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ABSTRACT
In big-leaf models of canopy photosynthesis, the Rubisco
activity per unit ground area is taken as the sum of activi-
ties per unit leaf area within the canopy, and electron
transport capacity is similarly summed. Such models over-
estimate rates of photosynthesis and require empirical
curvature factors in the response to irradiance. We show
that, with any distribution of leaf nitrogen within the
canopy (including optimal), the required curvature fac-
tors are not constant but vary with canopy leaf area index
and leaf nitrogen content. We further show that the
underlying reason is the difference between the time-aver-
aged and instantaneous distributions of absorbed irradi-
ance, caused by penetration of sunflecks and the range of
leaf angles in canopies.

These errors are avoided in models that treat the
canopy in terms of a number of layers – the multi-layer
models. We present an alternative to the multi-layer
model: by separately integrating the sunlit and shaded leaf
fractions of the canopy, a single layered sun/shade model
is obtained, which is as accurate and simpler. The model is
a scaled version of a leaf model as distinct from an integra-
tive approach.

Key-words: big-leaf model; modelling canopy photosynthe-
sis; optimal distribution of leaf nitrogen.

INTRODUCTION
Models of canopy gas exchange provide a theoretical
framework for thorough analysis and interpretation of the
scaling of physiological processes, enabling physiologists
to extend their work to larger scales. This paper aims to pro-
vide this framework, by use of a canopy model that is pro-
cess-based, physically realistic, yet sufficiently simple to be
effectively parametrized. Such models also fit the require-
ments of assessing effects of climate change on vegetation.

Photosynthesis of a canopy element depends, inter alia,
on the biochemical capacity for photosynthesis of that ele-
ment (the amount of Rubisco, ribulose-1,5-bisphosphate
carboxylase/oxygenase, and electron-transport capacity),
its temperature, its carbon dioxide concentration at the

sites of carboxylation, and its absorbed irradiance. We first
review how radiation absorption and then biochemical
capacity are incorporated into models of canopy photosyn-
thesis, and then consider recent attempts to aggregate
absorbed irradiance and capacity into a single element: the
so-called big-leaf model. We then present a new model that
overcomes the limitations of big-leaf models and evaluate
it by comparison with a multi-layer model. We also com-
pare it with field data of canopy gas exchange.

Absorbed irradiance
Models of canopy photosynthesis must consider the het-
erogeneous radiation in canopies and the non-linear
response of photosynthesis to irradiance, as demonstrated
by many authors (Sinclair, Murphy & Knoerr 1976;
Norman 1980; Smolander 1984). Recognition that radia-
tion attenuation through canopies can be described by
Beer’s law (Monsi & Saeki 1953) has led to several models
of radiation penetration and absorption through canopies
(Warren Wilson 1960; de Wit 1965; Ross & Nilson 1967;
Cowan 1968; Ross 1975, 1981; Goudriaan 1977). It is now
generally accepted that penetration of radiation through
canopies must separately consider beam and diffuse radia-
tion, due to their different attenuation in canopies, as well
as visible and near-infrared wavelengths due to differential
absorptance by leaves (Goudriaan 1977).

Models of radiation penetration became the basis for
several comprehensive models of canopy photosynthesis
(de Wit 1965; Duncan et al. 1967; Lemon, Stewart &
Shawcroft 1971; Norman 1979), which are currently used
in crop models (Whisler et al. 1986). They divide the
canopy into multiple layers with many different leaf angle
classes, for which absorbed irradiance is used to determine
leaf photosynthesis. Numerical integration of photosynthe-
sis from each leaf class yields canopy photosynthesis. The
flexibility of multi-layer models allows within-canopy pro-
files of both environmental and physiological variables to
be incorporated. While these models have been used for
many applications, their complexity and the number of cal-
culations involved with their multi-leaf-class description
of canopies is a drawback for their inclusion in models of
global carbon cycling (Sellers et al. 1992).

Radiation penetration in multi-layer photosynthesis
models has been successfully simplified by considering
only two classes of leaves: sunlit and shaded (Sinclair et al.
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1976; Norman 1980). This simplification is effective
because photosynthesis of shade leaves has an essentially
linear response to irradiance, while photosynthesis of
leaves in sunflecks is often light saturated, and indepen-
dent of irradiance, allowing averaging of irradiance in each
of these classes with little error in the final predicted
canopy photosynthesis. However, further simplification to
models with only a single leaf class can introduce large
errors and lead to predictions which are inadequate for
many purposes (Sinclair et al. 1976; Norman 1980; Boote
& Loomis 1991).

Another approach to the simplification of canopy photo-
synthesis models is to derive analytical solutions (Acock et
al. 1978; Johnson & Thornley 1984) and so avoid numeri-
cal integration of multi-layer models. However, analytical
solutions have so far only been derived from equations of
rectangular hyperbolae, for the response of leaf photosyn-
thesis to irradiance, which do not fit measurements as well
as non-rectangular hyperbolae. Predictions of canopy pho-
tosynthesis based on rectangular hyperbolae are not as
close to measured rates as those from the sun/shade type
models (Boote & Loomis 1991).

Biochemical capacity for photosynthesis
Within-canopy profiles of leaf nitrogen (or photosynthetic
capacity) have been shown to be significantly non-uniform
in canopies of a diverse range of species (wheat, Spiertz &
Ellen 1978; peach, DeJong & Doyle 1985; Solidago
altissima, Hirose & Werger 1987; Lysimachia vulgaris,
Pons et al. 1989; Carex acutiformis, Schieving et al. 1992;
sunflower, Sadras, Hall & Connor 1993; rice, soybean,
sorghum and amaranthus, Anten, Schieving & Werger
1995). Profiles of leaf properties can be incorporated into
multi-layer models of canopy photosynthesis and have a
significant effect (Meister et al. 1987). They are also
accommodated by canopy models with analytical solutions
based on rectangular-hyperbolic responses to irradiance
(Acock et al. 1978), but to date have not been easily incor-
porated into the simpler sun/shade models of canopy pho-
tosynthesis, except by empirical adjustments (Boote &
Loomis 1991).

Profiles of leaf properties have led to the hypothesis that
leaves adapt or acclimate to their radiation environment
such that a plant’s nitrogen resources may be distributed to
maximize daily canopy photosynthesis (Field 1983; Hirose
& Werger 1987). An optimal distribution of leaf nitrogen
exists when any re-allocation of nitrogen would decrease
daily photosynthesis. It has been further hypothesized that
the optimal distribution of nitrogen occurs when the nitro-
gen is distributed in proportion to the distribution of
absorbed irradiance in the canopy, averaged over the previ-
ous several days to a week, the time over which leaves are
able to adapt. Analyses of several canopy models have sup-
posedly supported the latter hypothesis (Hirose & Werger
1987; Wu 1993; Badeck 1995; Sands 1995). However,
contrary to the earlier demonstration that separate treat-
ment of sunlit and shaded leaves is essential in canopy

models (Sinclair et al. 1976; Norman 1980), all these mod-
els have ignored the penetration of sunflecks and made the
assumption of 100% diffuse radiation (Terashima &
Hikosaka 1995). While totally diffuse radiation may be a
reasonable assumption for some of the canopies examined
where cloudy conditions predominate, it is unlikely to be
reasonable in canopies exposed to sunny conditions and is
not a reasonable assumption for models that attempt to
generalize the hypothesis to all canopies.

Big-leaf models
The concept of an optimal distribution of leaf nitrogen has
also been used as the basis for a new generation of big-leaf
models of canopy photosynthesis (Sellers et al. 1992;
Amthor 1994; Lloyd et al. 1995). It was demonstrated by
Farquhar (1989) that the equation describing whole-leaf
photosynthesis would have the same form as for individual
chloroplasts across a leaf, provided the distribution of
chloroplast photosynthetic capacity is in proportion to the
profile of absorbed irradiance and that the shape of the
response to irradiance is identical in all layers. This can
also be extended to canopies. If the distribution of photo-
synthetic capacity between leaves is in proportion to the
profile of absorbed irradiance then the equation describing
leaf photosynthesis will also represent canopy photosyn-
thesis (Sellers et al. 1992).

The big-leaf models contradict the accepted practice in
modelling canopy photosynthesis whereby, at a minimum,
separation into sunlit and shade leaves is considered essen-
tial for accurate predictions. The analogy of leaves in a
canopy with chloroplasts in a leaf breaks down because of
differences in the nature of radiation distribution in each
system. In a leaf, radiation is (mostly) scattered in all direc-
tions by the first layer of cells, although its extinction
through the leaf is still described by Beer’s law. In a
canopy, while the time-averaged profile of absorbed irradi-
ance and the spatially averaged instantaneous profiles
show an exponential decline with cumulative leaf area
index (i.e. described by Beer’s law), the actual instanta-
neous distribution of absorbed irradiance does not. Leaves
in sunflecks deep in the canopy have much higher
absorbed irradiance than Beer’s law would predict.
Additionally, irradiance in canopies is dominated by direct
beam radiation (80–90% of photosynthetically active radi-
ation, PAR, under clear skies), so that leaf angle is critical
in determining the absorbed irradiance (Lambert’s law).
Leaves perpendicular to the sun’s rays absorb maximum
irradiance, while leaves parallel to the sun’s rays absorb
the least from only diffuse and scattered irradiance (Fig. 1).
Because of the range of leaf angles some leaves, despite
being at the top of the canopy, will only absorb a little irra-
diance. In summary, instantaneous profiles of absorbed
irradiance in canopies do not follow Beer’s law because of
both sunfleck penetration and leaf angles. Given that the
distribution of absorbed irradiance is always changing,
there can be no fixed distribution of photosynthetic capac-
ity that is proportional to absorbed irradiance (unless the
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photosynthetic resources (whether optimal or not) can be
combined with the accuracy of canopy models which treat
sunlit and shade leaves separately.

Outline of present approach
In this paper, we examine the effect of sunfleck penetration
and leaf angles in multi-layer model predictions of the
optimal distribution of canopy nitrogen. We demonstrate
that the optimal distribution of canopy nitrogen is an
invalid basis for the simplifications in big-leaf models. We
show that big-leaf models require empirical curvature
coefficients, and that these coefficients need to vary with
leaf area index, the fraction of diffuse irradiance and leaf
nitrogen content, or large errors result. These non-uniform
distributions of canopy nitrogen (optimal or otherwise) are
incorporated into a sun/shade model of canopy photosyn-
thesis that analytically integrates the photosynthetic capac-
ity and absorbed irradiance of the sunlit and shaded leaves
separately. The new model provides predictions which are
nearly as good as those of a multi-layer model, and signifi-
cantly better than those of big-leaf models.

MODEL
Leaf photosynthesis
This paper addresses methods of aggregating leaf photo-
synthesis to canopy photosynthesis. Thus, while acknowl-
edging the inadequacies in the modelling of leaf photosyn-
thesis, for our purposes we assume that leaf photosynthesis
is given by the model of Farquhar, von Caemmerer &
Berry (1980) as described by Evans & Farquhar (1991)
(and summarized with modifications in Table 1 using sym-
bols for constants and variables defined in Tables 2 & 3).
Strictly, we are assessing steady-state photosynthesis,
ignoring light fluctuations at time scales smaller than a sec-
ond or so where the leaves may temporally ‘average’ the
irradiance (Kriedemann, Töröfalvy & Smart 1973).

Some of our parametrization requires comment: we have
used values for Rubisco parameters based on gas exchange
measurements (von Caemmerer et al. 1994) where the
internal resistance to CO2 diffusion from intercellular air
spaces to the chloroplast is taken as zero. We have con-
firmed that introducing such a resistance and the changes in
Rubisco parameters, in turn required to fit gas exchange
data, has a < 1% effect on canopy photosynthesis (unpub-
lished results). Similarly, we have ignored the gradual tran-
sition from electron-transport to Rubisco limitation
(Kirschbaum & Farquhar 1984; Collatz et al. 1991) under
which co-limitation occurs, since this too has little effect on
canopy photosynthesis, as only a small fraction of leaves
are near the transition to light saturation at any moment.

Leaf respiration that continues in the light, Rl, is assumed
to scale with Rubisco capacity, in that the value at 25 °C is
taken as 0·0089Vl. This is equivalent to assuming a fixed CO2
compensation point, Γ (Eqn 7), of 4·4 Pa at 25 °C, which is a
reasonable value for wheat (Watanabe, Evans & Chow
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Figure 1. Radiation penetration through a canopy of uniform leaf
angle distribution, which is represented by a random arrangement
of hemispherical arrays of leaves. Direct beam irradiance is
predominantly intercepted by leaves at the top of the canopy, but
some sunflecks penetrate even to the lowest leaves. The irradiance
of the leaves depends on the angle at which the beam strikes the
leaf surface. Leaves perpendicular to the beam absorb the greatest
amount of irradiance, but represent the least leaf area, and those
parallel the least irradiance, but the greatest leaf area.

radiation is totally diffuse), so that the requirements for
big-leaf models to represent accurately instantaneous
canopy photosynthesis cannot be met.

Big-leaf models overcome these limitations by using an
empirical coefficient to smooth the transition from irradi-
ance-limited to irradiance-saturated canopy photosynthesis
(Sellers et al. 1992; Amthor et al. 1994), or by empirical
adjustment (or tuning or fitting) of canopy photosynthetic
capacity or the curvature of the light response of photosyn-
thesis (Lloyd et al. 1995). This reduces the overestimation
of photosynthesis that would have occurred from using the
averaged absorbed irradiance without adjustments. What
implications does this have? Numerically, perhaps very
few, since big-leaf models have been shown to describe
canopy photosynthesis (Amthor et al. 1994; Lloyd et al.
1995). A problem with this type of correction is that empir-
ical coefficients may not be independent of conditions,
thus reducing the accuracy of predictions at different con-
ditions, for example, different leaf area indices or light
regimes. More fundamentally, these big-leaf models are
not truly scaled models (Norman 1993; Raupach 1995), in
the strict sense that the variables have different definitions
and relations with one another at each scale. Thus, use of
big-leaf models to scale from leaves to canopies may lead
to misinterpretation of canopy dynamics in terms of the
known behaviour of photosynthesis at the leaf scale.

The big-leaf model based on the relationship between
the profiles of absorbed irradiance and leaf nitrogen is a
potentially powerful means to reduce the complexity of
models of canopy photosynthesis. This new approach
needs to be reconciled with evidence from earlier work that
leaves of sunlit and shaded leaves must be treated sepa-
rately (Sinclair et al. 1976; Norman 1980). It is desirable to
combine these two approaches, so that the distribution of



540 D. G. G. de Pury and G. D. Farquhar

1994). The variation of Rl with temperature is assumed to
independently follow an Arrhenius form (Eqn 8 & Table 4).

Temperature dependences of other model parameters have
also been modelled by the Arrhenius function; the activation
energies are presented in Table 4. Many plants acclimate to
the growth temperature regime so that the temperature
dependence of membrane-bound processes, such as electron
transport, change with growth temperature (Björkman,
Badger & Armond 1980; Sayed, Earnshaw & Emes 1989).
Expressions to describe temperature acclimation may need to
include this phenomenon, which is ignored here.

We have assumed a fixed ratio of Jm/Vl = 2·1 at 25 °C
(Wullschleger 1993), although the ratio does vary with
temperature in proportion to the ratio of the temperature
sensitivities of the components (Fig. 2).

Canopy photosynthesis
In uniform crop canopies, the main source of variation in
the physical environment is irradiance. Since the response
of photosynthesis to irradiance is non-linear (Eqns 4 & 5)
the method of spatial integration can introduce errors; for
example, use of irradiance averaged over the whole canopy

causes an overestimation of photosynthesis (Smolander
1984). The requirement for accuracy at this level of detail
needs to be weighed against the complexity of the model
and the concomitant increase in the number of calculations
required (Norman 1980).

The problem of integrating the non-linear response of
leaf photosynthesis to irradiance can be overcome by the
use of multi-layer models, which rely on numerical inte-
gration. We first describe a multi-layer model that is used
for subsequent comparisons with simpler canopy models.

Multi-layer integration
This method of calculating canopy photosynthesis is based
on the radiation penetration modelling by Goudriaan
(1977) as summarized in Appendix 1 and the CUPID
model (Norman 1982). The canopy was split into multiple
layers (increments in L of 0·1). Each layer was separated
into sunlit and shaded fractions (Eqn A1 in Table A1 of
Appendix 1) and the sunlit fraction divided into nine leaf
angle classes (Eqn A9). Absorbed irradiance was calcu-
lated for the shaded fraction (Eqn A7) and for each leaf
class of the sunlit fractions (Eqn A12) separately.
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Equation Definition No.

Al = min {Aj, Av} – Rl Net rate of leaf photosynthesis (1)

pi – Γ*Av = Vl ––––––– , providing pi > Γ∗ Rubisco-limited photosynthesis (2)
pi + K'

K' = Kc (1 + O/Ko) Effective Michaelis-Menten constant (3)

pi – Γ*Aj = J ––––––––– , providing pi > Γ∗ Electron-transport limited rate of
4(pi + 2Γ*) photosynthesis (4)

θl J2 – (Ile + Jm) J + Ile Jm = 0 Irradiance dependence of electron
transport (5)

Ile = Il (1 – f)/2 PAR effectively absorbed by PSII (6)

Rl Γ – Γ* Ratio of leaf respiration to
–– = –––––– photosynthetic Rubisco capacity (7)Vl Γ + K'

kT = k25 exp(Ea(T – 25)/[298 R(T + 273)]) Arrhenius function (8)

Γ* = 3·69 + 0.188(T – 25) + 0·0036(T – 25)2 Temperature dependence of Γ∗ (9)

S · 298 – H–––––––––
(TK – 298)Ea [1 + exp ( R · 298 ) ]

JmT
= Jm25

· exp –––––––––– ––––––––––––––––––––[ RTK · 298 ] STK – H1 + exp ––––––[ ( RTK
) ]

Temperature (K) dependence of Jm (10)

Table 1. Equations of the Farquhar et al.
(1980) leaf photosynthesis model. Symbols
are defined in Tables 2 and 3. Values of the
Rubisco parameters are given in Table 4



Modelling canopy photosynthesis 541

© 1997 Blackwell Science Ltd, Plant, Cell and Environment, 20, 537–557

Symbol Value Units Description (constants at 25°C)

Irradiance model constants
fa 0·426 – forward scattering coefficient of PAR in

atmosphere
kd 0·78 – diffuse PAR extinction coefficient
Le 147°20·5' E degrees local longitude (Wagga Wagga, Australia)
Ls 150° E degrees standard longitude of time zone
P 98·7× 103 Pa atmospheric air pressure
Po 101·3× 103 Pa atmospheric air pressure at sea level
λ –35°3·5' S degrees latitude (Wagga Wagga, Australia)
ρcd 0·036 – canopy reflection coefficient for diffuse PAR
ρh 0·04 – reflection coefficient of a canopy with

horizontal leaves
ρl 0·10 – leaf reflection coefficient for PAR
τl 0·05 – leaf transmissivity to PAR
σ 0·15 – leaf scattering coefficient of PAR (ρl + τl)

Photosynthesis model constants
Ea (see Table 4) J mol–1 activation energy
f 0·15 – spectral correction factor
H 220000 J mol–1 curvature parameter of Jm(T)

Kc 40·4 Pa Michaelis-Menten constant of Rubisco for
CO2

Ko 24·8× 103 Pa Michaelis-Menten constant of Rubisco for O2
K' 73·8 Pa Effective Michaelis-Menten constant of

Rubisco
O 20·5× 103 Pa oxygen partial pressure
R 8·314 J mol–1 K–1 Universal gas constant
S 710 J K–1 mol–1 electron-transport temperature response

parameter
Γ 4·4 Pa CO2 compensation point of photosynthesis
Γ* 3·69 Pa Γ in the absence of mitochondrial respiration
θl 0·7 – curvature of leaf response of electron transport 

to irradiance

Table 2. Table of constants used in all the
canopy photosynthesis models

Symbol Units Description (constants at 25°C)

Temporary variables used in model development
Ie µmol m–2 s–1 extra-terrestrial PAR
Nd µmol m–2 sr–1 diffuse photon radiance of the sky, Id(0)/2π
α radians angle of beam irradiance to the leaf normal

Irradiance model variables common to all models
a – atmospheric transmission coefficient of PAR
fd – fraction of diffuse irradiance
h radians hour angle of the sun, π(t–to)/12
kb – beam radiation extinction coefficient of canopy, 0·5/sinβ
k'b – beam and scattered beam PAR extinction coefficient, 0·46/sinβ
k'd – diffuse and scattered diffuse PAR extinction coefficient, 0·719
Lc m2 m–2 canopy leaf-area index
m – optical air mass, (P/Po)/sinβ
t h time of day
to h time of solar noon
td d time since beginning of year
β radians solar elevation angle
δ radians solar declination angle
ρcb – canopy reflection coefficient for beam PAR

Photosynthesis model variables common to all models
Ac µmol m–2 s–1 rate of canopy photosynthesis per unit ground area
Aj µmol m–2 s–1 rate of photosynthesis limited by RuBP regeneration
Av µmol m–2 s–1 rate of photosynthesis limited by Rubisco

Table 3. List of variables, categorized by
the models in which they are used
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Distribution of leaf nitrogen, Nl, between leaves in the
canopy was modelled as decreasing exponentially with
cumulative relative leaf area index, L/Lc, from the top of
the canopy (Hirose & Werger 1987), modified to reflect
the distribution of nitrogen associated with photosynthe-
sis and a base level of leaf nitrogen, Nb, not associated
with photosynthesis (Anten et al. 1995). The distribution
of leaf nitrogen in the canopy is not necessarily related to
the profile of absorbed irradiance. Leaf nitrogen distri-
bution, Nl(L), in the canopy was described relative to a
nominal leaf nitrogen content at the top of the canopy,
No, according to the equation

Nl = (No – Nb) exp(–kn L/Lc) + Nb, (11)

where kn is the coefficient of leaf nitrogen allocation and Lc
is the canopy leaf area index.

Leaf nitrogen was converted to Rubisco capacity, Vl,
assuming a linear relationship between Vl and Nl (Evans
1983; Field & Mooney 1986) with a residual leaf nitro-
gen content of Nb = 25 mmol m–2 (i.e. ≈0·5% N, when
Vl = 0),

Vl =χn (Nl – Nb), (12)

where χn is the ratio of measured Rubisco capacity to leaf
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Table 3. ContinuedSymbol Units Description (constants at 25°C)

Ile µmol m–2 s–1 PAR effectively absorbed by PSII per unit leaf area
J µmol m–2 s–1 rate of electron transport rate per unit leaf area
Jm µmol m–2 s–1 potential rate of electron transport rate per unit leaf area
kn – coefficient of leaf-nitrogen allocation in a canopy
Nb mmol m–2 leaf nitrogen not associated with photosynthesis
Nl mmol m–2 leaf nitrogen concentration per unit leaf area
No mmol m–2 leaf nitrogen concentration at top of canopy
pi Pa intercellular CO2 partial pressure
Rc µmol m–2 s–1 canopy respiration per unit ground area
T °C leaf temperature
Vl µmol m–2 s–1 photosynthetic Rubisco capacity per unit leaf area
χn mmol mol–1 s–1 ratio of photosynthetic capacity to leaf nitrogen

Specific to the big-leaf model (per unit ground area)
Ic µmol m–2 s–1 PAR absorbed by the canopy
Nc mmol m–2 total canopy leaf nitrogen content
Vc µmol m–2 s–1 photosynthetic Rubisco capacity of canopy
θc – curvature factor of response of canopy photosynthesis

to irradiance

Specific to the Sun/Shade model (per unit ground area)
fcSun – fraction of canopy that is sunlit
IcSh µmol m–2 s–1 PAR absorbed by the shaded fraction of the canopy
IcSun µmol m–2 s–1 PAR absorbed by the sunlit fraction of the canopy
VcSh µmol m–2 s–1 photosynthetic Rubisco capacity of shaded fraction of canopy
VcSun µmol m–2 s–1 photosynthetic Rubisco capacity of sunlit fraction of canopy

Specific to the multi-layer model
Al(L) µmol m–2 s–1 rate of leaf photosynthesis per unit leaf area
f1,2(L) – fraction of leaf area in a leaf-angle class
fSh(L) – fraction of leaves that are shaded
fSun(L) – fraction of leaves that are sunlit
g(αl) – distribution function of leaf-area orientation
Ib(L) µmol m–2 s–1 beam PAR per unit ground area
Id(L) µmol m–2 s–1 diffuse PAR per unit ground area
Il(L) µmol m–2 s–1 total absorbed PAR per unit leaf area
Ilbb(L) µmol m–2 s–1 absorbed beam PAR without scattering per unit leaf area
Ilbs(L) µmol m–2 s–1 absorbed scattered beam PAR per unit leaf area
Ilb(L) µmol m–2 s–1 absorbed beam plus scattered beam PAR per unit leaf area
Ild(L) µmol m–2 s–1 absorbed diffuse plus scattered diffuse PAR per unit leaf area
IlbSun(L) µmol m–2 s–1 beam PAR absorbed by sunlit leaves per unit leaf area
IlSh(L) µmol m–2 s–1 total PAR absorbed by shaded leaves per unit leaf area
IlSun µmol m–2 s–1 total PAR absorbed by sunlit leaves per unit leaf area
L m2 m–2 cumulative leaf-area index from top of canopy (L = 0 at top)
Rl(L) µmol m–2 s–1 leaf respiration per unit leaf area
Vl(L) µmol m–2 s–1 catalytic capacity of Rubisco per unit leaf area
αl radians angle of beam irradiance to the leaf normal
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N. χn was calculated from values of Vl (from leaf photo-
synthesis measurements) and from measurements of Nl.

Leaf nitrogen was calculated for leaves of each layer
(Eqn 11) and converted to photosynthetic capacity (Eqn 12).
Leaf photosynthesis was calculated for each leaf class (Eqns
1–6) less leaf respiration calculated from the Rubisco capac-
ity (Table 4). Canopy photosynthesis rate was calculated by
the summation of the product of rate of leaf photosynthesis
per unit leaf area by the leaf area in each class (Eqn A9).

Distribution of leaf nitrogen and absorbed
irradiance
Measurements of incident radiation were used in the multi-
layer model to generate the predicted distribution of
absorbed irradiance in relation to the distribution of leaf
nitrogen in the canopy (Fig. 3). Model parameters were
obtained from measurements in a canopy of wheat (Table
5) or from published values (Table 4). A spatially aver-
aged instantaneous profile of absorbed irradiance was cal-
culated by averaging the absorbed irradiance of all leaves
(sunlit and shaded) in a layer at midday (maximum solar
elevation was 68° above the horizon). Integration of all
such distributions for all times during the day gave the
daily profile of absorbed irradiance (Fig. 3).

An assumption in the big-leaf model is that leaf nitrogen
should be distributed in a canopy in proportion to the pro-
file of absorbed irradiance. It can be seen in Fig. 3 that this
wheat canopy did have a distribution of leaf nitrogen that
was approximately in proportion to the profile of daily
absorbed irradiance. If leaf nitrogen were exactly dis-
tributed in proportion to the absorbed irradiance, the mod-
elled distribution would have been a straight line across the
figure extrapolating to zero irradiance at N = 25 mmol m–2.
In addition, an instantaneous profile of spatially averaged
absorbed irradiance is also shown in Fig. 3. This too has a
distribution that is nearly in proportion to the profile of leaf
nitrogen.

With the parameters for the multi-layer model set as
above, an instantaneous distribution of absorbed irradi-
ance in relation to leaf nitrogen content was predicted for
the sunlit and shaded leaves separately with leaf angles

from a uniform leaf angle distribution (Fig. 4). The distri-
bution presented was calculated for midday; other times
gave similar distributions but at lower levels of absorbed
irradiance. The vertical (or z) axis indicates the relative dis-
tribution of leaves at each level of absorbed irradiance for
the sunlit leaves and the absolute distribution of the shaded
leaves (the distribution of sunlit leaves is shown on a rela-
tive scale because the absolute distribution depends on the
number of leaf angle classes). A uniform leaf angle distri-
bution was assumed (i.e. all orientations are equally repre-
sented; also known as a spherical distribution), so that the
probability, g(αl), of a leaf being at an angle between αl
and αl + dαl is Pr(αl, αl + dαl) = sinαl dαl. This leaf angle
distribution function together with the fraction of sunlit leaf
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Table 4. Photosynthesis parameters at 25 °C and their activation
energies, Ea (kJ mol–1). The Rubisco parameters Kc, Ko and Γ∗ are
appropriate to an infinite internal conductance to CO2 diffusion

Parameter Value Ea

Kc (Pa) a40·4 b59 400
Ko (Pa) a24·8×103 b36 000
Vl (µmol m–2 s–1) ~ b64 800
Jm (µmol m–2 s–1) e2·1Vl

c37 000
Rl (µmol m–2 s–1) e0·0089Vl (@ 25 °C) c66 400
Γ* (Pa) a3·69 d29 000

avon Caemmerer et al. (1994); bBadger & Collatz (1977);
cFarquhar et al. (1980); dJordan & Ogren (1984);
eWatanabe et al. (1994).

Figure 2. Effect of temperature on leaf photosynthesis
parameters: Left axis (outside labels): Vl (µmol m–2 s–1), Jm
(µmol m–2 s–1); (inside labels) the ratio Jm/Vl. Right axis: K’
(Eqn 3, µmol mol–1 CO2) and Γ* (µmol mol–1 CO2) modelled
using activation energies in Table 4.

Figure 3. Modelled distribution of the midday spatially
averaged (for sunlit and shaded leaves) (– – –, µmol m–2 s–1) and
daily average ( ——, mol m–2 d–1) absorbed irradiance (quanta)
per unit leaf area by leaves in a homogenous canopy, of uniform
leaf angle distribution, as a function of the observed leaf nitrogen
content (mmol m–2).
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area (Eqn A1) generated the curved surface and is shown as
the relative proportion of sunlit leaves on the left-hand verti-
cal or z axis [Pr(αl, αl + dαl)/dαl = sinαl]. Each layer of the
canopy, as indicated by leaf nitrogen content, has a range of
absorbed irradiance for the sunlit leaves at different leaf
angles (calculated from Eqn A12). Leaves nearly perpendic-
ular to the sun-beam direction have the highest absorbed
irradiance (1830–2040 µmol m–2 s–1), and are only a small
proportion of the sunlit leaves, while leaves parallel to the
beam direction absorbed only diffuse radiation
(220–430 µmol m–2 s–1) and are a high proportion of the
sunlit leaves. This distribution of irradiance may be visual-
ized if, for example, one imagines the sun shining directly at
the north pole: the intensity would be greatest at the pole and
least at the equator, and the surface area of the earth in a lati-
tudinal band (say of 10°) would be least at the pole and
greatest at the equator. At any particular leaf angle, absorbed
irradiance decreases slightly with depth in the canopy due to
the attenuation of diffuse and scattered radiation.

The proportion of sunlit leaves decreased with each suc-
cessive layer deeper in the canopy (indicated by lower leaf
nitrogen). The proportion of each layer shaded increased
with depth in the canopy, shown as the vertical plane at the
rear of Fig. 4 and the right-hand or z axis.

In contrast to the distribution of spatially averaged
absorbed irradiance, the relationship between absorbed
irradiance and leaf nitrogen is very different when the sun-
lit and shaded fractions of the canopy are shown separately
(Fig. 4). No longer is the instantaneous distribution of
absorbed irradiance even approximately in proportion to
the distribution of leaf nitrogen (i.e. a diagonal line). The
profile of leaf nitrogen and the distribution of absorbed
irradiance for the sunlit and shaded leaves of the canopy
show no semblance of being proportional to each other.

Inspection of the average irradiance profiles (Fig. 3)
suggests that leaf nitrogen was approximately distributed
in proportion to profiles of both daily and spatially aver-
aged instantaneous absorbed irradiance. However, if the
distribution of instantaneous absorbed irradiance of sunlit
and shade leaves is used, then it is apparent that the distri-
bution of leaf nitrogen is not in proportion to the profile of
absorbed irradiance (Fig. 4) and therefore the basis for the
simplifications in the big-leaf model is not valid.

This conflict arises because the time-averaged and spa-
tially averaged distributions of absorbed irradiance in a
canopy are quite different from the instantaneous distribu-
tion of absorbed irradiance, when sunfleck penetration and
the effect of leaf angles are considered. As stated in the
introduction, canopy modellers have long recognized the
importance of treating sunlit and shaded leaves separately
(Sinclair et al. 1976; Norman 1980). The analysis pre-
sented here has applied that principle to the profiles of
absorbed irradiance and leaf nitrogen, as assumed in the
new generation of big-leaf models (Sellers et al. 1992;
Amthor 1994; Lloyd et al. 1995). If profiles of average
irradiance are used, contradicting the practice of keeping
sunlit and shaded leaves separate, then the profile of
absorbed irradiance can mistakenly be shown to be in pro-
portion to the profile of leaf nitrogen. A big-leaf model
working from this assumption will then have errors associ-
ated with averaging the irradiance profiles, which have
been shown to be large (Sinclair et al. 1976; Norman
1980). In the models of Sellers et al. (1992) and Amthor
(1994) the errors are not apparent because of the introduc-
tion of a curvature factor in the response of canopy photo-
synthesis to absorbed irradiance. We will demonstrate the
effect of this curvature factor later.

Optimal distribution of leaf nitrogen
Profiles of spatially averaged absorbed irradiance are also
used in several models that examine the optimal distribu-
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Table 5. Model parameter values (per unit leaf area) obtained
from leaf measurements in a wheat crop, cultivar Matong, at
Wagga Wagga, NSW, 4 d after anthesis

Parameter Value Units

Date 25 Oct (day 298) –
latitude –35° 3·5' S degrees
a 0.72 –
Lc 2.4 m2 m–2

Vl 110 µmol m–2 s–1

Nl 120 mmol m–2

No 137 mmol m–2

kn 0.713 –

Figure 4. Model predictions of the instantaneous distribution of
absorbed irradiance (quanta) per unit leaf area for sunlit and shaded
leaves (µmol m–2 s–1) in relation to the leaf nitrogen distribution.
Profiles were generated as in Fig. 3. The vertical axis on the left is
the relative probability distribution of sunlit leaves with respect to
absorbed irradiance defined by the leaf angle, and is Pr(αl, αl +
dαl)/dαl = sinαl. The relative distribution of sunlit leaves is
represented by the three-dimensional surface (left vertical axis).
The distribution of irradiance on shaded leaves was assumed
independent of leaf angle and is represented by the vertical plane at
the lowest absorbed irradiance levels (–■– , right vertical axis). See
text for further details.
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tion of leaf nitrogen to maximize canopy photosynthesis
(Hirose & Werger 1987; Wu 1993; Badeck 1995; Sands
1995). They use this approach as it greatly simplifies the
analysis, but, unless the canopies are grown under contin-
uous diffuse radiation, the profile of spatially averaged
irradiance will not be a realistic representation of canopies
receiving direct-beam radiation, which have sunflecks
penetrating to all levels of the canopy and (assuming a
uniform leaf angle distribution) with a range of leaf angles
with different amounts of absorbed irradiance at all levels
in the canopy.

To demonstrate the effect of using the spatially averaged
irradiance, we parametrized the multi-layer model as
described above, but with canopy layers of increment in L
of 0·5 and five leaf angle classes (to speed the optimiza-
tion) and examined the distribution of leaf nitrogen
required to maximize the daily integral of canopy photo-
synthesis. Total canopy photosynthetic Rubisco capacity
per unit ground area was kept constant at
224 µmol m–2 s–1, but reallocated between different layers.
Two approaches were taken regarding assumptions about
absorbed irradiance in calculations of leaf photosynthesis.
In the first, the irradiance was averaged from all leaves of a
layer to calculate the average rate of photosynthesis. In the
second, absorbed irradiance for each of the five leaf angle
classes of sunlit and shaded leaves was calculated sepa-
rately and converted to leaf photosynthesis. The profile of
average absorbed irradiance was, of course, identical in
both cases. The distribution of leaf photosynthetic capacity
to maximize canopy photosynthesis over a day was deter-
mined for each case by calculating the sensitivity of photo-
synthesis of each layer to an additional unit of photosyn-
thetic capacity, dA/dV. Units of photosynthetic capacity

were manually moved from layers with low values of
dA/dV to layers with high values of dA/dV, until all layers
had equal values of dA/dV, which is the condition of maxi-
mum canopy photosynthesis (Field 1983). This manual
redistribution of photosynthetic capacity avoided any
assumptions about the shape of the resultant distributions
of leaf photosynthetic capacity in the canopy. The distribu-
tions that generated the maximum canopy photosynthesis
under both assumptions are shown together with the actual
measured distribution in Fig. 5.

The actual profile of leaf photosynthetic capacity (mea-
sured in the field and described by parameters in Table 5)
was significantly different from a uniform distribution of
leaf photosynthetic capacity. Both apparent optimal distri-
butions had steeper profiles of leaf photosynthetic capacity
than the measured profile, with a higher capacity at the top
and less capacity lower in the canopy. The true optimal dis-
tribution obtained with calculations based on separate sun-
lit and shaded leaves was steeper than when the light was
averaged. In contrast, Terashima & Hikosaka (1995) sup-
posed that if sunfleck penetration was considered then the
optimal distribution of canopy nitrogen would be less steep
than if totally diffuse radiation was assumed, because sun-
flecks would deliver more radiation deeper into the
canopy. However, in the modelling presented here, the
profile of absorbed irradiance was identical in both cases.
The only difference was the separation into sunlit and
shaded leaves. The distribution of canopy nitrogen
required to maximize canopy photosynthesis under totally
diffuse radiation (data not shown) was very similar to the
distribution required to maximize canopy photosynthesis
based on the average irradiance described above.

Maximum daily canopy photosynthesis based on sepa-
rate sunlit and shaded leaves increased by 9% compared to
that obtained with the actual nitrogen distribution, but
increased by only 5% when based on the average irradi-
ance. Daily canopy photosynthesis with the actual distribu-
tion of leaf photosynthetic capacity was 19% greater when
calculations were based on average irradiance compared to
that calculated with separate sunlit and shaded leaves.
Clearly, assumptions about averaging of irradiance in a
canopy affect conclusions as to the optimal distribution of
leaf photosynthetic capacity.

The above calculations were made assuming a linear rela-
tionship between photosynthetic capacity and leaf nitrogen
content which may in fact be better represented by a non-lin-
ear relationship. This may change the resultant distributions
of leaf nitrogen required to maximize photosynthesis, but
would not alter the fact that ignoring sunflecks and assuming
an average irradiance results in a different optimal distribu-
tion of leaf nitrogen compared to the distribution obtained
by consideration of sunflecks. The truly optimal distribution
of leaf nitrogen is more strongly influenced by the time
leaves spend in sunflecks rather than by the distribution of
absorbed irradiance per se. This is because the sensitivity of
Rubisco-limited photosynthesis (PAR saturated) to nitro-
gen, dAv/dN, is much greater than the sensitivity of electron-
transport-limited photosynthesis, dAj/dN.
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Figure 5. Modelled distributions of leaf photosynthetic capacity,
based on measurements in a wheat canopy (Actual, –■–) and the
profiles required to maximize canopy photosynthesis using
spatially averaged absorbed irradiance for each layer (Average
PAR, ···▲···) or using calculations for sunlit and shaded leaves
separately (sun/shade, – – ● – –).



546 D. G. G. de Pury and G. D. Farquhar

Big-leaf model
As outlined in the Introduction, the parallel profiles of leaf
photosynthetic capacity and absorbed irradiance suggest
an alternative approach to canopy integration: scaling by
use of a big-leaf model. This assumes that the canopy can
be represented by a single layer having capacity for photo-
synthesis and a single irradiance. This assumption is valid
when the vertical profile of photosynthetic capacity is opti-
mally distributed to maximize photosynthesis, which in
turn means that it is distributed in proportion to the
absorbed irradiance profile (Farquhar 1989). While the dis-
tribution of photosynthetic capacity in a canopy may be
optimal for maximizing daily photosynthesis, it cannot be
simultaneously optimal for maximizing instantaneous
photosynthesis at all instants of time, since leaf photosyn-
thetic capacity cannot be reallocated between leaves on the
time scale of irradiance variation in a canopy. Irradiance
distribution in a canopy varies as radiation penetration
changes with the traverse of the sun across the sky on its
diurnal and seasonal course. By contrast, photosynthetic
capacity can only be redistributed in a canopy over a period
of several days in response to changes in the daily average
irradiance profile, but cannot adjust on the time scale of
seconds and minutes associated with the movement of sun-
flecks. Earlier work (Sellers et al. 1992; Amthor 1994;
Lloyd et al. 1995) assumed that, because leaf nitrogen is
approximately distributed in the canopy in proportion to
the time-averaged profile of absorbed irradiance, a big-leaf
model can be used to predict instantaneous canopy photo-
synthesis, but ignored the quite different nature of the
instantaneous distribution of absorbed irradiance due to
penetration of sunflecks and the effect of leaf angles on
absorbed irradiance.

To illustrate the problems that result even when a curva-
ture factor is introduced, we present a big-leaf model
which integrates the input profiles and calculates a single
photosynthetic rate as though the canopy were a single big
leaf. Canopy absorbed irradiance, nitrogen, photosynthetic
capacity and leaf respiration were calculated for the entire
canopy by integration as outlined below. The leaf photo-
synthesis model (Eqns 1–6) was then applied to the canopy
as though it were a single big leaf.

Absorbed irradiance of canopies
Irradiance absorbed by a canopy, per unit ground area, was
determined by integrating Il (Eqn A6) over the entire
canopy leaf area (Lc = m2 leaf m–2 ground):

Lc
Ic = IldL∫

0
= (1 –ρcb) Ib(0)[1 – exp(–kb' Lc)]

+(1 –ρcd)Id(0)[1 – exp(–kd' Lc)]. (13)

Canopy nitrogen and photosynthetic capacity
Total canopy nitrogen, Nc, was calculated by integration of

the leaf nitrogen profile (Eqn 11) over the entire canopy:

Lc
Nc = NldL (14)∫

0
= Lc{(No – Nb)[1 – exp(–kn)]/kn + Nb}.

Canopy photosynthetic capacity, Vc, was calculated as the
integral of leaf photosynthetic capacity over the entire
canopy:

Lc Lc
Vc = VldL =χn (Nl – Nb)dL (15)∫

0
∫

0
= Lcχn(No – Nb)[1 – exp(–kn)]/kn.

Leaf respiration of the canopy, Rc, was calculated by inte-
gration of leaf respiration:

Lc
Rc= RldL (16)∫

0

=VcRl/Vl,

where Rl/Vl is the ratio of leaf respiration to leaf Rubisco
capacity at 25 °C (Eqn 7). Canopy photosynthesis is then
calculated by using Ic and Vc in the leaf photosynthesis
model (Eqns 1–10).

An improvement in the performance of big-leaf models
occurs when a process analogous to the co-limitation of
photosynthesis by both electron transport and Rubisco at
the leaf level (Kirschbaum & Farquhar 1984; Collatz et al.
1991) is applied to canopies (Sellers et al. 1992; Wang &
Jarvis 1993; Amthor 1994). Mathematically this is
achieved by a non-rectangular hyperbola,
θc A2

c – (Aj + Av) Ac + Aj Av = 0, (17)

where Ac is determined as the smaller root of the solution.
The curvature of the response of canopy photosynthesis to
irradiance is principally determined by the value of θc, and
to a lesser extent θl (Eqn 5). Note that the models of Collatz
et al. (1991), Sellers et al. (1992) and Amthor (1994) have
no curvature, θl, in the relationship between Aj and Ile, but
this has little bearing on the present treatment.

Comparison of big-leaf and multi-layer models
Predictions from several multi-layer models have been
compared with field measurements of canopy photosyn-
thesis and were capable of adequately reproducing diurnal
trends (Lemon et al. 1971; Caldwell et al. 1986; Norman &
Polley 1989; Grant 1992).  Tuned big-leaf models (i.e. with
fitted values of θc) are also capable of reproducing
observed trends.  The issue here, however, is the extent to
which simplifications can be made to multi-layer models
while still preserving the correspondence between leaf
properties and canopy performance.  Multi-layer models
have traditionally been used as a baseline for comparing
simplified canopy integration schemes (Sinclair et al.
1976; Norman 1980; 1993; Goudriaan 1986; Johnson,
Parsons & Ludlow 1989; Reynolds et al. 1992; Baldocchi
1993).  Such comparisons between models allow structural
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differences to be tested without the compounding effects of
parameter uncertainties and are again used here.

The predicted response of canopy photosynthesis to
absorbed irradiance was compared for the multi-layer and
big-leaf canopy models (Fig. 6). (The simulations were
conducted at a constant leaf temperature of 20 °C and pi =
27·0 Pa.)  The diurnal variation of incident irradiance was
taken from measurements at Wagga Wagga, Australia, on
25 October (de Pury 1995) with a simulated diurnal varia-
tion of the fraction of diffuse irradiance as determined by
the solar path length through the atmosphere (Eqn A25).
Simulations for the big-leaf model were made by adjusting
the canopy curvature factor, θc, to obtain the best fit with
the multi-layer model under typical clear sky radiation (fd
= 0·15 at solar noon, θc = 0·877). The same value of θc was
used at high leaf area index.  Canopy nitrogen was, implic-
itly, scaled with the leaf area index as defined by the expo-
nential nitrogen profile based on relative leaf area index
(Eqns 11 and 14). An alternative assumption would be to
describe the nitrogen profile as a function of the absolute
leaf area index [i.e. N = No exp(–kiL)] (as would happen,
for example, if nitrogen were to remain in proportion to the
daily irradiance profile as a canopy grows).  Simulations
by the multi-layer model were used as the standard for
evaluation of the big-leaf model.

Despite tuning, the big-leaf model predictions did not
closely match the response of canopy photosynthesis to
absorbed irradiance predicted by the multi-layer model,
overestimating by up to 14% at intermediate irradiances
and then underestimating at higher irradiances.  

At high leaf area index, the big-leaf model (with θc =
0·877 fitted at low leaf area index) overestimated canopy
photosynthesis by up to 50% at some instants (Fig. 6).
Better simulations by the big-leaf model were obtained by
again adjusting the curvature factor, though the response to
irradiance still did not match the multi-layer model.

Similar discrepancies in the irradiance response of the big-
leaf model were found with alternative nitrogen distribu-
tions.

The models were further analysed by comparing predic-
tions of daily canopy photosynthesis over a range of leaf
area indices and fractions of diffuse irradiance (Fig. 7).
The fraction of diffuse irradiance, fd, was varied by chang-
ing the atmospheric transmission coefficient (Eqn A25),
but with constant total irradiance.  Model predictions of
daily canopy photosynthesis are shown as a function of the
minimum value of fd at solar noon (Fig. 7). 

The predictions of the big-leaf model were 20% higher
than those of the multi-layer model at a leaf area of 4 and
45% higher at a leaf area index of 6 (Fig. 7).  In contrast,
when the nitrogen distribution was proportional to the
daily irradiance profile, the big leaf model predictions of
daily canopy photosynthesis improved significantly (errors
ranging from –10% to +4% with increasing leaf area
index). The performance of the big leaf model was strongly
affected by the leaf nitrogen allocation in the canopy and
its dynamics with changing leaf area index. The big-leaf
model was relatively unresponsive to fd, while in contrast
the multi-layer model demonstrated a 30% increase in
daily photosynthesis in changing from very clear sky to
totally diffuse radiation. When leaf photosynthetic capac-
ity was changed, the big-leaf model again overestimated
canopy photosynthesis by up to 10% (data not shown).
There was no effect of CO2 concentration on the perfor-
mance of the big-leaf model (data not shown).

Selection of a value of θc in the big-leaf model is diffi-
cult a priori, but easier a posteriori.  We fitted the big-leaf
model by adjusting the value of θc such that the big-leaf
model predictions matched the multi-layer model predic-
tions by minimizing the sum of residuals squared.  The
value of θc, required to give the best fit, varied with the leaf
area index, the distribution of leaf nitrogen, the leaf-nitro-
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Figure 6. Comparison of simulated response of canopy
photosynthesis to absorbed irradiance for the multi-layer (——),
sun/shade (– – –) and big-leaf (·······) models at different leaf area
indices, Lc = 2·4 (left) and Lc = 5·0 (right) under clear sky conditions
(a = 0·75, Eqn A25). Simulations from the big-leaf model are shown
with θc = 0·877, obtained by fitting under clear sky. The same value
of θc was used for the simulations at high leaf area index. Note that
the sun/shade model predictions coincide with and are obscured by
the multi-layer model predictions.

Figure 7. Effect of varying leaf area index, Lc (left), and fraction
of diffuse irradiance, fd (right), on daily canopy photosynthesis
predicted by the multi-layer (——) , sun/shade (– – –) and big-leaf
(······) models. Model simulations were made using diurnal
irradiance data on 25 October with coefficients obtained from a
wheat crop, cultivar Matong (de Pury 1995) (Table 5) and a fitted
θc = 0·877. Canopy nitrogen content was implicitly scaled with leaf
area index by Eqns 11 and 14. Variation in the fraction of diffuse
radiation was generated by varying the atmospheric transmission
coefficient (Eqn A25).
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gen content (Fig. 8) and fraction of diffuse radiation, but
not with atmospheric CO2 concentration.  

Use of curvature factors in canopy-photosynthesis mod-
els is attractive since it allows the use of simple big-leaf
models.  Unfortunately, the value of θc is not constant, but
varies with canopy leaf area index, fraction of diffuse irra-
diance, leaf-nitrogen content and its distribution in the
canopy.

An alternative approach, still using the big-leaf model
but without θc, is to empirically reduce canopy photosyn-
thetic capacity. With a 30% reduction, predictions of daily
canopy photosynthesis by the big-leaf model were then
equivalent to those from the multi-layer model, but this did
not improve the shape of the response of canopy photosyn-
thesis to absorbed irradiance.  Empirical corrections to big-
leaf models have been proposed previously (Johnson et al.
1989), and were similar to those found here, but again their
selection a priori is difficult.

Sun/shade model
The penetration of beam irradiance, its variation through
the day and the range of leaf angles in a canopy of uniform
leaf angle distribution all affect the ability of a big-leaf
model to simulate the diurnal changes in canopy photosyn-
thesis. These canopy features can be explicitly incorporated
by dividing the canopy into sunlit and shaded fractions and
modelling each fraction separately with a single-layer
model. We call this the sun/shade model. It is more com-
plex than a big-leaf model, but its more detailed treatment
of the irradiance profiles overcomes some of the errors
associated with the simplifying assumptions of a big-leaf
model. We include variation of photosynthetic capacity
with depth, and use the currently accepted biochemical
model of leaf photosynthesis in this new synthesis.

This new approach splits the big-leaf model into sunlit
and shaded fractions. Since these fractions change during
the day with solar elevation (changing kb in Eqn A1), so

too the irradiance absorption and the photosynthetic capac-
ity of sunlit and shaded leaf fractions change. Photosynthetic
capacities of individual leaves do not change during the day,
but the division between the sunlit and shaded portions of
the canopy does. Calculation of irradiance absorption and
photosynthetic capacity of the separate sunlit and shaded
fractions is outlined in the following sections.

Absorbed irradiance of sunlit and shaded
fractions of canopies
Irradiance absorbed by the sunlit leaf fraction of the
canopy (IcSun) is calculated as an integral of absorbed irra-
diance (Eqn A12) and the sunlit leaf area fraction (Eqn
A1). This irradiance is absorbed by only the sunlit part of
the canopy. Although not explicitly used in this model, the
sunlit leaf area index of the canopy is

Lc
LSun = fSun(L)dL = [1 – exp(–kbLc)]/kb, (18)∫0

while the shaded leaf area index of the canopy is LSh = Lc –
LSun, which can be used to calculate the average irradiance
and photosynthetic capacity of the sunlit and shaded frac-
tions from the fraction totals given below.

Irradiance absorbed by the separate sunlit and shade
fractions of the canopy is defined such that the total irradi-
ance absorbed (Ic, Eqn 13) is the sum of the two parts,

Ic = IcSun + IcSh. (19)

The total irradiance absorbed by the canopy and the com-
ponents absorbed by the sunlit and shaded fractions are all
expressed on a ground-area basis. The irradiance absorbed
by the sunlit fraction of the canopy is given as the sum of
direct-beam, diffuse and scattered-beam components

Lc
IcSun = IlSun(L)fSun(L)dL∫0

Lc Lc
= Ilb(L)fSun(L)dL + Ild(L)fSun(L)dL + (20a)∫0 ∫0

+ ∫
0

Lc
Ilbs(L)fSun(L)dL,

which are, for direct-beam irradiance absorbed by sunlit
leaves, using Eqns A2 and A1,

Lc
Ilb(L)fSun(L)dL = Ib(0)(1 –σ)[1 – exp(–kbLc)] (20b)∫

0

(note the use of σ for sunlit leaves compared to ρcb in Eqn
A2 for the average of all leaves); for diffuse irradiance
absorbed by sunlit leaves, using Eqns A5 and A1,

Lc
Ild(L)fSun(L)dL = Id(0)(1 –ρcd)∫ 0 (20c)

×{1 – exp[–(k'd + kb)Lc]}k'd/(k'd + kb),

and for scattered-beam irradiance absorbed by sunlit
leaves, using Eqns A8 and A1,
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Figure 8. Variation of the co-limitation parameter of canopy
photosynthesis, θc, with canopy leaf area index assuming canopy
nitrogen distribution is described by Eqn 14 (–––) or if N is
proportional to daily irradiance profile (– – –) (left) and with leaf
nitrogen content of leaves at the top of the canopy (right). Values
were obtained from fitting the big-leaf model predictions to those of
the multi-layer model and minimizing the sum of residuals squared.
Simulations were made with the same conditions as in Fig. 7.
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Lc
Ilbs(L)fSun(L)dL∫ 0

= Ib(0) (1 –ρcb){1 – exp[–(k'b + kb)Lc]}k'b/(k'b + kb)[–(1 –σ)[1 – exp(–2kbLc)]/2 ]. (20d)

Irradiance absorbed by the shaded leaf area of the canopy
is given by an integral of absorbed irradiance in the shade
(Eqn A7) and the shaded leaf area fraction (fSh = 1 – fSun),
shown in Appendix 2. More simply, it is calculated as the
difference between the total irradiance absorbed by the
canopy, Ic (Eqn 13), and the irradiance absorbed by the
sunlit leaf area, IcSun (Eqn 20a):

IcSh = Ic – IcSun. (21)

An example of canopy absorption of irradiance and its sepa-
ration into sunlit and shaded fractions is presented in Fig. 9.

Photosynthetic capacity of sunlit and shaded leaf
fractions
The diurnal progress of the sun traversing the sky results in
continual movement of sunflecks in a canopy. When the
sun is low in the sky, direct beam radiation is mostly inter-
cepted by leaves at the top of the canopy. Conversely, when
the sun is high in the sky, sunflecks penetrate deeper into
the canopy. The partitioning of leaves into sunlit and
shaded fractions is continually changing throughout the
day. Calculation of the photosynthetic capacity of these
separate fractions needs to reflect these dynamics. That is
not to say that the photosynthetic capacity of individual
leaves is continually being adjusted, but rather that the divi-
sion of the leaves into sunlit or shaded fractions is changing.

Photosynthetic capacity of the sunlit leaf-fraction of the
canopy, VcSun, was calculated by integrating the leaf photo-

synthetic capacity (Eqn 12) and the sunlit leaf area fraction
(Eqn A1):

Lc
VcSun = Vl(L)fSun(L)dL (22)∫0

= Lcχn(No – Nb)[1 – exp(–kn – kbLc)]/(kn + kbLc).

Photosynthetic capacity of the shaded leaf fraction of the
canopy, VcSh, may be calculated by an integral of the leaf
photosynthetic capacity (Eqn 12) and the shaded leaf area
fraction (also from Eqn A1), shown in Appendix 2. As with
the calculation of absorbed irradiance, VcSh can be more
simply calculated as the difference between canopy photo-
synthetic capacity (Eqn 15) and the photosynthetic capac-
ity of the sunlit fraction (Eqn 22):

VcSh = Vc – VcSun. (23)

An example of the distribution of photosynthetic capacity
between sunlit and shaded leaf fractions of the canopy is
shown in Fig. 10.

Photosynthesis of the sunlit and shaded fractions of the
canopy is then calculated by use of the leaf photosynthesis
model (Eqns 1–10), with the absorbed irradiance and pho-
tosynthetic capacity of each fraction, respectively, used in
place of the equivalent leaf variables. Canopy photosyn-
thesis is obtained by adding the photosynthetic contribu-
tion from the two components, minus the leaf respiration of
the canopy, Rc (Eqn 16):
Ac = AcSun + AcSh – Rc. (24)

Calculation procedure
Implementation of the sun/shade model of canopy photo-
synthesis is demonstrated by a worked example as
explained below and summarized in Table 6. Solar decli-
nation is calculated in Appendix 1 (‘Solar geometry’) for
the particular latitude of the location and the day of the
year by Eqn A14. For each time step through the day, solar
elevation is calculated by Eqn A13 (sinβ = 0·87), the
canopy reflection coefficient for beam PAR by Eqn A19
(= 0·029), the canopy extinction coefficient for beam PAR
by Eqn A4 (= 0·46/0·87), the fraction of sunlit leaves by
Eqn A1 (= exp [–(0·5/0·87) 2·4]), and the fraction of diffuse
irradiance for a cloudless sky by Eqn A25 (= 0·15), which
in the conditions defined in Table 5 gives the results
shown in Table 6. For the example in Table 6, incident
light is given as 2083 µmol m–2 s–1, so that diffuse and
beam irradiance were calculated as 0·159×2083 = 331 and
(1 – 0·159)×2083 = 1752 µmol m–2 s–1, respectively. The
absorbed irradiance is calculated for the sunlit leaf fraction
using Eqn 20 (a, b, c & d):

IcSun = 1752(1 – 0·15){1 – exp[–(0·5/0·87)2·4]}
+ 331(1 – 0·036){1 – exp[–(0·719 + 0·5/0·87)2·4]}
×0·719/(0·719 + 0·5/0·87)

(1 – 0·029){1 – exp[–(0·46/0·87 + 0·5/0·87)
+ 1752 2·4]}(0·46/0·87)/(0·46/0·87 + 0·5/0·87)[ –(1 – 0·15){1 – exp[–2(0·5/0·87)2·4]}/2 ]
=1116 + 170 + 61 = 1347,
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Figure 9. Modelled irradiance and absorption (per unit ground area)
by a canopy of leaf area index = 2·4. Io, total irradiance above canopy;
Ic, irradiance absorbed by entire canopy; IcSh, irradiance absorbed by
shaded leaf fraction of canopy; IcSun, irradiance absorbed by sunlit
leaf fraction of canopy; fcSun, sunlit leaf area fraction.
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and for the shaded leaf fraction from Eqns 13 and 20a:

IcSh =1752(1 – 0·029){1 – exp[– (0·46/0·87)2·4]}
+ 331(1 – 0·036)[1 – exp(– 0·719×2·4)]– IcSun

= 1226 + 263 – 1347 = 142.

Photosynthetic Rubisco capacity of the sunlit fraction of
the canopy is calculated from Eqn 22 (the ratio χn was cal-
culated from measured leaf photosynthetic capacity and
leaf nitrogen content, Table 5 and Eqn 12; χn = 110/
(120 – 25) = 1·16):

VcSun = 2·4×1·16(137 – 25){1 – exp[– 0·713–
(0·5/0·87)2·4]}/[0·713 + 2·4(0·5/0·87)]

= 133

and photosynthetic Rubisco capacity of the shaded leaf
fraction from Eqns 15 and 22:

VcSh = 2·4× 1·16(137–25)[1 – exp(– 0·713)]/0·713 – VcSun
= 224 – 133 = 91,

allowing calculation of the electron-transport capacity for
each fraction with the fixed ratio of Jm/Vl = 2·1 at 25 °C.
Parameters of the photosynthesis model are adjusted for the
effect of temperature by the Arrhenius function (Tables 1 &
4) and Eqn 10 for electron transport. The Rubisco-limited
rate of photosynthesis is then calculated for the sunlit and
shaded fractions of the canopy by Eqn 2, using the intercel-
lular CO2 concentration, which in this example is pre-
scribed (24·5 Pa), but would usually be calculated by cou-
pling this model with a stomatal model, an expression for
the diffusion of CO2 through stomata and boundary layers
and an energy balance (de Pury 1995). The RuBP regenera-
tion-limited rate of photosynthesis is calculated separately
for the sunlit and shaded leaf fractions, by Eqns 4–6. The
actual rate of photosynthesis, for either fraction, is taken as
the minimum of the Rubisco-limited or RuBP regeneration-
limited rate (Eqn 1). The rates of photosynthesis from the
sunlit and shaded fractions are simply added to obtain total
canopy photosynthesis from which canopy respiration
(Eqn 16) is subtracted (Eqn 24), as shown in Table 6.

Comparison of sun/shade and multi-layer models
The simpler sun/shade model accurately reproduced the
response of canopy photosynthesis to absorbed irradiance
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Total Sunlit Shaded
Canopy Fraction Fraction

Sine solar elevation angle sinβ 0·87
Canopy reflection coefficient ρcb 0·029
Fraction of diffuse PAR fd 0·159
Intercellular CO2 partial pressure pi 24·5
Canopy temperature T 21
Total incident PAR I 2083

Absorbed irradiance IcSun, IcSh 1347 142
Photosynthetic Rubisco VcSun, VcSh 133 91

capacity @ 25°C
Photosynthetic Rubisco VcSun, VcSh 97 66

capacity @ T
Electron-transport capacity @ T Jm 234 159
Rubisco-limited photosynthesis Av 25·1 17·1
RuBP regeneration limited Aj 36·1 9·4

photosynthesis
Gross photosynthesis AcSun, AcSh 25·1 9·4

Canopy leaf respiration Rc 1·5

Canopy photosynthesis 33·0

Table 6. Calculated example of
implementing the sun/shade canopy
photosynthesis model, shown for 10:30h on
25 October with parameters obtained from a
wheat canopy presented in Table 5 and other
constants as defined in Table 2. The sunlit
leaf area was 55% of the leaf-area index. All
fluxes are in units of µmol m–2 ground s–1

Figure 10. Photosynthetic capacity of the entire canopy, Vc,
(Eqn 15) and separated into sunlit, VcSun (Eqn 22), and shaded,
VcSh (Eqn 23), leaf fractions. The fraction of the canopy that is
sunlit, fcSun, is also shown. Corrections for diurnal variation of
temperature are not shown.
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predicted by the multi-layer model (Fig. 6, where the two
responses are virtually indistinguishable). At twice the
leaf area index, the sun/shade model again accurately
reproduced the response of canopy photosynthesis to
absorbed irradiance. Similarly, the sun/shade model was
able closely to match the multi-layer model when the frac-
tion of diffuse irradiance was varied (Fig. 7). In contrast to
the big-leaf model, the predictions from the sun/shade
model matched those of the multi-layer model without the
use of an empirical fitting parameter.

Measured diurnal courses of environmental variables
were used to predict gross canopy photosynthesis for the
same wheat canopy as described previously for the 25
October. Predictions from the sun/shade model closely
matched those from the multi-layer model, as shown in
the previous simulations, and also matched gross canopy
photosynthesis (measured net canopy CO2 flux plus res-
piration) (Fig. 11). The electron-transport-limited and
Rubisco-limited rates of canopy photosynthesis are
shown for the sunlit and shaded fractions of the canopy as
predicted by the sun/shade model. In the sun/shade model
the rates of photosynthesis for the sunlit and shaded frac-
tions of the canopy are calculated as the minimum of
either the electron-transport-limited or Rubisco-limited
rates. It is apparent in Fig. 11 that the shaded fraction of
the canopy is always electron-transport-limited (i.e. AjSh
< AvSh) and that the sunlit leaves are usually Rubisco-lim-
ited (AvSun < AjSun), except when the absorbed irradiance
is very low. The fraction of leaves in the sunlit fraction
increased from 0% at low irradiance to 56% at the maxi-
mum solar elevation.

Small discrepancies between the sun/shade model and the
multi-layer model occurred near the point at which the sunlit
fraction changed from electron-transport-limited to Rubisco-
limited photosynthesis. At this irradiance, representation of
photosynthesis by the sunlit fraction as limited either by elec-
tron transport or by Rubisco involves a simple averaging of a
continuum of irradiance intensities caused by a range of leaf
angles. As irradiance increases, the proportion of leaves in
the sunlit leaf fraction that are not Rubisco-limited decreases
and so this simplification improves until the errors associated
with averaging are not detectable. These errors have the same
source as those associated with the simplifications in the big-
leaf model representation of canopy photosynthesis, but have
much less impact on the accuracy of the sun/shade model
than they do on the big-leaf model.

The irradiance at which the greatest discrepancy occurs
is the irradiance saturation point of leaf photosynthesis
(Ilsat), since there is no further increase in photosynthesis
with increasing irradiance. It can be calculated by combin-
ing Eqns 2–6 and rearranging to yield the expression

2 4(pi+2Γ*)[4θl(pi+2Γ*)– (Jm/Vl)(pi+ K')]
Ilsat=Vl –––– · –––––––––––––––––––––––––––––––– · (25)

(1 – f) (pi+K')[4(pi+2Γ*)– (Jm/Vl)(pi+K')]

Several of the parameters in the calculation of the irradi-
ance saturation point of photosynthesis are affected by
temperature. Providing the ratio of Jm/Vl remains constant

(at 25 °C), the irradiance saturation point is a linear func-
tion of Rubisco capacity, and the dependence on Vl
increases with increasing pi and with temperature (Fig. 12).

CONCLUSIONS
Models of canopy photosynthesis
The sun/shade model of canopy photosynthesis presented
here contains five features none of which are new individu-
ally, but are new in combination. They are (1) separate
treatments of sun and shade leaves; (2) variation of photo-
synthetic capacity through the canopy; (3) use of current
biochemical modelling of photosynthesis; (4) dynamic
partitioning between sun and shade components, and (5) a
single-layer model with simple computations. Perhaps the
most important feature of this model is its scaling nature,
so that parameters of the leaf photosynthesis model are
scaled to the canopy with equivalent definitions and rela-
tionships between them at both the leaf and canopy scales.

The sun/shade model presented here is an improvement
over previous sun/shade models (Sinclair et al. 1976;
Norman 1980), as more realistic non-uniform vertical pro-
files of photosynthetic capacity are now incorporated into
the model. The dynamic partitioning of photosynthetic
capacity and irradiance between sunlit and shaded leaves
has further reduced the errors associated with simplification
to just a single layer in models of canopy photosynthesis (cf.
Sinclair et al. 1976; Norman 1980; Reynolds et al. 1992).

The sun/shade model presented here gives predictions of
canopy photosynthesis that closely match simulations from
a multi-layer model, but with far fewer calculations. The
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Figure 11. Response of gross canopy photosynthesis to irradiance
(Ac) data (–■–) compared with predictions from the sun/shade
model (– – –) and multi-layer (——) model of canopy
photosynthesis. Modelled electron-transport-limited (Aj, – – –) and
Rubisco-limited (Av, ······) rates of photosynthesis are shown for the
sunlit and shaded fractions of the canopy. Data are for a canopy of
wheat, cultivar Matong, on 25 October measured by a large
ventilated chamber (de Pury 1995).
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model is robust over a range of canopy leaf area indices
and environmental variables. Differences between predic-
tions of the sun/shade model, the multi-layer model and
flux measurements are well within the errors of any canopy
flux measurement technique and within the accuracy of
parameter determination given the stochastic nature of leaf
photosynthetic capacity and other parameters. The
sun/shade canopy model requires only four additional
equations, beyond those required in the model of leaf pho-
tosynthesis, to calculate the absorbed irradiance and photo-
synthetic capacity of the sunlit and shaded leaves, Eqns 20,
21, 22 and 23, respectively, which are used to calculate
canopy photosynthesis. This simplicity should make it
attractive for incorporation into models of crop growth,
global carbon cycling and other higher-level processes.

Big-leaf models, similar to those proposed by Sellers et
al. (1992), Amthor (1994) and Lloyd et al. (1995), were
found to be less accurate than the sun/shade model.
Approximations, implicit in the big-leaf model, were
found to cause distortions in the modelled response of
canopy photosynthesis to irradiance compared with the
multi-layer model. There is no distribution of nitrogen or
capacity that allows the big-leaf model to work directly.
Fitting the canopy curvature factor in the big-leaf model
did not correct all the discrepancies. The value of the cur-
vature factor required to reproduce the response of canopy
photosynthesis to irradiance, as modelled by the multi-
layer model, was found to vary with canopy leaf area
index, the fraction of diffuse irradiance and, to a lesser
extent, leaf nitrogen content. Errors associated with using a
fixed value of the curvature factor (fitted at Lc = 2·4) were
20% of daily gross canopy photosynthesis at Lc = 4 and
even greater at higher leaf area indices. For many purposes
(e.g. constant Lc and constant N) these errors may not be
important. However, they may be significant when the
fraction of diffuse irradiance varies diurnally and with

partly cloudy conditions or when canopy leaf area index is
varying, such as in crop-growth models or models that pre-
dict the response of vegetation to climate change.

The big-leaf models are based on the assumption of an
optimal distribution of photosynthetic capacity within the
canopy in relation to the distribution of absorbed irradi-
ance. In this study, the distribution of photosynthetic
capacity did approximately follow the distribution of daily
absorbed irradiance (Fig. 3) as has been observed in many
other canopies (Hirose & Werger 1987; Anten et al. 1995).
However, even a perfect match of capacity with this distri-
bution does not validate big-leaf models. We have shown
that big-leaf models are based on an incorrect assumption
of the similarity of the instantaneous and time-averaged
profiles of absorbed irradiance in canopies. Therefore, use
of big-leaf models to analyse canopy fluxes in terms of
parameters derived from leaf-scale equivalents or from the
behaviour of the leaf-scale model is misleading because
the parameters fitted at the canopy scale will not necessar-
ily correspond with those at the leaf scale.

Errors involved with averaging of irradiance over sunlit
and shaded leaves for use in the non-linear response of
photosynthesis to irradiance are large (Sinclair et al. 1976;
Norman 1980; Smolander 1984). The sun/shade model of
canopy photosynthesis presented here overcomes these
problems of big-leaf models without the need to fit the
model and has the advantages of allowing within-canopy
profiles of leaf photosynthetic capacity and the use of a
biochemically based model of photosynthesis.

Optimal distribution of leaf nitrogen
Models that use averaged irradiance in canopy layers to
determine the optimal distribution of photosynthetic
capacity to maximize canopy photosynthesis are flawed in
their implicit assumptions that the time-averaged and the
spatially averaged irradiance profiles are identical to the
instantaneous profiles of absorbed irradiance. Leaf nitro-
gen is, indeed, often distributed such that it follows the pro-
file of time-averaged absorbed irradiance, but it does not
mean that it also resembles the instantaneous profile of
absorbed irradiance. The flawed logic results in misleading
conclusions about the optimal distribution of leaf nitrogen
required to maximize canopy photosynthesis.

APPENDIX 1: MULTI-LAYER MODEL OF
IRRADIANCE PENETRATION IN CANOPIES
The canopy was assumed to be homogeneous with respect
to the horizontal distribution of leaves with a uniform leaf
angle distribution. This allows simplification of the irradi-
ance penetration model because the distribution of the
beam-leaf incidence angles is independent of solar position.

Penetration of diffuse, beam and scattered irradiance
were modelled as separate components by Beer’s law
(Goudriaan 1977) as summarized in Table A1. kb is the
extinction coefficient of beam irradiance (= 0·5/sinβ, for a
uniform leaf angle distribution, the factor 0·5 being the
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Figure 12. PAR saturation point of leaf photosynthesis (Ilsat)
(Eqn 25), under conditions experienced in a canopy, where pi is
assumed constant while photosynthetic Rubisco capacity and
irradiance decrease with depth in the canopy. The ratio of electron
transport to Rubisco capacity (Jm/Vl) is assumed constant (at
25 °C). Three constant values of pi are shown (left panel): 18
(solid line), 23 (dashed line) and 28Pa (dotted line) at 25 °C and
three temperatures (right panel): 10 (solid line), 20 (dashed line)
and 30 °C (dotted line ) at 23Pa.
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ratio of projected area to surface area of a hemisphere and
β being the solar elevation) and L is the cumulative leaf
area index from the top of the canopy (zero at the top).
Irradiance absorbed by sunlit leaves, IlSun, and that
absorbed by shaded leaves, IlSh, are calculated separately
by assuming that diffuse, scattered diffuse and scattered
beam irradiance impinges on all leaves, while sunlit leaves
in addition receive direct-beam irradiance.

Absorbed irradiance of sunlit leaves
Irradiance absorbed by sunlit leaves is calculated as
absorbed beam plus absorbed diffuse and absorbed scat-
tered beam. However, while diffuse radiation and scattered
radiation are assumed to be isotropic, beam radiation is
unidirectional and thus the angle of incidence on leaves
must be considered.

The distribution of leaf angles affects the penetration of
radiation through a canopy and the angle of incidence of
irradiance on leaf laminae (used to calculate the absorbed
irradiance per unit leaf area by Lambert’s cosine law).
Absorbed irradiance is, in turn, used to calculate photosyn-

thesis. In a multi-layer model, canopy photosynthesis is
obtained by numerical integration of the leaf photosynthe-
sis equations from all leaves. Thus, to apply Lambert’s
law, each layer of the canopy is divided into a number of
discrete leaf angle classes (depending on the detail
required). For a particular layer, the fraction of leaf area
in the class between αl1 and αl2 (fl1,2) is obtained from the
integral of the leaf angle distribution function, which, in
the case of a uniform leaf angle distribution, is given by
Eqn A9 (Ross 1975, 1981). A mean cosine of leaf angle
(cos–––αl

––) for each class is determined (Eqn A10) as this is
used to calculate absorbed irradiance, rather than the
cosine of the mean leaf angle (cosαl

– ) as has been used
previously (i.e. Norman 1980; Forseth & Norman 1993)
[e.g. in a single leaf angle class of a uniform leaf angle
distribution arccos(cos–––αl

––) = 60·0° compared with arccos
(cosαl

–) = 57·1°].
Absorbed irradiance calculated as ∂Ib(L)/∂L (Eqn A2)

applies only to leaves at the mean cosine of the leaf angle
and is the spatial average over all leaves, both sunlit and
shaded. Since with a uniform leaf angle distribution all ori-
entations are equally probable, the distribution of beam-
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Equations Definition No.

fSun (L) = exp (–kbL) sunfleck penetration (A1)

Ilb(L) = (1–ρcb) kbIb (0) exp (–kbL) beam irradiance — without scattering,
average for all leaves (A2)

Ilb(L) = (1–ρcb) kb' Ib (0) exp (–kb' L) beam irradiance — with scattering,
average for all leaves (A3)

k' = k (1 – σ)1/2 modified extinction coefficients to account
for scattering by leaves (A4)

Ild(L) = (1–ρcd) kd' Id (0) exp (–kd' L) diffuse irradiance (A5)

Il = Ilb (L) + Ild (L) total irradiance (A6)

IlSh (L) = Ild (L) + Ilbs (L) irradiance absorbed by shaded leaves (A7)

(1 – pcb) kb' exp (– kb'L)
Ilbs (L) = Ib (0) scattered beam irradiance (A8)[ – (1 – σ) kb exp (– kbL) ]
fl1,2 (αl) =∫al1

al2

sin αl dαl = cos αl1
– cos αl2

fraction of leaves in each leaf-angle class (A9)

1cos αl1,2
= –– ( sin2 αl)αl1

αl2/ fl1,2
(αl) mean leaf angle of each leaf-angle class (A10)

2
1= –– (cos αl1

+ cos αl2)2

IlbSun (β) = (1 – σ)Ib(0) cos αl/sin β beam irradiance absorbed by sunlit leaves (A11)

IlSun (L, β) = IlbSun (β) + IlSh (L) total irradiance absorbed by sunlit leaves (A12)

Table A1. Equations for radiation
absorption in a multi-layer model. Symbols
are defined in Table 3
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leaf incidence angles is independent of solar position and is
identical to the distribution of leaf angles. In subsequent
equations, αl represents both the angle of elevation of
leaves and the angle between direct-beam irradiance and
the leaf normal. However, beam intensity and the fraction
of sunlit leaves are not independent of solar elevation.

Beam intensity on a plane perpendicular to the beam
direction is calculated by dividing beam intensity on a hori-
zontal plane by the sine of solar elevation [Ib(0)/sinβ]. The
absorbed beam irradiance in sunflecks (IlbSun), at the mean
leaf angle, is given by the product of the beam intensity per-
pendicular to the beam and the mean cosine of the leaf angle
and is independent of depth (Eqn A11). By definition, beam
irradiance of shade leaves is zero. Total irradiance absorbed
by sunlit leaves of each leaf angle class is the sum of
absorbed beam plus absorbed diffuse irradiance (Eqn A12).

Solar geometry
Solar position was calculated from the geometry of plane-
tary rotation. Solar elevation (β) is a function of day of the
year (td), latitude (λ) and time of day (t) and is geometrically
defined by the equations in Table A2. Solar noon was calcu-
lated from the longitude and the ephemeris of the sun. The
latter was given by the equation of time, Et (minutes), which
accounts for the variation in the period of rotation of Earth
(Iqbal 1983). The equation of time combined with the longi-
tude correction determines the time (the number of hours
after midnight) of solar noon. The longitude correction was

based on 4 min for every degree difference between the local
and standard meridians. All international standard meridians
are multiples of 15° east or west of Greenwich, UK. For
example, at Wagga Wagga (Le = 147° 20·5' E and Ls = 150°
E) the longitude correction was + 10·63 min and the correc-
tion Et varied between –14·3 and + 16·4 min.

For the example given in the text on 25 October,
δ = –23·4(π/180)cos[2π(298 + 10)/365] = –0·23 radians
(Eqn A14) and Et = 16·01 min (Eqn A17), so that, at
Wagga Wagga, to = 11·91 h (11:55) (Eqn A16) and at
10:30, h = π(10·5 – 11·91)/12 = –0·37 radians, so that at the
latitude of Wagga Wagga (λ = –0·61 radians) sinβ
= –0·57 × –0·23 + 0·82 × 0·97 × 0·93 = 0·87 (Eqn A13).

Canopy reflection coefficients
In a canopy of uniform leaf angle distribution, the canopy
reflection coefficient of beam irradiance, ρcb, is dependent
on solar elevation, β, and is calculated empirically from the
reflection coefficient of beam irradiance determined for a
canopy with horizontal leaves and the beam extinction coef-
ficient, kb = 0·5/sinβ (Goudriaan 1977). The canopy reflec-
tion coefficient for diffuse irradiance was calculated by
numerical integration of ρcb and the sky radiance over the
hemisphere of the sky. Equations are presented in Table A2.

In the case of a uniform leaf angle distribution, with
σ = 0·15 (for PAR), ρh = 0·041 (Eqn A20), so that with a
uniform sky radiance the canopy reflection coefficient for
diffuse irradiance is calculated as ρcd = 0·036 (Eqn A21). In
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Equations Definition No.

Solar geometry

sin β = sin λ sin δ + cos λ cos δ cos h solar elevation angle (A13)

πδ = – 23·4 ––– cos [ 2π (td + 10)/365] solar declination angle (A14)
180

h = π (t – to)/12 hour angle of sun (A15)

to = 12 + [4(Ls – Le) – Et]/60 solar noon* (A16)

Et = 0·017 + 0·4281 cos Γd – 7·351 sinΓd equation of time (A17)
– 3·349 cos 2Γd – 9·731sinΓd

Γd = 2π (td – 1)/365 day angle (A18)

Canopy reflection coefficients

ρcb (β) = 1 – exp [2ρhkb/(1 + kb)] beam irradiance, uniform leaf-angle
distribution (A19)

1 – (1 – σ)1/2ρh = ––––––––––– beam irradiance, horizontal leaves (A20)
1 + (1 – σ)1/2

1ρcd = –––– ∫
0

π–
2 Nd (α) ρcb (α) dα diffuse irradiance (A21)

Id (0)

Table A2. Equations to model incident
radiation. Symbols are defined in Tables 2
and 3. *Note that Eqn A1b holds for
longitudes measured east of Greenwich
(cf. Iqbal 1983)
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the example given in the main text, at 10:30 on 25 October
ρcb = 1 – exp[–2×0·041 × (0·5/0·87)/(1 + 0·5/0·87)] = 0·029.

Proportion of diffuse radiation
The proportion of diffuse radiation was calculated from a
simple model of atmospheric attenuation of radiation
under a cloudless sky (adapted from Campbell 1977),

Ib=amIesinβ, (A22)

where Ib is beam PAR, Ie is the extra-terrestrial PAR quan-
tum flux (2413 µmol m–2 s–1, calculated from the energy
distribution of the solar ‘constant’ – 1367 W m–2; Iqbal
1983) and other symbols are defined in Table 3. The opti-
cal air mass, m, is defined as the ratio of the mass of atmo-
sphere traversed per unit cross-sectional area of the solar
beam to that traversed for a site at sea level if the sun was
directly overhead and is calculated as
m= (P/Po)/sinβ, (A23)

where P is atmospheric pressure and Po is atmospheric
pressure at sea level.

The proportion of attenuated radiation that reaches the
surface as diffuse radiation, fa, has been observed to range
from 40 to 45% under cloudless skies (Weiss & Norman
1985). A value of 42·6% was found to give a best fit to the
data used in this paper (de Pury 1995). This can be
expressed by the equation
Id = fa(1 – am) Ie sinβ, (A24)

where Id is diffuse radiation at the Earth’s surface.
An expression for the fraction of diffuse radiation, fd

(proportion of total attenuated radiation, beam plus dif-
fuse), for cloudless skies can be obtained by combining
Eqns A22 and A24:

1 – am
fd = –––––––––––. (A25)

1 + am(1/fa – 1)

Although this model was originally developed for the atten-
uation of short-wave radiation, which has different scatter-
ing and absorption from PAR, we have assumed that the
process is similar. These differences result in slightly differ-
ent atmospheric transmission values based on PAR values
compared to those based on short-wave radiation. For the
example given in the main text m = (98·7/101·3)/0·87 = 1·12
so that fd = (1 – 0·721·12/[1 + 0·721·12(1/0·426 – 1)] = 0·159.

APPENDIX 2: EQUATIONS FOR SHADED
LEAVES
Absorbed irradiance
Irradiance absorbed by shaded leaves in a canopy is
given as

Lc
IcSh = IlSh(L)[1 – fSun(L)]dL∫0 (A26a)

Lc Lc
= Ild(L)[1 – fSun(L)]dL + Ilbs(L)[1 – fSun(L)]dL.∫0 ∫0

The last line expresses the total irradiance absorbed by
the shaded leaf area as the sum of diffuse and scattered
diffuse irradiance absorbed by shaded leaves, from Eqns
A5 and A1,

Lc
Ild(L)[1 – fSun(L)]dL = Id(0)(1 –ρcd)∫ 0

× 1 – exp(–k'd Lc) (A26b)[ –{1 – exp[–(k'd + kb)Lc]}k'd/(k'd + kb) ] ,

and the scattered beam irradiance absorbed by shaded
leaves, from Eqns A8 and A1,

Lc
Ilbs(L)[1 – fSun(L)]dL = Ib(0) (A26c)∫ 0

×
1 – exp(–k'b Lc)(1 –ρcb) ( –{1 – exp[–(k'b + kb)Lc]}k'b/(k'b + kb) )[ –(1 –σ){1 – exp – (kbLc) – [1 – exp(– 2kbLc)]/2} ] .

Photosynthetic capacity
Photosynthetic capacity of the shaded leaf fraction of the
canopy, VcSh, may be calculated by an integral of the leaf
photosynthetic capacity (Eqn 12) and the shaded leaf area
fraction (also from Eqn A1),

Lc
VcSh = Vl(L) fSh(L)dL∫0

= Lcχn(No – Nb){[1 – exp(– kn)]/kn (A27)
– [1 – exp(– kn – kbLc)]/(kn + kbLc)}.
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