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SHORT COMMUNICATION

Home is where the heart rot is: violet click beetle,
Limoniscus violaceus (Müller, 1821), habitat attributes
and volatiles
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Abstract. 1. The decreasing number of veteran trees in Europe threatens old-growth
habitats and the fauna they support. This includes rare taxa, such as the violet click beetle,
Limoniscus violaceus (Müller, 1821).
2. Samples of wood mould were taken from all beech trees in Windsor Forest previously conﬁrmed to have contained L. violaceus larvae, and from trees where L. violaceus
had not previously been detected, the latter categorised as having high, medium or low
likelihood of containing the beetle during recent surveys. Habitat characteristics were
measured, and volatile proﬁles determined using gas-chromatography massspectrometry.
3. Water content signiﬁcantly differed between tree hollows of different violet click
beetle status, high-potential habitats having higher and relatively stable water content
compared with habitats with medium or low potential of beetle occupancy. Several volatile organic compounds (VOCs) were signiﬁcantly associated with L. violaceus habitats.
No differences in other characteristics were detected.
4. The distinction in water regime between habitats highlights that recording this
quantitatively could improve habitat surveys. Several potential L. violaceus attractant
VOCs were identiﬁed. These could potentially be integrated into existing monitoring
strategies, such as through volatile-baited emergence traps or volatile-based surveying
of habitats, for more efﬁcient population monitoring of the beetle.
Key words. Coleoptera, Elateridae, hollow, microhabitat, rot hole, saproxylic, volatile
organic compounds.

Introduction
Deforestation of British woodland in the 20th Century, particularly during the war periods (1914–1918 and 1939–1945), has
resulted in a generation gap between young and veteran trees
(Rotherham, 2013). Veteran trees are old trees exhibiting features such as large trunk diameters, ﬁssured bark and large hollows (Lindenmayer & Laurance, 2017). Increasing threats from
habitat fragmentation and loss jeopardise the future of these trees
(Harper et al., 2005; Lindenmayer et al., 2014; Ruete
et al., 2016) and the organisms that depend on the microhabitats
they provide, such as hollows (Gough et al., 2014).
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Heart rot (fungal decay of the central heartwood) results in
long-lasting hollows, or rot holes, on which many saproxylic
invertebrate species are dependent (Hennon, 1995; Stokland
et al., 2012; Taylor & Ranius, 2014; Siitonen & Ranius, 2015).
Tree hollows can remain for many years, maintaining habitat
continuity, even after the tree’s death (Rose et al., 2001; Stahlheber et al., 2015). Many invertebrate taxa require speciﬁc biotic
and abiotic characteristics for their development, thus heterogeneity of these conditions is a major driver of invertebrate diversity in dead wood habitats (Quinto et al., 2014; Seibold
et al., 2016). Hollow organisms such as fungi also produce habitat cues (speciﬁc stimuli which attract invertebrates), including
volatile organic compounds (VOCs; Leather et al., 2014; Webster & Cardé, 2017). Given the declining numbers of veteran
trees, and the long time period taken by trees to achieve this status and for hollowing to occur, the fauna associated with heart rot
habitats is often endangered (Cálix et al., 2018). Understanding
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the requirements of the fauna dependent on these habitats, and
what makes these environments attractive, is essential for developing effective conservation strategies.
The violet click beetle, Limoniscus violaceus (Müller 1821), is
an Annex II species within the EU Habitats Directive and has
Endangered status at a European level (Cálix et al., 2018). Limoniscus violaceus inhabits composting wood mould in the base of
hollow tree trunks, mostly in beech (Fagus sylvatica) and ash
(Fraxinus excelsior) in the United Kingdom, at only three sites
(Gouix et al., 2012; Gouix et al., 2015). At the time of this study,
speciﬁc trees were conﬁrmed to contain the beetle larvae in only
Windsor Forest. Larvae develop over 2 years before pupation;
nocturnal adult forms are thought by some to emerge, if they
do, in spring, rarely dispersing from their natal habitat, with oviposition happening in late spring (Whitehead, 2003). The adult
beetle is suspected to be active between April and June.
The aim of this study was to determine whether hollows
known to contain L. violaceus, and those which did not, differed
in tree diameter, hole opening size, wood mould density, percentage water content and water potential, and VOCs emitted.
Two hypotheses were tested: tree hollows in which
L. violaceus has been recorded within the previous 2 years
(H1) exhibit speciﬁc physical characteristics, and (H2) have distinct volatile proﬁles.

which were sampled alongside a similar number from each other
survey category. Non-conﬁrmed trees were selected based upon
proximity to conﬁrmed trees, the volume and accessibility of
wood mould, and to satisfy approximate equivalence to the number of conﬁrmed trees. Wood mould was collected from each
sampled Windsor Forest tree in April, May and June 2016, the
period during which adult L. violaceus is active (pers. comm.
Sarah Henshall, Buglife). Samples were taken from 16 trees at
Windsor Forest, comprising ﬁve trees with conﬁrmed activity
of L. violaceus (all of the conﬁrmed L. violaceus habitat trees
present at the time of collection), and three, four and four trees
considered to have, respectively, high, medium and low likelihood of violet click beetle presence. All sampling was carried
out with a Natural England habitat disturbance licence. Samples
were taken from standing trees and a single fallen tree. Substrate
samples ofapproximately 100 cm3 in volume were removed by
gloved hand from basal hollows. One substrate sample
(~15 cm3) was taken from each tree hollow in each month by
taking wood mould from a few centimetres below the surface
in a gloved hand and sealing it in a universal tube for analysis
of VOCs. The tree diameter at 1.3 m from the ground, and hollow entrance dimensions halfway up and along each hole were
measured. The substrate samples were transported to the laboratory at Cardiff University on the same day and stored at 4 C.

Materials and methods

Wood mould characterisation

Study sites and sample collection

Density (oven dry mass/fresh volume; g cm−3), water content
(% oven dry mass) and water potential (MPa) were determined
for each sample. Each of these is intimately associated with the
decay process: density determines the physical resistance and
affects moisture relations; water content is relevant both in terms
of whether there is enough for physiological processes to occur
or too much, which restricts aeration, but suffers from the drawback that its value varies not only depending on the amount of
water present but also on the density of the material; and water
potential indicates the availability of water, the latter known to
be particularly important in facilitating fungal activity. Density
and water content were determined by measuring fresh volume
and mass, oven-drying for 5 days at 60 C, and reweighing.
Water potential of fresh wood mould samples was determined
in a Decagon Devices WP4C Dew Point PotentiaMeter
(METER Group Inc., Pullman, WA, USA) at 25 C.

All samples and data were collected from Windsor Forest
(51 260 02.5”N, 0 380 37.2”W). Windsor Forest contains many
veteran trees with large hollows that afford habitat for many
saproxylic invertebrates (JNCC, 2019; Fowles, 2020). Limoniscus violaceus was ﬁrst recorded in Windsor Forest in 1937 and
this location was thought to be the home of the largest UK population of the beetle at the time of this study. Windsor Forest is
designated a Special Area of Conservation (SAC) under Annex
II of the EC Habitats Directive.
The tree hollow microhabitats at Windsor Forest have all been
assessed and each rated according to L. violaceus occupancy
potential (i.e. habitat status): conﬁrmed, and low, medium or
high potential of beetle presence. Habitat statuses were determined in 2014–2015 by entomological experts from Natural
England and Buglife contracted to survey the site. Veteran beech
trees were categorised as high potential if they had basal hollows,
blown tops and evidence of heart rot comprising black wood
mould within the hollow. Medium potential trees lacked obvious
basal hollows but had their top blown off, trunk damage or earlystage basal hollows. Low potential trees were intact beech with
no obvious or accessible hollows, or substrate too dry and
exposed to be L. violaceus habitat. Breeding populations of
L. violaceus were conﬁrmed in ﬁve trees by presence of larvae,
the surveys taking place 1–2 years before this study, thus very
likely that beetles remain given their 1–2 year larval
development.
The number of trees sampled in the present study was based
around the number of conﬁrmed L. violaceus habitats, all of

VOC analysis
The VOCs present in each wood mould sample were determined using thermal desorption gas-chromatography time-ofﬂight mass-spectrometry (TD-GC-TOF-MS) by tipping the
wood mould into plastic food-grade roasting bags and sealing
them for 30 min at room temperature (~25 C), allowing the
VOCs to diffuse into the bag’s headspace. Using an Easy-VOC
manual hand pump (Markes International Ltd., Llantrisant,
UK), 500 ml of the air from the headspace was extracted over
a SafeLok™ thermal desorption tube (TenaxTA/Sulﬁcarb,
Markes International Ltd.). A control sample was prepared by
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pumping 500 ml of air from the laboratory atmosphere over a
thermal desorption tube for each round of sampling. A retention
standard was prepared by directly loading 1 μl of C8-C20 alkane
standard solution (Sigma-Aldrich, St. Louis, MO, USA) into a
thermal desorption tube.
The thermal desorption tubes were placed in a Markes International TD-100 Thermal Desorber (Markes International Ltd.)
which desorbed the tubes at 100 C for 5 min, followed by
280 C for 5 min with a 40 ml min−1 trap ﬂow. Trap desorption
and transfer were carried out with a temperature increase of
20 C sec−1, a maximum temperature of 300 C for 3 min, with
a split ﬂow of 5 ml min−1. The VOCs were then separated in
an Agilent 7890A GC system (Agilent Technologies, Santa
Clara, CA, USA) with helium used as a carrier gas at 2 ml min−1
under constant ﬂow conditions for 2 min at 40 C. This process
was followed by a temperature increase of 5 C min−1 up to a
maximum temperature of 240 C, at which point the temperature
remained constant for 5 min. The mass spectra of the separated
VOCs were then recorded from m/z 30–350 in a time-of-ﬂight
ALMSCO BenchTOF-dx (Markes International Ltd.).
Data from GC–MS were processed using MSD ChemStation
(Agilent Technologies Inc. 2005) and AMDIS, with a custom
retention-indexed mass spectral library of compounds, a compiled list of compounds identiﬁed across all of these samples
and others taken from wood mould that have been checked and
veriﬁed against the NIST 2011 library. All VOCs scoring more
than 80% in forward and backward ﬁt in the NIST 2011 library
were included in the custom library of mass spectra. Data were
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normalised as proportions of each volatile proﬁle and were
square root transformed to prevent large values from biasing
the results.

Statistical analyses
Statistical analyses were carried out in the R statistical package v3.2.2 (R Core Team, 2020). Habitat characteristics were
compared using a Kruskal–Wallis test as the data did not conform to analysis of variance (ANOVA) assumptions. Where signiﬁcant differences were identiﬁed, Dunn post hoc tests were
carried out with P-values adjusted by Bonferroni correction.
The GC–MS data were initially analysed using permutational
multivariate analysis of variance (PerMANOVA) using the ‘adonis’ function of the ‘vegan’ package (Oksanen et al., 2016) to
compare the VOCs against L. violaceus habitat status, month,
tree diameter, tree hollow opening size, wood mould density,
water content and water potential, and relevant inter-variable
interactions. Data were then analysed using canonical analysis
of principal coordinates using the ‘CAPdiscrim’ function of the
‘BiodiversityR’ package (Kindt & Coe, 2005). The VOCs were
separated into groups based on hierarchical clustering. Weighted
correlation network analysis (WCNA) was carried out to identify
whether any groups of VOCs, and the VOCs within these
groups, correlated with L. violaceus habitat status and other independent variables. For WCNA, L. violaceus habitat status and
tree species were represented as discrete variables (WCNA cannot analyse categorical variables), with low, medium and high
potential, and conﬁrmed habitats represented by 0, 1, 2 and
3, respectively. The soft threshold power was set to 7 and a minimum group size of 10 used. All compounds signiﬁcantly associated with L. violaceus habitat status were separated and analysed
in a ﬁnal VOC PerMANOVA.
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Violet click beetle habitat status
Figure 1. Water content (expressed gravimetrically as percentage of
oven dry mass) of habitats of different L. violaceus survey status. Water
content was signiﬁcantly different between trees of different L. violaceus
statuses, with high potential habitats having signiﬁcantly higher water
content than medium and low potential habitats. The water content of
high potential and conﬁrmed L. violaceus habitat wood mould is less variable than medium and low potential habitats.

Overall, trees of different L. violaceus status did not have signiﬁcantly different diameters, hollow hole sizes, wood mould
water potentials nor wood mould densities, but did have signiﬁcantly different wood mould water content (Kruskal–Wallis:
χ23 = 10.553, P = 0.014; Fig. 1; Table 1). High potential habitats
had signiﬁcantly higher water content than medium (Dunn:
Z = 2.75, adjusted-P = 0.036) and low (Dunn: Z = 2.75,
adjusted-P = 0.036) potential habitats. Invertebrate communities
were also coarsely compared between hollows, but no signiﬁcant
differences found (Supporting Information S1; Tables S1
and S2).

Habitat VOC analysis
A library of 185 compounds was compiled from all samples,
with an average of 68 compounds per wood mould sample
(Supporting Information Figs. S1 and S2). The volatile proﬁles
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Table 1. Habitat characteristics of trees with conﬁrmed, and of high, medium and low potential of L. violaceus presence. Mean values  standard
deviations.

Category
Trees conﬁrmed for L.
violaceus
High potential trees
Medium potential trees
Low potential trees

Tree
diameter, cm

Hollow opening
size, cm2

Wood mould
density, g cm−3

Wood mould water content, %
dry mass*

Wood mould water
potential (MPa)

106  23

4416  2938

0.21  0.06

74  10

−0.25  0.28

102  20
88  15
96  11

6130  7664
681  807
4701  8405

0.15  0.02
0.32  0.27
0.22  0.07

84  1
56  14
52  22

−0.41  0.36
−2.97  3.50
−1.37  2.39

Only water content was signiﬁcantly different between habitat categories (denoted by *). The other invertebrates present in these hollows were coarsely
identiﬁed and compared, but did not differ signiﬁcantly (Supporting Information S1; Tables S1 and S2).

were signiﬁcantly different between months (PerMANOVA:
R2 = 0.365, df = 2, pseudo-F = 14.351, P < 0.001), but not
between habitats of different L. violaceus statuses (Supporting
Information Figure S3). Canonical analysis of principal coordinates on month and L. violaceus habitat status, combined into a
single variable, resulted in correct classiﬁcation of 42.9% of volatile proﬁles to their month and L. violaceus habitat status based
on their constituent VOCs (CAP: P < 0.001; Fig. 2a). April volatile proﬁles were distinct from other months, with large separation based on L. violaceus habitat status. Whilst more tightly
clustered, May volatile proﬁles showed little overlap between
L. violaceus habitat statuses. June volatile proﬁles substantially
overlapped between L. violaceus statuses, but the conﬁrmed habitat volatiles overlapped little with other statuses.
Canonical analysis of principal coordinates on L. violaceus
habitat status and month, separately resulted in correct classiﬁcation of 46.9% (CAP: P = 0.008; Fig. 2b) and 93.9% (CAP:
P < 0.001; Fig. 2c) of volatile proﬁles to their L. violaceus habitat status and month, respectively, based on their constituent
VOCs. Volatile proﬁles of different L. violaceus habitat status
substantially overlapped. Less overlap was observed between
months.
Through WCNA, 17 VOCs were identiﬁed as signiﬁcantly
associated with L. violaceus habitat status (Table 2; Fig. S3).
Of these, 3-methyl nonane was minimally detected in all but
the conﬁrmed L. violaceus habitat samples, and dimethyldodecane isomer 2 and 5-methyl-undecane were minimally
detected in all but the conﬁrmed and high potential
L. violaceus habitat samples. A PerMANOVA with this subset
of 17 associated VOCs identiﬁed signiﬁcantly different proﬁles
between habitats of different L. violaceus habitat status
(PerMANOVA: R2 = 0.194, df = 3, pseudo-F = 4.470,
P < 0.001) and between habitats with different water potential
(PerMANOVA: R2 = 0.115, df = 1, pseudo-F = 7.939,
P = 0.001).

Discussion
This study has shown, for the ﬁrst time, that speciﬁc VOCs are
associated with the habitat of the violet click beetle. These VOCs
were mostly branched alkanes, containing several methyldodecane isomers (Table 2; Supporting Information Fig. S3).

A combination of these might be worth trialling in bioassays
for use in attracting the beetle or for detecting additional
L. violaceus habitats. Whilst no overall signiﬁcant difference
was found between the whole volatile proﬁles between habitats
of different L. violaceus status, coarse distinctions were evident
in the canonical analysis of principal components visualisation
(Fig. 2). The substantial separation of volatile proﬁles based on
L. violaceus habitat status in April aligns with the beetle’s suspected emergence. The distinction between volatile proﬁles
from habitats of different L. violaceus status throughout May
and June could relate to speciﬁc activity of the beetle, such as
oviposition, in the conﬁrmed habitat hollows during these
months. The difference in volatile proﬁles between months
could, however, relate to differences in the activity of other
organisms. Regardless, the use of these VOCs for any downstream applications relating to L. violaceus must consider the
temporal nature of these VOCs since compounds relevant in
April may not be relevant in June, and vice versa, possibly
relating to the temporal dynamics of the beetle’s emergence
and oviposition. Of the compounds associated with
L. violaceus habitat, only benzene was also associated with a
speciﬁc month (April), indicating that the other compounds
should be distinctly associated with L. violaceus habitat across
all three months studied.
Given the dependence of L. violaceus on well-decayed heartwood (Gouix et al., 2015), wood decay fungi are likely candidates for producing habitat cues responsible for its attraction,
though habitat cues may diffuse from multiple sources simultaneously (Webster & Cardé, 2017). Fungal volatiles are common
beetle attractants, with speciﬁc fungal species and interspeciﬁc
interactions producing distinct volatile proﬁles, and attracting
distinct beetles (Leather et al., 2014; El Ariebi et al., 2016).
The emission of VOCs by fungi can also be temporally distinct,
serving as an indicator of habitat suitability for beetles, if coinciding with their phenology (Jofré et al. 2016). Such changes
between April and June may trigger a volatile-mediated choice
of oviposition site by L. violaceus. The precise timing of this
could, however, vary between years depending on temperature,
as this is a major driver of microbial activity. Regardless, the
VOCs associated with L. violaceus habitat could be used for population monitoring or habitat surveys and, since most are not
associated with speciﬁc months, may be applicable throughout
April to June.
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Figure 2. Linear discriminant plots of habitat volatile proﬁles. Proﬁles were ordinated based on (a) month and L. violaceus habitat status, combined into
one variable, (b) L. violaceus habitat status, and (c) month. Ellipses represent 95% conﬁdence interval for each category. (a) Blue, grey and red denote
April, May and June, respectively, with progressively darker colours denoting low, medium and high potential, and conﬁrmation of L. violaceus presence,
respectively; (b) Grey, blue, red and black denote low, medium and high potential, and conﬁrmation of L. violaceus presence, respectively. (c) Blue, black
and red denote April, May and June, respectively. [Color ﬁgure can be viewed at wileyonlinelibrary.com]

The volatiles identiﬁed as associated with L. violaceus habitats resemble many VOCs produced by fungi, including
branched alkanes and benzene derivatives (Morath et al. 2012).
Of these, dimethyl-dodecane isomers (Geethalakshmi and Sarada 2013), 2,7-dimethyl-octane (Schaeffer et al. 1979) and
2,9-dimethyl-decane (O’Leary et al. 2019) are all produced by
fungi, including during wood decomposition. Many such fungal
VOCs are important insect attractants (Morath et al. 2012;
Leather et al. 2014). The precise sources of the individual VOCs
identiﬁed in this study are, however, unknown and would be
extremely difﬁcult, if not impossible, to ascertain, even with
exhaustive study of volatile-organism associations since several

organisms, individually or interacting, may be responsible for
production of the same compounds (Hynes et al., 2007; El Ariebi
et al., 2016; Hiscox et al., 2018). Investigation of the fungi present in these wood mould substrates, and their volatile proﬁles,
could, however, give a tentative indication of the sources of
VOCs important for L. violaceus, given the importance of fungal
VOCs as insect habitat cues (Leather et al., 2014; Webster &
Cardé, 2017).
Limoniscus violaceus has been a priority of many conservation management plans and Special Areas of Conservation.
The loss of hollow veteran trees, and consequently viable habitat
for L. violaceus, is particularly catastrophic given the lack of
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Table 2. VOCs signiﬁcantly associated with L. violaceus habitat status, and with speciﬁc trait associations, ‘+’ positive and ‘−’negative correlation. Of
these, 3-methyl nonane was minimally detected in all but the conﬁrmed L. violaceus habitat samples, and dimethyl-dodecane isomer 2 and 5-methylundecane were minimally detected in all but the conﬁrmed and high potential L. violaceus habitat samples.
Compound

Correlation

P-value

2-Methyl-nonane
2,2,5-Trimethyl-hexane
Dimethyl-dodecane isomer 1
Dimethyl-undecane
Nonane
Undecane
2,5-Dimethyl-nonane
Decane
2-Methyl-undecane
Dimethyl-dodecane isomer 2
Trimethyl-dodecane
2,7-Dimethyl-octane
Dimethyl-dodecane isomer 3
Benzene
2,9-Dimethyl-decane
5-Methyl-undecane
3-Methyl-nonane

0.441
−0.404
0.403
0.403
0.393
0.368
0.357
0.349
0.345
0.341
0.338
0.336
0.330
0.324
0.307
0.291
0.290

0.002
0.004
0.004
0.004
0.005
0.009
0.012
0.014
0.015
0.016
0.017
0.018
0.021
0.023
0.032
0.043
0.043

recruitment of such additional trees (Alexander, 2009; Gouix
et al., 2009). The sensitive nature of these habitats, the paucity
of beetles remaining, and their unidentiﬁable frass, render most
population monitoring methods too invasive or ineffective
(Gouix & Brustel, 2012). Wood mould sampling is effective,
but destructive, whilst pitfall traps within hollows are effective
but mostly lethal, which is unacceptable for such rare species
(Ranius & Jansson, 2002). Emergence trapping is a relative
improvement given the more selective approach, but attractants
could enhance this efﬁciency. Live trapping (i.e. without the
use of preservatives) remains the most acceptable approach,
but great taxonomic experience must ﬁrst be accrued by those
surveying to give conﬁdent ﬁeld identiﬁcation. Care must also
be taken to reduce any within-trap predation of these rare beetles
by simultaneously trapped generalist predators such as large spiders and carabid beetles. Such events can be limited by regular
monitoring the traps, with visits twice daily advisable where
practical. Habitat cue VOCs known to attract L. violaceus could
enhance emergence traps or be used to detect habitats occupied
by the beetle (Gouix & Brustel, 2012; Hoyer-Tomiczek
et al., 2016).
The signiﬁcantly higher water content in high potential
L. violaceus habitats could indicate a requirement for higher
water content by L. violaceus or an organism on which it
depends, although this distinction was not true for the conﬁrmed
L. violaceus habitats. Despite no signiﬁcant difference being
detected between L. violaceus habitats and other hollows, reference to these quantitative values could reﬁne habitat surveys
given the relatively stable water content between hollows for
conﬁrmed trees. Current qualitative survey approaches for
L. violaceus habitats consider the moistness of the wood mould,
so inclusion of quantitative guides could reﬁne these efforts.
Habitat status was based on qualitative assessment of substrate
characteristics by entomological experts familiar with the

Associations with other traits

Water content (+)
Diameter (+)
Diameter (+)
Diameter (+), water potential (+)

Diameter (+)
Month (−)
Diameter (+)

beetle’s habitat, termed microhabitat-based searching (Stokland
et al., 2012). Whilst such surveys are highly effective, the suitability of habitats may decline over time, and their volatile proﬁles and microclimate conditions may change accordingly.
There were no other conﬁrmed habitats of L. violaceus at the
time of this study, making this the most comprehensive study
of British L. violaceus habitat volatiles possible at that time. Further habitat trees have been identiﬁed in the ash trees of Bredon
Hill, which could conﬁrm the results of this study if also investigated. Failure to discover additional L. violaceus habitats in this
survey of Windsor Forest highlights the rarity of the beetle. Identiﬁcation of a suitable attractant VOC for L. violaceus could
facilitate reﬁned population monitoring and an improved understanding of the habitat requirements of L. violaceus (HoyerTomiczek et al. 2016); however, conﬁrmation of any attractant
properties of the VOCs identiﬁed in this study would need to
be carried out via bioassay prior to their application. These
VOCs may, however, provide some utility in identifying active
habitats of L. violaceus via sensitive surveys prior to conﬁrmation with traditional techniques, such as live trapping. Regardless, these VOCs may facilitate the development of less
invasive surveys, ultimately guiding development of improved
conservation plans to protect the remaining British L. violaceus
populations.

Acknowledgements
The VOC analysis was part-funded by Buglife. Thanks to Crown
Estate for allowing sampling, and Buglife and Natural England,
particularly Sarah Henshall, for support with sampling. The
assistance of Steffan Jones and Snehasis Tripathy, Cardiff University School of Engineering, in determining water potential
is acknowledged.

© 2020 The Authors. Insect Conservation and Diversity published by John Wiley & Sons Ltd on behalf of Royal Entomological
Society., Insect Conservation and Diversity, doi: 10.1111/icad.12441

Violet click beetle habitat
Data availability statement
All necessary data are deposited on and publicly available
through Dryad: https://doi.org/10.5061/dryad.f4qrfj6tq

Supporting information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
Appendix S1: Supplementary Information
Figure S1 Example chromatograms of volatile proﬁles from
rot of a conﬁrmed L. violaceus habitat and of a habitat with
low potential of L. violaceus occupancy. For fair comparison
the most visually similar proﬁles from each category were
selected from the same month, in this case June.
Figure S2 The example chromatograms presented in
Figure S1 of volatile proﬁles from rot of a conﬁrmed
L. violaceus habitat and of a habitat with low potential of
L. violaceus occupancy, but with expanded y axes to emphasise
the differences between the proﬁles given the compression of
most peaks due to the presence of much larger peaks. Substantial
differences are highlighted with grey boxes of equivalent height
along each y axis.
Figure S3 The relative intensity of the VOCs signiﬁcantly
associated with L. violaceus habitat status are given as percentages of the total of these intensities for each of the four habitat
statuses.

References
Alexander, K.N.A. (2009) The violet click beetle Limoniscus violaceus
(Muller, PWJ) (Coleoptera, Elateridae) in England: historic landscapes, ecology and the implications for conservation action.
Saproxylic Beetles: Their Role and Diversity in European Woodland
and Tree Habitats - Proceedings of the 5th Symposium and Workshop(ed. by J. Buse, K.N.A. Alexander, T. Ranius and T. Assmann),
pp. p. 119–131. Pensoft, Luneburg.
El Ariebi, N., Hiscox, J., Scriven, S.A., Müller, C.T. & Boddy, L. (2016)
Production and effects of volatile organic compounds during interspeciﬁc interactions. Fungal Ecology, 20, 144–154.
Cálix, M., Alexander, K.N.A., Nieto, A., Dodelin, B., Telnov, D.,
Vazquez-Albalate, Aleksandrowicz, X., et al. (2018). European Red
List of Saproxylic Beetles. Brussels. <http://scholar.google.com/
scholar?hl=en&btnG=Search&q=intitle:European+Red+List+of
+Saproxylic+Beetles#0>.
Fowles, A. (2020). Windsor Forest, Berkshire [England: South]
[Online]. <https://khepri.uk/dataset/482A36CE-BA2B-4902-ADD28C5D35AF81C5> Accessed 14th July 2020.
Geethalakshmi, R. & Sarada, D.V.L. (2013) Evaluation of antimicrobial
and antioxidant activity of essential oil of Trianthema decandra L.
Journal of Pharmacy Research, 6, 101–106.
Gough, L.A., Birkemoe, T. & Sverdrup-Thygeson, A. (2014) Reactive
forest management can also be proactive for wood-living beetles in
hollow oak trees. Biological Conservation, 180, 75–83.
Gouix, N. & Brustel, H. (2012) Emergence trap, a new method to survey
Limoniscus violaceus (Coleoptera: Elateridae) from hollow trees. Biodiversity and Conservation, 21, 421–436.

7

Gouix, N., Mertlik, J., Jarzabek-Müller, A., Németh, T. & Brustel, H.
(2012) Known status of the endangered western Palaearctic violet
click beetle (Limoniscus violaceus) (Coleoptera). Journal of Natural
History, 46, 769–802.
Gouix, N., Sebek, P., Valladares, L., Brustel, H. & Brin, A. (2015) Habitat requirements of the violet click beetle (Limoniscus violaceus), an
endangered umbrella species of basal hollow trees. Insect Conservation and Diversity, 8, 418–427.
Gouix, N., Zagatti, P. & Brustel, H. (2009) Emergence of beetles from
hollow trees - habitat requirements for Limoniscus violaceus (PWJ
Muller, 1821) (Elateridae). Saproxylic Beetles: Their Role and Diversity in European Woodland and Tree Habitats - Proceedings of the 5th
Symposium and Workshop(ed. by J. Buse, K.N.A. Alexander, T.
Ranius and T. Assmann), pp. p. 133–148. Pensoft, Luneburg.
Harper, K.A., Macdonald, S.E., Burton, P.J., Chen, J., Brosofske, K.D.,
Saunders, S.C., Euskirchen, E.S. et al. (2005) Edge inﬂuence on forest
structure and composition in fragmented landscapes. Conservation
Biology, 19, 768–782.
Hennon, P.E. (1995) Are heart rot fungi major factors of disturbance in
gap-dynamic forests. Northwest Science, 69, 284–293.
Hiscox, J., O’Leary, J. & Boddy, L. (2018) Fungus wars: basidiomycete
battles in wood decay. Studies in Mycology, 89, 117–124.
Hoyer-Tomiczek, U., Sauseng, G. & Hoch, G. (2016) Scent detection
dogs for the Asian longhorn beetle, Anoplophora glabripennis. EPPO
Bulletin, 46, 148–155.
Hynes, J., Müller, C.T., Jones, T.H. & Boddy, L. (2007) Changes in volatile production during the course of fungal mycelial interactions
between Hypholoma fasciculare and Resinicium bicolor. Journal of
Chemical Ecology, 33, 43–57.
JNCC (2019). Windsor Forest and Great Park [Online]. <http://jncc.
defra.gov.uk/ProtectedSites/SACselection/sac.asp?EUCode=
UK0012586> Accessed 4th February 2019.
Jofré, N., Pildain, M.B., Cirigliano, A.M., Cabrera, G.M., Corley, J.C. &
Martínez, A.S. (2016) Host selection by Ibalia leucospoides based on
temporal variations of volatiles from the hosts’ fungal symbiont.
Journal of Applied Entomology, 140, 736–743.
Kindt, R. and Coe, R. (2005). Tree diversity analysis. A manual and software for common statistical methods for ecological and biodiversity
studies.
Leather, S.R., Baumgart, E.A., Evans, H.F. & Quicke, D.L.J. (2014) Seeing the trees for the wood - beech (Fagus sylvatica) decay fungal volatiles inﬂuence the structure of saproxylic beetle communities. Insect
Conservation and Diversity, 7, 314–326.
Lindenmayer, D.B., Banks, S.C., Laurance, W.F., Franklin, J.F. &
Likens, G.E. (2014) Broad decline of populations of large old trees.
Conservation Letters, 7, 72–73.
Lindenmayer, D.B. & Laurance, W.F. (2017) The ecology, distribution,
conservation and management of large old trees. Biological Reviews,
92, 1434–1458.
Morath, S.U., Hung, R. & Bennett, J.W. (2012) Fungal volatile organic
compounds: a review with emphasis on their biotechnological potential. Fungal Biology Reviews, 26, 73–83.
O’Leary, J., Hiscox, J., Eastwood, D.C., Savoury, M., Langley, A.,
McDowell, S.W., Rogers, H.J., Boddy, L. & Müller, C.T. (2019)
The whiff of decay: linking volatile production and extracellular
enzymes to outcomes of fungal interactions at different temperatures.
Fungal Ecology, 39, 336–348.
Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P.,
McGlinn, D., Minchin, P.R., O’Hara, R.B., Simpson, G.L.,
Solymos, P., Henry, M., Stevens, H., Szoecs, E., & Wagner, H.
(2019). vegan: Community Ecology Package. R package version
2.5-6. <https://CRAN.R-project.org/package=vegan> 16th December
2019.

© 2020 The Authors. Insect Conservation and Diversity published by John Wiley & Sons Ltd on behalf of Royal Entomological
Society., Insect Conservation and Diversity, doi: 10.1111/icad.12441

8

Jordan P. Cuff et al.

Quinto, J., Micó, E., Martínez-Falcón, A.P., Galante, E. & Marcos (2014) Inﬂuence of tree hollow characteristics on
García, M.d.l.A.
the diversity of saproxylic insect guilds in Iberian Mediterranean
woodlands. Journal of Insect Conservation, 18, 981–992.
R Core Team (2020). R: a language and environment for statistical computing. [Online]. <http://www.r-project.org/>. Accessed 26th April 2020.
Ranius, T. & Jansson, N. (2002) A comparison of three methods to survey saproxylic beetles in hollow oaks. Biodiversity and Conservation,
11, 1759–1771.
Rose, C., Marcot, B.G., Mellen, T.K., Ohmann, J.L., Waddell, K.,
Lindley, D. & Schreiber, B. (2001) Decaying wood in Paciﬁc Northwest
forests: concepts and tools for habitat management. Wildlife-Habitat
Relationships in Oregon and Washington(ed. by D. Johnson and T.
O’Neil), pp. p. 580–623. Oregon State University Press, Corvallis.
Rotherham, I.D. (2013) Managing veterans for future conservation.
Arboricultural Journal, 35, 61–63.
Ruete, A., Snäll, T. & Jönsson, M. (2016) Dynamic anthropogenic edge
effects on the distribution and diversity of fungi in fragmented oldgrowth forests. Ecological Applications, 26, 1475–1485.
Schaeffer, T.L., Cantwell, S.G., Brown, J.L., Watt, D.S. & Fall, R.R.
(1979) Microbial growth on hydrocarbons: terminal branching inhibits
biodegradation. Applied and Environmental Microbiology, 38,
742–746.
Seibold, S., Bässler, C., Brandl, R., Büche, B., Szallies, A., Thorn, S.,
Ulyshen, M.D. & Müller, J. (2016) Microclimate and habitat

heterogeneity as the major drivers of beetle diversity in dead wood.
Journal of Applied Ecology, 53, 934–943.
Siitonen, J. & Ranius, T. (2015) The importance of veteran trees for
saproxylic insects. Europe’s Changing Woods and Forests: From
Wildwood to Managed Landscapes(ed. by K.J. Kirby and C. Watkins), pp. p. 140–153. CABI, Oxford.
Stahlheber, K.A., Crispin, K.L., Anton, C. & D’Antonio, C.M. (2015)
The ghosts of trees past: wavanna trees create enduring legacies in
plant species composition. Ecology, 96, 2510–2522.
Stokland, J.N., Siitonen, J. & Jonsson, B.G. (2012) Biodiversity in Dead
Wood(ed. by J.N. Stokland, J. Siitonen and B.G. Jonsson). Cambridge
University Press, New York.
Taylor, A.R. & Ranius, T. (2014) Tree hollows harbour a specialised
oribatid mite fauna. Journal of Insect Conservation, 18, 39–55.
Webster, B. & Cardé, R.T. (2017) Use of habitat odour by host-seeking
insects. Biological Reviews, 92, 1241–1249.
Whitehead, P.F. (2003) Current knowledge of the violet click beetle
Limoniscus violaceus (P.W.J. Muller, 1821) (Col., Elateridae) in Britain. Proceedings of the Second Pan-European Conference on
Saproxylic Beetles(ed. by C. Poland Bowen). People’s Trust for
Endangered Species, London.
Accepted 4 August 2020
Editor: Raphael Didham; Associate Editor: Mats Jonsell

© 2020 The Authors. Insect Conservation and Diversity published by John Wiley & Sons Ltd on behalf of Royal Entomological
Society., Insect Conservation and Diversity, doi: 10.1111/icad.12441

