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Air pollution threatens pollination by degrading floral odors essential for attracting pollinators. This
study explores the utility of the Compounds Without Borders method, which quantifies odor changes
using molecular features, as a tool for understanding how pollutants like ozone affect scent
perception. We identified a pollution-degradation threshold as quantified by Compounds Without
Borders by analyzing published datasets on honeybee proboscis extension responses to pollution-
modified Brassica odors: odors degraded beyond 10 degrees show decreased response rates.
Application of Compounds Without Borders analysis to different plant scent profiles indicates the
scents of some species (canola) are vulnerable to air pollution, while others (apple) are resilient. Our
results support the utility of Compounds Without Borders to assess the effects of air pollution on
honeybee olfaction, offering a predictive tool and establishing a foundation to build a model that could
be used to safeguard pollination services against the growing threat of air pollution and other

environmental stressors.

Insect pollination supports ecosystem stability and agricultural
productivity', with insect pollinators contributing to the yield, quality and
stability of 70% of crop species’. Insect pollinators use a combination of
visual, olfactory and to a lesser extent tactile cues to make foraging decisions
about flowers™™. Odor cues are particularly crucial as they can be detected
over longer distances and provide specific information about the flower’s
identity and reward status™®. Floral odors, composed of volatile organic
compounds (VOCs), are vital for attracting many species of pollinating
insects, and these odor-mediated interactions underpin the reproduction of
numerous plant species’.

Air pollution increasingly threatens this interaction by degrading
VOCs as they travel through the air away from a flower, reducing the
distance these cues travel and the integrity of the information they convey.
Many floral VOCs react with naturally occurring atmospheric oxidants such
as the hydroxyl radical (OH) and ozone (Os), along with atmospheric
oxidants elevated by air pollution like nitrogen oxides (NO,) and additional
ground-level Os, altering their chemical composition, which can disrupt
pollinator attraction and reduce foraging efficiency'*"'. Understanding these
impacts is limited by several factors. The reactivity between pollutants and
VOCs varies depending on their chemical properties, with O; reacting
rapidly with alkenes, but more slowly with aromatic compounds'”. Each

plant species emits a unique VOC floral profile”, leading to species-specific
impacts. Pollinator species differ in their reliance on odor cues; honeybees,
for example, have a highly developed olfactory system and can learn odor-
reward associations'. Pollution levels and types fluctuate spatially and
temporally due to industrial activity, traffic and weather, and interactions
between pollutants like O3 and NO, add complexity'*'"®. Empirical studies
addressing these variables are time-consuming and costly, making it
impractical to test all combinations of plants, pollinators, and pollution
scenarios. As such, there is a critical need for a predictive model to inform
policy and practice in understanding and managing the potential effects of
air pollution on pollination. Additionally, an effective predictive model will
help narrow the scope for future empirical studies, potentially increasing the
time and resource efficiency of such investigations.

Gaining greater insight into the effect of pollution on insect pollinators’
ability to locate flowers, requires information on the floral VOC blend a
plant releases, the reactivity of its components with key air pollutants, and
how these changes alter pollinator-perception. Many floral VOC blends
have already been documented in the ecological literature (e.g. ref. 13;
likewise, the reaction kinetics of many common floral VOCs with oxidative
pollutants, such as O, have been documented in the atmospheric chemistry
literature'””"". Pioneering work modeled how interactions between oxidative
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pollutants and the VOC components of floral odor blends changed the
relative ratios of those VOCs within the odor'**’. However, until recently the
effects of these pollutant-induced changes in VOC blends on insect polli-
nator perception and behavior have been limited to empirical studies'>*'~,
which have shown that not all VOC changes have an equal impact on
behavior. For example, honeybees trained to Brassica napus scent show a
drastic decrease in response when terpinene is removed but no significant
change when farnesene is removed’". One study has begun the important
work of bridging the body of empirical pollinator behavior literature with
landscape models of floral scent degradation in the context of nocturnal
pollination, grounded in the assumption that loss of beta-pinene and cis-
beta-ocimene would be equally impactful in all floral odor blends™.

The odor signals provided by flowers are detectable at greater distances
than visual cues', and are likely to be more heavily utilized by insect polli-
nators during foraging flights to locate novel resource patches. Flowers
produce complex blends of scent, rather than monomolecular odors™"’. The
perceptual identity of odor blends is established by insect olfactory systems
using a ‘combinatorial code’, meaning that the neural response to a complex
blend of VOC:s is not a simple linear sum of responses to each individual
VOC”. Therefore, as pollution interacts differentially with individual
components of a blend, it is challenging to predict the perceptual impacts on
a foraging pollinator.

Traditional methods of describing the relative similarity (or dissim-
ilarity) of complex odor blends have relied on statistical analyses such as
principal components analysis (PCA) or nondimensional metric scaling
(NMDS)***. While these methods have excellent descriptive power, the
dimensions of the odor spaces they create are based upon the identity of the
odors’ component molecules rather than their structures. However, studies
on insect olfactory receptor neurons (ORNSs) indicate that many ORNs
respond to multiple molecules sharing functional group characteristics™".
Likewise, seminal work on olfactory processing in the honeybee antennal
lobe demonstrated that carbon chain length and functional group are reli-
ably encoded™. Thus, for complex odors, insect olfactory systems maintain
information about molecular characteristics, rather than molecular identity.
Statistical approaches based on molecular identity do not provide inde-
pendent quantitative axes capable of calculating differences between intact
and pollution-degraded odor plumes.

This study utilizes a recently established method for geometric repre-
sentation of odors, ‘Compounds Without Borders’ (CWB), which defines an
odor-space whose dimensions are derived from physiologically-relevant
attributes of molecules based on the current understanding of how odorants
are encoded by insect-olfactory systems™*******, Specifically, the organi-
zation of insect olfactory systems preserves information about molecular
features of VOCs such as functional groups (e.g. alcohol, ester, etc.) and
carbon characteristics (carbon chain length and number of carbons in cyclic
structures). The CWB odor space utilizes these features as the dimensions in
a Euclidean space™. Any odor (either single VOCs or VOC blends) can be
represented within this space as a vector of consistent length, and the
angular distance between the resulting vectors of two odors can serve as a
measurement of their similarity (or lack thereof). This odor-space is thus a
mathematical representation of an odor’s stimulus characteristics, much asa
spectrogram describes the distribution of wavelengths within color stimuli
available to a visual system. The efficacy of CWB in describing and pre-
dicting odor-behavior has been tested in bumblebees™, but its effectiveness
in describing honeybee (A. mellifera) behavior is unknown.

The objectives of this study are to: 1) explore CWB’s ability to predict
honeybee behavioral responses to pollution-degraded odors using pub-
lished datasets; and 2) evaluate how air pollution could impact the ability of
honeybees to recognize the known floral VOCs from a range of honeybee-
pollinated plants from different plant families and with different lifecycles.
Therefore, four major crops known to be pollinated by honeybees (canola,
white mustard, apple and strawberry) were selected to model this new
approach.

Understanding how air pollution disrupts pollinator sensory ecology
and how this might vary between plant species is crucial for developing

strategies to safeguard pollination services in both natural and agricultural
ecosystems. Our results show that with modification CWB quantification of
changes in odor blends due to air pollution correlates with a consistent 10
degree disruption threshold in honeybee responses across studies. Applying
this to four plant species predicted varying susceptibilities, with canola/
oilseed rape being the most affected. This highlights CWB’s potential to
predict how air pollution might influence odor-driven interactions between
pollinators and a wide range of agriculturally and horticulturally important
insect-pollinated crops. This in turn could help develop mitigation strategies
for the adverse effects of VOC degradation on pollination services in agri-
cultural and natural ecosystems. Additionally, this establishes a foundation
for future empirical work on the relationship between odor-structure, odor-
degradation susceptibility, and pollination services.

Results

Development of CWB model for honeybees and air pollution
CWB vectorization and original angular calculation were applied to three
published datasets: Girling et al., Lusebrink et al,, and Langford et al.***";
three studies that investigated how honeybee odor responses were impacted
by the altered odor structure that reactions between floral odorants and
anthropogenic air pollutants (e.g. diesel, O3) incur. CWB vectorization and
original angular calculation of the three published datasets demonstrated
that CWB-angle was internally predictive for all three studies, but Girling
et al. data showed a lower angular threshold of disruption (Fig. 1A). Girling
et al. and Lusebrink et al. took a more rudimentary approach to blend
manipulation by entirely removing those floral VOCs from the original odor
that were highly reactive with the pollutant, while Langford et al. took a more
nuanced approach by recreating the ratio changes in the VOCs driven by
pollution exposure. Given the extensive lateral processing within the
antennal lobe (Martin, Clifford and Riffell), it is likely that removal of an
odorant could have larger impacts on olfactory perception than reducing its
ratio. Thus, angular calculations were modified by preprocessing vectors.
Vectors were compared prior to running angle calculations and any
dimensions that were gained or lost between the two vectors were amplified
by an order of magnitude (CWBgya, Fig. 1, Supplementary Video 1). With
modified angular calculations there is a consistent disruption threshold,
with average PER response rates dropping to 50% in the 10-15 degree range
(Fig. 1B, C).

Predicting honeybee responses to floral odors altered by air
pollution

Modeling the impact of ozone on floral odor profiles. Representations
of how air pollution impacts floral scent profiles necessarily focus upon
changes in VOC ratios, because it is the chemistry of those profiles that
change as a result of oxidative pollution. Four different crop odors were
analyzed: white mustard (Sinapis alba), Fragaria x ananassa (Strawberry.
Malwina cultivar), Malus domestica (Apple, Golden Delicious cultivar),
and canola / oilseed rape (Brassica napus) (Table 1). These crops
encompass both annual and perennial systems; with two seed-crop
representatives (canola and mustard) and two fruit-crop representatives
(strawberry, a berry-fruit, and apple, a tree-fruit). Modeling the changes
to floral VOCs over time in response to exposure to O; demonstrates that
increasing concentrations of Oj; increase the rate of degradation of some
VOCs, but that not all are susceptible and the rate of change of those
reactive VOCs vary from one species to another (Fig. 2). The floral VOCs
that make up the profile of apple scents are less reactive to O3 than those
of canola, and the floral scent profiles of strawberry and mustard
demonstrate an intermediate level of reactivity. Visualizing these profile
changes using a cosine similarity analysis allows a representation of the
holistic impact of air pollution on the blend structure (Fig. 3) and
demonstrates that changes to the canola profile are clearly the most
pronounced and rapid, followed by changes to the strawberry profile.

Predicting changes in honeybee recognition of altered floral odors.
Insect brains utilize a combinatorial code for neural encoding of floral
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Fig. 1 | CWB analysis of honeybee odor pollution studies. This figure demon-
strates application of the original CWB-analysis (Sprayberry 2020) to three pub-
lished datasets, and our proposed modification of that odor representation system
for subtractive odor pollution in honeybees. The three studies (Girling et al.,
Lusebrink et al., and Langford et al.) all measured changes in proboscis extension
reflex (PER) of honeybees trained to an unpolluted source odor when the individuals
were tested with ‘polluted’ version. The source odors varied across the three studies,
and the pollution ranged from diesel exhaust to ozone. A PER data from each of the
three studies analyzed with the original CWB odor-geometry show a decrease in PER
response as the CWB-angle between the learned source odor and polluted test odor
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increases. However, the rate of decline is variable across the three studies. B Plotting
PER responses in 5 degree bins demonstrates the improved predictive potential of
the proposed CWB-modification (CWBgra). In contrast with the original method,
responses plotted against CWBg; o-angles do not drop below 50% until the 10-15
degree bin, and once they drop below 50% they do not cross back over. C Similarly,
PER responses plotted against angle for data ranging from 0 degrees to the angle at
which all subsequent responses stay below 50% (14° for both original and G/L
amplified) and fit a linear regression to those we see a substantial increase in the R®
for CWBg 4 data (R? of 0.74 versus 0.31).

scent; therefore, neurophysiological and behavioral responses can be
more strongly influenced by the attributes of molecules within a blend,
rather than simply the VOC identity. While strawberry floral VOCs show
slightly greater susceptibility than mustard floral VOCs to Os-induced
chemical degradation when assessed through traditional VOC ratio
analysis (Fig. 3), a different picture emerges when the CWB perceptual
model is applied (Fig. 4). Although the ratios of VOCs from strawberry
change more dramatically over time (Fig. 3), the perceptual impact, as
estimated by changes in CWBg; 4 angles, is greater for mustard (Fig. 4).
Specifically, mustard VOCs cross the 15° angular threshold (a value

proposed to mark the onset of major perceptual change in honeybee scent
recognition) more rapidly than those of strawberry. Mustard floral VOCs
resulted in changes in CWBgpa angles over 15° within 8-10 min
depending upon the O; concentration. After these initial shifts, further
angular change occurred more slowly compared to both canola and
strawberry floral VOCs. In contrast, angular changes in response to
strawberry floral VOCs O degradation were initially slower, but then
underwent faster angular changes than those of white mustard. This
difference arises because the CWB model represents structural similarity
between molecules, rather than simply changes in VOC identity.
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Table 1 | Reaction rates of hydroxyl radicals and ozone with each floral Volatile Organic Compound (VOC) identified from the
floral odors of four crop plants, white mustard?, strawberry®, apple®, and canola’

Crop species Floral VOC VOC kos Rate constant kou Rate constant source
relative ratio source
Sinapis alba (White cis-3-hexen-1-ol 0.02 6.4E—17 Atkinson et al.*’ 1.08E-10 Atkinson et al.”’
=it benzaldehyde 05 1E-25 EPISuite 1.79E—11 EPISuite
cis-3-hexen-1-ol acetate 0.08 5.4E-17 Atkinson et al.*’ 7.84E—11 Atkinson et al.*’
benzyl alcohol 0.01 6E—19 Harrison and Wells*® 2.8E—11 Harrison and Wells*®
Benzeneacetaldehyde 0.002 1E-25 EPISuite 2.63E—11 EPISuite
(E)-B-ocimene 0.03 3.85E—-16 Kim et al.*® 3.04E-10 Kim et al.*
Acetophenone 0.01 1E-25 EPISuite 1.87E-12 EPISuite
Methyl salicylate 0.03 4E-21 Canosa-Mas et al.*” 1.11E-11 EPISuite
Anisaldehyde 0.3 1E-25 EPISuite 1E-25 EPISuite
B-caryophyllene 0.01 1.16E-14 Shu and Atkinson®’ 2E-10 Shu and Atkinson®?
Fragaria x ananassa (2)-3-hexenol 0.004 6.40E—-17 Atkinson et al.*’ 1.08E-10 Atkinson et al.”’
(21 (E)-2-nonenal 0.005 1.82E—18 EPISuite 427581E—11  EPISuite
Heptanal 0.007 1.00E—-25 EPISuite 3.02442E—-11  EPISuite
n-decane 0.013 1.00E—-25 EPISuite 1.11105E-11  EPISuite
(2)-3-hexenyl acetate 0.001 5.40E-17 Atkinson et al.*’ 7.84E-11 Atkinson et al.*’
Butyl acetate 0.281 1.00E—-25 EPISuite 4.6E-12 EPISuite
Benzyl benzoate 0.536 1.00E-25 EPISuite 6.9698E—12 EPISuite
2-butenoic acid, 3-methyl-, 0.034 7.39E-17 EPISuite 3.8519E—11 EPISuite
2-phenylethyl ester
b-pinene 0.005 1.50E-17 Bonn and Moorgat*® 7.89E—11 Bonn and Moorgat™
Limonene 0.06 2.10E-16 Atkinson et al."” 1.63793E-10  Gill and Hites™
g-terpinene 0.042 1.40E-16 Atkinson et al."” 1.76E-10 Atkinson et al."”
a-ionone 0.003 4.27E-17 EPISuite 1.15798E—-10  EPISuite
Myrcene 0.009 3.78396E—16  Kim et al.* 2.1E-10 Atkinson et al.*®
Apple Benzaldehyde 0.18 1E-25 EPISuite 1.7867E—11 EPISuite
(L2EPe ) Benzyl alcohol 0.77 6E—19 Harrison and Wells*® 2.8E—11 Harrison and Wells*®
Benzyl formate 0.01 1E-25 EPISuite 6.3395E—-12 EPISuite
Benzyl acetate 0.02 1E-25 EPISuite 6.3816E—12 EPISuite
(E)-cinnamaldehyde 0.01 2.2E-18 Smith et al.”® 4.8E—-11 Smith et al.*®
Methyleugenol 0.01 1.2E-17 EPISuite 7.51143E-11  EPISuite
Canola/Oilseed rape  Alpha pinene 0.27 2.83E-17 Liu and Hu® 5.40493E—11  Montenegro et al.”’
(elEEsieninn oty Phenylacetaldehyde 0.01 1.00E—25 EPISuite 2.63E—11 EPISuite
p Cymene 0.3 5.00E—20 Atkinson et al."” 8.536E—12 EPISuite
Alpha Terpinene 0.09 8.70E—15 Atkinson et al."” 3.6E-10 Atkinson et al.*®
Linalool 0.11 4.30E-16 Aazaad and 5.3E-11 Aazaad and
Lakshmipathi®® Lakshmipathi®
2-phenylethanol 0.05 1.00E-25 EPISuite 1.01548E—11  EPISuite
(E,E) alphat Farnesene 0.01 1.00E-15 Bouvier-Brown etal.®®  2.19E-10 Kim et al.*
3-Carene 0.16 3.80E-17 Atkinson et al.'” 8.8E—11 Pratt et al.®’

Strawberry loses three molecules in a similar time frame as mustard
losing 2 molecules. A cosine similarity analysis based on odorant identity
shows a larger change for strawberry than mustard because of the higher
component loss. However, the structural overlap between molecules is
higher for strawberry than mustard: the loss of three molecules from
strawberry drops 2 CWB-dimensions to zero, while the loss of two
molecules from mustard drops 6 CWB-dimensions to zero (Table 2).
This indicates that despite the VOC profile change in mustard occurring
at a slower rate than strawberry, perceptual reduction in recognition by
honeybees occurred quicker in mustard than strawberry.

Overall, changes in CWBg4 angles over time varied considerably
between the four different crop floral VOC profiles (Fig. 4). The most

pronounced effects were observed for canola, where CWB angles shifted by
15° or more, within 3 min of exposure to high levels of O; (>140 ppb), which
is a 9-fold decrease in longevity from the 27-min lifetime at ambient Os.
Apple VOCs were the most stable, with negligible changes in CWBg; 4
angles at all concentrations within 60 min.

Discussion

Over the past two decades, research has increasingly focused on how human
activities, particularly air pollution, indirectly disrupt chemical commu-
nication in pollination systems. Modeling studies have shown that air pol-
lutants like O; differentially degrade VOCs within floral odors, altering their
relative ratios and, therefore, the odor’s structure'****"*. This degradation
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does not simply reduce signal intensity or range; it transforms VOC profiles,
potentially impairing pollinator perception and recognition'***. Under-
standing the relationship between changing blend-ratios and pollinator
perception currently relies on empirical studies that recreate modeled
change in scent structure'>***”’. This is an effective way of understanding
how a pollinator species responds to changes in an individual plant species’
floral bouquet. However, previous studies have demonstrated an ambiguity
in response to the removal of single VOCs, indicating that a threshold of
pollution-disruption cannot be determined by the number of susceptible
molecules in the blend. For example, honeybees trained to associate Brassica
napus scent with a sucrose reward show recognition dropping to <35%
when a key VOC (a-terpinene) is removed, yet retain 75% recognition when
an alternative VOC (a-farnesene) is absent’". This variability indicates that
disruption cannot be predicted solely by the number of degraded VOCs,
highlighting the need for either experimental testing of behavioral responses
to large numbers of floral odor blends, or a computational representation of
odor perception grounded in olfactory neurophysiology.

Taking the latter approach by utilizing CWB odor vectors offers two
advantages. First, they can represent any odor blend, and its subsequent
degradation, in the same geometry. This allows calculation of the angular
change between unpolluted and polluted scent, giving a single variable
(theta) for determination of behavioral disruption. Second, the CWB-
geometry is constructed from functionalized dimensions that are neuro-
physiologically relevant; in other words angular shifts in CWB space cor-
relate with changes in the neural representations of odor stimuli. Therefore,
CWB should be computationally capable of describing and predicting
changes in pollinator perception. This approach to odor quantification was
developed in bumblebees (Sprayberry 2020); this study describes a

modification to CWB-vector processing that facilitates its use for honeybees.
With modification, analysis of published datasets indicate that pollution
shifts of 10-15° substantially reduce response rates, dropping odor recog-
nition to below 50% for all angles over 15°.

Applying CWB to floral VOC profiles of crop plants demonstrated
large variation in the potential of air pollution to disrupt flower recognition
between crop plant species. Brassica napus (canola/oilseed rape) was the
most susceptible, with its scent degrading beyond recognition within five
minutes at 110 ppb O; exposure. Sinapis alba (white mustard) was also
susceptible, reaching this threshold of disruption within approximately
fifteen minutes. At a wind speed of 1 m/s this would correspond to func-
tional loss of recognizability at distances of 300 m and 1200, respectively,
while a wind speed of 4 m/s (environmental condition that alters honeybee
flight behavior””) would result in viable scent-recognition at >1000 m for
both. These two most susceptible species in terms of degradation are both
members of the Brassicaceae, which accounted for 44 million hectares of
agricultural cultivation and a value of 92 billion USD in 2022*. Field tests
found that increasing O; concentrations surrounding Brassica nigra plants
resulted in a 62% reduction in insect visitation and significant reduction in
seed metrics.

Contrasting the results for strawberry and white mustard shows the
change in their volatile profiles did not reflect the change in their CWB-
dimensional structure. The change in relative-ratios of VOCs from straw-
berry changed more rapidly over time than those of mustard (Fig. 3);
however, changes in CWB-angles estimated dimensional structure, which
corresponds to perceptual impact, occur more rapidly for mustard (Fig. 4).
This demonstrates the importance of considering the receiver and not just
the chemical signal in understanding the impact of signal degradation as
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Fig. 3 | Cosine similarity analysis of VOC changes in odor-blends across ozone
concentrations. The cosine-similarity of relative VOC changes for four crop scents
are plotted in a matrix of changing ozone concentration over 1 h of reaction time.
Cosine similarity values range from 1 (identical structure (VOC ratios)) to 0 (per-
fectly dissimilar structure). Insets for apple and canola show a range that better
represents their changes: a smaller range showing the high stability of apple and a
larger range showing the high reactivity of canola.

predictions based on chemical change alone are likely to prove inaccurate.
This demonstrates the potential of CWB to pinpoint vulnerable plants,
informing targeted agricultural and conservation strategies.

A recent multi-disciplinary working group identified the
importance of an ‘organismally-informed systems approach’ to
investigating pollination biology, in order to better understand how
human-activity might disrupt and threaten pollination networks"'.
Specifically this group called for modeling studies that elucidate
which variables derived from the underlying organismal-biology of
pollination-network constituents have a meaningful impact on
emergent properties of that network; i.e. pollination services, species
distributions, etc. Those variables should then be empirically inves-
tigated, so that subsequent models can better capture the complexity
of interspecies interactions and their effects. In line with these
recommendations, the analyses presented here set the foundation for
this iterative, systems approach to investigating the effects of air
pollution on food-security.

In conclusion, this study successfully supports the utility of the CWB
method for predicting how air pollution alters floral odors and disrupts
honeybee foraging behavior. By quantifying odor changes through mole-
cular features relevant to insect perception, a consistent perceptual dis-
ruption threshold of 15° in odor structure was identified, which correlated
with a 50% decrease in honeybee response to learned odors across multiple
datasets. Applying this method to economically important crops revealed
substantial variation in their vulnerability to air pollution-induced odor
degradation, with canola proving particularly susceptible compared with
more resilient crops like apple. These findings provide a framework sup-
porting CWB’s potential to predict, and inform mitigation of, the impacts of
air pollution on pollination services. Future studies that utilize this frame-
work in combination with additional empirical data could build robust
landscape-scale models to predict dynamic changes in pollination services
in variable air pollution and environmental scenarios.

Methods

Development of CWB model for honeybees and air pollution
Odor vectorization. The sensory attributes of stimulus odors were
characterized using the CWB vectorization method™. This approach
to odor characterization calculates the amount of sensory energy
(power) present in odor. The dimensional signature of each odor-
blend was calculated from the molecular structure of odorant
molecules based upon their respective carbon chain length (CCL),
cyclic carbon count (CCC), and functional group (FG) characteristics
(Supplementary Video 1). Each odorant’s relative headspace ratio
was assigned to multiple dimensions; with a minimum of three (CCL,
CCQC, and at least one FG) and no maximum. From a dimensional
perspective, the power for each dimension was calculated as the
summed relative headspace ratio (measured using Gas Chromato-
graphy Mass Spectrometry) from molecules with that attribute (CCL,
CCC, or FG). If no molecules within a given odor-blend have that
attribute, that dimension has a power of zero. This dimensional
representation aligns with known odorant-attributes that are coded
for in insect olfactory systems"**. For full details on this method see
Sprayberry (2020).

Odor comparisons using CWB. The CWB method was developed
utilizing bumblebee behavior experiments, with the goal of being able to
represent the sensory-distance between two odors with a single variable
(analogous to plotting how far apart two flower colors are in a bee color-
space), because CWB vectors allow the difference between odors to be
calculated as the angular distance between their vectors with the fol-

lowing equation:
_if a-b
= 1
0 = cos (|a| ” |b|) (1)
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These original vectors are representations of physical odors, not per-
ceptual odors that have been filtered by a sensory system. Additionally, the
original approach to angle calculations uses unmodified vectors; a mathe-
matical assumption that differences between vectors are not amplified or
attenuated by neural processing. In the first proof of concept study
(Sprayberry 2020), this approach effectively described bumblebee behavior.
However, in this study, we explore the utility of modified vector calculations
to better describe honeybee behavior. Due to the extensive lateral inhibition
networks between glomeruli in the honeybees’ antennal lobe®, the loss or
gain of a dimensional attribute from a learned odor could have substantial
impacts on emergent glomerular activation patterns. To account for this,
before angular calculations, odor vectors were compared and any dimension
gained or lost was amplified by an order of magnitude (Fig. 1, Supple-
mentary Video 1).

Honeybee datasets. CWB vectorization and original angular calcu-
lation were applied to three published datasets: Girling et al,
Lusebrink et al., and Langford et al.***”. All three studies investi-
gated how reactions between floral odorants and anthropogenic air
pollutants (e.g. diesel, O;) alter odor structure and influence hon-
eybee behavior. Despite differences in the specific odor stimuli used,
the behavior assays were consistent across studies: honeybees were
trained via Pavlovian conditioning to associate a sucrose reward with
an unpolluted odor blend, then tested with (recreated) polluted
blends. Generalization responses were measured using the proboscis
extension reflex (% PER, see Girling et al. for details). The odor
stimuli utilized in these three studies covered a range of ethologically
relevant floral odor components; with Girling et al. utilizing a
recreated floral odor from the commercial crop plant Brassica napus’,
Lusebrink using an 8 component blend of the most ubiquitous floral
odorant compounds (as reported in Knudsen 2006", as cited by
Lusebrink et al.’, and Langford et al.* using a 4-component blend of
common floral odorants that introduced a novel odorant (Table 3).

Across these stimuli a panel of 18 odorants are present with 12
functional group dimensions and 14 carbon dimensions, representing
scent characteristics common in floral odors.

Predicting honeybee responses to pollution-altered floral odors
Predicting ozone degradation of floral odors. The atmospheric life-
time of a VOC with respect to the hydroxyl radicals (OH) and O; depends
on their reaction rate constants and the concentrations of these oxidants
in the atmosphere. The lifetime (t) with respect to a specific oxidant is
calculated as:

1

Tk [oxidant]’ @

where k is the rate constant for the reaction of the VOC with the oxidant
(units: cm® molecule ' s7*), and [oxidant] is the atmospheric concentration
of the oxidant (units: molecule cm™). In the daytime, the primary oxidants
are OH and O;, with nitrate radicals becoming the dominant sink for VOC
oxidation at night*. Here, our analysis is limited to daytime oxidation, using
a typical OH concentration of 1 x10~° molecules cm’ and varying O
concentrations from background levels (10 ppb) to those experienced
during episodes of ground-level O; pollution (200 ppb).

To calculate the total gas-phase oxidation lifetime of the VOC, con-
tributions from each individual oxidant need to be combined. Since each
reaction pathway acts independently of the others, their respective rate
constants are additive. The total loss rate (k;,,,;) is the sum of the individual
loss rates:

Kiotat = kou[OH] + ko3 [Os]. (3)
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Table 2| The change in non-zero CWB dimensions resulting from early pollution-changes in odor-blend structure for mustard

and strawberry

Mustard

Strawberry

Non-zero dimensions Number of molecules containing dimension

Non-zero dimensions Number of molecules containing dimension

Unpolluted Two molecules lost Unpolluted Three molecules lost
Methyl 3 3 Alcohol 1 1
Aldehyde 3 3 Aldehyde 2 2
Alkene 4 2 Alkane 1 1
Allylic methyl 2 0 Alkene 8 6
Aromatic 6 6 Allylic methyl 5 2
Bicyclic 1 0 Aromatic 2 2
Cyclic alkene 1 0 Bicyclic 1 1
Ester 2 2 Cyclic 3 1
Ether 1 1 Cyclic alkene 3 1
Ketone 1 1 Ester 4 4
Methyl 1 0 Ketone 1 1
CCL2 5 4 Methyl 3 2
CCL3 2 2 CCL2 2 2
CCL6 2 2 CCL3 2 0
CCL8 1 0 CCL4 2 2
CCC6 5 5] CCL5 1 1
CCC11 1 0 CCL6 2 2
n/a n/a n/a CCL7 1 1
n/a n/a n/a CCL8 1 0
n/a n/a n/a CCL9 1 1
n/a n/a n/a CCL10 1 1
n/a n/a n/a CCC6 4 2
n/a n/a n/a CCC7 1 1
n/a n/a n/a CCC12 1 1

Bolded text indicates dimensions that drop to zero with molecular loss.

Despite the fact that ozone and OH degradation results in rapid loss of 3 molecules quickly from the strawberry blend compared to 2 for mustard, mustard loses 6 dimensions while strawberry only loses 2.

The total atmospheric lifetime (s ') is then derived as the inverse of the
total loss rate:

1

T = —.
total
ktutal

4)

Rate constants for the reactions of VOCs with OH and Oj; are often
available in the scientific literature. These values are typically measured
experimentally under controlled conditions or calculated using detailed
chemical models. Table 1 lists the VOCs that have been recorded from the
floral odor of four plant species, white mustard (Sinapis alba), Fragaria x
ananassa (Strawberry. Malwina cultivar), Malus domestica (Apple, Golden
Delicious cultivar), and canola/oilseed rape (Brassica napus). These crops
encompass both annual and perennial systems; with two seed-crop repre-
sentatives (canola and mustard) and two fruit-crop representatives
(strawberry, a berry-fruit, and apple, a tree-fruit). The rate constants for each
floral VOC with respect to OH and O; are included with references to the
literature sources. Where published data on atmospheric lifetimes or rate
constants are unavailable, rate constants were obtained from estimates
provided by the Environmental Protection Agency’s EPI Suite software.

EPI Suite estimates atmospheric lifetimes using the structural prop-
erties of the molecule. Specifically, it uses the Atmospheric Oxidation
Program for Windows (AOPWIN) module, which applies structure-
activity relationships (SARs) to predict the rate constants for the reactions of
VOCs with OH and O;. The SAR methodology involves identifying
structural features of the molecule, such as the presence of functional groups

or unsaturated bonds and assigns reactivity values based on these features.
These reactivity values are then used to calculate the second-order rate
constants for oxidation. This combination of measured data and model
predictions enabled the atmospheric lifetimes of all floral VOC:s to be esti-
mated, even for compounds that have not been extensively studied.

The reaction of each individual VOC within the four floral odors was
modeled over a 60-min time period, with calculations performed at 10-s
intervals. The percentage of the VOC reacted at each step was determined
using its atmospheric lifetime, accounting for reactions with OH radicals
and across a range of O concentrations. The cumulative reaction losses are
shown over a timescale relevant to odor-mediated insect activity.

Our analysis considers only the effects of chemical degradation, and for
simplicity, assumes that a VOC is effectively removed once its atmospheric
lifetime has been exceeded. In reality, atmospheric lifetime represents the
time required for the concentration to fall to 1/e of its initial value, meaning
~36% of the compound would still remain. However, the effects of physical
dilution are not incorporated into our model. Dilution—driven by wind
speed, turbulence, and atmospheric stability—can be highly variable but is
likely to reduce concentrations dramatically over the same timeframe. As
such, while our model may slightly underestimate the chemical persistence of
VOCs, this is offset by the absence of dilution effects, which would similarly
act to lower all VOC concentrations at short distances from the source.

Estimating change in response by honeybees to degraded
floral odors. The CWB analyses of the published honeybee datasets, in
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Table 3 | Volatile Organic Compound (VOC) composition of
scents (relative proportions of each VOC) from published
honeybee proboscis extension response datasets that were
reanalyzed in this study

Compound Girling Langford Lusebrink
etal.” etal.” etal.*
2-phenylethanol 0.05 = =
3-carene 0.16 - -
Benzaldehyde - - 0.21
Benzyl alcohol - - 0.04
B-caryophyllene - 0.25 0.02
p-cymene 0.30 - -
a-farnesene 0.01 - -
Limonene - - 0.20
linalool 0.11 0.25 -
Methyl salicylate - - 0.09
MHO (6-Methyl-5-hepten- - 0.25 -
2-one)
Myrcene - - 0.16
E-B-Ocimene - - 0.11
Z-B-Ocimene - - 0.05
phenylacetaldehyde 0.01 - -
a-pinene 0.27 - -
B3-pinene - - 0.11
a-terpinene 0.09 0.25 -

which angular thresholds of odor-response disruption were determined,
were combined with the outputs of the modeled scent decay of four
selected crop-species.

To quantify the extent of chemical degradation in floral odor blends
under O; pollution, we calculated angular distances between each crop’s
VOC profile and its original, undegraded state. These comparisons were
made under a fixed background OH radical concentration (1 x10° molecules
cm), while Oj levels were varied to simulate different pollution scenarios.

Simulations were run over a 60-min period to capture the full trajectory
of chemical transformation. The timescale over which odor signals remain
ecologically relevant is uncertain, but insects generally respond to odor cues
within seconds to minutes under field conditions’. Beyond ~15 min, under
most atmospheric conditions, turbulent mixing and dispersion are expected
to fragment the plume and increase intermittency to levels that preclude
effective insect navigationm. For this reason, we consider the first 15 min to
represent the biologically active window for signal recognition, while the full
simulation duration provides an upper bound on potential degradation
under sustained atmospheric exposure.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
all data used in this manuscript are previously published and publicly
available as part of those publications

Code availability
Code for CWB functions is available as a.py file in the supplementary
materials

Received: 30 May 2025; Accepted: 18 February 2026;
Published online: 09 March 2026

References

1. The Assessment Report of the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services on Pollinators,
Pollination and Food Production. 552 https://ipbes.net/assessment-
reports/pollinators (2016).

2. Klein, A. M. et al. Importance of pollinators in changing landscapes for
world crops. Proc. R. Soc. B Biol. Sci. 274, 303-313 (2008).

3. Ortiz, P. L., Fernandez-Diaz, P., Pareja, D., Escudero, M. & Arista, M.
Do visual traits honestly signal floral rewards at community level?
Funct. Ecol. 35, 369-383 (2021).

4. Goyret, J. The role of mechanosensory input in flower handling
efficiency and learning by Manduca sexta. J. Exp. Biol. 209,
1585-1593 (2006).

5. Heuel, K. C. et al. Spatial partitioning of floral volatiles provides a
“chemosensory roadmap” for bumblebee pollinators. Curr. Biol.
https://doi.org/10.1016/j.cub.2025.02.010 (2025).

6. Leonard, A. S., Dornhaus, A. & Papaj, D. R. Flowers help bees cope
with uncertainty: signal detection and the function of floral complexity.
J. Exp. Biol. 214, 113-121 (2011).

7. Wright, G. A. & Schiestl, F. P. The evolution of floral scent: the
influence of olfactory learning by insect pollinators on the honest
signalling of floral rewards. Funct. Ecol. 23, 841-851 (2009).

8. Sprayberry, J. D. H. The prevalence of olfactory- versus visual-signal
encounter by searching bumblebees. Sci. Rep. 8, 1-10 (2018).

9. Raguso, R. A. Wake up and smell the roses: the ecology and evolution
of floral scent. Annu. Rev. Ecol. Evol. Syst. 39, 549-569 (2008).

10. Fuentes, J. D., Chamecki, M., Roulston, T., Chen, B. & Pratt, K. R. Air
pollutants degrade floral scents and increase insect foraging times.
Atmos. Environ. 141, 361-374 (2016).

11. Pinto-Zevallos, D. M., Skaldina, O. & Blande, J. D. Effects of
atmospheric pollutants on volatile-mediated insect ecosystem
services. Glob. Chang. Biol. 31, €70034 (2025).

12. Atkinson, R. & Arey, J. Atmospheric degradation of volatile organic
compounds. Chem. Rev. 103, 4605-4638 (2003).

18. Knudsen, J. T., Eriksson, R., Gershenzon, J. & Sthl, B. Diversity and
Distribution of Floral Scent. Bot. Rev. 72, 1-120 (2006).

14. Laloi, D. et al. Recognition of complex odors by restrained and free-
flying honeybees, Apis mellifera. J. Chem. Ecol. 26,2307-2319 (2000).

15. Farré-Armengol, G. et al. Ozone degrades floral scent and reduces
pollinator attraction to flowers. N. Phytologist 209, 152-160 (2015).

16. Ryalls, J. M. W. et al. Diesel exhaust and ozone adversely affect
pollinators and parasitoids within flying insect communities. Sci. Total
Environ. 958, 177802 (2025).

17. Atkinson, R., Hasegawa, D. & Aschmann, S. M. Rate constants for the
gas-phase reactions of O3 with a series of monoterpenes and related
compounds at 296 + 2 K. Int. J. Chem. Kinet. 22, 871-887 (1990).

18. Atkinson, R., Darnall, K. R., Lloyd, A. C., Winer, A. M. & Pitts, J. N.
Advances in Photochemistry. Adv. Photochem. 375-488, https://doi.
0rg/10.1002/9780470133415.ch5 (2010).

19. VYu,J., Cocker, D. R., Griffin, R. J., Flagan, R. C. & Seinfeld, J. H. Gas-
phase ozone oxidation of monoterpenes: gaseous and particulate
products. J. Atmos. Chem. 34, 207-258 (1999).

20. McFrederick, Q. S., Kathilankal, J. C. & Fuentes, J. D. Air pollution
modifies floral scent trails. Atmos. Environ. 42, 2336-2348 (2008).

21. Girling, R.D., Lusebrink, I, Farthing, E., Newman, T. A. & Poppy, G. M.
Diesel exhaust rapidly degrades floral odours used by honeybees. Sci.
Rep. 3,2779 (2013).

22. Lusebrink,l. etal. Investigating the effects of diesel exhaust and flower
color on flower visitation by free-flying honey bees. Arthropod Plant
Interact. 17, 11-17 (2023).

23. Dubuisson, C. et al. Ozone alters the chemical signal required for plant
—insect pollination: the case of the Mediterranean fig tree and its
specific pollinator. Sci. Total Environ. 170861, https://doi.org/10.
1016/j.scitotenv.2024.170861 (2024).

Communications Earth & Environment| (2026)7:357


https://ipbes.net/assessment-reports/pollinators
https://ipbes.net/assessment-reports/pollinators
https://ipbes.net/assessment-reports/pollinators
https://doi.org/10.1016/j.cub.2025.02.010
https://doi.org/10.1016/j.cub.2025.02.010
https://doi.org/10.1002/9780470133415.ch5
https://doi.org/10.1002/9780470133415.ch5
https://doi.org/10.1002/9780470133415.ch5
https://doi.org/10.1016/j.scitotenv.2024.170861
https://doi.org/10.1016/j.scitotenv.2024.170861
https://doi.org/10.1016/j.scitotenv.2024.170861
www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03351-z

Article

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Chan, J. K. etal. Olfaction in the Anthropocene: NO3 negatively affects
floral scent and nocturnal pollination. Science 383, 607-611

(2024).

Clifford, M. R. & Riffell, J. A. Mixture and odorant processing in the
olfactory systems of insects: a comparative perspective. J. Comp.
Physiol. A 199, 911-928 (2013).

Riffell, J. A., Lei, H., Abrell, L. & Hildebrand, J. G. Neural basis of a
pollinator’s buffet: olfactory specialization and learning in Manduca
sexta. Science 339, 200-204 (2013).

Locatelli, F. F., Fernandez, P. C. & Smith, B. H. Learning about natural
variation of odor mixtures enhances categorization in early olfactory
processing. J. Exp. Biol. 219, 2752-2762 (2016).

Guerrieri, F., Schubert, M., Sandoz, J.-C. & Giurfa, M. Perceptual and
Neural Olfactory Similarity in Honeybees. PLoS Biol. https://doi.org/
10.1371/journal.pbio.0030060 (2005).

Rering, C. C., Beck, J. J., Hall, G. W., McCartney, M. M. & Vannette, R.
L. Nectar-inhabiting microorganisms influence nectar volatile
composition and attractiveness to a generalist pollinator. N.
Phytologist 40, 6-12 (2017).

Hallem, E. A. & Carlson, J. R. Coding of odors by a receptor repertoire.
Cell 125, 143-160 (2006).

Shields, V. D. C. & Hildebrand, J. G. Responses of a population of
antennal olfactory receptor cells in the female moth Manduca sext ato
plant-associated volatile organic compounds. J. Comp. Physiol. 186,
1135-1151 (2001).

Sachse, S., Rappert, A. & Galizia, C. G. The spatial representation of
chemical structures in the antennal lobe of honeybees: steps towards
the olfactory code. Eur. J. Neurosci. 11, 3970-3982 (1999).

Galizia, C. G. & Szyszka, P. Olfactory coding in the insect brain:
molecular receptive ranges, spatial and temporal coding. Entomol.
Exp. Appl. 128, 81-92 (2008).

Carcaud, J., Giurfa, M. & Sandoz, J.-C. Differential processing by two
olfactory subsystems in the honeybee brain. Neuroscience 374,
33-48 (2018).

Sprayberry, J. D. H. Compounds without borders: A mechanism for
quantifying complex odors and responses to scent-pollution in
bumblebees. PLoS Comput. Biol. 16, 1007765 (2020).

Lusebrink, I. et al. The effects of diesel exhaust pollution on floral
volatiles and the consequences for honey bee olfaction. J. Chem.
Ecol. 41, 904-912 (2015).

Langford, B. et al. Mapping the effects of ozone pollution and mixing
on floral odour plumes and their impact on plant-pollinator
interactions. Environ. Pollut. 336, 122336 (2023).

McFrederick, Q. S., Fuentes, J. D., Roulston, T., Kathilankal, J. C. &
Lerdau, M. Effects of air pollution on biogenic volatiles and ecological
interactions. Oecologia 160, 411-420 (2009).

Wenner, A. M. The flight speed of honeybees: a quantitative approach.
J. Apic. Res. 2, 25-32 (1963).

F. A. O., F. Food and agriculture organization of the United Nations
Sprayberry, J. D. H. et al. Plant-pollinator interactions in the
Anthropocene: why we need a systems approach. Integr. Comp. Biol.
icaf062, https://doi.org/10.1093/icb/icaf062 (2025).

Lei, H. & Vickers, N. Central processing of natural odor mixtures in
insects. J. Chem. Ecol. 34, 915-927 (2008).

Mertes, M., Carcaud, J. & Sandoz, J.-C. Olfactory coding in the
antennal lobe of the bumble bee Bombus terrestris. Sci. Rep. 11,
10947 (2021).

Sandoz, J.-C. Behavioural and neurophysiological study of olfactory
perception and learning in honeybees. 1-20, https://doi.org/10.3389/
fnsys.2011.00098/abstract (2011).

Martin, J. P. et al. The neurobiology of insect olfaction: sensory
processing in a comparative context. Prog. Neurobiol. 95, 427-447
(2011).

Atkinson, R. Atmospheric chemistry of VOCs and NOx. Atmos.
Environ. 34, 2063-2101 (2000).

47. Atkinson, R., Arey, J., Aschmann, S. M., Corchnoy, S. B. & Shu, Y.
Rate constants for the gas-phase reactions of cis-3-Hexen-1-ol, cis-
3-Hexenylacetate, trans-2-Hexenal, and Linalool with OH and NO3
radicals and O3 at 296 + 2 K, and OH radical formation yields from the
O3 reactions. Int. J. Chem. Kinet. 27, 941-955 (1995).

48. Harrison, J. C. & Wells, J. R. Gas-phase chemistry of benzyl alcohol:
reaction rate constants and products with OH radical and ozone.
Atmos. Environ. 43, 798-804 (2009).

49. Kim,D., Stevens, P. S. & Hites, R. A. Rate constants for the gas-phase
reactions of OH and O3 with B-Ocimene, 3-Myrcene, and a- and 3-
Farnesene as a function of temperature. J. Phys. Chem. A 115,
500-506 (2011).

50. Canosa-Mas, C. E., Duffy, J. M., King, M. D., Thompson, K. C. &
Wayne, R. P. The atmospheric chemistry of methyl salicylate—
reactions with atomic chlorine and with ozone. Atmos. Environ. 36,
2201-2205 (2002).

51. Shu, Y. & Atkinson, R. Rate constants for the gas-phase reactions of
O3 with a series of Terpenes and OH radical formation from the O3
reactions with sesquiterpenes at 296 + 2 K. Int. J. Chem. Kinet. 26,
1193-1205 (1994).

52. Shu, Y. & Atkinson, R. Atmospheric lifetimes and fates of a series of
sesquiterpenes. J. Geophys. Res. Atmos. 100, 7275-7281 (1995).

53. Bonn, B. & Moorgat, G. K. New particle formation during a- and §3-
pinene oxidation by Oz, OH and NOg, and the influence of water
vapour: particle size distribution studies. Atmos. Chem. Phys. 2,
183-196 (2002).

54. Gill, K. J. & Hites, R. A. Rate constants for the gas-phase reactions of
the hydroxyl radical with isoprene, a- and 3-pinene, and limonene as a
function of temperature. J. Phys. Chem. A 106, 2538-2544 (2002).

55. Smith, A. M., Rigler, E., Kwok, E. S. C. & Atkinson, R. Kinetics and
products of the gas-phase reactions of 6-methyl-5-hepten-2-one and
trans-cinnamaldehyde with OH and NOj3 radicals and Oz at 296 + 2 K.
Environ. Sci. Technol. 30, 1781-1785 (1996).

56. Liu, Z. R. & Hu, D. Determination of rate constants of gas-phase
reactions of alpha-pinene and beta-pinene with ozone. Guang Pu Xue
Yu Guang Pu Fen. Xi 21, 585-587 (2001).

57. Montenegro, A., Ishibashi, J. S. A., Lam, P. & Li, Z. Kinetics study of
reactions of a-pinene and -pinene with hydroxyl radical at 1-8 Torr
and 240-340 K using the relative rate/discharge flow/mass
spectrometry method. J. Phys. Chem. A 116, 12096-12103 (2012).

58. Atkinson, R., Aschmann, S. M. & Pitts, J. N. Rate constants for the
gas-phase reactions of the OH radical with a series of monoterpenes
at 294 + 1 K. Int. J. Chem. Kinet. 18, 287-299 (1986).

59. Aazaad, B. & Lakshmipathi, S. OH initiated oxidation mechanism of
monoterpene (linalool) — a first comprehensive theoretical study.
Atmos. Environ. 189, 235-243 (2018).

60. Bouvier-Brown, N. C., Goldstein, A. H., Gilman, J. B., Kuster, W. C. &
de. Gouw, J. A. In-situ ambient quantification of monoterpenes,
sesquiterpenes, and related oxygenated compounds during
BEARPEX 2007: implications for gas- and particle-phase chemistry.
Atmos. Chem. Phys. 9, 5505-5518 (2009).

61. Pratt, K. A. et al. Contributions of individual reactive biogenic volatile
organic compounds to organic nitrates above a mixed forest. Atmos.
Chem. Phys. 12, 10125-10143 (2012).

Acknowledgements

This manuscript is based upon work supported by the United States
National Science Foundation under Grant # 260843 to J. Sprayberry and the
Natural Environmental Research Council (DOMINO, NE/P002404/1 (RDG,
JMWR); NE/P001971/2 (BL)).

Author contributions

Jordanna D.H. Sprayberry contributed project conceptualization, analysis,
manuscript drafting and editing. Robbie D. Girling contributed project
conceptualization, manuscript drafting and editing. James M.W. Ryalls

Communications Earth & Environment| (2026)7:357

10


https://doi.org/10.1371/journal.pbio.0030060
https://doi.org/10.1371/journal.pbio.0030060
https://doi.org/10.1371/journal.pbio.0030060
https://doi.org/10.1093/icb/icaf062
https://doi.org/10.1093/icb/icaf062
https://doi.org/10.3389/fnsys.2011.00098/abstract
https://doi.org/10.3389/fnsys.2011.00098/abstract
https://doi.org/10.3389/fnsys.2011.00098/abstract
www.nature.com/commsenv

https://doi.org/10.1038/s43247-026-03351-z

Article

contributed project conceptualization, manuscript drafting and editing.
James D. Blande contributed project conceptualization, manuscript drafting
and editing. Ben Langford contributed project conceptualization, analysis,
manuscript drafting and editing.

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/s43247-026-03351-z.

Correspondence and requests for materials should be addressed to
Jordanna D. H. Sprayberry.

Peer review information Communications Earth and Environment thanks

Jerome Casas and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. Primary Handling Editors: Nora Zannoni, Alice
Drinkwater, Heike Langenberg. A peer review file is available.

Reprints and permissions information is available at
http://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-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, 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 you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. 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 notincludedin 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-
nc-nd/4.0/.

© The Author(s) 2026

Communications Earth & Environment| (2026)7:357

11


https://doi.org/10.1038/s43247-026-03351-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/commsenv

	A perceptual model indicates air pollution-induced shifts in honeybee floral-scent recognition
	Results
	Development of CWB model for honeybees and air pollution
	Predicting honeybee responses to floral odors altered by air pollution
	Modeling the impact of ozone on floral odor profiles
	Predicting changes in honeybee recognition of altered floral odors


	Discussion
	Methods
	Development of CWB model for honeybees and air pollution
	Odor vectorization
	Odor comparisons using CWB
	Honeybee datasets

	Predicting honeybee responses to pollution-altered floral odors
	Predicting ozone degradation of floral odors
	Estimating change in response by honeybees to degraded floral odors

	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




