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Woodlice are not widely recognized as lichen-feeding invertebrates. We sought to discover whether the
woodlouse, Porcellio scaber, could feed on the lichen Hypogymnia physodes and if the lichen carbon-based
secondary compounds CBSCs would reduce grazing. We cut lichen thalli in two pieces, one was nondestructively rinsed in acetone to remove CBSCs; the other served as a control. Both pieces were fed
to woodlice in a choice experiment. The CBSC concentration of individual thalli ranged from 3 to 19%. The
woodlice grazed all pieces, but preferred the acetone-rinsed pieces, depending on the amount of CBSCs
present in the non-extracted counterpart. The woodlice were not deterred from feeding on samples with
CBSC concentrations 5%, which corresponded to natural contents in shade-adapted thalli. This suggested that P. scaber tolerates this amount of compounds at least in the short-term. In conclusion, P.
scaber can feed on H. physodes, but CBSCs deter them from feeding.
© 2017 Elsevier Ltd and British Mycological Society. All rights reserved.
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1. Introduction
Lichens are well defended against generalist herbivores by
carbon-based secondary compounds (CBSCs) also called lichen
€ ykko
€ et al., 2005; Cernajova
 and
compounds (Gauslaa, 2005; Po
Svoboda, 2014). Such compounds are particularly abundant in lichens from oligotrophic, N-deﬁcient habitats. In contrast, most Nﬁxing cyanolichens are deﬁcient in CBSCs (Gauslaa, 2005), but may
produce N-based defence compounds such as microcystins (e.g.
Kaasalainen et al., 2012).
A unique feature of lichens is that a major part of their CBSC
pools can be extracted non-destructively by 100% acetone from
living, desiccated lichens (Solhaug and Gauslaa, 2001; Candotto
Carniel et al., 2017) without affecting N and P contents or other
€ykko
€ et al., 2005; Asplund and Wardle,
intracellular compounds (Po
2013). This is because lichen CBSCs are deposited outside fungal
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hyphae, and because 100% acetone is unable to penetrate through
dry cell walls, and so does not enter the living parts of desiccated
tissues. Our selected lichen, Hypogymnia physodes, has high total
mean CBSC concentration (often >9% of dry matter, DM; Solhaug
et al., 2009). Its major medullary CBSCs are physodalic and
physodic acids, which may reach a concentration of >20% of DM.
The minor CBSCs (<1% of DM) are the medullary protocetraric acid
and the cortical atranorin/chloroatranorin (Solhaug et al., 2009).
Woodlice, isopod crustaceans belonging to the mainly terrestrial
suborder Oniscidea, are among the most abundant macrodetrivores
in temperate forests (Zuo et al., 2014). These invertebrates are
common in shaded parts of forests with dead wood (Topp et al.,
2006; Purchart et al., 2013). While some species have developed
trachea-like lungs, most have gills and therefore depend on high air
humidity. Thus they live a hidden and nocturnal life, but are seen
during moist cloudy weather on e.g. the lower part of epiphytecovered tree trunks inside forests. There, they often hide underneath bark pieces, lichen and bryophyte mats during daylight hours
(Y. Gauslaa, pers. obs.). Being detrivores, woodlice eat fungal tissues
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and algae (Crowther et al., 2011; Crowther and A'Bear, 2012; A'Bear
et al., 2014). However, apart from a few anecdotal reports on lichen
feeding (Richardson, 1975, p 154, Gerson and Seaward, 1977), they
have not been considered among the lichen feeding invertebrates.
In the present study we used the woodlouse species Porcellio
scaber, a common macroarthropod in temperate forests, also in the
more nutrient poor oak and pine forests (De Smedt et al., 2016)
where H. physodes is abundant. It is the most common woodlouse
in Norway, being found in drier sites (Sutton, 1972), and is particularly common at forest edges (De Smedt et al., 2016). Our aim was
to test whether P. scaber avoids H. physodes thalli with high CBSC
concentrations as do lichenivorous gastropods, insects and mam€ ykko
€ et al., 2005; Nybakken et al., 2010).
mals (Gauslaa, 2005; Po
We also aimed to quantify the minimum CBSC concentration
needed to deter woodlice grazing.
2. Materials and methods
H. physodes was collected 5 August 2016 from all sides of Picea
abies trunks at and near north-facing forest edges bordering an
agricultural landscape in southeastern Norway, Akershus,
59 390 4300 N, 10 500 4000 E, 140 m a.s.l. Here, the studied woodlouse
was often seen on the ground in humid weather (Y. Gauslaa, pers.
obs.). Solhaug et al. (2009) have documented a strong positive
relationship between diffuse light and CBSC content in H. physodes.
To ensure a variation in CBSC concentration in our experimental
thalli, we sampled lichens from forest edges with substantial smallscale variation in the open sky exposure and thus a high variation in
diffuse light. Thalli were air dried at room temperature, taken to
Kiel, Germany, and within 5 d stored at -18  C until the start of
experiments. The ﬁrst experiment was conducted September 6e20,
2016, the second comprised a sequence of trials done during a
university teaching course from mid-October 2016 to early
February 2017.
The woodlouse used in both experiments, P. scaber, was originally collected under stones in the Botanical Garden of the
Christian-Albrechts-University, Kiel, N Germany 54 200 46.7600 N,
10 060 58.2300 E, 21 m above sea level, and a population maintained
since 2011 in a terrarium where they were fed with food for ﬁsh
(Pond Sticks, Tetra GmbH, Melle, Germany).
Air-dried frozen thalli of H. physodes were cut into two similarsized pieces of roughly 110 mg (70e190 mg; min-max size for in€ttingen, Gerdividual pieces) and weighed (AW224, Sartorius, Go
many; accuracy d ¼ 0.1 mg). Two slightly different extraction
protocols were used for the lichens used in the two experiments.
The ﬁrst experiment employed the extraction protocol of Solhaug
et al. (2009). One piece from each pair was rinsed 4 times in
10 ml acetone for 30 min each. In the second experiment the thalli
were extracted twice in 10 ml acetone for 20 min.
After extraction, thalli were reweighed; the non-extracted piece
from each thallus was the control. Each of these rinsed-control
pairs was ﬁxed with white cotton thread onto a ﬁlter paper
(diameter 90 mm) and put into a Petri dish. After thoroughly
moistening the ﬁlter paper and the lichen thalli with distilled water, we added ﬁve woodlice in each Petri dish. The Petri dishes were
closed and stored in a dark room at 23  C for 24 h. A Petri dish with
ﬁve woodlice and the extracted and control portion of the lichen
sample is shown before (Fig. 1A) and after 24 h grazing (Fig. 1B). The
lichen pieces at the end of the experiment were oven-dried at 60  C
to constant mass and weighed again. Grazing was estimated as mg
grazed dry matter (DM) d1 for each lichen piece, and is an estimate
of the total grazing by the ﬁve woodlouse individuals. Grazing
preference (%) for the extracted piece of each thallus pair was
computed as (rinsed DMgrazed x 100)/(rinsed DMgrazed þ control
DMgrazed).
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In the ﬁrst experiment, the extracts of each extraction step for
each thallus were pooled in a Falcon tube (Sarstedt, Nümbrecht,
Germany). After evaporation of the acetone, the residue was dissolved in 40 ml methanol (HPLC grade, Roth, Karlsruhe, Germany).
After appropriate dilution, the absorbance of the solutions was
determined with a spectrophotometer (Uvikon 922, Kontron Instruments, Milano, Italy).
To compare the effects of the different times and the slightly
different extraction protocols, we used one-way ANOVAs for: (1)
the percent extracted CBSCs; (2) grazed mass of controls; (3) grazed
mass of extracted thalli; and (4) grazing preference of extracted
thalli, after checking homoscedasticity and normality. The two last
parameters were log-transformed to meet the ANOVA requirements. We used a linear multiple regression model for predicting grazed biomass after extracting the CBSCs. Explanatory
variables were percent extracted CBSCs and grazed biomass of
control pieces. In the text, means ± 1 standard error are given; error
bars in Figs show 1 standard deviation. We ran all statistical analyses in SigmaPlot (Systat Software, San Jose, CA).
3. Results
The greater grazing of extracted versus control lichen pieces was
evident by eye in many of the trials (Fig. 1). The distribution of the
feces often indicated a longer time spent by the woodlice near the
extracted piece. The woodlice fed on all lichen layers, but particularly on the upper cortex, the photobiont layer and the upper part of
the medulla (Fig. 1B). More than 88% of the 311 pairs in both experiments had more grazing in rinsed pieces than in controls.
However, every control thallus from both experiments had some
grazing, even those with the highest CBSC concentrations (total
range in grazing of controls: 0.3e38.1 mg d1).
The close relationship between the absorbance units at 270 nm
per DM and the percent extracted material (r2adj ¼ 0.864; P < 0.001;
Fig. 2) supported the view that the percent mass loss during rinsing
represented the CBSC concentration in the lichens. The CBSC concentration varied substantially between experimental pairs (total
range: 1.6e19.3%; n ¼ 310). The percent extracted material from
extracted pieces did not signiﬁcantly differ between the two experiments (ANOVA; data not shown); the total mean extraction was
9.6 ± 0.2% of DM. The thalli used in the ﬁrst experiment were
slightly, but signiﬁcantly (P < 0.001) larger (total thallus size
including both pieces: 246.2 ± 4.6 mg) than those used in the
second experiment (218.2 ± 1.1 mg). However, there were no signiﬁcant correlations between thallus size and percent extraction,
either between thallus size and consumed DM of extracted pieces
or with respect to control pieces. For these reasons, the two experiments were combined in the plots and statistical analyses.
The mean grazing preference for acetone-rinsed thalli was
63.6 ± 0.7% (n ¼ 310; total range 37.5e99.4%) with no difference
between the two experiments (Fig. 3; insert). Grazing preference
increased signiﬁcantly with the percent extracted compounds
(Fig. 3). The regression line crossed the 50% grazing preference at
approximately 4.3% CBSC-concentration, implying that CBSC concentrations lower than approximately 4e5% are insufﬁcient to
deter the woodlouse P. scaber. The total grazed biomass for both
pieces combined in each pair did not signiﬁcantly change with
extracted compounds (linear regression analysis; r2adj ¼ 0.007;
P ¼ 0.069).
The grazed DM of control pieces (total mean 18.8 ± 0.4 mg DM
d1; n ¼ 310; equivalent to 3.8 mg d1 woodlouse1) did not differ
between the two experiments (Fig. 4A; insert), but declined
signiﬁcantly with increasing CBSC concentration from approximately 30 mg d1 (¼ 6 mg d1 woodlouse1) at the lowest natural
CBSC concentration to just 1e2 mg d1 in the samples with the
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Fig. 2. The relationship between absorbance units measured at 270 nm per dry mass
(DM) and the weighed mass loss in percent of DM during acetone-extraction of lichen
carbon-based secondary compounds (r2adj ¼ 0.864; P < 0.001; n ¼ 100).
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Fig. 1. Photos of the same Petri dish with the lichen Hypogymnia physodes at the start (A) and the end (B) of 24 h grazing by ﬁve specimens of the woodlouse species Porcellio scaber.
The Petri dish shows a pair of an acetone-rinsed (the piece at the right side of the dish) and a control piece (at left side) of one H. physodes thallus.
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highest CBSC concentration of 19% (Fig. 4A). As for the grazing
preference (Fig. 3), grazed DM of lichens (Fig. 4A, B) showed
completely overlapping ranges and variation between thalli used in
the two experiments.
The grazed DM of acetone-rinsed pieces with hardly any CBSCs
left (total mean 33.3 ± 0.6 mg DM d1 ¼ 6.7 mg d1 woodlouse1)
was at similar levels in both experiments (Fig. 4B; insert). Grazing
of rinsed lichens strongly increased in those samples that had
contained a high CBSC concentration before extraction (Fig. 4B).
The regression between rinsed DM consumed and percent CBSC
before rinsing (Fig. 4B) was signiﬁcantly improved after adding
grazed biomass of the control counterpart as an additional
explanatory parameter in a multiple regression model (Table 1).
This was done because the grazed DM of controls and of extracted
pieces were just weakly correlated (r ¼ -0.234); the low variance
inﬂation factors (VIF; Table 1) showed that multicollinearity was
not a problem in the multiple regression. For the extracted thalli
that had the lowest CBSC concentration before extraction (Fig. 4B),
grazing was at a similar level (z30 mg d1 ¼ 6 mg d1 woodlouse1) as in the control pieces with the lowest natural compound
concentration (Fig. 4A). This was consistent with the lack of preference (Fig. 3) at low concentrations of CBSCs. With increasing
removal of CBSCs, grazing by the ﬁve woodlice increased to

Fig. 3. The relationship between the grazing preference for CBSC-deﬁcient Hypogymnia physodes thalli and the extracted CBSCs. Grazing preference was recorded after
24 h grazing by ﬁve specimens of the woodlouse species Porcellio scaber. The solid line
shows the regression line, the dotted lines show 95% conﬁdence intervals, and the
hatched line shows the no-preference line. Filled and open symbols represent two
separate experiments done in the same way, but separated in time and run by different
persons. The insert shows the overall mean grazing preference for CBSC-deﬁcient thalli
in each of these two experiments, vertical bars show 1 standard deviation.

z50 mg d1 even for the thalli that had the highest CBSC concentration (19%) before the start (Fig. 4B), equivalent to a consumption of 10 mg d1 woodlouse1.
4. Discussion
This study conﬁrms the old and often forgotten experiments of
Stahl (1904) who showed that woodlice actually grazed lichens
after their CBSCs had been reduced by a sodium carbonate solution
treatment. An acetone extraction is better than the soda solution
extraction because acetone causes less damage to the lichen
(Solhaug and Gauslaa, 2001, 2004). The CBSCs in H. physodes are not
highly detrimental to woodlice as these compounds do not reduce
grazing preference unless the total concentration is higher than
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Fig. 4. The relationships between (A) the consumed dry mass of control thalli and their concentration of CBSC, and (B) between the consumed dry mass of acetone-rinsed pieces
and the concentration of CBSC that had been removed by the rinsing. Each pair of control and rinsed pieces of Hypogymnia physodes had been served to ﬁve specimens of the
woodlouse species Porcellio scaber for 24 h. The solid line shows the regression line; the dotted lines show 95% conﬁdence intervals. Filled and open symbols represent two separate
experiments done in the same way, but separated in time and run by different persons. The inserts show the overall mean grazed DM in control thalli (insert in A) and the overall
mean grazed DM in CBSC-deﬁcient thalli (insert in B) in each of these two experiments, vertical bars show 1 standard deviation.

Table 1
Multiple regression model for the grazed lichen biomass in extracted lichen pieces
using (1) the CBSC concentration prior to extraction and (2) the grazed biomass of
their control counterparts as explanatory variables. Grazed lichen biomass in
extracted lichen pieces ¼ 7.475 þ (0.355 * grazed control biomass) þ (1.997 * %
extracted CBSC); (r2adj ¼ 0.383; P < 0.001; n ¼ 310).

Constant
Grazed control biomass
% extracted CBSC

Coefﬁcient±1SE

T

P

VIF

7.475 ± 2.761
0.355 ± 0.080
1.997 ± 0.155

2.707
4.420
12.893

0.007
<0.001
<0.001

1.735
1.735

VIF: Variance inﬂation factor.

4e5% (Fig. 3). This is consistent with a quantitative rather than a
qualitative defense (e.g. Smilanich et al., 2016). The natural concentration in thalli collected from interior parts of shaded spruce
forests (6.7%; see Solhaug et al., 2009) is just slightly above this
limit, implying a risk for lichens growing in the shade to be
consumed by woodlice.
We consider the DM loss during acetone rinsing to be a good
estimate of total CBSC concentration in H. physodes for the
following reasons: (1) In an HPLC-study of CBSCs in H. physodes
from ﬁve nearby habitats, the mean concentration was 9.5 ± 0.4%
(n ¼ 75; with a total range of 3.6e20.8%) (Solhaug et al., 2009).
These values correspond well with the mass loss measured after
our extraction (9.6 ± 0.2%; 1.6e19.3%; n ¼ 310). (2) There is a strong,
positive relationship between the absorbance of extracts at 270 nm
per DM and percent reduction in DM after the efﬁcient acetone
rinsing (Fig. 2). (3) Other studies have shown that extraction protocols similar to ours extract nearly all medullary CBSCs present
(>97%) in H. physodes from intact, unground lichen material
(McEvoy et al., 2006; Asplund et al., 2015). Because medullary
CBSCs in general represent a much stronger herbivore defense than
cortical compounds, which function mainly as solar radiation
screens (as reviewed by Solhaug and Gauslaa, 2012), the reduced
extraction of the minor cortical CBSCs (McEvoy et al., 2006) is unlikely to inﬂuence the grazing preference.
It is remarkable that P. scaber consistently ate, to some extent,
even control thalli with high CBSC concentration (Fig. 4A), despite
being known to discriminate between diets made up with different

microbe species (Ihnen and Zimmer, 2008) or diets with and
without cadmium addition (Zidar et al., 2005). One interpretation is
that there is a balance between the fodder quality and deterrence in
woodlice feeding on CBSC-containing H. physodes. The strong increase in grazing of acetone-rinsed CBSC (Fig. 4B) is consistent with
a hypothesis that investment by the lichen in CBSC-production
increases in thalli with the highest nutrition quality. Future experiments should investigate this aspect.
An unusually diverse microﬂora is associated with the cuticle of
the hindgut of P. scaber (Kostanjsek et al., 2002) and this may help
to degrade toxic CBSCs. Oxidation of phenolics in the gut of P. scaber
appears mainly due to the endosymbiotic bacteria of the hepatopancreas (Zimmer, 1999). Indeed, CBSC-degrading microbes have
been isolated from the digestive organs of specialized lichenivores
such as reindeer (Sundset et al., 2008, 2010).
Woodlice may contribute to the lack of H. physodes on shaded
lower trunks in broadleaved deciduous stands. P. scaber prefers
habitats with subneutral soil pH-ranges (VanStraalen and Verhoef,
1997), and declines with acidiﬁcation (Zimmer and Topp, 1997). H.
physodes is uncommon on trunks of trees growing in subneutral
soils, but is more common on trunks on acidic soils. This is
consistent with woodlouse-exclusion of H. physodes on lower parts
of trees. Woodlice populations are predicted to increase with global
warming (David and Handa, 2010) with possible more serious effects on lichens in the future.
In forests, a substantial biomass of epiphytic lichens falls to the
ground as litter (Esseen, 1985; Knops et al., 1996; Berryman and
McCune, 2006; Caldiz and Brunet, 2006). Epiphytic lichen litter
thus feeds a decomposer community (Asplund and Wardle, 2017).
Consumption and decomposition of H. physodes litter on the forest
ﬂoor is fast, and acetone rinsing of the lichen litter speeds up
decomposition rates (Asplund et al., 2013; Asplund and Wardle,
2013). Detrivores may thus contribute to rapid nutrient cycling by
decomposing litter from epiphytic lichen communities. Considering the high woodlice feeding also of lichens rich in CBSCs (Fig. 4),
macroinvertebrates likely affect lichen litter pools on the forest
ﬂoor.
Hyv€
arinen et al. (2000) found that somatic parts of H. physodes
have lower concentration of CBSCs than soralia which increase in
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abundance as thalli grow. The lack of relationship between sampled
thallus size and CBSC concentration in our data set, suggests that all
studied specimens had reached the mature reproductive stage.
In conclusion, the macrodetrivorous woodlouse P. scaber
responded like other lichenivorous organisms by increasing their
lichen consumption after non-destructive extraction of lichen
CBSCs with acetone. However, their preference for CBSC-deﬁcient
lichens was lower than that of earlier studied lichen-feeding specialists. H. physodes from shade-adapted habitats had a lower CBSC
concentration than that required to deter the woodlouse, suggesting that woodlice could be important consumers of lichens on
the lower parts of tree trunks.
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