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This paper compares the flexibility in the nexus between phenotype and genotype in plants and animals. These
taxa although considered to be fundamentally different are found to be surprisingly similar in the mechanisms
used to achieve plasticity. Although non-cognitive behaviour occurs in plants, its range is limited, while morphological and developmental plasticity also occur to a considerable extent in animals. Yet both plants and animals are subject to unique constraints and thus need to find unique solutions to functional problems. A true
comparison between the plant and animal phenotype would be a comparison between plants and sessile photosynthesizing colonial invertebrates. Such comparisons are lacking. However, they would provide important insights into the adaptive significance of plasticity in these groups. It is also suggested that a comparison of
inflexible traits in these groups would provide an understanding of the constraints, as well as the costs and benefits, of a plastic versus non-plastic phenotype in plants and animals.
[Renee M Borges 2005 Do plants and animals differ in phenotypic plasticity?; J. Biosci. 30 41–50]

1.

Introduction

It is not my intention to review the phenomenon of phenotypic plasticity in plants or in animals since excellent
recent reviews exist (Pigliucci 1996; Sultan 2000; Agrawal
2001; Givnish 2002; Grime and Mackey 2002; Novoplansky 2002; Sachs 2002; Schlichting and Smith 2002;
Stamps 2003; West-Eberhard 2003). However, I will attempt in this paper to present some important similarities
and differences between plants and animals and the consequences thereof for plasticity. This is especially germane in view of the many recent exciting findings at the
organismal and molecular level about the responses of
plants and animals to various stimuli. As our understanding
of the origin and evolution of developmental processes improves, and our ability to track signal transduction pathways is being refined, it appears that the distinction between plants and animals at many levels is becoming blurred
despite their brief common lineage and subsequent millennia of independent evolution (Meyerowitz 1999, 2002).
An essential divide between plants and animals has often
been taken to be the absence of behaviour in the one and
the presence of behaviour in the other. However, if behaviour is defined as the response of an organism to a
stimulus, then plants do behave, and this divide disappears. Furthermore, if behaviour is defined as phenotypic
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plasticity that is expressed within the lifetime of an individual, then plants certainly show behaviour albeit of a
non-cognitive nature (Silvertown 1998). In a seminal
review, Silvertown and Gordon (1989) outlined a framework for plant behaviour in which they presented various
properties of stimuli and the abilities of plants to respond
to them. In their scheme, it is evident that pattern is the
only type of stimulus property to which plants do not respond. In the absence of a nervous system which can store
a pattern, matching a pattern to an innate or acquired template is not possible in plants. Yet, a sign of the changing
perspectives on plants is that the lexicon to describe plant
responses now routinely incorporates words formerly confined to animals such as foraging (Kelly 1990) and displaying (Borges et al 2003; Somanathan et al 2004).
In the following sections, I will present instances of
unexpected plasticity and unexpected sensitivity to stimuli
in both plants and animals, which will help to highlight
the similarities and differences in phenotypic plasticity
between these taxa.
2.

Can plants talk? And if plants can talk,
can they also hear?

Plants are now known to respond to volatile signals produced by other plants, and therefore, to communicate
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(Farmer and Ryan 1990; Karban et al 2000). Until recently, this ability was seriously discredited. For example, in
their review, Silvertown and Gordon (1989) remarked:
“The claim by Baldwin and Schultz (4) [1983] that trees
are able to communicate, if true, would point to the first
example of an exchange of signals between plants; however, Fowler and Lawton (21) [1985] have seriously doubted the evidence.” This was followed by a subsequent
debate around the issue of whether plants can “hear” even
though they might be able to “talk” (Firn and Jones 1995;
Bruin et al 1995) and whether talking and listening were
realistic possibilities under field or non-laboratory conditions given the known sensitivities of plants and their
lack of specialized sensory “organs”. It was also important
to consider whether the information content about the
risk of herbivory to neighbouring plants or adjacent parts
of the same plant was reliable enough and whether the
induced defence could be mounted rapidly enough to
result in strong selection for the evolution of plastic responses by induced defences instead of via constitutive
protection (Karban et al 1999). The evaluation of the
costs and benefits of induced defences was thus necessary from both proximal as well as ultimate perspectives.
Carefully done experiments under field situations have
now unambiguously established that plants not only talk
but they also listen, as evidenced from the increase in
polyphenol oxidase and other oxidative enzymes in the
defence repertoire of tobacco plants when exposed to an
epimer of methyl jasmonate released by neighbouring sagebrush plants that were clipped to simulate herbivory (Karban
et al 2000) and of black alders when exposed to a signal
consisting of ethylene and a mixture of terpenes produced
by alders under herbivore attack (Tscharntke et al 2001).
This communication between plants about their attacked
status can also occur via roots or mycorrhizae (Simard
et al 1997). Yet, detractors of the plant communication
hypothesis still exist (e.g. Lerdau 2002). Microarray analysis is now revealing the complex signal transduction networks involved in induced defence pathways in plants
after exposure to the volatile signalling molecules methyl
jasmonate or ethylene in the model plant Arabidopsis
thaliana (Schenk et al 2000). Thus ecologists, phytopathologists and molecular biologists are confirming that
plants can not only talk, but they can hear, and many use
the same language.
3.

Can plants see?

Vision and light reception play important and undisputed
roles in behavioural and physiological processes in animals leading to plasticity of responses to biotic and abiotic
factors such as predation threats or photoperiodic changes.
In recent years, it has become apparent that plants have
J. Biosci. 30(1), February 2005

acute abilities to sense their light environments. A system
of three types of photoreceptors – phytochromes, cryptochromes, and phototropin – ensures that plants can sense
the proximity of their neighbours and modify their growth
and development in the form of a shade-avoidance response, if appropriate (Ballaré 1999; Smith 2000). Plants
are, however, unique in the sense that during this process
of growth towards light, they also cause self-shading.
Thus, individual modules of plants have a unique environmental history which is a sum total of “external” as
well as “internal” factors. The response to red: far red
light reflectance or blue light gradients are used by plants
to track gaps in the canopy towards which they can grow
(Ballaré 1999; Lin 2000; Fankhauser 2002). These lightrelated stimuli are also used to determine such events as
when plants should break bud dormancy, or when they
should flower, and thus to regulate physiological and
developmental processes (Horvath et al 2003). Smith
(2000) speculates that the ability of plants to sense and
respond in complex ways to their light environment may
have contributed to the rise and diversification of the
angiosperms. Thus, plants use their light sensory mechanisms to forage for light and show growth responses in
the direction of light or away from light (scototropism) as
occurs in seedlings of climbers that need to grow towards
potential tree trunk supports (Strong and Ray 1975). Plants
can also optimize light capture within stationary cells by
the internal movement of chloroplasts in response to light
(Kasahara et al 2002). The above-ground response of
plants to light is also mirrored by below-ground responses of the roots to nutrient gradients. Roots exhibit branching and increased or decreased root biomass as a result
of feedback from foraging success (Grime et al 1991). It
is now known that an NO3̄ inducible MADS box gene
ANR1 is responsible in Arabidopsis for lateral root proliferation in NO3̄ rich soil patches (Zhang and Forde
1998). A similar stimulus-response system could explain
stem preferences of the parasitic plant Cuscuta for specific host plants (Kelly 1992; Trewavas 2002).
Plant foraging has been shown to be predictable from
the marginal value theorem (Kelly 1990) that was developed to examine optimal behaviour in animals foraging
within and between resource patches (Charnov 1976). A
plasticity of responses to resource gradients is also shown
by primitive amoeboid slime moulds which exhibit mazesolving abilities to find the shortest path between two
food sources (Nakagaki et al 2000). Is there, however, a
difference between root and shoot foraging of plants and
that of an animal as primitive as a slime mould? One major difference is that the cost to plants of making a mistake by growing in the wrong direction or of investing
growth in a direction whose resource value diminishes
rapidly with time is potentially higher than that for animals since mobile animals can reverse direction of move-
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ment albeit with loss of energy. Plants, on the other hand,
cannot often resorb all the nutrients that they have already committed to the structures required for above- or
below-ground foraging in particular directions. As Trewavas (2003) points out, plants have capitalized on the
free availability of light as an energy source and, unlike
animals, have consequently given up “movement”. Moreover, whatever movement plants perform results from
growth and development.
4.

Morphological and developmental
plasticity in animals

With their modular construction, plants have usually been
considered to have greater plasticity than animals in morphological and developmental responses to changes in
their biotic and abiotic environments. However, besides
positive or negative taxis, animals can also cope with
biotic stresses, such as the presence of neighbours, by
exhibiting responses that involve morphological change.
The best known example of density-related polymorphism
in animals is the colour polyphenism of the adult desert
locust Schistocerca gregaria (Wilson 2000) in which the
solitary form is cryptic while the gregarious form is conspicuous and aposematic. Although this polymorphism is
due to selection for the appropriate adult colour morph at
different densities and is thus, a true polyphenism, studies on Schistocerca emarginata indicate that this colour
change can occur in a single generation via density effects on cuticular melanization of successive nymphal
instars, thus representing a true phenotypic plasticity in
response to crowding (Sword 1999, 2002). The diapausing dauer larva of Caenorhabditis elegans is another example of a developmental response to increased concentrations of a “crowding” pheromone (Golden and Riddle
1984).
Plants are typically known to show the phenomenon of
die-back and recovery when exposed to stress, while animals were believed to be incapable of such responses.
While animals were thought to have fixed sizes (heights,
lengths) on reaching maturity, studies are now indicating
that adult animals can increase and decrease body size based
on crowding-related stress (Piersma and Drent 2003). For
example, even animals such as adult sea urchins that have
a hard calcium-based skeleton can both increase as well
as decrease in size based on whether they are grown under crowded or non-crowded conditions (Levitan 1989)
and marine iguanas have been recorded to become smaller
by as much as 20% after an El Niño Southern Oscillation
(ENSO) event (Wikelski and Thom 2000).
Animals can possibly demonstrate as much developmental plasticity as plants in response to specific chemical
or physical signals. An excellent recent example is of the
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polyembyronic parasitoid wasp Copidosoma floridanum
(Harvey et al 2000). In this species, the caste ratio of
reproductive to soldier larvae shifts in favour of the soldier caste only if heterospecific larvae of the competing
parasitoid Microplitis demolitor are developing syntopically within the same lepidopteran host body. These aggressive soldier larvae attack and kill the heterospecific
larvae, thus ensuring the survival of sufficient numbers of
their own clones. Similarly, Cardiocondyla ants in which
males are usually wingless, produce winged dispersing
males in response to environmental stress (Cremer and
Heinze 2003). Conditions during post-natal development
can also selectively affect the gross morphology of body
parts in animals as has been demonstrated in the lizard
Anolis sagrei wherein hatchlings reared in environments
with access to locomotion on either broad or narrow surfaces had correspondingly broad or narrow hindlimbs that
gave them either enhanced sprint speed or greater manœuverability as needed on their respective locomotory surfaces (Losos et al 2000).
5.

Transgenerational transfer of phenotypic
changes in plants and animals

Various “Lamarckian” mechanisms of inheritance of phenotypic changes have been found to occur in both plants
and animals (Jablonka et al 1998); these have also been
recorded to extend to the F2 generation in animals (Agrawal et al 1999). A grandmother effect was thus observed
in Daphnia in which the trend towards large helmets induced in response to a predator kairomone in the parental
generation, continued into the F2 generation even after
removal of the kairomone in the F1 generation (Agrawal
et al 1999). A transgenerational effect was also reported
in the radish Raphanus raphanistrum wherein F1 seedlings
had upregulated levels of hydroxylated glucosinolates as
a consequence of herbivory by specialist caterpillars on
their mothers; however, in this case the effect did not
persist into the F2 generation (Agrawal et al 1999). Epigenetic factors that act via multiple modalities to influence
phenotypes across generations are also well illustrated in
the effect of male attractiveness on differential deposition
of testosterone in the eggs of the zebra finch. Females
mated with highly attractive males deposited greater
amounts of both testosterone and 5α-dihydrotestosterone
in their eggs with important consequences on the development of the chicks (Gil et al 1999).
6.

Neuronal plasticity in animals and
learning in plants

The neural networks of animals are subject to reinforcement and remodelling based on the strength of the stimuli
J. Biosci. 30(1), February 2005
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and the frequency with which they are presented. Although neuronal plasticity has long been recognized, it is
only with bird systems that extensive neural recrudescence has been demonstrated (Nottebohm 1981). Avian
song control systems exhibit seasonal plasticity leading
to dramatic increases or decreases in the volumes of entire brain regions under the influence of the photoperiod
and its consequent impact on circulating levels of sex
steroids (Tramontin and Brenowitz 2000). Furthermore,
animals, with their neural networks, are capable of learning. In recent years, the molecular mechanisms of memory
are being elucidated (reviewed in Kandel 2001; Greengard 2001). Implicit short-term memory involving reflexes has been shown in the marine sea-slug Aplysia to
involve persistent protein kinase activity and secondmessengers such as cAMP and Ca2+/calmodulin, while
longer-term memory involves persistent activation of
kinases such as mitogen-activated protein (MAP) kinases
(Bliss and Collingridge 1993). Bhalla and Iyengar (1999)
and Bhalla et al (2002) have shown computationally as
well as experimentally that connections between preexisting signalling pathways can confer emergent properties on entire networks that are not possessed by individual circuits alone; furthermore, the previous history of
the stimulus can influence subsequent responses of the
system to new stimuli. Thus, for example, extended signal duration (e.g. sustained calmodulin kinase [CAMKII]
activation) after the initial stimulus (Ca2+) was terminated
was one emergent property of such networks. Furthermore, in the MAP kinase system, if the initial stimulus
was below a certain threshold, it could not elicit a sustained response, while if this initial low response was
followed by a suprathreshold stimulus, a molecular “switch”
was thrown such that a sustained response was achieved.
Thus the circuit responds in a way that reflects the prior
history and thus the “memory” of the stimulus (Ingolia
and Murray 2002). Bray (1995) believes that, in simple
unicellular organisms, protein circuits act instead of nervous systems to control behaviour. These circuits can act
as computational units or artificial neurons (perceptrons)
with cross-talk properties and communication gates that
use Boolean logic (Bray 1995; Genoud and Métraux 1999).
What are the implications of these findings for stimulus-response functions in plants? Do plants have memory? Can plants learn? According to Trewavas (1999a),
they do. This author draws parallels between signaltransduction networks and neural networks in terms of
learning and storage of information and likens a calcium
wave to the operation of a neural network (Trewavas
1999b). Such a parallel was also drawn by Bhalla and
Iyengar (1999). The plasma membrane-based COP9 signalosome in plants is, for example, a signal-transduction
cassette or transducon involved in responses to light; furthermore, it is also present in animals where it is involJ. Biosci. 30(1), February 2005

ved in MAP kinase signalling (Karniol and Chamovitz
2000). Trewavas and Malhó (1997) and Gilroy and Trewavas (2001) speculate that such transducons could serve
as information integration and information storage facilities in plant cells and that the plasma membrane with its
signalling cassettes could serve as the computational processor of the cell. Furthermore, Bhalla and Iyengar (1999)
demonstrated that the emergent properties of signalling
networks were enhanced by isoforms, e.g. isoforms of
adenylate cyclase (AC1 and AC2) which are CAMstimulated. Unlike animals, plants are known to have
many isoforms of calmodulin, e.g. 13 isoforms in wheat
(Yang et al 1996), each of which are probably associated
with separate kinases (Harmon et al 2000), thus providing for specificity of encoding information. This gives
additional support to the possibility of information storage and thus a form of “memory” and “learning” in plants
(Trewavas 1999a,b, 2003). Thus, for example, plants subjected to a hypo-osmotic shock in the absence of Ca2+
will show no physiological response until Ca2+ is added
to the medium which could be as long as 20 min after
the shock (Takahashi et al 1997). It appears that some
information about the signal is “stored” and then “retrieved” when Ca2+ is available (Trewavas 2003). Guard
cell closure in Arabidopsis was also found to be responsive to Ca2+ oscillation kinetics, with short-term closure
occurring rapidly irrespective of the Ca2+ oscillation kinetics while long-term closure depended on the number,
frequency, amplitude and duration of Ca2+ transients;
thus Ca2+ oscillation kinetics can encode valuable information in plant cells that can generate variable physiological responses (Allen et al 2001). Thus, the phenotype
of a plant “represents the indissoluble linkage between
genes, which can be thought of as a kind of read only
memory (ROM), and the signalling networks, which are
the biological equivalent of random access memory (RAM).
The keys are punched by environmental and developmental cues (Trewavas and Malhó 1997)”.
The calcium and calmodulin-mediated signal network
is now known to be implicated in responses to diverse
environmental stimuli in plants (Yang and Pooviah 2003).
Similarities between plants and animals in their receptor
kinase signalling pathways also exist and despite their
early divergence and distinct molecular mechanisms, both
plant and animal signalling systems have mechanistic
similarities (Cock et al 2002). For example, calcineurin
B-like proteins have been found in plants and are similar
to neuronal cytosol Ca2+ sensors involved in neurotransmitter release (Trewavas 1999a). In plants, cytoskeletal
elements connected to the plasma membrane are also
believed to contain mechanosensitive Ca2+-gated channels (Fasano et al 2002). Although not specifically stated,
it is not inconceivable that cytoskeletal deformation can
retain memory of the stimulus and thus maintain a re-
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sponsive state even after the stimulus is removed.
Furthermore, plant cortical microtubules are now known
to play an important role in signal transduction and thus
in the responsiveness of plants to the environment (Wasteneys 2003; Wasteneys and Galway 2003). Microtubules
in Arabidopsis roots undergo glutamate-mediated depolymerization associated with plasma membrane depolarization in response to an aluminum signal (Sivaguru et al
2003), while microtubule disassembly is implicated in
cold acclimation in plants (Abdrakhamanova et al 2003).
In animals, direct cell-cell communication is through
gap junctions via small molecules (usually ≤ 1⋅5 kDa), or
through ligands from secretory vesicles that attach to
receptors on the cell. However, in plants, the presence of
a symplast, i.e. large gaps in cell walls, allows for even
RNA movement between cells. Plasmodesmata and phloem
in plants thus form a cytoplasmic network allowing peptide, RNA and hormone trafficking between remote areas
of plants. Knowledge of the functioning of this symplastic network is contributing to an understanding of how
signals may be effectively and efficiently transferred in
time and space in plants despite the absence of a nervous
or circulatory system as present in animals (Wu et al
2002; Ding et al 2003). Lev-Yadun (2001) has, however,
proposed that an analog of dendritic and axonal growth
occurs in plants during intrusive growth of certain cellular elements wherein cell extensions can grow to new locations through intervening tissue. Some cells can reach
several metres in length. There is also now an emerging
view that plasmodesmata are in fact gateable entities supported by actin- and myosin-based cytoskeletal elements;
furthermore, the exciting discovery of intercellular cytoskeletal channels in animals cells (recently named tunnelling nanotubes) seems to also throw up the possibility
that both plants and animals are supracellular entities
(Baluška et al 2004).
7.

Acquisition of immunity in plants and animals

The immune systems of many animals, especially vertebrates, allows for multiple combinations of antibodyspecifying genes resulting in a highly variable acquired
defence system. Plants have been considered rather undeveloped in this regard with a fixed repertoire of resistance (R) genes having receptor-like products that appear
to function similarly to the innate immune system of
animals (Holt et al 2003; Schulze-Lefert 2004). However, plants are considered somatic genetic mosaics as a
result of somatic mutations and recombination in response to abiotic stress with different modules of a single
plant having different combinations of resistance genes
resulting from their prior exposure to stress. Pineda-Krch
and Fagerström (1999) believe that this chimaeric state
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coupled with intraorganismal selection may actually protect plants from the operation of Muller’s ratchet. Furthermore, intraorganismal selection could also facilitate
the propagation of successful modules and thus sustain
the longevity of trees and of colonial creeping perennials
and protect them from “ageing” (Thomas 2002). Plasticity via somatic mutation in response to biotic attack was
only recently demonstrated by Lucht et al (2002) in
Arabidopsis and by Kovalchuk et al (2003) who showed
unambiguously that exposure to pathogens such as the
tomato mosaic virus (TMV) in the Havana 425 cultivar of
Nicotiana tabacum resulted in the generation of a systemic plant signal that triggered somatic DNA recombinations in both infected and non-infected tissue. Kovalchuk
et al (2003) speculate that this systemic recombination
signal (SRS) may be related to the signal implicated in
systemic acquired resistance (SAR) in plants (Dempsey
et al 1999; Dong 2001).
8.

Buffering against phenotypic change in
plants and animals

In plants and in animals, the adaptive nature of plasticity
has always been controversial, since the entire reaction
norm of the species need not fall within adaptive space
(Via et al 1995). This means that it is premature to assume that all phenotypically plastic responses are necessarily adaptive. Few empirical studies have addressed
this issue primarily because plasticity itself can prevent
the expression of certain phenotypes in altered environments. Thus, it would be impossible to test for the impact
of a non-plastic response. It is only recently that approaches to investigating adaptive plasticity are being explored using mutants and transgenic plants (reviewed in
Schlichting and Pigliucci 1998; Schmitt et al 1999). Furthermore, the distinction between “true plasticity” and metamorphosis must be carefully made (Diggle 1997, 2002).
If one side of the coin is the generation of adaptive
phenotypic diversity, then the other side is buffering
against phenotypic change, especially if this change results
from stochastic processes and environmental stresses.
Considering the similarities already evident between the
plasticity-generating mechanisms and the degree of phenotypic responses in plants and animals, it is not surprising therefore that plants (Queitsch et al 2002) and animals
(Rutherford and Lindquist 1998) have been found to use
heat-shock proteins not only to protect themselves from
environmental stress but also perhaps to buffer themselves against the expression of undesirable genetic variation. Mutations in the Hsp90 region have led to the
uncovering of “cryptic” genetic variation in both Drosophila and Arabidopsis and even to gross abnormalities,
and thus to questions about whether this accumulation of
cryptic genetic variation is merely a by-product of the
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normal biochemical function of the Hsp90 chaperone
(Mitchell-Olds and Knight 2002; Pigliucci 2002) or
whether it has been actively selected for as a capacitor of
evolutionary change (Queitsch et al 2002; Sangster et al
2004). The vehicles of phenotypic plasticity in both
plants and animals are often products of regulatory genes.
The impact of regulatory molecules in the generation of
variation in form has been amply demonstrated in an evolutionary lineage of plants that shows enormous levels of
variation in morphology. In the Hawaiian silversword
alliance (Asteraceae: Helianthaceae-Madiinae) there has
been considerable adaptive radiation relative to their North
American relatives, i.e. tarweeds. When the tarweeds were
compared with the silverswords, this rapid diversification
was found to be correlated with accelerated evolution of
only regulatory genes whereas there was no difference in
mutation rates of neutral genes between the two groups
(Barrier et al 2001).
With their modular and indeterminate growth, plants
may be expected to have considerable buffering capacity
against developmental abnormalities. This capacity in some
cases may even exceed that of animals in which development is often sensitive to perturbations, especially to
mutations in genes controlling tissue-specific transcription factors (e.g. von Strandmann et al 1997). A study by
Schnittger et al (1998) showed that transgenic plants
(35S::GL1 try transgenic Arabidopsis) can produce trichomes even from sub-epidermal cells (i.e. from a different cell layer) although they are specified and produced by
epidermal cells in the wild type. Furthermore, the distribution pattern of these trichomes of subepidermal and
thus ectopic origin was no different from that of trichomes in the wild type suggesting that cell type specification can override tissue-specific signals. Thus the same
cell type with normal wild type patterning can be formed
from two different germ layers and thus from different
cell lineages. It is therefore extremely interesting that
animals in which totipotent or pluripotent cells are found
tend to be sessile plant-like animals such as sponges,
bryozoans and cnidarians (Buss 1987; Money 2002).

9.

Are plants and animals then fundamentally
different or surprisingly similar in
phenotypic plasticity?

Bradshaw (1965) made a series of predictions vis-à-vis
the response of plants to stress compared to that of animals. He suggested, for example, that plants should be
more plastic than animals, that they should have broader
tolerance ranges than animals, that they should show
stronger inducible defences than animals, and finally that
selection pressures for coping with stress should be
J. Biosci. 30(1), February 2005

stronger on plants than on animals because plants are
handicapped by their immobility and lack of behavioural
responses. Considering the fast accumulating wealth of
information on plant sensory abilities and their noncognitive behaviour as well as their rapidly induced responses, it is necessary to review these predictions and
evaluate their generalities as was attempted recently by
Huey et al (2002). These authors found that in keeping
with Bradshaw’s prediction, the phenology of physiological events in plants responded to a greater extent to
climate change than that of animals. They also attempted
a comparison of “plant-like” animals with “true” animals,
and found that the distribution of sessile plant-like intertidal invertebrates was more sensitive to temperature than
was that of mobile invertebrates.
Sachs (2002) pointed out that there are three fundamental differences in the way plants and animals are organized, and that these differences dictate how they
function and thus ultimately affect the plasticity of their
responses to new conditions. Firstly, plants continually
develop new organs during their lifespan. Thus older
modules coexist with juveniles. This modular and indeterminate development provides enormous scope for adopting different developmental strategies under diverse conditions. Secondly, plants can assimilate nutrients from
both above and below ground, i.e. from diverse strata,
unlike animals that have usually only one nutrient intake
point within a single stratum, unless they are sponges,
coral-forming colonial coelenterates, or other sessile invertebrates that are, in certain aspects, more like plants
than animals. Thus it is possible that root foraging could
compete with above-ground foraging in plants, creating a
local conflict of interest. Thirdly, plants exhibit considerable redundancy in their organs, e.g. many multiples of
leaves, flowers, shoots and roots. Plants have therefore to
maintain a co-ordination between these organs, each of
which is capable of a relatively independent existence.
Trewavas (2003) refers to a “democratic confederation of
modules” in plants which is reminiscent of Leigh’s parliament of genes (Leigh 1977). How plants integrate the
competing demands of the various modules and what is
therefore the unit at which plasticity is to be measured
are issues that are open to debate.
10.

Do plants and animals differ in
constraints on plasticity?

Are there constraints on plasticity in plants and animals
and some types of traits that are relatively more or less
fixed compared to others? For example, floral traits, especially in those plants that require specialized pollinator
services, should be relatively more fixed to facilitate efficient flower recognition and handling by specialized pol-
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linators. This generally appears to be the case for floral
characters (Cresswell 1998; Givnish 2002) although plasticity can be found even in floral development (Walbot
1996). The best known case of seasonal floral plasticity
is the development of cleistogamous flowers (completely
closed and therefore self-pollinating flowers) in many
species following the failure of pollination earlier in the
season. The plasticity inherent in facultatively cleistogamous species was known to Linnaeus and to Darwin who
noted that this variability was due to environmentally
correlated factors. “Mr Scott informs me that in India it
[Viola roxburghiana] bears perfect flowers only during
the cold season, and that these are quite fertile. During
the hot, and more especially during the rainy season, it
bears an abundance of cleistogamic flowers.”: Darwin
(1877).
Animals are advantaged by the presence of a CNS which
gives them considerable flexibility of response, while
plants have to achieve plasticity despite the absence of a
CNS. Givnish (2002) speculated that the rate of capture
of energy by plants may be too low to select for the
maintenance of costly neural networks with centralized
machinery. Furthermore, plants also have to contend with
the problem of competition between their own units for
light. For example, faster energy capture by leaves may
result in those leaves being overtopped by new leaves as
more photosynthate is made available, resulting in a shorter leaf lifespan as these leaves are so shaded that they
can no longer contribute to positive carbon gain (Reich
et al 1992). In the absence of a neural network, plants also
have to rely on relatively slower intra-plant communication via hormones (Berleth and Sachs 2001) or via RNA
and peptides through the symplast (however, see LevYadun 2001). It would be extremely valuable to compare
the net rates of energy gain in plants and in sessile plantlike animals that also photosynthesise, such as sponges
and colonial coelenterates that form corals, to examine
the costs and benefits of relatively fixed versus relatively
plastic strategies. These colonial animals also do not have
a CNS, are modular in organization, and therefore could
be considered to exist at the boundary between the plant
and animal phenotype. To my knowledge, no serious attempt has been made to compare the plasticity of these
specific groups, and this may have to do with the difficulty of culturing corals and sponges under controlled
conditions (Merks et al 2004). However, there is now
evidence that, just like plants, sessile hydroids produce
shoot-like apical meristems that maintain totipotency
without further differentiation (Berking et al 2002) and
that colonial hydroids adopt sheet-like growth in resource-rich areas to capture maximal resources while
they produce runner-like stolons to effect movement of
the colony away from resource-poor areas (Blackstone
1999). This is exactly how plants forage. Attempts to
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model branching in marine modular sessile organisms are
also now being made (Sánchez and Lasker 2003; Sánchez
et al 2004) in order to understand how such sessile animals deal with the plant-like phenomenon of self-shading
and its effect on resource capture (Kim and Lasker 1998).
There are, however, certainly some types of plastic
solutions available to animals that plants cannot adopt. I
will cite one example that will illustrate the point. In this
example, the desired phenotype is temporarily achieved
by behavioural means, and is only subsequently acquired
by the activity of specific genes (Montgomerie et al 2001;
Piersma and Drent 2003). In the tundra environment,
male and female rock ptarmigans have drab cryptic
summer plumages and white winter feathers to provide
camouflage against the seasonally-changing background.
Males, however, undergo a moult from winter white to
summer brown plumage later in the year than females
because females prefer to mate with white-plumaged males.
However, once mating is over, males are released from
the selective pressure to remain white as ordained by
sexual selection and begin to moult under correlated or
separate signals from reproductive physiology and photoperiod. However, since moulting is a prolonged process
during which males are conspicuous and vulnerable to
predators, males rapidly acquire the appropriate dark plumage by deliberately soiling their feathers. Thus males
achieve camouflage by behavioural means while their summer moult is completed. This type of behavioural acquisition
of a subsequent developmentally-acquired morphological
trait is surely unique to animals.
Ever since the origin of life on earth, life forms have been
exposed to stress and have been under selection for their
ability to cope with stress, for which plasticity-generating
mechanisms may have been extremely important adaptations. An inter-disciplinary approach that studies the phenotype from the organismal level down to the signalling
and response molecules shows great promise in addressing the costs and benefits of phenotypic plasticity and
thus the true nexus between phenotype and genotype (e.g.
Waterland and Jirtle 2004) in plants and animals. Furthermore, in addition to asking which traits are plastic, it
is invaluable to ask which traits are not. This approach
should provide insights into the selection pressures, developmental constraints, and molecular machinery that
govern phenotypic plasticity in plants and animals, and
will also perhaps make the divide between plants and
animals even fuzzier at the functional level than it is at
the present time.
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