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Preface

As we enter the new millennium, plant biology is witnessing dramatic ad-
vancements in studies related to the complex behaviour of higher plants
which are now beginning to reveal intelligent behaviour. Surprisingly, it
is plant ecology which is leading in the revelation that plants behave as
though having conscious comprehension of themselves and of their envi-
ronment. Charles Darwin was the first who noted the abilities of plants to
communicate with their environment and translate this information into
active movements of their organs (Darwin 1880).

Plants recognize other organisms such as bacteria, fungi, other plants,
insects, birds, and animals that presumably also include us, humans (Tak-
abayashi and Dicke 1996; Paré and Tumlinson 1999; Kessler and Baldwin
2001). For instance, to accomplish their sexual reproduction, plants rely
on complex interactions with insects and birds. In order to achieve this,
and as Charles Darwin was one of the first to show (Darwin 1862), plants
generate specially shaped sexual organs which allow insects and birds ac-
cess to their flowers. Moreover, plants reward these pollinators with nectar
and other compounds which are both attractive and a necessary part of
the diet of these insect/bird feeders (Cozzolino and Widmer 2005). Com-
plex interactions have been recorded between insect pheromones and plant
volatile semiochemicals (Reddy and Guerrero 2004). In the case of many
Arum spp., the insect-attracting plant volatiles with a dung-like odour are
exactly those chemicals which attract insects to animal dung where they
would otherwise gather and reproduce (Kite et al. 1998). These plants are
thus masters of a deceptive and intelligent strategy for their own repro-
duction. Moreover, plants appear to possess an innate type of immunity
system which closely resembles that of animals (Nürnberger et al. 2004)
and, interestingly in this respect, there are also several parallels between the
recognition of self and non-self in plant breeding systems and histocompat-
ibility in animals (Nasrallah 2005). Plant roots of Fabaceae can recognize
and ‘domesticate’ Rhizobium bacteria within nodules, and the composite
bacteroids then supply the host plants with nitrogen. Less well known,
perhaps, is that some plants recognize and communicate with ants (and
vice versa) which protect them against herbivores, pathogens as well as
competing vegetation (Brouat et al. 2001; Dejean et al. 2005). The plants, in
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turn, reward the ants by secreting nectar (Heil et al. 2005) and constructing
special food bodies (Solano et al. 2005). Plants actively recognize the iden-
tity of herbivores and are then able to recruit their enemies (Arimura et al.
2005). For instance, plant roots attacked by insect predators release volatiles
which then attract particular species of nematodes that kill these predators
(Rasmann et al. 2005). In addition, by releasing volatiles into the aerial en-
vironment, plant shoots infected by pathogens inform their neighbouring
plants about immanent danger and they can then increase their immunity
against these pathogens (Paré and Tumlinson 1999; Reddy and Guerrero
2004). Intriguingly, the signature of released volatiles is characteristic for
herbivore damage but is different from that resulting from a general wound
response (Reddy and Guerrero 2004; Arimura et al. 2005). Nicotiana atten-
uata attacked by the hornworm, Manduca sexta, accumulates nicotine,
which poisons acetylcholine receptors, and is thus toxic to those organisms
which relyonneuromuscular junctions (Baldwin2001). Interestingly in this
respect, plants express neuronal acetylcholinesterase (Sagane et al. 2005)
and use acetylcholine also for their neuronal-like cell–cell communication
(Momonoki et al. 1998). Furthermore, during their phylogeny, plants can
also switch from an autotrophic to a heterotrophic lifestyle – a feat which,
in the case of parasitic or carnivorous plants, requires the active selection
of suitable host/prey organisms (Albert et al. 1992).

Plants are extremely mechanosensitive. Their roots exhibit thigmotrop-
ism, which enables them to explore, with an animal-like curiosity, their
environment in a continual search for water and solutes, and their shoots
sometimes seek support by means of tendrils, assisted in this task by
volatiles such as jasmonates. Root apices constantly monitor the numerous
physical parameters of the soil and use this information in their search
for better niches for survival and reproduction. In this behaviour, plant
roots closely resemble fungi and, indeed, most roots enter symbiotic in-
teractions with mycorrhizal fungi in order to increase their efficiency in
obtaining critical ions such as phosphorus. In fact, roots might prove to
be descendents of ancient fungi which, by entering into close association
with their symbiotic photoautotrophs, have developed into heterotrophic
roots – there are, after all, close resemblances between the anatomies and
functions of apices of both rhizomorphs and roots (Botton and Dexheimer
1977) – while photoautotrophs have developed into the autotrophic shoots
of the organisms now known as vascular plants (Atsatt 1988; Selosse and
Le Tacon 1998; Heckman et al. 2001). This scenario is strongly supported
by present-day pioneer colonizers such as lichens, which, just as was the
case with early land plants (Yuan et al. 2005), are able to survive in even
the most extreme of environmental conditions.

Literally, plants nourish the whole world. They intercept the light energy
arriving on Earth from the sunbeams and transform it via energy-poor
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inorganic compounds into energy-rich organic matter which then serves
as the food for all heterotrophic organisms. Also, the gasoline which fuels
many of Man’s mechanical devices is of plant origin. Plants thus stand
at the interface between a seemingly hostile and violent universe, and
a fertile planet Earth teeming with life. We might postulate that if we
could understand plants better, they could reveal to us something of the
great mystery of life. Aristotle and his pupils were convinced that plants
have complex inner life including thoughts, memories, dreams, and plans
for the future. Unfortunately, our contemporary science considers plants
rather as passive creatures to be exploited if discovered to be useful, and
to be cleared away if not. However, their passivity – that is, their inability
to change their location or to communicate via sounds – is only relative to
the hyperactivity of human existence and the fleeting timescale of Man’s
artefacts. But the recent advances in ecology and phenomenology outlined
above urge a change in this biased perception of higher plants.

We should also remember that action potentials, the very characteristic
and rapidest way of neuronal communication, were discovered in plants in
1873 (Davies 2004). In those early days, the cellular basis of animal brains
was not accepted and the neuronal processes in brains were just starting
to be explored. Since then, a large amount of data has been accumulated
on electric phenomena in plants (Meylan 1971; Davies 2004). Currently,
new exciting discoveries are revealing that electrical signals modulate and
control such basic physiological processes in plants as photosynthesis and
phototropism (Koziolek et al. 2004; Volkov 2005). Unfortunately, the main-
stream of plant biology has never completely accepted plant electrophysi-
ology, so this field has survived in a quasi-dormant state up until now when
exciting advances in plant biology are allowing the introduction of plant
neurobiology as a newly emerging field of plant sciences. One foundation
of this new science is the discovery that not only do plant cells express
diverse neuronal molecules but that they also communicate together via
plant synapses (Baluška et al. 2005).

These glimpses of the fascinating and breathtaking complexity of plants
raise urgent questions which will dominate the whole field of plant biology
in the next decades. In particular: Do plants have some type of neuronal
system which resembles that which underlies the behaviour of animals?
Conversely, if plants turn out to be ‘brain-less’, then the question will
emerge where and how do they store and process the information which
theyobtainaboutboth theabioticandbiotic environments, andhowdothey
then use this information to optimize their future behaviour? Do plants feel
(as suggested by Aristotle) and experience pain? Further: Do plants hear,
and can they perceive odours? The truth is that we do not know, although
their extreme sensitivity to mechanical vibrations indicates that they can
perceive voices and their responses to volatile gases suggest they have a type
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of olfactory response. Importantly, our lack of knowledge should not justify
claims that plants do not possess these abilities and properties. In fact,
their complex, rational, and surely intelligent behaviour suggests just the
opposite. This is why we should be more sensitive to these issues and should
commence a serious enquiry into these urgent questions, utilizing minds
trained in the ‘scientific method’ but which can also clearly differentiate
between speculation and hypothesis (Huszagh and Infante 1989).

Is it by chance that the Greek word ‘neuron’ refers to vegetable fibre? In
fact, this happy and synchronistic coincidence might be taken to signify
that the term plant neurobiology is fully justified! This book brings together
all these new plant neuronal aspects and combines them with the classical
plant electrophysiology. Plant neurobiology is commencing its emergence
as a coherent science.

All the chapters of this volume were presented on the First Symposium on
Plant Neurobiology, Florence (Italy), 17–20 May 2005. This Symposium was
generously supported by Ente Cassa di Risparmio di Firenze. The editors
would like to express their gratitude for this support.

Bonn, Bristol and Florence, František Baluška, Peter W. Barlow,
July 2005 Stefano Mancuso and Dieter Volkmann

Finally, we wish to remember with affection Jolana Albrechtová (co-author
of Chap.25) who tragically died in a car accident on the 29th of November
2005 at the age of 39 years.
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1 The Green Plant as an Intelligent Organism
Anthony Trewavas

Abstract Intelligence is an aspect of complex adaptive behaviour and a term not normally
applied to plants. This chapter indicates a change in concept is long overdue and if poets
can recognize it (above) so should scientists. Networks that control information flow are
described as intelligent and such networks exist in all single living cells and in more complex
multicellular organisms. Phosphoneural bacterial networks are briefly considered and these
exist ina slightlydifferentmolecularbutmorecomplex forminhigherplant andanimal cells.
Intelligent behaviour involves the whole organism and such integration involves complex
communication. Evidence that plants forage and act intelligently in acquiring resources is
indicated. The phenotype is actively (not passively) constructed in response to a complex
changing environment by decisions that best secure the well-being of the individual plant
within the life cycle goal of optimal fitness.

More and more I have come to admire resilience Not the simple resistance of a pillow
whose foam Returns over and over to the same shape but the sinuous Tenacity of a tree:
finding the light newly blocked on one side It turns to another. A blind intelligence
true But out of such persistence arose turtles, rivers, Mitochondria figs-all this resinous
un-retractable earth.

Jane Hirshfield (2005)

1.1
Introduction

Intelligence is an aspect of adaptive behaviour, even in humans. Organisms
that live in challenging but variable and competitive circumstances require
forms of behaviour that rise to that challenge and must be equally flexible to
improve fitness. Those best able to master their environment are those most
likely to succeed in the Darwinian wars. “The success of a species depends
on it performing well (surviving and producing offspring, i.e. fitness) in
its own particular environment. And intelligence plays a critical part in
this success.” Warwick 2001, p. 9). Since the life cycle is probably a pri-
mary target of natural selection (McNamara and Houston 1996; Schlichting
and Pigliucci 1998), efficient acquisition of necessary food resources dur-
ing growth and development is an important aspect of subsequent fitness
because there is a common relation between accumulated resources and
subsequent sibling number (Bazzaz 1996).

Communication in Plants
F. Baluška, S. Mancuso, D. Volkmann (Eds.)
© Springer-Verlag Berlin Heidelberg 2006



2 A. Trewavas

1.1.1
The Problems of Subjective Intelligence

Before embarking on a discussion of plant intelligence it is essential to
indicatewhat ismeantby the term.Theactualword isderived fromtheLatin
inter legere meaning simply to choose. Dictionary definitions of intelligence
use terms such as self-recognition or capacity for understanding and are
couched inhumanterms.Thesedefinitionsareperfectlyadequate forpublic
discussion that usually only involves human beings. But for biologists who
wish to investigate and understand intelligence in other organisms such
definitions lack useful substance.

A common problem is subjective intelligence. For example the cyber-
neticist, Warwick (2001, p. 9) states that “Comparisons (of intelligence)
are usually made between characteristics that humans consider important;
such a stance if of course biased and subjective in terms of the groups for
whom it is being used.” And as he shows is easily discredited. “When we
compare the important aspects of intelligence, it is those which allow one
species to dominate and exert power over other species that are of prime
importance” (Warwick 2001). Bearing in mind the fact that plants dom-
inate the planet, this statement is of importance for understanding plant
intelligence. A further common assumption is that only organisms with
brains (primates, cetaceans, crows) can be intelligent. Vertosick (2002) de-
scribes this as simple “brain chauvinism” and Schull (1990) goes further in
stating that such views ascribe nerve cells as having some sort of vitalistic
quality.

1.1.2
An Ability to Integrate a Multiplicity of Information
into a Response Is an Important Intelligent Capability

Plants and animals are not passive objects in the face of environmental
disturbance as indicated in the poem by Hirshfield (2005). They react and
positively fashion themselves according to the information (signals) be-
ing received. Behaviour is the response to signals (Silvertown and Gordon
1989). Animals move when signalled, plants change their phenotype (Tre-
wavas 2003). After that information is processed and integrated with the
internal information, a response is constructed that improves fitness, the
ultimate goal.

Green plants respond to numerous environmental biotic factors such as
food resources (light, minerals, water) mechanical stimuli, humidity, soil
structure, temperature and gases (Trewavas 2000; Turkington and Aarsen
1984). In each case the strength, direction, specific characteristics (e.g.
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light wavelength) and intensity can be separately discriminated (Ballare
1994, 1999), and further complexity is added by virtue of the availability
of resources being present either in fluctuating quantities varying from
seconds to months, gradients with fluctuating intensity or a mosaic in the
soil of vastly different concentrations (Bell and Lechowicz 1994; Farley and
Fitter 1999; Grime 1994; Kuppers 1994; Pearcy et al. 1994; Robertson and
Gross 1994) and others. Biotic signals are also sensed and acted upon and
these include space;presence, absenceand identityofneighbours (Tremmel
andBazzaz1993); disturbance; competition (Darwinkel 1978;Goldbergand
Barton 1992; Tremmel and Bazzaz 1995), predation and disease (Callaway
et al. 2003; Turkington and Aarsen 1984). We understand little of the nature
of the signals involved. Growth of individuals and neighbours continually
and specifically changes the information spectrum.

There is no unique separate response to each signal in this complex but
merely a response issued froman integrationof all environmental and inter-
nal information. In the case of green plants, the visible response to signals
is phenotypic plasticity (Bradshaw 1965; Schlichting and Pigliucci 1998;
Sultan 2000). During information processing all signals meet somewhere
in the cellular and tissue reactions that specify changes in form.

In seeking to understand the biological origins of human intelligence,
Stenhouse (1974) described intelligence as adaptively variable behaviour
during the lifetimeof the individual in anattempt todiscriminate intelligent
behaviour fromautonomic, that is unvarying, responses.Given theplethora
of signals that plants integrate into a response, autonomic responses do
not occur. Signal perception is instead ranked according to assessments
of strength and exposure. But autonomic responses can be rejected; the
numbers of different environments that any wild plant experiences must
be almost infinite in number. Only complex computation can fashion the
optimal fitness response.

1.1.3
Experimental Circumstances Can Be Misleading

When one factor is experimentally varied at a time in an attempt to simplify
the complexity that wild plants normally experience, all those factors that
do not vary are still sensed and integrated with the modified variable. For
example, exposing a dicot seedling root to a gravitational signal leads to
the textbook response of a resumption of vertical growth. But gradients
of humidity, minerals, light, temperature imposed in a different direction
or touch can override the gravity signal (Eapen et al. 2003; Massa and
Gilroy 2003). Further complexity can result from an individuality in re-
sponse to any one imposed signal (Trewavas 1998). Again for example with



4 A. Trewavas

gravity, the growth trajectories with which each root approaches the verti-
cal can be individual (Bennett-Clerk and Ball 1951, referenced in Trewavas
2003).

The common use of statistics to obliterate individual variation leads to
assumptions that the response to signals is always replicable. If the same
signal and response are chosen, the same genotype, the environmental
conditions are identical and the results are averaged statistically, this is
no doubt true (but then the same can be said of an IQ test for human
beings). No such simplicity of circumstance is available to an individual
wild plant, which in meeting an almost infinite variety of environmental
states must construct individual responses to improve its own fitness. No
genome could contain the information that would provide an autonomic
response to every environmental state. And even cloned individuals do not
exhibit identical responses.

However, it is not just abiotic factors that are critical. Natural selec-
tion operates on individuals and Darwin (1859) considered that there is
“a deeply seated error of considering the physical conditions of a country
as the most important for its inhabitants whereas it cannot be disputed
that the nature of other inhabitants with which each one has to compete is
generally a far more important element of success.” Considering the num-
ber of different species and individuals that co-exist, each one variable in
phenotype and characteristics, any individual plant faces complexity not
simplicity. Instead we are left only with the possibility of non-heritable
(epigenetic) means whereby optimal fitness is achieved. Plants adequately
meet the Stenhouse (1974) definition of intelligence.

1.2
Intelligent Behaviour of Single Cells

1.2.1
Molecular Networks in Single Eucaryote Cells

Cells are organized structures and vital properties result from the con-
nections between the molecular constituents of which they are composed
(Kitano 2002; Trewavas 1998). Numerous molecular connections integrate
into a higher emergent organized order that we recognize as living. It is now
known (1) that various steps in metabolism act like many Boolean com-
puter logic gates such as AND, OR and NOR (Bray 1995) and are termed
chemical neurons (Arkin and Ross 1994; Hjelmfelt and Ross 1992; Okamoto
et al. 1987), (2) that these chemical neurons can act as pattern-recognition
systems (Hjelmfeldt et al. 1993), (3) that proteins can act as computational
elements (Bray 1995), and (4) that protein phosphorylation using about
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1,000 protein kinases in both animals and plants provides for enormous
numbers of complex elements of control, switching mechanisms and in-
cluding both complex positive and negative feedback interactions (Bhalla
et al. 2002; Chock and Stadtman 1977; Ingolis and Murray 2002). Such
chemical systems parallel the capabilities of simple neural network struc-
tures as a set of on/off switches with feedback (Hopfield 1982; Hopfield and
Tank 1986) on which they are modelled (Hjelmfeldt et al. 1991, 1992). Even
in simple networks collective computational properties arose with paral-
lel processing and extensive numbers of associative memories emerged as
attractors occupying part of the network. Chemical neurons and neural
network behaviour have most applicability to signal transduction studies
(Bray 2003).

From an alternative direction, use of phage display or two hybrid meth-
ods has shown that that all proteins participate in the cellular network,
a structure composed of hubs and connectors in which the number of con-
nections to any one protein obeys a simple power law (Bray 2003; Gavin
et al. 2002; Maslov and Sneppen 2002; Ravasz et al. 2002; Tong et al. 2002).
The metabolic and signalling networks are modular with recognizable re-
curring circuit elements or network motifs that (1) filter out spurious input
fluctuation, (2) generate temporal patterns of expression, and (3) accelerate
throughput (Alon 2003). Such structures provide for robust behaviour that
can also be fragile (Alon et al. 1999; Carlson and Doyle 2002) and exhibit
highly optimized tolerance of variations in individual protein constituents
(McAdams and Arkin 1999). “The cell in which zillions of molecular events
occur at a time computes in parallel fashion” (Huang 2000), just like a brain.
Robustness results from sharing control throughout the metabolic and sig-
nalling network with controlling steps determined by the environmental
state (Strohmann 2000). Emerging network structures indicates how com-
plex feedback controls operate (Davidson et al. 2002).

The cellular network perceives continual environmental variation
through a multiplicity of receptors. Transduction in plants involves numer-
ous second messengers and kinases enabling network information flow
that may diverge, branch, converge, adapt, synergize and integrate through
cross talk (Trewavas 2000). Such networks learn either by increasing the
synthesis of particular constituents or by changing the affinity between par-
ticular network steps by post-translational modification (Trewavas 1999).
Memory is simply the retention with time of the enhanced pathway of in-
formation flow and can be accessed by other pathways through cross talk
(Taylor and McAinsh 2004). Cellular networks capable of these properties
are entitled to be called intelligent and indeed form the basis of machine
intelligence (Warwick 2001) and other forms of biological intelligence (Ver-
tosick 2002).
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1.2.2
Bacterial Intelligence and Phosphoneural Networks

Bacteria respond to many signals in their environment with adaptive re-
sponses designed to improve fitness (Hellingwerf 2005). The basic trans-
duction mechanism for these signals involves phosphorylation of spe-
cific proteins with conserved regions on histidine and aspartate residues
(Hellingwerf 2005) and other less common mechanisms in bacteria such
as serine/threonine phosphorylation and quorum sensing systems (Park
et al. 2003a,b). Very early on, analogies were drawn between the con-
nections that phosphorylation enables between bacterial proteins and the
connections between neurone dendrites in higher animal brains. This led
to their description as a phosphoneural network (Hellingwerf et al. 1995).
The properties of these networks include signal amplification, associa-
tive responses (cross talk) and memory effects. Subsequent investigation
indicated learning (Hoffer et al. 2001) and the realization that these sim-
ple networks provide the individual bacterial cell with informed decisions
(Bijlsma and Groisman 2003) in a rudimentary form of intelligence.

“This simplest of animals (bacteria) exhibits a prototypical centralized
intelligence system that has the same essential design characteristics and
problem solving logic as is evident in all animal intelligence systems in-
cluding humans” (La Cerra 2003). “Some of the most fundamental features
of brains such as sensory integration, memory, decision making and the
control of behaviour can all be found in these simple organisms” (Allmann
1999).

Hellingwerf (2005) considers the crucial aspect of human intelligence is
associative memory, i.e. to identify non-identical systems as being related.
In bacterial networks this is simply cross talk after learning.

But La Cerra and Bingham (1998) came to a different conclusion of the
basic element of bacterial intelligence from considerations of chemotaxis.
“The sine qua non of behavioral intelligence systems is the capacity to
predict the future; to model likely behavioral outcomes in the service of in-
clusive fitness.” This model is retained in bacteria for only several seconds,
the time taken for perception to alter the behaviour of the chemotactic
rotor.

1.2.3
Observations of Eucaryote Single Cell Intelligence

Grasse (1977) has described remarkable non-heritable behaviour in single-
celled amoebae (Arcella and Chaos). Arcella, for example, uses several cun-
ning methods to return to its normal position after accidental inversion, to
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deliberately corner motile food (infusoria) or to escape from impalement.
Grasse (1977, p. 213) describes this behaviour as that which Haeckel called
the psychological ability (i.e. purposive behaviour or intelligence) of the
cell. “I dedicate these remarks to those who would simplify the properties
of living things to the points of insignificance . . . The observation of an
animal in action in its proper environment remains an exercise essential to
the biologist” (Grasse 1977), a statement of direct and pointed relevance to
plant biologists. The plant biologist McClintock (1984) echoes the previous
psychological sentiment in the following statement abstracted from her
Nobel Prize acceptance speech: “A goal for the future would be to deter-
mine the extent of knowledge the cell has of itself and how it utilizes this
knowledge in a thoughtful manner when challenged.” Thoughtful can be
equated with Grasse’s (Haeckel’s) psychological ability.

The slime mould Physarum has been presented with a maze of differing
lengths with food at the end and always chose the shortest path, indicating
an ability to optimize food gain whilst minimizing economy of effort (Nak-
agaki et al. 2000). The authors of this paper state “this remarkable process
of cellular computation implies that cellular materials can show a primi-
tive intelligence”. Single cells have been observed to be capable of choice.
Amoebae will prey on Tetrahymena but avoid Copromonas and if given the
choice Paramecium prefers small ciliates to bacteria (Corning 2003).

1.3
Other Forms of Biological Intelligence

Social insects (termites, bees, ants) in colonies construct nest structures,
minimal paths to food or adaptively change resource acquisition, behaviour
described as swarm intelligence (Bonabeau et al. 2000; Bonabeau and Meyer
2001; Bonabeau and Theraulaz 2000; Franks et al. 2003; Seeley 1995). “In-
deed it is not to much to say that a bee colony is capable of cognition in
much the same way that a human being is. The colony gathers and con-
tinually updates diverse information about its surroundings combines this
with information about its internal state and makes decisions that reconcile
its well being with its environment” (Seeley and Levin 1987). Swarm intel-
ligence owed its basis to the connections between the individual workers
that form a network and changes in communication change the behaviour
of the whole colony.

Immune intelligence-immune systems learn how to construct the best
antibody, remember and predict future bacterial evolution (De Castro and
Timmis 2002; Vertosick and Kelly 1992; Vertosick 2002) and intelligent
genomes have been described briefly elsewhere (Thaler 1994). Intelligent
genomes are equally found in plants (Trewavas 2005). Finally intelligent
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species have been proposed and analysed in some detail. “Plant and animal
species are information processing entities of such complexity, integration
and adaptive competence that it may be scientifically fruitful to regard
themas intelligent” (Schull 1990). Schull (1990) indicates analogiesbetween
learning and natural selection, memory with ecological niche, etc.

1.4
The Intelligence of Green Plants

“The tip of the root acts like the brain of one of the lower animals” (Darwin
1882).

Information processing, learning, memory, decision making, choice,
predictive modelling, associative memory, sensory integration and control
of behaviour are all aspects of biological intelligence. Information process-
ing, decision making, associative memory, sensory integration and control
of behaviour have already been mentioned in respect to plant cell signal
transduction. Numerous examples of direct memory can be found in Des-
biez et al. (1984, 1991), Jaffe and Shotwell (1980), Marx (2004), Trewavas
(1999),Verdus et al. (1997) andreferences therein. Indeed sincegreenplants
are composed of millions of cells and the evidence indicates the intelligent
capabilities of individual cells, intelligent responses of the whole plant are
expected. Plant cell signal transduction uses a similar range of molecules
for transduction as animals (Gilroy and Trewavas 2001).

Intelligence is a behavioural property of the whole organism and this
requires integrated behaviour that is clearly evident (Hartnett and Bazzaz
1983, 1985; Turkington and Klein 1991; Turkington et al. 1991). “Plants have
evolved an integrated complex of hormonal systems – a coordinated but
non-centralised intelligence system that manages resources” (LaCerra and
Bingham 2002). Communication is complex, involving proteins, nucleic
acids, electrical communication and turgor information amongst many
other signals (Trewavas 2002, 2005). For example, rootstocks affect numer-
ous shoot characteristics when grafted and the root messages involve in
part transfer of specific homeobox proteins (Kim et al. 2001). Behavioural
changes in phenotype particularly in competition are constructed to opti-
mize fitness and efficient foraging behaviour is crucial.

Peak et al. (2004) have described an alternative mechanism, patchi-
ness of behaviour amongst groups of guard cells. Cooperative interactions
amongst these patches leads eventually to synchronization and subsequent
optimization of water relations of the leaf. Recognition of behaviourally
discrete patches of plant cells has been made for some time (Trewavas
2003) and the mechanism has parallels with synchronization in a network
of oscillators with distributed natural frequencies (Strogatz 2001).
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1.4.1
Decisions and Choice in Plant Development

Plants actively forage for food resources by changing their architecture,
physiology and phenotype (De Kroon and Hutchings 1995; Drew et al.
1975; Evans and Cain 1995; Grime et al. 1986; Grime 1994; Hutchings
and De Kroon 1994; Slade and Hutchings 1987). When patches of rich
resource are located either by roots or by shoots and occupation of resource
receptors reaches critical levels, decisions are made to initiate enormous
proliferation, thus greatly increasing the surface area of absorption of both
energy minerals and water. Decisions are thus made continuously as plants
grow, placing roots, shoots and leaves in optimal positions according to the
abundance of perceived resources. Perhaps most crucial is that individual
plants compete vigorously with each other for resources and the decisions
are designed to improve fitness at the expense of others.

When given the choice between soil occupied by other plants and unoc-
cupied soil the roots of those plants examined move their new proliferation
into unoccupied soil and away from competitors (Gersani et al. 1998, 2001).
When roots are made to touch roots of alien individuals (but not their own),
thedecision ismade to cease growth (Callawayet al. 2003). Individual plants
grown with the same level of resources but in a bigger soil volume grow
much larger (McConnaghy and Bazzaz 1991, 1992; Schenk et al. 1999). This
suggests that plants have mechanisms that sense their own root distribu-
tion and optimize the phenotype. Plants are territorial (Schenk et al. 1999);
they minimize competition from their own roots and prefer unoccupied
soil (Callaway et al. 2003; Huber-Sannwald et al. 1997; Mahall and Callaway
1992).

If individuals are forced to grow in the same soil volume, the root sys-
tem proliferates in order to competitively sequester available root resources
from other individuals but with a trade off in seed production (Gersani et al.
2001; Maina et al. 2002). Further convincing studies indicate that root sys-
tems are self-sensing (Falik et al. 2003; Gruntmann and Novoplansky 2004;
Holzapfel and Alpert 2003), an important aspect of intelligent behaviour.
When clones of the same plant are separated, within several weeks the root
systems recognize each other as alien and proliferate accordingly. Plants
assess and respond to local opportunities that will in the future benefit the
whole plant (Falik et al. 2003).

Similar events take place in the shoot. Petioles and pulvini of many leaves
orient the plane of leaf growth to that of the primary plane of incident sun-
light and can move leaves out of this plane if light is too damagingly intense
(De Kroon and Hutchings 1995; Muth and Bazzaz 2002a, b, 2003; Paladin
1918). Leaves of shoots are often placed to minimize self-shading (Honda
and Fisher 1978; Yamada et al. 2000) just as roots are placed to minimize
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competition from other plants. And when branches are fully overgrown
the connecting vascular system is sealed, leading eventually to death and
abscission (Franco 1986; Honkanen and Hanioja 1994; Henrikkson 2001).

1.4.2
Predictive Modelling to Improve Fitness

La Cerra and Bingham (1998) regard predictive modelling of behavioural
outcomes in the service of inclusive fitness as the sine qua non of intelli-
gent behaviour. Virtually all decisions made by plants are directed towards
a future goal of optimal fitness. Roots and shoots growing along gradients
of minerals or light are modelling a future that will subsequently increase
resource acquisition if continued. Even when resource receptors are finally
triggered and proliferation of leaves and roots is initiated, predictive mod-
elling is in full forcebecausenew leavesandrootsonlybecomesourceswhen
nearly mature (Taiz and Zeiger 1998). Ackerly and Bazzaz (1995) observed
that in canopy gaps both branch and leaf polarity were constructed to align
with the primary orientation of diffuse light, again the product of assess-
ing future resource capture. Both negative and positive feedback controls
must operate to flesh out the predictive model. Experiments analysing the
decisions to promote the growth (and acquisition of root resources) of
well-placed branches at the expense of those less well placed concluded
that the decisions were based on the speculatively expected future than the
prevailing conditions (Novoplansky 1996, 2003; Novoplansky et al. 1989).
The mayapple, a forest-floor perennial, takes decisions that determine fu-
ture branch or flower formation years in advance (Geber et al. 1997). Many
trees make similar decisions on flower production at least a year ahead.
Perhaps the flower bud abscission in a colder spring observed in many
fruit trees reflects a new reassessment of that past decision with present
conditions.

The parasitical plant dodder exhibits a choice of host by rejecting many
suitable ones. Furthermore in the earliest foraging contact of a suitable
host, the future return of resources from the host is assessed within a few
hours and energy investment in numbers of parasitical coils (and thus
haustoria) is optimized (Kelly 1990, 1992). Using a variety of hosts Kelly
(1990, 1992) showed that dodder fits the Charnov (1976) model, an anal-
ysis that shows how animals optimize their energy investment as against
subsequent energy gain during foraging. Foraging in some other plants
supports the Charnov model for plants (Gleeson and Fry 1997; Wijesinghe
and Hutchings 1999). As mentioned earlier Physarum likewise optimizes
energy investment for energy gain (Nakagaki et al. 2000), behaviour de-
scribed as intelligent.



1 The Green Plant as an Intelligent Organism 11

Future changes in resource availability are also predicted. Reflected far-
red light from vegetation is used by many plants to predict likely future
(not present) light competition and to initiate a variety of leaf and stem
phenotypic alterations to avoid or ameliorate this situation (Aphalo and
Ballare 1995; Ballare 1994; 1999; Novoplansky et al. 1990). Tendrils adjust
their circumnutation pattern to position themselves to appropriate sup-
ports and can unwind if the decision turns out later to be poor (Baillaud
1962; Darwin 1882; Von Sachs 1879) The stilt palm moves out of shade by
differential growth of prop roots (Trewavas 2003; 2004). When provided
with water only once a year young trees eventually predict the water supply
and synchronize their growth and development accordingly (Hellmeier et
al. 1997).

1.4.3
Internal Assessment of Present State Before Phenotypic Change

A statement by Seeley and Levin (1987) discussing intelligent hive be-
haviour can be paraphrased for plants. “It is not too much to say that
a plant is capable of cognition in much the same way that a human being
is. The plant gathers and continually updates diverse information about
its surroundings, combines this with information about its internal state
and makes decisions that reconcile its well being with its environment.”
Examples of internal assessment are common. Thus, excessive cadmium,
salt, osmotic stress, high or low temperatures or mechanical stress which
normally kill can be subsequently resisted by pretreatments under milder
conditions (Amzallag et al. 1990; Baker et al. 1985; Brown and Martin 1981;
Henslow 1895; Laroche et al. 1992; Zhong and Dvorak 1995). Other exam-
ples include the degree of leaf abscission, senescence (Addicott 1982) or
guard cell behaviour in water stress but determined by previous N status
(Taiz and Zeiger 1998), interactions between N and light on shoot growth
(Trewavas 1986), the degree to which root growth is enhanced under water
deprivation dependent on light status (Bloom et al. 1985), or the different
effects on branch growth according to whether one branch is shaded or the
whole tree (Henrikkson 2001; Honkanen and Hanioja 1994).

1.5
Conclusions and Future Prospects

Plants exhibit theproperties of intelligent behaviour describedbybiologists
for other organisms and should consequently be regarded as intelligent too.
Many plant biologists have a passive view of plant growth and development



12 A. Trewavas

in which the life cycle is played out with occasional periods of stress that
simply slow it down (Aphalo and Bellare 1995). An excellent analogy of the
alternative active view posed here is to be found in social insects (Trewavas
2005). Not only are there numerous exploratory trails or flights to find rich
resources but, once discovered, changes in colony communication ensure
numerous individuals (like proliferating leaves or branch roots) are actively
employed in resource acquisition. The whole system benefits by the changes
in foraging form. Bell (1984) has drawn analogies between plant branching
and the foraging system of ants. The plant phenotype is constructed to
benefit the whole organism using environmental signals that are internally
assessed against current and previous experience. Competition is crucial;
the poem by Hirshfield (2005) uses the term resilience, that is a strategy
to deal with competition and to optimize the developing phenotype for
maximal seed production. Describing plants as intelligent organisms is
a conceptual change that indicates plants make dedicated active phenotypic
decisions that improve accomplishment of the life cycle and fitness.

A common mistake is to judge plant behaviour in human terms. Warwick
(2001), who warns against such thinking, makes the important point of
judging intelligence within the framework of the capability of the organism.
For plants, phenotypic change is the most relevant criterion but this needs
more detailed future analysis than space allows here.

Finally, a major difficulty in recognizing intelligent behaviour in plants
arises from an inability to assess root behaviour adequately. What is needed
is a non-invasive method of imaging three-dimensional root distributions
on a continuous basis. Various possibilities such as MRI or tomography or
others need exploration. There have been a few attempts in the past (pen-
etrating isotopes, slanting glass) but these are not very satisfactory. The
ultimate goal should be instrumentation that can enable accurate, continu-
ous, three-dimensional monitoring of tree root systems in the wild as well
as much smaller plants. Current methods rely largely on the destructive
procedures of exhumation. Only when the root system can be continu-
ally monitored will the intelligent integration of whole plant behaviour be
properly revealed.

References
Ackerley DD, Bazzaz FA (1995) Seedling crown orientation and interception of diffuse

radiation in tropical forest gaps. Ecology 76:1134–1146
Allmann JM (1999) Evolving brains. Scientific American Library, New York
Alon U, Surette MG, Barkai N, Leibler S (1999) Robustness in bacterial chemotaxis. Nature

397:168–171
Alon U (2003) Biological networks: the tinkerer as engineer. Science 301:1866–1867
Amzallag GN, Lerner HR, Poljakoff-Mayber A (1990) Induction of increased salt tolerance

in Sorghum bicolor by sodium chloride treatment. J Exp Bot 41:29–34



1 The Green Plant as an Intelligent Organism 13

Aphalo PJ, Ballare CL (1995) On the importance of information-acquiring systems in plant–
plant interactions. Funct Ecol 9:5–14

Arkin A, Ross J (1994) Computational functions in biochemical reaction networks. Biophys
J 67:560–578

Baillaud L (1962) Mouvements autonomes des tiges, vrilles et autre organs. In: Ruhland W
(ed) Encyclopedia of plant physiology: XVII. Physiology of movements, part 2. Springer,
Berlin Heidelberg New York, pp 562–635

Baker AJM, Grant CJ, Martin MH, Shaw SC, Whitebrook J (1985) Induction and loss of
cadmium tolerance in Holcus lanatus and other grasses. New Phytol 102:575–587

Ballare CL (1994) Light gaps: sensing the light opportunities in highly dynamic canopy
environments. In: Caldwell MM, Pearcy RW (eds) Exploitation of environmental het-
erogeneity by plants. Academic, New York, pp 73–111

Ballare CL (1999) Keeping up with the neighbours: phytochrome sensing and other sig-
nalling mechanisms. Trends Plant Sci 4:97–102

Bazzaz FA (1996) Plants in changing environments. Cambridge University Press, Cam-
bridge, UK

Bell AD (1984) Dynamic morphology: a contribution to plant population ecology. In: Dirzo
R, Sarukhan J (eds) Perspectives on plant population ecology. Sinauer, Sunderland, MA,
pp 48–65

Bell G, Lechowicz MJ (1994) Spatial heterogeneity at small scales and how plants respond
to it. In Caldwell MM, Pearcy RW (eds) Exploitation of environmental heterogeneity by
plants. Academic, New York, pp 391–411

Bennet-Clark TA, Ball NG (1951) The diageotropic behaviour of rhizomes. J Exp Bot
2:169–203

Bhalla US, Ram PT, Iyengar R (2002) MAP kinase phosphatase as a locus of flexi-
bility in a mitogen activated protein kinase signaling network. Science 297:1018–
1023

Bijisma JJE, Groisman EA (2003) Making informed decisions: regulatory interactions be-
tween two component systems. Trends Microbiol 11:359–366

Bloom AJ, Chapin FS, Mooney HA (1985) Resource limitation in plants – an economic
analogy. Annu Rev Ecol Syst 16:363–392

Bonabeau E, Dorigo M, Theraulax G (2000) Inspiration for optimisation from social insect
behaviour. Nature 406:39–42

Bonabeau E, Meyer C (2001) Swarm intelligence. Harv Bus Rev May, 107–114
Bonabeau E, Theraulaz G (2000) Swarm smarts. Sci Am 282:72
Bradshaw AD (1965) Evolutionary significance of phenotypic plasticity. Adv Genet 13:

115–155
Bray D (1995) Protein molecules as computational elements in living cells. Nature 376:

307–312
Bray D (2003) Molecular networks: the top down view. Science 301:1864–1865
Brown H, Martin MH (1981) Pre-treatment effects of cadmium on the root growth of Holcus

lanatus. New Phytol 89:621–629
Callaway RM, Pennings SC, Richards CL (2003) Phenotypic plasticity and interactions

among plants. Ecology 84:1115–1128
Carlson JM,Doyle J (2002)Complexity androbustness. ProcNatlAcadSciUSA99:2538–2545
Charnov EL (1976) Optimal foraging, the marginal value theorem. Theor Popul Biol

9:129–136
ChockPB, StadtmanER(1977) Superiorityof interconvertible enzymecascades inmetabolic

regulation: analysis of multicyclic systems. Proc Natl Acad Sci USA 74:2766–2770
Corning P (2003) Nature’s magic-synergy in evolution and the fate of humankind. Cam-

bridge University Press, Cambridge, UK



14 A. Trewavas

Darwin C (1859) On the origin of species by means of natural selection. Murray, London
Darwin C (1882) The power of movement in plants. Murray, London
Darwin C (1891) The movements and habits of climbing plants. Murray, London
Darwinkel A (1978) Patterns of tillering and grain production of winter wheat at a wide

range of plant densities. Neth J Agric Sci 26:383–398
Davidson EH, Rast JP, Oliveri P et al (2002) A genomic regulatory network for development.

Science 295:1669–1678
De Castro LN, Timmis JI (2002) Artificial immune systems: a new computational intelligence

approach. Springer, Berlin Heidelberg New York
De Kroon H, Hutchings MJ (1995) Morphological plasticity in clonal plants: the foraging

concept reconsidered. J Ecol 83:143–152
Desbiez MO, Kergosein Y, Champagnant P, Thellier M (1984) Memorisation and delayed

expression of regulatory message in plants. Planta 160:392–399
Desbiez MO, Tort M, Thellier M (1991) Control of a symmetry breaking process in the

course of morphogenesis of plantlets of Bidens pilosa. Planta 184:397–402
Drew MC, Saker LR (1975) Nutrient supply and the growth of the seminal root system in

barley. J Exp Bot 26:79–90
Eapen D, Barroso ML, Campos ME, Ponce G, Corkidi G, Dubrovsky JG, Cassab GI (2003)

A no hydrotropic response root mutant that responds positively to gravitropism in
Arabidopsis. Plant Physiol 131:536–546

Evans JP, Cain ML (1995) A spatially explicit test of foraging behaviour in a clonal plant.
Ecology 76:1147–1155

Falik O, Reides P, Gersani M, Novoplansky A (2003) Self, non-self discrimination in roots.
J Ecol 91:525–531

Farley RA, Fitter AH (1999) Temporal and spatial variation in soil resources in a deciduous
woodland. J Ecol 87:688–696

Franco M (1986) The influence of neighbours on the growth of modular organisms with an
example from trees. Philos Trans R Soc Lond Ser B Biol Sci 313:209–225

Franks NR, Dornhaus A, Fitzsimmons JP, Stevens M (2003) Speed versus accu-
racy in collective decision-making. Proc R Soc Lond Ser B Biol Sci 270:2457–
2463

Gavin AC, Bosche M, Krause R et al (2002) Functional organisation of the yeast proteome
by systematic analysis of protein complexes. Nature 415:541–547

Geber MA, Watson MA, De Kroon H (1997) Organ preformation, development and resource
allocation inperennials. InBazzazFA,Grace J (eds).Plant resourceallocation.Academic,
London, pp 113–143

Gersani M, Abramsky Z, Falik O (1998) Density-dependent habitat selection in plants. Evol
Ecol 12:223–234

Gersani M, Brown JS, O’Brien EE, Maina GM, Abramsky Z (2001) Tragedy of the commons
as a result of root competition. Ecology 89:660–669

Gerstain M, Lan N, Jansen R (2002) Integrating interactomes Science 295:284–285
Gilroy S, Trewavas AJ (2001) Signal processing and transduction in plant cells: the end of

the beginning? Nat Mol Cell Biol Rev 2:307–314
Gleeson SK, Fry JE (1997) Root proliferation and marginal patch value. Oikos 79:387–393
Goldberg DE, Barton AM (1992) Patterns and consequences of interspecific competition

within natural communities: a review of field experiments with plants. Am Nat 139:
771–801

Grasse PP (1977) Evolution of living organisms. Academic, New York
Grime JP (1994) The role of plasticity in exploiting environmental heterogeneity. In Caldwell

MM,PearcyRW(eds).Exploitationof environmentalheterogeneitybyplants.Academic,
New York, pp 1–19



1 The Green Plant as an Intelligent Organism 15

Grime JP, Crick JC, Rincon JE (1986) The ecological significance of plasticity. In: Jennings
DH, Trewavas AJ (eds) Plasticity in plants. Symposia for Society of Experimental Biology
Med XL. Company of Biologists, Cambridge, pp 5–29

Gruntman M, Novoplansky A (2004) Physiologically mediated self/non self discrimination
mechanism. Proc Natl Acad Sci USA 101:3863–3867

Hartnett DC, Bazzaz FA (1983) Physiological integration among intra-clonal ramets in
Solidago canadensis. Ecology 64:779–788

Hartnett DC, Bazzaz FA (1985) The integration of neighbourhood effects in clonal genets
of Solidago candensis. J Ecol 73:415–427

Hellingwerf KJ (2005) Bacterial observations: a rudimentary form of intelligence? Trends
Microbiol 13:152–158

Hellingwerf KJ, Postma PW, Tommassen J, Westerhoff HV (1995) Signal transduction
in bacteria: phosphoneural network in Escherichia coli. FEMS Microbiol Rev 16:
309–321

Hellmeier H, Erhard M, Schulze ED (1997) Biomass accumulation and water use under arid
conditions. In: Bazzaz FA, Grace J (eds) Plant resource allocation. Academic, London,
pp 93–113

Henrikkson J (2001) Differential shading of branches or whole trees: survival, growth and
reproduction. Oecologia 126:482–486

Henslow G (1895) The origin of plant structures by self adaptation to the environment.
Kegan, Paul, French, Trubner, London

Hirshfield J (2005) Each happiness ringed by lions. BloodAxe, Tarset, UK
Hjelmfelt A, Ross J (1992) Chemical implementation and thermodynamics of collective

neural networks. Proc Natl Acad Sci USA 89:388–391
Hjelmfeldt A, Schneider FW, Ross J (1993) Pattern recognition in coupled chemical kinetic

systems. Science 260:335–337
Hjelmfeldt A, Weinberger ED, Ross J (1991) Chemical implementation of neural networks

and Turing machines. Proc Natl Acad Sci USA 88:10983–10987
Hjemfelt A, Weinburger ED, Ross J (1992) Chemical implementation of finite state machines.

Proc Natl Acad Sci USA 89:383–387
Hoffer SM, Westerhoff HV, Hellingwerf KJ, Postma PW, Tommassen J (2001) Autoamplifi-

cation of a two component regulatory system results in learning behaviour. J Bacteriol
183:4914–4917

Holzapfel C, Alpert P (2003) Root co-operation in a clonal plant: connected strawberries
segregate roots. Oecologia 134:72–77

Honda H, Fisher JB (1978) Tree branch angle: maximising effective leaf area. Science
199:888–889

Honkanen T, Hanioja E (1994) Why does a branch suffer more after branch-wide than after
tree-wide defoliation? Oikos 71:441–450

Hopfield JJ (1982) Neural networks and physical systems with emergent collective compu-
tational abilities. Proc Natl Acad Sci USA 79:2554–2558

Hopfield JJ, Tank DW (1986) Computing with neural circuits: a model. Science 233:625–633
Huang S (2000) The practical problems of post-genomic biology. Nat Biotechnol 18:471–472
Huber-Sannwald E, Pyke DA, Caldwell MM (1997) Perception of neighbouring plants by

rhizomes and roots: morphological manifestations of a clonal plant. Can J Bot 75:2146–
2157

Hutchings MJ, De Kroon H (1994) Foraging in plants, the role of morphological plasticity
in resource acquisition. Adv Ecol Res 25:159–238

Hutchings MJ (1997) Resource allocation patterns in clonal herbs and their consequences
for growth. In: Bazzaz FA, Grace J (eds) Plant resource allocation. Academic, San Diego,
pp 161–186



16 A. Trewavas

Ingolis NT, Murray AW (2002) History matters. Science 297:948–949
Jackson RB, Caldwell MM (1989) The timing and degree of root proliferation in fertile soil

microsites for three cold desert perennials. Oecologia 81:149–153
Jaffe MJ, Shotwell M (1980) Physiological studies on pea tendrils. XI. Storage of tactile

sensory information prior to the light activation effect. Physiol Plant 50:78–82
Kelly CL (1990) Plant foraging: a marginal value model and coiling response in Cuscuta

subinclusa. Ecology 71:1916–1925
Kelly CK (1992) Resource choice in Cuscuta europea. Proc Natl Acad Sci USA 89:12194–12197
Kim M, Canio W, Keller S, Sinha N (2001) Developmental changes due to long distance

movement of a homeo-box fusion transcript in tomato. Science 293:287–293
Kitano H (2002) Systems biology: a brief overview. Science 295:1662–1664
Kuppers M (1994) Canopy gaps: competitive light interception and economic space filling.

In: Caldwell MM, Pearcy RW (eds) Exploitation of environmental heterogeneity by
plants. Academic, New York, pp 111–144

La Cerra P (2003) The first law of psychology is the second law of thermodynamics: the
energetic model of the mind and the generation of human psychological phenomena.
Hum Nature Rev 3:440–447

La Cerra P, Bingham R (1998) The adaptive nature of the human neuro-cognitive architec-
ture: an alternative model. Proc Natl Acad Sci USA 95:11290–11294

La Cerra P, Bingham R (2002) The origin of minds. Harmony, New York
Laroche A, Geng XM, Singh J (1992) Differentiation of freezing tolerance and vernalisation

responses in Cruciferae exposed to a low temperature. Plant Cell Environ 15:439–446.
MacDonald SE, Leiffers VJ (1993) Rhizome plasticity and clonal foraging of Calamagrostis

canadensis in response to habitat heterogeneity. J Ecol 81:769–776
Mahall BE, Callaway RM (1992) Root communication mechanism and intra-community

distributions of two Mojave desert shrubs. Ecology 73:2145–2151
Maina GG, Brown JS, Gersani M (2002) Intra-plant versus inter-plant competition in beans:

avoidance resource matching or tragedy of the commons. Plant Ecol 160:235–247
Marx J (2004) Remembrance of winter past. Science 303:1607
Maslov S, Sneppen K (2002) Specificity and topology of protein networks. Science 296:

910–913
Massa GD, Gilroy S (2003) Touch modulates gravity sensing to regulate the growth of

Arabidopsis roots. Plant J 33:435–445
McAdams HH, Arkin A (1999) It’s a noisy business: genomic regulation at the nanomolar

scale. Trends Genet 15:65–69
McClintock B (1984) The significance of responses of the genome to challenge. Science

226:792–801
McConnaughay KDM, Bazzaz FA (1991) Is physical space a soil resource? Ecology 72:94–103
McConnaughay KDM, Bazzaz FA (1992) The occupation and fragmentation of space: con-

sequences of neighbouring shoots. Funct Ecol 6:711–718
McNamara JM, Houston AJ (1996). State dependent life histories. Nature 380:215–220
Muth CC, Bazzaz FA (2002a). Tree seedling canopy responses to conflicting photosensory

cues. Oecologia 132:197–204
Muth CC, Bazzaz FA (2002b) Tree canopy displacement at forest gap edges. Can J For Res

32:247–254
Muth CC, Bazzaz FA (2003) Tree canopy displacement and neighbourhood interactions.

Can J For Res 33:1323–1330
Nakagaki T, Yamada H, Toth A (2000) Maze solving by an amoeboid organism. Nature

407:470
Novoplansky A (1996) Hierarchy establishment among potentially similar buds. Plant Cell

Environ 19:781–786



1 The Green Plant as an Intelligent Organism 17

Novoplansky A (2003) Ecological implications of the determination of branch hierarchies.
New Phytol 160:111–118

Novoplansky A, Cohen D, Sachs T (1990) How Portulaca seedlings avoid their neighbours.
Oecologia 82:490–493

Okamoto M, Sakai T, Hayashi K (1987) Switching mechanism of a cyclic enzyme system:
role as a chemical diode. Biosystems 21:1–11

Palladin PI (1918) Plant physiology. Blakiston, Philadelphia
Park S, Wolanin PM, Yuzbashyan EA, Silberzan P, Stock JB, Austin RH (2003a) Motion to

form a quorum. Science 301:188
Park S, Wolanin PM, Yuzbashyan EA, Lin H, Darnton NC, Stock JB, Silberzan P, Austin RH

(2003b) Influence of topology on bacterial social interaction. Proc Natl Acad Sci USA
100:13910–13915

Peak D, West JD, Messenger SM, Mott KA (2004) Evidence for complex collective dy-
namics and emergent-distributed computation in plants. Proc Natl Acad Sci USA 101:
981–922

Pearcy RW, Chardin RL, Gross LJ, Mott KA (1994) Photosynthetic utilisation of sunflecks:
a temporally patchy resource on a time scale of seconds to minutes. In: Caldwell MM,
Pearcy RW (eds) Exploitation of environmental heterogeneity by plants. Academic, New
York, pp 175–209

Ravasz E, Somera AL, Mongru DA, Oltvai ZN, Barabasi AL (2002) Hierarchical organisation
of modularity in metabolic networks. Science 297:1551–1555

Robertson GP, Gross KL (1994) Assessing the heterogeneity of below ground resources:
quantifying pattern and scale. In: Caldwell MM, Pearcy RW (eds) Exploitation of envi-
ronmental heterogeneity by plants. Academic, New York, pp 237–253

Schenk HJ, Callaway RM, Mahall BE (1999) Spatial root segregation: are plants territorial?
Adv Ecol Res 28:145–180

Schieving F, Poorter H (1999) Carbon gain in a multi-species canopy: the role of specific leaf
area and photosynthetic nitrogen use efficiency in the tragedy of the commons. New
Phytol 143:201–211

Schlichting CD, Pigliucci M (1998) Phenotypic evolution: a reaction norm perspective.
Sinauer, Sunderland, MA

Schull J (1990) Are species intelligent? Behav Brain Sci 13:63–108
Seeley TD (1995) The wisdom of the hive. The social physiology of honey bee colonies.

Harvard University Press, Cambridge, MA
Seeley TD, Leven RA (1987) A colony of mind. The beehive as thinking machine. Sciences

27:38–43
Silvertown J Gordon GM (1989) A framework for plant behaviour. Annu Rev Ecol Syst

20:349–366
Slade AJ, Hutchings MJ (1987) Clonal integration and plasticity in foraging behaviour in

Glechoma hederacea. J Ecol 75:1023–1036
Stenhouse D (1974) The evolution of intelligence – a general theory and some of its impli-

cations. Allen and Unwin, London
Strogatz SH (2001) Exploring complex networks. Nature 410:268–276
Strohman RC (2000) Organisation becomes cause in the matter. Nat Biotechnol 18:

575–576
Sultan SE (2000) Phenotypic plasticity for plant development, function and life history.

Trends Plant Sci 5:537–541
Taiz L, Zeiger E (1998) Plant physiology, 2nd edn. Sinauer, Sunderland, MA
Taylor JE, McAinsh MR (2004) Signaling cross-talk in plants: emerging issues. J Exp Bot

55:147–149
Thaler DS (1994) The evolution of genetic intelligence. Science 264:1698–1699



18 A. Trewavas

Tong AHY, Drees B, Nardelli G et al (2002) A combined experimental and computational
strategy to define protein interaction networks for peptide recognition modules. Science
295:321–324

Tremmel DC, Bazzaz FA (1993) How neighbour canopy architecture affects target plant
performance. Ecology 74:2114–2124

Tremmel DC, Bazzaz FA (1995) Plant architecture and allocation in different neighbour-
hoods: implications for competitive success. Ecology 76:262–271

Trewavas AJ (1986) Resource allocation under poor growth conditions. A major role for
growth substances in plasticity. In: Jennings DH, Trewavas AJ (eds) Plasticity in plants.
Symposia for Society of Experimental Biology Med XL. Company of Biologists, Cam-
bridge, pp 31–77

Trewavas AJ (1998) The importance of individuality. In: Loerner HR (ed) Plant responses
to environmental stresses. Dekker, New York, pp 27–43

Trewavas AJ (1999) Le calcium c’est la vie; calcium makes waves. Plant Physiol 120:1–6
Trewavas AJ (2000) Signal perception and transduction. In: Buchanan BBB, Gruissem W,

Jones RL (eds) Biochemistry and molecular biology of plants. American Society of Plant
Physiologists, Rockville, MD, pp 930–988

Trewavas AJ (2002) Mindless mastery. Nature 415:841
Trewavas AJ (2003) Aspects of plant intelligence. Ann Bot 92:1–20
Trewavas AJ (2004) Aspects of plant Intelligence: an answer to Firn. Ann Bot 93:353–357
Trewavas AJ (2005) Plant intelligence. Naturwissenschaften (in press)
Turkington R, Aarsen LW (1984) Local scale differentiation as a result of competitive inter-

actions. In: Dirzo R, Sarukhan J (eds) Perspectives on plant population ecology, Sinauer,
Sunderland, MA, pp 107–128

Turkington R, Klein E (1991) Integration among ramets of Trifolium repens. Can J Bot
69:226–228

Turkington R, Sackville Hamilton R, Gliddon C (1991) Within-population variation in
localised and integrated responses of Trifolium repens to biotically patchy environments.
Oecologia 86:183–192

Verdus MC, Thellier M, Ripoli C (1997) Storage of environmental signals in flax; their
morphogenetic effect as enabled by a transient depletion of calcium. Plant J 12:1399–
1410

Vertosick FT, Kelly RH (1991) The immune system as a neural network: a multi-epitope
approach. J Theor Biol 150:225–237

Vertosick FT (2002) The genius within. Discovering the intelligence of every living thing.
Harcourt, New York

Warwick K (2001) The quest for intelligence. Piatkus, London
Wijesinghe DK, Hutchings MJ (1999) The effects of environmental heterogeneity on the

performance of Glechoma hederacea: the interactions between patch contrast and patch
scale. J Ecol 87:860–872

Yamada T, Okuda T, Abdullah, M, Awang, M, Furukawa A (2000) The leaf development
process and its significance for reducing self-shading of a tropical pioneer tree species.
Oecologia 125:476–482

ZhongGY,Dvorak J (1995)Chromosomal control of the toleranceof gradually and suddenly-
imposed salt stress in the Lophopyrumelongatumand wheat genomes. Theor Appl Genet
90:229–236


