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Abstract Within the framework of studies of plants 
as cognitive organisms, there is a hypothesis that 
plant cognitive processes are not enclosed within 
their bodies but extend to the environment. The 
extended plant cognition (EPC) hypothesis suggests 
that when plants modify the environment around 
them through the release of volatile organic com-
pounds (VOCs), root exudates, and the sustenance 
of mycorrhizal networks, they extend their sensorial 
apparatus and externalize a part of their information-
processing system. As a result, a plant can no longer 
be seen as an isolated organism easily distinguishable 
from its milieu. In this article, we discuss the impli-
cations of understanding plants as extended cognitive 
organisms and assess four test cases that corroborate 
the EPC hypothesis, one for each possible channel of 
extended plant cognition discussed here. We conclude 
that this new approach can redefine how we under-
stand plants and their environment. EPC may also be 

a fruitful source of inspiration to develop new tech-
niques in agriculture by enhancing the external ele-
ments of plant cognition.

Keywords Root microbiota · Soil-borne legacy · 
Mycorrhizal networks · Mycorrhizas · VOCs · Root 
exudates · Plant ecophysiology · Plant ecology

1  From internal to extended cognition

Proposing an information-processing model for 
thinking and problem-solving, cognitivism identi-
fies the Central Nervous System (CNS) and, in par-
ticular, the brain, as the locus of cognitive activity. 
However, the psychological notion of cognition has 
a long prehistory in philosophical approaches to the 
concept of thinking. For Plato and Aristotle, the seat 
of the “rational soul” is the head. The former phi-
losopher considers the brain to be a link between the 
human body and the celestial realm of Ideas (Plato 
1929, p. 90a–b); the latter distinguishes the rational 
from the nutritive (shared with plants) and the sensi-
tive (shared with animals) kinds of soul, or principle 
of vitality, even though he maintains that the think-
ing mind (nous) is not “mixed with the body” and has 
“no actual existence until it thinks” (Aristotle 1975, 
p. 429a).

At the dawn of European modernity, Descartes 
equates the existence of the thinking mind with one’s 
existence as such, resulting in his dictum “Cogito, 
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ergo sum” (I think, therefore, I am; Je pense, donc 
je suis), raised to the status of the first principle of 
his philosophy (Descartes 1874). Descartes dispenses 
with the idea of the ensoulment of non-human liv-
ing beings, notably of plants and animals, which is 
prevalent in pre-modern philosophical tradition. The 
human being, in turn, becomes the cognitive being 
par excellence, one whose very existence is defined 
by, and logically derivable from, cognition. Conse-
quently, the mind/body problem, already palpable in 
Aristotle, becomes further accentuated (and, in the 
second half of the twentieth century, is reproduced in 
the therapeutic split in clinical psychology between 
psychanalysts and behaviorists). Likewise, Descartes 
follows Plato and Aristotle in their insistence on the 
uniquely human capacity to think, denying it to other 
living beings. This means that sensation, nourish-
ment, and reproduction in other animals and plants 
happen without discernment, decision-making pro-
cesses, and other interventions of thinking.

The dualism of the mind versus the body started 
to be challenged in the 1970s, when many research-
ers questioned the CNS as the sole locus of cognition. 
Scholars began to develop the thesis that the mind is 
not a thing (res), something that is in the head, but 
rather a process that happens in living bodies. What 
we understand by mind, or cognition, is the result of 
a very complex interaction between the elements that 
constitute the living body, where these continuously 
adjust their relations through time and in an ongoing 
exchange with the environment (Bateson 1972; Matu-
rana and Varela 1980).

Whereas the brain is important for the proper 
cognitive functioning of the organisms that evolved 
brains, cognition is not entirely restricted to it, but 
emerges from the interaction of all organs beyond 
the brain—especially those responsible for sensing 
and moving—with the environment. This special, 
adaptive interaction of the living organism with the 
environment allows it to improvise when external 
conditions suddenly change, or to forecast future 
conditions, ensuring that the system is not disrupted 
by environmental fluctuations, and, therefore, to a 
great extent, guaranteeing survivability. On this view, 
cognition would be a definitive characteristic of life, 
and life without cognition would be impossible. It is 
a process present already in our last common ances-
tor, the process that was important to keep it alive 
and reproducing, and that evolved with every branch 

in the tree of life. The more sophisticated the senso-
rial apparatus of organisms, the more possibilities for 
engaging with the environment were created, and the 
more room was available for complex forms of cogni-
tions to emerge, ultimately resulting in the diversity 
of life forms and cognitions we have today (Maturana 
and Varela 1980; Lyon et al. 2021).

Since cognition is a property of living bodies, and 
their life is only possible because of the tight interac-
tion of the sensorial apparatus of organisms with the 
environment, it is said that cognition is embodied and 
embedded (Newer et  al. 2018). Furthermore, since 
cognition is a process, it expresses itself through 
“perceptually guided actions” in the world, mean-
ing that cognition is enacted too (Varela et al. 2016). 
Varela et al. (2016) put much emphasis on movement 
and sensorimotor capacities, but of course this is not 
entirely applicable to plants. Many plant actions hap-
pen at the metabolic level, like adjustments of photo-
synthetic rates and the exudation of chemical compo-
nents. As it may be clear at this point, however, the 
environment has a critical role in cognition, for it is 
only through a dynamic interaction of the cognizing 
system with the environment that the emergence of 
cognition is possible.

Clark and Chalmers (1998) proposed taking a step 
further in the assessment of the role of the environ-
ment in cognition. They suggested a form of external-
ism where the human mind would not be confined to 
the skull and the body and would extend to objects 
in the environment when they are manipulated by the 
cognitive agent. In a classical example, an individual 
writing the address of a museum in a notebook and 
using it to remember how to get to the museum would 
be externalizing part of their memory outside their 
brain, and the notebook with information would be 
part of the individual’s extended cognition.

The idea that human cognitive processes partially 
happen outside the body is very controversial, and 
it has been debated in the philosophy of mind ever 
since. Some argue that to be considered cognitive, 
the object must present a “mark of the cognitive” 
(Adams and Aizawa 2001), but such an unequivo-
cal mark was never found. Others argue that the 
mere fact that we manipulate objects to aid our 
cognitive process do not mean that they are part of 
our cognitive process (Gallagher 2018), and crite-
ria for delimiting the boundaries of cognition have 
been proposed (Adams and Aizawa 2001; Kaplan 
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2012). It is not within the scope of the current paper 
to delve into this discussion, but a compilation of 
essays debating the extended cognition hypothesis 
in humans can be found in Menary (2010). Some 
recent empirical evidence for human extended cog-
nition includes Bocanegra et  al. (2019), Armitage 
et  al. (2020), Armitage and Redshaw (2022), and 
reviewed in Gilbert et al. (2022).

The explanatory power of extended cognition 
was not restricted to humans, but applied to explain 
the complex behavior of non-human primates (Mos-
ley and Haslam 2016; Mosley 2021) and spiders 
(Japyassú and Laland 2017), whose webs would 
consist of part of their perceptive and information-
processing apparatus, without which their cognitive 
process is significantly reduced. Even non-neural 
organisms like slime molds (Sims and Kiverstein 
2021) and plants (Parise et  al. 2020, 2023) were 
proposed as extending their cognition. Besides, 
according to Parise et al. (2023), it is possible that 
the phenomenon of using the environment to extend 
cognitive process is much more common than usu-
ally thought, potentially being present in organ-
isms as diverse as protists, termites, mice, and even 
tumorous cells.

A shift from internal to extended cognition has 
important implications for how we understand human 
thinking, as much as for a broader reassessment of the 
cognitive capacities inherent to non-human organ-
isms. With thinking decentered from the brain and 
the CNS, perception and sensation are integrated with 
the more abstract capacities of the mind. The periph-
eral nervous system (PNS) is no longer analytically 
separated from CNS—as it is also not anatomically 
or physiologically—and the mind/body split becomes 
obsolete. It’s known, for example, that the movements 
of skeletal muscles are important to the modulation of 
our thinking (Dutriaux and Gyselinck 2016; Johans-
son and Johansson 2014; Onishi et al. 2022) and even 
of our emotions (Coles et  al. 2019). The tight con-
nection of the gut microbiota through the gut-brain 
axis has been revealed to be prominently active in the 
cognition of humans and rodents (Carlson et al. 2018; 
Chevalier et al. 2020), which are model organisms for 
studies of mammalian cognition. In turn, animal per-
ception and sensation are no longer regarded either as 
qualitatively distinct from or as inferior to the human 
variety; the sensory-perceptive apparatus, too, is part 
of extended cognition, including its medium and 

objects organized in noetic-noematic correlations 
(Husserl 1983; Merleau-Ponty 1964).

What specifically interests us in the current arti-
cle, however, is extended cognition in plants. Plants 
also sense and perceive fluctuations in their environ-
ments, registering several kinds of environmental 
cues and multiple interactions among these simulta-
neously (Trevawas 2003, 2004, 2005; Karban 2015). 
Our point is that these are not merely phenomena of 
sensation and perception, of signaling and communi-
cation, but that they could constitute part of extended 
plant cognition (EPC), which is, in fact, not only 
extended but also dynamically extending in growth. 
How this kind of cognition works and what it implies 
with respect to cognition more generally understood 
are some of the questions we want to raise anew here.

2  Three senses of ‘the extended’ in plant cognition

Before proceeding, we suggest three interpretations 
of the qualifier “extended” in “extended cognition.” 
The first two are applicable to all types of extended 
cognition; the last is unique to plants and forms the 
starting point for our reflection.

2.1  First sense: extended as of or on the surface; 
space-based

The attribution of extension to cognition is overtly 
anti-Cartesian. For Descartes, the thinking thing, 
res cogitans, was, precisely, non-extended (had no 
spatially-based existence), in contrast to the mate-
riality of the extended thing, res extensa (Descartes  
1874). The attribution of extensionality to the cogni-
tion overcomes the mind/body split, renders cognitive 
processes and structures material, and also imparts 
to them the attributes of space (notably, external 
existence and divisibility), which Descartes ada-
mantly denied as having any bearing on the mind. 
This means, besides the mind’s finitude shared with 
material existence, the inevitable dispersion of cog-
nitive processes, the divisibility of attention, and the 
unavoidability of distraction (Marder 2011). It also 
means that in parallel to the physical or metaphysical 
depth, in which thinking (or information processing) 
would take place as in a black box of sort, it is the 
surfaces and the interfaces of living bodies that are 
the sites of thinking.
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2.2  Second sense: extended as going beyond the 
epistemological limits of the modern notion of 
cognition and of cognitivism

There are hints as to this interpretation in our elabora-
tion on the first sense of ‘extended’ thinking, which 
scrambles the rigid distinctions between res cogitans 
and res extensa in Descartes. Although from a post-
Cartesian perspective, this epistemological transgres-
sion seems outlandish, it is in sync with the ancient 
notion of the embodied soul (a principle of vitality 
suitable to each type of organism). For instance, one 
of Aristotle’s definitions of the soul is “the first actu-
ality of a natural body with organs [entelecheia hē 
prōtē sōmatos phusikou organikou]” (Aristotle 1975, 
p. 412b). Similarly, Plotinian insights into “contem-
plation of the One,” which is interior theorizing or 
abstract thinking only in the case of human beings, 
resonate with cognition outside the modern stricture 
(Plotinus 1966, III.8.1, 1–8). Extended cognition 
recovers in a different way an ancient approach to 
thinking commensurate with extension.

2.3  Third sense: extended plant cognition as the 
extension of cognitive processes beyond the 
physical limits of a plant

This third sense of the term is, perhaps, the most 
counterintuitive and one that we hope to elucidate, 
while hinting at its potential to inform the theoretical 
and empirical studies of extended cognition as such. 
Here, not only the surfaces of plant organs (leaves 
and flowers, roots and stems, as well as, crucially, 
meristems) but also the interfaces between these sur-
faces, the environment and other forms of life (fungal, 
bacterial, insect, and so forth) function as a dispersed 
network of cognition. It follows that extended plant 
cognition is not exclusively situated in plants as its 
autonomous subjects; rather, plants are the nodes in 
the field of extended cognition, which exceeds their 
embodied limits.

3  Plants as cognitive subjects: lessons 
from vegetal anatomy and physiology

According to Maturana and Varela’s theory of 
autopoiesis (Maturana and Varela 1980), a criti-
cal characteristic of living bodies is that they are 

defined by the dynamic of the body itself, and this 
is what distinguishes them from the environment 
as a system. If we study the world as a network of 
interactions, we would observe that there are cer-
tain clusters of processes and elements interact-
ing more among themselves (there are more links 
between their elements) than with other processes. 
Within these clusters, the dynamic generates new 
elements, which replace decaying ones, and also 
set the boundaries between the cluster and other 
elements in the network (Di Paolo and Thompson 
2014). In other words, these clusters present opera-
tional closure, and such systems are what we call 
living organisms.

Operational closure is how the dynamic of a 
system defines the system as such, distinguished 
from the environment (Maturana and Varela 1980; 
Di Paolo and Thompson 2014). Many of the links 
between the elements of such systems are channels 
of communication that allow the integration and 
maintenance of the system. At the same time, there 
are links with environmental variables that influ-
ence the internal dynamics of the system by altering 
its internal structure (Souza et  al. 2009). It is con-
ceivable that the more links between the elements 
of the system and the environment, the more possi-
bilities of the system influencing the environment or 
being influenced by it.

If we analyze plants and animals from this per-
spective, we will notice some fundamental differ-
ences between the organization of these systems, 
with implications for how their modes of cogni-
tion work. The differences between plant and ani-
mal cognition arise from the body organization and 
evolutionary history of both lineages. As mentioned 
before, through the course of evolution, the different 
sensorial apparatuses, evolutionary history and spe-
cific needs led to the development of very different 
cognitive systems. To begin with, we interpret ani-
mal cognition as oriented primarily inwards, while 
plant cognition is oriented primarily  outwards, in 
keeping with their respective anatomies, physiolo-
gies, or organization. For its part, this critical dif-
ference in orientation changes the operations of per-
ception and/as action.

Because plants are autotrophic, the first multi-
cellular photosynthetic organisms did not need to 
move to harvest the energy and matter they required 
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to survive. Solar energy is abundant and fairly con-
stant, and small molecules and nutrients would 
come passively to early algae and plants through 
diffusion in the air or water. This led to a sessile 
lifestyle.1 For their part, most animals are hetero-
trophic. The first Eumetazoa animals had to move 
to find food once they depleted the nutrients of one 
area. This contributed to the evolution of a mobile 
lifestyle.2 The different lifestyle of plants and ani-
mals led to the evolution of distinct anatomies, per-
ceptual apparatuses, ways of relating with the envi-
ronment, and consequently, different cognitions.

A typical animal can be seen as a pack of organs 
that can be moved around when necessary. Therefore, 
it needs to be as ’compact’ as possible, with implica-
tions for how its body organization evolved: central-
ized organs, a relatively centralized cognition, etc. 
Animals face issues like thermal regulation, and their 
centralization of functions also helps with this, for 
they tend to present low surface/volume ratios. Addi-
tionally, animals present relatively few senses, and 
these are generally centralized, too: eyes are for sight, 
tongue for taste, nose for smell, vestibular system for 
balance, and so forth. There is a remarkable excep-
tion which is the surface (skin or other similar organs) 
and everything it can sense, like touch, temperature, 
and electrical fields in some animals. But even in 
these cases, most of the nervous terminations will 
be located in the extremities. When an animal per-
ceives something through these senses, like the smell 
of food, it will bring its organs towards the positive 
stimulus and distance itself from the negative one (or 
from the absence of stimuli), and having the relevant 
organs tightly packed helps the task (Fig. 1).

By contrast, the sessile and autotrophic mode of 
being of plants means that, for them, it is optimal to 
have the highest exposure possible, and they maxi-
mize exposure by having an immense surface area. 
Think of all the leaves of a tree gathering sunlight, 
or all the roots looking for minerals and water in the 
soil. While some animal organs are never in direct 
contact with the external environment, virtually all 
plant organs are in tight connection with it. This is 
why there is value in talking about “internal organs” 
in animals, a concept that has no sense if applied to 
plants. In sum, plants are outward-oriented because 
their life happens on the surface. Besides, plants are 
modular. They do not have (and never could afford) 
centralized organs. Their vital functions are scat-
tered throughout the entire plant, and every module is 
semi-independent, able to solve problems and interact 
with the environment locally, regardless of its capac-
ity for communication with others (Peak et al. 2004; 
Matthews et al. 2017; Lüttge 2019) (Fig. 2).

The life of a plant transpires on the surface, invit-
ing the closest interaction with the environment, more 
so than it does in animals—and this superficiality 
could be a step towards extended cognition, as we 
discuss below. While animals tend to be to a certain 
degree autonomous and independent of the environ-
ment, plants are highly embedded in it.

Crucially, in the terms of signaling and communi-
cation, plants can use internal networks (such as hor-
mones or electrical signals) or the outside environ-
ment of the air or the soil, which would not be treated 
any differently from the plant’s internal networks.3 
Indeed, when we consider the volatiles in the air 
that convey information across the plant’s crown, or 
the rhizosphere that has physico-chemical properties 
highly modified by root exudates, or even the interac-
tion with mycorrhizal fungi that extend enormously 
the surface area of the roots, it is hard to tell a plant 
apart from its environment. In other words,  exter-
nally released exudates or volatiles perform essen-
tially  the same function as internal  signaling net-
works  of  the plant. Likewise, plants that reproduce 
sexually will deploy non-plant actors, such as polli-
nating insects, birds, air currents, etc., to spread their 

1 If we consider the behavior of roots individually, they appear 
mostly heterotrophic and consequently need to move to find 
nutrients, and they explore the environment in a fashion that 
resembles that of worms (except that their movements are 
achieved mostly by growth, and not displacement). This simi-
larity was noted already by Darwin and Darwin (1880). See 
Baluška et  al. (2006) for a discussion on the topic. We thank 
one anonymous reviewer for this observation.
2 Interestingly, there are animals that evolved a sessile life-
style. In these cases, they were submitted to similar evolutive 
pressures as plants, leading to similarities in their anatomies 
like modularity, little specialization of organs, and colonial 
nature. Examples include corals, sea sponges, hydrae, and bry-
ozoans.

3 After all, assuming the continuation of vegetative growth, 
parts of the growing plant will be there where the air or the soil 
around it are at this very moment.
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genetic material. On these occasions, non-plant actors 
similarly figure as an extension of the plant outside its 
current embodied limits.

It may well be that the body organization of ani-
mals facilitates introspection, because they are 
likely more connected internally than externally, i.e., 
they seem to have more channels of communication 
between different parts of the body than between the 
body and the external world. For example, internal 
organs like the liver, kidneys, pancreas or heart have 
no direct contact with the environment, but influence 
and are influenced by the whole body. This could be 
illustrated by the systemic effect the adrenal glands 
have in the entire body through the release of adrena-
line, from accelerating heartbeat to dilatating pupils, 
from regulating emotions to consolidating long-
term memory (Brown et  al. 1979; Cahill and Alkire 
2003; Mezzacappa 2010). Another curious example 
is visual system processing: at least in mammals and 
birds, most of the stimuli for perceiving and process-
ing visual information come from the brain itself, and 

not from the environment (Varela et al. 2016; Lev-Ari 
et al. 2022). What we see is directly related to what 
we are prepared to see due to previous experiences 
and current circumstances. We must have the relevant 
structures, or “schemata” (usually, networks in the 
brain, confirming Immanuel Kant’s hypothesis of a 
priori cognitive structures), prepared to accept optic 
stimuli from the environment and retrieve informa-
tion from it (Neisser 1976).

Plants, on the other hand, present more chan-
nels of communication between the modules and 
the external world than among the modules them-
selves. Although hormones do influence the whole 
plant body, there is no centralization in their syn-
thesis. An exception could be the role of apical 
dominance in some herbaceous or young plants, but 
usually, hormones are produced by many modules 
at the same time, and as a result primarily of their 
interaction with their immediate environment (Mar-
tín-Vertedor and Dodd 2015). Consequently, whole-
plant behavior emerges from the behavior of all the 

Fig. 1  A simplified representation of the body organization 
of a typical animal (beetles comprise 25% of all known ani-
mal species, Zhang et al. 2018). Animals are likely more inte-
grated internally than externally, possibly  having more chan-
nels of communication between elements of their bodies than 
between these elements and the environment. Besides, the 
most important channels of communication between animals 
and the world are concentrated in the head, where we find the 

brain, eyes, antennae, mouth, nose, ears, etc., or the extremi-
ties of their bodies. Black dots and lines represent elements of 
the animal body with their respective connections. Yellow dots 
and lines, elements and variables of the environment and their 
respective connections. Solid lines represent relations constitu-
tive of the cognitive systems. Dashed lines represent relations 
between or with elements in the environment. Created with 
BioRe nder. com. (Color figure online)

https://BioRender.com
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modules interacting with their immediate environ-
ment and from what is communicated between them 
(de Kroon et al 2009; Lüttge 2019).

Nevertheless, the distinction between animal and 
plant bodies does not mean that animals are more 
likely than plants to engage in cognitive processes. 
In fact, the cardinal mistake of theories of cognition 
is to equate thinking with introspective thought and 
consciousness with an invisible “inner container” 
for experiences, memories, and anticipations, 
among other components of psychic life. Cogni-
tion does not equal consciousness, and many, if not 
most, of our cognitive processes are unconscious to 
what we call us (Reber and Allen 2022). It is high 
time to shake off such dogma and to reconsider EPC 
in line with the three senses of the “extended” and 
elements of plant anatomy and physiology, as out-
lined above.

4  Implications of extended plant cognition (EPC)

Succinctly put, there are five main implications to 
the theory of EPC, with its locus not only on the liv-
ing surfaces of a plant, but also and especially at the 
interfaces of the plant, its environment, and other—
vegetal and non-vegetal—forms of life.

(a) As it is currently conceptualized, the infor-
mation-processing model is inapplicable to 
extended plant cognition.

The model that explains cognition as information-
processing solely in the brain is shown as inapplica-
ble for several reasons:

a. If external networks and actors perform the same 
kinds of function as internal ones, situationally or 
occasionally integrating parts of a plant among 

Fig. 2  A simplified representation of the body organization of 
a typical plant. Their modular constitution implies that there 
are more channels of communication between the elements 
of the modules and the elements of the environment than with 
other modules. It does  not mean that plants are less coordi-
nated physiologically—as few as they might be, physiological 
connection among the modules are important to the coordina-
tion of behavior across the plant body (e.g., Falik et al. 2006). 
However, every module is far more autonomous in its behavior 

and interaction with the world than the “modules” that con-
stitute the typical animal body. Black dots and lines represent 
elements of the plant body with their respective connections. 
Yellow dots and lines stand for elements and variables of the 
environment and their respective connections. Solid lines rep-
resent relations constitutive of the cognitive systems. Dashed 
lines represent relations between or with the elements in the 
environment. Created with BioRe nder. com. (Color figure 
online)

https://BioRender.com


 Theor. Exp. Plant Physiol.

1 3
Vol:. (1234567890)

themselves and with the outside milieu, then the 
“system” that would do the work of processing 
information is irreducible to a plant.

b. Furthermore, the essential instability in the inner/
outer distinction in plants disturbs the distinc-
tion between inputs and outputs, required by any 
information-processing model.

c. As currently formulated within the paradigm 
of the conceptual and operational confines of 
closed systems, information storage and retrieval 
are likewise unworkable when the interiority, 
in which information would be stored and from 
which it would be retrieved, is not assured.

(b) The minimal unit of EPC is the plant + its envi-
ronments (above and below ground).

The most fundamental question is not What is cog-
nition and its different types? but Who is the cog-
nizer? (With this, we propose a basic re-orientation 
toward plants as subjects, akin to the Kantian ‘Coper-
nican turn’ in philosophy concerned with human 
reason, even though the limits of this subjectivity 
go well beyond the physical body of a given plant.) 
The unit of plant cognition is not a plant of a given 
species with its particular genetic make-up as an iso-
lated specimen, but the plant + its immediate envi-
ronment. This would be the strong sense of EPC. Its 
weak sense would be to start with the plant as a basic 
unit and only subsequently to add its interactions with 
the immediate environment(s) and representatives of 
other biological kingdoms and species.

(c) EPC is thinking with the environment, a co-
thinking or a co-cognizing.

This follows from (b) and means that both organic 
and inorganic elements in a plant’s environment are 
not mere tools for the accomplishment of its goals 
but synergic participants in the process of cogni-
tion. Housing, if only intermittently, airborne and 
belowground biochemical exudates of plants, the 
environmental milieu and its inhabitants who collab-
orate with plants are much more than the surround-
ing space, populated by other organisms. Rather, 
the space between an animal using sonar signals for 
navigation and the surfaces from which these signals 
bounce back, or between a root and an underground 

obstacle which serves as a barrier for the accumula-
tion of biochemical exudates, is inseparable from the 
bodies of the animal or the plant within their respec-
tive trajectories of dislocation and growth. This inter-
mediate space is a dynamic glove body or a second 
body, which is the site of extended plant (and animal) 
cognition.

(d) Overall, the decentralized equivalent of the cen-
tral nervous system in plants is not another inter-
nal network but the conjunction of internal and 
external communication pathways, that is to say, 
of plants + not-plants.

Hence, the very idea of communication needs to 
change in tandem with that of cognition. Rather than 
a “mere” exchange of information between separate 
agents, who in their core remain unaffected or unal-
tered by the exchange, communication is the “con-
nective tissue” of extended cognition. In the case of 
plants, the phenomenon of eavesdropping in self-
signaling, for instance, would mean that the inter-
face of plant self and non-self is the site of extended 
cognition. Similarly, transition zones around the root 
apex, where the richest cross-kingdoms interactions 
take place, are sites of extended cognition.

(e) The exceptional character of the sense of touch, 
as well as temperature and electrical sensing, 
scattered throughout the living extension of both 
plants and animals highlights their importance to 
extended cognition.

While acknowledging fundamental divergences 
between plant and animal modes of existence, body 
organizations, etc., we should not forget the overlaps 
between them, the overlaps that have the potential 
to become a shared physiological basis for extended 
cognition. Already Aristotle rightly noted that the 
organ of touch is not the hand; rather, it is all of skin, 
the entire sentient surface of the body (Aristotle 1975, 
p. 423a). The outward layer of the animal body is, 
in this sense, similar to that of plants. It is an organ 
that is decentralized, dispersed, and multifunctional: 
breathing through the pores, having photosensitiv-
ity, and thermal sensitivity, among others. Similarly, 
animals have free nerve endings scattered all over the 
skin in order to sense touch and temperature. Many 
fish and sharks have specialized structures in their 
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skin to perceive electrical fields in the environment, 
like the ampullae of Lorenzini (Crampton 2019). To 
further study the interfaces that constitute extended 
cognition, it is, therefore, paramount to pay close 
attention to the unique qualities of the sense of touch, 
temperature, and electrical sensing, where these inter-
faces are anatomically and physiologically possible.

As for specific biochemical and physiological 
mechanisms, EPC is proposed to happen via four 
main channels: root exudates, root microbiota, myc-
orrhizal fungi, and volatile organic compounds (Par-
ise et al. 2020, 2023). This list is not exhaustive, since 
other forms of extended cognition could be discov-
ered (i.e., through the use of sound or ionic currents 
around root tips, see Gagliano et  al. 2013; Baluška 
and Mancuso 2013). Below, we discuss some case 
studies as examples of how EPC may operate.

5  Test case of EPC (A): self‑inhibition of root 
growth

Many plants release root exudates that, at certain con-
centration, become toxic to the plant itself or conspe-
cifics (Singh et al. 1999; Wu et al. 2007; Asaduzza-
man and Asao 2012). One hypothesis to explain this 
self-toxicity is that exudates help plants to distribute 
their roots in the soil more efficiently, something 
already demonstrated in previous studies (Falik et al. 
2005; Semchenko et  al. 2008; Caffaro et  al. 2011). 
Root exudates can also cue plants to match root and 
shoot growth to the soil volume available (Wheeldon 
et al. 2021). Falik et al. (2005) studied the interaction 
of pea plant roots with the exudates they produce. 
They grew plants with the roots surrounded by nylon 
strings and observed that root tips would stop grow-
ing and even wither in the vicinity of the strings. The 
researchers hypothesized that root exudates would 
be mediating this effect. Then, Falik and colleagues 
applied activated charcoal or potassium perman-
ganate behind the nylon strings. These substances 
would absorb and inactivate the exudates. The result 
was that, in the effective absence of exudates, the 
roots grew towards the nylon strings as if they weren’t 
there. In other words, the removal of exudates inhib-
ited the plants’ capability of perceiving obstacles 
around the roots: the plants rely to a great deal not 
on their internal physiological/cognitive processes, 
but on an external process meant to detect obstacles 

around. This is remarkable because the ability to per-
ceive objects in the case of pea plant root tips hap-
pens from the outside (through the build-up of ulti-
mately toxic root exudates). But the outside is molded 
by the interaction of plant + immediate environment, 
the basic unit of EPC. The process is entirely differ-
ent from the typical notion of self-inhibition, where 
blocks, restraints, or negative obstacles to a given 
behavior are erected inside this self, precisely as the 
realm of subjective interiority.

6  Test case of EPC (B): soil‑borne legacy 
through root microbiota

Beyond their involvement in perceiving the environ-
ment around the roots, root exudates have a plethora 
of roles in plant biology, from lubricating the surface 
between the epidermis and soil particles to mineral-
izing nutrients (Bais et  al. 2006; Badri and Vivanco 
2009). Additionally, depending on their needs, plants 
can actively modulate and manipulate the soil micro-
biota by secreting different chemical substances like 
triterpenes, amino acids, long-chain organic acids 
(with more than six carbon atoms), nucleotides, and 
coumarins that promote or inhibit the growth of soil 
bacteria, altering significantly the composition of 
the rhizosphere’s microbial community (Yuan et  al. 
2018; Zhong et al. 2022). The altered community can 
encode the memory of events the plant has suffered, 
like diseases and abiotic stresses, and helps the plant 
to endure and overcome these stresses if encountered 
again. This phenomenon is called soil-borne legacy.

Researchers who study this phenomenon are quite 
clear that modulation of root exudates’ chemical com-
position is an active process controlled by the plant 
(Huang et  al. 2019). This intention-driven interac-
tion with the environment necessarily comes after an 
assessment of the plants’ state. Once the microbiome 
is altered, this new community serves to encode the 
memories of past events, such that a repeated inter-
action with the plant changes how it endures similar 
stresses as those suffered in the past. We could say 
that the altered microbiota form an exogram (Sutton 
2010): a physical representation of a past event stored 
outside the plant’s body, its meaning only emerging 
when the plant interacts with it. This kind of memory 
is at odds with the conventional view of memory as 
an internal storage system, with parts to be retrieved 
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and exteriorized whenever needed. Here, the mem-
ory of the plant is situated between the plant and its 
belowground environment, together with which it 
makes up the unit of cognition. Rather than an inter-
nal archive of past experiences, the memory con-
nected to soil-borne legacy is a cross-species, cross-
kingdoms event, material and ideal at the same time.

7  Test case of EPC (C): plant roots 
and mycorrhizal fungi

Mycorrhizal fungi are fungi that enter into asso-
ciations with plant roots forming a symbiosis called 
mycorrhiza. This is a mutualistic symbiosis in which 
fungi retrieve nutrients from the soil and deliver 
them to the plant, which obtains carbon and lipids 
in return (Smith and Read 2008; Jiang et  al. 2017). 
The connection of plants with these fungi is so inti-
mate that they are often said to be an extension of the 
roots (Francis and Read 1994; Cheng et  al. 2016). 
This ‘extension’, we argue, goes beyond the physical 
meaning intended by the authors, and is cognitive as 
well.

The principal aim of cognition is securing survival, 
which includes foraging and solving problems. The 
hyphae of mycorrhizal fungi do just this. In recent 
years, research has shifted from studying the foraging 
strategy of roots individually to studying how plants 
and mycorrhizal fungi forage together. It has been 
discovered that plants sometimes delegate to fungi 
the task of finding and absorbing nutrients, especially 
when they cannot forage for themselves (Tibbett 
2000; Tibbett and Sanders 2002; Rosling et al. 2004; 
Eissenstat et  al. 2015). Studies with both temperate 
and subtropical plant species have shown that there is 
a functional complementarity between the roots and 
mycorrhiza when foraging. Particularly, species that 
have thick absorptive roots have less precision when 
foraging with their roots than species with thin roots 
(Chen et  al. 2016; Cheng et  al. 2016). To overcome 
the lack of precision, thick-rooted species rely more 
on mycorrhizal fungi to forage for them, proliferating 
hyphae instead of roots (Eissenstat et  al. 2015; Liu 
et al. 2015; Cheng et al. 2016). Fungi use their sen-
sory apparatuses to find nutrients in the soil, but their 
actions are backed by the feedback plants provide 
through the delivery of carbon. In effect, when fungi 
do not provide plants with nutrients, the roots halt the 

supply of carbon and decrease colonization (Kiers 
et al. 2011; Yazici et al. 2021), and when fungi find a 
patch rich in nutrients, they can mobilise part of these 
nutrients to hyphae in poorer patches to increase the 
rewards from the plant in that area (Whiteside et al. 
2019). Therefore, if we are to talk about foraging 
in plants—seeing that foraging is a behaviour that 
requires cognitive processes like decision-making, 
valence, and goal-oriented actions—it is impossible 
to separate plants and fungi. Who forages is neither 
the plant nor the fungi alone, but the plant + fungi 
unit. And who cognizes is, similarly, neither the plant 
nor the fungi alone, but the plant + fungi unit along 
with the patches of belowground environment they 
inhabit.

8  Test case of EPC (D): volatile organic 
compounds

Constitutively and as a result of biotic or abiotic 
stimuli, plants release volatile organic compounds 
(VOCs) into the air. These organic molecules are 
released by the leaves and ensure rapid exchange of 
information between branches of a plant, when com-
munication by other, internal, channels would be dra-
matically less effective. Quite often, two leaves are 
rather close to one another, but, when dealing with 
different branches, communication through hormones 
or electrical signals could take hours or days. Besides, 
in a decentralized system, information emitted by 
one leaf or group of leaves would have to travel all 
the way down the branch until the stem, move to the 
other branch, and climb it until its extremity. There is 
too much room for loss of information along the way, 
and furthermore, if we consider the time it would take 
to complete the journey, it could be too late (a locust 
would jump from one leaf to another far quicker than 
the information about herbivore attack would take to 
reach distal leaves, which would be caught off guard). 
VOCs are the way plants worked this out (Frost et al. 
2007; Heil and Karban 2010). Upon a stimulus, plants 
release a bouquet of substances that travel through 
the air, shortcutting physiological constraints and 
ensuring the communication with other modules in 
the same plant. In this way, they secure, for example, 
the priming of leaves and branches to future herbi-
vore attacks, and synchronize fruit ripening, in the 
case of ethylene (Heil and Silva-Bueno 2007; Karban 
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et al. 2014; Alexander and Grierson 2002; Ságio et al. 
2014; Moreira and Abdala-Roberts 2019). Through-
out the course of evolution, plants employed this 
system to communicate with other plants and also 
animals and other organisms (Heil 2014). Communi-
cation per se does not imply, necessarily, cognition. 
Communication is, putting it simply, the exchange of 
information between systems (Karban 2015). There-
fore, even non-cognitive systems like personal com-
puters or cell phones can exchange information. How-
ever, communication is at the foundation of cognitive 
processes, because for them to happen the exchange 
of information is necessary, and it is one in which 
the parties exchanging it are fundamentally affected. 
In the case of plants, the exchange of information 
between modules is greatly facilitated by VOCs—and 
that is how plants extend their cognition through this 
mechanism—but we do not consider communication 
between plants necessarily as extended cognition, 
although not denying this possibility.

Cognition underlies problem-solving mechanisms, 
and one of the most important problems plants face 
is herbivore attacks. Several studies (reviewed in 
Heil and Karban 2010; Karban et  al. 2014; Karban 
2015) have demonstrated that, when under attack by 
herbivore insects, plants release herbivore-related 
VOCs that inform other parts of the same plant (or 
plants nearby) of the threat, inducing them to prepare 
defenses such as expressing defense-related genes, 
synthesizing chemical substances aimed to deter her-
bivores, and increasing production of extrafloral nec-
tar and VOCs that attract predators of the herbivores 
who attack them (Heil and Karban 2010). In this fash-
ion, plants can prevent further herbivore damage to 
a significant extent. The production of VOCs is not 
hardwired in the sense that every stimulus produces 
a corresponding blend of VOCs, as though this cor-
relation were genetically encoded. Quite the opposite: 
the identity of the herbivore, the nature of the dam-
age, the ecological context, and other biotic and abi-
otic, endogenous and exogenous factors influence the 

Fig. 3  The bodily structure of plant cognition is rather differ-
ent when we take into account its extended dimension. When 
plants fill the air with their volatiles (green), they create new 
channels of communication that shortcut distances imposed by 
their modular structure, increasing the cohesion of all the mod-
ules and the possibilities of interacting with the world. Like-
wise, they modify the soil with root exudates, alter the micro-
biota in the rhizosphere, and sustain mycorrhizal networks 

(red). Black dots and lines represent elements of the plant body 
with their respective connections. Yellow dots and lines, ele-
ments and variables of the environment and their respective 
connections. Solid lines represent relations constitutive of the 
cognitive systems. Dashed lines represent relations between or 
with the elements in the environment. Created with BioRe nder. 
com. (Color figure online)

https://BioRender.com
https://BioRender.com
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message that is delivered (Moreira and Abdala-Rob-
erts 2019).

Interesting examples are the studies with Artemi-
sia tridentata and Phaseolus lunatus, which demon-
strate that, within the same species, VOC bouquets 
encoding the same messages present regional dif-
ferences, and these differences can impair commu-
nication between conspecifics that do  not speak the 
same “chemical dialect” (Karban et al. 2016; Moreira 
et al. 2016). In other words, the same message can be 
encoded in different sets of VOCs, and their meaning 
is not entirely genetically determined, but is also con-
text-dependent (Moreira and Abdala-Roberts 2019).

Thus, available evidence suggests that volatiles 
play a role akin to internal networks of communica-
tion such as electrical signals, calcium waves, reac-
tive oxygen species, and hormones (not forgetting 
that ethylene is a volatile plant hormone). Information 
deriving from biotic or abiotic stresses can be trans-
mitted by any of these routes, and if we adopt a loose 
functionalist perspective, there is no objective differ-
ence between any of these channels of communica-
tion when they cause the same effects. Plants cannot 
be separated from their volatiles, and their crowns 
are constantly immersed not only in the oxygen and 
humidity perspiration, but also in an invisible cloud 
of info-chemicals created by the plants themselves. 
This means that the structure of the entire tree is not 
a hierarchical arrangement, dependent on the central 
trunk (Deleuze and Guattari 1987), but a rhizome-
like assemblage where external channels of commu-
nication by means of VOCs released into the air are at 
least as important as the inner channels passing inside 
the branches.

9  Conclusions

Here, we discussed the concept of EPC and its impli-
cations for plant biology. The sessile and modular 
nature of these organisms molded the way they per-
ceive and act in the environment, as well as how they 
deal with information. Eventual limitations imposed 
by their body organization, however, can be partially 
overcome by actively intervening in and shaping the 
environment around them, which extends plant cogni-
tive process.

With VOCs, root exudates, soil microbiota and 
mycorrhizal fungi, plants can extend far and wide 

their influence in the world, shortcutting distance 
constraints caused by their modular structure when 
communicating internally, increasing the surface of 
potential interactions with elements of the environ-
ment, storing information outside their bodies—
information that is made accessible to other plants as 
well—, and communicating with distant plants and 
other organisms. In summary, the full realization of 
plant cognition is only possible with an environment 
that is both shaped by plants, and that shapes them-
selves (Fig. 3).

With this in mind, studies investigating EPC 
empirically should intervene in the mechanisms 
by which plants putatively extend their cognition, 
thereby establishing relations of constitutive rel-
evance between the cognitive system and the ele-
ments in the environment to which it presumably is 
extended and extending (Parise et  al. 2023). As dis-
cussed in detail elsewhere (Parise et al. 2020, 2023), a 
good way of investigating EPC would be intervening 
in the cognitive system, for example, by challenging 
plants with problems that require the use and manipu-
lation of information to be solved (e.g., growing roots 
in mazes that force decision-making, or introducing 
herbivores, or pathogens that cause immunological 
memory), and observing how plants use elements 
of the environment to solve these problems. Subse-
quently, interventions in the same elements should 
cause an observable alteration in the cognitive sys-
tem when solving the same or similar problems. In 
this case, activated carbon can be employed to study 
the importance of root exudates to spatial orienta-
tion (Mahall and Callaway 1992; Falik et  al. 2005). 
Soil-borne legacy can be studied with application of 
synthetic exudates or substances (Yuan et  al. 2018), 
and the application of exogenous or synthetic VOCs 
can be used to infer the importance of these mol-
ecules to efficient problem-solving and within-plant 
communication (Karban et  al. 2016; Moreira et  al. 
2016). Finally, the use of different species or strains 
of mycorrhizal fungi, as well as transformed plants 
and fungi, could be employed to understand the role 
of mycorrhizal networks in plant cognition (e.g., Eis-
senstat et al. 2015; Liu et al. 2015; Cheng et al. 2016).

Despite the usefulness of such studies, we also 
underline the importance of thinking of plants and 
studying them in their natural contexts. It is almost a 
cliché to say that plant behavior in controlled, labora-
tory conditions may be much different from what is 
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observed in the field. One of the reasons for this dif-
ference might be a disruption of the network of inter-
actions constructed by the plant and represented in 
Fig.  3. Future research on plant performance, yield, 
or behavior, should take into consideration the possi-
bility of plants extending their cognition, as discussed 
here.

As we have seen, cognition is inherent to life (Mat-
urana and Varela 1980; Lyon et al. 2021). We should 
not talk about living organisms and their ecological 
interactions ignoring the cognition that sustains their 
behaviors. Therefore, if one wants to understand what 
a plant is, its cognitive processes must be considered. 
But if the cognition of plants is extended, what is a 
plant, after all? Plants are inseparable from their envi-
ronments—environments that are carved by them-
selves to a great extent. Hopefully, future research 
will investigate plants through the extended cognition 
lens, seeing them, like in Fig. 3, as a network of rela-
tions and interactions that goes beyond bark and epi-
dermis, throughout which there is a continuous flow 
of information modifying and reshaping the structure 
of the network itself.

Acknowledging the extended cognition of plants 
may have important implications in agriculture as well. 
Firstly, because the concept relates directly to plant 
stress. By altering the environment, plants create an 
eco-physiological niche that stores memory and buff-
ers biotic and abiotic stresses (Galviz et al. 2019), espe-
cially through microbial soil-borne legacy and mycor-
rhizal associations (Gehring et  al. 2014; Raaijmakers 
and Mazzola 2016; Pavithra and Yapa 2018; Bakker 
et  al. 2020). It is known that soil microbial diversity 
is pivotal for the building of memories in the soil. The 
richer the diversity, the more possibilities of recruit-
ment a plant has to shape its rhizosphere, resulting in 
memory effects (Raaijmakers and Mazzola 2016). 
The same goes for mycorrhizas, which are known to 
increase plant resistance to biotic stresses through the 
activation of plant immune system (Jung et  al. 2012; 
Fujita et al. 2022) or by sheathing the root tips in the 
case of ectomycorrhizas (Marx 1971). It follows that 
soil health is inseparable from plant health and is cru-
cial to providing plants with the tools to create their 
eco-physiological niches, or the cognitive niches, they 
need to endure stresses. Plant wellbeing is not a second-
ary issue, but one that is intertwined with soil health, 
sustainable agriculture, and the potential of agroeco-
logical practices that naturally enable these processes.

However, there are possible technological applica-
tions as well. If there is a physical extension of plants’ 
cognition that helps them interact with the environment 
and resist stress, this should be adjustable to improve 
crop productivity. For example, the release of synthetic 
VOCs in the field could prime plants to better with-
stand drought or diseases. The design of soil probiot-
ics with specific mix of bacterial taxa that either creates 
‘artificial memories’ in the soil or facilitates the crea-
tion of exograms by the plants could also increase plant 
resistance to stresses, and should be considered (Bakker 
et al. 2020; Yang et al. 2023). It might also be interest-
ing to consider the extended dimension of plants when 
phenotyping, for some plant species or varieties may 
be better equipped to create eco-physiological niches 
that promote their own growth and yield. These traits 
could be selected and bred to create cultivars that are 
better able to shape their environment, again aiming 
at higher resistance to stresses and higher productivity 
(Yang et  al. 2023). The new challenges posed by cli-
mate change require original approaches in agriculture, 
and taking EPC into account can inspire new ideas to 
pursue food security, coupled with plant wellbeing.

Finally, in this paper we usually consider a single 
plant + its above- and belowground environments as 
a case study. Further intriguing questions are whether 
and how the networks of interactions in the extended 
cognitive system of a plant interact with the networks 
of other plants. If VOCs or mycorrhizal fungi short-
cut the distance between modules, allowing commu-
nication between them and regulating their behav-
iors, what happens when they do it to other plants? 
(Karban et al. 2014; Gorzelak et al. 2015). Does the 
extended cognition of a plant stop at other plants, or 
does it extend to them? How would we see a forest in 
this case? These are promising questions that should 
be raised once we acknowledge the possibility and the 
actuality of extended plant cognition.

Acknowledgements The authors are indebted to Gustavo 
Maia Souza and Renato Hajenius Aché de Freitas for their 
valuable feedbacks and comments on earlier forms of this man-
uscript, and to Monica Gagliano for discussions on extended 
plant cognition. AGP is grateful to Brian J. Pickles and Mark 
Tibbett for encouraging this work. AGP is supported by a Uni-
versity of Reading International PhD Studentship. MM’s work 
on this article has benefited from the contribution of the project 
PID2021-126611NB-I00 Socioecos. Building sustainable soci-
ety: Mobilization, participation and management of socio-eco-
logical practices, supported by the Spanish Ministry of Science 
and Innovation.



 Theor. Exp. Plant Physiol.

1 3
Vol:. (1234567890)

Funding Funding was provided by Ministerio de Ciencia e 
Innovación (Grant Number PID2021-126611NB-I00). 

Declarations 

Conflict of interest The authors declare no conflict of inter-
ests.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Adams F, Aizawa K (2001) The bounds of cognition. Philos 
Psychol 14:43–64. https:// doi. org/ 10. 1080/ 09515 08012 
00335 71

Alexander L, Grierson D (2002) Ethylene biosynthesis and 
action in tomato: a model for climacteric fruit ripening. 
J Exp Bot 53:2039–2055. https:// doi. org/ 10. 1093/ jxb/ 
erf072

Aristotle (1975) On the Soul. Parva Naturalia. On Breath. Loeb 
Classical Library, vol 288, Revised edn. Harvard Univer-
sity Press, Cambridge

Armitage KL, Redshaw J (2022) Children boost their cognitive 
performance with a novel offloading technique. Child 
Dev 93:25–38. https:// doi. org/ 10. 1111/ cdev. 13664

Armitage KL, Bulley A, Redshaw J (2020) Developmen-
tal origins of cognitive offloading. Proc R Soc Lond B 
287:20192927. https:// doi. org/ 10. 1098/ rspb. 2019. 2927

Asaduzzaman M, Asao T (2012) Autotoxicity in beans and 
their allelochemicals. Sci Hortic 134:26–31. https:// doi. 
org/ 10. 1016/j. scien ta. 2011. 11. 035

Badri DV, Vivanco JM (2009) Regulation and function of root 
exudates. Plant Cell Environ 32:666–681. https:// doi. org/ 
10. 1111/j. 1365- 3040. 2009. 01926.x

Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM (2006) 
The role of root exudates in rhizosphere interactions with 
plants and other organisms. Ann Rev Plant Biol 57:233–
266. https:// doi. org/ 10. 1146/ annur ev. arpla nt. 57. 032905. 
105159

Bakker PAHM, Berendsen RL, Van Pelt JA, Vismans G, Ke 
Yu, Li E, Van Bentum S, Poppeliers SWM, Sanchez 
Gil JJ, Zhang H, Goossens P, Stringlis IA, Song Y, de 
Jonge R, Pieterse CMJ (2020) The soil-borne identity 
and microbiome-assisted agriculture: looking back to 
the future. Mol Plant 13:1394–1401. https:// doi. org/ 10. 
1016/j. molp. 2020. 09. 017

Baluška F, Mancuso S (2013) Root apex transition zone as 
oscillatory zone. Front Plant Sci 4:354. https:// doi. org/ 
10. 3389/ fpls. 2013. 00354

Baluška F, Volkmann D, Hlavacka A, Mancuso S, Barlow PW 
(2006) Neurobiological view of plants and their body 
plan. In: Baluška F, Mancuso S, Volkmann D (eds) 
Communication in plants: neuronal aspects of plant life. 
Springer, Berlin, pp 19–35

Bateson G (1972) Steps to an ecology of mind. Jason Aronson 
Inc., London

Bocanegra BR, Poletiek FH, Ftitache B, Clark A (2019) Intel-
ligent problem-solvers externalize cognitive operations. 
Nat Hum Behav 3:136–142. https:// doi. org/ 10. 1038/ 
s41562- 018- 0509-y

Brown HF, DiFrancesco D, Noble SJ (1979) How does adrena-
line accelerate the heart? Nature 280:235–236. https:// 
doi. org/ 10. 1038/ 28023 5a0

Caffaro MM, Vivanco JM, Gutierrez Boem FM, Rubio G 
(2011) The effect of root exudates on root architecture in 
Arabidopsis thaliana. Plant Growth Regul 64:241–249. 
https:// doi. org/ 10. 1007/ s10725- 011- 9564-3

Cahill L, Alkire MT (2003) Epinephrine enhancement of 
human memory consolidation: interaction with arousal at 
encoding. Neurobiol Learn Mem 79(2):194–198. https:// 
doi. org/ 10. 1016/ S1074- 7427(02) 00036-9

Carlson AL, Xia K, Azcarate-Peril MA, Goldman BD, Ahn M, 
Styner MA, Thompson AL, Geng X, Gilmore JH, Knick-
meyer RC (2018) Infant gut microbiome associated with 
cognitive development. Biol Psychiatry 83:148–159. 
https:// doi. org/ 10. 1016/j. biops ych. 2017. 06. 021

Chen W, Koide RT, Adams TS, DeForest TS, Cheng L, Eis-
senstat DM (2016) Root morphology and mycorrhizal 
symbioses together shape nutrient foraging strategies 
of temperate trees. Proc Natl Acad Sci USA 113:8741–
8746. https:// doi. org/ 10. 1073/ pnas. 16010 06113

Cheng L, Chen W, Adams TS, Wei X, Li L, McCormack ML, 
DeForest JL, Koide RT, Eissenstat DM (2016) Myc-
orrhizal fungi and roots are complementary in forag-
ing within nutrient patches. Ecology 97:2815–2823. 
https:// doi. org/ 10. 1002/ ecy. 1514

Chevalier G, Siopi E, Guenin-Macé L, Pascal M, Laval T, 
Rifflet A, Boneca IG, Demangel C, Colsch B, Pruvost 
A, Chu-Van E, Messager A, Leulier F, Lepousez G, 
Eberl G, Lledo P-M (2020) Effect of gut microbiota 
on depressive-like behaviors in mice is mediated by 
the endocannabinoid system. Nat Commun 11:6363. 
https:// doi. org/ 10. 1038/ s41467- 020- 19931-2

Clark A, Chalmers D (1998) The extended mind. Analysis 
58:7–19. https:// doi. org/ 10. 1093/ analys/ 58.1.7

Coles NA, Larsen JT, Lench HC (2019) A meta-analysis of 
the facial feedback literature: effects of facial feedback 
on emotional experience are small and variable. Psy-
chol Bull 145:610–651. https:// doi. org/ 10. 1037/ bul00 
00194

Crampton WGR (2019) Electroreception, electrogenesis and 
electric signal evolution. J Fish Biol 95:92–134. https:// 
doi. org/ 10. 1111/ jfb. 13922

Darwin CR, Darwin F (1880) The power of movement in 
plants. John Murray, London

de Kroon H, Visser EJW, Huber H, Mommer L, Hutchings MJ 
(2009) A modular concept of plant foraging behaviour: 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/09515080120033571
https://doi.org/10.1080/09515080120033571
https://doi.org/10.1093/jxb/erf072
https://doi.org/10.1093/jxb/erf072
https://doi.org/10.1111/cdev.13664
https://doi.org/10.1098/rspb.2019.2927
https://doi.org/10.1016/j.scienta.2011.11.035
https://doi.org/10.1016/j.scienta.2011.11.035
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://doi.org/10.1111/j.1365-3040.2009.01926.x
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1146/annurev.arplant.57.032905.105159
https://doi.org/10.1016/j.molp.2020.09.017
https://doi.org/10.1016/j.molp.2020.09.017
https://doi.org/10.3389/fpls.2013.00354
https://doi.org/10.3389/fpls.2013.00354
https://doi.org/10.1038/s41562-018-0509-y
https://doi.org/10.1038/s41562-018-0509-y
https://doi.org/10.1038/280235a0
https://doi.org/10.1038/280235a0
https://doi.org/10.1007/s10725-011-9564-3
https://doi.org/10.1016/S1074-7427(02)00036-9
https://doi.org/10.1016/S1074-7427(02)00036-9
https://doi.org/10.1016/j.biopsych.2017.06.021
https://doi.org/10.1073/pnas.1601006113
https://doi.org/10.1002/ecy.1514
https://doi.org/10.1038/s41467-020-19931-2
https://doi.org/10.1093/analys/58.1.7
https://doi.org/10.1037/bul0000194
https://doi.org/10.1037/bul0000194
https://doi.org/10.1111/jfb.13922
https://doi.org/10.1111/jfb.13922


Theor. Exp. Plant Physiol. 

1 3
Vol.: (0123456789)

the interplay between local responses and systemic con-
trol. Plant Cell Environ 32:704–712. https:// doi. org/ 10. 
1111/j. 1365- 3040. 2009. 01936.x

Deleuze G, Guattari F (1987) A thousand plateaus. University 
of Minnesota Press, Minneapolis

Descartes R (1874) Discours de la méthode. Œuvres de 
Descartes, vol 1. Victor Cousin, Paris.

Di Paolo E, Thompson E (2014) The enactive approach. In: 
Shapiro L (ed) The Routledge handbook of embodied 
cognition. Routledge, London, pp 68–78

Dutriaux L, Gyselinck V (2016) Learning is better with the 
hands free: the role of posture in the memory of manipu-
lable objects. PLoS ONE 11:e0159108. https:// doi. org/ 
10. 1371/ journ al. pone. 01591 08

Eissenstat DM, Kucharski JM, Zadworny M, Adams TS, Koide 
RT (2015) Linking root traits to nutrient foraging in 
arbuscular mycorrhizal trees in a temperate forest. New 
Phytol 208:114–124. https:// doi. org/ 10. 1111/ nph. 13451

Falik O, Reides P, Gersani M, Novoplansky A (2005) Root 
navigation by self inhibition. Plant Cell Environ 28:562–
569. https:// doi. org/ 10. 1111/j. 1365- 3040. 2005. 01304.x

Falik O, de Kroon H, Novoplansky A (2006) Physiologically-
mediated self/non-self root discrimination in Trifolium 
repens has mixed effects on plant performance. Plant 
Signal Behav 1:116–121. https:// doi. org/ 10. 4161/ psb.1. 
3. 2639

Francis R, Read DJ (1994) The contributions of mycorrhizal 
fungi to the determination of plant community structure. 
Plant Soil 159(1):11–25. https:// doi. org/ 10. 1007/ BF000 
00091

Frost CJ, Appel HM, Carlson JE, De Moraes CM, Mescher 
MC, Schultz JC (2007) Within-plant signalling via vola-
tiles overcomes vascular constraints on systemic signal-
ling and primes responses against herbivores. Ecol Lett 
10:490–498. https:// doi. org/ 10. 1111/j. 1461- 0248. 2007. 
01043.x

Fujita M, Kusajima M, Fukagawa M, Okumura Y, Nakajima 
M, Akiyama K, Asami T, Yoneyama K, Kato H, Nakash-
ita H (2022) Response of tomatoes primed by mycor-
rhizal colonization to virulent and avirulent bacterial 
pathogens. Sci Rep 12:4686. https:// doi. org/ 10. 1038/ 
s41598- 022- 08395-7

Gagliano M (2013) Green symphonies: a call for studies on 
acoustic communication in plants. Behav Ecol 24:789–
796. https:// doi. org/ 10. 1093/ beheco/ ars206

Gallagher S (2018) The extended mind: state of the question. 
South J Philos 56:421–447. https:// doi. org/ 10. 1111/ sjp. 
12308

Galviz Y, Souza GM, Lüttge U (2019) The biological con-
cept of stress revisited: relations of stress and mem-
ory of plants as a matter of space-time. Theor Exp 
Plant Physiol 34:239–264. https:// doi. org/ 10. 1007/ 
s40626- 022- 00245-1

Gehring CA, Mueller RC, Haskins KE, Rubow TK, Whitham 
TG (2014) Convergence in mycorrhizal fungal commu-
nities due to drought, plant competition, parasitism, and 
susceptibility to herbivory: consequences for fungi and 
host plants. Front Microbiol 5:00306. https:// doi. org/ 10. 
3389/ fmicb. 2014. 00306

Gilbert SJ, Boldt A, Sachdeva C, Scarampi C, Tsai P-C 
(2022) Outsourcing memory to external tools: a review 

of ‘intention offloading.’ Psychon Bull Rev 30:60–76. 
https:// doi. org/ 10. 3758/ s13423- 022- 02139-4

Gorzelak MA, Asay AK, Pickles BJ, Simard SW (2015) Inter-
plant communication through mycorrhizal networks 
mediates complex adaptive behaviour in plant communi-
ties. AoB Plants 7:plv050. https:// doi. org/ 10. 1093/ aob-
pla/ plv050

Heil M (2014) Herbivore-induced plant volatiles: targets, per-
ception and unanswered questions. New Phytol 204:297–
306. https:// doi. org/ 10. 1111/ nph. 12977

Heil M, Karban R (2010) Explaining evolution of plant com-
munication by airborne signals. Trends Ecol Evol 
25:137–144. https:// doi. org/ 10. 1016/j. tree. 2009. 09. 010

Heil M, Silva-Bueno JC (2007) Within-plant signaling by vola-
tiles leads to induction and priming of an indirect plant 
defense in nature. Proc Natl Acad Sci USA 104:5467–
5472. https:// doi. org/ 10. 1073/ pnas. 06102 66104

Huang AC, Jiang T, Liu Y-X, Bai Y-C, Reed J, Qu B, Goossens 
A, Nützmann H-W, Bai Y, Osbourn A (2019) A special-
ized metabolic network selectively modulates Arabidop-
sis root microbiota. Science 364:eaau6389. https:// doi. 
org/ 10. 1126/ scien ce. aau63 89

Husserl E (1983) Ideas pertaining to a pure phenomenology 
and to a phenomenological philosophy, first book. Klu-
wer Academic Publishers, Dodrecht

Japyassú HF, Laland KN (2017) Extended spider cognition. 
Animal Cognit 20:375–395. https:// doi. org/ 10. 1007/ 
s10071- 017- 1069-7

Jiang Y, Wang W, Xie Q, Liu N, Liu L, Wang D, Zhang X, 
Yang C, Chen X, Tang D, Wang E (2017) Plants transfer 
lipids to sustain colonization by mutualistic mycorrhizal 
and parasitic fungi. Science 356:1172–1175. https:// doi. 
org/ 10. 1126/ scien ce. aam99 70

Johansson R, Johansson M (2014) Look here, eye movements 
play a functional role in memory retrieval. Psychol Sci 
25:236–242. https:// doi. org/ 10. 1177/ 09567 97613 498260

Jung SC, Martinez-Medina A, Lopez-Raez JÁ, Pozo MJ (2012) 
Mycorrhiza-induced resistance and priming of plant 
defenses. J Chem Ecol 38:651–664. https:// doi. org/ 10. 
1007/ s10886- 012- 0134-6

Kaplan DM (2012) How to demarcate the boundaries of cog-
nition. Biol Philos 27:545–570. https:// doi. org/ 10. 1007/ 
s10539- 012- 9308-4

Karban R (2015) Plant sensing and communication. The Uni-
versity of Chicago Press, Chicago

Karban R, Yang LH, Edwards KF (2014) Volatile communi-
cation between plants that affects herbivory: a meta-
analysis. Ecol Lett 17:44–52. https:// doi. org/ 10. 1111/ ele. 
12205

Karban R, Wetzel WC, Shiojiri K, Pezzola E, Blande JD (2016) 
Geographic dialects in volatile communication between 
sagebrush individuals. Ecology 97:2917–2924. https:// 
doi. org/ 10. 1002/ ecy. 1573

Kiers ET, Duhamel M, Beesetty Y, Mensah JA, Franken O, 
Verbruggen E, Fellbaum CR, Kowalchuk GA, Hart 
MM, Bago A, Palmer TM, West SA, Vandenkoornhuyse 
P, Jansa J, Bücking H (2011) Reciprocal rewards stabi-
lize cooperation in the mycorrhizal symbiosis. Science 
333:880–882. https:// doi. org/ 10. 1126/ scien ce. 12084 73

https://doi.org/10.1111/j.1365-3040.2009.01936.x
https://doi.org/10.1111/j.1365-3040.2009.01936.x
https://doi.org/10.1371/journal.pone.0159108
https://doi.org/10.1371/journal.pone.0159108
https://doi.org/10.1111/nph.13451
https://doi.org/10.1111/j.1365-3040.2005.01304.x
https://doi.org/10.4161/psb.1.3.2639
https://doi.org/10.4161/psb.1.3.2639
https://doi.org/10.1007/BF00000091
https://doi.org/10.1007/BF00000091
https://doi.org/10.1111/j.1461-0248.2007.01043.x
https://doi.org/10.1111/j.1461-0248.2007.01043.x
https://doi.org/10.1038/s41598-022-08395-7
https://doi.org/10.1038/s41598-022-08395-7
https://doi.org/10.1093/beheco/ars206
https://doi.org/10.1111/sjp.12308
https://doi.org/10.1111/sjp.12308
https://doi.org/10.1007/s40626-022-00245-1
https://doi.org/10.1007/s40626-022-00245-1
https://doi.org/10.3389/fmicb.2014.00306
https://doi.org/10.3389/fmicb.2014.00306
https://doi.org/10.3758/s13423-022-02139-4
https://doi.org/10.1093/aobpla/plv050
https://doi.org/10.1093/aobpla/plv050
https://doi.org/10.1111/nph.12977
https://doi.org/10.1016/j.tree.2009.09.010
https://doi.org/10.1073/pnas.0610266104
https://doi.org/10.1126/science.aau6389
https://doi.org/10.1126/science.aau6389
https://doi.org/10.1007/s10071-017-1069-7
https://doi.org/10.1007/s10071-017-1069-7
https://doi.org/10.1126/science.aam9970
https://doi.org/10.1126/science.aam9970
https://doi.org/10.1177/0956797613498260
https://doi.org/10.1007/s10886-012-0134-6
https://doi.org/10.1007/s10886-012-0134-6
https://doi.org/10.1007/s10539-012-9308-4
https://doi.org/10.1007/s10539-012-9308-4
https://doi.org/10.1111/ele.12205
https://doi.org/10.1111/ele.12205
https://doi.org/10.1002/ecy.1573
https://doi.org/10.1002/ecy.1573
https://doi.org/10.1126/science.1208473


 Theor. Exp. Plant Physiol.

1 3
Vol:. (1234567890)

Lev-Ari T, Beeri H, Gutfreund Y (2022) The ecological view 
of selective attention. Front Integr Neurosci 16:856207. 
https:// doi. org/ 10. 3389/ fnint. 2022. 856207

Liu B, Li H, Zhu B, Koide RT, Eissenstat DM, Guo D (2015) 
Complementarity in nutrient foraging strategies of 
absorptive fine roots and arbuscular mycorrhizal fungi 
across 14 coexisting subtropical tree species. New Phytol 
208:125–135. https:// doi. org/ 10. 1111/ nph. 13434

Lüttge U (2019) Plants: unitary organisms emerging from inte-
gration and self-organization of modules. In: Wegner L, 
Lüttge U (eds) Emergence and modularity in life sci-
ences. Springer, Cham

Lyon P, Keijzer F, Arendt D, Levin M (2021) Reframing cog-
nition: getting down to biological basics. Philos Trans R 
Soc Lond B 376:20190750. https:// doi. org/ 10. 1098/ rstb. 
2019. 0750

Mahall BE, Callaway RM (1992) Root communication mecha-
nisms and intracommunity distributions of two Mojave 
Desert shrubs. Ecology 73:2145–2151. https:// doi. org/ 
10. 2307/ 19414 62

Marder M (2011) Phenomenology of distraction, or attention in 
the fissuring of time and space. Res Phenomen 41:396–
419. https:// doi. org/ 10. 1163/ 15691 6411X 594468

Marx D (1971) Ectomycorrhizae as biological deterrents 
to pathogenic root infections. Annu Rev Phytopathol 
10:429–454. https:// doi. org/ 10. 1146/ annur ev. py. 10. 
090172. 002241

Matthews JSA, Vialet-Chabrand SRM, Lawson T (2017) Diur-
nal variation in gas exchange: the balance between car-
bon fixation and water loss. Plant Physiol 174:614–623. 
https:// doi. org/ 10. 1104/ pp. 17. 00152

Maturana HR, Varela FJ (1980) Autopoiesis and cognition: the 
realization of the living. D. Reidel Publishing Company, 
Dordrecht

Menary R (ed) (2010) The extended mind. The MIT Press, 
Cambridge

Merleau-Ponty M (1964) Phenomenology of perception. 
Humanities Press, New York

Mezzacappa ES (2010) Epinephrine, arousal, and emotion: a 
new look at two-factor theory. Cogn Emot 13:181–199. 
https:// doi. org/ 10. 1080/ 02699 93993 79320

Moreira X, Abdala-Roberts L (2019) Specificity and context-
dependency of plant–plant communication in response to 
insect herbivory. Curr Opin Insect Sci 32:15–21. https:// 
doi. org/ 10. 1016/j. cois. 2018. 09. 003

Moreira X, Petry W, Hernández-Cumplido J, Morelon S, Ben-
rey B (2016) Plant defence responses to volatile alert 
signals are population-specific. Oikos 125(7):950–956. 
https:// doi. org/ 10. 1111/ oik. 02891

Mosley H (2021) Primate tool use and the socio-ecology of 
thinking: how non-humans think through tools. Adapt 
Behav 29:153–167. https:// doi. org/ 10. 1177/ 10597 12320 
943623

Mosley H, Haslam M (2016) Extending material cognition to 
primate tool use. Quat Int 405:70–77. https:// doi. org/ 10. 
1016/j. quaint. 2015. 11. 020

Neisser U (1976) Cognition and reality: principles and implica-
tions of cognitive psychology. W. H. Freeman and Com-
pany, San Francisco

Newer A, de Bruin L, Gallagher S (2018) The Oxford hand-
book of 4E cognition. Oxford University Press, Oxford

Onishi S, Tobita K, Makioka S (2022) Hand constraint reduces 
brain activity and affects the speed of verbal responses 
on semantic tasks. Sci Rep 12:13545. https:// doi. org/ 10. 
1038/ s41598- 022- 17702-1

Parise AG, Gagliano M, Souza G (2020) Extended cognition 
in plants: is it possible? Plant Signal Behav 15:1710661. 
https:// doi. org/ 10. 1080/ 15592 324. 2019. 17106 61

Parise AG, Gubert GF, Whalan S, Gagliano M (2023) Ari-
adne’s thread and the extension of cognition: a common 
but overlooked phenomenon in nature? Front Ecol Evol 
10:1069349. https:// doi. org/ 10. 3389/ fevo. 2022. 10693 49

Pavithra D, Yapa N (2018) Arbuscular mycorrhizal fungi 
inoculation enhances drought stress tolerance of plants. 
Groundw Sustain Dev 7:490–494. https:// doi. org/ 10. 
1016/j. gsd. 2018. 03. 005

Peak D, West JD, Messinger SM, Mott KA (2004) Evidence 
for complex, collective dynamics and emergent, distrib-
uted computation in plants. Proc Natl Acad Sci USA 
101:918–922. https:// doi. org/ 10. 1073/ pnas. 03078 11100

Plato (1929) Timaeus; Critias; Cleitophon; Menexenus; Epis-
tles. Loeb Classical Library, vol 234. Harvard University 
Press, Cambridge

Plotinus (1966) The enneads. Loeb Classical Library, vol 7. 
Harvard University Press, Cambridge

Raaijmakers JM, Mazzola M (2016) Soil immune responses: 
soil microbiomes may be harnessed for plant health. Sci-
ence 352:1392–1393. https:// doi. org/ 10. 1126/ scien ce. 
aaf32 52

Reber AS, Allen R (eds) (2022) The cognitive unconscious: the 
first half-century. Oxford University Press, Oxford

Rosling A, Lindahl BD, Finlay RD (2004) Carbon allocation to 
ectomycorrhizal roots and mycelium colonising different 
mineral substrates. New Phytol 162:795–802. https:// doi. 
org/ 10. 1111/j. 1469- 8137. 2004. 01080.x

Ságio AS, Barreto HG, Lima AA, Moreira RO, Rezende PM, 
Paiva LV, Chalfun-Junior A (2014) Identification and 
expression analysis of ethylene biosynthesis and signal-
ing genes provides insights into the early and late coffee 
cultivars ripening pathway. Planta 239:951–963. https:// 
doi. org/ 10. 1007/ s00425- 014- 2026-1

Semchenko M, Zobel K, Heinemeyer A, Hutchings MJ (2008) 
Foraging for space and avoidance of physical obstruc-
tions by plant roots: a comparative study of grasses from 
contrasting habitats. New Phytol 179:1162–1170. https:// 
doi. org/ 10. 1111/j. 1469- 8137. 2008. 02543.x

Sims M, Kiverstein J (2021) Externalized memory in slime 
mould and the extended (non-neuronal) mind. Cognit 
Syst Res 73:26–35. https:// doi. org/ 10. 1016/j. cogsys. 
2021. 12. 001

Singh HP, Batish DR, Kohli RK (1999) Autotoxicity: concept, 
organisms, and ecological significance. Crit Rev Plant 
Sci 18:757–772. https:// doi. org/ 10. 1080/ 07352 68999 
13094 78

Smith SE, Read DJ (2008) Mycorrhizal symbiosis, 3rd edn. 
Elsevier, Oxford

Souza GM, Ribeiro RV, Prado CHBA, Damineli DSC, Sato 
AM, Oliveira MS (2009) Using network connectance 
and autonomy analyses to uncover patterns of photosyn-
thetic responses in tropical woody species. Ecol Complex 
6:15–26. https:// doi. org/ 10. 1016/j. ecocom. 2008. 10. 002

https://doi.org/10.3389/fnint.2022.856207
https://doi.org/10.1111/nph.13434
https://doi.org/10.1098/rstb.2019.0750
https://doi.org/10.1098/rstb.2019.0750
https://doi.org/10.2307/1941462
https://doi.org/10.2307/1941462
https://doi.org/10.1163/156916411X594468
https://doi.org/10.1146/annurev.py.10.090172.002241
https://doi.org/10.1146/annurev.py.10.090172.002241
https://doi.org/10.1104/pp.17.00152
https://doi.org/10.1080/026999399379320
https://doi.org/10.1016/j.cois.2018.09.003
https://doi.org/10.1016/j.cois.2018.09.003
https://doi.org/10.1111/oik.02891
https://doi.org/10.1177/1059712320943623
https://doi.org/10.1177/1059712320943623
https://doi.org/10.1016/j.quaint.2015.11.020
https://doi.org/10.1016/j.quaint.2015.11.020
https://doi.org/10.1038/s41598-022-17702-1
https://doi.org/10.1038/s41598-022-17702-1
https://doi.org/10.1080/15592324.2019.1710661
https://doi.org/10.3389/fevo.2022.1069349
https://doi.org/10.1016/j.gsd.2018.03.005
https://doi.org/10.1016/j.gsd.2018.03.005
https://doi.org/10.1073/pnas.0307811100
https://doi.org/10.1126/science.aaf3252
https://doi.org/10.1126/science.aaf3252
https://doi.org/10.1111/j.1469-8137.2004.01080.x
https://doi.org/10.1111/j.1469-8137.2004.01080.x
https://doi.org/10.1007/s00425-014-2026-1
https://doi.org/10.1007/s00425-014-2026-1
https://doi.org/10.1111/j.1469-8137.2008.02543.x
https://doi.org/10.1111/j.1469-8137.2008.02543.x
https://doi.org/10.1016/j.cogsys.2021.12.001
https://doi.org/10.1016/j.cogsys.2021.12.001
https://doi.org/10.1080/07352689991309478
https://doi.org/10.1080/07352689991309478
https://doi.org/10.1016/j.ecocom.2008.10.002


Theor. Exp. Plant Physiol. 

1 3
Vol.: (0123456789)

Sutton J (2010) Exograms and interdisciplinarity: history, the 
extended mind, and the civilizing process. In: Menary R 
(ed) The extended mind. The MIT Press, Cambridge, pp 
189–225

Tibbett M (2000) Roots, foraging and the exploitation of soil 
nutrient patches: the role of mycorrhizal symbiosis. 
Funct Ecol 14:397–399. https:// doi. org/ 10. 1046/j. 1365- 
2435. 2000. 00417.x

Tibbett M, Sanders FE (2002) Ectomycorrhizal symbiosis 
can enhance plant nutrition through improved access to 
discrete organic nutrient patches of high resource qual-
ity. Ann Bot 89:783–789. https:// doi. org/ 10. 1093/ aob/ 
mcf129

Trevawas A (2003) Aspects of plant intelligence. Ann Bot 
92:1–20. https:// doi. org/ 10. 1093/ aob/ mcg101

Trevawas A (2004) Aspects of plant intelligence: an answer to 
Firn. Ann Bot 93:353–357. https:// doi. org/ 10. 1093/ aob/ 
mch059

Trevawas A (2005) Green plants as intelligent organisms. 
Trends Plant Sci 10:413–419. https:// doi. org/ 10. 1016/j. 
tplan ts. 2005. 07. 005

Varela FJ, Thompson E, Rosch E (2016) The embodied mind: 
cognitive science and human experience. The MIT Press, 
Cambridge

Wheeldon CD, Walker CH, Bennett H-J (2021) Wheat plants 
sense substrate volume and root density to proactively 
modulate shoot growth. Plant Cell Environ 44:1202–
1214. https:// doi. org/ 10. 1111/ pce. 13984

Whiteside MD, Werner GDA, Caldas VEA, van’t Padj A, 
Dupin SE, Elbers B, Bakker M, Wyatt GAK, Klein M, 
Hink MA, Postma M, Vaitla B, Noë R, Shimizu TS, 
West SA. Kiers ET (2019) Mycorrhizal fungi respond to 
resource inequality by moving phosphorus from rich to 
poor patches across networks. Curr Biol 29:2043–2050. 
https:// doi. org/ 10. 1016/j. cub. 2019. 04. 061

Wu H, Pratley J, Lemerle D, An M, Liu DL (2007) Autotox-
icity of wheat (Triticum aestivum L.) as determined by 
laboratory bioassays. Plant Soil 296:85–93. https:// doi. 
org/ 10. 1007/ s11104- 007- 9292-7

Yang S, Liu H, Xie P, Wen T, Shen Q, Yuan J (2023) Emerging 
pathways for engineering the rhizosphere microbiome for 
optimal plant health. J Agric Food Chem 71:4441–4449. 
https:// doi. org/ 10. 1021/ acs. jafc. 2c087 58

Yazici MA, Asif M, Tutus Y, Ortas I, Ozturk L, Lambers H, 
Cakmak I (2021) Reduced root mycorrhizal colonization 
as affected by phosphorus fertilization is responsible for 
high cadmium accumulation in wheat. Plant Soil 468:19–
35. https:// doi. org/ 10. 1007/ s11104- 021- 05041-5

Yuan J, Zhao J, Wen T, Zhao M, Li R, Goossens P, Huang 
Q, Bai Y, Vivanco JM, Kowalchuk GA, Berendsen RL, 
Shen Q (2018) Root exudates drive the soil-borne legacy 
of aboveground pathogen infection. Microbiome 6:1–12. 
https:// doi. org/ 10. 1186/ s40168- 018- 0537-x

Zhang S-Q, Che L-H, Li Y, Liang D, Pang H, Ślipiński 
A, Zhang P (2018) Evolutionary history of Coleop-
tera revealed by extensive sampling of genes and spe-
cies. Nat Commun 9:205. https:// doi. org/ 10. 1038/ 
s41467- 017- 02644-4

Zhong Y, Xun W, Wang X, Tian S, Zhang Y, Li D, Zhou Y, 
Qin Y, Zhang B, Zhao G, Cheng X, Liu Y, Chen H, Li L, 
Osbourn A, Lucas WJ, Huang S, Ma Y, Shang Y (2022) 
Root-secreted bitter triterpene modulates the rhizosphere 
microbiota to improve plant fitness. Nat Plants 8:887–
896. https:// doi. org/ 10. 1038/ s41477- 022- 01201-2

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

https://doi.org/10.1046/j.1365-2435.2000.00417.x
https://doi.org/10.1046/j.1365-2435.2000.00417.x
https://doi.org/10.1093/aob/mcf129
https://doi.org/10.1093/aob/mcf129
https://doi.org/10.1093/aob/mcg101
https://doi.org/10.1093/aob/mch059
https://doi.org/10.1093/aob/mch059
https://doi.org/10.1016/j.tplants.2005.07.005
https://doi.org/10.1016/j.tplants.2005.07.005
https://doi.org/10.1111/pce.13984
https://doi.org/10.1016/j.cub.2019.04.061
https://doi.org/10.1007/s11104-007-9292-7
https://doi.org/10.1007/s11104-007-9292-7
https://doi.org/10.1021/acs.jafc.2c08758
https://doi.org/10.1007/s11104-021-05041-5
https://doi.org/10.1186/s40168-018-0537-x
https://doi.org/10.1038/s41467-017-02644-4
https://doi.org/10.1038/s41467-017-02644-4
https://doi.org/10.1038/s41477-022-01201-2

	Extended plant cognition: a critical consideration of the concept
	Abstract 
	1 From internal to extended cognition
	2 Three senses of ‘the extended’ in plant cognition
	2.1 First sense: extended as of or on the surface; space-based
	2.2 Second sense: extended as going beyond the epistemological limits of the modern notion of cognition and of cognitivism
	2.3 Third sense: extended plant cognition as the extension of cognitive processes beyond the physical limits of a plant

	3 Plants as cognitive subjects: lessons from vegetal anatomy and physiology
	4 Implications of extended plant cognition (EPC)
	5 Test case of EPC (A): self-inhibition of root growth
	6 Test case of EPC (B): soil-borne legacy through root microbiota
	7 Test case of EPC (C): plant roots and mycorrhizal fungi
	8 Test case of EPC (D): volatile organic compounds
	9 Conclusions
	Acknowledgements 
	References


