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abstract: Physiological time is important for understanding the
development and seasonal timing of ectothermic animals but has largely
been applied to developmental processes that occur during spring and
summer, such as morphogenesis. There is a substantial knowledge
gap in the relationship between temperature and development during
winter, a season that is increasingly impacted by climate change. Most
temperate insects overwinter in diapause, a developmental process
with little obvious morphological change. We used principles from
the physiological time literature to measure and model the thermal
sensitivity of diapause development rate in the apple maggot fly
Rhagoletis pomonella, a univoltine fly whose diapause duration varies
substantially within and among populations. We show that diapause
duration can be predicted by modeling a relationship between temper-
ature and development rate that is shifted toward lower temperatures
compared with typical models of morphogenic, nondiapause develop-
ment. However, incorporating interindividual variation and ontoge-
netic variation in the temperature–to–development rate relationship
was critical for accurately predicting fly emergence, as diapause devel-
opment proceeded more quickly at high temperatures later in dia-
pause. We conclude that the conceptual framework may beflexibly ap-
plied to other insects and discuss possible mechanisms of diapause
timers and implications for phenology with warming winters.
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Introduction

Physiological time is an important concept for understand-
ing the development and seasonal timing of ectothermic or-
ganisms (Réaumur 1735; Taylor 1981; Zhao et al. 2013;
Buckley 2022). The cellular and physiological processes that
underlie morphogenesis (development of an organism’s
body size, shape, and structure) are temperature dependent
(Kipyatkov and Lopatina 2010; Shi et al. 2011; Damos and
Savopoulou-Soultani 2012). The vast majority of animals
on our planet are ectothermic, so the chronological time
(i.e., number of hours/days) required to reach a develop-
mental landmark depends on environmental temperature.
Most natural environments exhibit substantial temperature
variation; chronological time is thus a poor metric of life his-
tory timing (van Straalen 1983; Trudgill et al. 2005; Rebaudo
and Rabhi 2018; but see Cayton et al. 2015). Rather, ecto-
thermic development is usually described in physiological
time, which relies on quantifying the relationship between
development rate (governed by physiological processes)
and environmental temperature, and is often expressed in
units of degree days (Taylor 1981; van Straalen 1983). Envi-
ronmental temperature variability, duration of temperature
exposure, and ontogeny (e.g., development stage) can com-
plicate the calculation of physiological time (Kingsolver and
Woods 2016; Sinclair et al. 2016; Buckley 2022), but physi-
ological time models have been well characterized in insects
and can facilitate predictions of population dynamics during
the growing season—that is, during spring, summer, and fall
(Powell and Bentz 2009; Régnière et al. 2012; Sridhar and
Reddy 2013; Scranton and Amarasekare 2017). However,
we have comparatively little insight into whether and how
the same concept of physiological time applies to develop-
mental processes that occur during winter. The relative
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mailto:jtoxopeu@stfx.ca
https://orcid.org/0000-0002-0761-801X
https://orcid.org/0000-0003-2265-6281
https://orcid.org/0000-0003-2265-6281
https://orcid.org/0000-0002-6501-3641
https://orcid.org/0000-0002-6501-3641


E000 The American Naturalist
dearth of information on the relationship between temper-
ature and development during winter represents a substan-
tial knowledge gap, especially if we want to understand the
consequences of climate warming on insect phenology
(Marshall et al. 2020; Buckley 2022).
Diapause, Quiescence, and Their Known
Relationships with Temperature

Most temperate insects overwinter in diapause (fig. 1, green
and yellow), a dormant, stress-tolerant state that delays
growth, morphogenesis, and reproduction until conditions
become more favorable (permissive) for these processes in
spring or summer (Tauber and Tauber 1976; Hand et al.
2016; Wilsterman et al. 2021). Many insects spend the bulk
of their life in diapause, either the majority of a calendar year
(fig. 1A) or sometimes multiple years (Tauber et al. 1986;
Hanski 1988; Hahn and Denlinger 2011; Moraiti et al.
2014; Dupuis et al. 2016). If diapause ends during winter,
the insect often enters another form of dormancy called
“quiescence”—a lack of morphogenesis due to nonpermis-
sive environmental conditions (fig. 1B, dark blue; Jenkins
et al. 2001; Hodek 2002; Koštál 2006). Unlike diapause,
where dormancy is maintained during transient or early ex-
posure to permissive environments, quiescent individuals are
not recalcitrant and will immediately resume postdiapause
processes such as growth and morphogenesis when con-
ditions become permissive. Diapause and postdiapause
quiescence can synchronize individuals to have similar life
history timing, facilitating mate finding and supporting re-
productive output (Tauber and Tauber 1976; Hand et al.
2016; Wilsterman et al. 2021). Given the prevalence of dia-
pause in overwintering insects, any attempts to apply phys-
iological time to overwintering development must consider
this important process.
To expand the concept of physiological time to diapause,
we must first establish that diapause is indeed a form of de-
velopment. In contrast to growth and morphogenesis (mor-
phological change; fig. 1, gray) during warmer or more per-
missive periods of the year, there is often no obvious
morphogenesis during diapause (but see Shingleton et al.
2003), leading some authors to prefer alternatives to the
term “diapause development” (Hodek 1996). However, dia-
pause is clearly a dynamic developmental process, where
“development” may primarily consist of progressive or cy-
clic changes at the cellular or molecular level (Andrewartha
1952; Hodek 1996; Koštál 2006), including differential ex-
pression of often thousands of genes over time (Koštál
et al. 2017; Dowle et al. 2020; Pruisscher et al. 2022). Indeed,
diapause can have distinct phases (e.g., initiation, mainte-
nance, termination; see Koštál 2006), each of which must
complete before postdiapause processes such as morpho-
genesis can resume. However, the mechanisms that deter-
mine the duration of each diapause phase (i.e., how the in-
sect “counts” time during diapause) is still an area of active
study (Hand et al. 2016).

Temperature has some well-described effects on dia-
pause, but few studies have systematically investigated the
thermal sensitivity of diapause development. Chilling at
low temperatures appears to be required for completion of
the diapause program in many temperate species (Denlinger
2002), although there are many exceptions to this “rule”
(Hodek 2002; Zhu et al. 2009; Chen et al. 2014). In addition,
warm temperatures can cause some insects to complete dia-
pause relatively quickly (fig. 1C) or to never enter diapause
(fig. 1D; Denlinger 2002; Koštál 2006; Dambroski and Feder
2007; Toxopeus et al. 2021; Calvert et al. 2022). A common
experimental approach manipulates chilling or winter
durations to find the chilling threshold time required for
diapause termination (e.g., Feder et al. 1997; Sgolastra
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Figure 1: Example durations of diapause for insects that typically enter diapause in late summer or early autumn. A, Some insects remain in
diapause under warm (yellow) and cool (green) conditions for most of the year. B, Many insects complete diapause during winter when it is
cool (green) and enter a postdiapause dormancy called quiescence (blue), resuming postdiapause development (morphogenesis; gray) im-
mediately when temperatures become permissive in the spring or early summer. C, Warm summer or autumn conditions can cause indi-
viduals to complete diapause rapidly, referred to as “weak diapause” or “shallow diapause” in some species. D, Nondiapause individuals
never enter diapause and may complete morphogenesis prior to winter.
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et al. 2010; Higaki and Toyama 2012; Moraiti et al. 2014).
Few studies (e.g., Lehmann et al. 2017) have expanded be-
yond these simple experimental designs to obtain insight
into the underlying thermal sensitivity of the diapause devel-
opment process and the potential impact of warming au-
tumn and winter conditions.
Physiological Time Framework for Morphogenesis

Models of physiological time based on the thermal sensitiv-
ity of morphogenesis are well described and can inform our
approach to modeling diapause development. Nonlinear,
hump-shaped functions relating environmental tempera-
ture to morphogenic development rate generally fit empiri-
cal data quite well (Kipyatkov and Lopatina 2010; Shi et al.
2011; Damos and Savopoulou-Soultani 2012; Kingsolver
and Woods 2016; Sinclair et al. 2016). These models, a class
of thermal performance curves, predict zero development
below or above the low and high temperature limits, respec-
tively. Between these lower and upper thermal limits, as
temperature increases morphogenic development rate in-
creases to its highest value at the thermal maximum (∼207C–
407C for many insects; Taylor 1981) and then sharply
decreases back to a rate of zero as temperatures become
too warm. Simpler slope plus intercept (straight line) models
may also reasonably approximate the relationship between
morphogenic development rate and temperature between
the lower thermal limit and the thermal maximum (Trudgill
et al. 2005; Kipyatkov and Lopatina 2010). The time to com-
plete a developmental process at a particular temperature is
the inverse of the development rate at that temperature
(Kipyatkov and Lopatina 2010; Damos and Savopoulou-
Soultani 2012), so development duration is shortest at the
thermal maximum. We note that often authors refer to the
thermal maximum as a thermal optimum, but we refrain
from using “optimum” because maximal performance (e.g.,
fastest development) may not maximize fitness (Roff 1980).

When modeling morphogenic development rate, it is im-
portant to account for variation in the thermal sensitivity of
development rate among individuals and over time. For ex-
ample, genetic variation within populations can explain a
substantial portion of interindividual variation in develop-
ment duration that is often observed even under highly con-
trolled laboratory conditions (Kingsolver et al. 2004). In addi-
tion, different life history stages (earlier vs. later in ontogeny)
can exhibit different relationships between temperature and
development rate that may be incorporated into predictive
models (Yurk and Powell 2010; Lopatina et al. 2014; Sinclair
et al. 2016; Kutcherov 2020). As with any thermal perfor-
mance curve, the thermal maximum, the maximal perfor-
mance value, or curve breadth may vary among individuals
and across ontogeny (Sinclair et al. 2012). Thermal generalists
have a wide thermal performance curve (e.g., can develop
across a broad range of temperatures), while thermal
specialists have a narrow thermal performance curve but
often have a higher maximal performance at the thermal
maximum (Sinclair et al. 2012).
Proposed Physiological Time Framework for Diapause

We propose that diapause duration can be modeled using a
diapause timer (cf. Hodek 2002) that is based on the
principles of physiological time. To do this, we can use a
thermal performance curve of diapause development rate.
Given the well-known importance of chilling for diapause
(described above), these diapause curves likely have very dif-
ferent shapes compared with functions describing morpho-
genic (nondiapause) development with maximum rates at
high temperatures (cf. Hilbert et al. 1985). To our knowl-
edge, there are no existing empirical estimates of thermal
performance curves for diapause development, so we start
with simple hypothetical models that cover the most plausi-
ble forms of the relationship (fig. 2, insets). Diapause phenol-
ogy experiments often involve incubating insects at two dif-
ferent consecutive temperatures (chilling then warming;
e.g., Rull et al. 2016; Lindestad et al. 2020; Toxopeus et al.
2021), so we present the predicted diapause and total devel-
opment durations (in chronological time) associated with
these simple thermal sensitivity experiments (fig. 2), as ex-
panded on below.

Our models make several simplifying assumptions about
the environmental sensitivity of diapause and about how an
observer measures diapause duration. We do not make any
assumptions about how diapause is induced, but we do as-
sume that temperature alone (and not photoperiod or other
cues) influences the duration of diapause. This assumption
applies reasonably well to many insects that complete dia-
pause without additional environmental cues regardless
of how diapause was induced (Tauber and Tauber 1976;
Hodek 1996; Denlinger 2022). Directly observing the pre-
cise timing of the end of diapause is often not practical. This
is because overt morphological changes (morphogenesis)
associated with resumption of postdiapause growth and de-
velopment often occur well after hormonal and metabolic
pulses that delineate the true physio-developmental transi-
tion (Hodek 1996, 2002; Denlinger 2002). Thus, we further
assume that a measurement proxy for diapause duration
also includes some amount of postdiapause development
(morphogenesis; fig. 2, gray), culminating in a clear pheno-
typic marker such as a life stage transition (e.g., adult emer-
gence of a pupal diapausing insect) or a behavior (e.g.,
emergence from hibernacula). Finally, we assume that al-
though diapause may progress at relatively cold tempera-
tures, postdiapause development proceeds only at relatively
warm temperatures. If diapause ends during low tempera-
ture exposure, quiescence occurs (fig. 2, dark blue), which
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delays postdiapause development because low temperatures
impede morphogenesis (Jenkins et al. 2001; Hodek 2002;
Koštál 2006).

Consider a naive model in which diapause development
progresses at a constant rate over time, independent of tem-
perature. Under this chronological timer, diapause duration
is approximately the same regardless of thermal environ-
ment (fig. 2A)—some proportion of diapause development
(and postdiapause development) occurs during chilling, and
the rest of diapause development occurs during warming.
The only treatment that can increase overall development
duration is chilling the insects for longer than their diapause
duration (e.g., fig. 2A; longest chill duration), which delays
resumption of postdiapause development while insects are
in chilling-induced quiescence. More nuanced chronologi-
cal diapause timers are possible (e.g., chronological timers
that are “started” by chilling or warming), but we focus here
on the simplest model as a point of comparison to models
that incorporate physiological time (fig. 2B–2D).

Realistically, we expect temperature to influence diapause
development in some way. First, consider the classic “chill-
dependent” diapause (or chilling threshold) model (e.g.,
Dambroski and Feder 2007), where diapause can progress
only at low temperatures. In this case, we predict that the
physiological diapause timer has a fairly narrow thermal sen-
sitivity, such that the rate of diapause development (r) is high
at low temperatures but zero at high temperatures (fig. 2B,
inset). Individuals must be chilled for a sufficient time
(chilling threshold) to complete diapause, and those that ex-
perience no or short chilling durations never complete 100%
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Figure 2: Hypothesized effect of a single chronological (A) or three potential physiological (B–D) diapause timers on development duration
under different combinations of chilling and warming. Transition from cold to warm temperature is indicated by a dashed line. Develop-
ment duration (in chronological time) includes diapause development under cold (green) and warm (yellow) conditions and postdiapause
(e.g., morphogenic) development (gray) that can occur only under warm conditions. If individuals remain chilled after diapause completes
(arrows), cold-induced postdiapause quiescence (dark blue) occurs until animals are returned to warm temperatures. Insets, relationship
between temperature (T) and diapause development rate (r) at low (chilling) and high (warming) temperatures based on an example ther-
mal sensitivity (TS) of the diapause timer. The equations that explain the relationships among development rates, chill duration, and de-
velopment duration are elaborated on in the supplemental PDF. Multiple diapause timers may exist (e.g., for different stages of diapause),
which would result in more complex relationships between chilling duration and development duration (not shown).
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of the diapause program and therefore cannot proceed to
postdiapause development when warmed (fig. 2B). Alterna-
tively, the physiological diapause timer might have a broad
thermal sensitivity, with a thermal maximum for diapause
development rate at low (fig. 2C, inset) or high (fig. 2D, in-
set) temperatures. If low temperatures accelerate the dia-
pause timer, diapause duration and chilling duration have
an inverse relationship: long chilling durations result in
short total development durations (fig. 2C). Under this dia-
pause timer, the longer the individual is in a cold environ-
ment, the greater the proportion of diapause completed
prior to warming, so less chronological time is needed at warm
temperatures to complete diapause. If high temperatures
accelerate the diapause timer, we expect a positive correla-
tion between chill duration and total development dura-
tion, with the shortest diapause duration in individuals that
are exposed only to warm temperatures due to high rates of
diapause development at these temperatures (fig. 2D).

Just as thermal sensitivity may vary among individuals
and over time during morphogenic development (Yurk
and Powell 2010; Lopatina et al. 2014; Sinclair et al. 2016;
Kutcherov 2020), diapause development performance curves
may differ among individuals and over time. For example,
early diapause (e.g., initiation, maintenance) may have a dif-
ferent thermal sensitivity than late diapause (e.g., termina-
tion), which we have not captured in our simple models
(fig. 2). However, each thermal sensitivity model in figure 2
can be independently applied to a distinct stage of diapause
rather than diapause as a whole, if needed. We will refer to
changes in the thermal sensitivity of development rate over
time (e.g., due to transitions between diapause stages) as
changes or variation across ontogeny.
Study Organism and Goals

In this study we fit these naive and physiological time
models (fig. 2) to measurements of diapause duration
across simple cold/warm temperature treatments in the
univoltine apple maggot flyRhagoletis pomonella (Diptera;
Tephritidae). Rhagoletis pomonella diapause as pupae un-
der the soil for most of the year (fig. 1A), and their dia-
pause duration is governed primarily by temperature
rather than photoperiod (Prokopy 1968; Feder et al. 1997),
making R. pomonella a good model to examine the impact
of temperature on diapause development. In addition,
intra-/interpopulation variation in diapause related to sea-
sonality has been intensively studied in R. pomonella
(Dambroski and Feder 2007; Lyons-Sobaski and Berlocher
2009; Powell et al. 2020; Calvert et al. 2022). Our study
suggests that diapause duration can be modeled using
the principles of physiological time, with interindividual
and ontogenetic variation as key components.
Material and Methods

Diapause and Life History of Study Organism

Rhagoletis pomonella has recently evolved to be an agri-
cultural pest, laying its eggs in fruits of apple trees (Malus
domesticus) that were introduced to North America several
hundred years ago. It natively infests hawthorn (Crataegus
spp.) trees throughout North America, and both apple-
and haw-infesting populations mate and oviposit in the late
summer/early autumn (Dean and Chapman 1973). Larvae
develop within fruit and burrow into the soil to pupate,
and then most pupae enter a long diapause and spend up
to 10 months in the soil, eclosing as adults the following
summer (e.g., fig. 1A; Dean and Chapman 1973). Differ-
ences in life history timing (e.g., between apple- and
hawthorn-infesting R. pomonella; Bush 1969; Feder et al.
1993) are driven by differences in diapause duration (Powell
et al. 2020).

There are three well-described, apparently discrete dia-
pause phenotypic classes in R. pomonella that vary in dia-
pause intensity or recalcitrance to develop despite permis-
sive temperatures (Dambroski and Feder 2007; Calvert
et al. 2022). In the absence of low temperatures, a small pro-
portion (!10%) of R. pomonella pupae designated non-
diapause (ND) avert diapause completely (e.g., fig. 1D;
Prokopy 1968; Dambroski and Feder 2007; Calvert et al.
2022). Most pupae enter a prolonged chill-dependent dia-
pause (CD) lasting up to 9–10 months in the field (e.g.,
fig. 1A; Feder et al. 1997; Dambroski and Feder 2007; Calvert
et al. 2022). A small portion (!20%) of pupae enter a weak
diapause (WD; cf. Toxopeus et al. 2021), also termed shal-
low diapause (Dambroski and Feder 2007). These WD pu-
pae will terminate diapause after only a few weeks if held at
warm temperatures (e.g., fig. 1C). Under constant warm
conditions, these three diapause intensity phenotypes are
relatively discrete, with multimodal distributions of eclosion
and even distinct allele frequencies (Feder et al. 1997;
Dambroski and Feder 2007; Calvert et al. 2022). However,
continuous variation in physiological processes may under-
lie these discrete traits (Calvert et al. 2022), consistent with a
threshold quantitative genetic model (Roff 1996).
Insect Collection and Diapause Incidence

We collected hawthorn fruits (Crataegus spp.) infested
with R. pomonella in Denver, Colorado, during August
2017 and 2018, brought them to the laboratory, and col-
lected emerging larvae and pupae as described elsewhere
(Toxopeus et al. 2021). In brief, we placed fruits in wire
mesh baskets suspended over plastic trays in an environ-
mentally controlled room (∼227C). We collected newly
formed pupae three times per week and transferred them
to a Percival DR-36VL incubator (Percival Scientific, Perry,
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IA) set to 217C, a photoperiod of 14L∶10D, and 80% rela-
tive humidity for 10 days. Diapause R. pomonella pupae
suppress their metabolic rate during these 10 days, after
which metabolic rate stabilizes (Ragland et al. 2009). We
defined 10 days after pupariation as “time zero” in our ex-
periments. Temperatures during this early time period of
diapause preparation and initiation can influence diapause
development rate (Dambroski and Feder 2007; Ragland
et al. 2012), but this study focuses on the influence of tem-
perature on individuals that have already successfully en-
tered diapause.

To estimate the proportion ofR. pomonella pupae in each
diapause phenotypic class (ND, WD, CD), we measured
CO2 production in a subset of 2018 pupae at 10 and 45 days
after pupariation at 217C using stop-flow respirometry, as
described elsewhere (Ragland et al. 2009; Toxopeus et al.
2021). A small number (6 of 200) with intermediate meta-
bolic rates were excluded because they could not be unam-
biguously assigned to a diapause phenotype. Because we fo-
cused our analysis on diapause development, we excluded
ND pupae from subsequent analyses, based on either meta-
bolic rate or very short (!40 days; cf. Feder et al. 1997;
Toxopeus et al. 2021) times to complete development to
adulthood after chilling treatments (see below).
Temperature Treatments and Development Tracking

Experiment 1: Different Durations of Chilling. To deter-
mine whether diapause was governed by physiological
timers and whether diapause development was accelerated
at low or high temperatures, we compared the relationship
between chilling duration and diapause duration in R.
pomonella to the predictions in figure 2. At time zero (10 days
after pupariation), pupae were separated into groups of
approximately 100 individuals. One group was kept at
217C for the duration of the experiment (no chilling). All
other groups were transferred directly to simulated winter
(chilling at 47C and ∼85% relative humidity) for one of sev-
eral chilling durations ranging from 2 to 29 weeks. We also
included one experimental group (see the supplemental
PDF) that was chilled at a warmer temperature (157C) for
9 weeks. Following chilling, pupae were transferred back
to 217C. Each experimental group was checked three times
per week at 217C for up to 125 days after chilling to deter-
mine when adults eclosed from the puparia, the marker that
diapause and postdiapause development (morphogenesis)
were complete. No obvious defects in adult morphology
were noted in any treatment. For each treatment group,
we calculated the mean development duration (including
time at 47C and 217C), the coefficient of variation (CoV)
of mean development duration, and the proportion of pu-
pae that eclosed as adults. Summaries of development du-
ration only included individuals that eclosed as adults.
Mean diapause duration and the incidence of quiescence
in R. pomonella was determined in each temperature treat-
ment group based on two assumptions: (1) at 47C, pupal
morphogenesis (i.e., postdiapause development) cannot oc-
cur (Reissig et al. 1979) but diapause development can occur,
based on the observation that pupae can complete develop-
ment following prolonged chilling (Feder et al. 1997; Powell
et al. 2020; Toxopeus et al. 2021); and (2) at 217C, the dura-
tion of postdiapause pupal morphogenesis is relatively in-
variant among individuals, so the duration of total develop-
ment is largely driven by the chronological time it takes to
complete diapause (Feder et al. 1997; Powell et al. 2020). If
development duration after chilling is approximately equal to
the time to complete morphogenesis (∼30 days), we can infer
that the diapause process completed at 47C and postdiapause
quiescence may have occurred (e.g., longest chill duration
bars in fig. 2). However, if the development duration after
chilling is greater than that required to complete morpho-
genesis, we can infer that only a portion of the diapause pro-
cess was completed at 47C and the remaining proportion
of diapause development occurred at 217C prior to post-
diapause morphogenesis (e.g., all chill durations except the
longest in fig. 2C, 2D). In this latter case, cold-induced qui-
escence does not occur, so diapause duration (e.g., fig. 2,
green and yellow bars) is the difference between age at eclo-
sion (e.g., total height of bars in fig. 2) and the duration of
morphogenesis (e.g., gray bars in fig. 2). We did not record
body mass for any individuals for this or other experiments,
although previous work suggests a positive relationship be-
tween body mass and emergence timing (Ragland et al. 2012).

Experiment 2: Chilling for the Same Duration but at Dif-
ferent Ages. To detect ontogenetic shifts in the thermal sen-
sitivity of diapause development, we compared development
duration of R. pomonella pupae exposed to the same chilling
durations but at different chronological ages. We included
additional temperature treatments in which groups of ap-
proximately 100 pupae were kept at 217C for a warming pe-
riod (2, 3, or 6 weeks beyond time zero) prior to chilling (47C)
for 2, 3, 6, or 9 weeks. Pupae were then transferred back to
217C and eclosion was tracked as described above. We com-
pared development duration in these treatments to pupae
that were chilled at time zero (10 days after pupariation)
for 2, 3, 6, or 9 weeks. If chilling at different chronological
ages resulted in a decrease or increase in total development
duration, this would suggest that the thermal sensitivity of
the diapause timer can vary with ontogeny, that is, can change
over the course of diapause development.
Diapause Timer Computational Simulations

Initial inspection of our empirical data suggested that
the results could not be explained by one of the simple
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relationships between diapause development rate and
temperature (fig. 2; for additional details, see “Results”). In-
deed, due to variation in the proportion of individuals that
eclosed (completed diapause and postdiapause develop-
ment) following each temperature treatment in experiment 1
and the presence of WD and CD diapause phenotypes, it
was clear that we needed to account for interindividual
and ontogenetic variation in thermal sensitivity of diapause
development. To do this, we developed a simulation model
that incorporated these factors. The supplemental PDF
includes the full derivation of the model equations and
assumptions (summarized in table S1; tables S1, S2 are
available online), which are briefly described below. All sim-
ulations and analyses were conducted in R version 4.1.0 (R
Core Team 2022), and our code is available via Zenodo
(https://doi.org/10.5281/zenodo.10277669; Toxopeus et al.
2023).

Based on estimated proportions of diapause intensity
phenotypes (see “Results”), we simulated a population that
included 150 WD and 850 CD individuals, each with its
own diapause timer(s) that specified diapause development
rate at 47C and 217C. As Hodek (2002) noted, diapause de-
velopment represents a decline in diapause intensity over
time. Thus, including these discrete WD and CD pheno-
types in the models is effectively adding a discrete dimension
of diapause development rate variation in addition to the
continuous interindividual variation described below. We
modeled one diapause timer for each WD individual and
two diapause timers (early and late diapause development)
for each CD individual, accounting for ontogenetic variation
in diapause development in CD individuals. Within each
diapause phenotype (WD, CD), diapause development rates
varied among simulated individuals. In addition, we incor-
porated some chilling-related mortality for both diapause
phenotypes based on empirical observations. Total develop-
ment duration (diapause and postdiapause development)
was calculated from development rates (eqq. [1.1]–[2.4])
for each simulated individual that was “exposed” to 47C
(chilling) at time zero for between 0 and 400 days, followed
by warming at 217C, similar to experiment 1 above.

Total development duration (diapause and postdiapause
development) of each WD individual as a function of dura-
tion at 47C was simulated with the following equations that
included a single physiological diapause timer:

Y p
r 2 R
r

X 1
1
r
1

1
rg

when 0 ≤ X !
1
R

, ð1:1Þ

Y p X 1
1
rg

when 
1
R
≤ X ! Xz , ð1:2Þ

Y p 0 when X ≥ Xz , ð1:3Þ
where Y is the duration (chronological time) to complete
development since time zero, X is the duration of chilling
(days),R is the rate of diapause development at 47C (day21;
e.g., green circle in fig. 2 insets), r is the rate of diapause
development at 217C (day21; e.g., yellow triangle in fig. 2
insets), rg is the rate of postdiapause development (mor-
phogenesis) at 217C (day21), and Xz is the duration of
chilling (days) that causes mortality in WD individuals.
The inverse of each rate gives the duration to complete
that process (diapause or morphogenesis) at the respective
temperature. When Y p 0 (e.g., eq. [1.3]), that indicates
that an individual was unable to complete development
and adult eclosion never occurred, so development dura-
tion is effectively zero days. We use Y p 0 rather than re-
cording simulated individuals as dead because (as de-
scribed below for CD individuals) some individuals fail
to complete development because they are alive but tem-
peratures are not permissive for development (e.g., no
chilling and shortest chilling treatment in fig. 2B).

To model total development duration (diapause and
postdiapause development) of each CD individual, we in-
cluded two physiological diapause timers—one each for
early (e) and late (l) diapause development—in the follow-
ing equations:
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1
1
Rl

≤ X ! Xz , ð2:3Þ

Y p 0 when X ≥ Xz , ð2:4Þ

where Re is the rate of early diapause development at
47C (day21), Rl is the rate of late diapause development
at 47C (day21), rl is the rate of late diapause development
at 217C (day21), Xz is the duration of chilling (days) that
causes mortality in CD individuals, and all other symbols
are as described for the WD individuals. Early diapause
must complete before late diapause can begin. We assumed
that early diapause development did not proceed at warm
temperatures (217C)—that is, chilling was required for com-
pletion of early diapause (e.g., fig. 2B)—and so individuals

ð2.2Þ

https://doi.org/10.5281/zenodo.10277669
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did not complete development and eclose (Y p 0) if chill-
ing duration was insufficient (less than 1=Re) for individu-
als to complete early diapause (eq. [2.1]).

In addition to discrete variation for the WD and CD phe-
notypes, we also modeled continuous variation in diapause
development rate. The rates of diapause development for
each of the simulated WD individuals (R and r in eqq. [1.1],
[1.2]) and CD individuals (rl, Re, and Rl in eqq. [2.1]–[2.3])
were randomly sampled from inverse Gaussian distribu-
tions of rates with the parameters described in table S2.
This approach proved most practical for accurately pre-
dicting the empirical data and is therefore used in this study.
We then calculated the same summary metrics (mean
and CoV development duration, proportion eclosion) for
our simulated population as for our empirical population
for each chill duration used in experiment 1, including
only eclosed (Y 1 0) individuals from summaries of devel-
opment duration. We compared the fit of our simulation
summary metrics with the empirical summary metrics by
calculating the sum of squared residuals (SSRs) of mean de-
velopment duration and the x2 of proportion eclosion be-
tween the two datasets. We used multiple iterations of these
simulations to numerically solve for the parameters of our
rate distributions (m, l in table S2) that minimized the SSR
and x2 values.

While the assumptions in our final simulation model
were justified by empirical data (see the supplemental
PDF), we tested the sensitivity of the model to these assump-
tions. To do this, we either modified or removed parameters
from equations (1.1)–(2.4), ran our simulation, calculated
the SSR and x2 parameters as described above, and visually
compared the fit of the simulation summary metrics with
the empirical summary metrics. We also tested whether
simpler models could produce appropriate patterns of pro-
portion eclosion and mean and CoV development duration,
including (1) only one chill-dependent diapause phenotype
(eqq. [2.1]–[2.4]) instead of distinct WD and CD pheno-
types and (2) two diapause phenotypes but no ontogenetic
variation in diapause development rates in either group.
In addition, we attempted tofit a model that treated WD pu-
pae as an extreme phenotype along a continuum of diapause
development rates. The approaches to these alternative
models and associated results are described in the supple-
mental PDF. A subset of the most relevant alternative sim-
ulations is included in the main text.
Results

The results detailed below broadly support the hypothesis
that insect development during winter-like conditions can
be explained by timers based on the principles of physio-
logical time. The thermal sensitivity of these timers differ
between diapause intensity phenotypes, among individu-
als, and across ontogeny. While there are multiple poten-
tial interpretations of the empirical data, below we focus
on interpretations that were supported by our subsequent
simulation models.
Diapause Timers Vary among Diapause
Intensity Phenotypes

Based on the proportion of individuals that completed de-
velopment under different chilling and warming treatments
in experiment 1, WD and CD phenotypes likely have differ-
ent diapause timers. Consistent with a number of previous
observations (Dambroski and Feder 2007; Toxopeus et al.
2021; Calvert et al. 2022), we confirmed the presence of
ND (nondiapause), WD, and CD Rhagoletis pomonella pu-
pae reared under constant warm conditions using meta-
bolic rate measurements (fig. 3A). Under constant warmth,
all ND flies completed their eclosion before WD flies began
eclosing, and most CD flies remained in diapause under
these conditions (did not eclose at all; figs. S1, S2; figs. S1–
S10 are available online). CD pupae were most abundant
(82%), followed by WD (15%) and ND (3%; fig. 3B), the
latter of which was excluded from our analyses (for details,
see “Material and Methods”).

The two types of diapause timers in this population ap-
parently included a rarer one that did not require chilling
and a common one that required moderate to prolonged
chilling. As previously documented (Feder et al. 1997;
Dambroski and Feder 2007; Toxopeus et al. 2021), some
diapause R. pomonella pupae were able to complete dia-
pause and eclose as adults following a range of temperature
treatments, from no chilling (warming only) to prolonged
chilling (1200 days) at 47C (fig. 3C). Approximately 15% of
our population eclosed with little to no chilling (0–4 weeks
at 47C; fig. 3C), which is similar to the proportion of WD
pupae in our population (fig. 3B). However, as chill dura-
tion increased, the proportion eclosion increased (fig. 3C),
suggesting that the remaining CD pupae required a thresh-
old cold exposure (chilling) to successfully complete the
diapause program. We confirmed that the majority of
uneclosed pupae following short chill treatments appeared
to be alive and undeveloped (fig. S1), suggesting that they
were unable to complete diapause rather than dead or that
they developed but were unable to leave the puparium. The
small (∼10%) proportion of pupae that did not eclose after
longer chill treatments died in their puparia (fig. S1).
Variation in Diapause Timers among Individuals

The relationship between chill duration and proportion
eclosion in experiment 1 (fig. 3C) also suggested that there
was substantial interindividual variation in diapause timers
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among individuals within each diapause phenotype. This is
best illustrated here in CD pupae, but our simulation mod-
els (see below) also confirm interindividual variation in
WD diapause timers. If we assumed that 15% of eclosed
R. pomonella are WD individuals (see fig. 3B), any propor-
tion eclosion above 15% indicated completion of develop-
ment by CD individuals. The sigmoidal increase in pro-
portion eclosion as chill duration increased can therefore
be explained by continuous variation among CD individ-
uals in rate of diapause development required to reach a
chilling threshold at 47C (fig. 3C). Sixty days of chilling was
required for 50% of flies to eclose, and more than 90 days
of chilling resulted in maximum (91%) proportion eclo-
sion (fig. 3C).
Diapause Is Governed by Physiological Timers

When R. pomonella were exposed to increasing chill dura-
tions in experiment 1, the mean total development duration
increased (fig. 4), suggesting that the diapause timers were
temperature sensitive, as expected for physiological timers.
However, low temperatures did not universally accelerate
development (decrease mean development duration), as
the classic chilling model (fig. 2B) would predict. Indeed,
at first glance the positive relationship between chilling du-
ration and mean total development duration (fig. 4) is
broadly consistent with a diapause timer that is accelerated
by high temperatures and has a broad thermal sensitivity
(fig. 2D). However, as discussed above, the proportion of
eclosed individuals varied with chill time due to the re-
quirement for chilling in most (likely CD) individuals,
which is partially consistent with the predictions of the
classic chilling-only model (fig. 2B). Thus, it seems that
none of the simple models individually explain all of the
observations, especially given that WD and CD pupae re-
spond differently to chilling.
Diapause Timers Can Have Broad Thermal Sensitivity

Although chilling was required for completion of diapause
in most of our population, diapause development appeared
to have a broad thermal sensitivity (wide thermal breadth)
for both WD and CD pupae. Under the assumption that
all individuals completed postdiapause development in ap-
proximately 30 days at 217C (Powell et al. 2020), we rea-
soned that diapause could progress at 47C and 217C (fig. 4,
green and yellow bars) because the mean time to eclose fol-
lowing chilling (fig. 4, yellow and gray bars) was always
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greater than the mean time to complete postdiapause mor-
phogenesis at 217C (fig. 4, gray bars). We also found that
diapause could complete after “chilling” at the relatively
warm temperature of 157C (fig. S3). None of our treat-
ments in experiment 1 (fig. 4) included a clear period of
cold-induced postdiapause quiescence (compare with lon-
gest chill treatments in fig. 2). Indeed, data collected by
Feder et al. (1997) suggested that more than 40 weeks of
chilling are required for CD R. pomonella from hawthorn
fruits to complete diapause at low temperatures and enter
quiescence, which is longer than the maximum chilling du-
ration (29 weeks) we used in our study.
Thermal Sensitivity of the Diapause Timer
Can Change during Ontogeny

While early chilling seemed to be required for completion
of diapause in CD pupae (fig. 3C), prolonged cold expo-
sure slowed down diapause development (positive slope
in fig. 4). This suggested that CD pupae had at least two
diapause timers: one that governed early diapause develop-
ment and was accelerated by low temperatures (chilling),
and another that governed late diapause development and
was accelerated by high temperatures (warming). Although
a similar pattern is expected when comparing diapause to
postdiapause development in most insects (Jenkins et al.
2001; Hodek 2002), we emphasize that this ontogenetic shift
in the thermal sensitivity of the development rate clearly
occurs during diapause in CD R. pomonella because our
chill durations were too short to induce quiescence.

Indeed, when we exposed groups of R. pomonella pupae
to identical cold treatments at different ages during exper-
iment 2, cold treatments later in development increased
diapause duration (slowed development) compared with
cold treatments initiated at time zero (fig. 5). Because the
age at chill exposure affected total development duration,
this suggested that the rate of diapause development at
low temperatures could change during diapause ontogeny.
However, there were multiple factors at play that could in-
fluence mean development duration in these treatments
(fig. 5), including differences in the proportion of individ-
uals that eclosed (fig. S1) and the proportion of eclosed in-
dividuals that were CD versus WD. Disentangling these ef-
fects empirically was challenging because it is possible to
metabolically phenotype CD and WD accurately only
when these individuals are held at warm temperatures
for at least 45 days before chilling (Dambroski and Feder
2007; Toxopeus et al. 2021; Calvert et al. 2022), which we
could not do in all treatments. To address this issue, we de-
veloped simulation models to investigate whether interin-
dividual and ontogenetic variation in diapause timer ther-
mal sensitivity could explain the trends we observed in our
empirical diapause development data.
Accurate Models Must Incorporate Variation
in Diapause Timers between Diapause Phenotypes,

among Individuals, and across Ontogeny
of Diapause Development

A simulation model incorporating interindividual and on-
togenetic variation in diapause development rates, as well
as differences between diapause phenotypes, provided an
exceptional fit to our empirical observations. In the simu-
lated population, each WD pupa had one diapause timer
with a broad thermal sensitivity (fig. 6A), while each CD
pupa had two diapause timers: one for early diapause de-
velopment (prior to threshold) progressing only at low tem-
peratures, and one for late diapause development with a
broad thermal sensitivity (fig. 6B). The WD rate of diapause
development was approximately twice as high at 217C than
at 47C (fig. 6A), resulting in faster completion of diapause
(shorter development durations) at 217C (fig. 6C). For sim-
ulated CD pupae, early diapause required 68:2516:4 days
of chilling to complete (fig. 6C), and the subsequent late
diapause development rates were approximately four times
higher at the warmer temperature (fig. 6B), resulting in
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faster completion of late diapause at 217C than at 47C
(fig. 6C). The overlap between thermal sensitivity of WD
and late CD diapause development and that of postdia-
pause development (Reissig et al. 1979) allows completion
of the diapause program at warm temperatures, followed
immediately by postdiapause development. We note that
our simulated diapause development rates were modeled
at only two temperatures (fig. 6A, 6B); more complex linear
(e.g., polynomials) or nonlinear models would almost surely
provide better fits over a broader temperature range (Leh-
mann et al. 2017).
The simulation model was sensitive to some, but not all,
of our assumptions about interindividual variation in dia-
pause development rate (table S1). We modeled diapause
development rates with inverse Gaussian distributions,
but the final simulation model fitted to empirical data did
not differ substantially if we modeled rates with Gaussian
distributions instead (fig. S4). We also assumed that devel-
opment rates within an individual were correlated across
temperature (and time, in the case of CD pupae), but the
final simulation model fitted to empirical data was not
sensitive to this assumption (figs. S5, S6). Conversely, high
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interindividual variation in diapause development rate at
the temperatures closer to the thermal maxima and high
interindividual variation in CD early diapause (see error
bars in fig. 6A, 6B) were both important for the final sim-
ulation model fitted to empirical data (figs. S5, S6).

Using the full model described in the methods, our sim-
ulated population (fig. 6A, 6B) produced a close fit to the
empirical data for mean development duration (fig. 6D),
variation in development duration (fig. 6E), and proportion
eclosion (fig. 6F) following different chilling durations. Our
full simulation model captured the prominent discontinu-
ity/transition in development duration (fig. 6D) and pro-
portion eclosion (fig. 6F) at approximately 60 days of
chilling caused by an increase in the proportion of CD
phenotypes among eclosed individuals. It likewise cap-
tured the decline in proportion eclosion at long chill times
(fig. 6F) driven by overwinter mortality. The simulated var-
iation in development duration (fig. 6E) was overestimated
for moderate chill treatments (6–14 weeks). Attempts to
modify the distributions of diapause development rates
to improve the fit for development duration metrics re-
sulted in poor fit for proportion eclosion or CoV metrics
(figs. S7–S9).

Alternative patterns of variation in diapause thermal
sensitivity also did not improve fit. If we modeled two dis-
crete diapause phenotypes but did not allow for ontogenetic
variation in rates for either group, we could not achieve the
discontinuity in mean development duration associated
with moderate chill lengths (fig. 6D). If we modeled only
a single chill-dependent diapause phenotype with an in-
verse Gaussian distribution of development rates, we could
not re-create the pattern of approximately 15% proportion
eclosion after little to no chilling (fig. 6F). We were able to
improve the fit if we treated WD pupae as an extreme phe-
notype along a continuum of diapause development rates,
but this model still did not accurately predict eclosion with
little or no chilling (fig. S10). Further efforts devoted to de-
scribing and modeling an unknown continuous distribu-
tion of diapause development rates could lead to more gen-
eralizable models in this or other insect species. However,
these efforts would not change the core principles of our
model: diapause is a temperature-sensitive process that
varies among individuals, across diapause phenotypes,
and—in the case of CD pupae—across ontogeny.
Discussion

Our study demonstrates that principles of physiological
time that predict development duration during the growing
season in ectotherms can also predict diapause develop-
ment duration under various simulated winter conditions.
Here, we use data from Rhagoletis pomonella to parameter-
ize well-fitting models that incorporate similar principles.
Our experimental design exposing each group of R. pomo-
nella to two temperatures (chilling and warming) for differ-
ent durations and at different ages facilitated detection of at
least two distinct phases of diapause development, each
with its own thermal sensitivity of diapause development
rate. It likely would have been difficult to detect this onto-
genetic shift in the thermal sensitivity of diapause develop-
ment in a classic thermal performance curve experiment,
where multiple temperatures treatments were used but each
group of insects was exposed to a single temperature (e.g.,
Irwin et al. 2001; Sgolastra et al. 2010; Xiao et al. 2013;
Lehmann et al. 2017). Although we do not know the exact
shape of the diapause development rate thermal perfor-
mance curves in R. pomonella, our models of development
rate at two temperatures are sufficient to explain most of the
impacts of chilling and warming. Further work modeling
the relationship over a broader temperature range may sub-
stantially improve predictions in variable and changing en-
vironments and could perhaps extend to diapause occur-
ring during warm seasons (Masaki 1980) as well.
Extensibility of the Model

The conceptual model of thermally sensitive diapause de-
velopment with rate variation over time is consistent with
observations in other insects. Several studies have shown
that different overwintering temperatures impact diapause
duration, with the fastest diapause development (shortest
diapause duration) at temperatures between 07C and 77C
(Irwin et al. 2001; Sgolastra et al. 2010; Xiao et al. 2013;
Lehmann et al. 2017). Others provide evidence that the re-
lationship between diapause development rate and tem-
perature changes over time during diapause (e.g., Nomura
and Ishikawa 2000; Xiao et al. 2013; reviewed extensively in
Hodek 2002). The “early” and “late” phases we describe in
R. pomonella could be consistent with a transition from the
maintenance to the termination phase in a common, highly
cited conceptual model of diapause development (Koštál
2006). Alternatively, ontogenetic variation in thermal sensi-
tivity could be continuous—our experimental design could
not test this possibility. The nature of ontogenetic variation
in diapause development may not be settled, but we predict
that changes in development rate during diapause are likely
widespread, especially in univoltine species whose diapause
continues across multiple seasons.

Similarly, we posit that parameterizing models to in-
clude interindividual variation may often provide more
accurate and complete predictions of the distribution of
diapause timing for an insect population. Many studies
present evidence for pronounced interindividual variation
in multiple aspects of insect diapause (e.g., Bradshaw and
Lounibos 1977; Vinogradova 1986; Dingle and Mousseau
1994; Schmidt et al. 2005), including the thermal sensitivity
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of diapause duration (Nomura and Ishikawa 2000; Irwin
et al. 2001; Masaki 2002; Chen et al. 2013; Lehmann
et al. 2017). In this study we modeled continuous (e.g., var-
iation within CD pupae) and discrete (WD vs. CD puape)
variation in the thermal sensitivity of diapause develop-
ment rate. Attempts to model a single diapause phenotypic
class (i.e., with WD-like individuals having the fastest de-
velopment rates along a continuum) provided a reasonable
fit to some, although not all, of the data (fig. S10). We also
emphasize that we designed our experiments to test for si-
multaneous effects of interindividual ontogenetic varia-
tion, not strictly to predict field phenology. Thus, some de-
tails of our R. pomonella model may be idiosyncratic, but
the conceptual framework is flexible, and we expect that it
can be extended to other species. Ultimately, confronting
models with data from the laboratory and the field across
multiple species will be necessary to assess model generality.
Implications for Life History Timing
in Changing Environments

Increasing and more variable environmental temperatures
across the entire year will likely affect life history timing.
Warm prewinter conditions can negatively impact some
insects by causing aversion or early termination of dia-
pause (Denlinger 2002; Koštál 2006; Toxopeus et al.
2021). In addition, warm temperatures can cause energy
drain that leads to mortality (Sinclair 2015; Roberts et al.
2021; Nielsen et al. 2022). As autumn temperatures in-
crease and winter warm spells become more frequent
(Williams et al. 2015; Marshall et al. 2020), early diapause
development in chill-dependent R. pomonella will likely
slow down, resulting in an overall delay in the resumption
of postdiapause morphogenesis in the following summer
or fall and a possible mismatch in adult eclosion and host
fruit availability. Conversely, the predicted global increase
in spring temperatures (Williams et al. 2015; Marshall et al.
2020) may shorten diapause duration in R. pomonella be-
cause this warming is likely to coincide with the later dia-
pause development process that is accelerated at high
temperatures. Thus, any models that attempt to predict in-
sect phenology based on rates of postdiapause morphogen-
esis (e.g., Reissig et al. 1979) should take diapause duration
into account, especially for species with a temperature-
dependent diapause termination (Lehmann et al. 2017).
How Do Insects “Count” the Cold?

The physiological or cellular processes that determine dia-
pause duration remain elusive (Hand et al. 2016), but some
studies support a temperature-sensitive timer. For example,
the time to complete chill-dependent diapause may depend
on a particular process that is active at low temperatures. A
single key molecule accumulating or degrading over time
might provide such a timer, for example, aldose reductase
and sorbitol dehydrogenase in Pyrrhocoris apterus (Koštál
et al. 2008), p26 protein in Artemia franciscana (King and
MacRae 2012), or the metabolites alanine in Pieris napi
(Lehmann et al. 2018) and sorbitol in Bombyx mori (Chino
1958). Alternatively, there could be a suite of genes or mol-
ecules regulating diapause duration. Gene expression
changes extensively, sometimes transcriptome-wide dur-
ing diapause (Robich and Denlinger 2005; Kim et al.
2006; Rinehart et al. 2007; Reynolds and Hand 2009;
Emerson et al. 2010; Ragland et al. 2010; Urbanski et al.
2010; Kankare et al. 2016; Green and Kronforst 2019), in-
cluding at low temperatures (Salminen et al. 2015; Koštál
et al. 2017; Dowle et al. 2020; Pruisscher et al. 2022). More-
over, differentially expressed genes and genetic variants
associated with diapause duration in R. pomonella are
enriched in constituents of cell cycling and morphogenic
pathways (Meyers et al. 2016; Dowle et al. 2020).

Our simulation and empirical datasets, as well as the
transcriptomic studies cited above, are highly consistent
with temperature-modulated developmental processes
dictating the duration of diapause. We posit that this may
be a general phenomenon. Diapause has evolved rapidly
and repeatedly across the arthropod phylogeny (Ragland
and Keep 2017; Denlinger 2022), suggesting that diapaus-
ing clades likely co-opt existing developmental machinery
from nondiapausing ancestors to initiate and regulate dia-
pause development. This evolutionary hypothesis would
also predict that models of physiological time would fit de-
velopmental data from both diapause and nondiapause
development.
Conclusions

Applying the principles of physiological time to over-
winteringR. pomonella revealed that diapause is temperature
sensitive, that the thermal sensitivity of the diapause develop-
ment rate varies among individuals and across ontogeny, and
that substantial portions of the diapause program progress
more quickly at warm temperatures. Understanding the
thermal sensitivity of overwintering development (even if
that development occurs in a “dormant” state) is important
for predicting how warming temperatures will impact the
phenology of ectothermic animals. Additional work to test
the generality of models and to elucidate the cellular and
physiological basis for diapause timers is still needed, with
implications for understanding how diapause has evolved.
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“An allied fly is the parent of the cheese maggot. The fly itself, Piophila casei [above left], is black, with metallic green reflections, and the
legs are dark and paler at the knee-joints, the middle and hind pair of tarsi being dark honey yellow. . . . We figure, from a specimen in the
Museum of the Peabody Academy, the Bird-tick, Ornithomyia [above right], which lives upon the Great Horned Owl. Its body is much
flattened, adapted for its life under the feathers, where it gorges itself with the blood of its host. In the wingless Sheep-tick, Melophagus
ovinus [below], with the puparium on the left), the body is wingless and very hairy, and the proboscis is very long. The young are developed
within the body of the parent, until they attain the pupa state, when she deposits the puparium, which is nearly half as large as her abdo-
men.” From “A Chapter on Flies (Concluded)” by A. S. Packard Jr. (The American Naturalist, 1869, 2:638–644).


