioned
under each replicate enclosure. Therefore, pots were
the replicated unit within treatment enclosures, and

outside of the enclosure frames. These measurementdh® response variables to estimate treatment effects
were made during clear-sky conditions using a Skye Were measured on a per pot basis. Since there were
Instruments UV-B sensor that had been calibrated with thrée enclosures per UV-B level, there were a total of
a double-monochromator UV-visible spectroradiome- 30 replicate pots for each treatment-species combina-
ter (model 742, Optronic, Orlando, FL). The highest tion. Enclosures were arranged in a straight line due
biologically effective UV-B outside the enclosures was 10 the topography of the study site. Treatments were
8.1 kJ nT2 d-1 recorded in mid-July. The lowest bio-  @ssigned to enclosures in a systematic pattern in accor-
logically effective UV-B was 1.8 kJ m? d~ recorded dance with the recommendations of Hurlbert (1984)
immediately prior to harvest in October. On aver- to avoid position effects that could arise from a purely
age, the biologically effective UV-B under the Teflon- random placement. During the experiment, the pots
covered enclosures was 88-90% of ambient levels, Were randomly rotated under each frame to eliminate
while UV-B measured under the polyester-covered position effects within enclosures on individual pots.
frames was<4% of ambient levels. The PAR under At the end of the growing season, fertilization was
the plastic filters was 91.3% of ambient for Teflon t€rminated, and all above-ground tissue from each pot
and 88.6% of ambient for polyester as measured with Was collected, dried for 48 h at 6&, and weighed.
a quantum sensor (LiCor, Lincoln, NE). Filters were Further examination of UV-B growth effects was
replaced monthly, and only minimal photodegrada- Performed for two speciesQ. rubra and O. parvi-
tion occurred for the Mylar filters and none for the flora, to see how UV-B altered biomass partitioning
Teflon filters during the 30-day time period. The extent Peétween individual above-ground plant parts. We mea-
of photodegradation was determined in the labora- Sured partitioning betweeQ. rubra stem and leaf
tory by measuring the transmittance spectra of aged Piomass, an®. parviflorastem, leaf, and seed pod
films using a UV-visible recording spectrophotome- biomass. In addition, we measureq the.total helght
ter (model UV160U, Shimadzu Scientific Instruments, @nd number of seed pods far. parvifloraimmedi-
Columbia, MD). ately befor_e harvest. We cho_se these two species for a
A total of 180 plants of each species (1260 plants More detailed growth analysis beca@@erubrais an
total) were grown under the two UV-B treatments. ©conomicallyimportant tree species, @cparviflora
The seeds for each species were collected locally from Showed interesting growth responses to variable UV-B
wild plants and planted in 15 30-cm cylindrical pots ~ during treatment. _ _
within the enclosures. Upon germination, seedlings ~ UV-B induced changes in total above-ground bio-
were thinned to a density of three plants per pot. Mul- Mass for all species and in individual blomas§ and
tiple plants were grown per pot to obtain adequate growth parameters f@ddenotheraandQuercusspecies

plant material for a separate study of UV-B effects on Were analyzed using separate nested one-way analysis
of variance (ANOVA) tests. The main effects in the



178

Table 1. Statistical design determining the effects of UV-B on the 60
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Figure 3. Above-ground biomass dDenothera parvifloragrown
under no and ambient UV-B. Bars represent one standard error of
the mean. P values in bold type indicate a significant UV-B effect.
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Figure 2. Above-ground biomass of three grasses, three forbs, and mflcamly greater (18 Yop = 0'0112) under amblem
one tree grown under no and ambient UV-B. Bars represent one stan- UV-B and accounted for about 44% of the difference

dard error of the mean. P values in bold type indicate a significant in total above-ground biomass (Figure 3). In addition
UV-B effect. to significantly greater leaf biomass, there was also
a trend towards increased stem (6.7p6= 0.0556)

statistical model used for each species were treatmentand seed pod (9% = 0.0707) biomass. Consistent
and enclosure nested within treatment (Table 1). Al- With the overall pattern of greater biomass produc-
though enclosures were systematically placed, enclo-tion, O. parvifloraalso grew significantly taller (5.3%;
sure nested within treatment was treated as a randomp = 0.0020) under ambient levels of UV-B (Table 2).
effect (Hurlbert 1984). The statistical package used for NO significant difference was found in total seed pod
all analyses was SAS-JMP Version 3.1 for IBM (SAS number (Table 2). In contrast ©. parviflorg no sig-

Institute, Cary, N.C.) nificant difference was found in the above-ground bio-
mass components @). rubradue to UV-B treatment
(Table 3).

Results

Among the seven species tested, most were insensitiveDiscussion

to variations in UV-B (Figure 2). The biomass of the

grass specieS. faberj E. crusgalliandE. virginicus Prior UV-B experiments suggest what characteristic
were not significantly affected by the different lev- biomass responses should be for plant species from
els of UV-B. The forb,L. biennishad a trend toward  various life forms. Typically, native grass species
lower above-ground biomass (14%;= 0.0656) un- grown under variable UV-B have either higher to-
der ambient UV-B. In contrasD. parvifloraexhibited tal biomass accumulation (Musil 1995; Tosserams &
a significant increase (10.2% = 0.0009) in total Rozema 1995; Tosserams et al. 1997) or are unaf-



Table 2. Total plant height and total seed-pod number per
pot for Oenothera parviflorainder no and ambient UV-B. P
values in bold type indicate a significant UV-B effect.

Parameter No UV-B Ambient UV-Bp-value

Total plant height (cm) 268.12  283.09 0.0020
Average per plant 89.37 94.36

Total seed pod number 95.10 97.70 0.7433
Average per plant 31.70 32.57

Table 3. Stem and leaf biomass per pot fQuercus
rubra under no and ambient UV-B.

Parameter No UV-B Ambient UV-Bp-value

6.67
6.51

Stem biomass (g) 7.04
Leaf biomass (g) 8.79

0.5226
0.3853

fected by higher levels of UV-B (Barnes et al. 1988,
1988; Ernst et al. 1997; Musil 1995; Tosserams et al.
1996, 1997). In agreement with past research, the
three grass species in our stuBy,faberj E. crusgalli
andE. virginicus were unaffected by the exclusion of
UV-B.

Previous experiments with native forbs reveal that
total biomass or the biomass of certain plant parts
may be stimulated (Barnes et al. 1990; Musil &

Wand 1994), decreased (Tosserams et al. 1997), or

unaffected by higher levels of UV-B (Musil 1995;
Tosserams et al. 1996). Consistent with the variable

response reported in previous research, the forbs in

this study exhibited each of the three different growth

responses observed in previous experiments. A trend

toward a reduction in total above-ground biomass oc-
curred inL. biennisraised under the higher ambient
UV-B level, V. blattaria was not affected by UV-

B treatments, an®. parviflorashowed a significant
stimulation in growth under ambient UV-B. The mag-
nitude of the biomass reduction (14%) flor biennis

in our study was less than that for forbs in a previous

study (16—19%; Tosserams et al. 1997), and the mag-

nitude of stimulation fo©O. parviflora(10%) was also

less than past studies (14—-36%; Barnes et al. 1990;

Musil & Wand 1994; Sullivan et al. 1992). One reason

for these differences may be the fact that the past stud-

ies were lampbank experiments, while our study used
the exclusion method.
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Though magnitudes in stimulation differ, it is in-
triguing that positive UV-B growth responses have
been observed i®. parviflorain our study as well
as in other plant species (Barnes et al. 1990; Musil
& Wand 1994), including a species from that same
genusOenothera strictgSullivan et al. 1992). How-
ever, the mechanisms by which any of these plants
are stimulated by elevated UV-B remains unclear. One
hypothesis is that stimulations of photosynthesis occur
due to UV-B induced changes in leaf orientation. For
instance, Tosserams et al. (1997) found that leaf orien-
tation in plants receiving no UV-B was more vertical
compared to plants receiving UV-B, and they sug-
gested that this more planophilous orientation might
allow plants to increase light interception, use avail-
able PAR to a higher degree, and thereby increase
carbon fixation. A second hypothesis is that higher lev-
els of UV-B increase biomass at the end of a growing
season by improving the tolerance of some plants to
water stress. For examplinusspecies experiencing
natural water stress in the field had improved needle
water relations and higher needle and total above-
ground biomass at the end of the growing season when
grown under elevated UV-B levels compared to water-
stressed plants grown under ambient UV-B (Manetas
et al. 1997; Petropoulou et al. 1995). The improved
needle water relations were thought to result from
stomatal effects or increases in antioxidative enzymes
and suspected to contribute to the increase in biomass
(Manetas et al. 1997; Petropoulou et al. 1995).

While UV-B induced reductions in water stress
may explain enhanced plant growth in some stud-
ies, it is an unlikely explanation for the response of
O. parviflorain this study because we watered the
plants twice daily to the point of saturation. In con-
trast to the unlikely effects of UV-B on water stress
in our study, morphological alterations in leaf orienta-
tion could have increased carbon fixation and growth
in O. parviflora However, we did not make the mea-
surements necessary to test this idea. Since it remains
unclear why the growth of some species is stimulated
by higher levels of UV-B, it is apparent that future
experiments should focus on these species in order to
determine the physiological basis of the stimulatory
response.

In our study, a more detailed examination of
growth stimulation via biomass partitioning revealed
that the increase in total above-ground biomass in
O. parviflora resulted primarily from a significant
increase in total leaf mass. Along with biomass al-
terations,O. parvifloraalso exhibited an increase in
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plant height under ambient UV-B. Other native dicot effects might also occur iQ. rubraor otherQuercus

species have been shown to grow taller when ex- species.

posed to higher amounts of UV-B (Barnes et al. 1990), Overall, this investigation expands our limited

and some scientists have suggested that morphologi-knowledge of how exposure to varied levels of nat-

cal alterations induced by higher UV-B levels, such as ural UV-B can affect the accumulation of biomass in

changes in plant height, may shift the competitive bal- non-agricultural plant species. Temperate-zone grass

ance between species within an ecosystem (Rozemaand tree species were found to be unresponsive to

et al. 1997a,b). However, only a limited number exclusion of UV-B. However, forbs were found to

of studies have provided direct evidence for claims have UV-B responses that were species-specific and

that morphological alterations can modify competition specific on individual plant tissues. These findings

(Caldwell et al. 1995; Barnes et al. 1988). demonstrate that some forbs found in natural com-
The potential importance of UV-B induced height munities are sensitive to changes in UV-B levels and

alterations in shifting competition was demonstrated may respond to future fluctuations in the amount of

directly in studies using wildAvena fatualL. and this radiation, in ways that might modify population

Triticum aestivumL. under elevated UV-B (Barnes dynamics, competitive interactions, and productivity

et al. 1988). In this study, elevated UV-B inhibited in the environments that these species inhabit.

shoot height and leaf elongation m fatug which

allowedT. aestivumo overtop it, intercept more light,

and achieve greater rates of canopy photosynthesisAcknowledgements
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