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Transmission in Trees
Stefano Mancuso, Sergio Mugnai

Abstract Long-distance transmission of signals is a critical event in the life of trees.
Many physiological studies have deduced that hormone-like substances together with hy-
draulic/electrical signals mediate this important function of the plant life. However the
nature of the complex network of signalling in trees has remained essentially unexplored.
Recent molecular and genetic studies offer new approaches to understanding the mecha-
nisms underlying the transmission of signals.

23.1
Introduction
The ability to sense and respond to environmental parameters is one com-
mon feature of living being. This talent is particularly significant in land
plants because of their necessity to manage all the environmental informa-
tion and stimuli without escaping. Among plants, trees, for their necessity
to respond in a short time to environmental stimuli despite the often big
dimensions, are the most obvious and interesting subjects of study for the
long-distance signal transmission.

Trees live in a continuously changing environment and although not all
parts of the tree are exposed to the same stimuli at the same time, different
parts of it respond in a coordinated fashion, demonstrating the existence of
communication between various regions of the tree. For years, researchers
have concentrated their efforts on the study of chemical (hormonal) signals
in trees, neglecting the fact that plants also use and rely on electrical and
hydraulic signals. In addition, it is especially in big plants such as trees
that the need for signals other than hormones becomes more important.
Considering the large leaf area of a tree, enormous amounts of chemicals
would need to be synthesized and transported in order to respond to
a signal coming from the roots. In contrast, both electrical and hydraulic
signals consume no chemicals in their propagation.

Here, “long distance” will refer to signals running for distances that can-
not be covered in reasonable times (a few hours) by diffusion in the aqueous
phase, and that often have to cover several metres as in the cases of root-to-
shoot communication. For a long time, plant physiologists have presumed
that signalling systems in plants must involve transport of “something”
through the vascular system, effectively ignoring any other kind of signal
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like the electrical and hydraulic ones, whose importance is today increas-
ingly confirmed by experimental results as is widely illustrated in many
chapters of this book.

Trees may also transmit a multiplicity of signals to neighbouring or-
ganisms. These comprise the myriad of fatty acid derivatives, benzenoids,
terpenoids and other scented substances emitted from flowers mainly to
attract pollinators (Knudsen et al. 1993), but also the emission of isoprene
(Loreto and Velikova 2001) or other volatiles from foliage or other vegeta-
tive parts of the trees (Paré and Tumlinson 1999). In the following pages,
five different potential mechanisms for long-distance signalling in plants
will be discussed:

1. Transmission of chemicals

2. Hydraulic signals

3. Electrical signals

4. Airborne flow of volatile messengers

5. Colour signals

23.2
Transmission of Chemicals

The roots of higher plants comprise a metabolically active and largely
unexplored biological frontier. Their prime features include the ability to
synthesize a remarkably diverse group of metabolites, and to adjust their
metabolic activities in response to different abiotic and biotic stresses.
Various experiments have shown that stomatal responses are often more
closely linked to soil moisture content than to leaf water status, indicating
a likely role of root-sourced chemical signals (e.g. abscisic acid, ABA) in
the regulation of stomatal conductance in response to soil drying. Much is
known about the role of ABA in closing stomata, as well as its production
in dehydrating roots and its circulation in herbaceous species (Chaves et al.
2002). It is unclear, however, whether this is also true in mature trees, where
long-distance transport of chemical signals from the roots to the shoots
would be required (Jackson et al. 1995). In many instances the dynamics of
ABA in trees is linked to changes in stomatal conductance (Blake and Ferrell
1977; Khalil and Grace 1993; Liang et al. 1997; Loewenstein and Pallardy
1998a,b; Maurel et al. 2004), but these results derive mostly from works
with potted plants and/or in controlled conditions, and are species-specific
(Wartinger et al. 1990; Tenhunen et al. 1994; Correia et al. 1995; Triboulot
et al. 1996; Sturm et al. 1998; Niinemets et al. 1999). Particularly important
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in much of the root-signal research in trees has been the use of split-root
culture, where individual plants are grown with the root system divided
among two or more separated soil volumes with independent moisture
content. This situation shows that having a portion of the roots in dry soil
can trigger strong stomatal closure even when shoot water potential does
not decline, strongly supporting the hypothesis of a chemical signal derived
from roots triggering stomatal closure (Gowing et al. 1990; Stoll et al. 2000;
Augè and Moore 2002; Maurel et al. 2004).

23.2.1
From Where Does ABA Come?

It has been suggested that increased ABA delivery by the fraction of roots
growing in the drying soil, rather than an increase in shoot xylem sap
ABA concentration, is the signal for stomatal closure. Many studies have
shown that, with increasing water stress, ABA is released from root tips into
the transpiration stream and transported to the leaves, where it triggers
stomatal closure (Khalil and Grace 1993; Triboulot et al. 1996; Fort et al.
1998). However, Fort et al. (1997) reported no increase in ABA delivery to
the shoots of Quercus seedlings subjected to soil drying even though root
xylem sap ABA concentration was increased and stomatal conductance was
decreased. The importance of root-originated ABA in stomatal control, as
well as the apparent sensitivity of stomatal conductance to root-originated
ABA, may vary with genotype, within genotypes as a function of pheno-
typic plasticity, or with short-term changes in environmental parameters.
Furthermore, apparent sensitivity of stomatal conductance to xylem sap
ABA concentration decreases with time in water-stressed plants (Correia
et al. 1995).

23.2.2
How Much ABA Is Involved in the Response of Trees to Drought?

According to field studies, a threshold response of stomata to xylem sap
ABA concentration may exist, above which there are disproportionate in-
creases in stomatal closure with xylem sap ABA concentration. This xylem
sap ABA concentration was 500 nM in Pinus (Sturm et al. 1998) and Cean-
othus (Tenhunen et al. 1994) but 200 nM in Prunus (Wartinger et al. 1990),
indicating the existence of species differences in the stomatal control by
ABA. Maximum ABA concentrations were only on the order of 100−150 nM
in the study of Triboulot et al. (1996) and reached values of 300−350 nM
in Tilia and 200–220 nM in Populus (Niinemets et al. 1999). Augé et al.
(2000) found different values in xylem sap ABA concentration, from 600 to
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2,000 nM during the season. The peak xylem sap ABA concentration found
by Perks et al. (2002) during a period of severe drought (600 μmol m−3) was
of the same order of magnitude as previously reported in mature trees of
other conifer species (Wartinger et al. 1990; Triboulot et al. 1996; Sturm et
al. 1998), but no significant increase in ABA flux was recorded. Fluxes of
ABA remained between 10 and 100 pmol m−2 s−1 in the work of Augé et al.
(2000). Sap flow velocities recorded on a 41 year-old Pinus by Perks et al.
(2002) are similar to those reported for mature conifer trees of other species
(130 cm day−1 at 1 m and 240 cm day−1 at 9 m in water-stressed plants): data
from Milburn (1979) for Pinus equate to a rate of 86 cm day−1 and data from
Köstner et al. (1996) for P. sylvestris equate to a rate of 204 cm day−1. During
the period of severe drought, Perks et al. (2002) estimated that the time
taken for a signal to travel from the roots to the crown increased to more
than 6 weeks. These data support the conclusion of Schulze (1991) that
"in conifers a root signal transported in the xylem may be too slow to be
effective".

23.2.3
ABA and Xylem Sap pH

Some authors have suggested that g in herbaceous plants might be regulated
by xylem sap pH (Thompson et al. 1997; Wilkinson and Davies 1997) or
that stomatal sensitivity to ABA concentration might be modified by xylem
sap pH (Jia and Zhang 1997; Zhang et al. 1997): pH gradients in the leaf
control ABA distribution in the leaf and ABA concentration at guard cells,
and thereby influence stomatal aperture. Results in trees cannot support
this hypothesis, as stronger correlations of g with ABA concentration than
with pH of xylem sap have been observed by Loewenstein and Pallardy
(1998a,b). Augé et al. (2000) also found no significant association of g
values with xylem sap pH.

23.3
Hydraulic Signals

Hydraulic pressure signals are propagating changes in water pressure in-
side plant tissues (Malone 1996). Plant tissues have plenty of hydraulic
connections mainly composed of xylem, and they also provide a pathway
for long-distance transmission of hydraulic signals (for an extensive review
on hydraulic architecture of trees see Cruiziat et al. 2002). Pressure waves
can be relatively quick and fast, as they can diffuse through the plant at the
speed of sound (1,500 m s−1 in water), but, to be physiologically important,
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a hydraulic signal must cause a significant change in turgor pressure in-
side a cell. As plant cells can be elastic, their turgor will change only when
a strong influx (or efflux) of water occurs: the flux is strictly linked with the
hydraulic capacitance of the cell. Thus, hydraulic signals must involve sig-
nificant mass flow of water; for example, to increase the turgor pressure in
leaf cells by 1 bar, a net water influx equivalent to 1–5% of the total volume
of a leaf must occur (Malone 1996). Clearly, the kinetics of pressure change
inside plant tissues; they are correlated to and depend on the magnitude
and distribution of hydraulic resistances along the pathway. Leaf hydraulic
resistances have been measured for a large number of tree species. Most
of the resistance in the aboveground part of a tree is located within the
leaf blade. For example, the leaf resistance expressed as a percentage of the
total resistance between trunk and leaves is 80–90% for Quercus (Tyree et
al. 1993a), around 80% for Juglans (Tyree et al. 1993b) and less than 50%
for Acer (Yang and Tyree 1994). Measurements of leaf resistance in young
apical and old basal branches of a Fraxinus tree have yielded contrasting
results (Cochard et al. 1997). Most of the resistance was indeed located in
the leaf blade in the apical shoots, but for older shoots, the resistance was
mainly in the axis.

In addition, an important factor in hydraulic signal transmission is the
hydraulic capacitance of the receiving tissue. There is considerable evidence
that trees undergo seasonal and diurnal fluctuations in water content. These
fluctuations can be viewed as water going into and out of storage. Water-
storage capacity can be defined in different ways (Cruiziat et al. 2002). The
relationship between water content and water potential is known as the
hydraulic capacitance (Cw) of plant tissue and means the mass of water
(ΔMw) that can be extracted per unit change in water potential (ΔΨ) of
the tissue: Cw=ΔMw/ΔΨ. In general, hydraulic capacitance is difficult to
measure, especially because it is not constant, but varies with the water
potential.

The mass flow associated with hydraulic signals can be divided into
two components (Malone 1996). The major one, characterized by a long
axial pathway (xylem), has a volumetric flow rate approximated by the
Hagen–Poiseuille law:

Jv ≈ πr4ΔP
8ηl

, (23.1)

where Jv is the volumetric flow rate, r is the tube radius, ΔP is the pressure
gradient, η is the kinematic viscosity of the fluid and l is the tube length.
The viscosity of water inside xylem vessels varies from negligible values
with dilute solutes to considerably higher values when concentrated solutes,
like sugars, are present. It is important to note that Jv is proportional to
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the fourth power of the capillary (xylem vessel) diameter. This means
that a slight increase in vessel diameter causes a considerable increase in
conductivity, and thus in hydraulic signal entity, when the other parameters
have constant values. The smaller component is defined by a short radial
pathway through cells at each end of the flow, which present more hydraulic
resistance than the axial pathway.

In a transpiring plant, the water status of all tissues will firstly approach
a dynamic equilibrium with their local xylem, and then with the entire
plant. In fact, a change in the flux of water at any site can be transmitted
throughout the xylem to any other site of the plant, thus affecting the
turgor pressure of living cells. Examples of local changes are, for example,
microvariations in the soil matric potential at root level or in light at leaf
level (a cloud or wind movements).

The mechanisms by which stomata could sense changes in xylem pres-
sure to adjust gremain largely hypothetical. It seems improbable that xylem
pressure itself is the triggering parameter, so a variable correlated to xylem
pressure during water stress must be identified. Cavitation is the abrupt
change from liquid water under tension to water vapour (Cochard et al.
2002). As water is withdrawn from the cavitated conduit, vapour expands
to fill the entire lumen. In a short moment of time (hours or less), air
diffuses in and the pressure rises. The vessel then becomes “embolized”
(air-blocked). The replacement of water vapour by air is the key point that
makes embolism serious since air cannot be dissolved spontaneously in wa-
ter as can water vapour. It is now clear that drought can induce cavitation
and xylem embolism. Xylem cavitation is generally seen as a potentially
catastrophic dysfunction of the axial water-conducting system (Salleo et al.
2000), but it may also act as a rapid hydraulic signal initiating the stom-
atal response, provided that it can be reversed without any major damage
to water conduction. Because the onset of cavitation events in leaf blades
was correlated with the onset of stomatal closure in Laurus, it has been
suggested that stomata were responding to hydraulic signals generated
by cavitation (Salleo et al. 2000; Nardini et al. 2001). However, in Juglans
(Cochard et al. 2002), stomatal closure occurred before the onset of cavita-
tion in leaf blades and midribs and only after 70% loss of conductance in
the trunk.

23.4
Integration of Chemical and Hydraulic Signals

While it is difficult to reject the strong evidence for positive, root-sourced
signals in trees, and the likely presence of ABA as the commonest signals
for detecting water stress at soil-root level, it has also been hard not to
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consider the leaf water potential (Ψl) to explain the full range of responses
in stomatal conductance. Recent studies (Salleo et al. 2000) suggest that the
stomatal response to drought is the result of the integration of hydraulic and
chemical root-generated signals. For example, to link the dosage-response
characteristics of the guard cells to ABA with observed xylem imports over
a drought sequence, it is often necessary to assume increased sensitivity to
ABA at low Ψl, an inherent merging of chemical versus hydraulic signalling
concepts (Comstock 2002). Numerous reports detail a wide range of dif-
ferent stress treatments in various experiments which are associated with
remarkably constant values of Ψl when comparing stressed and control
plants. This constancy of Ψl is often cited as evidence against a hydraulic
signal. Such a conclusion, however, implies that the diverse treatments are
(1) as a side effect, causing large alterations in hydraulic conductance, (2)
that ABA is having an entirely independent effect on stomatal conduc-
tance and (3) that these independent effects on hydraulic and stomatal
conductance just happen to be so consistently well balanced and produce
no measurable perturbation in Ψl. This is possible in some cases, but it
seems an improbable explanation of such general behaviour. More likely
hypotheses would be either that both chemical and hydraulic signals are
operative and are integrated at the level of stomatal regulation, or even that
hydraulic conductance itself is somehow being actively regulated. As has
been pointed out previously (Tardieu and Davies 1993) it is often precisely
in those species in which Ψl shows the least variation that a component of
hydraulic signalling may be most clearly present. Nevertheless, statements
that observed homeostatic conservation of Ψl during various treatments
rules out hydraulic signals are still common in the literature. In describing
the method by which leaf hydration controls g in woody plants, Saliendra
et al. (1995) noted that both hydroactive and hydropassive processes are
likely to be important and would involve both hormonal and hydraulic
mechanisms. Correia et al. (1995), Thomas and Eamus (1999) and Augé et
al. (2000) also noted the likely interaction of both hormonal and hydraulic
influences in modulating g.

23.5
Electrical Signals

The wounding of a leaf or a part of the shoot is known to cause variations
in the extracellular electrical potential measured with surface contact elec-
trodes (van Sambeek and Pickard 1976; Shiina and Tazawa 1986; Wildon et
al. 1989) or with platinum or silver wires inserted directly into the tissues
(Roblin 1985; Zawadzki et al. 1995). Wound- or stimulus-induced electri-
cal phenomena in plants consist of a so-called variation potential (VP) or
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“slow-wave”, which appears as a wave of negativity with a variable length,
shape, amplitude and propagation velocity, capable of passing through
dead tissues (Roblin and Bonnemain 1985; Malone 1996; Mancuso 1999)
and linked with xylem tension (Mancuso 1999), and briefer and faster sig-
nals, called action potentials (AP), considered to be real self-propagated
electrical signals (Pickard 1973; Malone and Stankovic 1991; Stankovic et
al. 1997). It is also suggested that APs play a major role in intercellular and
intracellular communication and for regulation of physiological processes
at the molecular and the organism level (Davies 1987). Mancuso (1999)
focused on differences between VPs and APs in their mechanisms of prop-
agation. In fact, an AP cannot pass through a dead region of a tissue, is still
present in plants at saturating humidity and the amplitude and propagation
velocities of APs are fairly constant through the shoots.

Therefore, APs are propagating electrical signals and not merely a lo-
cal response to a hydraulic dispersal. Though the pathway of APs is not
completely clarified, intracellular recordings tend to locate the activity in
the phloem parenchyma (Samejima and Sibaoka 1983; Fromm and Span-
swick 1993) or in the phloem sieve tubes (Wildon et al. 1992; Fromm and
Eschrich 1988a). Numerous papers have been published on the study of
VPs and APs. For example, Davies (2004) reviewed the subject, answering
to the question "What properties do electrical signals have that chemical
signals do not have?" with four terms: rapidity, ubiquity, information, and
transience.

Researchers have rarely focused on woody plants (Tilia and Prunus,
Boari and Malone 1993; Salix, Fromm and Spanswick 1993; Vitis, Mancuso
1999) although it is in such plants that the need for rapid and efficient
signals other than chemicals becomes more obvious. Instead, they have
been mainly limited to studying the electrical signals in herbaceous or
sensitive plants like Mimosa pudica and related species because of their
visible response to the stimuli (Ricca 1916; Houwink 1935; Weintraub 1952;
Sibaoka 1969; Fromm and Spanswick 1993; Malone 1994b; Koziolek et al.
2004).

Since electrical signals have been shown to be widespread in the plant
kingdom (Pickard 1973), it is important to study the physiological processes
that might be under their control. Recently, Koziolek et al. (2004) described
M. pudica responses in light and dark reactions of photosynthesis that in-
dicate electrical signals play an important role in triggering photosynthetic
response across long distances within the plant, giving evidence for a link
between electrical signalling and photosynthetic response of plants. Elec-
trical signals also regulate assimilate partitioning in M. pudica (Fromm
and Eschrich 1988b; Fromm 1991), showing that APs trigger sucrose un-
loading from the pulvinar phloem and cause the turgor-dependent leaf
movements.
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A strong interaction between APs and hormones has been shown in
willow roots by Fromm and Eschrich (1993), with a physiological role in
the gas exchange of leaves. So, APs may be evoked by plant hormones. The
application of indole acetic acid (IAA) or isopentenyladenine (IPA) in the
root medium triggered a propagating AP with an amplitude of more than
80 mV (IAA) or 50 mV (IPA): 3 min later the CO2 uptake increased and
the transpiration rate first slightly decreased and then increased (IAA) or
definitely decreased (IPA). In contrast, ABA treatment resulted in a hyper-
polarization on the membrane potential, explained by Fromm et al. (1997)
assuming that K+ leaves the cortex cells. Consequently, CO2 uptake and
transpiration decreased sharply after 3 min following stimulation. From
these results, ABA-induced stomatal closure seems not to be based on
the hormone itself, but on the ABA-induced electrical signal, which by
membrane processes causes the stomata to close. Accordingly, Fromm and
Eschrich (1993) proposed that information on the soil water content was
electrically transmitted to the leaves. With the use of inhibitors of ion chan-
nels and energy-dispersive X-ray microanalysis it was demonstrated that
influx of Ca2+ and efflux of Cl− and K+ are responsible for the current
flowing during APs in willow roots (Fromm and Spanswick 1993). Efflux
of negative ions would reduce the endogenous outward current at the basal
elongation zone and enhance the endogenous inward current at the apical
elongation zone.

Grapevine (Vitis vinifera) plants exhibit different forms of rapid commu-
nication after a stimulus. Following perception of environmental stimuli,
hydraulic and electrical signals, travelling for long distances in the plant,
are early events in the coordination of the whole plant or some of its organs.
The velocity of propagation of the front of the main negative-going signal
(VP) was 2.7 mm s−1, while an AP propagated along the shoot with a veloc-
ity of about 100 mm s−1 (Mancuso 1999). Koziolek et al. (2004) showed that
wound-induced electrical signals propagate with a velocity of 4−8 mm s−1

within different pinnae of a M. pudica leaf. Another type of signal that could
be involved in the regulation of photosynthesis after wounding is a chem-
ical signal spreading from the stimulation site through the phloem. The
transport velocities in the phloem typically proved to be 50−100 cm h−1

(Canny 1975), which is much too slow to account for observed modifica-
tions in gas exchange. Also, the possibility of a chemical transport in the
xylem can be ruled out because the stimulus was applied upstream within
the leaf. Transport through the symplasm might be another pathway for
a chemical signal, but the speed of this process (up to 15 μM m s−1 in
higher plants; Tyree 1970) is even slower than the transport velocity in the
phloem.
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23.6
Airborne Flow of Volatile Messengers

Gaseous signal transmission in plants, from ethylene to nitric oxide, has
a long and established history. The gaseous plant hormone ethylene was
described in 1934, but since antiquity the fact that plants emit numerous
volatile compounds from flowers, fruits and vegetative parts that exert ac-
tivity on other organisms has been realized. For example, floral volatiles
serve as attractants for species-specific pollinators, whereas the volatiles
emitted from vegetative parts, especially those released after herbivore
feeding, appear to protect plants by deterring herbivores and by attracting
the enemies of herbivores (Kessler and Baldwin 2001; Pichersky and Ger-
shenzon 2002). Leaves normally release small quantities of volatile chem-
icals, but when a plant is damaged by herbivorous insects, this quantity
rapidly increases. An undamaged plant maintains small levels of volatiles
as a constitutive chemical reserve, which includes monoterpens, sesquiter-
pens and aromatics (Markovic et al. 1996, in Fraxinus). In contrast, fol-
lowing insect damage, plants release a variety of newly formed volatiles
from the damaged site: the composition of the volatile profile changes,
because of a de novo synthesis. However, these compounds are not stored
in the plant (Paré and Tumlinson 1999), but are quickly released in the
surroundings. The metabolic cost of these phytochemical emissions can
also be high. In particular, terpenoids are more expensive to manufacture
per gram than most other primary and secondary metabolites owing to
the need for extensive chemical reduction (Gershenzon 1994). It appears
that volatiles need to be judiciously synthesized and safely stored, as in-
creased synthesis can be costly and potentially toxic to the plant. However,
decreases in terpene accumulation may make an individual plant more
vulnerable to insect pest attacks or temperature stress. In addition to the
release of volatiles at the site of herbivore feeding, analysis of volatile emis-
sions from unharmed leaves of insect-damaged plants has established that
there is a systemic response. Chemical labelling experiments showed the
systemic volatiles are synthesized at the site of release, suggesting that
a mobile chemical messenger is transported from the damage location to
distal, undamaged leaves to trigger synthesis and volatile release, moving
both acropetally (Jones et al. 1993) and basipetally (Davis et al. 1991). The
observed signal transduction from sink to source leaves leads to the ques-
tion of the nature of the systemic signal. Different signal types have been
widely proposed, from electrical (Stankovic and Davies 1996), to chemi-
cal (Malone et al. 1994; Malone and Alarcon 1995; Rhodes et al. 1999) to
hydraulic signals (Alarcon and Malone 1994). Recently, for the first time
electrophysiological recordings were performed by Pophof et al. (2005) on
single olfactory sensilla of Cactoblastis cactorum. Eight volatile organic
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compounds emitted by Opuntia stricta, a host plant of C. cactorum, were
identified using gas chromatography–mass spectrometry, β-caryophyllene
being the major compound. Five compounds identified by gas chromatog-
raphy in the headspace of O. stricta elicited responses in olfactory receptor
cells of C. cactorum, nonanal being the most active compound and therefore
a candidate attractant of C. cactorum.

23.7
Colour Signals

Colour change and colour pattern are powerful tools in plant–animal com-
munication. The functional and evolutionary importance of colour sig-
nalling in animals has received great consideration in zoology, resulting in
numerous theories and wide experimentation (Majerus 1998). In contrast,
with the exclusion of studies on the colour importance for the attraction
of pollinators to flowers (Chittka et al. 1999) and frugivors to fruit (Ridley
1930), the biological relevance of colour has been extensively underesti-
mated in plant sciences. Yet, visual signals sent to animals are usually more
efficient than olfactory signals on long-distance signalling, owing to the
great influence of the environment on the diffusion of volatiles (Dobson
1994; Anderson and Dobson 2003).

One the most exciting colour signals produced by plants is the bright au-
tumn coloration displayed by many deciduous trees. Why some tree species
make this spectacular exhibition of colour is one of the most puzzling
questions in tree biology. The usual explanation is that autumn colours are
simply a secondary and mere side effect of leaf senescence. In autumn the
degeneration of chloroplasts and the degradation of chlorophyll pigments
in colourless low molecular products allows the red and yellow pigments
(carotenoids and flavonoids) to appear from the background (Sanger 1971;
Goodwin and Mercer 1983). This point of view, however, overlooks two
important facts: many trees do not show any bright colouration in autumn
and, more important, there are numerous pieces of evidence that colour
change is also due to the synthesis of new pigments (Chang et al. 1989;
Matile et al. 1992).

Two recent papers have challenged this interpretation by suggesting that
these red and yellow leaf colours are an honest signal of tree’s ability to
defend itself against potential insect pests (Archetti 2000; Hamilton and
Brown 2001). Hamilton and Brown’s theory explains that the bright colour
of autumn foliage is not just a side effect of chlorophyll reabsorption but
acts as a signal, for aphids that are looking for places to lay their eggs, to
indicate that the tree has invested heavily in chemical defence, and it is,
therefore, not suitable for aphids. Hamilton and Brown (2001) predicted
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that tree species which suffer greater insect damage invest more in autumn
colour than less troubled species. Maples, for example, which exhibit one of
the most impressive autumn displays, are some of the most heavily aphid
infested species (Blackman and Eastop 1994).

Hagen et al. (2003) explored experimentally Hamilton and Brown’s au-
tumn signalling hypothesis in Betula. As predicted by the theory, early
autumn colour change (i.e. more colourful trees in autumn) results in less
insect damage the following spring. In addition, from an index of tree
conditions (fluctuating asymmetry), they found a positive relationship be-
tween tree condition and colour signal intensity. Recently, Archetti and
Leather (2005) published the first direct observation of a key assumption
of the theory, that parasites avoid bright colours. By monitoring the col-
onization of the aphid Rhopalosiphum padi on individual tress of Prunus
padus in autumn they were able to observe a strong preference of aphids
for trees with green leaves and to demonstrate that aphids colonizing trees
with green leaves develop better in spring than aphids colonizing trees with
bright autumn colours, which is consistent with the main assumption of
the theory.

23.8
Conclusions and Future Prospects

In the past year several exciting reports have suggested new models for the
production and transmission of long-distance signals in physiological and
developmental controls of trees. Nevertheless, we still have a long way to
go to fully understand the complex roles of the different mechanisms. For
example, the findings described in this review mark only the beginning
of an interesting challenge to elucidate the complex regulatory network
of chemical, hydraulic and electrical signalling and responses. Continuing
advances in genomics, especially in the availability of mutants and genome
sequences, along with developments in chip microarray technology, should
cause rapid progress in this field. In addition, speaking about trees, we can-
not forget to mention that grafting has been an essential technique in the
discovery of long-distance signal pathways (e.g. root-to-shoot communi-
cation). We think that a refined grafting technique, also today, could be
the key for allowing identification of alterations in gene expression which
would give insights into long-distance signal transduction and gene func-
tions.
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