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Abstract

Cold-induced mortality is a key factor driving mountain pine beetle, Dendroctonus ponderosae, population dynamics. In this species,
the supercooling point (SCP) is representative of mortality induced by acute cold exposure. Mountain pine beetle SCP and associated
cold-induced mortality fluctuate throughout a generation, with the highest SCPs prior to and following winter. Using observed SCPs of
field-collected D. ponderosae larvae throughout the developmental season and associated phloem temperatures, we developed a
mechanistic model that describes the SCP distribution of a population as a function of daily changes in the temperature-dependent
processes leading to gain and loss of cold tolerance. It is based on the changing proportion of individuals in three states: (1) a non cold-
hardened, feeding state, (2) an intermediate state in which insects have ceased feeding, voided their gut content and eliminated as many
ice-nucleating agents as possible from the body, and (3) a fully cold-hardened state where insects have accumulated a maximum
concentration of cryoprotectants (e.g. glycerol). Shifts in the proportion of individuals in each state occur in response to the driving
variables influencing the opposite rates of gain and loss of cold hardening. The level of cold-induced mortality predicted by the model
and its relation to extreme winter temperature is in good agreement with a range of field and laboratory observations. Our model predicts
that cold tolerance of D. ponderosae varies within a season, among seasons, and among geographic locations depending on local climate.
This variability is an emergent property of the model, and has important implications for understanding the insect’s response to seasonal
fluctuations in temperature, as well as population response to climate change. Because cold-induced mortality is but one of several major
influences of climate on D. ponderosae population dynamics, we suggest that this model be integrated with others simulating the insect’s
biology.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction Mortality from cold exposure is one of the key factors in
the population dynamics of D. ponderosae, (Yuill, 1941;

As a species with a distribution spanning 25° of latitude Reid, 1963; Amman, 1973; Safranyik, 1978; Cole, 1981).

and 3000m of elevation, the mountain pine beetle, Den-
droctonus ponderosae Hopkins (Coleoptera: Curculionidae,
Scolytinae) occupies a diverse array of habitats, attacking and
reproducing in all Pinus species located throughout the
western USA and Canada. Except for a short adult dispersal
period in summer, the insect’s entire life cycle is spent within
the phloem. Although voltinism and synchrony can vary
geographically, larvae are the typical overwintering stage.
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Early investigations recognized that adequate acclimation
to low temperatures could significantly increase this insect’s
cold hardiness and survival (Wygant, 1940; Yuill, 1941;
Semme, 1964). The physiological processes of cold hard-
ening, particularly synthesis of cryoprotectants, are rela-
tively well understood for insects (see Storey and Storey,
1988). In many xylophagous insects, cold tolerance changes
considerably over the winter (Merivee, 1978; Semme,
1982), and because of its apparent lack of diapause, the
cold hardiness of D. ponderosae is probably less dependent
on hormonal controls than in many diapausing insects
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(Merivee, 1978; Semme, 1982; Hodkova and Hodek, 1994).
In addition, because in this species development occurs
entirely under the bark, photoperiod is probably not a
significant cue in the development of cold hardiness. It is
likely that the cold-hardening process is controlled mainly
by temperature (Semme, 1982), although Horwath and
Duman (1986) found that thermoperiod was involved in
antifreeze protein production in Dendroides canadensis as a
surrogate to photoperiod. Laboratory evidence (BB unpu-
blished data) suggests that daily temperature fluctuations
may be needed to stimulate acclimation to cold in
D. ponderosae.

Many insect species can withstand the formation of ice in
the extracellular body fluid and have been labeled freeze
tolerant (Salt, 1961). Others, including D. ponderosae
(Bentz and Mullins, 1999) and other scolytine bark beetles
(Ring, 1977; Gehrken, 1984; Miller and Werner, 1987,
Lombardero et al., 2000), are freeze intolerant and must
avoid freezing of body tissues. In these species, the
supercooling point (SCP) refers to the temperature at
which spontaneous nucleation of body water occurs and
lethal ice crystals form in the insect tissue. The SCP can
often be 20 °C or more below the freezing point of body
fluids, and is often considered a measure of maximum cold
hardiness (Lee, 1989, 1991). In some species, SCP also
represents the lower lethal temperature (Lombardero et al.,
2000; Tran et al., 2007; Hodkova and Hodek, 1994). It is
widely recognized, however, that pre-freeze mortality at
temperatures above the SCP can result in substantial
mortality in freeze-avoiding species (Baust and Rojas,
1985; Knight et al., 1986; Lee, 1991; Sinclair, 1999; Bale,
2002; Renault et al., 2002).

The bark of host trees, in particular lodgepole pine
(Pinus contorta), provides little buffer from cold to
D. ponderosae living within the phloem (e.g. inner bark).
Microhabitat temperatures can drop below —35°C in the
middle of winter and D. ponderosae has no specific
behaviorial traits that allow it to escape from cold. Instead,
it supercools to temperatures well below microhabitat
temperatures (Bentz and Mullins, 1999), suggesting that
SCPs are indeed a measure of maximum cold hardiness in
this species. Supercooling capacity fluctuates seasonally
and annually, and is highly variable within and among
populations (Yuill, 1941; Bentz and Mullins, 1999). While
no mortality was observed in larvae exposed for short time
periods to temperatures slightly above the measured SCP,
increased duration at subzero temperatures can cause
mortality in D. ponderosae (Safranyik and Linton 1998),
and further investigation into the ecological role of SCPs in
D. ponderosae is needed.

In freeze-avoiding insects, Bale (2002) recognizes two
distinct processes during cold hardening: (1) ridding the
body of ice-nucleating agents (such as food in the gut and
large proteins in the insect’s hemolymph and tissues) and
(2) accumulating cryoprotectant substances such as poly-
hydric alcohols (polyols) and antifreeze proteins (Lee and
Denlinger, 1991; Duman, 2001). Removal of ice-nucleating

substrates can depress an insect’s SCP by 10-20°C, and
accumulation of colligative polyols and antifreeze proteins
can depress the SCP by an additional 10 °C (Semme, 1982;
Duman et al., 1991). Glycerol is the most abundant
antifreeze polyol in D. ponderosae (Semme, 1964; Bentz
and Mullins, 1999). Cessation of feeding and voiding the
gut in the fall is a seasonal response that may be mostly
irreversible in the short term. However, the remaining
processes such as control of the concentration of intra- and
extra-cellular ice-nucleating substances or the synthesis and
catalysis of antifreeze substances seem to be under
immediate control of temperature and thus may vary on
a much shorter time scale (Kelleher et al., 1987; Lee et al.,
1987; Bale, 2002; Danks, 2005).

Using data from early studies on D. ponderosae cold
tolerance (Wygant, 1940; Yuill, 1941; Semme, 1964),
Safranyik et al. (1975) developed a model to predict the
probability of outbreaks of this insect in British Columbia.
In this model, —40 °C is the lethal temperature below which
outbreaks come to an abrupt end due to extensive winter
mortality. Because cold tolerance and cryoprotectant
accumulation are both functions of low-temperature
acclimation, a more realistic model of survival would
describe the dynamic effect of temperature on the insect’s
supercooling capacity.

While it is clear that modeling the detailed processes of
cold hardening would require far more physiological data
than are currently available for D. ponderosae, our
objective was to develop a process-based model of its cold
tolerance that follows the general physiological principles
of cold hardiness outlined above.

2. Methods

This cold tolerance model was developed from the data
set of Bentz and Mullins (1999), consisting of time series of
hourly phloem temperatures and measurements of the SCP
of individual larvae from six locations sampled throughout
the year in 1992-93 and 1994-95. Individual SCP
measurements of 1216 larvae from the four D. ponderosae
instars were available for analysis. One sample (14 January
1993, Logan, UT) contained only 2 individuals and was
dropped, leaving 41 samples. The median SCP in each
sample (LTsy) was determined and one frequency histo-
gram of the SCP data, pooled over sites, was constructed
for each month in which some sampling took place.

2.1. The model

The monthly distributions of SCPs observed by Bentz and
Mullins  (1999) (left column, Fig. 1) suggest that
D. ponderosae larvae spend the year in one of three states
on the basis of their SCP, and that the proportion of the
population in each state shifts during the course of the year:

State 1: summer state, feeding larvae that we refer to as
non-cold-hardened.
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Fig. 1. Left column: frequency histograms of observed supercooling points (2 °C classes) among mountain pine beetle larvae collected at various times of
the year from 7 locations in Utah and Wyoming in 1992-93 and 1994-95 (data of Bentz and Mullins, 1999). Right column: average monthly simulated
distribution of SCPs at the same locations (from 1971 to 2000 normals). Vertical dotted lines indicate the median SCP in each of three different cold-

tolerance states distinguished by the model.

State 2: fall and spring state, non-feeding larvae that
have eliminated ice-nucleating substances (the first
phase of cold hardening).

State 3: deep winter state, larvae containing high
concentrations of polyols and antifreeze proteins.

In June, the vast majority of larvae are in State 1. In late
September and into October the larvae void their gut and
enter State 2. In October, larvae in States 1-3 may be present
simultaneously in the population. In November, no larvae
are left in State 1, and a higher proportion is in State 3.
In January, the majority of larvae are in State 3. In March
and April, most of the population returns to State 2, then to
State 1 that represents more than 50% of individuals collected
in May.

A family of logistic probability distribution functions
was used to describe the distribution of SCP in each state:

_exp(—(T —m)/p)
Bl + exp[~(T — )/ 1P

(1)

i

where i is the state (1, 2 or 3), T is supercooling
temperature (°C), «; is the mean SCP in State 7/ (or its
median because the logistic distribution is sym-
metrical), and f; is the distribution’s spread in State i.
We fitted the three distributions simultaneously to the
pooled frequency histogram of individual SCP data
by non-linear logistic regression (maximum likelihood
estimation).

Transition of the population between states is controlled
by a cascade of cold-hardening processes that determine
the population’s state of cold hardening C, conveniently
defined here as a quantity ranging from 0 (no hardening) to
1 (maximum hardening). Also for convenience but without
loss of generality, we chose C = 0.5 as representing the
point at which 100% of individuals in the population are in
State 2. Individuals remain in State 1 as long as C< 4.
Once C exceeds Ay an increasing proportion enter State 2
(up to 100% at C =0.5), and then State 3, up to 100%
when C> A, (Fig. 2a). Thresholds 4y and A, are parameters
to be estimated.
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In the model, daily changes in C, the population’s cold-
hardening status, result from two simultaneous antagonis-
tic processes. For simplicity, we hereafter refer to these as
gain (G) and loss (L) of cold tolerance resulting from a
series of behavioral and physiological processes such as
cessation and resumption of feeding, elimination and
accumulation of nucleating agents and of cryoprotectants
(including glycerol). We assume that, under conditions that
lead to gain of cold hardening, C approaches 1 mono-
tonically and asymptotically, i.e. dC/dtoc (1—C). Similarly,
under conditions that lead to loss of cold hardening,
C drops asymptotically and monotonically to 0, i.e.
dC/dtoc—C. Thus:

dc/dt=(1- C)G - CL. )

Although in some insects gain and loss of cold tolerance
take place at relatively warm temperatures, in the range of
0 to 5 °C (Storey and Storey, 1986), in others they occur at
temperatures well below 0 °C (Kelleher et al., 1987; Muise
and Storey, 1999). In our model, the effects of temperature
on processes G and L are modeled as bell-shaped
temperature responses, much the same as used to describe
other developmental responses to temperature in poiki-
lotherms (Régniére and Logan, 2003). To maintain
parsimony in terms of numbers of parameters, and because
we had no basis on which to choose more complex (e.g.
asymmetrical) response functions, we again chose logistic
probability distribution functions:

exp[—(t — T'g)/0¢]

G=R 3
Po o6{l + exp[—(t — Tg) /o] &)

and

L=R exp[—(r - TL)/GL] (4)

PLo1 + expl—(t — T1)/or])

where 7 and R are daily mean and range of phloem
temperature (°C). Parameters o5 and o are spread factors,
pcand p; are the maximum rates at optimum temperatures
T and T (Fig. 2b). We included daily temperature range
R as predictor in Eqgs. (3) and (4) to reflect the results of
laboratory experiments suggesting that constant tempera-
tures are not conducive to cold acclimation in D.
ponderosae (BB unpublished data).

It has been shown that, at least in some species, the
temperature range at which gain and loss occur drops as
cold hardening intensifies (Merivee, 1978; Baust et al.,
1982). In the model, optima T and T are allowed to shift
with C, so the population’s response to temperature varies
during the year (Fig. 2¢):

T =pe+rgC (%)
and
TLZML+KLC- (6)

To model the irreversibility of passage from States 1 to 2
in the fall due mostly to seasonal feeding cessation, we
assume that loss of cold hardening prior to December 31st

only occurs when C>0.5. Thus, the bulk of the population
remains in States 2 or 3 during that period and does not
revert to the summer feeding state until the end of winter.
The state of cold-hardening processes C; on day ¢ is the
daily summation:

while 7 <#; and C<0.5,

t
(1= C)G,
1

Ct+1 = ,0

4]

()

where 7 is August Ist (when ¢ = 0) and ¢, is December
31st.

Because of the symmetry of the SCP distributions in the
three states, the median SCP of the population (LTsg) is a
linear combination of the median of each distribution
multiplied by the proportion p; of the population in each
State i:

LTs = ijfli, ®)
i

where o; are as defined in Eq. (1), and the proportions p;
are:

p; = max{0, min[(0.5 — C)/(4o — O)]},
p3 = max{0,min[(C — 0.5)/(C — A1)]},
Py =1—(p; +p3). ©)

To calculate cold-injury mortality, we assume that
individuals in a population are more or less sensitive to
cold relative to their con-specifics, and that their relative
position on the cold susceptibility scale remains the same
throughout their life. Thus, individuals that survive a given
cold event are not redistributed over the entire distribution
of cold resistance (survival on successive days is not
independent). Insects surviving to day ¢ are those that are
most cold resistant. Therefore, rather than computing
survival as a serial product as if the daily survival
probabilities were independent, this model computes it as
the minimum probability of survival from the onset of
simulation #y, to day z. Thus mortality is simulated as a
selective rather than a cumulative process. There is
evidence that such selective mortality occurs in the south-
ern pine beetle Dendroctonus frontalis (Tran et al., 2007)
and in the red mite Panonychus ulmi (MacPhee, 1961). For
any given minimum daily temperature 77, on day ¢, survival
is the lowest of the previous day’s survival and probability
of survival in all three cold-hardening states, weighted by
the proportion of the population in each state:

) . . Di
/), = min Dy1s T L o (Ti—a)/B: |’
plsurvival), <P(SWWW )ic1 Zt: 1+ e—(ﬂ—m)/&)

(10)

where p; are calculated with Eq. (9) and «; and f3;, are as
defined in Eq. (1). With this approach, it is simple to
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determine the proportion of individuals that die in each of
the three states.

2.2. Parameter estimation

A simulated annealing iterative optimization algorithm was
used to minimize the sum of squared deviations (weighted for
sample size) between observed and predicted median SCP by
varying parameters (Goffe et al., 1994). The simulated
annealing method is better at finding the absolute optimum
than ordinary iterative non-linear algorithms (Chuine et al.,
1998). Two logical constraints were used to restrict parameter
search space. The first ensured that gain always proceeds at
lower temperatures than loss, for physiological consistency
(i.e. ugt+rg<pr+txr). The second limited the rate of change
dC/dzt to stabilize the cold-hardening process, particularly in
the fall when temperatures often warm up considerably for
brief periods. While some limit was necessary to keep
parameters within a reasonable range, the estimation process
was not sensitive to the exact value of this criterion. We set
|dC/dt] <0.2, which implies that the fastest that cold
tolerance can be totally lost or gained is 5 days.

Model bias was tested by weighted linear regression
between observed and predicted values of LTs,, and model
precision was judged by goodness-of-fit (R?) and root mean
square error (RMSE). In addition, a jackknife cross-
validation procedure was used to determine the predictive
power of the model and to estimate the standard error of
parameter values (Efron and Gong, 1983). Potential model
performance differences due to site or generation year were
tested by analysis of variance of model residuals (using site
as a random factor and generation year as a fixed factor,
weighted by sample size).

2.3. Model behavior

The model was run for the location of the six study sites
in Bentz and Mullins (1999). Each run was replicated 30

Table 1

times, each replicate using a stochastically different daily
minimum and maximum air temperature time series
generated by the method of Régniére and St-Amant
(2007) from normals (1971-2000) of the nearest NCDC
Coop Summary of the Day TD3200 (http://www.
ncdc.noaa.gov/) weather station, after compensation for
local thermal gradients (Régniere, 1996). Phloem tempera-
tures (Tmin, Tmax i1 °C) were obtained by modifying daily
minimum and maximum air temperatures (7Tmax, Tmin)
according to Bolstad et al. (1997):

(Tmax - Tmin)
24.4 ’ (i

where 4.« = 3.25 is an average between north and south
sides of the bole, and

Tmin = Tmin + 1.8. (12)

Daily minimum phloem temperature, LT5,, the daily
probability of mortality, and the overall probability of
survival from cold exposure were computed for each site.

We also obtained daily minimum and maximum air
temperature records from 10 stations in the Sawtooth
National Recreational Area in central Idaho for the period
1980-2006: 5 from the NCDC Coop Summary of the Day
TD3200 database for the period 1980-2006, and 5 from the
SNOTEL high-elevation weather network (http://www.wcc.
nrcs.usda.gov/snow/) covering the period 1988-2006
(Table 1). The cold-tolerance model was run on data from
each weather station. D. ponderosae generations typically
occur from mid-summer to mid-summer. Therefore, for each
year from August in calendar year /—1 to August in year ¢,
minimum winter phloem temperature estimated by Eq. (12)
was recorded, and minimum LTs5, and overwinter survival
were computed with the model. Trends over time for the three
variables were tested with a General Linear Models
procedure using site as a factor, year as a covariate, and
testing the site x year interaction to detect differences in
slope. The sinfl(\/ﬁ) transformation was applied to the
survival probabilities.

Tmax = Tmax + Amax

Sources of daily minimum and maximum air temperature data from the Sawtooth National Recreational Area of central Idaho, and predicted average

survival from cold injury

Station name Latitude °N Longitude °E Elevation (m) Years Survival +SE
First Last
NCDC sites
Lowman 44.083 —115.619 1194 1981 2005 0.529+0.023
Fairfield Ranger Station 43.342 —114.790 1543 1980 2006 0.353+£0.043
Ketchum Ranger Station 43.684 —114.360 1795 1980 2001 0.556+£0.034
Chilly Barton Flat 43.977 —113.829 1908 1980 2006 0.513+£0.027
Stanley 44.217 —114.931 1911 1980 2006 0.184+0.034
SNOTEL sites
Banner Summit 44.300 —115.233 2145 1988 2006 0.510+£0.034
Galena 43.883 —114.667 2267 1988 2006 0.547+0.023
Dollarhide Summit 43.600 —114.667 2566 1988 2006 0.698 +£0.044
Galena Summit 43.850 —114.717 2576 1988 2006 0.613+£0.042
Vienna Mine 43.800 —114.850 2731 1988 2006 0.61040.036
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Final model parameter values and their standard errors
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Equation Symbol Definition Value SE
(1) o Mean SCP in State 1 -9.8 0.3
b1 Spread of SCP in State 1 2.26 0.22
o Mean SCP in State 2 -21.2 0.1
b2 Spread of SCP in State 2 1.47 0.09
o3 Mean SCP in State 3 —-323 0.6
b3 Spread of SCP in State 3 242 0.37
3) 06 Maximum gain rate 0.311 0.023
oG Spread of the gain temperature response 8.716 0.324
5) UG Optimum gain temperature at C = 0 -5.0 0.7
KG Optimal gain temperature vs. C —-39.3 1.9
4) oL Maximum loss rate 0.791 0.218
or Spread of the loss temperature response 3.251 0.207
6) nr Optimum loss temperature at C = 0 33.9 0.7
Kr Optimal loss temperature vs C —-32.7 2.6
9) Ao Threshold C for State 1-2 transition 0.254 0.011
M Threshold C for State 2-3 transition 0.764 0.018
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Fig. 2. (a) Change in median SCP and the degree of cold hardening C as the population shifts from State 1 in summer to State 3 in mid winter (Egs. (8)
and (9)). (b) Rate of gain (G) and loss (L) of cold tolerance during the cold hardening process, with C = 0.5 and a 15 °C daily temperature range (Egs. (3)
and (4)). (c) Relationship between optimal temperatures for gain (7) and loss (77) and C, where C = 1 is the fully cold hardened state (Egs. (5) and (6)).

3. Results
3.1. Parameter estimation

The maximum likelihood estimates of the parameters of
Eq. (1) describing the frequency distribution of SCP are
listed in Table 2 (Fig. 3; goodness-of-fit R? = 0.97). The
remaining 10 model parameters were estimated by simu-

lated annealing from the median SCP observations of
Bentz and Mullins (1999): four (pg, pr, 0 and o) that
describe the cold-hardening temperature responses in
Egs. (3) and (4), four (ug, pz, kg and x;) that relate
optimum temperatures to the state of the cold-hardening
processes C in Egs. (5) and (6) and two (4y and ;) that
control the shift between States 1-3 as a function of C in
Eq. (9). Final parameter estimates and their standard
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Fig. 3. Pooled frequency of all larval SCP (1°C classes). Eq. (1) (solid
lines: for each state; dotted line: combined) fitted by non-linear logistic
regression to pooled observations of SCP among Dendroctonus ponderosae
larvae (@).

deviations computed from cross-validation are presented in
Table 2 (Fig. 2).

Predicted LTsy values varied considerably throughout
the year, among sites and between generation years (i.e.
1992-93 and 1994-95), in response to input daily tempera-
tures, and mimicked accurately the observed LT, (Fig. 4).
The correlation (unweighted) between observed and pre-
dicted LTsy’s was 0.904 (goodness-of-fit R>=0.817;
RMSE = 3.4°C). The intercept of the weighted regression
between observed and predicted values was 0.86+1.97, not
significantly different from zero (f = 0.44; P = 0.663) and
the slope was 1.04+0.10, not significantly different from
unity (¢ = 0.45; P = 0.659). There was no significant effect
of site (F3 36 = 0.62, P = 0.609) or generation (£ 36 = 1.89,
P = 0.178) on deviations between model and observations.
In cross validation, the model retained high predictive
capacity (R*>=0.744, RMSE =3.99°C), and no bias
(mean+SEM observed and predicted LTs:
—18.3+1.2°C vs. —19.0+0.9°C; t=10.46, P = 0.646).
Thus, the model describes accurately the spatial and
temporal patterns of variation in SCP among D. ponder-
osae larvae collected by Bentz and Mullins (1999).

3.2. Model behavior

Predicted average LT5, curves remained 10-15 °C under
the average minimum temperature throughout the year at
the 6 sites from the Bentz and Mullins (1999) study (based
on 30-year normals 1971-2000) (Fig. 5). However, average
annual survival varied among locations from 0.4 to 0.7
because daily minimum temperatures often dropped below
the median SCP of the populations, even at the warmest
location (Cedar). Most of the mortality predicted by the
model occurred from early November to late February

(Fig. 5). The partition of mortality between the three cold-
tolerance states distinguished by the model varied con-
siderably between sites. Mortality in State 1 was most
important in the four coldest sites, and always occurred
before November. Mortality in State 3 (the most cold
tolerant) was negligible at Cedar, the warmest site, and
highest at Galena, the coldest. In all cases, the bulk of
mortality occurred in intermediate State 2. The model
predicts little mortality later than March. These mortality
patterns are consistent with the seasonal changes in the
proportion of each site’s population in the three cold-
tolerance states (Fig. 5). At Cedar, the proportion reaching
State 3 peaked at 0.3 in January. At Galena, the maximum
was near 0.9 as compared with 0.65-0.7 at the other four
sites. The model predicted much susceptibility to cold
injury from September to November, as a result of the
population hovering between States 1 and 2 during that
time. The predicted distribution of SCPs in the popula-
tions, averaged over the six study sites for the middle of
each month, corresponds well with the observed SCP
distributions (right column, Fig. 1).

Daily observed maximum and minimum temperatures
from the past 18-25 years at 10 sites in the Sawtooth
National Recreation Area of central Idaho were used to
predict annual D. ponderosae cold tolerance and survival.
Extreme annual minimum phloem temperature among the
10 stations increased significantly from 1980 to 2006, by
0.34°Cyear”! (Fig. 6a: F1197 =42.07, P<0.001). There
were no significant site differences in either average extreme
minimum temperature (Fy 97 = 0.46, P = 0.902) or slope
of the time trend (Fy 197 = 0.46, P = 0.898). In response,
the value of minimum LT, predicted by the model also
increased significantly over time, by 0.14 °C year™' (Fig. 6a;
F1197=79.73, P<0.001), and there were significant
differences among weather stations in both average
minimum L7y (Fo197 = 4.35, P<0.001) and slope of the
time-trend (Fy 197 = 4.40, P<0.001). There was no sig-
nificant change of minimum LT5, over time at Lowman,
Chilly Barton Flat or Stanley. As a consequence of the
slow and site-specific rise in minimum L 7’5y compared with
the fast and generalized rise observed in minimum
temperatures during this time period, the probability of
survival from cold increased significantly over time, by
0.013 year—' on average (Fig. 6b; F; 197 = 50.68, P<0.001).
The average probability of survival varied significantly
among sites (Fy 197 = 3.56, P<0.001). Survival was parti-
cularly low at Stanley and high at Dollarhide Summit
(Table 1). Survival changed at significantly different rates
at a few sites (site x year interaction: Fy 197 = 3.64,
P<0.001): there was a slight decrease at Lowman
(T =-2.25, P=0.026), but nearly twice the average
increase in survival at Stanley (7 = 3.12, P = 0.002).

The distribution of survival through the fall, winter and
spring months, and the timing of peak daily mortality were
compiled for the model runs using observed daily minimum
and maximum temperature records from the 10 SNRA
sites in Idaho. Survival ranged from 0.004 to 0.89,
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averaging 0.49+0.22 (SD, n = 217; Fig. 7a). Most mortal-
ity occurred in November—February, with a sharp peak in
December (Fig. 7b). The predicted minimum LT,
remained well below the extreme minimum winter tem-
perature, down to about —32 °C (solid line in Fig. 7c). On
average, the relationship between low minimum tempera-
tures and survival was nearly linear, with 0 survival at
—40 °C, the low lethal temperature used by Safranyik et al.
(1975), and 1.0 survival at —10 °C (solid line in Fig. 7d).
However, the model predicts a wide scatter around this
average survival trend, which is due to details of the timing
of extreme temperature relative to the daily fluctuations of
LTs,. Laboratory observations of low temperature-induced
mortality of small (Ist and 2nd instar) and large (3rd and
4th instar) D. ponderosae larvae at several constant
temperatures are illustrated in Fig. 7d for comparison
(from Table 4 in Safranyik and Linton, 1998).

4. Discussion

When all mortality factors are considered, D. ponderosae
survival within a generation varies with population phase and

tree diameter, and ranges between 1.4 and 2.5% (Amman and
Cole, 1983; Safranyik and Carroll, 2006). While many factors
are known to influence this insect’s survival including food
quantity and quality, resinosis, parasites and predators, inter-
and intra-specific competition, and host drying (Amman,
1972; Amman and Cole, 1983; Langor, 1989), cold-induced
mortality has been considered the most important factor
driving D. ponderosae population dynamics (Safranyik, 1978;
Cole, 1981; Langor, 1989).

The highly dynamic nature of cold tolerance in this
species has been known for a long time (Wygant, 1940;
Yuill, 1941) and is in direct contrast with two other
Dendroctonus species that show little change in cold
hardiness despite alterations in acclimation conditions
(Yuill, 1941; Lombardero et al., 2000). Mountain pine
beetle SCP and associated cold-induced mortality fluctuate
throughout a generation, with the highest SCPs prior to
and following winter (Yuill, 1941; Bentz and Mullins,
1999). D. ponderosae cold hardiness is dictated by the local
temperature regime, and because of this direct connection
between cold tolerance and temperature, both across
geographic locations and within a developmental season
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at the same location, merely assigning a constant mortality
inducing temperature for all populations at all times is an
oversimplification. Our mechanistic cold tolerance model
describes the insect’s larval survival as the result of a
dynamic and reversible cold-acclimation process driven by
fluctuations of daily temperature (mean and range).
Further experimental work is needed to verify that daily
range is actually an important determinant of acclimation
in D. ponderosae. However, inclusion of this variable in the
model did significantly improve fit.

This cold-tolerance model predicts the SCP distribution
of a population as a function of daily changes in the
temperature-dependent processes leading to gain and loss
of cold tolerance. It is based on the changing proportion of
individuals in a population in each of three distinct states:
(1) a non cold-hardened feeding state (i.e. no elimination of
ice-nucleating substances), (2) an intermediate state in
which insects have ceased feeding, voided their gut content
and eliminated as many ice-nucleating agents as possible

from the body, and (3) a fully cold-hardened state where
insects have accumulated a maximum concentration of
cryoprotectants (e.g. glycerol). Shifts in the proportion of
individuals in each state occur in response to the driving
variables influencing the opposite rates of gain and loss of
cold hardening, in part through synthesis and catalysis of
cryoprotectants.

Eight of the 10 model parameters describe the complex
and dynamic relationship between temperature and the
rates of cold tolerance gain and loss. The optimal
temperatures predicted by Egs. (5) and (6) may seem
extreme, with maximum gains at —45°C and maximum
losses at >30°C (Fig. 2c¢). However, it must be kept in
mind that these rates are also modulated by the state of
cold hardening C through Eq. (2). The resulting net rate of
change of cold tolerance (dC/d¢) is thus a function of both
temperature and C. With the parameter estimates obtained
in this study, maximum gain of cold tolerance actually
occurs at about —10°C, when the state of cold tolerance
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C—0, and maximum loss occurs at about 5°C, when C—1
(Fig. 8). In addition, gain rates are much lower than loss
rates and the optimum temperature of gain always remains
lower than that of loss while the optimum temperatures of
the two processes drop by more than 30 °C with increasing
C. The temperature range of the gain component is broad,
while that of the loss component is narrow (Fig. 8). Low
temperature exposure has indeed been found to initiate and
maintain cryoprotectant pools (Storey and Storey, 1983;
Rojas et al., 1983; Rickards et al., 1987), while the transfer
from cold to warm temperatures rapidly stimulates
cryoprotecant loss in many insects (Storey and Storey,
1983; Pio and Baust, 1988).

The level of cold-induced mortality predicted by the
model and its relation to extreme winter temperature is in
good agreement with a range of field and laboratory
observations for D. ponderosae (Yuill, 1941; Cole, 1981;
Safranyik and Linton, 1998; Bentz and Mullins, 1999).
Recent comparisons of cold tolerance of populations from
different geographical areas suggest that selection for
increased cold hardiness in northern and high elevation
zones has occurred in a variety of insect species (Kukal and
Duman, 1989; Tanaka, 1996; Shintani and Ishikawa, 1999;

Chen and Kang, 2004). Genetic differences in D. ponder-
osae developmental parameters among geographically
separated populations have been found (Bentz et al.,
2001). Similar regional adaptations of cold tolerance may
also exist in this species (BB unpublished data). At this
point it is not clear whether our model can describe the full
range of responses, or if its parameter values are limited to
the part of the insect’s range covered by the Bentz and
Mullins (1999) study. The southernmost location in that
study was Cedar, UT (37°37'N, 2620m), and the north-
ernmost was Ranch, ID (44°7'N, 2061 m), representing
only 6°30" in the center of the 25° latitudinal range of the
insect’s current distribution in western North America.

Our model predicts that cold tolerance of D. ponderosae
varies within a season, among seasons, and among
geographic locations depending on local climate. This
variability is an emergent property of the model, and has
important implications for understanding the insect’s
response to seasonal fluctuations in temperature, as well
as population response to climate change. Cold hardening
can be a metabolically expensive process (Storey and
Storey, 1991). Model predictions suggest that while the
capacity for increased cold hardening is inherent, the
current temperature profile may dictate the physiological
effort expended to supercool. This was observed in the
predicted increase in LTs, over the recent decade in the
Sawtooth National Recreation Area in response to an even
more pronounced increase in extreme minimum tempera-
tures as a result of recent climate warming. This warming
trend has been correlated with insect survivorship and
northward range expansion in a variety of species (Crozier,
2004; Battisti et al., 2005). Increases in minimum winter
temperatures have been greater with global warming than
increases in maximum summer temperatures (Easterling et
al., 1997), and this trend is expected to continue. However,
while an increase in minimum temperatures is undoubtedly
influencing survival and expansion of D. ponderosae
northward in British Columbia (Carroll et al., 2004), there
are additional effects of climate on populations that are
likely also playing a significant role.

Cold-induced mortality is but one of several major
influences of climate on mountain pine beetle population
dynamics. Temperature-driven development time is also an
important contributor to population fitness. An intricate
relationship between life-stage specific thresholds for
development and seasonal temperature fluctuations are
believed to maintain an adaptive seasonal synchrony in this
non-diapausing insect (Bentz et al., 1991; Logan and Bentz,
1999). In particular, high temperature thresholds in the
later life stages (e.g. 4th instar and pupa) are hypothesized
as being one mechanism for maintaining synchrony and
minimizing winter mortality (Powell et al., 2000; Jenkins
et al., 2001).

Safranyik et al. (1975) proposed a risk model that includes
developmental as well as winter-survival responses to
temperature. The Safranyik model was used by Carroll
et al. (2004) to study the impact of recent climatic warming
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on D. ponderosae outbreaks in British Columbia, Canada. A
detailed model of the insect’s phenology was developed
(Logan and Amman, 1986; Bentz et al., 1991) and applied to
study the impact of temperature regimes on voltinism and
synchrony (Logan et al., 1995, 1998; Logan and Bentz,
1999). This model, which does not include cold-induced

mortality, has been used to interpret the influence of climate
change on developmental timing, adaptive seasonality,
population success and subsequent distribution in the
USA (Logan and Powell, 2001; Logan et al., 2003; Hicke
et al.,, 2006). Our simulations using daily temperature
records from the Sawtooth National Recreation Area in
central Idaho support the hypothesis that a warming trend
since the early 1990s has led to increased D. ponderosae
winter survival, perhaps contributing to the recent out-
break in this area (http://www.fs.fed.us/r1-r4/spf/fhp/acrial/
index.html). In addition to a general warming trend, the
annual pattern and range of temperature have also
changed. A model analysis of mountain pine beetle
phenology in the same area over the same years suggests
that temperature influences on the insect’s seasonality may
also have contributed to the recent outbreak (Powell and
Logan, 2005). Undoubtedly, both are important, and
coupling the cold tolerance and phenology models will
provide a powerful tool for evaluating climate change
effects on D. ponderosae population success and range
expansion.

Because Bentz and Mullins (1999) did not find significant
differences in cold tolerance among the four larval instars
of D. ponderosae on a given sample date, our model does
not distinguish instars. However, Safranyik and Linton
(1998) report finding a larger proportion of dead indivi-
duals in instars 1 and 2 than in instars 3 and 4. Shifts in
activity induced by climate warming, both northward and
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towards higher elevations, can lead to shifts in develop-
mental timing (seasonality) and a concomitant diversifica-
tion of the distribution of life stages exposed to low
temperatures. To anticipate additional impacts of global
warming on population success, experiments are needed to
better quantify stage-specific cold tolerance, including
lifestages not previously studied, with temperatures at or
above SCPs. A better understanding of the cold-acclima-
tion process, in particular the potential role of temperature
fluctuations and the distinction between different processes
of cold-hardening (cessation of feeding, elimination of
nucleating agents, accumulation of polyols) is also needed.

It would be useful to develop a better microclimatic
component to translate daily air minimum and maximum
temperatures to phloem temperatures. Many D. ponderosae
host tree species such as lodgepole pine provide little
buffering to extreme winter temperatures, and minimum
phloem temperatures are often the same as ambient air
temperature in the middle of winter (Bentz, 1995).
However, data of Tran et al. (2007) suggest that the
buffering of minimum temperature provided by Eq. (12)
from Bolstad et al. (1997) is probably too small.

Insect physiological processes are mediated by tempera-
ture in complex ways affecting a variety of important life
history traits. Modeling the temperature-dependent pro-
cesses involved in population overwintering success can be
difficult due to the need for integration of climate effects
through time. Recent attempts have focused on statistical
fits of distributional models to survival and temperature
data (Nedved et al., 1998; Carrillo et al., 2005) and the use of
various combinations of survival, demographic and SCP
data for estimating large scale patterns in insect population
success (Bale, 1991; Virtanen et al., 1998; Ungerer et al.,
1999; Tran et al.,, 2007). However, ours is the first
mechanistic model that captures the dynamic relationship
between temperature and cold hardiness. In a scenario of
continued climate warming, novel situations will be
presented to managers as insect populations respond to
shifts in temperature. Model frameworks that integrate the
effects of local climate through time will be particularly
important for predicting within generation survival across
the broad range of many ecologically and economically
important insect species. Additionally, mechanistic models
such as the one described here provide important tools for
evaluating hypotheses concerning temperature-based phy-
siological processes. In conjunction with the mountain pine
beetle phenology model and the BioSIM landscape simula-
tion system (Régniére, 1996; Régniere and St-Amant, 2007),
our model will provide an important tool for hypothesis
testing as well as forecasting D. ponderosae population
survival under current and climate-change scenarios.
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