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Summary 

Photosynthesis of leaves is analysed in terms of limiting processes. The capacities of the photo
chemical and diffusion processes limit photosynthesis simultaneously for a wide range of light 
intensities and temperatures. The intrinsic properties of the photochemical process are rather con
stant, so that the rate of this process can be influenced primarily by variation of the light inten
sity. The diffusion rate depends both on the magnitude of various diffusion resistances and on 
the external C02-concentration. 
Daily photosynthesis per soil-area unit of field crops is influenced by various physiological and 
structural properties of the crop. In this connection, the size of the diffusion resistances, spatial 
arrangement of the leaves, and leaf area per unit of soil area, are important rate-determining 
factors. Furthermore, photosynthesis of field crops is determined by several meteorological features, 
e.g. turbulence of the air, and diurnal courses of solar radiation and of solar elevation. 

1. Introduction 
It is the aim of most types of agriculture to obtain high yields of good quality of 
those plant organs which are of economical interest. These yields, therefore, depend 
on the total dry matter present at harvest and on the dry-matter distribution over 
the organs of the plant. Most certainly, the optimum distribution of daily produced 
dry matter varies during the ontogeny of the plants. For analysing the productivity 
of field crops one should like to be informed on actual and optimum daily dry-
matter productions per unit of soil area and on the actual and optimum patterns of 
dry-matter distribution during the development of the crop. In this paper some aspects 
of the dry-matter production by field crops will be considered. 
Almost all dry matter present in higher plants originates from photosynthetic CO2-
reduction: 

CO2 + H2O + light MCH2O) + O2 — 112000 cal (1) 

In growing plants, however, energy is needed for several other processes, e.g. for the 
formation of various plant constituents and for the active uptake or transport of 
water, minerals and assimilates. Most of this energy is supplied by respiratory pro
cesses in which carbohydrates formed earlier or elsewhere in the plant are used 
as a substrate: 

(CH2O) + O2 > CO2 + H2O + 112000 cal (2) 

1 Lecture held at the course "Fundamentals of dry-matter production and distribution" organized 
by the Royal Netherlands Society for Agricultural Sciences, Wageningen, 9th January, 1962. 
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Net photosynthesis (Pn ) is the difference between gross photosynthesis (Pg ) and 
respiration (R): 

Pn = Pg— R (3) 

The respiration rate per plant and per day can be as high as 25 to 50 % of the 
daily gross photosynthesis so that for analytical purposes Pg and R should be known. 
In most experimental techniques Pn is measured directly. Usually, it is assumed that 
the relation between temperature and respiration is similar in light and in dark, so 
that the value of R in the light period — and, consequently, that of Pg — can be 
derived from actually observed respiration rates in darkness. 
Photosynthesis of crop surfaces usually shows a pronounced diurnal course as a 
result of the variation in solar radiation during the day. Therefore, the diurnal 
courses of P8 and R should preferably be considered when an analysis of the pro
duction of field crops is attempted. In this paper some properties of leaves of crop 
plants are discussed which could facilitate the interpretation of the daily photosyn-
thetic activity of crop surfaces. 

2. Processes limiting photosynthesis of leaves 

The photosynthetic process consists of several processes and for the present purpose 
the following three types can be distinguished: 

a. A diffusion process for the transport of CO2 from the external air towards the 
chloroplasts. The rate of this process depends mainly on the C02-concentration 

in the external air and only slightly on temperature. Light can affect the diffusion 
rate only indirectly through an influence on the stomatal diffusion resistance. 
b. A photochemical process which results in the conversion of light energy into 

"assimilatory power" which is used for the reduction of CO2. The photochemical 
process is influenced by light and not by CO2 or temperature. 
c. Biochemical processes which precede and succédé the reduction of CO2 finally 

result in the formation of carbohydrates. The biochemical processes are strongly 
affected by temperature and not by light. In most cases CO2 has little or no effect. 

The partial processes are affected in a different way by external conditions so that, 
according to the well-known concept of limiting factors, the processes limiting photo
synthesis can be identified by studying the effects of independently varied light inten
sity, C02-concentration, and temperature upon the rate of photosynthesis. Such ex
periments have been done with leaves of various crop plants and, as an example, 
results obtained with leaves of cucumber are presented in FIG. 1. 
At low light intensities (between dark and about 104 erg. sec-1. cm-2) the relation 
between photosynthesis and light intensity is linear, which indicates that the photo
chemical process is limiting. With a further increase in light intensity, photosynthesis 
increases less rapidly until finally (at about 10 X 10* erg. sec-1. cm-2 in air with 
normal C02-concentration (about 0,03 % CO2)) complete light saturation is reached. 
At saturating light intensities and in normal air, photosynthesis is strongly affected 
by variations in CC>2-concentration (cf. FIG. 1) but only slightly by temperature in 
the range between about 15° and 30° C. Therefore, the capacity of the diffusion 
process is limiting under these conditions. 
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FIG. 1 
Photosynthesis (P) of a cu
cumber leaf in relation to 
light intensity and tempera
ture at a limiting (0,03 %) 
and at a saturating (0,13 %) 
CC>2-concentration. Light 
source: incandescent lamp 
500 W (unpublished experi
ments by the author) 

Photosynthesis at saturating C02-concentrations (0,13 % CO2 in FIG. 1) and light 
intensities is influenced by variation of temperature. This indicates that the photo-
synthetic rate is determined by the capacity of a biochemical process under these 
conditions. 
For leaves well supplied with water, the maximum rate of photosynthesis in normal 
air is about 100—150 mms CO2 . cm"2 . hr1. Usually, the photosynthetic rate at satu
rating light intensities and C02-concentrations (i.e. the capacity of the biochemical 
processes) and at 20°—25° C is about 2 or 3 times as high as the maximum rate 
in normal air. When the leaves are well supplied with water, C02-saturation is reached 
in air containing about 0,1—0,15 % CO2 (HOOVER et al., 1933; GAASTRA, 1959). 

The shape of the curve which relates photosynthesis per leaf-area unit to light inten
sity, deviates appreciably from the ideal Blackman-curve. FIG. 1 illustrates that there 
is a wide range of light intensities (between about 104 and 105 erg. sec*1. cm-2) at 
which photosynthesis in normal air is influenced by variations in light intensity and 
also by variations in CC>2-concentration. Apparently, the capacities of the photo
chemical and diffusion processes limit photosynthesis simultaneously at these transi
tional light intensities. Probably, the wide transition range is caused by uneven illu
mination of the various chloroplasts in the leaves. About 10 % of the incident visible 
radiation is reflected and a similar amount is transmitted by most leaves of crop 
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plants (SEYBOLD and WEISSWEILER, 1942, 1943; RABIDEAU e t  a l . ,  1946; Moss and 
LOOMIS, 1952). The light intensity at the exposed side of the leaf is, therefore, about 
9 times as high as the intensity at the opposite side. As a consequence, the chlo-
roplasts near the irradiated leaf side reach light saturation at lower light intensities 
(at the exposed leaf surface) then those near the opposite side. Therefore, the relation 
between photosynthesis per unit of leaf area and incident light deviates from linearity 
as soon as the most exposed chloroplasts become saturated with light, and light 
saturation of the whole leaf is complete when the most shaded chloroplasts reach 
light saturation. 
The data for the cucumber leaf represent the behaviour of leaves of various crop 
plants fairly well, so that it can be concluded that for a wide range of ecologically 
interesting conditions, photosynthesis of leaves is determined by the capacities of 
the photochemical and/or diffusion process. Consequently, photosynthesis under natu
ral conditions can be affected directly by variations of light intensity and COÜ-con-
centration. Temperature, on the other hand, has a slight effect only in a rather large 
range of temperatures between about 15° and 30° C. 

3. The capacity of the photochemical process in leaves 

At low, completely limiting light intensities the photosynthetic rate is determined by 
the capacity of the photochemical process. The capacity of this partial process is, 
therefore, represented by the efficiency of light utilization at these light intensities. 
Fundamentally, the efficiency of light utilization is best expressed by the quantum 
yield, <P\ 

^ moles CO2 converted ^ 
— quanta absorbed 

or by the quantum requirement, &-1. 
To obtain the number of quanta absorbed, the light absorption by the leaf and the 
energy emission of the light source, both as a function of wave length, should be 
known. In most investigations of the photosynthetic activity of leaves, these features 
are not measured. With suitable radiation meters and light filters, however, the 
incident light in the region 400—700 m u can be measured rather easily (cf. GAASTRA, 
1959) so that the photochemical process is usually characterized by the efficiency 
of light energy conversion, e : 

calories (CHAO) formed X 100 £ — (5) 
calories incident light (400—700 m //) 

At first sight, s seems to be a rather indirect measure of the properties of the photo
chemical process, because it can be influenced by the absorption characteristics of 
the leaf and by the effect of wave length on the energy content per quantum. In 
many cases, however, the ratio (pie is rather constant for leaves with different chlo
rophyll concentrations and for leaves exposed to different light sources; for most 
' white" light sources the number of quanta absorbed per unit of incident light 
energy (400—700 m ft) is rather similar for leaves with average absorption charac
teristics (GAASTRA, 1959), and the maximum value of G is only slightly affected by 
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the chlorophyll concentration per leaf-area unit in a range of frequently occurring 

FIG. 2 
Maximum efficiency of light 
energy conversion (£) in re
lation to chlorophyll con
centration per unit leaf area. 
Leaves of different species. 
Light source: Osram-nitra 
lamp 1500 W (from GA-
BRIELSEN, 1948) 

9 2 4 6 8  10 

m g + b), dm 

GABRIELSEN'S data are in agreement with BOYSEN JENSEN'S (1932) observation 
(cf. also TALLING, 1961) that the maximum efficiency of light utilization at low 
light intensities is about the same for leaves of different species and for leaves grown 
under different environmental conditions. This is also illustrated in FIG. 3 where 
photosynthesis per unit of leaf area is plotted against light intensity for leaves of 
different species (unpublished experiments carried out by the author at Rothamsted 
Experimental Station, Harpenden). All plants were grown in containers filled with 
soil. The wheat, barley and field-bean plants were 4 to 8 weeks old and were well 
supplied with water. The grass and kale plants were older and for these plants the 
water supply was probably sub-optimal. For all leaves, however, photosynthesis at 
low light intensities was of the same order of magnitude and appreciable differences 

concentrations, cf. FIG. 2 (GABRIELSEN, 1948). 

mm' CO. .  cm"1 .  h 
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50 

FIG. 3 
Photosynthesis of leaves of 
various crop plants in rela
tion to light intensity. Light 
source: MBFR/U - 400 W, 
Philips; 21-25° C; 0,030— 
0,032 % CO2 (unpublished 
experiments by the author) 

OK 1  t i l l .  
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occurred at high light intensities only. This indicates that the properties of the photo
chemical process were very similar, whereas the capacities of the diffusion process 
differed widely. 
For the leaves in FIG. 3, the maximum efficiency of light-energy conversion was 
about 12,5 %. For the light source used and for leaves with average absorption 
characteristics, this corresponds with a quantum requirement <P~l — 12 (GAASTRA, 
1962). This value is close to the minimum requirements (10—12) observed for leaves 
of crop plants (cf. WASSINK, 1946; GABRIELSEN, 1947; GAASTRA, 1959). 
These data suggest, therefore, that the properties of the photochemical process in 
different leaves are rather similar, and that the actual capacities are close to the 
optimum capacities of this process. Consequently, the rate of the photochemical 
process can be influenced primarily by variation of the light intensity and much less 
by variation of the intrinsic properties of the process. 

4. The capacity of the diffusion process in leaves 

During the transport of CO2 from the external air towards the reaction centre in 
the chloroplasts, several diffusion resistances are encountered. The most important 
resistances are located in the external air near the leaf surface (ra ), in the sto-
mata (r, ), and in the mesophyll cells (rm), cf. GAASTRA (1959, 1962). Under steady-
state conditions, the rate of photosynthesis (P) equals the diffusion rate, which is 
expressed by 

P = —C" ~~ CCHL— (6) 
r, + rs + rm 

in which ca and cchl are CCh-concentrations (cm3 CO2. cm-3) in the external air and 
near the chloroplasts, respectively ; P is expressed in cm3 CO2 . cm-2 leaf . sec-1, and the 
resistances in sec . cm*1. cm-2 leaf. 
When the capacity of the diffusion process is limiting photosynthesis, cchl is close 
to zero and in that case 

p = h (7) 

It was shown in FIG. 3 that the photosynthetic rates of various leaves can be dif
ferent at saturating light intensities. Since the value of ca was of similar magni
tude (about 0,03 % CO2), the differences must be caused by different values of the 
total diffusion resistance, 2 r. In contrast to the photochemical process, therefore, 
the capacity of the diffusion process can be appreciably influenced by variation of 
the intrinsic properties of the process. Of course, at limiting CC>2-concentrations the 
diffusion rate is also affected by variation of ca , as illustrated in FIG. 1. 
For a wide range of outside conditions, the photosynthetic rate of leaves is deter
mined by the capacities of the photochemical and/or diffusion process (cf. section 2). 
Consequently the potential possibilities to increase the rate of photosynthesis depend 
primarily on the difference between the potential and actual capacities of these partial 
processes. For the diffusion process of the cucumber leaf in FIG. 1, these possibil
ities are represented by the ratio of the photosynthetic rates at saturating and at 
normal COa-concentrations. This ratio, P0j|3/P0,o3, is plotted against light intensity 
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in FIG. 4. The highest value is 2,2 and the maximum is not yet reached at the 
highest light intensity applied. It is also shown that photosynthesis in the transition 
range (between 10* and 10® erg. sec*1. cm-2) and in normal air can be appreciably 
affected by an increased capacity of the diffusion process {cf. also curves in HOOVER 
et ai, 1933; CHAPMAN and LOOMIS, 1953; GAASTRA, 1959). 

Rat io  va lue  

2,5 

2,0 

1.5 h 

P 0  q3 at  sa turat ing  l ight  in t .  

P Q  Q 3  at  ac tua l  l ight  in t .  

Fio. 4 
Maximum effects of in
creased light intensity or 
decreased diffusion resist
ance on photosynthesis in 
normal air and at 20° C 
for the cucumber leaf pre
sented in FIG. 1 (for expla
nation see text) 

1,0 LJ 1 i 1 

0 10 20 

x 104 erg. seclcm2 (400 -700 m ) 

It was mentioned earlier that the intrinsic properties of the photochemical process 
are rather constant. Therefore, the most effective way of increasing the rate of the 
photochemical process is obtained by exposure of the leaves to favourable light inten
sities. With leaves in normal air the maximum effect is expressed by the ratio between 
the photosynthetic rates at saturating and at actual light intensities. This ratio is also 
plotted in FIG. 4 and comparison with the ratio P0jl3/P0f03shows that for light inten
sities from 4 X 104 erg. sec-1. cm*2 upwards, photosynthesis in normal air could, 
potentially, be increased more by increasing the rate of the diffusion process than 
by increasing the rate of the photochemical process. 
The maximum rates of photosynthesis observed in normal air and at saturating light 
intensities, are between 100 and 150 mm3 CO2. cm-2. h"1. Under these conditions, 
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the capacity of the diffusion process limits photosynthesis and according to eq. (!) 
the total diffusion resistance then is between 10 and 7 sec. cm-1. cm-2 leaf. For 
analytical purposes, the values of the separate resistances should also be known be
cause variation of a single resistance affects the diffusion rate through an effect 
upon the total resistance. 
The external air resistance of a single leaf (ra ) is affected by size and shape of the 
leaf, nature of the leaf surface, and wind velocity. For an average leaf, ra is about 
3,3; 1,7; 0,9 and 0,4 sec . cm"1 . cm-2 leaf for wind velocities of 16; 42; 100 and 
300 cm . sec-1 respectively (cf. GAASTRA, 1962). Since the total diffusion resistance 
is about 10 sec . cm4, variation of the wind velocity can affect photosynthesis at 
low wind speeds only. 
Only few data are available on absolute values of rs , because no simple relation
ship exists between rs and most features actually measured (infiltration rates, length 
or width of stomatal slit, porometer rate, etc.). For leaves well supplied with 
water, rs can be derived from simultaneously measured rates of transpiration and 
leaf temperature, cf. BANGE (1953), GAASTRA (1959), KUIPER (1961). Minimum values 
of r, obtained in this way (see the TABLE) are much smaller than the minimum 
resistance of the total diffusion path. Similarly, the diffusion rates to be expected 
if the difference between the COa-concentrations at both ends of the stomatal pores 
could be maintained at 0,03 % COa (Ps in the TABLE), are much larger than the rates 
of photosynthesis actually observed in normal air. 

Stomatal diffusion resistance (rs in sec . cm-1 . cm-2 leaf) and rate of COa-diffusion 
when the difference between the COa-concentrations at both ends of the stomatal 
pores is 0,03 % COa (Ps in mm8 COa . cm-2 . h"1) 

Species rs Ps Author 

Zebrina 1,5 701 Bange (1953) 

TURNIP 2,7—3,1 400—350 Gaastra (1959) 
sugar beet 
bean 
tomato 4,1—5,8 263—186 Kuiper (1961) 
Hyoscyamus 

These data indicate already that the mesophyll resistance (rm ) can reach appreciable 
values. Indeed, it was found that for turnip leaves with different rates of photo
synthesis in normal air and at saturating light intensities, rs was rather constant 
(about 3 sec . cm-1), but rm varied between 2 and 10 sec . cm-1. In most leaves of 
sugar beet and turnip, rm was between 5 and 7 sec. cm-1 and the minimum values 
of rs varied between 3 and 4 sec . cnr1 (GAASTRA, 1959). 
The stomata are almost closed in darkness, and l/rs increases linearly with in
creasing light intensity from very low values in darkness until maximum values 
are reached at 5 — 8 x 104 erg . sec-1. cm-2 (GAASTRA, 1959; KUIPER, 1961). This 
range of light intensities corresponds with part of the transition range for photo
synthesis (cf. FIG, 1), so that light could affect photosynthesis through an effect on 
both the photochemical and diffusion processes. Indeed, it was found that after a 
sudden increase of light intensity from limiting to saturating values, photosynthesis 
increased gradually and the time course corresponded with that of the opening of 
the stomata. In nature, this phenomenon might be of significance for leaves exposed 
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to rapidly changing light intensities, which could be caused by leaf flutter, for 
example. 
Increased CC>2-concentration can induce stomatal closure, but the effect depends on 
light intensity. When turnip leaves were exposed to saturating light intensities, mini
mum values of rs were maintained at C02-concentrations between 0 and 0,04 %. 
If, however, light was limiting, r, increased condiderably when the C02-concentra-
tion increased from 0,01 to 0,04%, but photosynthesis was not seriously affected 
because the effect of increased resistance was compensated by the increased CO2-
concentration, cf. eq. (6). Transpiration, however, decreased appreciably with in
creasing CC>2-concentration (GAASTRA, 1959). 
Another important factor influencing rt , is the water content of the leaf. Since the 
water content depends on the relative rates of water supply and water loss, r„ and 
photosynthesis can be influenced by all conditions which affect water uptake by the 
roots {e.g. root extension, soil-moisture stress, root temperature, aeration), water 
transport in the plant, and transpiration rate {e.g. shoot/root-ratio, absorbed radia
tion, temperature, wind speed, humidity of the air). Many experiments deal with 
the effect of soil moisture on photosynthesis (cf. SCHNEIDER and CHILDERS, 1941; 
LOUSTALOT, 1945; ASHTON, 1956) but very little information is available on the rela
tion between photosynthesis and absolute values of the water deficit in leaves. Per
haps, photosynthesis is increased by slight soil-moisture stress (SCHNEIDER and CHIL
DERS), possibly as a result of "hydro-passive" opening of the stomata (STÂLFELT, 
1956). With further increasing deficiency of soil moisture, photosynthesis decreases 
and considerable reductions occur before wilting is visible. There is no fixed relation
ship between soil moisture and photosynthesis because the water deficit of the leaves 
depends also on the transpiration rate. In this connection it is interesting that the 
low photosynthetic rate of sugar cane plants growing under soil-moisture stress, in
creased after reduction of the light intensity (ASHTON, 1956). 
Reduced water content of the leaves can reduce photosynthesis also through an effect 
on the mesophyll resistance. In most experiments it is not possible te separate effects 
on rs and rm , and usually it is assumed that photosynthesis is mainly affected 
through changes of rs . SCARTH and SHAW (1951) and PISEK and WINKLER (1956) 
measured photosynthesis and stomatal opening of leaves with increasing water defi
cits. With equal stomatal opening but with different water deficits, photosynthesis 
at low deficits could be 2,5 to 3,5 times as high as at larger deficits, which suggests 
that photosynthesis can be reduced considerably by an increase in mesophyll resist
ance (cf. GAASTRA, 1962). 

5. Photosynthesis under field conditions 

Some basic properties of the photosynthetic process in leaves of crop plants were 
considered in the previous sections. In agriculture, however, photosynthesis per unit 
of soil area — i.e. the integrated effect of all leaves and other photosynthesizing 
tissues present per unit of soil area — is more important. In this section, some 
aspects of photosynthesis of crop surfaces will be briefly compared with the photo
synthetic properties of leaves. More detailed treatments of the productivity of crop 
plants are given in several other papers presented at this Symposium. 

5 -1. L i g h t  u t i l i z a t i o n  b y  f i e l d  c r o p s  
In FIG. 5, photosynthesis per unit of soil area of an alfalfa crop, as measured by 
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P  (mm3 C02 . cm8h ) 
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FIG. 5 
Solid lines: CCh-uptake (P) 
per unit of leaf area in re
lation to light intensity for 
quantum requirements (&'1) 
10 and 12. 
Dotted curve: Photosynthe
sis (P) per unit of soil area 
in relation to light intensity 
for a field plot of alfalfa 
(from THOMAS and HILL, 
1949) 

0,5 1,0 (total.) 1,5 

Solar radiation (cal. cm2.min' ) 

THOMAS and HILL (1949), is plotted against light intensity, together with the rates 
of the photochemical process for quantum requirements <p_1 = 10 and 12. At low 
light intensities, the actual rate of photosynthesis is close to the optimum rate of 
the photochemical process, and the efficiency of light-energy conversion then is high, 
about 16 % for solar radiation in the region between 400 and 700 m«. 
During the total growing period of a crop, about 1—2 % of the incident solar radia
tion is converted into chemical energy (WASSINK, 1948). FIG. 6 demonstrates that 
for annual crops this low efficiency is in part caused by the low leaf area per unit 
of soil area in the beginning of the season: The actually observed daily dry-matter 
production of a sugar-beet crop (GAASTRA, 1958) then is much lower than the poten
tial daily rate of photosynthesis of a closed crop surface, calculated according to 
DE WIT (1959). 
Much higher efficiencies, usually between 4 an 9 % , are observed for closed crop 
surfaces, cf. NICHIPOROVITCH and CHMORA (1958), GAASTRA (1958), BLACKMAN and 
BLACK (1959), WASSINK (1959). These data are based upon net productions per unit 
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and of potential photosyn
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lated according to DE WIT 
(1959). Sugar-beet data from 
GAASTRA (1958) 
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of soil area and per day, so that the efficiencies for gross production are about 
25—60 % as high. Most of these efficiencies, although much higher then those for 
the total growing period, are at least 50 % lower then the optimum efficiency of 
the photochemical process. Therefore, photosynthesis of field crops must be limited 
markedly by the capacityy of the diffusion process. Of course, the capacities of the 
photochemical and diffusion process limit photosynthesis simultaneously for a large 
range of light intensities. As a result of mutual shading of the leaves, the transition 
range is much larger then for single leaves. The alfalfa crop in FIG. 5, for example, 
reached complete light saturation at 0,45 cal. cm-2. min*1, but for most leaves this 
happens already at about 0,12 cal. cm-2. min*1. 
It was shown in section 3 that the rate of the photochemical process can be af
fected mainly by variation of the light intensity. Photosynthesis of field crops depends, 
therefore, on the mode of light distribution over the leaves. Optimum light utiliza
tion occurs when the light distribution is as uniformly as possible, because the fraction 
of leaves exposed to light intensities beyond saturation or below compensation then 
is minimal. In this connection, spatial distribution of the incident light, leaf area 
per unit of soil area (leaf-area index), and spatial arrangement of the leaves, are im
portant factors determining the photosynthetic rate per unit of soil area {cf. the recent 
review of these features by DONALD, 1961). 

5.2. L i m i t a t i o n  o f  t h e  p h o t o s y n t h e t i c  r a t e  o f  f i e l d  c r o p s  
b y  t h e  c a p a c i t y  o f  t h e  d i f f u s i o n  p r o c e s s  

Photosynthesis of crops with optimum properties of the diffusion process can still 
be limited by the capacity of the diffusion process because the transition range 
covers a large range of light intensities and because some leaves can be exposed to 
saturating light intensities during part of the day. 
The daily radiation wasted by leaves exposed to saturating intensities depends on 
leaf arrangement, leaf-area index, and on the diurnal courses of light intensity and 
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solar elevation. Some idea about the fraction of daily radiation wasted in this way 
can be derived from DE WIT'S (1958, 1959) calculations of the potential rate of 
photosynthesis of closed crop surfaces at different dates and latitudes. These cal
culations are based upon a somewhat simplified relationship between light intensity 
and photosynthesis of single leaves, and it is assumed that there is no preferred 
direction in the arrangement of the leaves and that the crop surface is so dense 
that only a negligible amount of light reaches the soil. For this model crop we 
calculated — using DE WIT'S equations -— for different daily irradiations in various 
months in the Netherlands, the amounts of radiation between 400 and 700 m u : 
incident on the crop (H) ; absorbed by the crop ( 0,9 H) ; absorbed by the crop and 
contributing to photosynthesis (R); absorbed by the crop and not contributing to 
photosynthesis ( 0,9 H — R), because it is in excess of the minimum amount required 
for complete light saturation. The amount ( 0,9 H — R) represents the daily radiation 
wasted as a result of limited capacity of the diffusion process or of sub-optimal leaf 
arrangement. As an example, the ratio ( 0,9 H — R)/R is plotted in FIG. 7 against 
daily radiation in June. The latter is expressed as a fraction (H/H) of the average 
daily radiation in that month. In the same figure, the frequency distribution of H/H, 
as given by DE VRIES (1955) is plotted. These data suggest that photosynthesis of 
closed crop surfaces is limited by the capacity of the diffusion process on all days 
in June, with the exception of some very dull days. On an average day in June, the 
radiation wasted corresponds with about 40 % of the radiation in the limiting and 
transitional range, and for about 20 % of the days this fraction is 65 % or more. 

0,9 H - R 
R 

1,0 

0,5 

2,0 % 

FIG. 7 
Frequency distribution (F) 
of daily global radiation (H, 
expressed as a fraction of 
the average value H) in June 
in the Netherlands (from 
DE VRIES, 1955) 
Relation between daily glo
bal radiation (H/H) and 
ratio of daily amounts of 
light absorbed by a crop 
and contributing to photo
synthesis (R) and not con
tributing to photosynthesis 
( 0,9 H-R). For explanation 
see text 

The capacity of the diffusion process of field crops is influenced not only by the 
resistances described in section 4, but also by the resistance to CO-transport from 
the air above the crop towards the top of the crop (rtop ). This resistance is a func
tion of the turbulence of the air and its relative effect on the photosynthetic rate 
can be estimated from the COa-concentrations occurring near the top of the crop 
(ctop). If ratm is small as compared with the total diffusion resistance, ctop will be 
about normal. However, ctop can be as low as 0,02 % CO2 {cf. LEMON, 1960; TAMM 
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and KRZYSCH, 1959, 1961), which indicates that photosynthesis of field crops can 
be seriously affected by variations of the turbulence of the air. 

If plants are well supplied with water, the diurnal course of photosynthesis cor
responds — at least qualitatively — with the diurnal course of solar irradiation 
(THOMAS and HILL, 1949; Moss et ai, 1961). With increasing soil-moisture stress, 
however, the daily water loss exceeds daily water uptake, so that the water content 
of the leaves decreases gradually. In the beginning of the light period the water 
deficits are relatively small and photosynthesis then is close to normal. During the 
course of the day, however, deficits can increase rapidly with a consequent reduction 
of photosynthesis. Sometimes, deficits decrease again in the afternoon and photo
synthesis can be relatively high in that period of the day (cf. POLSTER, 1950; ASH-
TON, 1956). 

Photosynthesis of plants growing under soil-moisture stress could be increased if the 
development of critical water deficits in the leaves could be delayed until as late 
as possible and if photosynthesis could proceed at optimum rates during the daily 
period with small deficits. This could be achieved, e.g. by optimum leaf arrangement 
for the interception of light in the morning hours and by a high value of the 
ratio r8 /rm (GAASTRA, 1959). The relatively high CC>2-concentrations observed in 
the morning hours (cf. TAMM and KRZYSCH, 1959, 1961) might be of importance 
through an effect on rs . Furthermore, it would be interesting to investigate in how 
far genotypic differences exist with respect to the ratio value r, /rm . 

6. Conclusion 

In this paper it was tried to demonstrate that the photosynthetic rate of field crops 
is influenced by various physiological and structural properties of the plants as well 
as by various meteorological conditions. It seems, therefore, that the insight in the 
productivity of field crops would be promoted by a close cooperation between 
meteorologists and plant physiologists. Another important process in connection with 
the productivity of field crops is the respiration rate per plant and per day. Since 
this rate can be as high as 25—50 % of the rate of gross photosynthesis (cf. GAASTRA, 
1962), more systematic research on this subject is required. 
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