Cryobiology 82 (2018) 124–129

Contents lists available at ScienceDirect

Cryobiology
journal homepage: www.elsevier.com/locate/cryo

Short- and long-term freezing eﬀects in a coastal (Lobaria virens) versus a
widespread lichen (L. pulmonaria)

T

Knut Asbjørn Solhaug, Dipa Paul Chowdhury, Yngvar Gauslaa∗
Faculty of Environmental Sciences and Natural Resource Management, Norwegian University of Life Sciences, P.O. Box 5003, NO-1432 Ås, Norway

A R T I C LE I N FO

A B S T R A C T

Keywords:
Lobaria pulmonaria
Lobaria virens
Exotherm
Freezing tolerance
Relative growth rate
Membrane damage
Chlorophyll ﬂuorescence
Eﬀective PSII yield

Lichens are considered freezing tolerant, although few species have been tested. Growth, a robust measure of
ﬁtness integrating processes in all partners of a lichen thallus, has not yet been used as a viability measure after
freezing. We compared relative growth rates (RGR) after freezing with short-term viability measures of photoand mycobiont functions in the coastal Lobaria virens and the widespread L. pulmonaria to test the hypothesis that
low temperature shapes the coastal distribution of L. virens. Hydrated thalli from sympatric populations were
subjected to freezing at −10, −20 and −40 °C for 5 h. The rate of cooling and subsequent warming was 5 °C
h−1. Short-term viability measures of photobiont (maximal photosystem II eﬃciency, eﬀective PSII yield) and
mycobiont viability (conductivity index), as well as subsequent RGR, were assessed. The exotherms showed that
L. virens froze at −3 °C; L. pulmonaria, at −4 °C. Freezing signiﬁcantly impaired short-term viability measures of
both photo- and mycobiont, particularly in the coastal species. Lobaria pulmonaria grew 2.1 times faster than L.
virens, but the short-term damage after one freezing event did not aﬀect the long-term RGR in any species.
Thereby, short-term responses were impaired by freezing, long-term responses were not. While the lacking RGRresponses to freezing suggest that freezing tolerance does not shape the coastal distribution of L. virens, the
signiﬁcant reported adverse short-term eﬀects in L. virens may be aggravated by repeated freezing-thawing
cycles in cold winters. In such a perspective, repeated freezing may eventually lead to reduced long-term ﬁtness
in L. virens.

1. Introduction
Lichens are symbiotic associations between a heterotroph mycobiont and one or more autotroph photobiont(s) (green algae and/or
cyanobacteria). Being poikilohydric organisms, most lichens tolerate
desiccation [11,24], some for long periods [23]. The freezing resistance
of poikilohydric organisms partly depends on their desiccation tolerance of cytoplasm during extracellular freezing. Therefore, lichenized
fungi and their photobionts are also often freezing resistant [15,33];
many studied species can be frozen to −78 °C or even −196 °C without
damage [20,21,34].
Whereas many lichens are dominant in cold climates e.g. [29] and
grow faster at extreme alpine ridges without insolating snow cover than
in more sheltered positions [4], others are restricted to coastal sites
[17] with little or mild frost for only short periods. For plants, oceanic
distribution patterns are often associated with low frost tolerance,
whereas oceanic lichens are assumed to depend more on humidity
factors than on temperature [5,26]. Lichens assessed by e.g. Kappen
and Lange [21] tolerated lower temperatures than those occurring in
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their natural habitats, implying that frost does not limit the worldwide
distribution of these lichens. Yet, a few species were more frost susceptible than others, like the coastal Roccella species [20,21,32]. Because the scarce data on freezing hardiness of lichens does not allow
universal conclusions, there is a need for more studies.
Methodological innovations after the important freezing study of
Kappen and Lange [21], like chlorophyll ﬂuorescence techniques e.g.
[14] have extended the ways in which lichen survival and subsequent
performance can be assessed. Furthermore, simple protocols for assessing membrane damage [38] and growth rates [3,12] have become
established as tools for studying lichens. Thereby, we can now assess
both short-term eﬀects of frost on each lichen biont and long-term effects on the entire lichen symbiosis in term of growth.
In the ecologically important nitrogen-ﬁxing old forest lichen genus
Lobaria (s. lat.), the widespread L. pulmonaria is common in Norway,
extending far north, to the timberline, and into inland sites with
minimum temperatures below −40 °C, whereas L. virens is a southern
coastal lowland species (Fig. 1), restricted to areas with mild winters
without hard frost [30]. The common L. pulmonaria grows in most sites
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Fig. 1. Occurrences of Lobaria virens and L. pulmonaria in
Norway plotted as latitude-elevation diagrams (top) and
maps (bottom). In the two upper diagrams, the curve shows
the highest position of the land surface at each latitude. The
maps and the diagrams were based on the NLD-database at
http://nhm2.uio.no/lav/web/index.html (Natural History
Museum, University of Oslo; accessed 24 October 2017).
The two categories of lines represent borders between administrative units versus rivers. Filled circles; Herbarium
records with precise coordinates, determination not
doubtful, stars: Herbarium records, precise coordinates
lacking, symbol placed in centre of municipality x: Data
from ﬁeld note database, whereas + represent Data from
ﬁeld investigation database (see the web page). The collection site for both species is shown by the large black dot
with an arrow in the map showing the distribution of L.
pulmonaria.

2. Materials and methods

where L. virens is present. However, L. virens is often restricted to more
sheltered positions on the trunk closer to the ground [2]. Also in
Britain, L. virens is strongly associated with a high level of oceanity
(Amman's index of hydrothermy), whereas L. pulmonaria is not [7].
Worldwide, L. virens is only known in Western Europe and Macaronesia.
So far, there are no data on frost tolerance in L. virens, whereas the
ubiquitous L. pulmonaria is highly frost resistant [21].
We aimed to compare viability measures subsequent to freezing in
L. pulmonaria and L. virens. As short-term measures, we assessed photobiont responses using chlorophyll ﬂuorescence tools and mycobiont
responses by using a conductivity index. Furthermore, we assessed
long-term eﬀects by measuring growth rates because we consider
growth to be one of the most robust and reliable measures of lichen
ﬁtness. Based on the contrasting distribution patterns of the two species
(Fig. 1) and the previously reported low freezing tolerance in a few
coastal lichens [20,21,32], we hypothesize that the coastal L. virens is
more susceptible to severe freezing damage than the ubiquitous L.
pulmonaria. Based on a high level of resilience in lichen thalli in general
e.g. [9], we also hypothesize that short-term eﬀects of freezing within a
one-day timescale after freezing are stronger than long-term eﬀects
over a few weeks.

2.1. Lichen material
The cephalolichens Lobaria pulmonaria and L. virens were collected
from many trunks of oak trees at their optimal heights above the ground
(5 and 1 m, respectively) in old oak forests at Langangen, SE Norway
(59°06′43″ N, 9°50′05″ E, 150 m a.s.l.) in July 2017. The collection site
of both species, shown on the map of L. pulmonaria (Fig. 1), is located
near the south-eastern distribution border of L. virens in Norway where
winters are colder than in the more oceanic sites west- and northwards
along the western coast [30]. The two lichens share the same greenalgal Dictyochloropsis photobiont genotype [6]. In the lab, we removed
debris, tree bark and bryophytes from the lichens. For each species, we
cut the thalli into equally-sized pieces, 100 in total, and randomized
them for each species separately. For the growth experiment, we
measured air-dry mass after 24 h drying at 20 °C for each thallus before
and after the experiment. Afterwards, ﬁve additional thalli were further
oven-dried 24 h at 70 °C to measure DM. We used the oven-dried/airdried mass ratio for these thalli to calculate oven-dry mass (DM) for the
experimental thalli. All experiments and measurements were completed
within 3 weeks after collection.
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W/37) was used because it approximates light saturation in L. pulmonaria. The thalli were placed upon plastic nets on Petri dishes with wet
ﬁlter paper in the bottom following Gauslaa et al. [12], and sprayed
with deionized water in the beginning and the end of the photoperiod.
This method ensured optimal growth by keeping thalli moist most of
the time without direct contact with the wet ﬁlter paper.
After 12 days, thalli were air-dried at room temperature and
weighed. Relative growth rate was computed as RGR = (ln (DMend/
DMstart))*1000/Δt (mg g−1day−1). Δt is the 12 d between start and end
at which DM (g) was measured [8].

2.2. Freezing test
The freezing tests were run in three separate programmable freezing
chambers (Weiss Umwelttechnik, Reiskirchen, Germany) at the Centre
for Plant Research in Controlled Climate (SKP, Norway). The freezing
test program was initiated by exposing moist thalli to 5 °C. We used
moist thalli because thalli are often wet at the onset of freezing periods.
The chamber temperature was gradually lowered by 5 °C h−1 until the
test temperatures of −10, −20 and −40 °C were reached. All freezing
temperatures, applied for 5 h at the target temperature, are ecologically
relevant for inland sites of L. pulmonaria, but not for L. virens.
Afterwards, temperature was increased by 5 °C h−1 until 5 °C. We fastened thin thermocouples type E to thalli in the freezing chamber
cooled to −40 °C using one control thermocouple to measure the air in
the chamber. The thallus and air temperatures were logged every 15 s
with an eight channel OctTemp 2000 Data Logger (MadgeTech Inc.,
Contoocook, New Hampshire, USA). During the freezing treatment, the
lichens were kept dark.

2.5. Statistical analyses
We analysed the data by General Linear Models (GLM) followed by
Tukey multiple comparison test using Minitab ver. 16. Lichen species
and temperatures were used as factors. When analysing FV/FM, two
extreme outliers for L. virens with the lowest FV/FM (standard residuals
−3.69 and −6.30) were excluded, although the removal of these
outliers did not change the trends. Furthermore, the conductivity data
was log-transformed. By these actions, the GLM-requirements were
satisﬁed for all studied parameters.

2.3. Evaluation of short-term eﬀects
For studying FV/FM, serving as a short-term viability measure we
used 25 randomly selected thalli from the total pool of 100 thalli of
each species as controls. They had not been subjected to freezing.
Likewise, three additional batches, each of 25 randomly selected thalli,
were exposed to three respective freezing temperatures (n = 25). After
the freezing test, we placed all thalli of each species in a controlled
temperature room at 15 °C under dim light (≈5 μmol photons m−2 s−1)
for 14 h to optimize detection of more lasting damage [36]. Thalli were
then dark-adapted for at least 15 min before measurement of maximal
photosystem II eﬃciency (FV/FM) with a PAM-2000 ﬂuorometer (Walz,
Eﬀeltrich, Germany).
After measurement of FV/FM, we randomly selected 10 control thalli
and 10 thalli from each freezing temperature and species for measurement of eﬀective PSII yield (ΦPSII), which is a proxy of photosynthesis and thus another short-term photobiont viability measure.
These thalli were placed at 100 μmol photons m−2 s−1 from a LED
panel (Model SL-3500, Photon System Instruments, Brno, Czech
Republic) with equal irradiances from blue, green and red light for
15 min before measurement of ΦPSII (n = 10). Yield measurements were
completed within 2–3 h after the FV/FM measurements.
After these non-destructive measurements, we measured membrane
integrity by running a conductivity test. This is a short term viability
test for mainly the mycobiont [31] because the mycobiont comprises
the far highest biomass component in these two lichens. We placed the
10 thalli for each treatment that had been used for ΦPSII measurements
2–3 h earlier in 15 ml plastic test tubes with 8 ml de-ionized water. They
were shaken until the next day. Electrolyte leakage from each thallus
was measured as conductivity (Cv) in the water by a portable conductivity meter (Mettler-Toledo International Ltd, Singapore). Then,
the tubes with thalli were boiled at 100 °C for 15 min in a water bath to
cause total rupture of cell membranes and release of all electrolytes;
cooled to 25 °C and the ﬁnal electrical conductivity (Cf) was measured
after shaking until next day. A conductivity index indicating loss of
membrane integrity [38] was calculated as: (Cv/Cf) × 100 (n = 10).

3. Results
The exotherms, which refer to the heat released to the surroundings
by the freezing of internal water (Fig. 2), showed that L. virens thalli
supercooled down to −3 °C, L. pulmonaria to almost −4 °C. During start
of freezing, the peaks of the exotherms showed that the freezing point
of L. pulmonaria was approximately −1 °C, and slightly higher for L.
virens. The exotherms disappeared at approximately −6 °C for L. virens
and at −8 °C for L. pulmonaria (Fig. 2), indicating the respective temperatures at which most water was frozen. The area below the exotherms was lower for L. virens than for L. pulmonaria, showing that more
water froze in L. pulmonaria. No exotherms at lower temperatures were
detected.
All short-term responses, measured after 14 (FV/FM), 17 (ΦPSII) and
24 h (conductivity index) recovery at low light and room temperature
after freezing, were signiﬁcantly aﬀected by the freezing treatments
(Table 1), particularly in L. virens (Fig. 3A–F). In L. virens, FV/FM decreased with increasing level of freezing from 0.712 ± 0.002 for the
controls to 0.676 ± 0.004 for those exposed to −40 °C (Fig. 3B); ΦPSII

2.4. Evaluation of longer eﬀects (12 days)
The remaining 15 thalli from each freezing treatment including 15
controls were subjected to a 12 d growth experiment in a Sanyo MLR351 growth cabinet (Sanyo Electric, Osaka, Japan). The temperature
was 18/12 °C (day/night; 12 h photoperiod), which is within the optimal range for Lobaria [3]. The relative humidity was kept high
(70 ± 5% during the light period and 90 ± 5% during the night) by
placing repeatedly wetted newspapers on the top and bottom shelves.
Light at 200 μmol photons m−2 s−1 (from Mitsubishi/Osram FL 40SS

Fig. 2. Exotherms in three Lobaria pulmonaria and three L. virens thalli during an early
part of the freezing experiment, measured with thin type E-thermocouples. Air temperature was measured by a thermocouple close to each thallus. The insert shows the
temperatures for the entire experiment including the initial freezing and the ﬁnal heating
process after freezing. The −40 °C curve is based on thermocouple measurements,
whereas the −10 and −20 °C curves are schematic plots of the freezing program used.
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humid air and liquid water than in L. virens [13,28].
Exotherms are rarely measured in lichens. In the Antarctic
Umbilicaria aprina, the exotherm was −5.4 °C [35], in coastal Californian lichens −3.0 to −5.0 °C [32], and in lichens from the Magdalena Mountains of New Mexico −2.8 to −3.7 °C [1]. No additional
exotherms at lower temperatures, like those that kill plants during extreme freezing [37], were seen. Thus, when freezing starts, there was no
strong barrier to subsequent spread of ice inside the thallus. The exotherms for the two Lobaria species fall within the range of earlier
measured values for lichens, and are also within the range of supercooling [-2 to −8 °C; 37] in plants. Cooling below the exotherm leads to
further dehydration of the protoplast in lichens, causing similar internal
changes as those occurring during dehydration at higher temperatures
[35]. The apparent disappearance of the exotherm at higher temperature in L. virens (Fig. 2) suggests that most water becomes frozen at
higher temperatures in L. virens than in L. pulmonaria. Slightly higher
freezing point indicates that L. virens contains less compatible solutes
for lowering the freezing point than L. pulmonaria. Thereby, L. virens
may be more exposed to dehydration stress than L. pulmonaria at a
given freezing temperature. Because the freezing point depression is
1.86 °C molal−1, the molality of the unfrozen water is approximately 3
molal, corresponding to a water potential of 7 MPa and a relative humidity of 93–94%. However, freezing and the associated loss in water
potential does not necessarily exclude photosynthesis in lichens. In
Antarctic lichens, photosynthesis [22,25] and ΦPSII [16] has been
measured at temperatures as low as −17 °C. However, Lobaria species
with higher temperature optima for growth [3] and with very low
growth rates in winter [27] likely have higher temperature thresholds
for photosynthesis.
From the freezing tolerance literature for lichens that is mainly
based on gas exchange as a viability measure, the photobiont type apparently inﬂuences lichens' freezing tolerance. Lichens with
Trentepohlia [21,32] and Coccomyxa [18] are considered less tolerant
than those with other green algal photobionts. However, the presence
of Trentepohlia in Antarctic lichens at 80⁰S [39] suggests that it is not
the Trentepohlia photobiont per se that shapes the lower freezing tolerance. Because the photobiont genera Trentepohlia and Coccomyxa
mainly associate with speciﬁc taxonomic groups of lichenized fungi
[10], the lower freezing resistance in lichens with such photobionts
may also be shaped by their fungal partners. It is a paradox that our two
lichens share the same green algal photobiont species [6] and yet their
photobiont responses diﬀer.
The ecological implications of the contrasting long- and short-term
eﬀects are not clear. Based on our data, we can set up two mutually
exclusive interpretations or hypotheses: 1: Both species are highly
freezing tolerant because growth rate, representing a reliable measure
of lichen ﬁtness, was not inﬂuenced by freezing. According to this interpretation, the strictly coastal distribution of L. virens must be explained by other factors than low freezing tolerance. 2: The signiﬁcant
short-term adverse eﬀects in L. virens after one freezing event may accumulate during a winter with many repeated freezing-thawing cycles
and eventually lead to long-term adverse eﬀects. Because the diurnal
temperature amplitudes are larger in inland than in coastal areas,
freezing-thawing cycles likely cause more damage in inland sites. So
far, there is evidence that the coastal, more southern lichen with
Trentepohlia photobionts (Roccella and Dendrographa spp.) were more
susceptible to freezing than lichens with other green algal photobionts
[21,32]. For the coastal L. virens, the higher exotherm and the stronger
short-term reduced viability are consistent with the oceanic distribution
pattern of this species. Yet, because the long-term lichen functioning
was not aﬀected in any of the two species, we cannot conclude that the
freezing tolerance plays a role in shaping the distribution of L. virens.
Nevertheless, our results invite to future studies not only testing the
eﬀects of repeated freezing-drying cycles, but also to e.g. assessments of
intraspeciﬁc photo- and mycobiont-responses for thalli from diﬀerent
climatic zones. Freezing tolerance is likely a more important factor for

Table 1
General linear models (GLM) for maximal photosystem II eﬃciency (FV/FM), eﬀective
PSII yield (ΦPSII), conductivity index, and relative growth rate (RGR) for two lichen
species (Lobaria pulmonaria, L. virens) and four freezing treatments (untreated controls,
−10, −20 and −40 °C). All parameter responses are shown in Fig. 3.
Parameter
Source
FV/FM
Species (S)
Temperature
SxT
Error
Total
PSII yield
Species (S)
Temperature
SxT
Error
Total
Conductivitya
Species (S)
Temperature
SxT
Error
Total
RGR
Species (S)
Temperature
SxT
Error
Total
a

df

F

P

1
3
3
190
197

12.23
52.71
3.13

0.001
0.000
0.027

1
3
3
72
79

0.17
4.48
1.50

0.682
0.006
0.223

1
3
3
72
79

2.23
3.19
2.35

0.139
0.029
0.079

1
3
3
112
119

209.88
1.60
1.23

0.000
0.193
0.302

r2adj
0.468

(T)

0.123
(T)

0.131
(T)

0.640
(T)

The conductivity index was log-transformed.

declined from 0.538 ± 0.007 to 0.458 ± 0.018 (Fig. 3D), whereas its
conductivity index doubled from 15.1 ± 1.8% to 30.9 ± 4.7%
(Fig. 3F). In L. pulmonaria, such trends were only signiﬁcant for FV/FM
(Fig. 3A).
Unlike FV/FM, ΦPSII and conductivity index, the longer term response represented by RGR during the subsequent growth experiment
did not change with temperature in any species (Fig. 3G–H; Table 1).
However, the RGR in L. virens averaged across all treatments was much
lower
(4.86 ± 0.24 mg g−1 d−1)
than
in
L.
pulmonaria
(10.5 ± 0.31 mg g−1 d−1; n = 60).
4. Discussion
By lowering the freezing temperature, short-term viability measures
(FV/FM, ΦPSII, conductivity index) were impaired, particularly in L. virens. The reduction in FV/FM and ΦPSII shows that the photobiont was
temporarily aﬀected by freezing, whereas the increased conductivity
index is likely due to temporary mycobiont damage [38]. Such responses are consistent with the earlier reported strong increase in mycobiont respiration shortly after freezing [21]. Increased respiration
may be a mechanism to repair membrane disruptions for example,
which likely caused the measured rise in conductivity at the lowest
temperature. Thereby, freezing has at least temporary eﬀects on the
functioning of L. virens.
The lacking eﬀect of freezing on subsequent growth rates was
consistent with earlier measured gas exchange rates that were reported
at normal levels a few weeks after freezing in various lichens [21].
Apparently, repair mechanisms function well after freezing, even in L.
virens. The 2.1 times higher overall growth rate in L. pulmonaria compared to L. virens corresponds well to the 2.2-ratio measured under ﬁeld
conditions for these two species in late summer with no frost [19].
Thereby, the lower RGR in L. virens is not due to species-speciﬁc differences in freezing tolerance. Lobaria pulmonaria has likely a higher
growth potential than L. virens, partly because the less attached and
thinner growth form in L. pulmonaria allows a more ﬂexible use of
127
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Fig. 3. Short- (A–F) and long-term (G–H) responses to freezing of hydrated Lobaria pulmonaria and L. virens thalli to −10, −20 and −40 °C. A–B: The maximal photosystem II eﬃciency
(FV/FM; n = 25). C–D: The eﬀective PSII yield (ΦPSII; n = 10). E–F: A conductivity index (n = 10). G–H: Relative growth rate (RGR; n = 15). Within a parameter, means sharing the same
superscript letter do not diﬀer signiﬁcantly (P < 0.05) from each other (Tukey multiple comparison test).

lichen distributions in general than previously thought.
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