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Abstract — The induction of the well known and widespread phenomenon ‘stomatal patchiness’ has been attributed to a variety of potential
causes: from low PPFD levels, all kinds of stress conditions tg-€@nges and even fungal infections. A mechanism which explains the
occurrence of reproducible patterns of static (i.e. stable) stomatal patchiness at low PPFD levels is proposed. Further, experimental evidence
is presented for the hypothesis that dynamic (i.e. not stable) stomatal patchiness is a consequence of heterogeneous water status in different parts
of the leaf and can be induced by all ambient factors which cause such heterogeneities. © 2001 Editions scientifiques et médicales Elsevier SAS
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1. INTRODUCTION induce_stomatal patchiness include water and salt
_ ' _ _ stresd [11, 12, 20, 21, 25 52 b4], low air humidity [4,
During the last decade, increasing evidence was| [, increases in xylem AB 59,
%I c

found for the existence of pronounced ecophysiologi- old stres&[4b], changes in light intendi 14,
cal variability at the single leaf level of plants The key | , toxic gases such as,@nd SQ [19_38 3d],
phenomenon in this context is ‘stomatal patchiness’. changes jn ambient CQartial pressur 3], light
This expression was coined to describe the fact that thestresgﬁ] and even fungal infectioﬁggf The ma-
spatial distribution of stomatal aperture and, in conse- jority of the above list represents stress factors, which
quence, photosynthetic activity on the leaf surface wasnormally lead to a stomatal closure. Changes in light
in many cases found to be heterogeneous rather thafntensity and in ambient COare the only factors

homogeneous. as had been erroneously assumed for @hich can induce stomatal patchiness in unstressed
long time (seémb]). In between, stomatal patchi- |eaves.

ness has drawn the attention of many plant ecophysi-

ologists and, from the considerable number of existing At first, stomatal patchiness could only be detected
publications on the subject, it can be concluded thatand visualized statically by destructive methods, such
the occurrence of stomatal and photosynthetic hetero-as pressure infiltration of liquids into the leaves via the
geneity seems to be a rather widespread phenomenostomata (e.d_[B]), or indirectly through assimilation of
among vascular plants (for review, m 58]). radioactively labelled CQ(e.g. 1). An impor-
Since the occurrence of stomatal patchiness can lead taant step towards the causal analysis of the underlying
erroneous gas-exchange parameters when calculatethechanisms was the development of non-destructive
under the assumption of stomatal homogeneity, thechlorophyll fluorescence imaging techniq@ 41,
need for investigation of the mechanisms which cause@ which created the possibility to also study the
this phenomenon is obvious. Factors identified to spatial and temporal dynamics of the phenomenon.
Similar to the radioactive labelling technique, this
*Correspondence and reprints: fax: +49 521 1066038. method analyses the heterogeneity of photosynthetic
E-mail address: w.beyschlag@biologie.uni-bielefeld.de activity on the leaf blade. Photosynthesis is low and
(W. Beyschlag). fluorescence is high in areas with low stomatal con
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ductance and vice versa. The method produces par-
ticularly clear images in heterobaric leaves, which due
to their anatomy show no lateral CO, diffusion be-
tween neighbouring areoles. The most important result
which was found by using this method was, that under
water stress conditions, the distribution of areas with
open and closed stomata was highly dynamic across
the leaf surface as well as over time (e.g. [6,16,33]).
In contrast, if unstressed plants and low PPFD values
were used for_induction of stomatal patchiness, Eck-
stein et . | reported surprisingly stable temporal
and spatia aperture distribution patterns.

Knowing that there is a pronounced size variability
among the stomata on a particular leaf (e.g. [29]), it
seems difficult to explain the phenomenon that groups
of stomata (in heterobaric leaves, typically al stomata
within an areole) close or open in a co-ordinated
manner and that areas with open and closed stomata
are located right next to each other in an almost
bimodal distribution. A possible explanation can be
found in a recent publication of Haefner et al.
where they present a spatially explicit model which
combines the accepted physiological mechanisms of
stomata regulation with the hydraulic interactions
between neighbouring stomata. One of the basic as-
sumptions in this model is that al stomata within a
particular areole are hydraulically connected through
the epidermal turgor in away that aperture changes of
single stomata propagate across the entire areole (for a
more detailed representation see the Discussion be-
low). Experimental results seem to confirm the respec-
tive model predictions [35]

In the present paper, we propose a mechanism
which in connection with the assumptions of Haefner
et a. @ explains the occurrence of reproducible
static (i.e. stable) stomatal patchiness at low PPFD
levels. Further, we provide experimenta evidence for
the hypothesis that dynamic stomatal patchiness is a
consequence of heterogeneous water statusin different
parts of the leaf [58] and can beinduced by all ambient
factors which cause such heterogeneities.

2. MATERIALS AND METHODS

2.1. Plant material

Five-year-old plants of Acer platanoides were ex-
cavated and transferred into pots 4 months prior to the
experiments. These potted plants were then grown
under field conditions at an experimental field site near
the University of Bielefeld. They were kept well
watered and fertilized with half-strength Hoagland
solution at irregular intervals.

Plants of Xanthium strumarium were grown from
seed in pots in a growth chamber. Plants were illumi-
nated 12 h per day with alight intensity approximately
400 umol quantam=2-st PPFD. Air temperature was
20 °C during the day and 15 °C at night. Relative air
humidity was approximately 75 %. Plants were wa
tered daily and fertilized with half-strength Hoagland
solution every second day.

2.2. Gas exchange measurements

Stomatal conductance (g of the experimental
leaves was measured with a commercialy available
gas exchange measurement system (Minicuvette Sys-
tem, Walz, Mel3- und Regeltechnik, Effeltrich, Ger-
many with cuvette GK 0235). All gas exchange
measurements were conducted at ambient CO,, partial
pressure of 353+ 4 ppm and under 21 % oxygen.
During the experiment, the system continuously
logged the measurement data at 20-s intervals.

2.3. Imaging of chlorophyll fluorescence

Images of chlorophyll fl uoreecenceﬁ of the leaves
enclosed in the gas exchange cuvette were obtained
with a frame grabber board (PCgrab-G2, Matrix Vi-
sion, Oppenweiler, Germany) and a CCD camera
(KP-M1, Hitachi, Tokyo, Japan) protected with a
high-pass filter (RG-665, Schott, Mainz, Germany).
Actinic light was supplied with a cold light lamp
(KL-1500, Schott, Wiesbaden, Germany) and filtered
through a cold filter (KG-1, Schott, Mainz, Germany)
and alow-pass edge filter (650-FL-7, Andover, Salem,
NH, USA). Light for saturation pulses was applied by
a halogen lamp with an electronic shutter (FL-650,
LUT-Scholly, Denzlingen, Germany) and was filtered
through a low-pass filter (10-SWF-650, Newport,
Irvine, CA, USA). PPFD of the saturation pulses
(duration approximately 500ms) was above
4 000 umol quantam—2-s*. Leaves were dark-adapted
for 10 min before the capture of the F,, image. The
non-photochemical quenching coefficient (gN) was
calculated from images of leaf fluorescence during a
saturation pulse of the dark-adapted leaf (F,) and
images of leaf fluorescence during a saturation pulsgj
actinic light (F,,) using the formula of Daley et al.

oN = (F, - F)/(0.8 x Fy)

This coefficient_has been demonstrated to be an
indicator for gq .

In this paper, we gN images (M) as
well asF’mimages(Egﬁ, 6, 8). In gN images, dark
patches represent areas with relatively wide open
stomata while regions with low apertures appear as
light areas. In contrast, F',,, images reveal regions with
open stomata as dark and those with closed stomata as
light areas.
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2.4. Experiments

Each of the following experiments was carried out
repeatedly with at least ten different leaves. Although
the absolute values for g, and the degree of patchiness
varied considerably between individual leaves, the
relative responses to the experimental treatments were
rather similar.

2.4.1. Variation of PPFD

Intact leaves of A. platanoides were enclosed in the
gas exchange cuvette at a leaf temperature (T,) of
25°C, a water saturation deficit of the air (Aw) of
15 mPa-Pa?t and an intermediate light intensity of
450 ymol quantam=?-s* PPFD until g5 reached an
equilibrium. Subsequently the light intensity was rap-
idly decreased to 180 umol quantam-2-s* PPFD for
30 min. Then the light level was rapidly brought back
to 450 umol quanta-m2-s* PPFD. After equilibration
of EE: the treatment was repeated twice more (see

).

2.4.2. Cutting of leaf veins

Intact leaves of A. platanoides were partially en-
closed in the gas exchange cuvette at T, =30 °C,
a an intermediate light intensity of 450 umol
guantam—2-s PPFD and a Aw of 30 mPa-Pa? in
order to increase the transpirational water |oss. After g
reached an equilibrium a selected first order vein was
dissected outside of the cuvette with a scalpel in order
to create local water deficits on the leaf surface.

20 40 60 80 100 120 140 160 180 200

Time (min)

2.4.3. Infiltration of osmotics

Leaves of A. platanoides were cut and the cutting
surface immediately transferred into a vessel with
digtilled water. Subsequently a 1-cm piece of the
petiole was cut off under water. The leaf blade was
then enclosed in the gas exchange cuvette at
T, =25°C, an intermediate light intensity of
450 umol quantam™=-s? PPFD and a Aw of
21 mPa-Pa. After equilibration of g the distilled
water was replaced by a mannitol solution of
300 mol-m~3. This concentration represents an osmotic
potential of 0.74 MPa and was chosen because Down-
ton et 4d. could induce pronounced stomata
patchiness with similar concentrated salt solutions.

2.4.4. Pressure application on the root system

Young potted plants of X. strumarium were grown
in a such away that the shoot grew through the holein
the lid of a commercially available Scholander-type
pressure chamber (Model 1000, PMS Instrument Co.,
Corvallis, OR, USA; see also m). After 2-months,
the shoot had pneumatically sealed the hole via its
secondary growth. Now the pot with a dlightly water-
stressed plant was placed in the pressure chamber and
the lid was carefully closed. A leaf of the plant was
enclosed in the gas exchange chamber at T, =30 °C,
150 umol quantam?s? PPFD and a Aw of
30 mPa-Pa. These conditions have been found to be
suitable for the induction_of stomatal patchiness in
previous experiments (see ). After equilibration of
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Figure 2. gN images from the experiment in figure 1. The white bar indicates 5mm. a, ¢, e gN at 450 umol quantam=2s= PPFD; b, d, f: gN
at 180 umol quantam==-s*. The mean area fraction of dark areoles in panels b, d and f is 30.2 % (+ 2.8 SD).
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0. the hydrostatic pressure on the root system was
quickly raised by 0.3 MPa. After 80 min, the pressure
in the chamber was released to ambient values.

The points in time when the fluorescence images
were taken during the various experiments is indicated
in the respective figures.

3. RESULTS

3.1. Variation of PPFD

Changing incident PPFD between intermediate 450
and low 180 umol quanta-m—2-s* caused moderate but
r i changes in g, of A. platanoides leaves
( ). The_respective simultaneously recorded
fluorescence ) shows a nearly homogeneous
situation at all three 450-umol quantam—2-s phases.
However, after lowering the light intensity, a pro-
nounced patchy fluorescence pattern developed almost
immediately. Nearly identical spatial distribution pat-
terns of dark and light areoles could be detected during
al three low light phases when images taken at the
same time _di e after lowering the light were
compared . images b, d and f, al recorded
5 min after the light change).

3.2. Cutting of leaf veins

Asshown in m the dissection of a major leaf
vein of awell watered A. platanoides |eaf led at first to
an increase in g. (the classical ‘lIwanoff effect’).
Subsequently a rapid and considerable decrease in g
could be observed, indicating water stress in those
portions of the leaf which were previously supplied by
the dissected vein. However, about 15 min later, g,
increased again to values similar to those before
dissection. After this, g, began to oscillate (not
shown). Similar effects have been reported for cut

0 10 20 30 40

Time (min)

leaves m Obvioudly the water stress for the
affected part of the leaf lasted only for a relative short
time interval. After this the supply of the respective
region is taken over by other still intact veins, a well
known p enon which has already been described
by Wylie . Thetime course of fluo, images
of the affected leaf region shown in %ereﬂects
these reactions. The major vein in the picture is the
dissected one. Before and shortly after the dissection,
chlorophyll fluorescence was homogeneous all over
the leaf. After 5 min, the fluorescence became increas-
ingly patchy. Maximum patchiness was observed
12 min after dissection. Subsequently and paralel to
the increase in g, the patchiness disappeared and
chlorophyll fluorescence became homogeneous again.

3.3. Infiltration of osmotics

The g, data in figure 3 show the typical stomatal
reaction of an atanoides leaf to an increase of
xylem potential . Following a transient opening,
stomata closed at first rapidly and later (after a small
oscillation) more slowly. At the end of the experiment,
0. reached values close to zero. Looking at the time
course of fluorescence images in Wg one can see
at first the stomatal opening (less dark areas in panel b
than in panel a). As soon as g, declined, the fluores-
cence image became increasingly patchy and the area
of dark (= closed) areoles increased considerably. At
the end of the experiment the stomata on the leaf
surface were almost homogeneously closed. Areoles
with open stomata could only be detected in the near
vicinity of major veins.

3.4. Pressure application on the root system

According to physical laws, pressure changesin one
part of a system of liquid filled connected vessels
should propagate amost immediately through the
entire system. An increase of hydrostatic pressure on
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Figure5. Time course of g, of acut leaf of A. platanoides after infiltration of 300 mol-m~2 mannitol viathe xylem (T, = 25 °C; PPFD = 450 umol
quantam—2-s, Aw = 21 mPa-Pa?). The letters refer to the fluorescence images in

the root system should lead to an amost simultaneous
turgor increase in all xylem vessels and, therefore,
improve the water supply of all aboveground plant
parts. Leaves of X. strumarium showed amost no
reaction is procedure. The g, values decreased
dlightly ) and the fl ce remained ho-
mogeneous all over the leaf ). Upon release of
the pressure on the root system, g. shows a short
transient increase, indicating that the epidermis turgor
decreased faster than the turgor of the hydropneumati-
cally isolated guard cells (see dso ). While some
authors report mg in g in response to
pressure changes| , others describe onl
minor effects similar to the present measurements d

. There was amost no time lag between the
pressure changes and the respective responses of g..
Due to the fact that all parts of the experimental |eaf
are almost simultaneously affected by these turgor
changes, formation of mgor stomatal _heterogeneity
was not to expect and did not occur ( ).

4. DISCUSSION

The results of the present study provide experimen-
tal evidence that the occurrence of stomatal patchiness
can be mainly explained through the occurrence of
water status heterogeneity in different parts of the leaf.
In order to better understand the considerations lead-
ing to this statement, the following theoretical consid-
erations which include parts of the hypotheses pre-
sented by Haefner et a. are necessary. One key
feature for stomatal patchiness is the existence of a
random variability of size among the stomata on a
given leaf surface. This has been shown to be typical
for the leaves of many angiosperms including the

genus Acer (e.g. m). After aleaf isfully

differentiated thisvariability isfixed, i.e. in each areole
there is a fixed size distribution of stomata. During
stomatal closure, smaller stomata will reach limiting
apertures for transpirational water loss earlier than
larger stomata. The co-ordinated behaviour among all
the different stomata within the same areole is brought
about by an hydropneumatical coupling between
neighbouring stomata via the epidermal turgor. As
soon as during stomatal closure the first stoma reaches
an aperture which markedly reduces water loss
through its pore, the epidermal turgor in its surround-
ings increases relative to the guard cell turgor of the
neighbouring stomata and thus forces them to close as
well. (The ‘ mechanical advantage of the epidermis’ [
relative to the guard cells plays a key role in this
connection.) This effect propagates across the entire
areole until al stomata are homogeneously closed.
Thus, under the effect of a closing factor which affects
the entire leaf homogeneously, those areoles which
have a relatively high fraction of smaller stomata will
aways be the first with homogeneously closed sto-
mata. Assuming that the available amount of water for
this particular leaf does not change, a reduction of
transpirational water loss in the ‘closed’ areoles will
increase the water availability for the still ‘open’
areoles which in consegquence enables the stomata
there to remain open. Since the size distribution of
stomata on the leaf surface is fixed, the same closing
factor should always produce identical distributions of
open and closed areoles, as long as the water status is
homogeneous throughout the entire leaf. This phenom-
enon has been called ‘ static stomatal patchiness @
We experimentally simulated this situation by using
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Figure 6. F'm images from the experiment in figure 8. The white bar indicates 5 mm.
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Figure 7. Reactions of g, of an attached leaf of of X. strumarium to experimental manipulation of the hydrostatic pressure on the root system
of the plant (T, =30 °C; PPFD = 150 umol quantam=-s?, Aw = 30 mPa-Pa?). The letters refer to the fluorescence images in

low PPFD asaclosing factor for unstressed leaves and
in fact obtained the expected reproducible distribution
of ‘open’ and ‘closed’ areas (£ , d, f).

It has been shown that the epidermis is in close
hydraulic contact with the evaporating sites of the
mesophyl| . Thus, any change in the overall water
status of aleaf will cause achangein epidermal turgor.
Since the water status of the epidermis is a crucia
parameter for the above described mechanism, any
major change in the overall water status may poten-
tially cause stomatal patchiness. In fact, a large num-
ber of studies describes a close connection between
water stress effects and the occurrence of stomatal
patchiness (for review, see ) However, the negative
results of the pressure experiment (figure 8), where the
water status of the entire leaf was changed quickly and
amost simultaneously throughout the entire leaf, in-
dicate that a second condition has aso to be met.
Stomatal patchiness can obviously only occur if the
changes in water status create a spatial heterogeneity
of epidermal turgor on the leaf surface. The present
results (dissection of a mgjor vein, infiltration of an
osmotic; , 6) which induced gradual water
status changes confirm this statement. Thus, the early
hypothesis of Terashima who presumed that the
cause for stomatal patchiness might be a heteroge-
neous water status in different parts of the leaf seems
to hold. Another prominent hypothesis, that heteroge-
neous ABA distributions within the leaf would cause
stomatal patchiness (e.g. m) has already been re-
jected by the work of Eckstein et al. [18]. Thus, any
external factor which has the potential to induce
spatial heterogeneity in epidermal turgor should elicit
stomatal patchiness.

Manipulations which result in heterogeneously dis-
tributed temporal changes of leaf water status lead to

dynamic (i.e. not stable) stomatal patchiness (M,
6). Similar dynamic effects have been observed after
perturbations of the stomatal control which induced
oscillations of g . These oscillations were
also visible in the distribution of ‘open’ and ‘closed’
areoles in the respective images of chlorophyll fluo-
rescence. Under persisting water stress conditions, the
water supply for the leaves of a plant will gradually
decrease and even the ‘open’ areoles will experience
water shortage and close their stomata. In conse-
guence, the heterogeneous distribution of ‘open’ and
‘closed’ areas will gradually disappear until all areoles
have reached homogeneously low stomatal apertures

). Similarly, if the water stress disappears,
tempora stomatal patchiness will reoccur during the
reopening phase of the stomata and then disappear as
soon as all areoles are homogeneously ‘open’ (Eck-
stein, unpubl. results).

Stomatal patchiness has predominantly been ob-
served in heterobaric leaves where the areoles are
hydropneumatically separated from each other by leaf
veins with bundle sheath extensions (e.g.

Since the above mechanism for co-ordinated stomaIaI
behaviour does not require hydropneumatical separa
tion of the areoles, stomatal heterogeneity should also
be possible in homobaric species. Some observations
of this kind have in fact been made

However, detection is rather difficult since the respec—
tive methods mostly record differences in photosyn-
thetic activity where the contours between areas of
different aperture status are blurred or even erased by
the lateral gas diffusion. A recently published new
method which employs thermography to detect spatial
and temporal variation of g, over the leaf surface
may be helpful in this connection. Theoreticaly,
stomatal patchiness can occur in any plant leaf, but the
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Figure 8. F'm images from the experiment in figure 2. The white bar indicates 5 mm.
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probability is higher in heterobaric than in homobaric
leaves .

Based on the above facts, it should be possible to
predict the occurrence and magnitude of stomatal
patchiness for leaves with a given water status and
known ambient conditions. However, as anybody ex-
perimentally work on stomatal reactions knows, in
spite of known deterministic single factor dependen-
cies, stomatal reactions cannot aways be predicted.
Although the majority of replications of the present
measurements revealed rather similar results, there
was also a considerable number of experiments where
completely unexpected stomatal reactions occurred. A
highly probable explanation for this is, that the sto-
matal control mechanism is an idea system for the
development of chaotic behaviour. According to Nic-
olisand Prigogine , acomplex system can become
a ‘dissipative chaotic system’ if three conditions are
met: (i) the system is an energetically open system and
receives energy from outside (as all organisms do); (ii)
it contains several feedback control mechanisms be-
tween its functional parts; and (iii) non-linear relation-
ships exist between some system parameters. Condi-
tion (i) appliesto al biological systems. Condition (ii)
is also met by stomatal control (e.g. ) and there
are several non-linear relationships documented for
the stomatal system (e.g. ). The increasing
knowledge on the underlying mechanisms of stomatal
patchiness will certainly help ecophysiologists (par-
ticularly those working in the field of leaf gas ex-
change) to minimize the risk for the occurrence of this
phenomenon during particular experiments. However,
due to the above facts, surprises will always be
possible.

5. CONCLUSIONS

The occurrence of stomatal patchiness seemsto bea
by-product of stomatal adjustments of the leaf in
response to changing environmental conditions rather
than a biological meaningful phenomenon. The co-
ordinated behaviour of al stomata within the same
areole is brought about by a hydropneumatic coupling
mechanism via the epidermal turgor . In un-
stressed |eaves, factors which induce stomatal closure
lead to a rather stable and reproducable pattern of
‘open’ and ‘closed’ areas (static stomatal patchiness)
which is mainly dependent on the size distribution of
the stomata within the areoles. Stress factors which
affect the leaf water status typically change in their
intensity (e.g. during the course of the day) and,
therefore, induce dynamic water status changes which

can create a heterogeneous and unstable distribution of
epidermal turgor. This typically leads to the occur-
rence of dynamic (i.e. not stable) stomatal patchiness.
Persistent strong water stress will lead to a homoge-
neous stomatal closure al over the leaf. Thus, except
for low PPFD conditions or changes in the CO,, partia
pressure of the ambient air, stomatal patchinessis not
likely to occur under steady state conditions. At certain
stress levels, minor perturbations resulting in rather
small heterogeneities of epidermal turgor are sufficient
to disturb the stomatal regulation system. This typi-
cally leadsto the well known phenomenon of stomatal
oscillations or waves of stomatal closure moving
across the leaf surface and — via the described co-
ordinating mechanism — to pronounced dynamic sto-
matal patchiness. Since the stomatal regulation mecha:
nism contains components which have the potential to
behave chacticaly, the latter phenomena can aso
occur spontaneously.
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