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ABSTRACT

A new analytical model for the response of whole-leaf
potential electron transport rate (J) to light is presented.
The model treats incident irradiance at the upper and lower
leaf surfaces independently, describes transdermal profiles
of light absorption and electron transport capacity explic-
itly, and calculates J by integrating the minimum of light-
and capacity-limited rates among paradermal chlorophyll
layers. The capacity profile is assumed to be a weighted
average of two opposed exponential profiles, each of which
corresponds to the profile of light-limited rate when only
one surface is illuminated; the weights may take on any
values, provided they sum to unity, so the model can
describe leaves with a wide range of ‘preferred’ illumination
regimes. By treating irradiance at either surface indepen-
dently and assuming the capacity profile is fixed on short
time scales, the model predicts observed effects of leaf
inversion on light-response curves and their apparent con-
vexity. By assuming the capacity profile can adapt on devel-
opmental time scales, the model can predict the observed
dependence of inversion effects on the growth lighting
regime. It is suggested that the new model, which is math-
ematically compact and formally similar to the standard
non-rectangular hyperbola model for J, be used in place of
the standard model in studies in which the effects of leaf
angle or diffuse light fraction on gas exchange are of
interest.

Key-words: electron transport; gas exchange; light
response; photosynthesis.

INTRODUCTION

Many gas exchange models predict net CO, assimilation
rate using the biochemical model of Farquhar, von Caem-
merer & Berry (1980), which is based on steady-state
Rubisco kinetics and on the linked stoichiometries of the
Calvin cycle, photosynthetic electron transport and photo-
respiration. In that model, the actual rate of thylakoid elec-
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tron transport per unit of chlorophyll (j,) may be limited
by the sink strength of the Calvin cycle for NADPH and
ATP, and hence by CO, availability; by the supply of ener-
gized electrons, and hence by the rate of light absorption;
or by the electron transport capacity of thylakoids them-
selves. Various labels are used to denote electron transport
rate in the limiting cases where one of more of these con-
straints is imagined to be negligible. For example, the
‘potential electron transport rate’, denoted j (or J at the leaf
scale), is the actual rate in the presence of saturating
NADP* and ADP.

The potential electron transport rate, like the actual rate,
can also be described in terms of limiting values. In this case
there are two limiting values: ji;, the rate at which electrons
are supplied by photo-oxidation of water at PSII, and j,,
the electron transport capacity or ‘maximum potential elec-
tron transport rate.” j; is proportional to the rate of light
absorption, so it approaches zero at low light, but may
exceed j, at high light. j can not exceed either of these
limiting values, so it behaves roughly as the minimum of j;
and j,,. In practice, however, j may be lower than either j;
or j, and is thus calculated as a hyperbolic minimum of
ji and j,, (Farquhar & Wong 1984): j = minh{ji,jm,8}° ji + jm —
(i + jm)* — 46, jijm)"/26. When the parameter 6 equals 1,
this expression degenerates to a simple minimum (i.e.
minh{jjm.1} = min{ji.j..}), but for 6 <1, is always less than
min{j,.j.}. Hence, 6 is a measure of ‘co-limitation’ of elec-
tron transport by light and capacity.

A problem arises when this model is applied to whole
leaves. Because light absorption and electron transport
capacity generally vary among paradermal layers in intact
leaves, j=minh{jj..6}does not generally imply
J = minh{/,,J,,,©;}(where J,, J,, and J are the integrals of j,
jm and j, respectively, over the leaf). This problem is con-
ventionally evaded by assuming that the ratio j,/j; is con-
stant among paradermal layers in a leaf at a given incident
irradiance (physiologically, this means electron transport
capacity is allocated in proportion to light absorption). This
assumption renders the minh function ‘scale-invariant’
(Farquhar 1989), which means that the same formal rela-
tionship holds between integrals of the independent vari-
ables over any scale. Hence, whole-leaf potential electron
transport rate, J, is conventionally modelled as
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Jitdn =NV +J0) =40,J1) n
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J =

=minh{J;,J,,0,},
1)

Equation 1 (Fig. 1) is used in most models of leaf and can-
opy gas exchange. Typically, J; is assumed proportional to
incident irradiance, J,, is either estimated from the value of
J at saturating light or assumed proportional to carboxyla-
tion capacity, and O is either fitted to light-response curves
or treated as a constant and taken from the literature.

The assumption underlying Eqn 1 — that j,, is propor-
tional to j; among paradermal layers — would appear to be
supported by the observed similarity between transdermal
profiles of photosynthetic capacity and light absorption
under controlled conditions (Evans 1995; Evans & Vogel-
mann 2003). However, the transdermal light profile is con-
trolled by the irradiances at both the upper and lower leaf
surfaces, and these irradiances can vary independently as
leaves flutter in the wind, as the sun moves through the sky,
and as atmospheric conditions fluctuate, varying the pro-
portions of collimated and isotropic (direct and diffuse)
light. As a result, the transdermal profile of light absorption
can also change very quickly, and probably too quickly for
the capacity profile to adapt. This causes the light and
capacity profiles to differ, violating the assumption of scale-
invariance and rendering J sensitive to changes in the frac-
tion of light incident on the upper surface.

Experiments have in fact shown that J is sensitive to the
direction of incident light. In horizontally grown leaves, J
is higher at a given irradiance when the upper surface alone

is illuminated (Moss 1964; Leverenz 1988; DelLucia et al.
1991; Evans, Jakobsen & Ogren 1993). This can be
explained by the presence of a fixed capacity profile that is
biased in favour of the upper surface: when light arrives at
the lower surface, light absorption is high in layers with low
capacity, and low in layers with high capacity. Similarly, in
vertically grown leaves, J is maximal when a given irradi-
ance is evenly divided between the two surfaces (Evans
etal. 1993). Furthermore, these acclimations to growth
lighting regime can be overcome by applying a new lighting
regime, which causes re-acclimation on time scales of sev-
eral days to weeks. For instance, if a horizontally grown leaf
is inverted, and then kept in that position indefinitely, it
eventually ‘prefers’ light from what was formerly the lower
surface (Ogren & Evans 1993).

These results all suggest that leaves can adapt their trans-
dermal capacity profiles to the prevailing illumination
regime on long time scales, but that on short time scales of
a day or less, the capacity profile is fixed. Hence, the scale
invariance assumption, and consequently Eqn 1, fails when
the illumination regime differs from that to which the
capacity profile is adapted. A more flexible model is
required to predict the light response of potential electron
transport rate and gas exchange to naturally varying light
conditions.

In this study, we present a model that predicts the
response of J to variable illumination of each leaf surface.
The model is based on explicit transdermal profiles of light
absorption and electron transport capacity, it can accom-
modate capacity profiles that are adapted to a range of
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illumination regimes, and it is simple enough to incorporate
into existing models of leaf and canopy gas exchange with-
out great difficulty.

THE MODEL

This section presents a few key equations chosen from the
detailed derivation of our model, which is given in the
Appendix. We imagine the leaf to consist of many infinites-
imally thin paradermal layers, each with a fixed amount of
chlorophyll per unit leaf area, dc (Table 1 gives a list of
symbols with descriptions and units). This defines a trans-
dermal axis of cumulative chlorophyll content, c, ranging
from 0 at the upper surface to C, the whole-leaf chlorophyll
content, at the lower surface. We show in the Appendix that
the transdermal profile of the rate of light absorption, i,(c),
can be approximated by

Table 1. Terms in the model and its derivation

Modelling whole-leaf potential electron transport rate 1489

io(Lu, I, ©) = p(1 = p)ki (1,67 +7l,e"), (@)

where [, and ], are the incident irradiances at the upper and
lower surfaces, respectively; p > 1 is a factor that accounts
for back-scattered light flux through the uppermost layer,
which increases the space irradiance in upper layers; p is
surface reflectance; k.’ is the absorption coefficient for
white light; k. is the sum of absorption and scattering coef-
ficients; and 7 %exp(-k.C) is leaf transmittance to non-
reflected light, or 1 - o/(1 —p), where « is absorptance.
Equation 2 is Eqn 16 in the Appendix.

The rate at which photo-oxidation of water yields ener-
gized electrons, or equivalently, the light-limited potential
electron transport rate, j, is proportional to the rate of
photon absorption by the maximum quantum yield of elec-
trons, @, and by a factor 1 — f” that accounts for the intrin-
sic inefficiency of photon utilization (i.e. f* is the limiting

Description Symbol Units
Whole-leaf terms
Potential electron transport rate J umol e m™?s™
Light-limited potential electron transport rate Ji umol e m~s™!
Maximum (capacity-limited) potential electron transport rate Jin umol e m™?s™
Excess J; in light-saturated layers when others are light-limited J umol e m™?s™
Total incident irradiance 1 umol e m~s™!
Incident irradiance on upper surface I, umol hvm™s™
Incident irradiance on lower surface 1 umol hym=s™
Incident irradiance at which J; =J,, I* umol hvm=s™
Convexity parameter for the standard model (O unitless
Convexity parameter for our model [OX unitless
Value of O, such that Eqns 1 and 11 match at /= I« Oy unitless
Term in expression for ©y* that accounts for W,, w, and t z unitless
Maximum quantum yield O e/hv
Whole-leaf maximum quantum yield to incident irradiance 0] e/hv
Leaf transmittance to non-reflected light T unitless
Relative degree of saturation at upper (lower) surface Su (1) unitless
Leaf absorptance o unitless
Leaf reflectance P unitless
Adaptive weighting of capacity profile to upper (lower) surface wy (W) unitless
Weighting of lighting regime to upper (lower) surface, 1,/1 (I/I) W, unitless
Ratio of 1, (I)) to I , (o) unitless
Whole-leaf chlorophyll content C mmol Chl m™
Chlorophyll layer terms
Cumulative chlorophyll content c mmol Chl m™
Chlorophyll content of infinitesimal paradermal layer dc mmol Chl m™
Cumulative chlorophyll content at which j; = j, c* mmol Chl m™
Sum of absorption and scattering coefficients ke [mmol Chl m™]™!
Absorption coefficient k! [mmol Chl m™]™*
Potential electron transport rate j umol e~ s mmol™ Chl
Light-limited potential electron transport rate Ji umol e~ s mmol™ Chl
Maximum (capacity-limited) potential electron transport rate Jm umol e~ s™ mmol™ Chl
Total rate of photon absorption iy umol hv s mmol™ Chl
Photon absorption due to irradiance at upper (lower) surface fau (fa) umol hv s™ mmol™ Chl
Convexity parameter 6, unitless
Increase in space irradiance due to intraleaf reflection P unitless
Fraction of absorbed photons that do not drive electron generation f unitless
Pooled parameter, ¢.,(1 - f)p(1 — p)k.Ik. F e/hv
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value, at low light, of the fraction of photons that are
absorbed but do not lead to photo-oxidation of water):

ji(Iu,Ilvc): (pm(l_ f,)ia(lu’ Ilvc):kcF(Iueikcc +Tllekcc)
3)

where F° = ¢,(1 - f)p(1 — p)k/lk.. (Eqn 3 is Eqn 17 in the
Appendix). When the rate of light absorption in a given
layer is large enough to saturate downstream components
of the thylakoid electron transport chain, the potential elec-
tron transport rate per unit Chl, j(c), approaches the elec-
tron transport capacity, jn(c). In other words, j behaves
roughly as the minimum of j; and j,,. However, in practice,
biochemical or biophysical feedbacks may cause j to be
lower than either j; or j,, so j is modelled as a hyperbolic
minimum of j; and j,:

j(IU7 117 C) = minh{ji(luy Ils C)7 jm(c)’ 9]}

_Jit i =G+ i) =463 )

26,

For 6 <1, this expression is always smaller than the simple
minimum of j; and j,,. In the special case where 6, =0, Eqn
4 is a rectangular hyperbola, or equivalently, the harmonic
sum of j; and ju: j = jiju/ (i + jm)-

The standard model for whole-leaf potential electron
transport rate, J (Eqn 1), assumes that the functional form
of Eqn 4 also applies at the leaf scale, which requires in turn
the assumption that j,, is proportional to j; by the same
factor in all paradermal layers. That assumption is unreal-
istic in situations where the ratio between I, and I, varies
on time scales shorter than the time constant for adaptive
adjustment of j,, (on the order of days to weeks; Ogren &
Evans 1993). We propose a different assumption, namely
that the transdermal profile of electron transport capacity
reflects a compromise between perfect adaptation to illu-
mination at the upper and lower surfaces. Formally, we
hypothesize that j,(c) is a weighted average of two j; pro-
files, each of which results when a single leaf surface is
illuminated at some ‘preferred’ irradiance, /x. The weight-
ings for the upper and lower surfaces are denoted w, and
wy, respectively, and they sum to unity (w, + w;° = 1), so the
hypothesized j,, distribution is

jn(€) = Wi (L, 0, )+ wiji(0, L, €) = ke FL(wye ™ + wyrek).
®)

(Eqn 18 in the Appendix). For example, a leaf that is
equally well adapted to illumination from either surface
would have a symmetrical capacity profile, with
wy=w;=0.5: j, =1k FI.(e™ +1e*); and the profile for a
leaf adapted to illumination only at the upper surface
would be a simple exponential function, highest at the
upper surface, that is, w,=1 and w;=0: j, =k Fl.e™.
Because the light absorption profile may fluctuate diur-
nally, the capacity profiles created by this compromise
rarely match the light profile exactly, so light and capacity
are spatially decoupled under most conditions (e.g. Fig. 2¢
& d).

Integrating to the leaf scale

When the hyperbolic minimum model for j (Eqn 4) is
applied to the expressions for j and j, (Eqns 3 and 5,
respectively), the resulting expression for j can not be inte-
grated analytically to the whole leaf (see Appendix). After
investigating many options for dealing with this problem,
we concluded that the best approach was to assume, ini-
tially, that 6 =1 (i.e. j=min{j, j.}), then to integrate the
model to the whole leaf (Eqn 6 below), and finally to mod-
ify the integrated model to account for 6 <1 (Eqn 11
below). This artifice yields a whole-leaf model that does not
represent Eqns 3 and 5 perfectly, but is tractable and empir-
ically adequate. The simple minimum of j and j,, (given by
Eqns 3 and 5) can be integrated over ¢ (as shown in the
Appendix) to yield whole-leaf expressions:

joc min{j,(c), jm(c)}de = min{J; —Jo, Ju}, where (6)
Ji=¢l = ¢, + oI, (7)
I = ‘M* (8)

where I =1, + I, ¢ is the initial slope of the light-response
curve for J (or, in terms of the reduced quantities in our
model, ¢°(1-1)F=(1-7)¢a(1-f)p(1 - p)k’lk,). Is is
now more readily interpreted: it is the value of I at which
Ji=Jn (e.g. in Fig. 1, I+ = 1000 uE m™s™).

The remaining term in Eqn 6, J;, is the product of ¢ and
the amount of excess light absorbed by light-saturated lay-
ers when some other layers are light-limited. This critical
element of our model is discussed in detail in the next
subsection. J; is calculated by Eqns 9 and 10:

O, —woJw)1=T/5,)" ()
@ -wiJ)A=1/51)°  (b)
0 (c)

(a) if t<s,<7t!' and I,>w,l,

Jo=—-
1-7

(b) if T<s,<t?' and I, >wl,
(c) else

€
I, —w,I
L-wil,

Sy and s =1/s, (10)
(Note the minus sign in Eqn 10). Finally, the integral of
min{j;, j..} (Eqn 6) overestimates the integral of minh{j, jy,
6} if 6 < 1. One way to correct for this is to modify Eqn 6
as follows:

J=minh{J;, - J,,Jn +J,0,}

T4 AN 4T =40, =T ) +J) 11)
B 20,

Equations 7-11 comprise our model. (Eqns 6-11 are Eqns
40, 21, 22, 39, 25 and 41), respectively, in the Appendix.)
What is J;?

Our model is similar in form to the standard model (cf. Eqns
1 and 11), except that ours contains a new term, J,, defined

© 2004 Blackwell Publishing Ltd, Plant, Cell and Environment, 27, 1487-1502
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Figure 2. (a) A hypothetical transdermal
profile of electron transport capacity, ji,
(thick line), equal to a weighted sum of
two exponential profiles (dashed lines),

each of which matches the absorption pro-
file for illumination at either surface. (b—
d) Three profiles of light-limited potential
electron transport rate, j; (dotted lines),
overlaid on the j,, profile (dashed lines)
from (a) and showing the resultant profile
of potential electron rate, j (solid lines) for
6,=0.93. In (b), the illumination regime is
optimal (65% to the upper surface,
because w, = 0.65), whereas in (c) and (d)
only one surface (upper or lower, respec-
tively) is lit. (¢) Whole-leaf light-response

3
J /(umol e m2s7h) S

=)

0 Cumulative c 0 I .
chlorophyll content
¢ /[mmol Chl m~2]

by Eqn 9. The meaning of J; can be understood from various
perspectives. First, J; is only non-zero when the transdermal
profiles of light absorption and electron transport capacity
cross one another within the leaf (e.g. Figs 2c & d, 3, 4c &
d, & 5a). When the profiles do cross over, portions of them
‘overlap’ (e.g. shaded region in Fig. 3f). Graphically, J, is the
portion of the area under the light absorption profile (ji(c))
that does not overlap the capacity profile (ju(c)) (Fig.3d).
Mathematically, J; is the integral of the difference between

Total incident irradiance
(1,+1,) /[ME m~2s71]

curves for the leaf shown in (a), but using
the lighting proportions from (b-d). J; and
Jm, the integrals of the j; and j,, profiles
shown in (a-d), are shown with dashed
lines in (e).

2000

ji and j,, in layers that are light saturated, when some other
layers are also light-limited. More intuitively, J; is a measure
of the inefficiency caused by the mismatch between the light
and capacity profiles.

Another way to interpret the integrated model is in terms
of the layer-wise minima and maxima of the transdermal
profiles of light absorption rate and electron transport
capacity. Equation 11 calculates the hyperbolic minimum
of two quantities: J; — J; and J,, + J;. The smaller of these two

© 2004 Blackwell Publishing Ltd, Plant, Cell and Environment, 27, 1487-1502
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quantities is simply the integral of the layer-wise minima of
ji and j,, (Jmin{ji, jm}dc), given by Eqn 6, whereas the larger
of these two quantities is the integral of the layerwise max-

Figure 3. Geometric interpretation of
integrated terms in the model. (a) Hypo-
thetical transdermal profiles of j,, and j;
(capacity- and light-limited potential elec-
tron transport rates), taken from Fig. 2d
(the upper surface is at the left side of each
panel; w, =0.65, 1, =0 and [, = I%). (b) J,,,
and (c) J; are simply the areas under the j,
and j; profiles, respectively. (d) J; is the
portion of the area under the j; profile that
does not overlap the j, profile. (e) J,, + J;
and (f) J; — J; are the areas under the lay-
erwise maxima and minima, respectively,
of j,, and ji. Our model incorporates layer-
wise convexity by taking the hyperbolic
minimum of (e) and (f).

minima are shown graphically in Fig. 3e and f, respectively.
(Note that, despite the minus sign, J; — J; is not necessarily
the smaller of J;—J; and J,, +J; for example, when J;=0

ima of j; and j,, (Jmax{j, jn}dc). The layerwise maxima and

{ upper lower ; upper

and J; > J,,, as in Fig. 4b).
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Figure 4. Tllustration of four different
cases for the integral of the layer-wise
minimum of transdermal profiles of light
absorption (ji(c)) and electron transport
capacity (jm(c)). (a) Case 1: all layers are
light-limited, so the minimum is j; every-
where. (b) Case 2: all layers are light-
saturated, so the minimum is j,, for all
layers. (c),(d) Cases 3 and 4: the profiles
cross over somewhere within the leaf,
creating distinct light-limited and light-
saturated regions that must be integrated
separately. In case 3 (c), the upper sur-
face is light-saturated, whereas in case 4
(d), the lower surface is light-saturated.
[Values of w, and W, used to create these
sample profiles are shown on the figure;
the total irradiance, 7, was 0.6/« for (a),
1.2 for (b), and 1.0 I for both (c)
and (d)].
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(a) Normalized transdermal profiles
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(b) Normalized whole-leaf light response curves
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Figure 5. Comparison between two leaves whose capacity profiles have the same adaptive weighting (w, = 0.7), whose upper and lower

surfaces are illuminated in the same proportion (W, =0.3), and for which / = I, but which have different values of 7 (r=0.3 and 7=0.015).
(a) Transdermal profiles of electron transport capacity (j,,) and light-limited potential electron transport rate (), expressed relative to the
value of j, at the upper surface, and plotted against the ratio of cumulative chlorophyll content (c) to whole-leaf Chl content (C). (b) Whole-
leaf light-response curves for potential electron transport rate for the leaves depicted in (a), with J expressed relative to whole-leaf capacity,
J, and total incident irradiance, I, expressed relative to Ix (O, = 0.86 for both curves). The leaf with lower transmittance captures a greater
fraction of incident light than the other leaf, but has a greater relative deficit in potential electron transport rate (i.e. J/J,, is lower) when

the illumination regime does not match the capacity profile.

Parameters

Our model contains seven degrees of freedom (Jy,, 1, 1, ¢,
T, Wy, ©;) — three more than the standard model’s four (/,,
I, ¢, ©y). One of the new degrees of freedom comes from
separating irradiance into /, and I, but this is properly
considered an additional independent variable, rather than
a parameter. The other two new degrees of freedom are
required to capture salient aspects of the hypothesized
transdermal capacity profiles. w, describes the extent to
which the capacity profile is skewed towards either surface.
7 measures light attenuation; however, this could be
described without reference to the capacity profile, and in
fact 7 also appears in the standard model, embedded in ¢.
The reason 7 must be considered independently of ¢ in our
model is that 7 describes the ‘depth’, and thus the degree
of curvature, in the exponential-based profiles of light
absorption and capacity; that curvature, in turn, affects the
magnitude of the deficit in whole-leaf J caused by mismatch
between the two profiles. This is illustrated in Fig. 5. These
curvature effects are not explicit in the standard model, so
7 can, in principle, remain embedded in ¢ in that model.
The value of ¢ can be estimated for both models from
the initial slope of J versus 7 (total incident irradiance). In
the standard model, J,, and ©; can then be estimated by
fitting Eqn 1 to J versus ¢/. In our model, /J,,, O, T and w,
can be estimated by fitting Eqn 11 to two light-response
curves simultaneously, each obtained with a different mea-
surement lighting regime. It may also be possible to esti-

mate w, by varying the proportions of light supplied to
either surface while keeping the total constant, because the
ratio of /, to I that maximizes J should equal w,. However,
we did not attempt to test that approach.

RESULTS AND DISCUSSION

The general behaviour of our model is illustrated in Fig. 6,
which shows light-response curves for leaves with different
degrees of preference for illumination at the upper surface
(i.e., different values for the adaptive weighting parameter,
w,), varying proportions of total irradiance supplied to the
upper surface (W,°I,/I), and two different values for the
convexity parameter, ©,. Three major features of these
response curves stand out. First, the value of J predicted for
any given total irradiance (/) is greatest when the fraction
of I supplied to the upper surface equals the adaptive
weighting of the capacity profile towards that surface (that
is, when W, =w,; solid lines in Fig. 6). This is because, in
such cases, the ratio between light absorption rate and elec-
tron transport capacity is the same in all paradermal layers
(e.g. Fig. 2c), so that neither light nor capacity is more lim-
iting in one layer than in another. When any fraction of /
other than W, is supplied to the upper surface, however, J
may be lower than for W, =w,, because in that case some
layers may be light saturated at the same time that other
layers are light-limited (e.g. Fig. 2d).

Second, the magnitude of the effects of lighting regime

© 2004 Blackwell Publishing Ltd, Plant, Cell and Environment, 27, 1487-1502
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(a,d,g): w =050

(b,e,h): w = 0.75

(c,f,i): w =10

-2 -1

Total incident irradiance (upper + lower), /=1 +I, /(REm™s™)

Figure 6. Light-response curves (J versus ) predicted by the model for different values of , w,, I,/I and @.. (a),(b),(c): 7=0.2, ©,=0.86.
(d),(e),(f): 7=0.02,©,=0.86. (g),(h),(i): 7=0.02,0,=0.99. (a),(d),(g): w, = 0.5 (a perfectly isobilateral leaf). (b),(e),(h): w, = 0.75 (a leaf with
transdermal capacity gradient partially biased towards the upper surface). (c),(f),(i): w, = 1.0 (a perfectly bifacial leaf). Within each plot,

each different line represents the response curve for a different proportion of light supplied to the upper surface (W, = 1,/I), as indicated
by the inset legends in a-c; where line styles indicated in the legends are not visible in a plot, it is because they overlap with other lines. J,,

and J; are shown by dashed lines, as labelled in (a).

depends on the ‘steepness’ or curvature of the transdermal
profiles of light absorption and electron transport capacity.
The profiles are steeper when the total chlorophyll content
(C) is high, and thus when the transmittance to non-
reflected light (7) is low (e.g. Fig. 5a); hence the difference
between the light-response curves for optimal and subop-
timal lighting regimes is larger in leaves with low 7 (cf. the
two curves in Fig. Sb and Fig. 6a—c versus 6d-f). The effects
of lighting regime may be experimentally negligible in some
cases (e.g. for t=0.2 and w,=0.5, Fig. 6a), but very large
in other cases (e.g. for 7=0.02 and w, = 1.0, Fig. 6f). Third,
in leaves whose capacity profiles are partially but not totally
biased toward the upper surface (e.g. w, = 0.75, Fig. 6b, e &
h), illumination of the upper surface alone yields equal or

greater J than illumination of the lower surface alone (cf.
curves for W, =1.0 and W, =0).

These predictions are consistent with observed effects of
leaf inversion and growth lighting regime on light-response
curves. Evans etal. (1993) performed a comprehensive
study of these effects for four species. They constrained
growing leaves to horizontal or vertical positions to induce
adaptation to illumination from one surface or both sur-
faces, respectively, measured light-response curves for
these leaves while supplying light to one or both surfaces,
and fitted the standard J model (Eqn 1) to the measured
response curves. For horizontally restrained leaves, the fit-
ted convexity parameter ©; was substantially higher (and
thus J was higher at all irradiances) when the upper surface
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was illuminated than when the lower surface was illumi-
nated, but in vertically restrained leaves ©; was indepen-
dent of which surface was illuminated. DeLucia et al. (1991)
also reported that vertical leaves responded identically to
light supplied at either surface, whereas horizontal leaves
responded more strongly to light at the upper surface.

To demonstrate the performance of our model more
directly, we fitted it to 12 of the light-response curves mea-
sured by Evans et al. (1993), corresponding to three lighting
regimes (upper, lower, or both surfaces illuminated) for
each of four plant treatments (horizontally and vertically
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restrained leaves in each of two species: Eucalyptus macu-
lata and E. pauciflora) (fitting procedures are described in
the Appendix). Figure 7 shows the data and the fitted
model curves; each set of three modelled curves shown for
each plant treatment corresponds to a single set of param-
eters (J, O, ¢, w, and 7). Fitted parameter values are given
in Table 2. The model was able to be fitted to the data
reasonably well (#* > 0.99 in all cases).

There are two immediate and testable corollaries to the
hypothesis that the transdermal capacity profile adapts
itself to the absorption profile. First, the responses to illu-

1500 500 1000 1500 2000 0 500 1000 1500 2000 150
(a) horizontal leaf \ (b) vertical leaf
(Eucalyptus maculata) o both (E. maculata)
T o - both
(] /‘,‘ﬁ/ - D - “7/0_<_/_~,.
la 100 - /"/7// E uppe + /_/,,.O" ’/«_‘@‘_/——Oﬁ 100
'o ;D > /x@"f?—.'””. »
o - n = | S oe s /
g g/, [ lower surface | ey lower
= 4 u illuminated C/' O upper
= W;r"'. /’.’7‘.
3\ 50 r ;_l—//- T /:/'/O | 50
8 " o
= / L/
2. - w =0.676 4 w =0.554
2 | s v
g 0 i } | I | t f i f T + W‘ f } ‘ i ‘ ) 0
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Total incident irradiance (upper + lower), /=1 +1 /(uE m’ sfl)

Figure 7. Symbols: observed responses of whole-leaf potential electron transport rate, J, for leaves of Eucalyptus maculata (a,b) and E.
pauciflora (c,d) that were horizontally restrained (squares) or vertically restrained (circles) during development; data are shown for
illumination at the upper surface ([J, O), lower surface (ll, @) or both surfaces (ml, @) (data from Evans et al. 1993). Lines: our model fitted
to these data, using W, = 1.0, 0.0, and 0.5 to simulate illumination at the upper, lower, and both surfaces, respectively. Fitted values of w,,
the adaptive weighting of the transdermal capacity profile, are given in the lower right-hand corner of each plot; other fitted parameters are
given in Table 2, and methods are described in the Appendix. > 0.99 in all cases.
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Table 2. Parameter values for the model (Eqn 11) fitted to light responses of E. maculata and E. pauciflora (data of Evans et al. (1993),
as shown in Fig. 7. Coefficients of determination ranged from 0.991 to 0.999

E. maculata E. pauciflora

Parameter Symbol Units Horizontal Vertical Horizontal Vertical
Electron transport capacity Jn umol e m2s™! 139 123 184 182
Max. quantum yield of electrons ] e /photon 0.162 0.145 0.162 0.165
Adaptive weighting for upper surface Wy unitless 0.676 0.554 0.680 0.512
Transmittance to non-reflected light T unitless 0.038 0.062 0.077 0.025
Convexity parameter relevant to Eqn 11 CX unitless 0.836 0.864 0.824 0.906
Modal irradiance (I at which J;=J,,) I+ HEm?s™ 854 852 1140 1102

mination at either surface should be plastic, at least for
some time during leaf development. For example, if a leaf
is grown horizontally for a while and then inverted so that
its abaxial surface faces upwards, it should eventually
respond more favourably to abaxial illumination. This
behaviour has in fact been reported numerous times
(Terashima 1986; Leverenz 1988; Ogren & Evans 1993).
The second corollary is that capacity should be higher at
either surface than in the center of leaves that receive sig-
nificant illumination at both surfaces. This was suggested by
Evans etal. (1993), who used the numerical model of
Terashima & Saeki (1985) to interpret their data, allowing
the photosynthetic capacity of each paradermal layer to
vary independently to produce a best fit to the observed
whole-leaf responses. The fitted transdermal capacity pro-
files were highest at the upper surface for horizontally
restrained leaves and roughly symmetrical for vertically
restrained leaves, but lowest in the centre of the leaf in all
cases. Consistent with this, Sun, Nishio & Vogelmann
(1996) found that extremely high light (4000 uE m™s™ for
4 h) caused the greatest damage to medial tissues, suggest-
ing adaxial and abaxial tissues were physiologically adapted
to higher space irradiances than medial tissues. More direct
evidence was recently found by Evans & Vogelmann
(2003), who inferred the capacity profile from fluorescence
and found the requisite medial ‘dip.” Nishio, Sun & Vogel-
mann (1993) also found a slight rise in Rubisco capacity per
unit of chlorophyll near the lower surface of a sun leaf, but
not a shade leaf, of spinach.

Any difference in stomatal conductance between the two
leaf surfaces may influence the extent to which CO, diffu-
sion can adapt to changes in the transdermal distribution
of photosynthetic CO, demand, and hence may also affect
the response of photosynthesis to leaf inversion (e.g. Olsson
& Leverenz 1994). In the limiting case of a hypo- or epis-
tomatous leaf, [CO,] declines within the leaf with increasing
distance from the stomatal surface. Thus, when the non-
stomatal surface is lit, layers with more light will have less
CO:..

Our model versus the standard model

There are two essential differences between our model and
the standard model for J. One is the fixed, non-uniform

transdermal profile of electron transport capacity (j,), in
our model, which is what causes different responses to
light supplied at the upper and lower surfaces. The
second difference is the order in which the mathematical
operations of integration and hyperbolic minimization are
applied to the profiles of j, and j. The standard model
integrates first (thus reducing the capacity and light
profiles from transdermally explicit functions to scalar
quantities), then hyperbolically minimizes: minh{J;, J,,, Oy}
=minh{fjde, Jj,dc}. The better approach would be first
to minimize hyperbolically, then to integrate; that is,
apply minh inside the integral, rather than outside
(Iminh{ji.j.,6,}), however, the resulting integral can not be
expressed in reduced form. We got around this problem by
minimizing non-hyperbolically before integrating, and then
accounting for co-limitation by applying minh to the inte-
grals of the minimum and maximum profiles. Thus, our
model minimizes, integrates, and accounts for co-limitation,
in that order: minh{/;—J,, J,+J, @s}zminh{fmin{ji,jm},
fmax{j.jn}, ©J.

The differences among these three approaches explain
why the various ‘convexity’ terms, ©;, ©,, and 6, are not
mathematically equivalent to one another: each measures
co-limitation between a different pair of quantities (J/; and
Jo, Ji—=Js and J, +J, and j; and j,, respectively). In the
standard model, ®; must capture not only decoupling
between light absorption and electron transport capacity
within each layer, but also decoupling between the trans-
dermal gradients of light and capacity. In our model, the
term J; captures most of the effect of the measurement
lighting regime, thus allowing ©; to be treated as a constant
for a given leaf. However, because our model applies con-
vexity after integrating over the leaf, it imprints O, with the
information about the shape of the capacity profile
(encoded in w, and 7), with the result that ©, must vary
among leaves to account for variation in those properties.
The layer-scale convexity parameter (6,) needs only to cap-
ture decoupling within each layer, so it has no direct depen-
dence on either lighting regime or the leaf’s optical
geometry.

The relationship between Oy and ©; has a convenient and
useful mathematical formulation. In particular, the stan-
dard model matches our model at /=[x when the former
uses a special value of ©y given by:
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OF (W, wy)=1-[1-(1++1=20,)/z]", where

B 1-v7 :
z=1—[[—1+ﬁ]<wu—wu>]

(12)

This expression (plotted in Fig. 8, and derived as Eqns 42
and 44 in the Appendix) shows how the apparent convexity
of light-response curves depends on both the lighting
regime (W,) and the leaf’s optical geometry (w, and 7).
Equation 12 provides a tool for interpreting the variation
in ©; reported for upper and lower leaf surfaces, and for
expressing in succinct form the model’s predictions about
the effects of leaf inversion on convexity. We compared the
predictions of Eqn 12 with values of O fitted to light-
response curves by Evans et al. (1993) under various growth
and measurement lighting regimes, and found reasonable
qualitative agreement (Fig. 8).

Other models

Several other transdermally explicit models for photosyn-
thesis or potential electron transport rate exist in the liter-
ature. We are aware of two analytical models (Badeck 1995;
Kull & Kruijt 1998), both of which assume that electron
transport capacity is uniform among paradermal chloro-
phyll layers (i.e. j, is a constant over c). This precludes the
ability to predict different responses to illumination at
either surface, and it contrasts with most experiments,
which have found that the transdermal profiles of light
absorption, carbon fixation, Rubisco activity, photosyn-
thetic activity, and photo-inhibitory sensitivity are strongly
non-uniform (Terashima & Inoue 1984, 1985a; b; Nishio

10—
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et al. 1993; Sun et al. 1996; Evans & Vogelmann 2003). Our
model prescribes an explicitly non-uniform capacity profile,
s0 it is a step towards accommodating those results.

Other transdermally explicit models permit non-uniform
transdermal capacity profiles but require numerical inte-
gration over paradermal layers. Terashima & Saeki (1985)
presented a numerical model with 10 paradermal layers, of
which the upper four layers (representing the ‘palisade’
mesophyll) had one value for photosynthetic capacity,
while the lower six (‘spongy’) layers had a different capac-
ity, and all layers had distinct optical properties measured
by experiment. That model predicted that light-use effi-
ciency should increase with the ratio of palisade to spongy
photosynthetic capacity when the upper surface is illumi-
nated. Ustin, Jacquemoud & Govaerts (2001) reached a
similar conclusion, using a highly sophisticated three-
dimensional numerical model of transdermal light propa-
gation coupled to a simple photosynthesis model.

Ustin et al. (2001) also concluded that the profiles of
carbon fixation and light were decoupled, as earlier
reported by Nishio et al. (1993). However, the decoupling
in their simulations was a consequence of the bimodal
capacity profile that they assumed; if, instead, they had
assumed a capacity profile that matched their predicted
light absorption profiles, the decoupling would necessarily
have disappeared. Evans (1995) showed that the apparent
decoupling observed by Nishio et al. (1993) was in fact
caused by incongruence of the spatial profiles of space irra-
diance and light absorption, which resulted, in turn, from
spatial inhomogeneity in absorption characteristics. When
the data were re-ordinated to the light-absorbing axis of

*

Whole-leaf convexity parameter (unitless),
©, (symbols), ®, (lines)

Figure 8. Lines: Value of the whole-leaf
convexity parameter that causes the stan-
dard model (Eqn 1) to match our model
(Eqn 11) at I = I+, as calculated from Eqn
n 12, for six values of W, (as labelled), and
7=0.051 (the average fitted value from

_ Fig.7) and ©,=0.90 (the greatest of the
measured values indicated by symbols).
Symbols: Mean values of ©; measured by
Evans et al. (1993) for horizontally grown
(O, M) or vertically grown leaves (O, @)

\ 1 illuminated at the upper (OJ, O) or lower

v surfaces (H, @). Vertical error bars are
measured SEs for three to eight leaves of

>/ 1 upper surface lit
| ® / m lower surface lit
o, ®  horizontal leaves \
o , e vertical leaves \
0.0 . | N . I 4 .
0.5 0.6 0.7 0.8 0.9 1.0

Adaptive weighting of capacity profile to the upper surface

w_/(unitless)

four species. Horizontal leaves were
assumed to have the same average w, val-
ues as the horizontal leaves to which Eqn
11 was fitted in Fig. 7 (w, = 0.678), and like-
wise for vertical leaves (w, = 0.533).
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cumulative chlorophyll content, and the fixation profile was
compared with the profile of absorption, rather than that
of space irradiance, the two profiles matched very well (as
later confirmed experimentally by Evans & Vogelmann
2003). Our model codifies those insights by ordinating the
transdermal axis by cumulative chlorophyll content rather
than by spatial position. Therefore, while the ‘layers’ in our
model may represent paradermal layers of different thick-
ness or cell type (e.g. palisade versus spongy), each layer
has equal absorptance by definition. Because of this
abstraction, to make our model directly commensurate
with spatially ordinated measurements (e.g. Nishio et al.
1993) or models (e.g. Ustin et al. 2001), the spatial distribu-
tion of chlorophyll must be known.

SUMMARY

A new analytical model is presented for whole-leaf poten-
tial electron transport rate (/). The model predicts different
responses to illumination at either leaf surface, it can
accommodate varying degrees of preference for lighting at
each leaf surface, and it is consistent with observed trans-
dermal profiles of photosynthetic capacity, and with
observed effects of leaf inversion, during both growth and
measurement, on whole-leaf light responses. Our model
captures these features with a fairly small mathematical cost
of two additional parameters (the adaptive weighting of the
capacity profile, w,, and the transmittance to non-reflected
light, 7) and one independent variable (the irradiance at the
upper or lower surface, I, or ), and its parameters are
readily estimated from light-response curves. We suggest
the model as a replacement for the more commonly used
expression (Eqn 1) in cases where one wishes to account
for variation in the proportions of irradiance arriving at
either leaf surface, and/or variation in the adaptive prefer-
ences of leaves for illumination of either leaf surface.
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APPENDIX

We divide the leaf into infinitesimal paradermal layers, each
having the same amount of chlorophyll per unit of leaf area,
dc. This defines an axis of cumulative chlorophyll content,
¢, ranging from 0 at the upper surface to C, the whole-leaf
chlorophyll content, at the ‘lower’ surface (units for all
terms are given in Table 1). The upper surface is arbitrarily
defined as the one whose normal vector points above the
horizon (regardless of its ontogenetic status as adaxial or
abaxial), and we denote the upper and lower surfaces with
subscripts ‘u’ and ‘I’, respectively.

Transdermal light propagation and capture

Kubelka & Munk (1931) developed equations to describe
light propagation within leaves. Their theory accounts for
reflection among paradermal chlorophyll layers, which can
increase the total flux of photons passing through each
layer (the ‘space irradiance’; Vogelmann & Bjorn 1984),
and can cause some light that has entered the leaf to be
reflected back out of the same surface. Kirschbaum (1984)
extended the Kubelka—-Munk theory to account for the
angular dependence of absorptance and reflectance among
paradermal layers, and found that the predicted profiles of
space irradiance and light absorption can be described ade-
quately by exponential functions. However, the space irra-
diance in layers near the illuminated surface is predicted to
be higher than the incident irradiance, due to internal
reflection, so the space irradiance profile is larger than the
simple exponential predicted by Beer’s Law by a factor
p’>1:

iw(lu,0) = p'le™. (13)

where i,(c) is space irradiance due to illumination of the
upper surface, [, is incident irradiance at the upper surface,
and k. is the sum of absorption and scattering coefficients.
Kirschbaum’s simulations also suggested that the angle of
incidence of incoming radiation strongly affects the fraction
of light reflected from the upper leaf surface (the surface
reflectance, p), but that, of light not reflected at the surface,
the fraction that is transmitted (7) varied little with angle
of incidence. Hence, we may resolve p’ to p(1 — p), where
p accounts strictly for internal reflection and may be con-
sidered independent of the angle of incidence, whereas p,
the surface reflectance, depends on the angle of incidence.
If the angular distribution of photons moving within the
leaf does not vary among paradermal chlorophyll layers,
then the absorptance of each layer will also be conserved
among layers, in which case the rate of absorption of pho-
tons that entered the upper leaf surface, i,(c), is simply
proportional to the space irradiance by an absorption coef-
ficient, k.

in(Ly, ¢) = p(1- p)kil,e™ (14)

The absorption coefficient, k., differs from the apparent
extinction coefficient for the space irradiance profile, k.,
because the latter is the sum of absorption and scattering
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coefficients (Kirschbaum 1984). Most leaves will also
receive some light at their lower surface for at least some
part of a typical day, and the profile of light absorption for
photons coming from that surface can be modelled in the
same fashion as for the upper surface, except that the direc-
tion of propagation is reversed, making the exponential
operand —k.(C —c) rather than -k.c:

in(11, ¢) = p(1- p)kiLie™ ) = p(1 - p)kltl e ™ (15)

where [, is the incident irradiance at the lower surface and
is the transmittance of the leaf to non-reflected (as distinct
from incident) light. Note that this ‘7’ differs from the con-
ventional transmittance; the latter is defined as the comple-
ment of absorptance and reflectance (1 — oc— p), whereas 7
here is related to absorptance by the relation o= (1 — 7)(1 -
p), or equivalently, 7= (1 — ot — p)/(1 — p) (Fig. 9). The main
reason for choosing this convention was mathematical
expediency — it makes the resulting model formulation
simpler.

The total rate of photon capture by layer c is the sum of
Eqns 14 and 15:

i,(I, I, ¢) = p(1— p)ki (1,7 + tle*). (16)

Components of potential electron transport rate
in each paradermal layer

We assume that the potential electron transport rate of a
single paradermal chlorophyll layer, j(c), can be accurately
modelled as a hyperbolic minimum of two limiting rates: a
light-limited rate (ji(c)) and a rate limited by local electron
transport capacity (jn(c)). To calculate the light-limited
rate, we assume that a fraction f* of the absorbed photons
do not contribute to photochemistry, and that the others
free electrons from water with an efficiency ¢,; hence ji(c)
may be written

wXxy
upper surface
wtx+y =1
inside of leaf p=y
T=w/w+x)
a=x

lower surface Y

Figure 9. Diagram explaining the relationship among surface
reflectivity (p), absorptance () and transmittance to non-reflected
light (7). The three lines (w,x,y) represent complementary fractions
of the total photon flux incident on the leaf surface; w is transmit-
ted, x is absorbed, and y is reflected. The quantity ‘7’ in our model
is not w, but rather, the ratio w/(w +x), or equivalently, w/(1 - y).
However, the surface reflectance p and leaf absorptance o are
simply equal to y and x, respectively.
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Jilla, I, €)= 01— fin(1y, I, ¢) = k F(Ie ™ + tle*), (17)

where F° = ¢,(1 - f)p(1 - p)k/k.. We further hypothesize
that the transdermal profile of electron transport capacity,
jm(c), is a weighted average of two j; profiles, each of which
corresponds to illumination of only one surface at some
‘preferred’ irradiance, I+

Jm(©) =waji(L, 0, )+ wiji(0, L, €) = ke FLu(wye ™ + o).

(18)
The ‘adaptive weightings’ towards the upper and lower sur-
faces, w, and w,, respectively, sum to unity (w,+w;=1) by
definition. The potential electron transport rate for a single
layer is then given by

j(¢)=minh{ji(c), ju(c), 6;}

= (120 + jn T+ 2+ =407 (19)

Integrating to the leaf

Whole-leaf potential electron transport rate, J, is the inte-
gral of Eqn 19 over c:

J =Jf j(c)de

=1/26)([| jde+[ jude~ [ N+ i +2~46,)] jude
(20)

The first two integrals in Eqn 20 are easily computed. The
first is simply the whole-leaf light-limited rate, mathemati-
cally identical to the term J; in the standard model (Eqn 1):

J.OC jie)de = fockcF(Iue"‘°C +1tle*)dc
= FL[-o.e7™ + rwle’“c]g (1)
= FL | o,(1-e ™)+ 1w, (e** —1)]
=(1-1)F(I,+1))=9,+ 1)) =0l = J;

(where @, and @, are shorthand for the ratios I,/I+ and I}/

Ix), and the second integral in Eqn 20 is identical to the

maximum potential electron transport rate, J,, in the stan-
dard model:

[ jm(@)de = [ keFL(woe™ + awet)de
= FL[-we ™ + Twle'“c]g
= FLJw,(1-e™)+mw (" -1)]
=(1-DFLw,+w) =9l =Jy
The third integral on the right-hand side of Eqn 20, how-
ever, can not be computed analytically. Applying Eqns 17

and 18 and making the substitution transforms the integral
to

(22)

—%Fl*_[lzv_%\/azvz +av+a,dv, (23)

(where the a, are real and non-negative: a,=w?+wg,
a,=21w,o +ww), and a, =7*(®f +wi)), which is an
elliptic integral with no general closed-form solution
(Belinda Barnes, personal communication).

We will proceed to develop an approximate solution for
J by integrating the simple minimum of j(c) and j,(c);
subsequently, we will attempt to account for the effect of
convexity in the response of j to j; and j,, within individual
chlorophyll layers. The integral of the simple minimum
requires four separate cases to be considered (illustrated in
Fig. 4). Cases 1 and 2 apply when the profiles of j; and j,, do
not cross over within the leaf (e.g. Fig. 4a & b). Cases 3 and
4 come into play when there is a cross-over point; case 3
applies when the upper surface is light-saturated (Fig. 4c),
and case 4 applies when the lower surface is light-saturated
(Fig. 4d).

The first step is to generate a test to determine whether
the profiles cross over within the leaf. Cross-over points are
found by equating j; with j,, and solving for c:

c*(Iu,Il):%+%lns‘,(:%—%lnsl),where (24)

s :_wu_wu __Iu_WuI* __¢Iu_wu~]m

@ —w L-wile oL -wiJn
1

S1=—.
Su

(25)

If 0 <c* < C, a cross-over point ¢ =c* lies within the leaf.
This condition can be expressed in terms of whole-leaf
variables by setting ¢* equal to 0 and C:

0=C/2+Ins,/2k. > —k.C=Ins, >1T=s,

26
C=C/2+Ins,/2k. > +k,C=Ins, > 1" =35, (26)

Thus, the profiles cross within the leaf if s, is between 7 and
1/7. If this condition is not satisfied, then either j, > j,, in all
layers, or j,>j; in all layers, so Jmin{j,j,}dc = min{fjdec,
Jjmdc}, that is

[ min{ji(©). jn(©}de =min{ /.. L} i see(rt!)  (27)

Equation 27 covers cases 1 and 2 for the integral. If instead
s, is between 7 and 7 !, then we must decide between the
third and fourth cases; this requires a test to determine
which surface (upper or lower) is light-saturated. The upper
surface is saturated if j;(0) > j,(0), which, from Eqns 17 and
18, implies I,+ ©[,>w,[x+ 7 wl+, or equivalently, w,—
w, <-1(w; — »). However, this may be simplified to w, —
@, < 0 by the requirement that s, > 7. (To prove this, we will
show that w, — @, <0 and s, > 7 together imply w, — o, <
—t(w,— ). First, s,> 1 implies —(w,— o,)/(w,— o) > 1,
which in turn implies either —(w, - @,) > ©(w,— @) (if
wi—m>0), or —-(w,—a,)<-1w—aw) (f w-aw<0).
However, s, > 7 also requires that s, >0, which is possible
only if w,— ®, and w,— @ have different signs; as we
assumed w, — ®, <0, w,— @ must be positive, and hence
—(w, — ,) > (W, — @), or equivalently w, — @, < —t(w, — @),
which is what we set out to prove.) Therefore, w, — 0, <0
(equivalently, 7, > w,[%) is a sufficient condition to ensure
7i(0) > jn(0) when the profiles cross over within the leaf. If
this condition is satisfied, then the third case for the integral
applies, and we must integrate the upper and lower parts
of the leaf separately. Between the upper surface and the

© 2004 Blackwell Publishing Ltd, Plant, Cell and Environment, 27, 1487-1502



cross-over point (¢ <c*), min{jij,} =jn; below the cross-
over point, min{j,j,,} = ji. Thus, we integrate j,, from ¢ =0 to
c*, and j; from c* to C:

[Cmin{ji, julde = [ ju(ede+ [ jie)de it
, min{ji, jm | Jm i

see(r,t™) and I, >w,l,

(28)

The condition for the fourth case is the opposite of that for

the third case, namely /, <w,/x. When this condition is

satisfied, we integrate j; from O to c¢*, and j,, from c* to C:
-

C .. . C . i
_L min{j, ]m}dc:.[) ji(C)dc+_L Jm(c)de if

see(r,t™) and I, <w,l.

(29)

Now we evaluate these piecewise integrals. For the third
case (Eqn 28), the first integral is

LC* jm(c)de = FL[-w,e™ + TwuekC"]g*
= FL[-wy(e ™" =1)+ o (e*" —1)] (30)
= FLw.(1-1/s.)+ mn(Vsu /7 - 1)]
and the second integral is
[Citexde = FI,[-wie ™ + nwer]
= FL[-o,(t —e ™)+ 10, (77" — )] (1)
= FL{o.Nt/ss = 7)+101(7™ = /5. /7)]

To complete the integral in Eqn 28, we add Eqns 30 and 31
to give

= FL[t(W, — 054 /T + (0, =W )T/Se + @01+ Wy

- 1(0, + Wl)] (32)
= FL.[2Vt(w, —w,) (W — @) + @, + w, ’
- (@, +w)]

The second step in Eqn 32 results by applying Eqn 25 and
pulling 7(w; — @) and (w, —w,) into the radicals. We note
now that the remaining radical is the central term when the
binomial vw, — @, —V1(w, —w,) is squared. We may com-
plete that square to give

= FL[(w - o)+ T(@, —w,) -(Nwi — @ —VT(0, —w,))’

(33)
+ 0+ w, — (0, +w)]
and cancel terms to give
= FL[-(Vw, — o) =Vt(@, —w.))  +(1- 1w, +w))] 34

=(1-DF(, +1)-(1-~1,) F(I, - w\ 1)

The first term in Eqn 34 is simply J; (cf. Eqn 21), and we
may define the second term by the new symbol J;,. Thus,
when the profiles cross within the leaf and the upper surface
is light-saturated (case 3), the integral of min{j;j.}(Eqn 28)
is Ji - .]s‘].

The piecewise integrals for case 4 (Eqn 29) are readily
evaluated by comparison with Eqns 30 and 31, with @
replacing w and vice versa:

o

jo ji(©)de = FL[o,(1- /s, )+ to(ysu/7 ~1)],and  (35)
f*jm(c)dc = FlL[o,(Jt]s, —7)+tan(t™ /s, /7)] (36)
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We add these to give

=Fl o,(01-1t/sy)+10,({s, /T = D+w, (1[5, = T)

+owy (17 =5, /7)]
= FL[t(0; = 0)Vs. [T +Wy — 0)T/s0 + 0, +w, (37)

—Tw, +@))]

= FL[2Vt(0, —w)Ww, — 0,) + 0, +w, — 1w, +@))]

Once again completing the square and rearranging as in
Eqns 33 and 34, we have

=Fl (o, -w)+TtW, —0,)

~(Wwy =0y =VT@ W) + o, +w =T, + )] (38)
=(1-DF(, + 1)~ (1= t/s, ) F(I, —w. 1)

Once again, the first term is J;, we define the second as Jg,,,
and Eqn 29 integrates to J; — J;,. Because the terms J, and
Jou (Eqns 34 and 38) are algebraically similar, they may be
combined using the notation

1-~1/8y :
JS = (¢Iu(|) - Wu(l)"m)(%j if
sq€(r,77")(else J, =0)

(39)

where ‘u(l)’ refers to the light-saturated surface (the upper
surface if 7, > w,Ix, or the lower surface if I, > wIx). (Note
that to generalize and simplify the notation, we have
replaced s, in Eqn 34 with 1/s;, as defined in Eqn 25,
replaced F with ¢/(1 — 1), and replaced I+ with J,,/¢.) This is
Eqn 9 in the main text, where it is expressed without the
conditional notation.

To summarize the four cases for the integral of min{j,j.}:
When s, is not between 7 and 1/7, the integral is simply
min{/;,J,,} (this covers cases 1 and 2). When s, is between 7
and 1/7, the integral is min{/; — J,,/J,,}; this covers cases 3 and
4, which are distinguished using the conditional notation
u(l) in Eqn 38. Furthermore, because J,=0 in cases 1 and
2 by definition, min{J; — J,J,,} covers those cases as well.
Therefore, we may write a single expression for all four
cases:

[ mingji (). ju(e)}de = minfJ, ~ 1., T} (40)

Accounting for convexity

Equation 40 is equal to the integral of Eqn 20 only if
6,= 1. Although Eqn 20 can not be integrated analytically
for 6,<1, the effects of layer-scale convexity may be
accounted for, in part, by calculating the hyperbolic mini-
mum of J;—J; and J,, +J;, which are the integrals of the
layerwise minima and the layerwise maxima of j; and j,, (as
illustrated in Fig.3f & e), namely |min{j,j.})dc and
fmax{ji,jm}dc:

J=minh{J; - J,J, +J,0,} (41)

Note that, when the whole leaf is light-saturated, J; =0 and
Ji>J,, in which case J; — J is the integral of the layerwise
maxima, and J,, + J; is the integral of the minima.
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Relationship between ©, and ©,

The shape of the whole-leaf light-response curve is affected
by the lighting regime both during measurement and during
growth. In the standard model, the curvature parameter Oy
must vary to capture both of these effects, whereas in our
model, the convexity parameter O, is independent of mea-
surement lighting regime. It is possible, however, to predict
how ©; would need to vary to mimic the qualitative depen-
dence of the light responses predicted by our model on
growth and measurement lighting regimes.

We make use of a convenient feature of the hyperbolic
minimum function: when J;=/J,, in the standard model,
J=J,(1-J1-0,)/0, (which is readily verified by
substituting J; for J, in Eqn 1). This can be simplified
by writing ©; as (1-(1-0y)), factoring to give
(1-4/1-05)(1+41-0;), and cancelling terms to yield
J =Jn/(1++1-6y). Similarly, our model (Eqn 41) reduces
to J:Jm(l_m)/gs when J;=J, (to see
this, replace J; with J, in Eqn 11 and rearrange). Then
define z=1-J2/J2, write ©; in the denominator as (z0,)/
z, and, as for ©; above, write zO, as 1 — (1 — z®,), factor to
(1-v1-2z0,)(1++41-2z0,), and cancel terms to give
J=J,z/(1+1-20,). Hence the two models coincide
when 1+V1-0, =(1+/1-20,)/z, or

0,=1-(1-(1+V1-20,)/z)’ (42)

To express z in terms of w,, 7, and the distribution of light
between leaf surfaces, note that, because of the com-
plementarity relations inherent in the identities I, + ;=1
andw, +w;=1,s, (Eqn25) can be written as —(Iu —qu*)/

(T-1)-A=w)ly) = (L-wuls) /(1. —wuls) = (1 - 1))

Then, since J; =/, implies I =[x, [ — I+ vanishes in the
denominator and s,=1. By a similar argument, J;=J,
implies s,=1, so Js is simply (1-+/7)° F(qu) _Wu(l)I*) from
Eqn 39. Now we factor the quantity (1 —7) in Eqn 22 to
write J,, as (1-~7)(1+~7)FI,, and compute the ratio of J
to J, as

7, (1- ﬁZ)F(Iu(u ~wuo )

Jo  (1=~T)1+~7)FIL,

1-+V71 ]u(l) 1-+V71
=T = —Wy =T = ”u —Wy
1+ /T ( I* (0] 1+ /TL_ ( 0] (l))

(43)

The last step uses I = Ix at J; = J,, and defines the weighting
of the lighting regime towards the upper surface (1,/I) as
W,. Finally, since (W,-w,)=1-W;-(1-w)=-(W,-w)
and Eqn 42 takes the square of this quantity, the result is
the same whether u(l) = u or I, so we can arbitrarily replace
u(l) with u and write

_JT 2
z:l—((h—éj(wu —wu>) (44)

Equations 42 and 44 provide a tool for interpreting or pre-
dicting the qualitative effects of w,, W,, and 7 on the appar-
ent convexity of whole-leaf light-response curves.

Model fitting procedure

We fitted our model (Eqns 7-11) to the light-response
curves published by Evans et al. (1993) as follows. First, we
multiplied their measurements of oxygen evolution (gross
photosynthesis rate) by 4 to estimate whole-leaf potential
electron transport rate (J) (assuming saturating intercellu-
lar CO, on the grounds that ambient CO, was 5.0 kPa).
Second, we calculated the initial slope of J versus absorbed
irradiance by fitting lines forced through the origin (n =7-
8 and > 0.97 in all cases) to measurements at low light
(I<300 uEm™s™), averaged the resulting slopes over
three light-response curves for each plant treatment (spe-
cies x growth orientation), and estimated J; as the product
of this slope and absorbed irradiance. Third, we fitted all
three complete light responses for each plant treatment to
our model (Eqn 11) by least-squares, treating J; and J as
independent and dependent variables, respectively, and
allowing J,,,, ©, w, and 7 to vary as free parameters.
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