Canopy architecture and radiation interception measurements in olive
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Abstract

In this work we tested techniques suitable for a future validation of the RATP
model to simulate transpiration and photosynthesis of mature olive trees under field
conditions. Canopy architecture was characterised with an electromagnetic 3D
digitiser and the software 3A. Although the capability of the software to deal with
big data sets has to be improved, the system seems to meet the RATP requirements.
An array of radiation sensors mounted in an aluminium bar and located at different
positions within the canopy showed to be an useful tool for monitoring radiation
distribution; these data can be used to validate the RATP predictions. Leaves
intercepting more radiation showed greater values both of area based nitrogen
content and photosynthetic capacity, and the increment of nitrogen was found to be
related to the increment in leaf mass area. A method was tested for assessing plant
leaf area, which could allow us to determine the leaf area of the biggest trees in the
orchard, with reduced time and labour.

INTRODUCTION

Models of water and carbon exchange are useful tools for assessing water use and
crop performance as a function of plant characteristics, environmental variables and
management practices. The most relevant modeling exercises with the olive tree have
been made in recent years. In 1996, Moreno et al., modelled transpiration with a two-big
leaves model and compared their results with values of transpiration estimated from sap
flow measurements. Mariscal et al., (2000a) proposed a model describing radiation
interception by olive trees, especially designed to estimate radiation intercepted at the
orchard level. Using this model, Mariscal et al. (2000b) estimated radiation-use-efficiency
and dry matter partitioning of a young olive orchard. More recently, Testi et al. (2004)
have studied the relationship between evapotranspiration of olive orchards and canopy
size using the eddy covariance and the water balance techniques.

Most of the existing information on modeling gas exchange in olive has been
obtained in studies at the leaf level (Diaz-Espejo et al., 2002; Moriana et al., 2002).
Scaling up from the leaf to the canopy can be done with three-dimensional (3D) models
simulating water and carbon exchanges between plants and the atmosphere at the



intracanopy scale. One of these is the RATP model (Sinoquet et al., 2001), which
combines radiation transfer, energy balance and photosynthesis. In RATP, canopy
structure is abstracted as an array of 3D cells, the size of which is user-defined according
to X, ¥ and z-axes. Each occupied cell —some of them may be empty- is characterized by
the area density of the canopy components within it —defined as leaves of different ages,
woody parts and fruits. The model is fed with data on meteorological variables around the
canopy, entered as uniform, vertical profiles or at the 3D cell scale. Properties of the plant
components are also needed. All these input data are described by Sinoquet et al. (2001).

The aim of this work was to test techniques used for obtaining the data on tree
architecture, foliage distribution, and photosynthesis needed for feeding the RATP model
to simulate transpiration and photosynthesis of mature olive trees under field conditions.
In addition, we show techniques to estimate leaf area and leaf irradiance distribution.
Both variables are simulated by RATP, but we want to be able to assess them, for future
comparisons between our observed data and the data simulated by the model.

MATERIALS AND METHODS

The work was carried out during the irrigation season (May to October) of 2004,
in the experimental orchard La Hampa, which belongs to the Spanish Research Council
and is located at 15 km to the south of Seville, Spain. The orchard contains plots with
‘Manzanilla’ olive trees of different ages, planted at a spacing of 7 m x 5 m.

For characterising the canopy structure we used an electromagnetic 3D digitiser
(Fastrak, Polhemus Inc., Cochester, VT, USA), which allowed us to represent the branch
architecture (Sinoquet and Rivet, 1997), and the leaf location and orientation (Sinoquet et
al., 1998). The device consists of a transmitter that generates orthogonal magnetic fields,
and a sensor shaped as a pointer which, when activated within the magnetic field, records
the spatial location and orientation of branches and leaves. The location is referred to a
fixed three axis coordinate system; the orientation of the pointer is described by three
angles, azimuth, elevation, and roll. The spatial distribution of branches - including
topological relationships -could then be obtained with the software 3A (Adam et al.,
1999). Foliage was recreated by combining both the spatial locations of shoots, as
determined from 3D digitising, and foliage reconstruction rules derived from a
representative number of digitised shoots (Sonohat et al., 2004). For each shoot, the area
and number of leaves attached to the shoot were derived from the above mentioned
allometric relationships. Light interception by the 3D-reconstructed trees was computed
with the VegeSTAR 3.0 software (Adam et al., 2002). We tested the system with a 15-
year-old olive tree of about 3.5 m height, with a single trunk bifurcating in two main
branches at 1.2 m from the ground.

For quantifying the radiation intercepted by the canopy we used an array of 40
photosynthetic photon flux density (PPFD, mol m? d"') sensors, made from gallium
arsenide phosphide (GaAsP) photodiode following detailed instruction of assembly and
calibration from Fielder and Comeau (2000). The sensors were mounted in an aluminium
bar that was kept horizontal, located at different orientations and heights within the
canopy of a 36-year-old tree, of about 4.5 m height, with a single trunk and two main
branches bifurcating at 1.5 m from the ground. Ten minutes averages were recorded with
a Campbell CR10X data logger and an AM25T multiplexer. Measurements took several
days of different weather conditions. The relationship between PPFD intercepted by the
canopy and the photosynthetic capacity of the leaves was explored by placing one
radiation sensor next to each one of the leaves in which A/C; response curves were



recorded with a portable photosynthesis system Li-6400 (LiCor Inc., Lincoln NE, USA).
We chose leaves of different age and position in the canopy of the mentioned tree. To
analyse the A/C; response curves we followed the approach suggested by Farquhar et al.
(1980), including the potential phosphate limitation presented by Harley and Tenhunen
(1991). Photosynthetic capacity was expressed hereafter as the maximum rate of
carboxilation (Vemax, pmol m™ s™). Leaf mass per area (LMA, g m™) and mass-based leaf
N concentration (Nmass, g g”') were measured for each leaf. Dry mass was determined after
oven-drying at 80 °C for two days, and N concentration was determined using the same
method of Harley et al. (1992). Eventually we calculated the area based leaf nitrogen
content (N, g m'z), from the LMA a Npass values.

For estimating leaf area (LA, m”), we tested Phattaralerphong and Sinoquet’s
method (unpublished), which determines LA from digital photographs of the plant. We
took eight digital photographs around a 4-year-old potted olive tree, one every 45° change
in orientation. The images were analysed with the Tree Analyser software
(Phattaralerphong and Sinoquet, 2004). We recorded the height of the camera from the
ground, distance to the plant, elevation angle and focal length, information needed by the
software to do the analysis. To validate the results, we estimated the LA of the tree and
the average leaf size by defoliating the tree and measuring the dry matter of the leaves,
and referring it to the dry matter of a sample of known leaf area (measured with a leaf
area meter). In addition, we determined the mean leaf angle with the 3D digitiser. After
defoliation, we took another set of 8 photographs of the tree, to estimate the branch area.
LA was finally estimated as the difference between plant area values obtained from the
leafy and defoliated tree photographs.

RESULTS AND DISCUSSION

Canopy architecture. Using the 3D digitizer was time consuming, due to the
intricate architecture of the olive tree. After recording over 5000 entries, which
represented about half of the tree (Fig. 1), the 3A software become unacceptably slow,
indicating that its capability to deal with a high number of data points need to be
improved. Despite that, our results indicate the technique will allow us to reconstruct the
canopy architecture with enough accuracy to meet the RATP model requirements. More
work is needed to obtain more detailed foliage reconstruction rules, since the foliage
reconstruction we made did not reproduce satisfactorily the actual leaf distribution (data
not shown). We are currently working on further developing the foliage reconstruction
rules.

Light, nitrogen and photosynthetic capacity gradients within the canopy. The
array of PPFD sensors mounted in the aluminium bar seems to be a good tool for
quantifying the leaf irradiance distribution within the canopy. Figure 2 shows the
differences found between a sunny and a cloudy day. The lowest radiation values shown
by the curves far away from the trunk correspond to the high leaf area density in the outer
part of the canopy. The maximum irradiance was recorded in the central part of the
canopy, due to a gap in the upper part caused by the pruning practices applied in the area.
The minimum values observed close to the trunk were due to its shading effect on the
sensors close to it. Likely the curves shown in Fig. 2 are detailed enough to validate the
simulations of light interception given by the RATP model.

Figure 3 shows two typical A/C; curves, one from a leaf in a sunny position and
the other from a shaded leaf. The measurements of N, in locations with contrasting
irradiances were positively related to the daily incident PPFD (Fig. 4a). Because most of



the nitrogen in leaves is invested in the photosynthetic apparatus, we expected leaves with
higher N, to show a greater photosynthetic capacity, and this is, in fact, what we found.
Thus, Figure 4b shows that, as predicted by the theory of optimal distribution of nitrogen
and photosynthetic capacity with incident PPFD (Hollinger, 1996), leaves in sunnier
locations had higher N; and Vipax. Furthermore, the increment in Ny was related to the
increment in LMA, suggesting that in olive, most of the light acclimation occurs through
changes in leaf morphology, as some authors have found for other species (Niinemets et
al., 1998; Han et al., 2003). This could allow us to predict the radiation distribution within
the canopy of the olive tree, which could simplify both the PPFD monitoring and the
modeling work aimed to scale leaf photosynthesis up to the canopy level.

Leaf area. The LA estimated with the method by Phattaralerphong and Sinoquet
(unpublished) described in the previous section was 1.46 m” while we estimated the
actual value to be 1.20 m?. Branch area was estimated to be 0.52 m?. Still, doubt remains
on the method being useful with mature trees similar to those of our experimental
orchard.

CONCLUSION

The techniques described in this work seem to be appropriate to validate the
RATP model for simulating transpiration and photosynthesis of mature olive trees under
field conditions.
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Fig. 1. Photograph of a 15-year-old olive tree, and reconstruction of branches
and shoots made with the data collected with the 3D digitizer and the 3A software.
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Fig. 2. Cumulative radiation measured by 40 photosynthetic photon flux density sensors
(PPFD) within the canopy of a 36-year-old olive tree. The sensors were mounted in an
aluminium bar kept horizontal at 1.5 m height from the ground, oriented from east to west.
Measurements were made on a sunny and on a cloudy day, in September 2004. The
distances from the edge of the canopy to the trunk were 2.4 m from the east and 2.8 m
from the west.
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Fig. 3. Two representative A/C; curves at two contrasting light conditions. Lines

represent Farquars model fit to measured data (points). PPFD = photosynthetic
photon flux density; A = net photosynthesis; C; = internal CO, concentration.
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Fig. 4. Relationship between area based leaf nitrogen content (N,) and daily incident

irradiance (PPFD) in the canopy of the experimental olive tree (a). Relationship

between photosynthetic capacity expressed as maximum rate of carboxilation (V)

for leaves with different nitrogen content (b).



