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A novel multipoint measuring system of photosynthetically active radiation (PAR) has
been constructed and operated within a Scots pine canopy. A regular grid of 800
measuring points has been incorporated into a cuvette to observe the spatial and tempo-
ral distribution of PAR incident on the needles of a twig along with simultaneous
measurements of the G@&xchange in order to determine the dependence of photosyn-
thesis on PAR. It was shown that large errors can result if the photosynthetic rate is
estimated using the mean value of PAR instead of the instantaneous values of PAR
detected at given points in the region of the needles. The results demonstrate that the
obtained regression between the@Rchange rate estimated using the multipoint PAR
measuring system and the measured &@hange rate is as good within a canopy as in
unshaded conditions.
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1 Introduction photons in the waveband 400-700 nm per unit

area unit time mol m?2s?) (McCree 1972,
The dependence of photosynthesis on photosyBhibles 1976, Salisbury 1991), is the dominating
thetically active radiation (PAR) is needed in theenvironmental factor affecting the photosynthe-
analysis of the canopy photosynthetic producsis of Scots pine (Hari et al. 1981, Korpilahti
tion. PAR, which is expressed as the number df988).
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Fig 1. Regression between measured,@gchange rate and PAR in unshaded conditions (a) and within canopy
(b). Measurements 5-11 August 1996, Hyytiala measurement station.

The measurement of the g€oncentration in ence needle morphology (Kelloméki and Oker-
a closed cuvette is used in estimating the effBlom 1981). In general, the maximum photo-
ciency of photosynthesis (Shibles 1976, Field etynthetic rate is suggested to be higher in the
al. 1989). Since the G@xchange rate is a resultsun-acclimated leaves, whereas in the shade-
of the photosynthesis and respiration, modelingcclimated leaves the response curve saturates
of the two processes is required (Hari et al. 1991¢arlier, resulting in a higher efficiency at low
The Michaelis-Menten functiofi is generally levels of PAR (e.g. Bjorkman 1981, Schulze and
used to describe the nonlinear dependence of thiall 1982, Walters et al. 1993). Hence, measure-

photosynthetic rate on PAR: ments in the different layers of the canopy are
| needed in studies of the dependence of photo-
(1,2 Prax) = T”f"a (1)  synthesis on PAR within canopies.

Problems in analyzing the dependence of the
wherel denotes PAR, Paramete(umol m2s?)  CO, exchange on PAR within Scots pine cano-
determines the shape of the curvature ppg pies are demonstrated with field measurements.
(mg nr2sY) describes the level of maximal photo-PAR is measured using a single sensor (quantum
synthesis. The shape of the dependence can sensor, LI-190SA, LI-COR Ltd, England). The
seen in Fig. 1a. Respiration depends mainly on tte#fect of the respiration rate on the variations in
temperature. Thus simultaneous measurementstbe CQ exchange rate is reduced by analysing
the PAR, temperature and g@xchange are the results in a narrow temperature range. As a
needed in order to analyse the dependence wdén-uniform distribution of PAR is avoided by
photosynthesis on PAR. the placement of the cuvette at the top of a tree
The spatial variation of direct PAR at a giverand by bending the needles on a plane, a regres-
moment within canopies depends on the amouston between the G@xchange rate and PAR as
of shading foliage and occurrence of gaps in thiéght as presented in Fig. 1a is obtained. As the
direction of the sun. In plant canopies, PARcuvette is placed within the canopy, the regres-
availability decreases from the top of the canopgion between the G@xchange rate and PAR is
towards the lower layers. Acclimation to differ-poor, as demonstrated in Fig. 1b. The inaccuracy
ent environmental variables has been reported PAR measurements is obviously one of the
with several plant species. In Scots pine the radinajor reasons for the weaker relation.
ative regime within crowns is reported to influ- Due to the nonlinear dependence of photo-
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synthesis on PAR, the spatial and temporal di€.2 Determination of Dependence of

tribution of PAR on the needle area should be Photosynthetic Rate on PAR

observed for studies on the dependence of photo-

synthesis on PAR (Norman et al. 1971, Sheehjhe mean photosynthetic rate of the twig during

and Chapas 1976, Gutschik et al. 1985, Bathe measuring periods is estimated using the fol-

docchi et al. 1986, Myneni et al. 1989, Pearcjowing expression

1989). The evaluation of the photosynthetic rate N M

as a function of the mean PAR can result in P f('(xi’tj)'a- pmaX)

errors which depend on the shape of the re- P=(a, Prgy) = ———

sponse curve and on the variability of PAR (Hari NM

et al. 1984, Stenberg 1995). wheref denotes the Michaelis-Menten function
The accuracy in measuring the spatial and tengeq. (1)),I(x;t;)) denotes the measured PAR value

poral distribution of PAR should be so good thast pointx at moment;, N the number of selected

the regression between the measurements of C@easuring pointsM the number of measure-

and PAR is as tight within the canopies as abovwaent times (Hari et al. 1983).

the canopies. In order to obtain this goal, a The respiration rate of the twig depends on

multipoint PAR sensor was incorporated into aemperature exponentially (Korpilahti 1988).

cuvette for accurate measurement of PAR incMithin canopies, needle temperature is close to

dent on the needles of a Scots pine twig. Thine ambient air temperature most of the time due

purpose of this study is to 1) demonstrate th® the small heat capacity of the needles and due

benefit of the multipoint PAR measurement oveto the effects of conveyance by the wind (Gates

the single point measurement 2) compare th#980). In an open cuvette the velocity of the air

approaches of a) using instantaneous PAR valuisapproximately 0.5 nrswhich corresponds to

at given points in the needle region and b) usinthe average wind speed within canopies during

the mean value of PAR, when determining thealm days (Hari et al. 1990). Thus needle tem-

dependence of the photosynthetic rate on PAPRerature is assumed to follow the air temperature

within a Scots pine canopy. closely. LetRe denote the estimated mean respi-

ration rate of the twig

)

. Re =1’ 3)
2 Materials and Methods
wherery mg m?s?) andc (°CY) denote the
2.1 Measurement Object parameters andl the air temperature inside the
cuvette.
The object of the measurements was a Scots pineThe values of Parameteais pnax andro were
tree in the vicinity of SMEAR Il (Station for estimated from the measurements of the PAR,
Measuring Forest Ecosystem Atmospheric Reldemperature and GQexchange. The values of
tions) at Hyytiala Forestry Field Station in southParametera andpnax Were estimated to give the
ern Finland (6151'N, 2217'E, 175 m a.s.l.) (Hari highest R in the regression between the meas-
et al. 1990, Vesala et al. 1996). This tree is in ared and estimated (Eqgs (1), (2) and (3)) rates of
30-year-old stand with an average tree height @O, exchange. The value of 0.07C! was
13 m and leaf area index of 3.9. Three twigsapplied to Parameter(Luoma 1997).
were selected for the measurements: one at the
top of the tree, one at the height of 9 m and one
at the height of 8.5 m. 2.3 Measurement of CQ Exchange

The measurement of the g@xchange is done
by monitoring the changes in the g&dncentra-
tion inside an acrylic cuvette (Hari et al. 1990).
The volume of the cuvette is 3.6 litres. The meas-
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Fig 2. Measuring point grid attached to cuvette.

uring cuvette is trap-type: the cover is mostlyFig. 2). The diameter of the entrance compo-
open but closed during measurements. A fan isent of a PAR measuring point, a plastic diffus-
used to improve the ventilation when the cuvetter, is circa 0.25 mm. The measuring system of
is open and to improve air circulation inside the800 points is described in Palva et al. (1998).
closed cuvette in order to generate an even CO The relative spectral responses of the fiber-
concentration distribution. optic sensors are shown in Fig. 3. The spectral
response of the fiberoptic sensor of 800 measur-
ing points was measured using a reference spec-
2.4 Multipoint Measuring System of PAR  trometer (Palva et al. 1998). The relative spec-
tral response of the fiberoptic sensor of 400 meas-
The measuring system of PAR includes a muldring points was determined as follows. The rel-
tichannel sensor head based on fiberoptics, ative spectral transmittance of the combination
Intel486-based microcomputer and interface ele®f the diffuser-fiber bundle was measured using
tronics. Two sensor heads have been used: oaereference spectrometer. The typical relative
with 800 and the other with 400 fiber channelsspectral response of the CCD-sensor and the spec-
The optical fibers of these channels are joinettal transmittance of the bandpass filter (L0SWF-
together to make one bundle for transmitting alf50, Newport Corp., USA) were given by the
the radiation to a charge coupled device (CCDhanufacturers. The relative spectral response of
sensor. Each fiber channel can be monitored withe fiberoptic sensor was calculated by multiply-
an average number of 10 pixels in the X660 ing the spectral response and the transmittances.
pixel CCD-matrix (VVL 1070, VLSI Vision Ltd, The fiberoptic sensors were calibrated in direct,
Scotland) of the 800-channel sensor and 4 pixelsishaded sunlight using quantum sensor LlI-
in the 2048-pixel CCD-line sensor (ILX511, Sony190SA with an LI-190SB millivolt adapter (LI-
Corp, Japan) of the 400-channel sensor. THeOR Ltd, England) as a reference.
measuring points of both sensor heads are ar-
ranged in a regular grid of X120 cm on a plane
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recorded twice a second during each, @@as-

uring period. The integration time was 3 ms (800
measuring points) and 2 ms (400 measuring
points). The mean photosynthetic rate was esti-
mated using Eq. (2) and the mean value of the
2nd, 3rd and 4th ten-second period after the clo-
sure of the cuvette was used in the analysis.

Air temperature was measured at one point
inside the cuvette to estimate the respiration rate,
using Eq. (3). The effect of the temperature on
the analysis in the sunny week of August was
reduced by selecting a narrow temperature range,
16-22 °C, while the PAR above the canopy

, . , ) ranged between 0 and 15a@®ol m?sL. As the
Fig 3. Relative spectral responses of fiberoptic Sensorrsw’leasurements were performed at 9 m height on
of 400 (solid line) and 800 measuring points (dot- P 9
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3 September, the temperature varied between 6

ted line). and 18°C.
The total needle area of the twigs at the heights
of 8.5 m and 9 m were determined by measuring
2.5 Measurements and Experimental the length, thickness and width of each needle
Arrangements after finishing the measuring season. In the top

twig the total needle area was estimated by multi-
The PAR incident on the twig at the heights oplying the mean needle area of the 40 sample
8.5 m and 9 m were monitored with the fiberneedles from the same whorl by the nhumber of
optic sensors of 800 and 400 measuring pointagedles in the twig.
respectively. At the height of 8.5 m a single
sensor (quantum sensor, LI-190SA) was placed
beside the twig for comparison. Another sensor
of the same type was also used at the top of ti Results
tree. The measurements at the top of the tree and
at the height of 8.5 m were performed during &he regression between the measured €0
sunny week 5-11 August 1996. At the height ofhange rate and the estimated,@&change rate
9 m the measurements were performed duringa the height of 8.5 m (multipoint sensof, R
partly sunny and partly cloudy day on 3 Septem3.98; single quantum sensof,-R0.86) and at the
ber. top of the tree (R=0.98) are presented in Figs 4a,
The CQ exchange measurements of the twa@b and 5 respectively. The estimated values of
cuvettes were performed in turns. During on®arametera andpnaxin Eq. (2) in the case of the
measurement cycle the selected cuvette wasp twig were 43Qumol m? st and 0.25 mg
closed for 69 seconds and the Oncentration m-2s respectively, and in the case of the lower
measurements were made every five secondsvig 120pumol m2 stand 0.12 mg nis ™. The
The measurements of the same cuvette were adichaelis-Menten dependence of Eq. (1) accord-
tomatically repeated every 25 minutes. ing to these parameters is presented in Fig. 6.
The needles of the twigs were bent in a plane In the case of the twig at a height of 9 m the
to avoid mutual shading of the needles. The meaapproach of using Eq. (2) was compared to the
uring points covering the needle region wer@pproach of using Eq. (1) and to the mean value
used in the analysis, while the remaining pointsf the 192-point measurements. The regression
were disregarded. In the 8.5-m measuremertietween the measured and estimated €0
588 of the 800 points and in the 9-m measurehange rate is shown in Fig. 7 for the case of the
ment, 192 of the 400 measuring points werérst approach. For both cases of estimatién R
selected for the analysis. Measurements wereas 0.99. The estimated values of Parameters
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ured using single sensor (LI-190SA) at top of a  of top twig (solid line) and in case of twig at 8.5 m
tree. Measurements 5-11 August 1996. (dotted line). Measurements 5-11 August 1996.

andpnax Obtained using the first approach werghe effect of the PAR variability on the estima-
340pumol m2stand 0.17 mg nisrespective- tion is analysed. The mean value and standard
ly, and for the second approach they were 24@eviation of the 192-point measurements during
pmol m2s?tand 0.14 mg nis k. The Michae- the 30-second COneasurement periods are pre-
lis-Menten dependence for the two approachesented in Fig. 9. The difference between the
is presented in Fig. 8. estimated photosynthetic rates using a) Eq. (2)
In order to investigate the reason for the differand b) using the mean value of the 192-point
ences between the results of the two approacheseasurements with the parameter values obtained
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by Eq. (2), are presented in Fig. 10 as a functioh DISCUSSION

of the coefficient of variation (CV; the ratio be-

tween the standard deviation and the mean of tide multipoint measuring system of PAR has

192-point measurements). been successfully integrated into the field meas-
urement system of photosynthesis. The results in
Figs 4a and 5 demonstrate that the regression
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between the COexchange rate estimated using Since instantaneous values of PAR are detect-
the multipoint PAR measuring system and thed at given points in the region of the needles,
measured COexchange rate is as tight within athe undesired averaging of PAR can be avoided.
canopy as in unshaded conditions. In the case Af the novel measuring system permits the de-
a single sensor used in the 8.5-m measuremetdction of the size, duration and frequency of
the regression is considerably weaker (Fig. 4bjemporarily varying sun/shade regions in the
which hampers parameter estimation. region of the needles over longterm periods,
The estimated value of ParametefEq. (2)) the radiation response curve can be related to
of the twig at the height of 8.5 m was approxithe PAR environment of the twig. Consequently,
mately three times smaller than that of the topther environmental factors affecting the photo-
twig. Thus, the detected radiation response cungynthetic response can then be estimated more
saturates earlier in the case of the shade acdliecurately.
mated twig as shown in Fig. 6. The detected
level of saturation was also lower in the case of
the 8.5-m twig: the estimated valuemf.x (EQ.
(2)) was circa one half of that of the top twigReferences
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