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Global warming has been identified as one of the main drivers of population decline in insect pollinators. One
aspect of the insect life cycle that would be particularly sensitive to elevated temperatures is the developmental
transition from larva to adult. Temperature-induced modifications to the development of body parts and sensory

&Oolzaiirts organs likely have functional consequences for adult behaviour. To date, we have little knowledge about the
Eclosiony effect of sub-optimal temperature on the development and functional morphology of different body parts,

particularly sensory organs, in ectothermic solitary pollinators such as butterflies. To address this knowledge gap,
we exposed the pupae of the butterfly Pieris napi to either 23 °C or 32 °C and measured the subsequent effects on
eclosion, body size and the development of the wings, proboscis, eyes and antennae. In comparison to individuals
that developed at 23 °C, we found that exposure to 32 °C during the pupal stage increased mortality and
decreased time to eclose. Furthermore, both female and male butterflies that developed at 32 °C were smaller
and had shorter proboscides, while males had shorter antennae. In contrast, we found no significant effect of
rearing temperature on wing and eye size or wing deformity. Our findings suggest that increasing global tem-
peratures and its corresponding co-stressors, such as humidity, will impact the survival of butterflies by

Climate change

impairing eclosion and the proper development of body and sensory organs.

1. Introduction

Insect pollinators play a key role in biodiversity and ecosystem
maintenance but their populations have undergone an alarming decline
in recent decades due to anthropogenic activities (Kerr et al., 2015;
Agrawal and Inamine, 2018; Zattara and Aizen, 2021). While global
warming has been identified as one of the main drivers of this decline
(Soroye et al., 2020), the underlying mechanisms remain unclear (Dicks
etal., 2021). One aspect of the insect life cycle that could be particularly
sensitive to elevated temperatures is the developmental transition from
larva to adult. This is primarily because the development rate and final
size of body parts can be affected differently by variations in ambient
temperature (Shingleton et al., 2009) due to differences in the thermal
sensitivity of the tissue that gives rise to them (French et al., 1998). In
Drosophila melanogaster, for example, temperature shifts lead to differ-
ences in the growth rate of the wings and the thorax (French et al., 1998;
McDonald et al., 2018).

Understanding how the development of different body parts is
affected by elevated temperature in insect pollinators could be partic-
ularly important for predicting the effects that current and future rapid
climate changes will have on the ecosystem services they provide. This is
because any potential disruptions to the development of the body, wings
and sensory organs due to sub-optimal temperature would likely impair
the function of these organs and therefore reduce insect pollinator
ability to not only fly between and locate floral resources but also to
mate and reproduce. In one of only two studies on the effect of elevated
developmental temperatures on several body parts of adult insect pol-
linators, Perl et al. (2022) found that exposure to elevated temperature
during the final period of adult development did not affect body size,
wing size or sensory system development in bumblebees. However, this
exposure did affect their ability to respond appropriately to sensory
stimuli, suggesting that their neural function had been impaired. A later
study that exposed bumblebees to elevated temperatures during the
entire pupa-adult developmental period found that workers had reduced
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body sizes and that both workers and males had shorter antennae when
compared to individuals reared under optimal conditions but wing size
was not affected (Gérard et al., 2023). It is important to note that these
studies focussed on the effect of developmental temperature on bum-
blebees that, being eusocial insects, can mitigate the effects of increasing
environmental temperatures by tightly regulating the temperature of the
developing brood (Gardner et al., 2007). In contrast, ectothermic soli-
tary pollinators, such as butterflies, are directly exposed to environ-
mental temperature fluctuations during the pupal development stage.
Exposure to elevated temperature during development has been re-
ported to increase mortality rate and decrease body size and develop-
ment rate in early and also pupal stage in many groups of ectothermic
insects, such as ants (Molet et al., 2017), moths (Tamiru et al., 2012) and
butterflies (Stuhldreher et al., 2014; Huang et al., 2022). However, how
the sensory morphology of Ectothermic insects is affected by exposure to
elevated temperatures during development and the functional conse-
quences of these changes remains unclear.

To address this knowledge gap, we investigated the effect of elevated
temperature on the pupal development and adult morphology of the
butterfly Pieris napi (Lepidoptera: Pieridae). This butterfly is a habitat
generalist and is an important pollinator in temperate regions, particu-
larly in Northern European countries such as Sweden. Female and male
of P. napi feed on a broad range of flowers (Goulson and Cory, 1993;
Corbet, 2000). Pupation usually occurs at the host plant or on nearby
vertical surfaces 2-3 weeks prior to adult eclosion (Chinery, 1998). In
recent years, populations of P. napi in Sweden have been exposed to
temperatures in excess of those they normally experience during the
pupal development. To explore how such changes in climactic condi-
tions may affect P. napi butterflies, we exposed their pupae to temper-
atures of either 23 °C or 32 °C throughout the duration of their
development and assessed the subsequent effects on their eclosion and
development of body and sensory organs. The lower experimental
temperature of 23 °C was chosen because it lies within the range of
temperatures in summer that P. napi pupae go under direct development
(Larsdotter-Mellstrom and Wiklund, 2015), while the elevated temper-
ature of 32 °C was chosen as this is the upper limit at which this species
survives during the pupal stage (von Schmalensee et al., 2023).
Furthermore, these experimental temperatures range from those that are
frequently experienced (e.g. 23 °C) to those that will become more
common (e.g. 32 °C) during summer at the site where the specimens
used in this study were collected (see Appendix A, Figure S1, Table S1).

2. Materials and methods
2.1. Study organism

Wild male and female Pieris napi (Lepidoptera: Pieridae) were
collected daily (09:00-18:00) in late August 2019 in Ransvik, southern
Sweden (56°17'3" N, 12°29'50" E). The average ambient temperature for
this month was 21 °C (The Swedish Agency for Marine and Water
Management and SMHI, Helsingborg station). The butterflies were
moved to a laboratory at Stockholm University, where they were kept in
cages (0.8 m x 0.8 m x 0.5 m) for breeding. The cages were illuminated
with 400 W HQIL lamps from 09:00-17:00 (8 h photophase) with a
temperature of 28 °C during the photophase and 20 °C during the sco-
tophase. The butterflies were fed ad libitum with 20% sugar solution
droplets on Kalanchoe sp. flowers and were provided with Alliaria
petiolata (one of the main host plants of this species) leaves for
egg-laying. Leaves with eggs from the F2 generation were collected in
November 2019. The specimens were placed in a rearing room at 23 °C
with 22:2 h light:dark cycle and 100% humidity until they hatched.
Under these conditions, P. napi from temperate regions undergo direct
development from egg to adult, without a pupal diapause. Newly
hatched larvae were moved to plastic containers (3-4 larvae per
container) filled with 100 ml water (to maintain humidity) and covered
with four leaves of Alliaria petiolata. A total of 120 larvae were randomly
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distributed among the containers and were kept in the rearing room
until the first stage of chrysalis formation. Larval status was checked
daily, and dried leaves were continually replaced with fresh leaves.

2.2. Mortality and pupal development

Newly pupated specimens were collected daily, sexed under a ste-
reoscope and transferred to individual cups that were sealed with a
fabric net and lined with paper to facilitate movement after eclosion.
Each cup was placed in one of the two climate chambers kept at either
23 °Cor 32 °C (Fig. 1A). The climate chambers had a 22:2 h light: dark
cycle. A climate logger (EasyLog, EL-USB-2, Lascar Ltd., Uk) was placed
in each chamber to record temperature and humidity. The data from the
climate loggers showed that the temperature was maintained
throughout the experiment but that the relative humidity was 30% in
the 23 °C chamber and 20% in the 32 °C chamber due to minor varia-
tions between the systems controlling each one. Mortality rate was
assessed after the last viable individuals were fully eclosed (Steigenga
and Fischer, 2009) and was defined as the number of individuals that did
not eclose (after four weeks, as normal development takes 2-3 weeks
(Chinery, 1998), or that died (dried out and/or became hollow) during
(Fig. 1B), or immediately after, eclosion. Pupal development time for
each temperature treatment was defined as the number of days between
chrysalis formation and adult eclosion. Specimens used for subsequent
morphometric measurements were euthanised 12 h after eclosion (to
ensure that each individual had fully completed development) by
exposing them to ethyl acetate for 15 min.

2.3. Morphometric measurements

2.3.1. Sample preparation

To measure body size, the whole body was laid flat on a plain paper
next to a 1 mm black square and photographed. The right forewing,
uncoiled proboscis and left antenna were dissected, laid flat on 1 mm
grid paper and photographed for measurements. If the wing was slightly
rolled up at the tip or slightly wrinkled, it was flattened carefully and
taped to the paper. The left half of the head (including the compound
eye) was dissected and placed in 75% ethanol before being stained with
0.5% phosphotungstic acid (PTA), dehydrated in an ethanol series and
embedded in epoxy resin, following the methods described in Taylor
et al. (2019). The head samples were scanned at the TOMCAT beamline
of the Swiss Light Source, Paul Scherrer Institute, Villigen (Switzerland)
(beamtime number 20190641) with monochromatic X-ray beam set to
20 keV energy. Each scan was taken at 4x total magnification and
consisted of 2001 projection images that had 2569 x 2160 pix and a 100
ms exposure time. The resulting images were reconstructed into 3D
volumes using the gridrec algorithm with Parzen filter, resulting in
16-bit volume images with an isotropic voxel size of 1.6 pm.

2.3.2. Sample measurement

Thorax width was calculated by finding the length of the short axis of
a bounding box fitted around the body (Fig. 1C) using an in-house
automated program. This length was converted from pix to mm values
using a 1 mm x 1 mm reference square located in the same image. Wing
size and shape were examined with geometric morphometric analysis
using landmarks (Rohlf et al., 1996; Adams et al., 2004), following the
procedure described in Bai et al. (2015). A total of 11 homologous
landmarks were selected on the vein intersections and terminations of
the forewing of each specimen and digitised (Fig. 1C) using TpsDig.2.32
(Rohlf, 2015). Wing size was measured using centroid size, i.e. the
square root of the sum of squared distance between all landmarks and
their centroid (Zelditch et al., 2012). Forewings with major deformities —
defined by not being possible to flatten them or to identify landmarks for
the geometric morphometric analysis (Fig. 1D) — were excluded from the
wing analysis and were included in the wing deformity analysis instead.
Proboscis length and antennal stalk length (Fig. 1C) were scaled using a
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Fig. 1. A) Graphical illustration of the climate chambers where Pieris napi pupae were reared in two temperature groups (23 °C and 32 °C) in individual cups
(rectangles), B) Examples of individuals with unsuccessful eclosion, C) image of an adult with morphological measurements of body and organ size, thorax width
(orange arrow with rectangle bounding box), forewing measurement using 11 landmarks (red dots with cyan numbers), proboscis length (red arrow), antennal stalk
length (light blue arrow). Inset: 3D rendering of a butterfly head with segmented left eye area (indicated by gold lines), D) example of major wing deformities of the

left and the right fore-wings and hind-wings.

grid paper reference and were measured in mm, in FIJI-image J, 64-bit
Java 1.8.0_172 (Schindelin et al., 2012). The reconstructed X-ray scan
images containing the left compound eyes were cropped, and the
optimal contrast was set in Drishti 2.6.4 image processing software
(Limaye, 2012). The eye volumes were then segmented, and the 3D
surface area (Fig. 1C) was measured in pmz using Amira 6.2.0 (Thermo
Fisher Scientific, Waltham, MA, USA). Organs damaged through
handling and dissection process were not included in the analysis,
leading to variations in the sample sizes for each measurement
(Appendix A-Table S3).

2.4. Data analysis

All statistical analyses were conducted using R version 4.0.5 (R Core
Team, 2021). Linear mixed models using the R packages lme4 (Bates
et al.,, 2015) and ImerTest (Kuznetsova et al., 2017) were used to
construct the models for all morphological traits. In each model, tem-
perature and sex, as well as their interaction, were included as fixed
factors. Reduced models were subsequently used if the fixed factors did
not significantly improve the model. Non-significant interaction terms
were removed from the models. The likelihood ratio test was used to
achieve the definitive models using type  ANOVAs in all the analyses. To
achieve residual normality of the response variables ‘eye area’ and
‘thorax width’, these variables were transformed to logjo. Post-hoc
pairwise comparisons were used when significant interactions were
found using the emmeans package (Lenth et al., 2018). Final significant
results were extracted from the models using type II ANOVAs from the
car package (Fox and Weisberg, 2018). Mortality rate was analysed
using a generalized non-linear model with a binomial error distribution.
Pupal development time was analysed using a ranked-based Kruskal--
Wallis one-way ANOVA due to variance heterogeneity in the response

variable. To specifically assess the variation of wing shape, we con-
ducted a Procrustes ANOVA (Goodall, 1991) using the procD.lm func-
tion from geomorph package (Adams and Otarola-Castillo, 2013). Where
reported in the Results, values are given as mean + standard deviation.

3. Results
3.1. Mortality rate and pupal development

The mortality rate was higher within individuals reared in 32 °C (7/
36, 19%) compared to 23 °C (1/36, 3%) during the pupal stage (X7 =
5.68, P = 0.017%). Sex did not influence mortality rate within temper-
ature groups (X% =0.83, P = 0.36).

The development time from pupa to eclosed adult was significantly
shorter (Fig. 2A, kw X3 = 25.97, P < 0.0001***) for pupae reared in 32
°C (6.5 £ 0.80 days) compared to 23 °C (7.7 + 0.63 days).

3.2. Body and organ morphology

Thorax width was significantly smaller in the 32 °C (2.95 + 0.2 mm)
temperature group than 23 °C (3.17 + 0.2 mm, Fig. 2B, F471 = 11.97, P
=0.001**) but was not affected by sex (Fig. 2B, F47; = 1.08, P = 0.304).

Forewing centroid size was not affected by temperature treatment
(Fig. 2C, F471 = 0.07, P = 0.793) or by sex (Fig. 2C, F477 = 1.19, P =
0.281). Similarly, the shape of the forewing did not vary between tem-
perature treatments (Fig. 3, F471 = 0.47, P = 0.832), although we find a
sex specific influence on wing shape (F47; = 6.52, P = 0.001**). For
individuals with major wing deformities, we found a significant inter-
action between temperature treatment and sex (Fs¢1 = 9.72, P =
0.002**), with some indication of a higher proportion of wing de-
formities in males that developed at 32 °C compared to 23 °C (P = 0.08,
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Fig. 2. Violin and box plots of the effect of developmental temperature and sex on the size of body parts and sensory organs in Pieris napi. A) Pupal development time
(n = 62), B) thorax width (n = 47), C) wing centroid size (n = 47), D) proboscis length (n = 42), E) antennal length (n = 48), F) and eye surface area (n = 45), in
females (purple) and males (green). The box plots represent the median (bright line) as well as the 25th and 75th percentiles, maximum and minimum values
(whiskers) and outliers (circles). Different letters above the violin plots indicate significant differences.
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Fig. 3. Principle component analysis of the wing landmarks showing the cor-
relations between wing shape in the two temperature treatments in P. napi.

post hoc pairwise-comparison analysis). Out of 56 forewing measure-
ments (n = 32, from 23 °C and n = 24 from 32 °C), major wing de-
formities were found in 4 individuals from 23 °C, and in 6 individuals
from 32 °C.

Proboscis length was significantly affected by temperature treatment
(Fig. 2D, F43,1 = 18.64, P = 0.0001***) and sex (Fig. 2D, F4p 1 = 4.371, P
= 0.043%), with both males and females from the 32 °C treatment having
shorter proboscides (9.53 + 0.7 mm) than those from the 23 °C treat-
ment (10.44 + 0.6 mm, Fig. 2D).

Antennal length was significantly affected by the interaction be-
tween temperature treatment (32 °C: 9.11 £+ 0.5 mm, 23 °C: 9.81 + 0.7
mm) and sex (Table S2, F4g1 = 4.76, P = 0.034%). Post hoc pairwise-
comparisons revealed that male butterflies reared in the higher tem-
perature developed shorter antennae (Fig. 2E, P = 0.0008%**), while
antennal length did not significantly differ between females from the
two temperature treatments (Fig. 2E, P = 0.758).

Finally, eye surface area was not significantly affected by tempera-
ture treatment (Fig. 2F, F451 = 0.19, P = 0.663), (32 °C: 2.7 + 0.3 mm2,
23 °C: 2.84 + 0.3 mm?) but a sexual dimorphism in this trait was
observed within treatments (Fig. 2F, F451 = 73.09, P < 0.0001***) with
males having larger eyes than females.

4. Discussion

Exposure to elevated temperature during the last stage of meta-
morphosis affected the development and survival rate in Pieris napi. We
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found that, at 32 °C, there was a 6.3 times increase in mortality, indi-
cating that the survival of developing pupae is extremely sensitive to
increases in ambient temperature. As this is a temperature that P. napi is
increasingly being exposed to during summer in their natural habitat
(Appendix A, Figure S2), our findings indicate that the mortality rates of
this species, and indeed other temperate butterfly species, is likely to
increase with global warming.

Individuals that developed at 32 °C also eclosed faster than those at
23 °C. This could be ecologically beneficial as it would increase the
chance of finding mates and decrease competition for mates and food,
especially for adult males (Fagerstrom and Wiklund, 1982). However,
ectothermic insects who develop faster throughout their life cycle due to
higher temperature are often smaller in size (Atkinson, 1994; Kingsolver
and Huey, 2008) and have less energy storage for foraging over longer
distances (Greenleaf et al., 2007). Indeed, we found that individuals of
both sexes reared at 32 °C had smaller thorax widths compared to those
reared in 23 °C. Thorax width is an important proxy of body size as it is
an indicator of the thoracic muscle mass necessary for flight. Butterflies
with the smaller thorax widths are therefore likely to have lower flight
endurance. This, in turn, would affect dispersal ability and mating
success (Gyulavari et al., 2014; Kehl et al., 2015), as well as manoeu-
vrability and take-off capability (Berwaerts and Van Dyck, 2004; Almbro
and Kullberg, 2008; Stjernholm and Karlsson, 2008), which are factors
that are important for predator avoidance (Jantzen and Eisner, 2008).

In contrast to thorax width, exposure to 32 °C did not appear to affect
the development of the wings as it had no effect on forewing size and
shape. This indicates that, despite faster developmental times and
smaller thorax widths, individuals that developed at 32 °C grew wings
that were relatively larger with respect to their body size than those that
developed in 23 °C. The discrepancy between the size of the wing and
thorax can be an indication that these organs have different thermal
sensitivities during pupal development (French et al., 1998), with wing
growth being less sensitive to temperature variations. This finding is not
consistent with previous work on other butterfly species or indeed in
bumblebees, since exposure to high temperature in early and pupal
stages of development commonly results in smaller wings (Bowden
et al., 2015; Gérard et al., 2018; Soule et al., 2020). The maintenance of
wing size in high temperature observed in our study suggests that wing
development in P. napi has a high thermal tolerance. Since it was not
possible to analyse the shape of highly deformed wings, our results are
only applicable to the wings of individuals that were less affected by the
high developmental temperature (i.e. those that eclosed with little to no
wing deformity). When the rate of wing deformity was compared be-
tween the two temperature groups, we found an interaction effect of
temperature and sex, meaning that wing deformity was not clearly a
result of higher temperature in both sexes. Desiccation is one possible
cause of the wing deformity we observed, as it often co-occurs with
rising temperature and during wing expansion in butterflies (Scriber
etal., 2002; Mengesha et al., 2011), although further investigations with
a larger sample size would be necessary to explore how temperature and
desiccation affect wing deformity during last stages of development in
butterflies. Surprisingly, studies on the effect of developmental tem-
perature on wing deformity and wing desiccation in butterflies are
limited, despite the impact these factors may have on flight performance
and flight dynamics.

Exposure to elevated temperature during development also caused a
reduction in proboscis length in both sexes and in antennal length in
males. This could be a direct consequence of a reduction in body or head
capsule size (Stevens, 2004), higher temperature sensitivity of these
sensory organs during development, or the cost of energy trade-off
within tissues in reaction to high temperature. Proboscis length plays
an important role in plant-pollinator interactions as it is tightly linked to
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the floral morphology of visited flowers (Gérard et al., 2020), such as
corolla depth (Harder, 1988; Krenn et al., 2001; Szigeti et al., 2020).
Here, the differences in temperature treatment caused approximately 1
mm difference in proboscis length. While it is not clear exactly how
much such a difference in length would affect feeding behaviour, it is
possible that such changes in proboscis length disrupt important
plant-pollinator relationships due to the mismatch between flower
corolla tube and proboscis morphology (Gérard et al., 2020). For
example, in Apollo butterflies, individuals with shorter proboscides lost
their ability to feed from flowers with deep corollas and, as a result, had
to use alternative floral resources, likely affecting pollination of those
flowers and the time taken to forage (Szigeti et al., 2020). In addition, as
the shape and size of the sensory organs often affect their function, and
their sensitivity in particular, temperature-induced proboscis reduction
may decrease gustatory sensitivity to nectar in some flower species.

Reduction in antennal length due to exposure to elevated tempera-
ture in males may reduce the olfactory sensilla numbers, which would
impair their olfactory sensitivity. For example, a decrease in olfactory
sensitivity with body size (and presumably antennal length) has been
found in bumblebee workers (Spaethe et al., 2007). In males, increases
in temperature led to a decrease in antennal length while in females this
relationship was not as distinct. One possible explanation is that females
prioritise antennal growth as it is important for finding plants for
oviposition and larval feeding, although further work is necessary to
understand what underlies sex-specific differences in the temperature
sensitivity of antennal growth.

Surprisingly, we did not find any effect of elevated temperature on
the eye size in P. napi. Our findings suggest that, similar to wings, the
processes that affect development in P. napi eyes are not thermally
sensitive. Investing in an adequate eye size is likely essential for main-
taining the sensitivity and resolution necessary to locate mates, flowers
and host plants across the range of light intensities that butterflies would
normally experience in their habitat. To our knowledge the thermal
sensitivity and thermal plasticity of insect eyes has not previously been
investigated but it would be interesting to explore if the thermal sensi-
tivity of eye development observed here is common among other species
and taxa.

While we did not explicitly explore the mechanisms underlying the
change in organ size in response to temperature observed in this study,
some potential explanations have been proposed by earlier studies.
Firstly, temperature could affect cell size and cell division during
development, leading to variation in the size of the organs. For instance,
Azevedo et al. (2002) and French et al. (1998) found that, in Drosophila
melanogaster, changes in temperature during development affected the
size of the thorax, wings, legs and eyes by mostly affecting the epidermal
cell size but not the cell numbers. Secondly, increasing temperature can
increase the rate of juvenile hormone clearance via enzymes during the
pupal stage (Radmacher and Strohm, 2010), which would result in a
smaller body size (and possibly smaller organs).

One additional factor that might affect the changes in the size of the
body and organs observed here is water loss due to the lower humidity in
the 32 °C treatment (30% in the 23 °C and 20% in the 32 °C). The lower
relative humidity in 32 °C would result in a higher vapor pressure deficit
(VPD) of 3808 Pa compared to a VPD of 1970 Pa in 23 °C. This difference
in VPD might have increased the water evaporation rate from the tissue
of the developing pupae in the higher temperature treatment and thus
caused the decrease we found in thorax size and some of the sensory
organs due to desiccation. The body water content and cuticular
permeability (for gas exchange) in arthropods can be affected by mul-
tiple parameters such as ambient temperature and humidity, develop-
mental life stage, physiological state, as well as species and sex (Mack
and Appel, 1986; Hadley, 1994; Mazer and Appel, 2001; Edney, 2012;
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Williams et al., 2012). Cuticular permeability in the pupal stage has been
shown to be lower compared to other stages of the insect life cycle
(Edney, 2012). For example, in Lesser Cornstalk Borers, Elasmopalpus
lignosellus, cuticular permeability was lowest during the pupal stage,
while the total body water content and water permeability was highest
during larval stage (Mack and Appel., 1986). Our finding that many
individuals in the 32 °C treatment eclosed with normal organ
morphology and unaffected eye and wing size (Appendix A, Figure S3)
might therefore indicate that these pupae were able to retain sufficient
water for proper development under this condition. It is nonetheless
important to note that temperature alone might not explain the reduc-
tion in body and some of the sensory organ size in this study and the
effect of differences in humidity should also be taken into consideration
when interpreting these results. While the effect of developmental
temperature on insects as a result of rising global temperatures has
received more attention recently, the role of humidity and its interaction
with elevated temperature is less clear and needs further investigation.

5. Conclusion

In this study, we showed that exposure to elevated temperatures that
arise as a result of global warming has negative consequences on the
survival and development time in a temperate butterfly, Pieris napi.
While widespread temperate species are considered to be less affected by
global warming than tropical butterflies (Klockmann et al., 2016, 2017),
our results provide some evidence that temperate species will indeed be
vulnerable to the increasing temperatures that are becoming increas-
ingly common in their habitats. Exposure to elevated temperature
accompanied with reduced humidity during the last stage of develop-
ment also affected on the morphology of body and sensory organs in
P. napi. However, these effects were not the same for all organs and
exhibited some sex dependence. It is not entirely clear what mechanisms
underlie this disparity between organs and sex-specific variations in
response to elevated temperatures but perhaps differences in the ther-
mal sensitivity of the tissues from which they arise during meta-
morphosis is one of the main factors. It is important to note that sensory
systems are multimodal and that information from different organs is
combined in order to drive appropriate behaviours. For example, a
combination of visual, olfactory and gustatory cues stimulates a feeding
response in butterflies (Andersson, 2003; Omura and Honda, 2005;
Sourakov et al., 2012). Accordingly, a reduction in size (and any po-
tential loss in sensitivity) of one or several organs could influence the
function of the whole system or disrupt the transmission of the signal/s
to the central nervous system. Behavioural assays would be beneficial to
further understand the effect of high developmental temperature on the
function and sensitivity of sensory organs due to morphological changes
and their impact on population viability of insect pollinators.
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