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RESEARCH SUMMARY

Some effects of ponderosa pine (Pinus ponderosa
Dougl. ex Laws.) phloem thickness on mountain pine
beetle (Dendroctonus ponderosae Hopkins [Coleoptera:
Scolytidae]) were studied in relation to beetle attack
and gallery densities. Brood production was positively
related to phloem thickness, beetle attack density, and
egg gallery density, but showed an asymptotic rela-
tionship at high attack and gallery densities. Female
length was positively related to phloem thickness but
negatively related to increasing egg gallery density.
Significantly greater proportions of females emerged
from medium and thick phloem than from thin phloem,
but sex ratio was not related to attack density. The
time of emergence was delayed in thin phloem com-
pared to medium and thick phloem.
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Mountain Pine Beetle in
Ponderosa Pine: Effects of
Phloem Thickness and Egg
Gallery Density

Gene D. Amman
Judith E. Pasek

INTRODUCTION

The mountain pine beetle (MPB) (Dendroctonus
ponderosae Hopkins [Coleoptera: Scolytidae)) kills more
pine trees in the Western United States than any other
insect. During epidemics, the beetle frequently kills over
a million trees a year in a single National Forest (Klein
and others 1979) or National Park (McGregor and others
1978).

Hopkins (1909) observed during an outbreak that as a
rule the largest and best trees are attacked first—
lodgepole (Pinus contorta Dougl.) and ponderosa
(P. ponderosa Dougl. ex Laws.) pines. He further states
that “it is only in the thicker bark on the lower portion
of the trunk of the medium to larger trees [lodgepole
pine] that beetle broods will reach their best develop-
ment.” Craighead and others (1931) state: ‘‘In contrast
to the trees [lodgepole pine] selected under endemic con-
ditions, it is the larger thick-barked trees that are first
attacked during epidemics.” The reason for this has been
related to thick phloem, the food of beetle larvae, in
such trees (Amman 1969). Beetle production, measured
as beetle emergence holes, in lodgepole was directly
related to crevice thickness of bark on the dead trees.
Amman (1969) also showed phloem thickness on living
lodgepole pine was highly correlated with bark crevice
thickness and suggested that beetle production is depen-
dent on phloem thickness of the infested tree. Subse-
quently, in a laboratory study, positive correlations
between beetle production and phloem thickness were
demonstrated (Amman 1972a; Amman and Pace 1976).
Phloem thickness of the host tree may also be important
in dynamics of other bark beetles. Haack and others
(1984) found significant correlations between egg gallery
construction and oviposition of Ips calligraphus (Germar)
and thickness of slash pine (P. elliottii Engelm.) phloem.

Because of the significant role phloem thickness plays
in the dynamics of MPB in lodgepole pine forests, simi-
lar studies were initiated in ponderosa pine, another
important host of the beetle and one in which losses con-
tinue to be high (McGregor 1985). Blackman (1931)
related MPB brood production in ponderosa pine to
crown characteristics and rainfall. Under conditions of
normal rainfall, trees having heavy crowns produced 42
percent more beetles than trees of medium crowns, and
92 percent more beetles than trees of light crowns. This

relationship to crown characteristics during normal rain-
fall suggests that phloem thickness may be involved
because trees having large crowns are probably the most
vigorous and would have the thickest phloem. Cole
(1973) found lodgepole phloem thickness to be signifi-
cantly and positively correlated with characteristics of
good tree vigor. Therefore, a study of MPB brood
production in ponderosa pine of different phloem thick-
ness was conducted. The objectives of the study were (1)
to determine beetle brood production in relationship to
phloem thickness, beetle attack density, and egg gallery
density, and (2) to determine effects of phloem thickness
and attack and gallery densities on beetle size, sex ratio,
and rate of emergence.

MATERIALS AND METHODS

Three uninfested ponderosa pine trees (one with thin
phloem, one with medium, and one with thick) were
felled on the Ashley National Forest in northeastern
Utah in November 1979. In addition, three infested trees
were felled at the same place and time. Billets 50 cm
long were cut from each tree and taken to our laboratory
in Ogden, UT, where the ends of the billets were waxed
to slow moisture loss. Uninfested billets were stored at
2 °C. Infested billets were kept at room temperatures of
20 to 27 °C so immature beetles could complete develop-
ment and emerge.

In January 1980, we delineated 25 areas (15.2 cm wide
by 30.5 cm tall) on uninfested billets taken from each of
the three trees. Phloem thickness measurements were
made in the center of the four sides of each of the 25
areas from each tree. Mean phloem thickness for each
tree was thin (X = 1.53 mm; sd = 0.23), medium (x =
2.88 mm; sd = 0.43), and thick (x = 3.49 mm; sd =
0.44). A 2.5-cm-wide strip of bark was removed from the
perimeter of each area to confine developing larvae.
Exposed sapwood and bark edges were waxed to slow
moisture loss.

To provide a start for egg galleries, vertical holes
(5 mm in diameter and 2.5 cm long) were drilled with the
long axis of the billet in the bark along the lower edge of
each area, and one pair of beetles was introduced into
each hole. Sex of beetles was determined by characteris-
tics of the seventh abdominal tergum (Lyon 1958). Holes
and beetle introductions were evenly spaced and varied



from one to five per area, depending upon desired attack
density. Each attack density was replicated five times in
each phloem thickness, resulting in 75 areas.

The newly infested billets were kept upright at room
temperatures of 20 to 27 °C and humidity of 20 to 40
percent throughout the experiment, which lasted about
4 months. Plastic screen cages were placed over the
infested areas and stapled to the sapwood. A plastic test
tube attached to the base of each ¢age served to catch
emerging beetles. Beetles were collected, counted, and
sexed daily. Length of each beetle was measured with an
ocular micrometer in a dissecting microscope. After
emergence was completed, bark was peeled from each of
the 75 areas. Bark areas were measured and the area at
the base where entrance holes were made was deleted. In
addition, area of phloem injured when the tree was felled

and thus avoided by beetles was subtracted from bark
area. Therefore, the area available to the beetles was less
than the approximately 465 cm? of each delineated bark
area. Remaining beetles, length of egg gallery, and suc-
cessful attacks (egg gallery starts) were counted.
Because egg gallery was not constructed in four areas,
analyses were based on the remaining 71 areas. Also,
some beetles did not make egg gallery; therefore, num-
bers of observations in each attack density differed from
the five planned in each phloem thickness. To determine
if excessive drying of bark and wood occurred during
beetle rearing, thus possibly affecting beetle survival, an
increment core about 1 inch long was taken from the
center of each area with an increment hammer and
placed in a glass vial. Moisture content of the wood then

Table 1—Data from study of mountain pine beetle production in ponderosa pine phloem of different

Attack
Item 1 2 3

X sd n X sd n X sd n
Brood production (No.) 11 15.20 13.63 9 2678 11.98 3 2547 16.19 6
2 36.31 25.64 7 3451 19.18 3 4028 19.75 3
3 3470 2285 9 56.64 29.38 3 6457 3247 3
Percent female 1 65.2 21.54 9 623 7.18 3 670 14.77 6
2 655 13.06 7 813 9.58 3 695 9.18 3
3 65.0 12.98 9 69.2 6.96 3 622 17.74 5
Female length (mm)?2 1 5.34 .48 65 5.25 .42 31 5.45 A7 67
2 5.81 41 120 5.66 .36 75 5.47 A7 68
3 5.77 .48 152 5.82 .38 81 5.72 37 147
Fifty percent (days)® 1A 923 9.31 9 887 19.35 3 765 1.87 6
beetle emergence 1B 1941 14.70 9 213 13.80 3 140 3.58 6
2A 750 5.23 7 780 6.00 3 757 9.02 3
2B 1141 3.02 7 170 5.57 3 150 7.21 3
3A 811 11.10 9 767 6.66 3 744 5.41 5
3B 238 10.80 9 197 2.52 3 160 5.24 5
Egg gallery (m) 1 .48 .29 9 .75 .25 3 .60 .25 6
2 .48 .19 7 .60 14 3 .83 14 3
3 49 .30 9 57 15 3 .83 .30 3
Phloem thickness (mm) 1 145 .28 9 1.60 .26 3 1.56 .28 6
2 2.91 .28 7 2.81 .54 3 2.98 .51 3
3 3.51 .44 9 3.72 13 3 3.50 .23 5
Sapwood moisture (pct)* 1 36.7 11.25 9 474 26.17 3 329 11.66 6
by weight 2 455 6.95 7 485 7.88 3 328 1.55 3
3 36.5 10.42 9 444 9.51 3 4986 747 5

11, 2, and 3 represent thin, medium, and thick phloem, respectively.

2Female length is measured from front of the head to tip of the elytra.

3A is the number of days for 50 percent of the new adults to emerge, starting from the day parent beetles were
introduced into a bark area to oviposit. B is the number of days for 50 percent of the new adults to emerge, starting from

the day the first new adult emerged from a bark area.

“Sapwood moisture was determined after beetle emergence was completed.




was determined by weighing, drying in an oven, and
reweighing the cores.

ANALYSIS OF DATA

The original data were expanded to represent beetles,
successful attacks, and egg gallery per 930 cm? for ease
of comparison with other studies using this size area.
Using these data, brood production (BP) was initially
subjected to multiple regression screens in two forms,
first as a function of phloem thickness (PT) and gallery
density (GD), and second using PT and attack density
(AD) to determine if effects of GD and AD were similar.
Multiple regression screens also were used to test for
effects of GD, AD, and PT on beetle size. Graphic and
descriptor development procedures follow those specified
in Matchacurves 1, 2, and 3 (Jensen 1973; Jensen and

thickness at different beetle attack densities/930 cm?

Homeyer 1970, 1971). Each three-dimensional model was
developed graphically, using trends in the data to arrive
at smoothed curve forms. These were fitted through the
data by approximate ‘‘least deviations.” The resulting
graphic forms were described algebraically. These
descriptors were given a least squares adjustment
(<5 percent in all cases) to their respective data sets.
ANOVA was used to test for differences in percent-
ages (arc sine transform) of new adults that were female,
and the Hartley Multiple Range Test was used to test
for differences between means (Snedecor 1956).

RESULTS AND DISCUSSION

We concentrated on four results from this study:
brood production, MPB size, sex ratio, and emergence
time (table 1).

density
4 5 6 7

X sd n X sd n X sd n X sd n
6.31 — 1 21.21 8.21 2 30.51 — 1 3110 15,53 2
60.43 20.70 7 39.07 — 1 7091 4162 2 - —_ -
61.88 17.23 3 7853 18.80 3 41.48 — 1 — — —
20.0 —_ 1 726 23.05 2 700 —_ 1 807 13.15 2
69.6 13.12 7 538 — 1 536 10.04 2 — — —
68.6 3.35 3 680 3.14 3 738 — 1 — - —
5.40 — 1 5.27 .44 17 5.18 72 14 5.16 43 36
5.47 42 225 5.21 .46 15 5.34 52 50 — — —
5.56 .34 93 5.59 .66 110 541 .33 30 — — —
104.0 — 1 855 17.68 2 80.0 — 1 825 7.78 2
36.0 — 1 150 8.49 2 210 — 1 205 71 2
72.6 3.99 7 820 — 1 76.0 1.41 2 — — —
11.0 1.83 7 17.0 — 1 13.0 4.24 2 — — —_
76.7 3.51 3 693 2.89 3 73.0 — 1 — — —
20.7 3.51 3 120 4.36 3 170 — 1 — — —
1.12 —_ 1 1.43 .09 2 1.03 — 1 1.69 19 2
1.27 .24 7 1.36 — 1 210 06 2 — — —_
1.37 .05 3 1.45 .40 3 2.11 — 1 —_ — —
1.47 — 1 1.44 31 2 1.78 — 1 1.70 18 2
2.87 .31 7 2.49 31 1 3.09 59 2 — — —
3.37 12 3 3.50 .49 3 3.18 - 1 — — —
31.4 — 1 416 20.93 2 26.0 — 1 33.2 8.06 2
39.3 10.92 7 221 — 1 283 21.21 2 — — —
42.3 9.22 3 289 4.09 3 50.1 — 1 — — —




Brood Production

A multiple regression screen of brood production as a
function of phloem thickness and gallery density showed
gallery density (GD) accounted for a larger amount of
variance (30 percent) in brood production than did
phloem thickness (PT) (20 percent) (table 2). In a second
screen, substituting attack density (AD) for GD, PT
accounted for a larger amount of variance (20 percent)
than AD (13 percent) (table 2). The PT effect in each
case was clearly linear, while both GD and AD were
quadratic in nature. Each regression was highly signifi-
cant (P < 0.005). With this information as a base, data
were partitioned in each case to examine more closely
the nature of the generally quadratic effects of GD and
AD. The results are shown in figures 1 and 2. Brood
production was significantly and positively related to
egg gallery density and phloem thickness (R? = 0.55;.

P < 0.01). For example, at 0.3 m of egg gallery per

930 cm?, average brood production was 10 for thin
phloem, 23 for medium, and 33 for thick (fig. 1). At

2.1 m of egg gallery per 930 cm? of bark, brood produc-
tion was 27 for thin, 56 for medium, and 75 for thick.
Brood production reached an asymptote at about 1.5 m
of egg gallery per 930 cm? with no drop in brood produc-
tion out to 2.1 m of gallery per 930 cm? of bark, the
highest egg gallery density observed in the test.

Brood production was significantly related to PT and
AD, the combined effect being similar to that of PT and
GD (R? = 0.38; P < 0.01). Brood production for seven
attacks per 930 cm? was 24 in thin phloem, 45 in
medium, and 70 in thick. Curves flattened considerably

NUMBER OF BEETLES PRODUCED
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PER 930 CM’ OF BARK
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EGG GALLERY (M) PER 930 CM® OF BARK

Figure 1—Mountain pine beetle brood production per unit
area of ponderosa pine bark increases with both egg gal-
lery density and phloem thickness.

BP/930 cm? = 0.9544 [Ul — ;’T' (7 - 3.281 GD)"]

Ul = (836.766) (0.03937 PT)"-2
= upper intercept
n = 2.92 + 83.87 (0.03937 PT)23
where
PT phloem thickness in millimeters

GD = egg gallery density in meters per 930 cm?
P < 0.01

RZ2 = 055

Limits: 0 < GD < 2.1.

Table 2—Multiple regression screen of mountain pine beetle brood produc-
tion as a function of ponderosa pine phloem thickness (PT) and
egg gallery density (GD), and ponderosa pine phloem thickness
(PT) and attack density (AD)

Phioem thickness - gallery density Phloem thickness - attack density

Varliables R2 Variables R?
GD 0.30 AD 0.13
GD? .23 AD? .08
PT .20 PT .20
PT2 .18 PT2 .18
GD x GD? .35 AD x AD? .20
GD x PT .49 AD x PT 35
GD x PT2 47 AD x PT? .33
GD?2 x PT 40 AD2 x PT .30
GD?2 x PT2 .38 AD?2 x PT2 .28
PT x PT2 .48 PT x PT2 .23
GD x GD?2 x PT .55 AD x AD? x PT .40
GD x GD? x PT? 53 AD x AD? x PT2 .38
GD x PT x PT2 .50 AD x PT x PT? .36
GD? x PT x PT? .56 AD? x PT x PT2 .31

GD x GD? x PT x PT? .56

AD x AD2? x PT x PT? 41




at three attacks per 930 cm? in all three phloem thick-
nesses (fig. 2). For example in phloem 1.5 mm thick, BP
was 19 for three attacks and only 24 for seven attacks;
for phloem 3.5 mm thick, BP was 63 for three attacks
and 71 for seven attacks. When estimating brood
production in wild populations, GD would be preferable
to AD because average GD declines with increased AD.
In addition, weather can greatly influence gallery length
per attack.

The somewhat stronger association of brood produc-
tion to GD than PT in ponderosa suggests MPB
dynamics may be different than in lodgepole, where
brood production is strongly associated with PT
(Amman 1972a; Amman and Pace 1976). Average BP
per 930 cm? in phloem 3.5 mm thick is 75 beetles in pon-
derosa pine in contrast to 112 in lodgepole. Differences
in continuity and intensity of infestations, which are
generally more severe in lodgepole, may be related te
these differences in brood production.

PER 930 CM® OF BARK

NUMBER OF BEETLES PRODUCED

7 L} -] 4 3 2 1 (1]

NUMBER OF EGG GALLERY STARTS
PER 930 CM® OF BARK

Figure 2—Mountain pine beetle brood production per unit

area of ponderosa pine bark increases with both attack
density and phloem thickness.

BP/930 cm? = 0.9256 [UI - ;’T' (7 - AD)")

Ul = (1045.2083) (0.03937 PT)!-3
= upper intercept
n = 2,78 + (18.3944) (0.03937 PT)'3

where

PT = phloem thickness in millimeters
AD = attack density per 830 cm?

P < 0.01

RZ = 0.38

Limits: 0 < AD < 7

Beetle Size

A multiple regression screen showed that female
length (FL) was related to the linear effects of PT and
GD. In this case, PT accounted for 22 percent (P < 0.01)
of the variance, and GD accounted for 11 percent

(P < 0.05) of the variance in FL (table 3). The combined
model explained 35 percent (P < 0.001) of the variance
in FL. The scaled effects are shown in figure 3.

Table 3—Multiple regression screen
for length of mountain pine
beetle females as a function
of ponderosa pine phloem
thickness (PT) and egg
gallery density (GD)

Variables R?
GD 0.11
GD2 .09
PT 22
PT2 .24
GD x GD? 12
GD x PT .35
GD x PT? .36
GD?2 x PT .33
GD? x PT? .33
PT x PT2 .24
GD x GD? x PT .35
GD x GD?2 x PT? .36
GD x PT x PT? .36
GD? x PT x PT? .35
GD x GD2 x PT x PT? .36

6.0 —

FEMALE LENGTH, MM

s.0L ya —Y1.8 &o
0.3 0.50.70.9 1.11.3 1.5 1.7 1.9 2.1

EGG GALLERY, M/930 CI’ OF BARK
Figure 3—Female mountain pine beetle length declines as

egg gallery density increases, but beetle length increases
as phloem thickness increases.

FL = 5.307 — 0.197 GD + 0.159 PT

where

FL = female length in millimeters

GD = gallery density in meters per 930 cm?
PT = phloem thickness in millimeters

P < 0.01

R2 =0.35

Limits: 0.3 < GD < 2.1.



Although sizes of both females and males showed the
same trend, only female size was analyzed. Average
female length at 0.3 m of egg gallery per 930 cm? ranged
from 5.49 mm for thin phloem to 5.81 mm for thick
phloem (fig. 3). At 2.1 m of gallery per 930 cm?, female
length ranged from 5.14 mm in thin phloem to 5.46 mm
in thick phloem. Similar relations were observed in
lodgepole pine (Amman and Pace 1976). However, beetle
size is greater in ponderosa than in lodgepole for any
specified combination of phloem thickness and egg gal-
lery density, which suggests that ponderosa phloem is
qualitatively better food than lodgepole phloem for
mountain pine beetles. Even when MPB of a single
population from lodgepole pine were reared in ponderosa
and lodgepole pines, those from ponderosa were signifi-
cantly larger than those from lodgepole (Amman 1982).
Two effects associated with small MPB are oviposition
of fewer eggs and smaller eggs than occurs with large
beetles (Amman 1972b; McGhehey 1971; Reid 1962).

Sex Ratio

The percentages of new adult beetles that were female
were not significantly correlated (P > 0.05) with attack
density in any of the three phloem thicknesses. There-
fore, comparisons were made between percentages of
beetles that were female from all attack densities. The
percentage of new adult beetles that were female did not
differ significantly (P > 0.05) between thick (66.8 per-
cent) and medium (67.0 percent) phloem, but was signifi-
cantly less (P < 0.005) in thin phloem (62.9 percent).
Factors that adversely affect developing MPB generally
result in lower survival of males than females. For exam-
ple: drying (Amman and Rasmussen 1974; Cole and
others 1976), cold storage (Safranyik 1976; Watson
1971), and thin phloem (Amman and Pace 1976) in lodge-
pole pine. The reduced percentage of females coming
from thin rather than thick ponderosa pine phloem is
just the opposite from the trend observed in lodgepole
pine, where thin phloem yielded 72 percent female and
thick phloem 66 percent female (Amman and Pace 1976).
No explanation is offered for this apparent reversal.
Additional observations are planned to determine if this
difference in sex ratio between beetles from thick and
thin ponderosa phloem is consistent.

Emergence Time

Emergence time of new adults was unrelated to attack
density except in thick phloem, where a significant nega-
tive correlation occurred (P < 0.05). Therefore, emer-
gence times for all beetles, regardless of attack density,

were combined for each phloem thickness.These data
showed that emergence of beetles from thin phloem was
delayed from that of beetles in medium and thick
phloem. The time interval for 50 percent of the beetles,
starting from introduction of parent adults into the bark
areas, was approximately 82 days in thin phloem com-
pared to 71 days in medium, and 75 in thick phloem.
The delay in thin phloem is even more apparent later in
the emergence cycle (fig. 4).

THICK PHLOEM

MEDIUM PHLOEM
80

40

CUMULATIVE NEW ADULT EMERGENCE, PCT

I 1 | 1 |
50 80 10 80 90 100 110 120 130

DAYS AFTER BARK INFESTED

Figure 4—Cumulative percentage of mountain pine beetle
emergence from three thicknesses of ponderosa pine
phloem (hand-fitted curves).

The differences in time of emergence may be due to
nutrition, with medium to thick phloem being best for
beetle development. Larvae feeding in thin phloem, par-
ticularly those in later instars, probably are chewing
outer bark and sapwood in addition to phloem as they
feed, thus delaying development. These tissues probably
are not as nutritious as phloem, which is readily availa-
ble to larvae feeding in medium to thick phloem. The
rate of beetle emergence was also slower in thin than in
thick lodgepole pine phloem (Amman and Cole 1983).

CONCLUSION

The significant association of MPB brood production,
beetle size, sex ratio, and time of emergence to phloem
thickness in ponderosa pine indicates phloem thickness
is an important factor in MPB dynamics in ponderosa
pine forests.
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