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Abstract Cross‐species communication, where signals are sent by one species and perceived by others, is one
of the most intriguing types of communication that functionally links different species to form complex
ecological networks. Global change and human activity can affect communication by increasing fluctuations in
species composition and phenology, altering signal profiles and intensity, and introducing noise. So far, most
studies on cross‐species communication have focused on a few specific species isolated from ecological
communities. Scaling up investigations of cross‐species communication to the community level is currently
hampered by a lack of conceptual and practical methodologies. Here, we propose an interdisciplinary
framework based on information theory to investigate mechanisms shaping cross‐species communication at the
community level. We use plants and insects, the cornerstones of most ecosystems, as a showcase and focus on
chemical communication as the key communication channel. We first introduce some basic concepts of
information theory, then we illustrate information patterns in plant–insect chemical communication, followed
by a further exploration of how to integrate information theory into ecological and evolutionary processes to
form testable mechanistic hypotheses. We conclude by highlighting the importance of community‐level
information as a means to better understand the maintenance and workings of ecological systems, especially
during rapid global change.

Key words: chemical communication, ecological networks, functional traits, information theory, plant–insect interaction, volatile
organic compounds, Zipf's law.

1 Introduction
Communication is prevalent in nature. For example, honey-
bees waggle to send information that guides other bees in
the colony (Von Frisch, 1974); birds sing to mate or alert
others in the flock (Freeberg, 2008); and flowers exhibit
colors and scents that can attract pollinators or deter
herbivores (Schoonhoven et al., 2005). Cross‐kingdom
(Plantae and Animalia) plant–insect communication is of
extreme interest not only because of its ubiquity and
fundamental roles in both natural and agricultural systems
(Seastedt & Crossley, 1984; Strong et al., 1984; Isbell
et al., 2011; Potts et al., 2016; Ollerton, 2021) but also due
to the extraordinarily diverse communication mediators

shaped by hundreds of millions of years of co‐evolution
(Ehrlich & Raven, 1964).
Chemical communication is one of the most ancient and

pivotal means for plants and insects. In fact, chemistry
underlies color (pigments), shape (genetic encoding in
nucleic acids and chemical inducers such as hormones), and
scent (volatile organic compounds, or VOCs). Yet, chemical
mediators of communication are most often considered from
among the vast number of secondary metabolites produced
by plants, with an estimate of 200 000 compounds including
VOCs that have been extracted and identified (Kessler &
Kalske, 2018; Robbins, 2000), which are not strictly required
for plant growth and development but may have important
defensive and attractive functions (Fraenkel, 1959; Ehrlich
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& Raven, 1964; Pichersky & Gershenzon, 2002). Insects,
with their numerous chemoreceptors, are very sensitive to
many plant chemicals (Schoonhoven et al., 2005; Kaupp,
2010; Hansson & Stensmyr, 2011) and depend on chemical
signals for fundamental activities, such as foraging
(Schiestl, 2010), mating (Alexander et al., 1997), and
oviposition (Renwick & Chew, 1994). Presumably, plant‐
feeding insects and their natural enemies have been under
strong selective pressure to perceive and interpret plant
chemicals that are relevant for these essential activities. So
far, most plant–insect chemical communication studies
have focused on specific species, isolating them from the
community context in which they are naturally embedded.
However, scaling up plant–insect communication from the
species to the community level can be possible through
the lens of information theory and communication systems
(Shannon, 1948).
Communication can be considered as a process of

information transfer from a sender who encodes the
information (e.g., visual, vocal, or olfactory), to a receiver
who decodes the information (Fig. 1). Depending on how well

the information is reproduced at the receiver's end, we can
quantify the clarity or ambiguity of the communication
(Shannon, 1948). That is, the better a message is reproduced,
the greater amount of information (clarity) it contains, and the
lower its entropy (ambiguity, uncertainty). This mathematical
theory of communication is called information theory. Figure 1
summarizes key information quantities for a vector of signals
(entropy and self‐information of each signal) and for an
object‐signal matrix (conditional entropy and mutual informa-
tion). Information theory was originally developed for man‐
made communication systems, such as telecommunication,
and later applied to a wide range of communication‐related
fields, for example, cybernetics (Gabor, 1954), cryptography
(Ahlswede & Csiszár, 1993), linguistics (Zipf, 1949; Ferrer‐i‐
Cancho & Solé, 2003), and neurobiology (Sharpee et al., 2014).
Information theory brings at least two important new features
that make it a promising tool for various systems and scales.
First, information theory translates diverse communication
signals into information. Thus, it unites different signals by
extracting their information content without being over-
whelmed by their different identities. Second, information

Fig. 1. Information transferring process in communication and formula quantifying information in communication systems.
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theory measures the reproducibility of information between
two states based on probabilistic concepts (Boso &
Tartakovsky, 2018). This nonparametric perspective allows
the scaling of information across different dimensions.
Not surprisingly, information theory has long been

proposed as a conceptual and quantitative framework to
study information transfer across ecological systems
(Margalef, 1968; Ulanowicz, 2001; O'Connor et al., 2019).
However, concrete applications to plant–insect communica-
tion are just starting to emerge (Zu et al., 2020). In this
paper, we illustrate the application of information theory as a
means to increase our understanding of plant–insect
communication. In particular, we propose to consider plant
VOCs as communication signals and explore the emerging
information patterns of plant–insect chemical communica-
tion. We then discuss potential future directions to uncover
the underlying mechanisms of plant–insect communication
by the integration of information theory with ecological and
evolutionary processes. Note that here we use “signals” in
an information theory framework to simply refer to all plant
VOCs that form the repository (regardless of whether they
have demonstrated attractant or deterrent functions,
or not).

2 Patterns of Plant–Insect Chemical
Communication
2.1 Zipf's law
Zipf's law (Zipf, 1932, 1949) in linguistics describes that the
frequency of a word decays rapidly proportional to its rank,
or frequency of usage, following a power–law distribution
(p(r) = ar−k, where r denotes rank). Taking the English
language for example, “the” is the most frequent word in
corpora, occurring at a rate of 6% in British National Corpus,
followed by “of,” which only occurs half as often (3%)
(Leech et al., 2014). And there is a large number of words
that occur in very low frequency, leading to a heavy tail
distribution. The power–law decay distribution is also
related to the Pareto principle (or 80‐20 rule) known in
social sciences: that is, roughly 80% of outcomes result from
20% of causes (Pareto, 1964). Importantly, the power–law
exponent describing the speed of decay (i.e., the shape of
this tailed distribution) and the redundancy of information
in communication systems is around k = 1 in many human
languages (Zipf, 1949; Piantadosi, 2014). Zipf's law has also
been explored in various biological systems (Semple
et al., 2021).
If we consider a plant chemical “language,” we can

think of plants emitting different chemical “words” to
their environment. Studies on plant VOCs have revealed
that some VOCs are more frequent than others (Knudsen
et al., 2006; Farré‐Armengol et al., 2020), but the detailed
information structures have not been explicitly studied. To
explore the redundancy of plant chemical language and
whether the frequency of its vocabulary (VOCs) follows
Zipf's law, we gathered the data from the only four
community‐level plant VOC studies so far, three of which
focused on floral VOCs in plant‐pollinator networks (Filella
et al., 2013; Kantsa et al., 2017; Burkle & Runyon, 2019) and
one on leaf VOCs in a plant‐herbivore (caterpillar) network

(Zu et al., 2020). Additionally, we also use a review study
by Farré‐Armengol et al. (2020), who compiled a floral VOC
dataset from 305 species. In the review study, the authors
also categorized chemical groups of VOCs, families of
plant species, and pollination systems of these plant
species.
By analyzing the distributions of VOCs in these studies

and in different categories (chemical groups, plant families,
pollination groups), we found that most cases follow a
heavy‐tail distribution where a few VOCs are predominant
whereas many other VOCs occur rarely (Fig. 2). In five cases
(out of the 16 examined cases and categories), a
power–law distribution fits either the whole data (in one
community study PV_k, and the group of N‐, S‐containing
compounds, Fig. 2, Table 1) or part of the data (in
Orchidaceae, insect‐pollinated flowers, and the overall
review data, Fig. 2, Table 1). The fitting was performed
using the R package “poweRlaw” (Clauset et al., 2009;
Gillespie, 2017). Many of the remaining cases appear to
have power–law‐like distributions, but a fit cannot be
statistically supported (Table S1). Indeed, although
power–law distributions are thought to be common, it is
not easy to achieve a strict fit to many empirical data
(Clauset et al., 2009) partially due to limited sample size
and sample bias on abundant vs. rare signals.
In the five cases in which a full or partial fit can be made,

the slopes of the distribution range from k= 1.94 to k= 2.68,
which is steeper than observed in human languages. These
patterns suggest that plant VOC languages may be more
redundant than human language. Following information
theory, the entropy of VOCs in all these cases is very high,
ranging from 0.78 to 0.99 (H(V) in Table 1A).
Note that throughout the whole paper, we used stand-

ardized entropy so that it ranges between 0 and 1, where the
higher the value (closer to 1), the higher the uncertainty.
Entropy calculation formulas can be found in Fig. 1.

2.2 Coding, decoding, and interactions
In the previous section, we only focus on the putative signals
(VOCs) themselves. In this section, we place these into the
context of communication: the coding and decoding of
signals, and species interactions. Following the work by Zu
et al. (2020), we can use the associations of VOCs (V) with
plants (P) in a community to describe the plant coding
process (PV‐matrix), the associations of VOCs with insects (or
animals, A) to describe insect decoding process (AV‐matrix),
and associations of animals with plants (AP‐matrix) for
insect‐plant interactions. Empirically, to screen how each
insect reacts to each of the VOCs in the community requires
extensive experimental manipulations under both controlled
and natural conditions. Therefore, it is challenging to
generate the whole insect decoding matrix from field and
experimental work.
From the four community‐level plant VOC studies that

documented a PV‐matrix, three of them (Burkle &
Runyon, 2019; Kantsa et al., 2019; Zu et al., 2020) also
document insect‐plant interaction networks (AP‐matrix) in
the same community. We found that plant‐coding patterns
vary from community to community (Fig. 3, Table 1). In the
case of the leaf VOC community (PV_z), VOCs are more
commonly shared among plants (H(P|V)= 0.94), whereas in

447Plant–insect chemical communication using information theory

J. Syst. Evol. 61(3): 445–453, 2023www.jse.ac.cn

 17596831, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jse.12841 by Paul Scherrer Institut PSI, W

iley O
nline L

ibrary on [28/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



two cases of flower VOCs (PV_f, PV_k), there are more
unique VOCs (H(P | V)= 0.41, 0.51 respectively), and the
third case of flower VOCs is in between (H(P|V)= 0.75). We
also analyzed plant coding patterns based on the review
study and found these to vary from category to category
(Table 1A), with the overall (from the whole dataset) value of

around 0.5 indicating some specialization (H(P | V)= 0.53,
H(V | P)= 0.41, Table 1A).
We observe specialized patterns for all these insect‐plant

interactions as revealed by entropy values much less than 1 (H
(A|P) around 0.5, H(P|A) around 0.2, Table 1B, Fig. 4). The
asymmetric values of H(A|P) and H(P|A) indicate that insects are

Fig. 2. Volatile organic compound (VOC) frequency vs rank (log–log scale) from four community‐level study papers (top row)
and a review paper (second to fourth rows) that summarized VOC frequency in different chemical groups (second row), four
representatives of plant families (third row), and plants with different pollination groups and the overall review data (fourth
row). Black lines in the cases of “Community: PV_k,” “N‐, S‐, compounds,” “Orchidaceae,” “Overall” indicate that data can be
described by power–law distribution (k values represent the exponent of the power–law distribution p(r)= ar−k), although
log‐normal distribution can describe the data similarly well (tests see Table S1). N‐, S‐, compounds: nitrogen or sulfur‐
containing volatile compounds. Number of sampled plant species (N_plant) and number of VOCs (N_VOC) in each case can be
found in Table 1.
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more specialized on plants than plants specialized on insects (H
(P |A) are lower). In addition, the interaction patterns seem to
be indistinguishable between mutualistic (pollinator‐plant) and
antagonistic (herbivore‐plant) networks based on these few
studies. Indeed, a global analysis of more than 250 mutualistic
and antagonistic networks has revealed that the network
structures (e.g., generality, nestedness) per se cannot separate
mutualistic from antagonistic networks (Michalska‐Smith &
Allesina, 2019) unless one includes environmental factors (Song
& Saavedra, 2020).

3 From patterns to mechanisms
We have shown the information structures of plant–insect
chemical communications as revealed by the apparent
power–law behavior in some cases (but where these
conclusions are limited by limited data availability), and by
the ubiquitous decrease in entropy of VOC associations to
plants as opposed to total entropy of VOCs. The latter is not
surprising, as not all plants produce all VOCs. Interestingly,
the conditional entropy of VOCs (H(P|V)) involved in plant‐
herbivore interactions seems to be generally higher than the
entropy of those involved in plant‐pollinator interactions, but
this is not reflected in the conditional entropy of plant‐animal
associations (H(A|P))—which is similar among these inter-
action types. This suggests that plants try to communicate

more clearly with their pollinators than with their herbivores,
while herbivores must try harder than pollinators to decode
information from their host plants.
While we recognize that further conclusions are likewise

currently limited by a shortage of data, we can still ask why
plant–insect chemical communication is structured in the way
it is, and not otherwise. In this section, we highlight two
approaches to investigate the potential mechanisms driving
these chemical communication patterns between plants and
insects. Recall the difficulties of building a complete decoding
matrix (how each insect decodes each of the VOCs) empirically.
Here, we theoretically construct insect decoding from two
approaches: (i) using a top‐down logic assuming that the insect
can decode all the VOCs from a plant as long as they can feed
on that plant; that is, AV=AP× PV and (ii) use a bottom‐up
logic by hypothesizing the relationships between VOC
abundance and functionality (i.e., effects on insects). In both
directions, we integrate information theory into ecological and
evolutionary theories to generate testable hypotheses.

3.1 Top‐down: Interactions shape communication
This direction follows the inspiration of studies exploring
how Zipf's law patterns emerge in linguistics. Various
hypotheses have been proposed to explain this intriguing
pattern in human languages. Among these, the “least effort”
hypothesis (Zipf, 1949; Ferrer‐i‐Cancho & Solé, 2003) is a
compelling hypothesis that nicely recovers the Zipf's law

Table 1 Entropy measures based on (A) plant‐VOC associations (PV‐matrix based) and (B) insect‐plant networks (AP‐matrix
based) in the four community‐level studies papers and a review paper that compiled plant‐VOC publications
Table

A

B

H(V) entropy of VOCs. H(·|·) conditional entropy. Calculation formulas see Fig. 1. *Details of statistical tests for power–law, see
Table S1. VOC, volatile organic compound.
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distribution as a natural consequence from the conflicting
interests between speakers (who are thought to aim for
“brevity and phonological reduction” to minimize their effort
to speak) and listeners (who should desire “explicitness and
clarity” to minimize their effort to understand). The
successful application of information theory in studying the
structure and emergence of human language has inspired
studies on animal vocal communication (e.g., reviews in
McCowan et al., 1999, 2008; Kershenbaum et al., 2021),
and indicates its potential to be extended in studying
the chemical “language” in plant–insect communities
(Zu et al., 2020).
Indeed, Zu et al. (2020) aimed to borrow the framework to

test whether plant‐herbivore chemical communication patterns
can be explained by conflicting interests of plants (speakers)
and herbivores (listeners). It is well‐known that the chemical
arms race between plants and herbivores has been playing out
for hundreds of millions of years, where herbivores must
constantly adapt to plant defense chemicals while plants must
keep producing novel chemicals (Ehrlich & Raven, 1964). Zu and
colleagues (Zu et al., 2020) translated this chemical arms race
into an information arms race: plants code the (chemical)
information in a way (changes in PV‐matrix) to make the
decoding (AV given by AP× PV) difficult (high entropy) for
herbivores, whereas herbivores interact with plants in a way
(changes in AP‐matrix) to make the decoding easier (low
entropy). With repeated cycles of information optimization by
plants and herbivores, they found that an equilibrium stage is
reached in which a plant‐VOC redundancy matrix and herbivore‐
plant specialization matrix have emerged. These information
patterns at the equilibrium stage matched their field data
collected in a tropical dry forest.

This is a successful case of integrating other known
evolutionary and ecological theories into information theory
to build a framework that aims to disentangle mechanisms
driving plant–insect interactions and communication at the
community level. In general, there are three steps to construct
communication frameworks for a given system. First, we must
define who are the speakers and who are the listeners.
Second, we must define proper fitness functions for both
parties based on their ecological and evolutionary relation-
ships. Third, we must define the rules of optimization for each
party in the information game. Both the second and the third
steps require very careful examination by integrating evolu-
tionary and ecological processes. We also want to emphasize
that the “fitness” function at the community level, which
defines success in terms of passing into the next “round” in a
game, is not the same as the Darwinian fitness proxies that
biologists normally use to assess individual success in survival
and reproduction but rather refers to broader benefits, which
can be assessed at the level of communities rather than
individuals. This corresponds as well to the broader use of the
term “signal” introduced at the beginning of this paper. This
approach is compatible with the evaluation of individual‐level
fitness but aims at criteria that can be used at the community
level. We hope more studies will be inspired by this
information perspective to provide insights into other
plant–insect chemical communication types (e.g., plant‐
pollinator, plant‐herbivore‐parasitoid).

3.2 Bottom‐up: Connect VOC frequency with “information
functionality”
A different, bottom‐up approach would connect VOC
frequency with information functionality to study

Fig. 3. Patterns of plant‐volatile organic compound (VOC) associations (PV‐matrix) in the four community studies (details see
top four rows in Table 1A). Each row and column represents plant species and VOCs, respectively. Black and white squares
show that a given VOC was present or absent in a given plant, respectively.
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plant–insect communication. Given that there are rare
and common VOCs (frequency), it is natural to ask
whether rare VOCs or common VOCs can be decoded
more easily by insects (functionality) and how much
information can be gained by decoding the VOCs.
Shannon's original mathematical theory of communica-

tion (Shannon, 1948) was mostly based on the “Inverse
Relationship Principle” (D'Alfonso, 2011), which states that
the less probable a signal is, the more information it bears.
In our plant–insect communication systems, insects face
an environment with VOCs at different frequencies. On the
one hand, specializing in decoding rare VOCs brings
advantages if substantial information is thereby gained
to access a niche that can be exploited by specialists.
However, specialization comes with risks because rare
VOCs (emitted by only one plant species or a few
phenotypes) can go extinct more easily, locally or globally.
On the other hand, decoding common VOCs is likely to be
safer but less informative, meaning that insects might
need to decode more signals to gather enough informa-
tion to identify their plant hosts. Which strategy do insects
use and how will different strategies affect the interaction
network structure? For example, will positive‐frequency‐
dependent decoding structure: that is, preferentially

decoding common VOCs, lead to more generalized
plant–insect interactions; whereas negative‐frequency
dependence, preferentially decoding rare VOCs, may result
in more specialized interactions? How could this be
understood in terms of the co‐evolution of plant VOCs
and insect olfaction?
Within this framework, one can hypothesize different

specific relationships between VOC frequency and informa-
tion functionality (VA‐matrix), to test how these give rise to
plant–insect interaction network structures (using PA= PV ×
VA). Specifically, information functionality can be modeled
with two elements: one, how easily a VOC can be decoded
(VA_func); two, how much information can be gained by
decoding the VOC (V_info). Therefore, the information
functionality matrix (VA) can be treated as an information‐
weighted decoding matrix, generated by (VA= V_info ×
VA_func). We can use a drift process mimicking frequency‐
independent decoding, which might act as a control for
testing the strength of frequency‐dependent decoding
occurring in the empirical data.

4 Conclusion
We have found from the limited studies that plant VOC
frequencies follow a heavy‐tail distribution with a few
predominant compounds and many rare compounds; all
the three documented plant–insect interaction matrices are
highly specialized, whereas plant–VOC coding patterns seem
to vary from case to case, with different plant communities
and perhaps, interaction types, resulting in signals that are
encoded more or less redundantly. We also provide a top‐
down and a bottom‐up direction for constructing theoretical
frameworks to integrate information theory in studies of
plant–insect chemical communication. By proposing both
top‐down and bottom‐up frameworks, we hope we can draw
attention to, and inspire more studies on the information
perspective of trophic networks in ecosystems.
In the face of more serious and more frequent threats to

ecological systems, plant–insect interactions are vulnerable,
yet particularly important aspects of ecosystem functioning:
insect pollinators are vital for agricultural productivity as well
as for the survival of wild plant communities (Ollerton, 2021;
Wei et al., 2021); herbivores support all higher trophic levels
that depend on plants (Price et al., 1980; Harvey et al., 2003;
Moreira et al., 2016), and their predators and parasitoids
perform pest control services (Schmidt et al., 2003). We still
struggle to control these interactions with relatively crude
tools that carry heavy collateral damage, such as physically
uprooting and transporting communities of pollinators to
agricultural fields and broadly prescribed spraying of
pesticides. Integrating information theory has the potential
to help us gain a better understanding of the underlying
mechanisms, and thus promises novel insights to better
understand and manage these interactions. For example,
novel chemicals of exotic plants have been suggested to be
the main mechanism for invading the local communities
(Cappuccino & Arnason, 2006; Macel et al., 2014). From the
perspective of information theory, we can ask what are the
effects of invasive species on the information landscape of
the current community and whether some information

Fig. 4. Patterns of insect‐plant interactions (AP‐matrix) in
the three community studies (details see Table 1B). Each row
and column represents insect species and plant species,
respectively. Black and white squares show that a given
insect was, or was not observed feeding on a given plant,
respectively.
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structures are more resilient than others. We can further-
more ask how climate change, pollution (including pesticide),
and habitat fragmentation will affect communication signal
profiles, dynamics, and signal‐to‐noise ratios and thus rewire
plant–insect networks. Overall, understanding the effects of
communication on species interactions and vice versa has the
potential to improve our ability to assess impacts of
anthropogenic disturbances on ecosystems, and assist
conservation and restoration practices. For instance, instead
of focusing on taxonomic diversity, chemical diversity and
chemical information structure may be shown to be more
crucial and informative for ecosystem biodiversity (Schuman
et al., 2016).
Information approaches can provide the scalability to

integrate further dimensions to achieve a better and
potentially more unified understanding of information flows
and their effects in ecosystems (Deng et al., 2021). For
instance, we can expand these frameworks by including
different sets of VOCs (e.g., from flowers, leaves, and roots);
different sets of partners and trophic levels (e.g., pollinators,
microbes, parasitoids, and predators); and even different
information forms (e.g., visual, vocal). Information theory
abstracts all kinds of signals (or functional traits) as
information and thus has the potential to gather the multi‐
layer functional maps into a unified framework. In summary,
integrating information theory to existing theories in ecology
and evolution has the potential to unveil central biological
mechanisms driving the formation and maintenance of the
functionality of species interactions and thus of entire
ecosystems (Margalef, 1968; Kessler & Kalske, 2018;
O'Connor et al., 2019), as has recently been argued more
generally for plant chemistry (Walker et al., 2022).
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