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Abstract
The European spruce bark beetle Ips typographus is a widespread pest in Norway spruce-dominated forests in Eurasia. 
Predicting its phenology and voltinism is crucial to plan forest management measures and to mitigate mass outbreaks. Current 
phenology models are based on constant temperatures inferred from laboratory experiments; however, insect life cycles under 
natural conditions are rather driven by diurnal and seasonal temperature fluctuations. Therefore, phenology models based 
on fluctuating temperatures would reflect field conditions more realistically and might thus improve model predictions. In a 
laboratory experiment, we investigated the development of I. typographus, applying mean temperatures between 3 and 35 °C 
and diurnal temperature oscillations of up to ± 15 °C. Subsequently, we calibrated developmental rate models and applied 
them to climate data, in order to assess the effect of temperature fluctuations on voltinism under field conditions. Our results 
showed that diurnal temperature oscillations significantly affected developmental rates. Compared to constant temperatures, 
development was faster at temperature oscillations falling below the lower developmental threshold, and slower at temperature 
oscillations exceeding the developmental optimum. Furthermore, short exposures to suboptimal temperatures affected I. 
typographus less than expected from constant conditions. Natural temperature fluctuations thus accelerate development 
under cool, shaded conditions, whilst slowing it under hot, sun-exposed conditions, thereby ultimately affecting voltinism. 
Our findings highlight the importance to account for diurnal temperature fluctuations for more accurate predictions of 
developmental rates of I. typographus in natural thermal environments, and provide the fundament for improving current 
phenology models to support effective bark beetle management in a warming climate.

Keywords Bark beetle · Climate change · Developmental rate models · Phenology · Ips typographus · Temperature 
fluctuations

Key messages

• Diurnal temperature fluctuations affect insects but their 
influence on Ips typographus is unknown.

• In a laboratory experiment, temperature fluctuations sig-
nificantly influenced developmental rates.

• Fluctuations accelerated development at low tempera-
tures and decelerated it at high temperatures.

• These results have substantial impact on phenology and 
voltinism under natural conditions.

• Precise developmental rates improve phenology models 
and coordination of management measures.
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Introduction

Insect life  histories are strongly affected by ambient 
temperature, which influences geographic range and 
abundance (Stange and Ayres 2010), morphology 
(Hogue and Hawkins 1991) and reproduction (Kingsolver 
et  al. 2011). Temperature is also a crucial factor in 
developmental processes, as shown in laboratory 
experiments conducted on numerous insect species 
under constant temperatures (Rebaudo and Rabhi 2018). 
Understanding the effects of temperature on development 
and performance is particularly interesting for ecologically 
and economically relevant insects, such as forest pests. 
Phenology models that incorporate temperature-dependent 
development can help to effectively manage population 
outbreaks, which are predicted to increase due to climate 
change (Seidl et al. 2017; Johnson and Haynes 2023).

The European spruce bark beetle (Ips typographus) 
is one of the most important species affecting forest 
ecosystems across Eurasia by causing widespread 
mortality of its primary host tree, Norway spruce 
(Picea abies) (Raffa et al. 2015; Patacca et al. 2023). I. 
typographus is a potentially multivoltine bark beetle that 
can currently complete up to three generations per year. 
Most of the beetle’s life cycle occurs under the bark, where 
it reproduces and develops in galleries that are excavated 
in the phloem. The reproductive season starts when warm 
spring temperatures end hibernation and lasts until short 
day lengths and low temperatures in late summer induce 
reproductive diapause (Baier et  al. 2007; Doležal and 
Sehnal 2007; Schebeck et al. 2022). Its species-specific 
life-history traits that facilitate mass outbreaks include 
the ability to successfully colonise even hardly stressed 
trees (via intraspecific communication using aggregation 
pheromones), high fecundity, and phenological plasticity 
(Wermelinger 2004; Schebeck et al. 2023). Major triggers 
of the expected increasing frequency and magnitude of 
population outbreaks under future climate comprise a 
drought-induced higher predisposition of forest stands, 
and a temperature-driven increase in developmental rates 
resulting in additional annual beetle generations (Marini 
et al. 2017; Jakoby et al. 2019).

Temperature-dependent development is commonly 
described using developmental rates (DR), which are the 
inverse of mean developmental durations (D) (Damos 
and Savopoulou-Soultani 2012). DR in numerous 
species is represented by an optimum curve with a lower 
developmental threshold  (DTL), and an almost linear 
increment towards the optimum temperature  (TO), where 
they plateau before rapidly decreasing towards the upper 
developmental threshold  (DTU) (Damos and Savopoulou-
Soultani 2012).  DTL and  DTU vary amongst insect species, 

but typically differ by about 20  °C from each other 
(Dixon et al. 2009). This relationship has been described 
with different functions primarily based on laboratory 
experiments conducted under constant temperatures 
(Rebaudo and Rabhi 2018), including numerous bark 
beetle species affecting Northern hemisphere forests 
(Bentz et al. 1991; Wermelinger and Seifert 1998; Peter 
2014; Gent et  al. 2017; Schebeck and Schopf 2017; 
Davídková and Doležal 2019).

In natural environments, however, constant temperature 
conditions are unlikely, as temperatures typically 
fluctuate over days and seasons. Therefore, oscillating 
temperatures more accurately reflect the habitat of most 
insects (Cloudsley-Thompson 1953; Ratte 1985). More 
specifically, oscillating temperatures differentially affect 
DR (Worner 1992; Colinet et al. 2015), either resulting 
in an increase (Chen et  al. 2019), decrease (Butler and 
Trumble 2010; Fischer et al. 2011) or no change, compared 
to constant temperatures (Kingsolver et al. 2009). Most of 
these deviations can be explained by the rate summation 
effect, which accounts for temperatures differing from 
their mean during oscillation (Worner 1992). That means, 
that the consideration of a finer temporal resolution, e.g. 
hourly temperature, potentially result in altered average DR 
compared to daily mean temperature. Due to the convex 
shape of DR curves at  DTL and  DTU, and the concave shape 
at  TO, oscillations reduce DR at  TO and increase them at  DTL 
and  DTU (Hagstrum and Milliken 1991; Liu et al. 1995; von 
Schmalensee et al. 2021). Furthermore, exceeding harmful 
temperature thresholds during oscillation can cause stress, 
which reduces or entirely inhibits developmental progress 
(Colinet et al. 2015). Unfortunately, studies on the influence 
of fluctuating temperatures on DR are scarce, and completely 
lacking for bark beetles (Colinet et al. 2015).

Our current understanding of the temperature-dependent 
development and reproduction of I. typographus is based 
on laboratory experiments using constant conditions, 
determining a  DTL,  TO, and  DTU of 8.3, 30.4 and 38.9 °C, 
respectively (Wermelinger and Seifert 1998; 1999). Amongst 
the total developmental duration from egg to adult, pre-
imaginal development (eggs, larvae, pupae) of individuals 
accounts for about 60%, and post-pupal development 
(maturation feeding of young beetles for development of 
gonads and flight muscles) for about 40% (Wermelinger and 
Seifert 1998). From an ecological perspective, however, the 
generation time of bark beetles additionally includes the 
successful attack by parental beetles, establishment of a 
nuptial chamber, mating, construction of mother tunnels, 
and oviposition (Wermelinger 2004; Danks 2013; Schebeck 
et  al. 2023), which should also be accounted for when 
modelling phenology. Moreover, ontogenetic development 
under natural conditions is affected by extreme temperature 
fluctuations resulting from variations in air temperature and 
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exposure to global radiation (Nicolai 1986; Baier et al. 2007). 
The trunks of standing trees, and in particular of downed 
(e.g. wind-thrown) trees, are exposed to varying amounts of 
radiation depending on their orientation and position within 
a forest stand. Whilst temperatures within shaded parts of 
the trunks mostly resemble ambient air temperature, sun-
exposed bark can reach temperatures above 50 °C (Annila 
1969). These potential temperature fluctuations in its natural 
environment make I. typographus an ideal study system to 
test whether DR under constant temperatures are sufficient to 
predict development under natural conditions (Worner 1992; 
Wermelinger and Seifert 1998; Shi et al. 2016).

Hence,  we studied the development  of   I . 
typographus under constant and oscillating temperatures in 
the laboratory. The experimental findings were subsequently 
applied to representative climate data in order to quantify the 
effect of natural temperature fluctuations on its development 
and voltinism. Our findings will not only contribute to the 
understanding of I. typographus’ temperature-dependent 
development, but can also serve as an example for other 
bark beetles and insects in similarly fluctuating thermal 
environments. Determining the influence of fluctuating 
temperatures may furthermore improve predictions of the 
geographic range, population dynamics, and voltinism 
of insects in response to current and changing climates. 
Finally, our findings can contribute to the improvement of 
phenology models, which, as in the case of I. typographus, 
play a crucial role for risk assessment and mitigation of mass 
outbreaks (Baier et al. 2007; Jakoby et al. 2019; Ogris et al. 
2019).

Material and methods

Experimental design

Our study aimed to determine DR, generation time and 
the relative duration of ontogenetic stages at different 
mean temperatures and diurnal temperature oscillations 
(i.e. fluctuations with constant magnitude and frequency). 
Previous laboratory experiments have shown developmental 
progress at constant mean temperatures between 12 and 
33  °C (Wermelinger and Seifert 1998). Resulting  DTL 
has been reported to range between 5 and 8.3 °C (Annila 
1969; Wermelinger and Seifert 1998; Štefková et  al. 
2017). Diurnal air temperature fluctuations typically vary 
between 0 and ± 10 °C at bark beetle-relevant sites across 
Germany, depending on season and location (Supplement 
1a). Temperature fluctuations in the bark, the habitat of 
I. typographus, can be higher due to exposure to global 
radiation (Supplement 1b). Therefore, we conducted 
experiments to test temperature regimes with mean 
temperatures between 3 and 35 °C, and diurnal oscillations 

with amplitudes up to ± 15 °C (Table 1, 2). All scenarios 
were conducted in separate incubators (Memmert ICH 
L 280) with temperature oscillations following diurnal 
sinusoidal curves.

Observing the ontogenetic stages of bark beetles during 
development can be challenging as it occurs under the bark. 
To overcome this obstacle, we applied two experimental 
approaches, phloem sandwiches and experimental logs, to 
study the pre-imaginal development and the entire generation 
time. Phloem sandwiches have been frequently used to 
observe the pre-imaginal development of bark beetle species 
(Wermelinger and Seifert 1998; Schebeck and Schopf 2017) 
as they allow repeated observations of the same individuals 
(for details see Supplement 2). Unfortunately, observations 
using this method are limited to approximately 40 days due 
to phloem desiccation and fungal growth (Wermelinger 
and Seifert 1998; Schebeck and Schopf 2017). Moreover, 
determining entire generation times is complicated, 
due to the surrounding Plexiglas sheets that hamper the 
emergence of young beetles. Phloem sandwiches were thus 
used to observe pre-imaginal development of at least 50 
individuals per scenario on a daily basis for scenarios with 
mean temperatures ≥ 21 °C (Table 1). As breeding success 
and mortality rates varied, different numbers of phloem 
sandwiches were required to achieve the desired sample 
size. Pre-imaginal development in scenarios with mean 
temperatures ≤ 15 °C was observed using evenly colonised 
experimental logs (Wermelinger and Seifert 1998; Doležal 
and Sehnal 2007; Dworschak et al. 2014) by peeling of 
pre-defined bark stripes (Table 2, Supplement 2). Since the 
duration of the egg stage could not be determined using this 
method, additional phloem sandwiches were applied for 
scenarios with mean temperatures of 12 and 15 °C (Table 1). 
An additional trial was conducted at a constant temperature 
of 25 °C to compare D in logs with the sandwich method. 
Developmental progress in experimental logs was assessed 
once per week at mean temperatures ≤ 12 °C, and three times 
per week at 15 and 25 °C (Table 2). Finally, the proportion 
of pre-imaginal development from the entire generation 
time was determined for a subset of six scenarios (21, 25, 
and 30.4 °C; ± 0 and ± 8 °C), to account for the influence 
of mean temperature and temperature oscillation (Table 3). 
Three logs were colonised at each temperature regime with 
100 beetles per scenario, and emerging young beetles were 
counted on a daily basis (Supplement 2).

Breeding material for the experiments was felled 
between May and August, and stored for no longer than 
2 weeks to ensure good phloem quality, which has been 
shown essential for bark beetle development (Baier 1996). 
Beetles used in the experiments were obtained from a per-
manent rearing (Supplement 3). Bark temperatures inside 
phloem sandwiches and logs were monitored with data 
loggers (onset Hobo Pro V2) to compare microhabitat 
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temperatures with the incubator settings (Danks 2013). 
Experiments on pre-imaginal development were conducted 
in constant darkness since photoperiod has no influence 
on DR, and diapause is expressed only in the adult stage 
(Doležal and Sehnal 2007). In contrast, the experiments 
on generation time were conducted under permanent light 
to ensure the emergence of young beetles.

Data analyses

For all scenarios with phloem sandwiches (12, 15, 21, 25, 
30.4, 33 °C; ± 0, ± 4, ± 8, ± 15 °C) and logs measuring 
generation times (21, 25, 30.4  °C; ± 0, ± 8  °C), D 
and standard deviation (SD) were calculated for the 
ontogenetic stages and the total pre-imaginal development. 
Since each observation of the logs measuring pre-imaginal 
development (3, 6, 9, 12, 15 °C; ± 0, ± 4, ± 8, ± 15 °C) 
consisted of a unique set of individuals, D of distinct 
individuals could not be obtained. Instead, the shift in 
distribution towards the subsequent developmental stage 
was observed, from which D with SD could be determined. 
To this end, all observed individuals were grouped based 
on whether they had reached a certain developmental 
stage (1) or not (0), thus enabling binomial regression, 
and the determination of the transition points and SD via 
bootstrapping. To prevent delays in stage distribution 
caused by ongoing oviposition, only individuals from the 
first 60 mm of mother tunnels were included. To obtain 
thresholds to distinguish between larval instars, the 
R-package ‘mclust’ (Scrucca et al. 2016) was used to fit 
multiple Gaussian distributions on head capsule widths 
(Annila 1969).

Table 2  Transition point (TP) in days and standard deviation (SD) for different ontogenetic stages of Ips typographus, total number of individu-
als examined (N), and control interval for each scenario using experimental logs

‘M’, ‘W’, and ‘F’ indicate Monday, Wednesday, and Friday, respectively. ‘NA’ indicates occasions, where TP were not reached. Pre-imaginal 
developmental duration (D) was calculated as the duration from larvae to young beetles assessed with logs plus the duration of the egg stage 
from phloem sandwiches (Table 1)

Scenario (°C) N TP ± SD L1 TP ± SD L2 TP ± SD L3 TP ± SD Pupae TP ± SD 
Young 
beetles

Control interval D Pre-imaginal

3 ± 0 1018 NA NA NA NA NA weekly NA
6 ± 0 1183 NA NA NA NA NA weekly NA
6 ± 4 647 51.9 ± 5.3 55.0 ± 4.0 NA NA NA weekly NA
6 ± 8 845 22.0 ± 1.8 47.6 ± 1.6 87.7 ± 1.4 NA NA weekly NA
9 ± 0 1098 56.0 ± 3.2 62.8 ± 2.3 75.2 ± 2.3 NA NA weekly NA
9 ± 4 818 47.1 ± 1.5 53.2 ± 1.2 64.6 ± 1.0 NA NA weekly NA
9 ± 8 919 29.8 ± 1.6 44.2 ± 0.9 53.1 ± 1.0 93.4 ± 1.1 123.5 ± 2.7 weekly 121.1
9 ± 15 177 NA NA NA NA NA weekly NA
12 ± 0 1057 15.8 ± 0.8 29.4 ± 1.0 51.5 ± 1.3 77.6 ± 0.9 99.4 ± 0.8 weekly 107.5
12 ± 4 1060 14.2 ± 0.1 26.7 ± 0.6 39.6 ± 0.6 63.6 ± 1.1 85.9 ± 2.0 weekly 94.6
12 ± 8 1669 12.1 ± 0.6 18.6 ± 0.7 24.4 ± 0.7 47.3 ± 0.4 59.0 ± 0.5 weekly 63.9
12 ± 15 358 8.3 ± 1.6 16.4 ± 1.2 27.4 ± 1.1 46.5 ± 0.2 59.1 ± 0.9 weekly 66
15 ± 0 689 4.8 ± 0.3 8.3 ± 0.4 17.2 ± 0.5 31.3 ± 0.5 43.2 ± 0.5 M, W, F 52.6
15 ± 4 437 7.1 ± 0.5 9.1 ± 0.4 15.1 ± 0.8 30.8 ± 0.6 45.6 ± 0.7 M, W, F 50.3
15 ± 8 683 4.1 ± 0.4 10.1 ± 0.6 15.7 ± 0.9 27.8 ± 0.7 35.1 ± 0.5 M, W, F 43.7
15 ± 15 574 6.2 ± 0.5 9.4 ± 0.6 16.3 ± 0.8 25.5 ± 0.7 36.8 ± 0.6 M, W, F 41.4
25 ± 0 795 2.0 ± 0.1 4.5 ± 0.2 6.0 ± 0.2 12.3 ± 0.2 15.5 ± 0.3 M, W, F 17.3

Table 3  Mean developmental duration (D) in days and standard devi-
ation (SD) of generation times of Ips typographus, the total number 
of investigated individuals (N), and the proportion (%) of pre-imag-
inal development (assessed using phloem sandwiches, cf. Table  1) 
from generation time

Scenario (°C) Total emerged 
beetles (N)

D ± SD Proportion of pre-
imaginal development 
(%)

21 ± 0 379 53.3 ± 8.6 51.9
21 ± 8 467 56.4 ± 9.3 48.6
25 ± 0 626 39.8 ± 7.6 51.0
25 ± 8 383 41.2 ± 5.2 55.6
30.4 ± 0 540 28.1 ± 2.9 50.2
30.4 ± 8 381 34.4 ± 2.8 53.8
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Developmental rate models

Both linear and nonlinear models can be used to describe DR 
(Rebaudo and Rabhi 2018). Here, we used linear regressions 
to calculate  DTL for the various ontogenetic stages and the 
total pre-imaginal development for different temperature 
amplitudes (± 0, ± 4, ± 8, ± 15  °C). Observations with 
temperatures above 25 °C were excluded, to avoid distortions 
from data points outside the linear relationship between 
temperature and DR. Additionally, nonlinear models were 
compared for DR of complete pre-imaginal development 
with the R-package ‘devRate’ (Rebaudo and Regnier 2023). 
The package simultaneously calibrates 25 different nonlinear 
DR models, including Logan-6 (Logan et al. 1976), Lactin-1 
and Lactin-2 (Lactin et al. 1995), and Briere-2 (Briere et al. 
1999), which have been applied to multiple arthropods. The 
models’ performance was evaluated based on their root mean 
square errors (RMSE) (Damos and Savopoulou-Soultani 
2012).

We also tested whether the rate summation effect 
(Worner 1992) accounts for all deviations under fluctuating 
temperatures using DR under constant temperatures 
(Hagstrum and Milliken 1991; von Schmalensee et al. 2021). 
Thus, the integrals of DR based on a diurnal sinusoidal 
temperature curve were calculated for mean temperatures 
between 0 and 50 °C and for all studied amplitudes (± 4, 
± 8, ± 15 °C). If the rate summation effect would indeed 
explain all deviations, observations should align with the 
integral curves.

Implications for development under natural 
conditions

Based on the DR curves from the laboratory experiments, 
the effect of temperature fluctuations and global radiation on 
DR under natural conditions was assessed. To facilitate data 
processing, missing DR for temperature amplitudes outside 
the experimental scenarios were linearly interpolated, 
creating a matrix with DR for mean temperatures between 
0 and 40 °C and amplitudes up to ± 25 °C (Supplement 
7). To represent the natural conditions for I. typographus 
development, daily raster data for temperature (mean, 
minimum, maximum) and global radiation (sum) (Dietrich 
et  al. 2019) were used covering bark beetle-relevant 
sites across Germany over a 12-year period (2009–2020; 
Supplement 6a). Subsequently, mean and maximum bark 
temperatures at all sites were calculated according to 
Baier et al. (2007) for a range of global radiation from 
0% (complete shade) to 100% (complete sun), in order to 
compare the development in different microhabitats. Daily 
temperature amplitudes were calculated by subtracting 
radiation-specific maximum bark temperatures from 
respective minimum temperatures. Daily, site-specific DR 

were finally calculated using microhabitat temperatures 
(mean and amplitude) and the interpolated DR. The effect 
of microhabitat-dependent differences was analysed by 
plotting the averaged temperature-dependent DR curves 
for these global radiation categories. Moreover, the impact 
of temperature fluctuations on I. typographus voltinism, as 
opposed to diurnal mean temperatures, was quantified at 
three representative sites at different elevations (315, 815, 
and 1370 m a.s.l.) and over the respective 12-year period 
in south-western Germany (Supplement 6b, c). This was 
achieved by calculating the cumulative differences between 
DR under fluctuating and constant temperatures for each 
elevation, radiation, and year, and then averaging these 
values across all years for the two categories (elevation and 
radiation).

Results

Developmental progress was observed in all scenarios 
with mean temperatures between 9 and 33 °C when tem-
perature extremes during oscillation did not exceed 40 °C, 
or fall below −5 °C (Table 1, 2). At 9 °C, D could only 
be obtained for the ± 8 °C scenario, whilst the individuals 
exposed to smaller amplitudes did not complete pre-imag-
inal development before the end of the experiment after 
5 months (Table 2). At 6 °C developmental progress was 
only observed at ± 8 °C, and pre-imaginal development did 
not complete either. For each scenario with completed pre-
imaginal development, an average of 77 individuals were 
studied using the sandwich method, and 867 individuals 
using the log method, i.e. approximately 50 individuals 
per bark stripe (Supplement 2, full datasets in Table 1–3). 
Mortality rate in phloem sandwiches was on average 65% 
in scenarios with mean temperatures between 20 and 30 °C, 
requiring a minimum of eight samples to approach the target 
of 50 individuals (Table 1). Generation time in experimental 
logs was determined by an average of 463 beetles per sce-
nario (Table 3). Combined DR data from logs and phloem 
sandwiches were used, because pre-imaginal D was almost 
identical between the two methods at 25 °C (Fig. 1). Since 
temperature measurements within the samples differed only 
slightly from incubator settings (Supplement 5), the latter 
were used as temperature data for the analyses.

Pre‑imaginal developmental duration

Pre-imaginal D (i.e. egg, larval and pupal development) 
ranged from 2 weeks at a constant temperature of 30.4 °C to 
17 weeks at 9 ± 8 °C (Table 1, 2). Temperature oscillations 
differently affected D depending on mean temperatures 
and amplitudes. Temperature oscillations reduced D (i.e. 
increased DR) at low mean temperatures (≤ 15 °C), whereas 
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they increased D (i.e. reduced DR) at high temperatures 
(> 21 °C). D was most affected by oscillations in scenarios 
temporarily exceeding  TO (30.4  °C), e.g. 25 ± 8 °C. At 
30.4 °C, oscillations led to a significant difference between 
D of all three scenarios (± 0, ± 4, ± 8 °C) (p < 4.9e-16, 
Unpaired-Wilcoxon-test), with approximately 30% higher 
D at ± 8 °C compared to constant temperatures. At 33 °C, 
even a small amplitude of ± 4 °C almost doubled D, whilst 
all individuals died at an amplitude of ± 8 °C (Table 1). 
Also at low temperatures, substantial effects of oscillations 
on D were observed. At 12  °C, an amplitude of ± 8  °C 
reduced D to 59% compared to constant temperatures, and 
exposed to 9 ± 8  °C, approximately 50% of individuals 
completed pre-imaginal development within 121  days, 
whilst in the ± 0 and ± 4 °C scenarios, development was still 
incomplete (predominately in the larval stage) by the end 
of the experiment after 5 months. In scenarios completely 
within the range between  DTL and  TO (8.3 and 30.4 °C, 
respectively; Wermelinger and Seifert 1998) oscillations 
did not affect D, e.g. scenarios at 21 °C with amplitudes up 
to ± 8 °C (p > 0.37, Unpaired-Wilcoxon-test; Table 1).

Relative duration of ontogenetic stages

Averaged over all scenarios and methods, pre-imagi-
nal development (egg, larva, pupa) comprised 52 ± 3% 
(Table 3) of the generation time, independent of mean tem-
perature (F1,4 = 0.32, p = 0.602) and amplitude (F1,4 = 0.55, 
p = 0.500). The relative duration of eggs accounted for 
23 ± 3% of the total pre-imaginal development, larvae for 
57 ± 6%, and pupae for the remaining 20 ± 4% (Fig. 2). 
Mean temperature positively correlated with the relative 

duration of larval development, increasing by 0.38% per 
1 °C (F1,19 = 5.17, p = 0.035), and consequently reducing the 
relative duration of eggs (F1,19 = 4.68, p = 0.043) and pupae 
(F1,19 = 2.5, p = 0.13). In contrast, amplitude had no signifi-
cant influence on the relative duration of egg (F1,19 = 0.04, 
p = 0.836), larval (F1,19 = 0.54, p = 0.472), and pupal devel-
opment (F1,19 = 0.79, p = 0.385). The three larval instars 
L1–L3, as defined by head capsule width with thresholds of 
575 µm and 773 µm (Supplement 4), accounted for 19, 26 
and 55%, respectively, of total larval D (Fig. 2).

Developmental rate models

To find the most appropriate DR model, 25 different model 
types included in the R-package ‘devRate’ (Rebaudo and 
Regnier 2023) were compared. Logan-6 was selected as 
the most suitable nonlinear model for the observed data up 
to ± 8 °C, as it converged in all cases with the overall lowest 
RMSE (Table 4, Fig. 3). However, the Logan-model failed 
in fitting the data at ± 15 °C, as the observations did not 
represent the typical shape of DR curves (Fig. 3). Therefore, 
a polynomial model (Harcourt and Yee 1982), which can 
adapt more flexibly to different distributions, was chosen as 
the best alternative (Table 4, Fig. 3).

To determine  DTL of pre-imaginal development for all 
temperature amplitudes, linear regressions were calculated 
for data from scenarios with mean temperatures between 12 
and 25 °C. Except for ± 15 °C, RMSE were low, indicating 
almost perfect linear correlations between temperature and 
DR (Table 4, Fig. 3).  DTL were 8.9, 8.0, and 4.4 °C for ± 0, 
± 4, and ± 8 °C, respectively, reflecting an increase in DR 
with amplitude (Fig. 3). Note that  DTL for ± 15 °C (5.5 °C) is 
not meaningful, because the observations at scenarios with 
± 15 °C do not follow a linear trend as temperature minima 
of −6 °C were lethal, hindering developmental progress 
below mean temperatures of 9 °C (Fig. 3).

The influence of oscillating temperatures on D is also 
reflected in the DR models (Fig. 3). There was no effect as 
long as temperature oscillated between  DTL and  TO (indi-
cated by grey bars in Fig. 3), but deviations occurred when 
temperatures oscillated beyond these limits. This resulted 
in an increase in DR in the proximity of  DTL and a decrease 
at  TO. Interestingly, the regressions based on observations 
under oscillating temperatures exceed the predicted DR, 
based on the rate summation effect (Worner 1992), under 
the premise of non-lethal temperature maxima and minima 
(Fig. 3b–d). For example, DR at 30.4 ± 8 °C was 0.054 com-
pared to a rate summation of 0.037 (Fig. 3c). This indicates 
that beetles can sustain higher DR under short, repetitive 
exposures to adverse temperature conditions during oscil-
lation, which would be detrimental or even lethal under 
long-term exposure. At the same time,  DTU decreased from 
35 °C under constant temperatures to less than 30 °C at an 

Fig. 1  Comparison of the proportions of ontogenetic stages of Ips 
typographus over time between experimental logs and phloem sand-
wiches at constant 25  °C. Colours indicate the methods, and line 
types indicate the respective ontogenetic stages. To make the data of 
the two methods comparable, the individual-based data of the phloem 
sandwiches were transformed into proportional data
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amplitude of ± 15 °C due to heat-induced mortality (Fig. 3a, 
d).

Implications for development under natural 
conditions

Based on the results described above, the most appropri-
ate DR models resulting from the laboratory experiment 

were chosen to apply to regional climate data, i.e. a mix-
ture of the linear and nonlinear regressions for ampli-
tudes up to ± 8 °C, and a polynomial model for ± 15 °C. 
Daily site-specific DR were calculated using mean bark 
temperatures and amplitudes. To visualise developmen-
tal progress under natural conditions, the resulting DR 
(see Supplement 7) were plotted against the daily mean 
temperatures and fitted with regression lines for different 
amounts of radiation representing different microhabitats 
(Fig. 4). DR was represented by an optimum curve for all 
radiation exposures, except for the fully shaded scenario, 
for which the measured conditions did not exceed  TO. At 
low temperatures, global radiation led to faster develop-
ment by increasing mean temperatures. At higher tem-
peratures, however, global radiation shifted  TO towards 
lower mean temperatures and consequently reduced maxi-
mum DR, as increasing temperature amplitudes lead to 
exposure to lethal temperatures. As a result, complete 
shade resulted in the slowest development at mean tem-
peratures below 15 °C, but DR notably increased in the 

Fig. 2  Relative duration of the egg (E), larval (L), and pupal (P) stage 
of the total pre-imaginal developmental duration of Ips typographus 
for different temperature scenarios (a–d). Dashed lines within the lar-

val stage indicate the different instars L1–L3 determined by head cap-
sule widths (Supplement 4)

Table 4  Root mean square errors (RMSE) of the best performing 
developmental rate (DR) models, that are included in the R-package 
‘devRate’ (Rebaudo and Regnier 2023) and fitted on the DR data 
of Ips typographus from both the phloem sandwiches and logs. Mod-
els were separately fitted for each diurnal amplitude

Amplitude Logan-6 Lactin-1 Lactin-2 Harcourt Yee Linear

 ± 0 °C 0.194 0.354 NA 1.026 0.047
 ± 4 °C 0.180 0.250 0.142 0.528 0.021
 ± 8 °C 0.124 0.510 NA 0.848 0.029
 ± 15 °C NA 0.443 NA 0.078 0.487
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shade at higher temperatures, surpassing all other curves 
above 21 °C.

The effects of fluctuating temperatures on I. typogra-
phus voltinism, compared to diurnal mean temperatures, 
were investigated at three different elevations by calcu-
lating the cumulative deviation in DR between April and 
October over a 12-year period. Notable differences in 
respective DR were revealed across all years and micro-
habitats (Fig. 5). In particular, the combination of low 
elevations and 100% solar radiation resulted in an average 
reduction of −1.75 potential generations (Fig. 5a). Such 
drastic negative effects decreased with elevation (Fig. 5b, 
c) and shading (Fig. 5a–c), even leading to a small posi-
tive effect of up to + 0.25 potential generations in all fully 
shaded microhabitats and the semi-shaded microhabitat 
at high elevation.

Discussion

The effect of oscillating temperatures on developmental 
progress and the relative duration of ontogenetic stages 
of  I. typographus  was quantified under controlled 
conditions within a range of 3–35 °C and amplitudes up 
to ± 15 °C. DR were significantly affected by oscillations 
with an increase at low temperatures and a decrease 
around  TO and  DTU, whilst the relative duration of 
ontogenetic stages remained unaffected. The application of 
our experimental findings to meteorological data indicated 
that natural fluctuations in bark temperature, caused by air 
temperature and global radiation, notably alter DR and the 
resulting number of potential annual generations.

In our experiments, developmental progress occurred 
under constant temperatures between 9 and 33 °C, with 

Fig. 3  Mean developmental rates (DR) for pre-imaginal development 
of  Ips typographus  (circles) and corresponding linear and nonlin-
ear regressions for different temperature amplitudes (a–d). The line 
“Wermelinger” under constant temperature (a) shows the commonly 
used regression from Wermelinger and Seifert (1998). “Rate Summa-
tion” at amplitudes of ± 4, ± 8, and ± 15 °C represents the integral of 

DR at constant temperatures along a diurnal sinus curve of the given 
amplitude, and “Logan-6” (a–c) and “Harcourt Yee” (d) are the fit-
ted regressions of the respective models. Grey bars indicate the range 
of mean temperatures for which the respective temperature oscillation 
stays between  DTL (8.3 °C) and  TO (30.4 °C) determined under con-
stant temperatures (Wermelinger and Seifert 1998)



 Journal of Pest Science

the shortest D at 30.4 °C (Fig. 3a), which is consistent 
with earlier studies (Annila 1969; Wermelinger and Seifert 
1998). However, no developmental progress was observed 

at 35 °C, although an earlier study predicted a  DTU of 
38.9 °C based on experimental observations between 12 
and 33 °C (Wermelinger and Seifert 1998; see Fig. 3a). 
This discrepancy confirms previous reports of DR models 
predicting incorrect developmental thresholds due to their 
rather mathematical nature than biological plausibility 
(Damos and Savopoulou-Soultani 2012). Furthermore, 
our findings suggest that developmental progress at 
constant 5 °C (Štefková et al. 2017) is highly improbable. 
In the mentioned study, development was inferred 
from the percentage of developmental stages in already 
colonised logs. Since parental beetles were included in the 
calculation, it is possible that the observed proportional 
shift is due to mortality of developing stages, rather than 
their developmental progress.

In comparison with other bark beetle species, our 
observations resemble the temperature-dependent 
development of Ips duplicatus (Davídková and Doležal 
2019) that inhabits a similar habitat and thermal 
environment. However,  DTL of other bark beetle species 
are slightly higher (Schebeck and Schopf 2017) or lower 
(Bentz et al. 1991; Gent et al. 2017). Such differences can 
be explained with different evolutionary trajectories through 
historical distribution ranges and adaptations to resulting 
biotic (i.e. trophic interactions, interspecific competition) 
and abiotic (i.e. temperature) conditions.

In summary, the observed effects of temperature 
fluctuations on developmental rates can be explained by four 
concepts, also applicable for insects in general: First, the rate 

Fig. 4  DR curves for different radiation exposure based on tempera-
ture and global radiation data at Ips typographus-relevant sites across 
Germany (Dietrich et al. 2019) (details in Supplement 6). Bark tem-
peratures were calculated according to Baier et  al. (2007) and DR 
resulting from the laboratory experiment

Fig. 5  Deviation of development prediction accounting for tempera-
ture fluctuations from development under constant temperatures, i.e. 
diurnal mean at different elevations (Low = 315 m, Medium = 815 m, 
High = 1370  m a.s.l.; see Supplement 6) and radiation levels 
(100% = complete sun, 50% = semi-shade, 0% = complete shade). The 
mean deviation for the period April to October for the years 2009–

2020 is shown. A deviation of 0 indicates no difference between fluc-
tuating and constant temperature, whilst −1 indicates a reduction of 
one potential Ips typographus generation due to temperature fluctua-
tions. Developmental rates were calculated based on results of the 
laboratory experiment and bark temperatures (mean and amplitude) 
according to Baier et al. (2007)
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summation effect accounts for temperatures differing from 
their mean during oscillation, which subsequently affects 
DR (Worner 1992). Second, insects can sustain higher DR 
when exposed to disadvantageous temperature conditions 
for short periods (Damos and Savopoulou-Soultani 2012). 
Third, constant temperatures predict unrealistic DR near the 
developmental thresholds, as developmental progress is too 
slow to be measurable (Régnière et al. 2012; Shi et al. 2016). 
Both concepts two and three result in DR above the values 
predicted by the rate summation effect (Fig. 3b–d). One 
solution to address these limitations are approaches based 
on maximum likelihood, by allowing the use of censored 
observations (Régnière et al. 2012; McManis et al. 2018). 
Finally, lethal temperature thresholds of roughly 42 °C 
and −6 °C hindered any development, thus reducing  DTU 
under oscillating temperatures (Fig. 3b–d) and increasing 
 DTL under strongly oscillating temperatures (Fig. 3d). As 
a consequence, taking temperature fluctuation into account 
is important for accurately predicting the development 
of I. typographus and other insects that are exposed to 
extremely variable temperatures within their habitat. 
However, considering the rate summation effect alone would 
also provide fairly accurate estimates based on constant 
temperatures for many insect species in less variable habitats 
(von Schmalensee et al. 2021), as it was shown to improve 
the prediction accuracy of developmental rates for multiple 
species by > 40%, when compared to predictions based on 
diurnal mean temperatures (Hagstrum and Milliken 1991).

Under natural conditions, the predicted effects of 
temperature fluctuations on I. typographus are most 
relevant for sun-exposed areas in summer. Hence, 
developmental progress and resulting generations per 
season are significantly overestimated in these occasions 
when considering DR based on constant temperatures 
(Fig.  5; cf. Hlásny et  al. 2011). For example, whilst 
constant 30  °C in the laboratory results in 30  days to 
complete one generation (Fig.  3a), natural fluctuation 
increases generation time to 40 days in the shade and even 
hinders developmental progress entirely in the sun due to 
exposure to lethal temperatures (Fig. 4). This is reflected 
in I. typographus behaviour to avoid sun-exposed parts of 
trunks in summer at lower elevations (Annila 1969). To a 
smaller degree, developmental progress and the number 
of generations per year are underestimated under cool and 
shaded conditions. The effect of temperature fluctuations 
should thus be considered when using thermal sums in field 
studies (Dworschak et al. 2014; Fritscher and Schroeder 
2022; Lindman et al. 2023), as they lead to a reduction in 
required sums under low temperatures and an increase under 
high temperatures compared to constant temperatures.

Ultimately, our findings contribute to a further 
improvement of phenology models for I. typographus, 
e.g. Phenips (Baier et al. 2007), BSO (Jakoby et al. 2019), 

and Rity-2 (Ogris et al. 2019). Phenips and Rity-2 only 
partly account for the effect of temperature fluctuations 
according to the rate summation effect. Furthermore, all of 
these models can be improved at temperatures exceeding 
 DTL or  TO, by accounting for the duration of adverse 
conditions and lethal temperature thresholds (Régnière et al. 
2012), for which our study provides accurate predictions. 
Additionally important for predictive modelling is the 
quantification of the entire generation time instead of 
individual developmental duration (from egg to adult) for 
development under natural conditions. By combining our 
observations on the relative duration of ontogenetic stages 
with an earlier study (Wermelinger and Seifert 1998), we 
revealed that the entire generation time of I. typographus 
is 15% longer than individual development, which can be 
attributed to colonisation, mating, and oviposition, and 
directly affects potential annual generations. For forest 
pest insects, such as I. typographus, phenology models are 
crucial for risk assessment and forest ecosystem models 
(Netherer and Nopp-Mayr 2005; Seidl et al. 2012). Whilst 
risk assessment models facilitate timely management 
measures, like infestation control, debarking or removal of 
infested trees, as well as long-term silvicultural planning to 
mitigate eruptive outbreaks, forest ecosystem models allow 
simulation studies with a broader ecological perspective.

Due to climate change, the distribution of most insect 
species expands and retracts simultaneously, because of 
temperature-dependent population dynamics and trophic 
interactions (Lehmann et al. 2020). Likewise, DR and the 
number of annual I. typographus generations will potentially 
increase in currently relatively cool environments, such as 
Northern Europe or medium to high elevations in Central 
Europe. In contrast, at low elevations in Central Europe, 
a further acceleration of generation dynamics appears to 
be typically limited by maximum summer temperatures 
(Fig. 5a) and can then only result from a climate-induced 
extension of the activity period of I. typographus. 
Additionally, I. typographus is forced to follow the climate-
related retraction of spruce trees at low elevations and 
latitudes (Vacek et  al. 2019), which renders potential 
temperature-dependent voltinism irrelevant at these sites. 
Furthermore, our findings suggest that accelerating effects 
of rising temperatures on distribution and reproduction of 
insects are less pronounced than predicted with constant 
temperature data, ultimately affecting temperature-
dependent voltinism and distribution by reducing  TO.

Still, further research is necessary to investigate the 
development of I. typographus at sub-zero temperatures, 
which was not fully addressed in this study. This could 
help to determine the lower developmental limit and cold-
induced mortality in different ontogenetic stages, ultimately 
enhancing DR predictions during winter. Furthermore, 
validation of our development projections under natural 
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conditions could be achieved through detailed field 
studies of temperature-dependent development rates in 
different microhabitats. We strongly encourage considering 
fluctuating temperatures, especially near developmental 
thresholds, when studying DR of insects. These insights will 
improve our understanding of climate change-related effects 
on development, voltinism, and distribution of insects, 
which finally contributes to the preservation of structure 
and functionality of forest ecosystems in a changing climate.
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