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SELOSTE: 

UUSI MAASTOKELPOINEN VA LONMITTAUSMENETELMA YHTEYTTAMIS
TUTKIMUKSIA VARTEN 

Saapunut toimitukselle 1976-02-10 

Light intensity inside the canopy varies considerably both in space and time. To avoid this 
difficulty, we have developed an apparatus which is disturbed as little as possible by the above
mentioned variation. The construction is based on the linear relationship between light intensity 
(measured using silicon diodes) and photosynthesis. This procedure permits linear operations 
(summing and integration) to be carried out on the output of the diodes without any loss of 
accuracy. There are five diodes in each assimilation chamber. Let V1j(t) denote the output of 
the j :th diode at the moment t , t 1i the beginning instant of the i:th photosynthesis measurement, 
and t 2 i the moment when the i:th measurement is completed. Our equipment is constructed so 
that summing and integration takes plase according to the following formula: 

t2i 5 

J L V1;(t)dt. 

tli j=l 

A model, in which the independent variables include light, measured with the present equipment, 
and temperature, fits the photosynthetic rates well even inside the canopy. 

INTRODUCTION 

Although there are no serious technical 
problems involved in the monitoring of 
photosynthetic rate under field conditions, 
interpretation of the data obtained is rather 
complicated. This is due to the difficulties 
involved in measuring the light intensity. 
Light intensity, however, is the most 
important environmental factor affecting 
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photosynthesis in the humid conditions of 
the temperate zone (cf. NEUWIRTH 1963, 
SCHULZE 1970, 1972, EVANS 1973). The 
great temporal fluctuations in light intensity 
(cf. KoRNHER & RonsKSER 1967, RonsKsER 
1972, HARi & LUUKKANEN 1974), especially 
inside the canopy (cf. REIFSNYDER 1962, 
SETLIK 1968) make it difficult to obtain 
reliable measurements of the light intensity 

which can be utilized in photosynthesis. 
The aim of the present paper is to describe 
some new equipment which we have 
designed for measuring light intensity in 
photosynthetic studies. The apparatus is 
not disturbed by the great temporal and 
spatial variations in light intensity inside 
the canopy. 

THE EQUIPMENT 

General setup of the field station 

The light measuring equipment forms 
part of an automatic system for measuring 
gas exchange, growth and environmental 
factors in the field. Net photosynthesis 
and transpiration within the canopy and 
ground vegetation are monitored contin
uously during the growing season in a young 
stand of Scots pine ( Pinus silvestris L.) 
with a few scattered Norway spruce at the 
University of Helsinki Forestry Field Station 
in Central Finland. The system includes 
two infrared gas analyzers (URAS, Hartmann 
& Broun AG, BRD) and 20 trap-type 
pneumatically operated assimilation cham
bers or cuvettes. One analyzer is used for 
monitoring C0 2 levels and the other for 
H 20 levels. The cuvettes are closed in a 
pre-arranged sequence for 100 seconds. 
The C0 2 concentration of the air in the 
cuvette is measured before the cuvette 
opens. Photosynthetic rate is determined 
on the basis of the difference between the 
CO 2 concentration inside and outside the 
cuvettes. A data-logging unit, supplied by 
Nokia Oy, Finland, is used to control the 
system and to collect the data for photo
synthetic rate, transpiration rate, tempera
ture and light. 

Requirements for a System to Measure 
Light Intensity 

The output voltage of a photo-voltaic cell 
(Siemens BPY 11) is almost a linear function 
of the light intensity at low illumination in 
an electrical circuit as shown in Fig. 1 (cf. 
Optoelectronics semiconductors 1974). When 
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the light intensity increases the output 
reaches a saturation level and the cell 
generates a constant voltage. The threshold 
value of the saturation level is greatly 
dependent on the value of resistance RL. 
The relationship between the light intensity 
and the output of the photo cell is rather 
similar to the relationship between photo
synthesis and the light intensity at constant 
temperature. Thus it is possible to construct 
a linear relationship between the photosyn
thetic rate and the output of the photo cell 
by including a suitable resistance in the 
circuit, which furthermore, makes it possible 
to construct a piece of equipment for measu
ring light intensity in photosynthetic studies. 
This aparatus is not disturbed by the great 
spatial and temporal variations in light 
intensity inside the canopy. 

The equipment has been designed on the 
basis of the following mathematical analysis 
of photosynthesis. Let P(t) denote the 
total amount of C0 2 fixed in photosynthesis 
at the moment t during the growing season. 
The photosynthetic rate f is defined as the 
time derivative of P(t), thus 

1, 

BPY 11 

Fig. 1. The test circuit for the photo-voltaic 
cell BPY 11. 



(1) 
dP 

f=
dt 

If there is sufficient water available in 
the soil for the plant, then the photosynthetic 
rate is determined primarily by the tempera
ture x and by the light intensity y (cf. 
HARI & LUUKKANEN 1974) thus 

(2) f = f(x, y). 

The photosynthetic rate is most frequently 
measured in the field by the so-called open 
measurement system. A living branch is 
placed in a chamber. The cuvette is closed 
for between 60 and 120 seconds before the 
C0 2 concentration in the cuvette is measured. 
It is then compared with the C0 2 concentra
tion of the air outside. The cuvette is opened 
after the measurements have been made. 
Let t 1i be the moment at which the cuvette 
is closed for the i:th measurement and t 2 i 

the moment when the cuvette is opened. 
When Eq. (1) is integrated from tli to 
t2ii Eq. (3) is arrived at 

(3) 

t2i 

I dP 
- dt 
dt 

t2i 

J f (x (t ) . y (t ) i dt. 

tli 

The left hand side of Eq. (3) represents 
the amount of CO 2 fixed in photosynthesis 
during the time when the cuvette was 
closed at the i:th measurement obtained 
directly with IRGA measurement. The 
right hand side of Eq. (3) can be simpli
fied by supposing that the effect of tem
perature and light intensity on photosynthesis 
is multiplicative, i.e. 

where f 1 is the effect of temperature and 
f 2 the effect of light intensity. Without 
introducing any large inaccuracy it can be 
assumed that temperature is constant during 
the period when the cuvette is closed. The 
right hand side of Eq. (3) can now be evalua
ted as follows. 

t2i t2i 

(5) J f(x(t), y(t)) dt = J f 1(x(t)) f 2(y(t)) dt 

t2i 

f1(x(t1ill J f2(y(t)) dt. 

tli 

There are great spatial fluctuations in 
light intensity in the cuvette caused by 
shading of the branches. The disturbing 
effect of shade can be to a great extent 
reduced by using several cells in the cuvette. 
If there is linear relationship between the 
output of the cells and photosynthetic 
rate at constant temperature, then there 
is no loss of accuracy in the linear operations, 
summing and integration. 

The requirements put on the light measur
ing equipment discussed above can be 
summarised as follows: 

1. There are n cells in a cuvette. 
2. Let V1 i denote the output voltage of 

the cell j. The relationship between output 
V1 i and photosynthetic rate must be linear 
at constant temperature, i.e. 

(6) f(x, y) =a f 1 (x) (V1j(Y) + b), when 
j = 1, 2, ..... , n. 

3. The apparatus has to be able to 
compute the following integral (cf. KUBIN 
1971). 

t2i n 

(7) V3j = J L V1j(y(t)) dt. 

tli i =I 

The apparatus is built to simulate the 
dependance of photosynthesis on light. 
It takes into consideration the nonlinearity 
of this phenomenon (cf. Ross 1970). Changes 
in the spectral composition of light are 
considered as having little importance in 
field studies. The justification of the 
assumptions on which the equipment is 
based have to be tested with empirical 
data. 

The construction of the equipment 

A piece of equipment was constructed 
which fullfils the above requirements. Vve 
have called this apparatus, equipment for 
measuring light in photosynthetic studies 
(ELP). The block diagramme for the ELP 

96 



~~F~onAKE f __ _ 
l_ '-----' 

I 
I 
I 
I 
I 
I _ _____ J 

(ONl•Ol l •Olll 
D ... l ... l AGG E• 

Fig. 2. The block diagramme of the ELP. 

is shown in Fig. 2. According to requirement 
1, there are n photo-voltaic cells in each 
cuvette, the output voltages of all the cells 
being summed together. The signal 
corresponding to light intensity which can 
be utilized in photosynthesis is transfered 
from the cuvette to the central unit (CU), 
consisting of an intergrator and a mutiplexer. 
The multiplexer selects which signal is to 
be passed to the intergrator. The data 
logger reads the output of the intergrator 
two seconds before the cuvette is opened. 
When the cuvette is opened and the next 
one is closed the intergrator is reset and the 
multiplexer selects the signal from the 
cuvette which has just closed. 

A photo-voltaic cell (Siemens BPY 11) 
was used as the light sensor. The electrical 
properties of the photo-voltaic cell are 
characterized by the following Eq. (cf. SZE, 
S.M. 1969). 

Where 
V 1 = the output voltage of the photo cell 
T =absolute temperature 
I 1 = photo current 
I 0 = constant 
m =constant 
k = Bolzmann constant 
q = Electronic charge 

The photo current depends on the illumina
tion and the load resistance RL (c.f. Fig. 1). 
The relationship between V 1 and L is 
shown in Fig. 3. using the resistance values 
1 k Q, 2 k .Q, and 3 k .Q. 

The dependence of photosynthetic rate 
on light intensity in constant temperature 
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Fig. 3. The dependence of the output of the 
BPY 11 as function of illumination with both 
resistances 1 kQ, 2 kQ, 3 kQ. 

is rather similar to the photo current 
illumination relationship - of the photo 

cell by including a suitable resistance RL 
in the circuit. This enables the dependence 
of photosynthetic rate on light intensity 
to be simulated by means of a photo cell. 

Summing amplifier . 

The output signal of the photo cell is so 
low that it cannot be transfered more than 
a few meters. For this reason a summing 
amplifier is located near each cuvette. 
The circuit diagramme for amlifier is 
shown in Fig. 4. The output voltage of the 
circuit V 2 depends on resistances RF and 
RL and, on the input voltage V 1 as follows. 

(9) 
RF 

V2 = - -- V1 
RL 

The input resistance of the circuit s is 
RL. Thus RL can be used as t he load 
resistance of the photo cell. Th e desired 

Fig. 4. The circuit diagramme of the inverting 
amplifier for one photovoltaic cell. 
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Fig. 5. The circuit diagramme of the summing 
amplifier. 

degree of nonlinearity of the relationship 
between photo current and illumination 
can be obtained by adjusting the resistance 
of Rv The gain can be determined by 
varying the value of resistance RF· The 
circuit can be expanded into a summing 
amplifier according to the circuit shown 
in Fig. 5. The output of the summing 
amplifier number l V21 is 

n 

(10) L RF 
V2z = - - - V11j 

RL· 
j ~ l J 

RESET ,----
' 

c 

R 

Fig. 6. Simplified diagramme of the analog 
integrator. 

tiplexer selects the signal to be intergrated. 
The circuit diagramme of the intergrator is 
shown in Fig. 6. Let trn be the closing 
instant of the ith measurement of the [th 
cuvette and t 21i the opening instant, 
correspondingly and V 21 the output of the 
[th summing amplifier and V3li the output 
of the intergrator in the ith measurement 
of the [th cuvette. The intergrator computes 
the following integral 

tzli 
where V1i is the output of photo cell number 
j and summing amplifier l and RLi is the (11) 
load resistance of photo cell number j. 

V31i = _ 1_ J V21(t) dt. 
RC 

Central unit When Eqs (10) and (11) are combined, it 
can be seen that the output of ELP fulfills 

The central unit consists of a 20 channel the earlier-mentioned requirements. 
multiplexer, and an intergrator. The mul-

RESULTS 

The value of resistance RL (cf. Fig. 1) was 
calibrated so that there is a linear relationship 
between the output voltage of the photo cell 
and photosynthesis at constant temperature. 
This was performed empirically and the 
value 3 k Q was obtained. In Fig. 7 the 
IRGA measurements are shown as a 
function of the output of ELP in the 
temperature range 10°-15°C during the 
period 1974-06-06 -06-23. It is clearly 

eYident that the linear relationship between 
the IRGA measurements and the output 
of the ELP holds rather well. 

The maximum output varies from one 
summing amplifier to another due to small 
differences in calibration. For this reason 
the output of each amplifier is normalized 
so that it has the value 100 in full sunlight 
during summertime. 

Let Pii denote the results of the i111 
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Fig. 7. The correlation between photosynthetic 

rate and the output of ELP in the temperature 
range 10° C-15° C during the p eriod 1974-06-06 

-06-23. 

IRGA measurement. of the Ith cuvette. 
When Eqs. (3), (6) and (7) are combined, 
the final model is obtained. 

where f1 is the effect of temperature, V3u 
is the output of the ELP, and a and b are 
parameters which have to be estimated. 
The function f 1 and parameters a and b 
were determined separately for pine and 
spruce. The estimation was based on data 
collected during the period 1974-06-21-
06-25 for Scots pine and during the period 
1974-07-31-08-04 for Norway spruce. The 
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Fig. 8. The function f 1 for Scotch pine (thin line) 

and for Norway spruce (thick line) . 

functions f 1 which were obtained are hown 
in Fig. 8. The measured photosynthetic 
rates and those computed from the model 
(Eq. (8) for pine during the days 1974-
06-06, 06-07 and 06-10 are depicted in 
Fig. 9, and for Norw'ay spruce during the 
period 1974-07-21-07-25 in Fig. 10. The 
model explained 86 % of the Yariance in 
photosynthetic rate for Scots pine and 
89 % for Norway spruce during the periods 
shown in Figs. 

Fig. 9. A. Measured (thick line) and according Eq. (12) computed photosynthetic rates during 
the p eriod 1974-06-06, 06-07 and 06-10 for Scotch pine. 

B. The output of ELP (thick line) and temprature (thin line) during the p eriod. 
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Fig. 10. A. As Fig. 9. A. but Norway spruce during the period 1974-07-21-07-25. 

DISCUSSION 

The temporal and spatial flu ctuations in 
light intensity are very pronounced, especially 
inside the canopy. The moving shadows 
of branches bent by the wind cause sudden 
changes in the light intensity (cf. LOGAN 
and PETERSON 1964, HARI and LUUKKANEN 
1974). The a im of the present study was to 
develop a system for measuring light intensity 
in photosynthetic studies. The apparatus 
is not likely to be disturbed by such fluctua
tions in light intensity. The design of the 
equipment was based on a mathematical 
analysis of the measurement technique for 
photosynthetic rate in a so-called open 
measurement system. 

Since the ELP has to operate under 
field conditions, special care must be taken 
in the designing and implementation of the 
circuits. The components must operate 
reliably over the large temperature range 
( -10° C - + 40° C) and moist field condi
tions . The ELP proved, however, to work 
well under extreme field conditions even 
those of early winter. 

The design of the ELP is essentially 
based on the properties of the photo cell 
(BPY 11). There seems to be some sim
ilarities between the characteristics of the 
photosynthetic rate and those of BPY 11, 
since otherwise such high correlations could 
not be obtained. The photo cell (BPY 11) 

can be replaced by a linear photosensor but 
then much more complicated electronics or 
an on-line computer must be employed. 

The piece of equipment was built to fulfill 
the requirements presented in Eqs. (6) and 
(7). The degree of accuracy of the measure
ments was satisfactory although it can be 
improved further. At the moment, measu
rement of the photosynthetic rate represents 
the weakest point in the system. Even this 
can be considerably improved by further 
develop ing the system. Attention must be 
paid to variations in the flow rate of air 
through the IRGA and to the degree of 
accuracy of the IRGA measurements. 

Statistical analysis carried out on the 
data obtained showed, however, that the 
r esults were better than had been expected. 
The model (Eq. (8)) explained over 80 % 
of the variance in the photosynthetic rate 
in any of the computed periods in summer 
1974. The measured and computed photo
synthetic rates presented in Fig. 9 and 10 
are merely examples to illustrate the fitness. 
In addtion it must be kept in mind that the 
measured and computed photosynthetic 
rates are independent of each other, since 
the parameters in the model are estimated 
from data collected during the period 
1974-06-21 - 06-25 for Scots pine and 1974-
07-31-08-04 for Norway spruce. 
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Measurements of phot osynthetic rate have 
been analysed rather superficially in the 
literature. There are only a few papers 
available, in which some statistical analysis 
has been performed (cf. REIFSNYDER, 1962). 
In particular, papers which consider photo
synthesis inside the canopy are rare. This 
is most propably due to the great difficulties 
involved in measuring light intensity inside 
the canopy. Statistical analysis of photo
synthetic rate is also rather complicated 
since the independent variables, temperature 
and light intensity, are strongly intercorrela-

ted and also because water deficit and 
temperature have a pronounced interaction 
in photosynthesis (HARI and L UUKKANEN 

1973). Thus it is difficult to use st andard 
statistical methods in the analys is. 

The use of ELP and careful st atistical 
analysis of the data make it possible to 
study photosynthesis in field conditions to 
an extent which has earlier only been possible 
in the laboratory. In this way, attention 
can be focused in the study on the ecologically 
important aspects of photosynthesis in the 
field. 
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SELOSTE: 

UUSI M A ASTOKELPOINEN VALONMITTAUSMENETELMA YHTEYTTAM IS
TUTKIMUKSIA VARTEN 

Nykyaikaisella mittausvalineistolla voidaan 
kasvien fotosynteesia seurata luotettavasti myos 
luonnon olosuhteissa . Maastomittauksissa keratyn 
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aineiston analysointi on ollut kmtenkin hankalaa, 
koska mittausten aikana t apahtuvaa valon intensi
t eetin nopeaa vaihtelua ei oie pystytty rekist eroi-



maan fotosynteesitutkimusten kannalta luotetta
vasti. Varsinkin latvuston sisalla ja pilvisina pai
vina kerattyjen a ineistoj en analysointi on ollut 
epatarkkaa. Tassa tutkimuksessa esitellaan laite, 
jolla voidaan mitata fotosynteesin kannalta kayttii
kelpoisen valon maaraa. Laite on testattu luonnon 
olosuhteissa latvuston sisalla tehdyin mittauksin. 

Tassa tyiissa kaytetty mittausmenetelma perus
tuu tutkittavan puun tai sen osan sulkemiseen 
sadaksi sekunniksi akryylimuovista valmistettuun 
saranoituun lieriiiiin eli mittauskyvettiin, jonka pi
tuus oli 30 cm ja lapimitta 15 cm. Fotosynteesi
nopeus mitattiin kyvetti-ilman C02-pitoisuuden 
alenemisena naytteenottoajan kuluessa. Kyvetin 
ollessa kiinni valon intensiteetti latvuston sisfilla 
vaihteli voimakkaasti. Taman vuoksi laite integroi 
fotodiodin synnyttamaa sahkiivirtaa fotosynteesi
mittauksen ajan. Valointegraalin ja fotosynteesi
mittauksen vertaaminen oli mahdollista, koska 
laitteen valoanturina kaytetty piidiodi ja kasvin 
C02-vaihto reagoivat valon intensiteetin vaihte-

luun samalla tavoin (vrt. kuva 3). Toisin sanoen 
fotosynteesimittauslaitteen ulostulojannitteen ja 
fotosynteesinopeuden vfilinen riippuvuus oli suora
viivainen (vrt. kuva 7). 

Sen lisaksi, etta valon intensiteetti vaihteli 
voimakkaasti fotosynteesimittauksen kestaessa, 
olivat valaistusolosuhteet mittauskyvetin eri osissa 
erilaiset neulasten keskinaisesta varjostuksesta 
johtuen. Tama vaihtelu otettiin huomioon sijoit
tamalla yhteen kyvettiin 5 tai 10 piidiodia. Laite 
summasi eri valoantureihin tulevan fotosynteesin 
kannalta kayttiikelpoisen valon maaran. 

Valonmittausleitteen konstruoinnin perustana 
on ollut fotosynteesimittausten matemaattinen 
analysointi. Spektrijakauman mittaamiseen ei ole 
kiinnitetty huomiota, koska spektrin muuttumi
sella ei ole merkitysta tassa tyiissa kaytetyn 
tutkimusotteen kannalta. Edellamainitun oletta
muksen oikeutus todettiin testaamalla laite luon
non olosuhteissa latvuston sisalla (kuvat 9 ja 10). 
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