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abstract: Mountain pine beetle tree colonization typically occurs
in July and August, with completion of a generation one (univol-
tinism) or two (semivoltinism) years later. In a 2012 publication,
Mitton and Ferrenberg suggested that climate change resulted in an
unprecedented generation between June and September (a summer
generation), with a concomitant shift to two generations in one year
(bivoltinism). Although summer generations are not uncommon in
this species, completion of a second generation across winter, between
September and June, would be required for bivoltinism, a phenom-
enon not previously observed. Mitton and Ferrenberg showed that
a summer generation can occur, but they failed to adequately track
cohorts and provided no compelling evidence for bivoltinism. We
demonstrate that a winter generation—and hence bivoltinism—
would have been physiologically impossible at the high-elevation site
used in Mitton and Ferrenberg due to lower thermal developmental
thresholds. The mountain pine beetle is indeed being influenced by
climate change. To address the challenges of future population out-
breaks of this significant tree mortality agent, however, it is imper-
ative to consider evolved, thermally dependent traits that serve to
maintain seasonality.

Keywords: climate change, Dendroctonus ponderosae, seasonality,
voltinism.

Introduction

Recent changes in climate and the associated ecological
effects are undeniable (Intergovernmental Panel on Cli-
mate Change 2013). Climate change is contributing to
measurable alterations in species distributions and phe-
nology (Parmesan 2006; Thomas 2010). Short generation
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times and a strong connection between developmental
processes and temperature make insects particularly sen-
sitive to warming associated with climate change (Bale et
al. 2002). Many insect species, including native insects
deemed pests due to their economic impact, have re-
sponded positively to recent warming. A prime example
is the mountain pine beetle (MPB; Dendroctonus ponde-
rosae Hopkins; Coleoptera: Curculionidae, Scolytinae), a
native bark beetle that has caused more tree mortality in
western North American conifer forests than any other
agent over the past few decades (Meddens et al. 2012). At
the northern and southern edges of its geographic distri-
bution, the MPB is limited by climate rather than host
trees, and outbreak-level activity has recently occurred far-
ther north than previously reported, likely as a result of
climate warming (Safranyik et al. 2010). Sustained pop-
ulation outbreaks are now also occurring in high-elevation
forests, where persistent activity was previously con-
strained by cold temperatures (Amman 1973; Logan and
Powell 2001). Warming winters increase brood survival
(Régnière and Bentz 2007), and at high elevations warming
summers allow some individuals to shift from one gen-
eration every two years to one generation every year (Bentz
et al. 2014). Thus, it is clear that climate warming is in-
fluencing this insect.

In their article “Mountain Pine Beetle Develops an Un-
precedented Summer Generation in Response to Climate
Warming,” Mitton and Ferrenberg (2012) claim that re-
cent warming has allowed the MPB to complete an un-
precedented generation in a single summer (i.e., between
June and September) and that a shift to bivoltinism (i.e.,
two generations in one year) was a direct result. Although
summer generations are not uncommon for this species
(DeLeon et al. 1934; Reid 1962), a second generation that
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occurs across winter (i.e., between September and June)
would be required for bivoltinism. Mitton and Ferrenberg
(2012) did not adequately track the timing and occurrence
of MPB cohorts within trees and thereby provide no com-
pelling evidence that a winter generation—and hence bi-
voltinism—occurred. Bivoltinism is a life-history strategy
not previously documented in the field for this species,
and semivoltinism (i.e., one generation every two years)
was most likely the historically predominant life cycle at
their 3,020-m study site in central Colorado. A climate-
driven shift of this magnitude could be the harbinger of
a catastrophic regime change for the MPB. As such, it is
important to understand whether and where this type of
shift might occur and to carefully consider purported ob-
servations of such shifts.

We review the evidence provided by Mitton and Fer-
renberg (2012) supporting their claim that the MPB is
exhibiting bivoltinism and propose alternative—and more
likely—explanations for their observations. In addition to
highlighting evolved developmental traits that could con-
strain completion of a generation across winter, we use
daily temperature data from the study site used by Mitton
and Ferrenberg (2012) to drive a model that describes
MPB phenology and voltinism (Powell and Bentz 2014).
Model predictions and knowledge of thermally driven life-
history traits confirm the improbability of MPB bivoltin-
ism during the years of their study. Temperatures have
warmed over the last 35 years at the study site of Mitton
and Ferrenberg (2012), although according to results from
our model simulation not enough to result in a bivoltine
life cycle. When evaluating the potential for climate
change–induced alterations in MPB life-cycle timing, it is
important to adequately track the timing and occurrence
of cohorts and to consider life-history traits that have
evolved to promote population success in varying en-
vironments.

MPB Ecology

MPB is a native species that infests trees within Pinus and
has an expansive distribution from Baja California Norte,
Mexico, to northern British Columbia and western Al-
berta, Canada, and east into South Dakota and western
Nebraska (Wood 1982; Costello and Schaupp 2011). Range
expansion northward is ongoing as a result of both winter
and summer warming (Cudmore et al. 2010; Sambaraju
et al. 2012). Similar to other Dendroctonus species, the
MPB is capable of irruptive population dynamics caused
by both density-dependent and independent processes
(Berryman 1982; Boone et al. 2011; Martinson et al. 2013),
and the host tree is almost always killed in the process of
colonization and brood development within the phloem.
MPBs feed within the phloem, moulting through four lar-

val instars before making a pupal chamber where pupation
occurs. Prior to emerging from a tree to disperse and attack
new live trees, teneral adults mature by feeding on nutri-
ent-rich spores of fungal symbionts within the pupal
chamber (Bleiker and Six 2007). After “brood adults”
emerge and disperse to attack a new tree, mating occurs
and eggs are oviposited. At this point, we refer to these
adults as “parent adults.” Parent adults can reemerge, dis-
perse to attack another tree, and oviposit an additional
cohort of eggs. This reemergence can occur immediately
following a first attack, or parent adults can overwinter
and reemerge in early summer (Reid 1962).

Plasticity in MPB developmental timing results in uni-
voltinism (i.e., one generation every year) at low elevations
and a mix of univoltinism and semivoltinism (i.e., one
generation every two years) at high elevations (Hopkins
1909; Reid 1962; Amman 1973; Bentz et al. 2014). Their
phenology is temperature dependent (Bentz et al. 1991;
Régnière et al. 2012) and the timing of brood adult emer-
gence and flight varies among years and sites, but histor-
ically it has been reported to occur from July through
August (Safranyik and Carroll 2006). This attack timing
allows oviposition and larval growth to occur so that the
life stages most vulnerable to cold (i.e., eggs and pupae)
are not present in winter in the coldest habitats (Reid and
Gates 1970; Logan and Bentz 1999). Synchronization of
adult emergence is key to the mass attacks required to
overwhelm the defenses of live trees (Logan and Bentz
1999; Boone et al. 2011) and is facilitated through larval
thresholds for development that differ among the instars
(Jenkins et al. 2001). Genetic differences in development
traits across a latitudinal cline suggest that adaptation to
local climates has occurred (Bentz et al. 2001, 2011; Brace-
well et al. 2013). Selection on temperature-dependent traits
that promote univoltinism is apparent across a large range
of thermal environments, including warm habitats at low
latitudes (Bentz et al. 2014).

MPB Voltinism

Voltinism describes the number of generations an organ-
ism completes in a single year (Danks 2007). Species in
warm habitats often have the capacity to produce two or
more generations in a year (i.e., bivoltinism and multi-
voltinism), whereas species in cooler habitats often require
one (i.e., univoltinism) or two (i.e., semivoltinism) years
to complete a single generation. For herbivorous forest
pest species, shorter generation time can lead to increased
population growth that results in increased tree mortality
and therefore has important economic and ecological im-
plications. Measuring voltinism in insects is complex, how-
ever, particularly when based on field observations. Brood
initiated at the same time can have varying life-cycle du-
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Figure 1: Mitton and Ferrenberg (2012) proposed that mountain pine beetles (MPBs) completed a bivoltine life cycle (i.e., two generations
in one year) between June 2009 and June 2010 (top panel). Although a summer generation can occur in warm years when overwintered
adults emerge in June, a second generation across winter from September 2009 to June 2010 at the Niwot Ridge site would have been
physiologically impossible due to temperature-dependent thermal thresholds. Temperatures at the site remained below thresholds that permit
larval development across winter, and temperatures above third-larval (L3) and fourth-larval (L4) instar low-development thresholds (see
fig. 2) did not occur until late May 2010 (middle panel), restricting completion of a generation prior to early June 2010. Instead, we predict
that a second generation would require the warm temperatures in summer 2010 to complete development, with the earliest adult emergence
in August and September (bottom panel)—a univoltine life cycle, not bivoltine.

ration when factors such as temperature partitions the
brood into distinct groups known as cohorts. For example,
a brood can be split into univoltine and semivoltine co-
horts when genetic variation in thermal requirements and
microclimatic variation in temperature allow some indi-
viduals to complete a life cycle faster than other individuals
from the same brood. MPBs, with oviposition often ex-
tended across several weeks, are particularly prone to co-
hort splitting. To characterize voltinism, it is critical to
distinguish among cohorts (Danks 2007). For the MPB,
that means knowing when a tree was attacked and broods
were initiated.

Hopkins (1909) was the first to report on overlapping
cohorts in the MPB. DeLeon et al. (1934) further observed

that a mix of univoltine and semivoltine cohorts, in ad-
dition to reemerged parents, could be found dispersing
and attacking trees throughout the summer, often at the
same time. The MPB does not have an obligatory diapause,
and multiple life stages can overwinter. Although the main
flight period for univoltine MPB brood adults has been
historically described to occur in July and August, a result
of overwintering in the larval stage, it is not uncommon
to also find parent adults and semivoltine brood adults
dispersing earlier. For example, parent adults that over-
winter can reemerge in early June to disperse and make
a second attack on new trees. These trees could also be
under attack by new brood adults from a semivoltine co-
hort that also overwintered and emerged in early June. In
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both cases, the adults that emerged in June overwintered
as an adult and were able to emerge early because devel-
opment was completed prior to winter. In warm years,
trees attacked in June can produce broods that complete
development and potentially emerge the fall of the same
year (Reid 1962; Bentz et al. 2014), referred to as a summer
generation by Mitton and Ferrenberg (2012). Adults that
emerge and disperse in June, however, are usually relatively
few in number (Bentz 2006).

Pheromone traps have been used to monitor bark beetle
dispersal timing and voltinism, but it is difficult—if not
impossible—to assign a cohort identity to a captured adult.
Moreover, pheromone traps are likely to disproportion-
ately sample the dispersing population when few adults
are flying. When few adults are dispersing to attack new
trees, as often occurs in June, natural pheromone pro-
duction from infested trees is low. Pheromone traps there-
fore have little competition and are correspondingly more
attractive for the few dispersing beetles. This inflates the
estimated number of adults relative to the trap catch dur-
ing the main dispersal period (Bentz 2006).

MPB Voltinism Proposed by Mitton
and Ferrenberg (2012)

A goal of Mitton and Ferrenberg (2012) was to describe
MPB voltinism at a high-elevation pine site at 3,020 m on
Niwot Ridge in central Colorado. On the basis of adult
catch data from three pheromone traps and periodic life-
stage sampling of seven trees baited with aggregation pher-
omones in June, Mitton and Ferrenberg (2012) asserted
that the timing of MPB flight changed at their site and
that the life cycle shifted to bivoltine. No historical infor-
mation on MPB attacks or voltinism is available for the
Niwot Ridge site, although studies elsewhere at similar
elevations reported a mix of univoltine and semivoltine
broods (Amman 1973; Bentz et al. 2014). Adults were first
caught in pheromone traps at the Niwot Ridge site on
June 17, 2009, and June 21, 2010, and traps last caught
adult beetles on September 20, 2009, and October 4, 2010.
Sampling conducted in September 2009 on trees that were
attacked in June 2009 showed signs of larval galleries, lar-
vae, pupae, and some empty pupal chambers (suggesting
that emergence had already taken place from the tree). A
similar pattern was seen in 2010. None of the attacked
trees were followed for more than a single year, and the
proportion of univoltine and semivoltine brood at the site
was therefore unknown. From these observations, Mitton
and Ferrenberg (2012) suggest that climate change caused
an unprecedented summer generation in the MPB,
whereby dispersing adults in June produced broods that
emerged as adults in September of the same year. They go
on to infer that adults dispersing in June came from a

cohort of eggs oviposited the previous fall (i.e., a winter
generation), thereby resulting in two generations in one
year (i.e., bivoltinism). Using published data on MPB low
temperature developmental thresholds and predictions
from a temperature-driven, mechanistic MPB phenology
model, we demonstrate constraints to bivoltinism at their
field site and provide a more likely scenario for their ob-
servations.

Constraints to MPB Bivoltinism

As shown in previous studies (DeLeon et al. 1934; Reid
1962; Bentz et al. 2014), warm summers can allow a pro-
portion of offspring from MPB that attack new trees in
June to complete a generation by September or October
of the same year. This phenomenon is not an unprece-
dented response to recent warming, as suggested by Mitton
and Ferrenberg (2012), but a sporadically occurring out-
come of warm summers and the presence of nonunivoltine
adults (i.e., reemerged parent adults and semivoltine brood
adults) that overwintered and are able to emerge in June
rather than July or August. Most importantly, we argue
that the apparent occurrence of a summer generation does
not equate to bivoltinism in this species. For bivoltinism
to occur at Niwot Ridge, adult broods that completed a
summer generation between June 2009 and September
2009 must have emerged, attacked new trees, and initiated
a new cohort of eggs. This cohort must have then com-
pleted a generation across winter and emerged to attack
new trees by June 2010 (i.e., two generations in a single
year). Mitton and Ferrenberg (2012) did not provide com-
pelling evidence for a second generation across winter.
They sampled life stages under the bark of random trees
in May and June in 2009 and 2010 and observed larvae,
pupae, and teneral adults, although the timing of cohort
initiation in these trees was not known. They presumed
that these trees were attacked the previous fall (i.e., Sep-
tember 2009), thereby suggesting that MPBs could com-
plete a second generation between September and June
(i.e., a bivoltine generation; fig. 1). A key piece of missing
evidence in the Mitton and Ferrenberg (2012) study is
knowledge of when these trees were actually attacked. As
described previously, overlapping MPB cohorts with vary-
ing life-cycle timing are common at high-elevation sites.

Without accurate observations on attack timing and
brood emergence, we can use well-documented data on
MPB low-development thresholds and thermal require-
ments and daily temperature data from a weather station
at the Niwot Ridge Long-Term Ecological Research site
(Niwot Ridge Long-Term Ecological Research, University
of Colorado Mountain Research Station). These weather
data, also used by Mitton and Ferrenberg (2012), allow
us to evaluate the potential for completion of a winter
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Figure 2: Mountain pine beetle development rate (1/development time in days to complete the life stage) data and estimated curves for
seven life stages (eggs, instar 1 [L1], instar 2 [L2], instar 3 [L3], instar 4 [L4], pupae, and teneral adults) and oviposition. Shown are
observed developmental rates (dots) across a range of temperatures (�C). Also shown are individuals that did not complete development
(circles) during the duration of an experiment, with the maximum possible rate allowing noncompletion indicated. Data on temperatures
that result in incomplete development highlight low temperature thresholds for development in each life stage. Bold solid curves are rates
of development estimated using maximum likelihood. Parameters and functional forms are taken from Régnière et al. (2012). Dashed curves
indicate predicted rates of development for individuals �2j (lognormal) from the mean. Data underlying figure 2 are deposited in the
Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.qt2qb (Bentz and Powell 2014).

generation between September and the following June at
the Niwot Ridge site. Although eggs and early instars of
MPBs have lower temperature thresholds that allow for
development at relatively cool temperatures, fourth-instar
larvae require temperatures approaching 17�C to become
pupae (Safranyik and Whitney 1985; Bentz et al. 1991;
Régnière et al. 2012; fig. 2). This high threshold for pu-
pation directly controls seasonality and also reduces the
chance that cold-sensitive life stages (i.e., eggs and pupae)
will be present during winter (Logan and Bentz 1999). At
the Niwot Ridge site, a cohort oviposited in September
2009 would not have received temperatures approaching

17�C until late May 2010 (fig. 1), leaving insufficient de-
velopment time for completion of a generation by early
June. Moreover, only 236 degree days (DDs) 15.5�C were
accumulated between September 15, 2009, and June 15,
2010, which is insufficient thermal heat for completion of
an MPB generation. To complete an MPB generation,
more than 833 DDs 15.5�C are required (Carroll et al.
2004).

Mitton and Ferrenberg (2012) hypothesized that selec-
tion may have occurred in populations at their high-ele-
vation site, thereby allowing their population to develop
faster than populations previously studied at lower ele-
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vations. At a 2,900-m site in California, Bentz et al. (2014)
found that MPBs at high elevations can complete a gen-
eration with fewer DDs 115�C than populations at lower
elevations. The time required to accumulate the required
heat, however, can be greater compared with that of pop-
ulations at lower elevations. Additionally, more than three
times the thermal energy was required for a generation at
the high-elevation site in Bentz et al. (2014; 70 DDs 115�C)
relative to that accumulated at Niwot Ridge between Sep-
tember 2009 and June 2010 (22 DDs 115�C). This suggests
that even if selection is occurring at high elevations, ther-
mal energy at the site of Mitton and Ferrenberg (2012)
was well below the known amount required for this insect
to complete a generation, even compared with other high-
elevation sites. In addition, any eggs deposited in Septem-
ber 2009 that did not eclose to a first instar rapidly would
have been killed when temperatures dropped below the
�17�C threshold for cold-induced egg mortality (Reid and
Gates 1970; fig. 1).

Field data from other recently published studies tracking
individual attacked trees also suggest that completing a
winter generation between September and June is unlikely
for MPBs. At a warm site in Washington, Lester and Irwin
(2012) followed trees attacked between August 25 and Sep-
tember 20 and did not observe egg eclosion and first-instar
larvae until July 22. At a warm site in southern California,
Bentz et al. (2014) observed a summer generation and
followed trees attacked in September and October through
the end of the life cycle. Adults from eggs oviposited in
September and October 2009 did not emerge from brood
trees until July 2010, setting the phenological pathway back
to univoltinism following a summer generation. Therefore,
although a few MPBs can complete a summer generation
in warm years, evolved thermal thresholds constrain a win-
ter generation between September and June, limiting the
potential for bivoltinism (fig. 1).

MPB Voltinism Predicted by a Phenology Model

A model developed to predict MPB phenology based on the
physiological processes described above provides an addi-
tional tool for evaluating the potential for bivoltinism. Ini-
tially developed by Bentz et al. (1991), the model was pa-
rameterized with development time data for MPB life stages
derived from constant-temperature laboratory experiments
and was recently modified to include lognormal genetic
variability of development times among individuals and ac-
curate low- and high-temperature development thresholds
(Gilbert et al. 2004; Régnière et al. 2012; fig. 2).

Mechanistically, the model predicts the probability that
an individual in life stage j will complete development in
a given time interval, taking as input the life stage’s rate
curve (rj(T); see fig. 2), lognormal genetic variance ( ),2jj

and current hourly phloem temperature (T). The total
potential developmental index (Rj) is calculated by inte-
grating phloem temperatures since the first attack (t p

) through the rate curve,0

t

R (t) p r (T(t))dt.j � j

0

The probability that an individual starting at time t ′ can
complete the stage by time t is computed using the log-
normal distribution,

r (T(t))j′P(tFt ) pj 2 2 2 ′�2pj R (t)/R (t )j j j

′ 2 2[log (R (t)) � log (R (t )) � (1/2)j ]j j j# exp � .
2{ }2jj

The distribution of emergence times in a given stage can
be predicted on the basis of the emergence distribution
from the previous stage; the input distribution of attacks
on a tree serves as the initial condition. More details on
this “cohort” approach to predicting the timing of life
history and justification for the generality of a lognormal
model for inherent genetic developmental differences in a
population appear in Régnière and Powell (2013).

Mortality due to factors such as cold (Régnière and
Bentz 2007) are currently not included in the phenology
model. The model is driven by hourly temperatures and
has been successfully used to predict MPB-caused tree
mortality using observed temperatures (Powell and Bentz
2009, 2014). Hourly phloem temperatures appropriate for
daily maximum and minimum air temperatures from the
Niwot Ridge weather station (see above) were generated
with the reverse-bootstrapping technique recommended
by Lewis (2011) and tested in diverse landscapes by Powell
and Bentz (2014). This technique uses an archive of air
temperatures associated with phloem temperatures of
MPB-infested trees. Daily phloem temperatures contem-
poraneous with the closest matching daily air temperatures
to Niwot Ridge were inputted into the phenology model
to predict MPB life-cycle timing and voltinism at the study
site of Mitton and Ferrenberg (2012) between June 17,
2009, and December 30, 2011.

Mitton and Ferrenberg (2012) observed that trees at-
tacked in June 2009 produced adults by September 2009.
They inferred that these adults produced a second gen-
eration between September 2009 and June 2010. When
initiated with a pulse of attacking adults beginning on June
8, 2009 (a week prior to the date of the first trap catch
observed by Mitton and Ferrenberg [2012]), our model
predicts that the majority of individuals would develop on
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Figure 3: Daily maximum and minimum temperatures at the Niwot Ridge site (top panel). Phloem temperatures estimated from these
data were used as input to the mountain pine beetle (MPB) phenology model using two attack dates, June 8, 2009 (middle panel), and
September 7, 2009 (bottom panel). Shown is the predicted timing of the teneral adult stage and their emergence from trees following
a period of maturation and temperatures 117�C. When oviposition is initiated on June 8, 2009, the majority of individuals are predicted
to have emerged on a univoltine life cycle during the summer of 2010, with a small number emerging on a semivoltine life cycle in
2011. A few individuals were predicted to develop to the teneral adult stage in September 2009, consistent with the observations of
Mitton and Ferrenberg (2012), although temperatures at the site were below the 17�C emergence threshold, and few individuals were
predicted to emerge and attack new host trees. When oviposition is initiated on September 7, 2009, the model predicts a mix of univoltine
and semivoltine emergence in 2010 and 2011, respectively. For a bivoltine life cycle to occur, eggs oviposited in September 2009 must
have emerged by early June 2010. The model predicts that no individuals would have emerged prior to the middle of August 2010,
thereby negating the possibility of a bivoltine life cycle at the Niwot Ridge site. Note that the phenology model does not include mortality
due to cold. Sharp spikes in emergence are predicted to occur when teneral adults overwinter and temperatures first exceed the 17�C
emergence threshold in spring.
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a univoltine life cycle, emerging between early June and
late September 2010, peaking in August 2010 (fig. 3). A
small number of individuals would require an additional
year, emerging in 2011. The model also predicts that a
small number of individuals would complete development
to the teneral and emerged adult stage by late September
2009 (fig. 3), consistent with what Mitton and Ferrenberg
(2012) observed. Temperatures at the site during this time,
however, were at or below the 17�C flight threshold for
adult emergence (Safranyik and Carroll 2006; Bentz et al.
2014; fig. 3), so few adults were predicted to emerge. If
we relax this constraint, however, and assume that adults
did emerge and attack new trees in September, we can use
the phenology model to evaluate whether a cohort initiated
in September could complete a winter generation by the
following June at Niwot Ridge, as suggested by Mitton and
Ferrenberg (2012).

We initiated the model with a pulse of attacking adults
that started oviposition on September 7, 2009, close to the
date described in Mitton and Ferrenberg (2012) for a fall
trap capture. Model predictions suggest that these attacks
would result in a mix of univoltine and semivoltine broods
that emerge in late summer 2010 and early summer 2011,
not early summer 2010, as suggested by Mitton and Fer-
renberg (2012; fig. 3). Our model predictions therefore
provide additional verification that an MPB generation
could not have been completed between September and
June at the Niwot Ridge site and that the bivoltinism hy-
pothesized by Mitton and Ferrenberg (2012) would have
been physiologically impossible. These model results also
suggest that the teneral adults observed by Mitton and
Ferrenberg (2012) in May and June most likely came from
a cohort initiated the previous June, not the previous Sep-
tember (fig. 3). The predicted emergence of MPB broods
from trees attacked in September 2009 overlap with broods
from trees attacked in June 2009, further highlighting the
potential for overlapping cohorts at high-elevation sites.

Conclusions

Cohort splitting is common in the MPB due to genetic
variation in thermal requirements and microclimatic var-
iation among and within trees. As a result, a mix of semi-
voltine and unvioltine life cycles can be found during
warm years at high-elevation sites (Bentz et al. 2014). Due
to the mix of cohorts that could come from different gen-
erations and initiated on different dates, ascertaining the
identity of a particular MPB cohort in the field requires
following individual trees from the time they were infested,
a key missing step in Mitton and Ferrenberg (2012). Al-
though an MPB generation can be completed in a single
summer in warm years (Hopkins 1909; DeLeon et al. 1934;
Reid 1962; Mitton and Ferrenberg 2012), a second gen-

eration that occurs across winter would be necessary to
achieve bivoltinism. Occurrence of this second generation
is limited by evolved traits, including a high thermal
threshold for pupation, that serve to maintain an appro-
priate seasonality. Instead of initiating bivoltinism, sum-
mer generations are followed by a life cycle that results in
a return to either a univoltine or a semivoltine life cycle
(Bentz et al. 2014; fig. 3).

Previous modeling studies using climate change sce-
narios have shown that univoltine and semivoltine life
cycles in the MPB can produce a stable seasonality and
that, given sufficient heat, bivoltine life cycles can also be
stable (Jenkins et al. 2001; Powell and Logan 2005). Hab-
itats with the thermal energy required for stable bivoltin-
ism, however, are currently unknown within the distri-
bution of the MPB (Bentz et al. 2014). Daily temperatures
from Niwot Ridge, knowledge of MPB thermal thresholds,
and predictions from an MPB phenology model confirm
that the study site of Mitton and Ferrenberg (2012) did
not have the thermal energy to produce a bivoltine life
cycle. Observations of apparent bivoltinism in the MPB
should be carefully considered given the ecological and
economic impact of this insect. Increased understanding
of thermal regimes and adaptations in life-history traits
that would allow the MPB to surpass the physiological
barrier that currently limits bivoltinism is needed. Climate
change is already influencing range expansion into habitats
previously too cool for the MPB, and this knowledge
would contribute to our ability to predict potential MPB
range expansion into habitats that are currently too warm.
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Carroll, A. L., S. W. Taylor, J. Régnière, and L. Safranyik. 2004. Effects
of climate change on range expansion by the mountain pine beetle
in British Columbia. Pages 223–232 in T. L. Shore, J. E. Brooks,
and J. E. Stone, eds. Mountain Pine Beetle Symposium: Challenges
and Solutions. Natural Resources Canada, Canadian Forest Service,
Information Report BC-X-399.

Costello, S. L., and W. C. Schaupp Jr. 2011. First Nebraska state
collection record of the mountain pine beetle, Dendroctonus pon-
derosae Hopkins (Coleoptera: Curculionidae: Scolytinae). Cole-
opterists Bulletin 65:21–23.

Cudmore, T. J., N. Björklund, A. L. Carroll, and B. Staffan Lindgren.
2010. Climate change and range expansion of an aggressive bark
beetle: evidence of higher beetle reproduction in naı̈ve host tree
populations. Journal of Applied Ecology 47:1036–1043.

Danks, H. 2007. The elements of seasonal adaptations in insects.
Canadian Entomologist 139:1–44.

DeLeon, D., W. Bedard, and T. Terrell. 1934. Recent discoveries con-
cerning the biology of the mountain pine beetle and their effect
on control in western white pine stands. Journal of Forestry 32:
430–436.

Gilbert, E., J. A. Powell, J. A. Logan, and B. J. Bentz. 2004. Com-
parison of three models predicting developmental milestones given
environmental and individual variation. Bulletin of Mathematical
Biology 66:1821–1850.

Hopkins, A. D. 1909. Bark beetles of the genus Dendroctonus. USDA,
Bureau of Entomology Bulletin no. 83, part 1:169.

Intergovernmental Panel on Climate Change. 2013. Climate change
2013: the physical science basis. Contribution of Working Group
I to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change. T. F. Stocker, D. Quin, G. K. Plattner, M.
Tignor, S. K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P.
M. Midgley, eds. Cambridge University Press, Cambridge.

Jenkins, J. L., J. A. Powell, J. A. Logan, and B. J. Bentz. 2001. Low
seasonal temperatures promote life cycle synchronization. Bulletin
of Math Biology 63:573–595.

Lester, J. D., and J. T. Irwin. 2012. Metabolism and cold tolerance
of overwintering adult mountain pine beetles (Dendroctonus pon-
derosae): evidence of facultative diapause? Journal of Insect Phys-
iology 58:808–815.

Lewis, M. J. 2011. Modeling phloem temperatures relative to moun-
tain pine beetle phenology. Master’s thesis. Utah State University,
Logan. http://digitalcommons.usu.edu/gradreports/60.

Logan, J. A., and B. J. Bentz. 1999. Model analysis of mountain pine
beetle (Coleoptera: Scolytidae) seasonality. Environmental Ento-
mology 28:924–934.

Logan, J. A., and J. A. Powell. 2001. Ghost forests, global warming,
and the mountain pine beetle (Coleoptera: Scolytidae). American
Entomologist 47:160.

Martinson, S. J., T. Ylioja, B. T. Sullivan, R. F. Billings, and M. P.
Ayres. 2013. Alternate attractors in the population dynamics of a
tree-killing bark beetle. Population Ecology 55:95–106.

Meddens, A. J. H., J. A. Hicke, and C. A. Ferguson. 2012. Spatio-
temporal patterns of observed bark beetle–caused tree mortality
in British Columbia and the western United States. Ecological
Applications 22:1876–1891.

Mitton, J. B., and S. M. Ferrenberg. 2012. Mountain pine beetle
develops an unprecedented summer generation in response to cli-
mate warming. American Naturalist 179:E163–E171.

Niwot Ridge Long-Term Ecological Research, University of Colorado
Mountain Research Station. Accessed January 23, 2014. http://
niwot.colorado.edu/data/datmanacess.html.

Parmesan, C. 2006. Ecological and evolutionary responses to recent
climate change. Annual Review of Ecology, Evolution, and Sys-
tematics 37:637–669.

Powell, J. A., and B. J. Bentz. 2009. Connecting phenological pre-
dictions with population growth rates for mountain pine beetle,
an outbreak insect. Landscape Ecology 24:657–672.

———. 2014. Phenology and density-dependent dispersal predict
patterns of mountain pine beetle (Dendroctonus ponderosae) im-
pact. Ecological Modelling 273:173–185.

Powell, J. A., and J. A. Logan. 2005. Insect seasonality: circle map
analysis of temperature-driven life cycles. Theoretical Population
Biology 67:161–179.
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Régnière, J., J. Powell, B. Bentz, and V. Nealis. 2012. Effects of tem-
perature on development, survival and reproduction of insects:
experimental design, data analysis and modeling. Journal of Insect
Physiology 58:634–647.

Reid, R. 1962. Biology of the mountain pine beetle, Dendroctonus

This content downloaded from 166.2.89.30 on Fri, 14 Nov 2014 11:14:59 AM
All use subject to JSTOR Terms and Conditions

http://dx.doi.org/10.5061/dryad.qt2qb
http://dx.doi.org/10.5061/dryad.qt2qb
http://digitalcommons.usu.edu/gradreports/60
http://niwot.colorado.edu/data/datmanacess.html
http://niwot.colorado.edu/data/datmanacess.html
http://www.jstor.org/page/info/about/policies/terms.jsp


000 The American Naturalist

monticolae Hopkins, in the east Kootenay region of British Co-
lumbia. I. Life cycle, brood development, and flight periods. Ca-
nadian Entomologist 94:531–538.

Reid, R., and H. Gates. 1970. Effect of temperature and resin on
hatch of eggs of the mountain pine beetle (Dendroctonus pondero-
sae). Canadian Entomologist 102:617–622.

Safranyik, L., and A. Carroll. 2006. The biology and epidemiology
of the mountain pine beetle in lodgepole pine forests. Pages 3–66
in L. Safranyik and B. Wilson, eds. The mountain pine beetle: a
synthesis of biology, management, and impacts on lodgepole pine.
Natural Resources Canada, Canadian Forest Service, Victoria.
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