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Introduction

Abstract. 1. Analysing faunal changes using life-history traits (LHT) represents
a promising venue in community ecology. We prepared traits table for 1234 spe-
cies of Central European macro-moths (Lepidoptera), a species-rich insect
group rather neglected by LHT analyses.

2. Table of 27 LHTs, split into 44 trait states, was subjected to ordination
analyses, aiming to disclose the main gradients in the traits’ covariance organis-
ing the regional fauna.

3. The main ordination gradient was related to habitats. It contrasted large-
ranging, tree foliage feeding and large-winged species of humid and wooded
habitats from small, trophic specialists feeding on reproductive plants parts and
inhabiting non-wooded, xeric habitats. This gradient sustained control for phy-
logeny, as well as omission of habitats- and biogeography-related traits from
the analyses. The secondary gradient, perpendicular to the former, distinguished
multivoltine and univoltine species, the former often mobile and having a long
adult period. Two minor gradients were related to defences/seasonality and to
adult diurnal activity.

4. The habitats and voltinism gradients predicted current commonness and
red-list status of individual species reasonably well.

5. Life histories are linked to habitat use, commonness and threat levels of
individual moths species in Central Europe. The overhelming importance of
habitat association mirrors the diversity of habitats used by Central European
moths. Species of closed woodlands tend to be more common and less threat-
ened than species of rarer grassland types; multivoltine and mobile species are
least threatened. The compiled LHT table will be of use for further conserva-
tion-oriented analyses of the moths communities.

Key words. Biogeography, habitat selection, life-history traits, macrolepidoptera,
moths conservation, ordination.

biogeography (McGill et al., 2006; Gagic et al., 2015).
Communities consist of species, but the species’ traits

Viewing animal communities or entire faunas through the
lens of life-history traits (LHT) of constituent species has
become a major current in community ecology and
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have evolved in response to environmental filters. Envi-
ronmental change shifts the representation of species in
communities, and hence the representation of functional
traits (e.g. Ockinger et al., 2010; Webb et al., 2010;
Games-Virues et al., 2015).

One group where LHT analyses have progressed quite
far is that of butterflies, the popular but rather species-
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poor (ca. 18 500 species globally) diurnal subgroup of
Lepidoptera (ca. 180 000 species). In temperate faunas
and communities, butterfly LHTs tend to form a gradient
from highly fecund and mobile species forming multiple
generations per year, overwintering in late stages and util-
ising wide ranges of resources, to species with opposite
trait states [generalists-specialist (herein g/s) continuum:
Dapporto & Dennis, 2013; Bartonova et al., 2014]. Some
attributes of the continuum correspond with the r-K selec-
tion theory (Pianka, 1970). More recent analyses have
revealed that traits associated with development speed
(e.g. voltinism, body size) are related to host plant form
[constrained voltinism (herein ¢V) continuum] (Bartonova
et al., 2014), and that nutrients’ quality affect develop-
ment and phenology (WallisDeVries, 2014). Still, the g/s
continuum has provided a conceptual framework to study
responses to altitude (Stefanescu ez al., 2011; Carnicer
et al., 2013), changing climate (Poeyry et al., 2009; Alter-
matt, 2010), habitat declines (Barbaro & van Halder,
2009; Franzén et al., 2012; Boerschig et al., 2013), restora-
tion actions (Woodcock et al., 2012), reserves design (Bar-
tonova et al., 2016) and long-term community change
(Habel et al., 2016).

Much less work has been done on LHTs of the species-
richer moths. The order Lepidoptera is traditionally (e.g.
Sterneck, 1929; Koch, 1984) and non-phylogenetically
divided into micro-moths and macro-moths. The group
consists of diurnal monophyletic butterflies and nocturnal
paraphyletic macro-moths (herein “moths”), not to be
confused with the narrower monophyletic clade of
Macrolepitoptera, or Macroheterocera (Timmermans
et al., 2014; Mitter et al., 2017). With advancing sampling
techniques, moths increasingly complement butterflies in
community ecology and conservation (e.g. Leps et al.,
1998; Merckx et al., 2010; Slade et al., 2013; Novotny
et al., 2015; Truxa & Fiedler, 2016). Some LHT analyses
exist on combined moths and butterflies data (Altermatt,
2010; Franzén et al., 2012), some studies have related
LHTs to moths’ distribution trends and extinction risk in
Northern Europe (Mattila et al., 2006, 2008; Franzén &
Johannesson, 2007; Hunter er al., 2014) and several recent
papers studied distribution of moths’ traits related to land
use changes (Mangels et al., 2017). Further progress, how-
ever, seems to be hindered by a lack of comprehensive
sources listing moths’ LHTs for entire faunas. The situa-
tion has much improved recently, with new publications
summarising the knowledge of major taxa and regions
(e.g. Hausmann, 2001; Schintlmeister, 2008; Witt & Ron-
kay, 2011).

We tabulated LHTs of macro-moths inhabiting Central
Europe and subjected them to multivariate analysis, seek-
ing to unravel major gradients in the traits’ diversity and
their relationships to the analysed species’ rarity and con-
servation status. Central Europe represents a suitable
region for such analysis, as its moths fauna is well-
known (Macek ez al. 2007, 2009, 2012) and moderately
rich. It hosts more species, and presumably higher LHT
diversity, than northern and western Europe, allowing

generalisation of the patterns for most of the European
continent.

Using the thus compiled traits table, we addressed the
following questions: (i) What are the main gradients of
variation in LHTs of Central European moths? (ii) How
robust are the variation gradients against including or
excluding traits defining the moths’ habitat affiliations
and biogeography ranges? (iii) What are the relationships
between the LHT gradients, species rarity and levels of
threat?

Materials and methods
Taxonomic and geographical scope

We worked with traditional (e.g. Sterneck, 1929) macro-
moths families, i.e. Hepialidae, Cossidae, Limacodidae,
Drepanidae Lasiocampidae, Lemonidae [= Brahmaeidae],
Endromididae, Saturniidae, Sphingidae, Geometridae,
Notodontidae, Thaumetopoeidae, Noctuidae (in the tradi-
tional concept), Arctiidae and Lymantridae [the latter two
recently classified as Erebidae (Zahiri er al., 2013)]. We
included all species occurring in any of the countries of
Central Europe: Austria, Czech Republic, Germany, Hun-
gary, Poland and Slovakia. We excluded species restricted
to the Alps, as high alpine fauna forms a separate biogeo-
graphical unit (cf. Dennis et al., 1991) and non-native inva-
sive species (Mlikovsky & Styblo, 2006). The total material
includes 1234 species (Appendix S1).

Life-history traits

The primary source for compiling LHTs was the three-
tome handbook by Macek et al. (2007, 2008, 2012), sup-
plemented, for missing traits, by other monographs,
papers, Internet sources and consultations with moths
experts. In the case of conflicting information, we pre-
ferred those from Central Europe over those from else-
where, those from nature over those from captive
breeding, those from low altitudes over from those from
high altitudes, and newer/primary literature over older/
secondary. After finishing the compilation, the informa-
tion for a single trait was checked during a single day, to
ensure compatibility across species.

A total of 27 LHTs, split into 44 trait states, forming
the following thematic groups, was tabulated.

1 Traits related to mobility, voltinism and related
themes pivotal to the g/s and cV continua (Bartonova
et al., 2014). (1) Wing span, expressed as forewing
length, a possible proxy for dispersal ability (Sekar,
2012), also related to development speed (Wal-
lisDeVries, 2014) and host plant use (Cizek et al.,
2006); a numeric variable. (2) Overwintering stage,
influencing year-round dispersal and resource location
(Boerschig et al., 2013), ordinal value from egg — 1, to
adult — 4. (3) Voltinism, the mean number of
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generations per year (higher in generalists: Dapporto
& Dennis, 2013; and related to development speed:
WallisDeVries, 2014). (4) Semivoltine development, i.e.
> 1 year, factor (1/0). (5) Migrations, for species
known to migrate over long distances (0/1). (6) Apter-
ous, 1.e. reduced wings in the female sex (0/1).

Traits related to the duration and timing of adult
stage, the former proportional to dispersal ability
(Bubova et al., 2016), the latter linked to habitats and
resource use (e.g. Zografou et al., 2015). (7) Flight per-
iod, or time of the year when adults occur, 5-states
factor (early spring, spring, summer, autumn, winter).
(8) Flight period length, numeric variable defined as the
sum of above flight periods.

Traits related to larval feeding, describing larval niche
breadth and affecting the development speed (Cizek
et al., 2006). (9) Trophic range, ordinal (I — mono-
phages, feeding on <4 genera from a single family or
on <3 genera from different families; 2 — oligophages;
and 3 — polyphages, >3 plant families). (10) Host
plant form defining the host plants’ spatiotemporal
availability (i.e. apparency) and linked to anti-herbi-
vore defences (Altermatt, 2010); ordinal (1 — forbs, 2 —
grasses, 3 — shrubs, 4 — trees, 5 — non-vascular plants,
e.g. lichens, fungi, etc.). (11) Host plant part, defining
the width of larval feeding window, as the more
nutritious plant parts such as flowers are available
only for a restricted time. Three-state factor: flower/
seeds, leaves and stems/roots. (12) Larval carnivory,
including the opportunistic one, which modifies the
effects of plant nutrition quality (0/1). (13) Detri-
tivory, i.e. feeding on dead or decaying plant material
O/1).

Traits related to larval defences. Costly defences
require resources, but may enhance survival compared
to species not possessing them. (14) Larval sociality, a
trait with assumed defensive function (Allen, 2010),
ordinal (1 — solitary, 2 — small groups in at least some
instars, 3 — large aggregations in at least some instars).
(15) Hairy larvae, with dense larval fur covering the
entire body (0/1).

Adult resources, defences, or crypsis. (16) Adult feed-
ing increases longevity and egg production (Tammaru
& Haukioja, 1996) but complicates habitat quality
demands (0/1). (17) Adult activity, a 0/1 factor distin-
guishing nocturnal and diurnal activity, fuzzy coded
(0.5/0.5) if both activities exist. (18) Sexual dimorphism
in adults (0/1), sometimes linked to differing diurnal
activity profiles (Fuldner, 2000) or diversified resource
requirements (Alarcén et al., 2010). (19) Seasonal poly-
phenism in adults (0/1), possibly linked to differences
in selection pressures or resource use (Kivela et al.,
2013).

Habitat use in Central Europe. (20) Altitude range,
numeric (1-3) variable describing how many of the fol-
lowing three altitudinal bands a species inhabits: low-
lands (<250 m a.s.l.), highlands (>250 and <1000 m
a.s.l.) and mountains (over 1000 m a.s.l.). (21)
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Habitats range, the number of habitat types listed for
particular species in Macek er al. (2007), who distin-
guished twelve categories: xerophilousl (barrens to
xeric grasslands), xerophilous2 (dry shrublands), xero-
philous3 (warm woodlands), mesophilousl, mesophi-
lous2 and mesophilous3 (following the same logic),
hygrophilousl (open wetlands), hygrophilous 2
(wooded wetlands), hygrothermophilous (warm wet-
lands and swamps), tyrphophilous (peat bogs), alpine
(grasslands above the tree line), ubiquitous (no specific
requirements). The following four traits, all ranked,
were obtained by translating the 12 above habitat cat-
egories into ranked variables: (22) Habitat 3-D struc-
ture (1-3); (23) Habitat temperature (1-3), 3 for
xerophilous and 1 for alpine and tyrphophilous spe-
cies; (24) Habitat humidity (1-3), 1 for xerophilous and
3 for hygrophilous, hygrothermophilous and tyr-
phophilous species; and (25) Habitat acidity (1-3), 1
for hygrothermophilous and 3 for tyrphophilous spe-
cies.

7 Species range. (26) Range size, referring to global
range, ranked variable (1-4) from small (e.g. a part of
Europe) to huge (e.g. Holarctic realm) ranges. (27)
Range type, eleven-state factor, distinguishing (cf.
Macek et al., 2007): Atlanto-Mediterranean, Continen-
tal, European, Eurosiberian, Holarctic, Cosmopolitan,
Mediterranean,  Palaearctic,  Pantropical, Pon-
tomediterranean, West-Palaearctic.

The total data matrix (Appendix S1) contained 54 295
cells. Of these, we did not obtain trait states information
for 358 cells (0.66% of the total); these cells were filled by
mean values for individual traits.

For a crude control for phylogeny, we used recent view
of membership of species in superfamilies and families
(van Nieukerken ez al., 2011), from which we built a
matrix hierarchically coding individual species’ taxonomic
positions (Appendix S2).

Rarity and distribution trends measures

We used information from the Czech Republic, a coun-
try situated centrally in the study region and hosting (ex-
cept for exotics, species encountered only once and
doubtful records) 1069 of the 1234 originally analysed
species (Appendix S3).

1 A commonness measure, obtained by inquiring four
national moths experts, who ranked all Czech Repub-
lic species into four categories: extremely rare — 1,
rather rare — 2, rather common — 3, extremely com-
mon — 4; the means from their answers were the spe-
cies’ commonness measure.

2 Red list status from a recent source (Hejda et al.,
2017a) compiled by inquiring national experts. The
IUCN were used to rank the variable: least concern —
1, near threatened — 2, vulnerable — 3, endangered — 4,
critically endangered — 5, regionally extinct — 6.
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Statistical analyses

To detect the major directions in LHT variation and
to visualise the relationships among the traits, we sub-
jected the traits x moths table to principal component
analyses (PCA), an indirect linear ordination, computed
in four variants. PCAl used all 27 traits. PCA2 also
used all traits but considered phylogeny using the taxo-
nomic matrix as covariates. The next two analyses inves-
tigated, assuming that both habitats and distribution
ranges filter from species according to their traits
(Shreeve et al., 2001; Pavlikova & Konvicka, 2012), how
would the patterns described by traits change after
removing traits specifically describing habitat affiliations
and geographical distributions (traits 20-27, above),
PCA3. Finally, PCA4 excluded habitats and geographical
distribution of species, but considered phylogeny as
covariate matrix.

We used CANOCO for Windows v. 5 (Ter Braak &
Smilauer, 2012). We coded factor and binary traits as
“dummy” variables, centred all response variables (i.e.
traits) to zero mean and standardised all response vari-
ables to unit norm, thus performing PCA on correlation
matrix (Smilauer & Leps, 2014, p. 10).

To assess how the ordinations excluding habitats (traits
20-25) and biogeography (26-27) were related to habitat
affiliations and biogeography patterns, we used the most
stringent of all ordinations not containing habitats and
biogeograpy, i.e. PCA4, for adding pre-defined habitat
types (the 12 categories from Macek er al., 2007, above)
and range types (trait 27, above), as supplementary vari-
ables.

Finally, we regressed the moths’ commonness and red
list status in the Czech Republic against the ordination
scores returned by the PCA1-4 analyses. We used the glm
module with identity link in R (R Core Team 2013), con-
struced linear and 2nd-degree polynomial regressions and
compared their fits with null models (response ~ +1)
according to the Akaike information criterion (Akaike,
1974).

Results
Variation gradients in traits distribution

The PCA with all 27 life-history traits (PCA1)
returned ordination eigenvalues 0.085, 0.068, 0.060, 0.052
(cumulative explained variation 26.43), revealing four
similarly strong gradients. The first axis distinguished
species inhabiting large ranges (correlation coefficient
between the trait’s value and axis, r = —0.625), feeding
on apparent plants (—0.574), from humid habitats
(—0.538), consuming leaves (—0.535), with developed 3D
habitat structure (—0.516), inhabiting the Palaearctic
range (—0.470) and having large wingspan (—0.385);
from species with opposing trait states, i.e. feeding on
plant reproductive parts (0.548), from warm habitats

(0.496), with adults feeding (0.416), inhabiting the
Mediterranean (0.387), Pontomediterranean (0.271) or
European (0.209) ranges. The second axis distinguished
species with long flight period (0.698), multivoltine
(0.678), flying in spring (0.648), overwintering in late
stages (0.508) and often migratory (0.409); from species
with opposite trait states that often feed on apparent
plants (—0.259), and may be apterous (—0.249). Positive
values on the third axis corresponded to species with fre-
quent sexual dimorphism (0.451), sometimes with apter-
ous (0.402) or diurnally active (0.398) adults and hairy
(0.938) or gregarious (0.363) larvae; from species with
solitary larvae, with adult feeding (—0.507), from humid
habitats (—0.497) with nocturnal adults (—0.398). The
fourth axis distinguished diurnal (0.669) and nocturnal
(—0.669) moths.

The above patterns remained practically unchanged
when controlled for phylogeny (PCA2) (eigenvalues 0.077,
0.063, 0.053, 0.048, cumulative explained variation 25.59)
(Fig. 1).

After removing habitats and biogeography traits
(PCA3; eigenvalues 0.117, 0.101, 0.087, 0.077, cumulative
explained variation 38.28), the first axis still distinguished
species feeding on leaves (0.643) of apparent plants
(0.557), with hairy larvae (0.485), sometimes sexually
dimorphic (0.477), large-winged (0.445), with broad
trophic range (0.393) and gregarious larvae (0.388); from
species of opposite traits, often feeding on plant repro-
ductive parts (0.644), whose imagoes intake food
(—0.618) and who overwinter in later stages (—0.252).
The second axis distinguished species with long flight
period (0.818), occurring in spring (0.682) or early spring
(0.418), multivoltine (0.671), overwintering in late stages
(0.621), sometimes seasonally dimorphic (0.300) or
migratory (0.260); from species with opposite trait states,
feeding on roots or stems (—0.310), displaying nocturnal
activity (—0.210) or semivoltine development (—0.102).
The third axis distinguished diurnal (0.827) and noctur-
nal adults (—0.827) adult activity; the former tend to be
sexually dimorphic (0.341), consume plant reproductive
parts (0.324), can be apterous (0.267) and may have
hairy larvae (0.257). In the latter, larvae tend to feed on
leaves (—0.330), imagoes tend to accept food (—0.307)
and occur in autumn (—0.280). Positive values of the
fourth axis were occupied by moths flying in winter
(0.539), early spring (0.521) or in autumn (0.329), often
apterous (0.348), feeding on plants reproductive parts
(0.336) and overwintering in late stages (0.287). Negative
values occupied moths flying in summer (—0.624) or
spring (—0.167); their larvae may develop on decaying
material (0.394) or leaves (0.375) and may have broad
tropic ranges (0.240).

The main patterns did not change much if controlled
for phylogeny (eigenvalues 0.103, 0.087, 0.080, 0.072,
cumulative explained variation 39.54) (Fig. 2).

In all analyses, the main gradient distinguished wood-
land from grassland/steppic species (herein habitats gradi-
ent); the second stood for voltinism and flight period
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Fig. 1. Principal component analyses (PCA) ordination plot showing mutual relations of life-history traits of 1234 Central European
macro-moths in ordination space. Analysis PCA2, containing all 27 life-history traits compiled (44 traits states) and controlled for phy-
logeny. (a) 1st and 2nd ordination axes, i.e. habitats gradient and voltinism gradient. (b) 1st and 3rd ordination axes, i.e. habitats gradient
and defence/season gradient. Only traits with the best fit to ordination space are depicted.
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Fig. 2. Principal component analyses (PCA) plots showing mutual relations of life-history traits of 1234 Central European macro-moths
in ordination space. Analysis PCA4, excluding traits describing habitat associations and biogeography (traits 20-27; i.e. 19 traits and 26
traits states; see Materials and Methods) and controlled for phylogeny. (a) 1st and 2nd PCA axes, i.e. habitats gradient and voltinism gradi-
ent. (b) Ist and 3rd axes, i.e. habitats gradient and defence/season gradient. Only traits with the best fit to ordination space are depicted.

length (herein voltinism gradient), the third accounted for
major defence modes in association with adult phenology
(defence-season gradient) and the fourth distinguished
diurnal vs. nocturnal adult activity (diurnal gradient).
After exclusion of habitats and geography from analyses,

the gradients described by the third and the fourth axes
switched their relative importance.

See Appendix S4 for positions of all analysed species
and traits on the ordination axes returned by the four
PCA analyses.
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Traits gradients, habitats and ranges

Fitting the 12 pre-defined habitats from Macek et al.
(2007) as supplementary variables onto the LHT ordina-
tion PCA4 returned the following pseudo-canonical corre-
lations with the four ordination axes: 0.491, 0.325, 0.302,
0.255, explaining 4.9% of total variation. In parallel with
habitats gradient, there was distinction between woodland
habitats on the one hand, and grasslands, especially xeric
ones, on the other hand. High values of voltinism gradient
correlated with ubiquitous habitats, whereas low values
correlated with alpine, tyrphophilous and thermophilous
habitats (Fig. 3a).

Fitting range types as supplementary variables to PCA4
returned pseudo-canonical correlations: 0.258, 0.180,
0.312, 0.230, explaining 3.7% of total variation. High val-
ues of the habitats gradient (closed woodlands) correlated
with West-Palaearctic and Atlanto-Mediterranean distri-
butions; high values (xeric grasslands) correlated with
Pontomediterranean, Mediterranean and Continental ele-
ments. High values of voltinism gradient correlated with
two large-ranged faunal element, Palaearctic and Holarc-
tic, as well as with Cosmopolitan and Pantropical ele-
ments. Negative values of this gradient correlated with
Eurosiberian and European elements (Fig. 3b).

Relation of traits to rarity and conservation status

For all Czech Republic moths (Table 1), regressing
commonness against habitats gradient (the first ordination

either polynomially or monotonously, from larger-sized
polyphagous moths inhabiting woodlands and feeding on
apparent plants foliage towards small monophagous
moths feeding on unapparent plants’ reproductive parts;
or from species associated with woodlands towards those
associated with grasslands (Fig. 4a). Along the voltinism
gradients (the second PCA axes), commonness always
increased with flight period length, number of generations,
overwintering in later stages and migration ability
(Fig. 4b). Responses to the defence-season gradient were
more complex. If not controlled for phylogeny, common-
ness decreased from moths that have gregarious hairy lar-
vae, diurnal and/or sexually dimorphic adults and tend to
fly in extreme times of year (winter, autumn) towards
moths with solitary glabrous larvae flying in spring or
summer (Fig. 4c). The pattern was opposite if controlled
for taxonomy, indicating that traits forming the defence-
season gradient covaried with phylogeny. No responses to
defence-season gradient were returned from analyses with-
out habitats and biogeography (PCA3, PCA4) — recall
that here, the mutual ranking of third and fourth ordina-
tion axes switched, so that axes 3 stood for diurnal and
axes 4 for defence-season gradient. Finally, the responses
to diurnal gradients revealed polynomial or linear
decreases, indicating that moths with diurnal adults
appeared as more common than nocturnal moths.
Responses of red list status to habitats gradients either
monotonously increased (PCA2) or followed U-shaped
polynomials (PCA1, PCA3), indicating either that more
red-listed species were associated with grasslands, or that
they were over-represented in the ordination extremes, i.e.

axes) from PCA1-4 showed that commonness decreased, xeric grasslands and closed woodlands (Fig. 4d).
] [Te)
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Fig. 3. Results of fitting supprementaly variables (taken from Macek et al., 2007) onto the ordination analysis of moths’ life-history traits
PCA4 (cf. Fig. 2), i.e. the analysis not containing traits defining habitat affiliation and range types. (a) Pre-defined habitat affiliations fitted
as supplementary variables. (b) Range types fitted as supplementary variables.
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Table 1. Results of regressions relating Commonness and Red list status of 1069 moths occurring in the Czech Republic against ordina-
tion scores of individual species, returned from PCA analyses of Central European moths’ life-history traits. Null models fit the response
variable to ~ +1. Models PCA1-4 stand for ordination of all available life-history traits (PCA1l); all traits controlled for phylogeny
(PCA?2); ordination excluding traits describing habitat affiliation and distribution ranges (PCA3); and as before but controlled for phy-
logeny (PCA4).

PCA axis 3 — Defence/

PCA axis 1 — Habitats PCA axis 2 — Voltinism season or Diurnal PCA axis 4 — Diurnal or

gradient gradient gradient™ Defence/season gradient™®
Coefficients res.D  AIC Coefficients res.D  AIC Coefficients res. D AIC Coefficients res.D  AIC
Commonness
Null model 670.2 2539
PCA1 -9.26 580.1 2388 0.07 665.8 2533 —0.08 664.5 2531 —0.68 —1.77P  666.6 2537
—2.07P
PCA2 —0.31 579.0 2384 0.11 658.7 2522 0.05 667.8 2537 0.72 —4.07P  653.1 2515
PCA3 3.97 652.7 2514 0.08 662.9 2529 —0.09 661.9 2527 0.14 + 0.89P  665.2 2535
-1.31P
PCA4 0.18 659.4 2523 0.26 648.8 2506 ns ns
Red list status
Null model 1263.0 3216
PCA1 -1.76 1231.0 3193 —2.11 —2.68P 1263.0 3210 8.88 1164.0 3133 6.63 + 3.85P 1204.0 3169
+ 5.37P + 4.45P
PCA2 0.13 1247.0 3204 —2.46 —349P 12450 3204 ns 327 +327P 1242.0 3202
PCA3 6.18 1209.0 3174 1.30 —2.76P  1261.0 3212 0.25 1200.0 3164 ns
+ 3.93P
PCA4 ns —2.80 —2.47P 1249.0 3208 0.21 1252.0 3208 ns

Key: All null models are with 1068 degrees of freedom. The fitted functions are either for linear (i.e. y ~ax +intercept, d.f. = 1067, a is
presented) or 2nd-degree polynomial (i.e. y ~ax +bx> +intercept, d.f. = 1066, presented as a +bP). Res.D — residual deviance of the fitted
function. AIC — Akaike information criterion. ns — “non-significant” relationships, i.e. relationships in which the model AIC > null model

AlC.

Bold values refer to AIC values of null models, used to compare the performance of all other models.
“The mutual positions of defence/season and diurnal gradients switched between analyses PCA1 + 2 (where axis3 stands for defence/
season gradient) and PCA3 + 4 (where axis 3 stands for diurnal gradient).

Responses to voltinism gradients were always polynomial,
decreasing or domed in a shallow way (Fig. 4e¢), suggest-
ing fewer generations, shorter flight period and earlier
overwintering stages in red-listed moths. With defence-sea-
son gradient, red-listed status increased towards positive
values, but only in the analyses not controlled for
phylogeny (PCAIL: Fig. 4f). With diurnal gradients, the
red-listed status always increased, polynomially or mono-
tonously.

Discussion
Gradients of variation defined by life-history traits

The main gradients of variation, revealed by ordina-
tions of life-history traits of Central European macro-
moths, differed from patterns revealed for European but-
terflies (e.g. Dapporto & Dennis, 2013). In butterflies, the
main gradient distinguishes generalist and specialist spe-
cies, the former displaying high mobility, low population
density, wide habitat and host plant ranges and overwin-
tering in late stages. The secondary gradient(s), depending
on the selection of traits used, then reflect relationships

among habitat use, voltinism, larval host forms and pre-
sumably larval defences (Bartonova et al., 2014; Wal-
lisDeVries, 2014). High generations number (related to
smaller body size) associates with feeding on qualitatively
defended forbs, whereas low generations number (and
large size) associates with feeding on quantitatively
defended trees or shrubs foliage (Cizek ez al., 2006; Alter-
matt, 2010). The latter distinction contains a habitat sig-
nal, however: large-bodied univoltine butterflies feeding
on apparent plants tend to occur in woodlands, whereas
small-bodied, forbs feeding polyvotine species tend to
inhabit grasslands, ruderals or arable habitats (cf. Hodg-
son, 1993; Shreeve et al., 2001; Dennis et al., 2004).

For the moths, in contrast, the major gradient of
variation carried an unequivocal habitat signal, distin-
guishing tree foliage feeders associated with humid woo-
dands from species developing on forbs, often on flowers
and seeds, associated with xeric grasslands. A dominant
role of woodlands — grasslands gradient was also found
by Pavlikova and Konvicka (2012), in an analysis limited
to species-poor macro-moths families, i.e. excluding
Geometridae and (traditional) Noctuidae. In this study, it
was the secondary gradient that pointed to the associa-
tions between high generations number, long adult flight,
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Fig. 4. Regression lines from selected regression models that fitted commonness (panels a—c) and red-list status (panels d—f) against ordi-
nation axes obtained by principal component analyses of Central European moths’ life-history traits. See Table 1 for regression coeffi-

cients, explained deviance and AIC values.

migratory status and feeding on unapparent plants. This
voltinism gradient applicable to moths thus combines the
g/s and cV gradients of butterflies (Bartonova et al.,
2014). The third and fourth moths traits gradients, relat-
ing phenology to larval and adult defences (larval hair,
gregarism, etc., versus species with cryptic solitary larvae)
and diurnal vs. nocturnal adult activity, have no parallels
in butterfly studies, although it has been sometimes sug-
gested (Dennis et al., 2004) that defence modes might
reflect habitat use.

The differences in patterns revealed for butterflies and
moths might be partly caused by the different quality of
information on crucial traits states. For European butter-
flies, there exist fairly good (albeit incomplete: cf. Dennis
et al., 2008) information on such traits as mobility or
population density, whereas not even vague knowledge
exists for many moths (cf. Nieminen et al., 1999; Bet-
zholtz & Franzén, 2011, 2013). Moths, in contrast, are
more variable in such traits as host plant part consumed,
adult aptery, or adult diurnal activity profiles.

The ranking of variation axes — habitats more important
than voltinism, which is more important than defence-
seasonality and diurnal profile — withstood exclusion of

traits describing habitat use and biogeography from the
analyses. Importantly, pre-defined habitat types correlated
with results of thus restricted ordination (i.e. PCA4),
demonstrating that the moths’ habitat associations can be
reconstructed from traits not describing habitat use, a phe-
nomenon previously demonstrated by Shreeve et al. (2001)
for British butterflies and Pavlikova and Konvicka (2012)
for a subset of Central European moths. This supports the
conjecture that certain habitat conditions filter certain
life-history traits combinations (e.g. Southwood, 1977;
Cornwell et al., 2006), sometimes in obvious ways (e.g.
tree foliage feeding in woodlands, high mobility in ruderal
species), sometimes more subtly (e.g. stem borers frequent
in wetlands, species with diurnal adults more frequent at
xeric grasslands).

Range types also correlated with the ordinations
excluding habitats and biogeography. The habitats gradi-
ent paralleled increasing continentality of ranges, with
close woodlands species corresponding to distributions in
western or south-western Europe, species with intermedi-
ate values on the gradient (i.e. open woodlands or “sa-
vanna” species) corresponding to West-Palaearctic and
Euro-Siberian ranges, and open grasslands species
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corresponding to Continental or Mediterranean ranges.
These results agree with vegetation reconstructions (Bohn,
1993), and may contribute to the ongoing debates within
the conservation community regarding the natural open-
ness of Western Palaerctic vegetation (Vera, 2000; Sebek
et al., 2015). They suggest that Atlantic Europe would
indeed be largely forested in the absence of humans,
whereas the wide areas stretching from Central Europe to
West Asia, the homeland of “Eurosiberian” faunal and
floral elements, would be covered by grassland-forests
mosaics (Chytry et al., 2010; Kunes et al., 2015), support-
ing moths with intermediate positions on the habitats gra-
dient. Such species would often develop on shrubs or
large forbs, would display intermediate requirements for
habitats temperature and humidity, would form more
than one generation per year, and would display interme-
diate mobility. The importance of open woodlands, or
grasslands-woodland mosaics, for insects declining in Eur-
ope is now well established for many butterflies (e.g. Berg-
man & Kindvall, 2004; Slamova et al., 2013), and other
groups (e.g. Spitzer et al., 2008) including moths (Sebek
et al., 2015). Finally, the (sub)tropical migrants, ranking
highly on the voltinism axis, share similar traits combina-
tions as West Palaearctic and Euro-Siberian species, again
suggesting their origin in mosaic-like landscapes.

Given the herbivorous larval diet, and the association
of moths with their host plants, it is tempting to relate the
ordination of moths according to their life histories to the
R-C-S system describing plants’ life histories (Grime,
1977) and discussed for butterflies by Hodgson (1993),
Dennis et al. (2004) and Bartonova et al. (2014). Develop-
ing on competitive plants (C strategy) should be associ-
ated with negative values of habitats gradient in
PCAL1 + 2, or positive values in PCA3 + 4. Stress tolerant
host plants (S strategy) should correspond to the opposite
side of habitats gradient coupled with negative values of
voltinism gradient which are, notably, occupied by moths
of high altitudes, waterlogged sites or bogs. Finally,
moths developing on ruderal hosts (R strategy) should
occupy high values of the voltinism gradient.

Life-history traits versus rarity and threats

The measure of Czech moths’ commonness fitted the
habitats gradient in logical ways. Forest-dwelling moths
tend to be more common, as forests of all types cover
over 30% of the country, their area has increased during
the last century and they still assume the largest share of
“natural” vegetation. Reports for numerous taxa (e.g.
birds: Reif et al., 2008; Orthoptea: Marini et al., 2009)
reveal the good status, or even an increase, of Central
European forest fauna at the expense of non-forest spe-
cies. Some open habitat types, in contrast, have always
existed only as small islets in the region and have further
decreased during the recent past (e.g. continental sand
dunes: Tropek et al., 2013; salt marshes: Rickert et al.,
2012; riverine gravels: Sadler et al., 2004). The historically
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more common seminatural grasslands of all kinds have
deteriorated with the decline of traditional land wuse
throughout the continent (Rakosy & Schmitt, 2011;
Botham et al., 2015).

Responses of commonness to voltinism gradient were
even more straightforward, supporting the widely held
conjecture that species with multiple generations, often
migrants or wide-ranging vagrants, tend to be wide-
spread, highly fecund, abundant and frequently encoun-
tered (e.g. Spitzer et al., 1984; Betzholtz & Franzén,
2011, 2013). Mangels et al. (2017) recently showed that
moths with such traits prevail at intensively used grass-
lands in Europe. The responses to defence-season gradient,
with explanatory power (cf. the AIC values in Table 1)
much lower than in the previous cases, were less trivial.
They were sensitive to controlling or not controlling for
phylogeny, and in the controlled ordinations they sug-
gested that species relying for protection on hair, conspic-
uous coloration, etc., appear as more common to
Lepidoptera experts. This might be a result of their easier
detectability and the same might apply to the diurnal
activity gradients.

The red list status responses to habitats gradients did
not merely mirror the commonness responses. Instead,
they sometimes followed U-shaped patterns, implying an
increased chance for red listing for both species of dry,
xeric grasslands and species of close-canopy humid wood-
lands. This pattern, notably resembling a pattern found
for threatened invertberates of Britain (Thomas et al.,
1994), should be viewed with caution, however. The
Czech Republic moths red list was compiled according to
experts’ consensus and therefore, it mirrors the experts’
tastes and prejudices. Still, it appears that species
restricted to undisturbed conditions of certain forest types
[e.g. adler carrs: Phragmitiphila nexa (Hibner, 1808) (cf.
Jaro§ & Spitzer, 1987), forested canyon screes: Venusia
blomeri (Kurtis, 1832) (cf. Sumpich, 2011)] are either
declining, or more likely to be red-listed. Improving distri-
bution data is the only way to resolve this riddle.

The domed responses of red list status to voltinism gra-
dient agrees with the established knowledge. Extremely
polyvoltine and migratory species include, e.g. a wide
range of Noctuidae pests (cf. Hill & Gatehouse, 1993;
Anderson et al., 2016) and such tropical migrants as
Agrius convolvuli (Linnaeus, 1758) and Macroglossum ste-
latarum  (Linnaeus, 1758), which efficiently locate
resources over wide geographical scales (cf. Kelber, 2010;
Johnson & Raguso, 2016) and thus unlikely face declines.
On the other hand, obligatorily monovoltine species with
extremely short flight period restricted to early spring and
late autumn are often associated with extremely common
resources (e.g. polyphagous development on deciduous
trees foliage; Wynne et al., 2003). Despite having apterous
females, they efficiently disperse via larval ballooning
(Leggett et al., 2011) and their population dynamics can
be synchronised via large spatial scales (Tenow et al.,
2013). It follows that red-listed species concentrate in the
middle values of the voltinism gradient.
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Red-list status also increased with defence-season gradi-
ent (in PCA1 only) and with diurnality gradient (consis-
tently in PCA1-4), notably contrasting with responses of
commonness. Arguably, species employing such conspicu-
ous defence strategies as communal larval nests, as well as
diurnal species, are easier to detect in the field, and hence
rank relatively highly when commonness is considered,
and at the same time are more likely to be noticed to
decline (Groenendijk & van der Meulen, 2004). Conse-
quently, such species are often included into conservation
programmes (e.g. Albrecht ef al., 2011; Chrzanowki et al.,
2013; Kuzminski et al., 2014).

Conclusion

Central European moths’ fauna can be understood as fill-
ing a multi-dimensional space, organised according to gra-
dients of habitat use (from close canopy forests to
grasslands and barrens), demography/dispersal (from r- to
K-selected species) and seasonality combined with larval
and adult defences. These gradients perform robustly with
respect to the life-history traits considered. They also
account for biogeography patterns, namely range types
(close woodland species associated with oceanic and xero-
philous species with continental ranges, ubiquitous species
with huge ranges). The habitats, voltinism and defence-sea-
son gradients are related to commonness/rarity within the
study region, and to the red list status of individual spe-
cies.

The LHT table presented in Appendix S1 may be
used to analyse community changes in Central Euro-
pean moths, similarly as in the case of butterflies (Bar-
tonova et al., 2016), plants (Lososova et al., 2006) or
birds (Reif et al., 2016). For instance, one may expect
community shifts along the habitats gradient with suc-
cessionary changes, presence of invasive plant species
(cf. Hejda er al., 2017b), or even with changes of cli-
matic conditions, or shifts along voltinism gradient with
land use intensification. Although knowledge of Central
European moths’ life histories is still incomplete, and
such crucial traits as fecundity remain largely
unknown, understanding community change in terms
of traits changes may bring more mechanistic insights
than mere counting of species, or even counting of
endangered species, whose listing is also prone to
serious biases.

Acknowledgements

We acknowledge the help of Pavel Potocky Sr. and Jan
Sumpich (assessment of Czech moths’ commonness) and
Thomas Tammaru (consultations on traits of geometrid
moths). The work was supported by the University of
South Bohemia (152/2016/P) and the Technology Agency
of the Czech Republic (TBOSOMZP004).

Supporting Information

Additional Supporting Information may be found in the online
version of this article under the DOI reference: doi: 10.1111/
icad.12291:

Appendix S1. List of Central European macro-moths
analysed in this paper, with their life-history traits.
Unknown trait states, for which we used mean values of
individual matrix columns, are indicated at the bottom of
the matrix.

Appendix S2. Matrix coding the membership of the
analysed moths species in superfamilies and families, used
as the covariate matrix in analyses crudely controlled for
phylogeny, i.e. PCA2 and PCAA4.

Appendix S3. List of commonness measures and red list
status values for moths of the Czech Republic, used in the
analyses regressing species ordination scores against their
commonness and red list status.

Appendix S4. PCA scores of all analysed species from
analyses PCA1-4 (listl), and correlation coefficients of all
life-history traits values analysed with ordination axes
returned from analyses PCA1-4 (list 2).

References

Akaike, H. (1974) A new look at the statistical model identifica-
tion. IEEE Transactions on Automatic Control, 19, 716-723.

Alarcén, R., Riffell, J.A., Davidowitz, G., Hildebrand, J.G. &
Bronsteind, J.L. (2010) Sex-dependent variation in the floral
preferences of the hawkmoth Manduca sexta. Animal Beha-
viour, 80, 289-296.

Albrecht, M., Wymann, H.-P. & Scheurer, S. (2011) Der Augs-
burger Bar Pericallia matronula (Linnaeus, 1758) im Berner
Oberland (Lepidoptera: Arctiidae). Entomo Helvetica, 4, 175~
186.

Allen, P.E. (2010) Group size effects on survivorship and adult
development in the gregarious larvae of Euselasia chrysippe
(Lepidoptera, Riodinidae). Insectes Sociaux, 57, 199-204.

Altermatt, F. (2010) Tell me what you eat and I'll tell you when
you fly: diet can predict phenological changes in response to
climate change. Ecology Letters, 13, 1475-1484.

Anderson, C.J., Tay, W.T., Mcgaughran, A., Gordon, K. &
Walsh, T.K. (2016) Population structure and gene flow in the
global pest, Helicoverpa armigera. Molecular Ecology, 22,
5296-5311.

Barbaro, L. & van Halder, 1. (2009) Linking bird, carabid beetle
and butterfly life-history traits to habitat fragmentation in
mosaic landscapes. Ecography, 32, 321-333.

Bartonova, A., Benes, J., Faltynek Fric, Z., Chobot, K. & Kon-
vicka, M. (2016) How universal are reserve design rules? A test
using butterflies and their life history traits. Ecography, 39,
456-464.

Bartonova, A., Benes, J. & Konvicka, M. (2014) Generalist-spe-
cialist continuum and life history traits of Central European
butterflies (Lepidoptera) — are we missing a part of the picture?
European Journal of Entomology, 111, 543-553.

Bergman, K.O. & Kindvall, O. (2004) Population viability analy-
sis of the butterfly Lopinga achine in a changing landscape in
Sweden. Ecography, 27, 49-58.

© 2018 The Royal Entomological Society, Insect Conservation and Diversity



Betzholtz, P.-E. & Franzén, M. (2011) Mobility is related to spe-
cies traits in noctuid moths. Ecological Entomology, 36, 369—
376.

Betzholtz, P.-E. & Franzén, M. (2013) Ecological characteristics
associated with high mobility in night-active moths. Basic and
Applied Ecology, 14, 271-279.

Boerschig, C., Klein, A.M., von Wehrden, H. & Krauss, J. (2013)
Traits of butterfly communities change from specialist to gener-
alist characteristics with increasing land-use intensity. Basic and
Applied Ecology, 14, 547-554.

Bohn, U. (1993) Map of the Natural Vegetation of Europe. Ger-
man Federal Agency for Nature Conservation, Bonn.

Botham, M.S., Fernandez-Ploquin, E.C., Brereton, T., Harrower,
C.A., Roy, D.B. & Heard, M.S. (2015) Lepidoptera communi-
ties across an agricultural gradient: how important are habitat
area and habitat diversity in supporting high diversity? Journal
of Insect Conservation, 19, 403-420.

Bubova, T., Kulma, M., Vrabec, V. & Nowicki, P. (2016) Adult
longevity and its relationship with conservation status in
European butterflies. Journal of Insect Conservation, 20, 1021—
1032.

Carnicer, J., Stefanescu, C., Vila, R., Dinca, V., Font, X. &
Penuelas, J. (2013) A unified framework for diversity gradients:
the adaptive trait continuum. Global Ecology and Biogeography,
22, 6-18.

Chrzanowki, A., Mazur, A., Kuzminski, R. & Labedzki, A.
(2013) Jersey Tiger (Euplagia quadripunctaria (Poda, 1761))
(Arctiidae, Lepidoptera) biotope and the proposition of protec-
tive measures on the territory administered by the state forest
national holding (PGL) Lasy Panstwowe. Nauka Przyroda
Technologie, 7(4, #72), 1-7.

Chytry, M., Danihelka, J., Horsak, M., Koci, M., Kubesova, S.,
Lososova, Z., Otypkova, Z., Tichy, L., Martynenko, V.B. &
Baisheva, E.Z. (2010) Modern analogues from the Southern
Urals provide insights into biodiversity change in the early
Holocene forests of Central Europe. Journal of Biogeography,
37, 767-780.

Cizek, L., Fric, Z. & Konvicka, M. (2006) Host plant defences
and voltinism in European butterflies. Ecological Entomology,
31, 337-344.

Cornwell, W.K., Schwilk, D.W. & Ackerly, D.D. (2006) A trait-
based test for habitat filtering: convex hull volume. Ecology, 6,
1465-1471.

Dapporto, L. & Dennis, R.L.H. (2013) The generalist-specia-
list continuum: testing predictions for distribution and
trends in British butterflies. Biological Conservation, 157,
229-236.

Dennis, R.L.H., Hardy, P.B. & Shreeve, T.G. (2008) The impor-
tance of resource databanks for conserving insects: a butterfly
biology perspective. Journal of Insect Conservation, 12, 711—
719.

Dennis, R.L.H., Hodgson, J.G., Grenyer, R., Shreeve, T.G. &
Roy, D.B. (2004) Host plants and butterfly biology. Do host-
plant strategies drive butterfly status? Ecological Entomology,
29, 12-26.

Dennis, R., Williams, W. & Shreeve, T. (1991) A multivariate
approach to the determination of faunal structures among
European butterfly species (Lepidoptera, Rhopalocera). Zoolog-
ical Journal of the Linnean Society, 101, 1-49.

Franzén, M. & Johannesson, M. (2007) Predicting extinction risk
of butterflies and moths (Macrolepidoptera) from distribution
patterns and species characteristics. Journal of Insect Conserva-
tion, 11, 367-390.

Life-history traits of Central European moths 11

Franzén, M., Schweiger, O. & Betzholtz, P.-E. (2012) Species-area
relationships are controlled by species traits. PLoS ONE, 7,
€37359.

Fuldner, K. (2000) Anmerkungen zur Biologie und zum Verhal-
ten des Nagelflecks Aglia tau (Linnaeus, 1758) (Lepidoptera:
Saturniidae). Nachrichten des Entomologischen Vereins Apollo,
20, 311-319.

Gagic, V., Bartomeus, 1., Jonsson, T., Taylor, A., Winqvist, C.,
Fischer, C., Slade, E.M., Steffan-Dewenter, 1., Emmerson, M.,
Potts, S.G., Tscharntke, T., Weisser, W. & Bommarco, R.
(2015) Functional identity and diversity of animals predict
ecosystem functioning better than species-based indices. Pro-
ceedings of the Royal Society B, 282, 20142620.

Games-Virues, S., Perovic, D.J., Gossner, M.M., Borsching, C.,
Bluthgen, N., de Jong, H., Simons, N.K., Klein, A.M., Krauss,
J., Maier, G., Scherber, C., Steckel, J., Rothenwohrer, C., Stef-
fan-Dewenter, 1., Weiner, C.N., Weisser, W., Werner, M.,
Tscharntke, T. & Westphal, C. (2015) Landscape simplification
filters species traits and drives biotic homogenization. Nature
Communications, 6, 8568.

Grime, J.P. (1977) Evidence for the existence of three primary
strategies in plants and its relevance to ecological and evolu-
tionary theory. American Naturalist, 111, 1169-1194.

Groenendijk, D. & van der Meulen, J. (2004) Conservation of
moths in The Netherlands: population trends, distribution pat-
terns and monitoring techniques of day-flying moths. Journal
of Insect Conservation, 8, 109—118.

Habel, J.C., Segerer, A., Ulrich, W., Torchyk, O., Weisser, W.W.
& Schmitt, T. (2016) Butterfly community shifts over two cen-
turies. Conservation Biology, 30, 754-762.

Hausmann, A. (2001) Introduction, Archiearinae, Orthostixinae,
Desmobathrinae, Alsophilinae, Geometrinae. The Geometrid
Moths of Europe (ed. by A. Hausmann), vol. 1, pp. 1-282,
Apollo Books, Stenstrup, Denmark.

Hejda, R., Farkag, J. & Chobot, K. (eds.) (2017a) Cerveny sez-
nam ohrozenych druhti Ceské republiky. Bezobratli. [List of
theatened species in the Czech republic. Invertebrates]. Agen-
tura ochrany prirody a krajiny CR, Praha, 612 pp.

Hejda, M., Hanzelka, J., Kadlec, T., Strobl, M., Pysek, P. &
Reif, J. (2017b) Impacts of an invasive tree across trophic
levels: species richness, community composition and resident
species’ traits. Diversity and Distributions, 23, 997-1007.

Hill, J.K. & Gatehouse, A.G. (1993) Phenotypic plasticity and
geographical variation in the pre-reproductive period of Auto-
grapha gamma (Lepidoptera, Noctuidae) and its implications
for migration in this species. Ecological Entomology, 18, 39-46.

Hodgson, J.G. (1993) Commonness and rarity in British butter-
flies. Journal of Applied Ecology, 30, 407-427.

Hunter, M.D., Kozlov, M.V., Itamies, J., Pulliainen, E., Back, J.,
Kyro, EM. & Niemela, P. (2014) Current temporal trends in
moth abundance are counter to predicted effects of climate
change in an assemblage of subarctic forest moths. Global
Change Biology, 20, 1723-1737.

Jaros, J. & Spitzer, K. (1987) Motyli fauna (Lepidoptera)
mokradu Cernis v jiznich Cechdch (The Lepidoptera of the
Cernis wetland in South Bohemia), pp. 42. Jihoteské muzeum,
Ceské Budgjovice.

Johnson, S.D. & Raguso, R.A. (2016) The long-tongued hawk-
moth pollinator niche for native and invasive plants in Africa.
Annals of Botany, 117, 25-36.

Kelber, A. (2010) What a hawkmoth remembers after hibernation
depends on innate preferences and conditioning situation.
Behavioral Ecology, 21, 1093-1097.

© 2018 The Royal Entomological Society, Insect Conservation and Diversity



12 Pavel Potocky et al.

Kivela, S.M., Valimaki, P. & Gotthard, K. (2013) Seasonality
maintains alternative life-history phenotypes. Evolution, 67,
3145-3160.

Koch, M. (1984) Wir bestimmen Schmetterlinge (Ausgabe in
einem Band, bearbeitet von W. Heinicke), pp. 792. Neumann
Verlag Leipzig, Lepzig.

Kunes, P., Svobodova-Svitavska, H., Kolar, J., Hajnalova, M.,
Abraham, V., Macek, M., Tkac, P. & Szabo, P. (2015) The ori-
gin of grasslands in the temperate forest zone of east-central
Europe: long-term legacy of climate and human impact. Quar-
ternary Science Reviews, 116, 15-27.

Kuzminski, R., Malkiewicz, A. & Mazur, A. (2014) Translocation
of threatened localities of Eastern eggar (Eriogaster catax L.,
1758) as a method of active species protection based on localities
in Southern Wielkopolska. Acta Scientiarum Polonorum Silvarum
Colendarum Ratio et Industria Lignaria, 13(1), 15-23.

Leggett, H.C., Jones, E.O., Burke, T., Hails, R.S., Sait, SM. &
Boots, M. (2011) Population genetic structure of the winter
moth, Operophtera brumata Linnaeus, in the Orkney Isles sug-
gests long-distance dispersal. Ecological Entomology, 36, 318—
325.

Leps, J., Spitzer, K. & Jaros, J. (1998) Food plants, species com-
position and variability of the moth community in undisturbed
forest. Oikos, 81, 538-548.

Lososova, Z., Chytry, M., Kuhn, I., Hajek, O., Horakova, V.,
Pysek, P. & Tichy, L. (2006) Patterns of plant traits in annual
vegetation of man-made habitats in central Europe. Perspec-
tives in Plant Ecology, Evolution and Systematics, 8, 69-81.

Macek, J., Dvofdk, J., Traxler, L. & Cervenka, V. (2007) Motyli
a housenky stredni’ Evropy: Nocni motyli I, pp. 371. Academia,
Praha.

Macek, J., Dvoidk, J., Traxler, L. & Cervenka, V. (2008) Motyli
a housenky stredni’ Evropy: Nocéni motyli II — Muroviti, pp. 492.
Academia, Praha.

Macek, J., Prochdzka, J. & Traxler, L. (2012) Motyli a housenky
stredni’ Evropy: Nocni motyli III - Pid’alkoviti, pp. 424. Acade-
mia, Praha.

Mangels, J., Fiedler, K., Schneider, F.D. & Bliithgen, N. (2017)
Diversity and trait composition of moths respond to landuse
intensification in grasslands: generalists replace specialists. Bio-
diversity and Conservation, 26, 3385-3405. https://link.springer.c
om/article/10.1007%2Fs10531-017-1411-z

Marini, L., Fontana, P., Battisti, A. & Gaston, K.J. (2009)
Response of orthopteran diversity to abandonment of semi-nat-
ural meadows. Agriculture, Ecosystems & Environment, 132,
232-236.

Mattila, N., Kaitala, V., Komonen, A., Kotiaho, J.S. & Paivinen,
J. (2006) Ecological determinants of distribution decline and risk
of extinction in moths. Conservation Biology, 20, 1161-1168.

Mattila, M., Kotiaho, J.S., Kaitala, V. & Komonen, A. (2008) The
use of ecological traits in extinction risk assessments: a case study
on geometrid moths. Biological Conservation, 141, 2322-2328.

McGill, B.J., Enquist, B.J., Weiher, E. & Westoby, M. (2006)
Rebuilding community ecology from functional traits. Trends
in Ecology and Evolution, 21, 178-185.

Merckx, T., Feber, R.E., Mclaughlan, C., Bourn, N.A.D., Par-
sons, M.S., Townsend, M.C., Riordan, P. & Macdonald, D.W.
(2010) Shelter benefits less mobile moth species: the field-scale
effect of hedgerow trees. Agriculture, Ecosystems & Environ-
ment, 138, 147-151.

Mitter, C., Davis, D.R. & Cummings, M.P. (2017) Phylogeny
and Evolution of Lepidoptera. Annual Review of Entomology,
62, 265-283.

Mlikovsky, J. & Styblo, P. (eds.) (2006) Nepuvodni druhy fauny a
fory Ceské republiky [ Alien species of fauna and flora of the
Czech Republic]. CSOP, Praha, 496 pp.

Nieminen, M., Rita, H. & Uuvana, P. (1999) Body size and
migration rate in moths. Ecography, 22, 697-707.

vanNieukerken, E. J., Kaila, L, Kitching, I. J., Kristensen, N. P,
Lees, D. C., Minet, J., Mitter, C., Mutanen, M., Regier, J. C.,
Simonsen, T. J., Wahlberg, N., Yen, S-H., Zahiri, R.,
Adamski, D., Baixeras, J., Bartsch, D, . Bengtsson, B. A.,
Brown, J. W., Bucheli, S. R., Davis, D. R., De Prins, J., De
Prins, W., Epstein, M. E., Gentili-Poole, P., Gielis, C., Hatten-
schwiler, P., Hausmann, A., Holloway, J. D., Kallies, A., Kar-
sholt, O., Kawahara, A. Y. Koster, S. J. C., Kozlov, J.,
Lafontaine, D., Lamas, G., Landry, J-F., Lee, S., Nuss, M.,
Park K-T., Penz, C., Rota, J., Schintlmeister, A., Schmidt,
B.C., Sohn, J-C., Solis, M. A., Tarmann, G. M., Warren, A.
D., Weller, S., Yakovlev, R. V., Zolotuhin, V. V. & Zwick, A.
(2011) Order Lepidoptera Linnaeus, 1758. Animal biodiversity:
an outline of higher-level classification and survey of taxonomic
richness, ed. Zhang, Z.-Q. Zootaxa, 3148, 212-221.

Novotny, D., Zapletal, M., Kepka, P., Benes, J. & Konvicka, M.
(2015) Large moths captures by a pest monitoring system
depend on farmland heterogeneity. Journal of Applied Entomol-
ogy, 139, 390-400.

Ockinger, E., Schweiger, O., Crist, T.O., Debinski, D.M., Krauss,
J., Kuussaari, M., Petersen, J.D., Poyry, J., Settele, J.,
Summerville, K.S. & Bommarco, R. (2010) Life-history traits
predict species responses to habitat area and isolation: a cross-
continental synthesis. Ecology Letters, 13, 969-979.

Pavlikova, A. & Konvicka, M. (2012) An ecological classification
of Central European macromoths: habitat associations and
conservation status returned from life history attributes. Jour-
nal of Insect Conservation, 16, 187-206.

Pianka, E. (1970) R-Selection and K-Selection. American Natural-
ist, 104, 581-588.

Poeyry, J., Luoto, M., Heikkinen, R.K., Kuussaari, M. & Saari-
nen, K. (2009) Species traits explain recent range shifts of Fin-
nish butterflies. Global Change Biology, 15, 732-743.

R Core Team. (2013) R: A Language and Environment for Statis-
tical Computing. Vienna, Austria, R Foundation for Statistical
Computing. URL: http://www.R-project.org/.

Rakosy, L. & Schmitt, T. (2011) Are butterflies and moths suit-
able ecological indicator systems for restoration measures of
semi-natural calcareous grassland habitats? Ecological Indica-
tors, 11, 1040-1045.

Reif, J., Hotdk, D., Kristin, A., Kopsovd, L. & Devictor, V.
(2016) Linking habitat specialization with species’ traits in
European birds. Oikos, 125, 405-413.

Reif, J., Storch, D., Vorisek, P., Stastny, K. & Bejcek, V. (2008)
Bird-habitat associations predict population trends in central
European forest and farmland birds. Biodiversity and Conserva-
tion, 17, 3307-3319.

Rickert, C., Fichtner, A., van Klink, R. & Bakker, J.P. (2012)
Alpha- and beta-diversity in moth communities in salt marshes
is driven by grazing management. Biological Conservation, 146,
24-31.

Sadler, J.P., Bell, D. & Fowles, A. (2004) The hydroecological con-
trols and conservation value of beetles on exposed riverine sedi-
ments in England and Wales. Biological Conservation, 118, 41-56.

Schintlmeister, A. (2008) Notodontidae. Palaearctic Macrolepi-
doptera. Volume 1. Apollo Books, Stenstrup. 482 pp.

Sebek, P., Bace, R., Bartos, M., Benes, J., Chlumskd, Z., Dolezal,
J., Dvorsky, M., Kovir, J., Macha¢, O., Mikatovd, B., Perlik,

© 2018 The Royal Entomological Society, Insect Conservation and Diversity


https://link.springer.com/article/10.1007%2Fs10531-017-1411-z
https://link.springer.com/article/10.1007%2Fs10531-017-1411-z
http://www.R-project.org/

M., Platek, M., Polikovd, S., Skorpik, M., Stejskal, R., Svo-
boda, M., Trnka, F., Vlasin, M., Zapletal, M. & Cizek, L.
(2015) Does a minimal intervention approach threaten the bio-
diversity of protected areas? A multi-taxa short-term response
to intervention in temperate oak-dominated forests. Forest
Ecology and Management, 358, 80-89.

Sekar, S. (2012) A meta-analysis of the traits affecting dispersal
ability in butterflies: can wingspan be used as a proxy? Journal
of Animal Ecology, 81, 174-184.

Shreeve, T.G., Dennis, R.L.H., Roy, D.B. & Moss, D. (2001) An
ecological classification of British butterflies: ecological attri-
butes and biotope occupancy. Journal of Insect Conservation, 5,
145-161.

Slade, E.M., Merckx, T., Riutta, T., Bebber, D.P., Redhead, D.,
Riordan, P. & Macdonald, D.W. (2013) Life-history traits and
landscape characteristics predict macro-moth responses to for-
est fragmentation. Ecology, 94, 1519-1530.

Slamovd, 1., Klecka, J. & Konvicka, M. (2013) Woodland and
grassland mosaic from a butterfly perspective: habitat prefer-
ences of Erebia aethiops (Lepidoptera: Satyridae). Insect Con-
servation and Diversity, 6, 243-254.

Smilauer, P. & Leps, J. (2014) Multivariate Analysis of Ecological
Data using CANOCO 35, 2nd edn, pp. 376. Cambridge Univer-
sity Press, Cambridge, UK.

Southwood, T.R.E. (1977) Habitat, the Templet for Ecological
Strategies? Journal of Animal Ecology, 46, 336-365.

Spitzer, L., Konvicka, M., Benes, J., Tropek, T., Tuf, .LH. &
Tufova, J. (2008) Does closure of traditionally managed open
woodlands threaten epigeic invertebrates? Effects of coppicing
and high deer densities. Biological Conservation, 141, 827—
837.

Spitzer, K., Rejmdnek, M. & Soldan, T. (1984) The fecundity
and long-term variability in abundance of noctuid moths (Lepi-
doptera, Noctuidae). Oecologia, 62, 91-93.

Stefanescu, C., Carnicer, J. & Penuelas, J. (2011) Determinants of
species richness in generalist and specialist Mediterranean but-
terflies: the negative synergistic forces of climate and habitat
change. Ecography, 34, 353-363.

Sterneck, J. (1929) Prodromus der Schmetterlingsfauna Bohmens,
pp. 297. Selbstverlag, Karlsbad.

Sumpich, J. (2011) Motyli Ndrodnich parkii Podyji a Thayatal,
pp. 428. Sprava Narodniho parku Podyji, Znojmo.

Tammaru, T. & Haukioja, E. (1996) Capital breeders and income
breeders among Lepidoptera: consequences to population
dynamics. Oikos, 77, 561-564.

Tenow, O., Nilssen, A.C., Bylund, H., Pettersson, R., Battisti, A.,
Bohn, U., Caroulle, F., Ciornei, C., Csdka, G., Delb, H., De
Prins, W., Glavendeki¢, M., Gninenko, Y.I., HrasSovec, B.,
Matosevi¢, D., Meshkova, V., Moraal, L., Netoiu, C., Pajares,
J., Rubtsov, V., Tomescu, R. & Utkina, I. (2013) Geometrid
outbreak waves travel across Europe. Journal of Animal Ecol-
ogy, 82, 84-95.

Life-history traits of Central European moths 13

Ter Braak, C. J. F. & Smilauer, P. (2012) CANOCO Reference
Manual and User’s Guide: Software for Ordination (Version
5.0). Microcomputer Power, Ithaca.

Thomas, J.A., Morris, M.G. & Hambler, C. (1994) Patterns,
mechanisms and rates of extinction among invertebrates in the
United Kingdom. Philosphical Transaction of the Royal Society
B, 344, 47-54.

Timmermans, M.J.T.N., Lees, D.C. & Simonsen, T.J. (2014)
Towards a mitogenomic phylogeny of Lepidoptera. Molecular
Phylogenetics and Evolution, 79, 169—178.

Tropek, R., Cerna, 1., Straka, J., Cizek, O. & Konvicka, M. (2013)
Is coal combustion the last chance for vanishing insects of inland
drift sand dunes in Europe? Biological Conservation, 162, 60-64.

Truxa, C. & Fiedler, K. (2016) Massive structural redundancies
in species composition patterns of floodplain forest moths.
Ecography, 39, 253-260.

Vera, F.W.M. (2000) Grazing Ecology and Forest History. CABI,
Wallingford.

WallisDeVries, M.F. (2014) Linking species assemblages to envi-
ronmental change: moving beyond the specialist-generalist
dichotomy. Basic and Applied Ecology, 15, 279-287.

Webb, C.T., Hoeting, J.A., Ames, G.M., Pyne, M.I. & Poff, N.L.
(2010) A structured and dynamic framework to advance traits-
based theory and prediction in ecology. Ecology Letters, 13,
267-283.

Witt, T.J. & Ronkay, L. (eds.) (2011) Lymantriinae - Arctiinae,
including Phylogeny and Check List of the Quadrifid Noctuoidea
of Europe. Noctuidae Europaeae., Vol. 13, pp. 448. Entomologi-
cal Press, Soro.

Woodcock, B.A., Bullock, J.M., Mortimer, S.R., Brereton, T.,
Redhead, J.W., Thomas, J.A. & Pywell, R.F. (2012) Identifying
time lags in the restoration of grassland butterfly communities:
a multi-site assessment. Biological Conservation, 155, 50-58.

Wynne, L.R., Loxdale, H.D., Brookes, C.P. & Woiwod, L.P.
(2003) Genetic structure of fragmented November moth (Lepi-
doptera: Geometridae) populations in farmland. Biological
Journal of the Linnean Society, 78, 467-477.

Zahiri, R., Holloway, J.D., Kitching, I[.J., Lafontaine, J.D.,
Mutanen, M. & Wahlberg, N. (2013) Molecular phylogenetics
of Erebidae (Lepidoptera, Noctuoidea). Systematic Entomology,
37, 102-124.

Zografou, K., Adamidis, G.C., Grill, A., Kati, V., Wilson, R.J.
& Halley, J.M. (2015) Who flies first? — habitat-specific pheno-
logical shifts of butterflies and orthopterans in the light of cli-
mate change: a case study from the south-east Mediterranean.
Ecological Entomology, 40, 562—574.

Accepted 18 January 2018

Editor: Raphael Didham
Associate editor: Tom Oliver

© 2018 The Royal Entomological Society, Insect Conservation and Diversity



