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� Background and Aims The paper by Monsi and Saeki in 1953 (Japanese Journal of Botany 14: 22–52) was
pioneering not only in mathematical modelling of canopy photosynthesis but also in eco-developmental studies of
seasonal changes in leaf canopies.
� Scope Construction and maintenance mechanisms of efficient photosynthetic systems at three different scaling
levels—single leaves, herbaceous plants and trees—are reviewed mainly based on the nitrogen optimization theory.
First, the nitrogen optimization theory with respect to the canopy and the single leaf is briefly introduced. Secondly,
significance of leaf thickness in CO2 diffusion in the leaf and in leaf photosynthesis is discussed. Thirdly, mechan-
isms of adjustment of photosynthetic properties of the leaf within the herbaceous plant individual throughout its life
are discussed. In particular, roles of sugar sensing, redox control and of cytokinin are highlighted. Finally,
the development of a tree is considered.
� Conclusions Various mechanisms contribute to construction and maintenance of efficient photosynthetic systems.
Molecular backgrounds of these ecologically important mechanisms should be clarified. The construction mechan-
isms of the tree cannot be explained solely by the nitrogen optimization theory. It is proposed that the pipe model
theory in its differential form could be a potential tool in future studies in this research area.

ª 2004 Annals of Botany Company

Key words: Monsi–Saeki theory, nitrogen optimization theory, pipe model theory, sugar-sensing, excitation pressure,
cytokinin.

INTRODUCTION

The paper by Monsi and Saeki (1953) provided plant eco-
logists with several key problems. Since the publication of
this paper, optimization of the photosynthetic production
system has been a major subject. For example, the leaf
area index (LAI) that gives the maximum photosynthetic
production (the optimum LAI) has been studied intensively.
In strong light, the photosynthetic production per unit
ground area increases with LAI (Hikosaka, 2005; Hirose,
2005). With the increase in LAI, leaves become more
upright. Kuroiwa (1971) theoretically proposed a mode
of change in leaf inclination from upright to horizontal
with depth of the leaf canopy that homogenizes light absorp-
tion by the leaves. The predicted effects of leaf inclination
were shown in an experiment using rice varieties differing
in leaf angle (Tanaka et al., 1969). After Field (1983), Hirose
and Werger (1987) pointed out the importance of nitrogen
distribution within the leaf canopy, and nitrogen distribution
has been analysed in many plants including trees based upon
the nitrogen optimization theory.

The Monsi and Saeki method was originally developed
to analyse herbaceous plant canopies. However, their

approach has been used at other levels. For example, the
method was applied to estimate primary production of
forests (Monsi et al., 1973). It was also applied to the
analysis of the photosynthetic system of a single leaf
(Terashima, 1989; Terashima and Hikosaka, 1995).

Another important point of this seminal paper (Monsi and
Saeki, 1953) is that it included analysis of seasonal changes
in the productive structure of herbaceous plant commu-
nities. The importance of eco-developmental aspects had
been recognized as long ago as 50 years.

The purpose of this review is to deal with ‘eco-
developmental’ studies with respect to construction and
maintenance of photosynthetic systems. In the first section,
the optimum photosynthetic system is briefly described with
respect to the optimization theory for nitrogen and light use.
In the second section, the meaning of leaf thickness is
discussed. In the Monsi and Saeki model, the leaf canopy
is described by a few parameters, including those for leaf
photosynthetic properties, and thereby the canopy size
per se is not expressed in the model. In the actual leaf
canopy, however, diffusion of the photosynthetic substrate,
CO2, is affected by canopy size and CO2 diffusion often
limit photosynthetic production (Monsi et al., 1973; Jones,
1992). Similarly, the thickness of the leaf is a very important
determinant of the rate of leaf photosynthesis. Because there
are many textbooks and reviews on gas diffusion in the plant
canopy, the focus here is on the meaning of leaf thickness.
The third section covers the physiological mechanisms of
construction and maintenance of photosynthetic systems at
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various scaling levels, from a single leaf to the herbaceous
plant individual. Construction of a tree photosynthetic
system is separately treated in the last section. It is proposed
that the pipe model theory in its differential form is a useful
tool in analysing tree growth.

THE NITROGEN OPTIMIZATION THEORY:
THE PHOTOSYNTHETIC SYSTEM THAT
MOST EFFICIENTLY USES NITROGEN

AND LIGHT

The plant individual

Because the nitrogen optimization theory is the main subject
of Hikosaka (2005) and Hirose (2005) it will only be briefly
outlined here. Let us consider the photosynthetic production
of an individual plant in a leaf canopy. Nitrogen allocation
among the leaves is optimized with respect to photosyn-
thetic production when the following equation is satisfied
for all the leaves located at various microsites within
the plant:

l ¼ dPd=dnL ð1Þ
where Pd is daily net photosynthetic rate of the leaf, nL is
nitrogen content per leaf area and l is an unspecified
Lagrange multiplier (Field, 1983, 1991; Field and Mooney,
1986; Hirose and Werger, 1987; Farquhar, 1989). l changes
with nitrogen availability: with the increase in nitrogen
availability l decreases.

Let us examine the solution of the above equation for a
simple case. The instantaneous rate of net photosynthesis of
a single leaf (Pn) can be expressed as a function of absorbed
irradiance (A), maximum rate of gross photosynthesis
(Pg,max), quantum yield on absorbed quantum basis (fa),
and the respiration rate (r). Let us assume Pn is a first-order
homogeneous function of A, Pg,max and r,

Pn kA, kPg;max, kr
� �

= kPn A, Pg;max, kr
� �

ð2Þ

where k is an arbitrary constant. Pg,max, Pn,max, r, A and nL of
the ith leaf of the plant under consideration are expressed
as Pg,maxi, Pn,maxi, ri, Ai and nLi. If it is assumed that (1) fa

is identical for all the leaves in the plant, (2) Pg,max, r, and
thus Pn,max are linearly related to nL, (3) the ratio of light
absorption among the leaves, A1 : A2 : A3 : . . . , does not
change, and (4) the cost of nitrogen mobilization and re-
mobilization is negligible, then eqn (1) is satisfied when
Pn,max1 : Pn,max2 : Pn,max3 : . . . = A1 : A2 : A3 : . . . (Farquhar,
1989; Field, 1991). This condition also realizes the
maximum light use efficiency. In physiological terms, all
the leaves in the plant should be in the same photosynthetic
phase such as the initial-slope, transient or light-saturated
phases such that light saturation of photosynthesis occurs
simultaneously in all the leaves (Fig. 1).

The above assumptions, however, may not be very rea-
listic. For example, the relationship between Pn,max and nL is
not necessarily linear but often saturating (Terashima and
Evans, 1988; Evans, 1989; Makino et al., 1994, 1997;
Eicheleman and Laisk, 1999). When the relationship is
saturating and availability of nitrogen is high, the difference

in nL giving the same l between the uppermost leaves and
lower leaves would become smaller than in the case where
the relationship is linear. This is because the increase in nL

in the leaves in the highest light conditions would cause
only a slight increase in daily photosynthetic production due
to the saturating nature of Pmax against nL. This leads to the
situation in which light-saturation in the uppermost leaves
occurs at lower irradiance (measured at the canopy surface)
than that in the lower leaves. Obviously, this situation low-
ers light use efficiency. Another point is that the ratio of
light absorption among leaves may not be constant; it may
change depending on various factors such as time of day,
solar elevation and cloud cover. Perhaps, the most mislead-
ing simplification among the above assumptions is that the
cost of nitrogen mobilization/remobilization is negligible.
In large plant individuals such as trees, the cost of nitrogen
mobilization/remobilization would be particularly large,
and this would explain why the gradient in nitrogen content
is always smaller than that predicted by the theory, parti-
cularly in trees (Field, 1983).

Despite these problems, it is clear from the above
theoretical consideration that homogenization of the light
gradient by changing leaf angle and the formation of the
gradient of nL within the canopy contribute to the efficient
use of nitrogen and light (Fig. 1).

The leaf

The above theory for a plant individual can be applied to
the leaf (Oja and Laisk, 1973; Terashima and Saeki, 1985;
Farquhar, 1989; see Fig. 1). Let us assume that the leaf is
composed of thin, serial layers. Given that the quantum

F I G . 1. Photosynthetic subsystems in a photosynthetic system. For the
photosynthetic system of a plant individual, subsystems can be regarded
as the individual leaves. For the system of a leaf, subsystems are
chloroplasts. Given that the photosynthetic properties of the subsystems
are identical and light comes from above, the situation can be imagined
in which upper subsystems are light-saturated while lower subsystems are
light-limited. Under such conditions, light absorbed by the upper subsystems
is wasted (or even harmful), and light is limited in the lower subsystems.
In terms of nitrogen economy, this situation is paraphrased as follows.
Nitrogen in the photosynthetic enzymes in the upper subsystems is used
at maximum velocity, while nitrogen is wasted in the lower subsystems.
To maximize the light and nitrogen use efficiencies, the system should be
constructed such that all the subsystems reach light saturation at the same
time. There are two ways to realize such conditions. One is to homogenize
the light environment. The other is to adjust photosynthetic properties of the

subsystems to their respective light absorption.
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yield of photosynthesis on absorbed light basis is identical
among these layers, the sharpest light-response curve of the
whole leaf is obtained when the ratio of the maximum net
photosynthetic rate ( pn,max) of the layer to light absorption
is identical in all these layers. If pn,max of the thin layer
is linearly related to the nitrogen content of the layer (nl),
the light response with the sharpest transition also results in
the most efficient nitrogen use.

The relationship between pn,max and nl may be saturating.
If this is the case and the leaf realizes optimum nitrogen use
efficiency, the chloroplasts in the uppermost layers will be
light-saturated at lower irradiance than the chloroplasts in
the lower layers as discussed for the plant individual. This
situation leads to a blunter light-response curve, and lowers
light use efficiency. The ratio of light absorption among the
mesophyll layers may change to some extent due to external
light conditions and internal factors such as chloroplast
orientational movement. However, when the dorsiventral
leaf is illuminated from the adaxial side with white light,
as in nature, the ratio of light absorption among layers and
that of pg,max agree well (Evans and Vogelmann, 2003).

When the photosynthetic light-response curve of the
dorsiventral leaf obtained by the adaxial side irradiation
is compared with that obtained by abaxial (lower) side
irradiation, effects of the disagreement of light absorption
among layers and that of pg,max are evident (Fig. 2). pg,max in
the lower side is smaller than that in the upper side, and the
spongy tissue absorbs light more efficiently than the pali-
sade tissue (Terashima, 1989; Terashima and Hikosaka,
1995). When the leaf is irradiated from the abaxial side,
therefore, chloroplasts in the lower side are light-saturated
at a very low irradiance, while those in the upper side are
light-saturated only by very strong light. Thus, the transition
from the initial slope phase to the light-saturated phase
becomes much blunter (Oja and Laisk, 1976; Terashima
and Saeki, 1985; Terashima, 1986).

MEANING OF LEAF THICKNESS

CO2 diffusion from the air to the chloroplast stroma

Because the problem of leaf thickness is closely related
to CO2 diffusion, CO2 diffusion within a leaf will be
considered first (Fig. 3). In photosynthesizing C3 leaves,
CO2 concentration in the substomatal cavity, Cs, is lower
than that in the ambient air, Ca, and CO2 diffuses into the
leaf along the gradient of CO2 concentration. Cs can be
estimated by the gas exchange technique. In a vigorously
photosynthesizing leaf, the bulk CO2 concentration in the
intercellular spaces, Ci, is lower than Cs due to the resistance
to CO2 diffusion in the intercellular spaces (Parkhurst,
1994). CO2 concentration in the chloroplast stroma, Cc,
in C3 plants is even lower than Ci. Recent technological
innovations, including pulse-modulated fluorometry and
concurrent measurement of carbon isotope discrimination
and gas exchange, have enabled us to estimate Cc. For some
species, Cc as low as half of Ca was reported (for a review,
see Evans and Loreto, 2000). This indicates that resistance
to CO2 diffusion from the ambient air to the chloroplast
stroma is substantial.

Conductance for CO2 diffusion through stomata (gs)
has been well studied and the drawdown of CO2 concentra-
tion, Ca – Ci, is about 60–120 mmol mol�1 when Ca is
360 mmol mol�1 (Evans and Loreto, 2000). Stomatal con-
ductance can be approximated as:

gs = naD= pr=4 þ lð Þ ð3Þ

where n is stomatal density (m�2), a is stomatal pore area
in m2, D is binary diffusion coefficient of CO2 in the air. In
this approximation, a stoma is assumed to be a tube having
radius r (m) and length l (m), respectively (Meidner and
Mansfield, 1968). When stomata are open, na would be
0�005–0�02. Let us assume r is 5 mm and l is 10 mm.
At 25 �C, D is 1�55 · 10�5 m2 s�1. Then, gs ranges from
5�6 to 23 mm s�1 or 0�22 to 0�86 mol CO2 m�2 s�1. These
are comparable to the reported stomatal conductance.

Similarly, the conductance in the intercellular spaces
is approximated as gias = Dp=td, where p is porosity, t is
tortuosity of the mesophyll intercellular spaces, and d is
distance for CO2 diffusion. p usually ranges from 0�2 to
0�5. Let us assume t = 1�5, for instance. Given that d is
100 mm (the average value for the leaf having a 200-mm-thick
mesophyll), gias would range from 10 to 50 mm s�1 or, from
0�8 to 2�0 mol CO2 m�2 s�1. For the amphistomatous leaves,
gias further increases by three- to four-fold (Parkhurst et al.,
1988; Terashima et al., 2001). These values are much larger
than the maximum stomatal conductance. Thus, it is
unlikely that gias is a major limiting factor of leaf photo-
synthesis, in particular, in amphistomatous leaves.

The internal conductance (gi), the conductance for CO2

diffusion from the surface of mesophyll cell walls to the
chloroplast stroma, via plasma membrane, cytoplasm and
chloroplast envelope, is not very large, although it had been
frequently assumed to be infinite. Evans and Loreto (2000)
summarized the data on gi which ranges from 0�03 to
0�6 mol CO2 m�2 s�1 bar�1. At the atmospheric
pressure of 1 bar (101 kPa), these gi values correspond
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F I G . 2. Photosynthetic light-response curves measured in the same Glycine
max leaf but by irradiation from the different sides. The curve obtained with
irradiation from the adaxial side showed a transition from the light-limited to
the light-saturated phases much sharper than that obtained with irradiation

from the abaxial side. Redrawn from Terashima (1986).
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to 0�03–0�6 mol CO2 m�2 s�1 of mature leaves and appear to
differ depending on plant functional types (Fig. 4). gi values
for annual herbs such as crop species are greatest and range
from 0�2 to 0�6 mol CO2 s�1 bar�1 (Evans and Loreto,
2000). On the other hand, the values of evergreen broad-
leaved trees are much lower, ranging from 0�03 to 0�2 mol
CO2 m�2 s�1 bar�1 (Hanba et al., 1999; Evans and Loreto,
2000). In mesic deciduous trees, gi values are intermediate
between those of annual herbs and evergreen trees. Among
them, gi values for the tree species that develop leaves
successively appear to be greater than those for flush
type species (Hanba et al., 2001). Castanea sativa, a
Mediterranean deciduous chestnut, had gi of 0�1 mol CO2

m�2 s�1 bar�1 (Lauteri et al., 1997). This is the lowest
record for deciduous trees and is comparable to those of
evergreen trees.

gi in a pioneer clonal plant Polygonum cuspidatum
(= Reynoutria japonica; Kogami et al., 2001; Sakata et al.,
2002) decreased with increasing altitude: gi for the plants
at the altitude of 10 m was 0�2 mol CO2 m�2 s�1 bar�1,
while that for the plants at 2500 m was 0�076 mol CO2

m�2 s�1 bar�1 (Kogami et al., 2001). If this effect of altitude
on gi is general, the trend of changes in carbon isotope
composition with altitude (Körner et al., 1988) can be
explained.

It has been shown that internal conductance increases
with the increase in cumulated surface area of chloroplasts
that face the intercellular spaces (Sc; Evans and Loreto,
2000). This indicates that increasing the effective area
for CO2 dissolution increases internal conductance. In this
respect, it is noteworthy that thick sun leaves have larger
Sc than thin shade leaves. Although the surface area of
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mesophyll facing the intercellular spaces (Smes) is not as
good a parameter as Sc, gi for the species of the same
functional type appears to be roughly proportional to Smes.
The decrease in distance from the mesophyll surface to the
plasma membrane by having thin cell walls should be effect-
ive in increasing internal conductance because diffusion of
CO2 in water is lower than that in air by 10�4. On the other
hand, low gi values in evergreen tree leaves (Hanba et al.,
1999; Miyazawa and Terashima, 2001) and alpine plants
can be attributed to thick mesophyll cell walls.

Interestingly, gi can change drastically without marked
changes in Sc and/or cell wall thickness. For example,
the decrease in gi was reported for the plants under water
stress (Flexas et al., 2002) or salt stress (Delfine et al.,
1998, 1999) conditions. These studies indicate that CO2

permeability of membranes would change. Aquaporins,
the most abundant proteins in plant plasma membranes,
mainly transfer water molecules according to the gradient
of the water potential. However, it was shown that animal
aquaporin 1 transports CO2 as well as water (Cooper and
Boron, 1998; Nakhoul et al., 1998; Yang et al., 2000). In
these studies, Xenopus oocytes and/or liposomes were used
and the CO2 permeability was monitored as changes in pH.

gi were estimated based on concurrent measurements of
gas exchange and fluorescence in the leaves of Vicia faba
and Phaseolus vulgaris, in the presence or absence of
HgCl2, a potential inhibitor of most of the aquaporins.
Because gi and hydraulic conductivity of the mesophyll
cells decreased at the same concentration range of
HgCl2, it is proposed that aquaporins are involved in diffu-
sion of CO2 across the plasma membrane (Terashima and
Ono, 2002). Temperature dependence of gi also indicated
involvement of protein(s) in CO2 diffusion from the inter-
cellular spaces to chloroplast stroma (Bernacchi et al.,
2002). Very recently, it was shown that the aquaporin 1
from Nicotiana tabacum transfers CO2 using Xenopus
oocytes (Uehlein et al., 2003). The study of Hanba et al.
(2004) on transgenic rice plants, in which barley aquaporin
was overexpressed, also confirmed their proposal; with
the increase in aquaporin abundance, gi clearly increased.
Besides abundance of aquaporin, conductance for CO2

through aquaporin could also be regulated by pH
(Tourmaire-Roux, 2003), and by phosphorylation (Maurel
et al., 1997; Kjellbom et al., 1999). In summary, gi is
determined by Sc, wall thickness, and by abundance and
the state or conductivity of aquaporins.

Why are sun leaves thicker than shade leaves?

When expressed on leaf area basis, the light-saturated rate
of leaf photosynthesis in C3 plants strongly depends not only
on nL, contents of the photosynthetic components including
Rubisco, cytochrome f, H+-ATPase and reaction centres but
also on structural parameters such as leaf thickness, leaf
mass per area, mesophyll surface area (Smes) and chloroplast
surface area (Sc). The correlation between Pmax and Sc is
generally stronger than that between Pmax and Smes. Because
diffusion of CO2 in water is 10�4 of that in the air, the
flux via the pathway like b in Fig. 3 should be negligible
compared with that of pathway a. Then, it is useless to have

mesophyll cell surfaces without chloroplasts (Miyazawa
et al., 2003). In fact, when grown with sufficient nutrients,
most of the mesophyll cell surfaces facing the intercellular
spaces are occupied by chloroplasts, although some unoccu-
pied spaces are indispensable for the plants to re-acclimate
to a brighter light environment (Oguchi et al., 2003).

Thickness of chloroplasts is also important. The drawdown
of CO2 concentration from the intercellular spaces to the
stroma, Ci � Cc, is proportional to the flux of CO2 across
the liquid phase (including cell wall, plasma membrane,
cytosol and chloroplast envelope) per unit chloroplast
surface area and to the resistance to CO2 diffusion from
the intercellular spaces to the stroma per unit chloroplast
surface area. With the increase in the amount of Rubisco
per unit chloroplast surface area, photosynthetic rate per
unit chloroplast surface area increases. However, the photo-
synthetic rate per Rubisco decreases because Cc decreases.
From the viewpoint of efficiency of Rubisco use (or
nitrogen use), thicker leaves with greater Sc would be advan-
tageous because the amount of Rubisco per unit chloroplast
surface area becomes smaller, thereby Rubisco can operate at
higherCc.Ontheotherhand,gias increaseswith leaf thickness,
which causes a decrease in the bulk Ci. Moreoever, the con-
struction and maintenancecostsof thick leaves are expensive.
In these aspects, thick leaves are not advantageous.

The effects of various aspects of mesophyll structure,
in particular mesophyll thickness on photosynthesis, were
evaluated, using a one-dimensional model of CO2 diffusion
in the leaf (Terashima et al., 2001). First the thickness that
gives the maximum photosynthetic rate for leaves with
various Rubisco contents per leaf area was calculated.
Interestingly, the maximum rate of photosynthesis occurred
at an identical mesophyll thickness irrespective of Rubisco
content per leaf area. Obviously, this does not explain why
sun leaves are thicker than shade leaves. The construction/
maintenance cost of the leaf was then taken into account. In
this calculation, the mesophyll thickness was regarded as
the cost. The mesophyll thickness that realized a given
photosynthetic rate per unit mesophyll thickness was com-
pared in model leaves with various Rubisco contents per
leaf area. It was found that, with an increase in the Rubisco
content per leaf area, the mesophyll thickness that realized a
given photosynthetic rate per unit mesophyll thickness
increased. This kind of constraint probably explains the
strong relationship between the maximum rate ofphotosynth-
esis and leaf morphological parameters such as mesophyll
thickness. In other words, leaf thickness is determined as a
compromise between the increase in chloroplast surface area
for CO2 dissolution and the decrease in the cost of the leaf.

In these simulations, the increase in mesophyll thickness
simultaneously means a decrease in gias, an increase in
Sc and an increase in construction and maintenance
carbon costs of the leaf. Alternatively, the leaf can increase
Sc and gias by decreasing cell size. The leaf with smaller
cells is also mechanically tougher. Although xeric or alpine
plants show such tendency, leaves do not have very small
cells. This could be because leaves exhibiting considerable
rates of leaf area expansion, adequate heat capacitance,
high efficiency of resource use, etc. have been favoured
by natural selection (Terashima et al., 2001).
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MECHANISMS RESPONSIBLE FOR OPTIMUM
NITROGEN ALLOCATION WITHIN

HERBACEOUS PLANTS

Phenomenology

Formation of the gradient in nL within a plant would be
dependent on either light environment or age. Hirose et al.
(1988) observed that the gradient in nL in the individual
plant of Lyschimacia vulgaris was less steep when the plants
were grown in a thin leaf stand with much light penetration
than in a dense stand, although the age of plants in these
stands was identical. For a blade of Carex acutiformis
(a sedge) in the stand, nL was greatest at the tip and
decreased towards the blade base (Hirose et al., 1989).
Because the blade of grass-type monocots elongate due to
activity of the intercalary meristem at the blade base, the tip
of the blade is more aged than the base. These results indi-
cate that light is more important than age in determining nL.
Analysing the light environments of leaves of various ages
in a vine plant, Ackerly (1992) reached the same conclusion.

Hikosaka et al. (1994) devised an experimental system to
examine separately the effects of light environment and age.
They grew vines of Ipomoea tricolor horizontally to mini-
mize the effects of mutual shading of the leaves. Photon
irradiances of the respective leaves were controlled with
small shade boxes. When nutrients were sufficient, nL

was influenced by irradiance levels and nL was greater in
the leaves receiving high light. In contrast, when the nutrient
was limiting, nL decreased with leaf age even when all the
leaves were exposed to the same irradiance (Hikosaka et al.,
1994). Thus, age also appears to be important.

In the plant in the dense stand, there are vertical gradients
in chloroplast properties such as Chl a/b and Rubisco/Chl as
well as that in nL (Evans and Seemann, 1989; Terashima and
Hikosaka, 1995). Such differences in chloroplast properties
are well characterized by comparative studies in which
plants were grown under high and low light conditions
(Boardman, 1977; Anderson, 1986). When the leaves of
I. tricolor that had been exposed were shaded, not only
their nL but the ratios of Chl a/b and Rubisco/Chl decreased.
In contrast, when nL decreased with age under constant
photon irradiance, changes in Chl a/b and Rubisco/Chl
were small (Hikosaka, 1996). These results suggest that
re-acclimation of sun leaves to the shade is accompanied
by both a decrease in nL and qualitative changes in chloro-
plast properties. Selective breakdown of the components
related to energy transduction, such as Rubisco, and main-
tenance or synthesis of the components for the light harvest-
ing system occur in re-acclimation to a shadier environment.
On the other hand, when the leaves senesce in constant
light, all photosynthetic components generally decreased
(Hikosaka, 1996; Hikosaka, 2005).

Acclimation to sun and shade: formation of sun
and shade leaves

Because construction and maintenance are complex pro-
cesses, the processes should be dissected into several basic
processes. The first deals with acclimation to the light envi-
ronment in developing leaves and then senescing leaves.

Sun and shade leaves differentiate according to the light
environments in which they are grown (Björkman, 1981).
As already discussed, sun leaves are generally thicker than
shade leaves. Thickening of sun leaves is mainly due to
elongation of palisade tissue cells or to periclinal divisions
in the palisade tissue cells, or both. By such thickening,
mesophyll surface area per leaf area becomes greater
in sun leaves than in shade leaves. Properties of chloro-
plasts are also different between the sun and shade leaves
(Boardman, 1977; Anderson, 1986).

Anatomical differences between sun and shade leaves.
Differentiation processes of sun and shade leaves were
analysed using Chenopodium album, an annual herb. The
plants were shaded in various ways and the effects of these
shading treatments on the properties of the developing
leaves were examined. Palisade tissue, two cell layers
thick, was formed when mature leaves were exposed to
high light, irrespective of the light environments of the
developing leaves. On the other hand, when mature leaves
were shaded, one-cell-layered palisade tissue was formed.
These results clearly showed that anatomy of new leaves is
determined by light environment of mature leaves. There
must be a signal transduction system that conveys the
signal(s) from the mature leaves to developing leaves
(Yano and Terashima, 2001).

Further, a comparative developmental study of sun and
shade leaves for C. album was conducted. Whether the
plants were grown under typical sun or shade conditions,
the number of cells in the palisade tissue per leaf was almost
identical. Moreover, in sun leaves, anticlinal and periclinal
divisions occur almost synchronously. Thus, the signal(s)
from the mature leaves regulates the direction of cell divi-
sion. In the future sun leaves, the signal probably induces
periclinal division in addition to anticlinal division, while
the signal from the shaded mature leaves only allows the
cells to divide anticlinally (Yano and Terashima, 2004).

It is hypothesized that the signal is the abundance
of photosynthate. When photosynthates from mature
leaves are abundant, leaves would develop into sun leaves.
Stomatal frequency could be also regulated by similar
mechanisms (Lake et al., 2001).

In some deciduous trees, all leaves that will unfold in
flush in the next year are prepared in the bud during the
winter. In some species of this group, the anatomy of the
next-year leaves is determined when they are in winter buds.
For example, in Fagus crenata from the Pacific side of Japan
(there are some difference among ecotypes; T. Koike, pers.
comm.), the number of cell layers of the leaf is already
determined in the winter bud (Uemura et al., 2000). The
developing leaves may sense the light environment of the
bud. However, it is more likely that differentiation between
sun and shade leaves occur in the developing bud in
response to matter production during the year. On the
other hand, chloroplast properties are largely determined
by the light environment of the developing leaves (Yano
and Terashima, 2001; see below).

Roles of photoreceptors. In the plant stand, the decrease
in PPFD with depth is always accompanied by a decrease
in the red : far-red ratio (Anten et al., 2000; Smith, 2000).
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Thus, the role of phytochrome in the differentiation of sun
and shade leaves has been studied.

Smith et al. (1993) demonstrated that shading of aurea
mutants (deficient in phytochrome A, and also possibly
other phytochromes) of tomato plants caused a similar
decrease in Pmax as in wild-type plants. A series of studies
using Arabidopsis thaliana with mutant photoreceptors
clearly showed that phytochrome mutants are able to form
sun and shade leaves in response to the light environment in
which they are growing. These leaves differed in Pmax and
chloroplast properties including Chl a/b and Rubisco/Chl.
These results indicate that phytochromes do not play a
central role in the differentiation of sun and shade leaves
(Walters et al., 1999). Weston et al. (2000) examined the
anatomy of leaves of photoreceptor mutants and confirmed
their differentiation into sun and shade leaves.

Walters and Horton (1995) showed that acclimation of
leaves was not dependent on the intensity of blue light.
However, in the complete absence of blue light, acclimation
to irradiance did not occur (Walters et al., 1999). In
ecophysiological experiments, shading is usually done
with a black screen, which does not change the spectrum
of the light. In such experiments as well, differentiation
between sun and shade leaves has been observed (for a
review, see Björkman, 1981). Thus, sun and shade leaves
develop even when the light spectrum is unchanged.

However, the above studies indicate that plants appear to
sense whether they are in the light or in the dark using these
photoreceptors. The decrease or increase in sugar content
induces or suppresses expression of different genes (Koch,
1996) and the effects differ completely depending on
whether leaves are in complete darkness or in the light
(Fujiki et al., 2001).

In sucrose-uncoupling mutants, in which the expression
of plastocyanin is not repressed by sucrose, various
phytochrome-mediated phenomena become insensitive to
sucrose (Dijkwel et al., 1997). It is also noteworthy that
a mutant of A. thaliana that lacks the chloroplast inner
envelope triose phosphate/phosphate translocator is defect-
ive in photosynthetic acclimation to the light environment
(Walters et al., 2003). These results infer a close relation-
ship between the sugar-sensing system or sugar metabolism
and the photosensing system.

Redox control. The redox state of electron transport com-
ponents between photosystems I and II reflects a balance
between input and processing of light energy (Fujita, 1997).
The balance can be assessed fluorometrically as the redox
state of plastoquinone pool and is referred to as excitation
pressure (Huner, 1998). In high light or other conditions that
saturate or suppress the velocity of the Calvin–Benson
cycle, the electron transport system is reduced. On the
other hand, when the photosynthetic capacity is much
greater than the incoming light, the electron transport
system tends to be oxidized. When the leaves of Triticum
aestivum and Secale cereale were developed under
moderate light at a low temperature or under high light
at an ordinary temperature, the maximum photosynthetic
rates on a leaf area basis measured under the optimal
condition increased (Gray et al., 1997). Chloroplasts in

the plants developed under high excitation pressure are
of the sun type.

The molecular identity of excitation pressure has been
studied intensively. The redox state of plastoquinone itself
appears to suppress Lhcb gene expression via phosphorelay
in algae; while in higher plants, it is suppressed by reduced
thioredoxin or glutathione. In the regulation of other genes,
the phosphorelay, thioredoxin, glutathione and reactive
oxygen species are involved (Hihara and Sonoike, 2001;
Rodermel, 2001; Surpin et al., 2002; Muramatsu
and Hihara, 2003). Walters et al. (1999) observed that
A. thaliana defect in the y gene is not capable of light
acclimation and proposed a central role of the COP/DET/
FUS regulatory cluster, a focus for multiple signal transduc-
tion pathways including the redox signal.

Nitrogen abundance and cytokinin. Nitrogen availability
affects the number or the total volume of chloroplasts in the
leaf rather than their quality (Evans and Terashima, 1988;
Terashima and Evans, 1988). Therefore, when the amounts
of the photosynthetic components are expressed on a Chl
basis, these values are not affected by nitrogen availability
very much. However, when nitrogen is extremely limited,
the quality of the chloroplast is also affected. For example,
as predicted by the optimization model for nitrogen allo-
cation (Hikosaka and Terashima, 1995), the Chl a/b ratio
increases when the availability of nitrogen is extremely low
(Kitajima and Hogan, 2003). On the other hand, when the
nitrogen is abundant, the leaves tend to accumulate more
Rubisco and thereby Rubisco/Chl increases (Terashima and
Evans, 1988; Makino et al., 1994, 1997; Eichelmann and
Laisk, 1999).

The abundance of nitrogen in the environment may be
sensed as the concentration of nitrate or ammonium near the
root surface. Nitrate also acts as a signal to induce the
expression of enzymes involved in nitrogen assimilation
(Crawford, 1995).

Cytokinin also plays a role as a signal. When maize
seedlings are grown without exogenous nutrients, the leaves
are metabolically more C3-like and their main carboxylating
enzyme is Rubisco (Sugiharto et al., 1990). Addition of
nitrate or ammonium to the intact nitrogen-deficient
maize plants leads to rapid and marked increases in the
Ppc transcript and in phosophoenolpyruvate carboxylase
(PEPCase) activity. When nitrogen-deficient maize shoots
without roots were fed with nitrate, PEPCase synthesis was
not enhanced. Thus, the induction of PEPCase is not due to
nitrate signal. Recent studies showed that cytokinin synthe-
sized in roots in response to nitrate or ammonium is respon-
sible for enhanced PEPCase synthesis (Takei et al., 2002).
The concentration of cytokinin increases on application of
nitrate or ammonium to the root. Perhaps, such regulation
would occur in C3 plants as well. Light-harvesting
complex II that are not essential to photosynthetic energy
transduction may not be synthesized under the very limited
nitrogen availability, which may result in a high Chl a/b
ratio.

Appreciating importance of cytokinin from the root, Pons
and Bergkotte (1996) hypothesized that the gradient in
PPFD within a plant can be sensed by the different rates
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of transpiration in the leaves. Leaves in sunny microhabitats
transpire more than those in shade microhabitats. To prove
this hypothesis, they conducted an interesting experiment
with growing and mature primary leaves of Phaseolus
vulgaris. They enclosed one of the pair leaves and regulated
the vapor pressure deficit (VPD) in the chamber. When they
decreased the VPD in the chamber to suppress transpiration
during leaf expansion, the leaves showed more shade-
type characteristics than the leaves exposed to greater
VPD. They argued that the cytokinin synthesized in the
root system is preferentially transported by the transpiration
stream to the leaves under high VPD and affects the nitrogen
metabolism of these leaves. However, leaf expansion tends to
be suppressed under dry conditions. Then, it is probable that
thephotosyntheticrateper leafarea increaseswithairdryness.

In nature, leaves exposed to the sun would be sun leaves
irrespective of humidity. When the hypothesis of Pons and
Bergotte (1996) for the differentiation of sun and shade
leaves is followed, the cytokinin concentration in the
xylem sap should increase in humid air. This possibility
should be tested.

Acclimation of chloroplast properties within a leaf. In the
leaf, the gradient of chloroplast properties across the leaf is
formed due to acclimation of chloroplasts to the local light
environment (Terashima and Inoue, 1985a, b; Yano and
Terashima, 2001). The acclimation itself is not usually
affected by nutrient status. The effects of local light envi-
ronment were shown in the experiments in which the leaves
were illuminated from the abaxial side. The inversion of a
spinach leaf after full expansion induces complete inversion
of the Chl a/b ratio and the partial inversion of the rate of
electron transport activity (Terashima and Inoue, 1985b).
The illumination of expanding leaves from the abaxial side
leads to complete inversion of thylakoid morphology (Ter-
ashima et al., 1986). Analyses of the photosynthetic system
in pendulous leaves such as those of Eucalyptus were also
made. The results clearly showed that the Chl a/b ratio was
highest on both sides and lowest in the middle (James et al.,
1999). It is highly likely that the redox control is responsible
for the gradient formation.

Factors regulating leaf senescence

In upright herbaceous plants, new leaves gradually shade
old leaves. Senescence of the leaves is thus accompanied by
shading by the upper leaves. Senescence processes may be
superimposed by re-acclimation of the former sun leaves to
the shade. When the whole plant is shaded, all the leaves
retain their photosynthetic activity longer (Hidema et al.,
1991). On the other hand, when particular leaves of the
plants are shaded, such parts and leaves senesce faster
(Weaver and Amasino, 2001). When all the leaves of the
plant are under the same light conditions (this situation is
possible in vine plants), the oldest leaves senesce fastest.
Therefore, senescence patterns vary considerably. Thus,
there is a need to dissect these complex experimental/
natural conditions into several cases.

Phytochrome. In upright plants, young leaves shade old
leaves, thereby the ratio of red light to far-red light (R/FR)
received by the old leaves decreases. Phytochrome appears

to be involved in changes in chloroplast properties in senes-
cing leaves. Okada et al. (1992) and Okada and Katoh
(1998) found that chlorophyll degraded rapidly in the
dark in detached and attached Oryza sativa leaves, respect-
ively. Chlorophyll degradation was reversibly suppressed
by short exposure of the leaves to the weak red light.
The effect of red light was suppressed by far-red light.
An experiment with Helianthus annuus plants demonstrated
that artificial far-red enrichment of the light penetrating
through the canopy enhanced senescence of the lower
leaves (Rousseaux et al., 1996). The results of these studies
clearly indicate that the difference in the R/FR ratio
received by leaves is involved in regulating leaf senescence
(for review, see Anten et al., 2000; Smith, 2000).

Plant nitrogen status and cytokinin. When nitrogen nutri-
tion is deficient, senescence is accelerated. The leaf may
sense a decrease in nitrate and/or cytokinin levels. Effects of
a decreased cytokinin level in the senescing process have
been studied using transgenic tobacco plants expressing the
isopentenyl transferase gene, a key enzyme of cytokinin
synthesis, under the control of a highly senescence-specific
promoter (SAG 12). Jordi et al. (2000) showed that the
chlorophyll content was maintained in old senescing leaves
in transgenic plants. However, an enhanced cytokinin level
was less effective in maintaining Rubisco and Pmax. Using
the same transgenic tobacco plants, Wingler et al. (1998)
showed that cytokinin production decelerated the decrease
in Rubisco content to some extent and that accumulation of
sugars blocked the effects of cytokinin. These results indi-
cate that enhanced production of cytokinin in the senescent
leaves causes some deceleration of that senescence. Various
factors regulate cytokinin production in the leaf (Jordi et al.,
2000). Obviously, the cytokinin level decreases in the
presence of sugar.

Cytokinin in the transpiration stream is involved in gene
expression for nitrogen metabolism (Sakakibara et al.,
2000; Takei et al., 2002) and the decrease in cytokinin
input with the decrease in transpiration rate by shading
could partly explain leaf senescence as Pons and Bergkotte
(1996) and Pons et al. (2001) argued.

Sugar repression. High sugar concentration represses
expression of genes for photosynthetic components
(Sheen, 1990; Krapp and Stitt, 1995; Koch, 1996; Koch
et al., 2000; Pego et al., 2000), which leads to the accel-
eration of senescence and re-translocation of nitrogenous
compounds (Dai et al., 1999). Inversely, the low sugar
concentration may be required for maintaining the high
photosynthetic rate of the source leaf or for retardation of
leaf senescence (Ono and Watanabe, 1997; Ono et al.,
2001). There are some studies indicating interaction
between photosensory and sugar-sensing pathways as
mentioned above. Also, retardation of leaf senescence by
cytokinin was cancelled by high sugar concentrations
(Wingler et al., 1998). However, suppression of gene
expression for photosynthetic components by sugar is
strictly dependent on the developmental stage of the leaf.
When leaves are actively expanding, sugar does not
suppress an increase in photosynthetic activity (T. Araya,
K. Noguchi and I. Terashima, unpubl. res.).
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If a leaf can sense its light environment or photosynthetic
status relative to those of other leaves within the plant
and regulate the photosynthetic capacity accordingly,
the nitrogen distribution within a plant would always
change towards the optimal conditions (Ono et al., 2001).
It is probable that a leaf senses its photosynthetic status by
monitoring its sugar concentration. When the demand for
photosynthates produced by the leaf under consideration is
large, sugar concentration of this leaf would be low because
of vigorous translocation to sink organs. On the other hand,
when the demand for photosynthates produced by the leaf is
small, its sugar concentration will increase.

Nitrogen deficiency suppresses plant growth, and thereby
the sink activity of developing leaves is lowered. Then,
translocation of carbon from the source leaves is also sup-
pressed, this would lead to accumulation of carbohydrate
under nitrogen deficiency (Radin and Eidenback, 1986; Paul
and Stitt, 1993; Ono et al., 1996). Thus, by monitoring the
abundance of non-structural carbon, nitrogen deficiency
could be monitored indirectly. Perhaps, in addition to
more direct nitrogen sensing systems, the leaves also
sense the nitrogen status of a plant indirectly by monitoring
its sugar concentration (Paul and Driscoll, 1997).

Redox control. When a leaf is shaded, the excitation
pressure is lowered. This can be a signal for re-acclimation
to shaded conditions (Huner et al., 1998). However, this
possibility has not been tested.

Effects of partial and general shading. When the whole
plants were generally shaded, senescence of all leaves was
decelerated (Hidema et al., 1991). This could be explained
as follows (Hikosaka, 1996, 2005). The amount of nitrogen
needed for the construction of young organs will decrease
due to suppression of growth. Moreover, photosynthetic
production of the leaves decreases. Thus, nitrogen demand
would not be large and sugar would not accumulate in all the
leaves.

On the other hand, when particular leaves are shaded,
they senesce faster (Weaver and Amasino, 2001). Because
shading with a black cloth accelerated leaf senescence,
the roles of phytochrome are not essential. Effects of
such selective shading have not been assessed in detail.
It is not known whether such shading increases sugar
concentration. Obviously, excitation pressure decreases
on shading, in particular, shade enriched with far-red
light. Then, this can cue the senescence or adjustment of
photosynthetic capacity to the low light conditions. Trans-
piration is also suppressed in shaded leaves. Thus, delivery
of cytokinin also decreases.

Senescence in horizontally grown vine plants. When an
Ipomoea tricolor plant was grown horizontally, all the
leaves received the same irradiance. When the nitrogen
nutrition was limited, nL of the oldest leaves started to
decrease (Hikosaka et al., 1994). This apparently indicates
the importance of actual age. In this study, however, all the
lateral buds were removed to simplify the system, and only
the terminal bud of the main stem was allowed to produce
new leaves. Because it is known that sinks attract photo-
synthates from nearby leaves and young sink leaves are

nearer to the apex of the main shoot, the photosynthates
produced by these young leaves would be preferentially
used for constructing new organs, which might keep their
sugar concentration low. Then, the distance, or cost of
re-translocation of carbon and nitrogen could be important.
Plant hormone(s) could be involved in such regulation.

ANALYSES OF THE TREE
PHOTOSYNTHETIC SYSTEM

The nitrogen optimization theory has been mainly applied to
herbaceous plants. Analyses of nitrogen content and light
level have been often confined to the leaves in the same
shoot. Obviously, tree systems are more complicated and
their properties should be examined, not only of leaves but
also those of shoots, in relation to light environment.

Deciduous trees

With Fagus species, the effects of the current-year light
environment on shoot and leaf properties were separated
from those of the light environment of the previous year(s).
Several leaf tiers located at different heights in a deciduous
tree of Fagus japonica (about 15 m in height) were exam-
ined (Kimura et al., 1998). Among the properties of gross
morphology of the shoot, the number of leaves per shoot and
total leaf area of the shoot were largely determined by the
light environment of the previous year. Although the light
environment of the previous year largely determined the
length of short shoots, current year light also contributed
to the elongation of the long shoots. Leaf photosynthetic
properties such as nL and Chl/nL, leaf thickness (leaf
mass per area) depended strongly on the current-year
light environment.

Fagus crenata in the same forest (Uemura et al., 2000)
showed somewhat different results. Leaf properties such as
leaf thickness and leaf mass per area were dependent both
on the previous- and current-year light environment. The
difference between these two Fagus species was partly due
to the fact that palisade tissue of F. japonica leaves was one
cell layer thick, irrespective of the current- and previous-
year light environments, while, in F. crenata, palisade tissue
of the sun leaves was two cell layers thick. The future
palisade tissue had already two cell layers when the leaf
primordia were in the winter bud. In F. crenata, artificial
shading of the shoots that had expanding leaves with two-
cell-layered palisade tissue, resulted in intermediate leaf
thickness between full sun and shade leaves. On the
other hand, when the leaf primordia that had developed
in the shade box were exposed to full sun in spring, the
thickness of these leaves was also intermediate. Pmax was
more strongly dependent on the current-year light environ-
ment but was also intermediate between those of full-sun
and full-shade leaves (Uemura et al., 2000). Thus, some
photosynthetic characteristics are dependent not only on
the current-year conditions but also on previous-year light.

Leaves developed in the winter buds in the sun-exposed
shoots usually develop in sunny environments. However,
the systems that determine photosynthetic capacity depend
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both on previous- and current-year light environments,
which would potentially obscure the relationship between
nL and the current-year light environment.

Evergreen trees

In evergreen trees, the situation is more complicated.
In Quercus glauca, an evergreen tree, nL of the current-
year leaves from various shoots depended on their relative
photon flux density (RPFD). However, the correlation was
very weak. For the 1-year-old leaves that were inevitably
shaded by the current-year leaves, the correlation between
nL and RPFD was not significant (Miyazawa et al., 2004).
Similar results were reported for evergreen coniferous trees
(Shoettle and Smith, 1998). Nitrogen in the current-year
leaves on the shoot (cumulated leaf area of current-year
leaves · nL) was also strongly dependent on RPFD.
On the other hand, the amount of nitrogen retained in the
1-year-old leaves for the shoot was negatively correlated
with the RPFD of the shoot, because of leaf shedding. The
remobilized nitrogen from 1-year-old leaves and the leaves
that were eventually to fall was estimated. If it is assumed
that nitrogen from old leaves and those about to fall are
translocated to new leaves on the same shoot, the share of
the remobilized nitrogen in the new leaves can be estimated.
Such values were large for the shoots that were in low
RPFD, while most of leaf nitrogen in the shoots in high
RPFD was from other sources. Obviously, vigorous shoots
in high light attracted more nitrogen from other sources.
So the leaves of different ages, even on the same shoot,
should be dealt with separately.

Nitrogen optimization theory and the tree
architectural models

Systems governing matter flow in trees are complicated
and the translocation and re-translocation costs of nitrogen
appear to be expensive. Further studies are needed in this
field. Reassessment of the pipe model theory could be a
breakthrough.

The pipe model theory, which was originally proposed by
Shinozaki et al. (1964a, b), has been extensively used for
examining the architecture of non-photosynthetic organs of
a tree. This theory claims that, for a tree or a forest canopy,
the cumulated dry mass of the leaves above the height z is
proportional to the sum of cross-sectional areas of the
branches at the height z. Although the statement is very
simple, many studies have supported this theory.

However, physiological bases of the pipe model theory
are not necessarily clear. In some studies, the pipe is con-
sidered literally as the water conducting system, and struc-
ture and allometry of trees were studied based on analyses of
the water-conducting system (Tyree and Ewers, 1991; West
et al., 1999; Magnani et al., 2000). However, the light
factor, which exerts crucial effects on photosynthesis and
transpiration, has not been analysed.

The pipe model theory was used to understand the
construction mechanisms of trees of Acer mono
var. marmoratum f. dissetum and A. rufinerve Sieb. et
Zucc. (Sone et al., 2005). In particular, the role of the
light factor in tree architecture was examined. In these

Acer species, the growth of the stem or trunk occurs
well after the full expansion of the current year leaves
(Komiyama et al., 1987). Thus, the growth of non-
photosynthetic organs would be mostly attributed to the
current-year photosynthetic production. Then, it was possi-
ble to deal separately with the effect of current-year photo-
synthetic production on wood growth.

There is a strong relationship between cumulated leaf
mass and cross-sectional area of the shoot for the shoots
from various positions of a tree. This clearly indicates that
the pipe model theory is relevant in analysing architecture
of non-photosynthetic organs including very young shoots.
Interestingly, there were no clear relationships between the
cumulated light interception of the shoot and its current-
year cross-sectional growth, DAb, taken at various positions
within a tree. However, when the same was made for a
particular branch, there was a strong relationship between
the shoot light interception and DAb. The branches that
showed larger DAb for the same shoot light interception
were found to have many long shoots, while those that
showed smaller DAb had mostly short shoots (data not
shown). These results indicate that branches having
many long shoots in the sun use their photosynthates
preferentially, while branches having more short
shoots allocate more photosynthates to lower organs
(Fig. 5; see also Terashima et al., 2002; Sone et al.,
2005). Long/short shoot differentiation was thus crucial
and this could be related to the branch order (Suzuki,
2002, 2003).

It has been shown that light interception and branch
priority are most important factors governing tree archi-
tecture. Nitrogen translocation problems should be studied
in relation to these factors.

Current-year
light interception

Previous-year
light interception

Stem growthPrevious-year stem

Shade, short shoots

Sun, long shoots Sun, short shoots

F I G . 5. A model for branch growth and carbon allocation. Areas of circles
indicate cumulated light interceptions by the branches. The shaded and solid
circles indicate cumulated light interceptions by the branches in the current
year and previous year, respectively. Shaded parts of the stems indicate the
wood produced in the current year. Solid parts of the stems denote the wood

existed in the previous year. An original drawing by K. Sone.
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CONCLUDING REMARKS

The paper by Monsi and Saeki (1953) is important not
only for practical use, but also as the source of various
challenging problems. In one sense, therefore, their study
was provocative. The same can be said for the nitrogen
optimization theory. Through numerous studies based on
the nitrogen optimization theory for nearly 20 years, various
key physiological problems have been identified. However,
in understanding tree architecture, various difficulties are
encountered that will not be solved solely by modification of
the nitrogen optimization theory. Perhaps, other provocative
models should be constructed to overcome these difficulties.
It is proposed that the branch autonomy/priority model
based on the differential version of the pipe model theory
is a useful framework that accommodates the nitrogen
optimization theory as its sub-model.
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