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Abstract The realized host range of herbivores is expected
to increase with herbivore population density. Theory also
predicts that trait similarity and phylogenetic relatedness
between native and exotic plants is expected to increase the
susceptibility of introduced plants to feeding by native her-
bivores. Whether the ability of native herbivores to extend
their host range to introduced species is density dependent
is still unknown. We addressed this question by monitor-
ing pine processionary moth (PPM, Thaumetopoea pityo-
campa) attacks during nine consecutive years on 41 pine
species (8 native and 33 introduced) planted in an arbore-
tum. The survey encompassed latent and outbreak periods.
A total of 28 pine species were attacked by PPM. There
was no difference in the probability of attack between
native and introduced pine species. Host range increased
and was more phylogenetically clustered during outbreak
than latent periods. When population density increased,
PPM expanded its diet breadth by attacking introduced
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pine species that were closely related to native hosts. This
study demonstrates the density dependence of host range
expansion in a common pine herbivore. Importantly, it
supports the idea that the degree of phylogenetic proxim-
ity between host species can be a better predictor of attacks
than the introduction status, which may help to predict the
outcomes of new plant-herbivore interactions.

Keywords Arboretum - Density dependence - Exotic
species - Forestry - Host range - Pine processionary moth

Introduction

Non-native plants are increasingly introduced outside of
their natural range. Yet, their establishment may be hin-
dered by damage from herbivores native to the area of
introduction (Cappuccino and Carpenter 2005; Parker et al.
2012). For instance, a recent survey showed that 590 Euro-
pean insect herbivore species successfully colonised exotic
tree species introduced in Europe (Branco et al. 2015).
Predicting the outcomes of novel plant-herbivore interac-
tions is, therefore, of great theoretical and applied interest
(Pearse et al. 2013; Branco et al. 2014). However, exactly
what determines the likelihood of herbivores to incorporate
new hosts in their diet remains controversial (Harvey et al.
2010; Forister and Wilson 2013).

Theory predicts that host range may be density depend-
ent, increasing with consumer abundance (Svanbéck and
Bolnick 2007; Aradjo et al. 2011; Carrasco et al. 2015).
Herbivores may be more likely to exploit new host plants
when population densities are high, as a result of a simple
sampling effect: intraspecific variability in host use may
increase with population density (Bolnick et al. 2011).
Alternatively, increased population density may induce
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changes in the quality of host plants through induced resist-
ance (Underwood 2010) making them less suitable to her-
bivores, or intra-specific competition may force herbivores
to feed on less preferred or less suitable, but ‘competitor
free’, hosts (White and Whitham 2000; Plath et al. 2011;
Naklddal and Uhlikova 2015). Such density dependent
effects on host use may have profound consequences on
population dynamics of herbivores by alleviating intra-spe-
cific competition, but exposing them to new inter-specific
competitors (reviewed in Bolnick et al. 2011).

Phylogenetic relationships among plants can also
explain patterns of utilization by a given herbivore (Naka-
dai and Murakami 2015). Closely related plant species are
more likely to share herbivores (Parker et al. 2012; Gilbert
et al. 2015). Pearse and Hipp (2009) showed that insect
damage on oaks introduced to the US decreased with their
phylogenetic distance to native American oaks. This is
consistent with phylogenetic niche conservatism for traits
involved in plant-herbivore interactions (Srivastava et al.
2012; Nakadai et al. 2014). However, not all traits show
a phylogenetic imprint (Whitfeld et al. 2012) and even
closely related plant species may diverge in traits relevant
to defence against herbivores (Desurmont et al. 2011).
Although biologically meaningful and of practical interest,
phylogenetic distance among host plants may not be the
best predictor of novel plant—insect interactions (Bezemer
et al. 2014).

For a new plant to be incorporated in the diet of a given
insect, its traits (e.g. phenology, palatability, defenses) have
to match those that are involved in the insect’s host plant
colonisation and exploitation behavior, without the need
for previous coevolutionary processes, that is ecological fit-
ting (Agosta 2006). Only those exotic plants that display
such traits, permitting both recognition and sustained feed-
ing by native herbivore may be used as novel hosts (Pearse
2011; Pearse et al. 2013). By contrast, non-native plants
may act as ecological traps (Schlaepfer et al. 2002) if they
are more or equally attractive to native herbivore adults but
are less palatable or more effectively defended, resulting
in poorer performance of the offspring (e.g., D’Costa et al.
2014). In particular, the fitness cost experienced by herbi-
vores shifting from one host plant to another was shown to
increase with phylogenetic distance between the two hosts
(Bertheau et al. 2010).

So far, the consequences of biotic introduction on plant—
insect interactions and the effect of increased population
density on insect host range expansion have been studied
separately (Aradjo et al. 2011; Forister and Wilson 2013;
Pearse et al. 2013; Bezemer et al. 2014; but see Branco
et al. 2014). Bridging these two frameworks can provide
important insights into our understanding of the ecological
consequences of intentional plant introductions, and, more
generally, plant invasions.
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Here, we explored the relationships between the popula-
tion dynamics of the pine processionary moth (Thaumeto-
poea pityocampa, hereafter referred to as PPM) and change
in its host range. PPM feeds on several species within the
genus Pinus, and, occasionally on larch (Larix sp.), cedar
(Cedrus sp.) or Douglas fir (Pseudotsuga sp.) (Jactel et al.
2015). Within the genus Pinus, PPM can show preferences
for some species (Hédar et al. 2002; Stastny et al. 2006;
Pérez-Contreras et al. 2014). However, there is no general
agreement on rank order for host use, probably because
of local adaptation of PPM populations (Zovi et al. 2008;
Jactel et al. 2015) or because host quality may change dur-
ing outbreaks (Li et al. 2015). Several tree traits have been
suggested to drive host selection and use by PPM, includ-
ing tree height, needle morphology or volatile organic com-
pounds (Paiva et al. 2011; Jactel et al. 2015).

We monitored PPM infestation on 41 pine species
planted in an arboretum during nine consecutive years
including an outbreak, i.e., covering periods with very high
or very low population densities. We tested whether there
were significant changes in host use by PPM as a result of
population density and whether host range expansion was
density dependent. Specifically, we tested the three follow-
ing hypotheses: (1) host range increases with PPM popula-
tion density; (2) novel hosts are not chosen at random but
preferably among species closely related to natives and/or
exhibiting similar traits relevant to host selection or exploi-
tation and (3) native pines are more likely to be attacked
than exotic pines.

Materials and methods

Monitoring PPM densities at Arboretum National des
Barres

PPM caterpillars feed at night during winter and spend the
daytime in silky nests in tree crowns. These so-called win-
ter nests shelter 50-100 larvae and are commonly used to
monitor PPM infestation on trees as caterpillars are very
conspicuous in tree crowns. The presence of a nest indi-
cates that early instar larvae fed on and survived on the
pine tree on which one female moth oviposited.

PPM abundance in the Arboretum National des Barres
(N. 47.838, E. 2.7596, Paris Basin, France) was monitored
in the arboretum between 1999 and 2007, by counting the
number of winter nests on all individual pine trees planted
at the arboretum. Hereafter we refer to the total number
of nests per year on all sampled trees as ‘PPM population
density’.

At the time of the survey, 2556 trees were present in
the arboretum, of which 219 belonged to one of 46 Pinus
species. Pines from hybrid species, or which died or were
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newly planted before the end of the survey were dis-
carded from the analyses. Likewise, we did not distinguish
between subspecies. The final dataset, therefore, contained
192 individual pines from 41 species of which eight were
native to Europe, 11 introduced from Asia and 22 from
North America (see Table S1, Supplementary Material).
Although arboreta are usually not primarily designed for
ecology studies, there were enough tree replicates of Euro-
pean, Asian and American pine species in the Arboretum
National des Barres to allow testing our hypotheses.

Tree and needle characteristics

The height of all individual pines was measured in 2002.
Tree height data were used to assess the effect of height
on PPM attacks (Castagneyrol et al. 2014; Régolini et al.
2014). Although it may have changed over the time of
the survey, we assumed that the rank order in tree height
among individuals and species was maintained throughout
the study, an assumption that should hold over a relatively
short period.

Although there is no consensus on needle traits corre-
lated with PPM abundance on different pine species (Jactel
et al. 2015), pine needles with a shape that allows female
moths clasping their tarsi around and holding on to them
are expected to be more suitable for oviposition (Démo-
lin 1969). Mean needle length and width per pine species
were retrieved from the literature (Richardson 2000). For
the three species for which this information was missing
(Pinus cembra, P. arizonica, P. ayacahuite), 30 needles
were collected from five trees of the arboretum, and needle
length and width values were averaged at the species level.

Pine phylogeny

A phylogenetic tree for the 41 pine species included in this
study was obtained from the conifer phylogeny developed
by Delzon et al. (personnal communication). This recon-
struction used sequences for chloroplast genes rbcL and
matK, nuclear gene phyP, and the ITS1-5.8S-ITS2 region
of ribosomal DNA, downloaded from the online database
GenBank (Benson et al. 2011) and aligned using the pipe-
line PHLAWD (Smith et al. 2009). The complete dataset
included over 300 species of conifers, and used three cycad
species as outgroup. Following the so-called superma-
trix approach (Dequeiroz and Gatesy 2007), a full likeli-
hood search with 1000 bootstrap replicates was conducted
on the whole dataset in RAXML (Stamatakis 2006), with
each region treated as a separate partition with a distinct
GTR + CAT substitution model. A chronogram was then
constructed on the best tree from the likelihood search,
using a relaxed-clock model and the chronos function from
the ape package in R (Paradis et al. 2015), with a set of

fifteen calibration points (derived from the fossil record)
from Leslie et al. (2012).

Analyses
Test of phylogenetic signal in tree height and needle traits

We tested whether there was a phylogenetic signal in pine
trait values expected to drive PPM preference. Among the
wide array of indices developed to test for the presence of
phylogenetic signals in traits, Pagel’s \ performs well when
it is used to compare different traits within a single phy-
logeny (Miinkemidiller et al. 2012). Pagel’s \ can theoreti-
cally be greater than one (traits of related species are more
similar than expected under Brownian motion) but usually
varies between zero (no phylogenetic signal) to one (strong
phylogenetic signal). Although we did not expect any phy-
logenetic signal in tree height, given differences in tree age
among species, we used Pagel’s '\ to test for phylogenetic
signals in needle traits (needle length and needle width),
but also in tree height for sake of completeness.

Testing factors controlling for pine species use by the PPM

We first tested if patterns of PPM attacks differed between
pine trees of different introduction status (native vs. intro-
duced) or from different regions of origin (Europe, North
America, Asia) using Generalized Linear Mixed-effect
Model (GLMM) with a binomial error family. Tree height,
needle length and needle width were included as predic-
tors. We used marginal testing to test the significance of
introduction status and region of origin once the effects of
traits were accounted for, and conversely the effect of traits
while controlling for tree origin. The response variable was
presence/absence of attack (winter nest) on a given tree.
GLMM allowed accounting for repeated measurements on
the same individuals. Random factors were calendar year,
pine species identity and individual tree identity nested
within species. Because every tree was surveyed every
year, tree and year were crossed random factors. Variance
explained by fixed effects (introduction status or region of
origin) and random factors were estimated by calculating
marginal R? values (Rﬁl, for fixed effects) and conditional
R? values (Rg, for fixed plus random effects) (Nakagawa
and Schielzeth 2013).

Using GLMM with species as a random factor only par-
tially accounts for phylogenetic non-independence among
residuals. Therefore, we then used Phylogenetic General-
ized Least Square (PGLS) models which are extensions
of ordinary least square regressions that account for phy-
logenetic non-independence among individual observa-
tions (Paradis 2012). PGLS uses a theoretical variance—
covariance matrix among species that quantifies how much
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species resemble each other (covariance), and how much
they diverged from their common ancestor (variance). The
variance—covariance matrix was estimated with Pagel’s '\
(Pagel 1999) which improves the performances of phylo-
genetic regression when there is a phylogenetic signal in
the independent variable (Revell 2010). For trait analysis,
PGLS were used with data aggregated at the species level,
using the mean number of PPM nests per year and per spe-
cies as response variable and species introduction status,
tree height, needle length and needle width as predictors.
Separate models were run for each year of the survey.
Predictors were scaled and centred to make coefficients
comparable within and between years (Schielzeth 2010).

Modeling diet breadth

Under the null hypothesis (H,) that female PPM select
pines at random for oviposition, the number of pine spe-
cies with one or more PPM nests should increase with both
PPM population and pine densities, simply as a result of
a sampling effect: (1) the more females, the more nests
and the greater the probability of any tree being attacked
and (2) the more pine individuals per species, the greater
the probability of a particular pine species being infested.
Taking these densities into account, we used null models
adapted from Jorge et al. (2014) to test H,,.

We defined two potential host pools (PHP). In the first
one (PHP,), all pine species were considered potential
hosts for PPM. In the second one (PHP,), only those spe-
cies that were attacked at least once during the seven-year
survey were included. Null models were built by randomly
drawing N trees from the PHP, where N was the number
of PPM nests observed in a given year. This procedure
thus accounted for the unbalanced abundance of the differ-
ent pine species in the arboretum. Trees were drawn with
replacement to make it possible that the same tree holds
several nests. Based on this random sample, we calculated
the number of host species used by PPM under H,, (S,,n40m)-
This procedure was repeated 1000 times. We eventually
compared observed (Sypeerveq) and simulated (S,,,4om) NUM-
bers of host species using a standardized coefficient k (see
below, Eq. 1).

To test the hypothesis that the number of novel hosts
increased with PPM population density under a non-ran-
dom process according to species relatedness (i.e., phylo-
genetic clustering), we used the same null model but this
time added phylogenetic information (Jorge et al. 2014;
Parker et al. 2015). We calculated the mean phylogenetic
distance between pine species used as hosts in a given year
(MPD g erveq) and compared this value to the 1000 MPD,,,_
dom Calculated from random samples generated by the null
model. We then calculated the weighted mean of all pair-
wise distances among species (Parker et al. 2015), using
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the mpd function in package picante (Kembel et al. 2014),
where phylogenetic distances were weighted by the num-
ber of attacks on each host species.

Observed and simulated values were compared using a
standardized coefficient k (kg for richness and kypp, for phy-
logenetic clustering) that is equivalent to a z-score (Eq. 1):

k = (Xobserved —Mrandom)/Orandom (1)

where Xobserved>

dom and Orandom

is either Sgpcerveq OF MPDp o veq and m -

are the mean and standard deviation of the
1000 random simulations of either S,,,4om O MPD,, 4om- AS
such, kypp is analogous to the dietary specialization index
DSI, developed by Jorge et al. (2014).

For host species richness, negative and positive kg val-
ues indicate that the number of pine species on which PPM
nests were observed were lower and greater, respectively,
than expected by chance.

For MPD, ky;pp, was multiplied by —1 so that positive
kypp values indicate a greater phylogenetic clustering than
expected by chance, while negative values are indicative of
phylogenetic overdispersion. If Ikl < 2, the observed value is
approximately within the range expected by chance. Con-
versely, if Ikl > 2, then the observed value is approximately
in the 5 % tail of a normal distribution. We finally tested the
effect of PPM population density on k for the two poten-
tial host pools using linear regressions. An increase of kypp
with PPM density would indicate that host range tends to
be more phylogenetically clustered. We ran a last simula-
tion to confirm this assumption by testing how the phyloge-
netic distance between the most regularly attacked species
and other species varied with PPM density. Pinus nigra,
P. sylvestris and P. ponderosa were the most commonly
attacked species (see results) and thus constituted the ‘reg-
ular hosts pool’. For each year separately, we calculated the
mean nearest taxon distance between the regular hosts pool
and the pool of newly added host species (‘additional hosts
pool’), that is a measure of B-phylogenetic diversity (com-
distnt function in package picante). We finally ran the same
simulations as above, k coefficient as above for every year,
and regressed k against PPM population density.

Although the maximal distance between pines was
952 m (Appendix 1, Supplementary Material), pines were
distributed among two areas within the arboretum. We
checked for independence between phylogenetic and geo-
graphic (Euclidean) distances between trees of the arbore-
tum (Appendix 1). We finally re-ran previous models for
each garden separately to confirm the robustness of the
main results (Appendix 1).

All analyses were done in R Core Team (2016). We used
the functions gls, glmer, r.squaredGLMM from packages
nlme, Ime4, and MuMIn, respectively (Bates et al. 2013;
Pinheiro et al. 2014; Bartoni 2015). For phylogenetic analy-
ses we used the phytools package (Revell 2012).
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Fig. 1 Relationship between
mean tree height, needle width,
needle length and PPM attack
rate with pine species phylog-
eny and origin. Pink, green

and blue colours refer to pines
species from Europe, Asia and
North America, respectively.
Traits values and mean number
of nests per year and per species
(PPM) were scaled from O to 1.
The larger the dot, the bigger
the value. Crosses indicate pine
species that have never been
attacked during the survey
(color figure online)
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A total of 2309 winter nests were counted on pine trees
between 1999 and 2007. Among the 41 pine species planted
at the National Arboretum des Barres, 28 were attacked
by PPM at least once during the survey period (i.e., 68 %,
Fig. 1). PPM population density varied between years but
was independent of tree age: it was maximal in 2002, in the
middle of the survey, and minimal in 2004 (Fig. 2).

PPM attacks were concentrated on P. nigra, P. syl-
vestris and P. ponderosa. Despite the fact that, together,
they represented only 39 % of planted trees, they con-
centrated between 82 and 85 % of attacks between
years of low and high PPM density (% attacks on
P. nigralP. ponderosalP. sylvestris, low PPM den-
sity: 67/15/0; high PPM density: 56/24/5). Although
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P. ponderosa is non-native to the study area, there was no
overall effect of the introduction status (native to Europe
vs. introduced, GLMM: x* = 0.05, P = 0.824, R2, = 0.18,
Rg = 0.67) or region of origin (Europe vs. Asia vs. Amer-
ica, GLMM: x> =0.05, P = 0.974, R2, = 0.18, R2 = 0.67)
of pine species on PPM attack probability (Fig. 1). Only
needle width had a significant effect: the wider its nee-
dles, the greater the chance was that a pine species
was attacked (x> = 9.57, P = 0.002 and x*> = 10.58,
P = 0.001 in GLMMs including introduction status and
region of origin as factors, respectively, Fig. 3). Random
factors explained more than 66 % of the variance in PPM
attack probability.

Closely related species tended to be more simi-
lar in terms of needle traits as shown by the significant,
though rather weak, phylogenetic signal in needle length
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Fig. 2 Temporal pattern of total number of nests (bars) and pine spe-
cies attacked (dots) by the pine processionary moth (PPM)

(A = 0.26, P = 0.013) and needle width (A = 0.29,
P = 0.015). As expected, pine height was independent of
pine phylogeny (A = 0.00, P = 1.000, Fig. 1).

The effect of needle width remained after phylogenetic
non-independence was accounted for (PGLS, Table S2).
The strength of the needle width effect increased with PPM
population density (Fig. 3). Needle length had no effect
on PPM attacks (except in 2007, Table S2). There was a
tendency for taller trees being attacked more than smaller
ones, but this effect was significant only when PPM popu-
lation density was low (Fig. 3). Needle length had no effect
on PPM attacks (but in 2007, Table S2).

The number of pine trees and pine species attacked by
the PPM increased with PPM population density (Pear-
son’s correlation: rypgiviguais = 0-96, Tgpecies = 0.93, Fig. 2).
Regardless of the potential host pool (i.e., all pine spe-
cies, PHP,, or only species attacked at least once, PHP,),
PPM attacked significantly fewer species than expected
by chance (all kg < 2, Fig. 4a). The realized host range
departed more from randomness as PPM population den-
sity increased (PHP;: F,; = 632, P < 0.0001, R?> =0.99,
PHP,: F, ; = 179, P <0.0001, R* = 0.96, Fig. 4a).

The observed phylogenetic clustering of host trees
increased with PPM population density (Pearson’s correla-
tion: r = 0.66). PPM’s host range was more clustered than
under the null hypothesis (all kypp > 2, Fig. 4b) and phylo-
genetic clustering increased with PPM population density
(PHP: F\; = 11, P < 0.013, R? = 0.55, PHP,: F; =21,
P < 0.003, R* = 0.71, Fig. 4b). When PPM population den-
sity increased, z-scores corresponding to B-phylogenetic
distance between the ‘regular hosts pool’ and the ‘addi-
tional hosts pool’ were always positive and increased with
PPM density (intercept: 2.05 £ 0.21, t = 9.80, P < 0.0001,
slope: 22.83 x 107* £ 6.36 x 107, 1 = 3.59, P = 0.009),
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Fig. 3 Effects of needles width, needles length and tree height on
PPM attack. a Effects of needle width on the probability of PPM
attack. Lines represent predictions from GLMM for years as random
intercepts. Colour palette refers to PPM population density (and cor-
responding year). b Standardized model parameter estimates of year-
specific PGLS models showing the effects of tree height, needles
length and needles width on the mean number of PPM nests per tree.
Vertical bars represent standard errors. Stars indicate coefficients that
are significantly different from zero

which confirms that the species newly added to the regular
host range were more closely related to regular hosts than
expected by chance.

Discussion

Our results clearly show that PPM’s host range expan-
sion depended more on PPM population density and
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Fig. 4 Effects of PPM nest density on PPM host range. a Results of
null models comparing the observed (S, vs. simulated (S;,,) num-
ber of species attacked by the PPM under the null hypothesis; k is
proportional to the difference between observed and simulated val-
ues. Negative values indicate that the number of attacked species
was lower than expected by chance. b Results of null models com-
paring the observed (MPD,,) vs. simulated (MPD ) mean phylo-

obs. sim

phylogenetic relationships among pine species than on
introduction status of pines.

We hypothesized that PPM’s host range should increase
during outbreaks, by incorporating pine species closely
related to hosts normally used during latent periods. Our
results are consistent with this hypothesis and with the lit-
erature. Closely related host species are more likely to share
common traits and defenses against herbivores (Agrawal and
Fishbein 2006; Rasmann and Agrawal 2011; Nakadai and
Murakami 2015). It is, therefore, not surprising that the new
hosts were chosen from among the close relatives of regular
hosts. This result suggests that in years of low PPM abun-
dance, PPM nests were found on a small set of highly suitable
hosts compared to years of high PPM abundance. Increased
intraspecific competition during outbreaks may have
increased divergence in host use and forced PPM to exploit
less preferred, but still suitable hosts (Aradjo et al. 2011).
Why these optional hosts are only used during outbreaks may
be explained by the fitness loss of herbivores feeding on sub-
optimal plants (Bertheau et al. 2010; Rasmann and Agrawal
2011; Nakadai and Murakami 2015). During outbreaks, this
cost may be a better option than the risk of facing starvation,
due to either induced resistance or intra-specific competi-
tion (Svanbick and Bolnick 2007; Plath et al. 2011; Branco
et al. 2014). Alternatively, as PPM abundance increased, the
increase in host range at the population level may have sim-
ply resulted from a greater number of individuals being able
to exploit new hosts, due to larger intra-specific variability in
individual insect preferences (Bolnick et al. 2011).

Contrary to our expectations, the marked preferences for
some particular species did not result from the avoidance
of introduced species: both native and introduced species

k (MPD)

0 100 200 300 400 500 600 700

PPM population density

genetic distance between species attacked by the PPM under the null
hypothesis. To make it consistent with (a), £ was multiplied by —1 so
that positive k values indicate a greater phylogenetic clustering than
expected by chance. Simulations were based on two potential host
pools (PHP, see “Materials and methods”). Shaded areas and hori-
zontal dashed lines represent the [—2; 2] interval corresponding to
expectations under the null hypothesis

were equally attacked by PPM. Even if they escape natu-
ral enemies from their native range (“the enemy release
hypothesis”, Keane and Crawley 2002), non-native plant
species can face novel herbivores in the area of introduc-
tion (Parker et al. 2012), particularly when species from
the same genus are present in the introduction area (Branco
et al. 2015). The likelihood for introduced plants to recruit
new herbivore species was shown to increase with phyloge-
netic or trait similarity with native plant species (Ness et al.
2011), even within the same genus (da Ros et al. 1993;
Pearse et al. 2013). Phylogenetic relatedness among pine
species was, therefore, a stronger driver of host use pattern
than tree region of origin. Likewise, plant traits predicted
host use better than introduction status or region of origin
as previously observed for oaks (Pearse 2011).

We found that needle width was a key predictor of PPM
attack probability on a particular pine species. Démolin (1969)
observed that the ability of female moth to firmly ‘hook’ pine
needles for oviposition was greatest for needles between 1.6
and 2 mm wide, which corresponded to the length of PPM’s
tarsi. Accordingly, we showed that the probability of attack
was greatest for needles with a width approaching 2 mm, irre-
spective of species’ introduction status. Yet, this trait displayed
a phylogenetic signal in pines. Therefore, PPM may have been
ecologically fitted to lay eggs on non-native pines having a
particular combination of needle traits (Forister and Wilson
2013). This confirms that phylogenetic signals can be detected
when considering plant—insect interactions, but this needs not
be the result of coevolution (Agosta 2006).

We showed that PPM attacked significantly fewer
pine species than it would be expected by chance. This
is consistent with previous studies reporting PPM female
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preferences for alternative host species (Stastny et al. 2006;
Paiva et al. 2011), but it conflicts with the view that PPM
females are rather unselective regarding oviposition sites
(Hodar et al. 2002). In this study, we counted the number
of nests, and not actual oviposition events. It is common
that offspring survive or perform better on plants that their
mother preferred, and that females prefer plants (for ovipo-
sition) that are more suitable to the offspring (i.e., “mother
knows best”’; Gripenberg et al. 2010). Whether or not this
is the case in PPM remains to be tested properly, using
behavioral experiments. Although we interpreted host pref-
erence in terms of female choice, it cannot be excluded that
the observed distribution of PPM nests resulted (in part or
entirely) from differential survival of eggs or young larvae.
For instance, Hodar et al. (2002) found that females were
unselective regarding oviposition, while the survival of
early instar larvae varied among pine species. By contrast
Stastny et al. (2006) reported that host preference based on
number of nests in the field was consistent with oviposi-
tion preference in controlled experiments. Such discrepan-
cies may result from local adaptations of PPM populations
(Zovi et al. 2008), which makes it difficult to generalize
findings about host preference in PPM. However, the fact
that a certain host trait particularly relevant to female moth
behavior (correspondence between needle width and moth
tarsi length) was found to explain host preference should
provide confidence in our interpretation of host range
expansion driven by female’s choice.

Our study was conducted in an arboretum at the northern
edge of PPM’s geographic range (Battisti et al. 2005). It is
possible that the hierarchy in host use by herbivores in mar-
ginal populations may not reflect preferences in more central
populations. For instance, choice behavior may be less con-
servative if normally preferred hosts are scarce or missing
(Carrasco et al. 2015), which was not the case in the arbore-
tum. However, PPM was shown to act conservatively regard-
ing host preferences (Stastny et al. 2006) and despite the
unbalanced design, no less than 41 pine species were avail-
able in the arboretum. PPM was, therefore, given the choice
between different potential host species so that we can reject
the possibility that the location of this study biased PPM’s
choice towards non-native species. In addition, the loca-
tion of the arboretum at the front edge of PPM geographical
range expansion provided further reassurance that no coevo-
lution processes were behind host range expansion.

Conclusion
PPM showed clear preference for particular pine species,
those which have wider needles. This choice was independ-

ent of pine introduction status indicating that non-native
species were neither more nor less likely to be attacked by

@ Springer

the PPM than native species. Importantly, the host range
increased with PPM population density in a non-random
way. Host range expansion occurred on pines closely
related to regular hosts, the latter being ‘ecologically fit-
ted’ to be attacked by the PPM as a result of needle traits
that displayed a phylogenetic signal. Regardless of the
mechanisms underlying the observed patterns, the density
dependence of host use may have profound implications for
the population dynamics not only of PPM, but also of other,
co-occurring pests on the same host trees (Bolnick et al.
2011). From an applied point of view, our results allow the
identification of pine species that would be at higher risk of
PPM attack, should it be accidentally introduced outside its
natural geographic range or should exotic pines be planted
in the native range of PPM (Lombardero et al. 2012).
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