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A B S T R A C T

Models play a fundamental role in planning strategies for ecosystem conservation or, in the case of agriculture 
and forestry, for pest management. For this reason, in recent years there is an increasing demand of more ac
curate and reliable models, possibly general enough to be adapted to multiple species, once their biology is known. 
Models are usually validated using field data, which are however affected by uncertainties and other problems of 
difficult identification, such as unexpected migrations, and which can undermine the reliability of the validation 
process. This study introduces a new general model which describes the biology of terrestrial arthropods based 
on delay differential equations. Together with the model, this paper also introduces a novel method to estimate 
its parameters, including the minimum development times, based on life tables data. This study also introduces a 
validation protocol based on growth chamber experiments at different temperatures and validated the proposed 
theory on the case of Drosophila suzukii. The results showed a very good agreement between the population 
estimated by the model and the actual populations measured in growth chambers at different temperatures 
(10,16, 28, 32 and 34 ◦C). The outcomes of this study remark the connection between life tables experiments and 
modelling process for terrestrial arthropods and provide a general theory and application protocol that can be 
further applied to other species.

1. Introduction

The development of mathematical models describing bioecological 
phenomena has grown exponentially in the last few years (Divya and 
Kavitha, 2020; Rossini et al., 2020b). The main reason behind this 
increasing interest is the wide usage of models to cope with different 
goals, which range from a pure understanding of the natural processes to 
prediction and decision-making (Knight and Mumford, 1994; Zhai et al., 
2020). An example at hand is plant protection in precision farming, 
where models play a fundamental role for planning management stra
tegies and to estimate the effect of the control actions on the different 
organisms living in the agroecosystems (Sadovski, 2020).

The need for models which are specific for insect pests and plant 
diseases led the scientific community to explore and test different set of 

equations and methods, with the aim of obtaining a general framework 
that can be easily particularised to many different case studies (Buffoni 
and Pasquali, 2007; Diekmann et al., 2020; Rossini and Bruzzone, 2025; 
Rossini et al., 2019a; Rossini et al., 2021a,b). So far, many models have 
been introduced and validated in the case of insect pests and terrestrial 
arthropods at large, complemented with specific pipelines for their 
parameterisation and validation (Gilioli and Pasquali, 2007; Pasquali 
et al., 2019; Rossini et al., 2022b, 2023). Bioecological systems, how
ever, are naturally characterised by delays, as highlighted by many 
pioneering studies on modelling (Adler et al., 1989; Crauste et al., 2008; 
Manetsch, 1976; Neverova et al., 2016; Turchin, 1990; Vansickle, 1977; 
Williams and Liebhold, 1995). In the case of terrestrial arthropods, for 
instance, the stage-development and fertility are not instantaneous, even 
under optimal developmental conditions. Experiments conducted under 

* Corresponding author.
E-mail address: l.rossini@reading.ac.uk (L. Rossini). 

Contents lists available at ScienceDirect

Ecological Modelling

journal homepage: www.elsevier.com/locate/ecolmodel

https://doi.org/10.1016/j.ecolmodel.2026.111619
Received 19 December 2025; Received in revised form 30 March 2026; Accepted 20 April 2026  

Ecological Modelling 518 (2026) 111619 

Available online 30 April 2026 
0304-3800/© 2026 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-2558-7111
https://orcid.org/0000-0003-2558-7111
https://orcid.org/0000-0002-7695-2329
https://orcid.org/0000-0002-7695-2329
https://orcid.org/0000-0003-2545-1409
https://orcid.org/0000-0003-2545-1409
mailto:l.rossini@reading.ac.uk
www.sciencedirect.com/science/journal/03043800
https://www.elsevier.com/locate/ecolmodel
https://doi.org/10.1016/j.ecolmodel.2026.111619
https://doi.org/10.1016/j.ecolmodel.2026.111619
http://creativecommons.org/licenses/by/4.0/


controlled conditions showed that there is a minimum time that should be 
waited before observing at least one individual that develop to the next 
stage (Chi, 1988; Chi et al., 2023; Rossini et al., 2025c, 2024). This 
observation led to the inclusion of stage-delays in physiologically-based 
models, representing a great step towards more reliable mathematical 
description of the biology of terrestrial arthropods. Over the years, the 
description of delayed phenomena in population dynamics has been 
carried out using different family of equations, ranging from matrix or 
discrete models (Neverova et al., 2016; Sondgerath and Richter, 1990), 
distributed delay models (Adler et al., 1989; Chen et al., 2025; Severini 
et al., 2003, 1990), partial differential equations (Al-Omari and Gourley, 
2005; Zhang and Xiao, 2016; Zhang and Zhao, 2013), to delay differ
ential equations (Banks et al., 2017; Corbetta et al., 2026; Huang et al., 
2020).

The physiologically-based model introduced by Rossini et al. 
(2022a), (2021a) and further improved in subsequent studies (Rossini 
et al., 2025a) is one of the most recent examples of model development 
the literature provides. Notably, this model was initially formulated by 
using Ordinary Differential Equations (ODEs), however, recent im
provements based the description of the number of individuals over time 
within the different life stages through a series of chained Delay Dif
ferential Equations (DDEs). To date, the model has been tested with 
different case studies and can also be combined with state-observers (e. 
g., the Extended Kalman Filter), i.e., algorithms which correct the model 
estimation based on the abundance of the population measured in the 
field (Bono Rossello et al., 2022; Bono Rosselló et al., 2023; Rossini 
et al., 2026).

Most of the models presented over the years for terrestrial arthropods 
have been validated using field data only, raising the questions of how 
reliable a validation with field data is (Rossini et al., 2025b). Field data 
in agroecology and ecology at large are noisy and affected by uncon
trolled effects (Johnson, 1950; Onufrieva and Onufriev, 2021; Rossini 
et al., 2025b), such as migrations and other interactions (e.g., unac
counted natural enemies and environmental factors, plant defence 
mechanisms) not included into the models. In other words, model val
idations assume that the field of interest is a closed system or, more 
correctly, is a system in equilibrium with the surrounding environment. 
In terms of population dynamics, we might assume that for each indi
vidual leaving, there is one individual coming from the neighbouring 
fields. Other possible issues, as recently pointed out in Rossini et al. 
(2025b), are related to the specific measurement technique applied to 
assess the population dynamics and to the unknown relationship be
tween the individuals counted and the actual population within the 
field. Those factors, together with the estimation of the initial conditions 
to run simulations (Benhamouche et al., 2025; Bono Rossello et al., 
2022; Bono Rosselló et al., 2023), pose several questions about the sci
entific reliability of the validation process.

For this purpose, experiments carried out in laboratory or semi- 
controlled environments (e.g., greenhouses) can be a valuable alterna
tive that can improve the good modelling practices (Jakeman et al., 2024), 
substantially contributing to establish standard and reliable model 
development and validation protocols. Most of the surrounding noise 
typical of open field environments can be reduced and the infestations 
can be established artificially, providing an exact knowledge of the 
initial conditions to assign to the model (Caswell, 2010). Datasets 
collected in growth chambers are usually involved in the model pa
rameters’ estimation process (Rossini et al., 2019b, 2020c), as they serve 
as basis to define the development, mortality, fertility, and pre
dation/parasitisation rates, to cite some examples (Rossini et al., 2024). 
These experiments are known as life tables and consist of rearing cohort 
of eggs laid on a short time interval under constant environmental 
conditions (Chi, 1988; Chi et al., 2023, 2020; Chi and Liu, 1985; Rossini 
et al., 2025c).

Life tables are widely used to explore the biology and the response of 
populations of arthropods to external factors (e.g., temperature, relative 
humidity, photoperiod, diet) and over the years the scientific 

community proposed some standards for data collection and sharing 
(Chi et al., 2023; Rossini et al., 2025c). Since life tables are already part 
of the modelling process, it is reasonable to use this kind of experiment 
for validation purposes as well, prior to moving to open field environ
ments. A thorough validation under controlled conditions, in fact, allows 
modellers to include only the factors which are effectively accounted by 
the model, excluding any source of external noise which might generate 
doubts on the reliability (Caswell, 2010). Moreover, this intermediate 
step can be helpful to understand which are the additional factors that 
should be included into the model in case the field validation fails.

This study aims to introduce an improved version of the DDE model 
of Rossini et al. (2025a) and to show the validation process under 
controlled conditions in the case of the spotted-wing drosophila, 
Drosophila suzukii Matsumura (Diptera: Drosophilidae). In what follows, 
we are going to complement the theoretical, methodological, and 
experimental aspects related to the DDE model, providing a set of 
guidelines that might be further extended to other modelling frame
works, as well. More specifically, this study aims to: i) revise the DDE 
model to better describe insects’ stage-development, ii) introduce a new 
methodology to estimate the minimum development time, namely the 
time-dependent delay contained into the DDEs, from life tables raw data, 
and iii) validate the DDE model stage-by-stage by using datasets 
collected ad hoc from life tables experiments.

2. Material and methods

2.1. General physiologically-based model

To achieve the objectives of this study, let us focus on the 
physiologically-based model in Rossini et al. (2025a). In what follows, 
we recall the general traits of the model while introducing its complete 
form, which takes into account the conservation of the number of in
dividuals in all the stages at each time step t. From a biological point of 
view, an individual can develop to the next life stage after a series of 
chained biochemical reactions is successfully completed (Chou and 
Greenman, 2016; Greenman and Chou, 2016; Sharpe and DeMichele, 
1977). This intuition led to the introduction of the minimum development 
time, namely the minimum time that should be respected before 
observing (even in the optimal developmental conditions) a stage 
transition. From a mathematical point of view, the minimum develop
ment time corresponds to the delay τi(t) included into the DDEs, a 
parameter that generally depends on the environmental conditions.

This study, however, would like to extend the above-mentioned 
physiologically-based DDE model by further characterising the state of 
the individuals during the minimum development time phase, providing 
a more reliable description of the biological mechanisms behind 
terrestrial arthropods. The DDE model of (Rossini et al., 2025a), in fact, 
works very well in case of species with fast/short life cycles, a condition 
that involves many cases of ecological and agronomical interest, but that 
at the same time constraints its generality. This precondition led us to 
revise the DDE model by revising the usual association between life stage 
and state, so far considered 1:1. The presence of the delays, in fact, leads 
to divide the development in each life stage in two phases (states): the 
transient phase, when the individuals are waiting the corresponding τi(t)
time before starting their development phase to the next life stage, and 
the development phase, when the individuals actually start their devel
opment towards the next life stage. In mathematical terms, each life 
stage i has two associated states, xi(t) and xtr

i (t), described by two spe
cific DDEs. From an experimental point of view, the identification of the 
individuals in the transient and development phases is difficult, for this 
reason the overall population associated with the life stages i is 
described by the sum of the two states xi(t)+ xtr

i (t).
The life stages i, instead, are defined according to the usual 

morphological description of the species carried out by the specialists: 
an example at hand could be the division in egg, larval instars, pupa, and 
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adults (non-mated females, mated females, and males), or in egg, 
nymphal stages and adults. Adult females are divided into two substages 
describing different mechanisms possible among terrestrial arthropods: 
they could represent the non-mated and mated females or different egg 
production rates (gonotrophic cycles) due to the age of the female 
(Ngwa et al., 2019; Otero et al., 2006), described by two specific egg 
production rates β1(t) and β2(t). In line of principle, reproduction can 
also be cyclic, even if this factor depends on the species, and mathe
matically described by specific rates G1→2(t) and G2→1(t), according to 
the initial formulation presented in Rossini et al., (2025a), (2022a), 
(2021a). It is worth pointing out that the first female substage is an in
termediate stage, thus, it generally follows the division in development 
and transient phase, as for the juvenile stages.

The DDE model describes the number of individuals which, over 
time, are in the different life stages, according to the scheme shown in 
Fig. 1. The incoming and outgoing fluxes of individuals are generally 
regulated by specific functions, defined as development Gi(t) and mor
tality Mi(t) rates, which connect the biological life cycle with the 
external environment and whose parameters uniquely identify the spe
cies. Combining the above-mentioned assumptions with the formulation 
described in Rossini et al. (2025a), (2022a), (2021a), the general DDE 
model assumes the following mathematical form: 

d
dt

xE(t) = β1(t)GAF1 (t)exp
[
− MAF1 (t) τovi

AF1

]
xAF1

(
t − τovi

AF1

)

+ β2(t)GAF2 (t)exp
[
− MAF2 (t) τovi

AF2

]
xAF2

(
t − τovi

AF2

)
− GE(t)xE(t)

− ME(t) xE(t)

d
dt

xtr
E (t) = GE(t) xE(t) − exp

[
− Mtr

E (t) τE
]

Gtr
E (t) xtr

E (t − τE) − Mtr
E (t)x

tr
E (t)

d
dt

xL1(t) = exp
[
− Mtr

E (t) τE
]

Gtr
E (t) xtr

E (t − τE) − GL1(t) xL1(t)

− ML1(t)xL1(t)

d
dt

xtr
L1(t) = GL1(t) xL1(t) − exp[ − ML1(t) τL1] Gtr

L1(t) xtr
L1(t − τL1)

− ML1(t)xtr
L1(t)

d
dt

xLn(t) = exp
[
− Mtr

Ln− 1(t) τLn− 1
]

Gtr
Ln− 1(t) xtr

Ln− 1(t − τLn− 1) − GLn(t) xLn(t)

− MLn(t) xLn(t)

d
dt

xtr
Ln(t) = GLn(t) xLn(t) − exp

[
− Mtr

Ln(t) τLn
]

Gtr
Ln(t) xtr

Ln(t − τLn)

− MLn(t)xtr
Ln(t)

d
dt

xAM(t) = [1 − SR(t)]exp
[
− Mtr

Ln(t) τLn
]

Gtr
Ln(t) xtr

Ln(t − τLn)

− MAM(t)xAM(t)

d
dt

xAF1 (t) = SRexp
[
− Mtr

Ln(t) τLn
]

Gtr
Ln(t) xtr

Ln(t − τLn) − MAF1 (t)xAF1 (t)

− G1→2(t)xAF1 (t) + exp[ − MAF2 (t) τAF2 ]G2→1(t)xAF2 (t − τAF2 )

d
dt

xtr
AF1

(t) = G1→2(t)xAF1 (t) − exp
[
− Mtr

AF1
(t) τAF1

]
Gtr

1→2(t)x
tr
AF1

(t − τAF1 )

− Mtr
AF1

(t)xtr
AF1(t)

d
dt

xAF2 (t) = exp
[
− Mtr

AF1
(t) τAF1

]
Gtr

1→2(t)x
tr
AF1

(t − τAF1 ) − MAF2 (t)xAF2 (t)

− G2→1(t)xAF2 (t) (1) 

where the dependence of the minimum development times on time, τi(t), 
has been omitted for the sake of notation readability. The subscript 
tr denotes the transient states and their associated development and 
mortality rates. The general exponential terms exp

[
− Mtr

i (t) τi
]
, instead, 

take into account the probability that an individual dies during the 
transition phase (Lou et al., 2019), and contributes to the mass conser
vation of the overall system for each time t.

Relation with the previous models. The Eq. (1) extends the DDE model 
in (Rossini et al., 2025a) providing a more detailed description of the 
population in the preimaginal stages which ensures a stage-by-stage 
mass-conservation. With the model (1) we can correctly monitor all 
the stages at the same time, overcoming the limitation of its simplified 
form proposed in Rossini et al. (2025a). The simplified version of the 
model, in fact, is suitable for describing the stage-development of egg-to- 
adult populations but can be more troublesome to interpret when we 
would like to track all the intermediate development stages. Further
more, it is worth noting that the DDE model in Rossini et al. (2025a) 
approximates the model (1) in case of small delays as common in certain 
species of arthropods. Note also that model (1) collapse to its ODE 
version (Rossini et al., 2022b, 2021a) when the delays are set to zero 
(τi(t) = 0), as in that case xi(t) = xtr

i (t) and Mtr
i (t) = 0.

The transient phase explained with an analogy. The reason behind the 
introduction of the transient phase can be explained with the following 
simple example. Let us assume to have two train stations, denoted with A 
and B. The two stations are connected by a train with traveling duration 

Fig. 1. Schematic representation of the life cycle associated with the general model (1). Preim stands for “preimaginal stage”, xi and xtr
i denote the development and 

the transient stages, respectively, Mi indicates mortalities, Gi transition rates, and βi the reproduction rates.
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τ. When the passengers from the station A step on the train, they are not 
physically present anymore within the station A and cannot be counted 
in the station A anymore. At the same time, the passengers on the train 
are not present in the station B neither, during the overall duration of the 
travel, τ. When the train reaches the station B, after a time t = τ, the 
passengers are physically present in the station B. Accordingly, at each 
time step the overall number of the passengers is represented by the 
number of individuals on the station A and B, and on the train. The same 
concept applies to the life cycle of terrestrial arthropods, where the 
stations are the development compartments and the train the transient 
compartments. The difference becomes higher as the duration of the 
train ride τ is longer, justifying the approximation of the model (1) with 
the simplified version in Rossini et al. (2025a) in case of short minimum 
development times. If the duration of the train ride is zero, the passen
gers reach the station B instantaneously, which from a mathematical 
point of view corresponds to the special case of ODEs (Rossini et al., 
2022a, 2021a).

2.2. The case study of drosophila suzukii

After presenting the general theory, let us introduce an operating 
protocol of model application by considering a case study of agronomic 
interest. As for its precursors, in fact, the model (1) assumes biological 
meaning only when a specific case study is defined, because the exact 
number of equations and the rates involved is defined by the number of 
stages composing the life cycle and by the mechanism of reproduction. 
Moreover, the rate functions corresponding to mechanisms which are 
not representative for the species can be set to zero (Rossini et al., 
2021a), so as to remove the corresponding term from the equations.

For this purpose, we consider the case of the spotted wing drosophila, 
Drosophila suzukii, an injurious pest for soft fruit cultivations worldwide 
(Rossini et al., 2020a; Walsh et al., 2011). Native to Asia, this insect pest 
has been accidentally introduced and became invasive in many coun
tries worldwide (Calabria et al., 2012; Cini et al., 2012; Grassi et al., 
2011; Hauser, 2011), so that the literature is reach of quantitative in
formation (Dalton et al., 2011; Kinjo et al., 2014; Ryan et al., 2016; 
Tochen et al., 2014; Wiman et al., 2014, 2014; Winkler et al., 2021) and 
datasets supporting the development and parameterisation of the model 
(1) are publicly available (Baser et al., 2025b). This precondition makes 
D. suzukii the optimal candidate to achieve the goals of the present study, 
although it is worth remarking that the protocols applied hereafter can 
be adapted to any other terrestrial arthropods.

The life cycle of this species is composed of an egg stage E, three 
larval stages L1, L2, and L3, a pupa stage P, males Am, non-mated females 
Anmf , and mated females Amf . According to the definition of the model 
(1), all the life stages are described by a development and transient state, 
except for adult males and mated females, as there is no further devel
opment after those two life stages, and non-mated females. The overall 
population is hereafter described by the following state vector:  

where the superscript tr denotes the transient states and T the trans
position operation. The division of the female substages in non-mated 
and mated implies that β2(t) = 0; moreover, there is no cyclic repro
duction (Emiljanowicz et al., 2014; Kinjo et al., 2014), meaning that 
G2→1(t) = 0. The transition from non-mated to mated females, instead, 
can be set to G1→2(t) = 1 − MAnmf (t), according to the information 
available in the current literature and as already assumed in (Rossini 
et al., 2021a). This assumption leads to cancel out the equation of the 

transient state in the non-mated females substage, leading to a mathe
matical simplification of the model. The above-mentioned biological 
hypotheses, complemented with a constant sex ratio SR = 0.5 (Baser 
et al., 2025b; Emiljanowicz et al., 2014), finally provide the following 
DDE model: 

d
dt

xE(t) = β1(t)exp
[
− MAmf (t) τovi

Amf

]
GAmf (t)xAmf (t) − GE(t)xE(t)

− MEgg(t) xEgg(t)

d
dt

xtr
E (t) = GE(t) xE(t) − exp[ − ME(t) τE] GE(t) xtr

E (t − τE) − ME(t)xtr
E (t)

d
dt

xL1(t) = exp[ − ME(t) τE] GE(t)xtr
E (t − τE) − GL1(t) xL1(t) − ML1(t)xL1(t)

d
dt

xtr
L1(t) = GL1(t) xL1(t) − exp[ − ML1(t) τL1] GL1(t) xtr

L1(t − τL1)

− ML1(t)xtr
L1(t)

d
dt

xL2(t) = exp[ − ML1(t) τL1] GL1(t) xtr
L1(t − τL1) − GL2(t) xL2(t)

− ML2(t) xL2(t)

d
dt

xtr
L2(t) = GL2(t) xL2(t) − exp[ − ML2(t) τL2] GL2(t) xtr

L2(t − τL2)

− ML2(t)xtr
L2(t)

d
dt

xL3(t) = exp[ − ML2(t) τL2] GL2(t) xtr
L2(t − τL2) − GL3(t)xL3(t)

− ML3(t)xL3(t)

d
dt

xtr
L3(t) = GL3(t)xL3(t) − exp[ − ML3(t) τL3] GL3(t)xtr

L3(t − τL3)

− ML3(t)xtr
L3(t)

d
dt

xP(t) = exp[ − ML3(t) τL3] GL3(t) xtr
L3(t − τL3) − GP(t)xP(t) − MP(t)xP(t)

d
dt

xtr
P (t) = GP(t)xP(t) − exp[ − MP(t) τP] GP(t)xtr

P (t − τP) − MP(t)xtr
P (t)

d
dt

xAM(t) = [1 − SR]exp[ − MP(t) τP] GP(t)xtr
P (t − τP) − MAM(t)xAM(t)

d
dt

xAnmf (t) = SRexp[ − MP(t) τP]GP(t)xtr
P (t − τP) − xAmf (t)

d
dt

xAmf (t) = xAnmf (t) − MAnmf (t)xAnmf (t) − MAmf (t)xAmf (t) (3) 

The information available on this species, led us to consider Gi(t) =

Gtr
i (t) and Mi(t) = Mtr

i (t) in all the equations of the model (3). Parame
terisation, instead, is further detailed in the next sections: part of it has 
been based on some life tables studies (Baser et al., 2025b), while the 
estimation of the minimum development times was derived from raw 
datasets and is a concept introduced in this paper for the first time. It is 
worth pointing out that, for the sake of completeness, model (3) has 
been written in its complete form, which includes the fertility rate on the 
first equation, however, the validation dataset considered hereafter 

x(t) =
(

xE(t), xtr
E (t), xL1 (t), xtr

L1
(t), xL2 (t), xtr

L2
(t), xL3 (t), xtr

L3
(t), xP(t), xtr

P (t), xAm(t), xAnmf (t), xAmf (t)
)T

(2) 

L. Rossini et al.                                                                                                                                                                                                                                  Ecological Modelling 518 (2026) 111619 

4 



accounts only for a single generation, meaning that β1(t) = 0.

2.3. Temperature-dependent development, and mortality rate functions

Although rate functions generally connect the biological mechanisms 
of the species with the external environment, they strongly depend on 
the information available in the literature (Rossini et al., 2022b). To 
date, quantitative information about the development, mortality, 
fertility, and minimum development time is limited to temperature 
(Quinn, 2017; Ratkowsky and Reddy, 2017). In what follows, we recall 
the rate functions (and their parameters) included in the model (3), 
retrieved from life tables studies and publicly available datasets.

2.3.1. Development rate functions
The temperature-dependent development rates considered for the 

sake of this study have been retrieved from Baser et al. (2025b) together 
with the best fit parameters listed in Table 1. It is worth noting that the 
dependence on time t is implicitly included within the temperature T(t)
that is supposed to change over time in a natural environment. For the 
sake of notation, in what follows we do not report explicitly this 
dependence, which has however been considered during the 
simulations.

Proceeding by order: 

- The thermal development of the egg stage, GE(t), can be represented 
by the Sharpe and De Michele development rate function 
(Schoolfield et al., 1981; Sharpe and DeMichele, 1977): 

GE =

Texp
(

A − B
T

)

1 + exp
(

C − D
T

)

+ exp
(

E − F
T

) (4) 

where A, B, C, D, E, and F are thermodynamic parameters related to the 
enzyme kinetics (Rossini et al., 2019a). 

- The thermal development of the first larval instar, GL1 (t), and pupa, 
GP(t), can be described by the Brière development rate function 
(Briere et al., 1999): 

GL1 ,GP = a T (T − TL) (TM − T)
1
m (5) 

where a and m are empirical parameters, TL and TM are the lower and 
upper thermal thresholds below and above which the development is 
theoretically not possible, respectively. 

- The thermal development of the second larval instar, GL2 (t), can be 
described by the Logan rate function (Logan et al., 1976): 

GL2 = ψ
[

exp (ρ TM) − exp
(

ρ TM −
TM − T

ΔT

)]

(6) 

where ψ and ρ are empirical parameters, TM is the maximum tempera
ture above which the development is theoretically not possible, and ΔT 
is the temperature range between the maximum of the Eq. (6) and TM. 

- The thermal development of the third larval instar, GL3 , and the 
survival rate of both adult males, GAm and females (non-mated and 
mated), GAnmf (t) and GAmf (t), can be best represented by the Lactin-1 
rate function (Lactin et al., 1995): 

GL3 ,GAnmf ,GAmf = exp(a T) − exp
(

a TM −
TM − T

ΔT

)

(7) 

where a is an empirical parameter, TM is the maximum temperature 
above which the development is not theoretically possible, and ΔT is the 
temperature range between the maximum of the function (7) and TM.

2.3.2. Mortality rate function
Although Baser et al. (2025b) provided a set of 

temperature-dependent mortality rate functions, for the sake of this 
study we have considered the following compound exponential function 
(Ndjomatchoua et al., 2025, 2024): 

Mi = exp
[
a T2 + b T+ c

]
(8) 

where a, b, and c are empirical parameters. The Eq. (8) is more per
formant than the bathtub equation from Wang et al. (2002) and it was 
considered to describe the mortality rates of the i = E, L1, L2, L3 stages. 
At the current state of the art, no information about the 
temperature-dependent mortality for pupae is available; therefore, it has 
been set to zero. The parameters of the Eq. (8) were estimated by using 
the raw dataset published by Baser et al. (2025b) according to the 
procedure detailed in Section 2.5.

2.3.3. Modelling temperature and time dependant delays τ
Estimation of the minimum development times from raw life tables 

datasets through the bootstrap method.
A key methodological innovation introduced with this study is the 

implementation of the bootstrap method to directly estimate the stage- 
minimum development times from life tables raw datasets. In this spe
cific example, each temperature dataset in Baser et al. (Baser et al., 
2025b) (6,9, 13, 18, 20, 24, 25, 26, 27, 28, 29, 31, 32, and 33 ◦C) was 
analysed, for each life stage (E, L1, L2, L3, P), as follows. 

Table 1 
List of development rate functions parameters considered for the Drosophila 
suzukii case study (Baser et al., 2025b).

Life stage Development1 rate function Best fit parameters

Egg Sharpe and De Michele (4) A = 4.78 
B = − 113.99 
C = 20.44 
D = 272.13 
E = 6.76 
F = − 137.53

L1 Brière (5) a = (1.00 ± 0.06)⋅10− 3 

TL = 3 ± 2 
TM = 32.02 ± 0.03 
m = 6 ± 1

L2 Logan (6) ψ = 0.043 ± 0.008 
ρ = 0.12 ± 0.01 
TM = 32.3 ± 0.2 
ΔT = 2.2 ± 0.4

L3 Lactin-1 (7) ρ = 0.185 ± 0.006 
TM = 33.0 ± 0.3 
ΔT = 5.4 ± 0.2

Pupa Brière (5) a = (5 ± 3)⋅10− 5 

TL = 7 ± 1 
TM = 35 ± 2 
m = 1.0 ± 0.2

Adult males Lactin-1 (7) ρ = 0.10 ± 0.04 
TM = 35 ± 5 
ΔT = 9 ± 3

Adult females 
(non-mated and 
mated)

Lactin-1 (7) ρ = 0.10 ± 0.01 
TM = 35 ± 1 
ΔT = 10 ± 1

1 In the case of adults, the corresponding equations assume the meaning of 
survival rate, as there is no further stage to develop to.
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1. The development time of each specimen constitutes an element of 
the input array, D0

̅→. The length of D0
̅→ corresponds to the number of 

individuals which successfully developed to the next life stage, N.
2. The values contained in D0

̅→ were randomly assigned to 10 subgroups 
(d1, d2, …, d10) composed of 5 values each, respecting a one-to-one 
assignment.

3. Each subgroup di was inspected and the lowest value stored as a 
result. This step identifies the individual of the subgroup having the 
shortest (the minimum) development.

4. The process at step 1–3 was repeated for 106 times, providing an 
array of 107 local minimal values.

5. The mean and the standard deviation of the local minimal values was 
computed, to obtain the minimum development time for the corre
sponding life stage and temperature.

This analysis was carried out through an ad hoc Python (vers. 3.11) 
script that included the multiprocessing, random, pandas, and numpy 
packages.

Temperature-dependent minimum development times
A set of empirical functions was considered to interpolate the mini

mum development times, per stage and per temperature, computed from 
the life tables dataset through the bootstrap method. The resulting best 
fit functions provide the temperature-dependent profile τi[T(t)] required 
by the model (3). This procedure recalls the methodology described in 
Rossini et al. (2025a) and is based on the idea of testing sets of empirical 
functions and taking, as representative, the one reporting the better 
fitting performance. Considering the shape of the datasets and a good 
compromise between mathematical complexity and number of param
eters to estimate with respect to the size of the dataset, the following 
functions have been tested: 

τ(T) = aT2 + bT + c
T + d

(9) 

τ(T) = a eb T (10) 

τ(T) = a T2 + b T + c (11) 

τ(T) = a T + b
T + c

(12) 

τ(T) = a Tb + c (13) 

τ(t)a + b ec T (14) 

The methodology applied to estimate the best fit parameters, instead, 
is described in Section 2.5.

2.4. Experimental protocol for model validation under controlled 
environment

The model (3), parameterised as described in the previous sections, 
was validated as described hereafter. Five experiments at different 
constant temperatures (10,16, 28, 30, and 32 (±1) ◦C) and constant 
relative humidity (65% RH) were carried out at IPM Lab of CIHEAM 
Institute by following the experimental protocol of Baser et al. (2025b). 
The five temperatures ranged within the thermal spectrum of D. suzukii. 
Notably, the experiment at 28 ◦C acts as a reference between the 
parameterisation and validation datasets, while the other temperatures 
were chosen to challenge the model and to test its reliability in case of 
temperatures intermediate with respect to the parameterisation dataset. 
Data were collected according to the standard guidelines for life tables 
introduced in Rossini et al. (2025c), (2024) and involved the same 
Apulian strain of D. suzukii considered by Baser et al. (2025b).

2.4.1. Wild type and continuous rearing
A continuous rearing of the Apulian strain of D. suzukii was estab

lished on 11 October 2012 by collecting specimens from the organic 
vineyard located at CIHEAM Bari (41.053674, 16.877897 E) (Baser 
et al., 2015). Populations were continuously maintained at 24 ◦C, 65% 
RH, and 16/8 L:D in Plexiglas cages (50 × 40 × 40 cm) that allowed 
ventilation. The same diet medium described in Baser et al. (2025b), 
(2025a) was placed in Petri dishes and served as a food source for ju
venile stages and as an oviposition substrate for adults. The oviposition 
surface was increased with blueberries fruits, while water was ensured 
through wet tissues. Periodic injections of wild adults collected from the 
field have been carried out to refresh the population and avoid possible 
adaptation to laboratory conditions.

2.4.2. Stage-population dynamics at different constant temperatures
Groups of 50 newly laid eggs have been collected from the contin

uous rearing and placed individually on Petri dishes containing the 
artificial diet. The plates were subsequently stored in growth chambers 
(FDM-Environment Makers, Rome, Italy) equipped with a neon light set 
to 16:8 (light:dark). A data logger (EL-USB-2+, Lascar Electronics, 
Whiteparish, UK) double checked that the temperatures were main
tained constant for the entire duration of the experiment. The relative 
humidity was kept constant at 70 ± 5%.

The life stage of each individual was checked at regular sampling 
ranges using a stereomicroscope: the specimens were monitored by an 
expert observer every 24 h at 10 and 16 ◦C, every 6 h at 28 ◦C and 30 ◦C, 
and every 4.5 h at 32 ◦C. During the observations, eggs and larval stages 
were identified following the indications of Van Timmeren et al. (2017). 
The end point of each experiment was marked by the death of the last 
individual of the initial cohort.

2.5. Parameter estimation and numerical solutions

The parameters of the temperature-dependent mortality rate func
tion (8) and minimum development times (9)- (13), along with their 
standard errors, were estimated through Python (v. 3.11) scripts that 
recall the packages scipy (v. 1.15.2), numpy (v. 2.2.0), pandas (v. 2.2.3), 
and matplotlib (v. 3.10.1). The goodness-of-fit was assessed through a χ2 

test, the coefficient of determination R2, and number of degrees of 
freedom (NDF) (Ratkowsky and Reddy, 2017; Rossini et al., 2020c, 
2020b).

Numerical solutions of the model (3) were obtained through an ad 
hoc Python script that recalls the packages ddeint (v. 0.3.0), scipy, 
Numpy, pandas, and matplotlib. The initial history of the DDE model was 
set as 

H0 = 2 ϑ(t)⋅ x→0 (15) 

where ϑ(t) is the Heaviside theta defined as 

ϑ(t) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

0 if t < 0
1
2

if t = 0

1 if t > 0

(16) 

The vector x→0 has the same size of the state vector (2) and denotes 
the number of individuals initially placed in the growth chamber. For 
the sake of this study, xE(0) = 50 and all the other states were set to zero. 
In this way, there was a one-to-one relation between the experimental 
configuration at the beginning of each growth chamber experiment and 
the initial history of the model (3). The last input needed to solve the 
model (3) was the time series of environmental temperatures. As the 
experiments were conducted at different constant temperatures, we 
have considered the temperature value of the corresponding validation 
datasets.

All the script and the dataset to fully reproduce the results of this 
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study are publicly available at: https://github.com/lucaros1190/DDERe 
vised2025.

3. Results

3.1. Fit results: mortality rates and minimum development times over 
temperature

The first result of this study concerns the model parameter estima
tion. The best fitting parameters of the mortality rate function (8), along 
with their standard errors and goodness-of-fit indicators, are listed in 
Table 4 for the egg-to-L3 stages.

The numerical values of the minimum development times over 
temperature (mean ± standard deviation), computed with the bootstrap 
method, are reported in the Appendix for the temperatures where the 
development was effectively assessed. The values were subsequently 
analysed according to Section 2.3.3 and the best fitting functions, their 
parameters, and standard errors are listed in Table 5. For the sake of 
readability, we hereby report only the values corresponding to the best 
fitting functions, among (9)- (14), for the different life stages; the most 
interested readers can refer to the GitHub repository for a complete 
overview.

3.2. Model validation

The results of the previous section complemented the parameter
isation of the model (3). This section reports the validation in the case of 
the five ad hoc experiments carried out under controlled conditions. 

Proceeding by order, the first validation explored the behaviour of the 
model at 10 ◦C, as showed in Fig. 2. The stage-development over time of 
the 50 eggs was well estimated by the model, both in terms of timing and 
peak of the population. Slight deviations between model and data were 
observed for the L1 and L2 stages, where the model estimated a lower 
number of individuals on the peak and a slightly delayed reduction of 
the population on the right.

The second validation explored the behaviour of the model at 16 ◦C, 
as showed in Fig. 3. The stage-development over time of the 50 eggs was 
possible until the emergence of pupae, but from an experimental point of 
view no pupae reached the adult stage. For the sake of validation, we 
focus mainly on the egg-to-pupa stage. Where the development was 
observed, the model and the experimental data showed a good accor
dance, except a slight underestimation of the maxima by the model. In 
terms of timing, the emergence of the individuals was coherent between 
model and data except for the pupae, where the simulation was slightly 
anticipated. In the case of L2 and L3, instead, the simulation was slightly 
delayed on the right, estimating a slower decline of the population with 
respect to the observations.

The third validation explored the behaviour of the model at 28 ◦C, as 
showed in Fig. 4, and acts as a reference between the parameterisation 
and the validation dataset. Notably, this temperature is close to the 
optimal for the development of the species and should be characterised, 
in line of principle, by fast development and low mortality. The vali
dation dataset faithfully reproduced the experimental protocol of the 
parameterisation dataset, including the temperature set for the rearing. 
The stage-development over time of the 50 eggs was coherent between 
the model and the experimental dataset, except for the adult stages. 
Slight deviations were observed between estimated and experimental 
pupae, as the model overestimated the number of individuals and the 
timing. The greatest deviation, however, has been observed for the adult 
stages. According to the model, adults should emerge more slowly and 
survive longer, while the experimental data suggest a faster 
development.

The fourth validation explored the behaviour of the model at 30 ◦C, 
as showed in Fig. 5. The stage-development over time of the 50 eggs was 
possible until the emergence of the L3, but no specimens reached the 
pupa stage. As in the case of 16 ◦C, accordingly, we focus on the egg-to- 
L3 stages only, for validation purposes. The model underestimated the 
population abundance of L1, even if the timing between estimation and 
observation was coherent. Conversely, the model slightly overestimated 
the timing of L2 and L3, anticipating the emergence of a few time steps 
and indicated a higher population in the case of L3. Overall, the dif
ferences were not marked, considering the size of the sampling range 
and the population abundance.

The fifth and last validation explored the behaviour of the model at 
32 ◦C, as showed in Fig. 6, a temperature value close to the upper 
thermal threshold of the species. The stage-development over time of the 
50 eggs was possible until the emergence of the L1, but no specimens 
reached the L2 stage. As for the previous cases at 16 and 30 ◦C, for model 
validation purposes we hereby focus only on the stages where the 
development of the species was observed. In this case the population 
dynamics estimated by the model was in accordance with the observa
tions, although there has been a slight overestimation of the decline over 
time of the L1 population.

4. Discussion and conclusion

This work introduced a new physiologically-based model that de
scribes the stage-development of terrestrial arthropods in connection 
with the external environment. The model was described by a series of 
delay differential equations and included the main biological mecha
nisms driving the population dynamics. This study followed the line and 
completed the development of a general model describing terrestrial 
arthropods conducted by Rossini et al. (2025a), (2022a), (2021a). The 
main novelty stands on the introduction of the development and tran

Table 4 
Best fit parameters and associated standard errors (± SE) of the mortality rate 
function (8) for eggs, L1, L2 and L3. The goodness of fit was based on R2 and χ2.

Life stage Parameters Goodness-of-fit values

Egg a = 0.013 ± 0.002 
b = − 0.48 ± 0.07 
c = 2.3 ± 0.4

R2 = 0.89 
χ2 = 0.02 
NDF = 11

L1 a = 0.014 ± 0.001 
b = − 0.55 ± 0.05 
c = 2.6 ± 0.3

R2 = 0.95 
χ2 = 0.005 
NDF = 11

L2 a = 0.017 ± 0.002 
b = − 0.66 ± 0.09 
c = 3.3 ± 0.5

R2 = 0.93 
χ2 = 0.01 
NDF = 11

L3 a = 0.019 ± 0.003 
b = − 0.7 ± 0.1 
c = 3.6 ± 0.7

R2 = 0.92 
χ2 = 0.16 
NDF = 11

Table 5 
Best fit minimum development times functions (parameters ± SE)) for the egg- 
pupa stages of Drosophila suzukii. The goodness-of-fit is expressed by the coef
ficient of determination R2 and the χ2-value. NDF stands for the number of de
grees of freedom.

Life stage and best fit function Best fit parameters Goodness of fit parameters

Egg 
Equation (9)

a = 0.4 ± 0.1 
b = − 19 ± 5 
c = 240 ± 60 
d = 13 ± 5

R2 = 0.99 
NDF = 10 
χ2 = 0.02

L1 

Eq. (11)

a = 0.011 ± 0.002 
b = − 0.63 ± 0.06 
c = 9.7 ± 0.5

R2 = 0.97 
NDF = 10 
χ2 = 0.15

L2 

Eq. (11)

a = 0.011 ± 0.001 
b = − 0.63 ± 0.05 
c = 10.4 ± 0.5

R2 = 0.99 
NDF = 8 
χ2 = 0.05

L3 

Eq. (11)

a = 0.015 ± 0.004 
b = − 0.9 ± 0.2 
c = 14 ± 2

R2 = 0.96 
NDF = 7 
χ2 = 0.03

Pupa 

Eq. (14)

a = 4.50 ± 0.09 
b = 2000 ± 1000 
c = − 0.43 ± 0.05

R2 = 0.99 
NDF = 6 
χ2 = 0.001
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sient substages, two states associated to a single life stage which ensure a 
more reliable description of the biology of terrestrial arthropods and 
mass balance conservation at each time t in the preimaginal stages. This 
problem is not relevant in case of short minimum development times, 

but this condition could not be valid for all the species, as pointed out in 
the motivation of this study. The second theoretical novelty is the pro
tocol to estimate the minimum development times from life tables raw 
datasets, based on the bootstrap, which also remarks the paramount 

Fig. 2. Comparison between model estimation (blue line) and experimental data (red dots) across all the Drosophila suzukii life stages at 10 ◦C.
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importance of sharing life tables data to allow model parameterisation. 
The procedure and the code were made publicly available and can be 
easily adapted to any other species. The novelty from the experimental 
point of view, instead, was the validation under controlled conditions, 
which allowed a comparison between model and observations for all the 
life stages where the development has been possible. Moreover, the 
validation in growth chamber was helpful to test the model in different 
points of the thermal spectrum of the species, ranging from the optimal 
to the extreme conditions.

At this purpose, it is worth pointing out that the model can generally 
account for transition rates depending on different environmental var
iables (temperature, relative humidity, photoperiod, diet, etc.) and 
population density (state-dependence). The case of D. suzukii considered 
only temperature as main driving parameter, but this is not a limitation 
for the general theory, which can be applied to any other terrestrial 
arthropod by following the very same rationale showed in this study. 
The main challenge behind model application, in fact, is the identifi
cation of its parameters, which require ad hoc experiments that can be 

oriented and set based on the biological features of the species under 
study. The slight discrepancies observed in the experimental validation, 
accordingly, can be further overcame by exploring, via life tables, other 
driving factors.

The general model (1) is flexible enough to be adapted to many other 
terrestrial arthropods and provides a detailed description of the main 
biological traits, while keeping the computational complexity low, still. 
Its flexibility, moreover, allows us to connect multiple single species 
model to compose a general multitrophic model describing the inter
action between multiple organisms co-living in the same ecological 
niche, extending the concept introduced in (Buffoni et al., 2001; Chen, 
2005; Gutierrez and Baumgärtner, 1984). The biological knowledge on 
the mechanisms of interaction between Multiple species can be in fact 
described by specific mathematical terms inserted into the correspond
ing equations. Analogously, the flexibility of the model (1) allows to 
model the effect of management actions, which is fundamental for the 
development of reliable decision support systems for integrated pest 
management. Lastly, the model (1) preserves and extends the properties 

Fig. 3. Comparison between model estimation (blue line) and experimental data (red dots) across all the Drosophila suzukii life stages at 16 ◦C.
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of its predecessors, and can be both spatialised according to Rossini et al. 
(2022a) and complemented with state observers to improve its estima
tion based on the field data, according to Bono Rossello et al. (2022), 
Bono Rosselló et al. (2023).

Although the advantages of adopting the model (1) are high, there 
are some disadvantages, as well. The first disadvantage is related to the 
higher number of parameters needed by the model. This requirement 
might limit the application of the model to all the case studies for which 

Fig. 4. Comparison between model estimation (blue line) and experimental data (red dots) across all the Drosophila suzukii life stages at 28 ◦C.
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life tables are not (or only partially) available. This issue can be over
come in two ways, however. In case the quantitative information is not 
detailed as in the case of D. suzukii, it is possible to aggregate multiple 
preimaginal stages, as its number can be defined arbitrarily, or to 
consider only one female substage by setting the corresponding transi
tion rates to zero. In case there is partial information on the minimum 
development times, it is possible to use the former associated models, 
which are still valid under the approximations described in Section 2.1. 
The second disadvantage is the difficult distinction between develop
ment and transient substages from an experimental point of view. This 
criticality can be overcome by more in-depth studies on the physiology 
of terrestrial arthropods, which can also be beneficial for further 
parameterisation protocols or theoretical improvements of the model. 
The validation in the case of D. suzukii shows that a combination of the 
solutions of the development and transient stages leads to a faithful 

description of the overall stage population dynamics.
The model validation also showed the logic process which connects 

the theory to the application and was used as a bench test to assess the 
reliability of the improvements that this study introduced from the 
theoretical point of view. Besides being a case of high agronomic rele
vance, D. suzukii is one of the few species for which many quantitative 
information on its biology is available in the current literature. This case 
might inspire studies aimed to explore other species and might be 
considered as a reference for testing other models, allowing an easier 
comparison of the performance.

From a more applied point of view, the general protocol to estimate 
the minimum development times represents a pillar on which other 
studies can be built. The methodology presented in this paper enhances 
the connection between life tables studies and model development and 
complements the theoretical background of life tables analysis. The 

Fig. 5. Comparison between model estimation (blue line) and experimental data (red dots) across all the Drosophila suzukii life stages at 30 ◦C.

Fig. 6. Comparison between model estimation (blue line) and experimental data (red dots) across all the Drosophila suzukii life stages at 32 ◦C.
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minimum development time, in fact, is a quantitative biological infor
mation that, to the best of our knowledge, has never been considered in 
life tables analyses, so far. Besides the stage-development time, in fact, 
knowing the minimum time required by the species to observe the 
development of at least one individual to the next stage, under different 
growth conditions, can improve pest control programs and highlight 
differences due to phenomena of adaptation to different environments 
(Rossini et al., 2024). It is worth pointing out that in case of scarcity of 
data and/or unavailability of raw datasets to apply the bootstrap 
method, the approximation based on the properties of the Gaussian 
distribution introduced by Rossini et al. (2025a) is still valid.

Bootstrap and resampling methods have already been applied to 
analyse life tables data. Notably, recent studies (Amir-Maafi et al., 2022; 
Chi et al., 2023, 2020; Moshtaghi Maleki et al., 2016) proposed an 
adaptation of the bootstrap method to improve the estimation of the 
stage-development time distributions, which is similar to what we have 
proposed in this study for the minimum development time. Methods 
based on resampling allow us to compensate the small dataset sizes 
(Fisher and Hall, 1991), mainly because of the cost in terms of time and 
personnel associated with the experiments, which usually affect life 
tables data (Rossini et al., 2025c). Accordingly, this part of our study is 
in line with the current literature and explores an additional aspect that 
might increase the quality of further life tables studies.

From a modelling perspective, instead, the minimum development 
times estimated via the bootstrap method and then interpolated with the 
empirical functions (9)- (14) provided a good overlap between model 
and observations, as only some slight differences were assessed on the 
emergence of the individuals. The role of this parameter is to ensure that 
the minimal duration of each stage is respected. Validation results (left 
sides of the plots in Figs. 2–6) showed that there is a good accordance 
between model estimations and observations, confirming the validity of 
the methodology introduced in this paper.

Although from a general point of view the model faithfully repro
duced the experimental data, some slight deviations were observed. 
There might be different reasons behind those deviations which deserve 
further discussion. For instance, at temperatures close to the thermal 
limits of the species, secondary physiological mechanisms can become 
dominant, ensuring the survival of the species in case of adverse envi
ronmental conditions (Fraimout et al., 2018). These effects might 
require a modification of the model parameters, to be correctly 
described. At the same time, unaccounted factors (e.g., faster egg pro
duction and lay, faster development processes) can affect adult survival 
in temperatures close to the optimum, as shown in the case at 28 ◦C. The 
use of state observers (e.g., the Extended Kalman Filter) can compensate 
slight deviations and can be an alternative solution while waiting for 
further investigations providing an improvement of model 
parameterisation.

An additional aspect worthy of discussion concerns the uncertainty 
associated with the model and with the experimental data. Unfortu
nately, the estimation of the uncertainty associated with the counting in 
life tables experiment is unknown. The temperature in growth cham
bers, in fact, has a variability of ±░1◦C, which might affect the 
development of the species. We do not expect large effects on the pop
ulation dynamics, but it might affect the experiments close to the ther

mal limits. Conversely, the model simulated only the best scenario, as we 
have considered the expected value of its parameters for validation 
purposes. In further studies it might be possible to variate the value of 
the parameters in the range of their uncertainty, to better explore how 
deviations from the expected values modify the solution. Although this 
is an interesting aspect, it was far from the aim of this study.

In conclusion, this study highlighted different aspects of modelling 
terrestrial arthropods, remarking the importance of maintaining the 
connection between mathematical formalisation and biological mecha
nisms. Life tables studies and, more in general, experiments carried out 
under controlled conditions are fundamental in this process, as they 
provide the information on which the model is particularised to the case 
under investigation and the set of quantitative information for model 
parameterisation. This study clearly showed this dependency and ana
lysed, step by step, the procedure which leads the theory to become an 
application. We strongly believe that the methodological aspects and the 
concepts introduced with this study can be applied to other species and 
can also support the development of models based on different mathe
matical theories, defining a common root in modelling terrestrial 
arthropods.
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Table A1 
Mean and standard deviation of the minimum development times estimated using the bootstrap method for the egg, L1, L2, L3, and pupa stages along the 
different temperatures (6,9, 13, 18, 20, 24, 25, 26, 27, 28, 29, 31, 32, and 33 ◦C) explored by Baser et al. (2025b). These values were subsequently interpolated 
by using the Eqs. (9)- (14).

T( ◦C) Mean ± SD

Egg L1 L2 L3 P

6 7.8 ± 0.8 6 ± 0 – – –
9 4.6 ± 0.5 5.1 ± 0.4 5.5 ± 0.5 6.9 ± 0.7 –
13 2.6 ± 0.6 4.1 ± 0.4 4.2 ± 0.4 6.2 ± 0.4 12.4 ± 0.6
18 1.3 ± 0.3 1.8 ± 0.3 2.6 ± 0.3 2.7 ± 0.1 5.4 ± 0.2
20 1.2 ± 0.3 1.5 ± 0.2 2.2 ± 0.2 2.2 ± 0.2 5.1 ± 0.2
24 0.7 ± 0.2 1.2 ± 0.2 1.4 ± 0.2 1.9 ± 0.1 4.4 ± 0.3
25 0.6 ± 0.2 1.1 ± 0.2 1.334±0.009 1.6 ± 0.1 4.5 ± 0.2
26 0.6 ± 0.2 1.1 ± 0.1 1.1 ± 0.1 1.34±0.06 4.2 ± 0.2
27 0.6 ± 0.2 1 ± 0 1.1 ± 0.1 1.34±0.06 4.7 ± 0.1
28 0.8 ± 0.3 0.7 ± 0.1 1.0 ± 0.1 1.2 ± 0.2 4.6 ± 0.3
29 0.9 ± 0.1 0.88±0.08 1.1 ± 0.1 1.6 ± 0.2 4.7 ± 0.4
31 1.0 ± 0.1 1.0 ± 0.2 1.4 ± 0.2 – –
32 1.52 ± 0.05 1.69 ± 0.04 – – –
33 2 ± 0 – – – -

Data availability

Research Link Provided.
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