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Subtle morphological changes

in the visual and antennal sensory
system of bees and wasps

across an urbanisation gradient

Andrea Ferrari®"?, Greta Tacconi & Carlo Polidori

Increased temperature and fragmentation of green spaces in urban areas could drive variations in
functional traits of insects. Such morphological shifts may occur for sensory systems, which were
previously reported to be prone to change with habitat characteristics in non-urban contexts. Here, we
measured traits related to the visual and antennal sensory systems in the bees Halictus scabiosae and
Osmia cornuta and the wasp Polistes dominula along an urbanisation gradient within Milan (Italy). We
hypothesised that fragmentation could filter for better visual properties, and that higher temperature
could filter for fewer thermoreceptors and more olfactory hairs. While controlling for body size, results
show subtle but appreciable responses to urbanisation in one or more traits in all species, though not
always supporting our hypotheses. O. cornuta shows marginally higher ommatidia density and smaller
ommatidia diameter (associated with better visual resolution) in more fragmented sites, as well as
marginally fewer thermoreceptors in hotter sites, in agreement with our two predictions. On the

other hand, H. scabiosae has marginally smaller antennae and P. dominula has smaller eyes at warmer
locations, and the wasp also has smaller antennae and 9th flagellomeres in more fragmented areas.
Perhaps higher temperatures accelerate development of sensory system at higher speed than the rest
of body in these two species. Our results represent the first evidence of urbanisation effects on the
visual and antennal sensory systems of bees and wasps and underline how such effects may involve a
much broader bouquet of traits then previously observed.
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The growth in human population is leading to an increase in land-use change. One of the main consequences is
the replacement of natural cover with cemented surfaces, a phenomenon known as urbanisation'. Urbanisation
leads to increasing temperature and fragmentation of green areas. The rise in temperatures in cities, known as
the Urban Heat Island effect, occurs because of the loss of tree cover and the increase in cemented surfaces that
act as heat sinks?. In addition, buildings, roads, and other infrastructure fragment green areas so that highly
urbanised landscapes are typically characterised by scattered patches of green cover'.

Urbanisation not only affects the landscape, but also the flora and fauna therein. For example, we are wit-
nessing a decline in insect diversity and biomass®, which, at least for certain groups, is partially due to increased
urbanisation*®. Among the insect groups which attracted attention in recent urban studies, bees and wasps
are certainly relevant, as they provide important ecosystem services such as pollination® and pest control’.
Due to their importance and the relatively high abundance and diversity in urban areas®’, community-level
diversity studies—and to a lesser extent—functional ecology studies, are being performed across cities around
the world®'%*2, Still, substantial knowledge about how urbanisation could drive morphological or physiologi-
cal variations in these organisms is still lacking'®'*, with most studies focusing almost exclusively on body
size variations'>'S. Among the target morphological traits that merit attention there are those associated with
sensory system, whose possible variation in urban habitats has never been investigated. However, we can make
hypotheses regarding the possible effects of urbanisation (UHI effect and increased fragmentation) by drawing
on what has been done in laboratory experiments or has been studied along natural gradients(Ref.'* and refer-
ences therein), as highlighted below.
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The sensory system of bees and wasps is mainly composed of the visual apparatus (two compound eyes and
three ocelli) and the antennal apparatus (two antennae covered with sensilla). Compound eyes are responsible
for image formation and are composed of thousands of ommatidia, their functional units!”. Each ommatidium
consists of an optical part and a sensory part, which transforms the captured light into an electrical signal. The
balance between size of the eye, ommatidia and their density shape the visual properties of the compound eye.
In fact, increased resolution is achieved with bigger eyes, since the size of the eye increases the resolution'’.
Enlarged eyes permit a general improvement of both spatial resolution and contrast sensitivity'®. In addition,
better resolution is also obtained by reduced interommatidial angle (i.e., the angle between the optical axes of
adjacent ommatidia) or higher ommatidia density'®. On the other hand, bigger eyes, bigger ocelli, and larger
ommatidia are associated with an increased light capture!’. The antennal sensilla are cuticular structures that
contain receptors for the perception of different stimuli and have a range of morphologies that underlines such
different functions®. In bees and wasps, there are several types of antennal sensilla. Pit organs (PO) which have
a thermal- (cold sensitive), hygro- and/or CO,-detecting function, sensilla placoidea (SP) and basiconica (SB)
which have an olfactory/gustatory function, and sensilla trichoidea (ST) which have either an olfactory, gustatory
or mechanoreceptor function, depending on the sub-type (see?!~2%).

Much effort has been devoted to understanding the evolution of sensory systems in insects, and we now
have a large bulk of evidence that both visual and antennal apparatus differ between species and between sexes
within species in function of the variability of life-history traits such as flying time, food specialisation, forag-
ing strategies, mating tactics and social behaviour!#2%?2-2. More relevant to the present study, insect sensory
system was also found to change morphologically across environmental gradients. For example, Kierat et al.*
found that the ommatidia size of a solitary bee of the genus Osmia decreases with increasing temperature. In
addition, larger eyes and larger ommatidia size were found in butterflies inhabiting naturally more fragmented
areas®'. Moreover, Boulton and Field* found that in warmer locations the bee Halictus rubicundus (Christ,
1791) have more olfactory hair density and less hygro-thermal receptors, this latter result being likely due to the
cold-sensitive nature of thermal receptors. Finally, the antennal sensillar apparatus of triatomines (Hemiptera)
showed morphological variation among populations living in different habitats, with urban specimens showing
a pronounced variability and lab-reared specimen a low variability®.

Here, we investigated for the first time how some morphometric traits of visual and antennal sensory systems
vary according to urbanisation level (here characterized by temperature and fragmentation of green areas) in
three aculeate Hymenoptera: the bees Halictus scabiosae (Rossi, 1790) and Osmia cornuta (Latreille, 1805), and
the wasp Polistes dominula (Christ, 1791). Based on the above-cited evidence on the relationship between sensory
system and climatic and habitat characteristics, we formulated the following non-mutually exclusive hypotheses.
First, greater fragmentation of green areas could filter for an eye morphology which improves resolution and/or
light capture, as these would improve the insect’s ability to move in a fragmented environment®. In addition, eye
size may be reduced in warmer sites following the theory of the optimal cell size: higher temperatures require a
higher demand for oxygen which favours tissues built of small cells’***. Second, in hotter sites we expect lower
numbers of hygro-thermal receptors, since they are cold-sensitive receptors, and/or higher densities of olfac-
tory/tactile hairs®*> and smaller antennae, following the allometric scaling of these appendages with body size,
together with the reduction of body size with increasing temperatures®” and an overall fast larval development™.
Finally, since in holometabolous insects the eyes and the antennae are believed to arise from the same imaginal
disc”, we may expect a trade-off in the allocation of the resources between these structures. Indeed, visual and
olfactory/tactile stimuli could be differently important for individuals living in different environments along
the urbanisation gradient?-7%,

Materials and methods
Studied species and sampling activities
The study was performed in the metropolitan city of Milan (45°28'01"” N; 9°11'24" E) and the nearest semi-
natural outskirts situated in Lombardy, northern Italy. We selected a total of 18 sites (Table S1, Fig. S1A) along
an urbanisation gradient. The site selection was based on the amount of impervious (i.e., cemented) surface to
create a gradient of urbanisation. Sampling sites were separated by more than 1 km as this would approximate
a plausible maximum foraging distance of the species analysed®. The field work took place between March and
June 2022. We chose three aculeate Hymenoptera species abundant in cities, morphologically easy to identify and
with different ecological traits. O. cornuta is a solitary, polylectic bee species that nests in pre-existing cavities*.
Conversely, H. scabiosae is a primitively eusocial, ground-nesting and polylectic bee species*’. Finally, P. dominula
is a eusocial paper wasp that builds nests from chewed wood fibres and is a generalist predator*>* (Fig. S1B).
Insects (all females) were hand-netted, placed in 1.5 mL plastic vials and stored in cool-bags in the field, and
then stored in the lab at — 20 °C for the morphological analyses.

Overall, 40 individuals of O. cornuta from 8 sites, 65 individuals of H. scabiosae from 13 sites and 47 individu-
als of P dominula from 10 sites were analysed in the study (Table SI).

Landscape characterisation

We followed the method presented in* for the landscape characterisation. All variables were calculated in never
overlapping 500 m buffers; thus, the environmental variables were never shared among sites. We characterised
each site in terms of temperature and fragmentation of green areas. Temperature was estimated using MOD11A2
(https://modis.gsfc.nasa.gov/data/dataprod/mod11.php) downscaled from the original resolution of 1 km to
100 m trough bilinear interpolation. Because different morphologies in adult insects largely depend on conditions
during the development, temperature values used here refer to those affecting the sampled individuals during
their development periods (which vary among the three species), and not the temperature occurring during
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the sampling days (see* for details). We decided to use the temperature across an extended period of time since
longer periods buffer any possible punctual fluctuations in temperature that often occur from week to week.

Edge density was calculated as the ratio between the total perimeter and surface of green patches. This is one
of the ways to quantify the degree of fragmentation of green areas, where higher edge density values indicate more
fragmented green areas. The metrics of green areas were obtained from DUSAF6.0 (https://www.dati.lombardia.
it/Territorio/Dusaf-6-0-Uso-del-suolo-2018/7rae-fng6). It contains a land-use map of the entire region Lombardy
with a resolution of 20 m. Within DUSAF there are 98 land-use classes (https://www.cartografia.regione.lomba
rdia.it/metadata/Dusaf/doc/Legenda_ DUSAF_2018_6_0.pdf) that were summarised in two main categories
(e.g. *): impervious surfaces (i.e., all paved or build areas, roads, or railways) and green areas (i.e., areas covered
with vegetation, both natural and cultivated). We checked for spatial autocorrelation using the Moran’s test*,
excluding possible autocorrelation of temperature and green fragmentation (all P-values > 0.05).

Body size

We first measured the intertegular distance and the head width as proxies of the body size of the insect through
a LEICA MZ75 stereomicroscope mounted with a LEICA flexacam C3 camera (accuracy 0.001 mm). Then, we
took all the measures associated with the visual and antennal sensory system, as detailed below.

Visual sensory system
We produced a nail-polish replica of one compound eye for each specimen using a transparent topcoat nail pol-
ish (denser) and a transparent standard nail-polish (more fluid). To do so, we firstly applied, with a thin paint
brush, a layer of a 1:1 mixture of topcoat and nail-polish over and around the eye to remove the facial hairs. We
applied the layer for 7 min and replicated this operation three times to completely shave the face of the speci-
men. Then, we applied the last very thin layer of pure nail-polish for 20 min just on the compound eye and then
gently removed it using a scalpel to detach the replica and forceps. We placed the replica on a microslide and
made some incisions around its border with the tip of a scalpel perpendicular to the replica, without eliminating
fractions of the eye surface (Fig. 1A). With this step, we were able to flatten the replica (otherwise being curved),
cover it with a coverslip and seal the slide with nail polish. We let it dry overnight before taking the pictures
at the stereomicroscope. Such method was previously used to analyse eye morphology of bees and wasps'®*°.
We firstly photographed the whole replica to measure the total area of the compound eye. Then we took three
random non-overlapping photographs of the central portion of the eye (to avoid the incised parts) to have the
ommatidia at an adequate magnification for the measurements (Fig. 1B). For the analysis, we used the average
between the measures on the three non-overlapping images. We counted the number of ommatidia and calculated
their density dividing this number by the area of the image. Likewise, we estimated their total number know-
ing the area of the eye. With this number we calculated the interommatidial angle as Ay = (23,818/ommatidia
number)'?¥’. We also measured the diameter of 10 randomly chosen ommatidia for each image with which we
calculated the mean diameter (i.e., proxy of their size). Finally, we measured the diameter of the median ocellus
through the stereomicroscope (Fig. 1C).

H. scabiosae
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Figure 1. Examples of (A) a nail-polish replica of an eye, (B) magnifications of the eye replicas and (C) of heads
(with arrowhead pointing to the median ocellus) for the three species.
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Antennal sensory system

We detached both antennae from each specimen and placed them on pin stubs, taking care that they fell sideways,
each one on a different side (i.e., right and left). For each antenna, we took a photograph through a JEOL JSM-
IT500 LV Scanning Electron Microscope (SEM) (JEOL Ltd., Tokyo, Japan), equipped with Backscattered (BSE)
and Secondary Electrons (SE) detectors. The operating conditions were: vacuum mode, 20 kV accelerating voltage
and 10 mm working distance. We pictured both the entire antenna (Fig. 2A) and the 9th flagellomere (hereafter,
F9), the one preceding the most distal one, known to have the highest density of sensilla**?* (Fig. 2B). For the data
collection, we randomised right or left among individuals. From the SEM images we measured the total length
of the antenna and length and width of F9 (from which we obtain its area, assuming its shape as a rectangle). We
recognised four different types of sensilla with the same morphology in the three species (Fig. 2C): pit organs
(PO), sensilla trichoidea (ST) and sensilla placoidea (SP) shared by the three species, and sensilla basiconica (SB)
found only in P. dominula. All these types of sensilla are distinguishable from their morphology. PO are round
pores on the surface of the flagellomere, ST are quite long and perpendicular to the antennal surface, with a sharp
end, SP are plates with rounded edges shaped into grooves, with the surface slightly depressed in relation to the
body wall level, while SB are straight hairs with a blunt tip and a single pore, which sometimes may not be visible.
We did not distinguish further sub-types of ST?'~?* as these are not relevant for the purpose of this work. While
the PO are known to include not only thermo-hygro receptors but also CO, receptors, the relative role of these
stimuli is still unclear for these sensilla**->°. Hence, we decided to consider them as a single category of climate-
responding sensilla, as in*2. On the F9, we counted the total number of thermo-hygro receptors (PO). Then, in
Image], we placed on the F9 a square of 100 um?* where the highest density of sensilla was present and—in that
square—we counted the number of ST, SP and SB.

Statistical analysis

All the analyses were performed in R 4.2.2°1. Firstly, we checked with a Pearson test that the proportion between
green and impervious surface correlates with both temperature (r= —0.517, P=0.028) and green edge density
(r=-0.527, P=0.025). We produced a correlation matrix between all the morphological traits measured for each
species to visualise how they co-vary. In addition, we produced the same matrix but with weighted morphologi-
cal parameters (i.e., after having divided them by the intertegular distance). With this second matrix we could
assess possible allometric scaling of the sensory system with body size.

Then, the analysis was done using Linear Mixed Models, using the sampling site as a random effect to account
for the interdependence of samples and the intra-population variability. In all models, we used only the inter-
tegular distance as a proxy of body size (since it was strongly correlated with head width, r=0.936, P<0.001)
to account for the intraspecific variability and the effect that body size has on the tested parameters. According

O. cormnuta H. scabiosae

P. dominula

Figure 2. (A) Examples of a SEM images of the whole antenna of the three species. (B) SEM images of the F9 of
the three species. (C) Examples of sensilla trichoidea (arrowhead), thermoreceptors (arrow), sensilla placoidea
(star) and sensilla basiconica (asterisk) in P. dominula in the three species. Note that sensilla basiconica were
only found in P. dominula.
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to our hypotheses, visual and antennal traits may vary with temperature and/or green edge density. Hence, we
selected the best model using a theoretical information approach (Bishop et al. 2016). We predict the best model
to be the one to minimise the bias corrected Akaike information criterion (AIC.) while maximising marginal
(due to fixed effects only) and conditional (due to fixed effects and random effects) R*>%. We also evaluated
possible non-linear responses by transforming the environmental predictor either via logarithm or a square
power. If this transformation did not improve the model, we kept the linear response. Finally, for each model,
we confirmed that the assumptions of residual normality** and homoscedasticity® were always met with the
function “check_model()” from the package performance®. Other R packages used were ggplot2*” and corrplot®®
for graphics, Ime4® and sjPlot® for mixed models.

Results

Morphometric parameters associated with both visual and antennal sensory systems (Table S2) were variably
correlated between each other (Fig. 3A). As expected, in the three species there was a strong positive correlation
between the body size (both as intertegular distance and head width) and the size of the primary structures of
the two systems: the eye area and the length of the antenna (Fig. 3A). In turn, these two main variables were
correlated with the other parameters of the respective sensory system. Even at this more detailed scale, albeit
less consistently, we could find common patterns among the three species. We found that the eye area was
positively correlated with the diameter of the ommatidia and negatively correlated with the interommatidial
angle and the density of ommatidia (Fig. 3A). For the antennal sensory systems there were weaker patterns.
The area of the 9th flagellomere was strongly correlated with the length of the antenna, but the number of the
various sensillar types were not strongly correlated with the length of the antenna (Fig. 3A). On the other hand,
co-variation between components of visual and antennal system was rarer (Fig. 3A). Among the significant
correlations between other parameters from the two sensory systems, we found that the parameters regarding
the ommatidia significantly correlated with antennal length and/or F9 area (Fig. 3A). In general, much weaker
correlations—or no correlations at all—were found between the number or density of individual sensilla types
and visual parameters (Fig. 3A).

We also visualised how the morphometric parameters correlate between each other and differ between spe-
cies when weighted by the intertegular distance (Fig. 3B and S2). Consistently in the three species, the weighted
parameters were negatively correlated with the body size (Fig. 3B). This means that in larger insects the structures
of the sensory systems are smaller than expected by an isometric relationship. Finally, most of the structures of
the sensory systems are positively correlated between each other when weighted by body size (Fig. 3B). This is
particularly true for H. scabiosae and less evident in O. cornuta and P. dominula respectively.

The Linear Mixed Models revealed species-specific responses of the measured traits to the two variables linked
to urbanisation, though sometimes with a marginal significance (P<0.09). In H. scabiosae we could not find any
significant variations in the visual sensory system either with temperature or green fragmentation. However,
we found H. scabiosae individuals having smaller antennae in hotter sites (Table 1, Fig. 4A). In O. cornuta, we
found a significant reduction in ommatidia diameter (Table 1, Fig. 4B) and a marginally significant increase in
their density (Table 1, Fig. 4C) in more fragmented sites. In this species, we also found a marginally significantly
reduction in the number of thermoreceptors in hotter sites (Table 1, Fig. 4D) and a statistically significantly
reduction in sensilla trichoidea in more fragmented areas (Table 1, Fig. 4E). In P. dominula, we found individuals
with statistically significantly smaller eyes at warmer locations (Table 1, Fig. 4F) as well as with smaller antennae
(Table 1, Fig. 4G) and F9 (Table 1, Fig. 4H) in more fragmented sites. The F9 of P. dominula was also marginally
smaller in hotter sites (Table 1).

Discussion

Here, we presented the first study on the effects of urbanisation on some morphological aspects of the sensory
system of three biologically distinct aculeate Hymenoptera. We were able to highlight some interesting vari-
ations in the studied morphometric parameters across a local temperature or green fragmentation gradients
produced by urbanisation. We believe that our results are robust, as we took into account the intra-population
variability of these traits, as well as body size, which is important in explaining variations in sensory system.
In some cases, the results are in line with our hypotheses and are in agreement with what previously found in
non-urban contexts. Overall, for the visual sensory system, we found significant variations in O. cornuta and P,
dominula, but not in H. scabiosae. Such variable response is somehow in line with literature: for example, stud-
ies on the effect of temperature on visual sensory system has yielded contrasting results**®!. As for the antennal
sensory system, we found significant variations in all the species, most of which in line with what found in the
very few available previous studies®’. However, important differences in the tested responses appeared among
the three studied species.

Visual system

In H. scabiosae, the variation in visual sensory system was only explained by body size and not environmental
variables. This is in line with what found in ants reared at different temperatures which did not show variations in
the ommatidium diameter®’. Similarly, bumblebees reared at different temperatures did not show any difference
between the mean eye area®. Interestingly, H. scabiosae is the species in which the body size has the strongest
effect on the visual morphometric parameters. Thus, the fact that we could not find any significant variation
in the visual sensory system might be due to the intrinsic morphology of this species. In fact, this species has
proportionally—in relation to body size—higher values of ocellus diameter, ommatidia density, interommatidial
angle and ommatidia diameter of the three species (Fig. S2); as well as having proportionally bigger eyes than
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Figure 3. (A) Correlation matrices (Pearson’s r) between the morphometric parameters measured on each
specimen for the three species. (B) The same matrix but the morphometric parameters are weighted by body
size (i.e., intertegular distance). Colours represent the correlation (r values in the scale below the matrix),

in each box the significance of the correlation is reported: *** <0.001, ** <0.01, * <0.05. ITD: intertegular
distance, Interomm.: interommatidial, PO: pit organs, SP: sensilla placoidea, ST: sensilla trichoidea, SB: sensilla
basiconica.

O. cornuta (Fig. S2). These characteristics seem to suggest that the visual system in this species is very sharp and
performant'”'?, and therefore possibly less affected by environmental changes.

In other cases, higher temperatures were seen to affect the visual system. ** found smaller eyes in Drosophila
reared at higher temperatures. This is in line with what we found in P. dominula, which showed smaller eyes in
hotter (i.e., more urbanised) areas. One possible explanation is that temperature influences epidermal cell size
since at higher temperatures small cells are favoured according to the theory of optimal cell size (TOCS)*>%*, In
fact, higher temperatures require a higher demand for oxygen which favours tissues built of small cells, with an
extensive network of cellular membranes for oxygen distribution®. Thus, considering that the area of the eye in
P. dominula is positively correlated with ommatidia diameter, reduced eye size in hotter sites may be explained
by the TOCS, as shown for an Osmia species®. However, it could be also hypothesised that wasps’ eyes develop
faster in smaller individuals due to higher developmental temperatures®. This is somehow supported by the fact
that in this species we found a strong inverse allometric relationship between body and eye size. That is, larger
insects have proportionally smaller eyes that what predicted by body size in an isometric relationship. A similar
allometric response, albeit regarding head size, was also found at higher temperatures in an Isodontia species®.
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Species Trait df |N Predictors | Estimate Statistic | P
60 65 ED 2.545 1.439 0.155
Eye area
ITD? 0.152 15.545 <0.001
60 65 ED 0.001 0.006 0.995
Ocellus diameter
ITD 0.062 12.179 <0.001
60 65 ED -1.219 -0.624 0.535
Interommatidial angle
ITD —-0.440 —6.804 <0.001
60 65 ED -0.021 -0.055 0.956
Ommatidia density
ITD -0.032 -2.718 0.009
60 65 ED 8.475 0.489 0.627
Ommatidia diameter
ITD 1.959 3.167 0.002
60 65 Temp [Log] —-337.510 -2.261 0.025
H. scabiosae
Antenna length ED 1637.159 1.100 0.242
ITD 357.855 10.690 <0.001
60 65 Temp [Log] —11,844.690 —1.553 0.126
F9 area ED 42,065.309 0.586 0.560
ITD 2922.884 7.721 <0.001
41 46 Temp 0.036 0.131 0.896
PO number
ITD 8.041 2.860 0.007
59 64 Temp -0.025 -0.209 0.835
SP density
ITD —4.852 —-3.680 0.001
59 64 Temp 0.396 0.815 0.419
ST density
ITD 0.462 0.106 0.916
35 40 ED 2.520 0.350 0.728
Eye area
ITD 0.112 10.411 <0.001
35 40 ED 0.541 1.319 0.196
Ocellus diameter
ITD 0.051 6.979 <0.001
35 40 ED? —116.063 -1.601 0.118
Interommatidial angle
ITD -0.076 -0.979 0.335
35 |40 |ED [Log] 0.022 1.679 0.088*
Ommatidia density
ITD —-0.060 -4.881 <0.001
35 40 ED —73.983 —2.063 0.047
Ommatidia diameter
ITD 3.624 4.243 <0.001
O. cornuta
35 40 Temp —-8.568 —-0.146 0.885
Antenna length
ITD 577.650 10.452 <0.001
35 40 Temp -2312.163 -1.349 0.186
F9 area
ITD 19,503.463 6.316 <0.001
35 40 Temp -3.124 -1.960 0.058*
PO number
ITD 0.574 0.274 0.786
35 40 ED [Log] 3.333 1.204 0.254
SP density
ITD 0.599 0.264 0.801
35 40 ED [Log] —4.492 -2.519 0.016
ST density
ITD -6.532 -2.034 0.050
Continued
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Species Trait df |N Predictors | Estimate Statistic | P
47 42 Temp -0.037 —-3.036 0.004
Eye area
ITD 0.114 3.666 0.001
47 42 ED 0.114 0.493 0.624
Ocellus diameter
ITD 0.048 4.139 <0.001
47 42 Temp 0.004 0.592 0.557
Interommatidial angle
ITD -0.126 -1.384 0.174
47 42 Temp 0.001 0.772 0.444
Ommatidia density
ITD —-0.034 -1.813 0.077*
47 42 ED 12.752 0.410 0.684
Ommatidia diameter
ITD 1.636 1.581 0.121
47 42 ED? —121,449.014 | —-2.430 0.019
Antenna length
P. dominula ITD 410.086 5.875 <0.001
47 42 Temp [Log] -30,550.825 -1.954 0.058*
F9 area ED [Log] —7868.021 —-2.353 0.023
ITD 12,889.429 2.185 0.035
47 42 Temp 0.249 1.366 0.179
PO number
ITD -1.413 —0.606 0.548
47 42 Temp 0.052 0.325 0.746
SP density
ITD -3.759 -1.814 0.077*
47 42 Temp [Log] 49.877 1.548 0.129
ST density
ITD —-1.540 -0.106 0.916
46 41 ED 47.171 0.846 0.403
SB density
ITD —4.220 —-1.881 0.067*

Table 1. Summary statistic of the linear mixed models used to analyse variations in the morphometric
parameters of the sensory system along the urbanisation gradient. ITD: intertegular distance, F9: size of 9th
flagellomere, PO: pit organs, SP: sensilla placoidea, ST: sensilla trichoidea, SB: sensilla basiconica, Temp:
temperature, ED: edge density. d.f.: degrees of freedom, N: number of samples, P: P-value. In bold significant
results, * marginally significant results.

Considering all the possible explanations, the reduction in eye size is somewhat of a handicap for the wasp. In
fact, eye size is directly related to the visual resolution'”'?. So that smaller eyes may be seen a disturbing effect
of hotter temperatures rather than an adaptation.

In O. cornuta, we found that landscape composition rather than temperature is the most likely driver of vari-
ations in the visual sensory system. According to our hypothesis, we found a higher ommatidia density in more
fragmented sites (i.e., more urbanised). Interestingly, we found edge density and not temperature to significantly
explain variation in ommatidia size as well*®. Of course, ommatidial size and density are inevitably linked to
each other. In fact, one can hypothesise that the increase in density is made possible only by a reduction in the
size of each ommatidia. Or vice versa, the reduction in the size of ommatidia brings consequently the increase
in their density. Albeit we cannot disentangle these two trends, it is interesting to note that they have different
effects on vision properties. In fact, on one hand, a higher density of ommatidia gives the insect a better visual
resolution, while on the other, smaller ommatidia reduce the ability to capture light'. Our results are in con-
trast with those found in a butterfly species that showed larger ommatidia in naturally fragmented habitats’!.
However, the increase in ommatidia density may overcome the reduction in ommatidia size by increasing visual
resolution. In fact, if the size is reduced, more ommatidia will fit into an eye of the same size, thus improving
the density of spatial sampling of the image and therefore spatial resolution®. In O. cornuta, we also found that
a reduced ommatidia size is correlated with smaller interommatidial angles, another possible way to increase
visual resolution. It is also worth noting that O. cornuta has proportionally smaller ommatidia density and
diameter—in relation to body size—which may be associated with poor visual properties!”". These seemingly
unfavourable physiological conditions might explain why in this species habitat fragmentation appears to be a
driver of potential adaptive responses to the environment.

Antennal system

As for the antennal sensory system, in H. scabiosae and P. dominula, we found smaller antenna in hotter and
more fragmented areas, and smaller 9th flagellomere in more fragmented sites only in P. dominula. This seems
in contrast with the Allen’s rule: the warmer the climate, the longer the appendages®. However, our results
agree with what found in a butterfly species and in a bumblebee species, where individuals reared at higher
temperatures result in adults with shorter antennae®>*. However, it was shown that in bees and wasps higher
temperatures reduce body size either by accelerating the larval development or as an adaptation to reduce the
risk of overheating'®. Such tendency was also found in our studied species at the study metropolitan area*. Albeit
with different drivers, it seems that in both species, urban areas host insects with smaller antennae.
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Figure 4. Plots of the significant linear mixed models used to test the effect of urbanisation on the
morphometric parameters of the sensory systems. The mean value + standard error is represented for each site.
In grey, the 95% confidence interval. The colour of the line is associated with the species: H. scabiosae in black,
O. cornuta in red, P dominula in blue.

As we proposed before, it could be hypothesised that in these species, antennae develop faster in smaller indi-
viduals due to higher developmental temperatures found in cities. Generally, temperature affects cell size rather
than the number of cells according to the TOCS®**!. Thus, a decrease in cell size due to higher temperatures could
explain the smaller morphological traits. In addition, a possible explanation may be found in the strong inverse
allometric relationship between body size and the length of the antennae. In fact, antennal length was shown to
be tightly coupled to body size no matter what developmental temperature the individual experiences®. At least
for P dominula, we think that the reduction in F9 area is due to the reduction in the antenna length, and that
maybe this latter structure is the one under the effects of environmental change. As the size of sensory organs is
typically related to their sensitivity®, smaller antennae in P. dominula and H. scabiosae in a more urban matrix
may affect foraging efficiency, colony development and ultimately fitness.

Finally, we found that O. cornuta showed no variation in antennal length with temperature, similarly to
Bombus terrestris (Linnaeus, 1758)%2. However, interestingly, we found that O. cornuta has less thermoreceptors
in hotter sites (i.e., more urbanised). The reduction in thermoreceptors was also found across larger temperature
gradients and confirms our hypotheses®. In fact, the antennae of most insects, including bees, only possess
receptors excited by cold and inhibited by heat”. Bees need to proper feel air temperature as it affects their flight
activities”!. It may be expected that outside cities bees experience colder ambient temperatures and so they might
show more of these thermal receptors’. We also found less sensilla trichoidea in more fragmented areas (i.e.,
more urbanised). Since we found that the number of these two types of sensilla are positively correlated, it may
be hypothesised that the drivers pushing towards a reduction in the number of thermoreceptors would affect
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the number of sensilla trichoidea as well. Nonetheless, this result is somehow in line with what found by* in
Triatoma bugs, where they found that specimens of the urban population showed a high phenotypic variability
and that individuals raised under stable conditions of temperature had a pedicel with fewer sensilla. In cities,
hotter sites are subjected to stronger heat waves, which may be a possible explanation of the increased number
of sensilla trichoidea we found. Overall, we can hypothesise that a certain degree of morphological variability
among populations may be associated with adaptations based on the sensory requirements of different urban
conditions®.

Conclusions

In conclusion, we reported for the first time the effects of urbanisation on the visual and antennal sensory systems
of three biologically different Hymenoptera species. Despite possible shortcomings due to the reduced sample
size and a marginal significance for some responses, we believe that our results are reasonably robust, given
that we controlled for body size, which is a very strong driver of variation in the visual and antennal sensory
systems. Our study highlights how changes in temperature and landscape configuration lead to intraspecific
changes in morphological traits that may influence the perception of the environment. However, whether these
differences would be adaptive or not remains to be tested. Nonetheless, we hypothesise that, at least here, the
highlighted variation in the functional traits of the sensory system is likely due to phenotypic plasticity, as cities
are rapidly changing environments and temperatures may shift from year to year. This was also suggested by’
for other phenotypic traits (i.e., body size) in bees observed across urbanisation gradients. This underlines how
urbanisation may affect bees and wasps in a much broader way then previously hypothesised. This may have
consequences on the conservation status of such insects in urbanised areas since the perception of the environ-
ment has inevitable impacts on the fitness as well. Further studies would certainly be needed to investigate if such
variations occur also in other species or in other urban settings. Most importantly, the biological consequences
behind the observed variations are likely to be elucidated by studies using a more behavioural and physiological
approach, as well as fitness estimations.

Data availability

All data generated or analysed during this study are included in the Supplementary Information files.

Received: 9 January 2024; Accepted: 3 April 2024
Published online: 18 April 2024

References
1. Li, E et al. Urban green space fragmentation and urbanization: A spatiotemporal perspective. Forests 10, 333 (2019).
2. Cheela, V. S., John, M., Biswas, W. & Sarker, P. Combating urban heat island effect—A review of reflective pavements and tree
shading strategies. Buildings 11, 93 (2021).
3. Hallmann, C. A. et al. More than 75 percent decline over 27 years in total flying insect biomass in protected areas. PLoS ONE 12,
€0185809 (2017).
4. Koranyi, D., Egerer, M., Rusch, A., Szab¢, B. & Batdry, P. Urbanization hampers biological control of insect pests: a global meta-
analysis. Sci. Total Environ. 834, 155396 (2022).
5. Chatelain, M., Ruidisser, J., & Traugott, M. Urban-driven decrease in arthropod richness and diversity associated with group-specific
changes in arthropod abundance. Front. Ecol. Evol. 11 (2013).
6. Lowenstein, D. M., Matteson, K. C. & Minor, E. S. Diversity of wild bees supports pollination services in an urbanized landscape.
Oecologia 179, 811-821 (2015).
7. Brock, R. E., Cini, A. & Sumner, S. Ecosystem services provided by aculeate wasps. Biol. Rev. 96, 1645-1675 (2021).
8. Barbosa, B. C., Maciel, T. T., Gonzaga, D. R. & Prezoto, F. Social wasps in an urban fragment: Seasonality and selection of nesting
substrates. J. Nat. Hist. 54, 1581-1591 (2020).
9. Biella, P. et al. City climate and landscape structure shape pollinators, nectar and transported pollen along a gradient of urbaniza-
tion. J. Appl. Ecol. 59, 1586-1595 (2022).
10. Ferrari, A. & Polidori, C. How city traits affect taxonomic and functional diversity of urban wild bee communities: insights from
a worldwide analysis. Apidologie 53, 1-23 (2022).
11. Prendergast, K. S., Dixon, K. W. & Bateman, P. W. A global review of determinants of native bee assemblages in urbanised land-
scapes. Insect Conserv. Divers. 15(4), 385-405 (2022).
12. Geppert, C. et al. Temperature and not landscape composition shapes wild bee communities in an urban environment. Insect
Conserv. Divers. 16, 65-76 (2022).
13. Buchholz, S., Gathof, A. K., Grossmann, A. J., Kowarik, I. & Fischer, L. K. Wild bees in urban grasslands: Urbanisation, functional
diversity and species traits. Landsc. Urban Plan. 196, 103731 (2020).
14. Polidori, C., Ferrari, A., Ronchetti, F,, Tommasi, N. & Nalini, E. Warming up through buildings and roads: What we know and
should know about the Urban Heat Island effect on bees. Front. Bee Sci. 1, 1269600 (2023).
15. Eggenberger, H. et al. Urban bumblebees are smaller and more phenotypically diverse than their rural counterparts. J. Anim. Ecol.
88(10), 1522-1533 (2019).
16. Tommasi, N. et al. Effect of urbanization and its environmental stressors on the intraspecific variation of flight functional traits
in two bumblebee species. Oecologia 199, 289-299 (2022).
17. Chapman, R. E. The Insects: Structure and Function, 5th ed. (Cambridge university Press, 2013).
18. Streinzer, M. & Spaethe, J. Functional morphology of the visual system and mating strategies in bumblebees (Hymenoptera, Apidae,
Bombus). Zool. J. Linn. Soc. 170, 735-747 (2014).
19. Land, M. F. Visual acuity in insects. Ann. Rev. Entomol. 42, 147-177 (1997).
20. Elgar, M. A. et al. Insect antennal morphology: the evolution of diverse solutions to odorant perception. Yale J. Biol. Med. 91, 457
(2018).
21. Fialho, M. D. C. Q., Guss-Matiello, C. P., Zanuncio, ]. C., Campos, L. A. O. & Serrao, J. E. A comparative study of the antennal
sensilla in corbiculate bees. J. Apic. Res. 53, 392-403 (2014).
22. Polidori, C., Garcia, A. J. & Nieves-Aldrey, J. L. Antennal sensillar equipment in closely related predatory wasp species (Hyme-
noptera: Philanthinae) hunting for different prey types. Comptes Rendus Biologies 335, 279-291 (2012).

Scientific Reports |

(2024) 14:8960 | https://doi.org/10.1038/s41598-024-58804-2 nature portfolio



www.nature.com/scientificreports/

23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
. Miiller, J. N. et al. Does antennal sensilla pattern of different populations of Triatoma maculata (Hemiptera: Reduviidae) reveal

34,
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.

45.
. Sheehan, M. ], Jinn, J. & Tibbetts, E. A. Coevolution of visual signals and eye morphology in Polistes paper wasps. Biol. Lett. 10,

47.
48.
49.
50.
51.

52.
53.

54.
55.

56.

62.

63.
64.

65.

Polidori, C., Jorge, A. & Ornosa, C. Antennal morphology and sensillar equipment vary with pollen diet specialization in Andrena
bees. Arthropod. Struct. Dev. 57, 100950 (2020).

Ribeiro Junior, C. & Serrao, J. E. Antennal sensilla in vespidae: A comparison between a diurnal and a nocturnal polistinae wasp.
Microsc. Microanal. 28(3), 880-893 (2022).

Warrant, E. ], Kelber, A., Wallén, R. & Wcislo, W. T. Ocellar optics in nocturnal and diurnal bees and wasps. Arthropod. Struct.
Dev. 35,293-305 (2006).

Leys, R. & Hogendoorn, K. Correlated evolution of mating behaviour and morphology in large carpenter bees (Xylocopa). Apid-
ologie 39, 119-132 (2008).

Galvani, G. L., Gonzalez-Vaquero, R. A., Guerra-Navarro, C. & Settembrini, B. P. Antennal sensilla of cleptoparasitic and non-
parasitic bees in two subfamilies of Apidae. Apidologie 48, 437-449 (2017).

Wittwer, B. W. et al. Solitary bees reduce investment in communication compared with their social relatives. Proc. Natl. Acad. Sci.
114, 6569-6574 (2017).

Polidori, C., Piwczynski, M., Ronchetti, E, Johnston, N. P. & Szpila, K. Host-trailing satellite flight behaviour is associated with
greater investment in peripheral visual sensory system in miltogrammine flies. Sci. Rep. 12, 2773 (2022).

Kierat, J., Szentgyorgyi, H., Czarnoleski, M., & Woyciechowski, M. The thermal environment of the nest affects body and cell size
in the solitary red mason bee (Osmia bicornis L). J. Therm. Biol. 68, 39-44 (2017).

Turlure, C., Schtickzelle, N., Van Dyck, H., Seymoure, B. & Rutowski, R. Flight morphology, compound eye structure and dispersal
in the bog and the cranberry fritillary butterflies: An inter-and intraspecific comparison. PLoS ONE. 11, e0158073 (2016).
Boulton, R. A. & Field, J. Sensory plasticity in a socially plastic bee. J. Evol. Biol. 35, 1218-1228 (2002).

phenotypic variability?. Parasit. Vectors 12, 1-6 (2019).

Azevedo, R. B. R, French, V. & Partridge, L. Temperature modulates epidermal cell size in Drosophila melanogaster. J. Insect Physiol.
48,231-237 (2002).

Gérard, M., Guiraud, M., Cariou, B., Henrion, M., & Baird, E. Elevated developmental temperatures impact the size and allometry
of morphological traits of the bumblebee Bombus terrestris. J. Exp. Biol. 226(8), jeb245728 (2023).

Moradinour, Z., Wiklund, C., Miettinen, A., Gérard, M. & Baird, E. Exposure to elevated temperature during development affects
eclosion and morphology in the temperate Pieris napi butterfly (Lepidoptera: Pieridae). J. Therm. Biol. 118, 103721 (2023).
Keesey, 1. et al. Inverse resource allocation between vision and olfaction across the genus Drosophila. Nat. Commun. 10, 1162
(2019).

Jelley, C. & Barden, P. Vision-linked traits associated with antenna size and foraging ecology across ants. Insect Syst. Divers. 5, 9
(2021).

Greenleaf, S. S., Williams, N. M., Winfree, R. & Kremen, C. Bee foraging ranges and their relationship to body size. Oecologia 153,
589-596 (2007).

Bosch, J. The nesting behaviour of the mason bee Osmia cornuta (Latr) with special reference to its pollinating potential (Hyme-
noptera, Megachilidae). Apidologie 25, 84-93 (1994).

Ulrich, Y., Perrin, N. & Chapuisat, M. Flexible social organization and high incidence of drifting in the sweat bee, Halictus scabiosae.
Mol. Ecol. 18, 1791-1800 (2009).

Nonacs, P. & Reeve, H. K. Opportunistic adoption of orphaned nests in paper wasps as an alternative reproductive strategy. Behav.
Process. 30, 47-59 (1993).

Bagriacik, N. Comparison of the nest materials of Polistes gallicus (L.), Polistes dominulus (Christ) and Polistes nimpha (Christ)
(Hymenoptera: Vespidae). Arch. Biol. Sci. 64, 1079-1084 (2012).

Ferrari, A., Tommasi, N. & Polidori, C. Urban environmental conditions shrink body size, improve flight morphology but lead to
higher fluctuating asymmetry in bees and wasps. Basic Appl. Ecol. 74, 57-65 (2024).

Mathur, M. Spatial autocorrelation analysis in plant population: An overview. J. Appl. Nat. Sci. 7, 501-513 (2015).

20140254 (2014).

Seidl, R. & Kaiser, W. Visual field size, binocular domain and the ommatidial array of the compound eyes in worker honey bees.
J. Comp. Physiol. 143, 17-26 (1981).

Rebora, M., Piersanti, S., Almaas, T. ]. & Gaino, E. Hygroreceptors in the larva of Libellula depressa (Odonata: Libellulidae). J. Insect
Physiol. 53, 550-558 (2007).

Lacher, V. Elektrophysiologische untersuchungen an einzelnen rezeptoren fiir geruch, kohlendioxyd, luftfeuchtigkeit und tempratur
auf den antennen der arbeitsbiene und der drohne (Apis mellifica L.). Zeitschrift fiir vergleichende Physiologie, 48, 587-623 (1964).
Steinbrecht, R. A. The fine structure of thermo-/hygrosensitive sensilla in the silkmoth Bombyx mori: receptor membrane sub-
structure and sensory cell contacts. Cell Tissue Res. 255, 49-57 (1989).

R Core Team R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
(2021). URL https://www.R-project.org/.

Barton, K. MuMIn: multi-model inference. (2009). http://r-forge.r-project.org/projects/mumin/

Nakagawa, S. & Schielzeth, H. A general and simple method for obtaining R2 from generalized linear mixed-effects models.
Methods Ecol. Evol. 4,133-142 (2013).

Cheng, J., Edwards, L. J., Maldonado-Molina, M. M., Komro, K. A. & Muller, K. E. Real longitudinal data analysis for real people:
building a good enough mixed model. Stat. Med. 29, 504-520 (2010).

Schielzeth, H. et al. Robustness of linear mixed-effects models to violations of distributional assumptions. Methods Ecol Evol. 11,
1141-1152 (2020).

Lidecke, D., Ben-Shachar, M.S., Patil, I., Waggoner, P., & Makowski, D. performance: An R package for assessment, comparison
and testing of statistical models. . Open Sour. Soft. 6 (2021).

. Wickham, H. Package ‘ggplot2’ Create elegant data visualisations using the grammar of graphics, 2nd ed. (Springer International

Publishing, 2016)

. Wei, T. et al. Package ‘corrplot’ Statistician 56, 24 (2017).

. Bates, D., Machler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67, 1-48 (2015).

. Liidecke, D. sjPlot: Data visualization for statistics in social science. R package version 2,1 (2018).

. Heinze, J., Foitzik, S., Fischer, B., Wanke, T. & Kipyatkov, V. E. The significance of latitudinal variation in body size in a holarctic

ant, Leptothorax acervorum. Ecography 26, 349-355 (2003).

Perl, C. D. et al. Heatwave-like events during development are sufficient to impair bumblebee worker responses to sensory stimuli.
Front. Ecol. Evol. 9, 776830 (2022).

Atkinson, D. Temperature and organism size—A biological Law for Ectotherms?. Adv. Ecol. Res. 25, 1-58 (1994).

Atkinson, D., Morley, S. A. & Hughes, R. N. From cells to colonies: at what levels of body organization does the ‘temperature-size
rule’ apply?. Evol. Dev. 8,202-214 (2006).

Czarnoleski, M., Cooper, B. S., Kierat, J. & Angilletta, M. J. Jr. Flies developed small bodies and small cells in warm and in thermally
fluctuating environments. J. Exp. Biol. 216, 2896-2901 (2013).

Scientific Reports |

(2024) 14:8960 | https://doi.org/10.1038/s41598-024-58804-2 nature portfolio


https://www.R-project.org/
http://r-forge.r-project.org/projects/mumin/

www.nature.com/scientificreports/

66. O'Neill, K. M., Delphia, C. M. & Spendal, R. C. Effect of temperature on the post-diapause developmental rate, survival, and body
mass of the solitary wasp Isodontia elegans: Implications for rearing of trap-nesting Hymenoptera. J. Therm. Biol. 113, 103516
(2023).

67. Stockl, A., Smolka, J., O’Carroll, D. & Warrant, E. Resolving the trade-off between visual sensitivity and spatial acuity—Lessons
from hawkmoths. Integr. Comp. Biol. 57, 1093-1103 (2017).

68. Allen, J. A. The influence of physical conditions in the genesis of species. Radic. Rev. 1, 108-140 (1877).

69. Spaethe, J., Brockmann, A., Halbig, C. & Tautz, J. Size determines antennal sensitivity and behavioral threshold to odors in bum-
blebee workers. Naturwissenschaften 94, 733-739 (2007).

70. Gonzalez-Tokman, D. et al. Insect responses to heat: physiological mechanisms, evolution and ecological implications in a warming
world. Biol. Rev. 95, 802-821 (2020).

71. Potts, S. G. & Willmer, P. Abiotic and biotic factors influencing nest- site selection by Halictus rubicundus, a ground- nesting
halictine bee. Ecol. Entomol. 22, 319-328 (1997).

72. Bishop, et al. Ant assemblages have darker and larger members in cold environments. Glob. Ecol. Biogeogr. 25, 1489-1499 (2016).

73. Austin, M. W,, Tripodi, A. D., Strange, J. P. & Dunlap, A. S. Bumble bees exhibit body size clines across an urban gradient despite
low genetic differentiation. Sci. Rep. 12(1), 4166 (2022).

Acknowledgements

We thank Simone Briatico, Linda Polidori and Alessio Pollastri for their help during the sampling activity. We
thank Stefania Crespi (Department of Earth Sciences “Ardito Desio”, University of Milan) for technical assistance
with the SEM images. The icons presented in the figures were taken from https://www.phylopic.org/ and modified
under CCO 1.0 Universal Public Domain Dedication.

Author contributions
C.P. conceived the study. A.F. sampled the insects; A.E and G.T. collected the data; A.F. and C.P. analysed the data.
A'F. and C.P. wrote the first draft of the manuscript. All authors read, improved, and approved the manuscript.

Funding

This study was performed with the financial support of the Environmental Science and Policy Department of
the University of Milan (Linea 2 funding program). The authors acknowledge the support of the APC central
fund of the university of Milan.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-58804-2.

Correspondence and requests for materials should be addressed to A.E.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:8960 | https://doi.org/10.1038/s41598-024-58804-2 nature portfolio


https://www.phylopic.org/
https://doi.org/10.1038/s41598-024-58804-2
https://doi.org/10.1038/s41598-024-58804-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Subtle morphological changes in the visual and antennal sensory system of bees and wasps across an urbanisation gradient
	Materials and methods
	Studied species and sampling activities
	Landscape characterisation
	Body size
	Visual sensory system
	Antennal sensory system
	Statistical analysis

	Results
	Discussion
	Visual system
	Antennal system

	Conclusions
	References
	Acknowledgements


