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Introduction
Conifer bark beetles (Curculionidae: Scolytinae) often inflict 
density-dependent tree mortality (i.e. population growth rates and 
associated levels of tree mortality are partially regulated by the 
density of suitable hosts) and help maintain a diversity of tree spe-
cies, ages, sizes, and spatial heterogeneity (Berryman, 1976). 
Endemic populations create small gaps in the forest canopy by 
killing trees usually stressed by age, drought, defoliation, or other 
factors. During outbreaks, large amounts of tree mortality may 
occur in short periods (e.g. 1 to several years) negatively affecting 
timber and fiber production, water quality and quantity, fish and 
wildlife populations, recreation, grazing capacity, biodiversity, 
endangered species, carbon sequestration and storage, and cul-
tural resources, among others (Morris et  al., 2018). In recent 
decades, bark beetle outbreaks in Europe and North America have 
increased in severity and scale (e.g. Hicke et  al., 2016; Thorn 
et al., 2017) and several recent outbreaks are recognized among 
the most severe in recorded history, with high economic impacts 
(Bentz et al., 2009; Fettig et al., in press). Bark beetles are highly 
sensitive to thermal conditions conducive to population survival 
and growth (Bentz et al., 2010), and temperature-related drought 
stress negatively affects host tree vigor (Kolb et  al., 2016). As 

such, outbreaks have been correlated with recent shifts in tem-
perature and precipitation attributed to climate change. Forest 
densification has exacerbated this effect in many locations (Fettig 
et al., 2007).

Detailed, historical records document numerous outbreaks of 
different species of bark beetles in forests of Europe and North 
America since the 19th century (Bentz et  al., 2009; Schelhaas 
et al., 2003; Wood, 1982). In Europe, outbreaks of the European 
spruce bark beetle (Ips typographus) on Norway spruce (Picea 
abies) are the most important cause of timber losses with millions 
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of hectares of forest impacted annually (Schelhaas et  al., 2003; 
Skuhravý, 2002). However, during the 20th century, the Great 
spruce bark beetle (Dendroctonus micans) has been expanding its 
geographic range and impacts across Europe (O’Neil and Evans, 
1999). While the forest structure and economic damage from bark 
beetle outbreaks in Europe is substantial (Lieutier et al., 2004), the 
damage in North America is much higher (e.g. Hicke et al., 2012). 
There are several species in North America, from four different 
genera, which cause high tree mortality (Drooz, 1985; Fettig, 
2016; Furniss and Carolin, 1977). The most notorious of these are 
in the genus Dendroctonus (Erichson). For example, species like 
Dendroctonus ponderosae and Dendroctonus rufipennis have had 
major impacts on forests in western North America in recent 
decades, destroying large numbers of trees and leading to major 
changes in forest function, structure, and composition (e.g. Berg 
et al., 2006; Kurz et al., 2008; Negrón and Fettig, 2014). Over the 
past 30 years, tree mortality caused by bark beetles in the western 
United States has exceeded tree mortality caused by wildfires 
(Hicke et al., 2016), raising concerns about the sustainability of 
some western forests to provide certain ecological goods and ser-
vices over time. Most notable, D. ponderosae impacted ~10.3 mil-
lion hectares of forest from 2000 to 2016, which represents almost 
half of the total area impacted by all bark beetles combined in the 
western United States during this period (Fettig et al., in press).

Although challenging, it is important to gain more insight in 
the relationships between other natural disturbance agents and 
bark beetle outbreaks (Dale et al., 2001; Fettig et al., 2013; Jenkins 
et al., 2014; Seidl and Rammer, 2017; Seidl et al., 2017; Thom and 
Seidl, 2016). A variety of models have been created to predict bark 
beetle outbreaks (e.g. Hicke et al., 2006; Stadelmann et al., 2013). 
These models allow us to calculate the chances of future bark bee-
tle outbreaks on a regional as well as local scale, in order to assess 
their effects and to mitigate negative impacts (e.g. Fettig et  al., 
2007). The historical records of natural disturbances and bark bee-
tle outbreaks, used in these models, go back as far as AD 1850 
(Hicke et al., 2006; Schelhaas et al., 2003). In a few isolated stud-
ies, tree-ring records have been used in North America to identify 
local bark beetle outbreaks (Jarvis and Kulakowski, 2015; Zhang 
et al., 1999) which at certain locations date back to AD 1640. Den-
droecological data sets from Central Europe (e.g. Čada et  al., 
2016) have been created to identify past natural disturbance events 
back to AD 1700. These records give us, up to a certain level, 
insight into what role bark beetles played in our forested land-
scapes before the significant increases in frequency and severity of 
outbreaks of the last several decades. In addition, identification of 
fossil bark beetle remains from sedimentary records can provide 
firsthand information of past outbreaks (Brunelle et  al., 2008). 
Fossil beetle assemblages have been used to establish baselines of 
natural situations in managed parks (e.g. Mansell et al., 2014) as 
well as broader regional contexts (e.g. the reconstruction of Brit-
ain’s landscapes by Whitehouse and Smith, 2010). However, fossil 
records containing beetle remains are scattered and lacking from 
many regions, and an overview of fossil sites containing remains 
of tree-killing (primary) bark beetles is currently not available.

This study synthesizes available data of past occurrences of 
primary bark beetles by (1) summarizing the amount of fossil 
bark beetle data in publicly available databases and in the litera-
ture and (2) summarizing historical observational data from pub-
licly available databases. Ultimately, we aim to improve 
knowledge on patterns (localities, frequency, mechanisms) of pri-
mary bark beetle outbreaks in Europe and North America.

Methods
Fossil records of bark beetles spanning the past 14,000 cal. yr BP 
were collated from sites in Europe and North America using the 
databases BugsCEP (Buckland and Buckland, 2006) and Neotoma 

(Williams et al., 2018). An additional data literature search with 
Elias (2010) provided a detailed overview of all sites <14,000 cal. 
yr BP containing bark beetle remains. Access to data and metadata 
unavailable as supplementary material in the literature was 
requested directly from the authors of the respective peer-reviewed 
publications. Additional unpublished data obtained directly from 
authors completed the final data collection (see unpublished; Sup-
plemental Appendix C, available online). Taking the age constraint 
of 14,000 cal. yr BP and geographical limits into regard, ~500 sites 
from BugsCEP (Buckland and Buckland, 2006), 70 sites from 
Neotoma (Williams et  al., 2018), and 20 additional sites were 
examined for primary bark beetle species remains. In Europe, the 
genera Ips, Dendroctonus, and Pityogenes were selected for query. 
Although species of the genus Pityogenes do not cause substantial 
damage to conifers in Europe, historical and recent outbreaks have 
been frequent (e.g. Göthlin et  al., 2000; Grodzki, 1997; Zúbrik 
et al., 2008). Furthermore, as Pityogenes chalcographus favors the 
same host trees as I. typographus and D. micans (Göthlin et al., 
2000; Novotný et al., 2002), its presence in the fossil record could 
indicate past conditions favorable for outbreaks of I. typographus 
or D. micans. The genera Ips, Dendroctonus, Scolytus, and Dryo-
coetes were selected for the query of North American sites. Meta-
data including location, latitude, longitude, altitude, site type (e.g. 
archeological site, peat bog), additional paleoecological proxies, 
age of sediments, number of samples, and reference were recorded 
(see Supplemental Data, available online). Sites were divided into 
time periods according to a formal subdivision of the middle Holo-
cene and late Holocene by Walker et  al. (2012): late Glacial 
(~14,000–11,500 cal. yr BP), early Holocene (~11,500–8200 cal. 
yr BP), middle Holocene (~8200–4200 cal. yr BP), and late Holo-
cene (~4200–1000 cal. yr BP). In addition, the last ~1000 cal. yr 
BP to present were defined as an extra time period called ‘Histori-
cal’, which includes archeological sites as well as lake and peat 
bog sites. Samples with bark beetle remains were attributed to a 
certain time period by comparing the depth of the sample with the 
published age-depth model of the respective site. From the selected 
sites, not only data from the queried genera but all identified pri-
mary and secondary bark beetles were recorded. Identifications to 
genus level (e.g. Ips sp.) were also included in these records.

Modern observational data
Modern bark beetle distribution data were collated from the 
Global Biodiversity Information Facility (GBIF, 2018a). Record-
ings without coordinates were deleted and recurring coordinates 
were combined if these observations were recorded during the 
same year. Records from museums were removed from the results 
as well, as these do not reflect the original locality of the beetles. 
For North America, additional observational data were added from 
approximated localities described by Wood (1982). The locations 
of fossil sites with identified primary bark beetle remains were 
compared with the observed modern species distribution by plot-
ting point locations in R (R Core Team 2018, version 3.5.0). In 
addition, the historical observation data from GBIF (2018a) were 
divided into 20-year time periods (AD 1750–2018).

Results
A total of 53 fossil records, 21 from Europe and 32 from North 
America, were identified as containing bark beetle remains of the 
queried genera (Figure 1; Supplemental Appendix A, available 
online). The age of sites ranged from late Glacial to present day, 
and all but two sites contained radiocarbon dated samples. Site 
classifications included archeological sites, (paleo) beach depos-
its, river deposits, lake deposits, and peat deposits. Three of the 21 
sites found in Europe were records from archeological studies, 
while none of the 32 sites in North America were archeological 
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Figure 1.  Sites with fossil records in Europe and North America, dated 14,000 cal. yr BP to present, where Ips, Dendroctonus, and/or 
Pityogenes (Europe) or Dendroctonus, Ips, Scolytus, and/or Dryocoetes species (North America) remains were identified. Based on the data 
obtained from BugsCEP (Buckland and Buckland, 2006) and Neotoma (Williams et al., 2018).

Table 1.  Bark beetle species (Scolytinae) that caused substantial damage to stands of conifer trees in Europe and North America in recent 
decades.

Species (Europe) Common host(s) Examples of outbreaks

Dendroctonus micans Picea spp., Pinus spp. 1970s (Georgia), 1970s–2019 (Turkey), 1980s (France, Great Britain)1,2,3,4

Ips sexdentatus Pinus spp. 1980s (Turkey), 2001, 2009 (France, Spain)5,6,7,8

Ips typographus Picea spp., P. sylvestris 1990s (Central Europe, France, Sweden), 2000–2019 (Austria, Czech Republic, Germany, France, 
Poland, Switzerland, Slovakia, Sweden)9,10,11,12,13,14,15,16

Species (North America) Common host(s) Examples of outbreaks

Dendroctonus adjunctus Pinus spp. 1990 (Colorado), 1990–2000 (Arizona, Utah), 1991–1994 (Arizona, New Mexico), 2001–2003, 
2013 (Arizona, New Mexico)17,18,19,20

Dendroctonus brevicomis P. ponderosa,  
P. coulteri

1990s (Alberta, British Columbia), 2001–2008 (California, Colorado, Idaho, Montana, Oregon, 
Utah, Washington), 2009 (Colorado), 2009–2019 (California, Colorado, Idaho, Oregon, Utah, 
Washington)17,18,19,20,21

Dendroctonus frontalis Pinus spp. 1990–1992 (Alabama, Arkansas, Georgia, Lousianna, North Carolina, South Carolina, Tennessee, 
Texas, Virginia), 1995 (Alabama, Arkansas, Florida, Georgia, Lousianna, North Carolina, South 
Carolina), 1999–2002 (Alabama, Florida, Georgia, Kentucky, North Carolina, South Carolina, 
Tennessee, Virginia), 2000 (Alabama, Kentucky, North Carolina, Tennessee, Virginia), 2010–2015 
(New Jersey), 2015–2019 (New York)17,18,20

Dendroctonus jeffreyi P. jeffreyi 2009, 2013–2018 (California)17,18,20

Dendroctonus ponderosae Pinus spp. 1999–2015 (British Columbia, California, Colorado, Idaho, Montana, Oregon, South Dakota, 
Utah, Washington, Wyoming), 2003–2019 (Alberta)17,18,19,20,22,23,24

Dendroctonus pseu-
dotsugae

Pseudotsuga menziesii 1992 (Idaho, Oregon, Washington), 1998 (Colorado, Idaho, Montana), 2002–2019 (Idaho, Utah, 
Montana, Wyoming), 2009, 2017–2018 (British Columbia)17,18,19,20,22

Dendroctonus rufipennis Picea spp. 1990–1997, 2016–2019 (Alaska), 1995–2000 (Yukon), 2000–2007 (Arizona, New Mexico), 2003, 
2008–2019 (Alberta, British Columbia, Colorado, Montana, New Mexico, Utah, Washington, 
Wyoming, Yukon)17,18,20,20,22,25,26

Dendroctonus simplex L. laricina 1980s (New Brunswick, Newfoundland, Nova Scotia, Prince Edward Island), 1999 (Alaska, 
Maine), 2003–2005 (Alaska, Michigan, Minnesota), 2005–2019 (Michigan, Minnesota,  
Wisconsin)17,18,20,26,27,28

Dryocoetes confusus A. lasiocarpa, Abies 
spp.

1991–1994 (Idaho, Utah, Wyoming), 1992 (Montana), 2001–2008 (Colorado, Idaho, Montana, 
Nevada, Utah, Wyoming), 2014–2018 (British Columbia)17,18,19,20,22

Ips calligraphus Pinus spp. 2002–2005 (Arizona, New Mexico), 2015–2018 (Georgia)17,20

Ips confusus P. edulis, P. monophylla 2002–2004 (Arizona, Colorado, New Mexico, Nevada, Utah)17,20

Ips grandicollis Pinus spp. 2006–2009 (Minnesota), 2015–2018 (Georgia)17,20

Ips lecontei P. ponderosa 2002–2005 (Arizona, New Mexico), 2018 (Arizona)17,20

Ips paraconfusus P. ponderosa 2004, 2014 (California), 2012–2018 (Oregon, Washington)17,21,29

Ips perturbatus Pi. glauca, Picea spp. 1990s, 2004–2010, 2016 (Alaska)17,18,20,26

Ips pini Pinus spp. 1980–1994 (Montana), 2003–2006 (Colorado, Montana, Nebraska, South Dakota, Washington, 
Wyoming), 2012–2013 (Wisconsin), 2018–current (Arizona)17,18,19,20

Scolytus ventralis A. concolor, A. grandis, 
A. magnifica

1985–1989 (California, Oregon, Washington), 1997 (Idaho), 2002–2018 (California, Colorado, 
Idaho, Oregon, Washington), 2003–2006 (Nevada), 2004–2005, 2014 (Utah)17,18,19,20,21

Numbers of affected trees differ greatly among species. References: 1Khobakhidze et al. (1970), 2Akinci et al. (2009), 3Gregoire et al. (1985), 4Bevan and 
King (1983), 5Schönherr et al. (1983), 6Goldazarena et al. (2012), 7Lopez and Goldarazena (2012), 8Rossi et al. (2009), 9Kärvemo and Schroeder (2010), 
10Krehan et al. (2010), 11Steyrer and Krehan (2011), 12Zahradník and Zahradníková (2019), 13Lausch et al. (2013), 14Grodzki (2016), 15Fleischer  
et al. (2016), 16Marini et al. (2016), 17USDA Forest Service, National Insect and Disease Survey Database (Portal Pest Summaries) (2018), 18USDA Forest 
Service, Annual National Forest Health Monitoring Reports (2001–2018), 19Fettig et al. (in press), 20USDA Forest Service, Forest Insect and Disease 
Conditions in the United States (1955–2014), 21California Forest Pest Condition Reports (1960–2018), 22British Columbia Ministry of Forests, Lands, 
Natural Resource Operation and Rural Development (1999–2018), 23Natural Resources Canada (2013), 24Cudmore et al. (2010), 25Garbutt et al. (2006), 
26USDA Forest Service, Forest Health Conditions in Alaska (2002–2017), 27Langor and Raske (1989), 28Crocker et al. (2016), 29Murray et al. (2013).
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Figure 2.  Modern distributions of three tree-killing bark beetle species in Europe, next to locations of the fossil sites with their identified 
remains which were dated Early Holocene (~11,500–8200 cal yr BP), Mid-Holocene (~8200–4200 cal yr BP), Late Holocene (~4200-1000  
cal yr BP) and 1000 cal yr BP-present. Coordinates of modern observations were downloaded from GBIF.org. Ips typographus (green crosses), 
Dendroctonus micans (yellow circles), and Pityogenes chalcographus (blue diamonds). Depicted sites with Early Holocene fossils are Prašilske 
Lake (unpublished data); Mid-Holocene sites are Prašilske Lake (unpublished data), Lac Long Inferior (Ponel et al., 2001); Late Holocene sites 
are Piilonsuo (Koponen and Nuorteva, 1973) and Lac Long Inferior (Ponel et al., 2001); <1000 cal yr BP sites are Oslo: Gamlebyen (Kenward, 
1988), Stavsåkra (Olsson and Lemdahl, 2009), Storasjö (Olsson and Lemdahl, 2010), Novgorod: Troitski (Hellqvist, 1999), Prašilske Lake 
(unpublished data), Laka Lake (unpublished data) and Diera Hollow (unpublished data).

sites. Many of the sites found in North America were used to iden-
tify the extent and timing of deglaciation (e.g. Ashworth et  al., 
1981; Mott et  al., 1981). This difference in research foci is 
reflected in the ages of the different sites in Europe and North 
America. While only 2 of the 21 sites containing bark beetle 
remains of the queried genera in Europe included late-Glacial 
sediments (Ponel et al., 2001, 1999), 12 of the 32 sites in North 
America were late Glacial sites. In North America, only four fos-
sil sites contained samples younger than 1000 cal. yr BP, but none 
of these samples contained any of the bark beetle species which 
are considered to cause substantial damage (Bentz et al., 2009; 
Fettig et al., in press; Morris et al., 2017; Table 1).

Europe
In Europe, the species identified from fossil remains that cause 
substantial damage to trees were I. typographus (six sites) and  
D. micans (one site), but also fossil remains of Pit. chalcographus 
(nine sites) were found (Figure 2; Supplemental Appendices B 
and C, available online). All fossil records with these three identi-
fied species were younger than late Glacial. In samples covering 
the early Holocene, one site (Prašilske Lake, Czech Republic) 
contained remains of Pit. chalcographus. During the middle 
Holocene, two sites (Lac Long Inferior, France; Prašilske Lake, 
Czech Republic) contained remains from Pit. chalcographus, 
where at the Czech site, these remains were found together with 
those of I. typographus. Pit. chalcographus was found in samples 
from the late Holocene at two sites (Lac Long Inferior, France; 
Piilonsuo, Finland), and the Finnish site Piilonsuo (Koponen and 
Nuorteva, 1973) contained remains of I. typographus as well. 
Historical (~1000 cal. yr BP to present) sites in Europe contained 
most of the bark beetle remains of I. typographus, Pit. chalco
graphus, and D. micans. The Medieval archeological site of 
Novgorod, Russia (Hellqvist, 1999), contained fossil records of 
all three species I. typographus, Pit. chalcographus and D. 
micans. Five more historical (~1000 cal. yr BP to present) sites 
contained remains of Pit. chalcographus, three of these also con-
tained remains of I. typographus (Oslo: Gamlebyen, Norway; 
Stavsåkra, Sweden; Storasjö, Sweden; Laka Lake, Czech Repub-
lic; and Diera Hollow, Slovakia; Oslo: Gamlebyen being an 

archeological site). Unpublished data from Diera Hollow in Slo-
vakia (unpublished data by author) showed higher numbers of 
individuals of Pit. chalcographus between 950 and 400 cal. yr BP.

North America
In North America, the species identified from fossil remains that 
cause substantial damage were D. ponderosae (two sites), D. 
rufipennis (eight sites ranging from late Glacial to late Holocene), 
Dendroctonus brevicomis (one site), Dendroctonus simplex (two 
sites), Ips perturbatus (two sites), and Ips pini (two sites) (Figure 3; 
Supplemental Appendices B and C, available online). During  
the late Glacial, four different species were found: D. rufipennis, 
D. simplex, I. perturbatus, and I. pini. During the early Holocene, 
D. rufipennis, I. perturbatus, and I. pini were found. Here,  
D. rufipennis was identified at three different sites in two different 
regions of North America (Rocky Mountains (Elias et al., 1986, 
1991) and Eastern Canada (Ashworth, 1977)). One site (Lake 
Emma, Colorado: Elias et  al., 1991) showed an indication of a 
higher abundance of D. rufipennis in two samples dated 10,000–
9000 cal. yr BP. Two sites located in the Rocky Mountains in the 
United States contained remains from D. rufipennis (Elias, 1985; 
Elias et  al., 1986), and two other sites in the same region con-
tained remains from D. ponderosae during the middle Holocene 
(Brunelle et al., 2008). A fifth site located in Eastern Canada con-
tained remains of D. simplex (Morgan et al., 1985). During the 
late Holocene, two sites in North America contained remains of 
D. rufipennis and D. brevicomis. One of the sites, located west  
of Hudson Bay, Canada (Elias, 1982), contained remains of  
D. rufipennis, and the other site, located in the Rocky Mountains 
in the United States (Elias et  al., 1986), contained remains of  
D. rufipennis and D. brevicomis.

In total, the fossil records contained 8 out of the 20 species that 
are considered (potentially) destructive bark beetles (Table 1). In 
Europe, no remains of Ips sexdentatus were found. In North Amer-
ica, the species Dendroctonus adjunctus, Dendroctonus frontalis, 
Dendroctonus jeffreyi, Dendroctonus pseudotsugae, Dryocoetes 
confusus, Ips calligraphus, Ips confusus, Ips grandicollis, Ips 
lecontei, Ips paraconfusus, and Scolytus ventralis were absent 
from the fossil record. Remains which were identified to genus 
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level could account for some of these missing species, although 
this concerns a low number of identifications (data from two sites 
in Europe with identified Ips sp., and six sites in North America: 
five with identified Dendroctonus sp. and one with identified Ips 
sp.; see Supplemental Data, available online). Figures 4 and 5 
give an overview of the collated data and show the number of sites 
with target species, remains identified to genus level, and different 
species from the same genera as were queried.

Modern observational data
Modern observational data from GBIF (2018b-i, 2019a) for 
Europe and North America are shown in Figures 6 and 7. For 
North America, the lowest amount of data points for the query 
species was found for D. simplex (14 data points) and the highest 

for I. pini (144 data points), the latter one of the most common 
bark beetles in North America (Furniss and Carolin, 1977).

Discussion
Distribution and abundance of fossil and historical 
primary bark beetles
Here, we present the first synthesis of fossil records of primary 
bark beetles in Europe and North America. Fossil sites that con-
tained remains of primary bark beetles were scattered, and most 
consisted of a single identification of a species within a fossil 
record. In North America, the only exception was the site Lake 
Emma, Colorado (37.90211°N, 107.61537°W), where remains of 
3 to 11 individuals of D. rufipennis were found in three sediment 

Figure 3.  Modern distributions of six tree-killing bark beetle species in North America, next to locations of the fossil sites with their 
identified remains which were dated Late Glacial (~14,000-11,500 cal yr BP), Early Holocene (~11,500-8200 cal yr BP), Mid-Holocene  
(~8200-4200 cal yr BP) and Late Holocene (~4200-1000 cal yr BP). Coordinates of modern observations were downloaded from  
GBIF.org and supplemented with approximate locations from Wood (1982). Dendroctonus ponderosae (red diamonds), Dendroctonus rufipennis  
(blue triangles), Dendroctonus brevicomis (orange stars), Dendroctonus simplex (yellow diamonds), Ips perturbatus (green squares) and Ips pini 
(pink triangles). Depicted sites with Late Glacial fossils are St. Hillaire (Mott et al., 1981), Johns Lake (Ashworth and Schwert, 1992), Norwood 
(Ashworth et al., 1981) and Huntington Dam (Elias 1991); Early Holocene sites are Seibold (Ashworth and Brophy, 1972), 18  
Miles River (Ashworth, 1977), Gage Street Site (Schwert et al., 1985), Lake Isabella Delta (Elias et al., 1986) and Lake Emma (Elias et al., 1991); 
Mid-Holocene sites are Hoodoo Lake (Brunelle et al., 2008), Baker Lake (Brunelle et al., 2008), Au Sable River (Morgan et al., 1985),  
La Poudre Pass LP5 (Elias et al., 1986) and Lake Isabella Peat (Elias, 1985); Late Holocene sites are Ennadai II (Elias, 1982) and Roaring River 
(Elias et al., 1986).

Figure 4.  Fossil sites in Europe with occurrences in different time periods of the three queried taxa Ips, Pityogenes and Dendroctonus and the 
target species I. typographus, Pit. chalcographus and D. micans. A single fossil site can contain multiple time periods.
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Figure 5.  Fossil sites in North America with occurrences in different time periods of the queried taxa Ips and Dendroctonus and the target 
species I. perturbatus, I. pini, D. ponderosae, D. brevicomis, D. rufipennis and D. simplex. A single fossil site can contain multiple time periods.

Figure 6.  Historical and modern-day observations of Ips typographus (green crosses), Dendroctonus micans (yellow circles) and Pityogenes 
chalcographus (blue diamonds). Downloaded observational data from GBIF.org was split into one time period of 1750-1849 AD, one time 
period of 1850–1899 AD, and afterwards time periods of 20 years.

Figure 7.  Historical and modern-day observations of Dendroctonus ponderosae (red diamonds), Dendroctonus rufipennis (blue triangles), 
Dendroctonus brevicomis (orange stars), Dendroctonus simplex (yellow diamonds), Ips perturbatus (green squares) and Ips pini (pink triangles). 
Downloaded observational data from GBIF.org was split into one time period of 1750–1849 AD, one time period of 1850–1899 AD, and 
afterwards time periods of 20 years.
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samples from ~10,000 cal. yr BP (Elias, 1991). In the region 
where Lake Emma is located, severe outbreaks of D. rufipennis 
have been occurring since AD ~2000 (Colorado State Forest 
Service, 2017). Such a high abundance of D. rufipennis in the 
fossil record of a site, which lies in a region where outbreaks are 
occurring currently, provides strong evidence that this area has 
been subjected to D. rufipennis outbreaks at least since the early 
Holocene. Due to the low abundances of bark beetle fossils in 
general, presence of species in the fossil record has previously 
been interpreted in a qualitative way (e.g. Schwert et al., 1985) to 
indicate the presence of certain plant or tree species or climatic 
conditions (although bark beetle species have been pooled with 
other species living in dead wood to form functional groups in 
paleoenvironmental reconstructions; e.g. Olsson and Lemdahl, 
2010). In many of the studies where bark beetles were used to 
indicate the presence of trees or forests, no more than one or two 
individuals were found per sample and no species had a continu-
ous presence throughout a stratigraphic sequence (e.g. Brunelle 
et al., 2008). Other species, such as D. frontalis, D. pseudotsugae, 
and S. ventralis, are missing completely in the fossil record, even 
though extensive outbreaks of these species have occurred his-
torically (Table 1). For some species (D. frontalis, Ips spp.), this 
absence can be explained by a lack of fossil sites within their 
modern distribution range. For example, Neotoma (Williams 
et al., 2018) shows no fossil sites with insects <14,000 BP for a 
large portion of the southeastern United States. Possible explana-
tions include a lack of suitable sites for preservation of remains 
and/or an absence of research interests (for an overview, see Elias, 
2010). It is important to note that sites in this study might have 
been poorly dated, and although great care was taken to attribute 
samples with bark beetle remains to their appropriate time period, 
this has been highly dependent on the recorded age of the sites. 
Nevertheless, fossil records with primary bark beetles are scarce.

There were more sites with fossil records of primary bark 
beetles found in North America, but the European sites contain 
more occurrences. I. typographus and Pit. chalcographus co-
occurred at six (29%) fossil sites. At Novgorod (Hellqvist, 1999), 
I. typographus was found together with both D. micans and Pit. 
chalcographus. Results from these fossil sites are a good indica-
tion that at least in historical times (since ~1000 cal. yr BP) pri-
mary bark beetle species were co-occurring in the same areas of 
Europe as they are today (Figure 2). A lack of occurrences of I. 
typographus in the fossil record of France, one of the countries 
that has experienced several notable outbreaks (Sallé et al., 2005; 
Viiri and Lieutier, 2004), is difficult to explain although the loca-
tion of fossil sites likely has some influence as older publications 
report I. typographus populations were confined to mountainous 
areas (Komárek, 1925; Pfeffer, 1930). Despite this, fossil sites 
from France and Sweden, incorporated in the current data set, 
yielded remains from other Ips spp. such as Ips accuminatus  
(Storasjö, Sweden during the early Holocene; La Borde, France 
during the early Holocene; Tailefer Massif, France during the late 
Holocene). As I. accuminatus colonizes Pinus sylvestris in France 
(e.g. Herard and Mercadier, 1996), it might be worthwhile to con-
sider this species in future research.

Differences in the types of fossil sites and original study 
objectives in Europe and North America seem to have resulted in 
differences between the fossil records from these continents, as 
well as low amounts of recorded bark beetle remains for certain 
time periods. In North America, some of the studies that recov-
ered primary bark beetle remains focused on reconstructing late-
Glacial to early-Holocene temperatures (e.g. Morgan and Morgan, 
1979), while others focused on the retreat of the Laurentide Ice 
Sheet after the Last Glacial Maximum and subsequent landscape 
dynamics (e.g. Schwert et  al., 1985). For these type of studies, 
single occurrences of primary bark beetle remains were sufficient 
evidence of the presence of host trees at the study site (e.g. 

Ashworth et  al., 1981; Elias, 1982). In Europe, fossil insect 
remains have been used to reconstruct late-Glacial to early-Holo-
cene climates (Coope et al., 1998). Many of these sites are located 
in Great Britain (Elias, 2010), a region where few remains of 
conifer bark beetles have been found. All identified species from 
records of Great Britain are colonizing Pinus spp. rather than  
Pi. abies. Moreover, the majority of bark beetle species found in 
Great Britain are species that colonize deciduous trees. This likely 
clarifies why the relatively large number of fossil sites in Europe 
yield a very low abundance of the queried species.

We only found one study, conducted by Brunelle et al. (2008), 
which attempted to specifically identify primary bark beetle 
remains in the fossil record of a site. This study was conducted at 
Hoodoo Lake, Idaho, US, and correlated the occurrence of remains 
with past disturbance events. Given the assumption that bark bee-
tle outbreaks are likely to occur when stands of trees are experi-
encing stress, such as during drought (Kolb et  al., 2016), their 
study focused on identifying bark beetle remains from lake sedi-
ments in an area that experienced frequent bark beetle outbreaks. 
The only remains of D. ponderosae were found originated from 
sediments that were dated at 8200 cal. yr BP, and as such it was 
speculated that bark beetle outbreaks may have occurred during 
the 8.2 Ka event (Brunelle et  al., 2008). However, attempts to 
reproduce these results proved difficult as additional cores from 
Hoodoo Lake, and other nearby lakes, yielded no remains of D. 
ponderosae (Morris et al., 2015). In Europe, recent unpublished 
multiproxy data from Prašilske Lake and Laka Lake, Czech 
Republic and Diera Hollow, Slovakia (see unpublished in Supple-
mental Data, available online) indicate that fossil remains of pri-
mary bark beetles from lake sediments and peat cores could be 
used to detect fluctuations in bark beetle populations through time. 
In these three studies, bark beetle remains were used as one of the 
proxies to detect other natural disturbances.

The data from GBIF (2018b-i, 2019a) for Europe and North 
America provide a good overview of the regional representation 
of modern bark beetle distributions. For example, observational 
records from GBIF (2018b) for D. ponderosae appear to demon-
strate its northward range expansion between 1980 and 2018 (e.g. 
Robertson et al., 2009). However, many areas that have experi-
enced substantial outbreaks of D. ponderosae, as well as other 
primary bark beetles in North America, are not well represented 
in GBIF (2018b-g) but are available elsewhere (e.g. for the United 
States, see www.fs.fed.us/foresthealth/publications). Modern dis-
tribution data for I. typographus, D. micans, and Pit. chalcogra-
phus are concentrated in Western Europe and Scandinavia and 
lacking in Eastern Europe, coherent with the fact that the majority 
of GBIF data collectors reside in Western Europe and Scandina-
via. As with similar databases, GBIF (2018a) depends on indi-
viduals for uploading data and some regions as well as certain 
species are better represented than others. Furthermore, it can be 
argued that a rapid increase of data from 1980 onwards could also 
be explained by improved methods of data collation and a rise in 
interest in the occurrences of certain bark beetle species.

Primary bark beetles as indicators of disturbance 
dynamics
Fossil bark beetle records hold great potential for inference of 
changes in forest composition and other disturbance regimes. 
However, records from the British Isles, where the majority of the 
studies on fossil beetle remains have been executed contained few 
conifer bark beetles. The few attempts to correlate trends in pollen 
fluctuations with bark beetle remains were criticized as circum-
stantial (Girling and Grieg, 1985). As no evidence exists for fluc-
tuations in deciduous bark beetle populations from the numerous 
British records, the focus in historical landscape studies shifted to 
the ‘Urwald fauna’, beetle species indicative of primary forests 

www.fs.fed.us/foresthealth/publications
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(e.g. Whitehouse, 2006). At several sites in Britain, however, 
specimens of Pityogenes quadridens and Pityogenes bidentatus 
were found (see Supplemental Appendix B, available online), 
species with Pinus spp. as host or main host. As shown in GBIF 
(2019b), Pi. abies is not common in all regions of the British 
Isles, and future studies on conifer bark beetles in this region 
should include species colonizing Pinus spp.

Together with other proxies such as fossil pollen and sedi-
mentary charcoal, fossil bark beetle remains may be used to recon-
struct past disturbance history of sites (unpublished data by 
author). For example, fossil records with the absence of primary 
bark beetles but the presence of secondary bark beetles that only 
colonize dead or dying trees (see Supplemental Appendix B, avail-
able online) might indicate large amounts of dead wood resulting 
from other causes than a bark beetle outbreak. Combining all this 
information, the history and mechanisms of natural disturbances in 
conifer forests could be reconstructed. This could provide valuable 
new information for models to predict future bark beetle outbreaks 
(Morris et al., 2017). At many sites in Europe and North America, 
data from proxies such as pollen, charcoal, tree rings, and geo-
chemical data already exist and have been used to reconstruct dis-
turbance histories on local to regional scales (e.g. Tinner et  al., 
2008; Willis et  al., 2000). Additional bulk material from water-
logged sites like peat bogs or small lakes could yield insect 
remains, in many cases in amounts large enough to make qualita-
tive (small lakes) or even quantitative (peat bogs) reconstructions. 
These reconstructions could be used to establish baselines for pri-
mary bark beetle species abundance from the early to late Holo-
cene, as well as to provide additional information about the 
distribution of these species in historical times (Figures 2–7).

Conclusion
In this study, we take the initial steps toward identifying and inte-
grating fossil and historical data of primary bark beetle occur-
rences in Europe and North America. The scarcity of bark beetle 
remains in fossil records, especially in North America, represents 
a critical gap in our understanding of ecological history, and a 
fruitful area of future research in the field of paleoecology. His-
torical observational data from GBIF (2018b-g) for North Amer-
ica are also scarce. As such, we encourage researchers in North 
America to consider contributing more records to this and similar 
databases in hopes of increasing their overall utility. Both fossil 
and historical records in Europe are more numerous, but concen-
trated in Western Europe. New unpublished data from Central 
Europe show an abundance of primary bark beetle remains at sites 
located in coniferous forests. By retrieving bulk material from 
new and existing sites and combining data from identified bark 
beetle remains with pollen, charcoal, tree rings, and geochemis-
try, the dominance, presence, or absence of primary bark beetles 
during natural disturbance events could be reconstructed. Further 
synthesis of fossil and historical data, from geological sites as 
well as archeological sites, will increase our understanding of past 
disturbances.

Acknowledgements
The authors thank Joey Pettit and Mélanie Saulnier for assistance 
in developing the distribution maps. They specially thank Thom-
as Atkinson for his help with the list of bark beetle species and 
their host trees in Supplemental Appendix B. The response of re-
searchers to authors’ requests for additional information concern-
ing their findings is greatly appreciated, and the authors specially 
thank Scott Elias for providing and checking unpublished beetle 
count sheets from various sites. Finally, they acknowledge Neo-
tomadb.org, BugsCEP.com, and GBIF.org for providing freely 
accessible databases and all data contributors who provided their 
data to these databases for future use.

Funding
The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: 
Nick Schafstall, Niina Kuosmanen, and Jennifer Clear were sup-
ported by the Czech Science Foundation (project no. 16-23183Y; 
PI: Jennifer L. Clear). Nick Schafstall was also supported by the 
Internal Grant Agency of the Faculty of Forestry and Wood Sci-
ences of the Czech University of Life Sciences in Prague (IGA 
grant A06-18). Niina Kuosmanen also received support from 
project EXTEMIT-K: CZ.02.1.01/0.0/0.0/ 15_003/0000433. 
Christopher Fettig received support from the Pacific Southwest 
Research Station. A portion of the research of Miloš Knížek was 
supported by the Ministry of Agriculture of the Czech Republic, 
institutional support MZE-RO0118.

ORCID iD
Nick Schafstall  https://orcid.org/0000-0002-7781-549X

Supplemental material
Supplemental material for this article is available online.

References
Akinci HA, Ozcan GE and Eroglu M (2009) Impacts of site 

effects on losses of oriental spruce during Dendroctonus 
micans (Kug.) outbreaks in Turkey. African Journal of Bio-
technology 8(16): 3934–3939.

Ashworth AC (1977) A late Wisconsonian Coleopterous 
assemblage from southern Ontario and its environmen-
tal significance. Canadian Journal of Earth Sciences 14: 
1625–1634.

Ashworth AC and Brophy J (1972) Late quaternary fossil bee-
tle assemblage from the Missouri Coteau, North Dakota. 
Geological Society of America Bulletin 83: 2981–2988.

Ashworth AC and Schwert DP (1992) The Johns Lake Site: A 
late Quarternary fossil beetle (Coleoptera) assemblage from 
the Missouri Coteau of North Dakota. In: Erickson JM and 
Hoganson JW (eds) Proceedings of the F.D. Holland, Jr., 
Geological Symposium. North Dakota Geological Survey 
76. Bismarck, ND: North Dakota Geological Survey, pp. 
257–265.

Ashworth AC, Schwert DP, Watts WA et  al. (1981) Plant and 
insect fossils at Norwood in South-Central Minnesota: A 
record of Late-Glacial succession. Quaternary Research 16: 
66–79.

Bentz B, Logan J, MacMahon J et  al. (2009) Bark Beetle 
Outbreaks in Western North America: Causes and Conse-
quences. Salt Lake City, UT: The University of Utah Press, 
42 pp.

Bentz BJ, Régnière J, Fettig CJ et al. (2010) Climate change and 
bark beetles of the western United States and Canada: Direct 
and indirect effects. BioScience 60(8): 602–613.

Berg EE, Henry JD, Fastie CL et  al. (2006) Spruce beetle out-
breaks on the Kenai Peninsula, Alaska, and Kluane National 
Park and Reserve, Yukon Territory: Relationship to summer 
temperatures and regional differences in disturbance regimes. 
Forest Ecology and Management 227: 219–232.

Berryman AA (1976) Theoretical explanation of mountain pine 
beetle dynamics in Lodgepole pine forests. Environmental 
Entomology 5(6): 1225–1233.

Bevan D and King JC (1983) Dendroctonus micans Kug, – A new 
pest of spruce in U.K. The Commonwealth Forestry Review 
62(1): 41–51.

British Columbia Ministry of Forests, Lands, Natural Resource 
Operation and Rural Development (1999–2018) Aerial Over-
view Survey Summary Reports. British Columbia. Available 

https://orcid.org/0000-0002-7781-549X


Schafstall et al.	 9

at: www2.gov.bc.ca/gov/content/industry/forestry/managing-
our-forest-resources/forest-health/aerial-overview-surveys/
summary-reports (accessed 13 August 2019).

Brunelle A, Rehfeldt GE, Bentz B et al. (2008) Holocene records 
of Dendroctonus bark beetles in high elevation pine forests of 
Idaho and Montana, USA. Forest Ecology and Management 
255: 836–846.

Buckland PI and Buckland PC (2006) BugsCEP Coleopteran 
Ecology Package. IGBP PAGES/World Data Center for 
Paleoclimatology Data Contribution Series # 2006-116. 
NOAA/NCDC Paleoclimatology Program, Boulder, CO. 
Available at: www.ncdc.noaa.gov/paleo/insect.html or http://
www.bugscep.com.

Čada V, Morrissey RC, Michalová S et al. (2016) Frequent severe 
natural disturbances and non-equilibrium landscape dynamics 
shaped the mountain spruce forest in central Europe. Forest 
Ecology and Management 363: 169–178.

California Forest Pest Condition Reports (1960–2018) Available 
at: http://caforestpestcouncil.org/2010/03/california-past-for-
est-pest-condition-reports/ (accessed 14 August 2019).

Colorado State Forest Service (2017) 2017 Report of the Health 
of Colorado’s Forests. Fort Collins, CO: Colorado State Uni-
versity, 23 pp.

Coope GR, Lemdahl G, Lowe JJ et al. (1998) Temperature gra-
dients in northern Europe during the last glacial-Holocene 
transition (14-9 C-14 kyr BP) interpreted from coleopteran 
assemblages. Journal of Quaternary Science 13(5): 419–433.

Crocker SJ, Liknes GC, Mckee FR et al. (2016) Stand-level fac-
tors associated with resurging mortality from eastern larch 
beetle (Dendroctonus simplex LeConte). Forest Ecology and 
Management 375: 27–34.

Cudmore TJ, Bjőrklund N, Carroll AL et  al. (2010) Climate 
change and range expansion of an aggressive bark beetle: 
Evidence of higher beetle reproduction in naïve host tree pop-
ulations. Journal of Applied Ecology 47: 1036–1043.

Dale VH, Joyce LA, McNulty S et al. (2001) Climate change and 
forest disturbances. BioScience 51(9): 723–734.

Drooz AT (1985) Insects of Eastern Forests. Washington, DC: United 
States Department of Agriculture, Forest Service, 632 pp.

Elias SA (1982) Holocene insect fossils from two sites at Ennadai 
Lake, Keewatin, Northwest Territories, Canada. Quaternary 
Research 17: 371–390.

Elias SA (1985) Paleoenvironmental interpretations of Holocene 
insect fossil assemblages from four high-altitude sites in the 
front range, Colorado, U.S.A. Arctic and Alpine Research 17: 
31–48.

Elias SA (1991) Insects and climate change. BioScience 41: 
552–559.

Elias SA (2010) Advances in Quaternary Entomology. Amsterdam: 
Elsevier.

Elias SA, Carrara PE, Toolin LJ et  al. (1991) Revised age of 
deglaciation of Lake Emma based on new radiocarbon and 
macrofossil analyses. Quaternary Research 36: 307–321.

Elias SA, Short SK and Clark PU (1986) Paleoenvironmen-
tal interpretations of the Late-Holocene Rocky Mountain 
National Park, Colorado, U.S.A. Revue De Paléobiologie 5: 
127–142.

Fettig CJ (2016) Native bark beetles and wood borers in Medi-
terranean forests of California. In: Lieutier F and Paine TS 
(eds) Insects and Diseases of Mediterranean Forest Systems. 
Cham: Springer International Publishing, pp. 499–528.

Fettig CJ, Klepzig KD, Billings RF et al. (2007) The effective-
ness of vegetation management practices for prevention and 
control of bark beetle infestations in coniferous forests of the 
western and southern United States. Forest Ecology and Man-
agement 238: 24–53.

Fettig CJ, Progar RA, Paschke J et al. (in press) Forest insects. 
In: Robertson G and Barrett T (eds) Implications of Forest 
Disturbance Processes for Sustainability in the Western US. 
Gen. Tech Rep. PNW-GTR-XX. Portland, OR: US Department 
of Agriculture, Forest Service, Pacific Northwest Research 
Station.

Fettig CJ, Reid ML, Bentz BJ et al. (2013) Changing climates, 
changing forests: A western North American Perspective. 
Journal of Forestry 111(3): 214–228.

Fleischer P Jr, Fleischer P, Ferenčík J et  al. (2016) Elevated 
bark temperature in unremoved stumps after disturbances 
facilitates multi-voltinism in Ips typographus population in 
a mountainous forest. Lesnícky časopis – Forestry Journal 
62: 15–22.

Furniss RL and Carolin VM (1977) Western Forest Insects. Misc. 
Pub. 1339. Washington, DC: U.S. Department of Agriculture, 
Forest Service, 654 pp.

Garbutt R, Hawkes B and Allen E (2006) Spruce Beetle and  
the Forests of the Southwest Yukon.Info. Rept. BC-X-406.  
Victoria: Natural Resources Canada, Canadian Forest Service, 
Pacific Forestry Centre, 68 pp.

Girling MA and Grieg J (1985) A 1st fossil record for Scolytus 
scolytus (F.) (elm bark beetle) – Its occurrence in elm decline 
deposits from London and the implications for Neolithic Elm 
disease. Journal of Archeological Science 12(5): 347–351.

Global Biodiversity Information Facility (GBIF) (2018a) GBIF: 
The Global Biodiversity Information Facility (year) What is 
GBIF? Available at: https://www.gbif.org/what-is-gbif.

Global Biodiversity Information Facility (GBIF) (2018b) GBIF 
occurrence download, 17 May. Available at: https://doi.
org/10.15468/dl.cpdsqv.

Global Biodiversity Information Facility (GBIF) (2018c) GBIF 
occurrence download, 14 November. Available at: https://doi.
org/10.15468/dl.a60omj.

Global Biodiversity Information Facility (GBIF) (2018d) GBIF 
occurrence download, 15 November. Available at: https://doi.
org/10.15468/dl.je8p2s.

Global Biodiversity Information Facility (GBIF) (2018e) GBIF 
occurrence download, 15 November. Available at: https://doi.
org/10.15468/dl.9mjdqw.

Global Biodiversity Information Facility (GBIF) (2018f) GBIF 
occurrence download, 15 November. Available at: https://doi.
org/10.15468/dl.iicftn.

Global Biodiversity Information Facility (GBIF) (2018g) GBIF 
occurrence download, 15 November. Available at: https://doi.
org/10.15468/dl.nzl5hx.

Global Biodiversity Information Facility (GBIF) (2018h) GBIF 
occurrence download, 15 November. Available at: https://doi.
org/10.15468/dl.uq8ndo.

Global Biodiversity Information Facility (GBIF) (2018i) GBIF 
occurrence download, 15 November. Available at: https://doi.
org/10.15468/dl.c6mj7d.

Global Biodiversity Information Facility (GBIF) (2019a) GBIF 
occurrence download, 20 February. Available at: https://doi.
org/10.15468/dl.kjmcru.

Global Biodiversity Information Facility (GBIF) (2019b) GBIF 
occurrence download, 6 August. Available at: https://doi.
org/10.15468/dl.8nonpa.

Goldazarena O, Ochoa PO and Lopez S (2012) Chapter 14: Bark 
beetles control in forests of Northern Spain. In: Soloneski S 
(ed.) Integrated Pest Management and Pest Control – Current 
and Future. London: IntechOpen, pp. 323–352.

Göthlin E, Schroeder LM and Lindelöw A (2000) Attacks by Ips 
typographus and Pityogenes chalcographus on windthrown 
spruces (Picea abies) during the two years following a storm 
felling. Scandinavian Journal of Forest Research 15: 542–549.

www2.gov.bc.ca/gov/content/industry/forestry/managing-our-forest-resources/forest-health/aerial-overview-surveys/summary-reports
www2.gov.bc.ca/gov/content/industry/forestry/managing-our-forest-resources/forest-health/aerial-overview-surveys/summary-reports
www2.gov.bc.ca/gov/content/industry/forestry/managing-our-forest-resources/forest-health/aerial-overview-surveys/summary-reports
www.ncdc.noaa.gov/paleo/insect.html
http://www.bugscep.com
http://www.bugscep.com
http://caforestpestcouncil.org/2010/03/california-past-forest-pest-condition-reports/
http://caforestpestcouncil.org/2010/03/california-past-forest-pest-condition-reports/
https://www.gbif.org/what-is-gbif
https://doi.org/10.15468/dl.cpdsqv
https://doi.org/10.15468/dl.cpdsqv
https://doi.org/10.15468/dl.a60omj
https://doi.org/10.15468/dl.a60omj
https://doi.org/10.15468/dl.je8p2s
https://doi.org/10.15468/dl.je8p2s
https://doi.org/10.15468/dl.9mjdqw
https://doi.org/10.15468/dl.9mjdqw
https://doi.org/10.15468/dl.iicftn
https://doi.org/10.15468/dl.iicftn
https://doi.org/10.15468/dl.nzl5hx
https://doi.org/10.15468/dl.nzl5hx
https://doi.org/10.15468/dl.uq8ndo
https://doi.org/10.15468/dl.uq8ndo
https://doi.org/10.15468/dl.c6mj7d
https://doi.org/10.15468/dl.c6mj7d
https://doi.org/10.15468/dl.kjmcru
https://doi.org/10.15468/dl.kjmcru
https://doi.org/10.15468/dl.8nonpa
https://doi.org/10.15468/dl.8nonpa


10	 The Holocene 00(0)

Gregoire J-C, Merlin J, Pasteels JM et al. (1985) Biocontrol of 
Dendroctonus micans by Rhizophagus grandis Gyll. (Col., 
Rhizophagidae) in the Massif Central (France). Zeitschrift 
fuer Angewandte Entomologie 99: 182–190.

Grodzki W (1997) Pityogenes chalcographus (Coleoptera, Sco-
lytidae) – An indicator of man-made changes in Norway 
spruce stands. Biologia 52(2): 217–220.

Grodzki W (2016) Mass outbreaks of the spruce bark beetle Ips 
typographus in the context of the controversies around the 
Białowieża Primeval Forest. Forest Research Papers 77(4): 
324–331.

Hellqvist M (1999) Urban and rural environments from Iron Age 
to medieval time in Northern Europe. Evidence from fossil 
insect remains from south-eastern Sweden and Novgorod, 
Russia. Comprehensive summaries of Uppsala dissertations 
from the faculty of science and technology 430. Paper IV 
Local environment at Viking Age and medieval Novgorod, 
Russia. Reconstructed from insect assemblages. PhD Thesis, 
University of Uppsala.

Herard F and Mercadier G (1996) Natural enemies of Tomicus 
piniperda and Ips acuminatus (Col, Scolytidae) on Pinus 
sylvestris near Orleans, France: Temporal occurrence and 
relative abundance, and notes on eight predatory species. 
Entomophaga 41(2): 183–210.

Hicke JA, Allen CD, Desai AR et al. (2012) Effects of biotic dis-
turbances on forest carbon cycling in the United States and 
Canada. Global Change Biology 18: 7–34.

Hicke JA, Logan JA, Powell J et al. (2006) Changing temperatures 
influence suitability for modeled mountain pine beetle (Den-
droctonus ponderosae) outbreaks in the western United States. 
Journal of Geophysical Research: Biogeoscienes 111(G2): 1–12.

Hicke JA, Meddens AJH and Kolden CA (2016) Recent tree mor-
tality in the western United States from bark beetles and forest 
fires. Forest Science 62: 141–153.

Jarvis DS and Kulakowski D (2015) Long-term history and syn-
chrony of mountain pine beetle outbreaks in lodgepole pine 
forests. Journal of Biogeography 42: 1029–1039.

Jenkins MJ, Runyon JB, Fettig CJ et  al. (2014) Interactions 
among the mountain pine beetle, fires, and fuels. Forest Sci-
ence 60(3): 489–501.

Kärvemo S and Schroeder LM (2010) A comparison of outbreak 
dynamics of the spruce bark beetle in Sweden and the moun-
tain pine beetle in Canada (Curculionidae: Scolytinae). Ento-
mologisk tidskrift 131(3): 215–224.

Kenward HK (1988) Insect remains. In: Griffin K, Okland RH, 
Jones AKG et  al. (eds) Animal Bones, Moss, Plant, Insect 
and Parasite Remains. Oslo: De arkeologiske utgravninger i 
Gamlebyen, pp. 115–140.

Khobakhidze DN, Tvaradze MS and Kraveishvili IK (1970) Pre-
liminary results of introduction, study of bioecology, develop-
ment of methods of artificial rearing and naturalization of the 
effective entomophage, Rhizophagus grandis Gyll., against 
the European spruce beetle, Dendroctonus micans Kugel., in 
spruce plantations in Georgia. Soobshcheniya Akademii Nauk 
Gruzinskoi SSR [Bulletin of the Academy of Sciences of the 
Georgian SSR] 60: 205–208 [in Russian].

Kolb TE, Fettig CJ, Ayres MP et al. (2016) Observed and antici-
pated impacts of drought on forests insects and diseases in 
the United States. Forest Ecology and Management 380: 
321–334.

Komárek J (1925) Studie o kůrovci smrkovém (Ips typographus). 
[Studie über den Fichtenborkenkäfer (Ips typographus)]. 
Lesnická práce 4: 101–108.

Koponen M and Nuorteva M (1973) Über subfossile Waldinsek-
ten aus dem Moor Piilonsuo in Südfinland (in German). Acta 
Entomologica Fennica 29: 1–84.

Krehan H, Steyrer G and Tomiczek C (2010) Borkenkäfer-
Kalamität 2009: Ursachen für unterschiedliche regionale 
Befallsentwicklungen. Forstschutz Aktuell 49: 9–16.

Kurz WA, Dymond CC, Stinson G et al. (2008) Mountain pine 
beetle and forest carbon feedback to climate change. Nature 
452(7190): 987–990.

Langor DW and Raske AG (1989) The eastern larch beetle, 
another threat to our forests (Coleoptera: Scolytidae). For-
estry Chronicle 65(4): 276–279.

Lausch A, Heurich M and Fahse L (2013) Spatio-temporal infes-
tation patterns of Ips typographus (L.) in the Bavarian Forest 
National Park, Germany. Ecological Indicators 31: 73–81.

Lieutier F, Day K, Battisti A et al. (2004) Bark and Wood Bor-
ing Insects in Living Trees in Europe, a Synthesis. Dordrecht: 
Kluwer Academic Publishers.

Lopez S and Goldarazena A (2012) Flight dynamics and abundance 
of Ips sexdentatus (Coleoptera: Curculionidae: Scolytinae) in 
different Sawmills from Northern Spain: Differences between 
Local Pinus radiata (Pinales: Pinaceae) and Southern France 
incoming P. pinaster Timber. Psyche 2012: 145930 (6 pp.).

Mansell LJ, Whitehouse NJ, Gearey BR et al. (2014) Holocene 
floodplain palaeoecology of the Humberhead Levels; impli-
cations for regional wetland development. Quaternary Inter-
national 341: 91–109.

Marini L, Økland B, Jönsson AM et al. (2016) Climate drivers 
of bark beetle outbreak dynamics in Norway spruce forests. 
Ecography 40: 1426–1435.

Morgan A, Morgan AV and Elias SA (1985) Holocene insects and 
paleoecology of the Au Sable River, Michigan. Ecological 
Society of America 66: 1817–1828.

Morgan AV and Morgan A (1979) The fossil Coleoptera of the 
Two Creeks Forest Bed, Wisconsin. Quaternary Research 12: 
226–240.

Morris JL, Cottrell S, Fettig CJ et al. (2017) Managing bark bee-
tle impacts on ecosystems and society: Priority questions to 
motivate future research. Journal of Applied Ecology 54(3): 
750–760.

Morris JL, Cottrell S, Fettig CJ et al. (2018) Bark beetles as agents 
of change in social–ecological systems. Frontiers in Ecology 
and the Environment 16: S34–S43.

Morris JL, Courtney Mustaphi CJ et  al. (2015) Do bark beetle 
remains in lake sediments correspond to severe outbreaks? A 
review of published and ongoing research. Quaternary Inter-
national 387: 72–86.

Mott RJ, Anderson TW, Matthews JV et al. (1981) Late-glacial 
paleoenvironments of sites bordering the Champlain Sea 
based on pollen and macrofossil evidence. In: Mahaney WC 
(ed.) Quaternary Paleoclimate. Norwich: GeoAbstract, pp. 
129–152.

Murray TA, Kohler GR and Willhite EA (2013) Ips paraconfusus 
Lanier (Coleoptera: Curculionidae): New records of the Cali-
fornia fivespined ips from Washington State and the Colum-
bia River Gorge in Oregon. Coleopterist Bulletin 67: 28–31.

Natural Resources Canada (2013) Mountain pine beetle (fact-
sheet). Available at: www.nrcan.gc.ca/forests/fire-insects-
disturbances/top-insects/13397 (accessed 14 August 2019).

Negrón JF and Fettig CJ (2014) Mountain pine beetle, a major 
disturbance agent in US western coniferous forests: A syn-
thesis of the state of knowledge. Forest Science 60: 409–413.

Novotný J, Grodzki W and Knižek M (2002) The impact of spruce 
bark beetle populations on mountain spruce forests and eco-
logical approaches to their management. In: Szaro RC, Byt-
nerowicz A and Oszlányi J (eds) Effects of Air Pollution on 
Forest Health and Biodiversity in Forests of the Carpathian 
Mountains. Proceedings of the NATO Advanced Research 
Workshop, Amsterdam: IOS, pp. 250–258.

www.nrcan.gc.ca/forests/fire-insects-disturbances/top-insects/13397
www.nrcan.gc.ca/forests/fire-insects-disturbances/top-insects/13397


Schafstall et al.	 11

Olsson F and Lemdahl G (2009) A continuous Holocene beetle 
record from the site Stavsåkra, southern Sweden: Implica-
tions for the last 10 600 years of forest and land use history. 
Journal of Quaternary Science 24(6): 612–626.

Olsson F and Lemdahl G (2010) A forest history for the last 10 
900 years at the site Storasjö, southern Sweden: Implications 
from beetle assemblages. Journal of Quaternary Science 
25(8): 1211–1221.

O’Neil M and Evans HF (1999) Cost-effectiveness analysis of 
options within an Integrated Crop Management regime against 
great spruce bark beetle, Dendroctonus micans, Kug. (Cole-
optera: Scolytidae). Agricultural and Forest Entomology 1: 
151–156.

Pfeffer A (1930) Zoogeografické rozšíření kůrovců v ČSR. [Die 
zoogeographische Verbreitung der Borkenkäfer in der CSR]. 
Časopis Československé společnosti entomologické 27: XVI.

Ponel P, Andrieu-Ponel V, Parchoux F et al. (2001) Late-glacial 
and Holocene high altitude environmental changes in Vallée 
des Merveilles (Alpes-Maritimes, France): Insect evidence. 
Journal of Quaternary Science 16: 795–812.

Ponel P, Coope GR, Andrieu-Ponel V et al. (1999) Coleopteran 
evidence for a mosaic of environments at high altitude in 
the Eastern Pyrénées, France during the climatic transition 
between the Allerød and Younger Dryas. Journal of Quater-
nary Science 14: 169–174.

R Core Team (2018) R: A language and environment for statisti-
cal computing. Available at: www.R-project.org/.

Robertson C, Nelson TA, Jelinski DE et al. (2009) Spatial–tem-
poral analysis of species range expansion: The case of the 
mountain pine beetle, Dendroctonus ponderosae. Journal of 
Biogeography 36: 1446–1458.

Rossi JP, Samalens JC, Guyon D et  al. (2009) Multiscale spa-
tial variation of the bark beetle Ips sexdentatus damage in a 
pine plantation forest (Landes de Gascogne, Southwestern 
France). Forest Ecology and Management 257: 1551–1557.

Sallé A, Baylac M and Lieutier F (2005) Size and shape changes 
of Ips typographus L. (Coleoptera: Scolytinae) in relation 
to population level. Agricultural and Forest Entomology 7: 
297–306.

Schelhaas M-J, Nabuurs G-J and Schuck A (2003) Natural distur-
bances in the European forests in the 19th and 20th centuries. 
Global Change Biology 9: 1620–1633.

Schönherr J, Vite JP and Serez M (1983) Überwachung von 
Ips sexdentatus-Populationen mit synthetischem Lockstoff. 
Zeitschrift für Angewandte Entomologie 95(1–5): 51–53.

Schwert DP, Anderson TW, Morgan A et  al. (1985) The Gage 
Street site: A record of change in late quarternary vegeta-
tion and insect communities in southern Ontario. Quaternary 
Research 23: 205–226.

Seidl R and Rammer W (2017) Climate change amplifies the 
interactions between wind and bark beetle disturbances in for-
est landscapes. Landscape Ecology 32: 1485–1498.

Seidl R, Thom D, Kautz M et al. (2017) Forest disturbances under 
climate change. Nature Climate Change 7: 395–402.

Skuhravý V (2002) Lýkožrout smrkový a jeho calamity. Czechia: 
Agrospoj [in Czech].

Stadelmann G, Bugmann H, Wermelinger B et al. (2013) A pre-
dictive framework to assess spatio-temporal variability of 
infestations by the European spruce bark beetle. Ecography 
36(11): 1208–1217.

Steyrer G and Krehan H (2011) Borkenkäfer-Kalamität 2010: 
Schäden weiterhin sehr hoch. Forstschutz Aktuell 52: 10–13.

Thom D and Seidl R (2016) Disturbance impacts on biodiversity 
and services. Biological Reviews 91: 760–781.

Thorn S, Baessler C, Svoboda M et al. (2017) Effects of natural 
disturbances and salvage logging on biodiversity – Lessons 
from the Bohemian Forest. Forest Ecology and Management 
388: 113–119.

Tinner W, Bigler C, Gedye S et al. (2008) A 700-year peleoeco-
logical record of boreal ecosystem responses to climatic vari-
ation from Alaska. Ecology 89(3): 729–743.

USDA Forest Service, Annual National Forest Health Monitor-
ing Reports (2001–2018). Available at: https://www.fs.fed.us/
foresthealth/publications/fhm/fhm-annual-national-reports.
shtml (accessed 14 August 2019).

USDA Forest Service, Forest Health Conditions in Alaska 
(2002–2017). Available at: https://www.fs.usda.gov/detail/
r10/forest-grasslandhealth/?cid=fsbdev2_038884 (accessed 
14 August 2019).

USDA Forest Service, Forest Insect and Disease Conditions in 
the United States (1955–2014). Available at: www.fs.fed.us/
foresthealth/publications.shtml#reports (accessed 14 August 
2019).

USDA Forest Service, National Insect and Disease Survey Data-
base (Portal Pest Summaries) (2018) Available at: https://
data.nal.usda.gov/dataset/insect-disease-survey-maps-and-
data (accessed 14 August 2019).

Viiri H and Lieutier G (2004) Ophiostomatoid fungi associated 
with the spruce bark beetle, Ips typographus, in three areas in 
France. Annals of Forest Science 61: 215–219.

Walker MJC, Berkelhammer M, Björk S et  al. (2012) Formal 
subdivision of the Holocene Series/Epoch: A discussion 
paper by a Working Group of INTIMATE (Integration of 
ice-core, marine and terrestrial records) and the Subcom-
mission on Quaternary Stratigraphy (International Commis-
sion on Stratigraphy). Journal of Quaternary Science 27(7): 
649–659.

Whitehouse NJ (2006) The Holocene British and Irish ancient 
forest fossil beetle fauna: Implications for forest history, 
biodiversity and faunal colonization. Quaternary Science 
Reviews 25: 1755–1789.

Whitehouse NJ and Smith D (2010) How fragmented was the 
British Holocene wildwood? Perspectives on the ‘Vera’ graz-
ing debate from the fossil beetle record. Quaternary Science 
Reviews 29: 539–553.

Williams JW, Grimm EC, Blois JL et  al. (2018) The Neotoma 
Paleoecology Database, a multiproxy, international, com-
munity-curated data resource. Quaternary Research 89(1): 
156–177.

Willis KJ, Rudner E and Sumegi P (2000) The full-glacial for-
ests of central and southeastern Europe. Quaternary Research 
53(2): 203–213.

Wood SL (1982) The Bark and Ambrosia Beetles of North and 
Central America (Coleoptera: Scolytidae): A Taxonomic 
Monograph (Great Basin Naturalist Memoirs 6). Provo, UT: 
Brigham Young University, 1356 pp.

Zahradník P and Zahradníková M (2019) Salvage felling in the 
Czech Republic’s forests during the last twenty years. Central 
European Forestry Journal 65: 12–20.

Zhang Q, Alfar RI and Hebd RJ (1999) Dendroecological studies 
of tree growth, climate and spruce beetle outbreaks in Central 
British Columbia, Canada. Forest Ecology and Management 
121: 215–225.

Zúbrik M, Raši R, Vakula J et al. (2008) Bark beetle (Ips typogra-
phus L., Pityogenes chalcographus L., Col: Scolytidae) 
pheromone traps spatial distribution optimisation in central 
Slovakian Mountains. Lesnícky časopis – Forestry Journal 
54(3): 235–248.

www.R-project.org/
www.fs.fed.us/foresthealth/publications
www.fs.fed.us/foresthealth/publications
https://www.fs.usda.gov/detail/r10/forest-grasslandhealth/?cid=fsbdev2_038884
https://www.fs.usda.gov/detail/r10/forest-grasslandhealth/?cid=fsbdev2_038884
www.fs.fed.us/foresthealth/publications.shtml#reports
www.fs.fed.us/foresthealth/publications.shtml#reports
https://data.nal.usda.gov/dataset/insect-disease-survey-maps-and-data
https://data.nal.usda.gov/dataset/insect-disease-survey-maps-and-data
https://data.nal.usda.gov/dataset/insect-disease-survey-maps-and-data



