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Summary

� All organisms emit odour, providing ‘open-access’ olfactory information for any receiver

with the right sensory apparatus. Characterizing open-access information emitted by groups

of organisms, such as plant species, provides the means to answer significant questions about

ecological interactions and their evolution.
� We present a new conceptual framework defining information reliability and a practical

method to characterize and recover information from amongst olfactory noise.
� We quantified odour emissions from two tree species, one focal group and one outgroup,

to demonstrate our approach using two new R statistical functions. We explore the conse-

quences of relaxing or tightening criteria defining information and, from thousands of odour

combinations, we identify and quantify those few likely to be informative.
� Our method uses core general principles characterizing information while incorporating

knowledge of how receivers detect and discriminate odours. We can now map information in

consistency–precision reliability space, explore the concept of information, and test informa-

tion–noise boundaries, and between cues and signals.

Introduction

An organism’s fitness depends intimately on how it interacts with
the surrounding world. Fitness is almost invariably enhanced if its
interactions are nonrandom, based on information garnered from
its environment. Plants, herbivores, predators, prey, pollinators,
and seed dispersers can benefit from information, using it to make
decisions such as where to move (Spiegel & Crofoot, 2016), what
flower to visit (Campbell et al., 2010) or what to eat (McArthur
et al., 2019), whether to flee from predators (Zuberb€uhler
et al., 1997) or defend from herbivory (Karban et al., 2006).

Among the senses organisms use to acquire information from
the environment, olfaction is one of the oldest and most wide-
spread (Eisthen, 2002; Ache & Young, 2005). Odours can travel
far from the source and linger in the environment (Doty, 1986),
providing information in an odour landscape (Finnerty
et al., 2022) long after acoustic and visual information disappear.
But of all the compounds that make up an odour, what parts
comprise information and how can we define and detect it? To
date, the study of the ‘ecology of information’ (Schmidt
et al., 2010) in relation to odour has often focused on defining
olfactory information through the lens of specific receivers. Test-
ing the responses of insects (Fraser et al., 2003; Conchou
et al., 2017) and herbivorous mammals (Bedoya-P�erez

et al., 2014; Schmitt et al., 2018) to odour from plants, for exam-
ple, has helped define olfactory cues that particular animal species
use to find their food. However, every organism emits a wealth of
open-access olfactory information, information that is available
for any organism to receive, access, and exploit (Vos et al., 2006;
Banks et al., 2016; Aljbory & Chen, 2018) provided they possess
the appropriate sensory capacity. The limitation of defining
odour information from the perspective of a specific receiver is
that we necessarily preclude any understanding of the wider set of
possible interactions involving the emitter (Fig. 1).

Greater knowledge of open-access olfactory information would
allow us to test whether and which of its components are
exploited by different receivers within and among ecological
communities, to better understand the strategies emitters use to
advertise or hide themselves from other organisms, and to obtain
insight into the evolution of communication. For example, selec-
tive pressure should enhance communication if both the emitter
and receiver benefit from their interaction (Schiestl & John-
son, 2013) but lead to an information arms race (deteriorating
communication) if the interaction is harmful to either (Zu
et al., 2020). Given the complexity of odour profiles emitted
from many organisms and how different receivers interpret them
(Auffarth, 2013; Tromelin, 2016), characterizing the full suite of
information emitted by an organism has been elusive.
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Defining odour information

The odour emitted by organisms comprises a complex mix of
volatile organic compounds (VOCs). By definition, information
reduces uncertainty about the object of interest (Inglis
et al., 2001); for example, the presence or absence of a particular
plant species in a vegetation patch. By definition, information is
therefore reliable (Koops, 2004) providing a predictable contrast
against a background of ‘noise’ such as VOCs produced by other
organisms. Thus, not all of the VOCs produced by an organism
will be informative, as many are unreliable. Two main hypotheses
have been proposed to explain how VOC information, defining a
group of emitters (e.g. a species), is conveyed to receivers. Infor-
mation is either in the form of unique VOCs or it occurs as speci-
fic combinations of nonunique VOCs (Bruce et al., 2005).
Unique VOCs involved in interspecific interactions are rare but
do exist (Raguso, 2008); for example, the ethyl (2E,4Z)-2,4-
decadienoate kairomone emitted by ripe Bartlett pear (Pyrus com-
munis) (Knight & Light, 2001). However, many organisms from
different species emit VOCs in common. These shared VOCs

can only convey information about a specific group if they are
produced in distinct combinations. Such specific combinations
have usually been described in terms of ratios of VOC pairs
(Webster et al., 2010a).

Two broad approaches have been taken to define olfactory
information and detect VOC patterns: biological and statistical.
The biological approach defines information by testing the
response of a specific receiver organism to a set of VOCs. For
example, electroantennography uses the physiological response
of specific insects to detect odour compounds ‘of interest’ to
those insects (Hoballah et al., 2005; Riffell et al., 2009), and
behavioural assays measure the response of animals such as
mammalian herbivores to food odours (Hodgkison et al., 2007;
Schmitt et al., 2018). The statistical approach uses a variety of
mathematical algorithms to find compounds that are similar
among individuals within a group – such as correlation and
principal component analysis (Webster et al., 2010b) – or to
define a group based on differences with emissions of other
groups (such as permutational multivariate ANOVA) (Schmitt
et al., 2020).

Fig. 1 Conceptual diagram of information
flow between an emitter (a plant) and
various receivers (such as vertebrate and
invertebrate pollinators, herbivores, and
other plants). (a) By studying one specific
receiver, we likely see only a fraction of both
the available information and the possible
ecological interactions. (b) By studying the
emitter, we can identify all the potential
‘open-access’ information it produces (step 1
– this study) and then test it on different
receivers to detect possible interactions
(step 2). Dashed coloured lines indicate the
different components of information used by
particular receivers, and signs indicate
resulting beneficial (+) or harmful (�)
interactions for the emitter.
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Both approaches help define some informative odour com-
pounds. The biological approach allows us to identify informa-
tion used by specific receivers. From this approach, we know
that, within certain plant species, VOC pairs in specific ratios can
be relatively consistent among individuals and that insects
respond to the average of such ratios (Webster et al., 2010b). The
extent to which these VOC pairs, and their ratios, can vary
among individual plants yet still be informative to different recei-
vers is unknown. The statistical approach helps us to identify
VOCs in common within a group and/or distinct from other
groups from across the full range of odour emissions of organ-
isms. However, different receivers can use the same or different
subsets of the entire information ‘package’ emitted by an organ-
ism (Beyaert & Hilker, 2014; Kessler & Kalske, 2018), depend-
ing on their sensory apparatus; and the subsets they use are not
necessarily the same as those detected using statistical methods
(see Box 1 for further explanation).

Here, we propose a new, flexible approach to defining poten-
tial open-access information that complements the biological and
statistical approaches. Using our approach, biologists can quanti-
tatively explore the potential range of information within odour
profiles, part or all of which could be used by a variety of receivers
to identify an emitter. It also provides the practical basis for
exploring boundaries between information and noise, and
between cues (information that is provided unintentionally by
the emitter) and signals (information produced for an intentional
communication) (Steiger et al., 2010; Ninkovic et al., 2021) in
ecological interactions. In the following sections, we introduce

and explain the conceptual framework underpinning the
approach and demonstrate how it can be used.

Conceptual framework, approach and aims

Our conceptual framework (Fig. 2) is that odour information
characterizing any group (such as an organ, species, population,
or phenological phase) is defined by reliability, and that reliability
increases along two within-group axes that we term consistency
and precision. Consistency is the proportion of individuals emit-
ting the same VOC combination, such as the same pair of VOCs.
Precision is the degree to which the relative amounts of VOCs in
a particular combination (e.g. a VOC pair) vary among individu-
als that have that combination. Thus, the more individuals
within a group emitting the same VOC combination, the more
consistent and hence more reliable is the consistency trait within
that group. Similarly, the less variation among individuals in the
relative amounts (e.g. ratio) of VOCs in a particular combina-
tion, the more precise and, hence, the more reliable is this preci-
sion trait. Volatile organic compound combinations that have
both low consistency and low precision are uninformative noise.
We hypothesize that information in the form of cues – passive
traits such as odours released incidentally (Ninkovic et al., 2021)
– may be relatively consistent or relatively precise but rarely both,
as they are, by definition, not intentionally produced nor under
selection pressure to provide information, whereas signals –
released with the function of actively communicating with a
receiver (Ninkovic et al., 2021) – will be both highly consistent

Fig. 2 Conceptual framework showing how consistency and precision, two
within-group criteria, relate to noise vs information; and within informa-
tion, cue vs signal. Reliability of odour emissions increases with increasing
consistency (occurring in more members of a group) and/or precision
(tight relative amounts of the volatile organic compounds (VOCs) among
members of a group). Odour emissions with both low consistency and low
precision are completely unreliable, uninformative, and hence noise. Cues,
such as (a) odours emitted from undamaged palatable seedlings, are pre-
dicted to have VOC combinations that are either highly consistent or
highly precise but rarely both. Signals, such as plant odour emissions aimed
to (b) attract natural enemies of damaging insect herbivores or (c) attract
pollinators should have both highly consistent and highly precise VOC
combinations.

Box 1 Statistical approaches to defining odour information: the
random forest algorithm

The random forest (RF) algorithm is a statistical method often used
to analyse odour information and identify compounds specific to
particular groups (Ranganathan & Borges, 2010). The RF is a classi-
fication method; as such, it is an algorithm that compares groups to
find a set of individual volatile organic compounds (VOCs) that dis-
tinguish between them. There are two reasons why this approach is
limited:
(1) Relevant information is missed: the RF method works by find-
ing the smallest number of VOCs that can differentiate and classify
different groups. Therefore, some relevant VOCs in a group’s
odour profile can be excluded either because classification is
reached with a smaller set of VOCs or because some VOCs are
shared between groups. The RF method does not deal with combi-
nations of VOCs nor provide us with the specific ratio between
compounds. Yet, biological evidence shows that invertebrate recei-
vers, for example, often use combinations of VOCs defined as
specific ratios (i.e. relative proportions) as information (Bruce &
Pickett, 2011). Furthermore, VOCs shared among groups could still
be informative; for example, if they occur in distinct combinations
including distinct relative proportions.
(2) Results depend entirely on an outgroup: when looking for dif-
ferences between groups, the specific group information can
change depending on the set of groups used. Thus, the addition or
exclusion of groups with similar characteristics can lead to changes
in the list of VOCs that are useful to classify groups.
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and highly precise. Beneficial cues – information produced unin-
tentionally that is used by a receiver subsequently benefiting the
emitter – can be evolutionarily selected and enhanced, thus
becoming a signal (Steiger et al., 2010). Unfavourable cues will
likely enter an arms race, maintaining intermediate levels of relia-
bility (Zu et al., 2020). In some cases, unwanted receivers (e.g. a
forager) may eavesdrop on signals communicating to other recei-
vers, but that does not change the fact that the signal is ‘inten-
tionally’ produced.

This conceptual framework underpins our approach for quan-
titatively identifying potentially informative combinations of
nonunique VOCs within the emissions of any focal group. The
approach uses a simple sequential procedure based on the two
within-group criteria, consistency and precision, followed by a
between-group criterion, termed accuracy. Volatile organic com-
pound combinations are more accurate at defining a group when
they differ from those emitted by other groups. These three crite-
ria together constitute undisputed logical attributes of reliable
olfactory information. By considering these three criteria consec-
utively, our heuristic method allows us to characterize and quan-
tify the potential open-access olfactory information of emitters
within a focal group – the group’s signature or fingerprint – and
it does so independent of a receiver.

Our method first defines all potentially informative VOCs and
their relative amounts within the focal group using the consis-
tency and precision criteria. It focuses on the relative amounts of
VOCs to incorporate the biological evidence (Visser &
Av�e, 1978; Birkett et al., 2004; Beyaert et al., 2010; Bruce &
Pickett, 2011) that receivers frequently have to rely on relative
amounts (usually quantified as ratios) of nonunique VOCs for
information, rather than relying on unique VOCs. Accuracy then
tests for differences between the focal group and other groups
(outgroups) to help confirm whether the potentially informative
within-group set of VOCs differs from those in other groups in
the landscape. This accuracy step is analogous to that used in typ-
ical biological and statistical approaches, with the same limitation
that the result necessarily depends on which, and how many, out-
groups are tested. Using this conceptual framework and heuristic
method, we then had two aims.

Our first aim was to explore the consequences of relaxing or
tightening the first two criteria (consistency and precision) for
defining within-group information. In other words, how many
and which VOC combinations enter or leave the information set
as a function of the specific values of consistency and precision?
This aim is important because – even though conceptually infor-
mation comprises reliable components of odours, differentiating
them from within-species noise (Fig. 2) – there is no single objec-
tive level at which this boundary can be defined.

Our second aim was to demonstrate how to quantitatively
identify potentially informative combinations of nonunique
odour compounds and their associated relative amounts, using all
three criteria.

To achieve both aims, we generated a data set of odour emis-
sions from seedlings of two tree species, one focal group and one
outgroup, and developed two new functions in RSTUDIO (RStu-
dio, 2015) to automate the process for future users.

Finally, to better demonstrate the conceptual framework and
the heuristic method, we compared our results with those
obtained by the RF algorithm.

Study system

Our focal group comprised seedlings of the tree species Eucalyp-
tus punctata, and our outgroup comprised seedlings of the tree
species Corymbia gummifera (formerly Eucalyptus gummifera).
Eucalyptus punctata grows in many woodlands and forests of east-
ern Australia (Boland et al., 2006), and the leaves are an impor-
tant food source for a variety of vertebrates and invertebrates
(Cork et al., 1983; Steinbauer, 1996; Saunders & Burgin, 2001).
Leaves of E. punctata contain many terpenes (Southwell, 1973;
Dellacassa et al., 1990) that give them a distinct odour. The dom-
inant native mammalian herbivore in many of these ecosystems,
the swamp wallaby Wallabia bicolor, uses leaf odour as a cue to
find E. punctata seedlings efficiently and nonrandomly (Finnerty
et al., 2017). We have yet to define the specific informative odour
components from within the whole odour profile of E. punctata
that wallabies, or indeed any other receiver, could rely on as a cue
for this palatable species. We chose C. gummifera as an appropri-
ate and relevant outgroup because both E. punctata and C. gum-
mifera are ‘eucalypts’, hence likely sharing similar odour
compounds, and they are also often sympatric. From a receiver
perspective, distinguishing between different eucalypt species is
important as they will have preferences associated with leaf chem-
istry and structure (Wiggins et al., 2006; Gallahar et al., 2021).

Importantly, we analysed the odour profiles of undamaged
(nonflowering) seedlings. We wanted to focus on odours we pre-
dicted were cues rather than signals, to provide a greater challenge
for testing our method. Signals, by definition, should have high
reliability (Fig. 2), and so should be easy to detect; and many
plants damaged by herbivores emit signals. For example, some
plants emit induced VOCs, such as salicylic acid, jasmonic acid,
or specific sets of VOCs, a ‘cry for help’ that attracts natural ene-
mies of insect herbivores, or that conspecific neighbouring plants
detect, leading to their own induced chemical defences (Aljbory
& Chen, 2018; Ninkovic et al., 2021). Undamaged leaves, on the
other hand, may incidentally emit constitutive VOCs with infor-
mative components characteristic of the group, but they are less
likely to emit a signal because of the risk of attracting herbivores.
Such cues may be less reliable than a signal (Fig. 2), either
because selective pressure for similarity within the group is
relaxed or because individuals within the group are under selec-
tive pressure to avoid herbivory by being different.

Materials and Methods

Plant material and sampling conditions

Plant VOC emissions are a function of plant genotype, the circa-
dian cycle, and abiotic factors such as temperature (Zini
et al., 2002; Hoballah et al., 2005; Beyaert & Hilker, 2014) and
even biotic factors such as herbivory (Low et al., 2014; Aartsma
et al., 2017). However, if these emissions are to convey
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information about individuals within a group, such as a species,
some of these emissions must be consistent and precise irrespective
of this variation. To detect information emitted by our focal
group of E. punctata while including phenotypic variability, we
sampled 38 seedlings (c. 10 months old) commercially sourced at
different times (possibly of different genetic stock) in three condi-
tions:
(1) Batch 1: headspace samples of six E. punctata seedlings were
taken in a glasshouse during daytime (between 08:00 and
17:00 h local time (LT)), exposed to summer natural light and
temperature (23.5–38.5°C) variation on a sunny day.
(2) Batch 2: headspace samples of 22 E. punctata seedlings were
taken in a glasshouse during daytime (between 09:00 and
17:00 h LT), exposed to winter natural light and temperature
(15–22°C) variation on a cloudy day.
(3) Batch 3: headspace samples of 10 E. punctata seedlings were
taken in a laboratory under controlled light (300 lmol m�2 s�1

photosynthetically active radiation; 20W LED light; Arlec Pty.
Ltd, Blackburn North, Vic., Australia) and temperature (21–
25°C) conditions (between 09:00 and 17:00 h LT).

To then test for accuracy (i.e. species-specific information), we
compared the information emitted by E. punctata seedlings
against C. gummifera seedlings. Headspace samples of 11 C. gum-
mifera seedlings were taken under the same conditions and at the
same time as the corresponding E. punctata from batch 3.

VOC sampling

The odour profile of each individual seedling in batch 1 and
batch 3 was measured using a branch enclosure (for more infor-
mation, see Supporting Information Methods S1) and in batch 2
using heat-resistant polyester bags – which increases the concen-
tration of VOCs within the bag in comparison with the other
method. These techniques allowed us to measure emissions from
live, undamaged plants and to detect VOCs of low concentration
or short lifespan – such as caryophyllene, which could degrade
shortly after release (Calogirou et al., 1997). Volatile organic
compounds were collected from the enclosures using a sorbent
tube (Tenax TA; Markes International Ltd, Bridgend, UK) con-
nected to an air pump (AirChek 2000; SKC Inc., Eighty-Four,
PA, USA; or PAS-500; Spectrex Corp., Redwood City, CA,
USA) flowing air at 200 ml min�1 for 30 min. A 10–30 min gap
between setting up each sample and sampling was used to allow
the air inside the branch enclosure (or polyester bag) to reach an
equilibrium state. Background samples (VOCs in the air in the
empty branch enclosure) were also taken for each batch of
E. punctata and C. gummifera. Control (blank) samples were
taken at the beginning (08:00 h) and the end (16:30 h) of the
sampling session for batch 1, and with each seedling sampled in
batch 2 and batch 3. Post-sampling, tubes were maintained at
4°C until analysis by GC–MS (within 2 wk from sampling).

GC–MS analysis

Sorbent tubes were analysed by thermal desorption GC–MS using
the same equipment and protocols described in Lawson

et al. (2020) (for more information, see Methods S1). Postprocess-
ing of the GC–MS data was performed using unsupervised data
mining with the package MSEASY (v.5.5.3; Nicol�e et al., 2012) in R
(v.3.5.2; R Core Team, 2019). This program is insensitive to
shifts in retention times and detects putative compounds within
complex metabolic mixtures through the clustering of mass spec-
tra. Retention times, silhouette width (Rousseeuw, 1987), and
Dunn’s index (Dunn, 1974) were used for quality control of puta-
tive compounds. MSEASY also produced peak areas for the putative
compounds based upon their total ion count (TIC). Final ion
counts of the putative compounds emitted by our plants were
obtained by subtraction of the background TIC recorded for each
compound from the plant samples. The most likely identity of
each putative compound was determined using a combination of
the library’s calculated match factor (NIST, 2008), visual compar-
ison of mass spectra with the NIST08 database (NIST, 2008) and
that of Kovat’s nonisothermal retention indexes, as described in
van den Dool & Kratz (1963), calculated using a series of C8 to
C20 homologous alkanes. The final ion count of those putative
compounds identified as the same compound was added up to
obtain only one value per compound.

Defining odour information using the heuristic approach

For our first aim – exploring the consequences of relaxing or
tightening the two within-group criteria (consistency and preci-
sion) for defining within-group information – we used the emis-
sion data from our focal E. punctata group. With the new R
function (‘Odour Information Exploration Algorithm’, see Notes
S1), we varied the specific values of these criteria to generate a
matrix of the number of potentially informative VOC pairs as a
function of these values.

Step 1: For the criterion of consistency (VOC pairs present in
the majority of the seedlings), we tested a range of values from
0.5 (present in half the seedlings) to 1.0 (present in all seed-
lings), with values closer to 1.0 representing higher consis-
tency. We used pairs, as often used in the biological approach,
because it is a neat and computationally simple way to incor-
porate the interdependence of multiple VOCs in providing
information.
Step 2: For the criterion of precision (variability among seed-
lings in the relative amount of two VOCs within pairs, from
step 1), we tested a range from 0 to 0.5 (out of a total of one),
with values closer to zero representing higher precision. For
this criterion, we only used replicates that emitted both com-
pounds within a pair. To calculate relative amounts of two
VOCs within a pair, we did not quantify them as ratios
(dividing relative abundances of two VOCs) as typically used in
the biological approach. Ratios are problematic because values
above and below 1 cannot be compared (variation is highly
distorted with 0 to 1 vs 1 to infinity). Instead, we calculated
paired proportions after a fourth-root transformation, by
dividing the transformed TIC from one of the VOCs in the
pair by the sum of the transformed TIC for both VOCs in the
pair. We transformed the data for two reasons: first, animals
can be sensitive to compounds in very small concentrations
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(Riffell et al., 2009), hence the relationship between many sen-
sory systems and the concentrations of the stimuli approxi-
mates to a logarithmic (similar to the fourth root, but the latter
allows zeros) dependence (Hopfield, 1999; Hiratani &
Latham, 2020); and second, it enabled a better representation of
variation among individuals in a group, even if the difference in
the relative abundance of two VOCs in a pair was large. Though
we use VOCs pairs for analysis of precision in this step, interpre-
tation of results can lead to the identification of higher-order con-
sistent combinations. Thus, for example, if three compounds are
precise in all their possible combinations, the information is likely
produced as a triplet rather than a pair.
For our second aim – to demonstrate how to quantitatively

identify potentially informative combinations of nonunique
odour compounds and their associated relative proportions using
all three criteria – we chose particular values for consistency and
precision based on the output from earlier herein (and see the
Results section, Fig. 3). We used these particular values to run the
‘Odour Information Definition Algorithm’ (Notes S1) and then
applied criterion 3 (accuracy). Recognizing there is no single cor-
rect level of consistency and precision that objectively distin-
guishes information from noise, we selected the value of 0.67 for
consistency and the value of 0.21 for precision. The choice itself
was semi-arbitrary but adequate for our demonstration. It was

based on (1) consistency of 67% (two-thirds of seedlings) seemed
a reasonable minimum level of reliability to be informative for the
group, (2) this consistency combined with 0.21 precision gave
four VOCs in four VOC pairs, in line with (3) the biological elec-
troantennogram evidence that insects respond to appropriate
blends of a small number of VOCs from a plant species (Fraser
et al., 2003; Hoballah et al., 2005; Webster et al., 2008; Riffell
et al., 2009).

Defining odour information using the statistical approach

We used the RF algorithm (Breiman, 2001), which creates multi-
ple decision trees that classify the samples into different pre-
established groups. The best tree is then selected based on parsi-
mony, indicating the minimum set of relevant attributes that
allows samples classification into the different groups. We used
the VSURF (Genuer et al., 2015) package to run this analysis in
RSTUDIO (RStudio, 2015; Notes S2). For our data, we established
two groups: one for seedlings of E. punctata and one for seedlings
of C. gummifera. Analysis of the set of attributes (i.e. VOCs) that
are relevant for classification identifies putative odour informa-
tion emitted by E. punctata and C. gummifera based only on indi-
vidual VOCs rather than based on any relative combination of
VOCs (such as pairs).

Fig. 3 Matrix of results from the focal group
of 38 Eucalyptus punctata seedlings using
the heuristic method to identify number of
potentially informative volatile organic
compound (VOC) pairs by varying values for
the two within-group criteria, consistency
and precision. The numbers in the matrix
indicate the number of informative VOC
pairs for each consistency and precision
combination. The colour of the matrix
changes from purple, for a low number of
informative VOC pairs, to orange, for a high
number of informative VOC pairs. Green
arrows indicate the specific values chosen for
further investigation in aim 2, in which we
applied all three criteria (consistency,
precision, and accuracy) to the focal group,
E. punctata, by including an outgroup,
Corymbia gummifera.
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Results

Odour profiles of E. punctata and C. gummifera seedlings

After background odour subtraction, we identified a total of 418
likely plant VOCs from the 38 E. punctata seedlings (Dataset S1):
45 plant VOCs for batch 1, 366 for batch 2, and 85 for batch 3
(see data in Supporting Information). The difference in number
among batches is likely related to differences in sampling tech-
niques and the number of seedlings sampled for each batch. For
C. gummifera, we identified a total of 72 plant VOCs
(Dataset S2).

Defining information using the heuristic approach:
consequences of varying within-group criteria

Results from the heuristic method showed that the number of
potentially informative pairs in E. punctata seedlings varied
depending on the level of consistency and precision we specified
(Fig. 3) and decreased with both increasing consistency and
increasing precision. However, even with highly relaxed criteria
(0.5 consistency and 0.5 variation in precision), we were able to
reduce a data set of 87 153 possible VOC pair combinations, to
identify just 22 of them as potentially informative VOC pairs
(Fig. 3). Thus, the first two criteria of our heuristic method

defined most VOC emissions (> 99.9% of the VOC pairs) from
this plant species as ‘noise’. When we tightened the criteria, with
a consistency closer to 1 and precision closer to 0, few or no reli-
able VOC pairs were identified as informative. For example, only
one VOC pair was defined as potentially informative when con-
sistency was 0.80 and precision was 0.21 (Fig. 3).

Different combinations of consistency and precision values
could define the same number of potentially informative VOC
pairs, but, importantly, the identity of these compound pairs was
not always the same (Fig. 4). For example, four pairs were identi-
fied with consistency of 0.67 and precision of 0.21, and with con-
sistency of 0.70 and precision of 0.40 (Fig. 3). But whereas 1,8-
cineole/a-pinene was common to both sets, the three other VOC
pairs differed: 1,8-cineole/b-pinene, 1,8-cineole/a-terpineol, and
a-pinene/b-pinene in the former set; 1,8-cineole/p-cymene,
p-cymene/a-pinene, and isoprene/p-cymene in the latter set
(Fig. 4).

Different combinations of consistency and precision values
also resulted in variations in the number of individual seedlings
that had all, some, or none of the informative VOC pairs identi-
fied (Fig. 5). For example, with consistency of 0.67 and precision
of 0.21, 50% of the 38 seedlings had all four potentially informa-
tive pairs, 16% had three, 13% had two, 5% had one, and 16%
of seedlings had none (one from batch 1, three for batch 2, and
two for batch 3). By contrast, with a consistency of 0.70 and

0.17 
(high) 0 0 0 0 0 0 

0.19 0 0 0 0 0 0 

0.20 0 0 0 0 0 0 

0.21 

0.30 9 7 6 

0.40 19 10 8 5 5 

0.45 20 10 8 5 5 

0.50 
(low) 22 10 8 5 5 

Precision 

Consistency 

0.50 
(low) 0.60 0.67 0.68 0.69 0.70 0.72 0.75 0.80 

(high) 

 1,8-Cineole/α-Pinene  1,8-Cineole/β-Pinene Isoprene/p-Cymene 

 1,8-Cineole/α-Terpineol  1,8-Cineole/p-Cymene   

 α-Pinene/β-Pinene  p-Cymene/α-Pinene   

Fig. 4 Results from the focal group of 38 Eucalyptus punctata seedlings using the heuristic method to identify pairs of volatile organic compounds (VOCs)
in consistency–precision reliability space. Here, values for the two within-group criteria vary: consistency (low 0.5 to high 0.8) and precision (low 0.5 to high
0.17). Specific VOC pairs, presented in a different colour, are shown when one to four pairs were detected. Where a cell contains the number 0, no pairs
were identified. Where more than four pairs were identified, just the number of pairs is shown (as in Fig. 2). The method and R function ‘Odour Information
Definition Algorithm’ also provide output on the relative proportion of the two component VOCs in a given pair, but this detailed information is not
presented here.
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precision of 0.40, 63% of the 38 seedlings had all four potentially
informative pairs, but 11% of seedlings had none.

Defining information using the heuristic approach with all
three criteria

Using the same specified values of consistency (0.67) and preci-
sion (0.21) for both E. punctata and C. gummifera, and applying
our two within-group criteria, we found the following.

For the E. punctata focal group, there were only six consistent
VOCs (out of 418) (Fig. 6a): 1,8-cineole, isoprene, p-cymene, a-
pinene, a-terpineol, and b-pinene. These individual VOCs form
15 possible pairs, from which only four pairs were consistent (cri-
terion 1) and precise (criterion 2) (Fig. 6b): 1,8-cineole/a-pinene,
1,8-cineole/a-terpineol, 1,8-cineole/b-pinene, and a-pinene/b-
pinene. As a-pinene and b-pinene formed a precise pair, and
both a-pinene and b-pinene each formed a precise pair with 1,8-
cineole, they may be part of a higher-order consistent combina-
tion (i.e. a triplet).

For the C. gummifera outgroup, there were eight consistent
VOCs (out of 72): 1-hexanol, 2-ethyl‑; acetophenone; butanoic
acid, 3-methyl‑, 3-methylbutyl ester; isoprene; nonanal; p-
cymene; a-pinene; b-pinene. Of these, 17 pairs (out of 28 possi-
ble pairs) from all eight VOCs were identified as consistent (crite-
rion 1) and precise (criterion 2) (Table 1).

Once we then applied criterion 3 (accuracy) to the datasets,
only one pair (a-pinene/b-pinene) in E. punctata was also present

in C. gummifera (Table 1). However, the relative abundance of
the two VOCs in this a-pinene/b-pinene pair differed signifi-
cantly (independent samples t-test: t = 7.19, df = 31, P < 0.001)
between E. punctata (average proportion of 0.62 a-pinene/0.38
b-pinene� 0.06 (mean� SD)) and C. gummifera (0.52 a-
pinene/0.48 b-pinene� 0.02 (mean� SD)).

In summary, for the E. punctata focal group, three VOC pairs
were defined as potentially informative (consistent, precise, and
accurate): 1,8-cineole/a-pinene, 1,8-cineole/a-terpineol, and 1,8-
cineole/b-pinene. The fourth pair identified by criteria 1 and 2
(a-pinene/b-pinene) was also highly likely to be informative
(consistent, precise, and likely accurate), either on its own or as
part of a triplet.

Defining information using the RF statistical method

The first step of the RF analysis identified 70 relevant VOCs
based on variable importance ranking. These were then reduced
to six VOCs by the variable selection for the interpretation step.
Finally, the RF analysis indicated that three VOCs were enough
to make a perfect prediction of each sample as either E. punctata
or C. gummifera. These VOCs were 1,8-cineole; butanoic acid,
3-methyl‑, 3-methylbutyl ester; and b-pinene. Results (Fig. 7)
showed that 1,8-cineole was mostly absent from C. gummifera
(present only in five out of 11 seedlings and with a low ion
count); butanoic acid, 3-methyl‑, 3-methylbutyl ester was absent
in batch 1 and batch 2 of E. punctata; and b-pinene was prevalent

Fig. 5 Matrix generated from the heuristic
method showing percentages of the focal
group of 38 Eucalyptus punctata seedlings
that have no informative volatile organic
compound (VOC) pairs, for each
combination of the two within-group criteria,
consistency and precision. The colour of the
matrix changes from orange, for a low
percentage of replicates without informative
VOC pairs, to purple, for a high percentage
of replicates without informative VOC pairs.
Green arrows indicate the specific values
chosen for further investigation in aim 2, in
which we applied all three criteria
(consistency, precision, and accuracy) to the
focal group, E. punctata, by including an
outgroup, Corymbia gummifera.
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in both species but showed a larger ion count for C. gummifera.
The three compounds selected in the interpretation step but not
included in the prediction step were limonene (only present in
C. gummifera) and p-cymene and a-terpineol (present in both
plant species but a larger ion count for E. punctata).

Discussion

By examining the VOCs emitted by plants and applying a new
conceptual framework and quantitative heuristic method based
on three criteria for reliability – VOC combinations and relative
amounts that are consistent, precise, and accurate – we have char-
acterized those parts of the emission that we argue can define
open-access odour information, available for those receivers with
the appropriate sensory capacity. This method for recovering
quantitative information, without the constraint of using a recei-
ver to do so, can be used to define information emitted by indi-
viduals (whole organisms or parts of them, such as leaves, fruits,

flowers) of any group, whether groups are considered at the spe-
cies, population, or subpopulation level, classified by phenologi-
cal stage (e.g. young and old leaves, or ripe and unripe fruits) or
phenotype (e.g. from low‑ or high-fertile soils, sunny or shady
habitat, during night or day). In providing the first logical step of
defining the potential information produced by an emitter, ecol-
ogists can move on to test whether and what parts different recei-
vers use.

Our demonstration that VOC pairs fall in and out of the
potentially informative set as a function of the specific values set
for consistency and precision criteria (aim 1) highlights the elu-
sive nature of defining information as distinct from noise. But
the flexibility of our method means we can explore the bound-
aries between information and noise in any given system as we
relax or tighten these criteria. This exploration will involve not
just defining open-access information vs noise (Fig. 2), as we have
demonstrated here, but also any differences between cues vs sig-
nals. In doing so, we can start to understand the characteristics of

Fig. 6 Results for the focal group of 38
Eucalyptus punctata seedlings, using the
heuristic method and applying the two
within-group criteria. (a) Criterion 1,
consistency (0.67 of all seedlings):
abundance (as total ion count per million) of
the six most frequent volatile organic
compounds (VOCs) (when present). Left and
right plots show the same information but at
a different scale. (b) Criterion 2, precision
(variation 0.21): proportion of the first listed
compound in each VOC pair (calculated after
fourth-root transformation, see the Materials
and Methods section) for all 15 possible
combinations of the six most frequent VOCs
identified in (a) criterion 1. Blue dashed line
indicates the space where the paired
proportion is 0.5 (i.e. both VOCs in the pair
have the same relative abundance). Green
arrows indicate the final four precise VOC
pairs identified using these specific values for
consistency (0.67) and precision (0.21).
Boxplots indicate the median, the first and
third quartiles, and the maximum and
minimum values. Empty circles indicate
outliers. Numbers inside the figures indicate
the number of seedlings (out of 38) in which
(a) each VOC or (b) a pair of VOCs was
detected.
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VOC sets (i.e. consistency and precision combinations) that
make them informative to different receivers, such as inverte-
brates, vertebrates, or plants. Depending on their ecology, these
receivers may use informative components that occur in different
locations in the consistency–precision reliability space. For exam-
ple, because generalist herbivores are more willing than specialists
to search for and feed from a range of plants emitting a variety of
information (Vos et al., 2006), they may also be more capable
than specialists of recognizing informative VOC pairs that have
low precision; that is, large variation in relative proportions
(‘ratios’) of informative compounds among individuals.

In providing an objective, flexible solution to the information
recovery problem, we can now test evolutionary and ecological
hypotheses for existing questions and ask new questions about
the role of olfactory information in ecological interactions. For
example, can emitters be both conspicuous (e.g. to beneficial pol-
linators) and camouflaged (e.g. to harmful foragers) in an odour
landscape, if these receivers detect different channels (compo-
nents) of the overall open-access information?

The fact that the heuristic method defined information for our
focal group of E. punctata seedlings differently from that of the
RF algorithm is not surprising. The two methods take very differ-
ent approaches. The heuristic method incorporates both the fun-
damental principles of information and the biological knowledge
that information is not simply about individual compounds but

about their relative amounts. We argue that this provides the
heuristic method with an advantage over the RF algorithm, and
other purely statistical methods, when the relative amounts of
VOCs matter more than the presence of individual VOCs – for
example, when the VOCs identified are commonly emitted by
other species in the same habitat. Nevertheless, the RF approach
is likely better placed for detecting VOCs that are unique to one
group compared with an outgroup.

Distilling information efficiently from amongst the noise

Most of the volatile compounds identified for both E. punctata
and C. gummifera are commonly emitted by plants and are the
product of cell membrane damage in growing plants or after
mechanical injury (such as hexanal, octanal, and decanal; Hu
et al., 2008), or produced as plant secondary metabolites (such as
1,8-cineole and benzoic acid; Dearing et al., 2005; Elaissi
et al., 2011), or from the breakdown of other compounds
(methyl vinyl ketone is a reaction product of isoprene; Jardine
et al., 2012). Therefore, it is highly unlikely that any individual
compound can be informative and useful in distinguishing our
focal group, E. punctata, from others.

Even though the boundary between noise and information
remains necessarily blurred, our method provides a powerful and
efficient way to hone in on likely informative VOC combinations.
By applying the two within-group criteria to the odour profile of
E. punctata seedlings, we were able to cull a dataset of over 80 000
possible VOC pairs by over 99%; quantifying just 0.025% (22
pairs) as potentially informative even with highly relaxed criteria
(0.5 consistency and 0.5 variation in precision) (Fig. 3). This effi-
ciency in data reduction is valuable because it overcomes two prac-
tical hurdles in the biological method. First, the need to make an
initial guestimate as to what VOC combinations could possibly be
informative. Second, having to test and confirm the many possible
VOC combinations with animals. Even using electroantenno-
grams with specific insects (Hoballah et al., 2005; Riffell
et al., 2009), finding the informative VOC combinations can be
time consuming for unfamiliar emitter groups (e.g. new plant spe-
cies), and is certainly a sophisticated and expensive process.

Our approach will be particularly useful for understanding
how vertebrates use information – because the current method of
using antennograms for insects is clearly impossible. Instead,
future studies can now narrow the putative set of informative
VOCs quickly and efficiently before bringing in a receiver of any
sort. Mammalian herbivores, such as wallabies and elephants, rely
heavily on plant odours to find and choose their food (Stutz
et al., 2016; Schmitt et al., 2018, 2020; McArthur et al., 2019);
and other herbivores, such as deer and antelope, likely use odour
too. Defining the plant odour information they use will be crucial
to understanding and manipulating their foraging for manage-
ment and conservation goals.

Boundaries between cues and signals

Our results (Figs 3, 4) provide insight into possible differences in
characteristics between cues and signals. The reduced set of

Table 1 Criterion 3: comparison between the potentially informative
volatile organic compounds (VOCs) pairs identified for Eucalyptus
punctata and Corymbia gummifera (indicated by an ‘X’) when consistency
is 0.67 (criterion 1) and precision is 0.21 (criterion 2) for both species.

Potentially informative VOC pairs E. punctata C. gummifera

a-Pinene/1,8-cineole X
a-Terpineol/1,8-cineole X
b-Pinene/1,8-cineole X
a-Pinene/b-pinene 0.62/0.38 (�0.06) 0.52/0.48 (�0.02)
1-Hexanol, 2-ethyl‑/butanoic acid,
3-methyl‑, 3-methylbutyl ester

X

1-Hexanol, 2-ethyl‑/nonanal X
1-Hexanol, 2-ethyl‑/p-cymene X
1-Hexanol, 2-ethyl‑/a-pinene X
Acetophenone/butanoic acid,
3-methyl‑, 3-methylbutyl ester

X

Acetophenone/nonanal X
Acetophenone/p-cymene X
Acetophenone/a-pinene X
Acetophenone/b-pinene X
Butanoic acid, 3-methyl‑,
3-methylbutyl ester/isoprene

X

Butanoic acid, 3-methyl‑,
3-methylbutyl ester/nonanal

X

Butanoic acid, 3-methyl‑
3-methylbutyl ester/p-cymene

X

Butanoic acid, 3-methyl‑,
3-methylbutyl ester/a-pinene

X

Nonanal/p-cymene X
Nonanal/a-pinene X
p-Cymene/a-pinene X

For those VOC pairs present in both plant species, the average proportion
(�SD) is indicated.
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1,8-Cineole

Butanoic acid, 
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methylbutyl 

ester β-Pinene Limonene p-Cymene α-Terpineol
B1_Ep1
B1_Ep2
B1_Ep3
B1_Ep4 0
B1_Ep5
B1_Ep6
B2_Ep1
B2_Ep2
B2_Ep3
B2_Ep4
B2_Ep5
B2_Ep6
B2_Ep7
B2_Ep8
B2_Ep9
B2_Ep10
B2_Ep11
B2_Ep12
B2_Ep13
B2_Ep14
B2_Ep15
B2_Ep16
B2_Ep17
B2_Ep18
B2_Ep19
B2_Ep20
B2_Ep21
B2_Ep22
B3_Ep1
B3_Ep2
B3_Ep3
B3_Ep4
B3_Ep5
B3_Ep6
B3_Ep7
B3_Ep8
B3_Ep9
B3_Ep10
B3_CgG1
B3_CgG2
B3_CgG3
B3_CgG4
B3_CgG5
B3_CgG6
B3_CgG7
B3_CgG8
B3_CgG9
B3_CgG10
B3_CgG11

Interpretation and prediction Interpretation

1.3E+09

Fig. 7 Results from the random forest algorithm. The left-hand column lists each replicate taken for each batch (B) for our focal group (Ep, Eucalyptus
punctata) and outgroup (Cg, Corymbia gummifera). The top row lists the six volatile organic compounds (VOCs) selected by the algorithm in the interpre-
tation step. Of these six, only three remained after the prediction step (the three first columns from the left in the top row). The amount of emitted VOC
(quantified as ion count) for each replicate is presented by colour from blue (zero) to green (highly abundant); see the key. For example, 1,8-cineole is mid
to highly abundant in most E. punctata seedling replicates but is absent or near absent from C. gummifera seedling replicates.
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potentially informative VOC pairs that we identified for undam-
aged E. punctata seedlings fell in a band between higher consis-
tency/lower precision and vice versa, but no informative pairs
were identified that were highly consistent and highly precise.
This pattern matches the prediction from our conceptual frame-
work that undamaged leaves, particularly of palatable plants, emit
cues rather than signals (Fig. 2).

In future, our predictions about where cues and signals lie in
consistency–precision reliability space can be tested more thor-
oughly by quantifying and comparing the distribution of poten-
tially informative emissions (replicating the matrix in Fig. 3)
from contrasting groups. Thus, in contrast to our results for
undamaged leaves of a palatable plant, those of a highly unpalat-
able plant species may emit a signal as a form of olfactory apose-
matism (Lev-Yadun, 2021). Other examples predicted to have
informative emissions reflecting cues vs signals respectively
include the following: first, VOCs from plants with undamaged
leaves vs plants with damaged leaves (and herbivore-induced
plant VOCs (HIPVs, Turlings et al., 1990)); second, flowers pol-
linated by wind vs those pollinated by animals; or third, unripe
vs ripe fruits. Such empirical testing will confirm whether our
conceptual framework captures the essential features of cues vs
signals within the consistency–precision reliability space (Fig. 2),
or whether it is less clear cut than we predict.

The ecological significance of producing different channels
of information

Our results for E. punctata, using consistency of 0.67 and preci-
sion of 0.21 and considering accuracy (against the C. gummifera
outgroup), detected three, or possibly four, potentially informa-
tive VOC pair combinations. These sets (as pairs or even as tri-
plets) effectively comprise different channels of information, one
or more of which could be used by a variety of receivers, such as
pollinators, herbivores, or predators (Schiestl & Johnson, 2013).

From a receiver’s perspective, the presence and use of different
channels of information enable a backup in case one becomes
unreliable. For example, an informative pair of VOCs emitted by
an organism may be confounded by the same VOCs occurring in
the background odour of natural environments (Schr€oder &
Hilker, 2008; Riffell et al., 2014). If one information channel is
affected by background odour, those receivers making use of mul-
tiple channels may still be capable of detecting information. From
an emitter’s perspective, if interactions with other organisms are
beneficial, then producing multiple channels of information as a
backup becomes an advantage because it aids communication in
noisy environments (Wilson et al., 2015). Future studies could
test whether channels of information are affected differently
depending on the environment (e.g. closed forest vs woodland)
and conditions (e.g. ambient temperature and light intensity)
where they are released, and whether receivers can switch effec-
tively among channels of information.

Our results for E. punctata, using consistency of 0.67 and pre-
cision of 0.21, also showed that 16% of all seedlings lacked any
of the four informative VOC pairs identified. This suggests either
that such seedlings escape detection by receivers or that

information available for receivers lies in some other region of
the consistency–precision reliability space (as in Fig. 4). On the
flip side, 34% of all seedlings had one to three of the four infor-
mative pairs but only 50% had all four. This result may reflect
redundancy, in which VOC pairs could be substituted for others
without compromising the information; for examples, see Bruce
& Pickett (2011).

Broader implications

The heuristic approach provides the basis for new insights into
interactions mediated by olfactory information. These interac-
tions include those with plants as emitters (e.g. plant–herbi-
vore, plant–natural enemy, and plant–plant interactions), but
more broadly any olfactory web, such as those interlinking
predators, competitors, and prey (Banks et al., 2016). We now
offer the ability to delve into and characterize the information
that underpins these interactions, to ask questions about how
the information arises. Together with the conceptual frame-
work (Fig. 2), our approach leads to novel ideas on how infor-
mation variability could affect different interactions, which
can, in turn, lead to the development of new management
tools. For example, it could accelerate the development of
effective biochemical sensors, such as e-noses, for pest manage-
ment (Ivaskovic et al., 2021).

Our heuristic method (and the algorithm we developed here)
is equally applicable to identifying odour information emitted
by any group. Thus, it should be useful for disciplines beyond
ecology, from developing perfumes (e.g. by defining informa-
tive components of natural odours to create artificial ones) to
training detection animals such as dogs and rats (MacDonald
et al., 2003) or elephants (Miller et al., 2015). By identifying
the most reliable VOCs of a focal source (e.g. prostate cancer;
Elliker et al., 2014) and using appropriate training (Fischer-
Tenhagen et al., 2017), detection rates by dogs may be
improved.
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