
Chapter 7
Oscillations in Plant Transpiration

Anders Johnsson

Abstract Plants take up water via the root system and transpire water vapor
through stomatal openings in the leaves. Surrounding guard and subsidiary cells
control the magnitude of the openings, enabling transpiration but also CO2 transport
for photosynthesis. Rhythmic transpiration reflects rhythmic cellular control by
these cells and shows a range of short-term periods (typically from a few minutes to
some hours). Hydraulic feedback models of water regulation and rhythmic tran-
spiration via the stomatal cells have been developed, either for single or for coupled
stomata oscillators. Coupling between stomata over a leaf is necessary to obtain
overall transpiration rhythms. Modeling has been strongly extended in later years.
The chapter concentrates on experimental findings of overt transpiration rhythms as
well as on oscillatory events in the guard cells. Results on the occurrence of
rhythms, their period, amplitude, and modulation are discussed. The impact of
external environmental parameters on the rhythms is dealt with, e.g., humidity,
light, osmotic changes, and ions. The relevance of hydraulic feedback models is
discussed as well as the possibilities of calcium oscillations in the guard cells to
participate in generating the transpiration rhythms. The overall transpiration pattern
can be complicated in space and time: patchy transpiration can occur over a leaf
surface, and period-doubling and period-n patterns have been recorded in the
rhythms. There are indications that the control system can be chaotic and the
advantages of such a system are shortly discussed. The behavior of transpiration
rhythms reveals many dynamic features of the stomatal control system. Some
comments and a short discussion on water-use efficiency (WUE) of plants and
vegetation end the chapter.

A. Johnsson (&)
Department of Physics, Norwegian University of Science and Technology,
7491 Trondheim, Norway
e-mail: anders.johnsson@phys.ntnu.no

© Springer International Publishing Switzerland 2015
S. Mancuso and S. Shabala (eds.), Rhythms in Plants,
DOI 10.1007/978-3-319-20517-5_7

157



7.1 Introduction and Overview

Plants transpire water vapor through stomatal pores in the surfaces of their leaves or
needles. The stomata have a typical dimension of about 10 μm. The width of the
stomatal opening is regulated by an oppositely placed pair of guard cells, and the
volumes of these cells are fundamental in controlling the size of the pore opening.
Despite the small pore dimensions, the global transpiration through stomata is
estimated to account for up to 80–90 % of the terrestrial evapotranspiration, thus
responsible for the cycling of about 60,000 km3 water per year (or about 60 × 1015

kg per year; Jasechko et al. 2013, who also cite earlier estimates of the order of
14,000–41,000 km3 per year).

Thus, the stomatal pores in the terrestrial biomass play an outstanding role in the
global water flux. But they also control CO2 transport from the atmosphere to the
stomatal cavities (estimated to represent 125 × 1012 kg carbon per year; Beer et al.
2010) to be used in the photosynthetic processes of the plants. The stomata and the
guard cells are thus the site of delicate and fundamental regulatory mechanisms that
control the pore openings under varying external conditions.

The water transpiration of many plants (including bushes and trees) can be
rhythmic, or oscillatory, under a wide variety of environmental and experimental
conditions (Kaiser and Paoletti 2014; Barrs 1971; Hopmans 1971; Cowan 1972;
Raschke 1979; Sack and Holbrook 2006; Yang et al. 2005; further references at end
of chapter). The pore size and its characteristics then change rhythmically, and the
guard cell volumes will change rhythmically and so will other variables in the water
system of the plant.

Oscillations with a period of about 1–2 h or less have been studied both in
monocots and in dicots, in whole plants/trees and in young plants as well as in old
ones. Longer periods, e.g., circadian, also exist (see Sect. 7.4.2). Plants showing
transpiration rhythms have quite different stomata anatomy. Furthermore, they
occur in plants with varying numbers of stomata per surface area (see Kramer and
Boyer 1995): about 175 per mm2 in Allium cepa and about 50 per mm2 in Avena
sativa (in both species, on the upper and the lower leaf surface). Altogether,
oscillatory transpiration is a general phenomenon, mirroring basic mechanisms in
quite different species under quite different conditions.

The water transpired by a plant has to be replaced by water taken up from the
soil/medium. It then enters the root system and moves via the xylem structures into
storage elements and the leaves, underway experiencing different flow resistances.
Storage tissue can be part of the trunk in trees. In the leaves, it reaches three
important dynamic elements in the water regulation of the plant: the guard cells
mentioned above with their neighboring subsidiary cells (or supporting tissue) and
mesophyll cells. The water then evaporates through the stomatal pores via the
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stomatal cavities. A rhythmic transpiration will become accompanied by a rhythmic
water transport as well as rhythmic changes in volume, in concentration of ions, in
transport of ions, in membrane potentials, etc. of the cells involved. In Sect. 7.2, this
description of water transport will be discussed.

Section 7.2 will also focus on the fact that an overall transpiration rhythm from
an individual leaf can be ascertained only if enough individual stomata of the leaf
are synchronized. On the other hand, a non-rhythmic transpiration could indicate
either that the individual stomata are non-oscillating or that they are oscillating in a
desynchronized fashion. Individual stomata and guard cells at a short distance from
each other can be desynchronized in spite of an overall oscillatory transpiration
pattern (e.g., Kaiser and Kappen 2001; Mott and Buckley 2000; Kamakura et al.
2012a, b). However, a sufficiently large number of synchronized stomata must be
present when rhythmic transpiration is recorded.

During the last decades, much interest has been focussed on oscillations in the
calcium concentration in guard cells(see reviews by Yang et al. 2004, 2005).
[Ca2+]i oscillations form a signaling pathway and [Ca2+]i in the guard cells may act
as a second messenger (McAinish et al. 1995; Blatt 2000b; Yang et al. 2003;
Chap. 9 of the present volume). Water channels, aquaporins, might be downstream
elements of [Ca2+]i oscillation signaling (Kaldenhoff and Fischer 2006; Yang et al.
2005; Lopez et al. 2004; Nielsen et al. 2002). In Sect. 7.3, we will discuss some
aspects of these guard cell oscillations. In Sects. 7.4 and 7.5, we will focus on
experimental findings in studies of oscillatory transpiration under different exper-
imental and environmental conditions.

When the whole plant organism—for example, a bush or a tree—or big parts of
it show a rhythmic overall transpiration, its different parts must also be synchro-
nized. This means that coupling between the different parts (and their stomata) will
exist and they constitute a network. Examples of such overall transpiration oscil-
lations have been found in several species.

A complete description of the oscillations in a network should encompass fea-
tures of water regulation at the molecular, ionic, cellular, and physiological levels.
All the different levels of the network organization are involved in rhythmic tran-
spiration. It can thus properly be described as a “complex system” (Goldenfeld and
Kadanoff 1999). The network of cells can produce effects which are not found in
studies of reactions and mechanisms in individual cells (or isolated, e.g. as pro-
toplasts). One has, therefore, to describe the phenomena by means of appropriate
models at the different levels. An effort to describe all properties of a complicated
system on very basic mechanisms can be in vain. It can be too difficult a task to
model a “bulldozer out from quarks” (Goldenfeld and Kadanoff 1999).

With a network concept in mind, results from measurements on oscillatory
transpiration of plants are discussed in this chapter and in Sect. 7.5, some remarks
and comments will be given.
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7.2 Hydraulic Models for Rhythmic Water Transpiration

7.2.1 Overall Description—“Lumped,” Hydraulic Model
of Leaf

Water will be transported between two points in the plant if they have different
water potentials. The concept of water potential, ψw, is derived from the thermo-
dynamic definition of electrochemical potential of water (see Nobel 1999). The
water flux will be determined by the magnitude of water potential differences, Δψw,

as well as by the conductivity, g, of the medium between the two points.
Representative values of ψw can be found in the literature (Nobel 1999), but

some examples should be given here. Typical values for roots can be
−5 × 105 N/m2, in xylem of roots about −6 × 105 N/m2, in the xylem of leaf at 10 m
height −8 × 105 N/m2. All values are relative to pure water under standard con-
ditions. The water (vapor) potential in the air outside the leaf, ψair, is dependent on
the water content of the air and is lower the dryer is the air. ψair at 95 % relative
humidity is about −70 × 105 N/m2 (= −70 bars), at 60 % about −700 × 105 N/m2,
and at 50 % about −950 × 105 N/m2.

The transpiration through the guard cell pores depends on the water potential
difference between the outside air and the air in the stomatal cavity,
Δψw = (ψair − ψstoma), as well as on the conductance of the stomatal pore, gs. An
open pore has a high gs and a totally closed pore a gs equal to zero. Since the pore
opening in this way is crucial for the transpiration, the volumes of the guard cells
and their supporting epidermal tissue (often denoted subsidiary cells) are important
in regulating the transpiration. The volumes of these cells in turn depend on their
water content. The Δψw between ambient air and the inside of the stomatal cavity is
often high, which is a prerequisite for high transpiration rates through the pores.
Δψw could easily be of the order of −900 × 105 N/m2, as exemplified by the data
given above.

Transpiration through the cuticula of the leaves adds to the stomatal transpira-
tion. However, the conductivity for this pathway is often much lower and is in
many cases neglected. Typical values of the cuticular conductance are
gcuticular = 0.004−0.02 mol m−2s−1 (Caird et al. 2007 list useful data) to be com-
pared with about gs = 0.1−0.35 mol m−2s−1 for the stomatal conductance gs
(Marenco et al. 2006; cotton daytime) and 0.01−0.25 mol m−2s−1 (Marenco et al.
2006; cotton nighttime). Stomatal conductance values for trees can be found in
Wullschleger et al. 1998.

An overall, very simplified picture of the hydraulic water regulation is given in
Fig. 7.1. When water is transpired from the stomatal cavity, it will be replaced from
the leaf cells and from the xylem. If the water “supply” is limited, the cells will
shrink. The decrease in guard cell volume leads to a closing of the stomatal pore,
thus decreasing gs, and a counteracting decrease in water vapor transport through
the transpiration. On the other hand, with abundant water present, the guard cell
volumes will increase, and due to their structural features, the stomatal opening and
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gs will increase, thus increasing transpiration. The guard cell control of the stomatal
opening thus functions as a control system and is an example of a feedback system.

The guard cells are supported by neighboring subsidiary/epidermal cells. They
exert a counteracting pressure on the guard cells when all the cells increase their
volumes. In this way, they counteract the increase in pore opening initiated by the
guard cell control. In a corresponding manner, the subsidiary cells counteract the
guard cell’s closing of the pore when the water supply decreases. The main regu-
lation of the stomatal pore occurs via the guard cells (therefore the more heavy line
surrounding the symbol in Fig. 7.1), but the water transport into the subsidiary cells
might be faster—thus causing a temporary regulation in the “wrong” direction.

The picture outlined is an overall description of the water transport system of,
e.g., a typical leaf. It forms a frame for models of the overall transpiration and
describes a feedback control system of the water regulation in a leaf. The model can
be denoted as “lumped” model, in which all the guard cells of the leaf (or the plant)
have been lumped into one box denoted guard cell, all stomatal cavities lumped into
one stomatal cavity, etc. Since it is basic and descriptive, it is also a “frame” model
to be taken into consideration when extensions and details will be added.

It is well known from control theory that oscillations often arise in feedback
systems under certain conditions (amplification and phase change in the feedback
loop should be large enough). A phase change in the closed loop will be particularly
pronounced if there are time delays in any of the processes of the loop. Such time
delays can be simple transport delays (of, e.g., xylem water) but also delays in

Guard
cells

Cuticula

Transpiration Stomatal
opening

Water content
of  xylem and leaf

Water available 
for roots

Root resistance 
to water uptake

Subsidiary
cells

Fig. 7.1 Simplified feedback scheme for water regulation in plant. The water uptake of the plant
occurs via the roots, lowermost two boxes. The water is transported via the xylem into the leaves
(where mesophyll cells form the majority of cells). The stomatal openings in the leaf are the keys
to the transpiration, being affected by the guard cells and subsidiary cells, to the right of figure.
The stomatal opening is increased if guard cell volumes are increased, while it decreases when the
subsidiary cells increase their volume (thus a positive and negative regulation). The stomatal
openings are decisive for the plant transpiration, the most important regulation is via the guard
cells—thick box. The transpiration in turn affects the water status of the plant (feedback
connection, full line). Transpiration through the cuticle of the leaf is much less than through the
stomata (feedback connection, broken line). The scheme emphasizes the feedback nature of the
regulatory system
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biochemical reaction sequences and signaling in the guard cells. Hysteresis in
reactions can likewise work as time delays (Ramos and Prado 2013) and increase
oscillatory tendencies. Furthermore, the time constants of the volume changes are
important for oscillations to arise. Since guard cells and the subsidiary cells
counteract each other in their effects on the stomatal pores, there can be an
increased tendency for regulatory “overshoots” and oscillations.

The hydraulic feedback model roughly outlined above has been studied in more
elaborated forms with physiological concepts, parameter values, and stability cri-
teria identified. Cowan (1972) showed that such a system can describe an oscil-
latory water regulation and thus lead to transpiration rhythms. The description
forms the basis for several other approaches to rhythmic transpiration (e.g.,
Delwiche and Cooke (1977); review by Sack and Holbrook (2006) and Kaiser and
Paoletti (2014) with references). It has been successful in describing an astonish-
ingly large number of experimentally found features of transpiration oscillations
(e.g., in series of studies on transpiration rhythms in excised Avena leaves, see the
reference list). The model is also nonlinear, allowing complicated oscillatory pat-
terns in transpiration. Of course, it does not go into descriptions of the important
cellular mechanisms in the guard cells that respond to the water status. An overview
of models for stomatal conductance is given by Damour et al. (2010).

However, there are several experimentally found features of the oscillatory
transpiration which are not explicitly described in this hydraulic feedback model.
Pro’s and con’s of the “Cowan model” were given fairly early (e.g., Johnsson
1976), but many new experimental results on the cellular level have to be taken into
account in more complete models. Remembering the task of the stomata—to allow
atmospheric CO2 to pass into the plant for optimal photosynthesis and, simulta-
neously, control the water vapor transpiration out from the plant—it is not aston-
ishing that the modeling will be more and more complicated. Our information about
how the water potentials in the guard cells are changed by cellular ion mechanisms
like Ca2+ oscillations, and by the presence of ion pumps in guard cells, aquaporins
at several levels in the plant, abscisic acid, etc. have increased substantially since
the hydraulic models were first published.

This leads to a remark: Essential extensions of the essentially hydraulic model
must take care of the questions of

• how carbon dioxide, CO2, participates in the stomatal regulation and accom-
panies the rhythmic transpiration,

• how the abscisic acid molecule, ABA, exerts its action in the cell regulation and
affects the transpiration rhythms,

• how water is transported across membranes (e.g., those of the guard cells) and
thus how ψstoma, ψguard cell, and ψxylem, etc. are controlled and the role of
aquaporins

• how molecular ion pumps and transport channels of the guard cells affect the
osmotic conditions
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Detailed cellular approaches have thus to be included, and values of model
parameters (e.g., for water conductance in membranes) have to be elaborated and
new concepts introduced. Details of the guard cell regulation and mechanisms can
be found in the present volume (see Chaps. 8 and 9 of the present volume).

7.2.2 Overall Description—“Composed” Hydraulic Models
of Leaf

Composed models have been constructed to represent a higher level of complexity
and to describe how individual stomata can be coupled to better represent the
behavior of the overall, whole leaf (e.g., Rand et al. 1982). The nature of the
coupling between stomata is a central issue (Mott et al. 1999; Gradmann and
Buschmann 1996; Gradmann and Hoffstadt 1998; Sack and Holbrook 2006), but
one mode is via the water potential of the mesophyll of the leaf. The volume change
in guard cells of one stomatal unit can be visualized to affect the ψw in the
neighboring stomatal units via this “hydraulic coupling.” Affecting transpiration in
one part of the leaf will then affect the transpiration in neighboring parts. Coupling
can of course also consist of transmissions of biochemical or electrical signals
between cells and stomatal subunits (Gradmann and Buschmann 1996; Gradmann
and Hoffstadt 1998).

The water system can now be modeled in a one-dimensional way (“stomata on a
line”) so that waves of rhythmic transpiration could arise, waves moving from
subunit to subunit along the line (could be illustrated, for example, by adding
several stomatal units to the right in Fig. 7.1). Rand et al. (1982) found theoretically
that a one-dimensional system of coupled stomatal oscillators could show spatially
uniform behavior, i.e., the different surface sections were synchronized across the
leaf surface. But under non-uniform light conditions the system could be desyn-
chronized and would show more complicated patterns of transpiration. Haefner
et al. (1997) coupled stomata hydraulically in a two-dimensional model (“stomata
on a surface”) which then simulates a leaf with its stomata subunits. Simulations
showed that all stomata oscillated synchronously but with phase differences across
the leaf surface, if they were given the same parameters. However, a patchy
organization (see Sect. 7.2.3) of subunits with different amplitudes and periods
emerged under conditions where stomatal parameters were spatially randomized.
Thus, partly uncoordinated stomatal behavior and uncoordinated transpiration
occurred in this two-dimensional model.

The hydraulic coupling between different stomata (via water potential changes in
the leaves) has been questioned (e.g., Kaiser and Kappen 2001), but alternative
coupling modes can certainly be suggested as electric coupling (e.g., Gradmann and
Buschmann 1996; Gradmann and Hoffstadt 1998), Ca2+ signaling (see below), or
plant hormone signaling (Hetherington 2001). The hydraulic architecture of leaves
was discussed by Cochard et al. (2004) concluding that in some species, at least the
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flow resistance has a low-resistance, vein component as well as a high-resistance,
mesophyll component. Models for different types of oscillations in plants have also
been presented, based on coupling between ion transporters (Gradmann 2001).

Also whole plants can show synchronized transpiration: In several cases,
rhythmic transpiration has been recorded from trees in the field or in controlled
laboratories, as well as from bushes and whole plants like orange trees (Dzikiti et al.
2007; Steppe et al. 2006a), rose bushes (Rose et al. 1994), and tomato trees
(Wallach et al. 2010). The existence of oscillations requires coupling between
leaves and/or parts of the plant or the tree. Figure 7.1 can be used to illustrate the
overall situation—the hydraulic coupling may exist via water potential in root,
xylem, trunk, etc. If one regards the water “pool” in the plant to represent a
hydraulic coupling between leaves (or likewise between branches/twigs in trees and
bushes), it is evident that oscillations in one part of the plant can affect other parts
and possibly extend the oscillatory tendency.

Models similar to the one in Fig. 7.1 have also been used to discuss transpiration
oscillations in trees, then including water flux resistances etc. in trunks and bran-
ches (Zweifel et al. 2007). Cavitation or embolism in xylem vessels and refilling of
cavities are relevant phenomena in estimates of flux resistances. The wood water
content is important to measure and model, and methods for non-destructive
measurements are developed (Hao et al. 2013). Tuzet et al. (2003) designed a model
for plant canopies in comprising coupled stomatal conductance, photosynthesis,
leaf energy balance, and transport of water through the soil–plant–atmosphere
continuum. Stomatal conductance in the model depends on light, temperature, leaf
water potentials, and intercellular CO2 concentration via photosynthesis.

It can be noticed that the period of the transpiration oscillations in whole plants
seems to be roughly the same as in single leaf oscillations, possibly indicating that
stomata parameters are more important for the period of oscillations than other time
constants in the overall hydraulic systems.

7.2.3 Models with “Patchy” Stomatal Areas. Distributed
Stomata Parameters

In the models discussed up to now, one has by and large regarded the stomata as
individual but identical units which can be coupled in different ways. A further
description can take into consideration that the network of stomata of a leaf can be
“patchy,” a property denoting that small “patches” of stomata respond differently
from those in adjacent regions of the leaf, for example, due to “patchy stomatal
conductance” (Ferraz et al. 2009; Mott and Buckley 2000; Haefner et al. 1997;
Cardon et al. 1994). The patchy behavior can also be found in patchy photosyn-
thesis as demonstrated in recording of leaves (e.g., in Quercus crispula, Kamakura
et al. 2012b; Siebke and Weis 1995)
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Basically, it is possible to introduce patchiness in the models by using statistical
models for the stomatal parameters. For example, distributions of conductance
parameters can lead to patchy transpiration behavior, as demonstrated by, e.g.,
Takanashi et al. (2006), who test both bell-shaped and bimodal stomatal distribu-
tions, and Haefner et al. (1997). A general discussion on stomatal patchiness and
network operation is presented by Mott and Peak (2007).

7.3 Rhythmic Cellular Processes in Guard Cells

7.3.1 Self-Sustained Cell Oscillations

Oscillatory patterns are ubiquitous in organisms and cells and cover a broad fre-
quency range. In most cases, they also exemplify so-called endogenous,
self-sustained, or inherent oscillations. This might not be a very surprising finding,
since in every cell the many biochemical processes and control chains are often of a
feedback type—apt to be oscillating under certain conditions.

In the present context, it is pertinent to mention some examples of oscillatory,
cellular phenomena which are relevant for water transport into and out from cells—
as is the case for the guard cells. In Fig. 7.1, such oscillatory reactions will be
situated in the box denoted “guard cell.” They might thus control the volume of the
guard cells and can, therefore, subsequently contribute or even cause rhythmic
transpiration.

Oscillatory water transport in plant cells is fairly common, and one example is
provided from the pulvinus tissue of some leaf stalks, e.g., in the plant Desmodium
(Codariocalyx), but several others (Mimosa, etc.) show a corresponding reaction
pattern. In the cylindrical structure of the Desmodium (review Johnsson et al. 2012),
water of leaflet pulvini is pumped into and out of the cells in a regular manner,
giving rise to short-period movements of small leaflets. They have an up and down
or elliptical movement with a period of about 4 min (at roughly 25 °C) and can be
observed easily by eye inspection. The rhythmic water transport is concomitant
with K+ transport out from or into the cells, of H+ transport, of membrane potential
changes, etc. (Engelmann and Antkowiak 1998; Johnsson et al. 2012).

Guard cells show many similar mechanisms and some oscillatory processes will
be mentioned below (concentrating on Ca2+ oscillations). However, we will not go
into details (see Chap. 8 of this volume)—in the present chapter, the important point
is to emphasize that self-sustained oscillations in the guard cells might be coupled
to rhythmic and measurable transpiration from the leaves.
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7.3.2 Oscillations in Membrane Transport, Membrane
Potentials

Oscillations in several plant membrane transport processes have been recorded and
studied, as well as concomitant voltage oscillations (Shabala et al. 1997a, b, 2006).
The presence of such cellular oscillations has been documented since long, but the
more detailed knowledge has increased substantially in the last decades. This is true
also for cell processes where oscillatory water transport into and out of cells plays
an important mechanistic role, as, for example, in guard cells.

In an important paper, Shabala et al. (2006) model in detail a range of oscillatory
membrane transport processes connected with the H+ pump of the plant cells (and
with the K+ transport and several other cell transport mechanisms across the cell
membranes). The period of the rhythms depends on many parameters but is found
in a window ranging from 30 s to 15 min. The existence of slower oscillations
(1–2 h) was also reported. The existence of these oscillations shows up in a wide
variety of cells of which the presence in guard cells is of particular interest here.

The electric events accompanying ion transport causes voltage oscillations.
Shabala (1997) recorded bioelectric potentials from plant leaves in response to
white light pulses and discovered maximum voltages when the period of the pulses
was 30–40 min. This resonance was interpreted to be associated with stomatal cell
reactions in the leaves. Similar resonance experiments on primary Avena leaves (but
with sine wave white light signals) have revealed maximum transpiration response
in the same period region (Brogårdh and Johnsson 1974b).

7.3.3 Self-Sustained Guard Cell Calcium Oscillations

Intense work has been focused on the role of cytosolic calcium, (Ca2+)cyt in volume
changes of guard cells: Relevant for plant transpiration rhythms, Ca2+ oscillations
have been recorded by different techniques (e.g., fluorescence spectroscopy) and are
often found to show up as regularly occurring concentration spikes. The period of
these oscillations is about 5–10 min in plants (e.g., Allen et al. 2000; McAinsh et al.
1995; Trewavas and Malhó 1998; and others) but Berridge and Galione (1988) lists
periods between ca 0.3 and ca 120 min in animal cells.

(Ca2+)cyt oscillations are shown to be an information carrier in plant signal
chains and Ca2+ is a signaling ion also in guard cells (reviews by Blatt 2000b; Yang
et al. 2003, 2004, 2005; Schroeder et al. 2001; see also Chap. 9 of this volume and
other references at the end of the present chapter). The oscillations can be an
endogenous basis for self-sustained volume oscillations in the guard cells (Blatt
2000a, b; Li et al. 2004) and can, as mentioned above, be coupled to several
physiological chains in the water regulatory system, including the overt transpira-
tion oscillations.
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In wild-type Arabidopsis, guard cells, abscisic acid, oxidative stress, cold, and
external calcium create (Ca2+)cyt oscillations of differing amplitudes and frequen-
cies and induce stomatal closure. However, in guard cells of the V-ATPase mutant
det3, external calcium and oxidative stress elicited non-oscillating prolonged cal-
cium increased and stomatal closure was prevented. Conversely, cold and abscisic
acid elicited calcium oscillations in det3, and stomatal closure occurred normally;
furthermore, in det3 guard cells, external calcium-induced oscillations rescued
stomatal closure. The coupling between calcium oscillations and guard cell
movements, and implicit possibilities to rhythmic transpiration, is thus strongly
indicated (Allen et al. 2000).

In the scheme of Fig. 7.1, the (Ca2+)cyt oscillations would represent water
potential changes in the block denoted “guard cells.” It is understood that such
self-sustained oscillations in the water potential of the guard cells could interfere
with simultaneous, hydraulically initiated rhythmic tendencies and interact or even
drive the overall transpiration oscillations in the regulatory feedback loop. This can
give rise to interference between two oscillating systems, as was partly explored by
Prytz (2001). Complicated entrainment patters could arise from such a coupled
two-oscillator system—dependent on relative frequency and strength of the
oscillators.

The properties and mechanisms of aquaporins are of great interest in the water
regulation (Finkelstein 2013; Maurel et al. 2008; Tyerman et al. 1999, 2002;
Moshelion et al. 2014; Lopez et al. 2013) and are probably downstream elements of
[Ca2+]i in the oscillation signaling (Chaumont and Tyerman 2014; Kaldenhoff and
Fischer 2006, Yang et al. 2005). This involves also ion transports, e.g., the guard
cell K+ transport—which in turn affects the membrane voltages.

7.3.4 Coupling Between Water Stress and Calcium
Regulation; Abscisic Acid

The phytohormone abscisic acid, ABA, plays a central role in numerous growth and
developmental processes in plants (the name originates from its discovery in leaf
abscission processes). It is important in the water regulation and control as well and
in adaptation to water stress. An overview of ABA action—synthesis and response
—is published by Finkelstein (2013), and the field expands rapidly.

In particular, under water stress, the root system of plants produces ABA and the
guard cells respond to the ABA transported to the leaves (thus a phytohormone;
review Finkelstein 2013; Pantin et al. 2013; Kuromori et al. 2014). It has been
shown that ABA added to the transpiration stream accumulates in the guard cell
apoplast and causes stomatal closure in Vicia faba (Zhang and Outlaw 2001). ABA
induced a rapid increase in (Ca2+)cyt and this preceded stomatal closure (e.g., in
Commelina communis McAinsh et al. 1990, 1995). ABA perception and trans-
duction in the guard cells as well as the ABA signaling pathway have been studied
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and partly identified (Cutler et al. 2010; Joshi-Saha et al. 2011a, b; Pandey et al.
2007; Finkelstein 2013). Both S-type and R-type anion channels are activated and
massive K+ outflux is a result—sucrose transport is also involved (Talbott and
Zeiger 1998). Subsequent changes in ψguard and guard cell volume occur as well as
in other membrane transport processes involved. External Ca2+ likewise affects the
(Ca2+)cyt

Features to be discussed in our context are, inter alia, the following ones:

• ABA induces (Ca2+)cyt oscillations in the guard cells (involving, e.g., phos-
phoinositide-specific phospholipase C) (http://www.pnas.org/content/96/4/1779.
short)

• ABA sensitizes many transporters in the guard cells (review Kim et al. 2010).
H+-ATPase is one of them and is controlled both by ABA and by light (Assman
and Shimazaki 1999), see also Sect. 7.4.3.3.)

• ABA affects anion channels and Ca2+ channels and is essential in the stomatal
closure (e.g., Zhang and Outlaw 2001)

The pattern of ABA controlled mechanisms in guard cells is complicated and the
signaling network in guard cell is intensely studied (for further references, see
Finkelstein 2013; Pantin et al. 2013; Hills et al. 2012; Kim et al. 2010; Sirichandra
et al. 2009; Li et al. 2006; Pei and Kuchitsu 2005);Hetherington 2001).

7.4 Some Experimental Findings on Transpiration
Oscillations

The transpiration rhythms are usually characterized by their period, frequency
content, amplitude, curve form, and stability. Models for transpiration oscillations
should be able to predict the changes in these characteristics as affected by varia-
tions in external or internal variables.

7.4.1 Basic Experimental Methods to Study Rhythmic
Transpiration

Only a short summary of some methods will be given here (for further information,
see textbooks on water relations of plants, e.g., Weyers and Meidner 1990).

Measurements of the water uptake of a plant mirror the overall transpiration
from the plant. The method was adopted already by Stephen Hales (1727), probably
the first one to publish scientifically on the water relations of plants and trees. The
amount of water taken up can be weighed out automatically; it can also be
replenished and recorded automatically (e.g., Brogårdh and Johnsson 1973a), and
rhythmic water uptake thus documented.
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Rhythmic transport of water to leaves, branches, etc. Rhythmic variation of
water flux in stems and trunks has been measured by heat pulse techniques (a heat
pulse given to the xylem fluid can be detected at a given distance, and the time
difference between sent and picked up signals allows the velocity to be calculated),
as well as with other flux techniques, e.g., frequency domain reflectometry (see Hao
et al. 2013). Time lags between transpiration and sap flow were recorded in pine by
using the heat probe (Phillips et al. 1997). Stem diameter can be useful in recording
both rapid and more slow oscillations in the water regulation (Steppe et al. 2006a,
b; Barlow et al. 2010).

Rhythmic transpiration has been recorded by enclosing the unit to be investi-
gated (typically a leaf or parts of it, or a whole plant or bush) in a container or a
cuvette which allows a controlled air flow to pass the unit. Modern integrated
sensors or commercial instruments can conveniently be used to record changes in
humidity, CO2, temperature, composition in general of the incoming, and outgoing
air. The transpiration, etc. of the object can then be calculated.

Gas analysis has been used to record the patterns of CO2 assimilation (Lawson
and Weyers 1999). Photosynthesis assimilation rate has often been regarded as an
indirect measure of the distribution of the stomatal conductance and therefore
studied (e.g., Genty and Meyer 1994), but a simple relation between photosynthesis
and conductance has been questioned (Jones 1998).

Stomatal conductance has been widely studied (see review by Pospisilova and
Santrucek 1994) with direct microscopic observations of stomatal aperture (e.g.,
scanning EM: van Gardingen et al. 1989), vacuum infiltration of leaves by water
(Beyschlag and Pfanz 1992) and porometer techniques.

Measurements of transpiration oscillations and of simultaneous oscillations in
other parameters of a water feedback loop provide information on the dynamical
characteristics of water storage elements in the plant. Excision of root system or
leaves has been used to study immediate dynamic effects on transpiration or pulse
responses, thus mapping parts of the control system (Powles et al. 2006).

Applying a pressure across the xylem vessels in the stem/stalk can increase the
water flow resistance, thus affecting the transpiration oscillations. A device to
compress the very base of a leaf and then excise the root system below the water
level was used to study the transpiration rhythms of the primary Avena leaf
(Brogårdh and Johnsson 1973b) without roots. The physical compression can
replace the water flux resistance of the root with the consequence that transpiration
oscillations can occur while being absent in excised leaves. Since the roots and
parts of the transport vessels were removed, ions and molecules in the root medium
could now enter the xylem vessels directly and reach the stomatal regions (see
Sect. 7.4.4). The method can, therefore, be used to study solute and ion effects on
the ongoing transpiration rhythms without root influences.

Other indirect methods have also been used to study transpiration rhythms. The
fact that water evaporation requires heat (about 540 cal/g water) means that tran-
spiration through stomatal openings can cause a temperature decrease in neigh-
boring parts of the stomata. Infrared thermography has been used to study water
relations of plants (e.g., Cohen et al. 2005; Kümmerlen et al. 1999; Jones 1999;
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Fuchs 1990) and temperature rhythms of leaf surfaces simultaneously with tran-
spiration rhythms (see, e.g., Prytz et al. 2003a).

Detection of fluorescence is a powerful technique once suitable probes have been
found. Variations in Ca2+ concentration can be recorded using the fluorophore fura-
2. Fluorescence techniques allow also investigations of patchy behavior in leaves
(e.g., Kamakura et al. 2012b).

An interesting method to record non-invasively water stress and its effects on
leaf parameters is based on a magnetic patch clamp pressure technique (review
Zimmermann et al. 2013) and allows light effects on leaves and turgor oscillations
to be recorded in real time with high precision (period about 12 min sugarcane; see
also Ache et al. 2010 reporting period about 30 min for Arabidopsis).

The term water use efficiency, WUE, is used to characterize the plants’ uptake of
water relative to the biomass generated. Methods based on imaging techniques are
used to record WUE continuously (e.g., McAusland et al. 2013). Then, the water
transpiration can be estimated from thermography, simultaneously with optical
detection of chlorophyll fluorescence as a measure of biomass production. The data
achieved allow calculating and mapping of the assimilation rate, the stomatal
conductance, and the WUE.

7.4.2 Occurrence of Transpiration Rhythms. Period
of Rhythms

As mentioned earlier, transpiration oscillations are widely found in outdoor and
laboratory experiments on a variety of species. The period varies with the experi-
mental conditions. Reports often present data for just a few transpiration cycles, but
in order to properly specify the period of the rhythm, recordings of a sufficient
amount of cycles should be analyzed. Examples can be found where the oscillations
have continued for several days without appreciable variation in duration of indi-
vidual cycles (see, e.g., recordings in Johnsson 1973, showing transpiration oscil-
lations between typically 30 and 10 mm3 h−1 in the primary leaf of young Avena
plants). With these reservations in mind, the period values published for oscillations
in light cluster around a few minutes, around 30–50 min, and around 2–3 h (see
Barrs and Klepper 1968; Barrs 1971, etc.). Also in older plants, bushes, and trees,
etc., the period seems to cluster around 1–3 h (e.g., tomato plant Wallach et al.
2010). The periods mentioned above qualify the oscillations to be termed ultradian.

Circadian transpiration rhythms have been recorded (see Sect. 7.5.1), i.e.,
rhythmic endogenous transpiration with a period close to but not exactly 24 h. An
example is the transpiration rhythm in the tree Tamarix aphylla (L.) Karst. with a
mean period of around 22 h in light (Hagemeyer and Waisel 1987). The rhythmic
transpiration can be entrained to—“locked to” or “in phase with”—external
rhythmic signals, e.g., light signals. Entrainment can occur in a so-called entrain-
ment region in which the period of the transpiration rhythm is equal to the period of
the external signal.
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7.4.3 Some Environmental Parameters Influencing
Oscillations

7.4.3.1 Water Potential Conditions (Including Water Potential
of the Root Medium)

The transpiration rate must be sufficiently high for oscillations to arise, i.e., the
transpiration stream, indicatively given by gs multiplied by the difference in water
potential (ψstomata − ψair), should not be too low (e.g., with gs close to zero).
Obviously, if the stomata stay fully opened or fully closed, oscillations would
cease.

Oscillations have often been recorded under low environmental relative
humidity (e.g., Hopmans 1971; Cowan 1972; Johnsson 1973; Caldeira et al. 2014).
The nonlinearities of the stomatal conductivity play an important role for the
existence and the properties of the rhythms. Period is lengthened by increased
xylem resistance—as shown in experiments where the xylem has been physically
compressed (Brogårdh and Johnsson 1973b). This is in agreement with the feed-
back models (the loop gain can be said to be increased).

A recent model for the stomatal responses to humidity has been proposed by
Mott and Peak (2013) based on the water potential equilibrium between the guard
cells and the air at the bottom of the stomatal pore. The situation is complicated
since temperature (and thus irradiation) affects the relative humidity of the air (see
below, Sect. 7.4.3.2.)

A change of the water potential of the root medium around an intact root system
also changes the ψxylem and thus the transpiration pattern. Oscillations have been
studied both by varying the water potential of the root medium and keeping it
constant or by short-term changes of the root medium, so-called pulse treatments
(Brogårdh et al. 1974; Avena). Resulting phase shifts of the transpiration oscilla-
tions were studied—only slight adjustments of the nonlinearities in Cowan’s model
were necessary to describe the results successfully. A non-oscillating state could be
induced by a suitable pulse treatment (see Sect. 7.5).

The way in which water potential changes and water deficit of the root/xylem
system is communicated to the shoot and the guard cells is discussed in the liter-
ature (e.g., Christmann et al. 2007). It has been demonstrated that abscisic acid,
ABA, is produced in response to water stress and mediates stomatal closure (see
Chaps. 8 and 9 in the present volume). Even under non-stress conditions, ABA is
produced in the leaves and is necessary for the guard cell regulation.

7.4.3.2 Ambient Temperature

Temperature influences the transpiration rhythms: The period of the oscillations
increases when temperature is lowered (period about 140 min at 16 °C lowers to
about 90 min at 26 °C for wheat, Klockare and Falk 1981, see also Hopmans 1971).
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Sudden changes in root temperature can induce transpiration oscillations and induce
phase shifts (Hopmans 1971; Prytz 2001) which might be interpreted as a response
to increased root resistance.

The coupling between temperature effects in the leaves and the direct temper-
ature effects on the water potential in the air makes it difficult to carry out decisive
experiments. Mott and Peak (2010) chose to study stomatal response to temperature
and humidity in darkness. They conclude that stomatal response to humidity is the
same in darkness and in light and thus independent of the processes that cause
stomatal opening in light.

Pieruschka et al. (2010) have suggested that plant transpiration is due to the total
radiation (including infrared radiation) and not to reactions only in the visible light
regions (see section below). This would then include the temperature effects. The
hypothesis is discussed by Mott and Peak (2011, 2013), concluding that the pub-
lished findings can be due to mismeasurements of leaf temperature using thermo-
couples and that blue and red light reactions are not consistent with the hypothesis
(see section on light below).

7.4.3.3 Light

Most studies of transpiration rhythms have been carried out in continuous “white”
light. Review articles on the light action on the guard cells have been published (e.g.,
Shimazaki et al. 2007, focusing on the differences between blue and red light action
on the stomata and their interaction in stomatal regulation; Chen et al. 2012a).

White light. In continuous white light, the period of the transpiration oscillations
is sensitive to the irradiance level, being in general somewhat shorter at higher light
intensities and longer at lower intensities (Avena: Klockare et al. 1978; Phaseolus:
Hopmans 1971). When the irradiance was stepwise lowered, a major change in
period occurred in Avena transpiration rhythms at about 0.2 mW cm−2 where the
period changed from roughly 30 min to about 110 min (Klockare et al. 1978). This
longer period was also encountered in darkness. The authors indicate that two
different approaches have to be used to describe the oscillations with period about
30–40 min (irradiances about 5–10 Wm−2) and oscillations with period around
100–120 min (irradiances below about 1 Wm−2). Complicated transpiration pat-
terns occurred in the intermediate irradiance region. Possibly, the complicated
transpiration pattern and the non-constant period could then be the result of two
separate, but interacting, oscillatory mechanisms.

Single, short white light pulses can change the amplitude as well as the phase of
the oscillations (Avena; Johnsson 1973). Both phase delays and phase advances
were obtained. The transpiration oscillations could also be halted by a suitable,
single, light pulse treatment (Sect. 7.5.2). The transpiration response to repeated
light pulses demonstrated an underlying circadian control component, period being
around 27 h (Brogårdh 1975). The general pulse responses to “broadband red” and
“broadband blue” light pulses were different and complex (op.cit.)
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Time varying light signals have been administered to leaves to study the reso-
nance frequencies of the transpiration oscillations. For analysis purposes, sine
signals are preferred and Brogårdh and Johnsson (1974b) found for Avena that
resonance and maximum amplitude occurred for light periods that were equal to the
period reported for the self-sustained transpiration rhythms. Responses to repeated
pulse sequences of white light were used in corresponding transpiration studies
Brogårdh and Johnsson (1975a). Shabla (1997) and Shabala et al. (1997a, b)
recorded electrical activity from leaf surfaces also using white light pulses with
different periods, an amplitude maximum in the electrical potentials occurred at a
light period of 30–40 min. A wide variety of species all showed roughly the same
resonance period. This correspondence in resonance curves of course points to
simultaneous electrical (guard cell) events and transpiration oscillations.

Blue light response. Hopmans (1973) found that the transpiration rhythm period
in Phaseolus was longer in broadband blue light than in red light and he suggested
that blue light decreased the water conductivity of guard cells. The response of
guard cells and the stomatal apparatus to blue light is ascribed to the photoreceptor
carotenoid (see, e.g., Paolicchi et al. 2005; Kinoshita et al. 2001; Assmann and
Shimazaki 1999; Karlsson 1986a, b; Shimazaki et al. 2007), zeaxanthin, and to
phot1 and phot2 proteins (Kinoshita et al. 2001). The phot1 protein acts on
(Ca2+)cyt. The blue light pathway as well as the ABA signaling pathway are known
both to affect H + -ATPase (Assman and Shimazaki 1999). Green light reversal of
blue light-induced stomatal opening has been interpreted as a cycling of isomeric
zeaxanthin (Talbott et al. 2002). Rhodopsin-like retinal proteins might also be
involved (Paolicchi et al. 2005).

Red light. The red light response in the transpiration rhythm is mediated via
guard cell photosynthesis by chlorophyll and does thus also depend on the CO2

regulation of stomata (Shimazaki et al. 2007). Data of Olsen et al. (2002) suggest
that the guard cell chloroplasts react to reduced CO2 and activate stomatal opening
through ion uptake, depending on photosynthetic electron transport with down-
stream components of the blue light transduction cascade.

As emphasized in several publications, the stomata opening and thus transpi-
ration increase is more rapid in response to blue light than after red light admin-
istration (Shimazaki et al. 2007; see also Karlsson 1986a; Hopmans 1973)

Darkness. It is interesting that also in darkness, rhythmic transpiration occurs,
so-called nocturnal oscillations both in C3 and C4 plants (see, e.g., Caird et al. 2007
and Sect. 7.4.3.4 below). Photosynthesis is absent in darkness but respiration
changes in stomatal CO2 could provide an explanation as to the change in gs.
However, Klockare and Falk (1981) provide data for the rhythm in Avena leaves (in
darkness) at different O2 and CO2 concentrations in air and conclude that lowering
the oxygen concentration to 5 % did not affect the existing oscillations. When the
CO2 concentration was raised to 0.3 or 3 % in darkness, the transpiration rate
temporarily decreased, but the period of the oscillations was not changed.
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7.4.3.4 CO2

The CO2 concentration in the ambient air influences the transpiration rhythms (see,
e.g., experimental results by Hopmans 1971). Not all hydraulic models do include
this regulation loop explicitly but allow the water potential of the guard cell to be
influenced by CO2 much in the same way as by light (a review of guard cell signal
transduction network, including CO2 mechanisms, is given by Kim et al. 2010).
Upadhyaya et al. (1983) developed a mathematical model for the CO2 effects on the
stomatal dynamics and water-use efficiency. Furthermore, CO2 increases the guard
cell (Ca2+)cyt, providing an interesting pathway to calcium oscillations (Webb et al.
1996)

Tuzet et al. (2003) discuss a coupled model where stomatal conductance is fitted
empirically to the CO2 in the intercellular spaces and derive daily transpiration and
photosynthesis variations.

In darkness, respiration causes higher CO2 in the stomata and one would expect
them to stay closed. However, as mentioned in Sect. 7.4.3.3, nocturnal transpiration
is reported in several species (e.g., Blom-Zandstra et al. 1995; Rawson and Clarke
1988; Kavanagh et al. 2007); and Klockare and Falk (1981) found oscillatory
transpiration in darkness.

7.4.4 Ionic and Solution Interference with Transpiration
Oscillations

Intact plant roots can represent an efficient barrier toward many ions and molecules
and prevent studies of ongoing transpiration rhythms. In Avena, no effect on
transpiration oscillations was detected when adding, e.g., Mg2+, Ca2+ or La3+ to the
medium of intact plants (Brogårdh and Johnsson 1975b). But when using excised
leaves and xylem compression (Sect. 7.3), solutes and ions could enter the stomatal
regions and the period of the transpiration rhythm was clearly lengthened. In some
cases, an effect on period, amplitude, or curve form of the transpiration rhythm
could be detected already in the first oscillatory cycle after administration of the
ions.

Ca2+ (20 mM chloride salt), Mg2+ (40 mM), and La3+ (2.5 mM) given to the
xylem all prolonged the period of the transpiration oscillations with a concurrent
increase in the amplitude of the rhythms (Brogårdh and Johnsson 1975b). Effects
were reversible at the concentrations used. This period lengthening was ascribed to
either ionic effects outside/inside the guard cells, e.g., affecting the K+ transports, or
to changes of the water permeabilities of the guard cells. Simulations using the
Cowan models with decreased water permeability of the guard cell membranes
caused the same type of changes as found experimentally. K+ and Na+ did not seem
to affect the period under the same experimental conditions.
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Lithium chloride salt—given permanently to intact plants—caused no period
changes (control plants had a period of about 40 min). Applying a pulse of 80 mM
LiCl to the cut end of excised leaves caused, however, a rapid increase (about 10 %)
in the period of the oscillation—within the first cycle after onset of the pulse
(Brogårdh and Johnsson 1974a). Li+ caused a period increase in a dose-dependent
manner. The action of the lithium ions was interpreted to affect the ion-pumping
mechanisms and could also be due to interference with calcium oscillations and
calcium signaling pathways in guard cells. The experiments should, therefore, be
repeated in studies on guard cell oscillations to see whether corresponding period
and amplitude changes are experimentally found. The ion has been shown to act on
glycogen synthase kinase-3 as well as on processes involving inositol metabolism
with several relevant downstream targets (see Quiroz et al. 2004).

10 mM LiCl given to intact Tamarix plants caused no lengthening in the cir-
cadian transpiration rhythm (Hagemeyer and Waisel 1987), although lithium slows
down circadian rhythms in general, acts on aquaporins in renal functions (Nielsen
et al. 2002), and has a broad spectrum of action mechanisms. It might be that the
ion could not enter the leaves in the Tamarix case (cf. Avena experiment mentioned
in the previous paragraph).

The short information given above concerns experiments of fairly short duration,
mostly of some hours only. The same is true of experiments in which solutions of
theophylline, kinetin, or valinomycin have been administered to oscillating, excised
Avena leaves. In several cases, the substances cause drastic period lengthening
(Johnsson 1976), as does ATP. In Arabidopsis, it is reported (Tanaka et al. 2010)
that extracellular ATP causes an increased cytosolic Ca2+ level in plants cells; in
root hair cells, one could localize temporal Ca2+ oscillations presumably from the
nucleotide treatment. Several other ions, e.g., H+, Cl−, are important in guard cell
reactions (see, e.g., Yang et al. 2005), but the direct action on rhythmic transpiration
remains to be studied.

7.5 Further Experimental Findings on Transpiration
Oscillations

7.5.1 Modulation of Oscillation. Entrainment

The parameters in the hydraulic control system change in a daily manner under the
L/D conditions: root resistance, mean level of gs, etc. are all varying throughout the
day and night (Barrs and Klepper 1968; Hopmans 1971; Cowan 1972, see also
Caldeira et al. 2014). These changes might then modulate the ultradian, short-period
transpiration oscillations. Their amplitudes are reported to increase toward the end
of the day but usually die out in the night.

The daily responses could be direct results of the L/D variations. However, the
transpiration of plants also shows a circadian rhythm, due to the endogenous
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biological clocks. To be truly circadian, the period should then be close to but not
exactly 24 h under constant environmental conditions (see classic review by
Bünning 1973). Willmer and Fricker (1996) give some examples showing that also
Arabidopsis exhibits circadian transpiration (see also Fig. 2 in Webb 1998). The
tree Tamarix aphylla (L.) showed a circadian transpiration rhythm in light with
period about 22 h (Hagemeyer and Waisel 1987). Brinker et al. (2001) indicate that
stomatal aperture was under circadian control in the gymnosperm Ginkgo biloba.

A circadian modulation of many transpiration variables, including the rhythmic
ultradian ones, can be carried out by the internal biological clock (also under
constant experimental conditions). The transpiration response to light steps has, as
an example, been shown to be modulated in a circadian fashion (see Sect. 7.4.3.3)
The range of entrainment can be studied either by administering light at fixed
frequencies in a series of experiments or by using swept frequency techniques and
sweeping the external frequency slowly over the range of interest. This possibility
has partly been explored by using sinusoidal white light signals to entrain the
transpiration oscillations in different parts of the primary Avena leaf (Brogårdh and
Johnsson 1974b) and studying, e.g., the coupling across parts of the leaf.

7.5.2 Singularities of Transpiration Rhythms; Test of Models

A short-term perturbation of an oscillating biological system often results in a
temporary deviation from its regular amplitude and curve shape. When the per-
turbation ceases, it might return to its original shape but then often showing changes
in phase and amplitude.

Originally discussed for circadian rhythms, the question has been asked whether
biological oscillators in general could be perturbed to reach so-called singularities
or fixed points. An oscillator in such a state is characterized by a halt of the
oscillating variables, and it has stopped oscillating—temporarily or permanently.
This state might be obtained by perturbations. Winfree (1970) explored the pos-
sibilities to stop a circadian eclosion rhythm in Drosophila by administering blue
light pulses of suitable irradiance and duration at a certain phase of the rhythm, and
the results could be interpreted to show that the rhythm had indeed been stopped
due to a precisely administered light pulse of correct amplitude.

Along this line of thought, white light pulse experiments given to the Avena
transpiration rhythm demonstrated, firstly, the phase resetting ability of light and
dark pulses. Secondly, it was shown that a suitable pulse or combination of pulses
could in fact halt the transpiration rhythm, Fig. 7.2. The oscillatory system was not
irreversibly damaged since a subsequent strong light pulse could initiate the tran-
spiration rhythm again (Johnsson et al. 1979).

The nature of this particular singularity seemed to be stable in some cases; in
others, it was evidently unstable since the halted rhythm could spontaneously start
to oscillate again (see Fig. 7.2). The transpiration oscillations could also be stopped
transiently by osmotic pulses (−32 bars, 3 or 6 min; Johnsson et al. 1979). This
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indicated that the action of the light perturbations in the singularity experiments
may have been mediated via osmotic perturbations of the water control system.
Singularity experiments could be critical tests of models for the transpiration
rhythms. The results achieved were not possible to simulate with Cowan’s model as
published, but nonlinear features introduced between the transpiration rate and the
stomatal conductance allowed successful simulations.

7.5.3 Period Doubling and Bifurcations in Transpiration—a
Way to Chaos?

Several “lumped” models for the water regulatory system include three dynamic
variables or elements (chosen as, e.g., water content of the guard cells, the sub-
sidiary cells, and the mesophyll cells; cf. Gumowski 1981, 1983). Coupled models
have a correspondingly higher number of dynamic variables. A nonlinear model
with three variables can show period-doubling and chaotic behavior (Strogatz
1994). Complicated, non-sinusoidal waveforms have been encountered experi-
mentally (Johnsson 1976, Johnsson and Prytz 2002) and some efforts to model their
shape have been published (Gumowski 1981, 1983). If time delays are introduced
in the reactions, the overall model becomes even more apt to show oscillations.
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Fig. 7.2 Light/dark perturbations stopping transpiration rhythms in Avena plants. In the upper
recording, a combination of two light pulses stopped the transpiration rhythm at about 4 h. Arrows
I, II, and III indicate white light perturbations with duration of 30 s, 2 min, and 10 min,
respectively. The two first perturbations caused small oscillatory responses but only a strong
enough perturbation, III, could start the rhythm anew. In the lower recording, the damped
transpiration rhythm spontaneously showed an oscillatory tendency after about 5 h but returned
into a standstill. A stronger light pulse started the oscillations again (redrawn after Johnsson et al.
1979)
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An example of period doubling in the water transpiration of the primary Avena
leaf is given in Fig. 7.3, upper curve. One can conveniently introduce the concept of
period-n oscillation (Strogatz 1994), characterized by a pattern repeating itself
every n’th maximum of the transpiration. A period doubling is thus a period-2
oscillatory behavior.

The period doubling is but one of the many complicated oscillatory patterns that
has been demonstrated in transpiration rhythms. The term bifurcation is used in the
mathematical literature, and the phenomenon can be found in many nonlinear
model systems at a critical value of the system’s control or bifurcation parameter.
Period doubling was found in simulations of a mathematical model of the water
regulatory system (for a description, see Johnsson and Prytz 2002) essentially based
on the Cowan model. Period-doubling sequences have been reported in physical
and chemical as well as in biological systems (see Lloyd 1997, Cvitanovic 1989
and references therein). However, studies of such oscillating systems are, to our
knowledge, very few in plant physiology (a study by Shabala et al. 1997a, b is an
exception, see below). Further increase in the bifurcation parameter may result in
successive bifurcations giving period-4, period-8, period-16 oscillations, and so on.
After an infinite number of bifurcations, the system becomes aperiodic or chaotic.
The period-doubling phenomenon is often an indication of a system approaching
such a chaotic state. In the chaotic region, period-3, period-5, period-6 oscillations,
and others may exist.

Few studies have been performed to search for period-doubling sequences of the
water control system. One attempt was made by Klockare et al. (1978) who varied
light intensity (see Sect. 7.4.3.3). A rather abrupt transition in period from about
30 min to 110 min was encountered when irradiance was lower than about
0.2 mW/cm2. At the transition level, the transpiration rhythms showed irregular
curve shapes and autocorrelation analysis indicated that both the periods mentioned
could occur simultaneously. Shabala et al. (1997a, b) observed bifurcation
and chaos in bioelectric leaf response to rhythmical light (experiments on Zea
Mays)

Prytz et al. (2003b) demonstrated that the primary Avena leaf can show rhythms
that are sometimes very complex (examples in Fig. 7.3). Thus, the overall tran-
spiration system approaches under certain conditions chaotic behavior. These
transpiration oscillations were recorded when the K+ concentration in the xylem
medium was increased and used as a control parameter. It would be an elucidating
step to look for possible simultaneous bifurcation patterns in transpiration rhythms
and in calcium chain controlled rhythms in guard cells.

7.6 Remarks and Outlooks

This chapter has focussed on direct measurements of rhythmic transpiration of
plants. The literature shows that oscillatory transpiration can exist in the regulatory
feedback system in a wide variety of leaves of plants, including bushes and trees
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Fig. 7.3 Complex oscillatory transpiration patterns in Avena leaves (redrawn after Prytz et al.
2003a, b). Uppermost curve: Period-2 oscillations, triangles indicate maxima in rhythm (every
second peak). A phase shift is induced by a pulse perturbation of 80 mM KCl to standard medium
(middle of recording). Root excised, xylem compressed leaf. Middle curve: recording showing
period-3 oscillations in intact plant. Filled circles indicate minima in rhythm (every third peak
distinctly smaller than the rest of the peaks). Lowermost curves—to the left: period-3 oscillation.
Triangles indicate maxima (every third peak) and pattern different from period-3 oscillation in the
middle curve. 20 mM KCl added to medium. Root excised, xylem compressed leaf. Lowermost
curves—to the right: recordings of a plant showing period-5 oscillations. Triangles indicate
maxima. 20 mM KCl added to root medium. Root excised, xylem compressed leaf
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and plants with different guard cell anatomy. The hydraulic system comprises guard
cells and their self-sustained volume changes and oscillatory reactions, e.g., the
(Ca2+)cyt reactions, their ABA signaling, and the presence of ion pumps. These
facets need to be extended and detailed in any models for the oscillating transpi-
rations and so must the membrane water transport with relevant classes of aqu-
aporins (see Sun et al. 2001; Tyerman et al. 2002). The aquaporins have up to now
not been explicitly/quantitatively used in studies of rhythmic transpiration, but are
frequent in plants and influence both root, stem, and leaf hydraulic conductivities
(cf. Steudle 1997). Complex modeling is needed to approach a more complete
picture of the water control system in plants, which also, of course, takes into
account, for example, CO2 transport through stomata (reviews Kim et al. 2010 and
Raschke 1979; Hubbard et al. 2012; Upadhyaya et al. 1983). Systems analysis and
dynamic modeling already contribute constructively to the guard cell modeling
(Chen et al. 2012b).

Details about the time constants involved in the molecular mechanisms to pro-
duce the (Ca2+)cyt oscillations are important (a simplified reaction scheme is shown
by Yang et al. 2004). If ABA is controlling the (Ca2+)cyt oscillations and there is
then a sequence of events leading to transpiration oscillations with certain char-
acteristic period times—Which cellular constituents and reactions show the same
period? And what phase relations exist between the constituents?

Perturbation experiments seem to be a fruitful way of studying the transpiration
oscillations. If the transpiration rhythm is sent into a singularity as described in
Sect. 7.5.2 and thus suddenly stopped, which other oscillations are stopped? Can,
for example, the ABA concentration suddenly be halted by a suitable light pulse in
such a way that the Ca2+ oscillations are stopped? How do models explain the pulse
experiments where the oscillating transpiration is stopped?

Results in these areas will undoubtedly improve our models of the oscillatory
transpiration of plants. So will also results from experiments focusing on the nature
of the coupling between stomatal regions. And it would be interesting—but not an
easy task—to establish whether the transpiration control system is really chaotic, as
found, e.g., for the heart rhythm. Chaotic systems can use their sensitivity to
stabilize a control by using small perturbations, thus increasing their flexibility and
speed in response to varying environmental conditions (see, e.g., Shinbrot et al.
1993, Lloyd and Lloyd 1995 and others). This can be of much biological value in
several contexts (Lloyd and Lloyd 1995; Strogatz 1994) and possibly also for the
plants’ regulation of water transpiration (Souza et al. 2004).

We still have limited amount of data and limited number of oscillatory periods
available for the transpiration oscillations—a drawback as compared with, e.g., the
amount of data from the rhythmic human heart beat. The complex oscillatory
patterns of the transpiration rhythms discussed in Sect. 7.5.3 might, however, be of
interest and point in the direction of a possible chaotic underlying system.

The necessity of a rapid guard cell control system is also emphasized when
looking at the structure of the irradiation onto leaves and stomata in the field—with
rapid changes caused by shadow patterns from moving clouds, leaves, stems, and
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twigs. Optimizing the stomata control must certainly also involve a rapid control
system.

The electric voltage changes which accompany the ion transports of the guard
cells are concomitant variables of the oscillatory transpiration (see, e.g., Sects. 7.3.2
and 7.4.4). They could provide important further aspects on the simultaneous
transpiration and guard cell rhythms (e.g., on patchiness). It might also be possible
to stimulate the tissue by precise electric signals, precise both temporarily and
spatially, to see whether voltage pulses influence the oscillations, for example, by
phase shifting them. Corresponding experiments have been carried out on the rapid
leaflet movement rhythm of Desmodium (review by Johnsson et al. 2012; early
experiments by Bose 1913; Johnsson et al. 1993; Fostad et al. 1997; Sharma et al.
2001), where volume changes of pulvini cells are central elements in the move-
ments. Electric direct current pulses phase shift these rhythmic leaflet movements,
as do pulse exposures to magnetic (inhomogeneous) fields (Sharma et al. 2000).

We have touched upon some possible advantages that rapid control systems,
probably chaotic ones, can show under several circumstances. Efforts to evaluate
models on plant transpiration and transpiration rhythms can also imply another
aspect, just mentioned in Sect. 7.4.1, namely the water-use efficiency, WUE. This
relationship (or, simply, the ratio) between water transpiration and the CO2

absorption of the leaves (e.g., Cowan 1977) can reveal important practical aspects
between necessary water loss to the atmosphere in relation to biomass production.
A decrease in the stomatal pore size reduces the water transpiration as well as the
CO2 absorption but the water transport reduction is proportionally the most affected
one. The WUE (see review by Lawson and Blatt 2014) is therefore changing with
the stomatal conductivity. Several approaches to calculate WUE for crops are used
(e.g., Buckley et al. 1999), also starting from paradigm equations (see, e.g., Xu and
Hsiao 2004), reaching useful predicted photosynthetic WUE (for cotton and sweet
corn). The role of aquaporins is discussed in the literature in the frame of crop
water-use efficiency (Moshelion et al. 2014).

It has been pointed out that the WUE can in fact increase during limited water
supply if oscillatory behavior is present. This points at the beneficial nature of the
oscillations (Upadhyaya et al. 1988; Lawson and Blatt 2014; Yang et al. 2004). If
so, it is an extremely important work to penetrate the possibilities to increase the
WUE of vegetation, thus reducing, for example, the crop need for water, but still
with affordable, and hopefully increased, biomass production. The imaging tech-
nique by McAusland et al. (2013) to achieve intrinsic WUE has already been
mentioned. Wang et al. (2014), using the OnGuard software (Hills et al. 2012),
point at experimental modifications of dominant K+ channels as a favorable mean.
However, other ways might also be relevant to follow and it seems reasonable to
use a broad research design to achieve more efficient crops. Data must be available
for crops and vegetation (e.g., water use of trees—some data in Wullschleger et al.
1998—and drought tolerance in Arabidopsis, see Nilson and Assmann 2007).

The oscillatory transpiration of plants reveals much of the dynamics of an
important biological control system. As has been pointed out (Cowan 1977), the
stomatal system provides more directly than any other aspect of the functions of
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plants a way to understand the dilemma of land plants, viz. to accumulate carbon
without excessive loss of water. Detailed experimental studies of these oscillations
provide a way to increased knowledge of some of the most basic and complex
sensory and control systems in plants.
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