
CZECH POLAR REPORTS  5 (1): 88-98, 2015 

——— 
Received August 7, 2015, accepted August 30, 2015. 
*Corresponding author: A. Casanova-Katny <angecasanova@gmail.com> 
Acknowledgements: We appreciate the technical assistance and identification of lichen species by 
Dr. Reynaldo Vargas and moss species by Gloria Gallegos; an special thanks to the crew of the 
Chilean Antarctic Institute at Julio Escudero Station for the logistic support during the season 
2008-2010. This research was funded by projects INACH T0307; FONDECYT 1120895; INACH 
FR 01-12 granted to Angélica Casanova-Katny. FONDECYT 1140189 granted to Gustavo E. 
Zúñiga.  

88 

Non-structural carbohydrate content in cryptogamic Antarctic 
species after two years of passive warming on the Fildes 
Peninsula 
 
Angélica Casanova-Katny1*, Marisol Pizarro1, Marta María Caballero2, 
Raúl Cordero2, Gustavo E. Zúñiga1 
 
 

1Biology Department, Chemistry and Biology Faculty, Santiago University, Alameda 
3363, Santiago, Chile.  

2Physical Department, Science Faculty,  Santiago University, Alameda 3363, Santiago, 
Chile.  
 

 
Abstract 
Cryptogamic vegetation dominates the ice-free areas of the maritime Antarctic. This 
particular flora grows slowly due to extreme environmental conditions, typically low 
temperature that may limit growth during a short summer. Over the last 50 years, the 
Antarctic Peninsula has undergone the highest registered temperature increases in 
Antarctica. As a consequence of higher temperatures, we hypothesized that lichens and 
mosses would produce more carbohydrates. To test this, open top chambers (OTCs) 
were installed in an Usnea-Himantormia community on Fildes Peninsula of King 
George Island. After two years, lichen thalli and plant tissues were collected to quantify 
non-structural carbohydrates in three lichens and two mosses. Responses contrasted 
between species. While non-structural carbohydrates were higher in the OTC for the 
lichen Himantormia lugubris, the values decreased in the moss Polytrichastrum alpinum. 
No marked responses to experimental warming were observed in the other three species. 
A significant species-specific increase in soluble sugar was observed inside the OTCs, 
while polyols content were not markedly different due to OTC treatment. In general, the 
obtained results indicate that warming does not increase carbohydrate content in all 
cryptogams, instead suggesting a strong species-specific response to a scenario of global 
warming. Further long-term warming experiments are needed to assess the responses of 
target species in the terrestrial Antarctic ecosystem. 
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Introduction     
 
     Cryptogamic vegetation grows on ice-
free areas along the Antarctic Peninsula 
and other mainland areas. Lichen and 
moss stands extend until 86°S, near the 
South Pole (Olech 2004, Øvstedal et Smith 
2001, Ochyra et al. 2008), and these spe-
cies establish where fog or liquid water is 
available. The highest cryptogamic biodi-
versity occurs in the Northwest of the Ant-
arctic Peninsula and the South Shetland 
Island Archipelago. 
     Fildes Peninsula, including Ardley Is-
land off the coast of King George Island, 
is the second largest ice-free area along the 
western Antarctic Peninsula. Here, non-
vascular cryptogamic vegetation domi-
nates vegetation communities, expanding 
from north to south, whereas the only 
vascular plant to grow on Fildes Peninsula 
is the grass Deschampsia antarctica Desv. 
This is in contrast to other ice-free areas of 
the Shetland Island Archipelago, where, at 
few kilometers distance, e.g. Potter cove, 
both native vascular plants, D. antarctica 
and Colobathus Quitensis Kunth) Bartl. 
can be found. This growth pattern suggests 
that the environmental conditions of the 
Fildes Peninsula are harsher than other 
areas of the King George Island. Of the 
more than 350 lichen species described for 
Antarctica, 109 grow on the Fildes Penin-
sula (Andreyev 1989), representing 54 gen-
era and 25 families.  Similarly, 50% of the 
identified Antarctic mosses grow here 
(Ochyra et al. 2008). Together, mosses and 
lichens occupy a wide area of the penin-
sula and give color to the arid territory.  
     As in other Antarctic regions, crypto-
gam species must withstand severe polar 
conditions that include cold temperature, 
low water availability, frequent daily 
freeze-thaw cycles, strong and dry wind, 
high or low radiation, and high or low 
nutrient input, depending on presence/ 
absence of nearby penguin colonies (Robin-
son et al. 2000). All of these conditions 
contribute to the very slow growth rate of 

cryptogams. Crustose lichen grows be-
tween 0.1-2.0 mm y-1, foliose lichens 
between 0.5-4.0 mm y-1 (Sancho et al. 
2007), and mosses present similarly low 
growth rates (Green et al. 2007). 
     As poikilohydric organisms, lichens 
and mosses must accumulate and maintain 
relatively high levels of cell solutes to 
withstand the extreme polar conditions, 
including lipids, amino acids, and soluble 
carbohydrates (Melick et Seppelt 1994). 
Soluble carbohydrates confer frost re-
sistance to cells by increasing tolerance to 
osmotic and thermal stress (Levitt 1980), 
as has been shown in Antarctic vascular 
plants (Zúñiga et al. 1996). However, a 
year-long study in Antarctic lichens and 
mosses did not reveal significant changes 
in sugar content (Melick et Seppelt 1994), 
which is probably a result of the extreme 
climate and rapid temperature fluctuations 
during the austral summer, where a rela-
tively short period of metabolic activity 
does not ensure the storage of high sugar 
quantities. Cryptogams must produce e-
nough photoassimilates during the growth 
season to maintain frost and drought re-
sistance during the winter. However, car-
bohydrate metabolism is indirectly sen-
sitive to temperature since photosynthetic 
CO2 assimilation is dependent on this 
environmental factor. Soluble sugars are 
the first product of photosynthesis, and 
sucrose plays several roles in carbohydrate 
metabolism in plant cells (Zúñiga et al. 
1996).    
     Over the last five decades, Antarctica 
has undergone the most intense warming 
of the world. Recent measurements from 
the Faraday/Vernadsky Station on the 
Argentine Islands showed an increase in 
surface temperature of 0.56 K decade-1, or 
3.7 ± 1.6°C per last century (Vaughan et 
al. 2003, 2006, Turner et al. 2005, 2009, 
2014, Steig et al. 2009) and an increase in 
precipitation (Turner et al. 1997, 2005). 
Intensified glacier retreat along the west-
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ern coast of the Antarctic Peninsula (Cook 
et al. 2005) and the break-up and retreat of 
ice shelves (Scambos et al. 2000) are under-
stood direct effects of climate warming. 
Over the last three years (2010-2013), the 
average rate of ice thinning in western Ant-
arctica has also continued to rise, and gla-
cier mass losses from this sector are now 
31% greater than during the period 2005-
2011 (McMillan et al. 2014). 
     The effect of climate warming on cryp-
togamic vegetation has been studied ex-
tensively in other parts of the world, such 
as the Arctic and in high alpine eco-
systems. However, these passive warming 
studies yielded varied results among bryo-
phyte and lichen communities and have 
principally measured plant coverage (Lang 
et al. 2012). Elmendorf et al. (2012) ana-
lyzed 61 experimental warming studies on 
tundra vegetation in the alpine and Arctic 
and found that lichens and mosses were 
the most negatively impacted functional 
groups.  
     However, few studies have analyzed 
the responses of Antarctic cryptogams to 
global climate change (Convey et Smith 
2006). The first warming experiment using 
open top chambers (OTCs) found no 
significant decrease of cover of mosses 
and lichens (Bokhorst et al. 2007). On the 
other hand, in situ passive warming experi-
ments by Day et al. (2008, 2009) resulted 
in decreased moss coverage after four 
years of long-term growth on Anvers Is-
land off the Antarctic Peninsula. Earlier 
passive warming experiments, reviewed 
by Kennedy (1995), suggest that on sub-
strate without plants, moss coverage can 

increase by 40% in two years. Moreover, 
the vertical accumulation rates of Choriso-
dontium aciphyllum peat moss have in-
creased in the maritime Antarctic since the 
industrial revolution, suggesting that glob-
al warming is a cause of increasing moss 
growth rates (Royles et al. 2012). However, 
Wasley et al. (2006) has documented in-
creased moss drying over the last decades 
for eastern Antarctica, as an effect of high-
er aridity as a part of climate change. This 
drying has been accompanied by an in-
creased growth of lichens (Buellia sp.), 
which frequently colonize moribund moss-
es. Despite these studies, there are virtual-
ly no data about lichen and moss metabo-
lism under global climate change. More-
over, the slow growth rates of these plants 
mean that changes in the coverage of cryp-
togams in manipulation experiments re-
quire long observation periods of several 
seasons, the logistical feasibility of which 
is complicated due to the harsh Antarctic 
environment. 
     In 2008, warming experiments began 
on the Fildes Peninsula to analyze the re-
sponses of cryptogamic biota to increasing 
temperatures. Taking into account the very 
slow growth rates of lichens and mosses, 
research was focused on using specific 
carbohydrates as response markers to ex-
perimental warming. We hypothesized that 
warming would increase the production 
and accumulation of soluble carbohydrates 
in cryptogams. We here present the results 
of the first two years of OTC-treatment to 
evaluate the effects of warming on five 
common cryptogam species, including two 
mosses and three lichens. 

 
 
Material and Methods 
 
Study site 
 
     The warming experiments were estab-
lished on Fildes Peninsula, King George 
Island (62° 00’ S, 58° 15’ W), which is 
part of the South Shetland Archipelago. 

The climate of the Fildes Peninsula is mild 
by Antarctic standards, with a maritime 
climate in the summer and polar condi-
tions in the winter (Carrasco et Gonzalez 
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2007). Mean air temperature in summer 
(December-February) is between 0.6-1.5°C 
and mean temperature in winter (July-
August) is -6.5°C, as recorded for the pe-
riod 1970-2004 (Carrasco et Gonzalez 
2007). Mean minimal air temperature is -
13.5°C in July, the coldest month, while 
the lowest absolute minimum is -28.7°C. 

Fildes Peninsula is overcast more than 70% 
of the time in any month, and summer rain 
is common (Carrasco et Gonzalez 2007). 
The monthly mean of rain ranges between 
40-70 mm (January-February). These par-
ticular climate conditions permit the 
growth of a diverse range of cryptogam 
species.  

 
Experimental warming 
 
     In 2008, in situ warming experiments 
were set up on Fildes Peninsula (Fig. 1) 
using OTCs according to the general mod-
el established by the International Tundra 
Experiments during the last two decades 
(Henry et Molau 1997). Open top cham-
bers are valid tools to assess the effects of 
passive warming on Antarctic terrestrial 
ecosystems (Bokhorst et al. 2007, 2011). 
The OTCs were assembled from 3 mm 
thick, 40 cm high, transparent acrylic pan-
els with a basal area of 0.93 m2 forming a 
hexagonal frustum with open top. The pan-
els were provided with small perforations 
to permit air exchange and avoid excessive 
warming. On La Cruz Plateau (62° 12’ S, 
58° 57’ W, 41 MASL), close to the Julio 
Escudero Station of the Instituto Antartico 
Chileno (INACH), nine OTCs were install-
ed over cryptogamic communities domi-

nated by the lichens Usnea aurantiaco-
atra (Jacq.) Bory and Himantormia 
lugubris (Hue) I. M. Lamb.  (Olech 2002). 
To assess chamber effect on air tempera-
ture, HOBO Pro v2 loggers (Onset, Bourne, 
MA, USA) were used to register air temper-
ature and relative humidity every hour in 
one OTC and one control plot at 20 cm 
above the canopy. Air temperature was al-
so recorded throughout the year. To assess 
the effect of temperature, all monthly air 
temperature values (February 2008-March 
2010) were considered, but for relative hu-
midity analyses, only temperature values 
for the spring-summer period (November-
March) were used as these values included 
the majority of viable temperature data; 
the logger did not work correctly under 
snow.   

 
Quantifying non-structural carbohydrates (NSC) 
 
     After two years of OTC treatment, sam-
ples of fives species were taken. These 
included three fruticose lichens (Usnea 
antarctica Du Rietz, U. aurantiaco-atra 
(Jacq.) Bory, and H. lugubris (Hue) I. M. 
Lamb.) and two mosses, the cushion-
forming Polytrichastrum alpinum (Hedw.) 
G.L. Sm., and the carpet-forming Sanionia 
uncinata Hedw. Loeske. Tissue samples 
were immediately dried at 40°C and trans-
ferred to the Faculty of Chemical Sciences 
and Pharmacy at the University of Chile in 
Santiago, Chile. Three dry tissue samples 
weighing 0.1 g each were collected from 

each species, and the extraction and quan-
tification of total soluble sugars was per-
formed according to Zúñiga et al. (2012). 
The samples were incubated at ambient 
temperature in 1 ml of 80% ethanol for  96 
hours. Then, 480 μl of aliquots were taken, 
concentrated in the Savant™ DNA 
SpeedVac™ (Thermo Fisher, MN, USA), 
and resuspended in 0.1 mM of calcium-
EDTA buffer before being filtered      
(0.45 μm) and used for high performance 
liquid chromatography analysis. A final 
volume of 20 μl per sample was injected 
into an Agilent 1100 series chromatograph 
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equipped with a 300 mm x 6.5 mm Sugar-
Pak I Column (Waters Corp., MA, USA) 
at 75°C and with an Agilent 1100 series 
refractive index detector at 55°C. Iso-
cratic elution consisted in a mobile phase 
of 0.1 mM calcium-EDTA with a flow of 

0.35 ml min-1 and pressure of 38 bars per 
40 minutes. The soluble carbohydrate 
standards of glucose, fructose, galactose, 
sucrose were identified, as well as several 
polyols (arabitol, pinitol, ribitol, erythritol, 
and mannitol) (Sigma-Aldrich, MO, USA).  

 

 
Fig. 1. Map of Fildes Peninsula on King George Island showing the site where open top chambers 
were installed in 2008. King George Island is part of the South Shetland Archipelago, located to 
the north of the Antarctic Peninsula. 
 
 
Statistical analysis 
 
     A Kruskal-Wallis test was used to 
analyze significant differences in carbo-
hydrate content between treatments (con-

trols and OTCs), considering a P < 0.05 or, 
in a few cases, P < 0.1. Analyses were per-
formed with INFOSTAT. 
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Results and Discussion 
   
     Two years of OTC-induced warming 
not only modified temperatures, but also 
influenced relative humidity. Mean air 
temperature was slightly higher inside the 
OTCs (2.31°C) as compared to the con-
trols (1.7°C) during the three summer 
months (December-February). No marked 
differences in the mean values for maxi-

mum and minimum air temperatures were 
found in winter or autumn between the 
OTCs and controls. However, during spring 
(September-November), OTCs were slight-
ly warmer, with a higher minimum temper-
ature (-6.86°C) than the controls (-11.3°C). 
Maximum air temperature was also higher 
in the OTCs for this period (Table 1).  

 

 
 
Table 1. Microclimate record of air temperature (°C) and relative humidity (RH; %) during 
experimental in situ warming with open top chambers (OTCs) on the La Cruz Plateau of Fildes 
Peninsula. Values are represented as the mean for each season between February 2008-December 
2010. 

 
 
     Relative humidity, measured 20 cm 
above the canopy, was 6% and 12% lower 
during the summer and autumn, respec-
tively, inside the OTCs as compared to 
controls and differences were slightly high-
er during spring (Table 1). During the win-
ter, the weather sensor did not work prop-
erly due to snow fall, so these values were 
not used. Clearly, the OTCs affected micro-
climatic variables, as has been reported in 
other regional studies (Molau et Mølgaard 
1996, Marion et al. 1997) and, recently, in 
Antarctica (Bokhorst et al. 2007, 2013). 
However, OTCs are the most suitable tool 
for assessing warming effects on Antarctic 
vegetation (Bokhorst et al. 2011). More-
over, the most important microclimatic 
changes occurred during spring, which is 
probably the best period for active metabo-
lism in cryptogams.  

    Total non-structural carbohydrate (NSC) 
content showed insignificant differences 
between the species in and outside of the 
OTCs (Table 2). In fact, the only statisti-
cally significant variable, according to the 
Kruskal-Wallis test, was the interaction be-
tween species and treatment (P < 0.0059; 
H 23.15, fd1,4) for the contents of NSC, 
soluble sugar (sum of sucrose, fructose, glu-
cose, and galactose) (P < 0.0299; H 18.49, 
fd1.4) and polyols (sum of galactinol, man-
nitol, pinitol, arabitol, ribitol, erithritol)   
(P < 0.0329; H 18.2; fd 1.4) (Table 2).  
     Only H. lugubris exhibited a slightly 
significant (P < 0.10) increase in NSC due 
to OTC treatment, ranging from 22.0  2.2 
to 28.4  2.7 mg*g-1 DW (Table 2). When 
comparing the soluble sugars pool with the 
polyols pool in the two lichen species, 
only the soluble sugar produced by the al-



ANTARCTIC CRYPTOGAMS UNDER EXPERIMENTAL WARMING 

94 

ga were increased, expressed as an in-
creased fructose content, which suggests 
that sugar production improved under the 
microclimatic conditions of the OTC. In 
contrast, the moss P. alpinum presented a 
marked decrease of NSC in the OTC, 
which was probably due to the significant 
(P < 0.0317) reduction in soluble sugar con-
tent (see Fig. 2), the most significant of 
which was observed for the fraction of 
galactose (P < 0.0237). These results sug-
gest that this endohydric moss -which forms 
cushion-, can be affected by decreased 
relative humidity, as occurred inside the 
OTC during the summer. Related to this, 
P. alpinum dehydrates relatively quickly 
compared to S. uncinata, which grows as a 
compact carpet to avoid water loss (Zúñiga 
et al. 2015). Finally, polyol analysis showed 
that ribitol, a sugar alcohol produced by 
the photobiont and transferred to the mico-
biont in lichen species, was strongly de-
creased in U. antarctica growing in the 
OTC, which could suggest modifications 
in the sugar metabolism of this lichen as a 
result of OTC warming.  
     There are few works evaluating lichen 
species under global climate change condi-
tions. Bokhorst et al. (2007) was the first 
to show that Usnea species, and particular-
ly U. antarctica, underwent a decrease in 

coverage after four years inside an OTC 
on Signy Island. However, no reports exist 
on changes in lichen carbohydrate contents 
under climate change. Lichens are the 
most successful organisms colonizing Ant-
arctica, reaching as far as 86º S, near the 
pole. Nevertheless, these species are slow 
growing and should respond positively to 
warming, but water availability may limit 
photosynthetic metabolism. Data from all 
studies on lichens and mosses register 
decreased cover after long-term experi-
mental warming (Elmendorf et al. 2012, 
Lang et al. 2012), and this is probably due 
to extended exposure to conditions above 
biological thresholds, which is likely to 
affect the life cycle of cryptogams in terms 
of growth rate, development, and repro-
duction (Green et al. 2007).  
     Our results suggest that there is not a 
common response to experimental warm-
ing across different functional groups and 
species, but that metabolic markers, such 
as carbohydrates, can be a useful tool for 
understanding the individual effects of 
warming on cryptogams. However, long-
term studies that include specimen sam-
pling during different seasons are required 
to integrate the responses of cryptogams to 
global climate change in polar regions. 
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Fig. 2. Carbohydrate contents (mg * g-1 DW) in mosses and lichens grown for two years under 
experimental warming conditions with open top chambers (OTCs) on Fildes Peninsula. PA, 
Polytrichastrum alpinum; SU, Sanionia uncinata; UA, Usnea antarctica; UAA, Usnea 
aurantiaco-atra; and HL, Himantormia lugubris. Values are means (n=3)  ± SE. Different letters 
indicate significant differences (P< 0.05) according to posthoc test in Kruskal Wallis analysis. 

 
References 
 
ANDREYEV, M. P. (1989): The lichens in the vicinity of Bellingshausen station, King George 

Island. Polar Geography and Geology, 13: 42-45. 
BOKHORST, S., HUISKES, A., AERTS, R., CONVEY, P., COOPER, E. J., DALEN, L., ERSCHBAMER, B., 

GUDMUNDSSON, J., HOFGAARD, A., HOLLISTER, R. D., JOHNSTONE J., JÓNSDÓTTIR, I.S., 
LEBOUVIER, M., VAN DE VIJVER, B., WAHREN, C. H. and DORREPAAL, E. (2013): Variable 
temperature effects of Open Top Chambers at polar and alpine sites explained by irradiance and 
snow depth. Global Change Biology, 19: 64-74. 



A. CASANOVA-KATNY et al. 

97 

BOKHORST, S., HUISKES, A., CONVEY, P. and AERTS R. (2007): The effect of environmental change 
on vascular plant and cryptogamic communities from the Falkland Islands and the Maritime 
Antarctic. BMC Ecology, 7:15. 

BOKHORST, S., HUISKES, A., CONVEY, P., SINCLAIR, B.J., LEBOUVIER, M., VAN DE VIJVER, B. and 
WALL, D. H. (2011): Microclimate impacts of passive warming methods in Antarctica: 
implications for climate change studies. Polar Biology, 34: 1421-1435. 

CARRASCO, J.,  GONZÁLEZ, M. (2007): Climatología de la Peninsula Antártica y de la base 
Presidente Eduardo Frei Montalva. Dirección General de Aeronáutica Civil. Dirección 
Meteorológica de Chile. (http://164.77.222.61/climatologia/publicaciones/Climatologia_Frei.pdf) 

CONVEY, P., SMITH, R. I. L. (2006): Responses of terrestrial Antarctic ecosystems to climate 
change. Plant Ecology, 182: 1-10. 

COOK, A. J., FOX, A. J., VAUGHAN, D. G. and FERRIGNO, J. G. (2005): Retreating glacier fronts on 
the Antarctic Peninsula over the past half-century. Science, 308: 541-544. 

DAY, T. A., RUHLAND, C. T. and XIONG, F. S. (2008): Warming increases aboveground plant 
biomass and C stocks in vascular-plant-dominated Antarctic tundra. Global Change Biology, 
14: 1827-1843. 

DAY, T. A., RUHLAND, C. T., STRAUSS, S. L., PARK, J. H., KRIEG, M. L., KRNA, M. A. and BRYANT, 
D. M. (2009): Response of plants and the dominant microarthropod, Cryptopygus antarcticus, 
to warming and contrasting precipitation regimes in Antarctic tundra. Global Change Biology, 
15: 1640-1651. 

ELMENDORF, S. C., HENRY, G. H. R., HOLLISTER, R. D., BJORK, R. G., BJORKMAN, A. D., 
CALLAGHAN, T. V., COLLIER, L. S., COOPER, E. J., CORNELISSEN, J. H. C., DAY, T. A., FOTA, A. 
M., GOULD, W. A., GRETARSDOTTIR, J., HARTE, J., HERMANUTZ, L., HIK, D. S., HOFGAARD, A., 
JARRAD, F., JONSDOTTIR, I. S., KEUPER, F., KLANDERUD, K., KLEIN, J.A., KOH, S., KUDO, G., 
LANG, S. I., LOEWEN, V., MAY, J. L., MERCADO, J., MICHELSEN, A., MOLAU, U., MYERS-SMITH, 
I. H., OBERBAUER, S. F., PIEPER, S., POST, E., RIXEN, C., ROBINSON, C. H., SCHMIDT, N. M., 
SHAVER, G. R., STENSTROM, A., TOLVANEN, A., TOTLAND, O., TROXLER, T., WAHREN, C. H., 
WEBBER, P. J., WELKER, J. M. and WOOKEY, P. A. (2012): Global assessment of experimental 
climate warming on tundra vegetation: heterogeneity over space and time. Ecology Letters, 15: 
164-175. 

GREEN, T. G. A., SCHROETER, B. and SANCHO, L. G. (2007): Plant life in Antarctica. In: Pugnaire F. 
I., Valladares F. (eds.): Functional plant ecology, 2nd edn. CRC Press, Boca Ratón, pp. 389-434. 

HENRY, G. H. R., MOLAU, U. (1997): Tundra plants and climate change: the International Tundra 
Experiment (ITEX). Global Change Biology, 3: 1-3. 

KENNEDY, A. D. (1995): Antarctic terrestrial ecosystem repsonse to global environmental change. 
Annual Review of Ecology and Systematics, 26: 683-704. 

LANG, S. I., CORNELISSEN, J. H. C., SHAVER, G. R., AHRENS, M., CALLAGHAN, T. V., MOLAU, U., 
TER BRAAK, C. J. F., HOLZER, A. and AERTS, R. (2012): Arctic warming on two continents has 
consistent negative effects on lichen diversity and mixed effects on bryophyte diversity. Global 
Change Biology, 18: 1096-1107. 

LEVITT J. (1980): Responses of plants to environmental stresses. New York: Academic Press, 2nd 
Edition. 497 p. 

MARION, G. M., HENRY, G. H. R., FRECKMAN, D. W., JOHNSTONE, J., JONES, G., JONES, M. H., 
LEVESQUE, E., MOLAU, U., MOLGAARD, P., PARSONS, A. N., SVOBODA, J. and VIRGINIA, R. A.  
(1997): Open-top designs for manipulating field temperature in high-latitude ecosystems. 
Global Change Biology, 3: 20-32. 

MCMILLAN, M., SHEPHERD, A., SUNDAL, A. BRIGGS,  K.,  MUIR,  A., RIDOUT,  A., HOGG, A. and  
WINGHAM, D.  (2014): Increased ice losses from Antarctica detected by CryoSat-2. Geophysical 
Research Letters, 2014GL060111. 

MELICK, D. R., SEPPELT, R. D. (1994): Seasonal Investigations of Soluble Carbohydrates and 
Pigment Levels in Antarctic Bryophytes and Lichens. The Bryologist, 97: 13-19. 

MOLAU, U., MOLGAARD, P. (1996): ITEX Manual second edition. Denmark: Danish Polar Center. 
(http://ibis.geog.ubc.ca/itex/PDFs/ITEXmanual.pdf). 



ANTARCTIC CRYPTOGAMS UNDER EXPERIMENTAL WARMING 

98 

OCHYRA, R., SMITH, R. I. L. and BEDNAREK-OCHYRA H. (2008): The Illustrated Moss Flora of 
Antarctica. Cambridg: Cambridge University Press. 704 p. 

OLECH, M. (2002): Plant Communities on King George Island. In: Beyer L, Bölter M, editors. 
Ecological Studies Vol. 154, Geoecology of Antarctic Ice-Free Coastal Landscapes. New York: 
Springer-Verlag Berlin Heidelberg. pp. 215-231. 

OLECH, M. (2004): Lichens of King George Island, Antarctica. The Institute of Botany of the 
Jagiellonian University, Cracow, Poland. 391 p. 

ØVSTEDAL, D. O., SMITH, R. I. L. (2001): Lichens of Antarctica and South Georgia. A guide to 
their identification and ecology. Cambridge University Press, Cambridge, UK. 411 p. 

ROBINSON, S. A., WASLEY, J., POPP, M. and LOVELOCK, C. E. (2000): Desiccation tolerance of three 
moss species from continental Antarctica. Australian Journal of Plant Physiology, 27: 379-388. 

ROYLES, J., OGÉE, J., WINGATE, L., HODGSON, D. A., CONVEY, P. and GRIFFITHS H. (2012): Carbon 
isotope evidence for recent climate-related enhancement of CO2 assimilation and peat 
accumulation rates in Antarctica. Global Change Biology, 18: 3112-3124. 

SANCHO, L. G.,  GREEN, T. G. A.,  PINTADO, A. (2007): Slowest to fastest: Extreme range in lichen 
growth rates supports their use as an indicator of climate change in Antarctica. Flora, 202: 667-
673. 

SCAMBOS, T., HULBE, C., FAHNESTOCK, M. and BOHLANDER. J. (2000): The link between climate 
warming and break-up of ice shelves in the Antarctic Peninsula, Journal of Glaciology, 46: 
516-530.  

STEIG, E. J., SCHNEIDER, D. P., RUTHERFORD, S. D., MANN, M. E., COMISO, J. C. and SHINDELL, D. 
T. (2009): Warming of the Antarctic ice-sheet surface since the 1957 international geophysical 
year. Nature, 457: 459-462. 

TURNER, J., BARRAND, N. E., BRACEGIRDLE, T. J., CONVEY, P., HODGSON, D. A., JARVIS, M., 
JENKINS, A. , MARSHALL, G., MEREDITH, M. P., ROSCOE, H., SHANKLIN, J., FRENCH, J., GOOSSE, 
H., GUGLIELMIN, M., GUTT, J., JACOBS, S., KENNICUTT,  M. C., MASSON-DELMOTTE,  V., 
MAYEWSKI, P., NAVARRO,  F., ROBINSON,  S.,  SCAMBOS, T., SPARROW, M., SUMMERHAYES, C., 
SPEER,  K. and  KLEPIKOV, A. (2014): Antarctic climate change and the environment: an update. 
Polar Record, 50: 237-259. 

TURNER, J., COLWELL, S. R. and HARANGOZO, S. A. (1997): Variability of precipitation over the 
coastal western Antarctic Peninsula from synoptic observations. Journal of Geophysical 
Research, 102: 13999-14007. 

TURNER, J., COLWELL, S. R., MARSHALL, G. J., LACHLAN-COPE, T. A., CARLETON, A. M., JONES, P. 
D., LAGUN, V., REID, P. A. and IAGOVKINA, S. (2005): Antarctic climate change during the last 
50 years. International Journal of Climatology, 25: 279-294. 

TURNER, J., OVERLAND, J. (2009): Contrasting climate change in the two polar regions. Polar 
Research, 28: 146-164. 

VAUGHAN, D. G. (2006): Recent trends in melting conditions on the Antarctic Peninsula and their 
implications for ice-sheet mass balance and sea level. Arctic, Antarctic, and Alpine Research, 
38: 147-152. 

VAUGHAN, D. G., MARSHALL, G., CONNOLLEY, W. M., PARKINSON, C., MULVANEY, R., HODGSON, 
D. A., KING, J. C., PUDSEY, C. J. and TURNER, J. (2003): Recent rapid regional climate warming 
on the Antarctic Peninsula. Climatic Change, 60: 243-274. 

WASLEY, J., ROBINSON, S.A., LOVELOCK, C. and POPP, M. (2006): Climate change manipulations 
show Antarctic flora is more strongly affected by elevated nutrients than water. Global Change 
Biology, 12: 1800-1812. 

ZÚÑIGA, G. E., PIZARRO, M., CONTRERAS, R. A. and KOHLER, H. (2012): Tolerancia la desecacion 
en briofitas. Participacion de azucares. Cuaderno de Pesquisa, Serie Biologica, 24: 146-154. 

ZÚÑIGA, G. E., ALBERDI, A. and CORCUERA, L. J. (1996): Non-structural carbohydrates in 
Deschampsia antarctica Desv. from South Shetland Islands, Maritime Antarctic. Environmental 
and Experimental Botany, 36: 393-398. 

ZÚÑIGA, P., ZÚÑIGA, G. E., PIZARRO, M. and CASANOVA-KATNY, A. (2015, in press): Soluble 
carbohydrate content variation in Sanionia uncinata and Polytrichastrum alpinum, two 
Antarctic mosses with contrasting desiccation capacities. Biological Research. 


