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Abstract Photosynthetic activity, detected as chlorophyll
a fluorescence, was measured for lichens under undis-
turbed snow in continental Antarctica using fibre optics.
The fibre optics had been buried by winter snowfall after
being put in place the previous year under snow-free
conditions. The fibre optics were fixed in place using
specially designed holding devices so that the fibre ends
were in close proximity to selected lichens. Several
temperature and PPFD (photosynthetic photon flux den-
sity) sensors were also installed in or close to the lichens.
By attaching a chlorophyll a fluorometer to the previously
placed fibre optics it proved possible to measure in vivo
potential photosynthetic activity of continental Antarctic
lichens under undisturbed snow. The snow cover proved
to be a very good insulator for the mosses and lichens but,
in contrast to the situation reported for the maritime
Antarctic, it retained the severe cold of the winter and
prevented early warming. Therefore, the lichens and
mosses under snow were kept inactive at subzero
temperatures for a prolonged time, even though the
external ambient air temperatures would have allowed
metabolic activity. The results suggest that the major
activity period of the lichens was at the time of final
disappearance of the snow and lasted about 10–14 days.
The activation of lichens under snow by high air humidity
appeared to be very variable and species specific.
Xanthoria mawsonii was activated at temperatures below
�10�C through absorption of water from high air humid-
ity. Physcia dubia showed some activation at tempera-
tures around –5�C but only became fully activated at
thallus temperatures of 0�C through liquid water. Cande-

lariella flava stayed inactive until thallus temperatures
close to zero indicated that liquid water had become
available. Although the snow cover represented the major
water supply for the lichens, lichens only became active
for a brief time at or close to the time the snow
disappeared. The snow did not provide a protected
environment, as reported for alpine habitats, but appeared
to limit lichen activity. This provides at least one
explanation for the observed negative effect of extended
snow cover on lichen growth.
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Introduction

In continental Antarctica almost all fresh water is
biologically unavailable because it is in the form of ice.
The vegetation, dominated by poikilohydric lichens,
mosses, algae and cyanobacteria (Green et al. 1999), is
restricted to ice-free areas where melt water occurs during
the brief summer season for about 2 months, the probable
main period of productivity (Howard-Williams and
Vincent 1986). In habitats where meltwater streams are
absent vegetation activity is dependent on other sources
such as snow patches (Kappen et al. 1990; Kappen 1993)
and sporadic snowfall. In these niches biologically
available water may exist only for weeks or even days
(Kennedy 1993). It is possible that the protected envi-
ronment below snow could considerably extend the active
season of lichens as has already been found in the
maritime Antarctic (Schroeter et al. 1997b, 2000; Winkler
et al. 2000), in the subarctic (Sommerkorn 2000) and in
the alpine zones of mountains (K�rner 1999). The snow
cover not only influences the availability of water and
light but also, because of its insulating qualities, the
temperature regime (Kappen et al. 1995; Winkler et al.
2000). Davey et al. (1992) showed that snow cover in the
maritime Antarctic can protect the vegetation from cold
temperatures so that the thalli remain hydrated and active.
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A snow depth of 15 cm still allows enough light for
photosynthesis, although at low rates (Kappen and Breuer
1991; Kappen et al. 1995). Excessive snow, however, can
cause problems. Below 30 cm the environment is too dark
for photosynthesis (K�rner 1999; Pomeroy and Brun
2001) and, under these circumstances, hydrated lichens
can have a high loss of carbon dioxide due to respiration
(Gannutz 1970; Kappen et al. 1995). For lichens,
continental Antarctica is a different environment to both
the maritime Antarctic and arctic-alpine zones. Winter
temperatures, in particular, are much lower and common-
ly reach �50�C. Precipitation is also much less and most
of continental Antarctica is best described as a cold desert
(Green et al. 1999). Snowfall occurs mostly in winter and
any falls in summer are usually very light. Photosynthetic
activity under accumulated snow in spring or early
summer, therefore, could be of major importance for
productivity (Kappen et al. 1990). This work investigates
whether snow cover provides the same protection from
extremes for the vegetation as in the maritime Antarctic
and, in particular, whether lichens can be photosynthet-
ically active under the snow. Antarctic lichens are known
to be able to regain photosynthetic activity by rehydration
from air humidity alone (Lange and Kilian 1985; Kappen
and Redon 1987; Kappen et al. 1995), including from
snow at temperatures below 0�C (Schroeter et al. 1994;
Schroeter and Scheidegger 1995). This is a physical
process by which the hydration of the lichen thallus
equilibrates with the water vapour pressure of the
surrounding ice (Kappen 1993; Schroeter and Scheideg-
ger 1995). However, except for the work of Kappen
(1989) and Friedmann et al. (1993), no information exists
for lichens under snow in their natural habitat in
continental Antarctica.

There are obvious difficulties in working on lichens
below snow without causing a disturbance that would
alter their environment. We attempted to overcome these
problems by using a fibre-optic system that allowed us to
monitor potential photosynthetic activity of lichens and
mosses under undisturbed snow cover.

Materials and methods

The research site was near Cape Geology, Granite Harbour,
southern Victoria Land, continental Antarctica (77�00' S, 162�32'
E). The area is known for its exceptional moss and lichen
vegetation and the SSSI (Site of Special Scientific Interest) no. 37,
covering Cape Geology and Botany Bay, is adjacent to the site. The
research site was situated 70 m south of the shoreline at about 6 m
above sea level.

Previous studies on exposed lichens from the area have shown
that photosynthetic activity occurred early in the summer (Novem-
ber) due to local solar warming of rocks when air temperatures
were still around �12�C (Kappen et al. 1998; Schroeter et al.
1997a). It was suspected (in view of the well developed vegetation)
that there could also be extensive productivity whilst the lichens
were still snow covered (Schroeter et al. 1994). In order to
investigate this possibility without disturbance to any snow cover
we decided to fix fibre optics in place one summer (January 2000)
and use them whilst there was still snow cover early the following
summer. The fibre optics (glass fibre ˘ 3 mm and up to 1 m long)

were held in place using specially designed holding devices
(Schlensog and Schroeter 2001). These stands were firmly attached
to rocks by gluing them into drilled holes and the fibre optics fixed
into them. The stands were then adjusted so that the ends of the
fibre optics were close to the upper surface of the lichen or moss to
be monitored. This stopped the entry of snow crystals between the
thalli and the fibre optic that would have prevented optimal
measurements (for details see Schlensog and Schroeter 2001). The
other end of the optic, the connector for the chlorophyll fluores-
cence measuring system, was covered with a black cap in order to
prevent ambient light passing down the fibre to the thallus surface.
In addition, several PPFD sensors [photosynthetic photon flux
density in the 400–700 nm waveband, self-made according to
Pontaillier (1990) and calibrated with an optical radiation calibra-
tor; LiCOR 1800-02, USA] were installed in the direct vicinity of
the thalli. As K�rner (1999) mentioned, radiation under snow
creates back-scatter. The PPFD sensors were not specially screened
against back-scatter and it is possible that the PPFD might be
enhanced due to this effect, because the sensor’s diffuser cap was
about 5 cm above the ground and surrounded by snow. Thallus
temperature measurements were made using microthermistors
(˘ 0.3 mm, Grant, UK) placed in contact with the lower surface
of the thalli.

The measurement set-up was left in place over the following
southern winter season 2000 with the free ends of the sensors held
in an elevated position by attachment to bamboo stakes. On return
in early November 2000, the vegetation was found to be under a
snow cover of varying depth due to drifting (Fig. 1). Two data
loggers (SQ1021, Grant, UK) were connected to the previously
installed sensors and additional air temperature and PPFD sensors
were used to measure ambient light and air temperature above the
snow. Climatic and microclimatic data were stored at an interval of
5 min.

A portable PAM fluorescence system (MINI�PAM, Walz,
Germany) was used to monitor the potential activity pattern of the
lichens (see Green et al. 2002; Schroeter et al. 1992, 1997c, 1999;
for a description of PAM methodology see Schreiber et al. 1994).
The apparent quantum use efficiency of PSII (DF/Fm') was
measured every second hour by briefly attaching the fluorometer
to each fibre optic. The intention in the present study was to use the
fluorometer only as a monitoring system to detect hydrated thalli by
measuring the maximal quantum use efficiency. We do not,
therefore, provide data like relative electron transport rate through
PSII which is generally used as an indicator of photosynthetic rate
(Genty et al. 1989). In the presented results, the variable transient
fluorescence yield, DFt, is given as a percentage of the maximal
transient fluorescence measured over the entire research period.
Therefore, our measurements indicate the potential photosynthetic
activity of the photobionts of the lichens.

Measurements took place between 9 November and 5 December
for a continuous period of 26 days. The species presented here, all
growing either on, or close to, large granite boulders, were
Candelariella flava (C.W. Dodge et Baker) Castello et Nimis,
Physcia dubia (Hoffm.) Lettau, Xanthoria elegans (Link) Th. Fr.
and Xanthoria mawsonii C.W. Dodge. All lichens were growing in
similar habitats but with site-specific differences, i.e. aspect,
shading and snow accumulation (see Discussion).

Results

Snow cover

The research site contained several large granite boulders
that affected both direction and magnitude of the wind
and led to drifting of snow (Fig. 1). As a result, each of
the lichens with attached fibre optics had been buried to a
different depth of snow when we returned in November
(Fig. 2). Melting of the snow was due to absorbed solar
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radiation but was enhanced by the granite rocks that
heated up if exposed to full sunlight and contributed
significantly to the melting process. X. elegans was
covered to a depth of only 3 cm at the beginning of the
measurements (9 November). The snow on top of the

lichen vanished quickly during the following days but
surrounding snow remained for a few more days and
provided melt water at times of high insolation. A similar,
but delayed pattern, was observed for X. mawsonii where
snow depth was 10 cm at the start.

Fig. 1a–e Pictures of the in-
vestigation site with Xanthoria
elegans at Granite Harbour,
Antarctica (77�00'S, 162�32'E)
over a period of 10 days. a
Overview of the site with X.
elegans under snow cover; b
same site 9 November, fibre
optic holder still just covered by
snow; c 14 November, snow
now clear of the measuring
probe but still supplying melt
water; d 16 November and e 19
November 2000, progressive
disappearance of the snow, li-
chen no longer active. The ar-
row indicates the location of the
fibre optic
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A quite different situation was found for P. dubia and
C. flava. In these cases, snow depth above the lichen was
not a good indicator of the actual situation. The angle of
the sun during the day, together with heating of the
surrounding granite rocks during the sunny days, meant
that the snow cover melted more rapidly at its edge than it
thinned. As a result, for C. flava, the lichen became
exposed by retreat over it of the snow edge rather than by
thinning of the cover. The sample was covered under a
deep snow layer for most of the time until suddenly the
sample was exposed fully at the beginning of December.
The sample of P. dubia was initially buried under a snow
cover of about 30 cm that had steadily thinned to around
18 cm by early December. However, towards the end of
measurements, the much higher PPFD suggests that the
actual snow depth was much less and that a cavity might
have formed around the lichen.

Lichen microclimate

The effect of the snow cover on the microclimate of the
covered lichens is clearly seen in Fig. 3 and, summarised,
in Table 1. The deeper the snow cover the lower the PPFD

mean and minimum (Table 1). The deeper buried lichens,
C. flava and P. dubia, had PPFD at the start that were
close to 0 �mol photon m�2 s�1 and the slow increase as
the snow disappeared is shown by their very low mean
PPFD. For all thalli, PPFD remained very low until just
before the snow completely disappeared. Then PPFD
started to increase rapidly and showed increased diel
cycles that closely followed incident light (Fig. 3).

Thallus temperatures showed little relationship with
external ambient air temperatures. When the lichens were
under snow, they were strongly insulated from ambient
conditions. However, in contrast to what might be
expected, the snow cover did not keep the lichens warmer
than ambient but actually prevented them from warming
up from the very cold temperatures reached in winter. The
most deeply buried lichen, C. flava, was at �18.3�C at the
start of measurements when ambient air temperatures
were positive every day. The sample warmed, at an
average daily rate of about 1�C, from �18.3�C to �13.3�C
over the first week demonstrating that heat transfer
through the snow from ambient was reaching the thallus
at a depth of 60 cm of snow. P. dubia, with a snow cover
of about 30 cm, warmed more slowly at about 0.7�C per
day (Fig. 3). The difference between C. flava and P. dubia
indicated that the rate of warming was not solely
dependent on snow depth but was influenced by other
factors, possibly snow composition, aspect or shading. In
a similar pattern to that found for PPFD, the temperatures
of lichen thalli showed much increased diel variation and
more rapid warming just before the snow cover disap-
peared. Once the snow cover had completely gone, high
thallus temperatures occurred because of the high inso-
lation. The two lichens which were the first to be exposed,
X. elegans and X. mawsonii, reached temperatures around
20�C because they had dried out; the remaining two
lichens were still moist at the end of measurements and
were cooler at 12–14�C. Similar magnitudes of above-
ambient temperatures were found by Schroeter et al.
(1997a) and Kappen et al. (1998) for the crustose lichen
species Buellia frigida in early summer in the same area.

Each temperature record for the individual lichens was
allocated to a two degree class from �20 to +20�C and
represented as a proportion of the total number of records
(Fig. 4). The coldness of the lichens with respect to
ambient air temperature is again very clear. Only X.

Fig. 2 Snow depth above the selected lichen species during the
investigation period between 9 November and 8 December 2000 in
Granite Harbour, Antarctica (Xe Xanthoria elegans, Xm X.
mawsonii, Cf Candelariella flava, Pd Physcia dubia)

Table 1 A summary of the ambient and microclimatic conditions
at the research site. Mean, maximal and minimal photosynthetic
photon flux density (PPFD) for the research period of an external
horizontal sensor and sensors adjacent to the lichens, and mean,

maximal and minimal temperatures in the ambient air and of the
thallus of the four measured lichens. Lichen activity is calculated as
the percentage of the total measurement period that the particular
lichen had a variable fluorescence yield (DFt) >15%

PPFD Horizontal Xanthoria elegans X. mawsonii Candelariella flava Physcia dubia

Mean 605.5 460.9 380.0 119.6 63.7
Min 54.0 59.0 6.0 0.0 0.0
Max 1,980.0 1,388.0 1,711.0 1,889.0 1,643.5
Temp. �C ambient
Mean �2.0 1.7 �1.8 �6.7 �7.5
Min �16.0 �8.4 �12.6 �18.3 �16.7
Max 10.6 19.3 21.3 12.1 14.7
Activity in % of DFt >15% 22 35 24 27
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mawsonii had a substantial number of records above
ambient reflecting the very early date that it became clear
of snow.

Potential photosynthetic activity

All samples reactivated their potential PSII activity
during the measurement period of 26 days but at different
times depending primarily on snow depth (Figs. 2, 5). X.

elegans was already active at the start of measurements
on 9 November. Continued melting of snow both above
the lichen and then in its immediate surroundings
maintained activity for 6 days after which it stopped
due to thallus desiccation. X. mawsonii showed a slow but
steady increase in activity. Thallus hydration reached
levels that supported potential PSII activity when the
snow cover depth was still 5 cm and thallus temperature
was between �10 and �5�C (Fig. 4). Maximal potential
PSII activity occurred when the snow cover had com-

Fig. 3 Ambient and microcli-
mate conditions at the research
site at Granite Harbour in the
early austral summer from 5
November to 10 December,
2000. Upper two panels, ambi-
ent conditions: top panel inci-
dent photosynthetic photon flux
density (PPFD) from horizontal
sensor in �mol m�2s�1, lower
panel air temperature (AT), �C.
Lower eight panels, microcli-
matic conditions of Xanthoria
elegans, X. mawsonii, Cande-
lariella flava and Physcia du-
bia. For each lichen the top
panel is PPFD adjacent to the
thallus (�mol m�2s�1) and lower
panel is thallus temperature, TT,
from a sensor attached to the
thallus, in �C
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pletely disappeared and thallus temperatures became
mainly positive with maximal values of 5�C. The lichen
remained hydrated because of continued water supply
from the melting of snow close to the lichen. After 12 days
of steady potential photosynthetic activity, it finally dried
out and stopped on the 26 November. Both X. elegans and
X. mawsonii were reactivated on one day (29 November)
later in the measurement period by a light snowfall
(Fig. 5).

C. flava suddenly showed potential PSII activity on the
27 November when the thallus was still not fully exposed.
Potential PSII activity started when the thallus reached

temperatures close to 0�C strongly suggesting that liquid
water had hydrated the lichen. Activity continued during
the following days but with a steady decline in absolute
values and, although the thallus did not cease activity
within the measurement period, it was obvious that this
would happen soon after the end of the measurements
with the total active period estimated to be 14 days. P.
dubia first showed measurable potential PSII activity at
temperatures around �7�C and a steep increase occurred
when the thallus warmed up to 0�C on 29 November. At
that time, the snow surface was still 20 cm above the
lichen. The lack of strong diel cycles in temperature and
PPFD suggest that the snow cover was intact and that
activation had probably occurred by melt water flowing
from a nearby rock surface. This could not be confirmed
because it would have meant disturbing the snow
conditions around the thallus and no interference was a
key guideline for this investigation. Potential PSII activity
still continued at the end of the measurement period on 5
December.

When measurements with DFt >15% (deemed to be
active) are distributed according to temperature two
features are clear (Fig. 4). First, all lichens were active
only at the warmer times with peak activity around 0�C.
Second, X. mawsonii was active over a much broader
range of temperatures than the other two lichens. It was
active between �8 and �10�C and this must mean
activation through high humidity because it was unlikely
that any melt had occurred at those temperatures. P. dubia
became active above �8�C and C. flava above �6�C.
However, all species showed a very similar total activity
period of 22–35% of the measurement period regardless
of when they became activated (Table 1).

Discussion

The technique of placing fibre optics at the research site
in the preceding season proved to be successful and the
measurements obtained are the first to use chlorophyll a
fluorescence to monitor potential PSII activity of lichens
under an undisturbed snow cover in continental Antarc-
tica. In addition, by placing temperature and PPFD
sensors alongside the fibre optics it was possible to gain
considerable insight into the microclimate of the lichens.
The results of the study are clear. The accumulated winter
snow cover was a very effective insulator but acted to
prolong winter conditions rather than behaving as a
“glasshouse” as described previously (Lange 1969; Llano
1965). Lichens under deeper snow received very low
irradiation and were much colder than external ambient
temperatures because insulation by the snow cover
prevented heat transfer from the warmer air. This is a
marked contrast to the situation in the maritime Antarctic
and arctic-alpine areas where winter snow cover main-
tains more equitable conditions for the lichens (Davey et
al. 1992; K�rner 1999; Winkler et al. 2000). Kappen et al.
(1995) found such a positive effect when an early spring

Fig. 4 Relative frequency (%) of temperature classes between
>�20�C and +20�C for ambient air temperature (upper panel), and
the three lichens Xanthoria mawsonii, Candelariella flava and
Physcia dubia (three lower panels). In each panel the height of the
bar represents the proportion (%) of the total research period spent
in that temperature class. In the lower three panels for the lichens
the filled part of the bars represents the proportion of the total
research time that the lichens showed potential PSII activity
defined as DFt >15%
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snow layer on lichens in northern Sweden protected them
against temperature extremes.

Activation by high air humidity alone has been shown
for Antarctic lichens under controlled laboratory condi-
tions (Schroeter 1994; Schroeter and Scheidegger 1995)
but there was mixed evidence for this phenomenon in this
study. X. mawsonii showed the clearest signs of activation
by humidity alone. It had a substantial fluorescence
signal, about 20% of maximum, at around �10�C and
about 5 days before the first wetting by water occurred
(estimated to have been on 18 November). Similarly, P.
dubia had initial potential PSII activity at about �8 to
�7�C for about 5 days before the major increase occurred
that followed wetting at thallus temperatures of around
0�C. In contrast, C. flava showed no signs of potential
PSII activity until it became almost fully activated on 28
November.

Activation by air humidity, however, may not be of
major importance to overall productivity because, even
though it occurred for up to about 33% of the active
period (X. mawsonii), photosynthesis would have been
less efficient at the low temperatures. The short period of
hydration by water vapour may result from slower
equilibration rates at low temperatures possibly in com-
bination with high relative humidities only occurring
transiently. High quality measurements of relative hu-
midity under snow are required to clarify the situation. It
must also be remembered that the lichens are warming
steadily as the snow thins and there is not a long time
between the lichens becoming warm enough to be active

through water vapour uptake and eventual wetting by
liquid water.

The four lichens studied showed different activation
patterns that reflected their ecology. X. elegans, a lichen
that grows on more or less horizontal surfaces of granite
boulders with high nutrient input (Øvstedal and Lewis
Smith 2001), was already active at the beginning of
November. After the loss of the snow from above the
thallus, the activity period was extended by meltwater
from nearby residual snow patches when hydration in
combination with maximal thallus temperatures of around
10�C produced substantial potential PSII activity. This
lichen is probably one of the first in the season to become
active each summer at Granite Harbour because the snow
cannot accumulate to any depth on top of the boulders.
After the snow patches vanish because of melting or
sublimation the lichen is then fully dependent on snowfall
events.

X. mawsonii occurs on horizontal substrates that can be
a rock surface, small gravel or sediment. Snow accumu-
lated more deeply and kept the lichen at low temperatures
that did not allow activity until later in November. Once
active the lichen remained so until 26 November when the
snow disappeared and activity ceased due to desiccation.
C. flava grows on flat sediment, often on moribund
mosses, in a habitat where water flow would always be
expected to occur. The high insulation factor of the deep
snow cover kept the lichen at temperatures well below
freezing until 27 November when the rapid rise in activity

Fig. 5 Thallus temperature and
percentage of maximal transient
fluorescence under snow during
the snow melt process for the
four measured lichens Xantho-
ria elegans, X. mawsonii, Can-
delariella flava and Physcia
dubia. In each panel the solid
line is thallus temperature (right
hand axis in �C), whilst the
chlorophyll a fluorescence ac-
tivity, DFt as percentage of
maximal transient fluorescence
reached (left hand axis), is
shown as a solid black line with
filled circle symbols and light
grey filling beneath
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suggests the first melt had occurred and that water was
flowing under the snow.

However, for all four lichens the active (defined as DFt
above 15%) periods were very similar (22–35% of total
time, see Table 1). It appears that, regardless of when the
lichen first became hydrated, they had an activity period
of very similar length. Only one extra day occurred during
the measurements when there was activation through
snowfall and productivity gains from summer snowfalls
are likely to be low (Schroeter et al. 1997a).

It seems, in continental Antarctica, that snowdrifts
regularly form each winter at identical locations (con-
firmed by photographs from other sites over 35 years)
with lichens buried beneath them (Schroeter et al. 1994;
Kappen et al. 1998; Green et al. 1999). The retreat of the
snow margin over the lichens represents both their major
water supply and their major period of productivity.
Lichens under the snow remain inactive from the cold
temperatures maintained through insulation by the snow
whilst those exposed become rapidly inactive through
desiccation. Lichens exposed for the first time late in the
season will have almost the same productivity as those
exposed earlier and there is little disadvantage to extend-
ed burial in snow as long as melting does eventually, and
consistently, occur each season. This contrasts with the
temperate alpine zones where Benedict (1990) reported
that prolonged snow cover could have a negative effect on
lichen survival both by shortening the productive season
and by increasing respiration losses when thalli are
hydrated at low PPFD beneath the snow. Under the latter
conditions there would be a significant advantage in early
loss of the snow cover.

The lichens studied here were not active to any great
extent under snow and the effect of snow cover appears to
be very different for lichens in Antarctica and in alpine
regions of mountains. In the alpine zones of mountains
the snow cover is known to be a very effective protectant
against the climatic extremes in the cold seasons and
survival of many plants depends on the consistent
presence of the snow (K�rner 1999). In the Antarctic
the lichens also depend on the consistent presence of
snow banks for their water supply. However, the snow
preserves the cold conditions of winter and there is no or
little additional productivity while it is still present. In
fact, because almost all the wetted period for the lichens
appears to be when the snow edge melts over the thalli,
there is actually little difference in the total length each
year of the active period, and therefore productivity, for
the lichens whether exposed early or late in the season.
The results demonstrate that, for lichens, the continental
Antarctic regions cannot be considered as high latitude,
alpine zones.
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