


























Fig. 6. Ghost forest near Railroad Ridge. The
standing, weathered trees were killed during the
widespread mountain pine beetle outbreak of the
1930s. Landscapes throughout the northern Rocky
Mountains experienced substantial mountain pine
beetle mortality during this period. These outbreaks
were similar in scope to those that occurred in the
same region 40 years later. However, the later
outbreak event was restricted primarily to lodgepole
pine ecosystems. As evidenced in this picture, the
1930s event also was widespread in high elevation
ecosystems. The mountain pine beetle currently
occurs on Railroad Ridge, resulting in an occasional
redtop tree diagnostic of beetle mortality, but at
extremely low population levels. The behavior of the
beetle also is different at high elevation than in the
more benign lodgepole pine habitat. For example, we
have observed this beetle occupying downed trees,
an occurrence that is rarely observed in lodgepole
pine (photograph courtesy of Dana Perkins).

tragic if these resistant stands were restored only
to be devastated by mountain pine beetles 50 years
later. From previous work with susceptibility and
risk assessment, we know (in general terms) stand
characteristics that lead to susceptibility in lodge-
pole and ponderosa pine systems (Amman and
Logan 1998). Some of these characteristics can be
extrapolated to whitebark pine. There also is the
opportunity to use existing information as a refer-
ence framework for research evaluating stand con-
ditions as they existed during the outbreak episode
of the 1930s. Some high-elevation stands were
heavily impacted whereas other nearby stands were
relatively untouched. This situation has provided
an opportunity to determine which stand attributes
are associated with susceptibility to the mountain
pine beetle (Perkins 2001).

As we indicated previously, an increase in tem-
perature translates to a northerly latitudinal shift
as well as a higher elevation shift. The question
becomes, then, how does an increase of approxi-
mately 2.5°C translate to a northerly shift in ther-
mal habitat? To answer this question, we analyzed
ground temperatures for the summer months
(June, July, and August) simulated from the
CGCM1 model (Canadian Centre for Climate
Modeling and Analysis, data available at the website:
http://www/cccma.bce.ec.ge.ca). Five years of mean
monthly “control” temperatures were obtained for
six latitudes ranging from 36.00° N to 63.68° N at
longitude 112.5° W. We analyzed these data by us-
ing a generalized linear model (SPSS 1998) with
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Fig. 7. Averages of phloem temperatures recorded from the north and south
sides of a successfully colonized whitebark pine (red) versus ambient air
temperature (black), Railroad Ridge, north site. The dates covered are 13-20
July 1997.

year considered a random effect, month a fixed
effect, and latitude a co-variate. Neither year nor
month effect was significant; however, latitude was
highly significant (F = 222;df =1, 72; P <0.0001).
A linear regression of summer temperatures on
latitude resulted in an estimated slope of -0.34635,
which translates to a greater than 7° shift north in
latitude for a temperature increase of 2.5°C. Fig.

Fig. 8. This plot is an enlargement of the ecologically interesting thermal region
of Fig. 5. For the observed phloem temperatures on the north site, Railroad
Ridge, the observed temperature resulted in a semivoltine, synchronous
population (A). Warming by a small amount resulted in complex cycles of
asynchronous, fractional (between semi- and uni-) voltinism (B). However,
warming of only slightly over 2°C resulted in a synchronous, univoltine life cycle
(C). Timing of adult emergence advanced as temperature continued to warm;
however, the significant point is that a broad band of over 2.5°C mean annual
temperature exists where an adaptive, univoltine seasonality was predicted.
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Fig. 9. Deviations (blue line) from mean July temperatures (black line)
recorded in ldaho NCDC Division 8 from 1895 to 1998. The temperature
observations were averaged for all recording stations in the Region. The
trend line (red) is well above the mean for the entire 1930s.

10 shows the approximate current mountain pine
beetle distribution. A range expansion of 7° N
would not only allow mountain pine beetles to oc-
cupy previously unoccupied lodgepole pine habi-
tat (range expansion) but also would allow invasion
of previously unattacked jack pine (Pinus
banksiana Lambert), a commercially valuable spe-
cies in both Canada and the United States. Jack

Fig. 10. Approximate current distribution of mountain pine beetle (hatched),
lodgepole pine (red), and jack pine (green). As can be seen in this figure,
the Great Plains provides an effective barrier separating mountain pine
beetles from the U.S. distribution of jack pine. If this barrier is breached to
the north due to a warming climate, then there is no apparent reason why a
waterfall effect would not follow, spilling across the North American
continent to jack pine in the Great Lakes region. Lodgepole pine and jack
pine distributions are from map 21, Little and Critchfield (1969); and
Canadian distribution of the mountain pine beetle is adapted from a map that
can be found at the British Columbia Ministry of Forests website (http://
www.for.gov.bc.ca/tasb/legsregs/fpc/fpcguide/beetle/figure1.htm).

pine has been found to be a suitable host for moun-
tain pine beetle in both laboratory (Cerezke 1995)
and field settings (Furniss and Schenk 1969), and
a northern record beetle infestation in lodgepole
pine has been reported recently (Alberta Environ-
ment 1999). Model predictions are consistent with
such a gradual shift north through the continuous
habitat provided by lodgepole pine.

Implications for Invasive Species in General

Although our analysis is focused specifically on
one whitebark pine site in central Idaho, the impli-
cations are much broader. The invasion (as op-
posed to range expansion) of a native species into
new habitats is similar in many respects to the in-
troduction of an exotic species. However, instead
of the introduced species being physically trans-
ported in space, the environment itself is shifted
from hostile to benign for a species that already is
geographically in place. The net result is the same;
the in-place plant community is subjected to influ-
ences that are foreign to the co-evolved dynamics
of the system. There are important differences as
well. For example, it seems reasonable to expect as
conditions become favorable for the mountain pine
beetle, they will simultaneously become more fa-
vorable for its biotic associates. In other words,
the associated complex of natural enemies will si-
multaneously invade the newly expanded habitat.
Evaluation of potential impacts for both range ex-
pansion and invasion of new habitats needs to take
these similarities and differences into account. For
the mountain pine beetle in particular, and per-
haps for eruptive species in general, past experi-
ence has shown that natural control agents are
ineffective population regulators if conditions of
the habitat are favorable for population expan-
sion (Amman and Cole 1983).

The approach we used is of general value for
evaluating the invasive potential of exotic as well as
native species. Application of a model that uses
species-specific developmental rate parameters is a
step beyond the simple climate matching that has
been applied widely to evaluate invasive potential.
Computer programs currently are being developed
and/or expanded that facilitate landscape expres-
sion of species-specific seasonality models (Régniére
1996). The important question becomes—is the
perceived threat great enough to warrant the re-
search expenditure necessary to estimate develop-
mental parameters? Some species, such as the Asian
strain of the gypsy moth, Lymantria dispar (L.), in
the western United States, present a clear and
present danger warranting such research expendi-
ture. Developmental information already exists for
other important potential invaders. Given this in-
formation, the approach we have used here could
help evaluate not only the present risk of establish-
ment but also the projected risk as global warming
or other climatic change occurs.

Our theoretical work involving the mountain
pine beetle as a special case has resulted in some
guidelines for evaluating potential invaders with
respect to an adaptive seasonality. First, is it known
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or suspected that diapause maintains seasonality
of the potential invador? If not, then direct tem-
perature control of seasonality can be assumed.
For direct temperature control, there are three con-
ditions that are sufficient for synchronous
univoltinism: (1) sufficient seasonal variability in
the annual temperature cycle, (2) sufficient thermal
energy to complete all life phases in a season, and
(3) at least one developmental threshold signifi-
cantly higher than the mean developmental thresh-
old (Powell et al. 2000). This latter condition
provides the strong synchronizing force necessary
for adaptive seasonality (see blue bordered text
box). If diapause is known or suspected, the tim-
ing conditions obviously depend on the specific
diapause mechanism. However, independent mod-
eling results (Hilbert et al. 1985, Gray 2001) have
indicated similar criteria for modeling diapause (i.e.,
a multiphase process with at least one develop-
mental threshold significantly higher than average).
At any rate, a reasonable research priority is to
identify critical life phases with high relative devel-
opmental thresholds.

Our results also invite speculation about the
adaptive significance of diapause. The conditions
sufficient for adaptive seasonality without diapause
are not particularly restrictive for environments
with a strong seasonal temperature cycle. In fact,
the ease of meeting these conditions leads one to
question the adaptive advantage of diapause as a
timing mechanism. One possible interpretation is
that diapause is a bet-hedging strategy that buffers
the system against variable temperatures (i.e., the
organism is not “fooled” by an unusual warm spell
in winter). The cost of diapause is loss of adapt-
ability (i.e., diapause is a relatively inflexible timing
mechanism that does not allow the organism to
rapidly take advantage of changing conditions such
as a warming climate). If this interpretation has
merit, then it follows that insects like the mountain
pine beetle with direct temperature control of sea-
sonality are preadapted to take advantage of a
warming climate. b
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