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Pinyon ips (Ips confusus LeConte) is a native bark beetle that can cause extensive mortality of pinyon pines (Pinus
spp.) in the western United States, particularly during hot droughts that stress trees. Although pinyon ips is
assumed to be multivoltine, with multiple generations per year, research is lacking regarding temperature-

fpl;ez)(;l;gs dependent phenology and field-based evidence of annual generations. At sites in Arizona and New Mexico,
Temperature-dependent development across two years, we momFored pinyon ips lifecycle timing using emergence cages on trees and passive .traps.
Drought These data and associated field-based temperatures were used to develop empirical models that predict timing of

spring emergence and summer generations. For comparison to field-based models, laboratory experiments were
conducted to quantify pinyon ips lifestage-specific development at constant temperatures and a cohort-based
mechanistic phenology model was developed. Field measures highlight extensive overlap of summer genera-
tions, likely due to extended oviposition, variable microhabitat temperatures, and developmental variability
among lifestages. Predictions from the two models were in alignment with each other and with field-based data
for spring emergence of an overwinter generation, and the first and second summer generations. Both models
also predicted the observed number of summer generations, although cohort splitting overwinter was difficult to
quantify. The warmest sites were predicted to have up to 5 annual generations with 2 generations at cool sites.
Increasing severity of hot droughts will likely increase pinyon ips caused tree mortality as the number of annual
generations increases. The models can be used to estimate pinyon ips generations given daily temperature
records.

1. Introduction traditional dietary staple for Indigenous cultures, among other services

(Harlow et al., 1981).

Colorado (Pinus edulis Engelm.) and singleleaf pinyon pines
(P. monophylla Torr. & Frém) are major components of woodland eco-
systems in the southwestern US. These woodlands are ecologically,
economically, and culturally important and cover about 20 million
hectares of Arizona, Nevada, Utah, Colorado, and New Mexico. Common
associates include several juniper species, especially Utah juniper
(Juniperus  osteopserma  (Torr.) Little) and one-seed juniper
(J. monosperma (Engelm.) Sarg.) (Barger and Ffolliott, 1972).
Pinyon-juniper woodlands represent important ecosystems for rare
plants, birds, and other species (Webb, 1999). Pinyon pines are impor-
tant as fuelwood and fenceposts in rural areas, and the large seeds are a

Pinyon pines are susceptible to sporadic outbreaks of the native bark
beetle pinyon ips (Ips confusus LeConte Coleoptera: Curculionidae,
Scolytinae), especially when the trees are stressed by drought (Gaylord
et al., 2013, 2015) or dwarf mistletoe infestation (Negron and Wilson,
2003). For example, a region-wide drought in the early 2000s was
associated with pinyon ips-caused mortality on over 1.2 million hectares
in the southwestern US (Kleinman et al., 2012). Pinyon pine mortality
approached 100 % in localized areas and, in Arizona, cumulative mor-
tality from 2002-2004 exceeded 20 % of basal area (Shaw et al., 2005).
Hot droughts are known to positively influence bark beetle populations
(Kolb et al., 2016; Bentz et al., 2023; Potterf et al., 2025), and this
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pinyon ips population eruption ended coincident with the moderation of
drought and high temperature conditions (Raffa et al., 2008). Pinyon
ips-caused tree mortality is mapped almost yearly during aerial detec-
tion surveys (USDA Forest Service, 2025), however, suggesting presence
of low level, endemic populations even during non-drought years.
Observational studies suggest that patterns of pinyon pine mortality may
also be related to stand (tree size, density) and site factors (elevation,
topography) but there are also inconsistencies in interpretation (Ogle
et al., 2000; Negron and Wilson, 2003; Greenwood and Weisberg, 2008;
Floyd et al., 2009; Santos and Whitham, 2010; Kleinman et al., 2012;
Meddens et al., 2015).

Pinyon ips has a distribution roughly coincident with P. edulis and
P. monophylla and outbreaks are less common in other pinyon pine
species (Wood, 1982). A polygamous species, males initiate attacks on
novel hosts, mining into the phloem of boles and large branches. Males
release aggregation pheromones to attract females and conspecifics to
overwhelm host defenses. These pheromones have been identified as (+)
ipsdienol, cis-verbenol, and ipsenol (Birch et al., 1977; Seybold et al.,
2004). Two to four females mate with each male, then construct sepa-
rate egg galleries radiating from the central nuptial chamber
(Cibrian-Tovar et al., 1995). Following eclosion, larvae feed perpen-
dicular to the egg gallery, consuming phloem which results in host death
if attack concentration reaches some threshold level. Following pupa-
tion and adult eclosion, brood adults emerge from their natal hosts,
completing the life cycle.

Despite the significance of pinyon ips to woodland ecosystems, this
organism’s phenology, including number of generations per year, is only
loosely known, and the impacts of weather variations and climate
change are unknown. In a study describing the overwintering life-stages
of pinyon ips, Chansler (1964) stated the species has “usually three and
sometimes four generations” between April and October but without
citation or supporting data. Eager (1999) stated two to five generations
per year as a function of elevation and climate but also without citation
or supporting data.

Phenology models are important tools for predicting thermally-
dependent rates of change in insect population dynamics and can be
developed empirically or using a process-based, mechanistic under-
standing. Empirical models are often based on thermal sums or degree
days that are associated with trends in lifestage completion at a given
sample of observed locations (Tran et al., 2020; Bentz et al., 2023). In
contrast, mechanistic phenology models are based on data describing
physiological responses to temperature or other environmental data and
can capture nonlinear development across a range of conditions (Powell
and Bentz, 2009; Candau and Studens, 2025). Although process-based
models can better include novel or no-analog responses that may
occur in the future as climate changes, both model types are valuable
tools for understanding current lifecycle patterns. Given that empirical
models describe responses to specific conditions, rather than physio-
logical responses to a range of conditions, extrapolation of results
beyond the area of development is often not warranted. Data for
empirical model development, however, are often more easily obtained
than for mechanistic model development.

Our goals were to describe pinyon ips life cycle timing from field
observations at several sites in New Mexico and Arizona, estimate life
stage-specific (egg through pupa) developmental rates and phenology
from constant temperature laboratory data, and parameterize empirical
and mechanistic models that predict the number of generations per year
as a function of temperature. Two empirical sub-models were developed
using temperature-based variables best related to field-observed adult
emergence, one for emergence of the overwintering generation and one
for emergence of summer generations. These two models were combined
to estimate number of annual generations. We also developed a mech-
anistic phenology model based on constant temperature laboratory data
of egg, larval and pupal development, augmented with estimates of
oviposition and adult development rates. The mechanistic model is a
hybrid in that it uses predictions from the overwintering generation
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empirical sub-model for initiation. Predictions from the two model types
are compared to field observations and we apply the models to cool and
warm pinyon pine sites to estimate potential changes in numbers of
generations with climate change.

2. Materials and methods
2.1. Phenology data - field sites

Field sites were chosen based on abundant currently infested pinyon
pines and ease of access to facilitate frequent site visits. Red Mountain,
Arizona (35.545 N, 111.859 W, elevation 2046 m) was established 22
March 2022 and Lobo Canyon, New Mexico (35.250 N, 107.705 W,
elevation 2514 m) was established 24 March 2022 (Fig. 1). At each site
we identified 6-7 P edulis infested the previous fall which had over-
wintering brood adults, henceforth the overwinter generation. When
possible, emergence cages were attached on north and south bole as-
pects of the infested trees using 30 x 60 cm flexible screens centered at
breast height (1.4 m) (see Bentz et al., 2023). Due to variation in tree
size, attack density, and branch locations, some trees had: 1) cages
installed on east or west bole aspects; 2) a single cage; 3) cages installed
starting near the root collar; or 4) cages narrower than 30 cm. The
bottom of the screen was shaped into a funnel with a transparent
centrifuge tube tied on to allow collection of emerging adults.

At each site, near currently infested trees, we deployed six passive
traps made with two interlocking polycarbonate sheets (41 x 81 cm),
forming an X-pattern when viewed from above. These are intended to
intercept flying beetles and are considered to be an unbiased sample of
beetle flight activity as opposed to synthetic pheromone-baited funnel
traps which can capture bark beetles in patterns out of proportion to
overall population trends (Bentz, 2006). A large funnel (~1 m diameter)
was attached below the panels to collect falling beetles, and the device
was suspended off the ground 1-2 m. A small strip of 2,2-dichlorovinyl
dimethyl phosphate-impregnated plastic was added to collection cups to
prevent escape and predation.

Additionally, we selected four live pinyon pines, 23-43 cm dbh,
central to clumps of currently infested trees. These were baited with a
pheromone blend lure consisting of: (+) ipsdienol, cis-verbenol, and
ipsenol (Synergy Semiochemical Corp., Delta, B.C.) in an attempt to
ensure attacks from overwintering brood adults.

Each site was visited twice weekly to collect beetles in the emergence
cages and passive traps and to examine baited trees for evidence of at-
tacks (e.g., boring dust and entrance holes). Lures were removed after
attacks began and, after about two weeks, emergence cages were
attached to bole faces as described above. After baited trees were
attacked, the collection interval became weekly but was occasionally
skipped because of scheduling conflicts. Collections were brought to the
laboratory for sorting, identification, and counting. For the Lobo Canyon
site, we identified and counted other coleopterans captured in the cages
and traps (Table S2). As cages on the baited trees began to collect
emerging brood adults (henceforth the first summer generation), nearby
uninfested pinyon pines were examined for evidence of attack. Newly
attacked trees were flagged and, after allowing about two weeks for
attacks to reach culmination, emergence cages were attached to these
trees. This process continued through the end of the warm season, i.e.,
late October to monitor subsequent summer generations.

At the Lobo Canyon site, the four baited trees were first attacked
from day-of-year (DOY) 108-116, yet emergence of overwinter beetles
continued through at least DOY 130. For this generation and site-year
only, we caged five additional trees with date of first attacks observed
from DOY 125-132.

We installed two new sites during 2023. Tusayan, Arizona (35.859 N,
112.146 W, elevation 1935 m) was established 28 March 2023 and
Cedro Peak, New Mexico (35.045 N, 106.359 W, elevation 2220 m) was
established 29-30 March 2023 (Fig. 1). Each site had four P. edulis
identified as having overwintering brood adults and we deployed
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Fig. 1. Locations of field phenology sites and sources of pinyon ips beetles and host material for laboratory phenology testing. Lobo Canyon had two consecutive
years of field data (2022, 2023) and is the source of Pinus edulis host material and beetles for laboratory studies. The other phenology sites had a single season of field

phenology data collection (Red Mountain 2022, Cedro Peak 2023, Tusayan 2023).

emergence cages as described above. At Tusayan we baited three live
P. edulis while at Cedro Peak we baited four live P. edulis. Data collection
and caging of subsequent generation trees followed as described for the
2022 sites excepting that Tusayan had five passive traps and Cedro Peak
had only two passive traps. Additionally, the Lobo Canyon site was used
again with cages deployed on five trees with overwintering brood, five
passive traps, and four baited live P. edulis. This site was re-established
on 3 April 2023.

2.2. Phloem and air temperatures

To monitor phloem temperatures, i.e., beetle habitat, pheromone
baited trees at the Lobo Canyon and Red Mountain sites in 2022, and
Cedro Peak and Tusayan sites in 2023, were probed with thin-tipped (34
mm?) thermocouples (Omega Engineering, Inc., Stamford, CT) placed
into the phloem and attached to a datalogger (CR1000, Campbell Sci-
entific, Inc., Logan, UT). Air temperature was also monitored at each site
within a radiation shield using a temperature probe (Campbell Scientific
probe 107) attached to the datalogger and/or a temperature recorder
(HOBO datalogger, Onset Computer Corp., Bourne, MA). Air tempera-
ture, but not phloem temperature, was monitored at Lobo Canyon dur-
ing 2023 (Fig. S1).

For empirical phenology model development and evaluation, daily
maximum and minimum air temperatures for the interval from DOY 1 to
the date of datalogger installation, for each site-year except Lobo
Canyon 2023 which had continuous measurements from 2022, were
modeled from nearby remote automated weather station (RAWS;

https://mesowest.utah.edu/) data using a generalized linear mixed
model (PROC GLIMMIX, SAS Institute, Inc., Cary, NC, USA; Littell et al.,
2006). Covariates included season (Winter, Spring, Summer, and Fall)
and the difference between daily maximum and minimum temperature
at the RAWS. Hourly temperatures were then estimated using a
sine-wave curve.

The mechanistic model (see 2.4.2) was developed with observed
hourly phloem temperatures. To evaluate and run the model when only
air temperatures are available, we modeled phloem temperatures using
observed phloem and air temperatures from all site-years with cova-
riates of “night” (2000-0600) and “early day” hours (0700-1500). For
probed trees that were successfully attacked, we only used phloem
temperature data when brood were developing in the tree because
phloem temperatures in these trees could be confounded with foliar loss
and bole desiccation. The phloem temperature model was fitted using
least-squares linear regression (PROC REG, SAS Institute, Inc., Cary, NC,
USA), with night and early day hours coded with dummy variables.
Including “late day” hours did not appreciably improve model fit so we
only use the three explanatory variables. The least-squares regression
model for predicting phloem temperature from air temperature,
regardless of bole aspect, is:

Phloemyq; = 3.113 + 0.907 (Air temperature) + 1.887(Night)
— 2.555(Early) @

where Night =1 if hour of day is 2000-0600, 0 otherwise; and Early=1 if
hour of day is 0700-1500, O otherwise. Rﬁdj of this model was 0.920.


https://mesowest.utah.edu/
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Standard errors for model parameters: Intercept (0.064), Air temperature
(0.002), Night (0.052), Early (0.049).

2.3. Phenology data - laboratory

Two each live and currently infested P. edulis were harvested from
the Lobo Canyon site on 20 September 2022 and transported to the
USDA Forest Service Rocky Mountain Research Station laboratory in
Logan, UT. Infested trees contained brood ranging from late instars
through newly-eclosed adults. Bolts with teneral adults were initially
held in a walk-in cooler at near 0 °C while bolts with less mature brood
were held in incubators at 20 °C (I-36VL, Percival Scientific, Inc., Perry,
IA). When brood maturity was similar among all bolts, some bolts were
held at 20 °C to allow brood adult emergence while others were held in
the walk-in coolers until later use.

Emerging brood adults were sexed according to characters of dorsal
portion of the head wherein female pinyon ips have a pars stridens-
plectrum for stridulation whereas males lack this morphology (Lukic
et al., 2021). On 24 October 2022, males were inserted into pre-drilled
holes on uninfested bolts, spaced at ~5 cm and away from bolt ends.
Flexible screening was stapled over the holes in an attempt to keep
beetles from abandoning the log. The next morning, one female was
inserted into the same holes and a second female was added during the
afternoon. From 1-3 November 2022, bark was removed from bolts to
collect eggs. We collected from the distal end of egg galleries to ensure
the most recently laid eggs, and eggs were sorted by distance from the
distal end in 1 cm increments. We favored eggs 0-1 cm distal when
available and did not use any eggs >4 cm distal.

Using phloem peeled from uninfested P. edulis, we made phloem
sandwiches with 10 eggs per sandwich, placing eggs into artificial niches
in a regular pattern. The infested phloem was then held between glass
and Plexiglas plates, 15 x 15 cm, with ventilation holes drilled into the
Plexiglas (Bentz et al., 1991; Hansen et al., 2001). Medical tape was used
to tightly secure the plates, holding the phloem to the glass as securely as
possible, while allowing a degree of ventilation. We made seven plates
each for 10, 15, 25, and 30 °C constant temperature treatments. Sand-
wiches were held vertically in a rack within a desiccator, the desiccator
bottom containing a saltwater solution to maintain humidity near 95 %.
Each desiccator was placed in an incubator (I-36VL, Percival Scientific,
Inc., Perry, IA). To best mimic subcortical conditions, incubator lights
were kept off and plates were held in constant darkness except during
daily inspections (Hansen et al., 2001). Temperatures were monitored
with a datalogger (CR1000, Campbell Scientific, Inc., Logan, UT) and
adjusted to within 0.1 °C of the target temperature. Thereafter, phloem
sandwiches were examined daily, within a 3-hour window, for molting
and metamorphosis. Headcap exuviae were noted and assumed to be
clear evidence of a molt since the previous observation. We also
measured the headcap widths to construct a histogram to define the
number of instars and determine breakpoints in the event of ambiguity
among instars. These procedures were repeated for temperatures 8, 20,
32, and 34 °C with green bolts infested with males on 21 November 2022
and eggs collected and phloem sandwiches constructed 28-30
November 2022.

Additionally, we obtained bolts of live and infested P. monophylla
from the Mountain Home Range, Utah on 7 November 2022 (38.434 N,
113.887 W, elevation 2142 m) (Fig. 1). Beetles and phloem from these
trees were used to build phloem sandwiches held at two of the constant
temperatures used in experiments with P. edulis, 25 and 30 °C. These
sandwiches were constructed on 6 March 2023. Development time in
phloem sandwiches of individuals from P. edulis and P. monophylla
populations were compared using a generalized linear mixed model
(PROC GLIMMIX, SAS Institute, Inc., Cary, NC, USA). As part of a
separate experiment comparing pinyon ips brood success in
P. monophylla and Great Basin bristlecone pine (P. longaeva Baily) (Bentz
and Hansen, unpublished data), we monitored total time for brood
development (infestation to brood adult emergence) in four
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P. monophylla bolts infested 18-25 January 2023 and held at constant 25
°C.

2.4. Modeling pinyon ips phenology

2.4.1. Empirical phenology model development

Adult emergence cage data from field sites (see Section 2.1) were
summarized as cumulative proportions of total emergence per cage at
each collection date. Cage data with fewer than 20 total beetles captured
were not used in the model building described below. This included site-
years where trees were not caged beyond those identified as having
overwintering brood due to low numbers of attacks on baited trees (e.g.,
Tusayan 2023 and Red Mountain 2022 sites). Also, two cages intended
to capture emerging brood from the overwintering generation had
emergence coinciding with that of the first summer generation. It is
likely those cages were deployed over unutilized phloem and over-
wintering generation beetles infested that material rather than a novel
host; those data were censored during model building.

Independent empirical sub-models were created for spring emer-
gence of the overwintering and summer generations, wherein we
observed approximate dates of first attacks for the latter but not the
former. Similar to Bentz et al. (2023) for Dendroctonus brevicomis
LeConte, spring emergence was modeled using a cumulative Weibull
distribution (minpack.lm package, nlsLM function) (Elzhov et al., 2016;
R Core Team, 2022). The dependent variable was cumulative pro-
portions of total emergence per cage per observation. Explanatory var-
iables tested were air temperature-based cumulative hours and
degree-hours above thresholds from 4-16 °C in 1 °C increments using
a biofix starting on DOY 1. Cumulative proportions of emergence and
temperature variables were matched by DOY. We used the residual
standard error to determine the best-fitting variable. Results from this
model were used to generate a temporal distribution of emergence for
the overwintering generation. After selecting only cages with > 20
pinyon ips, as described above, we had data from 35 cages, and each
site-year is represented for the overwinter generation. We randomly
selected 28 (80 %) of these to parameterize the spring emergence model,
reserving the remainder for validation.

Similarly, for the summer generations model, the dependent variable
was cumulative proportions of total emergence per cage per observation
and we modelled emergence using a cumulative Weibull distribution.
Explanatory variables tested were air temperature-based cumulative
hours and degree-hours above thresholds from 4-16 °C in 1 °C in-
crements but using a biofix date of first observed attacks on a tree. Other
than for Lobo Canyon 2022, the summer generation data were
confounded by lack of attacks at some site-years, or we were unable to
observe the dates of first attacks. Therefore, the summer generation
model was parameterized with Lobo Canyon 2022 data, and summer
generation cage data from other site-years was used for comparisons to
model predictions. After selecting only cages with > 20 pinyon ips, as
described above, Lobo Canyon 2022 had summer generation data from
43 cages and we randomly selected 35 (81 %) of these to parameterize
the summer emergence model, reserving the remainder for validation.

Predictions of the annual number of generations at a site can be made
by linking the overwintering spring emergence and summer generation
sub-models. The biofix date for the spring emergence model was always
DOY 1. The biofix date for initializing the first summer generation was
the date of predicted 50th percentile emergence for the overwinter
generation. Each subsequent summer generation was initialized using
the date of 50th percentile emergence for the previous generation. The
combined model was visually evaluated by comparing model output to
field observations.

2.4.2. Mechanistic phenology model development

Models were fitted to the egg through pupal stages and oviposition
and adult stages separately. Initially, observed and censored develop-
ment times of egg through pupal life stages estimated in laboratory
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constant temperature phloem sandwich experiments (see Section 2.3)
were fit assuming a lognormal distribution following the protocols
outlined by Régniere et al. (2012) and described in Appendix A.
Censored observations in the development time data occur when the end
or beginning of the life-stage was unobserved. There were two kinds of
censored observations in our data: 1) individuals died between subse-
quent observations; and 2) the beginning of egg development was un-
observed. Eggs were harvested from all locations along a gallery
segment but only those eggs at the distal end of the gallery segment
could be considered as recently oviposited (i.e., < 1 day old). The
probability that development completed in the time interval was esti-
mated separately for each type of censored data (Appendix A).

Estimated and observed development time data for egg through
pupal stages were then fitted to a modified version of the Logan rate
curve (Hansen et al., 2011),

r(T) = w[(ew(T*Tb) _ 1) _ (ew(Terb) _ l)ef(Tme)Am] 2
Here T,, represents the upper threshold for development, and T}, is a
fitted parameter that adjusts the location of the lower threshold but is
not the actual lower threshold, which must be determined computa-
tionally. A, is the thermal width of the transition between the optimal
development temperature and the upper threshold. The parameter @
captures the exponential acceleration of development as temperatures
rise above the lower threshold, while y controls the rate of development
at optimal temperature.

It is not possible to directly measure bark beetle oviposition and
adult development rates using our phloem sandwich technique (see
McManis et al.,, 2018; Hansen et al., 2024; Wangen et al., 2024).
Therefore, to estimate times for oviposition and adult development we
used total time from infestation to emergence at constant 25 °C (using
data from four replicate P. monophylla bolts, see Section 2.3), fitted to a
log-normal variance model, coupled with observed and censored data
for the egg through pupal stages. The method is similar to that described
by Wangen et al. (2024) for D. ponderosae. First, observed and censored
development data for egg through pupal life stages were fitted to a
modified Logan rate curve (Eq. (2); see Appendix A). The predicted
development time from egg to pupa at 25 °C was subtracted from the
observed emergence time from the four bolts, yielding an estimated
distribution of times for combined oviposition and adult development.
The fraction of time ascribed to either oviposition or adult development
was then calibrated using field observations (see Appendix B for a full
description).

A distribution model for phenology that includes oviposition through
adult emergence was then compiled. Briefly, all individuals in each day
starting a life stage are treated as a cohort whose emergence will follow a
log-normal distribution with mean emergence time given by summing
the rate curve over observed phloem temperatures. All cohorts within a
stage are summed and aggregated daily to generate the predicted
emergence distribution for the life stage (Régniere and Powell, 2013).
The model was developed in MATLAB (Mathworks, Inc.) and was
initiated using an initial attack modeled as a Gaussian distribution with
standard deviation of three days and maximum attacks occurring six
days after the first attack observation.

Preliminary comparisons of model output to Lobo Canyon 2022 cage
data, with known dates of first attacks on trees, suggested the model was
slow for this New Mexico population. Because we used data from a Utah
population reared in P. monophylla to estimate oviposition and adult
development rates, it is possible the Utah population has relatively slow
total development rates despite minimal differences from egg through
pupa. Therefore, we estimated a scaling parameter, S4, to speed overall
development time in the adult and ovipositional stages. This was
accomplished using emergence cage data collected on north and south
aspects of two Lobo Canyon 2022 baited trees with phloem temperature
measurements and dates of first attacks observed within a four-day
window. To maximize correspondence between predicted and
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observed timing, we minimized the sum square error between the timing
of observed and predicted quantiles of emergence. Mathematically, we
calculated timing error for given Sy, fo as

EShfo) = 3 S lo-El ®)

Tree/Aspect n=1

where t, is an observation day for a given tree/aspect and t, is the
predicted day on which predicted cumulative emergence from the
phenology model was equal to cumulative observed emergence on day
t,. Tree/aspect are indexed by j, with N; observations on each tree/
aspect. The unknown parameters were determined by minimizing
E(Sa, fo) using the Nelder-Mead Simplex Method (function fminsearch
in MATLAB, Mathworks, Inc.).

2.5. Simulating pinyon ips phenology

The empirical phenology sub-models, for the overwinter and sum-
mer generations, are driven by hourly air temperature data (see Section
2.4.1). The biofix date for the overwinter spring emergence model was
always DOY 1. The biofix date for initializing the first summer genera-
tion was the date of predicted 50th percentile emergence for the over-
winter generation. Each subsequent summer generation was initialized
using the date of 50th percentile emergence for the previous generation.

The mechanistic phenology model was developed using constant
temperature laboratory data (see Section 2.3) and field-observed
phloem temperatures (see Section 2.4.2) and, therefore, is driven by
phloem temperatures. We used predicted hourly phloem temperatures
for model simulations and evaluation (see Section 2.2). In our simula-
tions, the first summer generation was started when the 15th percentile
overwinter beetle emerged as predicted by the empirical spring emer-
gence sub-model. Thereafter, each generation was likewise started using
the date of 15th percentile beetle emergence of the previous generation.
This degree of emergence for starting a new generation was chosen after
comparing observed dates of cumulative emergence with observed dates
of first attacks. That is, observed dates of first attacks on new trees in
field data roughly corresponded with 15 % observed cumulative emer-
gence from previously infested trees. The 15th percentile emergence
threshold also resulted in better model fit when compared to other
thresholds (e.g., 20th, 25th percentile).

Both models were also used to predict the potential range in number
of generations per year for exceptionally cold and warm sites-years. For
a cold site-year, we picked a location from the northern extent of
P. monophylla range near Hardware Ranch, UT (41.566 °N; 111.496 °W)
(Little, 1971; http://www.usgs.nau.edu/global_change/RangeMaps.ht
ml) and used 1993 as the year (one of the coolest summers on record
for northern Utah; https://wrcc.dri.edu). For a warm site-year, we
picked a location from the Guadalupe Mountains, TX (31.917 °N;
104.834 °W) and picked 2017 as the year (among the warmest years on
record in the Southwest). Daily maximum and minimum temperatures
for each location were derived from Daymet interpolations (https
://daymet.ornl.gov/) and fitted to a sine-wave curve to get hourly
temperatures. For the mechanistic phenology model, hourly phloem
temperatures were estimated from air temperatures as described above
(Section 2.2).

3. Results
3.1. Phenology - field sites

Passive trap and emergence cage data suggest pinyon ips populations
were highest at Lobo Canyon 2022, compared to all other sites (Table 1,
Fig. 2). At each site-year, we observed some adult emergence soon after
site installation in late March, but peak spring emergence of the over-
winter generation generally occurred mid-April to early May, DOY
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Table 1

Total number of emergence cages and trees caged and passive traps deployed at
each site-year. Total number of pinyon ips adults caught in cages and traps are
also shown. Individual cages and traps were deployed throughout a summer to
capture generation timing (see Fig. 2).

Site-year No. cages (no. trees):

No. pinyon ips

No. passive traps:
No. pinyon ips

Lobo Canyon 2022 57 (25): 6635 6: 368
Lobo Canyon 2023 12 (9): 878 5:17
Cedro Peak 2023 10 (6): 1782 2: 4
Red Mountain 2022 10 (6): 2735 6: 55
Tusayan 2023 2(1): 171 5:11
00 Lobo Canyon 2022

8635 adulfs in cages

=AW, ey

368 adulls in passive traps

I "5 s . a -
Lobo Canyon 2023

878 adults in cages

[ = =~
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g Cedro Peak 2023
/A 1782 adults in cages

Pinyon ips
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Red Mountain 2022
2735 adults in cages

55 adulfs in passive traps
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Tusayan 2023
171 adults in cages

11 adults in passive traps
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Fig. 2. Adult pinyon ips emergence per tree cage and mean number of adults
caught in passive traps at five site-years in New Mexico and Arizona. Colors at a
site-year represent catches for cages grouped by attack date. Cohorts in cages
representing each summer generation were often confounded by parent beetles
infesting unused phloem under cages and, in some cases, delays in attacks on
baited trees by a full generation. Adults caught in cages over two generations
are indicated by a dotted line. See Table 1 for numbers of cages, trees caged,
and passive traps at each site-year.

105-130 (Fig. 2). Some cages deployed during mid-summer captured
the 50th percentile adult in as few as 19 days after observed date of first
attacks, demonstrating the potential for pinyon ips to produce multiple
generations per year depending on temperatures. Passive traps caught
the most pinyon ips adults at Lobo Canyon 2022, and the trend in
catches generally followed that of emerged adults in tree cages. The
number of emerged adults had generally declined by the last observed
summer generation (Fig. 2).
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At Lobo Canyon 2022, emergence cage data suggest three and at least
a partial fourth generation occurred during the calendar year, although
there was extensive cohort overlap among generations potentially due to
re-emergence of parent adults. This site had the greatest number of tree
cages deployed throughout the summer (Table 1). Emergence from two
cages on overwinter trees at Lobo Canyon 2022 coincided with emer-
gence of the first summer generation suggesting that parents may re-
emerge and initiate a new cohort in unused phloem on natal trees
(Fig. 2). Emergence cages left on the third summer generation trees at
Lobo Canyon 2022 were checked the following spring and none of the
cages captured additional beetles (2023, DOY 93). This suggests the
third generation may have been complete in that cohort splitting did not
occur over the winter, although potential overwinter mortality under
bark was not investigated. Additionally, two trees were identified with
dates of first attack on DOY 279 and 280 suggesting either re-emerged
parents or attacks by emerging third generation beetles. Cages were
installed on these trees but no brood emerged during 2023 indicating
unsuccessful attacks or brood mortality during winter. Cage data at Lobo
Canyon 2023 and Cedro Peak 2023 also suggest three and possibly four
generations occurred. Spring emergence of the overwinter generation
occurred at Red Mountain 2022 and Tusayan, 2023, but no additional
generations were observed in emergence cage or passive trap data.

3.2. Phenology — laboratory

We observed three pinyon ips larval instars, with obvious break-
points between instars, similar to other Ips species (Wilkinson et al.,
1963; Ostmark, 1966; Baier et al., 2007) (Fig. 3). Developmental rates
were relatively fast; the sum of mean life-stage-specific times from egg
through adult eclosion was 29 days at 20 °C (Fig. 4). At 32 °C, three
individuals molted twice between the ~24 h observations, indicating
our temporal resolution was inadequate for such rapid development.
Very little development was observed at 8 °C. Seven eggs hatched at that
temperature, but all were collected 1-3 cm from the distal gallery ends.
That is, some unknown amount of development occurred at 20 °C before
the eggs were transferred to 8 °C. The censored data indicate instar 1
development at 8 °C but we otherwise did not observe development at
this temperature. At the other extreme, 34 °C, development time was
only slightly slower than at the optimal 30-32 °C (Fig. 4). There is
anecdotal evidence that 34 °C is close to the upper developmental
threshold in that we saw increasing mortality among relatively mature
brood. At 30 °C all instar 3 and pupae survived to adult eclosion whereas
two individuals died before eclosion at 32 °C and seven died at 34 °C.

Pinyon ips from P. monophylla developed faster than those from
P. edulis in the egg (collected 1-2 cm distal from gallery ends) (Fy, 48 =
14.27; p < 0.001) and instar 3 (F;, ¢g = 24.44; p < 0.001) life stages.
Pinus edulis-sourced instar 2, however, were marginally (Fq, ¢g = 3.92; p
= 0.052) faster than P. monophylla-sourced instar 2. We found no

o _ o
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Fig. 3. Histogram of pinyon ips larval headcaps widths, measured with a
dissection scope at 25X. This distribution along with observed headcap exuviae,
between molts, indicate three instars for this organism. These data are from the
phloem sandwiches at 10, 15, 25, and 30 °C constant temperature treatments.
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Fig. 4. Time to complete each pinyon ips life stage at temperatures from 8-34 °C. Eggs that were collected 0-1 cm from the distal end of the gallery were more likely
to not have developed measurably prior to collection, compared to eggs collected 1-2 cm from distal end. Sample size, n, is shown in parentheses.

significant differences among the hosts for other life-stages. Differences
among host trees for specific life-stages, however, resulted in very little
differences in overall time from egg to pupa. The sum of mean times
from eggs (collected 0-1 cm distal) through pupa at 25 °C was 15.04
days for P. monophylla beetles and 15.84 days for P. edulis beetles. At 30
°C, the sum of mean times for P. monophylla beetles was 11.33 days
whereas P. edulis beetles took 12.20 days. We therefore used pooled data
from both host trees for development of the egg through pupa stages of
the mechanistic phenology model.

3.3. Modeling pinyon ips phenology

3.3.1. Empirical phenology model

We used independent air-temperature based models to account for
differences among the overwintering and summer generations. For
overwinter generation emergence, cumulative counts of hours above the
various thresholds generally had lower residual standard hours than
cumulative degree-hours above the thresholds. Cumulative hours > 13
°C from DOY 1 was found to be the best fitting predictor variable
(Fig. 5a). This result is supported by notable increases in observed
development rate of multiple lifestages between 10° and 15 °C in

constant temperature laboratory experiments (Fig. 4). The cumulative
proportion of emerged beetles is given by:

P=1- exp( - (CH13/297.969)*"*), Q)

where CH13 is the cumulative hours > 13 °C. Thus, the 50th percentile
overwinter beetle is predicted to emerge after 252 cumulative hours >
13 °C, starting on DOY 1. Data reserved for validation appear to be well-
represented by this model. Median emergence of reserved data is close to
model predictions albeit the reserved data suggest the curve could be
steeper (Fig. 5a). Examining the validation data, model predictions
explained 85 % of the variation for spring emergence (adjusted
R? = 0.853, F; 150 = 879, p < 0.001).

For summer generations emergence, cumulative counts of hours
above the various thresholds also generally had lower residual standard
hours than cumulative degree-hours above the thresholds, and cumu-
lative hours > 13 °C was found to be the best fitting predictor variable
(Fig. 5b). The cumulative proportion of emerged beetles is given by:

P=1- exp( -~ (CH13/996.328)*"*); ®)
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Fig. 5. (a) Spring emergence model training and validation observations as a function of cumulative hours > 13 °C from the first day of the year, with the modeled
Weibull distribution (black trace). (b) Summer generation model training and validation observations as a function of cumulative hours > 13 °C from the date of first

attacks on the caged trees, with the modeled Weibull distribution (black trace).

where CH13 is the cumulative hours > 13 °C. Thus, the 50th percentile
summer generation beetle is predicted to emerge after about 907 cu-
mulative hours > 13 °C starting from field-observed dates of first attack.
Examining the validation data, model predictions explained 73 % of the
variation for summer emergence (adjusted R?= 0.732, F1 g7 = 879,p <
0.001).

3.3.2. Mechanistic phenology model

Parameter estimates of observed and censored development time for
each life stage (i.e., egg, instar 1, instar 2, instar 3, and pupa) individ-
ually fitted to a modified Logan rate curve, and the five life stages pooled
and then fitted to the same Logan rate curve, are shown in Table C.1. For
the pooled model, which was used to estimate oviposition and adult
rates, model fit was good, R? = 0.946, when only the median of possible
emergence windows and egg data only from 0-1 cm from the distal end
of the gallery (i.e., recently oviposited) were included in calculating
accuracy (see Appendix C, Fig. C.2). The lognormal model for oviposi-
tion to brood adult emergence, based on constant temperature bolt data,
was also a suitable fit (Fig. C.3). The combined oviposition/adult
development curve was parsed to reflect oviposition and adult devel-
opment separately. The amount ascribed to oviposition, fp, was esti-
mated as 0.6122. Thus, the fraction ascribed to adult development was 1
- 0.6122 (see Appendix C). Additionally, because model comparison
with emergence cage data indicates there is likely a regional difference
in overall developmental timing (i.e., New Mexico beetles reared in
P. edulis versus Utah beetles reared in P. monophylla), we also included a
scaling parameter, Sy, to adjust overall development time in the adult
and ovipositional stages. Scaling each of the oviposition and adult stages

to minimize least square differences compared to emergence cage data
for two Lobo Canyon 2022 trees and using observed dates of first attacks
and measured phloem temperatures to drive the model, Sy was esti-
mated as 1.1205 (Fig. C.7).

3.4. Simulation of pinyon ips phenology

The timing and number of pinyon ips generations were predicted
using an empirical spring emergence model for the overwinter genera-
tion that was coupled with an empirical model for summer generations.
Predictions were also made using a mechanistic model developed using
laboratory data on life stage specific development, that was initiated
each summer using predictions of spring emergence from the empirical
sub-model. Observed temperatures at each site were used to run the
models (Fig. S1). The empirical spring emergence model well-fit
observed emergence cage data at all five sites, with between 0- and 5-
days difference between median emergence predictions and median
observed emergence in tree cages (Table 2, Fig. 6). At sites with
adequate data, passive traps were also in alignment with cages and
predictions from the empirical and mechanistic models for the over-
winter and first summer generations (Figs. 2, 6). At Lobo Canyon 2022
and 2023, median emergence predictions for the first and second sum-
mer generations differed by 1 day at most between the two models, and
there were only 3- to 5-days difference between model predictions and
tree cage observations (Table 2, Fig. 6). Predictions for median emer-
gence of the first summer generation at Cedro Peak 2023 were also
identical between the two models (Table 2).

Predictions and relationships with observed cage data for
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Table 2

Day of year (DOY) pinyon ips median emergence predictions from the empirical
spring (overwinter generation) and summer generations models and the mech-
anistic model for summer generations. Also shown are the estimated DOY pin-
yon ips median emergence observed for tree cages in each generation (see
Fig. 2). Only the empirical model was used to predict the overwinter generation.
At Cedro Peak 2023 baited trees were not sufficiently attacked and unused
phloem under cages was re-infested, resulting in inconsistent data. No pinyon ips
were observed in cages other than the overwinter generation at Red Mountain
2022 and Tusayan 2023.

Site-year Generation Empirical Mechanistic Tree
models model cages
Lobo Canyon 2022 Overwinter 119 - 119
1st summer 180 180 183
2nd summer 221 221 208
3rd summer 265 - 260
Lobo Canyon 2023 Overwinter 130 - 129
1st summer 190 190 195
2nd summer 230 228 226
3rd summer 292 295 -
Cedro Peak 2023 Overwinter 121 - 123
1st summer 177 176 -
2nd summer 215 206 -
3rd summer 253 241 -
4th summer 292 282 -
Red Mountain 2022 Overwinter 106 - 111
Tusayan 2023 Overwinter 121 - 125
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Fig. 6. Cumulative emergence of pinyon ips observed in tree emergence cages
compared to predictions from the spring and summer empirical models and
summer generations from the mechanistic model at five site-years. Mean cage
observations are the average number of pinyon ips in emergence cages esti-
mated for each generation. Also shown are data for each individual cage.
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generations after the second summer generation were less synchronized.
At Cedro Peak 2023 cage data did not coincide with predictions from
either model, likely because the few cages sampled captured re-emerged
parents rather than brood adults. At Lobo Canyon 2022, empirical model
predictions suggest that ~70 % of the third summer generation had
sufficient heat to emerge and ~30 % adult emergence was predicted
from the mechanistic model. Some proportion of third summer gener-
ation adults emerged into tree emergence cages, however, and no adults
were observed in cages the following summer suggesting a complete
generation. It is important to note, however, that potential mortality of
individuals under bark was not investigated. Predictions of median
emergence timing from the empirical and mechanistic models for the
third summer generation at Lobo Canyon 2023 only differed by 3 days
and both models predicted 100 % emergence that year. Third generation
emergence cages are not shown because they were not checked the
following spring at this site, and it is therefore unknown if the last
summer generation was complete or partial. At Cedro Peak 2023, the
warmest of the sites with summer generation cage data (3903 hrs > 13
°C) (Fig. S1), median emergence predictions from the two models
differed by 12 and 10 days for the third and fourth summer generations,
respectively (Table 2).

Using Daymet temperature interpolations of daily maxima and
minima and a sine-wave curve to model hourly temperatures near
Hardware Ranch, UT for 1993 (a cool site-year), the empirical models
predicted median emergence of the overwinter generation on DOY 152
(June 1) and DOY 246 (September 3) for the first summer generation,
but there was insufficient thermal input for a second summer genera-
tion. The mechanistic model, using phloem temperatures derived from
these same air temperature data, predicted median first summer gen-
eration emergence to occur 22 days later than the empirical model (DOY
268, September 25), but similar to empirical model predictions, a second
summer generation was predicted to not occur. For the Guadalupe
Mountains location, 2017 (a warm site-year), the empirical models
predicted four complete summer generations and a partial fifth gener-
ation whereas the mechanistic model predicted 68 % of a fourth summer
generation would occur. At the warm site-year, therefore, the mecha-
nistic model predicted slightly less development of a fourth generation
than the empirical models.

4. Discussion

Our field data confirms that pinyon ips is multivoltine, capable of
completing a generation in less than one month during the warmest time
of year. Compared to laboratory-based constant temperature develop-
ment data observed for other bark beetles, pinyon ips development at 25
°C is faster than other Ips species (Wermelinger and Seifert, 1998) and
several Dendroctonus species (Wagner et al., 1984; Hansen et al., 2001;
Régniere et al., 2012), resulting in the rapid generation times observed
in our field data. An overwinter and two summer generations, with at
least a partial third summer generation, were observed in the field,
although pinyon ips numbers in traps and emergence cages had declined
greatly by the last summer generation. Population size was also lower in
2023 than 2022 likely due to near-record precipitation during the winter
2022-23 removing much of the southwest US from drought classifica-
tion by May 2023 (https://droughtmonitor.unl.edu/Maps/Co
mpareTwoWeeks.aspx). As a species that attacks drought-stressed
trees, the wetter than average weather likely contributed to declining
pinyon ips populations (Raffa et al., 2008). These relatively wet condi-
tions were particularly prevalent in northern Arizona where neither
site-year had adequate attacks to initiate a successful summer genera-
tion, even on baited trees.

Spring emergence of the overwinter generation was relatively syn-
chronous across sites in both 2022 and 2023, with clear separation from
subsequent summer generations (Fig. 2). Low temperatures overwinter
can homogenize spring emergence of populations by synchronizing
development among individuals (Bjgrnstad et al., 2016). As summer
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progressed, however, emergence became more diffuse with less clear
separation among generations, particularly at Lobo Canyon 2022, the
site with the most sampled trees and emergence cages. Developmental
asynchrony in multivoltine populations can occur due to multiple fac-
tors and in general the more summer generations, the greater the op-
portunities for smoothing of generations with less separation (Bjgrnstad
etal., 2016). Environmental variation among microhabitats can increase
cohort overlap, and indeed, temperatures around the bole of a single
infested pinyon pine varied by up to 3 °C during the warmest part of the
day (Fig. Sla). Developmental asynchrony could also have been
enhanced by the extensive developmental variation in egg through
pupal lifestages that we observed in laboratory experiments (Figs. C.1,
C.2). An extended oviposition period is another factor known to increase
cohort overlap. In our field data, the oviposition period was lengthened
when parent adults either re-emerged to colonize a new tree following
initial oviposition or colonized unutilized phloem in the same tree.
Re-emergence of parent adults for new attacks and gallery initiation is
common among some Ips and Dendroctonus species (DeLeon et al., 1934;
Coulson et al., 1978; Baier et al., 2007). These factors all likely
contributed to cohort overlap and a smearing of generations (Bjg¢rnstad
et al., 2016).

Empirical sub-model predictions of spring emergence well-described
observed emergence of caged trees not only at the site where model
parameters were derived (Lobo Canyon 2022), but also at the four other
monitored sites. Predicted median emergence was on average within 2.4
days of observed overwinter emergence from caged trees and timing of
passive trap catches across the five sites. The first and second summer
generations were also well-predicted by both the empirical model and
the summer mechanistic model. Median emergence day predictions
from the two models at Lobo Canyon 2022 and 2023 were within a few
days. By the third summer generation, predictions from the two models
diverged with each other, particularly at Lobo Canyon 2022 where
mechanistic model predictions were much delayed relative to the
empirical model. Predictions by the two models at Cedro Peak 2023, the
warmest of the sites, differed by increasingly larger numbers of days
after the first summer generation but then declined again by the fourth
summer generation. Temperatures at Cedro Peak 2023 were warmer
than Lobo Canyon 2022 (Fig. S1 b,c) where empirical model parameters
were developed. These results, in addition to trends seen in model runs
for the case studies (a cool Utah and warm Texas site), highlight how the
mechanistic model predicted faster development in the warm mid-
summer temperatures. This could be because the mechanistic model
treats oviposition as a pulse, rather than a distribution, likely under-
stating natural variance added during oviposition as was captured in the
empirical model. Additionally, we have no observations of adult stage
development in the laboratory and that stage was inferred using egg —
pupae data and oviposition to adult emergence in bolts. Data regarding
lower and upper thresholds for adult development would likely reduce
uncertainty and improve model fit.

Despite not matching the exact timing of summer generations (after
the second generation), the total number of summer generations pre-
dicted by both models generally corresponded with the generations
observed in field data, except for a third summer generation at Lobo
Canyon 2022. Predictions from both models suggested only a partial
number of adults would emerge, with the remaining overwintering to
emerge the following year. This type of adaptive plasticity, e.g. cohort
splitting over winter, is not uncommon in animals (Crowley and Hopper,
2015). Although no individuals were observed in Lobo Canyon 2022
cages the following summer, winter mortality could have occurred,
masking the fact that only a partial third summer generation occurred as
predicted by both models. Predictions from both models for Lobo
Canyon 2023 indicate completion of a third summer generation by the
end of fall, and the warmer Cedro Peak 2023 site was predicted to
complete a fourth summer generation, although field data is not avail-
able for comparison with these results. In the two case studies exploring
predictions in a changing climate, both models predicted 2 annual
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generations at a cool site and up to 5 generations at a warm site. Our
field data and model results therefore support Chansler (1964) and
Eager (1999) who proposed 2-5 generations per year for pinyon ips
depending on weather and site. Additionally, our finding of accelerated
phenology in warmer conditions has also been found for other multi-
voltine bark beetle species including I. typographus (Potterf et al., 2025)
and D. brevicomis (Robbins et al., 2022; Bentz et al., 2023).

Empirical and mechanistic models can complement each other (Tran
et al., 2020), and we used the empirical spring emergence model to
initiate summer generation simulations of the mechanistic model.
Although the empirical models will be easiest to use, the mechanistic
model provides a functional representation of the relationship between
temperature and pinyon ips development and extrapolation to other
areas may provide more realistic results than empirical models that were
developed using field data from a single site. Additional field observa-
tions from multiple sites are needed for a comparative analysis of both
models, key aspects of Good Modeling Practice (Jakeman et al., 2024).

Our pinyon ips empirical and mechanistic models both correctly
predicted the number of summer generations at field sites with sufficient
observed data. Field data and models indicate that pinyon ips is capable
of two to five or more generations per year depending upon site tem-
perature. The warmer temperatures needed to drive 5 annual genera-
tions likely have additive effects on host susceptibility in that heat
contributes to drought stress on host trees (Gaylord et al., 2013; 2015).
We expect pinyon ips outbreaks to become more frequent, if not more
severe, as climate warming continues. Pinyon pines are typically not
managed for timber, and treatments and thinning are often done for
other resources including wildlife habitat. Large woody debris (i.e.,
slash) suitable for pinyon ips development that is created during pinyon
pine treatments is currently managed following guidelines developed for
P. ponderosa (DeGomez et al., 2014). These guidelines propose that
treatments and slash creation should occur in the fall when temperatures
are too cool for pinyon ips adult flight and attacks, also providing time
for the slash to dry out and become unsuitable for beetle development
the following spring. Our models, however, suggest under current and
future climate the seasonal window for adult flight and attacks will
expand, thereby reducing the management window for creating slash.
The practical window for slash management may already be reduced in
some areas, for example the Guadalupe Mountains, TX, where our
models predict pinyon ips is likely active through November and
beginning again in February. In addition to potential use for
landscape-scale risk assessments similar to models based on PHENIPS
developed for I. typographus (Baier et al., 2007; Pirtskhalava-Karpova
et al., 2024), our models offer a method to define an appropriate slash
management interval given a record of contemporaneous temperatures.
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Appendix A

A. 1 Fitting egg through pupa lifestage development
For fitting observed and censored development times of the egg through pupal lifestages, we follow the protocols outlined by Régniere et al.
(2012), which assumes lognormal distribution of development times in a population, that is

t = 61(T, ©), (A1)
where t is an individual’s time to emergence at a constant temperature, T, 7 is the theoretical development time at this temperature, © is a vector of

parameters, and § is a random variable with mean one and lognormal distribution,

1
5= e, €~N<—§62, 02>. (A.2)

Here o? is the variance of the exponentiated random variable, e. Offsetting the mean of the normal distribution by 162 is necessary to force the mean of
the multiplicative variance to be one after exponentiation (Mangel and Hilborn, 2013). Predicted development times are the inverse of the theoretical
rate of development,

T,0)= A.
r(T,©) «(T,0) (A.3)
and therefore, the probability that an individual will complete development before time t is given by

1
P( Development completes before < t) = ® (log[t r(T,0)], 750'2, 0'2>. (A4

Here the function ®(-, 4, 6®) denotes the cumulative density function of the normal distribution with mean y and variance 2.

It is unlikely to observe an egg hatch or larval molt. More realistically, observations are made on some schedule and what is known is that in-
dividual i completed development at temperature T; in the time interval (;; — Atyj, &), where t;; is the first observation after eclosion or molting and
At;; is time lapsed since the previous observation. If we denote g;; as the probability of observing a life stage transition in the given interval, then we
can use the difference between cumulants at the interval endpoints to write

ay = @(10gt; r(1.0)]. 52 o*) - @(log(tg - A1) r(1,.0)], 3%, ). “s)

Note that At;; varied among observations, even at the same temperature, because the individual may have been submerged in the phloem sandwich at
either the beginning or end of development, and so this uncertainty is added to the length of the observation window.

A.2 Censored data

A censored observation occurs when the end (or beginning) of the lifestage was unobserved. We treat censored observations as time intervals with
an infinite upper limit (so ® = 1). There were two kinds of censored observations in our data. In the simplest case, individuals died between sub-
sequent observations, so the last time they were observed alive was t;; — At;j, which must underestimate their time of development. Then the
probability that development completed in the time interval (t;; —A;, o), qu, would be

d = 1~ 0 (log] (1, ~a) (1, 0)] 57", ). w

11


https://doi.org/10.1016/j.ecolmodel.2025.111282

E.M. Hansen et al. Ecological Modelling 510 (2025) 111282

In the second case, for some eggs the beginning of development was unobserved, because eggs were harvested from all locations along a gall segment
but only those eggs at the distal end of the gall segment could be considered as recently oviposited. Because the time of oviposition is unknown, all that
can be said with certainty is that development would have completed in the time interval (t;; — At;j, o). The probability of development during this
interval, qlgj (like that for observations censored by death), would be.

1
g =1- d)(log[(tij - At;) r(T;,0)], —502, 62>. (A7)
For each lifestage, the negative log likelihood is then

NLL(©) = Y[ (1 -6, — 8, — o) og as) + ot log (af; ) +8;log (gt ) +&Flog(af;) | ©)

Here the § are Dirac indices with values of zero or one; 5% = 1 if the individual died (and zero otherwise), &} = 1 if the individual was transferred (and
zero otherwise), and 6?; =1 if the individual egg came from a non-distal gall segment (and zero otherwise). Note that, for given i, j, at most one § can

be nonzero. Parameters for a life stage were determined by computationally minimizing NLL using the function fminsearch in MATLAB (Mathworks,
Inc.), which implements the Nelder-Mead Simplex Method.

Appendix B

B.1 Fitting oviposition and adult lifestage development

To estimate times of oviposition and adult development, we used total time from infestation to emergence at constant 25 °C coupled with observed
and censored data for the egg through pupal stages (Section 2.3). First, we fit an overall development curve for the egg through pupal lifestages, which
is reasonable because the rate curves for egg, larval instars 1-3, and pupal stages have very similar thresholds and optimum temperatures. This
proceeded as with curves for individual life stages, described in Appendix A. There were 108 individuals with complete development at temperatures
between 15° C and 34° C, all of which came from eggs in the first gallery segment and therefore required no censoring. The remaining 332 individuals
either came from non-terminal gallery segments as eggs, died before pupating, or both. These were all treated as censored observations (i.e.,
development from egg to pupa must have taken longer than the observed interval).

Because the egg through pupa data, estimated and censored, was essentially fit to intervals of possible emergence, a direct R? to measure quality of
the fit could not be calculated. Instead, we calculated the pseudo- R? of McFadden (Hardin and Hilbe, 2007),

_ NLLy
NLL,

Ry . =1 (B.1)

Here NLL,, and NLL, refer to the negative log likelihood for the model and a suitable null model, respectively. For a simple null model, we used the
empirical summer generations model based on cumulative hours above a threshold of 13 °C (see Results 3.3.1), calculating a mean of 17.47 days
required from the 108 individuals that completed development.

Next, we fitted the observed cumulative emergence at 25° C to a log-normal variance model, with a single rate reflecting total rate of development
in the population at that temperature and a variance parameter capturing total accumulation of developmental variance across individuals and life
phases. To calculate the log-normal fit to timing of total emergence, data on observed emergence/day had to be converted into a list of observed days,
with each day replicated in the list according to the number of beetles observed emerging that day. Then mean and variance could be computed on a
logarithmic scale,

1 1 2
Has = NZlog(Dij) and o35 = mZ(lOg(Dw‘) —s) " (B.2)
ij ij
Here D;; is the day the i th beetle emerged from the j th replicate bolt, with N = 450 being the total number of pinyon ips emerging. The predicted

distribution of emergence times is then

(log(t) = Hos + %‘755

>2
st(t) =exp| — 202 /\/ 2ﬂa§5t2 (B.3)
25

Note that the additional 1635 term in the exponent corrects the mean backwards in time, so that the mean of the log-normal agrees with the observed
sample mean (Mangel and Hilborn, 2013).

We then subtracted predicted development from egg to pupa at 25° C from the fitted log-normal description of observed emergence from the four
replicate bolts, similar to methods used to estimate adult development rates for mountain pine beetle (Wangen et al., 2024). This gives a predicted

distribution of developmental times for the combined ovipositional and adult life phases. To predict a distribution of times for combined oviposition
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and adult development we looked for the difference in times between the cumulative density function (CDF) of egg-pupal development and the fitted
log-normal CDF for observed total emergence. At a discretization of hourly time steps (i.e., 1/24 day), quantiles of the CDF for total development time
were created by direct numerical integration. For each quantile between 0.1 % and 99.9 %, the emergence date for the corresponding egg-pupa
developmental quantile was calculated using linear interpolation between the closest two numerical quantiles on the egg-pupa cumulant curve.
The difference between the two curves at this quantile is one sample of the developmental difference between egg-pupa development time and total
emergence time, which we take to be equivalent to a sample of oviposition plus adult development times.

Next, we fitted this predicted distribution to a log-normal, with a shift in the mean related to mean time for oviposition and adult development
(combined) and a variance parameter to predict how developmental variability accrues through these stages. The inferred rate parameter can then be
used to rescale the egg-pupa developmental curve by a factor, f;, and thus calibrate a net development curve for duration of oviposition and
maturation of adult Ips. For validation, we compared cumulative emergence from the f,-scaled egg-pupa model, with estimated variance parameter o2,
and observed emergence from the four replicate bolts at 25 °C.

Next, we estimated the fraction of total oviposition/adult development specifically ascribed to oviposition. The joint oviposition/adult devel-
opment curve was parsed to reflect oviposition and adult development separately, with an undetermined fraction, fo, devoted to oviposition (and
therefore 1- fp to adult development). Additionally, because model comparison with Lobo Canyon 2022 emergence cage data suggests there may
regional and/or host differences in overall developmental timing (i.e., Utah-sourced beetles from P. monophylla compared to New Mexico-sourced
beetles from P. edulis), we also included a scaling parameter, Sa, to adjust overall development time in the adult and ovipositional stages. Mathe-
matically, this amounts to replacing y in the modified Logan curve (Eq. (1)) with Say/fo in the ovipositional stage and Say/ (1 —fo) in the adult stage.

Appendix C

C.1 Mechanistic phenology model fitting results

Parameter estimates for the egg through pupal development times based on phloem sandwiches kept at constant temperatures, fitted to a modified
Logan rate curve, are provided in Table C.1 (Fig. C.1). The same data were also collectively fitted to the modified Logan rate curve (Table C1; Fig. C.2).
The combined egg through pupa fit gave an R, = 0.7537 reflecting the relatively poor leverage some of the censored data had on the estimated
development curve. Calculating an R? using only the median of possible windows of emergence, and only for those individuals which completed and
came from eggs 0-1 cm from the distal end of a gallery, gives R? = 0.946.

The log-normal model for the interval from oviposition to brood adult emergence at constant 25° C suggests a suitable model fit (Fig. C.3).
Subtracting combined egg-pupa from the total time yields a distribution of developmental times for the combined ovipositional and adult life phases
(Fig. C.4). The calculated mean emergence time for predicted oviposition through adult development is 17.45 days at 25° C, with a standard deviation
(on log scales) of 6, = 0.3201. The mean development rate for aggregated oviposition and adult development is then r, = 15 = 0.0589 day!. By
contrast, the rate of development in the egg through pupal development curve at 25° C is 0.0593 day’. Thus, we scaled development rates from the egg
through pupa development curve to the predicted oviposition to adult curve using the ratio of these rates, f;, = .0589/.0593 = 0.9932. Similarly, we
scaled the egg through pupa curve to reflect total development (Fig. C.5).

We performed a ‘giggle test’ by using the egg-pupa model at 25° C and then using the projected development due to ovipositional and adult stages
(i.e., scaling down egg-pupal rates by the factor f, and applying a log-normal cohort model with variance parameter ¢2), comparing results against
total observed emergence from the four replicate bolts. The giggle test shows a slight discrepancy as cumulative emergence begins to take off, with
observed emergence about two days behind predicted emergence (Fig. C.6). This is expected because there is a distribution of eggs oviposited but the
model is calibrated as though a single clutch of eggs was oviposited the moment males and females were introduced into the bolts.

The best-fit fraction of total oviposition/adult development specifically ascribed to oviposition, fo, was estimated as 0.6122. The best-fit scaling
parameter, S, (adjusting joint oviposition/adult development rates from the Utah population to the New Mexico population), was estimated as
1.1205. This is concordant with above Results in that we found evidence that Utah-sourced beetles (reared in P. monophylla) have somewhat faster egg-
pupa developmental rates than New Mexico-sourced beetles (reared in P. edulis).

For comparison with observed field data, the resulting model fit was satisfying compared to observed emergence using observed dates of first
attacks and actual phloem temperatures as measured for Lobo Canyon 2022 on two trees (Fig. C.7).

Table C.1

Lifestage-specific and combined egg through pupa parameter estimates for pinyon ips reared in phloem sandwiches at constant temperatures including censored
observations fit to a modified Logan rate curve (Hansen et al., 2011). Ty, is the upper development threshold and T}, adjusts the location of the lower threshold but is not
equal to the lower threshold, which must be determined computationally. The log-normal variance parameter is given by o; all other parameters are shape parameters.

Lifestage Egg L1 L2 L3 Pupa Egg-pupa
Ty —12.72041 —1.89944 —2.45593 —1.71550 —-0.52761 —1.3972
] 0.08656 0.06724 0.02946 0.00533 0.04465 0.01868
® 0.14425 0.17486 0.18221 0.14967 0.16228 0.13356
Am 6.85157 5.46613 5.19185 3.71990 5.75383 6.9991
Tm 38.84590 36.98041 37.34842 36.26369 37.95438 38.554

c 0.29671 0.36202 0.28791 0.25150 0.14358 0.13247
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Fig. C.1. Development rate (days™) of pinyon ips lifestages at a range of constant temperatures, and fitted curves based on the modified Logan model (Hansen et al.,
2011). Censored observations in the data occur when the end or beginning of the life-stage was unobserved.
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Fig. C.3. Observed pinyon ips emergence from four replicate bolts and log-normal fit. Median emergence occurred on day 32; the mean date of emergence was

slightly later, at 33.85 days.
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Data availability

Data will be made available on request.
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