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Bark temperatures were recorded on five lodgepole pine {(Pinus contorta Dougl. ex Loud.) in stands of different growing
stock levels in Colorado and Wyoming Mean bark temperatures were significantly different among growing stock levels.
Temperatures in the partially cut growing stock levels were significantly warmer than in uncut controls during diumal hours,
but temperatures were cooler during nocturnal hours, Bark temperatures correlated with ambient air temperature. Equations

were developed for predicting north- and south-side bark temperatures for partially cut stands of three growing stock levels -

and an uncut control from air temperatures. Bark temperature patterns in lodgepole and ponderosa pine (Pinus ponderosa
Laws.) stands are compared. The relationship between growing stock level and mountain pine beetle (Dendroctonus pon-
derosae Hopk.) infestation is discussed from the standpoint of bark temperatures.
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La température de Iécorce a été enregistrée dans cing peuplements de pin de Murray (Pinus contorta Dougl. ex Loud)
contenant différentes quantités de matériel sur pied au Colorado ¢t au Wyoming. La temperature moyenne de I'écorce était
significativement différente selon la quantité de matériel sur pled Dans les peuplements qui avaient subi une coupe partielle,
la temperature était significativement plus chaude pendant le jour que dans les peuplements témoins qui n’avaient pas été
coupés mais elle était plus froide pendant la nuit. La température de 1’ écorce était corrélée avee la température de 1'air ambiant.

Des équations capables de prédire la température de écorce du coté nord et du c6té sud ont été développées & partir de la

température de 1’air pour des peuplements partiellément coupés a trois niveaux de matériel sur pied et pour des peuplements
témoins non coupés. Les patrons de température de |'écorce sont comparés dans des peuplements de pin de Murray et de pin
3 bois lourd (Pinus ponderosa Laws.). La relation entre la quantité de matériel sur pied et les infestations du dendroctone du
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Introduction

Partial cutting of dense pine stands changes their microcli-
maie and thereby reduces their susceptibility to mountain pine
beetle (MPB) (Dendroctonus ponderosae Hopk.) infestation
{Amman et al. 1988). The differences in stand temperatures
influence MPB behavior either directly by eliciting avoidance
of warmer stands (Bartos and Amman 1989) or indirectly
trough their influence on the dispersion and volatility of
MPB aggregating pheromones (Fares et al. 1980; Schrmtz
e gl 1989).

Bark temperatures in ponderosa pine (Pinus ponderosa
Laws.y stands are significantly altered by partial cutting
(Schmid et al. 1991). Bark temperatures on trees in growing
stock tevels® (GSLs) of 40 and 60 were significantly warmer
oclear days than on trees in GSLs of 150 (Schmid ez al.
1991) Outer bark temperatures of GSL 80 trees were also
fiéquently warmer than on GSL 150 trees but often not dif-
fﬁrent than the GSL 40 or 60 trees. Trees in the GSL 100 were
casionally warmer than GSL 150 trees, North-side bark
kmperatures were cooler and less variable than south- suie
mperatures {Schmid et al. 1991).

Temperature patterns in lodgepole pine (Pinus contorta
Dougl ex Loud.) stands have not been determined for specific
‘_‘—‘—_
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Gmwmg stock level (GSL) is defined as the residual square feet
O'basal area when average diameter is 210 in. When average diam-

tleris so small that basal area is not a convenient measure number
oftrees is used.
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pin (Dendroctonus ponderosae Hopk.) est discutée du point de vue de la température de I'écorce.

- [Traduit par la rédaction]

stocking levels. Bartos and Amman (1989) found that thinned
stands were warmer than unthinned stands, but their temper-
atures for thinned stands represented averages for stands in
which stand derisity averaged 94 ft* (1 ft* = 0.09 m®) of basal
area per acre, They did not examine the temperature relation-
ships between uncut stands and stands thinned to specific
stocking levels.

This paper reports on the outside bark temperature patterns
on the north and south sides of trees in partially cut stands of
lodgepole pine of specific GSLs as compared with uncut
stands. The primary goals were to determine if outside bark
temperatures were significantly different among the GSLs,
the magnitude and frequency of differences between the par-
tially cut GSLs and an uncut control over a 3- to '4-month
period, and their daily pattern throughout a 24-h period.

Methods

Two sets of GSL plots in ledgepole pine stands representing MPB-
susceptible stand conditions were selected for temperature measure-
ments. The Brush Creek plots are on the Medicine Bow National
Forest about 19 mi (1 mi = 1.6 km) southeast of Saratoga, Wyoming.
The KOA plots are on the Colorado State Forest about 18 mi south-
east of Walden, Colorado. Basal area per acre, mean diameter at breast
height (DBH), trees per acre, and original GSL for both sets of plots
are listed: in Table 1.

The Brush Creek plots consrst of three 2. 5—acre (1 acre = 0.40 ha)
plots, partially cut to GSLs of 40, 80, 120, and cne uncut 2.5-acre
plot serving as a control. The plots range in elevation from 8460 to
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TABLE 1. Stand characteristics of the Brush Creek and KOA
growing stock level (GSL) plots

Basal area
per acre Mean DBH Trees Original
(ftd) (in.) per acre . GSL
Brush Creek
GSL 40 40 9.8 76 250
GSL 80 81 10.0 148 232
GSL 120 116 8.9 263 245
Control 224 8.8 528 234
KOoA
GSIL. 80 74 8.2 198 156
GSL 100 97 9.0 218 146
GSL 120 114 : 8.6 288 145
Control . 138 7.8 410 155

8480 ft (1 ft = 0.3 m). All the plots have a southwest aspect except
the northern one-third of the GSL 120 plot, which has a north north-
west aspect. Stope in all plots ranges from 0 to 5% except for the
northern one-third of the GSL 120, where slope approaches 10%.

The KOA plots consist of three 2.5-acre plots partially cut to GSLs
of 80, 100, and 120, with one uncut 2.5-acre plot serving as the
control. The plots are 8820 ft in elevation. Slope in all plots is essen-
tially 0%, and therefore, they have no aspect.

As in the study of ponderosa pine bark teraperatures (Schmid et al.
1991), bark temperatures at 1.5 m above ground on the north and
south sides of five trees on each plot were recorded in degrees Fahr-
enheit (°F) (Fahrenheit temp. = 1.8(Celsius temp.) + 32) with YSI
* thermilinear thermistor networks® attached to wires that were con-
nected to Campbell Scientific 21x microloggers. The thermistor bead
portion of each thermilinear thermistor network was placed in crev-
ices or under bark scales so they were shaded from direct sunlight.
Ambient air temperature at-1 m above ground was recorded in the
vicinity of each micrologger, which was centrally located in relation
to the sample trees. )

Temperatures were recorded during May 25 to June 7, June 16 to
June 26, and July 25 to August 14, 1990, on the Brush Creek plots
and during June 29 to July 14, 1990, on the KOA plots. The MPB
generally attacks lodgepole pine from late July to mid-Auvgust
{Amman and Cole 1983), but beetles have been observed attacking
trees the 2nd week in July near Granby, Colorado, which is about
30 m south of the KOA plots (.M. Schmid, personal observation).

The sample trees were randomly located in the central portion of
each plot to reduce possible shading from adjacent uncut areas or
from plots of greater tree density. DBH of the sample trees ranged
from 7.6 to 12.0 in. (1'in. = 2.54 cm) at Brush Creek and 7.2 to
11.4 in. at KOA. T :

Instantaneous bark temperatures were. recorded every 60 min
throughout 24-h periods for several consecutive days. Hereafter, the
time when recordings were made (i.e., 06:00, 07:00, etc.) are referred
to in the analyses as the time variable. Mountain daylight times
(MDT) were recorded on a military time basis to facilitate later
analyses. :

Initially, north- and south-side bark temperatures from the sample
trees were tested across GSLs for significant differences among GSLs
and between sides using analysis of repeated measures, with sides
and time as repeated measures factors and GSL and nonsuccessive
days as analysis of variance factors. However, differences between

3The use of trade and company names is for the benefit of the
reader; such use does not constitate an official endorsement or
approval of any service or product by the U.S. Department of Agri-
culiure to the exclusion of others that may be suitable. ’

sides were inconsistent across time, GSLs, and nonsuccessive day
that is, significant interactions. Therefore, temperatures at SPeCiﬁé
times (i.e., 08:00, 10:00, etc.) and individual days were COMmpary
between north and south sides by deleting the time repeated meagyy,
factor from the initial analysis.

Mean bark temperatures were computed for the north side,
south side, and the average of both sides combined on the hour fr
each hour recorded. For example, mean temperatures were COmpn(g
for each hour (01:00, 02:00, etc.) throughout the day of July 3;
Before testing the means at specific times for significant difference,
among GSLs, homogeneity of variance was tested using the Levey
statistic (Snedecor and Cochran 1980). When variances were homg.
geneous, the means were tested for significant differences amgp
GSLs an each day temperatures were recorded using one-way analyg
of variance. When mean temperatures exhibited significant diffe.
ences, Tukey’s test was used to separate means that differed signif;.
cantly. When variances were heterogencous, Welch’s test and
multiple comparison procedures for data with heterogeneous variang
were used to determine significant differences among means (Dunngy
1980; Milliken and Johnson 1984). Significance was tested wij
o = 0.05.

After the analyses were completed, the frequency and magnityg
of significant differences among GSLs were determined for specifi
hours within a day by summarizing the results of the individual houry
analyses across days. These frequencies were used to determine t
general bark temperature patterns among GSLs,

North-side and south-side temperatures for each GSL at Brugy
Creek were plofted against air temperature to derive equations fy
predicting bark temperature on the north and seuth sides from a
temperature. Equations were derived from linear correlations for each
side for each GSL for each month of data. One equation was als
derived for each side for each GSL for all months combined, The
composite equation for each side for each GSL was tested against the
individual equations for the respective side for each GSL for ext
month by using the “extra sum of squares” principle (Draper an
Smith 1981) to determine if one equation adequately defined the |
relationship for the summer months. We did not derive similar equs
tions for the KOA data because we only had data from late June i
early July.

Results and discussion

Temperature patterns among GSLs

Mean bark temperatures for the combined sides varied sig-
nificantly among GSLs at each location but were not signif-
icantly different between all GSLs for all time periods. The
frequency of significant differences in bark temperatures was
influenced by GSL, time of day, and weather conditions.
Generally, trees in the lower GSLs were warmer than trees in
the control during the diurnal hours and cooler during the
nocturnal hours (Figs. 1 and 2).

Variances around the means among GSLs were generally
homogeneous except at 08:00, 10:00, 16:00, and 18:00. We
believe the heterogeneity during these daylight times is
caused by the interaction of the sun’s angle and stand density
such that solar radiation strikes some tree boles in the partially
cut stands, especially the lower GSLs, and creates greater
variability in their bark temperatures.

The frequency and the magnitude of differences among
GSLs varied by location. Differences in mean bark temperd
tures between the GSLs 80 and 120 and their respective
control during June and July were greater at Brush Creek tha
at KOA (Figs. 1 and 2). Although temperatures were not
recorded simultaneously in both locations, and thus differ
ences were mostly due to different weather conditions, we
believe stand structure partially accounts for some differences
between the two locations. The original GSLs at Brush Creek
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PIG 1. Mean difference in bark temperatures between growing stock levels (GSL) 40, 80, 120, and their control at Brush Creek by hour of
the:day for May, June, July, and August. Mean differences equal the mean temperatures of the combined north and south sides in the partially
wt plot minus the mean temperatures of the combined north and south sides in the control. :

12 16 20 24

were much higher than at KOA for respective GSLs (Table 1).
Consequently, partial cuiting removed 16 and 34% more basal
aea from GSLs 80 and 120 at Brush Creek than from the
same GSLs at KOA. Because the partial cutting created more
spenings in the canopy of the Brush Creek plots than in that
of the KOA plots, these openings allowed more solar radiation
to penetrate and increased warming of the air and trees in the
Brush Creek plots.

Differences in the mean bark temperatures varied with the
hour of the day, and the magnitude of these differences during
specific hours decreased with increasing GSL. Between 22:00
and 06:00, mean temperatures in the partially cut GSLs were

wnd 2). Only in GSL 40 were temperatures"more than 2°F
tooler than in the control (Fig. 1). From 07:00 to 10:00, dii-
ferences in mean bark temperatures between the partially cut
GSLS and their controls gradually increased, with increases
lﬂVE:rseiy related to GSL. However, the differences were
Significant generally less than 30% of the time from May
o August.

.From 10:00 to 18:00, greater and more frequent differences
inmean bark temperatures were particularly evident between
the partially cut GSLs and their control at Brush Creek, but
these differences varied with GSL and month. The Brush
Creek GSE 40 was 5 to 7°F warmer than its control in May-
hﬂlﬂ and 7 to 9°F warmer in July—August (Fig. 1). Tempera-

generally at least 1°F cooler than in their controls (Figs. 1

tures were significantly different from the control about
90% of the time during midday and nearly 100% of the time
during 14:00 to 16:00. The Brush Creck GSL 80 bark temper-
atures were 3.3 to 5.7°F warmer than those in the control in
May—June, while in July—August they were 3.9 to 6.9°F
warmer. Significant differences occurred about 83% of the
time, but only in July were they present more than 90% of
the time during the 10:00-18:00 period. Temperatures in
GSL 120 were 2.2 to 3.5°F warmer than those in the control
in May-June and 1.6 to 6.2°F warmer in July—August. Sig-.
nificant differences occurred 65 to 75% of the time between
10:00 and 18:00; however, temperatures in GSL 120 were
different about 35% at 10:00, whereas at 14:00, they were
different about 95% of the time.

At the KOA plots, bark temperatures in GSL 80 were 0.5°F
cooler than in the control between 02:00 and 06:00, while,
between 10:00 and 18:00, temperatures averaged less than
1.5°F warmer. However, a .malfunctioning micrologger
recorded data for only 5 days, so our pattern for this GSL may
not be representative. Temperatures were significantly dif-
ferent less than 10% of the time and differed by less than 1°F
when GSL 120 was compared with the control.

The temperature patterns among ledgepole GSLs at both
locations follow the general trend for bark temperature
patterns for ponderosa pine as defined by Schmid et al.
(1991). Basically, temperatures were relatively equal and not
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FI1G. 2. Mean difference in bark temperatures between growing
stock levels (GSL) 80, 100, 120, and their control at KOA by hour
of the day for June—July. Mean differences equal the mean tempera-
tures of the combined north and south sides in the partially cut plot
minus the mean temperatures of the combined north and south sides
in the control. : ’

significantly different from 07:00 to 09:00. As the sun angle
increases during these hours, sunlight penetrates the canopies
and begins heating the boles, especially in the lower GSLs.
Temperatures in all stands increase but the increases are
greater in the cut stands. After 09:00, temperatures continue
to increase with enough differentiation between the GSLs
that significant differences occur more consistently. During
midday, temperatures are generally significantly different
between GSLs 40 and 80 and the control. GSL 120 may also
be significantly different but the frequency is less than in
GSLs 40 and 80. As the sun angle declines in the afternoon,
temperature differences decrease. Significant differences may
still exist between 14:00 and 20:00 because of the bole heating
during the midday period. After 20:00, temperatures in
the cut stands cool appreciably and become cooler than the
ancut control:

The pattern of cooler nighttime bark temperatures in the

cut stands, particularly GSL 40, also follows the temperature
patterns in ponderosa pine GSLs observed by Schmid er al.
(1991). Nighttime bark temperatures in GSL 40 were 2 to 3°F

cooler than in the control (Fig. 1). In ponderosa pine, night-

time bark temperatures in (GS1. 40 were 2°F cooler than in
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the control and were thought to result from cooler nighttinie
air temperatures (Schmid er al. 1991). Although these I,
temperatures are probably not significantly different, the g
ference may reflect the basic difference in ponderosa gy
lodgepole pine bark thickness. Lodgepole bark is thinner thy,
ponderosa bark, and thinner bark cools faster than thicker bay
(Powell 1967). The combination of cooler nighttime air tey,
peratures and greater rate of heat loss on trees with thingg,
bark may cause the slightly lower bark temperatures in th,
lodgepole pine GSL 40. .

Temperature relationships between north and south sides.

The mean north-side bark temperatures were significanty
cooler than south-side bark temperatures, but the magnitug
of differences and the frequency of significant difference
between the two sides varied by the GSL, month, and hoy
of the day. From 20:00 to 08:00, mean temperatures on th
north sides were generally within 1°F of mean temperaturg
on the south sides for all GSLs during all time periods (Figs
and 4). Temperature differences of this magnitude were sig.
nificantly different less than 30% of the time in the Brug
Creek GSLs 40 and 80 and in all KOA GSLs. However, thi
temperature difference was significantly different more tha
50% of the time in the Brush Creek GSL 120 during specific
hours in May and in the Brush Creek control most of the time
in June, July, and August. We cannot explain the situation in
the Brush Creek GSL 120, but the increased frequency in the
significant differences in the Brush Creek control may refleq
the movement of cooler air into the plot from an adjacen
irrigation ditch that borders the control on the east side. The
cool air generally drains into the plot from a southeastery
direction, which may decrease the south-side bark tempers
tures faster than the north-side temperatures.

Temperature differences between the two sides increased

after 08:00 for all GSLs and maximized between 10:00 and
14:00 depending on the GSL (Figs. 3 and 4). Maximum dif
ferences for GSLs <80 were evident between 10:00 and 13:00.
Maximum differences for GSLs 2100 were evident betwees
12:00 and 14:00.

The greatest differences in north- and south-side bark tem-
peratures were evident in the Brush Creek GSL 40, wher
differences approached 14°F in July and August (Fig. 3)
Maximum differences between the north and south sides for
the other Brush Creek GSLs were 7 to 8°F and for the KOA
GSLs they were 4 to 6°F (Figs. 3 and 4). During the periods
of maximum temperature differences, significant differences
within each GSL were more evident in July and August than
in May and June.

After 14:00, bark temperature differences between the
north and south sides declined to the 1°F temperature differ-
ence common to the nocturnal hours. The north-side temper
atures in the Brush Creek GSLs 40 and 80 became warmer
than the south-side temperatures around 18:00 in May ané

- June. We suspect this late afternoon heating of the north sides

of the boles in these months may result because the sun is 0
a more northerly position. .
Bark temperatures correlated with air temperaturé
(Table 2). The equations reflect the interrelationship of s¢&
sonal weather patterns, side of the tree, and GSL.
North-side equations had higher coefficients and lower col
stants in May and June than in July and Aungust. In May and
June, air temperatures are seasonally increasing but cloU

R o amwm
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FiG. 3. Mean differences between north and south bark temperatures (°F) for each growing stock level (GSL) at Brush Creek by hour of the
er month. Temperature difference is the north-side temperature minus the south-side temperature, so negative temperatures indicate that
uth sides are warmer.

ation from convection heating is rare. When clouds are  this decreases the chances of bole heating from direct solar
ent, they generally originate from widespread low pres- radiation. Thus, shading is-an important factor and influences
areas and not from convection heating. In July and  the equations relating air and bark temperatures.
ust, air temperatures are wariner thap in May and June _
clouds are frequently formed by convection heating  Temperature paiterns in lodgepole versus ponderosa pine
ng the day. Because north-side bark surfaces recelive little Bark temperature patterns in lodgepole pine stands are
ct sunlight, their temperatures closely follow air temper-  very similar to the bark temperature patterns in ponderosa
ires. North-side bark temperature equations in May and  pine stands. Maximum temperature differences between com-
une have higher coefficients because hourly air temperatures parable GSLs and their controls, and the diumal pattern of
ly increase or decrease suddenly. In July and August, air  temperature. differences, closely agree between the two
bark temperatures rise in the morning hours, If convec- species. The magnitude of mean temperature differences for
-formed clouds appear at midday, air temperature drops  the ponderosa pine GSLs in specific months (Schmid et al.
¢ rapidly than bark temperature because.of the bark’s 1991) is considerably lower than for comparable lodgepole
lating properties. Thus, the relationship between air, and  pine GSLs in the same months. These differences are mostly
temperatures is less precise and the coefficients in the  atiributable to the weather patterns in 1989 versus 1990 plus
ations are smaller. 4 the limited number of recording days in the ponderosa
outh-side equations have more uniform coefficients and  pine plots. -
stants for most GSLs. Because south-side bark surfaces Bark temperature patterns for north versus south sides are
ive direct sunlight, the coefficients are greater than the also very similar to north-south patterns in ponderosa pine.
fficients in respective north-side bark.temperature equa- Original stand structure apparently plays a role in temper-
s, The effect of the direct sunlight somewhat mitigaies the ~ ature differences between partially cut stands and their respec-
ct of the seasonal weather patterns and maintains more tive uncut stands for both species. Temperature differences
form coefficients for each GSL throughout the 4 months. were slightly greater when stands of high original density
& coefficients for the north- and south-side equations  were cut to a specific GSL than they were when stands of
ally decrease with increasing stocking level. As stocking lower original density were cut to the same GSL. These
increases, crown closure becomes more complete and  greater temperature differences are apparently caused by the
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FiG. 4. Mean differences between north and south bark temperatures (°F) for each growing stock level (GSL) at KOA by hour of the day
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TasLE 2. Equations depicting the relationship between north-side and south-side bark
temperatures and air temperature (AT) for growing stock levels (GSL) at Brush Creek

by month
North-side South-side
GSL Month Equation R? Equation R
40 May 094 AT + 4.59 0.96 1.09 AT - 0.94 0.97
40 June 095 AT+ 4.14 0.97 1.06 AT +0.23 097
40 July 0.80 AT + 11.50 0.96 1.12 AT - 3.42 0.97
40 August 0.82 AT + 10.62 0.97 i.14 AT — 4.60 0.97
40 All 0.88 AT+ 7.27 0.96 109 AT - 1.52 057
80 May 093 AT+ 5.31 0.97 1.00 AT + 2.92 0.97
80 June 099 AT + 2.55 0.99 1.02 AT +2.10 098
80 July 0.85 AT + 10.35 0.97 1.01 AT + 2.61 0.97
80 August 0.84 AT + 10.48 0.97 1.03 AT + 1.49 0.96
8O All 090 AT + 7.02 0.98 1.01 AT +2.34 0.97
120 May 0.90 AT+ 6.39 0.98 0.96 AT + 4.10 0.97
120 June 0.96 AT + 4.00 0.99 0.99 AT - 3.47 0.98
120 July 0.79 AT + 13.10 0.97 0.98 AT + 3.52 0.95
120 August 0.78 AT + 13.19 0.97 097 AT +4.02 096
120 All 0.85 AT + 8.99 0.8 0.98 AT + 3.60 0.97
Control May 0.79 AT + 10.28 0.97 0.90 AT + 5.63 097
Control June 087 AT+ 7.62 0.98 093 AT +4.51 0.98
Conirol July 0.76 AT + 14.20 0.97 093 AT + 5.87 056
Control August 0.80 AT + 1249 0.97 (0.94 AT +5.33 0.95
Control All 0.85 AT+ 890 0.98 0.94 AT + 4.33 0.97

24




jifference in crown development in the high- versus low-
jensity stands and the relative amount of bole shading after
je stands are cut.

remperature differences, GSL, and MPB infestations
ponderosa pine stands of GSI. 100 may be the lowest stocking
pvel where stand temperatures are conducive for MPB attack
chmid et al. 1991). Because temperature patierns in lodge-
qole pine stands with the same stocking levels are similar to
jiose in ponderosa pine, GSL 100 may also be the threshold
fensity for MPB attack in lodgepole pine stands. However,
jio temperature patierns in our GSL 80 to 120 lodgepole stands
yere infrequently different statistically, with maximum mean
jifferences of 2 to 4°F during July—August when MPB attack.
This suggests that if GSL 80 stands are not susceptible, then
{sL 100 and 120 stands would also be unsusceptible from
e temperature standpoint. As noted earlier, uncut lodgepole
'?j;n:e stands frequently exhibit higher stocking densities, which
imit crown development. When they are cut, more of the
anopy is removed and greater bole heating is possible. Thus,
iilodgepole pine stands, GSL 120 may be the lowest level
{where stand temperatures conducive for attack are found.
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