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Maximizing daily canopy photosynthesis with respect 
to the leaf nitrogen allocation pattern in the canopy 
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Summary. A model of daily canopy photosynthesis was 
constructed taking light and leaf nitrogen distribution in 
the canopy into consideration. It was applied to a canopy 
of Solidago altissima. Both irradiance and nitrogen concen- 
tration per unit leaf area decreased exponentially with in- 
creasing cumulative leaf area from the top of the canopy. 
The photosynthetic capacity of a single leaf was evaluated 
in relation to irradiance and nitrogen concentration. By 
integration, daily canopy photosynthesis was calculated for 
various canopy architectures and nitrogen allocation pat- 
terns. The optimal pattern of nitrogen distribution that 
maximizes the canopy photosynthesis was determined. Ac- 
tual distribution of leaf nitrogen in the canopy was more 
uniform than the optimal one, but it realized over 20% 
more photosynthesis than that under uniform distribution 
and 4.7% less photosynthesis than that under the optimal 
distribution. Redeployment of leaf nitrogen to the top of 
the canopy with ageing should be more effective in increas- 
ing total canopy photosynthesis in a stand with a dense 
canopy than in a stand with an open canopy. 

Key words: Canopy structure - Nitrogen allocation - Opti- 
mization - Photosynthesis - Solidago altissima 

Through the analysis of nitrogen use efficiency in photosyn- 
thesis of single leaves (carbon dioxide exchange rate per 
unit leaf nitrogen) of SoIidago altissima, Hirose and Werger 
(1987) showed that the leaf nitrogen concentration per unit 
area that maximizes nitrogen use efficiency shifts to higher 
values with increasing photon flux density, and also that 
the actual distribution of leaf nitrogen in the canopy is 
very close to the distribution of the optimal nitrogen con- 
centration. However, maximization of nitrogen use eff• 
ciency at a single-leaf level does not imply maximizing total 
canopy photosynthesis. The former gives a unique distribu- 
tion of nitrogen concentration through the canopy irrespec- 
tive of the total amount of available nitrogen, while the 
latter gives an optimal distribution of nitrogen which varies 
depending on the amount of available nitrogen. 

Following the econometric models of Mooney and Gul- 
mon (1979), Field (1983) hypothesized that carbon gain 
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for a whole canopy should be maximized when leaf nitrogen 
is distributed in such a way that the leaves in the microenvi- 
ronments receiving the highest photon flux density have 
the highest nitrogen concentrations. He demonstrated some 
advantages in nitrogen redistribution to maximize carbon 
gain in a Californian chaparral shrub Lepechinia calycina. 
However, only a small difference was found between the 
optimal distribution to maximize carbon gain and the uni- 
form distribution in which every leaf has a nitrogen concen- 
tration equal to the mean for the entire canopy. 

The model of Field (1983) on optimal nitrogen alloca- 
tion for maximization of canopy photosynthesis was based 
on an a priori consideration. That is, the distribution of 
leaf nitrogen content that maximizes daily carbon gain over 
the whole array of leaves given a fixed amount of  available 
nitrogen should be such that in every microsite in the can- 
opy, the rate of change of daily carbon gain with changing 
leaf nitrogen is equal. This theory, however, gives only the 
condition under which maximal carbon gain is realized, 
without any explicit indication of the amount and actual 
distribution of leaf nitrogen in the canopy. This paper takes 
a different (a posteriori) approach to the optimization prob- 
lem of nitrogen allocation in the canopy. 

First, a model of daily canopy photosynthesis was con- 
structed taking both light and leaf nitrogen distribution 
in the canopy into consideration and was applied to a can- 
opy of a Solidago altissima population. Then, the optimal 
pattern of nitrogen distribution that maximizes canopy 
photosynthesis was determined by model simulations under 
various nitrogen allocation programs in the canopy. The 
simulation predicted that nitrogen redistribution would be 
more effective in increasing whole canopy photosynthesis 
in dense stands than in open stands. 

The model 

The model of canopy photosynthesis consists of three sub- 
models: the first is concerned with light interception and 
canopy architecture and calculates the irradiance of a leaf 
at a given depth within the canopy (Monsi and Saeki 1953); 
the second deals with nitrogen allocation and gives leaf 
nitrogen distribution as a function of relative depth in the 
canopy; the third submodel evaluates the photosynthetic 
activity of a leaf as a function of irradiance and nitrogen 
concentration (Hirose and Werger 1987). These three sub- 
models are combined to calculate total canopy photosyn- 
thesis by integrating the contributions of leaves differing 



in irradiance and nitrogen concentration (cf. Johnson and 
Thornley 1984). 

Light distribution within a canopy 

Attenuation of light through the canopy follows Beer's law 
(Monsi and Saeki 1953): 

I=Io exp ( -  KtF) (1) 

where Io and I are the photon flux density (PFD) on a 
horizontal plane above the canopy and within the canopy 
at a given leaf area index (LAI) value from the top of 
the canopy (F); K, is the extinction coefficient (symbols 
used are listed in Appendix). The PFD on the surface of 
a leaf at depth F, 1,, is given by 

Ii=Io Kz exp(--KzF)/(1 --m) (2) 

where m is the leaf transmission coefficient (Saeki 1960). 
The daily course of photon flux density (PFD) above 

the canopy is given by a squared sine curve (Takenaka 
1986): 

Io=Io sinZ[n(t-6)/12] (6_<t<18) 
(3) 

Io=0  ( 0 < t < 6 , 1 8 < t < 2 4 )  

where t is the solar time (h) and *go is the PFD at midday 
(t = 12). 

Distribution of leaf nitrogen within a canopy 

Nitrogen concentration of a leaf at depth F in the canopy 
is described by an exponential function of F: 

NL = No exp ( - K, F/F t ) (4) 

where No and NL are leaf nitrogen content per unit area 
at the uppermost layer of the canopy and within the canopy 
at depth F; Ft and F are total leaf area index and cumulative 
leaf area from the top of the canopy; Ko is the coefficient 
of leaf nitrogen allocation. Ka = 0 indicates the uniform dis- 
tribution of leaf nitrogen per unit area in which every leaf 
has a nitrogen content equal to the mean. K, increases with 
increasing non-uniformity of distribution in which upper 
leaves in the canopy have higher nitrogen concentrations 
than lower ones. K, < 0 is unlikely to occur because it would 
mean lower leaves having higher nitrogen concentrations. 

Integration of Eq. (4) with respect to F gives total leaf 
nitrogen in the canopy (Art): 

Ft 
N,= ~ NL dF=No Ft(l --e-I~~ (5) 

o 

Then, No is given in terms of the rest of the parameters 
as 

No=K,  Nt/Ft/(1-e -K~) (Ka+0) 
No = Nt/t'] (Ka = 0) (6) 

Carbon exchange rate of  a single leaf 

A non-rectangular hyperbola well fits the light response 
curve of photosynthesis (Johnson and Thornley 1984; Hir- 
ose and Werger 1987): 

Op2-- (r  Pmax)Pg+r [z Pmax = 0  

or  

Pg=[r I~+ Pmax--{(O I~+ PmaO2--40 r I~ Pmax} i/2]/20 (7) 
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where Pg is gross photosynthetic rate (net photosynthesis 
plus dark respiration); If, photon flux density received by 
a leaf; Pmax, gross photosynthesis at the saturating photon 
flux density; r the initial slope of the curve, indicating 
the quantum yield; 0, a dimensionless parameter, indicating 
the convexity of the curve. The carbon exchange rate (or 
net photosynthesis, P) equals gross photosynthesis minus 
dark respiration (R): 

P=Pg-R (8) 
Hirose and Werger (1987) showed that the four parameters 
characterizing the light response of carbon exchange rate 
(R, P . . . .  ~b, and 0) are significantly correlated with leaf 
nitrogen concentration per unit area (NL). The linear regres- 
sions are 

R=ar+brNL 
Pmax=a,, + bmNL 
(~ =ap + bpNL (9) 

O = at + bt NL 

where al and bi are regression coefficients (see Table 2). 

Daily canopy photosynthesis 

The daily total canopy carbon exchange rate is calculated 
by the integration: 

24 F t 
Pday= I I P(F, t )dFdt  (10) 

If total leaf area (Ft) and nitrogen (Art) and coefficient of 
nitrogen allocation (Ka) are given, the distribution of leaf 
nitrogen in the canopy is determined by Eqs. (4)-(6). This 
in turn determines the photosynthetic and respiratory capa- 
cities of the leaf in each layer of the canopy [Eqs. (7)-(9)]. 
Daily changes in PFD received by each leaf are given by 
Eqs. (1)-(3) and the whole daily canopy photosynthesis is 
calculated by the integration of Eq. (10). 

There is some evidence that dark respiration becomes 
lower toward the end of the night due to exhaustion of 
carbohydrate stores (Azc6n-Bieto and Osmond 1983). The 
effect on the total canopy photosynthesis, however, is sup- 
posed to be small and the present model assumed constant 
dark respiration throughout a day. The model also assumed 
constant temperature throughout a day to isolate the effect 
of leaf nitrogen allocation on daily canopy photosynthesis 
(daily differences in air temperature in Tokyo are around 
7 ~ C in September). 

Materials 

The model was applied to a perennial herb population of 
Solidago altissima L. (Compositae) in a flood plain of the 
Arakawa River, Urawa, Japan (35~ 139~ S. alt- 
issima develops an extensive rhizome system and often 
forms dense pure stands on fertile soils in flood plains, 
abandoned fields, roadsides, etc. The plants form open 
stands in disturbed areas. Relatively small leaves distributed 
along a long stem axis without branching make the plant 
particularly suitable for the present study. The plant nor- 
mally initiates bolting from a wintering rosette in early 
April and grows rapidly producing many leaves. In reaches 
up to 2-3 m high in August-September and develops an 
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Table 1. Standing-crop dry weight and nitrogen content and leaf 
area index (LAI) of a dense stand of Solidago altissima on 12 Sep- 
tember 1985 

Dry weight kg dw m-2 

Leaf 0.251 _ 0.062 a 
Stem 0.823 • 0.163 
Total 1.074 • 0.224 

Nitrogen g N m-2 

Leaf 5.62 • 1.35 
Stem 2.62 _ 0.36 
Total 8.24 • 1.65 

LAI 4.24 • 

" Mean and standard deviation (n = 5) 

Reletive PFO 
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Fig. 1. Dependence of relative photon flux density on cumulative 
leaf area index in a dense stand of Solidago altissima on 12 Sep- 
tember 1985. 1l/lo =0.973 exp(-0.613F),  r2=0.999. The line was 
fitted by the least squares method 

inflorescence in Oc tober -November ,  when it loses all green 
leaves. 

Canopy structure and light dis tr ibut ion within a canopy 
were determined in a dense stand applying the stratified 
clipping method of  Monsi  and Saeki (1953) on 12 Sep- 
tember  1985, before flower ini t iat ion when the plants  ap- 
peared to reach the maximum standing crop. The distr ibu- 
t ion of  P F D  (400-700 nm) was measured with a pho ton  
flux meter (LI-850, LiCor)  every 20 cm from the ground 
level up to the top of  the leaf  canopy under  diffused light 

condit ions when the sky was overcast. P F D  was read 
50 times for every horizontal  level and the mean calculated. 
P F D  above the leaf canopy was moni tored  throughout  the 
measurement  to obta in  the dis tr ibut ion of  relative P F D  
within the canopy.  

After  the measurement  of  PFD,  all the plants  in the 
area were cut at the ground level. The samples were brought  
to the laboratory ,  where the plants  were cl ipped every 20 cm 
from the bo t tom and separated into leaves and stems. Leaf  
area was measured with an automat ic  area meter  (AAM-7,  
Hayashi  Denko).  Dry  weights were determined after oven 
drying at  80 ~ C for at  least 3 days. Subsamples of  the dried 
materials  were ground in a Wiley mill and their ni trogen 
content  was determined with an NC-analyser  (NC-80, Shi- 
madzu).  

In an open area adjacent  to the dense stand, the strati- 
fied-clipping method was applied to four stands of  S. alt- 
issima on 18 September 1985. 

Leaf  CO2 exchange rate was measured on plants  sam- 
pled from the dense stand on 12 September and from an 
open stand on 18 September. Photosynthet ic  capacity was 
measured the next day on a detached leaf at 30__ I ~  of  
leaf temperature  under  varying photon  flux densities (1000 
to 25 pE m - 2  s-1).  D a r k  respirat ion was measured after 
photosynthesis  measurement.  The total  number  of  leaves 
measured was 39. F o r  details of  the meausrements  see Hir-  
ose and Werger  (1987). 

Results 

Distribution o f  light and leaf  nitrogen in the canopy 

Standing-crop dry weight and nitrogen values (Table 1) 
show heavy accumulat ion of  dry mat ter  in the stem fraction 
and o f  ni trogen in the leaf  fraction. 

At tenuat ion  of  i r radiance through the canopy is given 
in Fig. 1 against  cumulative L A I  from the top. Since the 
effect of  stem on light a t tenuat ion increased and could not  
be neglected in deeper layers, the line was fitted with the 
least squares method for the upper  3.62 from the total  L A I  
of  4.24: 

I / Io=0.973 e x p ( - - 0 . 6 1 3 / 9  (r2=0.999) 

Transmissibil i ty (m) o f  a leaf for wave lengths 400-700 nm 
was 0.086 + 0.012 (mean and s tandard  deviation). 

Leaf  ni trogen per unit  area as a function of  cumulative 
leaf area is shown in Fig. 2 for both  the dense and open 
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Fig. 2A, B. Dependence of leaf nitrogen 
content per unit area on cumulated relative 
leaf area in dense (A) and open (B) stands 
of S. ahissima. A Dense stands on 
12 September (five plots included): �9 NL= 
0.217 exp(--O.774F/Ft), r 2 =0.937; o NL= 
0.198 exp(--O.753F/Ft), r 2 =0.960; m NL= 
0.199 exp(--O.862F/F~), rZ=0.947; [] NL= 
0.179 exp(--O.672F/Ft), r z =0.939; �9 NL= 
0.198 exp(--O.733F/Ft), r2 =0.941. B Open 
stands on 18 September (four plots 
included) : �9 NL = 0.209 exp (-- 0.349 F/FO, 
r z =0.824; o NL=0.207 exp(--O.894F/Ft), 
r 2 =0.966; �9 NL=0.217 exp(--O.809F/Ft), 
r z =0.989; [] NL=0.242 exp(--O.762F/Ft), 
r2=0.961. Lines were fitted by the least 
squares method 



Table 2. Parameter values used in the model 

Parameters pertaining to canopy architecture 

m 

K~ 
/r 
Ft m 2  m - 2  

Nt g N m  -2 

Parameters pertaining to leaf photosynthesis b 

0.086 
0.613 
0.798" 
4.24" 
5.62 a 

a, gmol C02 m -2 s -1 0.120 
b~ gmol CO2 g N-  1 s- 1 0.346 
a,~ gmol CO2 m -2 s 1 -7.86 
bm gmol CO2 g N - t  s -1 12.5 
ap -- 0.0211 
bp m 2 g N-  1 0.0188 
at -- 1.10 
b~ m 2 g N -1 --0.251 

Reference value 
b Hirose and Werger (1987) 

stands of S. altissima. Equat ion (4) fitted nine sets of data 
with rZ=0.824-0.989. The nitrogen allocation coefficient, 
K,,  ranged from 0.672 to 0.862 in the dense stand and 
from 0.349 to 0.894 in the open stand. There was no signifi- 
cant correlation between K, and No. The equation for the 
combined data in the dense stand on 12 September was: 

NL=0.202 exp(- -0 .798F/Ft )  (r2=0.950) 
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Light response curve of  daily canopy photosynthesis 

Parameters used in the model simulations are given in Ta- 
ble 2. Parameters on canopy architecture (excepting m) are 
taken from the dense stand of S. altissima on 12 September. 
The values for Ka, Ft and Nt are reference values and are 
varied in the simulation. Parameters for leaf photosynthesis 
are based on 39 light-response curves of photosynthesis and 
cited from Hirose and Werger (1987). 

Figure 3 A gives daily canopy photosynthesis as a func- 
tion of irradiance above the leaf canopy for different values 
of Ka. The LAI of 4.24 and the total leaf nitrogen of 
5.62 g N m -2 are values actually observed in the dense 
stand of S. altissima on 12 September. Daily photosynthesis 
increased with increasing irradiance, although with dimin- 
ishing returns. The effect of different leaf nitrogen alloca- 
tion patterns is evident. Increasing non-uniformity,  i.e. ni- 
trogen concentrat ion higher than the mean in leaves in the 
upper layer, with lower concentrations in the lower layer 
in the canopy, increased the canopy photosynthesis. Actual 
nitrogen distribution (K, = 0.798) increased daily photosyn- 
thesis by 23%-48% compared with a uniform distribution 
under  the above-canopy irradiance of 10-40 E m - 2  d-~.  

The effect of  canopy architecture (dense or open) on 
daily photosynthesis is shown in Fig. 3 B, C by doubling 
or halving both LAI and total leaf nitrogen. The effect 
of different nitrogen allocation on daily canopy photosyn- 
thesis is larger in a stand with a dense canopy (Fig. 3 B) 
than with an open canopy (Fig. 3C). In the open stand, 
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Fig. 3A-E. Daily canopy photosynthesis as a function of daily total photon flux density for different coefficients of nitrogen allocation 
(Ka). K,=0 indicates uniform distribution of leaf nitrogen through the canopy. K,=0.5 and 1 indicate the effects of increasing non- 
uniformity in nitrogen distribution. A Stand with LAI (F,)=4.24 m z m -2 and total leaf nitrogen (Nt)=5.62 g N m -2. A curve for 
Ka=0.789, the mean in the dense stand of S. altissima on 12 September 1985, is also included ( . . . .  ). B Denser canopy, Ft=8.48 
and Nt = 11.24. C More open canopy, Ft = 2.12 and Art = 2.81. D Canopy with 20% higher total leaf nitrogen, Ft = 4.24 and Art = 6.74. 
E Canopy with 20% lower total leaf nitrogen, Ft =4.24 and Nt=4.50 
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Fig. 4A-E. Daily canopy photosynthesis as a function of the coefficient of nitrogen allocation (32,) under various daily photon flux 
densities above the canopy. PFDs of 43.2 and 21.6 E m -2 d -1 are for clear days and 10.8 and 5.4 for overcast days. A Ft=4.24 m 2 rn -2 
and Nt = 5.62 g N m - 2. B Ft = 8.48 and N~ = 11.24. C Ft = 2.12 and Nt = 2.81. D F~ = 4.24 and N~ = 6.74. E F~ = 4.24 and N~ = 4.50 

little difference in canopy photosynthesis between the three 
allocation patterns was observed. Comparison between 
Fig. 3 A-C also shows that under low irradiance, daily total 
canopy photosynthesis is higher in the open canopy than 
in the dense canopy, while under high irradiance it is higher 
in the dense canopy. 

The effect of nitrogen availability on canopy photosyn- 
thesis is examined in Fig. 3 D, E. The amount of total leaf 
nitrogen was changed to 20% more (Fig. 3D) or less 
(Fig. 3 E) than the control (Fig. 3 A) without changing LAI. 
Increasing total leaf nitrogen increased the daily photosyn- 
thesis particularly at high irradiance. The relative advantage 
of nitrogen redeployment over the uniform distribution is 
high in both cases. 

Maximizing canopy photosynthesis against leaf nitrogen 
distribution 

The effects of different nitrogen allocation patterns on can- 
opy photosythesis are presented in Fig. 4A-E (these figures 
correspond to Fig. 3 A-E, respectively). In each figure daily 
canopy photosynthesis is given as a function of K, under 
selected irradiances. A daily PFD of 43.2 E m-  z d -  t corre- 
sponds to mid-day PFD of 2000 gE m z s-a;  21.6 to 1000; 
10.8 to 500; 5.4 to 250 [from Eq. (3)]. An optimal K~ which 
maximizes daily photosynthesis is observed in all canopies 
with different architectures, although the effect is different 
from canopy to canopy. The optimal value of Ka increased 
with increasing canopy density and also with increasing 
total leaf nitrogen. Within each canopy, however, the level 
of irradiance had little effect on the optimum K,. In the 
canopy with LAI of 4.24 m 2 m - 2  and total leaf nitrogen 

of 5.62 g N m 2 (Fig. 4A), the optimal allocation of nitro- 
gen leads to a 27% increase in daily photosynthesis as com- 
pared to the uniform distribution under the highest daily 
irradiance. The proportional advantage of the optimal dis- 
tribution slightly increases with decreasing daily irradiance. 
Ka actually observed on 12 September was 0.798 
(0.672 0.862), which is less than the optimum (= 1.30). Its 
photosynthetic performance was 4.7% lower than the pho- 
tosynthesis under the optimum allocation and 21% higher 
than with the uniform distribution under the highest irra- 
diance. The relative advantage of nitrogen redistribution 
over the uniform distribution is higher in the dense stand 
than in the open stand (Fig. 4A-C), while it is similar for 
different total leaf nitrogen values (Fig. 4A, D, E). 

Discussion 

In a canopy in which the total amount of leaf nitrogen 
is fixed, daily carbon gain for the whole array of leaves 
is maximized when in every microsite in the canopy, the 
rate of change of daily carbon gain with changing leaf nitro- 
gen is equal: 

Pday __ A (11) 
~NL 

where 2 is a Lagrange multiplier (Field 1983; Y. Iwasa, 
personal communication). This condition specifies a class 
of optimal nitrogen distributions, with different values of 
2 corresponding to different total amounts of nitrogen in 
the leaf canopy. This theory was applied to the present 
data and the total canopy daily photosynthesis was calcu- 
lated under the optimal allocation program conditioned by 
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Fig. 5A-C. Daily canopy photosynthesis versus total leaf nitrogen under the optimal and uniform nitrogen allocation program. The 
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Eq. (11) for different total amounts of leaf nitrogen, with 
that under uniform distribution as a control (Fig. 5). A 
daily above-canopy PFD of 43.2 E m-  z d-  1 was assumed. 
This approach to the optimization of nitrogen distribution 
gave nearly the same value for total canopy photosynthesis 
as already described in this paper (compare Fig. 5 with 
Fig. 4); e.g. the maximum photosynthesis for Ft= 
4.24m2m -2 and N t = 5 . 6 2 g N m  -2 was 0.77mol CO2 
m - Z d  -1 ( 4 3 . 2 E m - Z d  -1, Fig. 4A) and 0.73 (Fig. 5B). 
The difference should be ascribed to the different algo- 
rithms. The relative advantage of the optimal nitrogen dis- 
tribution over the uniform distribution increases with in- 
creasing density of the canopy and with increasing nitrogen 
availability, which is consistent with the results in Fig. 4. 

The actual distribution of nitrogen (K,=0.798) was 
more uniform than the optimal one (Ka= 1.30) predicted 
by the model. Its photosynthetic performance was 4.7% 
less than the photosynthesis under the optimum distribu- 
tion. A question then arises as to why the actual distribution 
was not closer to the predicted optimum. Calculation with 
Eq. (6) for Ka= 1.30, Ft=4.24 and Nt=5.62 indicated the 
leaf nitrogen concentration in the uppermost layer to be 
2.37 g N m -2. Since the amount of available nitrogen is 
limited, high nitrogen concentrations in the upper layers 
are realized through retranslocation from the lower layers. 
This retranslocation would reduce the nitrogen concentra- 
tion of the leaves in the lowermost layer to 0.65 g N m -2 
(calculated from Eq. (4)), which was far lower than the low- 
est nitrogen concentration of living leaves actually observed 
in the canopy [0.90+0.08 g N m -2 (mean and standard de- 
viation), even though it was higher than the estimated nitro- 
gen concentration of dead leaves, 0.44_+0.06 g N m  2]. 
Thus part of leaf nitrogen was not retranslocatable and 
the optimum nitrogen distribution could not be realised 
in the actual leaf canopy. 

Field (1983) calculated the relative advantage of nitro- 
gen redistribution to maximize the whole canopy carbon 
gain in a Californian chaparral shrub Lepeehinia calycina, 
by comparing the effects on daily carbon gain of three pos- 
sible nitrogen distribution patterns: the optimal, the mea- 
sured, and the uniform distribution. In contrast to our 
S. aItissima, the proportional differences among these three 
distribution patterns were quite small. The present analysis 
of the effects on daily canopy photosynthesis of canopy 
architecture and nitrogen allocation pattern suggests that 
the advantage of nitrogen redistribution in whole canopy 

photosynthesis becomes smaller in a stand with an open 
canopy than in a stand with a dense canopy (Fig. 4). L. ca- 
lycina, studied by Field, had a relatively open diffuse can- 
opy. The relative PFD at the darkest microsite in the can- 
opy was 20%M0% (Table 2 of Field 1983), which corre- 
sponds to the LAI of 1.5-2.5 in S. altissima (Fig. 1). Fig- 
ure 4C, in which a LAI value of 2.12 was assumed, shows 
only a small advantage of nitrogen redistribution in canopy 
photosynthesis; the relative advantage of the optimal distri- 
bution over the uniform distribution is 7.4% at the highest 
irradiance, comparable in level to the corresponding value 
(3%) of Field (1983). These values should be compared 
with 27% and 89%, obtained when LAI=4.24 (Fig. 4A) 
and 8.48 (Fig. 4 B), respectively. 

The coefficient of nitrogen allocation, K,, is related only 
to the relative leaf area and can be defined also for an 
individual plant. There was little difference in K, between 
the dense and open stands of S. altissima except one low 
value in the open stand (Fig. 2). The present model pre- 
dicted a larger relative advantage of nitrogen redistribution 
in dense stands than in open stands. Consequently, it is 
expected that plants forming dense stands should more 
strongly develop a nitrogen redistribution mechanism than 
plants in an open habitat. In an open habitat, there may 
be little selective advantage in nitrogen redistribution as 
a mechanism which promotes the whole canopy photosyn- 
thesis if the cost of redistribution is taken into account. 
Field (1983) calculated the cost of nitrogen redistribution 
as amounting to 0.3%-0.6% of the daily carbon gain. In 
fact, a variety of Ka values were observed in the open stand 
in this study (Fig. 2). Mooney et al. (1981) showed that 
leaves of desert annuals change little in specific weight, ni- 
trogen concentration, and photosynthetic capacity with age, 
while these properties decrease markedly with age in leaves 
of old-field annuals of Illinois, even in leaves not exposed 
to the usual shading that accompanies canopy development. 
Thus, the mechanism of redeployment of leaf nitrogen when 
ageing leaves are overshadowed by younger leaves is more 
developed in old-field annuals which often form a dense 
stand and experience light limitation within the canopy. 
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Appendix 

List of  Symbols 

F Leaf area index from the top of a canopy [Eqs. (1), (4)], 
m 2 m-2  

F, Total leaf area per unit ground area [Eq. (4)], m 2 m-2  
I Irradiance on a horizontal plane in a canopy [Eq. (1)], ~tE 

m-2  s-~ 
Io Above-canopy irradiance on a horizontal plane [Eqs. (1), (3)], 

~tE m -2 s -1 
[o Io at midday [Eq. (3)], IxE m -  2 s - 1 
Il Irradiance on the surface of a leaf [Eq. (2)], pE m -  2 s-  1 
Ka Coefficient of nitrogen allocation [Eq. (4)], dimensionless 
Kt Coefficient of light extinction [Eq. (1)], dimensionless 
NL Nitrogen concentration per unit leaf area [Eq. (4)], g N m -2 
No NL at the uppermost layer of a canopy [Eqs. (4), (6)], g N m -  2 
Art Total leaf nitrogen per unit ground area [Eq. (5)], g N m -  2 
P Instantaneous CO2 exchange rate (net photosynthesis) of a 

single leaf [Eqs. (8), (10)], Ixmol CO2 m -2 S - l  

Paar Daily CO2 exchange rate of a canopy [Eq. (10)], mol CO2 
m-2  d-1 

Pg Gross photosynthesis (net photosynthesis plus dark respira- 
tion) [Eq. (7)], Ixmol CO2 m -2 s -1 

Pmax Light-saturated gross photosynthesis [Eqs. (7), (9)], ~tmol 
CO2 m -2 s -1 

R Dark respiration [Eqs. (7), (9)], ~tmol CO2 m -2 s -1 
am Y-intercept in the regression of Pmax against NL [Eq. (9)], 

txmol CO 2 m -2 S -1 
ap Y-intercept in the regression of ~ against NL [Eq. (9)], ~tmol 

CO2 ~tE- 1 
a, Y-intercept in the regression of R against NL [Eq. (9)], pmol 

CO 2 m -2 S-1 
at Y-intercept in the regression of 0 against NL [Eq. (9)], dimen- 

sionless 
bm Slope in the regression of Pmax against NL [Eq. (9)], ~tmol 

CO 2 m -2 S-1 
bp Slope in the regression of ~ against NL [Eq. (9)], m 2 g N -  ~ 
b, Slope in the regression of R against NL [Eq. (9)], ~tmol 

CO2 g N -1 s -1 

bt Slope in the regression of 0 against NL [Eq. (9)], m 2 g N -  1 
m Light transmission coefficient [Eq. (2)], dimensionless 
t Solar time [Eq. (3)], h 

Initial slope of a light response curve of photosynthesis or 
quantum yield [Eqs. (7), (9)], lamol CO2 pE - 1 

0 Convexity of a light response curve of photosynthesis 
[Eqs. (7), (9)], dimensionless 

2 Lagrange multiplier [Eq. (11)], mol CO2 g N -  1 d -  1 
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