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Bark beetles and fungal associates colonizing
white spruce in the Great Lakes region

Kirsten E. Haberkern, Barbara L. lllman, and Kenneth E Raffa

Abstract: We examined the major bark beetles and associated fungi colonizing subcortical tissues of white spruce
(Picea glauca (Moench) Voss) in the Great Lakes region. Trees were felled at one northwestern Wisconsin site in a
preliminary study in 1997 and at 10 sites throughout northern Wisconsin, Minnesota, and Michigan in 1998. Fungal
isolations were made from beetles colonizing felled trees, beetles that emerged from felled trees, tissue of colonized
trees, and tissue of uncolonized trees. Dryocoetes affaber (Mannerheim) and Polygraphus rufipennis (Kirby) accounted
for over 90% of the insects that emerged from logs. Time of colonization had a significant effect on abundance and
composition of emerging insects. New records include Dendroclonus rufipennis (Kirby) in Wisconsin and two Michigan
counties and Crypturgus borealis (Swaine) in Wisconsin and Minnesota and one Michigan county. Five fungal species
from two genera were isolated both from beetles and colonized tree tissue. None were isolated from uncolonized trees.
Ten new beetle-fungal associations were identified. The association of specific fungi with specific bark beetles, both as
they colonize and emerge from hosts and the isolation of these fungi from subcortical tissues of colonized hut not
uncolonized trees, is consistent with vector relationships. We compare our results with bark beetle - fungal associations
reponed elsewhere in spruce and suggest possible mechanisms constraining population growth by Dendroctonus
rufipennis in the Great Lakes region.

Résumé : Nous avons étudié les principaux scolytes et les champignons associés qui colonisent les tissus sous-
corticaux de I’épinette blanche (Picea glauca (Moench) Voss) dans la région des Grands-Lacs. Des arbres ont été abat-
tus dans un site du Nord-Ouest du Wisconsin lors d’une étude préliminaire en 1997 eta 10 endroits dans le Nord du
Wisconsin, du Minnesota et du Michigan en 1998. Les champignons ont été isolés a partir des insectes qui colonisaient
les arbres abattus, de ceux qui émergeaient des arbres abattus, des tissus des arbres colonisés et des tissus des arbres
non colonisés. Dycoetes affaber (Mannerheim) et Polygraphus rufipennsis (Kirby) représentaient plus de 90% des in-
sectes qui ont émergé des billes. Le moment de la colonisation avait un effet significatif sur I’abondance et la composi-
tion des insectes qui émergeaient. C’est la premiére mention de Dendroctonus rufipennis (Kirby) au Wisconsin et dans

deux comtés du Michigan et de Crypturgus borealis (Swaine) au Wisconsin et au Minnesota et dans un comté du Mi-
chigan. Cing espéces de champignons appartenant a deux genres ant été isolées a partir des insectes et des tissus des
arbres colonisés. Aucun champignon n’a été isolé chez les arbres non colonisés. Dix nouvelles associations insectes—
champignons ont été identifiées. L‘association de certains champignons avec certains dendroctones, lorsqu’ils colonisent
et lorsqu’ils émergent des hotes, et I’isolation de ces champignons dans les tissus sous-corticaux des arbres colonisés,
mais non des arbres non colonisés, sont consistantes avec le type de relations rencontrées dans le cas d‘un vecteur.
Nous comparons nos résultats avec les associations entre dendroctones et champignons rappartées ailleurs chez
I’épinette et nous suggérons des mécanismes qui pourraient ‘limiter la croissance de la population de Dendroctonus rufi-

pennis dans la région des Grands-Lacs.

[Traduit par la Rédaction]

Introduction

White spruce (Picea glauca (Moench) VVoss) isan impor-
tant economic resource and ecological component of the bo-
real forests of North America (Lindgren and Lewis 1997;
Uzunovic etal. 1999). Its natural range extends into the cen-
tral Great Lakes region, which includes northern Wisconsin,
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northern Minnesota, and the Upper Peninsula of Michigan.
Natural stands often occur as spruce—pine—fir forests
(Schmid and Hinds 1974; Uzunovic etal, 1999),

Several species of insects and microorganisms exert sig-
nificant impacts on Picea glauca throughout its range, in
both commercial and unmanaged stands (Parish et al, 1999),
Bark  beetles (Coleoptera: Scolytidae; alternative:
Curculionidae: Scolytinae) and their associated fungi are
among the most important of these groups (Harrington and
Cobb 1988; Reynolds 1992; Lindgren and Lewis 1997), For
example, the spruce beetle, Dendroctonus rufipennis
(Kirby), is the leading cause of mortality to white spruce in
Alaska (Werner and Holsten 1985: Gara et al. 1995) and
western Canada (Safranyik and Linton 1988) and an impor-
tant mortality agent in New England (Werner and Holsten
1985; Harrington and Cobb 1988) and eastern Canada
(Safranyik and Linton 1988). It isalso the leading cause Of
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mortality to Engelmann spruce (Picea engelmannii Parry ex
Engelm.) in the Rocky Mountains (Schmid 1981). Mortality
of healthy spruce due to bark beetles is less common in the
Great Lakes region, but attacks on stressed, windthrown, or
recently cut trees are often observed. Both primary bark bee-
tles, such as Dendroctonus rufipennis, and secondary bark
beetles introduce fungi that stain host tree tissues (Whitney
1982; Klepzig etal. 1991; Poland and Borden 1998a;
Oshsawa et al. 2000).

Bark beetles and their associated microorganisms play im-
portant roles in forest nutrient cycling, succession, and gap
regeneration by initiating the process of wood degradation
and the release of organic compounds (Schowalter and Filip
1993; Castello etal. 1995). They also contribute to bio-
diversity by providing an important food base for insectivo-
rous birds, such as woodpeckers, beginning the process of
tree cavity formation that provides habitat for various bird
and mammal species and initiating the process of within-tree
succession that supports a diverse guild of invertebrates and
microorganisms (Coulson etal. 1986; Ross et al. 1997).

Scolytid life cycles include three phases: dispersal, host
colonization, and development (Safranyik etal. 1983). Most
of their lives are spent within the phloem tissue beneath the
hark, which provides protection and nutrients (Wood 1982).
The time required to complete development varies with tem-
perature (Werner and Holsten 1985; Bentz etal. 1991; Bentz
and Mullins 1999; Logan and Bentz 1999).

Microorganisms show close associations with bark beetles
(Whitney 1982; Six and Paine 1999a. 19996; Six et al.
1999). Beetles provide transportation to host trees (Barras
and Perry 1972; Harrington 1993; Furniss 1990, 1993, and
microorganisms often enhance beetle fitness by facilitating
nutrient uptake (Barras 1973; Bridges 1981; Coppedge etal.
1995; Six and Paine 1998; Ayres etal. 2000), reducing the
toxicity of host defense compounds (Leufven 1991; Paine et
al. 1997), or obstructing water-transporting conduits
(Reynolds 1992; Solheim and Safranyik 1997; Krokene and
Solheim 1996, 1998). Some fungal associates can reduce the
developmental success of hark beetles by competing for nu-
trients or inhibiting mutualistic fungi (Barras 1970; Bridges
etal. 1985; Paine etal. 1997). Scolytids may vector fungal
spores casually in cuticular pits on their elytra (Furniss et al.
1990, 1995; Lewinsohn etal. 1994) or in specialized
pouches in their exoskeleton, called mycangia (Barras and
Perry 1971, 1972; Six and Paine 1996). Several species of
ascomyceteous fungi, such as Leptographium abietinum
(Peck), cause a blue or black discoloration that decreases the
value of the wood (Gibbs 1993; Seifert 1993; Croan and
Highley 1995; Uzunovic and Webber 1998). Ascomyceteous
fungi associated with bark beetles include the genera
Ophiostoma, Ceratocystis, Ceratocystiopsis, and the
anamorphic genera Graphium and Leptographium (Harring-
ton 1993; Upadhyay 1993; Wingfield etal. 1997).

The guild of bark beetle species and associated fungi col-
onizing spruce trees in the Great Lakes region is not well
characterized. Moreover, the distribution of Dendroctonus
rufipennis, and the potential for future outbreaks in this re-
gion is unknown (Bright 1976; Wood 1982). The goals of
this project were to identify the bark beetles colonizing
white spruce in the Great Lakes region, identify the
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ascomyceteous fungi associated with these beetles, and eval-
uate potential vector relationships.

Materials and methods

General approach

Ten research sites in northern Wisconsin, northeastern
Minnesota, and the Upper Peninsula of Michigan were sam-
pled to characterize the predominant bark beetles and fungal
symbionts associated with white spruce in the Great Lakes
region. The effects of time within the season, height along
the bole, and tree diameter on the number and species com-
position of emerging beetles were evaluated. Trees were
felled at each site and baited. After colonization, trees were
sectioned and transported to the laboratory. Fungal isolations
were made from beetles colonizing felled trees, beetles that
emerged from felled trees, tissue of colonized trees, and tis-
sue of uncolonized trees.

Site selection and description

One site was established fora preliminary trial in
Washburn County, Wisconsin, in 1997 and was sampled as
described below. In April of 1998, ten 0.13- to 0.20-ha sites
were established. Each site was located in a monoculture
stand that contained at least 80% Picea glauca and ranged in
size from 0.81 to 56.68 ha (Fig. 1). Mean stand age was
44 vyears, and the diameter at breast height (DBH) of the
trees ranged from 15.2 to 25.4 cm (Table 1). The surround-
ing landscape was predominantly forested with a 50:50 mix-
ture of conifer and deciduous trees. Detailed site
descriptions are in Haherkern (2001).

Sampling and rearing of bark beetles

Three 15- to 18-cm DBH trees were felled at each site in
early May, and again in early July, of 1998. (Trees were not
felled at Gull Lake in July because of insufficient trees re-
maining in the designated diameter class.) Felled trees were
baited with membrane release lures containing the synthetic
pheromone of Dendroctonus rufipennis (frontalin and
a-pinene, emission rates 2.6 and 1.5 mg/day, respectively, at
23°C; Phero Tech Inc., Delta, B.C.). Ina parallel study this
lure had no effect on the hark beetle composition in this re-
gion, as there was no cross attraction or inhibition
(Haherkern 2001). Similarly, Greenwood and Borden (2000)
concluded that cobaiting for Dendroctonus rufipennis and
Dryocoetes confusus Swaine did not cause interference.
Felled trees were laid flat on the forest floor in the shade
and left for 7 weeks to allow for colonization. Hereafter, we
use the terms lower, middle, and upper to refer to the posi-
tion along the height of the vertical stem and top and bottom
to refer to the surface of the felled stem.

After 7 weeks, three 30 cm long sections were cut from
each tree and transported to the University of Wisconsin-
Madison. The lower stem section was cut from the base of
the stump, the middle section was cut 2.13 m from the
stump, and the upper section was cut 3.96 m from the
stump, The tree sections were placed individually in metal
rearing cans, 31 cm diameter x 41 c¢cm high. The sides of the
cans had two 6 cm holes through which adult progeny could
pass into 250-mL glass collecting jars containing a

© 2002 NRC Canada



Haberkern et al.

1139

Fig. 1. Site locations for sampling bark beetles and fungal associates of white spruce in the Great Lakes region. The shaded portion
represents the natural range of white spruce in this region (Little 1971). and the circles are the study plots.
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Table 1. Locations of white spruce research sites for characterization of hark beetles and fungal associates.
Site Age Size
No. Location (city, state, county) Name Longitude, latitude (years) (ha)
1 Kenton, Michigan, Houghton Ottawa National Forest 46°32.2°'N, 88°50.9°'W 58 2.83
2 Kenton, Michigan, Houghton Ottawa National Forest 46°26.9'N, 88°55.4°'W 59 56.68
3 Felch, Michigan, Dickinson Copper County State Forest 46°04.36'N, 87°43.83'W 36 9.72
4 Felch, Michigan, Dickinson Copper County State Forest 46°04.02°'N, 87°48.34'W 38 5.67
5 Boulder Junction, Wisconsin, Vilas Northern Highland State Forest 46°09.3'N, 89°48.8'W 34 21.46
6 Arbor Vitae, Wisconsin, Vilas American Legion State Forest 45°56.9'N.  89°39.6"'W 33 5.67
7 Stinnett, Wisconsin, Washbum Washbum County Forest 46°01,4°'N, 91°37.0W 48 10.53
8 Gull Lake, Wisconsin, Washbum Washbum County Forest 46°46.11°N, 91°45.4'W 45 6.48
9 Cloquet, Minnesota, Carlton University of Minnesota, 46°41.08'N, 92°34.85'W 47 1.30
Cloquet Forestry Center
10 Cloquet, Minnesota, Carlton University of Minnesota, 46°42.69'N, 92°33.14'W 36 0.81
Cloquet Forestry Center

Kimwipe® (Kimberly-Clark Inc., Roswell, Ga.) tissue paper
that minimized contact among beetles. A 21.5 c¢cm diameter
screen mesh in the lid allowed for air circulation. A black
cloth (37.5 cm?) underneath the lid blocked light from all di-
rections except the jars. Rearing cans were kept under a con-
stant light source at 20-25°C and 50-70% RH. Live bark
beetles were collected from the rearing cans twice weekly,
placed in glass vials containing a Kimwipe® tissue, and
stored in a refrigerator at4°C. Prior to fungal isolations,

bark beetles were identified to species using keys (Bright
1976; Wood 1982) and by comparison with specimens from
the University of Wisconsin-Madison Insect Research Col-
lection (IRC). Insect identifications were confirmed by Ste-
ven Krauth, IRC curator, and voucher specimens were
deposited in the IRC.

Additional insect collections were made from the 30 trees
felled in May, prior to their sectioning and placement in con-
tainers. We systematically examined four sections of each
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Table 2. Summary of emerged insects from white spruce trees felled in the central Great Lakes region.

Coleoptera: Scolytidae

Site

No. of Dryocoetes Polygraphus Ips Dryocoetes Crypturgus

NO. Location trees affaber rufipennis pini autographus borealis
1 Michigan 6 3505 438 17 15 7

2 Michigan 6 1004 102 210 15 0

3 Michigan 6 5162 771 141 85 0

4 Michigan 6 792 694 16 15 14

5 Wisconsin 6 940 425 98 11 2

6 Wisconsin 6 356 904 55 24 0

7 Wisconsin 6 882 21 15 127 0

8 Wisconsin 3 51 14 20 14 0

9 Minnesota 6 229 193 24 33 77

10 Minnesota 6 5763 257 99 339 14
Total 57 18 684 3819 695 678 114
Mean 312.25 63.88 11.92 11.53 1.90
SE 169.54 34.66 8.82 6.74 1.60

Note: Values for each insect are the totals for each site.

tree: the stump, a 1.52-m portion between the lower and
middle stem sections, a 1.52-m portion between the middle
and upper sections, and a 0.33-m section above the upper
stem sections. The bark and phloem tissue were removed
with a knife. Colonizing adult beetles were collected from
their galleries and placed either in vials containing 70% eth-
anol for storage or in sterile vials for fungal isolations.

Fungal isolations from bark beetles

A modified dilution plating method was used to isolate
fungi from adult hark beetles. One to five live beetles of
each species were ground in a sterile glass tissue homoge-
nizer with 9 mL of sterile water (Juzwik and French 1983;
Klepzig etal. 1991). The liquid portion of the homogenate
was decanted and set aside. The process was repeated twice
for a total of three liquid homogenates. Each homogenate
was purified through four 10 dilutions, resulting in three
rows each with a spore concentration range of 10 to 10+,
The tubes containing 102 to 10~ concentration were shaken,
and 0.5 mL was removed and spread evenly across the sur-
face of a 100 x 15 mm Petri dish (Falcon; Becton Dickinson
Co., Sparks, Md.) that contained potato dextrose agar (PDA;
Becton Dickinson Co., Sparks, Md.) amended with
gentamicin (ICN Biomedicals, Costa Mesa, Calif). A
pipetter (Ranin Inc., Woodburn, Mass.) was used to extract
the liquid and a sterile glass “L” rod on a turntable (Fisher
Scientific, Pittsburgh, Pa.) was used to spread the spore sus-
pension on the surface of the media. The Petri dishes were
cultured in a growth chamber at 22°C on an 8 h light:16 h
dark schedule.

Ascomyceteous fungi were distinguished from other fungi
based on hyphal morphology (de Hoog 1993; Kendrick etal.
1993). Fungi were classified into putative types according to
hyphal morphology and characteristics of the fruiting struc-
tures produced during the anamorph stage (Seifert and Okada
1993; Upadhyay 1993; Wingfield 1993). Each morphological
type was treated as a potentially different fungal species.

A 3-mm? area of actively growing hyphae from each mor-
phological type was transferred to a Petri dish containing

PDA using a sterilized wire dissection needle. These dishes
were cultured in a growth chamber at 22°C withan 8 h
light: 16 h dark schedule for 7—10days. Dishes containing
monocultures were individually sealed with parafilm and
stored in plastic hags in a refrigerator (4°C) until identifica-
tion. Petri dishes from dilution plating were screened for ad-
ditional ascomyceteous fungi weekly for a month. Transfers
for monocultures were performed within 24 h of each
screening. Monocultures stored in the refrigerator were visu-
ally inspected every 28-30 days for the presence of contami-
nant fungi, i.e., any genera not within the ascomycete group.
When contaminant fungi were present, hyphae from
ascomycete fungi were transferred to new PDA dishes.

Fungal isolations from colonized trees

An increment core borer was used to extract 0.5 cm diam-
eterx 6 cm long tissue samples containing bark, phloem,
and xylem. The core borer was sterilized with ethanol and a
flame prior to each sample extraction. Core samples were
extracted from random points around the circumference of
the felled colonized trees at the following heights: three
from the stump (0-0.1 m), five from the lower stem (0.6 m),
three from the middle stem (2.4 m), and three from the up-
per stem (4.3 m). All core samples were placed in sterile
glass tubes in the field. The core samples were examined in
the laboratory for the presence of blue or black stain, and
fungal isolations were performed on each core sample.

Multiple isolation methods were conducted to account for
the fact that stain fungi vary among species in their require-
ments to produce the sexual and asexual fruiting structures
necessary for identification (Seifert etal. 1993). Some spe-
cies, such as Ophiostoma nigrocarpum (Davidson), produce
sexual fruiting structures on PDA, most species, suchas
Ophiostoma piceaperdum (Rumbold) Arx, require low nutri-
ent conditions and conifer sapwood tissue (Seifert etal.
1993), and some species, such as Ceratocystis rufipenni
(Wingfield), require extended incubation at a low tempera-
ture for sporulation to occur (Wingfield etal. 1997). There-
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Coleoptera: Coleoptera: Hymenoptera:
Curculionidae Cleridae Pteromalidae
Dendroctonus Trypodendron Orthotomicus Ips Pissodes Thanasimus Roptrocerus
rufipennis lineatum caelatus grandicollis nemorensis dubius xylophagorum
4 0 1 0 0 2 242
3 7 0 0 0 5 28
1 0 0 1 14 2 20
0 0 0 1 1 2 33
0 0 3 0 1 2 15
4 0 1 3 11 5 64
0 0 0 0 0 1 9
0 0 0 0 0 0 1
0 0 0 0 0 0 37
0 0 1 0 2 4 13
12 7 6 5 29 23 462
0.20 0.12 0.10 0.08 0.48 0.38 7.72
0.15 0.07 0.17 0.07 0.31 0.22 4.71

fore, three complementary methods were used: plating on
PDA, plating on water agar, and incubating at 4—15°C.

The PDA method was used on six trees. Core samples
were cut into three pieces (1, 1, and 4 cm in length). Each
piece was placed in the center of a Petri dish containing
PDA, cultured at 22°C, and checked weekly. Hyphae of pu-
tative ascomyceteous fungi were transferred into mono-
nocultures as described previously, and monocultures were
identified to species as described below (see fungal identifi-
cation). The water agar method was used on 15 trees. Core
samples were cut into three pieces and placed individually
on Petri dishes containing water agar (Bacto-Agar®, Beckton
Dickinson Co., Sparks, Md.). These samples were cultured
in a growth chamber at 15°C, checked weekly for 6 weeks,
and transferred to new dishes when necessary. Fruiting
structures growing from core samples were slide mounted
for identification (Seifert etal. 1993). Monocultures were
processed for identification from hyphae growing from core
samples that did not produce fruiting structures. The cool
temperature incubation method was used on 10 trees, includ-
ing one on which the water agar method was also used. Core
samples were left in the sterile tubes and incubated at 15°C
for 6 weeks. Fruiting structures growing from the cores were
slide mounted for identification. Core samples without fruit-
ing structures were stored at 4°C for 4 months and cultured
as described above in the PDA method.

Fungal isolations from uncolonized trees

Tissue samples were collected from 30 uncolonized stand-
ing trees, including 15 each at sites5and 6. These trees
showed normal growth and crown structure and had no visi-
ble signs or symptoms of attack by insects or pathogens. A
sterilized increment core borer was used to collect two tissue
samples from each tree, 0.30 and 1.52 m above the ground.
All 60 samples were examined for the presence of stain
fungi, and the water agar method was used for fungal
isolations. Transfers of hyphae for monocultures and cultur-
ing fruiting structures were performed as described above.

Fungal identification

Monocultures of potential ascomyceteous fungi were
identified to species based on hyphal morphology, hyphal
physiology, and the production of fruiting structures during
the anamorph and teleomorph stages (Olchowecki and Reid
1974; NagRaj and Kendrick 1975; Upadhyay 1981; Grylls
and Seifert 1993).

The sexual and asexual fruiting structures were mounted
on glass slides, stained with cotton methyl blue, and cover-
slips were sealed with nail polish. Fruiting structures and
spores were measured using the ocular scale of a compound
microscope. To ensure homogeneity of species, spores from
individual fruiting structures were smeared on PDA, cultured
at 22°C for 7-10 days, and then anamorph and teleomorph
stages were reevaluated (Seifert et al. 1993). Identification
of ascomyceteous species were confirmed by Thomas Har-
rington (Department of Plant Pathology, lowa State Univer-
sity, Ames) and specimens were deposited in his collection.
Identification of other fungi were confirmed by Eugene
Smalley (Department of Plant Pathology, University of Wis-
consin, Madison).

Statistical analysis

Overall sources of variation in the abundance of beetle
emergence from felled trees were analyzed with an analysis
of variance (ANOVA). Because the interaction term between
site and time was significant we proceeded to a split-plot
analysis (see Results). The split-plot analysis (PROC
MIXED; Littrell etal. 1996) included tree within time pe-
riod as the whole plot, height as the split plot, and site as a
random effect. For Dryocoetes affaber (Mannerheim), a one-
fourth root transformation was required for both analysis to
normalize the variance. Other species did not require a trans-
formation. For the two most abundant species, which to-
gether accounted for 91.74% of all emerged insects, we also
evaluated an analysis of covariance (ANCOVA). This
ANCOVA model was identical to the split-plot model but in-
cluded hole diameter as a continuous variable.
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Table 3. Analysis of variance for bark beetles emerging from felled white spruce trees using (A) all variables
for all trees, (B) separate analyses based on all felled trees and colonized trees only, and (C) separate analy-

ses by time of colonization.

(A) All variables for all trees.

Dryocoetes Polygraphus Dryocoetes Crypturgus

affaber rufipennis Ips pini autographus borealis
Source of
variation F P F P F P F P F P
Site (S) 3.67 0.0005 2.13 0.33 1.49 0.16 1.66 0.106 242 0.015
Time (T) 16.31 <0.0001  20.58 <0.0001 8.42 0.005 159 021 4.66 0.033
SxT 4.49 <0.0001 2.33 0.023 156 0.145 1.9 0.066 2.76 0.008
Height (H) 0.30 0.739 2.68 0.073 0.13 0.881 0.18 0.833 1.1 0.336
SxH 0.53 0.936 0.61 0.886 0.28 0.999 0.73 0.771 164 0.061
TxH 0.42 0.658 0.87 0.421 0.05 0.954 0.12 0.891 0.79 0.456
SxTxH 0.47 0.958 0.79 0.692 0.46 0.964 0.74 0.751 19 0.027
(B) Separate analyses based on all felled trees and colonized trees only.
All trees
Site (S) 2.06 0.058 1.77  0.106 0.64 0.757 2.18 0.045 1.65 0.136
Time (T) 9.17 0.004 1449  0.001 3.61 0.065 2.08 0.157 3.19 0.082
SxT 2.52 0.026 1.64 0.146 0.67 0.715 2.50 0.028 1.89 0.091
Colonized trees only
S 1.67 0.134 1.67 0132 0.64 0.756 1.12 0.384 0.39 0.794
T 7.50 0.010 13.72  0.001 3.50 0.070 1.27 0.271 —* —
SxT 1.99 0.079 156 0.170 0.75 0.651 1.46 0.227 — —
(C) Separate analyses by time of colonization
May-June
Site (S) 1.35 0.232 245 0.019 1.34 0.236 552 <0.001 2.6 0.013
Height (H)  0.69 0.507 1.68 0.195 3.22 0.047 0.47 0.625 2.03 0.363
SxH 0.64 0.853 0.68 0.818 0.87 0.613 0.65 0.843 1.77 0.052
July-August
S 4.15 <0.001 1.81 0.096 1.54 0.167 1.69 0.122 1.00 0.447
H 0.33 0.721 3.02 0.057 0.03 0.972 0.14 0.861 1.00 0.375
SxH 0.50 0.935 1.16 0.329 0.35 0.988 0.74 0.742 1.00 0.471

*Insufficient  data.

Results

Bark beetles colonizing white spruce

A total of 1745 insects emerged from the three trees felled
in1997. All were bark beetles, and six species were col-
lected Crypturgus borealis (Swaine), 56%; Polygraphus
rufipennis (Kirby), 24%; Dryocoetes affaber, 20%; Ips pini
(Say), 0.5%; Dryocoetes autographus (Ratzeburg), 0.2%;
and Dendroctonus rufipennis (Kirby), 0.1%. A total of
24 530 insects emerged from felled white spruce in 1998.
Bark beetles represented 97.91%; root-colonizing weevils,
0.12%; predatory beetles, 0.09%; and parasitoids, 1.88% of
all emerging insects (Table 2). Nine species of bark beetles,
including five of the six species obtained in 1997, emerged
from these logs. The most abundant species were
Dryocoetes affaber (76.17%) and Polygraphus rufipennis
(15.57%). Fifteen of an unidentified species (Coleoptera:
Cerembycidae) also emerged.

In the overall analysis that included all variable for all
trees, Dryocoetes affaber and C. borealis showed significant
site effects (Table 3A). We repeated the analysis separately
for all trees and colonized trees only, with the insignificant
terms from the first analysis removed (Table 3B). The site

effect was significant for Dryocoetes autographus and
weakly for Dryocoetes affaber, but only when all trees were
considered. Therefore, variation is due more to the number
of trees colonized per site than the emergence per colonized
tree. The time at which trees were felled was a significant
source of variation for all species except Dryocoetes
autographus and had a stronger effect than site for
Dryocoetes affaber, Polygraphus rufipennis, and I. pini (Ta-
ble 3A). Moreover, there were strong site by time effects.
Therefore, we conducted separate analyses based on time of
colonization (Table 3C). Site remained significant during
those periods when each insect was most prevalent, i.e.,
May-June for Polygraphus rufipennis,  Dryocoetes
autographus, and C. borealis and July—August for
Dryocoetes affaber, but not when each insect was less prev-
alent. Height was not significant in the overall analysis for
any species but was significant for I. pini in May-June.No
interactions with height were significant except for the
three-way interaction involving C. borealis.

The split-plot analyses that included all trees, and those
that included only colonized trees always yielded the same re-
sults (Haberkern 2001). Therefore, the former are used forall
subsequent discussion. Dryocoetes affaber, Polygraphus
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Table 4. Split-plot analysis of the effects of time of colonization and height along bole on emer-
gence abundance of bark beetles from felled white spruce in Michigan, Minnesota, and Wiscon-

sin in 1998.
Dryocoetes Polygraphus Dryocoetes Crypturgus
affaber rufipennis Ips pini autographus borealis
Source of
variation F P F p F P F p E P
Time (T)? 450 0.039 1114 0.002 413 0.048 172 0.9 241 0.127
Height (H)® 1.63  0.200 333 0039 033 0717 020 0.816 113 0.327
TxH 0.52 0.593 089 0415 019 0827 015 0863 0.61 0.547

adf (numerator, denominator) = 1, 46.
Bdf (numerator. denominator) = 2, 110.

Fig. 2. Mean number of bark beetles emerged from felled white spruce trees colonized during two periods in 1998 in Michigan. Min-
nesota, and Wisconsin. Different letters within a species indicate significant differences between times atp< 0.05 (n = 30 trees for

May-Ilune,n = 27 trees for time July—-August).Error bars are SEs.
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rufipennis, and 1. pini showed significant variation due to
time (Table4). Polygraphus rufipennis also showed signifi-
cant within-tree effects due to height. The interaction between
time and height of colonization was not significant for any
species. Emergence of Dryocoetes affaber was six times
greater in trees colonized during July—Augustthan during
May—June (Fig. 2). Emergence of Polygraphus rufipennis
was seven times greater in trees colonized during May—June
than during July—August.lps pini was five times more abun-
dant in trees colonized during July—Augustthan May—June.
Polygraphus rufipennis was twice as abundant in the lower
stem than in the middle or upper portions of the stem (Fig. 3).

Diameters of logs ranged from 9 to 21 cm. Diameter had
no effect on the abundance of emerging Dryocoetes affaber
for either colonization time period or when times were
pooled (df =1, F = 0.06, P = 0.803). Diameter affected the
overall emergence of Polygraphus rufipennis (df =1, F =
6.22, P =0.014), but this can be attributed solely to the sec-
ond time period (df =1, F =10.30, P = 0.002): emerged
Polygraphus rufipennis = 130.95 + 2.51 x diameter (cm).
Although statistically significant, the relationship between
emergence and diameter is weak (R? = 0.118).

During field dissections of colonized trees Dendroctonus
rufipennis was only found in the bottom of the lower and
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Fig. 3. Mean number of bark beetles that emerged from three geights along the stem of felled spruce trees. Different letters
within a species indicated significant differences at p < .005 (n = 57 for each height). Error bars are SEs.
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Table 5. (A) Percentage of trees in which sections contained galleries of various bark beetle species in white
spruce (N = 30 trees) and (B) contingency analyses of the percentages.

(A) Percentage of trees in which sections contained galleries of various species.

Dendroctonus Dryocoetes Polygraphus Dryocoetes
rufipennis autographus rufipennis affaber
Height Bottom Top Total* Bottom Top Total Bottom Top Total Bottom Top Total
Stump na’ na 0.0 na na 300 na na 26.1 na na 0.0

Lower  30.0 00 300 60.0 0:0 600 833 83.3 833 50.0 50.0 50.0
Middle  16.7 0.0 16.7 36.7 00 367 833 833 833 533 53.3 533
Upper 0.0 0.0 0.0 6.7 0.0 6.7 833 833 833 56.7 56.7 56.7
Total 30.0 0.0 30.0 60.0 00 600 833 83.3 833 60.0 60.0 60.0

(B) Contingency analysis.

Dendroctonus  Dryocoetes Polygraphus Dryocoetes
rufipennis autographus rufipennis affaber
Source of
variation c2 p c2 p c? p ¢z p

Height(df=3) 16.3 0.001  13.0 0.005 105 0.02 16.2 0.001
Surface (df= 1) 9.0 0.003 18.0 0.00002 0.0 1.00 0.0 1.000

Note: Lower, middle, and upper refer to height along the bole: bottom and top refer to the surface of the felled tree. The
contingency analyses are based on raw counts.

aThe total percent colonization is sometimes less than the sum of columns or rows because some trees had multiple
sections colonized.

PNot available.
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Table 6. Percentage of various bark beetle species from which fungi were isolated after they

emerged from white spruce.

Dryocoetes  Polygraphus Dryocoetes

affaber rufipennis Ips pini  autographus  Total %
Fungus (n=185) (n = 125) (n=8) (n=05) presence?
Leptographium abietinum 2.1 8.8 0.0 0.0 4.9
Ophiostoma bicolor 3.2 4.0 12.5 0.0 3.7
Ophiostoma piceaperdum 36.8 5.6 12.5 80.0 24.8
Ophiostoma ips 1.6 24 75.0 0.0 3.7
Ophiostoma piceae 3.2 0.0 0.0 0.0 1.9
Ophiostoma nigrocarpum 0.0 0.0 0.0 0.0 0.0
Total % beetles with fungi® 46.5 19.2 75.0 80.0 31.2

aWeighted by total number of all beetles.

b The total % beetles with fungi is sometimes less than the sum of the columns, because 1.86% of the beetles

carried multiple species of fungi.

middle stem sections (Table 5). Dryocoetes autographus
was predominantly found in the bottom of the lower stem,
but also in the bottom of the middle, and occasionally in the
bottom of the upper. Dryocoetes autographus and
Polygraphus rufipennis were the only bark beetles found in
the stump. Dryocoetes affaber and Polygraphus rufipennis
were found equally in the bottoms and tops of all stem sec-
tions.

Fungal isolations from bark beetles

Approximately 37% of the 323 beetles carried
ascomyceteous fungi (Table 6). Ophiostoma piceaperdum
(synonymous with Ophiostoma europhioides (Wright &
Cain); Jacobs et al. 2000) was the most abundant fungus
(25%), the only fungus found on all of the four beetle spe-
cies that carried fungi, and the only species isolated from
Dryocoetes autographus. Leptographium abietinum (Peck)
was the second most abundant fungus (5%) and was isolated
from Polygraphus rufipennis, and Dryocoetes affaber.
Ophiostoma bicolor (David & Wells) and Ophiostoma ips
(Rumbold) Nannf. were each isolated from 3.7% of the bee-
tles and were associated with Dryocoetes affaber, 1. pini, and
Polygraphus rufipennis. Ophiostoma piceae (Munch) was
the least abundant species (2%) and was only associated
with Dryocoetes affaber (Table 6).

Two of three Dryocoetes autographus and two of three
Polygraphus rufipennis excavated from their entrance galler-
ies carried O. bicolor, one each carried both O. bicolor and
O. piceae, and one each carried no fungi. One-third of these
beetles also carried O. nigrocarpum or O. piceaperdum.

Fungal isolations from host tissue

Overall, 20% of the 420 tissue samples taken from colo-
nized trees contained fungi (Table 7). Some species (10.5%)
failed to produce spores and could only be classified as
Opiostoma spp. Ophiostoma piceae was the most prevalent
species isolated from tissue samples. This fungus was iso-
lated from all four heights along the tree using each of the
three methods. Ophiostoma piceaperdum was isolated from
all heights of the tree using the PDA and cool temperature
incubation methods. Leptographium abietinum was also iso-
lated from all heights of the tree using each of the three
methods. Ophiostoma bicolor was also isolated from all
heights of the tree using the PDA and cool incubation meth-
ods. Ophiostoma ips was isolated from the lower and upper

stem tissue samples, using the PDA method. Ophiostoma
nigrocarpum was isolated from the stump, lower, and upper
stem samples, using the water agar method.

No ascomyceteous fungi were isolated from the 60 tissue
samples of the 30 trees not colonized by bark beetles.

Sapstain on host tissue

The percentage of core samples with stain were 30% from
the stump, 29% from the lower stem, 28% from the middle
stem, and 28% from the upper stem. The presence of stain
was consistently higher than the presence of fungi. For ex-
ample, the percentages of fungi from the stump, lower, mid-
dle and upper stem were 21, 24, 14, and 17%. respectively
(Table 7). No stain was observed in samples from trees not
colonized by bark beetles (n = 60).

Discussion

The overwhelming majority of insects emerging from
white spruce logs were scolytids, and most of these were
Dryocoetes affaber and Polygraphus rufipennis. Ips pini, the
third most abundant insect, is usually found in pine but has
been reported in spruce (Thomas 1961; Wood 1982). The
composition of phloeophagous insect fauna associated with
spruce in the Great Lakes region is generally similar to that
reported in western North America. Dryocoetes affaber and
Polygraphus rufipennis, as well as Ips tridens (Mannerheim)
in Canada, Ips perturbatus (Eichoff) in Alaska, and Ips
spp. in Colorado, are the most common associates of spruce
trees infested with Dendroctonus rufipennis. Eleven of the
12 insect species collected in this study have been recorded
previously in spruce in Canada, Alaska, and Colorado
(McCambridge and Knight 1972; Werner and Holsten 1984;
Gara etal. 1995; Bowers etal. 1996a, 1996b; Poland and
Borden 1998a). To the best of our knowledge Ips
grandicollis (Eichoff) (Bright 1976; Wood 1982; Drooz
1985) has not been recorded in Picea previous to this study.

Several new geographical records for bark beetles and
new associations of fungi with bark beetles were obtained
(Table 8). Dendroctonus rufipennis was collected in Wiscon-
sin and in two counties in Michigan for the first time (Bright
1976; Wood 1982; Drooz 1985). Crypturgus borealis was
collected in Minnesota. Wisconsin, and one county in Michi-
gan for the first time (Bright 1976; Wood 1982; Drooz
1985). Ten new beetle—fungus associations were observed
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Table 7. Percentage of tissue samples extracted from multiple heights of colonized spruce trees that yielded fungi, using three isolation

Stump Lower stem
Water Cool Water Cool
PDA agar incubation Total PDA agar incubation Total
Fungus (n = 45) (n = 18) (n=27) (n =90) (n=70) (n =30) (n =50) (n = 150)
Leptographium abietinum 0.00 0.00 3.70 111 1.43 3.33 0.00 1.33
Ophiostoma bicolor 0.00 0.00 7.41 2.22 1.43 0.00 0.00 0.67
Ophiostoma piceaperdum 4.44 0.00 3.70 3.33 2.85 0.00 0.00 1.33
Ophiostoma ips 0.00 0.00 0.00 0.00 1.43 0.00 0.00 0.67
Ophiostoma piceae 8.89 5.56 0.00 5.56 7.14 3.33 2.00 4.67
Ophiostoma nigrocarpum 0.00 5.56 0.00 111 0.00 3.33 0.00 0.67
Ophiostoma spp. 6.67 0.00 22.22 10.00 11.43 0.00 30.00 15.33
Total % samples with fungi 20.00 5.56 33.33 2111 24.29 10.00 32.00 24.00
Table 8. (A) New geographical records for Dendroctonus rufipennis and Crypturgus bore-
alis and (B) new associations of fungi with bark beetles.
(A) Bark beetle records.
No.
Species Record County, State collected Year
Dendroctonus rufipennis State Vilas. Wisconsin 10 1998
Washburn, Wisconsin 2 1997
County Dickinson, Michigan 1 1998
Houghton, Michigan 22 1998
Crypturgus borealis State Vilas, Wisconsin 2 1998
Washbum, Wisconsin 972 1997
State Carlton, Minnesota 91 1998
County Houghton, Michigan 7 1998
Dickinson. Michigan 14 1998

(B) Fungi isolated from bark beetles

Fungal species

Beetle species

Leptographium abietinum, O. bicolor, O. ips, O. piceaperdum

Ophiostoma piceaperdum
Ophiostoma bicolor, O. piceaperdum
Leptographium abietinum, O. bicolor, O. ips

Dryocoetes affaber
Dryocoetes autographus
Ips pini

Polygraphus rufipennis

among four species of fungi and four species of bark beetles.
Although there were no previous records of fungi associated
with Dryocoetes autographus, we isolated Ophiostoma
piceaperdum from 80% of the adults assayed.

Overall, 37% of all bark beetles carried fungi, with the
combined frequencies of associations ranging from 20 to
80% (Table 6). Ophiostoma piceaperdum, a common associ-
ate of Dendroctonus rufipennis (Whitney 1982; Safranyik et
al. 1983), was the fungus most frequently isolated from bark
beetles. Four of the five fungi isolated from beetles in this
study have been isolated from Dendroctonus rufipennis in
other regions (Whitney 1982; Safranyik et al. 1983).
Ophiostoma ips was predominantly isolated from I. pini and
was the only fungus that has not been reported previously on
phloeophagous insects in spruce (Whitney 1982; Safranyik
etal. 1983; Ohsawa et al. 2000). Each beetle species carried
predominantly one fungal species, and the frequency of as-
sociation ranged from 9 to 80% (Table 6). Using similar iso-
lation techniques Klepzig etal. (1991) found that O. ips was
the predominant fungus of I. pini and I. grandicollis (100%
each) colonizing red pine in central Wisconsin, and Krokene
and Solheim (1996) found that Ceratocystis polonicum

(Siemaszko) was the predominant fungus of Ips typographus
(L)) and Ips duplicatus (Sahlberg) (94% each) colonizing
spruce in Europe.

The fungal associations we observed were consistent with
vector relationships. First, no fungi were recovered from
trees that were not colonized by bark beetles. Second, four
of the six fungal species were isolated from beetles as they
colonized trees, beetles after they emerged from trees, and
from tissue of the colonized trees. Third, there was a high
degree of correspondence between isolation of various fungi
from tissue of specific host sections and beetles that
emerged from those sections (Table 9). Fungal species found
at particular heights along the tree stem were frequently iso-
lated from Dryocoetes affaber and Polygraphus rufipennis
that emerged from the same section of the tree. Similar rela-
tionships have been reported between fungi associated with
Polygraphus rufipennis and spruce tissue in Newfoundland
(Bowers etal. 19966) and Alberta (Ohsawa et al. 2000),
Canada.

Multiple methods of isolation and evaluation appear nec-
essary to obtain the full diversity of fungi occurring in white
spruce phloem. The PDA method yielded a high rate of fun-
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techniques.
Middle stem Upper stem
Water Cool Water Cool Total %
PDA agar incubation Total PDA agar incubation Total presence
(n=45) (n=18) (n=27) (n=90) (n=45) (n=18) (n=27) (n=90) (n =420)
444 0.00 0.00 2.22 4.44 0.00 0.00 2.22 1.67
2.22 0.00 0.00 111 2.22 0.00 0.00 111 1.19
6.67 0.00 0.00 3.33 11.11 0.00 0.00 5.56 3.10
0.00 0.00 0.00 0.00 2.22 0.00 0.00 111 0.24
6.67 0.00 0.00 3.33 0.00 5.56 0.00 111 381
0.00 0.00 0.00 0.00 0.00 5.56 0.00 111 0.71
2.22 0.00 18.52 6.67 2.22 0.00 18.52 6.67 10.48
17.78 0.00 18.52 14.44 17.78 11.11 18.52 17.77 19.76
Table 9. Association of fungi among bark beetle and host tissue in white spruce in the Great Lakes region.
Ophiostoma Leptographium Ophiostoma Ophiostoma Ophiostoma
europhioides abietinum piceae bicolor Ophiostoma ips  nigrocarpum
Height along
bole Beetle® Tissue® Beetle Tissue Beetle Tissue Beetle Tissue Beetle ‘Tissue Bestle  Tissue
Dryacoetes affaber
Stump na + na + na + na - na - na +
Lower stem + + + + + + + + - + - +
Middle stern + + + + + + + + + - - -
Upper stem + + + + + - + + + + - +
Polygraphus rufipennis
Stump na + na + na + na - na - na +
Lower stem + + + + - + + + + + - +
Middle stem + + - + - + - + - - - -
Upper stem - + + + - - - + - + - +

Note: No fungi or beetles were found in standing trees without symptoms of bark beetle attack.
“Beetles were reared from tree sections and fungal isolations were performed.
®*Fungal isolations were performed on phloem and sapwood tissue.

gal recovery, ranging from 17 to 24%, and a high percentage

of these samples were identifiable to species (89-98%). For

example, 0. ips was isolated only when the PDA method

was used (Table 7). The water agar method yielded a low

rate of recovery, 5-11%, but all samples were identifiable to

species. The cool temperature incubation method yielded a

high recovery rate of fungi, 18-33%; however, 18-30% of

those samples were identifiable to genus only.
The colonization periods of bark beetles associated with

white spruce in the Great Lakes region have not been previ-

ously recorded. Most colonization by Dryocoetes affaber oc-

curred in July-August (Fig. 2), in contrast to June in

Newtoundland (Bowers at al. 19964), and July in Alaska

and Colorado (Beckwith 1972; McCambridge and Knight

1972). Most colonization by £ rufipennis occured in May~

June, compared with June in Newfoundland and Maine

(Hoskings and Knight 1975; Bowers et al. 1996a), and July

in Alaska and Colorado (Beckwith 1972; McCambridge and

Knight 1972). The peak colonization period of I piri, July-

August, was similar to that reported in red pine plautations

in southern Wisconsin (Aukema et al. 2000) and pine and

spruce stands in Ontario, Canada (Thomas 1961). .
The absent, or weak, relationships between the number of [

emerging Dryocoetes affaber and Polygraphus rufipennis ;

with stem diameter probably reflects their small size, in ad-
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We currently lack sufficient information to explain why
outbreaks of Dendroctonus rufipennis have historically been
less pronounced in the Great Lakes region than in coastal
Alaska, British Columbia, and the Rocky Mountains. A
likely explanation is the more diverse forest composition, in
contrast with the contiguous spruce forests of western North
America. Other factors may include higher abundance of
natural enemies (Haherkern 2001) than in western popula-
tions (Gara et al. 1995), behavioral differences associated
with population density (Wallin 2001), differences in
phloem moisture (Werner et al. 2002), and temperature (Lo-
gan and Powell 2001). Also, the three hark beetle species
that accounted for over 90% of our total collection have
been shown to be important competitors of Dendroctonus
rufipennis in Britich Columbia (Poland and Borden 1998b),
Colorado (McCambridge and Knight 1972), and Alaska
(Gara etal. 1995). Additional research is needed to deter-
mine factors that prevent outbreaks of Dendroctonus
rufipennis in the Great Lakes region.

Acknowledgements

We thank Steven Krauth (University of Wisconsin, Madi-
son), Thomas Harrington (lowa State University, Ames), and
Eugene Smalley (University of Wisconsin, Madison) for as-
sistance with insect and fungal identifications. Assistance
with field collections, site selection, and fungal isolations
was provided by Ronald Severs, Charles Kramer, and John
Blanchard (University of Minnesota, Cloquet Forestry Cen-
ter, Cloquet, Minn.); James Halverson and Shane Weber
(Spooner Ranger Station, Department of Natural Resources
(DNR), Spooner, Wis.); Scott Sebero, Robert Tylka, and
Daniel Wilcox (Forest Management Division, DNR,
Chrystal Falls, Mich.); Lawrence Mellstrom (District Ranger
Office, USDA, Kenton, Mich.); Thomas Steele, Gary Kelner,
and Scott Craven (University of Wisconsin, Kemp Natural
Resources Station, Woodruff): and Kristen Green, Sara
LaFontane, and Adam Bougie (University of Wisconsin,
Madison). Thomas Tabone and Yunfei Chen (University of
Wisconsin Statistical Consultants, Madison) provided valu-
able assistance with statistical analyses. Daniel Young, Rich-
ard Lindroth, and Eugene Smalley provided valuable
critiques of previous versions of this manuscript. National
Science Foundation grant No. DEB 9629776 and the Univer-
sity of Wisconsin-Madison College of Agricultural and Life
Sciences provided financial support. The critical reviews of
an anonymous referee and Matt Ayres (Dartmouth College)
substantially improved this manuscript.

References

Amman, G.D. 1972. Mountain pine beetle brood production in re-
lation to thickness of lodgepole pine phloem. J. Econ. Entomol.
65: 138-140.

Aukema, B.H., Dahlsten, D.L., and Raffa, K.F. 2000. Improved
population monitoring of bark beetles and predators by incorpo-
rating disparate behavioral responses to semiochemicals. Envi-
ron, Entomol. 29: 618-629.

Ayres, B.D., Ayres, M.P., Abrahamson, M.D., and Teale, S.A.
2001. Resource partitioning and overlap in three sympatric spe-
cies of Ips bark beetles (Coleoptera: Scolytidae). Oecologia,
128: 443-453.

Can. J. For. Res. Vol. 32. 2002

Ayres, M.P., Wilkens, R.T., Ruel, J.J., Lombardero, M.J., and
Vallery, E. 2000. Fungal relationships and the nitrogen budget of
phloem-feeding bark beetles (Coleoptera: Scolytidae). Ecology,
81: 2198-2210.

Barras, S.J. 1970. Antagonism between Dendroctonusfrontalis and
the fungus Ceralocystis minor. Ann. Entomol. Soc. Am. 63:
1187-1190.

Barras, S.J. 1973. Reduction in progeny and development in the
southern pine beetle following removal of symbiotic fungi. Can.
Entomol. 105: 1295-1299.

Barras, S.J., and Perry, T.J. 1971. Gland cells and fungi associated
with the prothoracic mycangium of Dendroctonus adjunctus
(Coleoptera: Scolytidae). Ann. Entomol. Soc. Am. 64: 123-126.

Barras, S.J., and Perry, T.J. 1972. Fungal symbionts in the protho-
racic mycangium of Dendroctonus frontalis (Coleoptera:
Scolytidae). Z. Angew. Entomol. 71: 95-104.

Beckwith, R.C. 1972. Scolytid flight in white spruce stands in
Alaska. Can. Entomol. 104: 1977-1983.

Bentz, B.J., and Mullins, D.E. 1999. Ecology of mountain pine
beetle (Coleoptera: Scolytidae) cold hardening in the
Intermountain West. Environ. Entomol. 28: 577-587.

Bentz, B.J., Logan, J.A., and Amman, G.D. 1991. Temperature-
dependent development of the mountain pine beetle (Coleoptera:
Scolytidae) and simulation of its phenology. Can. Entomol. 123:
1083-1094.

Berisford, C.W., and Franklin, R.T. 1971. Attack paterns of Ips
avulus and Ips grandicollis (Coleoptera: Scolitidae) on four spe-
cies of southern pines. Ann. Entomol. Soc. Am. 64: 894—897.

Bowers, W.W., Borden, J.H., and Raske, A.G. 1996a. Bionomics of
the four-eyed spruce bark beetle, Polygraphus rufipennis (Kirby)
(Coleoptera: Scolytidae) in Newfoundland I. Emergence and
flight patterns. J. Appl. Entomol. 120: 385-390.

Bowers, W.W., Borden. J.H., and Raske, A.G. 1996b. Bionomics of
the four-eyed spruce bark beetle, Polygraphus rufipennis (Kirby)
(Coleoptera: Scolytidae) in Newfoundland 1. Host colonization
sequence. J. Appl. Entomol. 120: 449-461.

Bridges, J.B. 1981. Nitrogen fixing bacteria associated with bark
beetles. Microb. Ecol. 7: 131-137.

Bridges, J.R., Nettleton, W.A., and Connor, M.D. 1985. Southern pine
beetle (Coleoptera: Scolytidae) infestations without the bluestain
fungus, Ceratocystisminor. J. Econ. Entomol. 78: 325-327.

Bright. D.E. 1976. The insects and arachnids of Canada. Part 2.
The bark beetles of Canada and Alaska (Coleoptera:
Scolytidae). Can. Dep. Agric. Res. Branch Publ. 1576.

Castello, J.D., Leopold, D.J., and Smallidge, P.J. 1995. Pathogens,
patterns, and processes in forest ecosystems. Bioscience, 45:
16-24.

Coppedge, B.R., Stephen, F.M., and Felton, G.W. 1995. Variation
in female southern pine beetle size and lipid content in relation
to fungal associates. Can. Entomol. 127: 145-154.

Coulson, R.N. 1979. Population dynamics of bark beetles. Annu.
Rev. Entomol. 24: 417-448.

Coulson, R.N., Flamm, R.O., Pulley, P.E. Payne, T.L., Rykiel, E.J.,
and Wagner, T.L. 1986. Response of the southern pine bark bee-
tle guild (Coleoptera: Scolytidae) to host disturbance. Environ.
Entomol. 15: 850-858.

Croan, S.C., and Highley, T.L. 1996. Fungal removal of wood
sapstain caused by Ceratocystis coerulescens. Mater. Org. 30:
45-55.

de Hoog, G.S. 1993. Sporothrix-like anamorphs of Ophiostoma
species and other fungi. In Ceratocystis and Ophiostoma taxon-
omy, ecology and pathogenicity. Edited by M.J. Wingfield, K.A.
Seifert, and J.F. Webber. American Phytopathological Society
Press, St. Paul, Minn. pp. 53-60.

© 2002 NRC Canada



Haberkern et al.

Downie, N.M., and Arnett, R.H., Jr. 1996. The beetles of northeast-
ern North America. Vol. 1l. Sandhill Crane Press, Gainsville,
Fla. pp. 940—949and 1519-1521.

Drooz, A. 1985. Insects of eastern forests. U.S. Dep. Agric. Misc.
Publ. 1426. pp. 237-376.

Furniss, M.M., Solheim, H., and Christiansen, E. 1990. Transmission
of blue-stain fungi by Ips typographus (Coleoptera: Scolytidae) in
Norway spruce. Ann. Entomol. Soc. Am. 83: 712-716.

Furniss, M.M., Alan, E.H., and Solheim, H. 1995. Transmission of
Opiostoma ips (Ophiostomatales: Ophiostomataceae) by Ips pini
(Coleoptera: Scolytidae) to ponderosa pine in Idaho. Ann.
Entomol. Soc. Am. 88: 653-660.

Gara, R.l., Werner, R.A., Whitmore, M.C., and Holston, E.H.
1995. Arthropod associates of the spruce beetle Dendroctonus
rufipennis (Kirby) (Col., Scolytidae) in spruce stands of south-
central and interior Alaska. J. Appl. Entomol. 119: 585-590.

Gibbs, J.N. 1993. The biology of ophiostomoid fungi causing
sapstain in trees and freshly cut logs. In Ceratocystis and
Ophiostoma taxonomy, ecology and pathogenicity. Edited by
M.J. Wingfield. K.A. Seifert, and J.F. Webber. American
Phytopathological Society Press, St. Paul, Minn. pp. 153-160.

Greenwood. M.E., and Borden, J.H. 2000. Co-baiting for spruce
beetles, Dendroctonus rufipennis, and western balsam bark bee-
tles. Dryocoetes confusus (Coleoptera: Scolytidae). Can. J. For.
Res. 30: 50-58.

Grylls, B.T., and Seifert, K.A. 1993. A synoptic key to species of
Ophiostoma, Ceratocystis, and Ceratocystiopsis. In Ceratocystis
and Ophiostoma taxonomy, ecology and pathogenicity. Edited
by M.J. Wingfield, K.A. Seifert, and J.F. Webber. American
Phytopathological Society Press, St. Paul, Minn. pp. 261-268.

Haack, R.A., Wilkinson, R.C., Foltz, J.L., and Corneil, J.A. 1984a.
Gallery construction and oviposition by Ips calligraphus
(Coleoptera: Scolytidae) in relation to slash pine phloem thick-
ness and temperature. Can. Entomol. 116: 625-632.

Haack, R.A.,Wilkinson, R.C., and Foltz. J.L. 1984b. Longevity and fe-
cundity of Ips calligraphus (Coleoptera: Scolytidae) in relation to
slashpinephloemthickness. AM. Entomol. Soc. Am. 77: 657-662.

Hard, J.S., and Holsten, E.H. 1985. Managing white and Lutz
spruce stands in south-central Alaska for increased resistance to
spruce beetle. USDA For. Serv. Gen. Tech. Rep. PNW-188.

Harrington, T.C. 1993. Biology and taxonomy of fungi associated
with bark beetles. In Beetle—pathogeninteractions in conifer for-
ests. Edited by R.D. Schowalter and G.M. Filip. Academic
Press. San Diego, Calif. pp. 38-58.

Harrington, T.C., and Cobb, F.W., Jr. 1983. Pathogenicity of
Leptographium and Vericicladiella spp. isolated from roots of
western North American conifers. Phytopathology, 73: 596-599.

Harrington, T.C., and Cobb, F.W., Jr. 1988. Leptographium root
diseases on conifers. American Phytopathological Society Press,
St. Paul, Minn.

Hosking, G.P., and Knight, F.B. 1975. Flight habits of some
Scolytidae in the spruce—fir type of northern Maine. Ann.
Entomol. Soc. Am. 68: 917-921.

Jacobs, K., Wingfield, M.J., and Crous, P.W. 2000, Ophiostoma
europhiodies and Ceratocystis pseudoeurophioides, synonyms of
O. piceaperdum. Mycol. Res. 104: 238-243.

Johnson, W.T., and Lyon, H.H. 1976. Insects that feed on trees and
shrubs. Cornell University Press, Ithaca, N.Y. pp. 54—55.

Juzwik, J., and French, D.W. 1983. Ceratocystis fagacearum and
Ceratocystis piceae on the surface of free-flying and fungus-
mat-inhabiting nitidulids. Phytopathology, 73: 1164-1168.

Kendrick, W.B., van der Walt, J.P., and Wingfield. M.J. 1993. Rela-
tionships between the yeasts with hat-shaped ascospores and the
ophiostomoid fungi. In Ceratocystis and Ophiostoma taxonomy,

1149

ecology and pathogenicity. Edited by M.J. Wingfield, K.A.
Seifert, and J.F. Webber. American Phytopathological Society
Press, St. Paul, Minn. pp, 71-74.

Klepzig, K.D., Raffa, K.F., and Smalley, E.B. 1991. Association of
an insect—fungal complex with red pine decline in Wisconsin.
For. Sci. 37: 1119-1139.

Knight, F.B. 1960. Measurement of Engelmann spruce beetle pop-
ulations. Ecology, 41: 249-252.

Krokene, P., and Solheim, H. 1996. Fungal associates of five bark
beetles colonizing Norway spruce. Can. J. For. Res. 26: 2115-
2122.

Krokene, P., and Solheim, H. 1998. Pathogenicity of four blue-
stain fungi associated with aggressive and nonaggressive hark
beetles. Phytopathology, 88: 39-44.

Leufven, 1991. Role of microorganisms in spruce bark beetle - co-
nifer interactions. In Microbial mediation of plant—herbivorein-
teractions. Edited by P. Barbosa, V.A. Krischik, and C.G. Jones.
John Wiley & Sons Inc., New York. pp. 467-481.

Lewinsohn, D., Lewinsohn, E., Bertagnolli, C.L., and Patridge,
A.D. 1994. Blue-stain fungi and their transport structures on the
Douglas-fir beetle. Can. J. For. Res. 24: 2275-2283.

Lindgren, S.B., and Lewis, K.J. 1997. The natural role of spruce
beetle and root pathogens in a sub-boreal spruce forest in central
British Columbia: a retrospective study. USDA For. Serv. Gen.
Tech. Rep. NE-236.

Lister, C.K., Schmid, J.M., Minnemeyer, C.D., and Frye, R.H.
1975. Refinement of the lethal trap tree method for spruce bee-
tle control. J. Econ. Entomol. 69: 415-418.

Little, E.L., Jr.. 1971. Atlas of United States trees. VVol. 1. Conifers
and important hardwoods. U.S. Dep. Agric. Misc. Publ. 1146.
Littrell, R.C., Milliken, G.A., Stroup, W.W., and Wolfinger, R.D.
1996. SAS® systems for mixed models. SAS Institute Inc., Cary,

N.C.

Logan, J.A., and Bentz, B.J. 1999. Model analysis of mountain
pine beetle (Coleoptera: Scolytidae) seasonality. Environ.
Entomol. 28: 924-934.

Logan, SA., and Powell, J.A. 2001. Ghost forests, global warming,
and the mountain pine beetle (Coleoptera, Scolytidae) and simu-
lation of its phenology. Am. Entomol. 47: 160-173.

Lombardero, M.J., Ayres, M.P., Ayres, B.D., and Reeve, J.D. 2000.
Cold tolerance of four species of bark beetle (Coleoptera:
Scolytidae) in North America. Environ. Entomol. 29 421432.

McCambridge, W.F., and Knight, F.B. 1972. Factors affecting
spruce beetles during a small outbreak. Ecology, 53: 830-839.

Nag Raj, T.R., and Kendrick, W.B. 1975. A monograph of Chalara
and alliedgenera. Wilfrid Laurier University Press, Waterloo, Ont.

Ohsawa, M., Langor, D.. Hiratsuka, Y., and Yamaoka, Y. 2000.
Fungi associated with Dendroctonus rufipennis and Polygraphus
rufipennis, and white spruce inoculation tests. Can.J. Plant.
Pathol. 22: 254-257.

Olchowecki, A., and Reid, J. 1974. Taxonomy of the genus
Ceratocystis in Manitoba. Can. J. Bot. 52: 1675-1711.

Paine. T.D., Raffa, K.F., and Harrington, T.C. 1997. Interactions
among scolytid bark beetles, their associated fungi, and live host
conifers. Annu. Rev. Entomol. 42: 179-206.

Parish, R., Antos, J.A., and Fortin, M.J. 1999. Stand development
in an old-growth subalpine forest in southern interior British Co-
lumbia. Can. J. For. Res. 29: 1347-1356.

Peltonen. M., Heliovaara, K., Vaisanen, R., and Keronen, J. 1998.
Bark beetle diversity at different spatial scales. Ecography, 21:
510-517.

Poland, T.M., and Borden, J.H. 1998a. Semiochemical-induced
competition between Dendroctonus rufipennis and two second-

© 2002 NRC Canada



1150

ary species, Ips tridens and Dryocoetes affaber (Coleoptera:
Scolytidae). J. Econ. Entomol. 91: 1142-1149.

Poland, T.M., and Borden, J.H. 1998b. Competitive exclusion of
Dendroctonus rufipennis induced by pheromones of Ips tridens
and Dryocoetes affaber (Coleoptera: Scolytidae). J. Econ.
Entomol. 91: 1150-1161.

Rassmussen, L. 1974. Flight and attack behavior of mountain pine
beetles in lodgepole pine of northern Utah and southern ldaho.
USDA For. Serv. Res. Not. INT-180.

Reynolds, K.M. 1992. Relations between activity of Dendroctonus
rufipennis (Kirby) on Lutz spruce and blue stain associated with
Leptographium abietinum (Peck) Wingfield. For. Ecol. Manage.
47: 71-86.

Ross, W.G., Kulhavy, D.L., and Conner, R.N. 1997. Stand conditions
and tree characteristics affect quality of longleaf pine for red-
cockaded woodpecker cavity trees. For. Ecol. Manage. 91: 145-154.

Safranyik. L., and Linton, D.A. 1988. Distribution of attacks on
spruce stumps by the spruce beetle Dendtoctonus rufipennis
Kirby (Coleoptera: Scolytidae), and effects on the length of egg
galleries. Can. Entomol. 120: 85-94.

Safranyik, L., Shrimpton, D.M., and Whitney, H.S. 1983. The role
of host—pest interactions in  population dynamics of
Dendroctonus rufipennis (Kirby) (Coleoptera: Scolytidae). In
Proceedings of International TUFRO/MAB Symposium. Edited
by A.S. Isaev. Academy of Sciences, Irkutsk, Russia. pp. 2-12.

Schmid, J.M. 1981. Spruce in blowdown. USDA For. Serv. Res.
Note RM-411.

Schmid, J.M., and Fryes, R.H. 1977. Spruce beetle in the Rockies.
USDA For. Serv. Gen. Tech. Rep. RM-49.

Schmid, J.M., and Hinds, T.E. 1974. Development of spruce—fir
stands following spruce beetle outbreaks. USDA For. Serv. Gen.
Tech. Rep. RM-309.

Schowalter, T.D., and Filip, G.M. 1993. Bark beetle - pathogen -
conifer interactions: an overview. In Beetle-pathogen interac-
tions in conifer forests. Edited by R.D. Schowalter and G.M.
Filip. Academic Press, San Diego, Calif. pp. 3-19.

Seifert, K.A. 1993. Sapstain of commercial lumber by species of
Ophiostoma and Ceratocystis. In Ceratocystis and Ophiostoma
taxonomy, ecology and pathogenicity. Edited by M.J. Wingfield.
K.A. Seifert, and J.F. Webber. American Phytopathological So-
ciety Press, St. Paul, Minn. pp. 141-152.

Seifert, K.A., and Okada, G. 1993. Graphium anamorphs of
Ophiostoma  species and  similar anamorphs of other
Ascomycetes. In Ceratocystis and Ophiostoma taxonomy, ecol-
ogy and pathogenicity. Edited by M.J. Wingfield, K.A. Seifert,
and J.F. Webber. American Phytopathological Society Press, St.
Paul, Minn. pp. 27-42.

Seifert, K.A., Webher, J.F., and Wingfield, M.J. 1993. Methods for
studying species of Ophiostoma and Ceratocystis. In Ceratocystis
and Ophiostoma taxonomy, ecology and pathogenicity. Edited by
M.J. Wingfield, K.A. Seifert, and J.F. Webber. American
Phytopathological Society Press, St. Paul, Minn. pp, 255-260.

Six. D.L., and Paine, T.D. 1996. Leptographium pyrinum is a
mycangial fungus of Dendroctonus adjunctus. Mycologia, 88:
739-744.

Six, D.L., and Paine, T.D. 1998. Effects of mycangial fungi and
host tree species on progeny survival and emergence of
Dendroctonus ponderosae (Coleoptera:  Scolytidae). Environ.
Entomol. 27: 1393-1401.

Can. J. For. Res. Vol. 32, 2002

Six, D.L., and Paine, T.D. 1999a. Allozyme diversity and gene
flow in Ophiostoma clavigerum (Ophiostomatales:
Ophiostomataceae), the mycangial fungus of the Jeffrey pine
beetle, Dendroctonus jeffreyi (Coleoptera: Scolytidae). Can. J.
For. Res. 29: 324-331.

Six, D.L., and Paine, T.D. 1999b. Phylogenetic comparison of
Ascomycete mycangial fungi and Dendroctonus bark beetles
(Coleoptera: Scolytidae). Ann. Entomol. Soc. Am. 92: 159-166.

Six, D.L., Paine, T.D., and Hare, J.D. 1999. Allozyme diversity
and gene flow in the hark beetle, Dendroctonus jefreyi
(Coleoptera: Scolytidae). Can. J. For. Res. 29: 315-323.

Solheim, H., and Safranyik, L. 1997. Pathogenicity of Sitka spruce
by Ceratocystis rufipenni and Leptographium abietinum, blue-
stain fungi associated with the spruce beetle. Can. J. For. Res.
27: 1336-1341.

Thomas, J.B. 1961. The life history of Ips pini (Say) (Coleoptera:
Scolytidae). Can. Entomol. XCIII: 384-390.

Upadhyay, H.P. 1981. A monograph of Ceratocystis and
Ceratocystiopsis. University of Georgia Press, Athens, Ga.

Upadhyay, H.P. 1993. Classification of ophiostomoid fungi. In
Ceratocystis and Ophiostoma taxonomy, ecology and pathoge-
nicity. Edited by M.J. Wingfield, K.A. Seifert, and J.F. Wehber.
American Phytopathological Society Press, St. Paul, Minn.
pp. 7-14.

Uzunovic, A., and Webber, J.F. 1998. Comparison of bluestain
fungi grown in vitro and in freshly cut pine billets. Eur. J. For.
Pathol. 28: 322-334.

Urunovic, A., Yang, D.Q., Gagné, P., Breuil, C., Bernier, L.,
Byrne, A., Gignac, M., and Kim, S.H. 1999. Fungi that cause
sapstain in Canadian softwoods, Can. J. Microbiol. 45: 914-922.

Wallin, K.F. 2001. Density related variability in host selection by bark
beetles: feedback between individual and population level pro-
cesses. Ph.D. dissertation, University of Wisconsin, Madison, wis.

Werner, R.A., and Holsten, E.H. 1984. Scolytidae associated with
felled white spruce in Alaska. Can. Entomol. 116: 465-471.

Werner, R.A., and Holsten, E.H. 1985. Factors influencing genera-
tion times of spruce beetles in Alaska. Can. J. For. Res. 15:
438-443.

Werner. R.A., Raffa, K.F., and Illman, B.L. 2002. Insect and patho-
gen dynamics. In Alaska’s changing boreal forest. Edited by
F.S. Chapin I, M. Oswood, K. Van Cleve, L.A. Viereck, and D.
Verbyla. Oxford University Press, Oxford, U.K. In press.

Whitney, H.S. 1982. Relationships between bark beetles and sym-
biotic organisms, In Bark beetles in North American conifers.
Edited by J.B. Mitton and K.B. Sturgeon. University of Texas,
Austin, Tex. pp. 183-211.

Wingfield, M.J. 1993. Leptographium species as anamorphs of
Ophiostoma: progress in establishing acceptable genera and spe-
cies concepts, In Ceratocystis and Ophiustoma taxonomy, ecol-
ogy and pathogenicity. Edired by M.J. Wingfield, K.A. Seifert,
and J.F. Webber. American Phytopathological Society Press, St.
Paul, Minn. pp. 43-52.

Wingfield, M.J., Harrington, T.C., and Solheim, H. 1997. Two spe-
cies in the Ceratocystis coerulescens complex from conifers in
western North America. Can. J. Bot. 75: 827-834.

Wood, S.L. 1982. The bark and ambrosia beetles of North and
Central America (Coleoptera: Scolytidae), a taxonomic mono-
graph. Great Basin Nat. Mem. 6.

0 2002 NRC Canada



