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Abstract

We evaluate two landscape-scale microhabitat temperature prediction models suitable for the mountain pine beetle,
Dendroctonus ponderosae Hopkins (coleoptera: scolytidae). Both models are based on maximum and minimum air
temperatures measured at meteorological stations. The first, ‘lapse’ model employs temperature observations for a single
nearby weather station, adjusting maximum and minimum temperatures based on elevation differences and appropriate
historical vertical lapse rates. The second, ‘geographic trend surface’ model is based on the locations, elevations, and daily
temperature measurements of surrounding weather stations. Predicted air temperatures are adjusted with a radiance-based
exposure index to estimate sub-cortical phloem temperatures. Model parameters were estimated using original field
measurements at three sites, and using 25 years of regional temperature measurements for sites in the western United States.
Stand air temperature and phloem predictions were validated in comparisons with four withheld weather stations, and against
one year of independently measured temperatures from four forest stands. Mean errors (observed minus predicted) of daily
maximum stand air temperature ranged from —3.9 to 1.5°C, while mean prediction errors for daily minimum air
temperatures ranged from —6.3 to 1.7°C. The geographic trend surface model performed slightly better across a range of
sites, both for maximum and minimum air temperatures. Phloem temperature predictions were generally more variable,
particularly for maximum temperatures on south sides of trees. Standard deviations in prediction errors were generally lower
for minimum temperatures and did not differ by model form or tree exposures. © 1997 Elsevier Science B.V. All rights
reserved
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1. Introduction ex Laws.) forests of western North America. Due to

periodic outbreaks the mountain pine beetle is an

The mountain pine beetle (Dendroctonus pon-
derosae Hopk.) is a predominantly univoltine phloem
feeder common in lodgepole ( Pinus contorta Doug.
ex Loud.) and ponderosa pine ( P. ponderosae Doug.
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agent of large economic and ecological importance.
Because the mountain pine beetle characteristically
spends the majority of its life stages in the inner bark
and phloem, knowledge of subcortical environmental
conditions is key to understanding mountain pine
beetle biology.

Temperature is among the most important factors
governing mountain pine beetle population dynamics
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(Reid and Gates, 1970; Amman and Cole, 1983;
Bentz et al., 1991, Safranyik, 1978). Cold tempera-
tures are an important cause of mountain pine beetle
mortality (Cole and Amman, 1980; Amman and
Cole, 1983; Landgor, 1989; Bentz, in press) and
hence key controllers of population densities. The
effectiveness of stand density manipulations known
to reduce mountain pine beetle-caused mortality
(Amman et al., 1977; McGregor et al., 1987) may in
part be due to modification of tree-phloem tempera-
tures (Bartos and Amman, 1989; Schmid and Mata,
1992).

Air and phloem temperature regimes in stands
inhabited by mountain pine beetle have been docu-
mented in a number of studies (Graham, 1924; Beal,
1934; Powell, 1967, Bartos and Amman, 1989;
Schmid et al., 1991; Schmid et al., 1992). Night-time
phloem temperatures have been reported as consis-
tently warmer when compared to surface bark or air
temperatures (Powell, 1967; Schmid et al., 1991).
During the daytime, insolation-caused heating com-
monly results in elevated temperature maxima rela-
tive to air temperatures. However these effects are
strongly influenced by crown density (Schmid et al.,
1991; Schmid et al., 1992). Powell (1967) reported
west and north-sides daytime temperatures which
were the same and cooler (1°C), respectively, than
air temperature. This previous work indicate temper-
atures on the south sides of trees show higher diurnal
variation and have warmer maximas than north sides.

Studies by Logan and Amman (1986) and Bentz
et al. (1991) have established the relationship be-
tween temperature and mountain pine beetle devel-
opment. They noted optimum development tempera-
tures for all life stages of between 23 and 25°C, in
agreement with Safranyik and Whitney (1985). Bentz
et al. (1991) also observed that each life stage has a
specific optimum temperature regime and threshold
for development, that over ‘typical’ annual tempera-
ture cycles provides a mechanism for synchronizing
life stages and adult emergence.

Landscape-scale phenology models are the next
step in our progression of understanding mountain
pine beetle biology. Since most successful reproduc-
tion involves aggregation and mass attack, synchrony
and concentration at stand to landscape scales may
play an important role in outbreak dynamics. Micro-
habitat temperatures vary due to elevation, exposure,

stand density, and a number of other factors. Rela-
tive temperature differentials may be greater in some
years than others, e.g., cloudy versus clear summers,
even though mean temperatures for the period may
be quite similar. In this manner, environmental het-
erogeneity may affect outbreak dynamics, particu-
larly for dispersing/aggregating species such as
mountain pine beetle. This paper outlines two ap-
proaches for modelling stand air and phloem temper-
atures, and presents validation results for both mod-
els.

2. Model description

Two alternative methods were used to predict
stand air and then phloem temperatures. Both meth-
ods first predict daily maximum and minimum stand
air temperatures, based on air temperature measure-
ments from one or more weather stations. Daily
maximum and minimum phloem temperatures were
then predicted for tree north and south sides. Finally,
hourly phloem temperatures were interpolated using
a modified sine-wave /exponential technique (Parton
and Logan, 1981). The two methods differed in how
daily stand air maximum and minimum temperatures
were predicted.

The first method, hereafter referred to as the
‘lapse’ model, involves predictions of daily stand
maximum and minimum air temperature from a sin-
gle ‘base’ weather station

Tmax=Tmaxb+AZ'Lxm +Imax'Exs,m._ (l)

Exsvm= Rie = Rpa (2)
Rﬂa!

Tmin = Tmin + AZan’ (3)

where subscripts s, b, and m indicate stand, base and
month, T, , 7, . = daily maximum, minimum tem-
perature, AZ = stand minus base elevation in meters,
Lx,,, Ln, =mean lapse rates for maximum and
minimum temperatures, I, = a constant, maximum
temperature increase due to exposure, Ex =
exposure index, (R, — Rp,)/(Ry,), where R is
calculated monthly average potential daily diffuse

plus direct solar radiation integrated from sunrise to
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sunset, assuming 21 km clear sky (Hottel, 1976) and
adjusted for incidence angle (Swift and Knoerr,
1973), AT = daily T,,,, — Tin, ATos is historical 95
percentile T, — Ty,in,-

The ‘lapse’ model assumes a significant propor-
tion of the temperature difference between the base
and stand derives from the lapse rate, the change in
temperature with a change in elevation (usually °C
per 100 m or 1000 m). The last term in (1) is an
attempt to represent warming due to exposure. Previ-
ous studies dictate elevated temperatures on south-
southwestern exposures and allow estimates of T,
and the relationship between [, and daily R,
(Bristow and Campbell, 1984). While others have
included aspect/slope relationships in site-specific
temperature predictions (e.g., Hungerford et al.,
1989), these models have been inadequately tested.

Lapse relationships or models have been widely
used, in part because they require minimal input and
are simple to apply. Potential disadvantages include
base station bias, daily variation about mean seasonal
or annual lapse rates, accuracy, appropriateness, or
variations in exposure not represented in the model,
and sensitivity to base-stand distance. Average lapse
rates may vary by the time interval integrated, e.g.,
annually, seasonally, or daily. Predictions based on
an annual average may be in error for a given day.
Lapse characteristics and form are also known to
vary by topographic position, e.g., observed tempera-
ture inversions in mountain valleys.

Our second stand air temperature prediction
method involved estimating temperature based on
maximum and minimum air temperature measure-
ments for a number of weather stations in a region.
This method involves fitting regression models to
predict landscape temperature, and has been applied
in previous studies of mean annual and seasonal
temperature (Pielke and Mehring, 1977; Leffler,
1981; Boyer, 1984) and daily temperature (Russo et
al., 1993). Regression models generally incorporate
daily vertical and horizontal temperature gradients.
In this study, the following forms for this ‘geo-
graphic’ model were used

ax ,

AT
ATy
(4)

Tmax=BO+BIZ+BZ¢+B3/\+Imax.Exs'

and
Tan=ayta z+a,¢d+ ajA, (5)

where «’s and B’s are estimated from daily regres-
sion models, latitude (b) and longitude (\) are in
decimal degrees, and elevation ( z) in meters.

For both methods, south facing phloem maxima
were predicted from air temperature according to

AT
TPmax = Tmaxs + APmaxslm ’ AT95 4 (6)
where TP, = south-side phloem maximum temper-
ature, AP, = insolation increase in phloem maxi-

mum temperature, and the remaining terms are as
previously defined in Egs. (1) through (3). North and
south side phloem temperature minima were as-
sumed to be a constant 0.57°C warmer then stand
minimum air temperature, and north phloem maxi-
mum temperature was assumed to be equal to stand
air temperature

3. Study areas and data

Models were developed and validated in two re-
gions, one bounded approximately by latitudes 40°
and 43°N and 109° and 113°W, including portions of
southern Idaho, western Wyoming, and northern and
eastern Utah, USA (Utah study area), and one
bounded by 42° and 46°N, and 112° and 116°W,
including western Montana and central Idaho, USA
(Idaho study area). Elevations in these areas gener-
ally range between 1200 and 3500 m with lower
elevations dominated by grasslands and shrub steppe,
mid-elevations dominated by coniferous forests, and
upper elevations by alpine vegetation (Martson and
Anderson, 1994). Model development, parameteriza-
tion, and testing were based on data reported in the
literature and on original field measurements.

3.1. Meteorological data

Average seasonal, monthly and daily maximum
and minimum temperature lapse rates were obtained
from the United States National Weather Service
reporting network (NCDC) for the 25-year period
1964 through 1988. Seventy-six stations were avail-
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able for the Utah study region, and 63 for the Idaho
study region (Fig. 1). Stations were considered eligi-
ble if maximum and minimum temperature data were
at least 90% complete for the period of record.
Stations ranged in elevation from 1200 to 2700 m.
Station density and distribution were non-uniform
with respect to both geographic and terrain position,
with a higher density in Utah and in river canyons,
and skewed toward lower elevations. The effect of
vertical station distribution was examined by analyz-
ing NCDC data with data from 49 stations in a high
elevation network maintained by the U.S. Soil Con-
servation Service (SNOTEL network). SNOTEL data
were available for 1989 through 1993. Lapse rates
were calculated based on the NCDC and combined

NCDC/SNOTEL data, and compared. For the 25-
year data set, lapse rates (°C/1000 m) were deter-
mined for Egs. (1) through (3) from daily linear
regression of temperatures on elevation, latitude, and
longitude, restricted to days for which geographic
coordinates by elevation interactions were not signif-
icant (8,749 days, a <0.1). Lapse rates were then
summarized by month. Exposure indices (R, ) were
ratios based on potential clear-sky radiation, integrat-
ing hourly approximations developed by Liu and
Jordan (1960); Hottel (1976); and Nann and Riordin
(1991), adjusted for latitude and daylength (Swift
and Knoerr, 1973; Brock, 1981). Daily exposure-
caused temperature differentials reported in the liter-
ature ranged from —2.0 to 10.2 (Parker, 1952; Fin-
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Fig. 1. Meteorological station locations.
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klin, 1983; Bristow and Campbell, 1984; Kaufmann,
1984; Werling and Tajchman, 1984; Segal et al.,
1985). We evaluated reported exposure-caused tem-
perature differentials for use in parameterizing the
models in our study areas. In addition, we measured
exposure effects on air and phloem temperatures on
three adjacent sites: northeast facing, southwest-fac-
ing, and ridgetop. These three ‘Stanley Ridge’ sites
were in close proximity, at an elevation of 2713 m,
on a ridge near Stanley, Idaho. Measurements began
Julian day (JD) 287, 1993 and ended Julian day 258,
1994. Hourly phloem temperatures were measured
using 24G copper—constantan thermocouples at each
location on the north and south sides of each of two
lodgepole pine bolts '. Bolts were approximately 30
cm in diameter, 1.4 m long, and had the ends waxed
to reduce moisture loss. Cut bolts were used to
approximate an attacked tree, and for comparisons to
the other sites, where measurements were in infested
trees. These data were the primary basis for esti-
mates of [_,., the expected increase or decrease in
temperature due to the slope and aspect (exposure)
of the site.

Monthly south phloem to north phloem daily
maximum temperature differentials (AP, ) were
based on data from two sites in central Idaho. Cop-
per—constantan thermocouples were inserted at 1.2
m in the north and south phloem of 4 trees in mature
lodgepole pine stands. Temperatures were measured
every 10 min and averaged hourly, from JD 230
1993 to JD 235 1994. Stand canopy closures were
over 80% at the time of infestation, elevation at both
sites was approximately 2240 m, slopes were 8% and
20%, and aspects SW and E respectively. These data
are independent from all other model development
and validation data used in this study.

Model validation was based on the comparisons
of predicted and observed temperatures from two
data sets. The first set consisted of four withheld
NCDC temperature measurement stations. These sta-
tions were not used in estimating lapse rates or

LAl temperatures were recorded and stored using a Campbell
Scientific 21x micrologger. The use of trade and company names
does not constitute an official endorsement or approval of any
service or product by the USDA to the exclusion of others that
may be suitable.

calculating other model parameters. Predicted versus
observed air temperatures were compared for each
station for each of three years: 1978 (typical year
based on mean annual temperature), 1981 (warm
year) and 1984 (cool year). A second validation set
was based on independent air and phloem tempera-
ture measurements in four logdepole pine stands
with active mountain pine beetle populations: (1)
latitude N44° 07', elevation 2260 m, (2) latitude
N43° 54, elevation 2347 m., (3) latitude N42° 45',
elevation 2120 m and (4) latitude N41° 56, elevation
2042 m. The sites were all of low to moderate slope,
with a range of aspects. Hourly phloem temperatures
were determined for each of two to four trees in each
stand for approximately one year, beginning JD 210,
1992 through JD 230, 1993. Temperatures were
measured using 24-gauge copper—constantan ther-
mocouples inserted into the phloem on the north and
south sides of trees. All future references to north or
south phloem refer to measurements on the north or
south sides of trees, regardless of the aspect of the
site. South slope and north slope will be used to
indicate site aspect. In addition, shielded thermocou-
ples were used to measure maximum and minimum
air temperatures at 1.5 m and maxima and minima
times were recorded. Because temperatures among
trees did not differ significantly, measurements were
averaged for each site.

4. Results and discussion
4.1. Model parameter AT,s, P, .. E, and 1,

Daily maximum minus minimum air temperature
differentials (AT) averaged 15.6°C for the 25-year
NCDC data set, ranged from O to 37.9°C, with a
standard deviation of 5.8°C. The observed 95th per-
centile used in the lapse and geographic models
(ATys) equalled 24.4°C.

Daily maximum south phloem temperature minus
north phloem temperature (AP, ) measured at the
Ranch IT and Smiley Creek sites averaged 6.5°C, and
varied considerably over the year (Table 1). Average
monthly values ranged from 3.8 to 10.2°C, highest in
early spring and again in fall, and lowest during the
summer. Standard errors followed a similar pattern,
as did the extreme maximum temperature differen-
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Table 1

South versus north phloem temperature differentials observed at
the Ranch II and Smiley Creek sites. Daily maximum values were
recorded for each tree, and then averaged. Listed mean values
were used for the monthly AP, parameters in the geographic
and lapse models. All values are in °C

Month Mean  Standard Maximum  Minimum
deviation
January 6.8 7.0 28.6 -09
February 5.5 6.9 31.3 -25
March 8.4 75 331 -20
April 5.2 48 23.8 -20
May 38 39 17.7 -14
June 5.0 37 15.7 -0.7
July 5.8 46 20.0 -0.7
August 7.2 55 240 0.3
September  10.2 7.0 30.0 0.7
October 8.0 7.6 314 —-22
November 6.8 6.9 22.1 -19
December 6.1 5.8 19.4 —-1.6

tials. Observed south phloem temperatures were as
much as 33°C warmer than north phloem tempera-
tures. Table 1 values were used for monthly AP,
coefficients in both the geographic and lapse models.
North and south phloem daily minima averaged 2.1
and 1.6°C warmer, respectively, than the daily mini-
mum air temperature, and there was no difference
between maximum daily north phloem and maxi-
mum air temperature. No patterns were discerned in
monthly mean phloem-to-air temperature differences.
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Site exposure indices (E, ) calculated for 43°N
varied in a regular manner by time of year, slope,
and aspect (Fig. 2a and b). The indices represent the
proportional difference between the daily cumulative
radiation for a slope /aspect combination and a hori-
zontal site at the same latitude. Exposure indices are
generally lower in summer than in winter. Winter
exposures for study area latitudes are largest on
steep, south-facing slopes, and lowest for steep
north-facing slope. Winter exposure gradients vary
considerably, with values approaching — 1 (the lower
limit for this exposure index) on north facing stopes
> 30°.

Daily maximum south-phloem temperatures at the
Stanley Ridge sites were typically warmer than max-
imum air temperatures, with differences ranging from
—1 to over 21°C (Fig. 3, Table 2). Largest differen-
tial in late summer and early fall (Table 2). Phloem
minimum temperatures more closely followed air
temperatures across all seasons (Table 2 and Fig. 4).

4.2. Air temperature estimates

Summaries of the errors (observed minus pre-
dicted) in air temperature estimates for the withheld
NCDC validation set are presented in Tables 3 and 4.
In general they indicate the lapse model provides
slightly less accurate and more variable estimates of
daily maximum and minimum air temperature, when
compared to the geographic model, at least when

slope=20

slope=30
slope=40 J

Exposure Index

0.3 +
0. ‘0
%’ Julian Day =195 *

-0.4 Ay T
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Fig. 2. Calculated exposure indices (R, — Rp,,)/(Rpq,,) versus slope (degrees) for days in (a) winter, and (b) summer.
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Fig. 3. Observed daily maximum south phloem temperature versus
daily maximum air temperature, Stanley Ridge site. Daily maxi-
mum temperatures are based on hourly measurements of four
trees. averaged after maximum identified.

predicting the temperatures at withheld weather sta-
tions. These differences were small, although they
were generally statistically significant (a = 0.05).
Predicted maxima were both warmer and cooler than
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Fig. 4. Observed daily minimum south phloem temperature versus
daily minimum air temperature, Stanley Ridge site.

observed, and minimum air temperatures were gener-
ally warmer than the observed temperatures. Predic-
tions for withheld NCDC sites were generally poorer
for the Utah study area when compared to the Idaho
study area.

Air temperature measurements for the four valida-

Table 2

Observed seasonal air and phloem temperature mean and standard deviations (..) for the Stanley Ridge sites, all bolts combined (2 each at

NE, SW, and neutral exposures). Measurements at this site were used to aid selection of model parameters /,, and P

nax - Winter includes

December through February, spring March through May, summer June through August, and fall September through November

Air temperature Winter Spring Summer Fali

Daily maximum —-4.63.7 4.6 (6.1) 17.6 (4.8) 3.8(8.1)
Daily minimum -103(3.9 -3.5(5.6) 8.1(5.4) -3.801.7)
Phloem temperature

Southside, daily maximum temp. 1.6(5.4) 10.9(6.7) 253(7.3) 13.9(11.1)
Northside, daily maximum temp. -45(2.6) 4.5(6.1) 21.4(6.1) 4.4(8.9)
South Phloem—North Phloem,

Daily maximum temperature 6.1 6.4 3.9 9.5
Southside, daily minimum temp. -9.7(3.5) -22(4.4) 8.0 (4.8) -3.3(7.3)
Northside, daily minimum temp. -9.6(3.4) —2.0(4.5) 8.5(4.8) -3.3(7.4)
South Phloem—North Phloem,

Daily minimum temperature —0.1 —-0.2 -0.5 0.0
Phloem temperature minus air temperature
South max. minus air max. 6.2 6.3 7.7 10.1
North max. minus air max. 0.1 —0.1 38 0.6
South min. minus air min. 0.6 1.3 -0.1 0.5
North min. minus air min. 0.7 1.5 0.4 0.5
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Table 3

Air temperature prediction errors (observed minus predicted),
Utah study area, based on four withheld NCDC meteorological
stations for 1978 (typical year), 1981 (above average tempera-
tures) and 1984 (below average temperatures). Test years were
chosen based on average annual temperature, compared to the 25
year mean

Error (°C) 1978 1981 1984

Lapse Geo- Lapse Geo- Lapse Geo-

graphic graphic graphic

Tmax
Mean -05 -—0.1 0.6 0.27 -07 -02
Maximum  19.6 7.6 15.5 9.5 124 113
Minimum -11.7 -83 -141 -91 -—11.5 -7.62
Std. dev. 35 2.1 3.6 2.1 33 2.1
n 1384 1452 1428 906 1464 1464
Tmin
Mean -26 -—18 —1.5 0.3 -23 -15
Maximum  12.1 8.3 12.3 9.5 13.9 8.6
Minimum -149 -11..1 =144 -91 -17.0 —10.0
Std. dev. 3.6 2.4 3.4 2.1 2.1 23
n 1384 1451 1425 1458 1464 1464

tion stands indicate the geographic model generally
performs slightly better than the lapse model (Table
5). Prediction errors for stand air temperature are
greater than errors for withheld NCDC weather sta-
tions.

Table 5

P.V. Bolstad et al. / Ecological Modelling 94 (1997) 287-297

Table 4

Air temperature prediction errors (observed minus predicted),
Idaho study area based on four withheld meteorological stations
for 1978 (typical year), 1981 (warm year), and 1984 (cool year).
Test years were chosen based on average annual temperature,
compared to the 25 year mean

Ermor (°C) 1978 1981 1984

Lapse Geo-  Lapse Geo-  Lapse Geo-

graphic graphic graphic

Tmax
Mean 0.5 0.0 0.0 0.0 0.3 0.2
Maximum  15.6 9.0 14.2 11.6 14.7 9.4
Minimum -124 -102 -119 -87 -124 -70
Std. dev. 2.9 2.1 3.0 22 3.2 2.1
n 1444 1450 1427 1449 1465 1464
Tmin
Mean -08 -09 ~11 ~-11 02 -06
Maximum 14.9 7.1 10.5 79 15.2 7.6
Minimum -150 -11.0 -185 —-189 -127 -125
Std. dev. 3.7 23 3.6 23 3.8 2.5
n 1424 1451 1387 1412 1464 1464

4.3. Phloem temperature estimates

Predicted daily maximum phloem temperatures
were generally warmer than observed temperatures
for both the north and south sides of trees in our four
validation stands (Tables 6 and 7), while predicted

Stand air temperature prediction errors (observed minus predicted), four validation stands. Air temperatures measured with a shielded

copper—constantan thermocouple, at 1.2 m height

Station
Error (°C) Galena Moose Logan Canyon Ranch

Lapse Geographic Lapse Geographic Lapse Geographic Lapse Geographic
Tmax
Mean -39 -2.7 0.5 —3.03 -32 —-3.1 1.5 0.0
Maximum 9.6 9.5 21.6 11.9 16.2 10.9 19.7 11.9
Minimum -21.0 —158 —20.1 —-193 -19.9 —18.7 -85 -11.3
Std. dev. 5.7 4.7 7.7 5.6 6.3 5.4 4.1 4.0
n 363 363 351 352 305 397 364 364
Tmin
Mean 3.8 -0.6 6.3 3.8 -17 -1.2 0.7 1.5
Maximum 17.9 10.4 34.7 29.9 19.6 17.3 11.2 18.2
Minimum —-11.8 —14.8 -5.1 -10.1 —14.0 —17.2 —12.5 — 1438
Std. dev. 5.6 44 715 7.4 5.5 53 32 4.8
n 363 363 351 352 305 396 364 364
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Table 6

Errors (observed minus predicted) in daily southside phloem temperature estimates, four validation stands. Observed means based on daily
maximum and minimum temperatures measured on each of four trees, then averaged for a stand estimate of south phloem maximum and

minimum temperatures

Station
Error (°C) Galena Moose Logan Canyon Ranch

Lapse Geographic Lapse Geographic Lapse Geographic Lapse Geographic
Tmax
Mean ~1.1 0.1 -29 -23 - 1.1 -2.4 1.3 -12
Maximum 10.5 10.9 12.9 10.5 14.3 8.4 11.8 9.2
Minimum -16.3 —15.9 —-193 -18.8 ~18.9 - 189 -17.9 -30.5
Sid. dev. 5.5 4.6 5.7 48 6.4 5.4 8.1 8.4
n 363 363 351 351 305 397 364 364
Tmin
Mean 59 1.8 8.2 2.8 -0.7 0.1 1.5 1.4
Maximum 18.3 10.8 20.3 16.1 17.2 14.9 10.0 16.1
Minimum ~11.2 — 145 -8.1 —-152 - 157 -14.6 -121 -14.1
Std. dev. 5.5 43 5.0 39 5.0 4.6 3.1 4.8
n 363 363 351 351 305 397 361 361

minimum temperatures were cooler than observed.
These trends were not consistent for all sites and
sides of tree. However, in general, the geographic
model performed better than the lapse model when
predicting daily maximum and minimum tempera-
tures. Differences in mean prediction error between

Table 7

the two models were largest for minimum tempera-
ture. Mean errors for daily minimum phloem temper-
atures were larger in magnitude than those observed
for maximum temperature. Extreme error magnitudes
were quite large (Tables 6 and 7, Fig. 5). These
extreme errors may be due in part to micro-scale

Errors (observed minus predicted) in daily northside phloem temperature estimates, four validation stands. Observed means based on daily
maximum and minimum temperatures measured on each of four trees, then averaged for a stand estimate of south phloem maximum and

minimum temperatures

Station
Error (°C) Galena Moose Logan Canyon Ranch

Lapse Geographic Lapse Geographic Lapse Geographic Lapse Geographic
Tmax
Mean -20 -0.8 —3.1 —-2.5 -36 —4.7 -1.0 -1.9
Maximum -10.7 13.3 11.5 8.0 11.4 6.7 15.0 8.2
Minimum -16.9 —14.2 —184 —-17.4 —18.9 —18.0 —-138 —139
Std. dev. 5.2 43 5.2 43 5.6 4.8 5.3 5.5
n 363 363 351 351 305 397 364 364
Tmin
Mean 6.2 1.8 8.1 2.6 -1.7 -0.9 0.9 1.0
Maximum —18.2 11.0 19.2 16.0 17.2 14.9 10.0 15.9
Minimum —11.4 -15.0 —8.4 - 154 —15.5 —145 —-11.9 —12.8
Std. dev. 54 42 5.1 39 49 4.6 2.9 47
n 363 363 351 351 305 397 361 361
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Fig. 5. Predicted daily south phloem temperatures, lapse model
and geographic model, Galena site, in central Idaho.

spatial and temporal variation in phloem tempera-
tures, largely caused by insolative heating. Current
and future field experiments will better determine the
nature of this within-bole variation.

The biological significance of these errors in pre-
dicted phloem temperatures will depend on how they
affect predictions of mountain pine beetle phenology.
Phloem temperature predictions are filtered through
non-linear development rate curves (Bentz et al.,
1991), in which the magnitude of the input error may
not correspond to the magnitude of the output error.
To adequately understand the significance of the
errors in predicted phloem temperatures, we are cur-
rently evaluating phenology model output using ob-
served and predicted phloem temperatures from both
the lapse and geographic models. Results will pro-
vide insight into the sensitivity of temperature
changes throughout a year, and the affect of these
temperatures on the timing of mountain pine beetle
larval development and adult emergence. This will
help establish acceptable limits of error on phloem
temperature estimates. With the microhabitat temper-
ature predictors described here, we have the capabil-
ity to project weather information over a complex
landscape, at the scale of the bark beetle micro-habi-
tat. This is a valuable tool in efforts to analyze the
landscape-scale effects of weather and climate on
mountain pine beetle population dynamics (Baker,
1944).

P.V. Bolstad et al. / Ecological Modelling 94 (1997) 287-297

Acknowledgements

This work was supported by cooperative agree-
ment #93782-COA with the Intermountain Research
Stations, U.S. Forest Service. We thank Lynn Ras-
mussen and Jim Vandygriff for assistance in field
data collection and sampling.

References

Amman, G.D., McGregor, M.D., Cahill, D.B. and Klien, W.H.,
1977. Guidelines for Reducing Losses of Lodgepole Pine to
the Mountain Pine Beetle in Unmanaged Stands in the Rocky
Mountains. USDA For. Serv. Gen. Tech. Rep. INT-36.

Amman, G.D. and Cole, W.E., 1983. Mountain Pine Beetle
Dynamics in Lodgepole pine Forests, Part II: Population Dy-
namics. USDA For. Serv. Gen. Tech. Rep. INT-145.

Baker, F.S., 1944. Mountain climates of the western United
States. Ecol. Mon., 14(2); 225-254.

Bartos, D.L.. and Amman, G.D., 1989. Microclimate: an Alterna-
tive to Tree Vigor as a Basis for Mountain Pine Beetle
Infestations. USDA For. Serv. Res. Pap. INT-400.

Beal, J.A., 1934. Relation of air and bark temperatures of infested
ponderosa pine during subzero weather. J. Econ. Ent., 27:
1132-1139.

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

Bentz, B.J., in press. Ecological adaptations of the mountain pine
beetle to cold temperatures. IUFRO conference: Behavior,
Population Dynamics and Control of Forest Insects, Maui, HI,
Feb. 1994.

Boyer, D.G., 1984. Estimation of daily temperature means using
elevation and latitude in mountainous terrain. Water Resourc.
Bull. 20(4): 583-588.

Bristow, K. and Campbell, G., 1984. On the relationship between
incoming solar radiation and daily maximum and minimum
temperature. Ag. For. Met. 31: 159-166.

Brock, T. 1981. Calculating solar radiation for ecological studies.
Ecol. Modell. 14: 1-19.

Cole, W.E. and Amman, G.D., 1980. Mountain Pine Beetle
Dynamics in Lodgepole Pine Forests, Part I. Course of an
Infestation. USDA For. Ser. Gen. Tech. Rep. INT-89.

Finklin, A.L, 1983. Climate of Priest River Experimental Forest,
northern Idaho. USDA-For. Serv. Gen. Tech. Rep. INT-159.

Graham, S.A., 1924. Temperature as a limiting factor in the life of
subcortical insects. J. Econ. Ent., 17: 377-383.

Hottel, H., 1976. A simple model for estimating the transmittance
of direct solar radiation through clear atmospheres. Sol. En-
ergy, 18: 129-134.

Hungerford, R.D., Nemani, R.R., Running, S.W. and Coughlan,
J.C., 1989. MTCLIM: A Mountain Microclimate Simulation
Model. USDA For. Serv. Res. Pap. INT-414,



P.V. Bolstad et al. / Ecological Modelling 94 (1997) 287-297 297

Kaufmann, M., 1984. Effects of weather and physiographic condi-
tions on temperature and humidity in subalpine watersheds of
the Fraser Experimental Forest. RMFRES, For. Serv. April
1984.

Landgor, D.W., 1989. Host effects on the phenology, develop-
ment, and mortality of field populations of the mountain pine
beetle. Can. Ent., 121: 149-157.

Leffler, R.J., 1981. Estimating average temperatures on Ap-
palachian summits. J. Ap. Met. 20: 637-642.

Liu, B.Y.H. and Jordan, R.C., 1960. The interrelationship and
characteristic distribution of direct, diffuse and total solar
radiation. Sol. Energy, 4: 1-19.

Logan, J.A. and Amman, G.D., 1986. A distribution mode! for
egg development in mountain pine beetle. Can. Ent., 118:
361-372.

Martson, R.A. and Anderson, J.E., 1994. Watershed and vegeta-
tion of the greater Yellowstone ecosystem. Cons. Biol., 5(3):
338-346.

McGregor, M.D., Amman, G.D., Schmitz, R.F. and Oakes, R.D.,
1987. Partial cutting lodgepole pine stands to reduce losses to
the mountain pine beetle. Can. J. For. Res., 17: 1234-1239.

Nann, S. and Riordin, C., 1991. Solar spectral irradiance under
clear and cloudy skies: measurements and a semiemperical
model. J. Appl. Meteorol., 30: 447-462.

Parker, J., 1952. Environmental and forest distribution of the
Palouse Range in northem Idaho. Ecol., 33: 451-461.

Parton, W. and Logan, J., 1981. A model for diurnal variations in
soil and air temperature. Ag. Met., 23: 205-216.

Piclke, R.A. and Mehring, P., 1977. Use of mesoscale climatology
in mountainous terrain to improve the spatial representation of
mean monthly temperature. Mon. Weath. Rev., 105: 108-112.

Powell, J.M.,, 1967. A study of habitat temperatures of the bark
beetle dendroctonus ponderosae Hopkins in lodgepole pine.
Ag. Met., 4: 189-201.

Reid, R.W. and Gates, H., 1970. Effects of temperature and resin
on hatch of eggs of the mountain pine beetie (Dendroctonus
ponderosae). Can. Ent., 102: 617-622.

Russo, .M., Liebhold, A.W. and J.G.W., Kelly, 1993. Mesoscale
weather data as input 1o a gypsy moth (Lepidoptera: symantri-
idae) phenology model, J. Econ. Ent., in press.

Safranyik, L., 1978. Effects of climate and weather on mountain
pine beetle populations. In: Theory and Practice of MPB
Management in Lodgepole Pine Forests. Univ. of Idaho Publi-
cations, pp. 77-86.

Safranyik, L. and Whitney, H.S., 1985. Development and survival
of a xenically reared mountain pine beetles, Dendroctonus
ponderosae (coleptera: scolytidae), at constant temperatures,
Can. Ent., 117: 185-192.

Segal, M., Mahrer, Y., Pielke, R.A. and Okouchi, Y., 1985.
Modeling transpiration patterns of vegetation along south and
north facing slopes during the subtropical dry season. Ag. For.
Met., 36: 19-28.

Schmid, J.M., Mata, S.A. and Schmidt, R.A., 1991. Bark Temper-
ature patterns in ponderosa pine stands and their possible
effects on mountain pine beetle behaviour. Can. J. For. Res.,
21: 1439-1446.

Schmid, J.M., Mata, S.A. and Schmidt, R.A., 1992. Bark Temper-
ature patterns in mountain pine beetle susceptible stands of
lodgepole pine in the central Rockies. Can. J. For. Res., 22:
1669-1675.

Schmid, J.M. and Mata, S.A., 1992. Stand density and mountain
pine beetle-caused tree mortality in ponderosa pine stands.
USDA For. Ser. Res. Nte RM-515, 4 pp.

Swift, L. and Knoerr, K., 1973. Estimating solar radiation on
mountain slopes. Ag. Met., 12: 329-336.

Werling, J.A. and Tajchman, S.J., 1984. Soil thermal and moisture
regimes on forested slopes of an Appalachian watershed.
Forest Ecol. Manege., 7: 297-310.



