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ABSTRACT

The effects of natural UV-B radiation on growth, photo-
synthetic and photoprotective pigment composition of dif-
ferent Salicornia species were analyzed in salt marshes at
three different sites along the Americas (Puerto Rico,
southern Brazil and Patagonia, Argentina). Plants were
exposed to different levels of UV-B radiation for 1–2 years
in situ as well as in outdoor garden UV-B exclusion ex-
periments. Different UV-B levels were obtained by covering
plants with UV-B opaque (blocked 93–100% of ambient
UV-B) and UV-B attenuating (near-ambient) filters (reduced
20–25% of UV-B). Unfiltered plants were exposed to natural
irradiance. UV-B filters had significant effects on tempera-
ture and photosynthetic pigments (due to changes in PAR;
400–700 nm). The growth of Salicornia species was inhibited
after 35 to 88 days of exposure to mean UV-B radiation
dosages between 3.6 and 4.1 kJ m22 day21. The highest
number of branches on the main shoot (S. bigelovii and
S. gaudichaudiana) and longest total length of the branches
(S. gaudichaudiana) were observed in the UV-B opaque treat-
ment. Salicornia species responded to increasing levels of
UV-B radiation by increasing the amount of UV-B absorbing
pigments up to 330%. Chromatographic analyses of seedlings
and adult S. bigelovii plants found seven different UV-B
absorbing flavonoids that are likely to serve as UV-B filtering
pigments. No evidence of differential sensitivity or resilience
to UV-B radiation was found between Salicornia species
from low-mid latitudes and a previously published study of
a high-latitude population.

INTRODUCTION

A relatively steep latitudinal gradient of effective solar UV-B

radiation (280–320 nm) exists on the Earth’s surface (1). Low

latitudes receive the highest levels of UV-B radiation while high

latitudes experience the most dramatic changes in UV-B radiation

over the course of the year (2). The sensitivity and resilience of

low-latitude and high-latitude communities to rising UV-B

radiation have been previously interpreted based on the assumption

of evolutionary adaptation of organisms to maximum exposure (3)

and local magnitude of seasonal variation of UV-B radiation (4,5).

An increasing body of evidence suggests that plants use similar

morphogenetic changes and biochemical pathways to respond to

biotic and abiotic stresses (6). For example, increasing flavonoid

concentration is a response observed under water stress as well as

high UV radiation (7–11). Thus, in addition to UV-B radiation, the

selective pressure of other stress factors such as water deficit and

high salt concentration could have important effects on the ability

of plant species to withstand elevated levels of UV-B radiation.

As a result, local environmental conditions (7–10) and UV-B

protective mechanisms of individual species (11,12) may be more

important in determining the actual plant sensitivity and resilience

to UV-B than their UV-B evolutionary history.

Salt marshes are distributed along temperate, subtropical and

tropical coastlines. They grow in the intertidal and usually form

monospecific stands along flooding gradients. The widespread

latitudinal distribution of several salt marsh species (13,14), allows

for comparative field experiments in areas with a wide range of

UV-B radiation.

The gradual degradation of the ozone layer over most middle and

high latitudes of South America (2) is leading to an increase in UV-

B radiation (15,16). These levels of UV radiation have the potential

to cause an additional stress to salt marsh plants living in an already

physiologically demanding environment (being exposed to salinity

fluctuation, water deficit, flooding, anoxia, etc. [13, 17]). Other than

an early warning about the possible effect of elevated UV-B levels

on coastal salt marshes (18,19), UV-B related studies of these plant

communities have not received much attention (but see 15). Even

mangrove trees have had their UV-B photobiology better studied

(see 20–25) than salt marsh plants, although no significant trends

in stratospheric ozone have been reported for equatorial regions

(26,27) where mangroves occur. Whether UV radiation has a long-

term impact on salt marshes remains a question.
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This study aims to analyze the effects of natural UV-B radiation

on growth and pigment composition of different Salicornia species

(Chenopodiaceae) found in salt marshes along the Americas. It

summarizes collaborative research carried out at three different

sites along a latitudinal gradient (low and middle latitudes) and

compares its results with a previously published study of a high-

latitude Salicornia population (15).

The genus Salicornia fulfills a very important ecological function

in coastal ecosystems (28) as its plants facilitate the colonization of

dominant, perennial halophytes in physically stressful middle and

upper marshes, by reducing evaporation from the sediment surface

and thereby reducing salinity stress (29). Salicornia species also

colonize areas that have been disturbed to the extent that they are

unsuitable to the natural vegetation (30). After 2 to 3 years of

Salicornia establishment, the area becomes once again suitable

for the recolonization of other less salt-tolerant species (30,31).

Additionally, monospecific stands of Salicornia are important

temperate salt marshes in South America, supporting terrestrial and

coastal food chains and creating extensive habitats (e.g. along the

SW Atlantic coast between 318 and 438 S over 740 km2 are covered

by Salicornia-dominated salt marshes [32]). Thus, UV-B radiation

effects on Salicornia must be better studied in order to gauge its

possible ecological impacts to salt marshes along the Americas.

MATERIAL AND METHODS

Study sites and species. The species studied are members of the tribe
Salicornieae, family Chenopodiaceae which are composed of leafless
halophytic plants with articulated, succulent green cylindrical segments that
carry inconspicuous flowers born in groups of three in depressions on
a fleshy axis. Two genera of glassworts, also called samphire or pickleweed,
occur on the American continent (14,33). The genus Salicornia is
characterized by annual plants without rhizomes and displays a central
flower on a node elevated above two lateral flowers. The genus Sarcocornia
is characterized by perennial plants with woody rhizomes, and all flowers of
a node are inserted at the same level (33,34). The taxonomic uncertainties
among species are a result of their reduced morphology, inadequate rep-
resentation of succulent growth forms by dried herbarium specimens and
environmentally induced variations. In fact, Salicornia (sensu strictu) is
absent from South America since all species referred to Salicornia are
perennial (i.e. strictly Sarcocornia [14, 28]).

There are at least two distinguishable species of perennial Salicornia
(Sarcocornia) in South America. Salicornia gaudichaudiana Mog., synon-
ymous with S. virginica L. by Reitz (35), occupies intertidal salt flats above
the mean high water line along the entire coast of Brazil (14,36). Salicornia
ambigua Michx., synonymous with Sarcocornia perennis (P. Mill.) A. J.
Scott (34), occurs on salt flats and in salt lakes and lagoons (‘‘salares’’) of
the ‘‘Altiplano’’ basin from southern Peru to Argentina and Chile. It also

dominates upper coastal marshes between Uruguay (338 S) and Tierra del
Fuego, Argentina (14,15,32). However, Salicornia ambigua from the
Rocha lagoon, Uruguay, and Mar del Plata, Argentina, appears to be S.
gaudichaudiana (C.S.B.C.), because it differs from Tierra del Fuego S.
ambigua in morphology, phenology, seed size and growth rates. Further-
more, when cultivated inside an unheated greenhouse in southern Brazil
(328 S), S. ambigua from Tierra del Fuego was unable to survive. Since
there is still no satisfactory taxonomic treatment for Salicornia species of
South America, species are referred to by their local names.

Salicornia bigelovii Torr. is an annual plant studied only at the Puerto
Rico site (178589 N, 678139 W). It is also found along the Pacific and Atlantic
coasts of North America (34). Adult plants and seedlings were collected
from a salt marsh in Cabo Rojo (southwestern side of the island of Puerto
Rico) and transported to the Marine Sciences Field Station at Isla Magüeyes.
The collection site is a narrow sandy hypersaline shore where Salicornia
patches are surrounded by dwarf trees of Avicennia germinans and drift line
debris. The climate of Puerto Rico is tropical with a dry period from De-
cember through April. The mean annual precipitation is 1753 mm (Table 1).

Salicornia gaudichaudiana was studied along a north–south latitudinal
gradient at Pólvora Island marsh, in the Patos Lagoon estuary, southern
Brazil (328019 S, 528069 W). The climate is hot-temperate with clear sea-
sonal fluctuations (lowest and highest mean monthly air temperatures of
138C in July and 258C in January, respectively) and an annual precipitation
of 1350 mm (Table 1).

Perennial S. ambigua was studied at the Patagonian site (438209 S, 648049
W) situated 1500 m upstream from the mouth of the Chubut river (near the
city of Rawson, Argentina), a 1400 km long river that flows from the
foothills of the Andes to the Atlantic Ocean. The climate of the Patagonian
site is dry and temperate (mean annual rainfall, 190 mm; mean annual
temperature, 13.38C; Table 1).

Experimental design. UV opaque and near-ambient UV filters have been
used in the past to study outdoor response of plants to UV radiation, the
later treatment being used as control of expected microclimatic conditions
(e.g. heat increasing and PAR attenuation). However a close look at
previously published UV exclusion experiments shows that near-ambient
UV Aclar filters both, slightly reduce UV radiation and induce stronger
changes in temperature than UV opaque Mylar filters. Typically, mean
diurnal daylight temperatures recorded underneath an Aclar filter were 0.5–
5.08C higher than in unfiltered plots and temperatures under a Mylar filter
were intermediate (15,37). Nevertheless, Aclar filters have not been dis-
qualified as valid tool to test for UV effects and the advances on photo-
biology obtained with UV exclusion experiments cannot be denied. Direct
comparison of UV blocked (Mylar) and unfiltered plants can be also
informative and near-ambient Aclar filters can provide supplementary
intermediate levels of UV radiation to be tested.

At all three sites along the latitudinal gradient, Salicornia species were
exposed to different levels of UV radiation in situ and outdoor garden UV
exclusion experiments. PVC frames (1.2 by 1.2 m) supported UV-B opaque
filters (Mylar or Lexan) or near-ambient UV-B filters (‘‘UV-B attenuated,’’
Aclar or Saran [15]). In Puerto Rico domes with iron frames were
constructed and aligned with the solar plane. In a third unfiltered treatment,
plants were exposed to natural irradiance flux.

At the Puerto Rico site, total exclusion of UV-B radiation was achieved
using a polycarbonate material (Lexan MR5, GE plastics) that is opaque
to wavelengths below 400 nm. A Saran shading fabric (polyvinylidene
chloride, Dow Plastic), that absorbs 25% in the UV region (25), was used
for the UV attenuated treatment. Lexan and Saran absorb 18% and 25% of
the radiation in the visible range (PAR; 400–700 nm), respectively. At the
Patagonia site, UV opaque and UV attenuated treatments were achieved,
covering plots with a Mylar-D polyester (Dupont) and Aclar fluorocarbon
plastic (Allied Chemical) filters, respectively. In situ solar radiation mea-
surements with an SR-18 spectroradiometer showed that Mylar and Aclar
filters absorb 93% and 20% of the UV-B radiation (at 300 nm), and 5% and
4% of PAR, respectively. In southern Brazil only UV opaque Mylar filters
were used.

Field exclusion experiments. The effects of UV-B radiation on Salicornia
species were assessed at the two South American salt marsh sites by
a complete randomized blocked design with three replicate plots of 1.2 by
1.2 m for each UV-B treatment, placed over monospecific stands of the salt
marsh vegetation studied. Experiments were carried out in Patagonia
between August 1997 and April 1999, and in Brazil between February and
April 2002. The filters were placed over the plots at the beginning of every
growing season and taken off at the end (after fruiting). The filters were
checked for damage on a weekly basis as well as after storms. Since South

Table 1. Location and mean daily dosage of UV-B radiation estimated
by the National Atmospheric and Space Administration TOMS satellite of
the sunniest month and annual precipitation in the three study sites. Values
of mean, minimum and maximum temperatures during the experiments
are also shown.

Study
sites Latitude Longitude

UV-B
radiation

(J m�2 day�1)

Annual
precipitation

(mm)
Temperature

(8C)

Puerto
Rico 178589 N 678029 W 5535* 1750 27 (25–33)

Brazil 328019 S 528069 W 4120� 1350 19 (13–25)
Patagonia 438209 S 648049 W 3615� 190 12 (7–18)

*Data from July 2002, but mean (6standard error) TOMS erythemal data
during the period of experimentation (January 2002) in Puerto Rico was
3760 6 99 J m�2 day�1. �Data from January 2002. �Data from January
1998.
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American Salicornia species are perennial, shoots within each plot were cut
to 3 cm above ground at the beginning of the experiment to avoid carry over
UV radiation effects and apical dominance. In Brazil, apart from the
summer-born sprouts (i.e. shoots born after the initial cutting), a treatment
set of spring-born sprouts (no initial cutting) was included to the marsh
experiment with S. gaudichaudiana. This additional treatment tested for
the hypothesis of carry over effect on photoprotective responses to UV
radiation doses.

In the center of all (1.2 by 1.2 m) plots, small quadrats (0.25 by 0.25 m;
0.5 by 0.5 m in Brazil) were established and marked with wooden poles. All
nondestructive measurements (density and growth) were only taken within
the smaller central area where the plants were always protected by the
filters. Destructive samples (material for pigment extraction and cuticle
thickness estimation) were taken from the buffer zone (between the borders
of small quadrat and plot) but very near the central area where occasionally,
depending on the angle of the sun, the plants may have been exposed to
some UV-B radiation early or late in the day when radiation levels are at
their lowest.

Outdoors exclusion experiments. In Puerto Rico, sediment cores (15 cm
diameter, 5 cm depth) containing whole adult plants (already flowering) and
seedlings of S. bigelovii were collected from a salt marsh and transported
to the University of Puerto Rico Marine Sciences Field Station at Isla
Magüeyes. Individual plants were sorted, transplanted and exposed to three
different UV radiation treatments (15 plants per treatment) in an outdoor
garden for 5 weeks between December 2001 and January 2002. Plant
treatments were irrigated daily with approximately 2 liters of a mixture of
50% freshwater and 50% saltwater (35 g L�1 of NaCl).

In Brazil, a pot (7 cm in diameter, 5 cm depth) experiment was carried
out in an outdoor garden located on the Campus of University of Rio
Grande (Rio Grande, RS) during summer–autumn 2002. Pot experiment
used a 1:1 mixture of sand and sieved (5 mm mesh) compost while the core
experiment used natural substrate. The pot experiment aimed to quantify
not only the relative importance of UV radiation levels on growth and UV
screening compounds of 8-week-old S. gaudichaudiana seedlings but also
the effect of salt stress on these plants. Eight-week-old seedlings, ger-
minated in the laboratory and raised under depleted UV-B conditions, were
transferred to pots and randomly assigned to Mylar or unfiltered (ambient
UV-B) treatments (40 plants per treatment). Once a week, half of the pots
were irrigated with a solution of 20 g L�1 of NaCl and the other half with
freshwater. Additionally all pots were watered daily with freshwater
avoiding saturation of the soil. This experiment lasted for 88 days.

Growth measurements. In Puerto Rico and Brazil, shoot height, number
of branches on the main shoot, as well as the length of all branches (only in
Brazil), were determined for each individual (during flowering phase) ex-
posure at different UV regimes.

In Patagonia, plants emerging within the area of the plots were counted
in order to determine shoot density. The 0.25 by 0.25 m quadrats were
subdivided into four subplots and density was measured in two of the
subplots. Every year, 10 emerging plants were tagged inside each central
quadrat and their height was measured during their flowering phase.

Pigment analysis and cuticle thickness. Pigment analysis was performed
on three replicates of three to five segments (internodes) of Salicornia
shoots from the buffer area around each central quadrat. After collection
samples were placed on ice and analyzed within one day. The plant sections
were ground on ice using a mortar and pestle and photosynthetic and
photoprotective pigments were extracted in 10 mL of a 90% acetone/water
solution and in 99% methanol/1% acetic acid (100% methanol in Puerto
Rico), respectively. In Patagonia, chlorophyll concentration was calculated
from the acidified extract. The extract was placed in a centrifuge tube and
the volume was determined. The extract was centrifuged and the absorption
spectrum of the supernatant was determined between 200 and 700 nm
(covering the UV and PAR range), using dual scanning spectrophotometers
(Shimadzu UV 1601, Puerto Rico; VARIAN Cary 1E, Brazil; HP model
8452A, Patagonia). The absorption spectra were normalized by weight of
leaf material and solvent volume. Normalized absorption at 647 and 664 nm
were substituted in the following trichromatic equation (38): Chl a 5 11.93
E664 � 1.93 E647. Carotenoids were determined using the equation (39):
Carotenoids 5 7.6 E480 �1.49 E510, where E 5 extinction (absorption)
measured at wavelength x in a 1 cm cuvette.

Additionally, high-performance liquid chromatography (HPLC) analysis
of photosynthetic pigments of S. bigelovii plants exposed to three UV
treatments, were done using a Waters C18 column (symmetry, 3.9 by 150
mm) and a Shimadzu LC-10 AT pump and a SPD-M10AU diode array
detector connected to a Waters WISP 712 injector. The analysis was based

on the methodology described by Wright et al. (40) with a modification
consisting of changes in the flow of the mobile phase (0–4 min at 1 mL
min�1; 4–6 min at 1.5 mL min�1; 6–18 min at 1.8 mL min�1; and 18–
30 min at 1 mL min�1). The mobile phase consisted of three different
solutions: solution A, methanol/0.5 M ammonium acetate (90:10, aqueous;
pH 7.2 v/v); solution B, acetonitrile/water (90:10, v/v); and solution C,
ethyl acetate. The HPLC was calibrated, using a solution of pure chlo-
rophyll a in 90% acetone. Pigments were identified by comparing their
retention times and absorption spectra (400–700 nm) to published data. UV
photoprotective pigments of S. bigelovii were also analyzed, using a HPLC
system with a Shimadzu LC-10 AT pump and a SPD-M10AU diode array
detector connected to a Waters WISP 712 injector. A Phenomenex C8 5 l
(250 by 4.60 mm) column was used. The mobile phase consisted of a
solution of methanol, acetic acid and water (5.5:0.01:4.49). The flow rate
was established at 0–8 min at 0.4 mL min�1 and at 8–15 min at 0.8 mL
min�1. Samples were analyzed in the 290–400 nm spectral range. Peaks
were grouped by their retention times and maximum absorption wave-
lengths.

The thickness of the cuticle of S. ambigua plants from Patagonia was
determined at the end of growing season using light microscopes. The
portion of the plant just below the halfway point of the Salicornia shoot
fragment was cross-sectioned with a microtome and the cuticle was stained
with Sudan IV to facilitate its identification. These thin sections (n 5 3)
were then placed under a microscope and cuticle thickness was measured
with an ocular micrometer at three to six points along the leaf.

Microclimatic conditions. At all sites, the microclimate under filters and
adjacent open areas was monitored. In Brazil temperature sensors (HoBo
temperature loggers, Onset Computers) were placed in the center of one
plot per treatment (field and outdoor garden) where they remained for up to
2 months. In Puerto Rico, HoBo temperature loggers were used to measure
the temperature fluctuations underneath UV screens. Temperature was
logged continuously at 24 min intervals, during a 1-month period. In Pata-
gonia, maximum and minimum daily temperatures (9–16 h) were measured
at each sampling date using a digital thermometer.

UV dosage. For all study sites, daily dosage of surface erythemal UV-B
radiation was obtained from the NASA TOMS satellite homepage (http://
toms.gsfc.nasa.gov/ery_uv/euv.html). NASA UV-B data are based on
ozone levels and cloud cover collected by the TOMS satellite once a day for
every latitude and longitude on the planet. Comparisons showed a good
agreement between satellite-derived and ground-measured UV doses at
study sites in the Southern Hemisphere where air pollution is reduced and
snow cover nonexistent (41,42).

Data analysis. Except for Brazil, the parameters were analyzed, using
one-way ANOVAs to test the effects of UV-B treatments. Brazilian field
and outdoor garden experiments were evaluated by two-way ANOVAs
for UV-B levels and shoot-cutting treatments and UV-B levels and salt
water irrigation treatments, respectively. All statistical tests used a 0.05
level of significance. Differences between levels of the ANOVA treatments
were analyzed by the Fisher’s LSD post hoc test. Homogeneity of variance
and normality were tested using the Spearman and Wilcox tests and
variables transformed when necessary. No statistical tests were applied
between sites.

RESULTS

Ambient UV-B and microclimatic conditions

As expected, UV-B radiation varied seasonally. The highest

monthly mean level of UV-B radiation during the experimental

growing seasons was observed in Brazil (4120 J m�2 day�1),

followed by Puerto Rico (3760 J m�2 day�1) and Patagonia (3615 J

m�2 day�1) (Table 1). Puerto Rico experiment was carried out dur-

ing the boreal winter but this site showed the highest summer daily

dosage (5535 J m�2 day�1) (Table 1). At the midlatitude Pata-

gonian site, seasonal changes on UV-B levels were more marked

and clear sky levels remained during the winter just below 1000

J m�2 day�1.

At Puerto Rico air temperature varied between 22.28 and 36.78C

during the outdoor garden experiment but no significant difference

(ANOVA, P 5 0.42) was found in mean air temperature at canopy
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height of unfiltered (27.2 6 4.98C; 6standard deviation), Lexan

(27.2 6 3.18C) and Saran (26.4 6 3.38C) plots. In the field

experiments, Brazilian and Patagonian plots covered with filters

were warmer than unfiltered. However the magnitudes and sig-

nificance of these differences varied among sites and according to

the instrument used to measure the temperature. Only daylight air

temperatures at each sampling date were measured in Patagonia.

Areas covered with Aclar (25.08C) were on average warmer than

unfiltered plots (22.78C) by 2.38C in Patagonia but no significant

difference was found (P 5 0.30). Temperature values under Mylar

filters were intermediate between those of Aclar and unfiltered

plots. In Brazil, continuous recording (every 10 min) showed that

Mylar plots were 1.58C warmer than unfiltered plots during

daylight (P , 0.01) but no significant difference was found

between late afternoon and early morning (Fig. 1). Indeed, the

temperature difference between areas beneath and outside the

screens was larger than 108C for several hours on a daily basis.

Growth responses

UV-B treatments had no significant effect on shoot density of the

Patagonian population of S. ambigua. Parameters that clearly

responded to reduced UV-B levels were plant branching and total

plant size. Salicornia branch number and total length of the

branches were markedly inhibited by UV-B radiation (Fig. 2A).

Highest number of branches on the main shoot (S. bigelovii and

S. gaudichaudiana) and longest total length of the branches (S.
gaudichaudiana) were observed in the UV-B opaque treatment (all

cases P , 0.05). Similar response for branch number of Patagonian

S. ambigua occurred only in the second year of experimentation

(Fig. 2A).

UV-B exclusion also had a significant (P , 0.01) positive effect

on the height of the annual S. bigelovii plants (Puerto Rico) and on

S. gaudichaudiana plants grown from seedlings in the open garden

experiment (Brazil) when comparing Lexan and Mylar treatments,

respectively. The Patagonian S. ambigua plants under the Aclar

filter (attenuated UV-B radiation) were taller than plants of the

other treatments but only in the first year of field experimentation

(Fig. 2B).

Photosynthetic pigments

No significant differences in chlorophyll a content were found

between adult plants, exposed to UV-B opaque and natural UV-B

levels for S. bigelovii and S. gaudichaudiana (Figs. 3A and 4).

However, there was a significant increase in chlorophyll a in

relation to unfiltered treatments (64 to 90 lg Chl a g�1; P , 0.01)

in S. bigelovii seedlings exposed to reduced PAR levels (Saran UV

attenuated treatment, 25% reduction of PAR) (Table 2, Fig. 4).

Salinity also affected chlorophyll a concentration. S. gaudichaudi-
ana plants, watered with freshwater in the pot experiment (aver-

age 5 140–160 lg Chl a g�1), had a significantly higher mean leaf

chlorophyll a content (P , 0.05) than plants watered with salt

water (121–135 lg Chl a g�1; Fig. 3A).

Spectrophotometric evaluation of photosynthetic pigments in

seedlings and adult S. bigelovii plants showed higher values of

Figure 1. Mean air temperature (6standard deviation) logged continu-
ously at 10 min intervals between February and April 2002 inside UV-
opaque (Mylar covered) and unfiltered (no filter) plots at Pólvora Island
marsh, southern Brazil. The values of mean temperatures estimated at
different time periods and the significance of paired t-test results between
treatments is also shown (*P , 0.01; **P , 0.001; NS, not significant).

Figure 2. Mean responses of Salicornia species exposed to different levels
of UV-B radiation in the salt marsh environment (m) and outdoor garden
(gs and ga) exclusion experiments at different study sites. The values of
shoot height (A), total plant size estimated by number and total length of
branches (B), UV-B absorbing pigments (C) and cuticle thickness (D) were
standardized by the means of UV-B opaque treatments (5100%). Results
were obtained from seedling (gs) and adult (ga) plants originated from
germinated seeds (outdoors garden) or vegetative growth of sprouts
submitted to UV-B treatments. In Brazil, the marsh experiment was
repeated to spring-born (mp) and summer-born sprouts (mu). In Patagonia,
the marsh experiment was repeated to spring-born sprouts for two con-
secutive years (mp1 and mp2).

Photochemistry and Photobiology, 2006, 82 881



maximum absorbance at 400–450 nm for treatments with UV-B

filters (Fig. 4). Although no differences were found in caroten-

oids concentration among treatments, seedlings grown beneath

reduced PAR levels of Saran filter had highest absorbance at

420–470 nm.

In adult S. bigelovii plants, HPLC analysis of photosynthetic

pigments indicates the presence of eight different pigments: chlo-

rophyll a, chlorophyll b, neoxanthin, vaucheraxanthin, antherax-

antin, lutein, zeaxanthin, and b,b-carotene. After normalization by

chlorophyll a, the ratios of all pigments (except vaucheraxanthin and

zeaxanthin) show a similar tendency (Table 2). Vaucheraxanthin was

smaller in unfiltered than in other reduced UV-B treatments while

unfiltered treatments had the highest concentration of zeaxanthin.

This pigment disappears in the UV-B attenuated treatments and is

reduced by half in the UV-B opaque samples. These results suggest

that the content of these two pigments are more affected by changes

in PAR radiation availability than UV levels (Table 2).

UV photoprotective pigments

All Salicornia species showed lower concentrations of UV-B

absorbing compounds in the UV-B opaque treatments than in those

exposed to ambient UV-B radiation. S. ambigua under natural UV-

B levels had three times more UV-B absorbers than UV-B opaque

treated shoots (Fig. 2C). Additionally, plants subjected to

attenuated UV-B radiation showed intermediate concentrations of

UV-B absorbers. Adult plants of S. bigelovii showed higher

concentration of UV-B absorbers than its seedlings. Additionally,

S. gaudichaudiana summer-born shoots originated from sprouts

(after initial cutting) grown exposed to UV during summer–autumn

on the marsh had 88% more UV-B absorbers than spring-born

shoots (without initial cutting; P , 0.001, Fig. 3B). Overall, marsh

plants had higher concentration of UV-B absorbers than plants

cultivated in outdoor gardens (Fig. 2C).

The absorption peak at 332 nm (just above the upper limit of the

UV-B range), resulting from the spectrophotometric analysis was

higher for both seedlings (,5 cm height) and adult plants of S.
bigelovii exposed to ambient UV radiation (Fig. 5A) than for plants

under UV-B opaque filters. Seven different UV photoprotective

pigments distinguishable by the region of maximum absorption

were isolated from the chromatographic analysis of seedlings and

adult S. bigelovii plants. The pigments can be classified in two

different groups according to the changes in their proportion in the

total pigment composition among the UV-B radiation treatments

(Fig. 5B). Pigments of the first group are composed by the pig-

ments I, II, III, IV and V that have absorption peaks between 325

and 337 nm. Although pigments III (absorption peak of 326 nm)

Figure 3. Mean shoot content (6standard error) of chlorophyll a (A)
and UV-B absorbing pigments (B) of Salicornia gaudichaudiana plants
originated from seedlings and sprouts exposed to different levels of
UV-B radiation in the salt marsh environment and outdoor garden at
southern Brazil (n 5 3).

Figure 4. Mean spectrophotometric responses of photosynthetic pigments
and mean shoot contents of chlorophyll a and carotenoids of seedlings
and adult plants of Salicornia bigelovii exposed to different levels of
UV-B radiation at Puerto Rico (n 5 5).

Table 2. Mean values (n 5 5) of HPLC analysis of photosynthetic
pigments of adult Salicornia bigelovii plants from Puerto Rico exposed
to reduced and natural UV-B levels. Absolute and normalized values per
concentration of chlorophyll a are shown. Columns were positioned
according PAR attenuation of UV-B treatments.

Photosynthetic
pigments

Mean (lg g�1)
Mean

(normalization by Chl a)

Unfiltered
UV

opaque
UV

attenuated Unfiltered
UV

opaque
UV

attenuated

Zeaxanthin 1.7 0.9 0.0 1.2 0.6 0.0
Vaucheriaxanthin 6.5 9.4 13.4 4.7 6.7 7.4
Neoxanthin 4.8 4.9 5.9 3.5 3.5 3.3
Antheraxanthin 5.2 4.4 4.0 3.8 3.2 2.2
b,b-Carotene 9.7 9.5 12.9 7.0 6.8 7.1
Lutein 14.9 14.5 17.1 10.7 10.4 9.4
Chlorophyll b 31.6 30.0 38.8 22.7 21.4 21.4
Chlorophyll a 139.0 139.8 181.0 100.0 100.0 100.0
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and pigment V (peak at 337 nm) were absent in seedlings and in

adults, respectively, all pigments from this group are present in

plants from all UV-B treatments and represent up to 50–70% of

the total UV absorbers. Additionally pigments I, II and V showed

highest concentrations in the UV-B opaque treatment.

Pigments composing the second group (pigments VI and VII)

have maximum absorption from 353 to 357 nm and are either syn-

thesized or stimulated under the presence of UV radiation or their

production is stimulated with increased UV radiation levels (Fig.

5B). These wavelengths inside the range of UV-A radiation (320–

400 nm) are also partially and totally blocked by Saran and Lexan

filters, respectively. Pigment VI (peak at 353 nm) is more repre-

sentative in unfiltered samples in both, seedlings and adult plants.

It is considerably reduced in UV-B attenuated (23%) and UV-B

opaque (62%) treatments of adult plants and disappears in

seedlings of the UV-B opaque treatment. Pigment VII (peak at

357 nm) was absent in adult plants excluded from UV (Lexan

treatment) (Fig. 5B).

Cuticle thickness

The cuticle thickness of S. ambigua at Patagonian site was not

significantly affected by UV-B exposure (Fig. 2D).

DISCUSSION

The most significant negative impact of UV-B radiation on

Salicornia plants is the reduction of shoot branching (60–85%) in

Brazilian and Patagonian (2-year) populations. At high latitudes

of Tierra del Fuego (Argentina), where the perennial S. ambigua
plants rarely branch and form a monospecific carpet only a few

centimeters high, new shoots were inhibited by UV-B radiation

(15). Under conditions of reduced light availability (43), strong

winds and short growing seasons, Salicornia plants are unable to

fulfill their genetic potential in terms of maximum height and

branching (15,44,45). However UV-B radiation has marked

inhibitory effect on primary production of the high-latitude

marshes dominated by Salicornia, strongly determined by shoot

density (15). Climatic conditions at southern Brazil and Patagonia

allow plentifully growth of Salicornia but UV-B radiation reduces

branching. The length and number of lateral branches show high

correlation with fecundity in Salicornia (30,45,46) because of very

few fertile segments bearing seeds occur on the main shoot (47).

Thus, UV-B radiation not only reduces primary production of

Salicornia but it can also compromise reproductive potential of

mid- and low-latitude populations.

Yet the mechanism of UV-B radiation affecting branching and

shooting is not clear. Both the production of a new shoot and of its

lateral branches in Salicornia originate from apical meristems and

direct photo-oxidative action of UV-B radiation can destroy growth

hormones (auxine and IAA [48]). However, branching reduction

may be an adaptive morphogenetic response to UV radiation with

specific detection and signaling system. Branching reduction is a

common response of Salicornia species to dense neighborhood

(30,46,47) and it is interpreted as a maximization of resources

for light gathering (43). Although red/far red effects on apical

dominance and branching is a well-known mechanism mediated by

phytochrome (49), blue/UV-A radiation (320–500 nm) has being

pointed out as responsible for 16 effects (positive and negative) on

plant growth (50).

Growth inhibition of Salicornia species after 35 to 88 days

of exposure to mean UV-B radiation dosages between 3.6 and 4.1

kJ m�2 day�1 suggests a higher sensitivity to UV-B radiation than

other marsh plants previously studied. Photosynthesis and tiller

growth of the salt marsh grass Elymus athericus were not negatively

affected by 14 days exposure to elevated UV-B levels (16.8 kJ m�2

day�1) (51) in a greenhouse experiment, although negative effects

have been found after 42 days (52). Simulating daily dosage of

UV-B radiation expected with 20% stratospheric ozone depletion

at a study site in India (118 N), Ravindaran et al. (53) found that

exposure to UV-B (9 days, 12 kJ m�2 day�1) significantly reduced

shoot biomass (77.5% in relation to UV-B protected plants) of the

seedlings of annual Suaeda maritima (Chenopodiaceae).

Annual and perennial Salicornia species of the American

continent consistently respond to increasing levels of ambient

UV-B radiation by increasing the amount of UV-B (280–320 nm)

absorbing pigments up to 330%. The intensity of this response

varies among species, stage of development, degree of environ-

mental stress of the habitat and climatic conditions between years.

Bianciotto et al. (15) showed in their 3-year-long experiment that

UV-B absorbers were 50–80% higher in unfiltered S. ambigua
plants than UV-B radiation attenuated (by Aclar filter) plants, and

the latter had 25–48% more UV-B absorbing pigments than UV-B

blocked plants. The absorption peaks at 332 nm from the

spectrophotometric analyses and between 325 and 357 from the

chromatographic analyses of seedlings and adult S. bigelovii plants

from Puerto Rico are characteristic absorption features exhibited by

flavonoids (25,54,55). Flavonoids are known for their protective

role against detrimental effects of UV-B radiation (55,56) and an

Figure 5. (A) Mean spectrophotometric responses of UV photoprotective
pigments of seedlings and adult plants of Salicornia bigelovii exposed
to different levels of UV-B radiation at Puerto Rico. (B) Composition of
UV photoprotective pigments of adult plants of S. bigelovii obtained by
HPLC analysis.
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increase in 130% of flavonoid content was found by Ravindran

et al. (53) when exposing the salt marsh plant Suaeda maritima to

elevated UV-B dosages.

The two functional groups of flavonoids found in the chro-

matographic analyses of Salicornia bigelovii seem to work in quite

different processes. The less abundant group of flavonoids

(absorption peaks from 353 to 357 nm) are functionally UV

photoprotective pigments as their concentration is a function of

UV stress. Since both Lexan and Saran filters do allow some

transmission of UV-A, further studies need to be done to disen-

tangle UV-B and UV-A roles on the induction of this photo-

protective response. Studying photosynthetic and photoprotective

pigments in mutants of Arabidopsis, Havaux and Kloppstech (54)

found that flavonoids, particularly those UV/blue light absorbers

(320–500 nm), are able to protect plants from photoinhibition and

photooxidation under excess visible radiation. Different flavones

and phenolic acids with similar spectral absorbance than the

photoprotective pigments found in Salicornia have been identified

in herbaceous species (25,55,56) but again further studies are

necessary to verify any association between species sensitivity to

UV-B radiation and specific UV-B absorbers.

The most abundant flavonoids (absorption peaks between 325

and 337 nm) found in S. bigelovii have their concentration not

directly related to UV irradiance exposure. Although this group

of flavonoids is protective against UV-B and UV-A due to their

amount and spectral absorbance, its concentration in Salicornia
foliar tissue may be related to concurrent abiotic stressors in the

UV-B experiment such as salt-induced water deficit and elevated

temperature under the filters. Water deficit can induce production

of UV-B absorbers (8,9,10,55). Recently van de Staaij et al. (56)

observed that plants of the grass Deschampsia antarctica tended to

contain higher amounts of flavonoids during the summer than

plants collected earlier in the growing season, but the total amount

of flavonoids and the proportion of the various flavonoids in their

leaves were not affected by enhanced UV-B (5 kJ m�2 day�1) in

the field. Thus, the higher concentration of UV-B absorbers of S.
gaudichaudiana grown in situ when compared to those cultivated

in the outdoor garden might be related to factors other than UV-B.

Photosynthetic pigments of Salicornia also seem to have

protective role against UV-B radiation. Although UV-B radiation

levels did not affect Salicornia chlorophyll and carotenoids, higher

concentration of pigments in the 400–450 nm range were found

in S. bigelovii plants fully exposed to solar radiation which also

showed highest concentration of zeaxanthin. According to Havaux

and Kloppstech (54) zeaxanthin molecules synthesized in strong

light had a direct protective effect against photooxidative damage

of chloroplasts, but this phenomenon is mainly observed in chill-

ing-sensitive plants. Since HPLC analysis was done only for the

tropical S. bigelovii, the universal photoprotective role of zea-

xanthin for Salicornia species still must be corroborated. In

contrast, Moorthy and Kathiresan (21) found higher concentrations

of both chlorophyll and carotenoids for the tropical salt marsh

plants Suaeda monoica and Sesuvium portulacastrum during

periods of high UV-B intensity (up to 0.32 W m�2) and total

solar radiation (late spring and early autumn). They stated that

carotenoids are involved in light harvesting and photoprotection of

chlorophyll. Chlorophyll a production in Salicornia gaudichaudi-
ana shows to be more affected by salinity than actually by UV-B

radiation levels. That seems a general trend since Tiku (57) also

found that chlorophyll a concentration of S. rubra plants irrigated

with 14 NaCl g L�1 culture solution was 72% smaller than in the

absence of salt. Xiong and Day (37) listed several UV-B studies

that found reductions in vegetative growth or changes in canopy

architecture due to UV-B in the absence of changes in photo-

synthetic rates per unit leaf area. Their study with Colobanthus
quitensis and Deschampsia antarctica suggests that plants

responded to higher UV-B levels by producing thicker leaves

that contained more photosynthetic pigments per area, thereby

maintaining photosynthetic gas-exchange rates on an area basis.

In the marsh experiment of S. gaudichaudiana, the foliar content

of chlorophyll a was not affected by the initial cutting of the shoots,

but increases the photoprotective response of the plants to UV-B

radiation. A gradual increase in cuticle thickness with increasing

UV-B radiation exposure was found in high-latitude population

of S. ambigua (15) and interpreted as an adaptive response of

Salicornia to screening UV-B radiation. These results suggest that

growth stage and/or the thickness of anatomical structures such

as cuticles and cell walls (thicker in older structures) may take an

important role in plant vulnerability to UV-B radiation. Thick

anatomical structures rich in phenolic compounds (37,58,59) can

prevent UV-B damage and allow plants to invest resources in the

synthesis of other organic compounds rather than UV-B absorbers.

However, similar cuticle response to UV-B exposition was not

observed for S. ambigua at the Patagonian site. These contrasting

results may be related to the average thermal differences that high

(15) and middle (Patagonian) latitude plants are exposed.

Furthermore, part of the different responses to UV-B exposure

found for the same species in our experiments and other studies with

plants or modular units at different growth phases (12,60) are

probably related to anatomical vulnerability of the studied plants.

In summary, as for high-latitude population (15), plants of the

genus Salicornia from low and middle latitudes show clear ac-

climation to UV-B radiation via the synthesis of photoprotective

pigments. Even so, UV-B radiation can have a significant detri-

mental effect on the growth and reproduction of Salicornia.

Elevated UV-B levels have the potential to negatively affect the

productivity and long-term sustainability of Salicornia marshes

along the Americas and indirectly harm those animal populations

dependent on Salicornia as food source and/or habitat. How-

ever, no evidence of differential sensitivity or resilience to

UV-B radiation was found between low-middle and high-latitude

Salicornia species. Instead the expression of photoprotective

pigments’ production, meristematic damage and/or morphogenetic

responses induced by UV-B radiation show to be tuned by local

abiotic conditions or climatic limitation of plant growth.
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