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Abstract

Lichens produce various carbon-based secondary compounds (CBSCs) in response to abiotic conditions and herbivory.
Although lichen CBSCs have received considerable attention with regard to responses to UV-B exposure, very little is known
about intra-specific variation across environmental gradients and their role in protection against herbivory in the Antarctic.
Here we report on the variation in CBSCs of two widely distributed and common Antarctic lichens, Usnea antarctica and
Umbilicaria antarctica, between sites with different solar exposure (NW-SE) and along natural nitrogen (N) gradients
which are associated with changing lichen-invertebrate associations on Signy Island (South Orkney Islands, maritime Ant-
arctic). Fumarprotocetraric and usnic acid concentrations in Usnea showed no relationships with solar exposure, lichen-N
or associated invertebrate abundance. However, fumarprotocetraric acid concentration was 13 times higher at inland sites
compared to coastal sites along the N-gradients. Gyrophoric acid concentration in Umbilicaria was 33% lower in sun-facing
(northerly exposed) habitats compared to more shaded (south-facing) rocks and declined with elevation. Gyrophoric acid
concentration was positively correlated with the abundance and species richness of associated microarthropods, similar to
the patterns found with lichen N. This initial investigation indicates that there can be large intraspecific variation in lichen
CBSC concentrations across relative short distances (<500 m) on Signy Island and raises further questions regarding current
understanding of the role of CBSCs in Antarctic lichens in relation to biotic and abiotic pressures.
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Introduction

Lichens produce various carbon-based secondary com-
pounds (CBSCs) which often vary in response to environ-
mental gradients (Swanson et al. 1996; Bjerke et al. 2004;
Vatne et al. 2011), in particular in relation to solar radiation
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Temperature and water are the major constraints on life
in the terrestrial domain of Antarctic ecosystems (Kennedy
1993; Convey et al. 2014). However, nutrients can become
limiting, as is clear from biodiversity and ecosystem process
rate increases in the vicinity of marine vertebrate concentra-
tions that supply external nutrients from the ocean (Erskine
et al. 1998; Ball et al. 2015; Bokhorst et al. 2019a). These
aggregations generate volatilised ammonia which is then
deposited further inland where the nitrogen is taken up by
lichens and other primary producers (Crittenden et al. 2015;
Bokhorst et al. 2019a). The direct uptake of marine-derived
nitrogen by lichens is confirmed through the §'°N isotopic
signatures of the source and sink (Bokhorst et al. 2019b).
Although lichen tissue nitrogen concentration is known to
be affected by this nitrogen input from marine vertebrates it
is currently unclear whether CBSC production in Antarctic
lichens is affected.

Lichens growing under high nitrogen availability tend to
have lower CBSC concentrations compared to species grow-
ing under nutrient-limited conditions in boreal forests (Sol-
haug and Gauslaa 2012) and experimental N-additions point
toward similar responses (Hyvirinen et al. 2003). These
patterns appear to be driven by an accumulation of photo-
synthates, as N-limitation restricts growth, which can result
in an accumulation of phenolics or CBSC-like compounds.
This carbon nutrient balance hypothesis (Bryant et al. 1983)
or protein competition model (Jones and Hartley 1999) has
also been applied to vascular plants and its effect has con-
sequences for the activity and success of their associated
herbivores (Estiarte et al. 1994; Grime et al. 1996). Whether
lichens growing under the extreme environmental conditions
of Antarctica are responsive to variation in nitrogen avail-
ability with respect to CBSC production, and if there are
any potential consequences for associated invertebrates, are
currently unknown.

As an initial investigation into influences on variation of
lichen CBSC concentrations in Antarctic species along natu-
ral gradients of nitrogen availability and solar exposure, we
here make use of an existing dataset on lichens with vary-
ing nitrogen concentrations (0.4-2.4%) from Signy Island
(South Orkney Islands, maritime Antarctic) (Bokhorst and
Convey 2016). By quantifying the CBSC concentrations
of previously sampled lichen tissue and comparing these
between habitat solar exposure and along nitrogen gradi-
ents we aim to expand understanding of the adaptations dis-
played by Antarctic lichens along environmental gradients.
As lichens with high N-concentration also support higher
abundance of associated invertebrates (Bokhorst and Con-
vey 2016) we also set out to identify links between lichen
CBSCs and lichen-invertebrate associations. We hypothesize
that: (1) CBSC concentrations will be highest in lichens with
north- rather than south-facing exposure due to higher solar
radiation levels (Pintado et al. 1997; Bjerke et al. 2002;
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Solhaug and Gauslaa 2012), and (2) CBSC concentrations
will increase with distance to the coast along declining
nitrogen gradients, similar to patterns reported for lichens
in boreal regions between sites with high and low nitrogen
loading (Hyvérinen et al. 2003; Solhaug and Gauslaa 2012).
In line with the latter hypothesis, we expect that, (3) Micro-
arthropod abundance may be negatively associated with
lichen CBSC concentration along the nitrogen gradients.

Methods

We used a subset (n=111) of lichen samples previously
collected on Signy Island (South Orkney Islands, maritime
Antarctic, 60° 17" S 45° 59" W; Fig. 1), along transects
with a gradient of nutrient availability away from marine
vertebrate concentrations (penguin colonies; Bokhorst and
Convey 2016). CBSCs in two common and widespread
Antarctic lichens, Usnea antarctica (n=72 samples) and
Umbilicaria antarctica (n=39) were quantified. Both spe-
cies produce melanin for light protection. Henceforth Usnea
antarctica and Umbilicaria antarctica are referred to using
their generic name alone. Signy Island has a mean annual
temperature of c. — 2 °C and annual precipitation has rapidly
risen from c. 400 mm to c. 1000 mm over recent decades, of
which the majority is now rain rather than snow in summer
(Walton 1982; Royles et al. 2012). The island has extensive
cover of moss and lichen vegetation (Smith 1972; Cannone
et al. 2017) and several large penguin colonies are located
around its coast (Dunn et al. 2016).

For detailed description of the sampling regime see
Bokhorst and Convey (2016). In brief, Usnea and Umbili-
caria sampling was conducted at six different sites across
the island. Three replicate parallel transects (Fig. 1), with
5 sampling points per transect, were established to sample
lichens (15 samples per site for each species, with one site
only having 4 sampling points). Each started at the coast
near the edge of colonies of Adélie (Pygoscelis adeliae
(Hombron & Jacquinot)), chinstrap (P. antarctica Forster)
or gentoo penguins (P. papua Forster) and extended to a
mountain top or glacier edge. In addition to these study
transects, two sites beyond penguin influence were sam-
pled in the interior of the island where Usnea was present
but Umbilicaria was absent; one including an elevation
gradient from a valley up a hill slope (Moraine Valley) and
one across the highest hill tops of the island (North—South
traverse). The influence of penguins on lichen N (%) and
associated microarthropod communities was assumed to
be negligible when the N concentrations along the transect
did not differ from the samples collected in the interior
of the island (c. 0.7% N; at 300-1500 m from the coast,
depending on species). Sampling site exposure ranged
across nearly all cardinal points (Table 1) and during
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Fig.1 Map of the Antarctic Peninsula and Signy Island (South Ork-
ney Islands). a Antarctic Peninsula and the South Orkney Islands.
b Major penguin colonies on Signy Island and transect lines along
which samples of cryptogams and microarthropods were collected.

The dashed line represents a transect without penguin presence. The
named solid circles represent the sampling points of the North—South
traverse

Table 1 Sampling site information and chemical characteristics of Usnea antarctica and Umbilicaria antarctica collected at each site

Site name Pen- Cardinal direction Date Elevation range (n) Nitrogen (%) Usnic acid (mg Fumarprotocetraric
guins (m) g’1 DW) acid (mg g’l DW)
present

Usnea antarctica

N-S traverse No Top of hills 16  160-265 5  0.72 (0.04)a 16.3 (1.1)a 16.3 (4.9)a

Moraine valley No w 21 40-206 5  0.65(0.06)a 16.2 (1.3)a 21.3(0.7)a

Moyes cove Yes S-w 18 20-150 4 1.32(0.10)b 15.3 (0.7)a 2.1 (1.4)b

North point Yes N-W 9 30-200 5 1.26 (0.21)b 16.0 (1.2)a 1.1 (0.4)b

Spindrift rocks Yes w 22 20-150 5 1.10 (0.12)b 15.5 (0.6)a 1.1 (0.8)b

Umbilicaria antarctica
Gyrophoric acid (mg g~! DW)
Gourlay Peninsula Yes S-E 13 10-70 5 1.35(0.12)a 10.2 (0.9)a -
Moyes cove Yes S-W 18 20-150 4 1.18 (0.08)a 9.3 (0.8)a -
North point Yes N-W 23 30-200 5 1.05 (0.10)a 6.8 (0.5)b -

Date is the sampling day of December (2013) Values are mean of (n) sampling points along each transect, with SE given in parentheses. Values
with the same letter do not significantly differ (Tukey HSD p <0.05) within columns

lichen sampling we ensured that lichens were collected
from rock surfaces facing the main cardinal direction of a
given transect and not shaded by nearby boulders or rock
faces. Elevation increased with distance along the transects

(r*=0.92-0.99) by, on average, 22 m/100 m except for
Gourlay Peninsula and the North—South traverse where the
elevation changed by 2-3 m/ 100 m (Online Resource 1).
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Samples from within any of the six sites were collected
on the same day. However, practical logistical constraints
prevented sampling all sites on the same day, which we
accept may affect CBSC concentration due to temporal
changes in response to weather conditions (Bjerke et al.
2005; Gauslaa et al. 2013). Usnea was sampled between
the 9th and 22nd of December 2013 while for Umbili-
caria this was done between 13th and 23rd of December
2013 (Table 1). Although the time between sampling was
limited we summarize the temperature and light condi-
tions during sampling based on data from the Jane Col
weather station (Convey et al. 2020), to identify if any
major site differences between CBSC concentration could
have been affected by sampling date. Mean daily air tem-
perature rose from — 5.4 to — 1.7 °C between 9 and 23
December 2013 (Online Resource 2). Mean daily solar
radiation reached peak values (photosynthetic active radia-
tion: 284-340 pumol m~2 s7!) every 6-10 days with ‘low’
PAR levels of 128-256 pmol m~2s~!, due to cloud cover,
in between. Sampling of Umbilicaria took place during
cloudy days and we therefore anticipate no major differ-
ences in CBSC due to sampling date. Sampling of Usnea
mostly took place during cloudy days, with the exception
of one penguin affected site (Spindrift Rocks) and a site
at the interior of the island (Moraine Valley) which took
place on a sunny day and may therefore have resulted in
higher CBSC concentration.

Dried and ground lichen samples were stored in the
dark at room temperature, in Eppendorf tubes until CBSC
analyses. Quantification of CBSCs in lichen tissue was
performed during March 2015 and made following stand-
ardized methods (see Nybakken et al. 2007; Asplund and
Wardle 2013) by extracting c. 30 mg of ground lichen in
acetone for three 45-min intervals. The combined superna-
tants were evaporated and re-dissolved in 2000 pL acetone.
Concentrations of CBSCs in the solution were quantified
by high performance liquid chromatography (HPLC) using
an ODS Hypersil column (Thermo Scientific, Waltham,
MA, USA), 50 x4.6 mm using 0.25% orthophosphoric
acid and 1.5% tetrahydrofuran in Millipore water (Mil-
lipore, Billerica, Massachusetts, USA) and 100% metha-
nol as mobile phases at 2 mL min~! and UV detection at
245 nm. Compound identification was based on retention
times and UV spectra from commercial standards. Both
lichen species produce light-absorbing melanic com-
pounds, which partly play similar roles as cortical CBSCs
in lichens (i.e. light-protection). We did not attempt to
quantify these compounds since they are difficult to extract
from lichens. Instead previous studies have used indirect
methods, e.g. measuring the browning reflectance index
or applying or visually determining the colour (McEvoy
et al. 2007; Gauslaa and Goward 2020). Measuring colour
of the thin Usnea thalli would not be feasible.
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Statistical analyses

One-way ANOVA was used to compare lichen N and CBSC
concentrations among sampling sites using the sampling
points along the transects (n=35, in one case n=4) as rep-
licates. We used linear regression to identify any signifi-
cant changes in lichen nitrogen and CBSCs with distance
to the coast for each sampling site separately and across
penguin-affected and non-affected sites. We employed the
‘relaimpo’ package in R (Gromping 2006) and stepwise
model selection by AIC (in both directions) using MASS
(Venables and Ripley 2002), to identify the most likely vari-
ables to affect lichen CBSCs along the transects. However,
multi-collinearity, assessed through the variance inflation
factor using the mctest (Imdadullah et al. 2016) and Farrar-
Glauber F-test, remained a large feature among the explana-
tory variables. Principal component regression (Mevik and
Wehrens 2007) was used to deal with multi-collinearity but
the resulting components did not lead to a meaningful inter-
pretation. Therefore, we calculated Pearson correlations for
distance to the coast, cardinal direction of the growth site
and elevation with lichen CBSC concentration using mean
values across the transect sampling points at each site. Cor-
relations between lichen N, lichen thallus dry weight (g) and
lichen CBSCs were calculated using individual lichen sam-
ples as replicates. In addition, we correlated microarthropod
abundance and species richness data with site variables and
lichen N and CBSC concentrations as above. For Usnea we
analysed the data from penguin-affected and non-affected
sites separately. Normality of data distribution was visually
inspected through q—q plots and a Shapiro-Wilk test; log
transformations were applied where appropriate and when
this did not improve normality spearman correlations were
applied. Analyses were performed using R (RCoreTeam
2015).

Results
Usnea antarctica

Fumarprotocetraric and usnic acids were the dominant
CBSCs detected in Usnea. Fumarprotocetraric acid con-
centration was c. 13 times higher (Tukey HSD p <0.05) at
inland sites (18.7 mg g~! DW) compared to sampling tran-
sects affected by penguins (1.4 mg g~' DW) while usnic acid
concentration did not differ between sites and were on aver-
age 15.87 (SE+0.20) mg g~! DW (Table 1, Fig. 2). There
was no effect of sampling date on the CBSC concentration
between sites. Fumarprotocetraric and usnic acid concentra-
tions did not significantly change along the nitrogen gra-
dients (Fig. 2b, c, Table 2, Online Resource 1). Nitrogen
concentration of Usnea was on average twice as high when
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Table 2 Correlation coefficients of lichen carbon based secondary compounds across distance, cardinal direction and elevation and with lichen
nitrogen for Usnea antarctica and Umbilicaria antarctica along various transects with (4) and without penguin-influence (—) on Signy Island

Usnea Umbilicaria

Usnic acid Fumarprotocetraric acid Gyrophoric acid
Penguin presence +(df =12) — (df=8) +(df =12) — (df=8) +(df =12)
Distance to the coast —0.148 0.214 0.222 —0.084 —0.242
Cardinal direction 0.152 0.023 —0.205 —0.333 —0.579*
Elevation —-0.020 0.056 0.253 —0.289 - 0516

(df = 40) (df =28) (df = 40) (df = 28) (df =37)
Lichen nitrogen 0.080% 0.104 0.130% —-0.167 0.263
Lichen sample biomass 0.120% 0.139 —-0.180% 0.363* 0.129

Regression coefficients for distance, cardinal direction and elevation were based on sampling point means while correlations with lichen nitrogen

and sample biomass were based on individual lichen samples
df degrees of freedom
*p<0.05, #p <0.01, **¥p <0.001

XSpearman’s rank correlation rho

growing close to penguin colonies (1.23%) compared to
samples obtained at greater distance (>400 m) and those
clearly outside the influence of penguins (0.69%) (Table 1,
Fig. 2¢, ).

There were no significant correlations of CBSC con-
centrations with any of the explanatory variables measured
(Table 2). Among the Usnea samples collected at the inland
sites there was a positive correlation (R>=0.116, p=0.049,
n=28) between lichen thallus dry weight and usnic acid
concentration. There were also no significant correlations

Table 3 Correlation coefficients of micro-arthropod abundance and
species richness (R) with distance to the coast, cardinal direction,
elevation and lichen nitrogen and specific carbon based secondary

of CBSCs with the microarthropods associated with Usnea
(Online Resource 3 and 4). Microarthropod abundance was
positively correlated (r=0.318, p <0.01) with lichen N con-
centration across the whole Usnea dataset (Online Resources
3 and 4). However, this correlation disappeared when ana-
lysed for penguin-affected and non-affected sites separately
(Table 3). Microarthropods species richness was positively
correlated (r=0.700, p <0.001) with lichen N concentration
across the whole data set (Online Resource 3 and 4) and
for the penguin affected sites separately (Table 3). Species

compounds for Usnea antarctica and Umbilicaria antarctica along
various transects with (+) and without penguin-influence (-) on Signy
Island

Usnea Umbilicaria

Abundance R Abundance R
Penguins presencet +(df=12) — (df=8) +(df=12) — (df=8) +(df=12) +(df=12)
Distance to the coast —0.201 —0.191 — 0.915%#* —0.309 —0.504° —0.691%*
Cardinal direction 0.087 —0.041 - 0.015 —0.196 —0.447 —0.262
Elevation —0.162 -0.111 — 0.8897##* -0.277 —0.468 —0.483°

(df = 40) (df=28) (df=40) (df=28) (df=37) (df=37)
Lichen nitrogen 0.029 0.166 0.682 % 0.019% 0.370%* 0.519%**
Usnic acid 0.046 0.208 0.099 0.212
Fumarprotocetraric acid —0.022 0.249 - 0.178 0.253
Gyrophoric acid 0.613%** 0.493%%*

Correlation coefficients for distance, cardinal direction and elevation were based on sampling point means while correlations with lichen nitro-
gen and sample biomass were based on individual lichen samples

df degrees of freedom
*p<0.05, *#p <0.01, ***p <0.001

*Spearman’s rank correlation rho
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richness correlated negatively with distance to the coast and
elevation at the penguin affected sites (Table 3).

Umbilicaria antarctica

The dominant CBSC measured in Umbilicaria was gyro-
phoric acid. This declined with elevation and was on aver-
age 33% higher when facing south-east (Gourlay Peninsula)
compared to north-west exposure (North Point; Tables 1, 2).
Mean gyrophoric acid concentration did not change signifi-
cantly with distance to penguin colonies while N concentra-
tion declined (0.3 mg N 100 m™) (Fig. 3, Online Resource
1). However, there were declines (p <0.05) in gyrophoric
acid concentration at Gourlay Peninsula (0.24 mg 100 m™)
and Moyes Cove (0.85 mg 100 m™!). Nitrogen concentration
of Umbilicaria was on average twice as high when growing
close to penguin colonies (1.50%) than at greater distance
(0.75% at > 600 m).

Microarthropod abundance and species richness were
positively correlated with lichen N and gyrophoric acid con-
centration of Umbilicaria and negatively with distance to
the coast, cardinal direction and elevation (Table 3, Fig. 4).

Discussion

There was great variability in the CBSC concentrations
measured in Usnea and Umbilicaria, but their intra-specific
variation in relation to habitat exposure and nitrogen gradi-
ents did not support our hypotheses. The variability in CBSC
concentrations in relation to the measured environmental
conditions indicates that other factors may play a role, or
that multiple factors act simultaneously to induce CBSC pro-
duction (Bjerke et al. 2004). Such high phenotypic plastic-
ity in lichen CBSC in relation to environmental conditions
has been reported in the High Arctic Svalbard archipelago
(Bjerke et al. 2004) and highlights a need for further experi-
mental studies and accurate environmental monitoring at
appropriate physical scales (Convey et al. 2018) in order
to better understand how Antarctic lichens will cope with
future changes in microhabitat conditions, nutrient availabil-
ity and potential herbivory due to climate change and biotic
pressures from invasive species (Convey and Peck 2019).
There was no support within the dataset for the hypoth-
esis that lichens with greater exposure to solar radiation (i.e.
north-facing) would have greater CSBC concentrations, as
none of the lichen CBSC concentrations responded con-
sistently between the contrasting north- and south-exposed
sampling sites. Thallus coloration often changes visibly
between lichens growing in full sunlight and in shaded habi-
tats, which is often driven by associated changes in CBSC
concentrations (Kappen 1983; Solhaug et al. 2009; Solhaug
and Gauslaa 2012). Usnic acid, which is deposited in the
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Fig.3 Concentrations of carbon-based secondary compounds and
nitrogen in Umbilicaria antarctica along transects from the coast
inland influenced by penguins. Data points are mean of 3 replicate
samples with SE as error bars (n=14). Grey lines represent indi-
vidual transect regressions while the overall regression is shown by
the dashed black line with 95% confidence intervals is shown by grey
shading. R? and p value of the overall regression is presented on each
figure. Regression coefficients of the change along each transect are
presented in Online Resource 1

thallus cortex, is induced when Usnea sp. are transplanted
across light gradients in northern boreal forests (Nybakken
et al. 2007). It is possible that the high ambient summer
solar radiation levels (PAR and UV) and lack of shading
by vascular plants in Antarctica induce high background
concentrations of usnic acid in Usnea that override the dif-
ferences in light regimes between north- and south-facing
habitats or that the compound’s production is induced by
multiple factors (Bjerke et al. 2002, 2004). Further, both
species produce melanin, which absorb light and thus reduce
the need for phenolic light-screeners (Gauslaa and Solhaug
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2001; Asplund et al. 2021). As such, the lack of response
in usnic acid could also be due to sufficient light protection
from melanic compounds. Gyrophoric acid concentration
in Umbilicaria was higher at south-facing, more shaded,
sites compared with north-facing. However, as this CBSC
is mainly restricted to the medulla its unlikely to function as
a light-screener (Solhaug and Gauslaa 2012). The observed
decline of gyrophoric acid with elevation is consistent with
CBSC declines along elevation gradients in southern Nor-
way (Vatne et al. 2011). Other reports show no effect of
elevation (Bidussi et al. 2013), as found for usnic acid here,
indicating that the response is highly species- and context-
dependent (Bjerke et al. 2004). Alternatively, morphological
adaptations may have played a stronger role in protection
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colonies. Grey lines represent individual transect correlations while
the overall correlation is shown by the dashed black line with 95%
confidence intervals shown by grey shading

against sunlight (Pintado et al. 1997). The data presented
here indicate that the CBSC concentrations of both Usnea
and Umbilicaria growing on north-facing rocks where they
are periodically exposed to full sunlight are equivalent to
those growing in more shaded habitats on this maritime
Antarctic island.

Lichens growing in habitats with high nitrogen avail-
ability tend to produce less CBSCs than those growing in
nutrient-poor environments (Solhaug and Gauslaa 2012),
consistent with the carbon nutrient balance hypothesis
(Bryant et al. 1983). However, these studies were based on
inter-specific comparisons, while intra-specific variation in
lichen responses to nitrogen availability has received lim-
ited attention (but see Munzi et al. 2017a). Experimental
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nitrogen additions to lichen induced reductions in usnic acid
concentration in Cladonia stellaris (Hyvirinen et al. 2003)
and total CBSC concentration of Platismatia glauca, while
various other lichens were unresponsive in a boreal forest
ecosystem (Nybakken et al. 2009). Usnea did not show
consistent patterns in CBSC concentration along the marine
vertebrate-associated nitrogen gradients on Signy Island,
despite N-tissue concentrations being equivalent or some-
times higher than reported from experimental treatments
where changes in CBSC concentrations have been reported
(Hyviérinen et al. 2003). Fumarprotocetraric acid concen-
tration in Usnea was 13 times higher at sites beyond the
N-influence of penguin colonies (Table 1), but it is unlikely
that nitrogen played a key role here as a gradual change in
CBSC concentration would then have been expected with
progression along the nitrogen gradient. Changes in gyroph-
oric acid concentrations in Umbilicaria appear to be linked
to the changes along the marine vertebrate influenced gradi-
ents, but do not provide support for our second hypotheses as
there was no consistent pattern in CBSC concentration with
lichen-N (Table 2). It seems unlikely that these lichens are
insensitive to the nitrogen gradients associated with prox-
imity to marine vertebrate colonies and there may, there-
fore, be additional adaptations, such as in use of metabolic
pathways (Hogan et al. 2010; Crittenden et al. 2015; Munzi
et al. 2017b), chitin accumulation (Munzi et al. 2017a) and
morphological features, which could have suppressed or hid-
den any CBSC response.

Lichen-invertebrate associations

Lichen CBSCs have been shown to inhibit grazer activity in
experimental studies where the CBSCs were washed out and
grazing or abundance of associated invertebrates was then
compared to non-washed lichens (Asplund 2011; Asplund
and Wardle 2013; Asplund et al. 2015). However, within
the current dataset, there is no suggestion that CBSCs pro-
duced by Usnea play an anti-herbivory role towards Ant-
arctic microarthropods. Gyrophoric acid concentration in
Umbilicaria correlated with microarthropod abundance
and richness, which may indicate a causal connection. The
high microarthropod abundance found among nutrient rich
Umbilicaria could have resulted in grazing-induced gyro-
phoric acid production, which would explain the lack of
consistent correlation between lichen nitrogen and CBSC
concentration (Table 2) as expected from the carbon nutri-
ent balance hypothesis. Experimental approaches, such as
grazing trials with acetone washed lichen thalli (Solhaug
and Gauslaa 2001; Asplund et al. 2015), may provide further
insights into the role of CBSCs in Antarctic lichen-inverte-
brate associations.

The data presented here showed large intra-specific
changes in lichen CBSC concentrations across relatively

short distances (<500 m) that did not match with the
hypothesised outcomes relating to light regime, the carbon
nutrient balance hypothesis (Bryant et al. 1983) or grazing
pressure (Solhaug and Gauslaa 2012). It remains possible
that the CBSCs found in Usnea and Umbilicaria were the
result of a combination of factors, such as micro-climate of
the lichen habitat, temporal variability in production rates,
production of additional compounds, such as melanin, that
may provide similar functions as CBSCs and morphologi-
cal adaptations. Considering that lichens are one of the
major primary producers in Antarctic terrestrial ecosystems
(Convey 2017), and the effects that lichen CBSCs can have
on other trophic levels and ecosystem carbon and nutrient
cycling as reported in various ecosystems (Cornelissen et al.
2007; Asplund and Wardle 2013), further work is required to
elucidate how habitat conditions, associated micro-climate
and other trophic levels interact in shaping lichen-dominated
ecosystems in Antarctica.
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