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Abstract

The bark beetle Dendroctonus micans (Kug.) (Coleoptera, Curculionidae, Scolytinae), a pest of spruce and pine,
probably originates from eastern Siberia. Its closest relative is the North American D. punctatus (LeConte), on the
other side of the Behring Strait. D. micans has largely spread westward and is presently established in most of the
spruce forests of Eurasia. In newly colonised territories, it is considered as a tree-killing pest. A very specific predator,
Rhizophagus grandis (Coleoptera, Monotomidae), has followed its prey in its territorial expansion, with temporal and
spatial lags due to long distance passive transportation of D. micans with trade, and to habitat fragmentation. When
both species coexist, D. micans is very sparce and only occasionally kills trees, because the high capacity of R. grandis
to locate prey even at very low densities enables it to control the pest. This very particular relationship has been
exploited for biological control. Mass production and inoculative releases of R. grandis have been undertaken in four
countries: Georgia since 1963, France (1978), Great Britain (1983) and Turkiye (1985). Two main production
techniques were used, rearing on D. micans-infested logs, and semi-artificial methods in polystyrene boxes containing
live prey larvae. Four million R. grandis were produced and released in Georgia, 800,000 in France, 250,000 in Britain
and 10,880,000 in Turkiye. The predators established wherever they were released, gradually colonizing high
proportions of the pest brood chambers, and spreading at various rates depending on local conditions. Four to eight
years after the releases, effective and stable control was recorded in all the sites treated. This is the only recorded
case of fully successful classical biological control of a bark-beetle pest. The reasons and limitations of this success are

discussed.
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Introduction

Aims of this review

The bark- and ambrosia beetles of the subfamily Scolytine (Coleoptera, Curculionidae) include some of the most
destructive pests in the world and some species cause extensive damage in their native and invaded ranges.
Dendroctonus ponderosae Hopkins killed approximately 731 million m? of pine over 18 million ha in British Columbia
between 1999 and 2015 (Government of British Columbia 2026). In the Czech Republic, Ips typographus (L.) killed 35
million m3 of spruce in the years 2018-2019 (Hlasny et al. 2021). In addition to economic losses, the opening of the
stands makes them more vulnerable to wind blows, the whole stand management must be reconsidered, and, in
some areas, employment and tourism can be impacted heavily. Generally, bark-beetle populations remain at low,
non-damaging levels, because healthy host trees can deploy physical and chemical defences that prevent beetle initial
attacks and brood establishment in their phloem or sapwood (Franceschi et al. 2005). However, when trees are
weakened by adverse climatic conditions such as storms, droughts, heat waves, wind breaks (see, e.g., Mezei et al.
2017), frost (La Spina et al. 2013) or by inappropriate silviculture such as monoculture or mismatch to site (e.g.,
Hlasny et al. 2021), populations can rapidly develop to outbreak levels.

Invasive Scolytinae can also be extremely harmful in newly colonised territories. The North American Dendroctonus
valens LeConte massively attacked Pinus tabuliformis Carriere in China, killing 10 million trees over 500,000 ha
between 1999 and 2005 (Yan et al. 2005). Invasive species can exploit shifts to new, non-coevolved hosts. The Asian
species, Xyleborus glabratus Eichhoff, associated with the pathogen Raffaelea lauricola (T.C. Harr., Fraedrich &
Aghayeva) Z.W. de Beer & M. Procter, started mass-attacking redbay, Persea borbonia (Linnaeus) Sprengel after its
establishment in North America (Fraedrich et al. 2008). Another benefit to invaders could be the enemy-free spaces
they find in newly colonised areas. The spread westward across Eurasia of Dendroctonus micans (Kugelann) strikingly
illustrates this latter situation. Tightly controlled in its native area by a very specific predator, Rhizophagus grandis
Gyllenhal (Coleoptera, Monotomidae), D. micans became a notably harmful pest in newly colonised territories where
R. grandis had not followed.

Equally striking and unique, is the opportunity provided in this case for classical biological control for long-term pest
management. Based on the recognition of the strong links between predator and prey in their area of origin, R.
grandis was successfully mass-produced and inoculatively released in Georgia since 1963, France (1978), Great Britain
(1983) and Turkiye (1985). This review summarises these operations and discusses the biological and ecological

factors that made them successful and possibly unique.

Dendroctonus micans

From phylogeographic analyses, Mayer et al. (2015) concluded that Dendroctonus micans is native to the Russian Far
East. The species is phylogenetically very close to its geographical neighbour, D. punctatus, occupying a similar
ecological niche in the boreal forests across the Behring Strait (Furniss 1996; Kelley and Farrell 1998; Reeve et al.
2012; Victor and Zuniga 2016; Godefroid et al. 2019). It is currently found in most of Europe but often goes unnoticed
because of its cryptic ecology; solitary attacks on living trees which generally do not die, because D. micans is not
associated with pathogenic fungi (Lieutier et al. 1992, but see Wang et al. 2021).

Dendroctonus micans is an atypical species among the Scolytinae. The sex ratio favours the females, which mate with
their brothers when the young adults gather under the bark before emergence (Francke-Grosmann 1950; Hamilton

1967), and 90% of the females have mated before they leave their natal gallery (Vouland et al. 1984). After
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emergence, each female bores its own egg gallery in a living tree. Although D. micans only infests living trees, it does
not need to mass-attack and kill them as other primary species do, because of its tolerance to the host's chemical
defences (Everaerts et al. 1988). Their solitary attacks allow the beetles to avoid intraspecific competition. At the
same time, the defences of its living host protect them against interspecific competitors and against generalist natural
enemies (Grégoire 1988). Each female lays up to 250 eggs, often in a single batch in a maternal gallery, and the larvae
feed gregariously along a feeding front, packing their frass behind them. Before pupation, they scatter within the frass
and establish individual pupal niches (Figure 1). Different developmental stages of the beetle can be observed during

the vegetation period. The insect's development can last up to three years; it takes almost two years in Lozére

(France), most of Great Britain and one year in Brittany (France) and Turkiye (Serez 1979).

Figure 1. Developmental stages of Dendroctonus micans. Egg gallery with adult female (A1); eggs (A2); young larvae
(A3); larvae feeding gregariously in the phloem (B); pupae in individual niches dispersed in the frass (C). Photos: J.-C.

Grégoire.

Rhizophagus grandis

This mahogany-coloured beetle is about the size of a rice grain (4.5-5.5 mm) (Figure 2). The adults and larvae
consume the eggs, larvae, pupae and young adults of D. micans. More than one hundred species of insects, mites and
nematodes have been found in the brood systems of D. micans (reviewed in Grégoire 1988), but almost all of them
are inquilines, mycetophages or saprophages, and only R. grandis is consistently found associated with D. micans,
with two exceptions. One is the Ichneumonid parasitoid Dolichomitus terebrans (Ratzeburg), present in the Western
Palearctic and Nearctic regions, and occasionally found parasitising late larval instars of D. micans (Grégoire 1976).
The second exception is a still unidentified Staphylinid predator species, Dropephylla sp. found in the Russian Far East
(Mayer 2014), and very similar morphologically and genetically to Dropephylla longula ((Mé&klin) (Mayer and Grégoire
unpublished). In western Canada and Alaska, D. longula is associated with a close relative of D. micans, D. punctatus
LeConte (Furniss 1995; Lindgren et al. 1999). In the laboratory, it behaves very similarly to R. grandis: the females
oviposit in D. micans' brood chambers, their larvae gregariously attack the prey larvae and then leave the prey's brood

chamber to pupate in the ground (Grégoire unpublished).



120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

141

142
143

Biological control of Dendroctonus micans— a review

Similarly to their prey, the R. grandis adults and larvae have a high level of resistance to the host tree’s monoterpenes
(Everaerts et al. 1988), which provides them with a rewarding niche with ample resources and no interspecific
competitors.

The adults locate their prey's galleries by means of specific chemical cues (kairomones), primarily oxygenated
monoterpenes derived from the larval frass (Grégoire et al. 1992; Wainhouse et al. 1992) This host-finding mechanism
is extraordinarily efficient; in Belgium, where brood chamber density is very low (1-4 per hectare), more than 90% of
chambers are gradually colonised by R. grandis (Grégoire 1984, 1988, 1999). Similar observations have been made in
Great Britain (Fielding and Evans 1997).

Once inside a brood chamber, adult predators feed on eggs, larvae and pupae of the prey, and lay 50-100 eggs under
laboratory conditions (Grégoire et al. 1986). Females assess the availability of prey for their offspring via oviposition-
stimulating cues present in the larval frass (Grégoire et al. 1991; Dohet and Grégoire 2017) and can apportion their
egg load accordingly (Evans and Fielding 1994). The predator larvae are voracious, displaying a coordinated
aggregative behaviour mediated by chemical signals (Baisier 1990); they consume the equivalent of one fully grown D.
micans larva during their entire development. At the end of the larval phase, pre-pupae leave the bark and pupate in
the litter at the base of the tree (Grégoire et al. 1986; Grégoire 1988). Its excellent response to semiochemicals has
also allowed the development of kairomone-baited traps to monitor R. grandis in the field (Meurisse et al. 2008).
Based on field observations, Bergmiller (1903) reported that the predator and its larvae can completely consume a D.
micans brood. His observations and those of Pfeffer (1955), Kobakhidze (1965), Grégoire (1976) and Istrate and
Ceianu (1976) raised an interest in R. grandis that led to the implementation of classical biocontrol based on this

species.

5mm

A

—— i

Figure 2. Rhizophagus grandis. Adult (A); larvae feeding gregariously on a prey (B); mature larva in an almost

completely consumed prey larva (C). Photos: J.-C. Grégoire.
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The spread of Dendroctonus micans into Europe, Georgia and Tiirkiye

Historical records since the 18th century

The original description of the species dates from the end of the 18™ century, but interest in the pest only arose after
a series of outbreaks occurred in the mid 19" century. As the first outbreaks were in south-eastern Germany and
Austria, it has been thought that the pest progressively colonized all spruce stands of Western Europe in a continuous
spread westward (Grégoire 1988), the invasion front finally reaching the Atlantic in the west (Brittany, France) by the
end of the 20" century.

However, the recent availability of digitized old literature, through platforms such as the Biodiversity Heritage Library
or the Europeana project, provides additional information on the status of D. micans in Europe in the 18™ century, on
its early endemic presence in European mountain ranges, leading to reconsideration of the historical sequence
previously developed.

The name micans was attributed by Johann Gottlieb Kugelann (1794) a pharmacist and entomologist based in Ostréda
(Poland). However, in the original description of D. micans, Kugelann referred to the earlier descriptions of Bostrichus
ligniperda (Herbst 1793), a synonym of Hylurgus ligniperda (Fabricius 1792). Therefore, rather than describing a new
species, Kugelann’s work sorted out the potential confusion existing between D. micans and other species from the
Hylurgini tribe. Moreover, the contemporary work of von Sierstorpff (1794), that in fact slightly pre-dated Kugelann’s
work, left little doubt on the identity of D. micans under the species name Bostrichus ligniperda, because specific
biological peculiarities, such as cryptic, primary and gregarious larval feeding habits appeared in the description of the
species. From a geographical point of view, irrespective of the debate on the original description of D. micans, all
works published by the end of the 18™ century located D. micans in central Europe, either in the Bohemian Massif or
in Harz Mountains.

The 18™ century and early 19th century publications emphasised the scarcity of the species. D. micans was considered
a rare inhabitant of spruce forests in southwestern Sweden (Gyllenhaal 1813) and was fortuitously found in the Italian
Alps (Motschulsky 1837). An additional indirect reference to its presence in southwestern Sweden at that time comes
from the initial description of its ultra specific predator, Rhizophagus grandis in Vastergétland (Gyllenhaal 1827).
Around 1840, textbooks considered for the first time D. micans as an occasionally harmful organism. In 1837-1838,
local outbreaks were reported in a few sites in the proximity of the Bohemian Massif, e.g. in Solling (Ratzeburg 1839)
and, in 1840, a single attacked tree was recorded in Altdorfer forest (Baden-Wirttemberg) (Nordlinger 1848). One
year later, the species was also mentioned in the Harz Mountain fauna (Ratzeburg 1849).

From the mid 19"century onward, large outbreaks occurred, and the pest spread progressively to the whole of
Europe (see Grégoire 1988 for a review). Beside outbreak records, concurrent endemic records exist; the species was
mentioned in 1858 in Rax-Alpe (Austria) and in 1859 in the Tatra Mountains; at the foot of mount Dumbier (Slovakia)
(Miller 1859). Subsequent occasional reports were made in the western Carpathians; with first, a mention of D.
micans as a species living above 1.000 m altitude in the Tatra Mountains (komnicki 1868) and second, with museum
specimens from the south-western Carpathians mentioned by tomnicki (1886).

Subsequent evidence of the endemic presence of D. micans in the Bohemian Massif exists in the literature of the
second part of the 19" C; two specimens of R. grandis were caught near Dresde (Kellner 1865) and two specimens of
D. micans were found in western Poland a few years later; one in Lubin (Letzner 1871) and one in Morag near Ostréda
(Lentz 1879). The species was described as a rare natural species of the Vosges (France) (Godron 1862; Wencker and

Silbermann 1866) and in 1867, two additional specimens were found near Frankfurt (Hesse, Germany) in two
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184 localities (Scriba 1867). A specimen of the ultra-specific predator R. grandis was also found in Remiremont (Vosges) in
185 1881 (Bourgeois 1898), indirect evidence of the presence of its prey. Later, a single observation of D. micans was
186 reported in Saverne (Alsace) by Scherdlin (1920). All these references provide evidence of an early endemic presence
187  of the pest in the vicinity of the Upper Rhine Valley.

188 A few references also exist concerning more northern locations in Europe. The Natural History Museum of the

189 University of Oslo has a sample from 1869 coming from Bergen (Hordaland County, Norway) (GBIF 2013).

190 Additionally, written records from Lapland (1898 in Kittild and 1899 near Ketola and Luttojoki) were found in

191 notebooks of Poppius (1899). Later, the species was described as a rare pest of the lower part of spruces in the

192  southern Lapland and the Kola Peninsula (Saalas 1914).

193 As already reviewed by Battisti (1986), D. micans was also considered as a rare and endemic species of the Italian Alps
194 in the second part of the 19" century, with several records; near Castello (Trentino-Alto Adige region) (Gredler 1868;
195 Bertolini 1894), in Altopiano di Asiago (Vicenza region) (Disconzi 1865), in Carcare (Savona region) (Baudi 1889) and a
196 mention as present in Trentino, Veneto and Piemont regions (Bertolini 1872). In 1889, the species was therefore
197 considered as common in the Italian Alps by Lunardoni (1889). In the Dinaric Alps, the species was described more as
198 a mountain beetle, but that could be also found in lowland locations. Its presence in Klek, Lokve and Bitoraj was

199 mentioned too (Petraci¢ and Levakovi¢ 1921).

200 Later, D. micans was first found in Georgia in 1955 (Supatashvili 1957), and in Tirkiye in 1966 (Acatay 1968).

201 An overview is given in Table 1 and Figure 3. Additional information is provided by the Supplementary Table 1.

202

203 Table 2.Early entry and spread of Dendroctonus micans (18- 20t century)
Date of observation or
Period Location (country) References
(publication)

(1794) DE von Sierstorpff (1794)

Before 1800 (1794) DE Kugelann (1794)
(1794) Sparrsatra, Vastergotland (SE) Gyllenhaal (1827)
(1813) Halland (SE) Gyllenhaal (1813)
(1837) Pragel, Piemonte (IT) Motschulsky (1837)

1801-1850 1838 Solling, Bohemia (DE) Ratzeburg (1839)
1840 Altdorf, Baden-Wirttemberg (DE) Nordlinger (1848)
(1849) Harz (DE) Ratzeburg (1849)
1858 Rax-Alpe (AT) Miller (1859)
1859 Tatramountains (SK) Miller (1859)
(1859) BE Mathieu (1859)
(1862) Gérardmer, Vosges (FR) Godron (1862)
1865 Dresden (DE) Kellner (1865)

1851-1870
(1865) Altopiano di Asiago Veneto (IT) Disconzi (1865)
(1866) Vosges (FR) Wencker and Silbermann (1866)
(1867) Feldberg; Vogelsberg, Hesse (DE) Scriba (1867)
(1868) Tatramountains (PL) tomnicki (1868)
(1868) Castello, Trentino-Alto Adige (IT) Gredler (1868)
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Date of observation or
Period Location (country) References
(publication)
1869 Bergen (NO) GBIF (2013)
1871 Lubin, Western Poland (PL) Letzner (1871)
(1872) Trentino; Veneto; Piemonte (IT) Bertolini (1872)
(1879) Morag,Western Poland (PL) Lentz (1879)
1871-1890
1881 Remiremont, Vosges (FR) Bourgeois (1889)
(1886) Carpathian mountains (PL) tomnicki (1886)
(1889) Carcare, Savona (IT) Baudi (1889)
(1892) Heringen forest, Hesse (DE) Patsenger (1892)
(1894) Presso Senale (IT) Bertolini (1894)
1899 Ketola, Lapland (Fl) Poppius (1899)
(1914) Southern Lapland; Kola Peninsula (Fl) | Saalas (1914)
1891-1966
(1920) Saverne, Alsace (FR) Scherdlin (1920)
(1921) Klek; Lokve; Bitoraj, Dinaric Alps (HR) | Petraci¢ and Levakovi¢ (1921)
1955 Georgia (Borjomi forestry district) Supatashvili (1957)
1966 Turkiye (Posof) Acatay (1968)
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206 Figure 3. Early entry and spread of Dendroctonus micans in Europe, Georgia and Tiirkiye (18™-20" century)

207  Entry and spread in Belgium and France
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In Belgium, Mathieu (1859) listed the species in the natural fauna of the country, but Brichet and Severin (1903) dated
its arrival to the very end of the 19 century. Although we cannot exclude a misidentification by Mathieu (1859), it is
likely that the insect, very cryptic during early phases of colonisation, passed unnoticed to forest managers in the
sparse spruce stands of Belgium in 1859. The database of the Walloon Public Service reports the presence of only
5.87 ha of spruce planted in southern Belgium (Vielsam) in 1816. The pest continued to spread throughout the
country, and data from Dourojeanni (1971), Grégoire (1976, 1984) and Meurisse et al. (2008) indicate that it is now
present in the whole territory.

In France, D. micans was first recorded near Gérardmer, in the Vosges in 1862 (Godron (1862) and, after 1950, was
regularly observed in the Vosges, Jura and Alps (Husson and Stauder 1954). Later, Chararas (1961) reports an
outbreak in 1959-60 in Burgundy (Morvan). Around 1972, large outbreaks developed in the Massif Central (Carle et al.
1979) and then expanded south-west to the Pyrénées. Another wave of expansion occurred around 1987 in
Normandy, and D. micans finally reached Brittany in 2009, moving to the land’s western tip (Finistére) in 2010.

This spread has been illustrated by Pauly and Meurisse (2007) and Meurisse et al. (2008). D. micans’ expansion is
illustrated by Figure 4, drawn using the GBIF data [GBIF.org (05 June 2025) GBIF Occurrence
https://doi.org/10.15468/dl.tdeuqgp)], and data from Table 1.
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Figure 4. Entry and spread of Dendroctonus micans in France (GBIF 2025)

The asterisks mark the first locations (Vosges, Alsace) were D. micans was found in 1862 and 1920 (Table 1).

Entry and spread in Georgia
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Dendroctonus micans was first detected in Georgia in 1955 in the Borjomi gorge, on approximately 200 Picea
orientalis trees (Supatashvili 1957). By the end of the same year, the number of infested trees had already reached
700. It is believed that the species was inadvertently introduced with unbarked timber transported from other regions
of the former Soviet Union (Supatashvili 1957; Kobakhidze 1967).

Within a decade, the pest had spread rapidly through most of Georgia’s spruce forests. Kobakhidze (1967) noted that
the quasi-simultaneous discovery of D. micans in several geographically isolated forestry districts where P. orientalis
was distributed (Borjomi, Bakuriani, Akhaltsikhe, Adigeni, Aspindza, Maakowsky, Charagauli, Khuthaissi, Chulo, Oni,
Ambrolauri, Dshawa, Gori, Khaschuri, Kasspi, Zageri, Gegetschkori, Lentechi) was difficult to explain by a single recent
introduction, and suggested instead that multiple small, distinct populations had been established through separate
timber consignments (Figure 5). By the late 1960s, these had coalesced into one continuous infestation spanning a

radius of over 300 km, at altitudes between 750 and 2,000 m (Kobakhidze 1967).
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Figure 5. Establishment of Dendroctonus micans between 1955 and 1965

in 17 forestry districts in Georgia (Kobakhidze (1967)

Entry and spread in Tiirkiye

All D. micans attacks have occurred on Picea orientalis. The pest was first found in 1966 in Posof, in the Pontic
Mountains area in northeastern Tlrkiye, near the border with Georgia (Acatay 1968). In 1970, a severe outbreak was
reported in Savsat, and the beetle was then observed the following year in Ardanug and Artvin (Ozder 1983;
Keskinalemdar and Ozder 1995; Alkan 2000). By 1975, 31,600 and 28,400 ha were attacked respectively in Savsat and
Ardanuc (Ozder 1983; Serez 1978); by 1986, 75,000 ha were colonised in Posof and Artvin (Keskinalemdar et al. 1986)
and, by 1989, the infested area in Artvin alone reached 120,000 ha, with active brood systems in 40% of the trees
(Alkan 1989). In the same year, 15,000 ha were found infested in Giresun (Keskinalemdar and Ozder 1995; Kostak
1997). The infestation continued to spread in Artvin, reaching 140,000 ha in 1990 (Alkan and Aksu 1990), 160,000 ha
in 1994 (Keskinalemdar and Ozder 1995). By 1994, the infested area in Giresun had reached 40,000 ha (Keskinalemdar
and Ozder 1995) and, by 1995, Eroglu (1995, 1996) concluded that D. micans occupied all the oriental spruce forests

in Artvin and Giresun, affecting 35.5% of the oriental spruce, with active brood systems on 24.6% of the trees, and
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255 65,000 ha in Giresun (Alkan Akinci 2006). The Trabzon area was first found colonised in 1997 over 5,000 ha, colonizing
256 22% of the local spruce forest by 2005 (Balik 2005). Aksu (2011) considers that, by 2011, D. micans occupied the

257 whole 452,693 ha oriental spruce area in the Black Sea Region of Tirkiye (from east to west, Posof, Artvin, Rize,

258 Trabzon, Gimushane, Giresun, Ordu: Figure 6), out of which severe outbreaks have occurred over 120,000 ha (Alkan

259 Akinci 2006; Alkan Akinci et al. 2005, 2009, 2014; Ozcan 2009).
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262 Figure 6. Entry and spread of Dendroctonus micans in Tiirkiye.
263 First discovery dates at the related sites between 1966 and 2003.
264

265  Entry and spread in Great Britain

266 As an island to the west of Europe, Great Britain has a relatively impoverished forest fauna relative to the continent.
267 To reduce the likelihood of new pests establishing, risk assessments have been carried out addressing the threats
268 from a range of bark beetles including D. micans and several Ips species. Brown and Bevan (1966) assessed the threat
269 posed by D. micans and urged a high level of vigilance especially regarding timber imports. Although inspections of
270 imported timber have been a regular and ongoing strategy, there have been no interceptions of D. micans despite
271 frequent finding of other spruce bark beetles including Ips typographus (Evans and Fielding 1994).

272 Despite the high level of vigilance and lack of interceptions, D. micans was found breeding in Picea sitchensis

273 (Bongard) Carriere) spruce trees in the Marches area of England and Wales in 1982 (Bevan and King 1983). Intensive
274 surveys were carried out to determine the extent of the infestation, and it was soon discovered that the pest was
275 present throughout much of Wales, the bordering area of England and north in Bowland Forest in Lancashire (Fielding
276 and Evans 1997). In the period to 1989 extensive surveys were accompanied by assessment of the age of attacks on
277 infested trees by examining occluded galleries relative to tree age. This dendrochronological approach enabled the
278 timescale of infestations to be determined which showed that the initial attacks dated from 1973 or earlier and were
279 based near Ludlow in Shropshire (Fielding et al. 1991). Detailed analysis of the locations and ages of attacks enabled
280 assessment of the likely rate of spread from the initial focus in the absence of any impacts from R. grandis which were
281 not released until 1984. Modelling this spread rate was carried out by Gilbert et al. (2003) who showed that, from the
282 epicentre near Ludlow, both local smooth spread by flight and longer distance jump spread by transport of infested

283 timber resulted in a south to north movement (Figure 7).

11



284

285

286
287
288
289
290
2901
292
293
294
295
296
297
298
299
300
301

302

303

304
305
306
307
308
309

Biological control of Dendroctonus micans— a review

o Patches attacked before 1981
% Oldest attack (1973)
W 5
i
@© (90
&o o O O o
09 ”
& o,
(&) ’%@
o)
(o)
¥ (o]
% (=3
o) ;

Figure 7. Initial Dendroctonus micans attacks around the suspected entry point in Ludlow

(redrawn from Gilbert et al. 2003).

Initially, the strategy for management of the D. micans infestations was intensive survey accompanied by sanitation
felling of infested trees and restriction of movement of spruce timber to sawmills within a designated D. micans
Control Area -DMCA (Fielding et al. 1991). This restricted the growth and spread of the pest initially, but from 1996
onwards, surveys outside the area began to indicate other infestations in the south-west and south-easterly locations
(Fielding 2012). During the period from 1984 to 1991, releases of R. grandis had taken place in all known infested
locations and there was accumulating evidence that the predator was reducing D. micans population growth
effectively (Fielding and Evans 1997). Increasing evidence of predator effectiveness and the gradual spread of D.
micans through forests in England resulted in the DMCA being dropped from 2005 and designation of a pest-free area
in the west of Scotland to cover potential infestations in forests with regular exports of conifer timber to Ireland
including Northern Ireland (Fielding 2012).

As R. grandis was released in all locations where D. micans was discovered, mapping the year of R. grandis release in
each county also displays D. micans’ spread in Great Britain (Figure 15). The only differences are that the pest arrived

earlier in Shropshire, Herefordshire and Powys (the three counties with the 1982 date).

Production and releases of Rhizophagus grandis

Production methods

Log-rearing

This earliest rearing method has been described by Kobakhidze et al. (1968) and used in all four countries. It starts
with the introduction of either field-collected living prey larvae, or mature D. micans females into fresh spruce logs.
Naturally infested logs can also be used. After a time period necessary for the introduced larvae to start feeding or for
the introduced adults to oviposit and for their offspring to reach 2" - 4™ instar, pairs of R. grandis are introduced into

the logs through a small slit in the bark at a location where a hollow noise indicates the presence of a brood chamber
12
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beneath the bark. Pre-pupae are collected as they emerge from the logs (Figure 8) and placed in moist sand for
pupation. An alternative technique is to place each log on top of a layer of moist sand in a basin. The prepupae leaving
the log will then pupate in the sand (Figure 9).

This method had several drawbacks; it is highly labour-intensive, spatially demanding, produces unpredictable and
variable yields (23—80 pre-pupae per female), substantially under-exploits the available prey resource (30—-50% of D.
micans larvae are not consumed by predators), and is prone to devastating epizootics caused by the
entomopathogenic fungus Beauveria bassiana (Bals.-Criv.) Vuill., which could destroy 80—100% of the production.

In France and Great Britain, this technique has been replaced with semi-artificial methods.

Figure 8. Infested logs hung above a large funnel, to collect the prepupae leaving the brood chambers.

Photo: Forestry Commission.
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Figure 9. Log-rearing in Turkiye. Photos: H. Alkan-Akinci.

A. Aslit in the phloem, on top de the log, contains prey larvae. It is sealed with wax.
B. Each log is deposited on a layer of moist sand in a basin; the prepupae will pupate in the sand.

C. Basins and logs are stored on shelves and visited daily.

Semi-artificial production
A more controlled, semi-artificial approach was devised and progressively refined from 1984 onwards (Grégoire et al.

1985, 1986). This method operates at a constant temperature of 19-23°C and comprises several sequential stages.

Prey rearing. Spruce trees of at least 20-25 cm DBH, are felled, limbed and cut into 40-cm-long bolts. Both cut ends
are dipped in hot paraffin wax to slow desiccation. The bolts are laid horizontally and infested with 5-10 D. micans
females per bolt and stored on shelves and sprayed with water every 24 hours. After approximately 55 days, when
larvae have reached the 4th or 5th instar (6—=10 mm), the bolts are debarked and the larvae collected. If necessary,

larvae can be stored in a refrigerator for 3—4 weeks in jars containing fresh bark fragments and frass.

Predator oviposition. Small, flat polystyrene boxes (33 cm?; 17 mm high, 49 mm diameter) are prepared with
alternating layers of re-moistened spruce bark powder and two pieces of fresh bark, filled to the brim. Twenty to 25
D. micans larvae and one pair of R. grandis are introduced, and the boxes are closed (Figure 10). After 20 days, the
contents are sorted and the R. grandis larvae are transferred to new rearing boxes (Grégoire et al. 1986). Using this
method, average yields of 50-100 eggs and young larvae per box can be obtained in successive breeding series, with
an overall average of approximately 44 young adults per female (Grégoire et al. 1985). This yield can be further
increased by introducing into the boxes a blend of the oviposition stimuli identified by Grégoire et al. (1991). One
advantage of the boxes over the logs is that B. bassiana mycelium can be seen from the outside, allowing for

preventative destruction of the infected boxes, if any.
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Figure 10. Oviposition in polystyrene boxes. Photos: J.-C. Grégoire.

Larval rearing and pupation. Predator larvae are reared in polystyrene boxes of various sizes, filled with re-moistened
bark powder, and either D. micans larvae (4th—5th instar) together with fresh phloem, or an artificial diet based on
blue bottle fly larvae (Calliphora vomitoria (Linné)) and cat food croquettes. These feeding boxes are laid on top of a

ten-cm layer of moist sand, into which the prepupae will burrow and pupate (Figure 11).
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Figure 11. Larval rearing and pupation boxes at ULB. Photos: J.-C. Grégoire.

A. Three feeding boxes in a pupation container. B. Rhizophagus grandis larvae feeding on artificial medium.
C. R. grandis prepupae in the sand in a pupation container. D. The feeding and pupation containers can be

easily stored and inspected.

Adult collection. Metamorphosis occurs after approximately 25 days; the young adults remain buried for a further 15
days, then begin to emerge spontaneously. They are collected daily with an insect aspirator connected to a Venturi
pump. Adults can be stored at around 5°C for 6—=7 months or more in small polystyrene boxes (the same as for
oviposition) filled with re-moistened bark powder, at densities of up to 150 individuals per box (Grégoire et al. 1986).
Cold storage, however, negatively influences the take-off capacity of the insects. It is optimal (80%) after one month,

then decreases linearly down to ten percent after 11 months.

Prophylaxis against Beauveria bassiana. The spores of the entomopathogenic fungus B. bassiana are introduced with
field-collected D. micans or transmitted from one rearing batch to the next. Infection is visible as white mycelium
radiating from dead insects, detectable through the transparent polystyrene containers. Any contaminated
oviposition or pupation box must be discarded immediately, and all equipment should be disinfected with bleach
between successive rearing cycles. Rigorous prophylactic measures can virtually eliminate the disease. The possibility

to monitor B. bassiana is one of the important advantages of the semi-artificial production.

Wild or laboratory-produced breeding stock? Laboratory-bred adults could be used to start a new rearing batch.
However, for reasons so far unknown, adults collected in the wild produced significantly more offspring than

laboratory-bred ones in experiments in polystyrene boxes (Alkan Akinci & Grégoire 2025).

Production and releases in Georgia (since 1963)

Rhizophagus grandis was first introduced into Georgia in 1963 by A.L. Kobakhidze, using beetles obtained from
Czechoslovakia. A total of 23 adults and 36 larvae were released into D. micans-infested trees near Tsagveri in the

Borjomi Gorge in September 1963. Subsequent introductions from Czechoslovakia (1964), the Latvian SSR (1964), and
16
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multiple Soviet republics (1965) progressively increased the founder stock (Kobakhidze et al. 1968, 1970). The
diversity of this original genetic material is thought to have enhanced the success of acclimatisation and may have
contributed to the predator’s high effectiveness in controlling D. micans outbreaks (Kobakhidze et al. 1970; Tvaradze

1976). Table 2 summarises the details of these early introductions.

Table 2. First introductions of Rhizophagus grandis in Georgia (1963-1965).

Year | Material introduced Origin Destination / use

Czechoslovakia (Lou¢na and Tsagveri, Borjomi Gorge —
1963 | 23 adults, 36 larvae

Nesetin forestry districts) released in infested trees
1964 | 6 larvae, 9 pupae Czechoslovakia Bakuriani — released

Latvian SSR (Kenera forestry Patara Tsemi, Borjomi
1964 | 141 larvae

district) Gorge — released

Belarus, Latvia, Lithuania, Tsagveri and Borjomi

1965 | 51 adults, 710 larvae
Moscow and Leningrad regions | laboratories —rearing

357 adults, 674 Belarus, Latvia, Moscow and Laboratories (rearing) and
1965
larvae Leningrad regions field releases

Seventeen small production laboratories were established at state forestry enterprises across the republic. The log-
rearing method was used. Optimal rearing conditions were 18-24°C mean daily temperature and 55-65% relative
humidity, allowing up to three R. grandis generations per winter season (October—April), with one generation
completed in 50-60 days (Kobakhidze et al. 1968, 1970). Over the lifetime of the programme, approximately 4 million

R. grandis specimens were bred and released into Georgian forests.

Production and releases in France (since 1978)

From 1978 to 1984, the predators were produced on logs. The major rearing unit was based at ULB in Brussels, but
two smaller, local rearing units in the Cévennes (Lozére, France), managed on a voluntary basis alongside normal
professional duties by the Parc National des Cévennes (PNC) and Office National des Foréts (ONF) personnel. The
proximity to infested stands that would provide the breeding stock was considered an asset at the time. Two units
were established, one at the Mazel-du-Bleymard on the PNC premises, operating a full rearing chain from 1983 to
1985, and one at the Maison forestiére du Marquaires (ONF) in 1985. Small-scale operations (10-12 oviposition
boxes) proved particularly productive, yielding 32—36 adults per oviposition box. Each series required approximately
20 hours of work spread over three months. A medium-scale trial at Le Bleymard (100 boxes) yielded fewer adults per
box (14) and lower pupation survival (44.3%), attributed to the difficulty of maintaining adequate hygiene standards
at larger scales alongside other duties, and to increased B. bassiana risk with larger volumes of prey larvae (Grégoire
et al. 1986). After 1985, production was concentrated at ULB.

In the Limoges area, a non-profit association, Bioassistance Foréts Limousines, established in the early 1980s,
undertook for several years the production and local marketing of ca 12,000 predators, produced with semi-artificial

methods. In Brittany, local forest owners organised themselves in 2011-2019, producing ca 40,000 insects reared
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from glass jars containing pieces of fresh phloem and D. micans frass, predators and prey larvae, all collected in the

forest nearby (Daniel Ogé, pers. comm.).

From 1985 to 2016, predator production was operated with semi-artificial methods. The ending of production in 2016
coincided with completion of releases over the entire range of D. micans which, at that time, had reached the western
limit of the Finistere département in Brittany. This also coincided with the retirement of this paper's first author.

The total numbers released annually are shown in Figure 12. The locations of annual releases of R. grandis in France

at the département scale are shown in Figure 13.
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Figure 12. Releases of Rhizophagus grandis in France (1978-2016)
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Figure 13. Releases of Rhizophagus grandis in France (1978-2018).

The asterisk marks the first location (Remiremont, Vosges) were R. grandis was found in 1881 (Table 1).

The release strategy underwent significant refinements over the whole period. Two complementary strategies were

identified (Grégoire et al. 1985, 1986).

- Releases at the expansion range margin. Rhizophagus grandis was introduced as a priority at the leading edge of

D. micans' expanding range, in stands undergoing incipient infestation at low prey density. The rationale was that,

in such conditions, even limited introductions could establish an effective zone of biocontrol ahead of the

advancing front, impeding the pest’s progression towards uninfested stands. Forestalling by 15-20 years the

natural arrival of the predator could spare considerable timber volumes and avoid costly modifications to forest

management (Grégoire et al. 1985).

— Releases in long-established outbreak areas. The alternative approach was to introduce predators into stands

already infested heavily for many years, aiming to bridge the demographic gap between the well-established pest

and its lagging natural enemy. This required large numbers of predators from the centralised mass-rearing facility

(Grégoire et al. 1986).

Release rates in the field trials varied. The priority was at first to demonstrate the efficacy of biocontrol, and therefore

large numbers were released in a relatively small number of stands. In 1983, 2,350 predators were released in a small

plot at the base of 45 heavily infested trees in a 70-year-old Norway spruce stand trial at the Forét domaniale du

Goulet (Lozére). In 1984, 6,850 insects were released in three sites in Lozere and Gard. In 1985, 17,000 predators

were liberated on Mount Aigoual and in newly attacked stands in the Gard. The local rearing unit at Le Bleymard

produced 1,450 predators which were released at the base of 29 attacked trees in the Forét domaniale de la Gardille,
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at a rate of 50 per tree (Grégoire et al. 1985, 1986). Later, releases typically comprised a few tens to a few hundred

predators per hectare, depending on the severity of the local infestation.

Production and releases in Great Britain (since 1984)

Rhizophagus grandis was introduced into Britain during 1983. Experience in Belgium and Russia had shown it to be
effective in reducing damaging levels of D. micans; as a result, 200 male/female pairs were imported from Belgium
into Britain during 1983, to establish a breeding and release programme. Facilities to rear the predator were
established in 1983 and a small-scale release was made licensed under the Wildlife & Countryside Act 1981 which
deals with releases of non-native organisms. This initial release resulted in successful establishment at two of the
three sites treated. Initially, the log rearing method was used but this was replaced by semi-artificial production
during 1986, resulting in reduced disease issues and requirements for staff and resources (Fielding 1992).

Surveys undertaken during 1983 recorded D. micans as being present at 1,424 sites (493 Forestry Commission and
931 privately owned). Sites varied from an entire forest, through small groups of trees to, single trees. The predator
mass-release programme started during 1984 and initial releases, intended to cover as many sites as possible, were
based upon estimated predator production during the first year of the programme. The decision was taken to use
low-density inoculative releases, to treat as many infested locations as possible. It was considered that the slow life
cycle of D. micans, combined with the low residual populations remaining after sanitation felling of all infested trees
found during the 1983 surveys would give ample time for R. grandis to build up to levels that would exert an effect on
the D. micans population (Fielding and Evans 1997). The recorded numbers of attacked trees found during the 1983
survey were used as a basis for the number of predators to be released. Based upon projected production, it was
decided that sites with more than 100 attacked trees would receive 50 pairs of predators; sites with 50 to 100
attacked trees would receive 25 pairs; sites with 5 to 50 attacked trees would receive 15 pairs and sites with 5 to 10
trees would receive 10 pairs. Male/female pairs of beetles were released at the base of infested trees at the rate of
one pair per tree. If, because of the sanitation felling of all infested trees, no infested trees could be found, predators
were released on nearby trees. Areas that had been clear-felled were not treated. The first releases were
concentrated along the outer edge of the known infested area. Once these sites were treated the most intensely
infested sites were dealt with in descending order of priority. By the end of 1984, 936 sites had been treated with
almost 32,000 predators (Fielding 1992).

Observations, starting in 1984 showed the predator to be capable of finding its prey even at low densities (King and
Fielding 1989). Further observations made during 1987 and 1988 (Fielding et al. 1991) showed that R. grandis quickly
spread through an infested area, locating most of its available host material. These facts, coupled with data from our
breeding records, showed a natural sex ratio of 1:1, thus removing the need to sex the predators before release. As a
result of these findings, releases from 1987 onwards have consisted of single point mass-releases in the centre of
infested sites.

Centralised, intensive annual surveys of spruce woodlands have now ceased, and woodland owners are now expected
to look more closely at their own spruce trees. Guidelines for forest owners/managers have been produced by the GB
Forestry Commission and back-up is provided by plant health officers and Forest Research. R. grandis is still reared by
Forest Research for release into newly located, infested areas. The numbers released annually are shown in Figure 14,
which reflects the relatively slow expansion of D. micans infestations throughout the country. Figure 15 indicates the
sites of annual release of R. grandis and the locations of known D. micans infestations which were the triggers for

predator release.
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Figure 14. Releases of Rhizophagus grandis in Great Britain (1984-2023)
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480

481
482 Figure 15. Releases of Rhizophagus grandis in Great Britain (1984-2023)
483

484  Production and releases in Tiirkiye (since 1985)

485 Fourteen R. grandis rearing laboratories were established in 1985 in Artvin, Ardanug and Savsat (Keskinalemdar et al.
486 1986; Aksu 1987). Rearing laboratories have also been established in Giresun and Trabzon after the discovery of D.
487 micans attacks in these provinces (Kostak 1997; Balik 2005). Laboratory-reared predators were released at the front
488 of the expanding range of D. micans attacks and continued backwards into the infested stands (Alkan and Aksu 1990;
489 Alkan 1989; Keskinalemdar and Ozder 1995). An inoculative release strategy is applied in Tirkiye. Predators are

490 released in pairs, with 20 — 30 individuals introduced into prey larval galleries at the L2 — L3 stage in the infested sites
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(Aksu 1987, 2011). Pairs of predators were also released on the root collars of infested trees. Releases can include up
to 100 pairs/ha in areas with higher infestation rates (Aksu 2011).

To date, a total of 10,879,761 R. grandis were reared and released in Tirkiye (OGM Activity Reports): Figure 16. The
first releases were performed in Posof and Artvin in 1985 (Keskinalemdar et al. 1986; Serez 1987; Alkan 1989). Then,
predators were released in Giresun, Ordu, Trabzon, Gimishane and Rize in 1989, 1995, 1997, 2001 and 2003,
respectively (Figure 17). Natural balance was established in the early 2000’s in Posof, in 2006 in Artvin and its
counties, in 2016 in Giresun and Ordu and their counties (Aksu 2011). In these provinces 65% or more of the D.
micans’ active galleries were occupied by R. grandis (Alkan Akinci 2006; Aksu 2011; Ozcan et al. 2014; OGM Activity
Reports). Alkan Akinci (2017) reports that all the larval galleries of D. micans were colonized by R. grandis at the
studied sites in Artvin. At the rest of the distribution area of D. micans, the beetle has localized its damage to small
areas that are under heavy human-induced pressure. At these areas, namely, Cambasi, Topcam, Kulakkaya, Akilbaba,

Kiimbet, ikizdere and Yesiltepe predator releases are continuing (OGM Activity Reports).
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Figure 16. Releases of Rhizophagus grandis in Turkiye (1985-2024)

1985 140
198
19972003 7

2001

1995 1989

60 mi

© d-maps com

23



507
508
509
510
511

512

513

514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

531
532

533

Biological control of Dendroctonus micans— a review

Figure 17. Rhizophagus grandis releases in Turkiye (first release years at the infested stands in 1985-2003)

The asterisk marks the first location (Posof) where R. grandis was found naturally in 1984 (Table 1).

The detailed yearly release data for France, Great Britain and Turkiye (1978-2024) are provided in the Supplementary
Table 2.

Spread and impact

Spread after release

France. In 1984, one year after the first release in France in the Forét domaniale du Goulet, Lozére, the stand was
mapped and sampled. 58 trees out of 135 (43%) were attacked, among which 17% were also colonised by predators
as far as 200 m from the closest release point (Grégoire et al. 1985). Samplings at increasing distances from the
release plot showed increasing colonisation rates by R. grandis, at increasing distances: 48% in 1985 (54 trees
sampled), and 54% in 1986 (59 trees sampled). Colonisation rates in 1986 were higher at the release plot and further
south (73%) than north of the release plot (43%).

These results show the predators' capacity to explore their surroundings and establish in D. micans brood chambers.

A 200-m radius around a release site appears to be easily colonised in one generation.

Great Britain. Spread has generally been assessed through recording of presence of D. micans infested trees and the
general low level of attack over time since the release programme was initiated in 1984. Some more detailed work
has been carried out through mark release and recapture by recording of R. grandis presence in brood chambers at
increasing distances from the release point (Evans and Fielding 1994). In the experiment, 2500 R. grandis adults
dusted with Lumogen B fluorescent dust were released in the centre of an isolated block of Picea abies which
contained 99 trees known to be attacked by D. micans. Infested trees were felled starting 7 days after release. Adult

predators were found at decreasing frequency up to 200 metres from the release point (Figure 18).
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Figure 18. Frequency of Dendroctonus micans infested trees colonised by Rhizophagus grandis at various distances

from a central release point (data from Evans and Fielding 1994 with permission).
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In this experiment, the frequency of different life stages (larvae and pupae) of D. micans was recorded in relation to
the presence of R. grandis adults. Figure 19 demonstrates that there was a linear relationship between the attack rate
by R. grandis and the number of D. micans immature life stages present. These data suggest that the predator can

detect how much prey is present and scale its attack accordingly.

80 ~
70 -+

60 -
y = 0.0825x + 6.4196 "
50 - R2=0.5477 7

40 .
30 "

20 - o ® & _- Py
® O BT
-~ @

Number of R. grandis per brood

10 - =

o he
0

T T T T T 1

200 300 400 500 600 700
Number of D. micans larvae/pupae per brood

o
o
100

Figure 19. Colonisation of Dendroctonus micans broods following release of 2,500 Rhizophagus grandis adults from a

single release point during a mark-release-recapture experiment (data from Evans and Fielding 1994 with permission).

Impact

Significant decreases of the attack level usually occurred five to six years after releases as measured in several

campaigns.

France. A convenient metric to measure impact is the change of colonisation rate by D. micans. As most of the trees

remain alive during and after attacks, it is possible to follow identified cohorts of trees for several years in a row. This

was attempted using "directed walks" along which the same trees were monitored yearly for external symptoms of
attack (resin tubes, frass, resin drops, shed bark). The trees were examined from the crown (using binoculars) to the
collar and roots. The walks had to be calibrated first, so that the method could then be applied reliably in the different
plots.

- Afirst step was to determine the link between external symptoms and presence of brood chambers. A 20.6 ha
spruce stand was divided into 25x25 m squares within which all trees were mapped, distinguishing between
"attacked" (external symptoms) and "unattacked". 289 trees were found "attacked", out of 558 trees (51.8%):
Figure 20. Among these "attacked" trees a subset of 30 trees was felled and carefully searched for active brood
chambers; 14 trees (46.7%) contained brood chambers. It was concluded that external symptoms were a good
metric to characterise attacked trees.

- The second step consisted in calibrating the directed walks themselves. Several fictitious walks were drawn on the

map described above, sequentially counting the proportion of attacked trees as the number of trees examined
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561 increased along the walk. This proportion stabilized around 100 trees counted. Figure 21 shows how the counts
562 stabilize along the fictitious walk illustrated in Figure 20.
563 - Five plots were followed in Lozere and Gard between 1987 and 1993. Six years after the releases, the infestation
564 level had dropped to 10%, with predators present in most of the brood chambers (Figure 22).
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Figure 22. Temporal changes in infestation rates measured with directed walks in five stands in Lozére and Gard,

after releases in 1987.

Great Britain. As indicated above, the impacts of R. grandis have been reflected in the low levels of D. micans attack
recorded in most of Great Britain which is a measure both of increasing predator temporal and spatial presence and
the continuing release of the predator at the slowly expanding edge of the known infested areas. More detailed
surveys in the first few years after the predator release programme commenced provide more precise data on the
build-up and increasing impact of R. grandis. These were summarised by Fielding and Evans (1997) and have been re-

analysed in Figure 23 which shows the rate of change of D. micans attacks at predator release sites over a period of

10 years.
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Figure 23. Annual rate of change of Dendroctonus micans infestation in the 10 years since initial Rhizophagus grandis

release (based on Fielding and Evans 1997 with permission).
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Long-term population control. Although very stable control is generally observed (e.g., in Belgium: Grégoire 1984),

occasional brief upsurges can occur, under stressed conditions as recorded in Czech cities on amenity trees (Lukasova

et al. 2014), or in Denmark after an extreme meteorological drought in 2007 (HP Ravn, pers. comm.).

Other possible developments

Biological control of other bark beetles with a similar biology

Five other Dendroctonus species (D. valens, D. terebrans (Olivier), D. punctatus LeConte, D. murrayanae Hopkins, D.
rhizophagus Thomas & Bright) share two important biological traits with D. micans: a "parasitic" life on living trees,
and larvae living gregariously in their living host (Wood 1982). D. rhizophagus differs in that it attacks the collars and
roots of pine saplings, killing them. Similarly to D. micans, solitary attacks by mated females have been recorded in D.
punctatus (Furniss 1995), and possibly in D. murrayanae (Furniss et al. 2008). Based on these common traits, different
attempts were developed to use R. grandis for the biological control of D. terebrans and D. valens. These two species
live on Pinus spp. but R. grandis was reported in D. micans' galleries on Pinus sylvestris in Estonia and Russia,

respectively by Voolma (1980) and Kolomiets & Bogdanova (1999).

Biocontrol of Dendroctonus terebrans in the USA (Louisana).

Dendroctonus terebrans is a secondary pest of pines in its native range in the eastern and southern United States,
where it rarely kills healthy trees. Bioassays performed in 1985 in Belgium showed that the larval frass of D. terebrans,
was highly attractive to both male and female R. grandis in laboratory bioassays (Miller et al. 1987). Based on these
findings and on the similarities of biological traits between D. micans and D. terebrans, an attempt at biological
control of this latter species was made by the US Forest Service in Louisiana (Moser 1989). In preliminary tests in
1986-87, using R. grandis sent from Belgium, the predator could be successfully reared from egg-laying to adults on D.
terebrans using both infested billets and the semi-artificial method developed at ULB. The first inoculative field
release of D. grandis occurred in 1988. Twenty pairs were released in four localities in Louisiana, on two trees and six
stumps attacked by D. terebrans. Unlike similar procedures used in Europe against D. micans, these first releases in

North America were not successful. No predator established in the galleries present in the treated stumps and trees.

Biocontrol of Dendroctonus valens in China

As with D. terebrans, D. valens is a secondary coloniser of Pinus spp. Its native range stretches across North and
Central America. In this range, it rarely kills healthy trees. The pest was introduced accidentally into China in the early
1980s, probably on logs imported from the west coast of the United States (Sun et al. 2013). It was first detected in
the Shanxi province, but spread rapidly to the adjacent provinces of Hebei, Henan, Shaanxi, and Beijing after 1999.
Contrary to its status in North America, D. valens behaves as an important tree killer in China. Yang et al. (2014)
reported that by 1999 the pest had already infested more than 25.3 million ha of P. tabulaeformis and killed over six
million trees. Its gregarious larvae living in a live host make D. valens a likely prey for R. grandis, and the predator's
response to the larval frass of D. terebrans (Miller et al. 1987), a species ecologically and phylogenetically close to D.
valens (Wood 1982; Reeve et al. 2012; Godefroid et al. 2019) suggested that R. grandis could locate the brood
systems of D. valens. In addition, previous tests in Belgium had demonstrated that several oxygenated monoterpenes
present in the larval frass of D. valens and its close relative D. micans function collectively as oviposition stimulants for

R. grandis (Grégoire et al. 1991), suggesting that the predator could, in principle, exploit D. valens galleries.
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A joint project, supported by Belgian funding, was developed by the Université libre de Bruxelles and the Chinese
Academy of Forestry, to introduce R. grandis from Belgium to China for the biological control of D. valens. Laboratory
studies in Belgium and China established the predatory capacity of R. grandis and its capacity to enter D. valens brood
chambers readily through the aeration holes chewed by the parent adults (Zhao et al. 2006; Zhao et al. 2008; Yang et
al. 2014).

Rhizophagus grandis was first introduced into China in 2000 (Yang et al. 2014). Almost 50,000 predators were
produced in China between 2003 and 2006, and 32,000 adults and 15,500 larvae were released at 28 sites, in the
Shanxi, Hebei, Henan and Shaanxi provinces (ULB, unpublished report). In total, a dozen adult predators were
subsequentially retrieved in seven sites in 2004-2006. In three sites, one adult with respectively 14, 22 and 25 larvae
were retrieved in 2006. Kairomone traps (see below) were deployed in 2004 in three sites where releases had been
made in 2003 (10 Lindgren multifunnel traps + 10 bottle-traps). Interestingly, in one of these sites, 25 predators were
caught in the Lindgren traps and nine were caught in the bottle traps. This low level of retrieval, far below the
predator recovery rates recorded in Europe and not complemented by more recent information, does not
convincingly demonstrate success in this biocontrol attempt in China. However, according to Yang at al. (2014),
biological control explains why no tree further mortality was recorded in the sites where predators had been released.
In their review, Sun et al. (2013) were more cautious, remarking that whilst R. grandis was able to attack D. valens in

China, its efficacy was only moderate.

Pest-in-first

The technique is a preventative, proactive biological control strategy in which a small, controlled number of a plant
pest is deliberately introduced onto a crop before or simultaneously with the release of a biocontrol agent. It is used
against the two-spotted spider mite, Tetranychus urticae Koch (Acaridae, Tetranychidae), which inevitably appears in
greenhouses in the beginning of the growing seasons, and is controlled by the predatory mite Phytoseiulus persimilis
Athias-Henriot (Acaridae, Phytoseiidae). Pest-in-first allows early control, when the target pest is still scarce (Hussey et
al. 1965; Havelka and Kindlmann 1984). As it was obvious that the spread of D. micans in France would continue,
starting with cryptic establishments in newly colonised areas, pest-in-first appeared as a promising potential
approach, especially considering R. grandis' acute capacity to locate D. micans, even at low densities. The key issue
was to establish D. micans in a controlled manner. Preliminary attempts in Belgium, where D. micans is endemic and
under natural biocontrol, included two strategies (Godefroid 2008). One consisted in implanting mature, emergent
female adults in pre-drilled holes in the bark of standing, living Picea abies. In two sites, five beetles were introduced
on each of six trees and kept in place with a small polyethylene capsule. The second strategy consisted in introducing
in a stand a spruce billet containing 50 pre-emergent females. Two sites were treated with this approach. Both
approaches failed completely, the beetles vanishing in the forest nearby. Later attempts, with individual adults or
adult groups, as well as with groups of larvae, also failed (J-C Grégoire, unpublished). The main conclusion from these
attempts was that D. micans is extremely fastidious in the choice of its host trees. The other conclusion was that, in
France, pest-in-first would appear to be very difficult or impossible. Conflicting results were obtained by Storer and
Speight (1996), who induced adult females to lay eggs on artificially wounded Norway spruce trees and kept living
larvae feeding on the same trees. However, the insects were maintained in the bark during only four weeks, and long-

term survival after a whole life cycle was not measured.
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Very interestingly, introductions of single females in Picea orientalis in Turkiye was very successful and led to brood
production by the introduced females and to full development of the larvae (Alkan-Akinci and Ersen-Bak 2016). A

comparative study of the resistance of P. abies and P. orientalis to D. micans would offer interesting prospects.

Kairomone trapping

Pheromone-trapping to monitor D. micans at the margins of its expansion range is impossible because this inbred,
solitary coloniser does not respond to pheromones. On the other hand, R. grandis uses a series of well identified
monoterpene derivatives to locate its prey in the forest, even at very low densities. The predators could be used to
monitor D. micans at the margins of its expansion range, in areas with uncertain status where low pest density would
make visual surveys inefficient. The possibility to develop kairomone traps was thus explored by Meurisse et al.
(2008). After release-recapture experiments in Belgium had demonstrated that artificial lures were as attractive to the
predators as D. micans larval frass, kairomone traps were deployed in an area of Languedoc-Roussillon that was at the
time still far away from the pest's expansion range. 5,700 predators were released among various trap combinations
(linear, circular with four traps distant by 50 m from the release point, circular with four traps at 50 m and eight traps
at 100 m). The single circular networks recaptured 13 to 31% of the released beetles that flew, the double circular
networks recaptured 51-66%. Kairomone-trapping was then tested in real conditions, in 58 stands in Belgium and
France. When compared to visual surveys for the presence of D. micans, the trapping produced two false negatives,
contrasting with 19 for the visual surveys. Despite the obvious prospects offered by the technique, kairomone-

trapping was not implemented any further, because of other competing management priorities.

Discussion

Dendroctonus micans has now largely completed its expansion in Georgia, France, Great Britain and Tirkiye (Figures
4,5, 15 and 17) and, in parallel, the production and releases of R. grandis are decreasing or have stopped in the four
countries (Figures 12, 14, 16), after the pest's damage had subsided. In Europe, however, Northern Ireland, Ireland
and Greece are still uncolonized and are listed as Protected zones in the EU and UK phytosanitary regulations. There
could thus be a future need for biocontrol in these areas, which could benefit from the predator production and
release procedures, as well as from the impact assessment approaches described here. This need could extend to
other continents with compatible climate and host trees, as D. micans possesses several features favouring its
establishment in new areas, in particular sib-mating that allows an individual female to found a new brood on her
own, and the capacity to attack living, apparently healthy trees, which offers a large choice of individual hosts
(Grousset et al. 2020; Lantschner et al. 2020; Grégoire et al. 2023). Although D. micans has rarely been intercepted at
ports in commercial shipments by phytosanitary inspectors (six times between 1995 and 2019 in nine world regions:
Turner et al. 2021), its capacity to travel on wood and wood products has been illustrated by a dendrochronological
study by Bevan and King (1983), strongly suggesting that the likely entry point in Britain had been a sawmill importing

wood from the continent (Figure 7).

Threats and opportunities for "parasitic" bark beetles

As developed earlier, six Dendroctonus species cans be considered as "parasitic", with solitary attacks that do not kill
the trees, and larvae feeding gregariously: D. micans and D. punctatus on spruce, D. valens, D. terebrans, D. murrayanae
and D. rhizophagus on pine. These six species face a common constraint: they must overcome the chemical and physical

defences of their hosts, including monoterpenes and sesquiterpenes. In return, they are protected against interspecific

30



705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745

Biological control of Dendroctonus micans— a review

competition from other bark beetles and against generalist natural enemies. The living host also allows some of them
to extend their life cycle over two to three years. In contrast, tree killing species are often univoltine or multivoltine.
Because of host protection, the tree parasites have a narrower natural enemy spectrum than sympatric tree-killing
species attacking the same host species.

— In Europe, Mills (1983) lists 30 species associated with D. micans and 71 species associated with the eight-
toothed spruce bark beetle, Ips typographus, among which 22 are common to both species. D. micans has thus
only eight dedicated natural enemies, among which only R. grandis is significant.

— In North America, Furniss (1995) counts four predator species in the galleries of D. punctatus on Picea glauca,
whilst Gara et al. (1995) record 34 predator and parasitoid species associated with the spruce beetle
Dendroctonus rufipennis. Furniss and Kegley (2008) find no natural enemies associated with D. murrayanae on
lodgepole pine, whilst Six (2015), citing various authors, reports that pine billets infested by D. brevicomis
(Dahlsten 1970) or D. ponderosae (Dahlsten and Stephen 1974) yielded more than 60 species of arthropod
natural enemies. Munro et al. (2019) list three insect predators associated with D. terebrans, but Moser et al.
(1971) collect 29 bark-beetle predators and nine parasitoids from trees attacked by D. frontalis.

The few natural enemies of "parasitic" bark beetles need to evolve a range of mechanisms to ensure efficient
predatory activity. First, they must be tolerant to the host trees' defences. Secondly, because they attack
inconspicuous, solitary prey or host, often sparsely distributed, they need to develop an accurate, highly specific
capacity to locate brood chambers scattered in the forest. Finally, inside the closed space of a brood chamber, they
need to assess the size of the available resource, to match oviposition accordingly. Interestingly, at the larval stage, R.
grandis is not specific and feeds on whatever prey it meets, even resorting to cannibalism (see Figure 11) in the case
of food shortage. In the closed universe of a brood chamber, this shift of the larvae towards polyphagy ensures
optimal survival (Baisier et al. 1984).

In return, the host's defences protect these natural enemies from interspecific competition and from predation or
parasitism. In addition, the living hosts trees allow a longer life cycle for some of the "parasitic" bark beetles, thus

increasing the time window during which they can be discovered by natural enemies.

Specific predators

Rhizophagus grandis is a specific predator, an extremely rare feature among predators. It is shared only by a few
other species, e.g. among the coccinellids (Rodolia cardinalis Mulsant: Caltagirone and Doutt 1989), the derodontids
(Laricobius nigrinus Fender: Zilahi-Balogh et al. 2002); L. osakensis Montgomery & Shiyake: Vieira et al. 2011) and the
chrysopids (Chrysopa slossonae: Tauber and Tauber 1987). These species display one common trait: the adults
generally secure resources for their larvae, behaving very much like parasitoids, depositing their eggs on, or in close
proximity to, their prey. Hagen (1962) remarked that “The monophagous [predatory] species, which are relatively few,
exhibit a relation to their prey that resembles that of a true parasitoid insomuch as the larva may develop as a solitary
external parasite.” The chosen prey are frequently gregarious, more or less sessile species whose individuals or
colonies are relatively long-lasting at the scale of a predator’s immature life. The larvae can consume multiple prey
items, which could, formally, differentiate them from most parasitoids sensu stricto. Often, the "parasitism" applies to
colonies rather than to individuals. Here, the parent adults oviposit in a closed prey brood chamber, and their larvae
consume the prey's eggs, larvae and pupae. The fact that the eggs and larvae are clumped facilitates predation,

especially as the predator larvae are also gregarious.
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What makes Rhizophagus grandis such a successful biocontrol agent?

In addition to its tolerance to the host's defences, capacity for long-distance prey finding and capacity to adjust egg-
laying to the local resources, R. grandis also benefits from several other traits common among other "efficient"
natural enemies used in biocontrol (Huffaker 1971):

a) Good reproductive capacity relative to that of the prey. More than 200 eggs for both species (Merlin et al. 1984;
Grégoire & Merlin 1984);

b) Good adaptation to diverse environmental conditions: illustrated by its wide geographic range;

c) Coincidence of life cycles. At least one generation per year against one generation in one to three years for D.
micans (King et al. 1991). The protracted life cycle of D. micans in a living tree provides a stable resource thus
allowing ample time for R. grandis to locate a brood system. The predator exploits this opportunity as illustrated
by a time-dependent, increasing brood-chamber colonisation rate (Grégoire 1984);

d) Larval activity at lower temperatures than the prey. Lower temperature threshold for R. grandis: 11-12°C
according to Kobakhidze et al. 1970; 9.6°C (larvae) according to Wei et al. 2010; 6.2°C (larvae) according to Gent
et al. 2017; lower temperature threshold for D. micans: 16-17°C according to Kobakhidze et al. 1970; 6.6°C to
7.2°C according to Gent et al. 2017);

e) High voracity. In the laboratory, R. grandis larvae consumed the equivalent of one fifth-instar D. micans larva (40
mg), during its development; adults consumed 30-40 eggs a week, or the equivalent volume of prey larvae

(Merlin et al. 1984).

Classical biocontrol failures with other Scolytinae

Despite several attempts on other targets with other biocontrol agents, (reviewed in Kenis et al. 2004), the targeting
of D. micans using R. grandis is the only known case of successful classical biocontrol of a Scolytinae species. The
narrow specific relationship between predator and prey described above certainly explains this success. The failures
with other species could be related to incorrect mismatches but, above all, to a much more eruptive nature of these
other species, mass-attacking and killing their hosts, and therefore very much influenced by bottom-up forces such as
host stress linked to site and climate. The univoltine or multivoltine life cycle of many of the target species so far,

would also hamper any numerical response from the natural enemies to population changes of the target species.

Opportunities for further research

Both species in this system, as well as their interactions, deserve further research. How R. grandis regulates
oviposition according to prey density in the brood chambers is poorly understood, as well as the mechanisms
governing larval aggregation in the predator. How D. micans selects a host tree, and a suitable spot on this host for
brood development, presents rewarding research prospects. In particular, understanding the differences in host
acceptance between P. abies and non co-evolved hosts (P. orientalis and P. sitchensis) could widen our understanding

of spruce defensive chemistry.
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