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Abstract

The introduction of alien species can have a significant impact on the food preferences of native phytophagous insects. The
moth Earias clorana L. has previously been considered to be monophagous, ingesting only plants in the genus Salix. In recent
years, we have observed larval E. clorana feeding on Spiraea tomentosa L., an invasive shrub species in Central Europe that
is native to North America. We hypothesised that this insect can feed on Spiraea tomentosa leaves with no negative effects
on its growth and development, and that the leaves of Spiraea tomentosa as a source of food for E. clorana are equally as
good as leaves of Salix viminalis L. Our results showed that despite significant differences in the chemical composition of
the studied species’ leaves, including a much higher concentration of defence compounds (total soluble phenols and con-
densed tannins) in Spiraea tomentosa leaves than in those of Salix viminalis, feeding on a new host plant did not significantly
affect the survival of larvae. The change in host plant had an unfavourable effect, however, on several parameters of growth
and development for the larvae (masses of larvae and pupae, relative growth rates, and efficiency of conversion of ingested
food). We conclude that, in comparison to Salix viminalis, Spiraea tomentosa is not a particularly favourable food for larval
development. Perhaps, even without direct improvements in adult foraging efficiency, however, the costs of switching hosts
may be minimised in larvae that develop on very abundant, invasive species, such as Spiraea tomentosa in Central Europe.
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Introduction

An insect’s choice of host plant depends on the insect’s
food preferences and its ability to change the host, which
depends on the structure and chemistry of the new host
plant, as well as the availability and abundance of the host
species in the insect’s habitat (Cunningham et al. 2001; Har-
vey et al. 2010). As insects are strongly dependent on their
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preferred food (Ehrlich and Raven 1964; Coley et al. 2006),
feeding on the optimal host plant allows them to obtain a
larger body size (Haukioja and Neuvonen 1985; Ohmart
et al. 1985; Awmack and Leather 2002). Choosing a subop-
timal host plant may result in a decrease in adult insect mass
(Maderek et al. 2015) and may extend larval development
time, thereby increasing larval mortality due to prolonged
exposure to predators and parasitoids (Higgstrom and Lars-
son 1995; Williams 1999; Chen and Chen 2016). Decrease
in the number of natural enemies is usually observed in the
case of plant species relocated beyond their natural range
(Keane and Crawley 2002), but native insect species are
able to utilise neophyte plant species (e.g. Karolewski et al.
2014). Based on the literature, the impact of alien plants
on insects and their host selection preferences remains
equivocal (Sunny et al. 2015). Many studies have shown
that insects feeding on alien species, especially those that
feed on congeneric alien plant species (e.g. Lukowski et al.
2017), develop as well as or better than they would if feeding
on native host plants (e.g. Karowe 1990; Hull-Sanders et al.
2007; Chupp and Battaglia 2014). Other researchers have
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shown a negative impact of neophytes on insects (Tallamy
2004; Casagrande and Dacey 2007; Keeler and Chew 2008;
Tallamy et al. 2010; Fortuna et al. 2013), which is confirmed
by meta-analyses showing that non-invaded habitats, in
comparison to habitats with a high proportion of alien spe-
cies, had higher total abundance and taxonomic richness of
arthropods (Bezemer et al. 2014; van Hengstum et al. 2014;
Litt et al. 2014). In situations where the optimal host is a
rare species or there is high competition for food, the cost
of feeding on the optimal host may be large enough for an
insect that it favours the strategy of increasing the number
of potential host plants by utilising a new species (Mayhew
1997). The preference—performance hypothesis (aka “mother
knows best” hypothesis; Wennstrom et al. 2010; Kohandani
et al. 2016) proposes that oviposition choice (host choice)
should correspond with optimal conditions to hatch, survive,
grow, and eventually reproduce offspring. Thus, host plant
choice should be intended to maximise the performance of
offspring. Conversely, another hypothesis, the “bad mother-
hood” hypothesis, suggests alternate scenarios in which a
female could sometimes make “bad” (not the best) oviposi-
tion choices (Mayhew 2001), resulting in detrimental condi-
tions for the growth and development of progeny (Digweed
2006; Gripenberg et al. 2007). As the search for an alterna-
tive food source is a gradual process and is reversible upon
encountering other host species, insects are most likely to
utilise the most abundant host species (Cunningham et al.
2001). This appears to favour the colonisation of invasive
species, characterised by mass occurrence (Karolewski et al.
2017).

In Poland and Germany, the steeplebush Spiraea tomen-
tosa L. (Rosaceae) is an invasive alien species (Kott 2009;
Tokarska-Guzik et al. 2012). Spiraea tomentosa naturally
occurs in North America, where its wide strip of range
extends along the east coast from Québec in Canada, to Lou-
isiana and Georgia in the southern United States (Gille 1950;
USDA—The Plants Database 2017). In its area of natural
occurrence, this shrub grows in wetland habitats, where it
enters transitional and raised bogs (Reschke 1990; Schafale
and Weakley 1990; Faber-Langendoen 2001), and also cov-
ers forest clearances and pastures (Gille 1950), as well as
hollows in the land (Fike 1999), roadsides, and ditches (Dar-
byshire 2003). In Europe, this species has been cultivated
as an ornamental plant since the eighteenth century (Symes
1983). Currently, it is recognised as a fully acclimated neo-
phyte in six Central European countries (Dajdok et al. 2011).

In Poland, the expansion of Spiraea tomentosa has been
the cause of significant changes in the natural environ-
ment and impediments to forest management (Wiatrowska
and Danielewicz 2016). The shrub often develops patches
several dozen hectares in size in peat bogs, moor grass
woods (Molinio-Pinetum), and alder-elm-ash riparian for-
ests (Alno-Ulmion), as well as covering ditches, ponds,
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roadsides, unused meadows, and fallow land (Dajdok et al.
2011; Wiatrowska and Danielewicz 2016; Fig. 1a). The
invasive potential of this species results from its biologi-
cal properties, such as its ability to produce large numbers
of viable seeds, its rapid growth, and its early generative
maturity (Wiatrowska 2016). This species is not grazed by
herbivores in Europe (Burkart 2003) and no literature has
yet suggested that insectivorous insects feed or lay eggs on
plants of this species (Kott 2009). In recent years, however,
we have observed mass feeding by the cream-bordered green
pea Earias clorana L. (Fig. 1b) (Lepidoptera: Nolidae) on
the shoots and leaves of Spiraea tomentosa, in the Lower
Silesian Wilderness (Poland; 51°39'48"N, 15°15"70"E).

Earias clorana is a small moth with a broad, mainly Eura-
sian, range extending from the Iberian Peninsula to south-
western Siberia (Buszko and Mastowski 2012). This moth
occurs in riparian forests, where its larvae graze mainly on
narrowleaf willows Salix sp., with particular preference for
Salix viminalis L. (Salicaceae) (Czerniakowski 2005; Nijak
2011). There are also known cases of larval feeding on other
species of the genus Salix, including S. triandra L. (West
1985), S. dasyclados Wimm. (Noreika and Smalukas 1996),
S. fragilis L., and S. purpurea L. (Buszko and Mastowski
2012).

On shoots of Salix viminalis, the larvae wrap the top
leaves in silk and feed inside the leaf tiers (Bochniarz 2014)
(Fig. 1c, d). The larvae add new leaves to the leaf tiers dur-
ing the feeding period (Buszko and Mastowski 2012), eating
young leaves, bark, and bud tips (Bochniarz 2014). Larval
feeding on Spiraea tomentosa shoots is similar to their feed-
ing on shoots of Salix species. Larvae graze mainly on Spi-
raea tomentosa shoots with inflorescences. In addition to
the leaves and bark, flower buds and panicle axes are also
grazed, which can damage the inflorescence. On Spiraea
tomentosa (pers. observ.), similarly to on Salix species (West
1985), one leaf tier normally feeds one larva, although some-
times two, three, or more larvae can exist together on a tier.
It is worth emphasising that approximately 40% of larvae
that complete development require more than one leaf tier
(West 1985), and thus one larva damages several shoots.
Larval feeding significantly reduces the growth and biomass
production of Salix viminalis, decreasing it by an average of
30% (West 1985), or even 50% (Czerniakowski 2005); thus,
E. clorana is considered one of the most dangerous pests for
Salix viminalis (Sulewska et al. 2013).

The aim of this study was to compare survival and perfor-
mance parameters of larval E. clorana feeding on Salix vimi-
nalis (one of their main host plants) and Spiraea tomentosa
(a new host on which we have observed larvae). We wanted
to determine if egg laying in a localised and invasive alien
species is favourable for this moth, or if Spiraea tomentosa
will act as a population sink (Casagrande and Dacey 2007)
or an evolutionary trap (Schlaepfer et al. 2005) for this native
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Fig. 1 a Spiraea tomentosa in Bory Dolno§laskie Forest (western Poland); b Earias clorana leaf tiers on S. tomentosa; ¢ E. clorana leaf tiers on

Salix viminalis; and d E. clorana larva

insect. We hypothesised that (1) this insect can survive on
Spiraea tomentosa leaves, just as on Salix viminalis, and (2)
the leaves of the invasive Spiraea tomentosa are an equally
good source of food for E. clorana as are leaves of Salix
viminalis, allowing larvae to feed on Spiraea tomentosa with
no negative effects on their growth and development. We
also hypothesised that (3) there are few, if any, significant
differences in leaf structure and chemical composition of
food attractants and repellents (e.g. water, carbon nitro-
gen, sugars, tannins, and phenols) between the two host
species. Implementation of this research was essential for
understanding the interaction between the native moth E.
clorana and its new host Spiraea tomentosa, an invasive
alien species.

Materials and methods
Insects and plant materials
We carried out a laboratory experiment on larvae and pupae

of the cream-bordered green pea moth E. clorana. Second-
generation larvae (L2 instar) were collected from two host

plants: Salix viminalis and Spiraea tomentosa. Larvae living
on Salix viminalis leaf tiers were sampled from the experi-
mental plot of Poznan University of Life Sciences in Ztotniki
(Poland; 52°48'57"N, 16°81'31"E), and larvae naturally liv-
ing on Spiraea tomentosa leaf tiers were collected from a
meadow near the Ruszéw village in the Lower Silesian Wil-
derness (Poland; 51°39'48"N, 15°15'70"E). On both plots,
plants grew in full light. Larvae were collected in the first
half of July 2016, for a total of ca. 250 leaf tiers from each
of the host plants.

Seedlings of Spiraea tomentosa (n=30), obtained from
Ruszéw, were planted in pots (15 dm?® each) in mid-May
2016 (at the Institute of Dendrology PAS, Koérnik). The
pots were filled with native peat (collected with plants in
Rusz6éw) mixed with neutralised peat (1:1). In these studies,
we used individuals of Salix viminalis (n=30) that remained
after the completion of other studies carried out at the Insti-
tute. Conditions of growth for both species (e.g. soil sub-
strate, water availability) were similar. Seedlings were grown
under full light, as in nature, and all plants were watered as
necessary.
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Experimental design

We carried out a “no-choice” laboratory experiment using
a total of 120 larvae of similar masses, in the earliest pos-
sible stage of their development. On each of the two host
species, 60 larvae were used. Considering the influence
of the first food consumed by larvae on their performance
in later stages of development (Fortuna et al. 2013), the
larvae collected from the main and new host were trans-
ferred to the same host plants (from Salix viminalis to
Salix viminalis, and from Spiraea tomentosa to Spiraea
tomentosa). The larvae were reared individually in Petri
dishes (¢ 15 cm) with a leaf of the given species, at room
temperature with artificial lighting at light levels similar
to natural conditions (23 °C; RH 60%; D:N =16:8). For
each larva, their leaf was replaced by a new one and mass
was measured daily. The double daily requirement of food
for one larva was provided for each larva. The petiole of
each leaf was wrapped in a tissue paper soaked in water.
Uneaten leaf residues and faeces were weighed after they
were dried in a forced air oven at 65 °C for a minimum of
72 h (ULE 600 Memmert GmbH + Co. KG, Germany). To
estimate the fresh/dry weight ratio (for each host species
and date during feeding period), the fresh weight of a leaf
was compared with its dry weight, based on ten samples
collected from the leaves of each species.

Daily observations allowed us to compare the mortality of
larvae feeding on Salix viminalis and Spiraea tomentosa. To
determine insect performance, we used various parameters
of growth and development. For the larvae that pupated dur-
ing the experiment, the duration of larval development (DD)
was determined, which we assumed was the time (days)
from the beginning of the experiment to pupation. We also
determined maximum larval masses and pupal masses (in
mg). In addition, we used the following parameters: total
food eaten (TFE; mg dry mass), consumption index (CI;
g g~ day™!), relative growth rate (RGR; g g~! day™), effi-
ciency of conversion of ingested food (ECI; g g7 x 100%),
approximate digestibility (AD; %) and efficiency with which
digested food was converted to body substance (ECD; %).

Total food eaten was calculated by summing the esti-
mated dry mass eaten by the larvae from the start of the
experiment to pupation. We determined CI based on the
formula CI=TFE/DD XM, where M is the fresh mass of
a larva during the feeding period. We assessed RGR using
the formula RGR = (M, —M,))/(DD x M), where M, and M,
are the initial and final larval masses, respectively. Based on
the larval mass and TFE, we also defined the ECI, using the
formula ECI = (final larval mass/TFE) x 100%. We calcu-
lated AD using the formula AD = (TFE-F)/(TFE) x 100%,
where F is the total mass of faeces. ECD was calculated by
dividing the final mass of the larva by TFE—F, and then mul-
tiplying the result by 100%. All masses were measured with
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an analytical balance (Sartorius CP225D; + 0.01 mg). More
details concerning the methods and parameters that we used
in this study can be found in the literature (e.g. Waldbauer
1968; Maderek et al. 2015).

Chemical analysis, SLA, and toughness
measurements

We chemically analysed attractants and repellents in the
leaves of Salix viminalis and Spiraea tomentosa (n=10
seedlings/species). We analysed the basic chemical compo-
sition of leaves, including water content, carbon and nitro-
gen concentrations, total non-structural carbohydrates, and
defensive compounds such as soluble phenolics and con-
densed tannins. Plant material was collected in the second
half of July from individuals from which leaves had been
collected for the laboratory experiments.

Total soluble phenols and condensed tannins were ana-
lysed in dried leaf tissue (40 °C for tannins and 65 °C for
other phenols), ground in a Mikro-Feinmiihle-Culatti mill
(IKA Labortechnik Staufen, Germany). The phenolic
compound content (TPh) was measured colourimetrically
(A=660 nm) using Folin and Ciocalteu’s Phenol Reagent
(SIGMA F-9252) and following the method of Johnson and
Schaal (1957), as modified by Singleton and Rossi (1965).
Chlorogenic acid was the standard used in these assays. The
results were for total phenols expressed in terms of pM of
chlorogenic acid g~! dry mass (d.m.). Condensed (catechol)
tannins, after extraction with absolute methanol, were deter-
mined colourimetrically (4=500 nm) using a colour reaction
with vanillin in an acid medium (Price et al. 1978). These
results were converted to pM catechin g~! d.m. Nitrogen and
carbon content (% d.m.) were determined using an Elemen-
tal Combustion System CHNS-O 4010 analyser (Costech
Instruments, Pioltello, Italy). Total non-structural carbo-
hydrates (TNC; i.e. soluble carbohydrates and starch) were
determined as described by Haissig and Dickson (1979)
and Hansen and Mgller (1975). Soluble carbohydrates were
assayed in methanol—chloroform—water extracts (A =625 nm)
and TNC results were expressed as % d.m. Absorbance (tan-
nins, phenols, and carbohydrates) was determined with a
spectrophotometer (UV-1700 Visible Spectrophotometer;
PharmaSpec, Shimadzu, Japan). Detailed descriptions of
the methods used for these chemical analyses are described
in a paper by Karolewski et al. (2013).

Simultaneously, undamaged leaves of both species were
also collected for the assessment of specific leaf area (SLA;
cm?/g). Each leaf was scanned (software: WinFOLIA 2004,
Regent Instruments Inc., Quebec, Canada), dried (65 °C),
and weighed. Each sample for SLA analysis was composed
of 20 leaves per shrub species.

Toughness of leaves (gf mm~2) was measured with a
penetrometer and expressed as punch strength (gf) needed
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to pass through a leaf lamina with a rod of a given tip area
(mm~2). Leaf toughness was measured in mid-July 2016,
using a penetrometer with a tip size of 3.5 mm (FHT 801;
Equipment Depot, Fotronic, Melrose, MA, USA), in 30
undamaged leaves (for each species) by performing two
measurements between the lateral veins, on the left and the
right halves of the leaf.

Statistical analyses

Survival analysis (Log-Rank test) was used to determine
the probability of survival of larvae over time. Analysis of
covariance (ANCOVA) was used to assess the influence of
host plant species on maximal larval and pupal masses, DD,
TFE, CI, RGR, ECI, AD, and ECD. The initial larval mass
was used as a covariate. To assess the significance of the
differences in water content, C and N concentrations, TNC,
total phenols, condensed tannins, SLA, and toughness of
the leaves of the two species, we used one-way analysis of
variance (ANOVA).

All statistical analyses were conducted using JMP 12PRO
(SAS Institute, Cary, NC, USA) software. For data expressed
as percentages, the Bliss arcsin formula was used. Tukey’s
HSD test was employed to assess the significance of differ-
ences between treatments. Error bars denote the standard
error of the mean (+ SE).

Results

We found that the host plant species that larvae fed on did
not affect larval survival (Fig. 2). The insects successfully
completed the entire developmental cycle on both Salix vimi-
nalis and Spiraea tomentosa, and after the feeding period,
the amount of pupated larvae on each of the two host plants
was similar.

100 - === Salix viminalis

= — Spiraeca tomentosa
S 80
[
S
5 60 -
-
[3)
[ 40 1 Test Log-Rank
s P=0.9812
S 20 4
(7]

0 . . . .

0 5 10 15 20

Day

Fig.2 Survival of larval Earias clorana feeding on Salix viminalis
and Spiraea tomentosa leaves in a laboratory experiment

Although the species of host plant did not appear to affect
larval survival, some parameters of growth and development
indicated that the more favourable food source for E. clorana
was the native Salix viminalis (Table 1). Host plant species
affected maximal larval and pupal masses. Larvae fed with
leaves of the new host plant (Spiraea tomentosa) reached
maximal larval and pupal masses that were ca. 7 and ca.
25% lower, respectively, than those of larvae raised on Salix
viminalis. We found a statistically significant effect of the
species of host plant on both RGR and ECI (Table 1). Larvae
that fed on their native host plant reached ca. twofold higher
values of RGR and ECI than did those raised on the new
host plant. Thus, larvae feeding on Salix viminalis gained
body mass at a faster rate and were characterised by better
conversion of ingested food.

The species of host plant did not affect TFE or CI, which
means that the larvae ingested similar amounts of food,
regardless of host plant (Table 1). Host plant also did not
affect AD or ECD; howeyver, this is mainly due to the large
spread of data. There was also no difference in DD of E.
clorana in relation to host plant, estimated based on the
larval period from the beginning of the experiment to the
pupation (Table 1).

Chemical analysis and leaf toughness

Leaves of Salix viminalis and Spiraea tomentosa signifi-
cantly differed in relation to water content, SLA, leaf tough-
ness, and chemical compounds (Fig. 3). During the larval
feeding period, Spiraea tomentosa leaves contained 36%
more water than did Salix viminalis leaves (Fig. 3a). Leaves
of Spiraea tomentosa had threefold greater SLA (Fig. 3b),
but their toughness was 20% lower than that of Salix vimi-
nalis leaves (Fig. 3¢). This demonstrates that Salix viminalis
leaves are more xeromorphic than are the leaves of Spiraea
tomentosa. Spiraea tomentosa leaves had 4% greater car-
bon content than did Salix viminalis leaves (Fig. 3d), but
possessed 46% less nitrogen (Fig. 3e). Spiraea tomentosa
leaves also had a significantly higher concentration of TNC
than did leaves of Salix viminalis (Fig. 3f). In relation to
defence-related compounds, Spiraea tomentosa leaves were
characterised by their high concentration, as they contained
on average 9.6 times more condensed tannins (Fig. 3g) and
2.8 times more soluble phenols (Fig. 3h) than did Salix vimi-
nalis leaves.

Discussion

Larval E. clorana can grow on Spiraea tomentosa. Our study
showed that the numbers of individuals that pupated were
similar, regardless of whether larvae had fed on Salix vimi-
nalis or Spiraea tomentosa. Earias clorana larvae, which
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have until recently been regarded as monophagous, eating
only Salix species including mainly Salix viminalis, can
survive on Spiraea tomentosa, an alien and invasive shrub
species in Central Europe. This result positively validates
our first hypothesis, that E. clorana can survive and suc-
cessfully end its development on a new host plant. Spiraea
tomentosa can thus be considered to be a new host plant for
E. clorana, although at this time it is difficult to determine
whether it is a population sink or an evolutionary trap for
this moth species. Grazing on this new host plant negatively
affected growth parameters of larvae, however. Larvae fed
with Spiraea tomentosa leaves attained 25% lower pupal
mass than did larvae raised on Salix viminalis. Feeding on
the new host also resulted in the reduction of other growth
parameters, such as the relative rate at which larvae gain
body mass (Table 1). Although the leaves of Spiraea tomen-
tosa are not the optimal food for E. clorana, increasing host
species range by utilising an additional species, however,
may be considered beneficial to the population of this moth.
Spiraea tomentosa is a widespread species in some areas of
Central Europe. Even without direct improvements in adult
foraging efficiency, evolution in the host selection behaviour
of ovipositing insects can be advantageous because costs
caused by switching hosts may be minimised in larvae that
develop on a more abundant species (Cunningham et al.
2001). Increased foraging efficiency on a particular, more
abundant host species can outweigh the disadvantages of
ignoring higher quality, but less abundant, host species.
We found no statistically significant difference in the
length of the feeding period of larval E. clorana in rela-
tion to host. Since feeding on Spiraea tomentosa does
not affect the larval duration of development, there is no
significant prolongation of the period that could result in
greater risk from natural enemies (Haggstrom and Larsson
1995; Fortuna et al. 2013). Furthermore, the change of
host plant undertaken by E. clorana may restrain intraspe-
cific competition (Feder et al. 1995) and promote escape
from natural enemies, such as parasites (Awmack and
Leather 2002; Harvey and Fortuna 2012). According to
the enemy release hypothesis (Keane and Crawley 2002;
Colautti et al. 2004; Stutz et al. 2016), Spiraea tomentosa
in its European range of occurrence has not been attacked
by insects (Kott 2009). This creates a favourable oppor-
tunity for the population of E. clorana to avoid competi-
tion with other folivorous species, as well as its natural
enemies. For E. clorana, the use of Spiraea tomentosa
could therefore result in an enemy-free space (Denno et al.
1990), which is potentially an important factor affecting
host plant choice by phytophagous insects (Mulatu et al.
2004). Utilising Spiraea tomentosa may also be beneficial
for E. clorana as an opportunity to improve geographical
and ecological expansion. In natural habitats, this moth
occurs mainly near Salix viminalis trees (Czerniakowski

2010), particularly in lowland valleys on sandy and peb-
ble alluvia within the reach of annual high water levels.
Moreover, E. clorana is the most common willow pest on
Salix viminalis plantations, used in the biomass energy
industry (Tahvanainen and Rytkdnen 1999; Sulewska et al.
2013). As it is known, a broader diet allows an herbivore
to extend its range (Keeler and Chew 2008), and some
herbivores benefit from the establishment and spread of
exotic plants because they increase the amount of available
resources for them to exploit (Harvey and Fortuna 2012).
In the Lower Silesian Wilderness, where we first observed
larval feeding on Spiraea tomentosa, Salix viminalis is not
a widespread species (Zajac and Zajac 2001); therefore,
the increase in host species range in this area may be con-
ducive to the widening of the range of occurrence for E.
clorana, as well as increasing the ecological importance
of moth.

The rate at which neophytes are colonised by local her-
bivorous fauna depends on the degree of phylogenetic simi-
larity of new host plants and their native counterparts, as
well as the quality of food, which affects the development
of these herbivores (Agrawal and Kotanen 2003; Pearse and
Hipp 2009). For example, invasive Prunus serotina Ehrh.
demonstrates a strong and close phylogenetic relationship
with native P. padus L. (Bortiri et al. 2001), and differences
in food quality are small, so native specialists (Karolewski
et al. 2014) and generalists (Nowakowska and Halarewicz
2006; Maderek et al. 2015) have adapted to carrying out the
entire life cycle with this new plant. Between Salix viminalis
and Spiraea tomentosa, there is no close phylogenetic affin-
ity, and our measurements show that the leaves of these two
species differ significantly in relation to both chemical and
morphological features. Differences in nitrogen levels and
defences in leaves had a significant effect on E. clorana,
leading to better performance parameters when larvae were
fed Salix viminalis leaves than when fed Spiraea tomen-
tosa leaves. Thus, our second and third hypotheses, that the
leaves of the alien Spiraea tomentosa are as good a source
of food for E. clorana as are leaves of native Salix viminalis,
could not be positively verified.

Salix viminalis leaves are characterised by significantly
higher N content and toughness, and lower levels of sug-
ars, phenolic compounds, and tannins, in comparison to
leaves of the new host (Fig. 3). It is well known that nitro-
gen plays a positive role in the development of insects
(Giertych et al. 2005; Muth et al. 2008). Increased body
mass of insects is considered to be a good indicator of a
habitat favourable for survival (Lee and Roh 2010; Kaplan
et al. 2014) and of higher quality food (Giertych et al.
2005; Tremmel and Miiller 2013). Increasingly, attention
is also drawn to the fact that the characteristics determin-
ing food quality should include the toughness of leaves,
which seriously hampers how much they can be grazed
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«Fig. 3 Various parameters of Salix viminalis and Spiraea tomentosa
leaves characterising their food quality during the larval feeding
period: a water; b nitrogen concentration, N; ¢ carbon concentration;
d leaf toughness; e specific leaf area, SLA; f total non-structural car-
bohydrates, TNC; g condensed tannins; and h total soluble phenols,
TPh

(Scriber and Slansky 1981; Awmack and Leather 2002;
Yoshida and Murakami 2012). Taking into account the
greater toughness of Salix viminalis leaves, the level of
mechanical defence of Spiraea tomentosa leaves is obvi-
ously not sufficiently effective to defend against E. clorana
because this species can also tolerate it. The leaves of Spi-
raea tomentosa offer larval E. clorana phagostimulants,
like sugars (Harborne 1993; Levesque et al. 2002), the
concentrations of which are greater in Spiraea tomentosa
leaves than in those of Salix viminalis. Their higher levels
usually result in a shorter duration of larval development
and pupal period, as well as greater body mass (Hwang
and Lindroth 1997; Kaitaniemi et al. 1998; Lukowski et al.
2015). In the case of larvae fed with Spiraea tomentosa
leaves, however, we did not find this relationship (Table 1).

Most studies indicate that leaves containing lower con-
centrations of phenolic compounds and tannins are easier to
consume for folivores (Koricheva et al. 1998; Niesenbaum
and Kluger 2006; Karolewski et al. 2013). In the case of Spi-
raea tomentosa, plants were not protected against damage by
E. clorana, despite their high concentration of defence com-
pounds (soluble phenols and condensed tannins). Accord-
ing to the general hypothesis that insect specialists, which
include E. clorana, are better able to withstand the presence
of repellents than are generalists (Mathur et al. 2011; Ali and
Agrawal 2012), it is possible that even the high concentra-
tion of defence compounds in Spiraea tomentosa leaves did
not act as a sufficient barrier to E. clorana. Paradoxically,
these compounds may be beneficial for an insect, as larvae
sequester plant-derived compounds and the defensive traits
of caterpillars are correlated with the defensive traits of their
hosts (Bowers 1990; Wheeler et al. 2002). It can be specu-
lated that the high concentrations of phenols and tannins in
the leaves of the new host plant increase the defence ability
of the moth feeding on them. This issue, however, requires
further study.

To summarise our results, it is apparent that there are
inherent ecological trade-offs for a herbivore confronted
with choosing between its primary host (higher content of
nitrogen, lower concentrations of soluble phenols and con-
densed tannins, but lower content of TNC and water, and
higher toughness) and a secondary host (higher TNC and
water content, but much higher concentration of defence
compounds). We believe, however, that including leaves of
Spiraea tomentosa in the diet may be somewhat beneficial

for E. clorana. Despite the slightly negative effect of this
host on the growth and development of larvae, in the case
of the absence or reduction of availability of the main host
plant, the widely spread Spiraea tomentosa may allow the
moth to survive. Regarding our hypotheses, we conclude
that E. clorana can feed on Spiraea tomentosa leaves with
no negative effects on its growth, but the new host plant
influences larval growth. The leaves of the invasive Spi-
raea tomentosa are not as good a source of food for E.
clorana as are the leaves of Salix viminalis. The reasons
for this could include the differences in leaf structure (like
toughness), but are likely to be mainly related to the rela-
tively lower N content and higher concentration of repel-
lents (tannins and phenols) in leaves of Spiraea tomentosa.

From the perspective of the host plant, being utilised
as a food source may cause a decrease in the number of
seeds and reduce total generative potential. Larvae feed
on the flower buds and, in extreme cases, this can lead to
complete destruction of the inflorescences. Another con-
sequence of increasing the population of E. clorana may
also be an increase in damage to Salix viminalis planta-
tions, which already suffer significant damage (Noreika
and Smaliukas 2005; Nijak 2009; Remlein-Starosta and
Nijak 2010). Utilising a new host plant increases the range
and abundance of insect populations (Keeler and Chew
2008), which, in the case of determining the location of a
new Salix viminalis plantation, would make it necessary
to analyse their position relative to localities invaded by
Spiraea tomentosa.

The results of the current study, as well as our previous
related studies, should also be taken into account when
attempting to use E. clorana beyond its natural range, such
as for the purpose of reducing populations of invasive spe-
cies. Recently, Australia proposed a biological control of
alien species of willows (including Salix viminalis; Adair
et al. 2006), which are major invaders of riparian zones
in Australia (Greenwood et al. 2004). The list of insects
(mainly specialists restricted to Salix species) that could
potentially be used as biological control agents includes
E. clorana. Our research shows that E. clorana is not a
typical monophagous species, increasing the risk of a pos-
sible transfer to another plant species. Furthermore, due
to the fact that E. clorana is the first insect species whose
larvae have been observed to feed on the invasive Spiraea
tomentosa on a massive scale in Europe, in addition to this
being the first observation of E. clorana utilising a species
belonging to a completely separate phylogenetic family,
this issue requires further research. Our current research
covers only part of this insect’s life, however. Nobody
has analysed the similarity between Salix viminalis and
Spiraea tomentosa so far. Therefore, we are planning to
determine whether there is a common group of volatile
compounds which could serve as insect attractants for both
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species. We also plan to determine how the new host plant
will influence the potential fertility of females and the sur-
vival, growth, and development of progeny.
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