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Abstract

The bark beetle Ips acuminatus is an important pest in pine-dominated forests of Eurasia. Recently, the frequency of L
acuminatus outbreaks and mortality of host trees have increased, most likely as a result of climate change-related altera-
tions in environmental conditions. Therefore, detailed information on the species’ natural history is essential to understand
its potential to damage forests and to apply sustainable management measures. We provide a comprehensive overview on
the life history of 1. acuminatus, focusing on traits that might explain outbreaks and the ability to cause tree mortality. We
review its importance for European forestry, outbreak behavior, host plant usage, reproductive biology, temperature-dependent
development, diapause and overwintering behavior, and interactions with fungi, bacteria, nematodes and other arthropods.
Interestingly, I. acuminatus has a strong nutritional dependency on the fungus Ophiostoma macrosporum, underlined by
the presence of a prominent oral mycetangium, a spore-carrying organ, in females, which is not known for other Ips species.
Moreover, I. acuminatus can reproduce sexually and asexually (pseudogamy). Additionally, information on the species’ evo-
lutionary past provides valuable insights into the origin of certain traits. We present a phylogeny of the genus Ips and examine
selected life-history traits in an evolutionary context. Together with its sister species Ips chinensis, 1. acuminatus forms a
separate clade within Ips. The ancestor of Ips bark beetles originated about 20 million years ago and was a pine-colonizing
species inhabiting the Holarctic. Finally, open fields of research are identified to guide future work on this ecologically and
economically important pine bark beetle.
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It has a prominent oral mycetangium, i.e., a spore-carry-
ing organ, for fungal transmission

It has both sexual and asexual, i.e., pseudogamous, repro-
duction

Female harems of I. acuminatus males are much larger
than in other Ips species

1. acuminatus has a very specific phylogenetic position
explaining some life-history traits
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Introduction

European pine forests: relevance and forest
protection issues

Pine-dominated forests are widespread ecosystems in
Europe fulfilling numerous ecological and economic func-
tions. The two pine species Pinus sylvestris (Scots pine)
and Pinus nigra (European black pine) are among the most
important conifers in Europe, occurring in major parts of
the continent across a wide latitudinal and altitudinal range
(www.euforgen.org). Pinus sylvestris is the most abundant
pine species worldwide, being native to Eurasia and intro-
duced to North America, and is of great ecological and
economical importance (Hytteborn et al. 2005; Eckenwal-
der 2009; Matias and Jump 2012; Houston Durrant et al.
2016). The wide geographic range of Scots pine can be
explained by its broad ecological amplitude, as it is able
to cope with a wide range of abiotic environmental condi-
tions, including drought and frost (Matias and Jump 2012).

Pinus sylvestris-dominated ecosystems are affected by
various abiotic disturbances (including high temperatures
and drought) and biotic stressors, like fungi, nematodes
and insects (Bigler et al. 2006; Dobbertin et al. 2007;
Blumenstein et al. 2021). The most important fungal
pathogens are Dothistroma septosporum and Dothistroma
pini (Barnes et al. 2022) causing red band needle blight,
Lecanosticta acicula leading to brown spot needle blight
(Tubby et al. 2023), Diplodia sapinea responsible for Dip-
lodia tip and shoot blight (BuBSkamp et al. 2021), Grem-
meniella abietina inciting Scleroderris canker (Romeralo
et al. 2023), and root and butt-rot diseases caused by Het-
erobasidion annosum (Kovalchuk et al. 2022) and Armil-
laria spp. (Kim et al. 2022). The most relevant pathogenic
pine-associated nematode, also for P. sylvestris, is Bursap-
helenchus xylophilus, which is native to North America
and was introduced from Asia (where it is also invasive)
into Europe in the late 1990s, causing pine wilt (Mota
et al. 1999). So far, B. xylophilus has been recorded from
south-western Europe, i.e., Spain and Portugal (including
the island of Madeira) (EPPO 2023).

In addition, insects from various functional groups are
important pests of Scots pine, mainly defoliators as well
as phloem- and xylem-feeding/breeding species. Among
the most relevant needle-feeding species are the nun moth
Lymantria monacha, the pine lappet moth Dendrolimus
pini, and pine sawflies, e.g., Diprion pini (Hentschel et al.
2018). Insects spending at least parts of their life cycles
in the woody tissue of P. sylvestris are wood wasps of
the genus Sirex and Monochamus longhorn beetles (Akb-
ulut and Stamps 2012; Ryan and Hurley 2012). Finally,
P. sylvestris is host for various phloem breeders, mainly
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scolytine bark beetles (Coleoptera: Curculionidae), and to
a lesser extent weevils of the genus Pissodes and bupres-
tid beetles, such as Phaenops cyanea (Wermelinger et al.
2008; Foit and Cermak 2014; Hlavkova and Dolezal 2022).

Ecologically and economically relevant bark beetle gen-
era on Scots pine are Ips (e.g., Ips acuminatus, Ips sexden-
tatus), Tomicus (Tomicus piniperda, Tomicus minor, Tomi-
cus destruens), Orthotomicus (e.g., Orthotomicus erosus)
and Pityogenes (e.g., Pityogenes bidentatus, Pityogenes
chalcographus) (Pfeffer 1995; Knizek 2011; Hlavkova and
Dolezal 2022). These bark beetles are regarded as second-
ary pests, selecting hosts with impaired defenses for colo-
nization and brood establishment (Foit and Cermdk 2014;
Hlavkova and Dolezal 2022). Abiotic events like storms,
heavy snowfall, wildfires, high temperatures or drought can
damage trees and thereby provide suitable hosts for attack
(remaining treetops and branches after logging operations
are frequently colonized as well). High temperatures provide
favorable conditions for insect performance, fostering rapid
bark beetle population growth (Lieutier 2004; Dobbertin
et al. 2007; Colombari et al. 2012; Chinellato et al. 2014).
As extreme weather events, particularly long periods with
high temperatures and drought, are currently becoming more
frequent (and are going to occur even more likely in near
future) (Legg 2021), the importance of the above-mentioned
secondary bark beetles will very likely increase as well.

In this review article, we focused on the pine bark beetle
1. acuminatus, one of the most relevant forest pests of Scots
pine and other conifer species (Grégoire and Evans 2004;
Hlavkové and DoleZal 2022). We compiled and summarized
the available scientific literature on the natural history of
this insect, to get a better understanding of life-history traits
as well as biotic and abiotic factors that contribute to the
beetle’s potential to damage trees and subsequently cause
major disturbances in pine-dominated forest ecosystems. We
focused on the species’ host usage behavior, its reproductive
biology, its interactions with other organisms from different
trophic levels and the effects of major abiotic drivers on life-
cycle regulation. Moreover, we re-analyzed the phylogenetic
relationships of representatives of the genus Ips (36 out of
37 species) to put certain ecological traits into an evolution-
ary framework. This updated and comprehensive phylog-
eny allowed us to infer evolutionary pathways of key traits
of a bark beetle group with outstanding natural histories,
which can have severe ecological and economic impacts on
forest ecosystems of the Northern Hemisphere. Finally, 1.
acuminatus is a fascinating insect, as it expresses an excep-
tional life cycle, for example, regarding its feeding behavior,
morphological adaptations and its reproduction. Therefore,
this review paper will not only be of high interest for ecolo-
gists and evolutionary biologists interested in scolytine bark
beetles, but it will also be relevant for colleagues working
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in applied fields to infer sustainable and biologically based
forest management strategies.

Summary of the Ips acuminatus life cycle

Ips acuminatus is a widespread bark beetle species in Europe
and parts of Asia, with a geographic range from the Medi-
terranean region to Scandinavia and from western Europe
to Asia (Pfeffer 1995; KniZek 2011; Cognato 2015). In
Asia, its range overlaps with its sister species Ips chinensis
(KniZek and Cognato 2017). Primary host trees are found
in the genus Pinus, but other conifer species can be utilized
as well (Table 1) (Pfeffer 1995; Cognato 2015). With an
average body length between 2.2 and 3.9 mm (Postner 1974;
Pfeffer 1995; Cognato 2015), it preferably colonizes smooth-
barked sections with thin phloem, such as the upper parts
of the trunk or branches (Bakke 1968a). It is a polygynous
species, where male individuals are the gallery-initiating
sex, which subsequently mate with multiple females in a
nuptial chamber; however, deviations from this ‘standard’
reproductive biology of a polygynous bark beetle occur (for
details, see section ‘Reproductive biology’). During initial
colonization by male beetles, conspecifics of both sexes are
attracted by releasing aggregation pheromones, resulting
in further establishment of galleries (Bakke 1978; Kohnle
et al. 1988). After copulation, females construct individual
maternal tunnels where eggs are deposited (Fig. 1). Lar-
vae develop individually in the phloem (etching the xylem),
feeding on both plant tissue and a specific mutualistic fun-
gus (Francke-Grosmann 1952). Therefore, I. acuminatus is
regarded a phloeomycetophagous bark beetle (details see
below) (Francke-Grosmann 1952). After pupation in the
phloem and outer sapwood, young adults feed on fungal
and phloem tissue to attain sexual maturity. Depending on
environmental conditions and the time of the season, young
adults either disperse to establish a new generation (poten-
tially multivoltine) or prepare for hibernation (Bakke 1968a;
Faccoli et al. 2012).

Ips acuminatus—a forest pest of increasing
importance

Ips acuminatus as a secondary bark beetle species, i.e.,
colonizing trees with impaired defenses (Foit and Cermak
2014; Hlavkova and DoleZal 2022), was historically con-
sidered a minor threat to pine trees; the major economic
damages were related to the transmission of ophiostoma-
toid fungi and the resulting blue-staining of the sapwood
(Bakke 1968a; details see below). However, according to
Francke-Grosmann (1952), population densities of I. acumi-
natus can increase quickly when environmental conditions
are favorable, resulting in an increased potential to damage

young pines. In recent years, increased I. acuminatus-related
damages on pines have been reported from various Euro-
pean countries (Fig. 2), including France (Lieutier et al.
1991), Switzerland (Dobbertin et al. 2007; Wermelinger
et al. 2008), Austria (Krehan 2011; Steyrer et al. 2020), Italy
(Colombari et al. 2012, 2013; Faccoli et al. 2012; Chinellato
et al. 2014), Poland (Plewa and Mokrzycki 2017), Finland
(Siitonen 2014), Ukraine (Davydenko et al. 2017; Davy-
denko 2019; Baturkin and Davydenko 2020) and Czechia
(KniZek and Liska 2023).

These recent increases of outbreaks are proposed to be
related to altered abiotic conditions, most likely driven by
climate change (Colombari et al. 2012, 2013; Chinellato
et al. 2014). For example, severe drought events at the end
of the 1990s and the beginning of the 2000s resulted in sig-
nificant damage to pines by I. acuminatus, mostly in south-
ern and central European countries (Dobbertin et al. 2007,
Wermelinger et al. 2008; Colombari et al. 2012, 2013). The
combined effects of weakened host trees and suitable warm
conditions for beetle development were most likely trigger-
ing high I. acuminatus population densities and Scots pine
mortality (Dobbertin et al. 2007; Wermelinger et al. 2008).
Such events are of particularly high relevance in south-
ern regions and dry inner alpine valleys, which are prone
to heat and drought. In addition, an increase in Scots pine
mortality and I. acuminatus occurrence was reported from
northern and eastern Europe, which was related to favora-
ble climatic conditions (Siitonen 2014; Davydenko et al.
2017). Moreover, insufficient forest protection measures,
e.g., neglecting the timely removal of potential breeding
material and infested trees, can contribute to I. acuminatus
outbreaks in pine forests (Liska et al. 2021).

Suitable host plants and colonization
behavior

Besides the preferred genus Pinus, I. acuminatus can also
colonize and breed in species of Picea, Larix or Abies
(Bakke 1968a; Postner 1974; Pfeffer 1995). In addition,
it can also utilize the non-native Douglas fir, Pseudotsuga
menziesii (Blaschke et al. 2008; Steyrer et al. 2020; Schiiler
and Chakraborty 2021), which has been commonly planted
in European forests in recent decades (Thomas et al. 2022).

As briefly mentioned above, I. acuminatus is regarded a
secondary species colonizing stressed host trees (Wermel-
inger et al. 2008; Foit and Cermak 2014). During recent
years, for example, Scots pines were heavily attacked by var-
ious phloem-breeding insects, including I. acuminatus, par-
ticularly during periods with high temperatures and exten-
sive drought, leading to severe tree mortality of P. sylvestris
(Dobbertin et al. 2007; Wermelinger et al. 2008; Colombari
et al. 2013; Siitonen 2014; Jaime et al. 2019; Hunziker et al.
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Fig.1 a Ips acuminatus male and b female. Circled in red in a and b
is the third spine of the elytral declivity, which is the distinctive fea-
ture of the sexes: Males have a double spine, whereas female individ-
uals have a single spine. ¢ Breeding system of 1. acuminatus scratch-
ing the xylem with a mating chamber (marked with MC) and multiple
maternal tunnels (one is marked with MT), egg niches (one is marked

with EN) and larval tunnels (one is marked with LT). d Histologic
section through head and mouth parts of a female. The mandibles are
marked with black arrows and the internal oral mycetangia, contain-
ing fungal structures (likely spore masses showing thick-walled, sep-
tate, arthrospore-like propagules (blue)), are circled in red.

Fig.2 Amount of damaged 140,000
ine wood by Ips acuminatus .
ipn Austria arfld the German Austria
states of Baden-Wurttemberg, 120,000 1 — Baden-Wurttemberg
Brandenburg, Rhineland- = Brandenburg
Palatinate, Saarland and Saxony 100,000+ — Rhineland-Palatinate and Saarland
(data from Baden-Wurttemberg, — Saxony

Rhineland-Palatinate, Saar-
land account for bark breeding
insects on pines in general,
including I. acuminatus) from
2012 to 2022. Source: AFZ
2013-AFZ 2023

80,0001

60,000 1

40,000+

20,0001

Amount of damaged pines [m?]

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

2022). Pines (and other conifer tree species) react to heat and
drought by closing their stomata and by shedding needles,
which ultimately affects photosynthetic activity leading to
a shortage in carbohydrate resources (Croisé and Lieutier
1993; Bigler et al. 2006; Dobbertin et al. 2007; Adams et al.
2017; Hammond and Adams 2019). Subsequently, this lack
of carbohydrates influences the secondary metabolism of

2022
Year

plants, which is crucial for the activation of defense mech-
anisms against various stressors, including bark beetles
(McDowell et al. 2008; Ferrenberg et al. 2014).

The preference of I. acuminatus for physiologically
stressed hosts is underlined by a field experiment where
P. sylvestris trees were girdled to lower tree defenses and
to induce attacks by bark- and wood-boring insects. In this

@ Springer
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multi-year study, I. acuminatus was part of a group of spe-
cies involved in the early phases of host colonization (Foit
and Cermak 2014). A similar colonization behavior was
observed in Switzerland, where I. acuminatus and P. cya-
nea colonized Scots pines with 30 to 90% needle loss at high
beetle densities. Those two species were considered rela-
tively aggressive compared to other species, e.g., T. minor
(Wermelinger et al. 2008). While aggregation pheromones
have been described for I. acuminatus (Bakke 1978) and
synthetic pheromone lures are commercially available, there
is a lack of understanding the primary attraction of this spe-
cies by host trees. Brattli et al. (1998) found no attraction
to the host trees. However, research on this aspect of the
species’ life history is scarce. Future studies should focus on
the chemical ecology and interactions with hosts of this bark
beetle to better understand this critical part of its life cycle.

In contrast to other bark beetle species that show erup-
tive population dynamics, e.g., the spruce bark beetle Ips
typographus, which often kills large, continuous forest
stands, I. acuminatus usually shows a spot-like outbreak
behavior where it only colonizes small groups of trees. In
a five-year study performed in the Italian Alps, spot sizes
strongly depended on the outbreak phase. Large infestation
spots (26 to more than 50 trees) were dominant during the
years with the highest tree mortality and high population
densities of I. acuminatus (peak of outbreak), whereas lower
beetle abundance correlated with smaller spot sizes (up to
10 infested trees per spot) (Colombari et al. 2013). In Fin-
land, the average spot size ranged from one to twelve trees
per spot (Siitonen 2014). Interestingly, spot proliferation,
i.e., long-range dispersal and subsequent establishment of
new spots (distance to new spots between ~ 165 and 280
m), was observed only in spring by overwintering adults
(Colombari et al. 2013). In contrast, the second generation
in summer showed short-range dispersal, resulting in spot
growth by colonizing adjacent trees (Colombari et al. 2013).
This behavior might be a strategy to avoid the establishment
of natural enemies in a given area to mitigate the harmful
effects of high population densities and to increase fitness
(Coulson 1979).

Reproductive biology

To a certain extent, the reproductive behavior of 1. acumina-
tus is similar to that of other polygynous bark beetle species,
e.g., that of the widespread genera Ips or Pityogenes. Males
bore through the outer bark and initiate a new gallery in the
phloem—sapwood interface by building a mating chamber
(Tragardh 1939; Bakke 1968a). During this early phase of
host tree colonization and gallery construction, males release
a blend of aggregation pheromones consisting of ipsenol,
ipsdienol and cis-verbenol to further attract male and
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female conspecifics (Vité et al. 1972; Bakke 1978; Kohnle
et al. 1988). Interestingly, the efficacy of the I. acuminatus
aggregation pheromone was reduced when males of another
pine bark beetle, I. sexdentatus, were present (Kohnle et al.
1986). The common anti-aggregation pheromone verbenone
was not tested in I. acuminatus (Friihbrodt et al. 2024).

After courtship behavior between males and females, e.g.,
pushing against each other, copulation occurs in the mating
chamber (Lgyning and Kirkendall 1996). Harem size in /.
acuminatus varies, but can be exceptionally large, ranging
from two to twelve females per male (Bakke 1968a, 1968b;
Kirkendall 1989). Subsequently, each female constructs
an independent maternal tunnel (Trigardh 1939; Francke-
Grosmann 1963; Bakke 1968a). Post-copulation behavior
of males includes blocking the entrance hole or helping
with frass removal (Kirkendall 1983, 1989, 1990; Sauvard
2004). Each female deposits multiple eggs on either side of
its tunnel and covers them with phloem tissue/boring dust
(Kirkendall 1989, 1990). After development through three
larval instars, pupation and maturation feeding within the
natal gallery, young adults complete their life cycle (Kirk-
endall 1990). Larval tunnels of I. acuminatus are relatively
short for an Ips species, i.e., < 15 mm compared to 30-50
mm for I. typographus (Kirkendall 1989), possibly due to
its mutualism with a nutritional fungus (see below). Short
larval tunnels decrease competition among females in one
harem and may thus enable the large harem sizes of 1. acumi-
natus (Kirkendall 1989).

In addition to this ‘standard’ polygynous sexual repro-
duction, I. acuminatus can also produce offspring asexually
(Bakke 1968a, 1968b; Lanier and Kirkendall 1986; Kirken-
dall 1989). In sexual reproduction, both males and females
pass on their genetic material to the offspring generation
(Bakke 1968b; Lanier and Kirkendall 1986; Kirkendall
1990). The other mode of reproduction in I. acuminatus
is pseudogamy, a special form of parthenogenesis (Bakke
1968b; Lanier and Kirkendall 1986). Although sperm are
required to trigger embryogenesis, offspring are produced
asexually, and the genetic material of males is not trans-
mitted to female-only progeny (Bakke 1968b; Lanier and
Kirkendall 1986; Kirkendall 1990). Unmated females cannot
produce viable offspring, i.e., no larvae emerge from such
eggs (Kirkendall 1990). Thus, pseudogamous females are
regarded ‘sperm parasites’ of males (Lanier and Kirkendall
1986) and their frequency might be limited by the avail-
ability of males.

First observations indicating parthenogenesis in 1. acumi-
natus date back to the late nineteenth century (see Bakke
1968b), when studies found strongly female-biased sex ratios
in certain populations. This is in contrast to other bark beetle
species (including certain I. acuminatus populations), where
equal ratios of male and female offspring were described
(see Bakke 1968b). Studying the sex ratios of newly emerged



Journal of Pest Science

offspring from various northern European populations,
Bakke (1968b) found a high variation among locations,
ranging from 1:1.4 to 1:416 (male/female), whereas the sex
ratios in sexual broods were equal (Bakke 1968b). Moreover,
Bakke (1968b) described the morphology of female-biased
galleries and found more than twenty maternal tunnels in a
gallery with a strong female bias; additionally, single mater-
nal tunnels were present directly next to these galleries. Even
though the distribution of female-biased populations differed
among geographic regions in northern Europe, no consist-
ent pattern was found (Bakke 1968b). Pseudogamous repro-
duction seems to be present where I. acuminatus occurs in
low abundances or where the main host tree, P. sylvestris, is
scarce (Bakke 1968b). Moreover, pseudogamy appears to be
affected by climatic conditions in a region (Bakke 1968b),
as the fecundity of females was higher in cold/dry habitats
than in warm/moist habitats (Lgyning 2000). However, more
studies are needed to understand the relationship between
the abiotic environment and the reproductive performance
of asexual females (Bakke 1968b; Lgyning 2000).

The different reproductive modes of I. acuminatus are
linked to chromosomal variation, as sexual females are
diploid (2n=32) and pseudogamous females are triploid
(3n=48) (Lanier and Kirkendall 1986; Kirkendall and
Stenseth 1990); the two types of females in I. acumina-
tus are morphologically indistinct (Bakke 1968b). An
endosymbiont-mediated or endosymbiont-enhancing
influence on parthenogenesis by maternally transmitted
bacterial endosymbionts (e.g., Wolbachia), common in
other arthropods (Werren et al. 2008), was not found in
1. acuminatus (Schebeck et al. 2019). Interestingly, the
reproductive mode seems to be somewhat related to herit-
able traits, as the offspring of sexual broods also produced
sexual progeny. In contrast, the progeny of all-female
broods also had pure female offspring (Bakke 1968b).
Moreover, small numbers of females were reported to
mate before emergence (but most likely with unrelated
conspecifics), resulting in female-only broods (Bakke
1968b; Kirkendall 1990). Pseudogamy is also present in
other North American Ips species, i.e., Ips tridens, Ips
borealis, Ips pilifrons and Ips perturbatus, and also medi-
ated by chromosomal variation (Fig. 3) (Lanier and Oliver
1966; Lanier and Kirkendall 1986).

From an evolutionary perspective, the presence of
both sexual and asexual reproduction in I. acuminatus is
a compelling topic. Parthenogenetic females can transmit
the entire genetic information to their offspring, as the
genetic material of males is not passed over, thus having
a reproductive advantage over sexual females (Kirkendall
1990). However, both sexual and pseudogamous popula-
tions occur and coexist in the same spatiotemporal context
(Kirkendall and Stenseth 1990; Lgyning and Kirkendall
1996). Although asexual females can invade populations of

sexual individuals, sexual populations cannot get replaced
over time because clonal female reproduction is depend-
ent on males (Kirkendall and Stenseth 1990). This should
lead to a frequency-dependent coexistence of sexual and
asexual females, as female-only populations would become
extinct (Kirkendall 1990; Kirkendall and Stenseth 1990).
Even though pseudogamous females seem to have higher
reproductive success than their sexual conspecifics (Lgyn-
ing 2000), male I. acuminatus chose sexual females over
the asexual parasites of their sperm to increase their own
fitness (Lgyning and Kirkendall 1996). When frequencies
of asexual to sexual females are high, it is likely that com-
petition for males is high (Kirkendall 1990; Kirkendall and
Stenseth 1990). Even if there is competition for sperm in
female-biased populations, the frequency of pre-emergence
mating was low, mainly because freshly emerged males are
not sexually mature yet (Kirkendall 1990).

Generally, despite male-parasitism by asexual females, a
stable coexistence of sexual and asexual forms of reproduc-
tion in I. acuminatus might confer an evolutionary advan-
tage. As pure-asexually reproducing individuals could
accumulate deleterious mutations over time due to their
triploidy, resulting in fitness costs, recombination during
sexual reproduction results in the potential to respond to
selection pressures (Kirkendall 1990; Kirkendall and Sten-
seth 1990). Asexual reproduction seems advantageous under
harsh temperature conditions, as offspring might be better
adapted to cold and/or higher female-biased sex-ratios under
these conditions are possible (Bakke 1968b; Lgyning 2000;
Meirmans et al. 2006). So far it remains unclear if asexu-
als are pure parasites of sexuals or a mix of both forms is
advantageous for the long-term ecological and evolutionary
success of the species.

Effects of temperature and photoperiod
on flight, development, reproduction
and survival

Temperature-dependent development

Temperature is a major driver of insect performance (Ang-
illetta 2009; Rebaudo and Rabhi 2018) and affects numer-
ous aspects of bark beetle life cycles, including swarming
behavior, habitat selection, host tree colonization, feeding
behavior, ontogenetic development and reproductive output
(Annila 1969; Bentz et al. 1991; Wermelinger and Seifert
1998, 1999; Sauvard 2004; Wermelinger et al. 2012; Gent
et al. 2017; Pineau et al. 2017; Schebeck and Schopf 2017,
Davidkova and Dolezal 2019). Some field and laboratory
studies have aimed to evaluate the effects of temperature
on key life-history traits of 1. acuminatus, e.g., upper and
lower developmental thresholds, optimum developmental

@ Springer



Journal of Pest Science

o Norway

Czechia
Western Russia

Ips acuminatus 4.

" = Pinus Western Russia
@ Laos
Thailand . .
China: Hebei Ips chinensis
. China: Sichuan
= Picea _.: Ips amitinus
Ips shangrila
ps cembrae
® _L Ips hauseri
= Larix |: Ips nitidus
Ips typographus
_|—!_|j Ips longifolia
Ips stebbingi
[ ] ._ Ips schmutzenhoferi % é
———————— Ips perroti
Ips woodi ﬁ v"
Ips borealis
Ips pilifrons % ’
Ips tridens
Ips hunteri
Ips perturbatus
Ips avulsus 4.
Ips integer :
[ ] —E: Ips plastographus
® Ips pini 4.
=~ |ps bonanseai
. Ips duplicatus i 7
w’ _.i Ips apache 5@ !
% Ips calligraphus
3@ . Ips lecontei
7y Ips cribricollis %*’-’
Ips confusus
[ L—— Ips paraconfusus 4. :
Ips montanus
Ips grandicollis
@ Ips emargmatus 7% 4
Ips sexdentatus
®— Orthotomlcus Iatldens
_| L———————— Orthotomicus spinifer 5 )
® Orthotomicus caelatus J < =Asia
Orthotomicus mannsfeldi " Ny
ﬁ Orthotomicus nobilis g Europe
Orthotomicus erosus e =
o ® ———— Pseudips concinnus Otr::elr':m Ve
: Pseudips mexicanus 9 w!’
Pityoktienes sparsus .
~ |—.|— Pityogenes carinulatus =N. America
l Pityogenes calcaratus -

Pityogenes hopkinsi

Fig.3 Phylogenetic tree of 36 of 37 Ips species. Primary host tree
genera (Pinus, Picea and Larix), as well as the current geographic
distribution, are displayed for major clades. Nodes with species show-
ing parthenogenesis are highlighted with red stars and species with
strong fungal dependency for nutrition are marked with green trian-

temperature or onset of flight. These data are not only essen-
tial to understand the influence of abiotic environmental con-
ditions on a species’ fitness, survival or geographic range,
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gles. Closed circles equal >95% posterior probabilities. The ances-
tor of Ips originated ~20 million years ago, fed on Pinus species and
likely occurred in the Holarctic. Multiple individuals represent 1.
acuminatus and I. chinensis, which are reciprocally monophyletic and
morphologically distinct (KniZek and Cognato 2017)

they are also of high relevance for applied purposes, as they
help to assess the developmental time, phenology, reproduc-
tive potential or voltinism of insect pests, parameters that
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are essential to estimate their damage potential as well as to
plan and time preventive and control measures (Bentz and
Jonsson 2015).

An important part of the life cycle of I. acuminatus is
the swarming phase, in order to colonize new host trees
and subsequently establish a new offspring generation. In
Europe, spring swarming usually occurs in April or May.
Temperature thresholds for the onset of flight were described
between 14 °C and 16 °C, and intense swarming of bee-
tles from northern and southern European populations was
observed at temperatures higher than 18 °C (Bakke 1968a;
Lekander et al. 1977; Hernandez et al. 2004, 2007; Pérez
and Sierra 2006; Colombari et al. 2012). Subsequent gallery
initiation is temperature dependent as well. Under laboratory
conditions, male individuals establish entrance holes and
nuptial chambers at temperatures between 20 °C and 38 °C,
but prefer temperatures between 26 °C and 34 °C, with a
mean preference temperature of about 30 °C (Bakke 1968a).
Information on the effects of temperature on the develop-
mental times of various ontogenetic stages is scarce. Bakke
(1968a) performed developmental experiments under labo-
ratory conditions at constant temperatures of 12 °C, 22 °C
and 27 °C. Based on observations of gallery construction by
adult females and the development of the offspring, a lower
limit for development at 12 °C was inferred, as gallery initia-
tion success of females at this temperature was low and life
cycles of offspring were not completed even after nearly four
months. The total development from gallery construction to
brood development until the first emerging adults took 24
days at 27 °C and 30 days at 22 °C (Bakke 1968a). To date,
these are the only available data from laboratory studies on
the temperature-dependent development of I. acuminatus,
and information regarding the upper and lower developmen-
tal thresholds and the optimum temperature for reproduction
and brood establishment is lacking.

Although information on I. acuminatus temperature-
dependent life-history traits is scarce, existing data on this
and other pine-breeding scolytines, e.g., T. piniperda, T.
minor or I. sexdentatus, can be used to understand pheno-
logical patterns of these beetles in the same habitat. While
1. acuminatus and I. sexdentatus swarm in late spring, T.
minor and T. piniperda swarm early in spring when tem-
peratures exceed 10-12 °C (Bakke 1968a; Langstrom 1983).
In addition, the above-mentioned species preferred lower
temperatures for gallery initiation and construction than /.
acuminatus (Bakke 1968a). Moreover, the lower develop-
mental threshold of 7. minor and T. piniperda was estimated
at approximately 7 °C (Yvon and Wegensteiner 2015), which
is lower than that of I. acuminatus.

Other common European conifer bark beetles, e.g., I.
typographus and P. chalcographus, show similar pheno-
logical flight patterns, as the temperatures for the onset
of flight are in the same range as I. acuminatus (Lobinger

1994; Wermelinger 2004; Schebeck et al. 2023). The lower
developmental thresholds of 1. typographus (~ 8 °C) (Wer-
melinger and Seifert 1998), P. chalcographus (~ 10.5 °C)
(Coeln et al. 1996) and 1. sexdentatus (~ 11 °C) (Pineau et al.
2017) are lower than the estimated developmental threshold
of I. acuminatus. The upper developmental threshold of 1.
typographus is about 39 °C and of 1. sexdentatus 36 °C,
and the optimum temperature for brood development for /.
typographus is about 30 °C and for I. sexdentatus 29 °C
(Wermelinger and Seifert 1998; Pineau et al. 2017); it would
be interesting if I. acuminatus also has a higher optimum
developmental temperature and upper developmental thresh-
old. These differences in response to temperature conditions
suggest that I. acuminatus is somewhat adapted to warm
environments, but more studies are needed to confirm this
assumption. This is also underlined by field observations,
where 1. acuminatus prefers to colonize sun-exposed parts of
a tree (Siitonen 2014). Moreover, this beetle has the potential
to respond to specific habitat conditions (Colombari et al.
2012) and adjusts its life cycle to local environments.

Cold tolerance and dormancy strategies

During winter, insects in temperate regions employ various
physiological and behavioral strategies to cope with harsh
environmental conditions to increase survival and mitigate
harmful effects of cold temperatures. As insects are ecto-
thermic, they must deal with ice formation in body fluids,
cells and tissues when they face sub-zero temperature con-
ditions (Lee 2010). As a physiological response, numerous
species evolved a strategy called supercooling and lower the
freezing point of body water by accumulating cryoprotect-
ant substances like sugars or polyols (Sinclair et al. 2015).
The temperature when initial ice formation inside the body
occurs is the supercooling point (SCP) (Lee 2010). Depend-
ing on whether insects can persist this initial ice formation,
two basic types of cold tolerance strategies are distinguished
(as for most insects in temperate and polar habitats) (Bale
1993; Sinclair et al. 2015). First, freeze-avoidant (or freeze-
intolerant) species die when reaching the SCP; second,
freeze-tolerant insects survive the ice formation at the SCP
and subsequently can cope with even lower temperatures, as
ice is initially built in the extra-cellular space or they tolerate
freezing of certain body parts (further details and additional
cold tolerance strategies not relevant here, see, e.g., Bale
1993, Lee 2010 or Sinclair et al. 2015).

Studies on the effects of low temperatures on the mortal-
ity of overwintering adults of 1. acuminatus showed that it
is freeze-avoidant, similar to other scolytine species of the
Northern Hemisphere, e.g., Ips spp. and Dendroctonus spp.
(Schebeck et al. 2017). SCP values are not steady over an
entire year, as they follow a seasonal trend in response to
changing environmental conditions. In a Norwegian study,

@ Springer



Journal of Pest Science

I. acuminatus mean SCPs were found to vary with ambient
temperature from November until the end of April, with the
lowest SCP value of about —34 °C measured in February
(Gehrken 1984). With conditions becoming more favorable
again with the onset of spring, an increase in mean SCPs was
also observed. By the accumulation of cryoprotectants (e.g.,
ethylene glycol, mannitol, sorbitol and dulcitol) and a reduc-
tion of water content in the body during winter, I. acumina-
tus reaches a high supercooling capacity and mean SCPs can
be as low as —20 °C to —34 °C; in particular, ethylene glycol
seems to be of high importance (Gehrken 1984, 1989, 1995).
Temperature is not the only factor triggering the formation
of cryoprotective substances. Probably, photic clues, i.e.,
shortening of day length, also affect the cold tolerance of
the species. In addition, the loss of cryoprotective proteins is
induced by photoperiod (Gehrken 1984, 1989, 1995).

In contrast to adults, pre-imaginal stages of 1. acumina-
tus die at moderate sub-zero temperatures (Bakke 1968a;
Colombari et al. 2012; KniZek et al. 2021). Adult I. acumi-
natus either overwinter under the bark of host trees or in
the forest litter (Bakke 1968a; Colombari et al. 2012), as
described for other scolytine species, and the choice of the
overwintering habitat depends on the geographic location
(Schebeck et al. 2017). Adults from alpine populations rarely
overwinter under the bark of host trees, but possibly in the
forest litter (Colombuari et al. 2012). In contrast, other popu-
lations in northern and southern Europe mainly hibernate
under the bark (Bakke 1968a; Lekander et al. 1977; Hernan-
dez et al 2004; Wermelinger et al. 2008). Overwintering in
the forest litter provides more buffered temperature condi-
tions, but could also be an adaption to escape antagonists
under the bark (Bakke 1968a; Colombari et al. 2012). The
forest litter and the phloem can be moist. Thus, water can
freeze at moderate sub-zero temperatures, which might
expose overwintering beetles to the risk of inoculative freez-
ing, i.e., ice from surrounding tissues enters the insect body
and triggers freezing of the hemolymph, ultimately leading
to death (Salt 1963). In I. acuminatus, inoculative freezing
has only been observed in individuals lacking antifreeze pro-
teins and ethylene glycol (at around —14 °C). This process
did not occur in cold-adapted individuals, and wet-treated
individuals under laboratory conditions could avoid freez-
ing even at temperatures of about —31 °C (Gehrken 1992).

To time the seasonal occurrence, to exploit favorable
resources as efficiently as possible and to increase survival
during periods of adversity, many insects enter a dormant
state (Denlinger 2022). In seasonally changing environ-
ments, like in the Northern Hemisphere, many insects
express dormancy during winter (Wilsterman et al. 2021).
Dormancy is characterized by reduced metabolic rates, sup-
pressed development, suspended reproduction, increased
stress tolerance and extended lifespan (Kostal 2006; Den-
linger 2022). Dormancy is either expressed as quiescence,
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i.e., an immediate response to harsh environmental condi-
tions like low temperatures, or as diapause, i.e., an alter-
native developmental pathway that is genetically and hor-
monally regulated and already entered before the onset of
adversity (Denlinger 2022). Diapause is not a steady state.
Instead, it is a dynamic developmental process divided into
three phases: initiation, maintenance and termination (Kostal
2006; Ragland et al. 2019).

Ips acuminatus enters facultative reproductive diapause
in the adult stage. The induction of facultative diapause
depends on an external signal that is strongly correlated
with future adverse events (Tauber et al. 1986; Danks 1987,
Denlinger 2022). As in many other insects of the Northern
Hemisphere, I. acuminatus diapause is most likely induced
by photoperiod. Gehrken (1985) proposed that pre-imaginal
stages of I. acuminatus experience short day length in late
summer or early fall and diapause is induced in immature
adults shortly after pupation. However, detailed studies con-
firming this assumption are currently lacking. Diapause in
1. acuminatus is accompanied by reproductive and devel-
opmental arrest (e.g., inhibition of ovarian development),
reduced respiration rates and increased cold hardiness. This
goes along with water loss in the body fluids and the accu-
mulation of ethylene glycol and other cryoprotectants (for
details, see above) (Gehrken 1985, 1995). Diapause in 1.
acuminatus is terminated in mid-winter (Gehrken 1985). A
study from northern Europe showed that diapause termi-
nation is characterized by a rise in oxygen consumption,
increased weight loss and a resumption of pre-vitellogen-
esis from January onwards (Gehrken 1985). However, it is
unclear which cues lead to diapause termination. Subse-
quently, I. acuminatus enters a post-diapause quiescence,
which lasts until environmental conditions become permis-
sive again to resume ovarian maturation (for vitellogenesis,
warm temperatures and photic cues are necessary). The early
termination of diapause allows I. acuminatus to exploit occa-
sional favorable conditions in early spring for development,
which might confer fitness benefits (Gehrken 1985).

In comparison, other scolytine species, such as I. typogra-
phus or P. chalcographus, which are also widely distributed
in the Northern Hemisphere, are likewise freeze-avoidant
insects (Kostal et al. 2011, 2014; Schebeck et al. 2017,
2023). These species have similar adaptations to survive the
harsh conditions during winter in their natural range. Ips
typographus also hibernates in the adult stage under the bark
or the forest litter (pre-imaginal stages only survive mild
sub-zero temperatures) (Schebeck et al. 2017). In contrast,
P. chalcographus has only been observed overwintering in
the phloem, and it can sustain cold winter temperatures as
an adult and in the larval and pupal stages (Schebeck et al.
2023). Their cold hardiness (i.e., lowest SCPs), achieved
by the accumulation of cryoprotective substances, is great-
est in mid-winter (December/January) (Kostal et al. 2011,
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2014), similar to that of 1. acuminatus. Ips acuminatus, I.
typographus and P. chalcographus differ in the main accu-
mulated cryoprotectants but share some other solutes, e.g.,
sorbitol and mannitol (Gehrken 1984; Kostal 2006; Kostal
et al. 2011, 2014). Ips typographus and P. chalcographus
both enter reproductive diapause in the adult stage, which is
induced by photoperiod (i.e., short day length), but diapause
induction can be postponed by high autumn temperatures in
both species (Fiihrer and Chen 1979; Dolezal and Sehnal
2007; Schebeck et al. 2017, 2023). Similar to I. acuminatus,
the diapause of I. typographus is terminated in mid-winter,
which requires exposure to cold temperatures (Dolezal and
Sehnal 2007; Schebeck et al. 2017, 2022, 2023). Diapause
not only increases the chance of winter survival, but also
synchronizes individuals of a certain population, e.g., for
the timing of spring emergence, to enable reproduction and
the overcoming of host tree defenses.

Effects of temperature and photoperiod
on voltinism

The number of generations per year (voltinism) is strongly
affected by two main abiotic environmental parameters:
temperature and photoperiod. High temperatures decrease
developmental time, allowing earlier spring emergence
and host colonization, potentially affecting voltinism. Dif-
ferences in environmental conditions, e.g., between north-
ern and southern Europe, can result in different numbers
of generations per year. Usually, I. acuminatus populations
in northern Europe are univoltine, whereas populations in
more southern regions are often bivoltine. The population
dynamics of I. acuminatus are also affected by sister broods
(i.e., an additional establishment of a brood by re-emerging
parental beetles) (Bakke 1968a; Lekander et al. 1977; Vallet
1981; Herard and Mercadier 1996; Hernandez et al. 2004,
2007; Pérez and Sierra 2006).

Moreover, diapause can affect voltinism, as this dor-
mancy strategy is characterized by suppressed development
and reproduction. Under suitable environmental conditions,
1. acuminatus has the potential for a multivoltine lifestyle
until photoperiod induces diapause in late summer/early fall.
However, temperature affects photoperiodically regulated
diapause induction in other bark beetles, e.g., in I. typogra-
phus (Dolezal and Sehnal 2007; Schebeck et al. 2017),
which might also be the case for I. acuminatus. Therefore,
a temperature-driven delay in diapause induction can affect
voltinism, as an additional generation could be established.
This additional generation would need to reach the adult
stage before the onset of winter (as only adults can survive
low sub-zero temperatures), similar to 1. typographus (Sche-
beck et al. 2017). Data on the effects of warm fall conditions
on diapause induction in . acuminatus would add important

knowledge to the reproductive potential of this bark beetle
but are currently lacking.

Associations with heterospecifics
from different trophic levels

Bark beetles form complex and dynamic associations with
various organisms sharing the same habitat, including
microorganisms like fungi and bacteria. Interactions range
from mutualism and commensalism to antagonism, but most
interactions are poorly understood (Hofstetter et al. 2015;
Wegensteiner et al. 2015). These relationships are context-
dependent, particularly for fungi. Thus, the same association
can be beneficial in one phase of the insect life cycle and
detrimental in another and/or relationships may change in
response to varying environmental conditions (Kirisits 2004;
Six 2012; Six and Klepzig 2021).

Fungi

The most frequent fungi associated with bark beetles are
ophiostomatoid species, so-called blue-stain fungi, due to
the discoloration of colonized sapwood (Kirisits 2004, 2013;
Harrington 2005). These ascomycetes have previously been
assigned to the genera Ophiostoma and/or Ceratocystis but
have recently been divided into different phylogenetic line-
ages in the orders Microascales and Ophiostomatales (De
Beer et al. 2013, 2022). They show strong morphological
adaptions to the association with bark beetles, such as peri-
thecia with long beaks, sticky ascospores and conidia (Hof-
stetter et al. 2015). Apart from ophiostomatoid fungi, many
bark beetles are associated with Geosmithia species, which
have been neglected as bark beetle associates for long time
(Kolatik and Huler 2023). Ips acuminatus belongs to the
group of scolytines that is intimately associated with ophi-
ostomatoid fungi (Table 2) (Kirisits 2004; Kolatik and Hulcr
2023), whereas Geosmithia species have only been reported
once (Davydenko 2019).

Fungal community

Fungal associates of I. acuminatus on Scots pine have been
studied in several European countries, with a focus on ophi-
ostomatoid species (Table 2). Some studies also recorded
fungi of other systematic groups (all investigations so far
addressed I. acuminatus attacking Scots pine) (Davydenko
et al. 2017; Baturkin and Davydenko 2020; Davydenko
2019; 2021). Many ophiostomatoid fungi have been found
as associates of I. acuminatus, but only a few species occur
at relatively high frequencies (Table 2). In addition to fre-
quency, fungal associates of bark beetles vary in their speci-
ficity, i.e., whether they have been exclusively recorded with
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1. acuminatus or other bark beetle species, as well as on pine
or other host trees (Table 2).

In early studies in Sweden, two fungal species, Ophios-
toma macrosporum and Ophiostoma clavatum, were most
frequently detected (Mathiesen 1950, 1951; Rennerfelt
1950; Francke-Grosmann 1952; Mathiesen-Kiirik 1953).
These two fungi, which have recently also been recorded in
Central Europe (Table 2), are specific associates of . acumi-
natus, as they have not been found with any other bark beetle
species. Ophiostoma macrosporum is considered a nutrition-
ally important ambrosia fungus of 1. acuminatus (Francke-
Grosmann 1952, 1963). Remarkably, O. macrosporum and
O. clavatum were not detected in recent studies in Ukraine
and Poland (Davydenko et al. 2017; Davydenko 2019, 2021;
Jankowiak et al. 2023). Ophiostoma clavatum is morpho-
logically very similar to Ophiostoma brunneo-ciliatum and
these two species are part of a complex of seven species that
can only be distinguished using molecular markers (Lin-
nakoski et al. 2016). Therefore, the two species might have
been confused in other studies (Lieutier et al. 1991; Guérard
et al. 2000).

A frequent associate of I. acuminatus is Graphilbum
acuminatum, which is often found with this beetle and rarely
with other pine and spruce bark beetles (Waalberg 2015;
Jankowiak et al. 2020, 2023; Elisabeth Ritzer, Martin Sche-
beck and Thomas Kirisits, unpublished data), and another
Graphilbum species, referred to as Graphilbum cf. rectangu-
losporium (Davydenko et al. 2017; Davydenko 2019). Fre-
quent ophiostomatoid fungi of I. acuminatus also include
Ophiostoma canum, Ophiostoma ips, Ophiostoma minus
and Sporothrix pseudoabietina (Table 2), which are rather
unspecific associates that are transmitted by other conifer
bark beetles as well (Kirisits 2004; Linnakoski et al. 2012).

As described above for O. macrosporum and O. clavatum,
there are substantial differences in the presence and frequen-
cies of fungi associated with I. acuminatus in different coun-
tries and sampling sites (Table 2) (Davydenko et al. 2017;
Davydenko 2019; Jankowiak et al. 2023). The variation in
the assemblages of fungi in various studies can have several
reasons. These include methods of sampling (e.g., collecting
beetles from pheromone traps or galleries in living or dead
trees) and isolation (e.g., medium with or without cyclohex-
imide; source of isolation from beetle, phloem, sapwood; use
of surface sterilization; maceration and plating out of beetles
or placing intact beetles onto the medium; temperature of
incubation of isolation plates; time of isolation) or detection
(DNA isolation and amplification), as well as identification
procedures and the researchers’ experience (Kirisits 2004; Lin-
nakoski et al. 2016). Moreover, phoretic mites of bark beetles
carry ophiostomatoid fungi (Hofstetter et al. 2015; Chang et al.
2017) and can influence the fungal composition associated
with bark beetles, including I. acuminatus. Nevertheless, it
is likely that differences among various studies also reflect

@ Springer

the influence of climatic conditions such as temperature and
precipitation at the sampling sites and/or some geographic
variation of the fungal assemblages (Davydenko et al. 2017,
Jankowiak et al. 2023). The relevance of the variation of the
fungal community for the life history of I. acuminatus (and
other bark beetles) is poorly understood (Kirisits 2004; 2010).
To compare the results of different investigations, we suggest
developing and following standard protocols for the study of
fungal communities of 1. acuminatus.

There are two comprehensive studies on the community
of ophiostomatoid fungi of 1. acuminatus in Asia, i.e., from
China (Chang et al. 2017) and from Japan (Masuya et al.
2009). Only two fungi, O. ips and Graphium pseudormiti-
cum, were associated with 1. acuminatus both in Asia and
Europe (Table 2; Chang et al. 2017; Masuya et al. 2009).
Additionally, there is one record of O. clavatum in Japan
(Aoshima 1965) which was not confirmed by DNA sequenc-
ing (Linnakoski et al. 2016). Ophiostoma ips, which occurs
with many bark beetle species in the Northern Hemisphere,
was the most frequent associate of I. acuminatus in China
and Japan, while other fungal species occurred at lower fre-
quencies (Table 2; Chang et al. 2017; Masuya et al. 2009).
Besides O. ips, the only fungus found both in China and
Japan (at low frequencies) was Leptographium yunnanense.
In China, I. chinensis, which is morphologically similar to
1. acuminatus, occurs (Knizek and Cognato 2017), and at
least some of the records of ophiostomatoid fungi from 1.
acuminatus in Asia may actually refer to . chinensis. Hence,
differences in fungal communities between Europe and Asia
might reflect the evolutionary history of the two scolytine
species.

Noteworthy, Davydenko et al. (2017) reported a high
number of fungi (not only ophiostomatoid species) from
I. acuminatus beetles in Ukraine. The fungal community
comprised 80% ascomycetes, 11.7% basidiomycetes and
8.3% zygomycetes. Most of the non-ophiostomatoid spe-
cies might be casual encounters with I. acuminatus with
unknown roles. However, two frequently recorded species,
Entomocorticium sp. and Diplodia sapinea, are remarkable
findings (Davydenko et al. 2017). Entomocorticium spp. are
known as nutritionally important fungi of North American
bark beetles (Harrington 2005; Six 2012; Hofstetter et al.
2015; Harrington et al. 2021) and D. sapinea is the causal
agent of Diplodia shoot blight of pines and other conifers
(Zlatkovi¢ et al. 2017; Blumenstein et al. 2022; Ritzer et al.
2023), which was also frequently isolated from /. acumi-
natus in Austria (Elisabeth Ritzer, Martin Schebeck and
Thomas Kirisits, unpublished data).
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Blue-stain in the sapwood of Pinus sylvestris following Ips
acuminatus attacks

As observed with other bark beetles on Scots pine, attacks
by I. acuminatus rapidly lead to intense blue-staining of
sapwood (Rennerfelt 1950; Francke-Grosmann 1952;
Mathiesen-Kéérik 1953). Blue-stain seems to become sig-
nificant during early larval development, and the sapwood
is completely stained when late larval stages or pupae are
present (Francke-Grosmann 1952; Mathiesen-Kéarik 1953;
Elisabeth Ritzer, Martin Schebeck and Thomas Kirisits,
unpublished data). It is unclear which ophiostomatoid fungi
are primarily responsible for the blue-staining of Scots
pine sapwood following attacks by I. acuminatus. Due to
its high frequency, O. clavatum was initially considered
the primary blue-stain fungus (Rennerfelt 1950; Mathiesen
1950, 1951; Mathiesen-Kéiirik 1953). Francke-Grosmann
(1952) suggested O. macrosporum to be the primary agent
of blue-stain, but this is questionable, as some studies failed
to isolate this species from sapwood adjacent to galleries
(Jankowiak et al. 2023) or recorded it only at low frequen-
cies (Elisabeth Ritzer, Martin Schebeck and Thomas Kirisits,
unpublished data). Instead, G. acuminatum and S. pseudo-
abietina were consistently isolated at high frequencies from
the sapwood near galleries (Jankowiak et al. 2023). Thus,
these two species may be mainly involved in blue-staining
the sapwood (although they form white mycelium in cul-
ture). In an Austrian study, G. acuminatum was consistently
isolated at the front of the fungal invasion into the sapwood
of Scots pine, followed by O. clavatum and, less frequently,
other ophiostomatoid fungi (Elisabeth Ritzer, Martin Sche-
beck and Thomas Kirisits, unpublished data). More studies
with isolations at different stages of brood development of
I. acuminatus and different sapwood depths would be desir-
able to characterize the primary agents of blue-stain and the
fungal succession into the sapwood of Scots pine.

Nutritional importance of fungi

Ips acuminatus is unique among European bark beetles
because females possess a prominent mycetangium; in this
species, paired membranous pouches at the base of their
mandibles (Fig. 1d). Mycetangia are specialized invagina-
tions on the insect body to transport only their mutualistic
fungal partners selectively and are an indication for strong
insect—fungus relationships (Francke-Grosmann 1956; 1967,
Mayers et al. 2022). Francke-Grossmann (1963) described
that 1. acuminatus selectively transports conidia of O. mac-
rosporum in its mycetangium, indicating a strong depend-
ency between insect and fungus, supporting the role of O.
macrosporum as a nutritionally essential species.

Ips acuminatus (together with 7. minor) has an excep-
tional life history because its biology and feeding behavior

are intermediate between a bark beetle (primarily feeding
on phloem) and an ambrosia beetle (primarily feeding on
fungi cultivated in galleries) (Francke-Grosmann 1952;
1963). Ips acuminatus is a phloeomycetophagous species
feeding on phloem and fungal structures. It mainly colo-
nizes thin-barked areas, where its larvae excavate short
tunnels, which often scratch the outer sapwood, and par-
ticularly later larval stages and teneral adults predomi-
nantly or exclusively feed on fungi (Francke-Grosmann
1952).

Among the various fungi associated with I. acuminatus,
Francke-Grosmann (1952, 1963) considered only O. mac-
rosporum as its nutritionally important ambrosia fungus.
This species forms thick ambrosia layers—nutrient-rich
cell aggregates with round conidia—in the beetles’ galleries,
which are essential for the nutrition of both larvae and ten-
eral adults (Francke-Grosmann 1952). The ambrosia layers
decline after beetles leave the galleries, and then, O. clava-
tum and other fungi quickly overgrow O. macrosporum. The
maternal tunnels of I. acuminatus contain many ventilation
holes in the bark, which likely supports the supply of oxygen
to O. macrosporum and is necessary to regulate the humid-
ity in the galleries. In addition, adult 1. acuminatus beetles
regularly clog maternal tunnels with frass. This unusual
behavior may contribute to maintaining sufficient oxygen
and moisture levels in the galleries, facilitating the growth
of O. macrosporum. This behavior is critical in thin-barked
areas because otherwise, the phloem/xylem would dry out
too quickly, and fungal development would stop. The crea-
tion of airholes and clogging of galleries with frass could
be interpreted as a form of fungal farming that resembles
the behavior of wood-inhabiting ambrosia beetles to regu-
late abiotic conditions and ambrosial fungal growth in their
galleries (Francke-Grosmann 1952; Biedermann and Vega
2020).

Given the biological significance of O. macrosporum
described by Francke-Grosmann (1952, 1963), it is surpris-
ing that this fungus was not detected in several other studies
(Lieutier et al. 1991; Davydenko et al. 2017; Davydenko
2019; Jankowiak et al. 2023). These findings can likely be
explained by the low competitiveness of O. macrosporum,
leading to overgrowth by other fungi when standard isolation
methods (placing beetles or infected host material onto agar
media) are used. Difficulties in isolating O. macrosporum
have already been mentioned by Francke-Grosmann (1952,
1963); however, she described that it can be readily isolated
in pure culture using the shake flask method with repeated
dilutions. Alternatively, there may be other overlooked
fungi that are nutritionally important for I. acuminatus. For
example, an Entomocorticium species was obtained from 1.
acuminatus in Ukraine (Davydenko et al. 2017; Davydenko
2019). Entomocorticium spp. are known as nutritionally
essential fungi of North American bark beetles, particularly
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Dendroctonus spp. and Ips avulsus (Harrington 2005; Six
2012; Hofstetter et al. 2015; Harrington et al. 2021). Perhaps
some of Francke-Grosmann’s (1952, 1963) findings regard-
ing phloeomycetophagy and the role of O. macrosporum
should be critically re-examined.

Besides I. acuminatus, the only other European bark bee-
tle species where phloeomycetophagy has been described is
the pine bark beetle 7. minor, which is associated with the
nutritionally important fungus Ophiostoma tingens, a spe-
cies closely related to O. macrosporum (Francke-Grossmann
1952). Tomicus minor also colonizes thin-barked pine tree
areas and forms short larval tunnels. However, in contrast
to I. acuminatus, no mycetangium has been detected in T.
minor (Francke-Grosmann 1963). The North American 1.
pini, Ips paraconfusus and I. avulsus are the only other Ips
species known to profit from associated nutritional fungi
(for 1. pini: Ophiostoma montium (synonyms Hyalorhino-
cladiella ips and Ambrosiella ips, De Beer et al. 2022; for
L. avulsus: Ophiostoma ips and Entomocorticium sullivanii,
Harrington 2005; Harrington et al. 2021)), but whether they
have obligate mutualisms is unclear (reviewed by Harrington
2005); I. avulsus and I. paraconfusus have a higher fitness
when an associated fungus is present (O. ips in I. avulsus; for
1. paraconfusus the fungal species is unknown; Harrington
2005). While 1. pini transmits O. montium spores in pouches
on the head (‘pit mycangia’) (Six 2012), no mycetangium
was found in I. avulsus and I. paraconfusus. Pit mycangia
are also found in I. sexdentatus (Lévieux et al. 1991), but
no beneficial fungal role has been found there (Colineau &
Lieutier 1994). Interestingly, I. avulsus and I. pini are found
in the same clade, but in a separate one from I. acumina-
tus (Fig. 3); as all three colonize pines it is likely that their
putative fungus mutualism evolved convergently, probably
in response to similar ecological pressures.

Phytopathogenicity of fungal associates and their role
in overcoming host tree defenses

Pathogenicity (defined here as the ability to cause disease)
and virulence (described here as the degree or level of patho-
genicity) of ophiostomatoid fungi towards their host trees are
assessed by inoculations at low densities, where trees receive
one or a low number of fungal inoculations, or high densi-
ties, i.e., mass inoculations. Mass inoculations aim to mimic
bark beetle mass attacks, to evaluate the ability of a fungus
to kill host trees and to determine densities when tree mor-
tality occurs (Lieutier et al. 2009; Six and Wingfield 2011).

In a mass inoculation experiment, Guérard et al. (2000)
inferred that high densities of inoculation with O. clavatum
(above 1000 inoculations per m? bark surface) are neces-
sary to severely damage and possibly kill Scots pine trees,
which corresponds well with critical densities of 850 natural
attacks of I. acuminatus leading to tree death. These values
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are much higher than those for other bark beetles and their
associated fungi, e.g., I. typographus (300-500 attacks/m?)-
Endoconidiophora polonica (400 inoculations/m?) (Chris-
tiansen 1985), T. piniperda (400 attacks/m?) (Langstrom
et al. 1992)-Leptographium wingfieldii (400 inoculations/
m?) (Croisé et al. 1998), and suggest a low aggressiveness of
1. acuminatus, paralleled by a low virulence of its associated
fungus O. clavatum (Guérard et al. 2000). Inoculation trials
on young Scots pine trees and seedlings confirmed that most
tested fungal associates of I. acuminatus are phytopatho-
genic but display predominantly only low to moderate viru-
lence towards their host (Table 2; Solheim et al. 2001; Villari
et al. 2012; Davydenko et al. 2017; Davydenko 2019; Davy-
denko & Baturkin 2020a). The most virulent species was O.
minus, causing the longest necrotic lesions, deepest blue-
stain and mortality in seedlings (Davydenko et al. 2017).

Fungal associates of I. acuminatus might be involved in
exhausting tree defense mechanisms. Higher carbon con-
centrations were measured in reaction zones of Scots pine
seedlings inoculated with O. clavatum compared to healthy
phloem, which reflects an accumulation of phenols, terpenes
and tannins in these zones (Guérard et al. 2007). Likewise,
wounding as well as inoculation with O. clavatum and the
nutritionally important O. macrosporum (alone and in com-
bination) induced an increase of terpenoids, phenolic com-
pounds and lignin in young Scots pine trees (Villari et al.
2012). The inoculated trees showed a more generic response
to both wounding and inoculation, and the only compounds
that were significantly more stimulated by fungal inocula-
tion (O. clavatum in combination with O. macrosporum)
than by wounding were pinosylvin monomethyl ether and
(+)-a-pinene. These results confirm that fungal associates
of I. acuminatus induce tree defense mechanisms and can
contribute to the exhaustion of tree defenses (Guérard et al.
2007; Villari et al. 2012). Likewise, the example of O. mac-
rosporum shows that a bark beetle-associated fungus can
have several roles (both providing nutrition and triggering
plant defense reactions) to facilitate successful brood estab-
lishment (Lieutier et al. 2009; Villari et al. 2012).

One study reported higher frequencies of O. clavatum
in endemic populations than in epidemic populations of I.
acuminatus (Villari et al. 2013). The authors suggest that
the fungus may play a more significant role in successful
brood establishment during endemic population phases
than in outbreak populations. During an outbreak, beetle
densities might be high enough that the presence of a low
virulent fungal associate is no longer critical to overcome
tree defenses (Villari et al. 2013). This suggestion is based
on a limited number of sites and investigated samples and
requires further study.
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Ips acuminatus as a potential vector of Diplodia sapinea

Diplodia shoot blight, caused by D. sapinea, is an emerging
disease that has recently occurred in several European coun-
tries, frequently on Scots pine, Douglas fir and other host
trees (Zlatkovié et al. 2017; Brodde et al. 2019; Blumenstein
et al. 2022; Ritzer et al. 2023; Terhonen et al. 2023). In
recent years, it was detected at high frequencies on I. acumi-
natus beetles in Ukraine (Davydenko and Baturkin 2020b)
and at lower frequencies in Austria (Elisabeth Ritzer, Martin
Schebeck and Thomas Kirisits, unpublished data), which
may indicate fungal pathogen transmission by the beetle or
even a novel bark beetle—pathogen association. However,
the relationship between the fungus and the insect requires
further investigation.

Bacterial associates

Information on the bacterial communities of bark beetles is
relatively scarce, and they have only been studied in a few
species. Bacteria can be found in the galleries, gut, mycetan-
gia and body surface of their insect hosts. The ecological
roles of bacteria can be diverse, ranging from pathogenic to
neutral to mutualistic (Six 2013; Hofstetter et al. 2015). Bac-
terial mutualists of bark beetles can be essential for provid-
ing nutrients (especially nitrogen), producing antimicrobial
substances, helping with the digestion of plant molecules
(especially cellulose and hemicellulose), influencing pher-
omone production and detoxifying host toxins (Six 2013;
Hofstetter et al. 2015; Fabryova et al. 2018; Garcia-Fraile
2018; Chakraborty et al. 2020; Gonzélez-Dominici et al.
2021; Chen et al. 2023). Antimicrobial substances produced
by bacteria might also play a significant role in protecting
other mutualistic symbionts of bark beetles (Saati-Santama-
ria et al. 2018; Chen et al. 2023).

A small number of studies focused on the bacterial com-
munities of I. acuminatus and its ecological significance.
The core bacteriome of 1. acuminatus consisted of 126 oper-
ational taxonomic units from various bacteria groups, like
Enterobacteriaceae, Pseudomonadaceae and Xanthomona-
daceae (Chakraborty et al. 2020). Compared to the other four
studied species (I. typographus and Ips amitinus on Norway
spruce, Ips cembrae on European larch and 1. sexdentatus on
Scots pine), I. acuminatus had the highest bacterial diver-
sity and richness. The higher diversity might be explained
by its phloeomycetophagous lifestyle. Furthermore, certain
bacteria might contribute to detoxifying pine defense-related
metabolites and enable beetles to colonize relatively healthy
trees (Chakraborty et al. 2020).

Other studies assessed the antimicrobial potential of bac-
terial strains from several bark beetle species, including /.
acuminatus. Twenty bacteria belonging to Pseudomonas,
Micrococcus, Arthrobacter, Acidiovorax and Erwinia were

isolated (Saati-Santamaria et al. 2018; Gonzalez-Dominici
et al. 2021). One particular bacterial strain, i.e., Arthrobac-
ter ipsi IATT, was reported to have important ecological
traits. Genomic analyses revealed several genes coding for
antimicrobial compounds. In in vitro assays, this bacterial
strain inhibited several strains of common entomopatho-
genic fungi infecting Ips, e.g., Beauveria bassiana and
Metarhizium anisopliae. Moreover, this strain encodes for
genes involved in nitrogen fixation and sulfur metabolism,
indicating that the bacteria make those essential nutrients
available and enable I. acuminatus to convert plant mate-
rial into energy more efficiently (Gonzales-Dominici et al.
2021). Gonzalez-Dominici et al. (2021) also found genes
responsible for B-vitamin synthesis and siderophore produc-
tion important for iron uptake. Another set of genes in this
strain seems important for detoxifying pine defense-related
metabolites (Gonzalez-Dominici et al. 2021). Sequencing
more bacterial genomes, different ‘omics’ approaches, and
isotope-labeling experiments could provide more insights
into bacterial roles for the beetles (Fabryova et al. 2018;
Garcia-Fraile 2018).

Natural enemies and their importance
for population dynamics

Trophic interactions with natural enemies can affect the
population dynamics of bark beetles. Natural enemies com-
prise parasitoids, predators and pathogens, including numer-
ous arthropods, fungal and nematode species, and microbes
(Wegensteiner et al. 2015).

Predators and parasitoids

The natural enemies of I. acuminatus and the co-occurring
T. piniperda have been studied after a population outbreak
in France (Herard and Mercadier 1996). Forty-five species
(31 predatory and 14 parasitoid species) were detected. The
generalists Thanasimus formicarius, Rhizophagus depressus
and Medetera spp. were the three most abundant predators.
Especially, Medetera spp. larvae were frequently observed
in I. acuminatus galleries. The main parasitoid species of 1.
acuminatus were all polyphagous, and the most abundant
were Rhopalicus tutela and Rhopalicus brevicomis, Coe-
loides melanostigma, Dendrosoter middendorfi and Dendro-
soter hartigii, and Spathius rubidus (Herard and Mercadier
1996). In Poland, 20 species of hymenopteran parasitoids,
17 parasitic and predatory mites, ten predatory insects, one
nematode and one entomopathogenic fungus were associated
with I. acuminatus (Batazy et al. 1987).

In the south-eastern Alps, six predatory species belonging
to Diptera (Zabrachia spp. and Medetera spp.) and Coleop-
tera (Corticeus linearis, Rizophagus spp., one Staphyli-
nidae species and one Nitidulidae species) were found.
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Furthermore, 18 hymenopteran species belonging to Ptero-
malidae (72.2%), Braconidae (17.5%), Eurytomidae (9.7%)
and Eupelmidae (0.6%) were associated with 1. acuminatus.
The most common species were Metacolus unifasciatus, D.
hartigii, Rhopalicus quadratus, Ropterocerus xylophago-
rum, Tomicobia acuminati, Dinosticus colon and Eurytoma
arctica. Some parasitoids are specialists on I. acuminatus,
like the endoparasitoid 7. acuminati. A detailed list of para-
sitoids and predators associated with I. acuminatus can be
found in Kenis et al. (2004) and Wegensteiner et al. (2015).

Pathogens

Data on the pathogen community, i.e., fungi, bacteria,
sporozoa and viruses, of I. acuminatus, are relatively scarce
(Wegensteiner et al. 2015). A Chytridiopsis sp. (Micro-
sporidia, Chytridiopsidae) was found in beetles from Aus-
tria, Czechia, Norway (Zitterer 2002), and Chytridiopsis
cf. typographi in Bulgaria (Takov et al. 2007) and Turkey
(Algi et al. 2016). These microsporidia develop in the cells
of the midgut endothelium and spread throughout the mid-
gut during spore maturation (Zitterer 2002). Other species
found in I. acuminatus were Gregarina sp. (Apicomplexa,
Gregrinidae) in Austria and Norway (Zitterer 2002) and
Gregariana cf. typographi in Bulgaria (Takov et al. 2007).
These organisms also destroy the midgut cells of their hosts
by utilizing cell contents (Zitterer 2002). Malamoeba sco-
lyti (Apicomplexa, Leipotrophidae) was also found in the
midgut of I. acuminatus in Austria; this species destroys the
microvilli and masses of cysts close to the tubule (Zitterer
2002). Moreover, a Mattesia sp. (Apicomplexa, Leipotrophi-
dae) was reported from Austria (Zitterer 2002) and Turkey
(Algi et al. 2016).

Fungal pathogens of I. acuminatus belong to the phylum
Ascomycota, and most of them are generalists and patho-
genic to many different insect species (Wegensteiner et al.
2015). Beauveria bassiana was associated with 1. acumina-
tus in Poland (Batlazy et al. 1987) and is a common pathogen
in many bark beetles (Wegensteiner et al. 2015). Beauveria
bassiana and Isaria farinosa were not effective against 1.
acuminatus in an artificial inoculation experiment; however,
these fungi were highly pathogenic to another pine bark bee-
tle, I. sexdentatus (Draganova et al. 2007).

To our knowledge, no studies on viruses and pathogenic
bacteria associated with 1. acuminatus have been conducted.
Further studies are needed to understand their possible role
in the regulation of 1. acuminatus populations.

Mites

Numerous bark beetle species are associated with various
mite species that have different ecological roles. Hofstetter
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et al. (2015) listed over 250 known phoretic mite species
associated with bark beetles. They can decrease health and
reproductive success, affect beetle mortality and interact
with other microbial symbionts (Hofstetter et al. 2015; Vissa
and Hofstetter 2017). Mites can also vector nematodes, pro-
tozoa and fungi. Some mite species have a pocket on their
exoskeleton for transporting fungal spores (named sporo-
theca; Hofstetter et al. 2015), which might be relevant for
the transmission of bark beetle symbionts.

For I. acuminatus, only a few studies assessed the mite
community, i.e., three mite species in Turkey (Cilbircioglu
et al. 2021), 17 mite species in Poland (Batazy et al. 1987)
and eight different mite species in China were found (Chang
et al. 2017). For example, in Turkey the most abundant mite
species in the galleries of I. acuminatus was Proctolaelaps
hystericoides, known to feed on fungal spores. Also, Den-
drolaelaps quadrisetus, which preys on nematodes (Kinn
1967), was found on the ventral abdomen of I. acuminatus
(Cilbircioglu et al. 2021) and was also observed feeding on
eggs of 1. typographus (Khaustov et al. 2018; Cilbircioglu
et al. 2021). Ereynetes sp. (also observed on 1. acuminatus in
Turkey) is a predatory mite species that feeds on other mites
and nematodes and on eggs and immature stages of different
arthropods (Kinn 1967; Cilbircioglu et al. 2021). Phoretic
mites, in combination with their beetle host, play an essential
role in the transmission of blue-stain fungi, as described by
Chang et al. (2017) in China (Table 2). For example, the
ophiostomatoid fungus Ophiostoma acarorum was isolated
from three mite species from four different bark beetle spe-
cies, including 1. acuminatus. This fungus was mostly iso-
lated from mites, indicating that O. acarorum is a symbiont
of mites rather than of bark beetles (Chang et al. 2017). To
date, detailed studies of mite guilds on I. acuminatus are
lacking. More knowledge about their influence on the life
cycle of beetles and other associated organisms would be
of high value.

Nematodes

The roles of bark beetle-associated nematodes are diverse
and range from mutualism to parasitism. They can occur
externally and internally, and some phytophagous nema-
todes use bark beetles only as vectors for transmission to
new habitats (Grucmanova and Holusa 2013; Hofstetter
et al. 2015). One putatively beneficial phoretic nematode,
feeding on parasitic nematodes, vectored by 1. acuminatus
was mentioned by Rithm (1956) from Germany: Micoletz-
kya buetschli acuminati (Grucmanova and Holusa 2013).
Micoletzkya species feed on fungi, bacteria or other microor-
ganisms, and parasitic nematodes (Grucmanova and Holusa
2013; Susoy et al. 2013; Susoy and Herrmann 2014). Some
of these beneficial nematodes are actively transmitted in spe-
cialized transport organs under the beetles’ elytra (named
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nematangia; Cardoza et al. 2006), but whether these are pre-
sent in I. acuminatus is unknown.

In contrast to Micoletzkya spp., most parasitic nematodes
of bark beetles are incapable of completing their life cycle
only in a free-living state and are obligate parasites. Usu-
ally, they do not kill their hosts but reduce their health and
modify behaviors, like flight patterns and emergence (Gruc-
manova and Holusa 2013; Hofstetter et al. 2015). Parasitic
nematodes associated with I. acuminatus are Contortylen-
chus acuminati, Cryptaphelenchus macrogaster acumi-
nati, Parasitaphelenchus acuminati and Parasitorhabditis
acuminati (Rithm 1956; Meirmans et al. 2006; Nedelchev
et al. 2008; Grucmanova and Holusa 2013). The severity of
parasitism within a beetle population can vary greatly and
depends on the geographic region and microclimate inside
bark beetle galleries. Nematodes are susceptible to low tem-
peratures and low humidity if they are in a free-living state.
During the host’s egg-laying period, they emerge from its
body to infect the beetle’s offspring. Rithm (1956) found that
gut nematodes are more susceptible to cold exposure than
body cavity nematodes. These results were confirmed for
nematodes associated with 1. acuminatus in Norway. There
is no evidence, however, that sexual populations of I. acumi-
natus are more resistant to nematodes than asexual popula-
tions (Meirmans et al. 2006). Currently we lack detailed
knowledge on the potential positive or negative effects of
nematodes on I. acuminatus populations.

Evolutionary history

Ips comprises a total of 37 species found in the Northern
Hemisphere, covering both North America and Eurasia,
utilizing various conifer tree species as hosts (Cognato
2015). The primary host plant genera of Ips bark beetles
are Pinus, Picea and Larix, although various other conifer
genera are also colonized (Pfeffer 1995; Knizek 2011). Here,
we analyzed the phylogenetic relationships among nearly
all species of the genus Ips, i.e., 36 out of 37 species, using
up to three molecular markers (COI, 16S and EF-1-alpha;
1. acuminatus, except from Czechia) and I. chinensis only
represented by COI (Fig. 3, Supplementary Information 1).
Using our comprehensive phylogeny, we aimed to address
two central questions on evolutionary trajectories in the
whole genus: (i) host plant usage, (ii) ancestral geographic
range, (iii) obligate fungal mutualism and (iv) parthenogen-
esis. Moreover, we use our phylogeny to understand some
outstanding life-history traits of the focal species of this arti-
cle, I. acuminatus.

A phylogeny was reconstructed with a Bayesian analysis
using MrBayes software (Ronquist et al. 2012). Data were
partitioned by codon position and 16S and independently
analyzed with GTR + gamma + I model in two independent

Monte Carlo runs for 20 million generations. Posterior
probabilities were based on 30,002 trees after 25% burn-in.
Our results clearly show that the monophyly of Ips is well
supported with Orthotomicus as the sister clade, confirm-
ing previous work (Cognato and Vogler 2001; Cognato and
Sun 2007; Cognato 2013). Within Ips, we recovered five
main groups that are well supported with posterior probabili-
ties above 95%. The sister clade to the remaining Ips spp.
comprises three pine-infesting species, two species native
to North America, Ips emarginatus and Ips knausi, and the
European species I. sexdentatus. The clade, including all the
other species, can be divided into four groups. At the base of
this clade are the two pine-utilizing species, I. acuminatus
and . chinensis. Ips acuminatus has a Eurasian range, and
I. chinensis is found in Asia, for example, in China, Thai-
land or Laos, but the distribution of the two species likely
overlaps in Asia; the species status of 1. chinensis was just
recently confirmed (KniZek and Cognato 2017).

The majority of Ips species can be grouped in three
clades, which are sister to I. acuminatus and I. chinensis:
(i) a pine-utilizing, North American group (Ips apache, Ips
calligraphus, Ips lectonei, Ips cibricollis, Ips confusus, Ips
hoppingi, 1. paraconfusus, Ips montanus and Ips grandicol-
lis); (i1) five pine-infesting species native to North America
(I. avulsus, Ips integer, Ips plastographus, I. pini and Ips
bonanseai) and the Eurasian spruce bark beetle Ips duplica-
tus; and (iii) a diverse group covering the highest number of
species with various spruce- and larch-infesting species from
Eurasia (including major forest pests like 1. typographus or
1. cembrae; note that the one species not included here, the
Asian larch bark beetle, I. subelongatus, was confirmed to
be sister to I. cembrae (Stauffer et al. 2001 Cognato and Sun
2007), a pure spruce-utilizing group from North America
(e.g., I. borealis) and finally, a diverse group with all three
tree genera as primary host from Asia and North America
(e.g., Ips woodi or Ips schmutzenhoferi).

This Bayesian analysis confirmed the relationships among
Ips species and the level of confidence for each node found
in previous studies (Cognato and Vogler 2001; Cognato and
Sun 2007). By considering the two traits, i.e., host usage
and native range, we propose that the ancestral state of Ips
bark beetles was a pine-infesting species with a native range
in the Holarctic region. The Ipini genera utilizing Pinaceae
(Ips, Orthotomicus, Pityogenes and Pityokteines) originated
from angiosperm-feeding species about 45 million years ago
(Jordal and Cognato 2012). Ips species most likely started to
diverge about 20 million years ago (Cognato 2015), accom-
panied by geographic expansion and host shifts. During
this time, the genus Pinus expanded its range, and major
diversification within Ips might have occurred about 10 mil-
lion years ago (Keeley 2012; Cognato 2015). Additionally,
aggregation pheromone specialization among species was
another critical driver for speciation (Cognato et al. 1997,
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Cognato 1998, 2015). As various nodes in the phylogeny
of the genus Ips remain poorly resolved, future research,
including genome-wide methods and fossil records, can help
elucidate the evolutionary history of this interesting group
of bark beetles.

The phylogenetic position of I. acuminatus has been
recognized in previous studies (Cognato 2013). It formed
a separate clade with I. chinensis, which is sister to most
other species. This phylogenetic position could explain some
of the outstanding life-history traits of I. acuminatus. For
example, as mentioned above, I. acuminatus is the only Ips
species with a prominent internal oral mycetangium, a spore-
carrying organ that transports its fungal mutualist, suggest-
ing a strong nutritional dependency (Francke-Grosmann
1952). This strong dependency is reflected by the beetle’s
performance, as developmental time either increases or the
life cycle cannot be completed if the fungal symbiont is not
present, which might happen in dry host tissue with unsuit-
able moisture conditions (Martin Schebeck, Eva Papek and
Thomas Kirisits personal observation). This morphological
adaptation only evolves in obligate beetle-fungus partner-
ships (Six and Biedermann 2023), underlining the impor-
tance of O. macrosporum for nutritional purposes.

The peculiar reproductive biology of I. acuminatus, i.e.,
sexual and asexual reproduction, is not unique to this spe-
cies. It is also present in I. tridens, I. borealis, I. pilifrons and
I. perturbatus and has been reported to be related to varying
chromosome numbers in females (Lanier and Oliver 1966;
Lanier and Kirkendall 1986). This trait most likely evolved
independently within the genus at least twice (or might have
been secondarily lost in other species).

Finally, future studies on the natural history have to dis-
tinguish between I. acuminatus and I. chinensis, as the sta-
tus of the latter species has been confirmed only recently
(KniZek and Cognato 2017), and some observations might
no longer be valid, especially in regions where the two spe-
cies overlap. Moreover, research on the fungal dependency
of 1. chinensis and the presence of an internal oral myc-
etangium is required to determine whether these adaptations
occur only in I. acuminatus. Finally, I. chinensis should be
tested for the presence of parthenogenesis.

Summary and outlook

Ips acuminatus shares many characteristics with other bark
beetle species but is quite unique in certain traits and a lot
of biological details still remain unknown. Like many other
species in the genus Ips, it preferentially colonizes pines
whereby it is among the medium aggressive, secondary spe-
cies, i.e., given high populations it can kill weakened trees.
Ips acuminatus is a typical polygamous bark beetle with
gallery-founding males, but with unusually high harem sizes.
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This may be caused by the frequent occurrence of asexual,
male-parasitic strains of females, which is only known from
1. acuminatus and another clade of North American Ips spe-
cies. Within-gallery competition in these big harems might
be reduced due to its mutualism with a nutritional fungus
that is transmitted within a prominent internal oral mycetan-
gium (unique among Ips), which allows offspring to develop
on less substrate than other Ips without nutritional fungi.
Similar to other bark beetles, our understanding of the role
played by other symbiotic fungi, bacteria and natural ene-
mies of I. acuminatus is limited. Here, we give an outlook on
research fields that will contribute to a deeper understanding
of this crucial pine bark beetle.

(1) Reproductive biology: Are asexual female strains
purely parasitic or are there fitness advantages to sexual
and asexual populations? How do sexual and asexual
populations in the same spatiotemporal context exist
over time? What are the ecological factors that select
for the different reproductive modes? Is it true that the
frequency of asexuals is higher under harsher tempera-
ture conditions and what is the reason for that? How
common are asexuals in other species of Ips?

(2) Chemical ecology, tree defense mechanisms and host
tree quality: Is there no primary attraction to host plants
(no kairomone effect) in 1. acuminatus? Is the common
bark beetle anti-aggregation pheromone verbenone
irrelevant for the chemical communication of 1. acumi-
natus? Are there other anti-aggregation pheromones
in this species? In addition, studies on the interactions
with hosts will help to understand susceptibility of
trees for beetle infestations. Do associated fungi emit
volatiles that are relevant for the communication of
1. acuminatus (as was shown in I. typographus; Kan-
dasamy et al. 2023)?

(3) Population dynamics: What are the main drivers of L.
acuminatus population outbreaks? What are the under-
lying mechanisms of the spot-like outbreak behavior?
What makes some Ips species more aggressive than
others? What is the relative role of beetles and fungal
symbionts in killing trees? Can associated fungi, bac-
teria as well as natural enemies and pathogens (e.g.,
viruses, mites, nematodes) affect population dynam-
ics (increase and break-down, particularly during epi-
demic phases) and how do they respond under different
population densities? Do higher beetle densities lead
to increased horizontal transmission of symbionts and
may this weaken the nutritional beetle-fungus mutual-
ism (as proposed for I. typographus; Biedermann et al.
2019)?

(4) Fungal dependency and interactions with other organ-
isms: What species build the core bacterial and fungal
community of I. acuminatus? What microbes are obli-
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gate and what role (e.g., direct nutrition, detoxifica-
tion, plant pathogenicity, pathogen defense) do they
play? Besides O. macrosporum, are there other fungal
species in the mycetangium of I. acuminatus? What
species are the main causal agents for blue-staining of
the sapwood? Do these microbes help to overcome tree
defenses? Is there exchange of microbes among bark
beetles colonizing the same tree? What are the main
determinants of fungal communities that seem to vary
within and between I. acuminatus populations? Are
these beetles able to shape their fungal communities
actively (i.e., promote beneficial over antagonistic spe-
cies as known for ambrosia beetles; Diehl et al. 2022)?

(5) Abiotic factors affecting the life cycle: Detailed infor-
mation on temperature, photoperiod and other abiotic
environmental drivers for life-cycle regulation will not
only be relevant to understand the beetle’s spatiotempo-
ral occurrence. It will also be important to develop risk
assessment models to predict future outbreaks, under
current and future climatic conditions.

Climate change, with a rise in average temperatures,
uneven distribution of precipitation patterns and a higher
frequency of extreme weather events, e.g., storms, heavy
snowfalls and drought, could have positive and negative
effects on 1. acuminatus life history. On the positive side for
beetles, due to higher average temperatures, winter mortal-
ity and the duration of a beetle generation could be reduced,
resulting in higher population densities and higher voltinism.
Additionally, more physiologically stressed trees might ena-
ble beetles to overcome tree defenses at lower densities lead-
ing to reduced intraspecific competition and thus increased
fecundity (cf. Biedermann et al. 2019). On the negative side,
there might be higher beetle mortality due to heat waves,
or a delay of diapause induction could cause mortality in
broods established late in the season entering the winter in
immature stages (Stange and Ayres 2010; Bentz and Jonsson
2015; Pureswaran et al. 2018; Jactel et al. 2019). In a robust
fungal mutualism, I. acuminatus may be more vulnerable to
climate change compared to other bark beetles. This height-
ened sensitivity arises from the interdependence between
the beetle and its nutritional fungus, O. macrosporum, both
of which must adapt to altered environmental conditions.
Notably, the optimal growth temperature for the nutritional
fungus is around 25 °C, with slow growth observed at 30 °C
and complete cessation at 35 °C (Dorothea Pochlauer, Elisa-
beth Ritzer, Martin Schebeck and Thomas Kirisits, unpub-
lished data). The potential consequences of these tempera-
ture-related constraints include a decline in the fitness of the
beetle-fungus symbiosis as temperatures increase.

In essence, the repercussions may manifest as range
shifts for I. acuminatus and its associated organisms, lead-
ing to shifts in ecological dynamics. Additionally, the

compromised health of host trees, resulting from the dimin-
ished fitness of the beetle—fungus partnership, could contrib-
ute to altered patterns of tree mortality. This underscores the
intricate and interconnected nature of species interactions
within ecosystems and highlights the potential ecological
consequences of climate-induced changes in a fungal mutu-
alism scenario.

Finally, a deeper understanding of the life history of I.
acuminatus can help to improve existing management strate-
gies or develop novel ones. For example, data on the effects
of abiotic environmental conditions on the beetle’s phenol-
ogy can improve timing of population monitoring or salvage
and sanitation logging. Knowledge of beetle performance at
different temperatures, including upper and lower limits of
development and survival, may be used to assess its popu-
lation dynamics under current and future climatic condi-
tions. Information on its reproductive biology can inform
spatiotemporal development of population densities. Stud-
ies on host usage behavior may unravel further insect—plant
relationships and may be used in silvicultural planning.
Interactions with symbionts of different trophic levels give
insights into the performance of I. acuminatus but are also of
economic relevance in the case of blue-stain fungi. Further-
more, understanding of the community and effectiveness of
the beetles’ natural enemies may contribute to its sustainable
management. Finally, data on the communication within and
among species (including olfactory signals) are the basis
for a better understanding of the interactions between bark
beetles, host plants and other organisms and are the basis for
many management measures.
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