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Abstract

To explain transpiration results from experiments on stomatal oscillations in oat plants, it is shown by
simulations on a model including both hydro-passive and hydro-active feedback that the model must
include hydro-active control of the osmotic pressure of the subsidiary cells. Hydro-active feedback was
used between the turgor pressure of the mesophyll cells, acting as sensor cells, and the osmotic contents
of the subsidiary- and guard cells. In the model, a reduction of the turgor of the sensor cells results in
an increase of the osmotic content of the subsidiary cells and a reduction of the osmotic content of the
guard cells. Simulations showed that the hydro-active feedback to the subsidiary cells was always needed.
However, it was also shown that it is an advantage to combine the hydro-active feedback to the subsidiary
cells with hydro-active feedback to the guard cells. The added hydro-active feedback to the guard cells
will prevent too high turgor levels in the guard cells when the stomata have closed at water stress with
high light levels.

The model consists of established evaporation- and plant waterflow models from literature, experi-
mentally verified models on stomatal mechanics and new models of hydro-active feedback. The model
explained results reported in experiments where the water potential of the root medium was lowered and
in experiments where the potential rate of evaporation was increased.

Keywords: Stomatal control, hydro-active feedback, oat stomata, grass stomata, plant transpiration
control, stomatal oscillations, water stress, modelling, simulation

1. Introduction

The water transpiration of plants occurs through stom-
atal pores in the leaves. The pore width, which con-
trols the water flux, is regulated by guard cells. Those
cells are, however, mechanically affected by neighbors
– subsidiary cells and epidermal cells. For details on
the stomatal anatomy, see for example Franks and Far-
quhar (2007).
It is worth noting that the global transpiration

through stomata is estimated to account for the cy-
cling of about 60 000 (km)3 water per year, i.e. about

60 · 1015 kg per year, e.g. Jasechko et al. (2013). This
volume is thus transpired in the form of water vapor
through plant stomata, whose dimensions are of the
order of 10 µm. In this report we will study prop-
erties of the plant system controlling this water flux.
The model framework and the simulations reveal some
hitherto unexplained experimental results.

It has been found, both in natural environmental sit-
uations and under experimental conditions, that oscil-
latory leaf transpiration can take place, Barrs (1971),
Hopmans (1971), Cowan (1972), Haefner et al. (1997),
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Prytz et al. (2003), Wang et al. (2001) and many oth-
ers, see e.g. Brog̊ardh and Johnsson (1973) and Johns-
son (2015). Simulations of such oscillations provide
crucial tests of dynamic models for plant transpiration
control.

Oscillations can be obtained in plant models with hy-
draulic feedback (also named hydro-passive feedback),
where increased volume flow of water through the resis-
tances to water flow in the roots and the leaf, reduces
the water potentials of the subsidiary- and guard cells
Cowan (1972), Gumowski (1981). In the linear stom-
atal mechanics model of Cowan, the influence on the
stomatal pore opening from the guard cells in relation
to that of the subsidiary cells is 1.23, which is higher
than the values 0.2 – 0.7 found in later experimentally
obtained non-linear models of the stomatal mechan-
ics of oat Durney et al. (2023) and wheat Franks and
Farquhar (2007). Using these non-linear models with
lower values of the impact ratio between guard- and
subsidiary cells on stomatal pore opening, it was found
that stomatal oscillations could not be obtained in sim-
ulations using only a hydro-passive model.

The problem to explain experimental results with
only hydro-passive control was also pointed out
by Buckley (2019). According to Buckley (2019),
epidermal- and guard cell turgor pressures decline by
similar amounts at an increase in evaporation de-
mand (potential rate of evaporation) in a hydro-passive
model. Therefore, stomatal aperture increases and re-
mains elevated instead of obtaining a smaller aperture
size as in experiments. Thus, Buckley (2019) concludes
that hydro-active control of the stomata is needed.
Simulations showing that hydro-active feedback may
result in stomatal oscillations and reduced stomatal
opening at increased evaporation demand have been
demonstrated by Cong et al. (2022, 2024).

Hydro-active feedback (osmoregulation according to
Buckley et al. (2003); Buckley (2005) means that plant
cells can sense its turgor pressure and respond to low-
ered turgor pressure by signaling and that this results
in changed osmotic content in the guard and/or sub-
sidiary cells. In this context it is well-known that
hydro-active feedback is important for the control of
the stomatal response to water stress, whereby low-
ered turgor in cells will activate the synthesis of the
plant hormone ABA. This hormone is transported in
the plant and will cause stomatal closure to avoid life
threatening water loss Kuromori et al. (2018). One
question is then if the ABA control is fast enough
to be responsible for stomatal oscillations with period
times in the region 15 to 40 minutes Johnsson (2015).
That this might be the case is supported by the find-
ings of McAdam et al. (2016). They demonstrated
rapid synthesis of ABA after application of dry air to

leaves. Buckley (2016) found this ABA synthesis to
be a possible “black box” that had been opened to ex-
plain stomatal response to water status. Later Buckley
(2019) writes that there is clear evidence that impli-
cates hydro-active stomatal response including ABA
to evaporation demand and soil drought.

The fast ABA synthesis according to McAdam et al.
(2016) requires an osmotic response to ABA in the sub-
sidiary cells to explain experimental results with our
simulation model. That this could be possible is found
in Nieves-Cordones et al. (2022), who have obtained
data that AtKC1 (potassium channel α-subunit) can
tune the K+ distribution in the leaf epidermis, lead-
ing to increased back pressure of the subsidiary cells
at plant water loss. Moreover, Yao et al. 2013 report
drought-induced H2O2 accumulation in subsidiary cells
regulating stomatal aperture of grass plants and Zhang
et al. (2020) report increase of H2O2 and Ca2+ in sub-
sidiary cells during stomatal closure.

The sign of the hydro-active feedback link between
the turgor of the sensing cells and the osmotic content
of the stomatal cells is important for the dynamics of
the system. If the guard cells are the stomatal actu-
ator cells, then the sign must be positive. Using the
ABA concept, this means that when the turgor of the
sensing cells is reduced, then this will result in out-
ward flow of K+ from the guard cells (see for example
Cotelle and Leonhardt (2019). If, on the contrary, the
subsidiary cells are the stomatal actuating cells, then
a lowered turgor pressure in the sensing cells must in-
stead give rise to inward flow of K+ to the subsidiary
cells to close the stomata, resulting in negative hydro-
active feedback link instead of the positive hydro-active
feedback link for the guard cells. This is in accordance
with the results of Nieves-Cordones et al. (2022) report-
ing increased back pressure from the subsidiary cells at
plant water loss. It also seems possible from results of
Mumm et al. (2011), showing that membrane potential
and cytosolic pH determines direction and capacity of
ion transport in subsidiary cells. The importance of
the subsidiary cells for the stomatal control can also
be found in Majore et al. (2002), Büchsenschütz et al.
(2005), Wolf et al. (2006) and Liu et al. (2024).

Assuming that fast ABA synthesis is possible for tur-
gor sensing McAdam et al. (2016), the next question
is where this sensing takes place. Bauer et al. (2013)
and Cotelle and Leonhardt (2019) propose that guard
cells have the ABA synthesis themselves, which could
mean that guard cells are both the turgor sensing cells
and the stomatal actuating cells. McAdam and Bro-
dribb (2018) report that considerable ABA biosynthe-
sis occurred in the mesophyll in water-stressed leaves
and point out that ABA synthesis in guard cells can-
not easily account for the rapid ABA synthesis caused
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Figure 1: Overview of the basic model structure used in the simulations. Abbreviations: OSM – quantity of
osmotic substance; TP – turgor pressure; WP – water potential; gs – stomatal conductance; ip –
potential rate of evaporation; ia - rate of evaporation; i – rate of water flow. Indices: g – guard cell;
s – subsidiary cell; e – epidermal cell; m – mesophyll cell; r – root system; c – cuticle; ae – apoplast
of epidermis; am – apoplast of mesophyll; ref – reference quantity of osmotic substance; light – light
level expressed as resulting quantity of osmotic substance.

by water-status changes. The results of McAdam and
Brodribb (2018) made it a first option for us to use the
mesophyll cells as the sensing cells.

2. Overview of the basic model
structure

The model structure used in the simulations is shown
in Figure 1. The different modules (implemented in
Matlab) are described in detail in Appendix A.

2.1. Modules Guard cells, Subsidiary cells,
Epidermal cells and Mesophyll cells

The generic implementation of these modules is shown
in Figure 5. The hydraulic and osmotic cell dynamics
is modelled as a feedback system with the time con-
stant R*C, where R (Rg, Rs, Re, Rm) is the water
flow resistance of the cell wall (in this paper we de-
fine cell wall as including the cell membranes) and C
(Cg, Cs, Ce, Cm) is the water capacity of the cells.
A non-linear relationship is implemented between cell
volume and cell turgor (non-linear C) for the guard-
and subsidiary cells (see Figure 11). For these cells the
osmotic pressure is calculated from the osmotic con-
tent and the cell volume, and the osmotic input is the
amount of osmotic substance (OSMrefg, OSMrefs) en-

tering or leaving the cells. Only a simpler model was
needed for the epidermal and mesophyll cells, using lin-
ear C and osmotic pressure (OSMrefe) as input. The
water potentials (WP) outside the cells provide the in-
put signals from the hydro-passive feedback. The water
potential input to the guard cells can be either WPs or
WPae. Only results from the first case is presented in
this paper. Outputs from the cell modules are turgor
pressure (TP) and rate of water flow (i). The rate of
water flow was possible to limit whereby, for example,
aquaporin effects can be incorporated into the model
Cui et al. (2021); Ding et al. (2024). The mesophyll
cells are used as turgor (TPm) sensing cells to adapt to
the findings by McAdam and Brodribb (2018). Accord-
ing to results by Nieves-Cordones et al. (2022), water
stress will give increased K+ level throughout the epi-
dermis. To include this effect, the epidermal cells are
also arranged to react on TPm via the osmotic con-
trol module. It is assumed that the epidermal cells can
cause mechanical pressure TPe on the subsidiary cells
and thus influence the stomatal opening.

2.2. Module Osmotic Control

This module makes hydro-active feedback possible by
connecting the turgor (TP) of the sensing cells to os-
motic generation in the guard-, subsidiary- and epider-
mal cells. The implementation of the module is shown
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in Figure 6. The hydro-active feedback processes in-
clude the generation of hormones in mesophyll cells as
response to reduction of turgor (TPm), the propagation
of the hormones to the actuating cells and the receiving
and acting on the osmotic content (OSM) of the actu-
ating cells. To make simulations of different cases eas-
ier, the hydro-active processes have all been gathered
in one module instead of being distributed between
different cell types. The output signals OSMrefg and
OSMrefs correspond to quantities of osmotically active
substance generated in the guard- and subsidiary cells
(K+ ions pumped in or out through the cell walls). The
output signal OSMrefe changes the osmotic pressure of
the epidermal cells independent of cell volume. The
Osmotic Control Module also includes a model of ion
flow between the subsidiary- and guard cells, assum-
ing that the subsidiary cells are the K+ ion storage for
the guard cells Raschke and Fellows (1971); Franks and
Farquhar (2007). Moreover, an osmotic input OSMlight

is used to include the light response of the cells. The
turgor pressure was selected as the signal between the
sensing cells and the Osmotic Control Module since the
turgor is the source of strain sensing processes in the
cell membranes and the endoplasmic reticulum (Han et
al. 2020). The hydro-active feedback links include time
constants, delays, one non-linearity and gain parame-
ters. The osmotic control module involves 4 hydro-
active negative feedback links. These feedback links
result in 4 negative feedback loops for the whole sys-
tem. Together with the hydro-passive loops, a system
of 1 positive and 5 negative interlinked feedback loops
is obtained. Systems with such interlinked feedback
loops have also been studied in other biological systems
Smolen et al. (2001); Cinquin and Demongeot (2002);
Tsai et al. (2008).

2.3. Module Stomatal Mechanics

This module relates the stomatal pore opening to the
turgor pressures of the guard- and subsidiary cells. The
stomatal mechanics models used in the simulations are
described in detail in connection to Figures 8 - 10. The
inputs to this module are the turgor pressures TPg and
TPs and optionally TPe via TPs. The stomatal pore
opening is calculated as pore area (micron2, Durney
et al. (2023) for oat) or as pore width (micron, Franks
and Farquhar (2007) for wheat). The stomatal con-
ductance (gs) is calculated from the stomatal opening
values by the multiplication of an opening to conduc-
tance constant Koc. in the simulations Koc=0.1 for oat
and 1 for wheat. However, using stomata pore opening
area as output also from the wheat model, assuming a
constant stomata pore length of 10 micron, wheat will
also have Koc=0.1.

2.4. Evaporation Module

The evaporation module includes the conductance of
the cuticle (gc), a boundary layer parameter (h) and
the potential rate of evaporation (ip). The leaf con-
ductance (gl) is obtained as (gc + gs), where gs is the
stomatal conductance. The module (see Figure 7A)
is implemented according to the evaporation model of
Cowan (1972).

2.5. Water Flow Module

The water flow module (implementation shown in Fig-
ure 7B is based on the resistor network in “Plant Water
Relations” in Figure 3 of Cowan (1972). It includes
the resistances to water flow through the root sys-
tem and the leaf and calculates the water potentials in
the apoplasts of the mesophyll (WPam) and epidermis
(WPae). To calculate WPam and WPae, the waterflow
currents ia, im, ie, is and ig are used (is and ig con-
nections not shown in Figure 1. The water flow model
also includes the water potential of the root medium
(WPr).

It should be mentioned that variables and parame-
ters are scaled according to Cowan (1972) to represent
averages per unit area of a leaf. For example, cell water
flow speed of 10−4 mm/s in the model corresponds to
the water flow speed 10−3 mm3/s if the leaf area is 10
mm2.

3. Changing Water potential of
root medium

To test the model on critical dynamic cases, we have
simulated experiments on lowering the water poten-
tial (WPr in Figure 1) of the medium surrounding the
roots of an oscillating oat plant, Brog̊ardh et al. (1974).
The experiments resulted in lowered rate of transpira-
tion and in one case (Figure 1C in their publication)
in damping of the oscillations (when lowering the root
water potential to -3.2 bar). The oscillations stopped
when the root water potential was reduced to -5 bar.

To test our model approach, we simulated these ex-
periments by using the model structure in Figure 1
with the modules described in Appendix A. At first
the oat stomatal mechanics model according to Fig-
ure 9 was implemented and then the wheat stomatal
mechanics according to Figure 10B. The hydro-passive
feedback parameters were based on the parameters
used by Cowan (1972) and the hydro-active parame-
ters (in Figure 6) were tuned to obtain oscillations.
All parameters used in the simulations are listed in
Appendix B.
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Figure 2: Simulation results for stomatal oscillations using the oat stomatal mechanics according to Figure 9.
Solid lines represent leaf conductance gl (mm/s) and broken lines osmotic pressure of guard cells
(multiplied by 0.25 to use the same y-axis scale, 0.25·OPg bar). The dotted lines in the left figures
represent the water potential of root medium (with reversed sign, -WPr bar). The left figures show
how the variables change with time and the right figures with respect to the turgor pressures of the
guard cells (TPg) and the subsidiary cells (TPs). The dotted lines in the right figures are obtained
at constant TPs-values and the difference in TPs between 2 dotted lines is 1 bar (see Figures 8 - 9).
The propagation directions of the trajectories are indicated by arrows. The inserted Figure C3 is taken
from experimental recordings.

3.1. Hydro-active feedback with oat
stomatal mechanics

To replicate the experiments of Figure 1C in Brog̊ardh
et al. (1974), simulations were made in three cases. In
the first case hydro-active feedback was made only to
the guard cells (2A1 and 2A2-figures), in the second
case only to the subsidiary cells (2B1 and 2B2-figures)
and in the third case both to the guard- and subsidiary
cells (2C1 and 2C2-figures). All default parameter val-
ues as well as simulation specific parameter values can
be found in Appendix B. At the start of the simula-
tions (time 0), the filling of the cells with osmotic active
substance (OSMtp0g, OSMtp0s and OSMtp0e, Figure 6)
starts to obtain correct turgor pressure in darkness at
WP=0 (TP0g=9 bar, TP0s=9 bar). The application
of OSMtp0 results in transients I and II. At t1 light is
applied (the output of SF in Figure 6 is set to 1) and
oscillations (IV) are achieved. At t2 the root water po-
tential (WPr, Figure 7B) is lowered from 0 to -3.2 bar

as in the experiments.

In Figure 2A1 the leaf conductance gl increases to a
constant high level after the reduction of WPr at t2,
but in 2B1 and 2C1 gl is reduced and damped oscilla-
tions are achieved as in the experiments (inserted Fig-
ure 2C3, which is a copy of Figure 1C in Brog̊ardh et al.
(1974). The result in Figure 2A1 is thus not correct
in relation to the experimental results. Moreover, it
seems to be a bad strategy for the plant to increase the
leaf water conductance at water stress. What should
also be observed is the oscillation amplitude of the os-
motic pressure (OPg) of the guard cells (broken line,
0.25·OPg). In relation to the oscillation amplitude of
leaf conductance (gl, solid line), the OPg-ocillations
are larger in Figure 2A1 than in 2C1, which is larger
than in 2B1. Wang et al. (2001) showed that the K+

concentration in guard cells of Glycyrrhiza plants did
not oscillate during stomatal oscillations. If these re-
sults can be transferred to oat stomata, it will further
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reduce the likelihood for oscillations with hydro-active
feedback only to the guard cells according to Figure
2A1.

Now, comparing Figure 2A2 with 2B2 and 2C2, it
is evident that the oscillations (IV) and the WPr-
response (V) take place at much lower turgor pressures
(TPg, TPs) in Figure 2A2 than in 2B2 and 2C2. The
results in Figure 2A2 after lowering WPr should be a
bad strategy with low turgor pressure levels (approach-
ing plasmolysis) of the guard- and subsidiary cells. Fur-
thermore, comparing Figure 2B2 with 2C2, it could be
argued that the higher level of especially TPg but also
TPs in Figure 2B2 at water stress could be a disadvan-
tage. What happens is that the turgor pressure TPs of
the subsidiary cells must be high enough to reduce the
stomatal opening when the turgor pressure TPg of the
guard cells is high because of the light level (OSMlight,
see Figure 6). The added hydro-active feedback to the
guard cells will reduce TPg and consequently the level
of TPs needed to close the stomata will also be reduced.

Summing up, it seems evident from the simulation
results with the stomatal mechanics model for oat
plants, based on Durney et al. (2023), that hydro-active
feedback to the subsidiary cells is needed and it is
not possible to reproduce the experiments with hydro-
active feedback to only the guard cells. However, even
if the former experimental results cannot verify it, the
simulations show that a combination of hydro-active
feedback to both the subsidiary- and guard cells seems
to be the most efficient and probable arrangement for
stomatal control.

It should be mentioned that it is not possible to ob-
tain oscillations in the simulations using only hydro-
passive feedback. This is because the influence of TPs

on stomatal opening is too high in relation to TPg when
using the stomatal mechanics model of oat (and also
wheat). To reduce the influence of TPs, the value of
OSMtp0s (see Figure 6) can be increased. When this is
made, such that TP0s is increased from 9 bar to 15 bar,
oscillations can occur. The response to lowered WPr is,
however, then the same as the response at hydro-active
feedback to only the guard cells and cannot explain the
experimental results.

3.2. Hydro-active feedback with wheat
stomatal mechanics

Figure 3 shows results of simulations made with the
wheat stomatal mechanics model, Franks and Farquhar
(2007) according to Figure 10B. As in Figure 2, Fig-
ure 3A is obtained with hydro-active feedback only to
the guard cells, Figure 3B only to the subsidiary cells
and Figure 3C both to the guard-and subsidiary cells.
At the start of the simulations (time 0), the cells are

filled with osmotic active substances (OSMtp0 applied,
see Figure 6), which results in transients I and II. At t1
light is applied and oscillations (IV) are obtained. At
t2 the root water potential (WPr) is lowered from 0 to -
3.2 bar and as can be seen, the level of leaf conductance
gl is reduced in all cases. To differentiate between the
cases, WPr is further reduced from -3.2 to -5 bar (at
time t3). The level of gl is then further reduced in Fig-
ures 3B1 and 3C1 but increased in 3A1. Therefore, it
seems that the response in 3A1 after t3 (when WPr is
further reduced) is not correct. Increasing water stress
should close the stomata further. Unfortunately, this
cannot be proved by the experimental recordings in
Figure 1D in Brog̊ardh et al. (1974), where the levels
of transpiration rates after lowered root water poten-
tial could not be compared between Figures 1C for -3.2
bar and 1D for -5 bar.

As in Figure 2, the oscillation amplitude of the os-
motic pressure (OPg) of the guard cells (broken line,
0.25·OPg) in relation to the oscillation amplitude of
leaf conductance (gl, solid line) is larger in 3A1 than
in 3C1, which in turn is larger than in 3B1. As for the
simulations of the oat model in Figure 2, this makes
it difficult to explain the results of Wang et al. (2001)
with only feedback to the guard cells according to Fig-
ure 3A1.

Comparing Figure 3A2 with 3B2 and 3C2, it is ev-
ident that the oscillations (IV) and the response (V,
VI) to lowered root water potential (WPr) take place
at lower turgor pressures (TPg and especially TPs) in
3A2 than in 3B2 and 3C2. As in the oat-case, it seems
to be a bad strategy with only hydro-active feedback
to the guard cells resulting in very low turgor TPs of
the subsidiary cells at water stress. Looking at the re-
sults in Figure 3B2, it is evident that the trajectories
IV, V, VI reach even higher values of the turgor of
the guard cells TPg than in the oat case (Figure 2B2).
This depends mainly on the higher light level used in
the simulations of Figure 3 than in Figure 2.

Summing up, it seems evident also from the simu-
lation results with the stomatal mechanics model for
wheat, based on Franks and Farquhar (2007), that
hydro-active feedback to the subsidiary cells is neces-
sary. To avoid too high turgor TPg of the guard cells,
it is also advantageous for wheat plants to use a com-
bination of hydro-active feedback to both the guard-
and subsidiary cells as in Figure 3C.

With respect to hydro-passive oscillations (obtained
with higher value of TPtp0s), the response to lowered
WPr was found to be the same for wheat as for oat.
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Figure 3: Simulation results for stomatal oscillations using the wheat stomatal mechanics according to Fig-
ure 10B. Solid lines leaf conductance gl (mm/s), broken lines osmotic pressure of guard cells plotted
as 0.25·OPg (bar), dotted lines in left figures water potential of root medium with reversed sign, -WPr

(bar). The left figures show how the variables change with time and the right figures with respect to
the turgor pressures of the guard cells (TPg) and the subsidiary cells (TPs, dotted lines). The dotted
lines are obtained at constant TPs-values and the difference in TPs between 2 dotted lines is 1 bar.
The propagation directions of the trajectories are indicated by arrows.

4. Changing Potential Rate of
Evaporation ip

Another critical test, using experimental results in lit-
erature, is about the stomatal response to increasing
potential rate of evaporation ip, obtained by lowered air
humidity and/or increasing wind speed. Increased ip
should at first give a transient with increased stomatal
opening, named WWR, Wrong Way Response. Then
a reduction of the stomatal opening should take place
until it reaches a level, lower than the one before the
increase in ip (Figure 3 in Buckley (2019). Experimen-
tal results showing that the steady state stomatal pore
width is lower when ip is higher can also be found in
Figure 5 of Franks (2004) and in Figure 9 of Franks
and Farquhar (2007).
In Figure 4 the cells are at first (time 0) provided

with osmotic substance (OSMtp0) to obtain the turgor
levels (TP0) at darkness and WP=0. The responses
to these actions (I) end up with closed stomata (gl=gc,
Figure 7A), TP0g=9 bar in oat (Figure 4A2), TP0g=15

bar in wheat (Figure 4B2) and TP0s=9 bar in both
oat and wheat. At time t1 (Figures 4A1 and 4B1),
light is applied at potential rate of evaporation ip=0
mm/s. The response to light (II) ends up with a con-
stant level of leaf conductance gl (III). At time t2 the
potential rate of evaporation (ip) is increased and after
a transient (WWR IV), new levels of leaf conductance
(V, VI, VII) are obtained. Level V is reached when
using only hydro-active feedback to the guard cells,
VI only hydro-active feedback to the subsidiary cells
and VII with combination of hydro-active feedback to
both the guard-and subsidiary cells. When combined
(VII), the same hydro-active feedback gains (Kg, Ks)
are used as in the individual cases (V and VI). In both
the oat- and wheat cases, it is evident that the com-
bined hydro-active feedback (case VII) is most efficient
with respect to lowering the leaf conductance. More-
over, the combined feedback also results in the highest
TPs-level after increasing ip (case VII in Figures 4A2
and 4B2). Thus, the best strategy should be combined
hydro-active feedback.
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Figure 4: Simulation results of sudden increase of potential rate of evaporation ip with oat stomata (A) and with
wheat stomata (B). The leaf conductance gl (mm/s) is shown as a function of time in A1 and B1 and
as function of the turgor of guard- and subsidiary cells in A2 and B2. Dotted lines in A2 and B2 show
turgor of subsidiary cells (TPs).

Figure 4 also shows that there are damped oscilla-
tions in the responses to the increased potential rate
of evaporation ip in the combined case (VII). Lowering
ip further will start sustained oscillations. Oscillations
as response to increasing evaporation demand has also
been seen experimentally, see Figure 1 of Farquhar and
Cowan (1974).

5. Conclusions

The conclusions that can be drawn from the modelling
and simulations of critical tests in this paper:

- Based on references in literature, a model could be
built to verify published experimental results. In
the model, the mesophyll cells were used as tur-
gor pressure sensing cells, producing a hormone
(ABA?) signal as response to water stress. This
was modelled using a threshold turgor level, un-

der which the formation of the hormone takes
place, and a time constant for the hormone gen-
eration process. Time delays were then imple-
mented for the transport times of the hormone
together with time constants for the formation of
osmotic substance (K+ ions?) in the subsidiary-
and guard cells. Adopting this model interlinked
with a hydro-passive model based on a model of
Cowan (1972), it was possible to explain experi-
ments on stomatal oscillations when the water po-
tential of the root medium was lowered. It was
also possible to explain why the stomatal opening
is reduced when the potential rate of evaporation
is increased.

- The model simulations showed that when the con-
trol of oat- and wheat stomata consists of one pos-
itive and one negative hydro-passive feedback loop
and one or more interlinked hydro-active feedback
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loops, then one of the hydro-active feedback loops
must involve the subsidiary cells, otherwise it is
not possible to obtain the same results as in ex-
periments.

- The model simulations also showed that if only
hydro-active feedback is applied to the guard cells,
the turgor pressure of the subsidiary cells will be
very low at low water potential of the root system.
On the other hand, if only hydro-active feedback is
applied to the subsidiary cells, the turgor pressure
of the guard cells will be very high at high light
levels and at low water potential of the root sys-
tem. The simulations moreover showed that these
two problems can be solved by using hydro-active
feedback to both the guard-and subsidiary cells.

6. Future Work

Based on the models presented in this paper, further
model studies and simulations will be performed.

One possibility is to extend and adapt the model to
other existing, and new, experimental results. These
may include the influence on stomatal control of for ex-
ample light levels, blue/red light, CO2-levels, temper-
ature, leaf water flow resistance, chemical treatments
and genetic modifications.

Future work could also include studies of hydro-
passive and hydro-active couplings between different
segments of a leaf, coupled oscillators, forced oscilla-
tions, singularities and phase relations.

It would also be interesting to find out if the model
can be used to simulate oscillations in other than grass
plants. Then stomatal mechanics models, according to
for example Figure 6 in Franks and Farquhar (2007),
are needed for plants in which stomata can oscillate
without having subsidiary cells (as for example in cot-
ton).

To reduce the parameter sensitivity, the model may
need more non-linearities together with speed limiting
and damping components. This will target different
processes in the involved cell types, as for example the
aquaporin control and the processes involved in hydro-
active feedback.

Hopefully, accurate modelling of stomatal control
can be a tool to predict and optimize genetic engineer-
ing for improved water stress resilience in plants.

A. Description of the modules in
Figure 1

A.1. The cell module

The cell model calculates water flow speed i (mm/s)
through the cell wall, the cell volume changes dw (mm),
the complete cell volume W (W0 + dw mm, where W0

is the cell volume at TP=0 bar), the turgor pressure
TP (bar), the internal water potential WPint (bar) and
the osmotic pressure OP (bar). To make these calcula-
tions, the following inputs are used: the external water
potential WPext (bar), external pressure on the cell
wall TPext (bar) and the amount of osmotic substance
OSMref (scaled to result in bar·mm after multiplica-
tion with 5 · 105) passing the cell wall (including the
cell membrane). The internal water potential of the cell
WPint (bar) is used for feedback and is connected to
the input WPintin. The cell volume outputs dw and
W are used for tuning purposes. Model parameters
are the cell wall resistance to water flow R (bar · s/m),
the water capacity of the cell C (m/bar), the cell vol-
ume W0 (mm) at turgor pressure TP=0 bar and the
ratio Kxy of TPext performing back pressure on the
cell (only Kes has been studied). Parameters in trian-
gles are scaling factors to adapt to the scaling used in
the paper of Cowan (1972). When switch S is in posi-
tion s1, the OSMref-values (bar·mm·5·105) are used as
scaled osmotic content passing the cell wall. The scal-
ing corresponds to a value of n*R*T, where n is the
number of moles, R the ideal gas constant and T the
temperature in Kelvin. It is assumed that experiments
were done at constant temperature. In position s2 the
OSMref input (bar) is directly used as the osmotic pres-
sure of the cell. Position 2 was used for epidermal- and
mesophyll cells. Tests were made in position 1 also
for these cells. The same results were possible to ob-
tain but the solver had sometimes problems with this
configuration. The module 1/X inverts the input sig-
nal and 1/s accomplishes integration, where s is the
Laplace variable. NLdw is introduced to obtain non-
linear relationship between the turgor pressure of the
cells (TP) and the volume changes (dw) as reported by
Franks et al. (2001), see Figure A7. The module NLi is
used to limit the water flow through the cell walls. This
simulates possible aquaporin effects. At present only
fixed limits are used, but simulations could be made
with NLi-limits dependent on the turgor pressure of
the cells Cui et al. (2021); Ding et al. (2024).

A.2. The osmotic control module

The osmotic inputs to the osmotic control module are
the turgor pressure of the mesophyll cells TPm (bar)
and the light level OSMlight (scaled as bar·mm·5·105).
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Figure 5: The generic module for cells describes the dynamical properties of the cells with respect to its content
of water and osmotic substances.

Output signals are the amount of osmotic substance
OSMrefg, OSMrefs (bar·mm·5·105). To facilitate the
simulations, OSMrefe is instead defined as osmotic cell
pressure (bar). Several design parameters are included.
TP0m (bar) is the turgor of the mesophyll cells at
WPintm=0 bar (see Figure 5). OSMtp0g and OSMtp0s

(bar·mm·5·105) are the amounts of osmotic substance
applied to the guard- and subsidiary cells at the start
of the simulations to obtain full cell turgor levels (TP0g

9 bar for oat and 15 bar for wheat and of TP0s 9 bar for
both oat and wheat). OSMtp0e (here defined in bar)
is the osmotic pressure (resulting in TPtp0e = 9 bar)
for the epidermal cells to obtain full turgor. The turgor
pressures TP0 for the cells are built up before OSMlight

is applied. TP0 is defined for full turgor according
to Figure 4 of Franks et al. (1998). The nonlinearity
NL with the input (TPm-TP0m) determines that only
values of TPm-TP0m below TPthr (bar) will result in
hydro-active feedback. The hydro-active feedback loop
from the mesophyll cells contains time constant Tsensm

for the sensing process in the mesophyll cells. An added

lower limit could also be used to limit the ABA syn-
thesis. A delay time dttranspe is defined for hormone
(ABA) transport from the mesophyll cells to the epi-
dermal cells and a corresponding delay time dttransps is
defined for hormone transport to the subsidiary cells.
It is assumed that the hormone transport to the guard
cells passes via the subsidiary cells and the delay time
from the subsidiary cells to the guard cells is defined
as dttranspg. In each type of actuating cells there is
a time constant (Tactg, Tacts, Tacte) for the actuation
processes. Each hydro-active loop has a gain (Ke, Ks,
Kg). The gain Kgs is used to calculate the influence of
OSMrefg (OSMtp0g excluded) on OSMrefs using the ap-
proach that the subsidiary cells are the K+ ion pool for
the guard cells Raschke and Fellows (1971); Franks and
Farquhar (2007). Nonlinear relationships between tur-
gor pressures and cell volumes for the guard-and sub-
sidiary cells were designed (parameters NLg, Cg, W0g,
NLs, Cs and W0s, see Figure 11 to obtain expected re-
sponse to OSMlight at Kgs = -1, meaning that all ions
added to the guard cells originate from the subsidiary
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Figure 6: The osmotic control module gathers processes for turgor pressure sensing in mesophyll cells, hormone
transmissions in the leaf and osmotic action in the guard, subsidiary and epidermal cells. Moreover, it
also contains the osmotic light response in the guard cells and the osmotic substance transport between
the guard-and subsidiary cells.

cells. A light step is obtained from the step function
SF (step from the value 0 to 1) via a time constant
(Tlightpr) for the light induced processes and a multi-
plication with the selected light level OSMlight, which
is scaled as bar·mm·5·105. All time constants scaled
according to Cowan (1972), resulting in time constant
values in minutes after multiplying with scaling factor
6.67. In the presented simulations the mesophyll cells
were used as sensing cells based on McAdam and Bro-
dribb (2018). It should be mentioned that the reason
for using TPm -TP0m as input and not the water poten-
tial (WPm) is that changes in WPm will not correspond
to changes of TPm-TP0m when water capacities of the
cells are non-linear and/or when the osmotic pressure
changes during the simulations. The modelled hydro-
active feedback links will add 4 negative feedback loops
with gains Kg, Kgs, Ks and Ke to the hydro-passive
feedback loops (one positive and one negative). These
6 loops are interlinked Cinquin and Demongeot (2002);
Tsai et al. (2008) and the control properties of the sys-
tem are of importance. A preliminary study shows that
using only the hydro-passive feedback loops (at lower
influence on the stomata opening from the guard cells
than from the subsidiary cells), the system will be un-
stable without oscillations at increased common loop
gain. This depends on a phase shift for the open system
of 180 degrees at low frequencies. When increasing the
common feedback gain to get zero amplitude margin,
the system states will immediately obtain large values,

and no oscillations can be obtained. Introducing the
hydro-active feedback links with the gains Ks and Kg,
stable oscillations with a specific frequency will instead
appear. The feedback link to the subsidiary cells with
gain Ks works as an efficient phase compensating fil-
ter advancing the phase of the hydro-passive system at
low frequencies from 180 degrees to zero degrees. In
this way, the only frequency, for which the system can
be unstable, is the oscillation frequency. The feedback
link to the guard cells with gain Kg acts as an added
low pass filter and will not change the phase of 180
degrees at lower frequencies. However, it will reduce
the gain at lower frequencies in relation to the gain at
an oscillation frequency (also with 180 degrees phase
shift). In this way the amplitude margin will be higher
at low frequencies than at the oscillation frequency and
the feedback to the guard cells can perform oscillations
before it gets unstable at low frequencies.

A.3. The evaporation and water flow
modules

The input signal to the evaporation module, Figure 7A,
is the stomatal conductance gg (mm/s) and the output
signal is the rate of evaporation ia (mm/s). Parameters
used to modify the evaporation demand are the con-
ductance of the cuticle gc (mm/s), the potential rate
of evaporation ip (mm/s) and the heat/vapor conduc-
tance of the leaf boundary layer h (mm/s).

61



Modeling, Identification and Control

Figure 7: A: The evaporation module, which is the same as used by Cowan (1972). B: The water flow module
based on Cowan (1972).

Input signals to the water flow module, Figure 7B,
are the rate of evaporation ia, the rates of waterflow i
(mm/s) through the cell walls of the different cell types
(im for mesophyll cells, ie for epidermal cells, is for sub-
sidiary cells and ig for guard cells) and WPr (bar), the
water potential of the root medium. Output signals are
the water potentials (bar) of the apoplast of the meso-
phyll WPam and of the apoplast of the epidermis WPae.
Resistance components R for waterflow (bar·s/m) are
arranged according to Cowan (1972) with Rr as the
root resistance, Rl/2 as half of the leaf resistance and
Re as the resistance in the epidermis. It is assumed that
im will contribute to the water flow through Rr+Rl/2.
More studies are needed to understand how flows of
water in and out of different cell types influence the
water potential in different parts of the leaf. However,
this was not found critical for the results of this paper.

A.4. The stomatal mechanics module for
oat plants

The stomatal mechanics model describes how the stom-
atal pore opening (in micron or micron2) depends on
the turgor of the guard- and subsidiary cells. This is a
non-linear model of great importance for the control of
stomatal opening. The models used in this paper origi-
nate from two publications Durney et al. (2023) for oat

and Franks and Farquhar (2007) for wheat) and were
implemented as piecewise linear functions.

Figure 8A shows a reconstructed version of the oat
model in Figure 2A of Durney et al. (2023). The tur-
gor pressure TPs of the subsidiary cells is constant for
curves I and II and for the interpolated curves in be-
tween (as curve III). Therefore, we will further on name
these curves TPs-curves. For the upper TPs-curve I,
TPs= 2 bar and for II, TPs= 7 bar. The dotted TPs-
curves (III) are obtained with equidistant (1 bar) con-
stant values of TPs between 2 and 7 bar.

Curve IV shows how TPg may influence TPs when
the guard- and subsidiary cells are osmotically con-
nected. As can be seen, curve IV does not follow the
TPs-curve II for TPs=7 bar. This is because OSMrefs

decreases when OSMrefg increases (parameter Kgs in
Figure 6). In Figure 8B the ranges of TPs and TPg

were extended to the ranges that Franks and Farquhar
(2007) used in their measurements of stomatal mechan-
ics for wheat. Thus, the lowest value of TPg is now 0
bar and full subsidiary cells turgor TP0s is set to 9 bar,
Figure 4 of Franks et al. (1998). TP0s is obtained when
WPints=0 bar, Figure 5, in darkness.

TPs-curve parts I and II (solid lines) in Figure 8B
are the same as in Figure 8A with TPs = 2 and 7 bar.
TPs-curve III is for 5 bar, V with TPs = TP0s = 9
bar and VI with TPs=0 bar. TP0g (9 bar) is obtained
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Figure 8: The Stomatal pore area as function of the turgor pressure (TPg) of the guard cells at different values
of the turgor pressure TPs of the subsidiary cells (shown by broken and full drawn curves; I – IV). A:
Model for oat, based on Figure 2A in Durney et al. (2023). B: An extension according to Franks and
Farquhar (2007) of the model in figure A.

when stomatal pore opening is zero at full subsidiary
cells turgor TP0s.

Looking at figures 1, 4 and 5 of the work of Franks
et al. (1998), it is obvious that the derivative of TPs-
curves is reduced when the stomatal opening width
approaches zero. This effect can also be discerned at
TPs=7 bar in Figure 2A of Durney et al. (2023). To in-
troduce this effect in the stomatal mechanics model of
Figure 8B, an additional nonlinearity was introduced.
Figure 9 shows the model when this was made, re-
ducing the slopes at smaller stomatal openings of the
TPs-curves. TPs-curves (broken lines) for TPs-values
higher than TP0s (9 bar) have also been introduced
in Figure 9 (for example VII for 10 bar). The reason
for this is that hydro-active feedback to the subsidiary
cells may give higher TPs-values than full cell turgor
TP0s.

A.5. The stomatal mechanics module for
wheat plants

To achieve an experimentally verified stomatal me-
chanics model for wheat, Figure 6D in Franks and Far-
quhar (2007) was used as a starting point. This figure
shows experimental data for stomatal opening vs guard
cells turgor in the cases of zero epidermal turgor and
full epidermal turgor. In this paper we assume that the
subsidiary cells turgor equals the measured epidermal
turgor. The value of full turgor TP0s of the epidermis
was reported to be 9.2 bar, Franks et al. (1998). To
have numerically simpler equidistant TPs-curves (from
0 bar), TP0s is set to 9 bar. This wheat model has
earlier been used in stomatal simulations, Cong et al.
(2022).

Figure 9: An additional nonlinearity was introduced
into the model of Figure 8B to reduce the
derivative of the TPs-curves at lower values
of the stomatal opening.

Looking at Figure 10A, TPs = 0 bar for TPs-curve I
and TPs= TP0s = 9 bar for TPs-curve II. Comparing
the wheat model in Figure 10A with the oat model in
Figure 8B, it is evident that TP0g (the value of TPg

in darkness when WPintg=0) is higher (15 instead of
9 bar), that the slopes of the TPs-curves are higher at
lower TPg-values and that it is possible to close stom-
ata for all values of TPs. In the extrapolated oat model
of Figure 8B, it is not possible to close stomata for TPs-
values between 0 and 6 bar.
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Figure 10: TPs-curves showing stomatal pore opening width for wheat as function of guard cells turgor TPg.
A: The TPs-curves I and II are according to Franks and Farquhar (2007) and intermediate TPs-
curves (III) are interpolated TPs-curves, separated by 1 bar. B: The TP-curves in Figure A after
introduction of the same additional non-linearity as used for the oat model in Figure 9.

Figure 10B shows the stomatal mechanics model in
Figure 10A after adding the same non-linearity as in
Figure 9. TPs-curves (IV) for TPs-values higher than
TP0s (9 bar) are inserted to show TPs-values that can
be obtained when hydro-active feedback to the sub-
sidiary cells is used.
To obtain stomatal conductance in mm/s as out-

put from the stomatal mechanics models, a parame-
ter Koc is used. In the case of oat, Koc was chosen
to 0.1 mm/s,micron2. In the case of wheat, Koc was
selected to be 1 mm/s, micron. The values of Koc

were selected to obtain stomatal conductance values in
the same range as in the simulations made by Cowan
(1972).

A.6. Modelling of osmotic connection
between guard- and subsidiary cells

To implement the influence of OSMrefg on OSMrefs,
curve IV in Figure 8A, as proposed by Franks and Far-
quhar (2007) and by Durney et al. (2023), the rela-
tionship between cell volume of the guard cells (W0g

+ dwg, see Figure 5) and cell volume of the subsidiary
cells (W0s + dws) must be determined. If all the K+

ions pumped into the guard cells originate from the
subsidiary cells, the osmotic content increase (OSMrefg,
see Figure 6) in the guard cells must be the same as
the osmotic content reduction (OSMrefs) in the sub-
sidiary cells and vice versa, which means that Kgs=-1
in Figure 6. To obtain the same light response as curve
IV of Figure 8A, it is thus necessary to tune the rela-
tionship between the volumes W0g and W0s together
with the relationship between dwg and dws. Now, this

Figure 11: Non-linearities used between turgor pressure
TP and cell volume dw. I: Subsidiary cells,
II: Guard cells. Observe that the cell vol-
umes W0g and W0s at TP=0 bar are added
in the cell models.

task is quite difficult since dw is a nonlinear function of
the turgor pressure and thus of the osmotic pressure.
Figure 4 of Franks et al. (2001) shows results of mea-
surements of the cell volume as function of the turgor
pressure of the guard cells for Vicia faba. These re-
sults were used to design the non-linear relationships
between TP and dw (defining NLdw in Figure 5) for
the guard- and subsidiary cells. Figure 11 shows the
non-linearities used. With dw at 50 bar equal to W0
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Figure 12: Response to light with the subsidiary cells
as osmotic provider for the guard cells (III)
and without this concept (II). At the begin-
ning of the simulations the cells are filled
with osmotic substances, resulting in trajec-
tory IV until TPg=TPs=9 bar at V. TPs-
curve I for TPs=0 bar and II for 9 bar.

(approximative from the results of Franks et al. (2001),
different relations between W0s and W0g were tested.
The larger W0s is in relation to W0g, the lower the
derivative of curve IV in Figure 8A will be. In the pre-
sented simulations, both for oat and wheat, W0s was
set to be 5 times larger than W0g.

Figure 12 shows simulation results using the oat
stomatal mechanics model from Figure 9. In these sim-
ulations ip=0 mm/s and therefore no feedback system
is active. At trajectory point V a light ramp is ap-
plied, giving a continuously increasing osmotic pressure
in the guard cells, generating an increase of TPg from
9 to 40 bar. Curve III is then obtained with Kgs=-
1 while curve II is obtained without osmotic connec-
tion (Kgs=0). In both cases W0s = 5·W0g and the
non-linearities of Figure 11 were used. Because of non-
linear effects, curve III will bend upwards at higher
values of TPg and will therefore deviate from curve IV
in Figure 8A. To reduce the derivative of curve III, W0s

must be even larger in relation to W0g or Kgs must be
increased in the interval [-1, 0]. Increasing Kgs means
that some of the osmotic substance entering the guard
cells must originate from other sources than the sub-
sidiary cells.
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B. Model parameters

1 Rg = 1.0*10^10 bar*s/m;

2 Rs = 2.5*10^9 bar*s/m

3 Re = 1.2*10^9 bar*s/m;

4 Rm = 5*10^7 bar*s/m

5 Cg and Cs nonlinear , see Figure 11

6 Ce = 1.0*10^( -7) m/bar;

7 Cm = 1.5*10^( -6) m/bar

8 W0g = 2.44*10^( -6) mm;

9 W0s = 12.2*10^( -6) mm

10 Sg = s1;

11 Ss = s1;

12 Se = s2;

13 Sm = s2;

14 Kes = 0;

15 NLis: Limits of Is =+/ -0.6*10^( -6) mm/s

16 NLig: No limits

Listing 1: Cell Module Parameters

1 Tlightpr = 13 min;

2 Tactg = 2.7 min;

3 Tacts = 2.7 min;

4 dttranspg = 1.3 min;

5 dttransps = 1.3 min;

6 dttranspe = 1.3 min;

7 Kgs = -1

8 Ke = -0.9

9 OSMtp0s ·2 · 10−6 = 1.68*10^( -4) bar*mm

10 OSMtp0e = 9 bar

11 OSMtp0m = 9 bar

12 Oat:

13 OSMtp0g ·2 · 10−6 = 3.52*10^( -5) bar*mm

14 Koc = 0.1 mm/s, micron ^2

15 Wheat:

16 OSMtp0g ·2 · 10−6 = 6.28*10^( -5) bar*mm

17 Koc = 1 mm/s, micron

Listing 2: Osmotic control module parameters

1 gc = 0.2 mm/s;

2 h = 10 mm/;

Listing 3: Evaporation module parameters

1 Rl = 1.0*e8 bar*s/m;

2 Rr = 1.5*e8 bar*s/m;

3 Re = 0.5*e8 bar*s/m;

Listing 4: Water flow module parameters

1 Figure 2:

2 OSMlight ·2 · 10−6 = 6.48*10^( -5) bar*mm

3 Figure 2A:

4 Kg = 6.97;

5 ip = 0.78*10^( -4) mm/s;

6 Figure 2B:

7 Ks = -20.8;

8 ip = 0.73*10^( -4) mm/s;;

9 Figure 2C:

10 Kg = 3.56;

11 Ks = -11.7;

12 ip = 0.8*10^( -4) mm/s;

13 Figure 3:

14 OSMlight ·2 · 10−6 = 1.35*10 -4 bar*mm;

15 Figure 3A:

16 Kg = 11.48;

17 ip = 1.2*10^( -4) mm/s;

18 Figure 3B:

19 Ks = -25.4;

20 ip = 1.25*10^( -4) mm/s;

21 Figure 3C:

22 Kg = 8.1;

23 Ks = -14.3;

24 ip = 1.1*10^( -4) mm/s;

25 Figure 4A:

26 OSMlight ·2 · 10−6 = 6.48*10^( -5) bar*mm;

27 Kg = 3.56;

28 Ks = -11.7;

29 Ip = from 0 to 0.55 *10^( -4) mm/s;

30 Figure 4B:

31 OSMlight ·2 · 10−6 = 1.35*10 -4 bar*mm

32 Kg = 8.1;

33 Ks = -14.3;

34 Ip = from 0 to 0.7 *10^( -4) mm/s;

35 Scaling of Kg and Ks:

36 K ·2 · 10−6: will be in mm

Listing 5: Simulation specific parameters
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