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Abstract

Spruce beetle, Dendroctonus rufipennis Kirby, is associated with forest mortality in Colorado and across western 
North America, yet it is not well understood how thermal variability affects basic population processes such as 
flight phenology. However, phenology–temperature relationships are important for understanding patterns of 
ecosystem disturbance, especially under projected climate warming. Here, we use a multiyear trapping study 
to test the hypothesis that spruce beetle flight synchrony, timing, and fitness traits (body size) are affected by 
variation in regional temperature and physiography. Large quantities of co-colonizing scolytines (Polygraphus 
convexifrons) (Coleoptera: Curculionidae, Scolytinae) and predatory beetles (Thanasimus undulatus) (Coleoptera: 
Cleridae) that may affect D. rufipennis populations also responded to spruce beetle synthetic pheromone lures. 
Relationships between flight patterns and environmental conditions were also analyzed for these species. The 
winter of 2018 was warmer and drier than winter 2017 and was associated with earlier flight for both scolytine 
species across most sites. The most important environmental factor driving D. rufipennis flight phenology was 
accumulated growing degree-days, with delayed flight cessation under warmer conditions and larger beetles 
following a warm winter. Flight was consistently more synchronous under colder growing season conditions for 
all species, but synchrony was not associated with winter temperatures. Warmer-than-average years promoted 
earlier flight of D. rufipennis and associated species, and less synchronous, prolonged flight across the region. 
Consequently, climate warming may be associated with earlier and potentially extended biotic pressure for spruce 
trees in the Rocky Mountain region, and flight phenology of multiple scolytines is plastic in response to thermal 
conditions.
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The spruce beetle, Dendroctonus rufipennis (Kirby), is a primary 
biotic agent of forest disturbance in western North America, and 
high-density ‘outbreak’ beetle populations are associated with rapid 
and often expansive mortality in spruce forests. In the southern 
Rocky Mountains, spruce beetle is principally an agent of mortality 
in Engelmann spruce (Picea engelmannii Parry ex. Engelm. [Pinales: 
Pinaceae]) and can cause considerable economic damage to timber 
resources (Dymerski et  al. 2001). In Colorado, an estimated 
~720,000 cumulative hectares have been affected by spruce beetle 
outbreak populations since 1996, and active infestations are cur-
rently present in an estimated ~83,000 ha of Engelmann spruce 
forest (Colorado State Forest Service 2017). In addition to effects 
on timber resources, bark beetle outbreaks can have deleterious 

effects on forest management efforts by creating hazard trees, un-
balancing carbon budgets, and altering nutrient cycling processes, 
hydrological patterns, and fire regimes (Jenkins et al. 2008, 2012; 
Kurz et al. 2008; Klutsch et al. 2011; Edburg et al. 2012; Mikkelson 
et al. 2013). Due to these various impacts on natural resources, it is 
useful to understand the factors that regulate D. rufipennis popula-
tions and their periods of activity, which could inform the develop-
ment of ecosystem management applications.

As poikilotherms, temperature plays a role in all major life 
stages of Dendroctonus beetles (Werner and Holsten 1985, Bentz 
et al. 1991, Hansen et al. 2011), and D. rufipennis voltinism, daily 
flight behaviors, and overwintering strategies are all regulated 
by thermal conditions (Dyer 1969, Dyer and Hall 1977, Schmid 
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and Frye 1977, Werner and Holsten 1985, Hansen et  al. 2001a, 
Bleiker and Meyers 2018, and others). Spruce beetle development, 
dispersal, and mating activities primarily occur within a tempera-
ture range of 4–27°C beyond which most behaviors are arrested 
or disrupted, with flight generally occurring between 13 and 16°C 
(Holsten and Hard 2001). In warm environments or warmer years, 
D. rufipennis can achieve a univoltine life cycle, though many popu-
lations may be a mix of semi- and univoltine broods (Hansen et al. 
2001b, 2011). Similar to other Dendroctonus species, synchronous 
flight behaviors and subsequent en masse colonization of host trees 
mediates the ability of spruce beetle to overcome host tree defenses 
(Powell et al. 2000, Aukema et al. 2006, Jenkins et al. 2014), co-
ordinated flight and attack are critical for successful mating, ovi-
position, and brood development. Consequently, environmental 
and physiographic factors such as thermal conditions, deviations 
from mean winter precipitation or temperatures, and elevation that 
affect flight synchrony and duration may drive beetle population 
dynamics or patterns of tree mortality across the landscape, but 
relatively few studies have investigated relationships between envir-
onmental and physiographic conditions and D. rufipennis flight at 
a landscape scale. Recent work in forest ecosystems of the eastern 
and southeastern United States indicates that colder environments 
may be associated with a higher degree of flight synchrony in 
Dendroctonus frontalis Zimmerman (Coleoptera: Curculionidae, 
Scolytinae), a congener capable of rapid population growth and a 
multivoltine life cycle (Lombardo et al. 2018). However, this effect 
has not yet been broadly tested with other Dendroctonus species, 
and it remains uncertain whether interactions between flight pat-
terns and thermal conditions are comparable between uni- or sem-
ivoltine and multivoltine species.

In addition, D.  rufipennis-infested trees are often associated 
with a complex of phloem- and xylem-colonizing species that span 
multiple feeding guilds including predators, secondary colonizers, 
and saprophytes. These associated arthropod communities exploit 
pheromonal signals produced by D.  rufipennis to locate mass-at-
tacked host trees and may be important to spruce beetle ecology 
(Poland and Borden 1998a), but altogether, few studies report on 
the basic life history or phenology of co-colonizers. In particular, 
natural enemies and secondary colonizers may have strong impacts 
on D. rufipennis populations, as they may both predate upon and 
compete with D. rufipennis brood for phloem resources (Poland and 
Borden 1998b). In the Rocky Mountains, several common associ-
ates are reported from trapping studies; particularly common are 
Thanasimus undulatus  Say  (a predatory species) and Polygraphus 
convexifrons Wood (a secondary colonizer; Dyer 1973, Dyer et al. 
1975). To our knowledge, the flight phenology of these associated 
species has not yet been described or compared with flight patterns 
of D. rufipennis, although in recent regional trapping studies both 
species are frequently captured (T. S. Davis, personal observation). 
It is possible that the environmental conditions regulating flight 
parameters of predators and secondary colonizers differ from those 
impacting ‘primary’ bark beetles, but this has not yet been examined 
in the D. rufipennis species assemblage.

Here, we ask the question: how does flight phenology of 
D. rufipennis and associated species respond to variation in thermal 
and physiographic conditions? Using a multiyear trapping study that 
spanned the latitudes of Colorado, we describe the seasonal phenol-
ogy and synchrony of D.  rufipennis, T. undulatus, and P.  convex-
ifrons flight periods with high temporal resolution and assess the 
effects of thermal variation on beetle responses to pheromone-baited 
traps. We describe the effects of both summer and winter thermal 
variability on flight behaviors of D. rufipennis and compare factors 

driving flight phenology and synchrony between D. rufipennis and 
associated species. Our findings have implications for the interpre-
tation of interactions between a tree-killing species complex and 
regional environmental conditions and provide new information 
on flight dynamics for D. rufipennis near the southern extent of its 
range distribution.

Materials and Methods

A total of n = 15 sites spanning the latitudes of Colorado were selected 
based on 2015 and 2016 aerial survey polygons of spruce beetle-asso-
ciated tree mortality (data access information and relevant citations 
can be found in Coleman et al. 2018). Site selection was constrained 
to occur within 1.6 km of a major highway, using a geographic infor-
mation system (ArcMap 10.5; ESRI Inc., Redlands, CA). Forest cover 
at collection sites was predominantly Engelmann spruce, with subal-
pine fir (Abies lasiocarpa [Hooker] Nuttall [Pinales: Pinaceae]), lodge-
pole pine (Pinus contorta Douglas [Pinales: Pinaceae]), and quaking 
aspen (Populus tremuloides Michx. [Malpighiales: Salicaceae]) often 
present as well. Sites spanned a range of elevations, and spruce beetle 
populations were monitored across the forest growing season (April–
September) for 2 yr (2017 and 2018). One of the 15 sites (Rabbit 
Ears Pass; not shown) was omitted from analysis based on very low 
captures, with <100 total spruce beetle captured over both field sea-
sons combined (Fig. 1).

Spruce beetle populations were monitored at field sites by trap-
ping using standard methods (Lindgren 1983). Traps consisted of 
black 12-unit Lindgren funnel traps (Lindgren 1983) hung at a 
height of 1 m from the base of the collection cup to the ground 
surface, and traps were baited with commercially available spruce 
beetle pheromone lures containing frontalin, 1-methylcyclohex-2-
en-1-ol, and a proprietary blend of host tree kairomones (mono-
terpene blend; Synergy Semiochemicals, Victoria, BC, Canada). 
Although elution rates decline over time, they typically remain 
effective throughout a growing season (D. Wakarchuk, personal 
communication), and accordingly, a single lure per site was used 
each year. Collection cups were supplied with pesticide strips 
(Vaportape, Hercon Environmental, Emigsville, PA) to prevent 
sample loss due to predation or intraspecific competition. Traps 
were collected at weekly intervals in 2017 and 2018; collections 
began 1 April and continued until no further captures of spruce 
beetle occurred (typically in August or early September, but exact 
timing varied by site and year). The minimum distance between 
trapping locations was 140 m, but most traps were >1.0 km in dis-
tance. During the trapping period significant quantities of P. con-
vexifrons and T. undulatus were captured and were also recorded, 
and voucher specimens of all three focal species are deposited in 
the C. P. Gillette Museum of Arthropod Diversity, Colorado State 
University.

To evaluate whether D. rufipennis life-history traits varied with 
environmental conditions, a subset of beetles from each site and year 
of collection were measured to determine body size and dissected 
to determine sex. Following the cessation of spruce beetle flight, a 
total of n = 30 beetles from each site were selected randomly from 
the collection date nearest the date of 50% cumulative trap capture 
(i.e., peak trap capture). As a proxy for body size and relative fitness, 
pronotal width was measured (Safranyik 2011; n = 420 beetles in 
2017 and n = 420 beetles in 2018) to the nearest 0.025 mm using an 
ocular micrometer (VWR 2305.2 micrometer eyepiece: graduated 
linear line, point = 0.2 mm/14 mm [widefield 10×/F.N. 23]) at 5× 
magnification. Following body size measurement, all beetles were 
dissected using sharp forceps, and the presence or absence of male 
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genitalia was used as the determinant of sex, after the characteristics 
described in Wood (1982). Body sizes and sex ratios were not meas-
ured for P. convexifrons or T. undulatus.

At each site, the ambient air temperature was measured at hourly 
intervals throughout the 2017 and 2018 trapping periods using tem-
perature data loggers (HOBO Pendant Model: UA-002-08 Onset 
Computer Corporation, Bourne, MA). Data loggers were covered 
in white card paper to shade them from direct sunlight and secured 
with wire at 1.3–2.3 m of height on the bole of a P. engelmannii at 
a northern aspect. Temperature data from loggers were downloaded 
periodically during the trapping study to confirm continued function, 
and hourly data were summarized to yield site-level daily thermal 
metrics such as daily mean, minimum, and maximum temperature. 
Traps and temperature loggers were deployed in mid-March when 
ambient temperatures are typically below 0°C. At selected study sites 
in 2017, phloem temperatures were measured at 1.3 m of height on 
the bole of a P. engelmannii by drilling a hole perpendicular to the 
plane of the ground surface, and probes were placed at north and 
south aspects. A preliminary analysis revealed that phloem tempera-
ture at north and south aspects were highly correlated (Pearson’s 
r = 0.940; P < 0.001), and air temperatures were highly correlated 
with mean phloem temperatures (Pearson’s r = 0.929; P < 0.001). 
Consequently, only air temperatures were recorded in 2018, and 

ambient air temperatures during each trapping period were subse-
quently converted to degree-days base 13°C (value chosen based on 
results described in Davis and Hansen 2018) for the purposes of 
analysis. Several other site-level environmental variables were de-
rived using the PRISM data set (PRISM Climate Group, Oregon 
State University 2004), including cumulative winter precipitation 
(millimeter; 1 November to 1 March) and mean winter air tempera-
ture (°C; 1 November to March 1); these values in the winters of 
2016–2017 and 2017–2018 were expressed as a deviance from the 
30-yr average for each collection site. In addition, incident radiation 
load (i.e., ‘heat-load index’ [HLI] expressed as megajoules per square 
centimeter per year) at sites varies based on physiographic factors, 
and HLI was calculated for each site based on aspect, hillslope, and 
latitude using the equations of McCune and Keon (2002).

Summarized site-level thermal conditions (accumulated growing 
season degree-days, deviance from mean winter precipitation, devi-
ance from mean winter temperature, and HLI) from 2017 to 2018 
and physiographic variables (elevation) were used in subsequent 
analyses.

Statistical Analyses
All analyses were performed using the R statistical programming 
environment (v.3.5.1; R Core Team 2018). To characterize flight 

Fig. 1. Map of Dendroctonus rufipennis trapping sites within the southern Rocky Mountain region of Colorado; all sites were high-elevation (>2,800 m) Engelmann 
spruce-dominated forest sites. Gray shading shows mapped Engelmann spruce mortality between 1996 and 2017 as detected from aerial survey data.

1000 Environmental Entomology, 2019, Vol. 48, No. 4
D

ow
nloaded from

 https://academ
ic.oup.com

/ee/article/48/4/998/5506646 by guest on 11 M
ay 2021



synchrony and phenology at trapping locations a two-parameter 
logistic model (Davis and Hansen 2018) was fit to site × year-
level cumulative trap captures (percent) for each focal species 
as a function of day-of-year using the add-on package ‘nplr’ 
(Commo and Bot 2016; Supp Fig. S1 [online only]). Logistic 
functions were solved to determine 1)  the growth rate of each 
logistic curve, consistent with the relative synchrony of each 
flight period (higher growth rates reflect greater synchrony in 
the flight period), and 2)  the day of year (ordinal day) associ-
ated with 10, 50, and 90% trap capture for each trapping site in 
each year (flight phenology). These trap capture thresholds were 
chosen as an approximation of flight initiation, peak flight, and 
flight cessation, respectively.

A generalized linear mixed-effects model (GLMM) approach 
was used to analyze variation in the response variables of abun-
dance, flight synchrony, and flight phenology (i.e., flight ini-
tiation, peak flight, and flight cessation) of each focal species 
(D.  rufipennis, P.  convexifrons, and T.  undulatus) relative to 
both thermal and physiographic factors. GLMM parameters in-
cluded year as a fixed effect with two factor levels (2017 and 
2018), and the continuous predictors of site elevation (meter), 

heat-load index (megajoules per square centimeter per year), ac-
cumulated degree-days base 13°C, deviation of winter temper-
atures from the 30-yr average (°C above or below the mean), 
and deviation of winter precipitation from the 30-yr average 
(mm above or below the mean). Site (n  =  14) was modeled as 
a random effect. Continuous predictor variables were stand-
ardized prior to analysis, and all predictors and responses were 
approximately normally distributed and conformed to assump-
tions of heteroscedasticity. Because latitude, slope, and aspect 
were used in the computation of HLI, these variables were not 
incorporated as independent predictors in the GLMM. A  type 
I error rate of α = 0.05 was used for assigning statistical signifi-
cance to model parameters, but parameters were interpreted as 
‘marginally significant’ at an α = 0.10 level. Model effect sizes 
(t-scores) were compared to determine the relative contributions 
of parameters to variance in flight phenology of focal insect spe-
cies. For D. rufipennis, mean body size (pronotal width, mm) and 
sex ratio (% female) were also analyzed using this same GLMM 
framework. In addition, the effect of sex (male or female) was 
tested on pronotal widths using one-way ANOVA to test the hy-
pothesis that males and females varied in body size.

Fig. 2. Total trap captures Dendroctonus rufipennis, Polygraphus convexifrons, and Thanasimus undulatus at trapping sites. Abbreviated site names are as 
follows: CAMNE, Cameron Pass Northeast; CAMSE, Cameron Pass Southeast; CAMSW, Cameron Pass Southwest; GB, Guanella Pass Bottom; GM, Guanella 
Pass Middle; GT, Guanella Pass Top; ME, Monarch Pass East; MW, Monarch Pass West; SCN, Spring Creek Pass North; SCS, Spring Creek Pass South; WCE, Willow 
Creek Pass East; WCW, Willow Creek Pass West; WOE, Wolf Creek Pass East; WOW, Wolf Creek Pass West.
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Results

Over the course of two field seasons, 32,921 D.  rufipennis were 
trapped, as well as 33,282 P. convexifrons and 9,679 T. undulatus, 
and there was considerable site-to-site and year-to-year variability in 
abundances of focal species (Fig. 2).

Mean abundances of D.  rufipennis collected at trapping sites 
varied due to the effects of elevation, HLI, and deviation from 
mean winter temperatures (Fig. 3). Specifically, beetle abundances 
were positively correlated with increasing elevation and HLI, but 
negatively correlated with increasing (warmer) winter temperatures. 
Elevation was the single strongest predictor of D. rufipennis abun-
dances, and more beetles were captured at high-elevation sites. In 
contrast, D.  rufipennis abundances over the 2-yr trapping period 
were not affected by variation in degree-day accumulations, winter 
precipitation, or year effects. Abundances of P.  convexifrons and 

T.  undulatus were not associated with variation in any measured 
environmental variables (Table 1).

Flight synchrony (as measured by logistic growth) of all three 
species varied with growing season degree-day accumulations, 
and the flight periods of D.  rufipennis, P.  convexifrons, and 
T.  undulatus were consistently more synchronous at sites with 
lower thermal  accumulations (i.e., at colder sites, Fig. 4, and see 
Supp Fig. S1  [online only]). Effects of year, heat-load index, and 
deviation from mean winter temperatures or mean winter precip-
itation levels were not significantly related to flight synchrony for 
any focal species. Although elevation was also negatively corre-
lated with flight synchrony for D. rufipennis, indicating less syn-
chronous flight at higher elevations, degree-day accumulations 
explained a greater proportion of the variance in flight synchrony 
overall (Table 2).

Fig. 3. Scatterplots and least-squares regression lines (P  <  0.05: solid line; P  <  0.10: dashed line) showing relative contributions of (a) elevation, (b) heat-
load index, and (c) deviation from 30-yr mean winter temperature to variation in Dendroctonus rufipennis and (d) Polygraphus convexifrons abundances in 
pheromone-baited Lindgren funnel traps.
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Interannual variation in the seasonal timing of trap capture ac-
cumulations was evident between collection years for both scolytine 
species (i.e., D. rufipennis and P. convexifrons), with the entire flight 
period generally occurring earlier in 2018 than in 2017; however, 
this pattern was not evident in T. undulatus flight phenology, which 
was consistent between years (Fig. 5).

Specifically, flight initiation and peak flight occurred earlier in 
2018 for D. rufipennis and P. convexifrons—this appears to be as-
sociated with greater overall degree-day accumulations during the 
2018 field season and a significantly warmer winter in 2017/2018; 
however, an increase in accumulated growing degree-days was 
also associated with later flight cessation of D. rufipennis (Fig. 6). 
Although T. undulatus phenology did not vary strongly due to a 
year effect, mean ordinal dates of flight initiation and peak flight 
were correlated with degree-day accumulations and deviations 
from mean winter temperatures, with earlier flight initiation and 
peak flight occurring at sites with warmer growing seasons and 
warmer winters. Winter thermal conditions explained a greater 
proportion of the variation in flight phenology for T.  undulatus 
than summer thermal conditions. However, flight cessation for 
T. undulatus was also prolonged in 2018, when the region accu-
mulated more growing degree-days. Physiographic predictors such 
as HLI and elevation were not associated with flight phenology 

thresholds (flight initiation, peak flight, or flight cessation) for any 
focal species (Table 3).

Body size of D.  rufipennis during peak flight, as measured 
by pronotal width, did not differ between males and females (F1, 

838 = 1.799; P = 0.180). However, body size varied due to the effects 
of elevation, degree-day accumulations, and between years (Fig. 7). 
Beetle size decreased as elevation increased, and beetles were also 
slightly smaller on average when trap sites accumulated a higher 
number of degree-days during the growing season; beetles were also 
significantly larger in 2018. Beetle size was unaffected by variation 
in HLI, winter precipitation, or winter temperature. However, sex 
ratios were affected by deviation from mean winter temperatures, 
and populations had a significant female bias under warmer winter 
conditions. Sex ratio of D.  rufipennis populations was otherwise 
unaffected by growing season degree-day accumulations, site heat-
load index, deviation from mean winter precipitation, elevation, or 
year effects (Table 4).

Discussion

This study provides new empirical information about effects of 
local environmental factors on flight patterns of D. rufipennis and 
two related species in high-elevation Engelmann spruce forests 

Table 1. Generalized linear mixed-effects model results for predicting variation in abundances of three forest insects in high-elevation 
Engelmann spruce forests of Colorado

Species Parameter Estimate SE t-score P

Dendroctonus rufipennis Random effects
  Site (intercept) 456,812.0 675.9 — —
  Residual variance 452,110.0 672.4 — —
 Fixed effects
  (Intercept) −1,438,000.0 1,179,000.0 −1.220 0.239
  Elevation 597.5 241.9 2.470 0.043
  GDD 119.5 234.9 0.509 0.617
  HLI 483.3 248.5 1.945 0.092
  Deviation, winter precipitation 491.5 290.4 1.692 0.106
  Deviation, winter temperature −770.9 331.2 −2.327 0.049
  Year 713.5 584.5 1.221 0.239
Polygraphus convexifrons Random effects
  Site (intercept) 6,801,302.1 2,608.2 — —
  Residual variance 1,189,723.5 1,091.4 — —
 Fixed effects
  (Intercept) −3,498,000.0 2,958,000.0 −1.183 0.253
  Elevation 404.8 785.4 0.515 0.625
  GDD −582.0 493.4 −1.180 0.258
  HLI 680.7 798.2 0.853 0.426
  Deviation, winter precipitation 1,653.0 614.9 2.688 0.117
  Deviation, winter temperature 174.6 1,018.0 0.172 0.868
  Year 1,734.0 1,466.0 1.183 0.253
Thanasimus undulatus Random effects
  Site (intercept) 58,261.4 241.4 — —
  Residual variance 73,868.0 269.9 — —
 Fixed effects
  (Intercept) 666,879.8 452,110.4 1.475 0.157
  Elevation 20.7 90.2 0.229 0.824
  GDD 131.0 90.5 1.447 0.164
  HLI 55.7 92.8 0.600 0.563
  Deviation, winter precipitation −147.7 111.9 −1.320 0.202
  Deviation, winter temperature 173.5 124.0 1.400 0.193
  Year −330.4 224.1 −1.474 0.158

Significant (P < 0.05) and marginally significant (P < 0.10) parameters are highlighted in bold text. GDD (cumulative growing degree-days), HLI (heat-load 
index).
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across Colorado. To the best of our knowledge, this is the first de-
scription of flight timing of P.  convexifrons or T.  undulatus, and 
our data clearly show that both P. convexifrons and T. undulatus 
respond to the same chemicals present in D.  rufipennis synthetic 
pheromone lures to locate suitable habitats. Our analyses indicate 
differences between the three focal species in terms of their associ-
ations with thermal conditions and depending on the specific metric 
examined (i.e., abundance, flight synchrony, or phenology), with 
potential consequences for the interpretation of species interactions 
(Hofstetter et al. 2007), pest behaviors, and patterns of ecosystem 
disturbance.

Multiple environmental factors explained variation in beetle 
abundances at trapping sites between years, and warmer winter con-
ditions were associated with lower abundances of D. rufipennis in 
the following field season but physiographic factors including HLI 
and elevation were also important predictors of abundance with 
larger captures at higher elevations and at sites with higher potential 

for solar irradiance (Fig. 3), although HLI was only marginally 
statistically significant. In Colorado and across much of its range, 
colder-than-average winter temperatures are associated with an in-
creased probability of overwinter mortality of D. rufipennis popula-
tions (Massey and Wygant 1954, Berg et al. 2006), but in the present 
study, reduced D. rufipennis abundances were observed at most sites 
following a warmer-than-average winter (Fig. 2). This could indi-
cate that D. rufipennis populations are highly sensitive to variation 
in winter temperatures in general but may also reflect a decreasing 
trend in forest area affected across the region, which has been grad-
ually declining since 2014. However, our study design does not allow 
us to interpret how local population dynamics or host availability 
may have influenced trap captures, so it cannot be ruled out that 
density-dependent effects, fewer available host trees, or direct reduc-
tion of population sizes via intensive sampling were responsible for 
reduced D. rufipennis abundances in consecutive collection years. In 
contrast, relationships between thermal conditions and abundances 

Fig. 4. Scatterplots and least-squares regression lines showing relative contributions of degree-day base 13°C accumulations (a) and elevation (b) to variance 
in relative flight synchrony (as measured by logistic growth rate of seasonal trap accumulations) of Dendroctonus rufipennis. Similar relationships existed for 
degree-day accumulations and flight synchrony of (c) Polygraphus convexifrons and (d) Thanasimus undulatus. Here, higher logistic growth rate is consistent 
with a more synchronous flight period.
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of T. undulatus and P. convexifrons were marginal-to-absent, respect-
ively. This suggests that environmental conditions have differential 
impacts on individual species abundances within the D. rufipennis 
community assemblage, even for species with similar life histories 
or that co-occupy the same ecological niche. These differences could 
have implications for interactions between D. rufipennis, P. convex-
ifrons, and T.  undulatus within host trees, as well as the relative 
degree of challenge exerted on host trees.

Although environmental factors associated with beetle abun-
dances differed between focal species, the flight synchrony of all 
three focal species was responsive to variation in growing season 
degree-day accumulations, with more synchronous flight occurring 
at trapping locations that had fewer accumulated growing season 
degree-days (Fig. 4). This result differs from a recent study by 
Lombardo et al. (2018), who linked phenological synchrony in the 
congener D. frontalis with increasingly colder winter temperatures. 
Voltinism requirements are one potential biological explanation for 
this difference in environmental drivers of synchronicity between 
congeners, as Dendroctonus species or populations without an ob-
ligatory cold diapause phase (such as D. frontalis) may be able to 
exploit small or periodic daily increases above minimum develop-
mental threshold temperatures during fall or winter months to con-
tinue development, but species that undergo an obligate diapause 

(such as D. rufipennis) should generally be more responsive to vari-
ation in growing season thermal conditions because metabolic ac-
tivity is limited for long periods and development is often completed 
over two (or more) growing seasons (Knight 1961).

However, following the warm winter of 2017–2018 (Fig. 6), the 
flight periods of both bark beetle species (D. rufipennis and P. convex-
ifrons) occurred considerably earlier in the growing season (Fig. 5), 
and this was consistent across most trapping sites. Increasing growing 
season degree-day accumulations at study sites was also associated 
with delayed flight cessation for D. rufipennis (Table 3); this could 
be due to re-emergence of adults following mating and oviposition 
(Hansen and Bentz 2003). In addition, D. rufipennis were larger on 
average and significantly female-biased when growing season and 
winter temperatures were warm, respectively (Fig. 7); however, we 
did not find any evidence for sexual size dimorphism in D. rufipen-
nis, similar to the results reported by Safranyik (2011). Body size 
is predictive of lipid content in bark beetles (Graf et al. 2012), and 
larger size is typically connected with greater overall fitness in insects 
(Honěk 1993). Consequently, beetle populations at warmer trapping 
sites may be more fecund, but this has not yet been tested.

Future climate projections, as modeled by representative con-
centration pathways (RCPs), suggest a high probability of warming 
mean air surface temperatures of at least 1°C on average between 

Table 2. Generalized linear mixed-effects model results for predicting variation in flight synchrony, as measured by logistic growth in cu-
mulative trap captures, of three forest insects in high-elevation Engelmann spruce forests of Colorado

Species Parameter Estimate SE t-score P

Dendroctonus rufipennis Random effects
  Site (intercept) 0.0003799 0.019 — —
  Residual variance 0.0019208 0.043 — —
 Fixed effects
  (Intercept) −52.708 60.880 −0.866 0.398
  Elevation −0.036 0.011 −3.309 0.009
  GDD −0.039 0.012 −3.269 0.005
  HLI 0.002 0.011 0.151 0.883
  Deviation, winter precipitation 0.010 0.015 0.654 0.523
  Deviation, winter temperature −0.010 0.015 −0.638 0.538
  Year 0.026 0.030 0.868 0.396
Polygraphus convexifrons Random effects
  Site (intercept) 0.00681 0.082 — —
  Residual variance 0.16707 0.408 — —
 Fixed effects
  (Intercept) 312.378 527.679 0.592 0.561
  Elevation −0.085 0.089 −0.957 0.366
  GDD −0.207 0.102 −2.025 0.063
  HLI −0.015 0.092 −0.163 0.874
  Deviation, winter precipitation −0.146 0.127 −1.155 0.268
  Deviation, winter temperature −0.080 0.124 −0.645 0.535
  Year −0.155 0.262 −0.591 0.561
Thanasimus undulatus Random effects
  Site (intercept) 0.000604 0.024 — —
  Residual variance 0.004206 0.064 — —
 Fixed effects
  (Intercept) 75.888 87.997 0.862 0.399
  Elevation −0.001 0.015 −0.037 0.971
  GDD −0.042 0.017 −2.433 0.028
  HLI −0.010 0.016 −0.656 0.529
  Deviation, winter precipitation −0.034 0.021 −1.568 0.138
  Deviation, winter temperature −0.020 0.021 −0.916 0.384
  Year −0.038 0.044 −0.861 0.400

Significant (P < 0.05) and marginally significant (P < 0.10) parameters are highlighted in bold text. GDD (cumulative growing degree-days); HLI (heat-load 
index).
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present and 2050 (Rasmussen et al. 2016). Applying an adjustment 
of +1°C to our site-level daily air temperature data set (i.e., assuming 
RCP 2.6 at 2050) results in a median increase of ~200 growing season 
degree-days base 13°C across trapping sites. Interpreted in light of 
our linear models of abundance, synchrony and flight phenology, fu-
ture warming to this extent (1°C) could be associated with reduced 
flight synchrony for all three focal species (Fig. 3), but extended flight 
periods for D.  rufipennis. However, changing temperature thresh-
olds can result in nonlinearities in insect population models, and 
our results should be interpreted with the caveat that potential inter-
actions among climate variables and insect populations may be diffi-
cult to forecast. In addition, we predict that warmer conditions will 
be characterized by larger, female-biased beetle populations (Fig. 7). 
Collectively, these results suggest that thermal conditions in high-el-
evation Engelmann spruce forests of Colorado by 2050 are likely to 
be associated with increasingly asynchronous and prolonged flights 
of larger and potentially more fecund D.  rufipennis populations. 
In addition, warm conditions facilitate the development of univol-
tine brood, which are more likely to achieve eruptive populations 
(Hansen and Bentz 2003). These aggregate effects could manifest as 
a cycle of increasingly intense biotic pressure on Engelmann spruce 
forests in the southern Rocky Mountain region, with consequences 
for patterns of forest disturbance (Foster et al. 2018).

Our findings also have significance for monitoring efforts and 
forest management applications targeting mitigation of D. rufipen-
nis-associated tree mortality and can inform appropriate regional 

timing of these activities. Significant variability in flight patterns oc-
curs between sites and between years, but across all sites and years, 
the earliest date of flight initiation (10% trap capture) observed was 
ordinal day 146 (26 May); conversely, the latest date of flight ces-
sation was ordinal day 214 (2 August). From a 6-yr trapping study 
with a geographic extent confined only to northern Colorado, Davis 
and Hansen (2018) reported an earliest date of first trap capture 
of 6 May for D. rufipennis populations. Accordingly, placement of 
traps for D. rufipennis population monitoring in Colorado should 
occur before May 26 in order to be effective; however, regional ef-
forts aimed at treating, removing, or eradicating infested tree ma-
terials might be most conservatively implemented either prior to 6 
May (i.e., prior to flight) or following 2 August (i.e., following flight 
cessation).

Our studies provide insights into the thermal and physiographic 
factors associated with recent flights of D. rufipennis in Colorado, 
and for the first time, describe the flight phenology of two associ-
ated species, T.  undulatus and P.  convexifrons. Factors regulating 
abundances and phenology differed among the three focal species; 
both D.  rufipennis and T.  undulatus population abundances and 
phenology were sensitive to environmental parameters, whereas 
P. convexifrons populations were not. We hypothesize that P. con-
vexifrons is probably multivoltine and capable of achieving multiple 
generations per year, as we have previously observed P. convexifrons 
rapidly emerge from infested spruce tree material after placement 
in the laboratory environment (T. S. Davis, personal observation). 

Fig. 5. Accumulations of Dendroctonus rufipennis, Polygraphus convexifrons, and Thanasimus undulatus collected from pheromone-baited Lindgren funnel 
traps at 14 sites throughout Colorado during two growing seasons. Black lines indicate 2017 trap captures, and gray lines indicate 2018 trap captures.
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Yet, flight synchrony of all three species was strongly correlated with 
growing season degree-day accumulations and trends indicated re-
duced flight synchrony under warmer summer conditions. Our re-
sults suggest that there may be key differences in the environmental 
drivers of flight synchrony across Dendroctonus species; this merits 
further synthesis to elucidate how regional patterns of ecosystem dis-
turbance relate to current and projected future thermal conditions. 
Here, D. rufipennis flight parameters of interest including phenology 
and synchrony varied considerably between both sites and years, 
indicating that region-specific studies should be relied on for delimi-
tating relevant periods of population activity.

Supplementary Data

Supplementary data are available at Environmental Entomology 
online.
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Table 4. Generalized linear mixed-effects model results for predicting variation in the mean body size and sex ratio of Dendroctonus 
 rufipennis in high-elevation Engelmann spruce forests of Colorado

Variable Parameter Estimate SE t-score P

Body size (mm) Random effects
  Site (intercept) 0.001 0.027 — —
  Residual variance 0.001 0.032 — —
 Fixed effects
  (Intercept) −229.700 53.700 −4.276 <0.001
  Elevation −0.028 0.011 −2.671 0.031
  GDD −0.021 0.011 −1.932 0.069
  HLI −0.001 0.011 −0.074 0.943
  Deviation, winter precipitation −0.007 0.013 −0.536 0.599
  Deviation, winter temperature −0.020 0.015 −1.352 0.213
  Year 0.115 0.027 4.320 <0.001
Sex ratio (M:F) Random effects
  Site (intercept) 54.320 7.371 — —
  Residual variance 72.440 8.511 — —
 Fixed effects
   (Intercept) 18,308.84 14,086.12 1.300 0.210
  Elevation −1.973 2.792 −0.707 0.498
  GDD 2.892 2.822 1.025 0.318
  HLI 1.913 2.871 0.666 0.522
  Deviation, winter precipitation −2.641 3.488 −0.757 0.458
  Deviation, winter temperature 7.051 3.838 1.837 0.097
  Year −9.046 6.982 −1.296 0.211

Significant (P < 0.05) and marginally significant (P < 0.10) parameters are highlighted in bold text. GDD (cumulative growing degree-days); HLI (heat-load 
index).
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