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PHOTOSYNTHETICA 18 (4): 549—568, 1984

Photosynthesis Model for C3 Leaves Incorporating CO; Transport,
Propagation of Radiation, and Biochemistry
1. Kinetics and their Parametrization™®

V. P. GUTSCHICK

Life Sciences Division, Group LS-6, Los Alamos National Laboratory,
Los Alamos, NM 87545, U.S.A.

Abstract

The steady-state biochemical model of Farquhar et al. (1980) is presented in a streamlined form
and combined with models of CO, transport and propagation across the leaf thickness. Internal
CO, gradients and photochemical rates are thus determined kinetically rather than estimated
in bulk average. The significant interactions of internal CO, depletion and carboxylation rate are
therefore represented. All parameters are physiologically determined (none are free) and approxi-
mate those for soybean (Glycine max 1L.). The model is designed to investigate evolved adapta-
tions and agricultural potentials of leaf performar.ce such as estimating penalties for predominantly
abaxial location of stomatal conductance, identifying limiting factors, and predicting performance
of mutants with altered content of chlorophyll and/or enzymes, none of which investigations are
possible with separate biochemical or transport models.

Leaf photosynthesis models of increasing sophistication in treating carbon-fixation biochemistry,
CO, transport, and irradiance gradient across the leaf thickness have been of use in ecophysiology
and agronomy. In biochemistry and photochemistry per se, the Z-scheme (Hill and Bendall
1960) provides an outstanding synthesis and a comprehensive guide in developing detailed
hypotheses for experimental tests. Models of whole-leaf phenomena for analyzing crop perfor-
mance or ecological adaptations involve even more phenomena and more uncertainties in para-
meters. Still, modelling concepts such as resistance analysis (Gaastra 1959) have become tools
of agronomists, ecologists, and physiologists.

Models would be far more useful if (/) they were more reliable quantitatively and inclusive
of interacting kinetics of CO, transport, CO, fixation, and propagation of photosynthetically
active radiation (PhAR) that are quite important in the quantitaive performance of a leaf, and

* Received 2 July 1983; accepted 16 April 1984,

Abbreviations: C, C(x) — CO, concentration at depth x in leaf; C, — ambient CO, concentra-
tion outside leaf; CF — carbon fixation; Chl — chlorophyll; FCB — Farquhar, Caemmerer,
and Berry (1980); g, — stomatal conductance; I or I,4, I, — adaxial, abaxial irradiance;
J,j(x) — electron transport rate [mole™ mol_l(Chl)s‘l]; O — ambient O, concentration;
OR — oxygen reduction; P, Py — gross, net photosynthetic rate per leaf area; PGA —
phosphoglyceric acid; PhAR — photosynthetically active radiation; » — leaf reflectivity; r, —
boundary layer resistance to CO, transport; r,, = r, + r; Rp — dark respiration rate per leaf
area; r,, — mesophyll resistance to CO, transport; r, — stomatal resistance; RuBP — ribulose
1,5-bisphosphate; RuBPCO — ribulose bisphosphate carboxylase oxygenase; ¢+ — leaf trans-
myjssivity; x — depth in leaf, from top; @ — ratio of oxygenation rate to carboxylation rate.
All other parameters are defined in the Section, ‘‘Estimating Parameter Values and Solving
the Full Equation Set™. ' '
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(2) they were specified in fully physiological, unambiguously measurable parameters, e.g., bio-
chemical contents and not phenomenological resistances that are not independent of each other.
Models so upgraded could greatly enchance the information extractable from experimerts; they
could also help to design experimental programs to get deeper and more definitive views on how
photosynthetic performance is limited, both in the wild and in agriculture. [For example, orie can
inquire about optimal chlorophyll (Chl) content, optimal stomatal conductance (g,) and its
adaxial/abaxial distribution, efc.] The model developed here is a step toward these goals. In
Section 2 of the following paper, the model is tested for realism of its predicted detailed responses
of gross photosynthetic rate (P;) — and of intermediate functions such as stomatal resistance
(ry) — to irradiance and to CO, and O, concentrations. Then the model is applied to diverse
ecological and agricultural problems.

No physiological (nonphenomenological) models currently treat simultar.eously all three prin-
cipal kinetic aspects — biochemistry, CO, transport, radiation transport — even though impor-
tant couplings among the three are identifiable. Models that are principally biochemical (e.g.,
Farquhar et al. 1980) have synthesized diverse biochemical data well and have some predictive
capabilities, but they are partly indeterminate. They cannot evaluate the interral CO, corcentra-
tion, which is drawn down across the mesophyll transport resistances (r,,) during rapid photo-
synthesis. By using fixed bulk average CO, concentrations, they distort the curves relating Pg
to irradiance (I), as also the estimated PhAR-use efficiency with its ecological implications.
The ecologically and agriculturally optimal distributions of g, (adaxial/abaxial) and other traits
cannot be estimated. Models treating CO, transport orly (such as Parkhurst 1977) or adding
biochemistry and I-dependernce only phenomenologically do reveal some important adaptive
designs in stomatal and mesophyll three-dimensional geometric structure. However, they cannot
address I response, adaptations to I history, or relative performance importance of enzyme and
Chl contents, Virtually all models ignore the usually strong gradient of I across the leaf thickness.
This gradient strongly shapes the I response and overall PhAR-use efficiency (see Fig. 1 in Gut-
schick 1984). No quantitative estimate has been published for the performance reduction attached
to CO, and PhAR entering from opposite sides of the leaf, contrary to efficiency considerations.
Even Laisk’s (1969) model of PhAR gradients in the leaf ignored the top-to-bottom CO, gradient
and also used a crude estimate of the PhAR gradient that ignored scattering phenomena. One
may ask if the bottom of the leaf really contributes to carbon assimilation.

Coupled biochemistry and CO, transport are routinely treated in highly phenomenological
resistance models introduced by Gaastra (1959) and refined by many researchers (¢f. Lommen
et al. 1971, Jones and Slatyer 1972). Arbitrary assumptions of CO, concentration at the assimila-
ting site (zero, especially) compromise the value of these models. With these models, limitations
on leaf performance by physiological or quasiphysiological traits (examples respectively are r
and “‘excitation resistance’) are analyzed to compare cultivars (Treharne 1972) or to follow
ontogenetic patterns (Sestdk ez al. 1975, Ticha er al. 1980) but with many pitfalls (Jarvis 1971)
or unresolvable ambiguities (Prioul et al. 1975). This ambiguity and the added problem of poor
definability of lumped resistances in terms of physiological traits frustrates agronomic utility.
[The simple correlation of r,, to carbonic anhydrase enzyme content (Prioul ef al. 1975) is an
exception, but anhydrase content is not agronomically limiting.] For example, qualitative argu-
ments can be advanced for increasing yield by judicious reduction of Chl content or alterations
of enzyme contents of leaves (see Gutschick 1984), yet the consequent changes in resistances
and hence final leaf performance cannot be predicted; a physiological model is required. Agrono-
mists, justifiably wary of pitfalls of modelling, proceed without a coherent model for a guide,
using statistical correlations of one or a few parameters with P; (Treharne 1972, Wallace ef al.
1972). Results of experimental analyses are rarely definitive, and correlations of leaf traits and
even of Pg to final yield are even more discouraging (Elmore 1980, Gifford and Evans 1981;
but see Zelitch 1982). Models to relate leaf traits and performance — distributed differentially
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bottom (but not lateral) gradients in all these biochemical concentrations; however, I generally
assume uniformity and I find that gradients in general make few and narrow differences in per-
formance. As a first approximation, I have dropped FCB’s dark respiration term, Rj, except
when calculating CO, compensation concentration. Ry, is not readily localized in depth as are
carbon fixation and oxygen reduction. Also, if it is nearly constant, independent of I as FCB
assume, it may be added later as almost a simple shift of all curves. Alternatively, it may be
negligible above modest I, being suppressed by PhAR itself (Lommen ez al. 1971, Epel 1973);
this is contradicted by the review of Graham (1980), and this disagreement argues for leaving R,
details for later refinement. Lastly, I add calculations of intermediate variables of PhAR-use
efficiency, carbon fixation and oxygen reduction efficiencies, in order to pinpoint ‘‘leverage”
points in functional design.

Further biochemical detail of the FCB model deserves discussion. The carbon fixation (CF)
cycle is represented as RuBP carboxylation (with binding, reaction steps) and reduction of phos-
phoglycerate (PGA) product by photogenerated NADPH. The first step has Michaclis-Menten
kinetics with a concise accounting for limitations by pool sizes (their original parameters R, N,)
and by the chain of intermediate electron transfer reactions (their parameter #1). The photorespira-
tory or oxygen reduction (OR) cycle is represented as RuBP oxygenation to PGA plus phospho-
glycolate, further oxidation of the latter to glycine with CO, liberation, stoichiometric reduction
of glycine (less the recycled amino group) into PGA, and reduction of pooled PGA by photo-
generated NADPH. The stoichiometric hypothesis, leaving no net glycine synthesis, is an inflexi-
bility and shortcoming discussed later.

The FCB model as I modify it here is not definitive even within the realm of major environmental
factors. I have dropped all the information in the original model on temperature dependence of
processes, though such information exists for most of the CO, transport dynamics as well. My
interest in these two papers lies in effects with origins outside of the temperature dependence of
kinetics, and the addition of large numbers of Arrhenius-like parameters is then more of a burden
than an aid. In the future, I do hope to address some temperature-dependent phenomena. Second,
I retain simplified photophysical kinetics. The spectral composition of incident radiation is
ignored, though in reality this affects absorption rate, carotenoid-to-Chl photoexcitation transfer
efficiency, and ability of photosystems 1 and 2 to cooperate via a ‘‘spillover’ (Butler 1978, Chow
et al. 1981). A partial remedy, calculating spectral composition by depth in the leaf or canopy,
is simple, because to a very good approximation all spectral components propagate and are
absorbed independently. There is only minor interconversion by fluorescence, at least in un-
stressed systems (Goedheer 1972). The calculation of spillover adequacy as a function of spectral
composition and environmerntal conditions is more difficult and has not been done in a model;
however, variations are not strong generally. The net effects of spectral composition variability
with depth in the leaf or a canopy, such as adaptive developmental variation of the Chl-to-
carotenoid ratio, are probably modest* and are not addressed here.

(1) Carbon Assimilation Rate

The external environmental conditions are defined by O = oxygen concentration [mol m™?]
C = carbon dioxide concentration [molrn“3], and I = irradiance on leaf normal surface
[mol m~2 s }]. For present purposes (see above), I assume a constant temperature of 25 °C.
P per volume of leaf tissue [mol CO, m~ 3571 is expressible as

Av = Ach » (1)

* The variation in excitation transfer efficiency is probably restricted to the range 0.5 (only
auxiliary pigment absorbing) to 0.59 (‘‘white light”).
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rate is a direct function of the PhAR absorption rate at depth x in the leaf,

j = j(x) = 0.5a(x) 7, . )
Here '

a(x) = local rate of photon absorption per Chl unit [mol(photon) mol™*(Chl).
.81, ie.,

= b(x)/o.(x) = (local volume rate of photon absorption [mol m™*s™*])/
(Chl concentration [mol Chl m~?]), (10)

and 57, = quantum efficiency of transfer of photoexcitation from all pigmerts to Chl reaction
centers; approximate value 0.5—0.6. The coefficient 0.5 in Eq. (9) reflects the stoichiometry of
two photons, one for each photosystem 1 and 2, per electron transported noncyclically. In princi-
ple, b(x) is directly related to ¢, and a cross-section per pigment (expressed as per Chl), but this
is prone to some problems; see Section C of the PhAR-propagation model.

Electron transport is limited to a maximal rate, j= j_.., as discussed by FCB. They used
a simple, sharp cutoff or a parametrically smoothed function to impose this limitation. The
RuBP-pool-limited rate follows the development by FCB (their Appendix 2) and is very simply

vp = kiR, (11)

where k_ is as in Eq. (3) and R, = total (free plus bound) RuBP concentration [mol RuBP mol ™ %,
.(ChD)]. Lastly, the NADP " -reduction-limited rate is

vy = mf(2 + 1.59), (12)

based on a stoichiometry of (2 + 1.5®) mol of PGA cycled per mol of RuBP that gets carboxy-
lated. Here, m is an effective rate of NADP ™ reduction composed from many linked reactions.
FCB estimated m as equal to at least 2k _E,, (unprimed k,, note). This couples photoreductant
generation strongly but plausibly to CF and OR cycles; see the discussion by FCB after their
Eq. (25).

The carboxylation capacity of RuUBPCO at ambient C and O levels, k[, is related to its maximal
velocity, k,, by well-established Michaelis-Menten kinetics (see Farquhar 1979 for review):

B = K"c —. (13)
1+=—=(1+—
(1)

0

where K, K, = Michaelis binding constants for CO,, O,, respectively [mol m ™3], and one
assumes effective activation by CO,, Mg?*, etc. Likewise,

B —— ke . (14)
1+_°(1 +£)
0 K

c

The partition ratio between oxygenation and carboxylation, @, as intreduced in Eq. (8), is now
expressible in final variables and parameters as

gk _kOK, (15)
k. k. CJK,
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PHOTOSYNTHESIS MODEL FOR C; LEAVES 1.

(B) Electron Transport Rate and Relation to Pigment Absorptions

In Eq. (9) and below it, the electron generation rate was related to the volume rate of photon
absorption, b(x). This rate of absorption by all pigments combined depends on Chl volume con-
centration, the spectral photon fluence, and pigment cross-sections as

b(x) = 0u(x) [dAI(2, %) 0.(A) + 0u(x) [d2I(2, x) o,(A), (16)

where I(4, x) = photon fluence rate per unit wavelength interval at depth x in leaf [mol m ™ 241,
.m_l], 0.(x), 0,(x) = Chl or auxiliary pigment volume concentratior.s [mol m_‘”], and o/ (x),
o,(x) = Chl or auxiliary pigment absorption cross sections at wavelength 1 [m? mol ™ !]. For

narrow spectral bands where ¢ and I are approximately constant, we have

b(x) = [edx) 0(A) + eu(x) 0(A)] 1(2, x) (17)
= kI(}, %) . (18)

Here, k is the linear attenuation (Beer’s law) coefficient at wavelength A [m™!]. It is the quantity
that is readily measured for leaves (in a narrow waveband or averaged over the PhAR band),
along with g,(x); see the light propagation model. I use this as a primary parameter and not
o., 6, and g, @, all of which show some complex features in vivo (Katz and Norris 1573) and
give little advantage in modelling.

The value of #, must still be estimated. The total rate of photoexcitation transfer to reaction
centers is similarly expressible,

b(x) 1, = ec(x) n. JAAI(2, x) 0 (%) + u(x) o [dA1(A, x) 0,(2) , (19)

where ., 71, = quantum efficiencies of excitation transfers, respectively Chl — reaction trap,
auxiliary pigment —- Chl — reaction trap. We can develop Eq. (19) to an analog of Eq. (17)
and use estimates of 7., 7, (Goedheer 1969, 1972). However, this estimate of 7, is very sensitive
to the ratio of green: (red -+ blue) radiation at the location of interest. This latter ratio is a strong
function of position in the [eaf, and it is difficult to choose a meaningful average without resolving
wavebands explicitly. It is more fruitful to estimate #, from the quantum yield of photosynthesis
at low I (see below), and I use only such an estimate in the model. [The dependence of #, on the
0. 0, ratio would be of interest in considering mutants or variants. However, the Chl-deficient
mutants of primary interest in this work (Gutschick 1984) have virtually the same ratio as do the
wild type plants — e.g., in soybean (Keck ez al. 1970).]

(C) Definition of Efficiencies of Electron Use (Photon Use)

Efficiencies of using photons for carbon fixation, oxygen reduction, and P can be defined, and
they give insight into photosynthetic performance limitations as affected by leaf geometry and
biochemical composition. The saturated rate of electron consumption per Chl, i.e., the rate never
exceeded but only approached, is

Js = 4E{k; + k7).

It is a function of depth x in the leaf, because C is a function of depth, hence k; k; also. Thus,
the degree of photochemical saturation is a useful intermediate variable,

S(x) = J(x)/is(x) » (20)

with limits zero in the dark and exceeding unity at the leaf top at high I.
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The efficiency of electron flow to carboxylation relative to its minimum, 4o, is simply

Mer(x) = 4v(x)i(x) , (21)

where v, is the actual carboxylation rate at depth x determined by C, O, I, and biochemical
parameters. Similarly, the efficiency of electron flow to oxygenation is

Nor(X) = 4v,(x)[i(x) , (22)

and the efficiency of electron flow for P is

Muer = (v, — 0.50,)/]. (23)
At low I, these attain the following limits, independent of x.
Her — 1/(1 % q)) (24)

nor = P[(1 + @)

Muee = (1 — 0.50)/(1 + @)
Lk OJK,
k C,/K,

where C‘f is the ambient CO, concentration in the substomatal space.

CARBON DIOXIDE TRANSPORT MODEL

CO, is transported sequentially through air spaces, cytosol (and cell wall), and chloroplast. The
largest resistance lies in the first step, covering the greatest physical distance (Jarvis 1971, Raven
and Glidewell 1981). Transport is almost exclusively by isothermal diffusion, with negligible
effects of convection or mass flow. In air-space diffusion, CO, concentration is a function of posi-
tion within the leaf, in three dimensions; denote is as C(r). A local diffusion coefficient is defined
as D(r). A very good approximation for steady-state diffusion is then

v(DvVC) — 4,=0, (25)

where 4, is the reaction sink term of Eq. (1) (minus the respiratory source term, if present).

Because the air spaces are tortuously connected, C is defined only in a complicated subspace
that excludes the space occupied by cells. In the latter space, one can define an equivalent gas-
phase C as that in equilibrium with the dissolved CO,. I average out the structure to a continuous
medium, wherein the major variation in C is in one dimension x, that normal to the leaf surface.
[Within the continuous-medium picture, there still are significant variations inbetween stomatal
entry sites (Parkhurst 1977); these variations have additional implications for leaf functional
design that I do not address here.]

The diffusion equation becomes

(e )"C(x)) — Ax) = 0 (26)

and simplifies when the diffusion coefficient is x-independent to

p L) 4 =0. (27)
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PHOTOSYNTHESIS MODEL FOR C3 LEAVES

I use both constant and x-varying diffusivity in the model calculations. Most realistically, D
increases toward the bottom of the leaf where cell packings are looser and large substomatal
chambers occur.

In my model, the air-space CO, concentrations C(x) are used as carboxylation-site concentra-
tions, This is not fully accurate because concentrations drop across additional liquid-phase
resistances, Estimates of the latter for normal mesophytes lie in the range 0.3—1.5sm"™ A (Jarvis
1971, Sinclair ef al. 1977), implying that at peak photosynthetic rates per leaf (not mesophyll
cell) area, say, 20 pmol m™ 2 s™ 1 there is an additional drop of the order of 1 mmolm™3 or
2.5 Pa. This is significant quantitatively, but I still have accounted for the major CO, drop (to
as little as 1/2 atmospheric CO, content, see Gutschick 1984) and for its selective occurrence
near the leaf top that is significant for leaf design (see discussion of cost of ‘‘hypostomaticity”
in leaves, Gutschick 1984). This accounting is a significant addition to the FCB model, which
assumes that C is everywhere equal to its value in substomatal chambers. While the more sophis-
ticated resistance models account for the CO, gradient in x and resolve liquid-phase transport
(review by Cooke and Rand 1980), they are inherently phenomenological and much cruder in the
biochemistry and always ignore PhAR-propagation effects. I propose inclusion of liquid-phase
resistances for future modelling; this will allow investigation and prediction of leaf interrai
morphology effects on performarce such as Holmgren (1968) observed. Such inclusion will
require firmer information on resistance magnitudes than is available now from experiments
(Jarvis 1971) or models (Sinclair er al. 1977). (The models are useful for single cells, but averaging
over highly varied leaf structure between mesophyll, parenchyma, erc. is difficult to formulate.)

(A) Boundary Conditions and Stomatal Resistance Functions

For hypostomatous leaves, there can be no flux across the top of the leaf:

I = —D—j—f[mol m~2s 1] (28)

-0 at x=20.

At the bottom of the leaf in the substomatal chamber (x = L, the leaf thickness), there is an
(area-averaged) flux which equals P of the leaf and which determines the drop between outside
air CO, concentration C, and substomatal concentration C(L):

J(L) = —DC'(L) = (C(L) — C,)[Fus - (29)

Of course, J(L) is negative because the flux is up, toward decreasing x. Here, r,  is r; plus the
boundary layer resistance r,, [s m~!]. Thus we have a two-point boundary value problem to solve
for C(x), where the form of A4,(x) cannot be specified analytically. The entire equation is solved
numerically as described below.

The resistance varies over a large range, being sensitive to numerous environmental variables
(Burrows and Milthorpe 1976, Farquhar and Sharkey 1982). It is a function in particular of sub-
stomatal CO, concentration C(L), thus yielding a further consistercy condition. This sensitivity
may be the major determinant of the apparent dependence of r on I (Scarth 1932, Meidner and
Mansfield 1965, but see Farquhar and Sharkey 1982). The ability of r, on the leaf bottom to
respond with broad similarity to both adaxial I and poorly-transmitted abaxial I (Raschke ef al.
1978) is an additional argument for this causal connection.

My model requires an explicit form for rg as a function of C(L). Very complex models have
been’derived (cf. Penning de Vries 1972). Because even these show only semi-quantitative agree-
ment with experiment, T use the Takakura et al. (1975) simplification of the Penning de Vries
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]

(1972) model. Control of r is by a ramp function,
Yas = Fmin » if C(L) < cmin (30)
AN C(L) > SN

Tas

(rm'lx _ rmin) . ..
= Fmj + : Cmﬂx“'C, f C(L)1s bet A
Prs, = Foni Coo o Cm;n)( 1 o (L) is inbetween
C

This model has four parameters, ;. *max> Cmins Cmaxs Which have been extracted by Takakura
et al. (1975) for Phaseolus vulgaris, and surely resemble those for Glycine max, my target species.
Basically, C(L) tends to be entrained strongly between 8.8 and 9.2 mmol m~° (22 and 23 Pa),
much as FCB assumed. (For evidence against such simplicity, see Ramos and Hall 1982 and
the discussion in Gutschick 1984 of consequent model weaknesses.)

For any given species and cultivar of plant, the formulations of r,, as deperdent on I or on
C(L) are largely equivalent or interconvertible. The difference is of some importance for predicting
performance of mutants. T have modelled the performance of Chl-deficient mutants assuming
that r,, depends upon C(L) exactly as in the wild type (Gutschick 1984). A contrary assumption
of dependence on I directly might imply that mutants require significantly higher I than the wild
type to achieve the same r,, if Chl content of the mutants’ guard cells drops to the same relative
degree asin mesophyll cells. Unfortunately, no measurements of either guard-ceil Chl content
or the I-dependence of r exist for the mutants.

For amphistomatous leaves, there are CO, fluxes into both abaxial and adaxial surfaces:

J(0) = =DC'(0) > 0. (31)

This yields a second consistency requirement between substomatal concentration and flux, this
time for the adaxial surface (C(0) and J(0)), analogous to Eq. (29) for the abaxial surface. The
mathematical problem remains a two-point boundary value problem, while the efficient solution
method changes (see below). If one assumes control of r:g and r;';‘ independently by C(0) and
C(L) respectively, one now has eight parameters. The simplifying assumption I use is that Cp;,
and C,,, values are the same for top ard bottom, while minimum and maximum r,; values are

simply proportional, the values for the top being about four times larger than those for the
bottom.

PhAR PROPAGATION MODEL

PhAR propagation inside a leaf is complicated because the leaf medium is strongly scattering,
each scattering event is anisotropic, and the structure of the leaf itself is anisotropic (e.g., denser
and less strongly scattering at the top). The leaf optical phenomena cannot be specified in detail
with a few parameters. Detailed models generally involve assuming an explicit geometry for
a whole leaf section, as in the pioneering work of Willstidtter and Stoll (1918). For our purposes,
one needs a simple representation that accounts for gross properties of net reflection and trans-
mission and of the approximate pattern of I with depth x. One such model is that of Kubelka
and Munk (1931) which ignores lateral variations and assigns local (isotropic) scattering and
absorption coefficients. [Within such assumptions, an exact solution is possible, such as Gut-
schick and Wiegel (1984) used for a canopy, but it is generally not significantly different, and thus
it is not worth the computational effort in a model making small approximations in all other
phenomena.] The Kubelka-Munk formulation is the only simple way to predict PhAR inter-
ception and ultimately photosynthesis for arbitrarily varied Chl content and leaf thickness.
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ESTIMATING PARAMETER VALUES AND SOLVING
THE FULL EQUATION SET

(A) Biochemical and Morphological Parameters

(1) L = leaf thickness: 0.2 mm is a representative value appropriate for expanded soybean leaves
grown in full sunlight (Jarvis and Slatyer 1970; my own occasional measurements confirm this).

(2) ¢, = Chl volume concentration: one can derive the average concentration from reported
areal concentrations divided by L. Hesketh et al. (1981) reported areal concentrations for soy-
bean cultivars clustered fairly closely about 0.6 g m~ 2~ 0.66 mmol m™ 2. Thus,

Q. ~ 33 mol m ™3, )

The distribution of Chl by depth is far from uniform. A profile of ¢.(x) can be estimated from
soybean leaf sections (Breece and Holmes 1971), and the effect of the profile on photosynthetic

performance can be modelled (Gutschick 1984).

(3) E, = RuBPCO octamer concentration [mol RuBPCO mo]“l(ChI)]: Hesketh eral. (1981)
reported areal concentrations of total soluble protein as clustered about 7 g m™? for soybean
cultivars. I assume that 50% by mass is RuBPCO, as typical for strong photosynthetic performers
such as soybean (Ku et al. 1979). This converts to 6 kg RuBPCO per kg Chl, as Farquhar et al.
used in their model as a baseline value. Using a gram molecular mass of 550 000 for the octamer

(Jensen and Bahr 1977), one estimates
E, = 0.01 mol RuBPCO mol ™ *(Chl).
(This differs from the FCB definition of E,, which is monomer sites per gram Chl.)

(4) k.= maximal carboxylation velocity of RuBPCO: the brief survey by Farquhar et al. (1980)
for their model yielded the most probable value at 25 °C of

k, = 20 mol CO, mol™ ! (RuBPCO) s 1

in the normal activation state in vive. The assay and incubation conditions most relevant to
activity in vivo are still being refined (Méchler and Nosberger 1980); k. values at least as large as
assumed here are expected, and indeed are necessary to explain the observed rates of photosyn-

thesis (see Gutschick 1984).

(5) k, = maximal oxygenation velocity of RuBPCO: the ratio of oxygenase to carboxylase
activities is a favored measurement; the FCB model uses k, [k, = 0.21 at 25 °C, implying

k, = 4.2 mol O, mol”*(RuBPCO)s 1.

(6,7) K,, K, = Michaelis constants for CO,, O, substrate-dependences of reaction velocities:
again; the survey for the FCB model yields as gas-phase concentration equivalents at 25°C

K, = 0.018 4 mol m ™2 (or 46 Pa in air at 25 °C)
K, = 13.2mol m™? (or 33% in air at 25 °C)

(8) jmaxy = maximal electron transport rate: FCB refer to measurements on barley by Nolan
and Smillie (1976). Converting the latter data directly, I obtain for 25 °C the value

= 0.253 mole™ mol "} (Chl)s~1.

Jmax
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This is a high rate which never limits photosynthesis in my calculations, and thus 1 have droppead
consideration of it hereafter. FCB and also Farquhar and Caemmerer (1981) argue that j, .-
limitation of assimilation can occur at high I and CO, levels. Measured performance of Phaseolus
vulgaris cited in the latter study supports their contention. One good indication is a breakpoint
in photosynthetic rate versus intercellular CO, concentration, with reduced slope above the break-
point. Growth conditions certainly affect the relative import of limiting factors and complicate
the arguments. I cite (Gutschick 1984) some studies where there is no consistent evidence of
breakpoint behavior, and I leave the question of j__ -limitation for future experimental resolution.
(9) n, = quantum efficiency of photoexcitation transfer to reaction centers: an initial estimate
of 0.59 was developed above. A more directly experimental determiration relates », to the initial
quantum yield per absorbed photon at low 7, dP;/dI = Q’. The latter is the product of the
number of electrons generated per photon, 0.57,, and CO, fixed per electron transported,
0.25(1 — 0.5®)/(1 4 @), according to the discussion near Eq. (24). Ehleringer and Bjdrkman
(1977) measured this quantum yield for a number of C; species, finding an average value of
0.052 4 mol CO, mol~ ! (photon) at 30°C and 32.5 Pa external CO, concentration. I use their
Fig. 2 data to extract a value of 0.047 in these same units for C, = 23 Pa. I further correct this
to 0.505 at 30 °C, using their Fig. 3 data which indicates a rise in Q of 5—10% for this decrease
in temperature. Then, using the values of k, k,, K, and K, noted above, I derive & = 0.267 for
this same temperature and C, level. Thus,

0r5rc = TL=059) _ 6505 (39)
8 (1+ @)
~0.0855n,
and this implies
5, = 0.59
as estimated previously.
(10) R, = RuBP pool size: again I follow the FCB model, setting R, to 300 mmol kg"l(Ch]) or
R, = 0.273 mol RuBP mol ~(Chl) .

This value was derived from an alga, there being no equivalent measurement for soybeans or
related higher plants.

11) m = maximal rate of NADP? reduction of PGA: Farquhar et al. (1980) derived an estimate
{of 436 mmol PGA kg~ '(Chl) s 1, which converts to

m = 0.40 mol PGA mol ™ Y(Chl)s™ 1.

(12) Other potentially useful parameters include the auxiliary pigment: Chl molar ratio and
specifications of top-to-bottom gradients in ¢, E,, R,, and m (also D of the CO, transport
model). I have made preliminary estimates in applying the model (Gutschick 1984).

(B) CO, Transport Parameters

(1) b = diffusion coefficient: this is difficult to derive from leaf photosynthesis measurements
unobscured by dubious assumptions about chloroplast CO, concentrations or liquid-phase
resistances (Jarvis 1971). A simple estimation from diffusion-path geometry is that D equals the
free-air value (about 7 X 10 % m? s 1) reduced by the fractional cross-sectional area open to air
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(about 1/5 in the mesophyll) and by a tortuosity factor which is the ratio of the shortest path to
the average path in air channels between any two points (about 1/2). Thus,

Da7x 107" m?2s™1,
Parkhurst (1977) used D estimates in a broad range about this value. A check is provided by

converting experimental interpretations of effective mesophyll diffusion resistances, r,, (Jarvis
1971),

rp~ L/D 2 150 to 300 s m ™1

to D values. Using L = 0.2 mm, one obtains D in the range 7 to 15 X 10”7 m? s~ 1,

(2) rogg= ro-+ rg first, I assume that r, is minimal, of the order of 50 s m~! as appropriate to

moderately good air circulation at the leaf, because my focus is on internal physiological limita-
tions rather than whole-canopy effects. For #, I use as a minimal value

1 1

Fsmin~ 150sm™ " — Fas,min ~ 200 s m™

Such values are observed for soybeans and allied C, species (Takakura ef al. 1975, Hesketh
et al. 1981),

For ry controlled by substomatal CO, concentration, I estimate the three additional
parameters as

5 i -1
as,max —> Fmax ~ 1000 s m

Crin ~ 8.8 mmol m™3

Craax & 9.2 mmol m ™3,

The last two parameters have been discussed above. My choice of r,,,, as 5-fold higher that ry;,
matches data on Phaseolus vulgaris by Takakura et al. (1975), from which Cy;, and C,,,, were
taken. This choice does not apply at very low I where r,, rises even higher in all species (Pospisi-
lovd and Soldrova 1980). Farquhar and Sharkey (1982) review additional semiquantitative

information.
For amphistomatous leaves, I must specify in addition the adaxial r,,;, and r, . values. For

proper comparison to hypostomatous models, I set the total conductance

1);’Vmin T If’rmin,ad + If,rmin,ab
to the value of 1/Fn.4p alone of hypostomatous leaves. Then I assume a ratio, typically 4 : 1
between adaxial and abaxial values of both r;, and r_,..

(C) Leaf Optical Parameters

(I) o = linear attenuation coefficient due to scattering: this parameter is estimated simply (Breece
and Holmes 1971) from gross leaf transmittance and reflectance at non-absorbed infrared wave-

lengths, where
t—1/(1 + aL)
r—oL{(1 4 oL).

As both ¢ and r tend to 0.5 here, this yields
¢~ 1/L=5000m~1,

Fukshansky’s (1981) more sophisticated analyses support a slightly lower value.
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(2) k = linear attenuation coefficient due to pigment absorptions: this is related in principle to g,
and the pigment absorption cross sections, The values of the latter are less certain in vivo than in
vitro (Katz and Norris 1973) because of environmental shifts and broadenings. More significantly,
the average cross-section per pigment molecule is decreased by pigment clumping into chloro-
plasts, leaving non-absorbing space in between (the sieve effect: Rabinowitch 1951, Fukshansky
1981). Thus, 1 have chosen a k value that reproduces typical ¢ and » values when used in the
Kubelka-Munk model. The value

k=25z=125% 10*m™!

vields ¥ = 0.146, t = 0.034. The sum of the latter is appropriate for the average over the PhAR
band (Breece and Holmes 1971), though the ratio r: ¢ is slightly high (and is only increased by
realistic gradients in « and k: Gutschick 1984).

(D) Method of Solving the Set of Kinetic Equations

One must specify the four basic environmental conditions, C,, O, I,4, and [I,,. The latter two
completely determine the profile I(x) in the leaf, hence also the potential rate of electron generation
per volume, j(x).

For hypostomatous leaves, one guesses the CO, concentration at the top of the leaf, C(0),
which sets the assimilation rate 4,(0) and hence the second derivative C"(0). The first derivative,
C'(0), is zero, by Eq. (28). One then integrates to the next finite step, x = dx, computing new
values of C(x) and its derivatives. I typically use 1000 steps to reach x = L, where the calculated
values C*(L) and C’*(L) are provisional, i.e., they may not correspond to the correct C,. They
imply a provisional value

C¥ = C¥(L) + r [DC*(L)],

where the bracketed quantity is the predicted photosynthetic rate per unit leaf area. If Cff is too
small (large), one guesses a larger (smaller) value of C(0) and re-solves the equations. Eventually

one narrows the range of C(0) and interpolates to the proper value. The entire search is readily
automated.

For amphistomatous leaves, it is most efficient to specify an estimate of the derivative, C'(0),
or equivalertly, the adaxial portion of P; = DC’(0). This then sets C(0) as C, — r, ,DC’(0). One
integrates numerically to x = L as before, and iterates C;“ to agreement with C,. This approach
is better than estimatirg C(0) directly because small shifts in C(0) can imply gradients C'(0) too
large for numerical stability.

DISCUSSION

The complex model presented here synthesizes knowiedge about three important kinetic aspects
of photosynthesis. It is fully physiological with no adjustable parameters. Parameter values are
all extracted from physiological measurements on Glycine max or the most closely related specie-
for which data are available. Only one of the parameters of modest significance for leaf perfors
marnce is moderately uncertain (D). The model is quantitatively accurate (Gutschick 1984) — not
authoritatively so, but sufficient for utility and credibility in testing hypotheses of ecological func-
tion dhd agricultural crop performance. Even its deficiencies provide opportunities for experi-
ments of broader significance.

Some of the biochemical simplifications need further discussion. Foremost, the photorespira-
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tory cycling back to the Calvin cycle is presented as total, without net glycine or serine synthesis.
Zelitch (personal communication) rightly regards this as a deficiency. Variations in the fraction of
glycolate recycled would lead to calculable changes in the direct quantum yield of photosynthesis,
as Peisker (1976) discussed along with additional effects of varied final oxidation states (glycine/
serine or all the way to CO,). Varied oxidation states of gross photosynthesis must be rectified in
dark respiration; the quantum yield in net photosynthesis is then less sensitive to the recycling
ratio. At high I, complete CO, recycling within the leaf has an added effect on quantum yield,
beyond stoichiometry; it raises the internal CO, operating point of the leaf and raises Q quantita-
tively (Eq. 39). Biochemical data on the extent of recycling and the oxidation level of the recycled
products would be very desirable, especially regardirg possible deperdence on I, C,, O, and
status of amino acid biosynthetic demand in the plant.

A second simplification deserving comment corcerns the stoichiometry between electron
transport arnd RuBPCO catalysis. I have used the FCB model option wherein NADPH production
by electron transport is matched by consumption of NADPH in carboxylation and oxygenation.
Farquhar et al. noted that matching ATP production and consumption produces a modestly
different stoichiometry and herce a modestly different initial quantum yield, erc. (their Eq. 37).
Farquhar and Caemmerer (1981) resolve the discrepancy in favor of the ATP-stoichiometry
formulation, with cyclic photophosphorylation allowing ATP throughput to exceed NADPH
throughput. The predicted change in photosynthetic performar.ce in modest. Initial quantum
yield is reduced up to 10%. At high 7, where potential electron supply exceeds biochemical usability
for either ATP or NADPH production, photosynthesis is little affected unless j, -limitation
is possible (not the case with our estimated parameter values).

A third simplification, most difficult to assess, is lack of representation of source-sink regula-
tion of photosynthesis. While partitioning of photoproducts into various biosynthetic pathways
has seen some experimental and theoretical study (Bassham 1971), the regulation of total carbo-
xylation rate of a mature leaf to levels below those set by I, C,, and O is poorly understood.
The sensitivity of enzyme activities to allosteric factors may be relatively unimportant (e.g.,
Dvorak and Sel’kov 1980). Regeneration of inorganic phosphate as substrate (especially in ATP
synthesis) may be an important control (Herold 1980), but only crude ‘“‘black box” studies of
gross environmental responses have been done. Crude negative feedback mechanisms such as
disruption of chloroplast membrane structure by starch accumulation have been suggested by
experimental results (e.g., Thorne and Koller 1974). A mechanistic description of source-sink
regulation is not yet feasible,

One last simplification warranting discussion is the lack of accountirg for CO, transport
resistances between photorespiratory CO,-liberating sites and photosynthetic sites. These sites
and the intercellular air spaces are all linked to each other through resistances and thus operate at
CO, concentrations that are offset from one another, depending on inter-site fluxes and resistance
values. This coupling is described well by Lommen e al. (1971). The model here, not accounting
for these offsets, is slightly decreased in quantitative accuracy, mostly in representirg photo-
synthesis at elevated O, levels.

REFERENCES

Allen, W. A., Richardson, A. J.: Interaction of light with a plant canopy. — J. opt. Soc. Amer.
58: 1023—1028, 1968.

Baker, D. N., Hesketh, J. D., Duncan, W, G.: Simulation of growth and vield in cotton; I. Gross
photosynthesis, respiration, and growth — Crop Sci. 12: 431—435, 1972.

Bassham, J. A.: The control of photosynthetic carbon metabolism. — Science 172: 526— 533,
1971.

564



PHOTOSYNTHESIS MODEL FOR C3 LEAVES 1,

Berry, J., Farquhar, G.: The CO, concentrating furction of C, photosynthesis. A biochemical
model. — In: Hall, D. O., Coombs, J., Goodwin, T. W. (ed.): Proceedings of the Fourth
International Congress on Photosynthesis. Pp. 119—131. Biochem. Soc., London 1978,

Breece, H. T., Holmes, R. A.: Bidirectional scattering characteristics of healthy green soybean
and corn leaves in vive. — Appl. Opt. 10: 119—127, 1971.

Burrows, F. 1., Milthorpe, F. L.: Stomatal conductance in the control of gas exchange. — In:
Kozlowski, T. T. (ed.): Water Deficits and Plant Growth. Vol. IV, Pp. 103—152. Academic
Press, New York—San Francisco— London 1976.

Butler, W. L.: Energy distribution in the photochemical apparatus of photosynthesis. — Annu.
Rev. Plant Physiol. 29: 345—378, 1978.

Chow, W. S., Telfer, A., Chapman, D. J., Barker, J.: State 1 — state 2 transition in leaves and its
association with ATP-induced chlorophyll fluorescence quenching. — Biochim. biophys.
Acta 638: 60—68, 1981.

Cooke, J. R., Rand, R. H.: Diffusion resistance models. — In: Hesketh, J. D., Jones, J. W. (ed.);
Predicting Photosynthesis for Ecosystem Models. Pp. 93—121, CRC Press, Boca Raton 1980,

Dvorak, 1., Sel’kov, E. E.: The stoichiometric and allosteric regulation in the Calvin cycle, —
Photosynthetica 14: 564— 574, 1980.

Ehleringer, J., Bjorkman, O.: Quantum yields for CO, uptake in C; and C, plants: Dependence
on temperature, CO,, and O, concentration. — Plant Physiol. 59: 86—90, 1977.

Elmore, C. D.: The paradox of no correlation between leaf photosynthetic rates and crop yields.
— In: Hesketh, J. D., Jones, J. W. (ed.): Predicting Photosynthesis for Ecosystem Models. Pp.
155—167. CRC Press, Boca Raton 1980.

Epel, B. L.: Inhibition of growth and respiration by visible and near-visible light. — In: Giese,
A. C. (ed.): Photobiology. Vol. 8. Pp. 209—229. Academic Press, New York— London 1973.

Farquhar, G. D.: Models describing the kinetics of ribulose bisphosphate carboxylase-oxygenase.
— Arch. Biochem. Biophys. 193: 456—468, 1979.

Farquhar, G. D., Caemmerer, S. von: Electron transport limitations on the CO, assimilation
rate of leaves: a model and some observations in Phaseolus vulgaris . — In: Akoyunoglou,
G. (ed.): Photosynthesis. Vol. IV. Pp. 163 —175. Balaban int. Sci. Serv., Philadelphia 1981.

Farquhar, G. D., Caemmerer, S. von, Berry, J. A.: A biochemical model of photosynthetic
CO, assimilation in leaves of Cs species. — Planta 149: 78—90, 1980.

Farquhar, G. D., Sharkey, T. D.: Stomatal conductance and photosynthesis. — Annu. Rev.
Plant Physiol. 33: 317—345, 1982.

Fukshansky, L.: Optical properties of plants. — In: Smith, H. (ed.): Plants and the Daylight
Spectrum. Pp. 21— 40. Academic Press, London— New York 1981.

Graastra, P.: Photosynthesis of crop plants as influenced by light, carbon dioxide, temperature,
and stomatal diffusion resistance. — Meded. Landbouwhogesch. Wageningen 59: 1—68, 1959,

Gifford, R. M., Evans, L. T.: Photosynthesis, carbon partitioning, and yield. — Annu. Rev.
Plant Physiol. 32: 485—509, 1981.

Goedheer, J. C.: Energy transfer from carotenoids to chlorophyll in blue-green, red, and green
algae and greening bean leaves. — Biochim. biophys. Acta 172: 252—265, 1969,

Goedheer, J. C.: Fluorescence in relation to photosynthesis. — Annu. Rev. Plant Physiol. 23:
87—112, 1972.

Graham, D.: Effects of light on ‘‘dark™ respiration. — In: Davies, D. D. (ed.): The Biochemistry
of Plants. A Comprehensive Treatise. Vol. II: Metabolism and Respiration. Pp. 572—579.
Academic Press, New York—London 1980.

Gutschick, V. P.: Photosynthesis model for C; leaves incorporating CO, transport, propagation
of rejtldiation, and biochemistry. 2. Ecological and agricultural utility. — Photosynthetica 18:
569—595, 1984.

Gutschick, V. P., Wiegel, F. W.: Radiation transfer in vegetative canopies and other layered

565



V. P. GUTSCHICK

media: rapidly solvable integral equation not requiring Fourier resolution. — J. Quant. Spectro-
scop. Rad. Transfer 31: 71—82, 1984,

Hall, A. E., Bjorkman, O.: Model of leaf photosynithesis and respiration. — In: Gates, D. M.,
Schmerl, R. B. (ed.): Perspectives in Biophysical Ecology. Pp. 55—72. Springer-Verlag,
Berlin— Heidelberg— New York 1975.

Herold, A.: Regulation of photosynthesis by sink activity — the missing lirk. — New Phytol. 86:
131—144, 1980,

Hesketh, J. D., Ogren, W. L., Hageman, M. E., Peters, D. B.: Correlations among leaf CO,-~
exchange rates, areas and enzyme activities among soybean cultivars. — Photosynth. Res. 2:
21—30, 1981.

Hill, R., Bendall, F.: Function of the two cytochrome components in chloroplasts: a working
hypothesis. — Nature 186: 136—137, 1960.

Holmgren, P.. Leaf factors affecting light-saturated photosynthesis in ecotypes of Solidago
virgaurea from exposed and shaded habitats. — Physiol. Plant, 21: 676—698, 1968.

Jarvis, P. G.: The estimation of resistance to carbon dioxide transfer. — In: Sestak, Z., Catsky, J.,
Jarvis, P. G. (ed.): Plant Photosynthetic Production: Manual of Methods. Pp. 566—631. Dr.
W. Junk N. V. Publ., The Hague 1971.

Jarvis, P. G., Slatyer, R. O.: The role of the mesophyll cell wall in leaf transpiration. — Planta
90: 303—322, 1970.

Jensen, R. G., Bahr, J. T.: Ribulose-1,5-bisphosphate carboxylase oxygenase. — Annu. Rev. Plant
Physiol. 28: 379—400, 1977.

Jones, H. G., Slatyer, R. O.: Effects of intercellular resistances on estimates of the intracellular
resistance to CO, uptake by plant leaves. — Aust. J. biol. Sci. 25: 443—453, 1972.

Katz, J. J., Norris, J. R., Jr.: Chlorophyll and light energy transduction in photosynthesis. — In:
Sanadi, D. R., Packer, L. (ed.): Current Topics in Bioenergetics. Vol. 5. Pp. 41—75. Academic
Press, New York— London 1973.

Keck, R. W., Dilley, R. A., Allen, C. F., Biggs, S.: Chloroplast composition and structure
differences in soybean mutant. — Plant Physiol. 46: 692—698, 1970.

Ku, M. S. B,, Schmitt, M. R., Edwards, G. E.: Quantitative determination of RuBP carboxylase-
oxygenase protein in leaves of several C, and C, plants. — J. exp. Bot. 30: 89—98, 1979.

Kubelka, P., Munk, F.: Ein Beitrag zur Optik der Farbanstriche. — Z. tech. Phys. 11: 593— 601,
1931.

Laisk, A.: Svetovye krivye fotosinteza dlya opticheski tolstykh list’ev. [Light curves of photo-
synthesis considering light profile of a thick leaf.] — In: Voprosy Effektivniosti Fotosinteza.
Pp. 93—116. Tartu 1969,

Laisk, A.: A model of leaf photosynthesis and photorespiration. — In: Prediction and Measure-
ment of Photosynthetic Productivity. Pp. 295—306. Pudoc, Wageningen 1970.

Laisk, A.: Modelling of the closed Calvin cycle. — In: Unger, K. (ed.): Biophysikalische Analyse
pflanzlicher Systeme. Pp. 175—182. VEB G. Fischer Verlag, Jena 1977.

Lommen, P. W., Schwintzer, C. R., Yocum, C. S., Gates, D. M.: A model describing photosyn-
thesis in terms of gas diffusion and enzyme kinetics. — Planta 98: 195—220, 1971.

Loomis, R. S., Rabbinge, R., Ng, E.: Explanatory models in crop physiology. — Annu. Rev.
Plant Physiol. 30: 339—367, 1979.

Maichler, F., Nosberger, J.: Regulation of ribulose bisphosphate carboxylase activity in intact
wheat leaves by light, CO,, and temperature. — J. exp. Bot. 31: 1485—1491, 1980.

Meidner, H., Mansfield, T. A.: Stomatal responses to illumination. — Biol. Rev. 40: 483—509,
1965.

Nolan, W. G., Smillie, R. M.: Multi-temperature effects on Hill reaction activity of barley chloro-
plasts. — Biochim. biophys. Acta 440: 461—475, 1976.

Parkhurst, D, F.: A three-dimensional model for CO, uptake by continuously distributed meso-

566



V. P. GUTSCHICK

Treharne, K. J.: Biochemical limitations to photosynthetic rates. — In: Rees, A. R., Cockshull,
K. E., Hand, D. W, Hurd, R. G. (ed.): Crop Processes in Controlled Environments. Pp.
285—302. Academic Press, London—New York 1972,

Wallace, D, H., Ozbun, J. L., Munger, H, M.: Physiological genetics of crop yield. — Adv.
Agron. 24: 97—146, 1972.

Willstitter, R., Stoll, A.: Untersuchungen iiber die Assimilation der Kohlensdure. — Springer,
Berlin 1918.

Yoshida, S.: Physiological aspects of grain yield. — Annu. Rev. Plant Physiol. 23: 437—464, 1972,

Zelitch, 1.: The close relationship between net photosynthesis and crop yield. — BioScience 32:
796— 802, 1982,

L%

568




PHOTOSYNTHETICA 18 (4): 569—595, 1984

Photosynthesis Model for C; Leaves Incorporating CO> Transport,
Propagation of Radiation, and Biochemistry
2. Ecological and Agricultural Utility™

V. P. GUTSCHICK

Life Sciences Division, Group LS-6, Los Alamos National Laboratory,
Los Alamos, NM 87545, U.S.A.

Abstract

The previous paper developed the combination of the biochemical model of Farquhar er al. (1980)
with models of CO, transport and propagation of radiation across the leaf thickness. Here 1
present the model’s quantitative predictions of gross photosynthetic rate (P;) as a function of
irradiance (), CO, and O, concentrations, leaf chlorophyll (Chl) and enzyme contents, and sto-
matal distribution and behavior pattern. Using parameter values appropriate to wild-type cul-
tivars, the model approximates measured performance of soybean (Glycine max L.) fairly well,
The model indicates that the gradient in I across the leaf thickness is a stronger determinant of
I-dependence and maximal P than is the CO, gradient or stomatal control. Modest discrepancies
in modelling CO, and O, dependences of P, suggest opportunities to get new information on
photorespiration and on stomatal control. The performance penalty for predominantly abaxial

* Received 2 July 1983; accepted 16 April 1984,

Abbreviations: A, or A, (x) — net CO, assimilation rate (carboxylation — 1/2 oxygenation)
per area or per volume at depth x; C(x), C'(x) — CO, concentration, derivative at depth x;
C — average of Cp;,s Cpoaxs C, — ambient CO, concentration outside leaf; Cy — CO, con-
centration in substomatal chamber; Cp;., Ch.x — CO, concentration limits for stomatal
control; Chl — chlorophyll; D¢, — diffusion coefficient for CO, inside the leaf; E, — RuBPCO
concentration, mol per mol Chl; FCB — Farquhar, Cammerer, Berry (1980); g, — stomatal con-
ductance; I, I(x) — irradiance, within leaf at depth x; I;;, I, — abaxially, adaxially incident ir-
radiance; I, — effective saturating irradiance (Eq. 5); k,, k,— maximal carboxylation, oxygena-
tion velocities of RuBPCO; K, K, — RuBPCO Michaelis constants for CO,, O,; L — leaf
thickness; LAI — leaf area index; m — maximal rate of NADP™ reduction per Chl; Ny Ngs
Np, N, — leaf top-to-bottomratios in Chl content, RuBPCO content per Chl, CO, diffusivity
optical scattering power; O — ambient O, concentration; P4, — adaxial flux of CO, into
leaf; P, — canopy photosynthetic rate per ground area; Pg or Pglarea), Pg(mass), Po(I) —
gross photosynthetic rate per leaf area, per leaf mass, as function of irradiance; P,,,, — maximal
gross photosynthesis; PhAR — photosynthetically active radiation; Q, QO — low-irradiance
quantum yield per absorbed, incident photon; O(C) — Q as a function of CO, concentration;
Q max — maximal value of O(C); r — leaf reflectivity; R, — dark respiration rate; R, — ribulose
bisphosphate pool size, mol per mol Chl; r, — stomatal resistance; RE — relative quantum
efficiency of using abaxial vs. adaxial irradiance; RuBPCO — ribulose bisphosphate carboxy-
lase oxygenase; S, — sensitivity of P; to increase in parameter a (Eq. 9); SLM — specific leaf
mass; ¢ — leaf transmissivity; x — depth in leaf; « — optical scattering power of leaf tissue;
Icoss Iy — CO, compensation concentration, with zero dark respiration; #,,(x) — net
efficiency of using electrons to fix CO, at depth x; o, — chlorophyll volume concentration; @
— ratio of oxygenation rate to carboxylation rate. ‘
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rather than adaxial location of stomatal conductarce appears to be small. Gradients in the struc-
ture of the leaf, and indeed the lower portion of the leaf itself, appear to be only weakly relevant
to leaf-total photosynthetic rates and primarily relevant to minimizing transpiration and to
mechanical support. The model allows estimates of sensitivity of photosynthesis to each physio-
logical parameter, as well as interpretations of these sensitivities in terms of adaptive value. In
conjunction with a canopy radiation interception model, the leaf model predicts narrow agricul-
tural utility for mutants of decreased Chl content, However, the model suggests that alternative
improvement routes of higher promise do exist, as in optimizirg ontogenetic patterns of leaf
thickness, and it can help guide the niecessary experimental physiological studies.

The preceding paper (Gutschick 1984a) presents a leaf photosynthesis model that uniquely
combines biochemical and photochemical kinetics, CO, transport in the leaf, and internal propa-
gation of photosynthetically active radiation (PhAR). This combination remedies important
limitations of the component models used separately. For example, the biochemical and photo-
chemical model of Farquhar ef al. (1980; denoted here as FCB) which I incorporate is itself
a sophisticated, explicit kinetic formulation of photosynthetic performance as dependent on
irradiance (I), CO, and O, levels, and about ten major, measurable physiological parameters:
contents of carboxylating enzyme, chlorophyll (Chl), ribulose bisphosphate...; carboxylation
parameters; etc. However, it cannot determine the internal CO, concentration that varies with
depth in the leaf and that is drawn down to progressively lower levels at higher I and gross photo-
synthetic rates (Pg) by virtue of air-space and other transport drags. More phenomenological
resistance models (Gastra 1959 and many sophisticated modern derivatives) account for such
dynamic interaction but poorly arnd distantly reflect carboxylation kinetics and other crucial
physiological data. CO, transport models such as Parkhurst’s (1977) that resolve detailed geo-
metric diffusion path features are valuable but must depend on the physiological accuracy of the
biochemical and photochemical description and have never been used with sophisticated models
of the latter. Lastly, the strong leaf-depth dependence of light flux, I(x), has been investigated
by Laisk (1969) and Oya and Laisk (1976) for its importance in scaling photosynthetic perfor-
mance versus external I. Tt is also important for performance per unit enzyme investment, efc.;
it has not been evaluated with very accurate biochemistry or concurrent depth-dependence of
CO, concentration.

A verified combined model can address many ecological and agricultural questiors. For my
own interests, the model has given useful predictions and has suggested analysis methods for
experiments on canopy' photon-use efficiency in Chl-deficient mutants. The model also yields
insights into evolved ecological functioning and into potential crop improvements, as presented
below. Examples include estimates of how adaxial : abaxial partition of stomatal conductance
(g,) affects leaf photosynthetic performance, new liries of evidence for stomatal control, estimates
of contributions of the lower leaf to P vs. to transpiration, and assessments of limiting factors
both physiological and environmental.

To establish the reliability and utility of the model for such inquiries, it must be verified against
a wide range of experimental data without adjusting its kinetic parameters, which were determined
physiologically to represent a soybean leaf — fully expanded, adequately nourished, and adapted
to full sunlight and normal CO, levels. The model must accurately predict Pg as a function of
the major environmental variables (irradiance I, ambient CO, and O, concentrations C, and O;
I do not treat temperature here, however) and of the leaf physiological constitution. Quantitative
data on the latter are minimal but will be increasingly important for crop improvement. These
model tests are reported in the next Section and they yield constructive criticisms of formulations
of carboxylation and oxygenation kinetics, stomatal behavier models, and the degree and func-
tional significance of the attenuation of photosynthetically active radiation (PhAR) across the leaf
thickness.
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COMPARISON TO EXPERIMENTS:
MODEL STRENGTH AND DEFICIENCIES

Values of P (as a function of I, C,, O, or some combination) are given for soybeans by Dornhoff
and Shibles (1970) and Hesketh er al. (1972) for extensive ranges of cultivars, and by Egli et al.
(1970) and Bowes ef al. (1972) for more specific cultivars, variously for single leaves or whole
canopies and at varied (or even variable) temperature. More limited correlations to environment
can be discerned in field data as of Kanemasu and Hiebsch (1975) or Tenhunen ef al. (1980).
Ludwig (1972) studied detailed C,- and O-dependences of P in sunflower, a comparable high-
performance Cj species, and his data are also used here. Phaseolus vulgaris, another model
species, was studied by Caemmerer and Farquhar (1981) for P at many C, and O levels and
several I, as well as under varied N-nutritional status, efc. Only Hesketh er al. (1981) provided
extensive physiological data on Chl ard protein contents, ribulose bisphosphate carboxylase/
oxygenase (RuBPCQO) activities, efc.
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Fig. 1. Photosynthesis calculated by models of varying completeness: (B) biochemistry only; set
C(x) = 23 Pa everywhere; D infinite; photon absorption rate a(x) is uniform and reproduces
total absorption of full model; (BC) biochemistry and CO,-transport only; as ““B”’, except set
C(0) = C(L) = 23 Pa; Cat other x set by diffusion equation withstandard D = 7 X 10~ " m™ 2.
s~ 1: (BL) biochemistry ard radiation-penetration only; as “‘B”, except photon absorption
rate a(x) set by nonuniform irradiance I(x) calculated by Kubelka-Munk model; (BCL) bio-
chemistry, CO,-transport, and radiation-penetration only; full model except stomatal control
replaced by simple setting of C(0) = C(L) = 23 Pa; (BCLS) full model, with stomatal control
submodel (Gutschick 1984a).

Dependence of P; on I at normal C, and O is a crucial test. My model’s predictions (Fig. 1)
were not corrected for leaf respiration (see discussion in Gutschick 1984a). Curve ‘BCLS’ re-
presents the full, integrated model, and it has a qualitatively accurate shape. There are few con-
sistent data on the full curve, P(I), so I examine a few discrete features. An important feature
is maximal photosynthetic rate per leaf area, P, , at maximal terrestrial / & 1.6 mmol 7 e
The model predicts P, = 18.2 umol CO, m~ s~ ! at 25°C, raised to 21.3 pmolm™2s™1
uppn setting the stomatal resistances more realistically to 800 and 200 s m~1 (adaxially and
abaxially, respectively) and positing 109, abaxial I as is common in canopies or measuring cham-
bers. Dornhoff and Shibles (1970, Fig. 1) measured a range of 18.6 to 27.4 umol m~ 257! for
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many cultivars, with an average near 22, for a comparable 7= 26 °C and a time-varying C,
averaging 28.2 Pa. Bowes ef al. (1972, Fig. 1) obtained P, & 29 pmol m~2s” 1 at 30°C for
the high-performing Wayne cultivar, which we may correct to 26 pmol m~2 s~ ! at 25 °C using
the temperature scaling of the full FCB model (their Fig. 9, dashed curve). Hesketh ef al. (1981)
found P, ,, near 29.7 umol m~ 25~ ! for the high-performing Amsoy cultivar at 30 °C, correctible
to 24.7 umol m 2s 1at2s °C; correcting my model to their probable C, = 33 Pa gives 22.6umol.
.m~2 s 1, Thus the model is plausible, if slightly low. I ascribe this lowness to deficiencies in re-
presenting stomatal behavior and perhaps also to a low estimate of exciton transfer efficiercy, n,;
both are discussed below.

A second major test of the model is its ability to reproduce the initial quantum yield per
absorbed photon,

oP
e o (1)

ol
Ehleringer and Bjérkman (1977) fournd Q to be virtually universal for C;3 plants. Within close
limits, one can argue that Q reflects only RuBPCO kinetic parameters and photorespiratory
stoichiometry, and the former at least are fairly comparable among all C; species (Delaney ef al.
1978, Yeoh er al. 1980; but see Ranty and Cavalie 1982). At low I, internal CO, concentration
stabilizes and @ simplifies greatly (FCB, their Eq. 37; Gutschick 1984a, Eqgs. 15 and 24):

o l-050) o

Q:

The value of @, the ratio of oxygenation to carboxylation rates, is predicted from our chosen
RuBPCO parameters to be 0.267 at 25 °C, 23 Pa CO, (intercellular), and 219, O,. The value of
Q at 25 °C is about 0.052, corrected (see Ehleringer and Bjérkman 1977, Fig. 3) 10% upward
from its measured value of about 0.047 at 30 °C. The measured and predicted Q are consistent
if #, = 0.61, close to my estimated value.

At 2% O,, ® becomes essentially zero and Q is predicted to be #,/8. Q is measured (at 30 °C,
though temperature is fairly irrelevant at low O,) as 0.081, requiring 5, = 0.65, fairly consistent
with the previous estimate.

The dependence of Q on intercellular CO, concentration, C, is problematic in the FCB model,
hence my model also. At low I, @ is modelled as simply inversely proportional to C. In terms of
the RuBPCO parameters (FCB 1980),

k, O/K,
k. CIK,
and Q can be rewritten as
Cc-T
= max - 4
0 ¢ C + 2[, ( )

much as Peisker and Apel (1981) showed. Here I', = k,K,O[(2k K,) is the limit of the CO,
compensation concentration, I'cq,, when dark respiration is zero. The kinetics of the FCB model
and the best values for k_, k,, K, and K, yield Ty = 3.07 Pa at 25 °C, or 3.59 Pa at 30 °C. The
latter value can be used in the last equation to calculate Q(C) for comparison to measurements,
and Fig. 2 shows that the fit is poor. If the Michaelis-Menten kinetic structure is not wronrg, one
can revise the RuBPCO parameter values to give I'j & 5.0 Pa and get a good fit to the data of
Ehleringer and Bjorkman (1977, Fig. 2). However, T, is a lower limit to I'co, but 5.0 Pa is too
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high an estimate for the latter. It is difficult to conceive of a mechanism (alternative photorespira-
tory path or otherwise) that is conistent with a single sct of RuBPCO parameters and that depresses
Q more than it increases rCOz' This is a problem for photosynthesis research in general, beyond
the modelling here.

T T '."I
2% 0,
3
o e
= MODEL
= 21% 0
= 0.05- p,
E T EB
“:I z ‘lofﬁ 02
)
&}
0 i L 1
0 50 100 150

INTERNAL CO, CONCENTRATION [Pa]

Fig. 2. Initial quantum yield at 30 °C. Curves labelled ““2%; O,” and “EB 21} O, are results
of Ehleringer and Bjorkman (1977) for a C; plant, Encelia californica. Curve “MODEL 219
0,” is calculated from Eq. (4) of text using RuBPCO enzyme parameters of Farquhar ef al.
(1980) adjusted to 30 °C, with limitirg Q (at 29 O,) adjusted to match curve 29 O,” by
choice of »,.

A third test of the model is the “‘shape’ of P; between low and high I, typically approximated
as a hyperbola,

I
PGﬁPmax s
I+1,

(%)

This form has deficiencies, of course. One can constrain it to give the proper initial quantum
yield per incident photon, Q' = P, .. [I,, which induces a poor fit to high-I behavior where many
more kinetic phenomera enter (CO, transport drags, photochemical saturation) that are un-
related to Q’. Alternatively, one can choose P, . and I to fit P(J) over a broad range, which
generally distorts Q° (I found 10—15% errors for fits to experimental data and model results).

With an awareness of these deficiencies, one can do a least-squares fit of P(I) to the last equation
to derive a rough value of I, which reflects complex saturation kinetics. The data of Hesketh
et al. (1981) on high-performing Amsoy cultivar give /, & 0.83 mmol m~2s™1; the data of
Bowes et al. (1972) on average-performirg Wayne cultivar fit J, & 0.41 mmolm~ 2571, My
model calculations fit /. & 0.46 mmol m ?s” 1, implying that the model incorporates reasonable
saturation kinetics. Better experimental data are highly desirable.

A fourth test of the model is its reproduction of the CO,-dependence of P at moderate to
high I, where stomatal control, internal diffusive drags, and RuBPCO capacity limitations enter
into performance. Dornhoff and Shibles (1970) give P values near maximal I (about 1.54 mmol.
m-2s” 1y for 22-cultivar averages at four external CO, corncentratiors, C,. Relative to perfor-
mance at C, = 30 Pa, the performances at 10, 20, 30, ard 38.6 Pa (all at 26 °C) are 0.22, 0.63,
1.00, and 1.10. Using the basic stomatal control model (Gutschick 1984a), my comparable results
are 0.32, 0.71, 1.00, and 1.06, in moderately good agreement. Other data at C, significantly
above 30 Pa, however, indicate problems. Egli et al. (1970) measured total canopy photosynthesis
up to C, = 60 Pa and found only slight saturation as a function of C, at the highest values.
In my comparable model estimates (Fig. 3), P rises with significantly lower slope above about
25 Pa CO, than below this value. The cause is the ‘‘entrainment’” of substomatal CO, concentra-
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tion Cf = C(0) or C(L) to 22— 23 Pa that my stomatal model tries to enforce. Other evidence
discussed soon also indicates flaws in the stomatal behavior model.

I have thus pursued two routes, the first being a test of the model exclusive of stomatal function.
I compare photosynthetic rate as a function of C, between the model and two detailed experi-
mental studies on comparably high-performing species, those by Caemmerer and Farquhar (1981)
on Phaseolus vulgaris and those by Ludwig (1972) on sunflower. The species differences should
not be too significant, as I focus on CO,-saturation kinetic only. Fig. 4 presents the model calcu-
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Fig. 3. Gross photosynthetic rates calculated by standard model as a function of ambient CO,
concentration, C,, at three different irradiances, I (specified in mmol m ™ 2.4 adaxial/abaxial).

Fig. 4. Calculated gross photosynthetic rate as a function of chosen substomatal CO, concentra-
tions; at moderate (0.4 mmol m™~ 2% s~ 1) and high (1.5 mmol m~? s~ 1) irradiances (I). The
model is standard as in Gutschick (1984a), except for stomatal control which is bypassed here.

lations for two I values, 0.4 mmol m-2s”1 (presumed comparable to 0.5 mmol m~ 257! for
the late-saturating sunflower) and 1.5 mmol m ™2 s ™! (asin the Phaseolus studies). At the higher
I, Phaseolus attains half-maximal performance at approximately 9.0 Pa CO, in 1,99, O, or at
16.0 Pa CO, in 209, O,. The model shows half maximum at approximately 13.3 and 25.6 Pa
‘CO, for comparable O, levels of 29 and 219;. At lower I, sunflower attains half-maximal perfor-
mance at approximately 6.7 and 20.0 Pa CO, in 29 and 219, O,, respectively. My model yieids
6.7 and 15.5 Pa, respectively. Thus the model is in only fair agreement with these experiments.
(However, the Phaseolus data also show a decline in photosynthesis with increasing CO, at low
‘0,, which is hard to explain in any kinetic scheme.)

The second route is replacing the stomatal behavior model with the probably more realistic
mode] of Bell (1982), wherein C ¥ is held to a constant fraction of C,. In Table 1, I used the value
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Fig. 7. Calculated relative efficiency of bottom (abaxial) irradiance I vs. top I'in driving photo-
synthesis. Curves “UNIF” and ‘““GRAD" refer respectively to uniform-structure and gradient-

structure models of the leaf. Curves labelled “*594”" and *“10%;” are respectively for bottom I
“equalling 5% or 10% of the top I (abcissa).
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1982, especially pp. 326 and 331). It is very desirable to develop models that properly correlate
stomatal behavior changes with changes or mutations in other physiology, such as in Chl content.
If one accepts that stomatal control is exercised largely by guard cell photosynthesis affected
by CO, depletion, then control may change fairly significantly when (if) Chl-deficiency mutations
in the bulk leaf are also reflected in the guard cells.

A sixth test of the model is the accuracy of the predicted CO, compensation concentration,
I'co,- The RuBPCO ard photorespiratory kinetics (and some problems therein) that underlie
the formulation of I'co, have been covered earlier, in the discussion of Q. The model, assuming
no dark respiration, predicts I' = 3.07 Pa CO, at 25 °C. Dark respiration increases I, particularly
at low Pg (low I); Fig. 6 here and Fig. 6 in FCB (1980) show I'(J) for assumed constant dark
respiration, R;. Experimental curves are even flatter with increasing 7 (see Zelitch 1971), indicating
a progressive suppression of Ry. Whatever the degree of suppression, I' is given by the model
as being between 3.07 and 3.6 Pa CO, at 25 °C. Forrester et al. (1966) measured 3.5 Pa at 25 °C,
while Dornhoff and Shibles (1970) found a mean of 4.01 -+ 0.34 Pa at 26 °C for a sample of
20 cultivars. Thus, the model agrees reasonably well with experimental data.

A seventh and last set of tests for the model concernsthe realism and the consequences of internal
PhAR-propagation phenomera. The Kubelka-Munk (1931) PhAR propagation submodel
predicts reflection and transmission coefficients r = 0.1457 and ¢ = 0.0342 for soybean leaves
of normal Chl content. (The model cannot predict dependence on angle of incidence.) Experi-
mental data on soybeans or similar leaves vary significantly, perhaps from instrumental differences
(sensitivity to infrared, etc.). Breece and Holmes (1971) reported extrensive measurements on
soybeans with varied angles of incidence and collection. One must integrate over the latter angle,

— J‘de” cos 0., Q'(Bcau)

and similarly for 7. A rough estimate from their Fig. 7, also averaging over the 400— 700 nm
region, gives an average @’ ~ 0.05, implying r ~ 0.15. Similarly, one derives 7z & 0.05. Both
values are quite close to the model’s. Fukshansky (1981) measured Phaseolus leaves, obtaining for
r and t averaged over the 400— 700 nm region the values 0.13 and 0.065, as estimated from his
Fig. 2a. The pioneering work of Gates ef al. (1965) on varied species gave the smallest of all
reported ratios of r(z, well below 2.0 and below the ratio in the more recent studies. Overall, one
can say that the model is fairly realistic for  and somewhat too low for ¢. Perhaps the estimated
scattering strength a is too high. I used «L & 1.0 while Fukshansky (1981) derived oL &~ 0.7 in
Phasecolus. This disparity may also explain why the model predicts significant differences in ¢ for
top and bottom incidence when one incorporates realistic gradients (Eq. 12 below) in the leaf
structure, while Breece and Holmes (1971, p. 122) measured only about 5% relative differences.

There are no reported r and ¢ values for the mutant soybeans for comparison to the model’s
predictions (without gradient accounting) of 0.2305 and 0.126, respectively. It is of note that the
increase of ¢ is significantly less than when one uses a Beer’s law approximation, ignoring scattering,.
in which case

(ec2) = [1(e)] - (6)

implying that for the mutant 7 = 0.185.

The functional significance of the great difference in photon flux (up -+ down) between the top
and bottom of the leaf (30-fold in the model for adaxial-only irradiance) is suggested by Fig. 1.
Curve ,,B*‘ represents the basic biochemical behavior (DCOZ-——:» o0, or uniform C; total photon
absorption rate adjusted to same value as in full model but made uniform throughout the leaf
volume). It is very similar to the original FCB curve (their Fig. 10), and it is far too angular.
Accounting for the finite CO, diffusivity makes C a function of depth x in the leaf and yields
curve ‘““BC”, only slightly different from *‘B”’; nonuniform distributions of D¢q, and biochemical
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Lacking such data, one may use the model’s predictions as first indications; they are shown
in Fig. 8. At the higher I (1.2 and 0.06 in our units, adaxially and abaxially, respectively), the most
apparent feature in C(x) is the disparity of adaxial and abaxial limits, C(0) vs. C(L), discussed
above briefly. Further, the minimum in midieaf is as low as 18 Pa, which increases the oxygena-
tion:carboxylation ratio 28% above its value at the nominal operating point of 23 Pa modelled
by Farquhar ef al. (1980); the depression of local A, (x) is comparable. This ‘‘conclusion’ obtains
for both the uniform and gradient approximatiors to leaf structure (see Eq. 12 for gradients
used). Again at I,4/I,, = 1.2/0.06 mmol m~2 s~ !, the photon flux I(x) varies strongly, about
12-fold from x = 0 to x = L. Levelled by the photochemical supersaturation characteristics,
the resultant variation in net assimilation rate A4, (carboxylation — 1/2 oxygenation) is about
2-fold across the leaf depth (uniform structure approximation; about 4.3-fold with realistic gra-
dients accounted). Both structural models imply that A4, reexpressed on a mass basis is about 2-
-fold higher at the top than at the bottom, with a fairly sharp break at mid-depth. This assimila-
tion per unit mass is even more sharply varied with depth at the nonsaturatirg I,;/I,;, = 0.2/
/0.01 mmol m~2% s !, This trend, combined with the studies (below) estimating a low rate of
gain in P; with increasing leaf thickness, suggests that the lower portion of the leaf has primarily
an indirect role in photosynthesis. Mechanistic considerations ty Pickard (1982) imply that the
lower leaf serves to locate substomatal chambers of sufficiently large dimersions to optimize the
ratio of transpiration to CO, flux. The predominantly abaxial placement of stomatal conductance
supports this view.

A question of some fascination is, ““Why are leaves predominantly hypostomatous?”’ While
ontogenetic variations in degree of hypostomaticity occur (review: Ticha 1982), their value for
unravelling the effect on photosynthetic performance is clouded by simultaneous variations in leaf
constitution. With the model one can consider performance as a function of g, distribution at
fixed total adaxial - abaxial g.. Fig. 9 presents the most definitive comparison: total hypersto-
maticity, which intuitively appears optimal because CO, has best access to the area of greatest
photon absorption; total hypostomaticity, as the opposite extreme; and a 1:4 ratio in g, as
typical of many plants. Even this last shift of 209{ of g, to the adaxial surface brings performance
very near that of the first case; it is even superior at highest I values. Thus, largely abaxial stomatal
placement costs little or nothing in photosynthetic performance, and other considerations favored
by abaxial placement, such as easier mechanical closure during wilting or lessened dust and
pathogen interception, can be met uncompromised. Fig. 10 shows, for two selected I, a con-
tinuous survey of performance vs. g, distribution. Two total g are represented, and give very similar
behavior. Photosynthesis is optimized near 2/3 adaxial placement, but the optimum is broad.
Most gain occurs with a small adaxial placement, and the optimum-to-minimum contrast is only
1.15-fold at high I, 1.095-fold at the lower I.

A third inquiry is assessing the optimality of leaf dimensions, particularly total leaf thickness
L, which is clearly closely proportional to specific leaf mass, SLM. In normal SLM ranges, Pg;
is an increasing function of SLM (Hesketh ef al. 1981, Gourdon and Plarnchon 1982); P also
correlates well with quantities related to SLM such as leaf content of nitrogen, protein, or Chl
per area (Murata 1961, Buttery and Buzzell 1977). However, Nichiporovich (1980, especially
p. 695) and Parkhurst (1977) have argued that an asymptote is reached or even that a peak is
passed at high SLM, because diffusive drags in CO, transport accumulate in thick leaves. Takano
and Tsunoda (1971) measured a curvilinear and presumably saturable correlation of Py with leaf
nitrogen content in wheat (SLM not reported).

In searching with the model for a peaking of P, I assume that RuBPCO content as moles per
area is directly proportional to L (i.e., g E, is constant; similarly for R, and m). 1 assume that
Chl per area (¢.L) acts similarly until it becomes constant above L = 200 pm (else, the extra
thickness of the leaf has such low photon flux as to be useless). I assume that the optical scattering
strength o and the CO, diffusion coefficient D¢, are constant, reflecting only an unvaried density
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environmental factors regarding Pg(area). A first estimate for the degree of limitation of Pg by
any factor a is a sensitivity or logarithmic slope,

_dlnPﬁ
dlng

%)

a

High values imply significant limitation. Table 3 presents the model’s estimates. There are few
surprises in rank order. The most limiting factors all relate to RuBPCO kinetics or its concentra-
tion. However, these .S estimates neglect necessary couplings between parameters. For example,
an attempt to improve Pg by increasing E, will require a thicker leaf (larger L) or a denser one
(smaller Dcg,) or both. The algebraically combined S value may be low. Second, nonlinearities
or saturation phenomena, as discussed for ¢, and L earlier, are not included. Even in the simplest
estimates, some factors have S near zero or optimal: o, L, Deg,; rg etc. In the gradient leaf model,
there are few changes in rank and no major differences. '

Table 3

Sensitivity of calculated photosynthesis-to increases in physiological parameters and environ-
mental variables. Definition of sensitivity is in Eq. (9) of text; for practical difference calculations,
a 109% increase in the chosen parameters was used. The standard model and its parameters
are defined in Gutschick (1984a). The gradient model has a graded depth-distribution defined

by Eq. (8).

Parameter High irradiance [1.6 mmol m~ 2 s~ 1] Low irradiance [0.1 mmol m™2 5'1]
Sensitivity Sensitivity
rank uniform gradient rank uniform gradient

k., 1 +0.74 +0.76 5 +0.33 +0.33
K, 2 —0.63 —0.64 3 —0.35 —0.35
E, 3 +0.52 +0.54 14 0.00 0.00
0] o —0.38 —0.38 4 —0.35 —0.35
K, 5 -+0.37 +0.36 6 +0.33 +0.33
C (note a) 6 +0.35 +0.31 7 +0.27 +0.29
k, 0, 7 -40.32 +0.35 9 +0.22 -40.19
k, 8 —0.22 —0.21 2 —0.35 —0.35
C, 9 +0.22 +0.22 8 +0.25 +0.19
n, 10 4-0.21 +0.19 1 +0.89 +0.90
o 11 —0.11 —0.08 11 —0.10 —0.06
L 12 +0.10 +4-0.15 10 +0.12 +0.14
D 13 +0.09 +40.10 16 0.00 0.00
B it 14 —0.06 —0.09 14 —0.01 —0.01
m 15 +0.04 +0.04 12 +0.06 +0.06
Fs. botiom 16 —0.01 —0.01 13 —0.02 —0.01
slope (note b) 17 —0.01 —0.01 17 0.00 0.00
R, 18 0.00 0.00 15 0.00 0.00
4 C= 1/2(Cpin + Coax)> the midpoint of the stomatal control range.

b slope = Cohax — Crin> the span of the stomatal control range.
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1980). The FCB model was a limited exception, as the leaf nitrogen-leaf performance correlation
was treated. The leaf model here is more complete and somewhat more accurate for predictive
use. By “‘predictive” I intend no indication that it is quantitatively authoritative nor that it
replaces many experiments. Rather, it allows one to explore hypotheses about performance
under well-defined physiological variatiors unobscured by other linked variations occurring in all
experiments. One can then choose the most promising hypotheses to test experimentally and also
design clearer and more definitive experiments.

To date, breeders have not used such detailed and mathematically complex models, for numer-
ous good reasons — e.g., they wish to avoid a great imbalance in effort on the few photosynthetic
traits vs. the remaining hundreds of traits of agronomic interest; they justifiably mistrust model
predictions resembling the tenuous empirical correlations (as between short-term P and yield
discussed earlier); lastly, other ‘‘high techrology’ applications to agriculture, such as genetic
introduction of N, fixation into nonsymbionts, have been oversold recently. Given these caveats,
the model will be useful and attractive to breeders only in conjunction with experimental designs
and only if a potential user need not get excessively involved in modelling details; to assure the
latter, the details must be reasonably well verified before attempting agricultural application.

My first agricultural application of the model is assessment of the whole-canopy photosynthetic
potential of variants (mutants) having a reduced Chl content. I have hypothesized that Chl
decreases could increase the quantum efficiency, hence the photosynthetic rate, for the canopy as
a whole by redistributing photons to Chl’s that are less supersaturated photochemically. This
redistribution would be from leaves at the top of the canopy, which would have increased » and ¢,
to the leaves of the middle canopy, which consequently would receive the enhanced diffuse light
transmitted and reflected by the top leaves.

A morphological strategy for redistributirg photons and enhancing efficiency was proposed
by Boysen Jensen (1932), namely, greater erectness of leaves to give a smaller average cosine of the
angle between leaf normals and the direct solar beam. Monsi and Saeki (1953), de Wit (1965),
Duncan et al. (1967), Loomis and Williams (1969), and Duncan (1971) quantified the proposal
more fully. Some crop modificatiors were successful, as reviewed by Trenbath and Angus (1975).
The performance gains have some constraints: (/) restriction to narrow-leaved, mostly gramineous
species with low physical hindrance to denser leaf packing (however, Kokobun and Watanabe
1981 had some success with soybeans); (2) relative narrowness of the range of solar elevations
over which the radiation redistribution is significant; and (3) some penalty in early growth rate
because leaf erectness delays canopy closure and thus total radiation interception, which is
important for whole-season performance (Thorne 1971, Watson 1971). A potentially more
flexible morphological solution is leaf heliotropism (Ehleringer and Forseth 1980). This generally
holds leaves at angles for maximal or minimal PhAR interception. The former is best for total
canopy photosynthesis, P, at low LAI, the latter is best at high LAI. However, plants are observed
to alter their heliotropism only as a function of water stress and not LAL

My strategy of reducing Chl content may have fewer restrictive conditions for gains. I assume
that RuBPCO content per area of leaf will remain urcharged and thus normal Pg(area) for top-
most canopy leaves will be retained. This retention is observed for low-Chl mutant peas (Highkin
etal. 1969) and tobacco (Schmid and Gaffron 1967a, b, Zelitch and Day 1968, Okabe er al.
1977). Mutant soybeans probably act similarly, but only partial reactions of phosphorylation
and electron transport have been investigated (Keck et al. 1970a, b). A caveat is that most of
these mutants are heterozygous and segregating. For commercial use, one would need to transfer
a homozygous trait, perhaps the y9 gene from the outmoded soybean cultivar, Illini (R. Nelson,
Univ. of Illinois; personal communication). Another caveat is that the mutants often show a lag
in developing grana (Schwarz and Kloppstech 1982) and thus also in attaining full photosynthetic
competence,

While short-term Pg has been measured in these mutants, season-long vegetative growth and
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yield have not. In advance of such measurements I have done detailed predictive modelling in
order to (/) derive rapid estimates before undertaking a large experiment and (2) identify complex
yield-relevant factors to include in the experimental design — planting density, seasonal insolation
patterns, efc. — and aid in quantitative analysis of the field trials. A combined optical-biochemical
model such as mine is required in order to account simultaneously for altered Pg(I) behavior
and changes in leaf reflectivity and transmissivity. Fig. 12 presents the P;(I) simulations for
normal and mutant leaves, using three distinct assumptions about important yet-unmeasured
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Fig. 12. Calculated photosynthesis of wild type soybeans and reduced chlorophyll mutants.
Standard model of uniform-structure leaf is used for wild-type curve. Three possible curves
for the mutant all use a reduced exciton-transfer efficiency, #,, because mutants absorb a greater
fraction of radiation in less-efficient pigments. Two curves, labelled “r, = r(CO,),” use the
standard submodel of stomatal control according to internal CO, concentration. The topmost
curve, labelled “‘r,= r(I)”, uses a submodel of stomatal control according to irradiance
(minimum resistances 800 and 200s m™!, adaxial and abaxial; exponential increase with
decreasing irradiance, doubling at 0.15 ard 0.25 mmol m~ % s~ ! respectively). The topmost
two curves also assume that parameters R, m are normal on a per-volume basis, or doubled

on a per-chlorophyll basis.

physiological traits of the mutants. Note that the most likely behavior is superior to the wild
type at all T above 0.65 mmol m~2 s~ !; relative performance ranges between 1.066 at 1.6 mmol.
.m~ %571 and a low of 0.86 at low I. Predicted values of r and ¢ increase from 0.1457 and 0.0342
in the wild type to 0.2305 and 0.1260 in the mutant.

These results must be incorporated into an accurate model of canopy PhAR interception in
order to predict the canopy photosynthetic rate, P,. Leaf irradiance contributed by first intercep-
tions of solar radiation depends upon leaf depth in the canopy, solar elevation, direct: diffuse
ratio,and leaf angle distribution (reviews: Lemeur and Blad 1974, Bunnik 1978). The last factor
also causes leaf-received I to be statistically distributed over a wide range; ignoring the distribution
can cause sizeable errors in P, (Gutschick 1984b). Lastly, leaf I has a diffuse contribution, quite
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Table 4

Calculated whole-canopy photosynthesis, P., by wild type and chlorophyll-deficient mutant
soybeans. Canopy temperature is 25 °C, leaf arca index 4.0; isotropic leaf orientations. Soil
reflectance is 5%,. Solar irradiances are specified in mmol m-2s~1 (horizontal projection) for
a collimated direct beam I, at elevation 6, above the horizon and hemispherically isotropic
diffusive beam D,. For comparison, full sunlight with the sun overhead in a clear sky is approxi-
mately I,/D, = 1.2/0.4 in the units. F,, = fraction absorbed by canopy.

Wild type Mutant Relative
Sky condition F P, Fos Yo “‘gain”
1,0)/D, : [umol m~2%s™ 1] [umol m~% s~ '] by mutant
Hazy day
0.4 (60°)/0.4 0.875 24.60 0.812 25.03 +1.8[%
Full overcast
0/0.4 0.871 15.53 0.825 14.49 —6.7[%]
Partial overcast
0.4 (60°)/0.2 0.870 19.49 0.807 19.57 +0.4[%]
Clear sky
0.8 (60°)/C.4 0.870 29.72 0.807 32.08 +7.9[%]
Low sun
0.3 (30°)/0.15 0.916 14.94 0.847 15.13 +1.3[%]
Clear sky, low sun
0.5 (30°)/0.25 0.916 20.59 0.847 2195 +6.6[%

important in comparing high r 4 7 mutants to normal plants, from secondary and higher inter-
ceptions with intervening reflections and transmissions at other leaves (or soil). I have used
Gutschick and Wiegel’s (1984) exact integral equation for canopy radiation propagation, with
isotropy as a reasonable first approximation for the soybean leaf angle distribution.

It is important to develop P, estimates for a variety of solar elevations, direct:diffuse ratios, and
LAI values. The first two affect single-leaf f, as noted above. Also, diffuse sky radiation such as
predominates on cloudy days penetrates less deeply into the canopy than does the direct beam.
This decreases the extent of PhAR redistribution and thus also the potential P, gain of the
mutants. LAI is important because the mutants capture fewer photons at single leaves than do
the wild types. Total canopy PhAR interception is comparable between mutants and wild type
only at high LAI At high insolation rates, the interception discrepancy becomes mostly irrelevant
to relative canopy performance, but at low insolation rates P, becomes proportional to inter-
ception.

Table 4 presents the model results for six different sky conditions, all at LAI = 4. The predicted
P, gain of the mutants is modest, not exceeding 87;. With an overcast sky, the mutants may
even operate at significant penalties, such as the 6.7% in the second case. Surprisingly, the mutant
canopy shows photosynthetic gains even at low insolations where single mutant leaves are inferior
to wild-type leaves (the third and fifth cases). Any estimate of season-long performance, of course,
must weight the frequenciesjof sky conditions and account for LAI history. Performarce gains
or losses must be compounded; e.g. a 5% gain in P, becomes a 289 gain over five doubling times.

Briefly, the mutants may be expected to show modest superiority in geographical regior:s with
a high proportion of clear days. Cloudy days exact greater penalties early in the season (at low
LAI) than later. An additional benefit in total crop performance with the mutants in the favored
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bute to control. Current knowledge is largely restricted to leaves at early nodes. While experi-
mental knowledge develops, modelling may at least be solving some problems of what to measure
and when, in an economical assay.

Other potential applications for physiological modelling are apparent. A great challenge is
identifying optimal physiological patterns (for photosynthesis, water use, or other performance
goals) under the ever-present fluctuations in temperature. Certainly, plants adapt photosynthetic
capacities and partial-reaction capacities to the lorger temperature frends (e.g., Berry and Bjork-
man 1980, Turner and Kramer 1980). They cannot adapt to faster fluctuations, and so one may
ask, ““What is the optimal set point (in RuBPCO or total N investment in the leaf, for example)
in a fluctuating environment?”’ The time-averaged temperature is not a good indicator in general.
If it is well below the lowest adapted optimum temperature of the plant, then most photosyrthesis
will be done during the positive temperature fluctuations, weighting them highly. A performance-
weighted average temperature is most relevant for optimization. Some photosynthesis models
such as the FCB model resolve the component and net process temperature dependences, and are
therefore usable for such optimization. Of course, while modelling may define the optimum,
one needs experimental data on the mechanistic controls resporsive to T, 67 that achieve some
(usually lesser) degree of optimization. An added complication is the consideration of risk of
damage. In an obvious case, that of freezing-injury risk, one realizes there is a balance between
carbon gain from developing leaf area and the stochastic risk of carbon loss by freezing or
(regenerable) leaves. The drive for maximal leaf area can decrease long-term carbon gain if
damaging fluctuations are frequent enough, No physiological models currently incorporate risk.

Another application is the study of plant performance under the greatly increased atmospheric
CO, concentration apparently destined by fossil-fuel use (Baes ez al. 1977, Siegenthaler and Oesch-
ger 1978). The CO, changes will be accompanied by climatic changes (increased temperature
and cloudiness, decreased rainfall in the Northern temperate zone? — Manabe arnd Wetherald
1975). Together these climatic changes will alter the developmental patterns in many physiological
functions — RuBPCO activity, g,, root nutrient uptake (by changed soil water availability),
etc. — and will induce adaptations in many integrated functions — leaf expansion, branching
patterns, erc. (see Hicklenton and Jolliffe 1980, Kramer 1981). These changes are complex and
not universal among species or even cultivars, The net effects on performance are often striking.
Frequently the vegetative growth rates and final biomass are increased, while the vegetative-to-
reproductive shift is delayed (determinate) or the partition decreased (indeterminate), leading to
a decrease in reproductive yield. These effects have not been evaluated at high population densi-
ties, where source-sink balances shift to favor the sink (Loomis et al. 1971, p. 452) and may allevi-
ate the problem, and where canopy density alters the penetration of solar fluence components
important for growth (PhAR region), morphogenesis (red, far red, blue), and heat balance (ther-
mal infrared). To interpret future experiments on adaptations and performance changes, the leaf
photosynthetic model and the canopy model may be augmented by deterministic physiological
models of CO, adaptations and other morphogenetic behavior. The latter models are not yet
developed and pose a big challenge, as does the task of designing and performing critical experi-
ments.

One can list still more potential applications of physiological leaf photosynthesis modelling.
Water-use efficiency and its optimization is an important task; both field management procedures
(Bolton 1980) and breeding (Fischer 1980) are relevant to improving performance. Here the leaf
model is still significant but admittedly mostly peripheral to the task: (I) very few physiological
changes in photosynthesis affect the transpiration ratio (Cowan and Farquhar 1977, Fischer and
Turner 1978); an exception is Chl content, as discussed earlier; altered stomatal control is a pos-
sibility evaluable in the model, but generally it should be deoptimizing for photosynthesis per unit
water use. (2) The physiological changes most significant for water-use efficiency are at higher
levels not described in the leaf model — e.g., ability to photosynthesize at lower water potential
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has been important in improving soybean performance (Boyer 1982), and diaheliotropic behavior
of the leaf angle may help water-use efficiency directlyin future breeding (Ehleringer and Forseth
1980). For both these examples, the leaf model can help to evaluate ‘‘secondary’’ effects. Other
potential applications of the leaf model, properly extended, concern the optimization of mesophyll
CO, resistance (the partition between air and liquid-phase portions), or of total-plant nitrogen-use
efficiency considered for fertilizer input costs rather than plant growth itself.

CONCLUSIONS

The leaf photosynthesis model has been developed for its physiological, predictive capability. It
has been largely verified against limited experimental data on soybean (or related species) photo-
synthesis as dependent on I and on CO, and O, concentrations. Some weaknesses were indi-
cated in the description of stomatal control and of the stoichiometry of photorespiration. These
weaknesses are opportunities for experimental investigations of broader significance. The model
appears to be a relatively powerful tool to supplement studies where experiments are difficult or
intrinsically obscured by other effects — e.g., evaluating the significance of alternative g distribu-
tions between top and bottom of the leaf, or assigning functional significance to the structural
variation from top to bottom in the leaf.

A major effort in this paper was assessing a potential route to increased whole-canopy photo-
synthesis by a particular physiological alteration, one that is demonstrablly genetically feasible.
While the prediction was for modest gains, the modelling suggested new routes of crop improve-
ment where additional modelling could help in designing and interpreting experiments. Other,
less-developed capabilities of the model for ecological and agricultural studies are also suggested
here.
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