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The objectives of this paper are to determine winter wheat gross primary productivity (GPP)
by extrapolating to the canopy scale measurements of photosynthetic assimilation made at
the leaf scale, to identify the uncertainties inherent in this method and to quantify their
impact on GPP predictions. Crop development monitoring and photosynthesis measure-
ments were conducted between 1 May and 19 July 2004 at the Carboeurope site of Lonzée,
Belgium, with a portable porometer Li-Cor 6400. The model divided the canopy into 10 layers
in which assimilation was computed on the basis of incident radiation and of assimilation to
light response curves calibrated in the field. The model also took account of photosynthesis
of stems and ears, senescent organ distribution and response of assimilation to leaf to air
vapour pressure difference. Model estimates were compared with eddy covariance mea-
surements performed at the site during the same period. The best agreement (regression
slope = 1.13, R? = 0.94) between the two estimates was obtained by postulating a concentra-
tion of the senescent organs in the canopy bottom and a stem assimilation rate equal to 63%
of the leaf assimilation. This ratio was found compatible with further leaf scale measure-
ments. This led to a GPP of 1570 g C m~2 during the crop development and maturation
periods. The sensitivity analysis revealed that the main sources of uncertainties were linked
to the photosynthetic capacity of the stems (an increase of 40% in the initial GPP) and ears
(an additional increase of 15%) and to the senescent organ spatial distribution (impact of 7-
9%). An overestimation of GPP during spring (270 gCm™?) was also observed, due to
assimilation reduction at low temperature not be accounted for. Apart from this, the impact
of the A-Q curve parameter uncertainties was found to be limited (impact on GPP always
lower than 4%).
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1. Introduction

Croplands occupy about one-third of the land surface in
Europe (FAO Statistical Databases, 2003) and 45% of the land
surface in Belgium (MRW-DGA, 2005). They have the potential
to mitigate about 16-19 Tg Cy~* (Freibauer et al., 2004). Their
impact on the terrestrial carbon cycle is therefore significant
and this justifies the recent development of CO, flux
measurements at these sites (e.g., Soegaard and Thorgeirsson,
1998; Anthoni et al., 2004; Suyker et al., 2004). The present
study is part of a larger research project whose overall goal is
to establish the carbon balance of an agricultural site under a
4-year rotation system, which is typical of the Hesbaye region
(Moureaux et al., 2006).

The goal of this research is to evaluate the feasibility of
scaling up the assimilation measurements from leaf to crop
scale. Scaled-up leaf measurements might provide useful
information for validating eddy covariance measurements or
refining the description of the various flux contributions to the
net ecosystem exchange. The combination of these measure-
ments for establishing the crop carbon balance is described in
another paper (Moureaux et al., in press).

In this paper, we concentrate on the scaling up procedure.
An extrapolation scheme was developed based on assimila-
tion to radiation responses (A-Q curves) obtained by poro-
metry measurements performed at the leaf scale during the
study and on an evaluation of light absorption by the crop.
Continuous micrometeorological measurements performed at
the site meteorological station were used as input data, as well
as the vegetation element distribution in the crop that was
continuously monitored throughout season. The scaled-up
results were compared with eddy covariance flux estimations
and the differences were discussed. In addition, an uncer-
tainty analysis was developed in order to determine the most
important causes of uncertainties that affected the scaled-up
GPP. This analysis allowed us to identify the most critical
parameters to prioritize during field measurements and
scaling up procedures. Although the approach was developed
on a specific site and in a specific season, we consider that
most of the results presented here could be extrapolated to
cereal crops.

2. Material and methods
2.1. Site description

The site is a crop field in Lonzée, near Gembloux in Belgium
(50°33'N, 4°44E). It is described in detail by Moureaux et al.
(2006). The climate is typically oceanic temperate. From 1
October to 25 Augustus the overall precipitation and average
air temperature at the site were 545 mm and 10 °C, respec-
tively. The soil is a luvisol and the site is flat, with a mean
gradient of less than 1.2%. The site is included in the
Carboeurope IP, Fluxnet and IMECC networks.

The site was equipped with an eddy covariance system and
a meteorological station. The eddy covariance system mea-
sured fluxes of CO,, water vapour and sensible heat. It was
placed at a height of 2.7 m and consisted of a research-grade
sonic anemometer (Solent Research R3, Gill Instruments,

Lymington, UK) and an infrared gas analyser (model Li-7000,
LiCor Inc., Lincoln, NE, USA). The eddy covariance system and
procedures were those currently used in the Carboeurope IP
and Fluxnet networks (Moncrieff et al., 1997; Grelle and
Lindroth, 1996; Aubinet et al., 2000). Meteorological measure-
ments were averaged every 30min. They included air
temperature and humidity (RHT2, Delta-T Devices Ltd., Cam-
bridge, UK) at a height of 1.3 m. Global photosynthetically
active (PAR Quantum Sensor SKP 215, Skye Instruments Ltd.,
UK) and global and diffuse photosynthetically active (Sun-
shine sensor type BF3, Delta-T Devices Ltd., Cambridge, UK)
radiation was measured at a height of 2.7 m. Details of the
eddy covariance system and meteorological measurements
are given in Moureaux et al. (2006).

The crop under study was winter wheat (Triticum aestivum
L., cv Dekan). It was sown on 14 October 2004, following a
sugar beet crop (Beta vulgaris L.) harvested on 29 September
2004. No ploughing was done between the two crops, but
minimum tillage with a rotating harrow prepared the soil for
seedling and mixed green residues of sugar beet into a 10 cm
layer of soil. The field management schedule is summarised
in Table 1. Two herbicide treatments were applied, on 18
March and 11 May. Nitrogen was applied in four fractions (on
22 March and 12 April with a urea ammonium nitrate
solution, and on 12 and 30 May with NH4NO;). There was
only one fungicide treatment, on 19 May. The crop was
harvested on 3 August.

2.2. Measurements

Measurements were made at the site at different spatial and
temporal scales. They included: regular dry-matter sampling
during the growth period, continuous eddy covariance
measurements, continuous soil respiration measurements
and leaf scale assimilation measurements. We give details
below on the measurements used in this study.

2.2.1. Vegetation measurements
Photosynthetic photon flux density (PPFD) absorption by the
crop was measured using a ceptometer (Sunscan, Delta-T

Table 1 - Description of the treatments applied in the
field during the winter wheat growing season

Date Treatment

14/10/2004 Sowing

18/03/2005 Weeding (1.51 IP-1.51 Verigal)

22/03/2005 First application of liquid nitro-
gen (45 units/ha)

12/04/2005 Second application of liquid
nitrogen (35 units/ha)

11/05/2005 Weeding (40 g Harmony-25 g
Gratil)

12/05/2005 First application of NH4;NO;
(40.5 units/ha)

30/05/2005 Second application of NH4NO;
(81 units/ha)

19/05/2005 Fungicide treatment (11 Opus -
0.51 Amistar)

03/08/2005 Harvest
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Devices, Cambridge, UK). Measurements were performed in
four different plots every 10 days between 12 May and 15 July
2005. The ceptometer was placed successively above the crop
and at the soil surface. In each plot, 20-30 replicates were taken.

The total vegetation, green leaf, stem and ear areas were
deduced from sampling. Each week between 22 April and 19
July 2005 all the plants were sampled from a row 30-50 cm
long. Their green leaf surface was measured using a picture
analyser (WinDIAS, Delta-T Devices, Cambridge, UK). The
stem and ear (from 31 May) length and diameter were also
directly measured. Green leaf area index (GLAI), stem area
index (SAI) and ear area index (EAI) were deduced from these
measurements by multiplying the respective average surfaces
per tiller by the number of tillers per soil surface unit. For light
interception calculations, the surface considered for stems
and ears was the cross-section; for the estimation of the CO,
flux exchange area, the surface considered was the external
area. Total vegetation area index (VAI) was calculated by
adding the leaf, stem and ear area indexes.

Finally, the leaf stomatal ratio, which is needed to deduce
the assimilation from the measurement chamber, was
determined by direct counting. Three plants were collected
and two leaves were taken from each of them. On each leaf
surface, three microscopic cuts were made on which the
stomata number was counted.

2.2.2. Photosynthesis measurements
Photosynthesis was measured in the field, at the leaf scale,
using an open gas exchange system (Li-Cor 6400, Li-Cor Inc.,
Lincoln, NE, USA) equipped with a modulable light source
(6400-02B LED). The leaf was inserted into the chamber and
saturated by light (1700 wumol m~2 s~ for about 25 min so that
stomatal conductance reached equilibrium. The light was
then reduced from saturation point to 500 pmol m~2s~* by
steps of 200 pmolm~2s7?, and then to dark (0 pmol m—2s7?)
by steps of 100 umol m~2s~'. At each step, there was a 5-min
delay before the measurements were taken in order to make
photosynthetic apparatus adjustments to the light regime.
The measurements were then repeated three times. Net
assimilation (A, pmol CO, m~2s~%) to photosynthetic photon
flux density (PPFD, Q, pmol m 2 s™') responses (A-Q curves)
were deduced from these measurements. Measurements of
leaf temperature, leaf-to-air vapour pressure difference (Dy),
intercellular CO, concentration and stomatal conductance
were also performed. The measurement procedure was as
prescribed by the system manual (Li-Cor, 2003). Leaf tem-
perature, air humidity and CO, concentration in the chamber
were kept constant throughout the curve measurement.
Relevant parameters (A;, the net and G, the gross
assimilation at saturating light [umol CO, m 2s7Y], o, the
quantum yield [wmol CO, pmol~* photons] and Ry, the dark
respiration [pmol CO, m ?s7']) were deduced from the
measurements by fitting a non-linear equation on measured
A-Q curves. We used the Misterlich equation (Dagnelie, 1991):

A= (As +Ry) (1 - exp{ﬁ}) — R4

— G, (1 - exp{_gSQ}> ~ R4 (1)

This equation was preferred to the classical rectangular hyper-
bola because it saturates at a lower PPFD and leads to more
realistic saturation assimilation values (Aubinet et al., 2001).
As a result, saturation assimilation and quantum yield values
were typically 30 and 20% lower when deduced by Eq. (1) than
by a classical Michaelis Menten equation. The fitting was
obtained by non-linear regression using the Marquart-Leven-
berg method.

Homogeneity of the A-Q response in the crop was
evaluated by repeating measurements at different leaf levels
from the same tiller, on different tillers from the same plant
and on different plants. The relationship between A and Q
curve characteristics and season or climate was also inves-
tigated by repeating the measurements on 14 separate days
characterised by different meteorological conditions and crop
development stages. The impact of senescence on the leaf
photosynthetic capacity was assessed by conducting mea-
surements on both green and senescent leaves. Leaf respira-
tion measurements were also performed during the night. The
measurement chronology is summarized in Table 2.

2.2.3. Air humidity characterisation

In this paper, a distinction is made between the air saturation
deficit (Ds) and the leaf to air vapour pressure difference (D)).
Both are defined as a difference between a saturated vapour
pressure and actual air vapour pressure. However, in Dy, the
saturated vapour pressure is taken at the air temperature
while in Dy, it is taken at the leaf temperature. Ds was directly
measured at the field scale by the meteorological station while
D; was measured at the leaf scale by the open gas exchange
system. No direct D; evaluation at canopy scale was available.
It was thus deduced from Ds and from a leaf energy balance
assessment as shown below (Section 3.4).

2.3. Extrapolation model description

2.3.1. General procedure

A model was developed in order to extrapolate A-Q curves
from the leaf scale to the crop scale and to the whole
vegetation season. First, the vegetation was divided into 10
layers of equal VAL In each layer i, the incident PPFD (Q;), was
deduced from the PPFD measurements in taking into account
the absorption by the vegetation situated above the middle of
the ilayer. The leaf gross assimilation (G;) was then computed
for each layer by introducing Q; into a relationship derived
from (1):

Gi =Gs (1 - exp{%?"}) 2

The crop gross assimilation was computed every 30 min by
multiplying G; by the area index of photosynthesizing vegeta-
tion in the layer (phototsynthetic area index, PsAly) and by
summing each layer contribution. Finally, daily and yearly GPP
were obtained by a summation of the half-hourly values.

2.3.2. Calibration

The model calibration required the description of the incident
PPFD in each layer, of the PsAI distribution in the crop and a
parameterisation of the photosynthetic parameters G and .
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Table 2 - Chronology of leaf scale measurements. F1 corresponds to flag leaf, F2 to last but one leaf, F3 to last but two leaf;

‘senescent’ means that the leaf has begun the death process but still photosynthetizes, and ‘necrosed’ means that the leaf
cells are dead and therefore no more photosynthesis is observed

Date Strategy Leaf level Note
1/05/2005 2 leaves from the same tiller F2-F3
5/05/2005 2 leaves from the same tiller F2-F3
15/05/2005 2 leaves from the same tiller F2-F3
19/05/2005 2 leaves from 2 different tillers of the F2
same plant + exploratory respiration
28/05/2005 Study of 1 necrosed leaf in comparison F1-F3 3 measurements on a necrosed leaf (F3)
with 1 green F1
9/06/2005 2 leaves from 2 different plants F2
10/06/2005 2 leaves from the same tiller F1-F2
15/06/2005 2 F2,1 F3 and 1 F1 from different plants F1-F2-F3 F3 and 1F2 were damaged
22/06/2005 4 leaves from 2 different tillers F1-F2
10/07/2005 1 green F1 + back on the tiller of the 15/05/2005 F1-F2 Tiller of the 15/05/2005: F2 (1 measurement on
necrosed part and 1 measurement on green part) + F1
13/07/2005 1 A-Ci+ 1 A-Q curves on the same leaf F1
14/07/2005 1 green F1 + back on the tiller of F1 Tiller of the 05/05/2005: senescent F1
the 05/05/2005 + 1 senescent leaf
16/07/2005 1 green F1 and 1 damaged F1 + nocturnal F1 Night: 2 green leaves, 1 necrosed leaf
measurements and 2 senescent leaves
23/07/2005 Necrosed and senescent leaves F1

When possible (from 12 May to harvest), Q; was directly
estimated from ceptometer measurements as:

Qi = Q¥ V™ ®3)

where Q is the incident PPFD above the crop (umol m—2s71),
measured every 30 min by the micrometeorological station
and t represents the transmission factor of the whole crop,
estimated as the ratio of the incident PPFD below and above
the crop, measured with the ceptometer.

From emergence to 12 May, ceptometer measurements
were not available due to the short height of the crop. Q; was
thus deduced from the Beer’s law (Monteith and Unsworth,
1990):

Qi = Qoexp(—kVj) “)

where k is the extinction coefficient and V; is the cumulated
VAL of the layers above the layer i (m? m ?). The extinction
coefficient k was evaluated by comparing Q; estimations using
the two approaches on two days (10 and 12 May) where both
ceptometer measurements and leaf area measurements were
available. This gave k =0.63.

The evaluation of the PsAl distribution presents some
difficulties that are specific to cereal crops. First, photo-
synthesizing areas do not relate only to leaves but also to
stems and ears. However, the photosynthetic activity of these
elements probably differs from those of the leaves. Second, it
depends on the yellow organ distribution, which becomes
predominant at the end of the season.

Stem and ear photosynthetic activity could not be
measured directly as the measurement chamber did not
allow photosynthesis measurements on thick elements. The
possible impact of these vegetation parts on the GPP was thus
assessed by comparing two hypotheses: the first one assuming
that their photosynthetic activity was similar to that of the
leaves and the second one that it was zero. Finally, a more

realistic evaluation of the photosynthetic capacity of stem and
ears was proposed by comparing model results with GPP eddy
covariance estimates.

For the yellow organ distribution, we assumed a progres-
sive development of the yellow organs from the bottom to the
top of the canopy, which is the most realistic scenario in cereal
crops. However, as the yellowing progression was not directly
measured during the experiment, we evaluated the possible
impact of another progression by also testing a homogeneous
yellowing distribution.

Finally, the model required a description of G5 and «
evolution according to the principal driving factors (time and/
or climatic variables) and an evaluation of the vertical
distribution of these parameters in the crop. This was obtained
only after having thoroughly analysed the measurements
made at leaf scale. Consequently, this part is discussed below
(Section 3.4).

3. Experimental results
3.1.  Climatic conditions

The mean daily climatic measurements results are given in
Fig. 1. During winter the air temperature (T,) was always
below 10 °C and frost occurred twice: in December and at the
end of February/early March. However, T, never fell below
—5°C (Fig. 1a). Winter was also characterised by low air
saturation deficit (Ds, Fig. 1b), low photosynthetic photon flux
density (PPFD, Fig. 1c) and well-watered soil (Fig. 1d). In
contrast, the end of spring was marked by much drier
conditions: at the end of June, T, reached 25 °C (Fig. 1b), Dy
peaked to about 12 hPa (Fig. 1c) and the soil water content fell
to 0.12m®m™ (Fig. 1d). These conditions were fairly
representative of the regional averages for the previous 10
years, except for the water deficit, which was a bit more
pronounced.
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Fig. 1 - Seasonal evolution of climatic variable daily means
from 1 November to 2 August: (a) air temperature, (b) air
saturation deficit (D;), (c) photosynthetic photon flux
density (PPFD) and (d) soil water content at 5 cm (SWC).

3.2.  Plant development

Until May-June, the crop had not been submitted to any stress.
Emergence occurred 2 weeks after sowing. Tillering (stages 21—
30 on Zadoks scale; Zadoks et al., 1974) started in early March
and ended in mid-April. At this point the VAI was about 1.6 and
it then increased rapidly until early May (Fig. 2). In early May, a
decrease in GLAI was observed that corresponded to stem
elongation (Fig. 2). During this period, a few tillers on each
plant (less than three per plant) exerted their dominance over
the others, which regressed and died. The temporary reduc-
tion in GLAI was therefore because the growth of the dominant
tillers did not compensate for the reduction of tillers per unit of
soil surface. Flag leaf emergence occurred in mid-May (stage
37 on Zadoks scale). The subsequent VAI increase was due

-
T

Area Indexes [m?m?]
N
:

o 1 1
20-Apr 14-May 7-Jun 1-Jul

25-Jul

Fig. 2 - Seasonal evolution of the vegetation part area
indexes: total vegetation (solid circles), green leaves (solid
triangles), stems (open circles), ears (crosses) and yellow
leaves (open triangles).

mainly to stem and ear development (ear emergence occurred
in early June, stage 50 on Zadoks scale) (Fig. 2). On 7 June, VAI
reached its maximum and then remained fairly constant until
the end of July (Fig. 2). However, plant senescence began from
early June, with the leaves at the bottom of the plants
beginning to turn yellow. This explains the GLAI decline
despite a constant VAL The daily yellow leaf area index (YLATI)
in Fig. 2 was not directly measured but was evaluated as the
difference between the GLAI value on 7 June and the GLAI
value of the day. At the end of July, the GLAI fell to zero and the
YLAI reached about 50% of the VAL The total SAI and EAI
remained fairly constant during June and July and constituted
about 25 and 15% of the VAI, respectively. At emergence, the
ears rapidly reached their maximum size, and their further
increase in diameter due to grain development was fairly
negligible, which explains the EAI stability in June and July.

Compared with the regional average, crop development
followed the standard rate until stage 57 on Zadoks scale (3/4
of inflorescence emerged), but after late May a more rapid
development than average was observed, the drought accel-
erating leaf senescence and ear maturation. The drought
effect was probably enhanced by the early sowing and the ‘no
ploughing’ practice. At the end of July, when the ears were
mature, precipitation occurred (results not shown), increasing
the grain humidity and delaying the harvest date.

3.3. Assimilation to light responses

3.3.1. Homogeneity and impact of senescence
Thirty-two valid A-Q curves were produced between 1 May
and 23 July 2005. As stated earlier (Section 2.2.2), measure-
ments were performed at different plant levels (the three
upper leaves) and on leaves at different senescence stages.

For green leaves, no significant differences between A-Q
curves were observed between the different plants, between
the tillers of the same plant or between the three upper leaves.
This accords with the results reported by Veneklaas and Van
Den Boogaard (1994), who did not find any effect of leaf age on
photosynthesis in two varieties of winter wheat.

Fig. 3 presents three A-Q curves produced under the same
meteorological conditions on three leaves at different senes-
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Fig. 3 - Three examples of A-Q curves corresponding to
leaves at different senescence stages: green leaves
(diamonds), yellow leaves at the beginning of senescence
(squares) and dead leaves (triangles).

cence stages. In the case of the green leaf, the classical
increase of A with Q was observed, with saturation reached at
about 20 pmol CO, m~2s~! at large radiation. The maximal
value of A observed was 21.4 pmol CO, m~?s~* on 28 May
2005. These values are of the same order of magnitude as those
reported in the literature: Soegaard and Thorgeirsson (1998)
reported 23.7 pmol CO, m 25! on spring wheat with a non-
rectangular hyperbola and Rodriguez et al. (1998) reported 22.8

and 29.4 pmol CO, m~2 s on the leaves of winter wheat using
Eq. (1). The latter results were obtained during the tillering
phase, which could explain these larger values.

A similar relationship was observed for the yellow leaf but
with a lower saturation value, revealing a fall in leaf
photosynthetic capacity. Finally, the dead leaf did not
photosynthesize, but was still able to respire.

3.3.2. Gs response to driving variables

The relationship between the parameters extracted from the
different A-Q curves and possible driving variables were
analysed. In particular, as shown in Fig. 4, we gathered the
distributions of Gs, @ and Rq4, with time, leaf temperature (T;) and
leaf-to-air vapour pressure difference (D). It is clear that Gs
declined with the three variables (Fig. 4a—c). In the three cases,
the trend was found to be significant (P =0.0026, 0.0060 and
0.0047, respectively). However, these correlations did not each
necessarily represent a real dependency because the three
variables were not independent from each other. First, D is by
definition related to leaf temperature and, second, these two
variables were correlated with time as dry and hot conditions
were observed mainly at the end of the observation period. We
supposed that the G; decline with D; was probably the most
representative of a real mechanism. Indeed, stomatal closure is
known to occurunderhigh D (e.g., Tewolde etal., 1993; Leuning,
1995), inducing leaf assimilation reduction. In these conditions,
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Fig. 4 - Relationship between gross assimilation at saturating light (G), dark respiration (Rs) and quantum yield () with
time, leaf temperature (T;) and leaf to air vapour pressure difference (Dy).
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the responses of Gs to time and air temperature appear rather as
the result of an artefact; indeed, the residues of the linear
regression of Gs to D; were not correlated to time and air
temperature (Fig. 5a and b). The absence of correlation between
residues and air temperature confirms the suggestion by
Schulze and Hall (1982) that assimilation responses to high
temperatures have often been confounded with the response to
Dy. A modulation of the Gs to D; response by soil water potential
could also be possible, as shown by Xue et al. (2004). However,
our measurements were not numerous enough and did not
encompass a sufficiently large soil water potential range to
allow us to highlight such an effect.

Finally, it should be noted that, due to the porometer
regulation, which requires drying the air before pushingitinto
the chamber, the drought conditions were probably exagger-
ated by the chamber compared with the ambient air. However,
the D, values measured by the porometer reflect the conditions
really underwent by the leaf portion whose assimilation is
measured. It is therefore reasonable to think that, if the whole
field were subjected to the same conditions, it would undergo
the same assimilation decrease. Consequently we consider
that the responses to D, that were observed at leaf scale could
be extrapolated at crop scale provided that a convenient
estimation of D, is given.

3.3.3.  « response to driving variables

Quantum yield did not exhibit any trend with climatic
variables or with time (Fig. 4d—f). The « values varied from
0.027 to 0.068 pmol CO, umol~" photons, with an average of

about 0.046 umol CO, pmol ! photons and a standard error
always lower than 0.002. These values are of the same order of
magnitude as those reported in the literature: values of 0.042,
0.03-0.05 and 0.062 umol CO, umol~* photons were reported,
respectively, for winter wheat (Soegaard and Thorgeirsson,
1998), spring wheat (Rodriguez et al. (1998) and on average for
C3 crops (Ruimy et al., 1995)). However, this last-mentioned
value was derived from a Michaelis Menten regression, which
gives larger estimates of this parameter, as stated earlier.

3.3.4. R4 response to driving variables

An increase of R4 with time, temperature and D; was also
observed (Fig. 4g-i). Here again, the three trends are significant
(P =0.0314, 0.0073 and 0.0211, respectively) but, as the three
variables are linked as explained above, some of the correla-
tions are expected to be artificial. In this case, the most
probable response is that to temperature, as widely reported in
the literatures (see in particular Lloyd and Taylor, 1994;
Janssens et al., 2003). We therefore retained leaf temperature
as the most important driving variable. Residues of the
relationship of R4 to temperature not being found correlated
to time and leaf to air vapour pressure difference (Fig. 5c and
d), the relationships in Fig. 4 were again interpreted as an
artefact and not taken into account.

3.4.  Result synthesis: Gs and « calibration

The preceding results may be synthesised in order to allow
parameterisation of the photosynthesis parameters. First, as
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the parameters were found not to depend on the leaf position
(§ 3.3.1) or age (§ 3.3.2-3.3.4), they were supposed to be similar
for all green leaves.

In Section 3.3.1 (Fig. 3), yellow leaves were found to still
assimilate, albeit at a lower rate, suggesting a progressive drop
in assimilation with the senescence stage. This was, however,
difficult to model, mainly because of the high degree of
subjectivity in defining the senescence stage. With regard to
this difficulty, yellow leaf assimilation was considered as
equal to zero.

Following the discussion in Section 3.3, the sole driving
variable retained for G parameterisation was the leaf to air
vapour pressure difference. The relation between D, and Gs
was approximated by a linear model. Least squares regression
on the experimental points of Fig. 4c gave:

Gs = —0.331D; + 24.905 )

with a R? equal to 0.53 and a P value of 0.0047. In order to scale
up this relation, D; should be known at the crop scale. It was
stated above that this variable was not directly available but
could be deduced from the leaf energy budget. We can indeed
write:

Hu

Dy =¢e"(T)) — e, W
pUs

with Ty =Ta.+ (6)

where e, is the air vapour pressure and e*(T) is the saturation
vapour pressure at temperature T, T; (°C) and T, (°C) are the leaf
and air temperatures, respectively, H (Wm~?) is the sensible
heat, u- and u (ms™") are the friction and average velocity,
respectively, pis the air density (kg m™) and C,, the air specific
heat (kg *K™?).

However, D; cannot be estimated when sensible heat and
friction velocity are not available. It could therefore be relevant
to evaluate the error made when approximating D by Ds. In
practice, we found that at our site the differences between leaf
and air temperatures were lower than 1°C for 50% of the
daytime and lower than 4.5 °C for 95% of the daytime, so that
the difference between D, and Ds was often small. The impact
on the GPP of this approximation will be given in the
sensitivity analysis.

Facing with the difficulty to scale up the Gs to D, response,
one could be tempted to replace Eq. (5) by a regression of G
with the air saturation deficit measured by the meteorological
station that could be easier to scale up. However this is not
recommended as the air saturation deficit is not representa-
tive of the drought conditions to which the leaf was subjected
in the porometer chamber. As a consequence this approach
would lead to an overestimation of the crop water stress and to
an underestimation of the crop GPP. The impact of the error
made by doing this will also be evaluated in the sensitivity
analysis.

Even if Ry does not appear explicitly in the model, its
evaluation was required in order to determine «. Following the
discussion in Section 3.3, Rq was parameterised as a function
of leaf temperature. We used the Van’t Hoff equation (1898)
(Lloyd and Taylor, 1994):

Rg = RasQao ™ #/1 7)

where Rg,s is the dark respiration (wmol m~2 s~ at 25 °C, Qo is
the sensitivity of respiration to temperature and T, is the air
temperature (°C). Regression gave Rgps = 1.10 (S.E. = 0.22) and
Q10 = 2.83 (S.E. = 0.75) with a R? equal to 0.59.

Asno clear relationship of « with climatic and non-climatic
parameters was found, it was fixed as a constant. Its value was
computed in order to reduce uncertainty for this parameter as
much as possible. All the A-Q curves measured on green
leaves were gathered and a model combining Egs. (1), (5) and
(7) was fitted on these data. As a result, « was the unique
parameter to adjust in a non-linear regression between net
assimilation and PPFD, air temperature and leaf to air vapour
pressure difference. All variables were measured by the
porometer. This regression gave o equal to 0.0452 pmol
CO, pmol ! photons, with a standard error of 0.0009.

4. Model results
4.1. Seasonal flux evolution

The general evolution of GPP estimated with our model is
presented in Fig. 6a, along with those provided by eddy
covariance measurements (Moureaux et al., in press). For this
presentation, we used the best model estimate obtained by
adjustment of the eddy covariance data for the development
and maturation periods. As a result, the summed GPP were
equal for the two estimates for these periods. They were
1570 gCm™2 Except in early spring, scaled-up and eddy
covariance estimates of GPP matched each other quite closely
(slope of the regression = 1.13, R? = 0.94). This high level of
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Fig. 6 - (a) Seasonal evolution of the winter wheat crop
daily GPP estimated with the scaling up model (solid line)
and with eddy covariance measurements (grey line); (b)
seasonal evolution of the difference between the model
and the measurements.
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agreement related not only to the seasonal trend, but also to
day-to-day variations, as observed particularly at the end of
the season. Before early March, the assimilation was slightly
positive in both cases and increased sharply from early March
until early May, which corresponds to the phase of intense
crop development. Maximal values were reached in May, after
which the GPP fell abruptly until the end of the season, when it
reached zero. The disagreement between the two estimates
that appears in winter and spring is discussed later.

4.2.  Sensitivity analysis

4.2.1. Stem and ear assimilation

First, in order to assess the possible impact of ear and stem
contributions to GPP, the model was run three times using
three hypotheses to estimate the PsAL: (A) only the leaves are
photosynthesising (i.e., PsAI = GLAI); (B) stems and leaves
photosynthesise at equivalent rates (PsAI = GLAI + SAI); (C)
stems, leaves and ears photosynthesize at equivalent rates
(PsAI = GLAI + SAI + EAI). Before May, the three runs gave the
same results as the stems and ears were not well developed
(cf. Fig. 2). Paired t tests performed on the data after the
beginning of May showed that the differences between the
three runs were significant (cf. Fig. 7) (P < 0.0001). From mid-
May until the end of the season, the three situations clearly
differed, with maximum values of 21, 28 and 36 gC m 2 day*
for situations A, B and C, respectively. In addition, the
maximum was reached later in the last two situations (8
June) than in the first (12 May), as the stem and ear
development occurred later in the season while the green
leaf area was already decreasing due to crop senescence.
Cumulated GPP was highly sensitive to this parameter as the
inclusion of the stems in the photosynthetically active organs
led to an increase of 40% in the initial GPP estimation and the
inclusion of the ears to an additional increase of 15%.
Compared with the eddy covariance GPP estimations, the
extrapolation scheme underestimated the GPP in situation A
and overestimated it in situations B and C. This suggests that
the stem and ear contributions to assimilation are clearly
important but that these organs probably present a lower
photosynthetic capacity than the leaves. The best agreement
with eddy covariance measurements was obtained by taking
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Fig. 7 - Comparison between the GPP seasonal evolutions
simulated using three PsAl scenarios: (A) only leaves (thin
line); (B) leaves and stems (solid line); or (C) leaves, stems
and ears (grey line) are photosynthesizing. Open circles
correspond to eddy covariance measurements.
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Fig. 8 - Comparison between the GPP seasonal evolutions
simulated postulating a homogeneous (grey line) or a
bottom (solid line) distribution of yellow organs, assuming
that leaves and stems photosynthesize. Open circles
correspond to eddy covariance measurements.

hypothesis B and assuming a stem photosynthetic capacity
equal to 63% of that of leaves. Further measurements made in
2007 on the same field confirmed that the stems photo-
synthesize but at a lower rate. It was used in the following
simulations. This result clearly needs to be confirmed by
further A-Q curves made on stems in the field.

4.2.2. Spatial distribution of yellow parts

In the preceding model, yellowing was supposed to progress
from the crop bottom to the top (bottom distribution).
However, even if highly probable, this hypothesis was not
checked experimentally. Its impact was therefore tested by
comparing the preceding simulations with those of a model
submitted to a similar yellowing in all the crop layers. The
difference between the two models was about 7-9%, depend-
ing on the situation. The impact of the yellowing distribution
was significant only after early June (the paired t test gave
P < 0.0001), the GPP being always higher for the bottom rather
than the homogeneous repartition (Fig. 8). This is because,
with the bottom distribution, a larger part of the upper leaves,
which take greater advantage of sun radiation, remained
photosynthetically active for a longer time. The difference in
yellowing distribution did not severely affect the maximum
daily assimilation values (27 and 28 g Cm 2 day ' for homo-
geneous and bottom distributions, respectively). A compar-
ison of these trends with eddy covariance GPP showed that the
bottom distribution gave a more realistic evolution of the GPP
at the end of the season, confirming the former hypothesis.

4.2.3. Regression parameters
In order to study the sensitivity S of annual GPP to the model
parameters (P), we used the following definition:

AG/G
s="202 8
AP/P (8)
where A represents an absolute variation and the parameter P
may represent saturation gross assimilation, dark respiration
or quantum yield. This ratio is dimensionless. The impact of
each parameter uncertainty on the annual GPP was therefore
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Fig. 9 - Seasonal evolution of the model sensitivity to
parameter uncertainties: G (grey line), « (thin line) and Rq
(thick line).

computed by multiplying the former with the corresponding
sensitivity.

The normalized sensitivity of annual GPP to Gg, « and Rq
were about —0.65, 0.6 and 0.11, respectively (Fig. 9). As the
uncertainties on these parameters (Standard Errors) were 5, 2
and 10%, respectively (§ 3.4), their impact on the annual GPP
was about 4%, slightly larger than 1 and 1%, respectively.

Surprisingly, the sensitivity to Gs was negative, meaning that
anincrease of this parameter caused a GPP decrease. This can be
explained by the calibration procedure: as « was deduced from a
regression after G5 had been fixed, a greater G, value would
induce a lower « value. This had more impact on the GPP than
the Ggincreaseitself, asradiation was not saturating for most of
the canopy most of the time. The fact that the parameters are
estimated in reference to o explains that the sensitivities are
larger in absolute value in winter and spring than in summer.
Indeed, during these periods, leaves were rarely saturated by
lightand therefore their assimilation rate was determined more
by quantum efficiency than by other parameters.

The last point of this sensitivity analysis concerns the
impact of the way the response of Gg to air humidity is
parameterised. We found, on the one hand, that the error
made by approximating D; by D in the scaling up procedure
led to a GPP overestimation of 20 g C m 2 On the other hand,
the error made by replacing Eq. (5) by a Gs to D regression led
to a GPP underestimation of 70 g C m~2. The impacts of these
errors on GPP went thus in the same way as predicted but their
importance were limited. This is because the drought
condition underwent by the crop were quite smooth and
limited in time. These impacts could be more important in
crops subjected to more arid conditions.

4.3.  Comparison with eddy covariance measurements

The preceding analysis suggested that more realistic assim-
ilation estimations were obtained when assuming that stems
assimilate at a lower rate than leaves (63%) and that the
yellowing progressed upwards from the lower parts of the
canopy. The evolution of the GPP extrapolated from leaf scale
measurements using these hypotheses and deduced from
eddy covariance estimations is presented in Fig. 6a, as well as
the difference between them (Fig. 6b).

We will now focus on these differences. First, it seems clear
that before April the scaled-up GPP estimates were system-
atically higher than the eddy covariance estimates. This is
because the extrapolation scheme does not take account of the
photosynthesis response to low temperatures. Clearly, the
eddy covariance deduced estimate was more realistic here:
negative air temperatures were observed between mid-
February and early March, which hindered any photosynthetic
activity. This effect cannot be taken into account by the
extrapolation scheme because no leaf scale measurements
were performed during this period. The overall impact of this
overestimation on total GPP was 270 g C m 2.

From April until harvest, the average difference between
the two GPP estimates was zero as a result of the stem
photosynthetic capacity adjustment. The root mean squared
difference between the two estimates was 1.9gCm 2d*
which is about 16% of the daily average GPP. It was mainly
negative in April and July and positive in June and May,
suggesting that the extrapolation scheme overestimated the
GPP in the latter months and underestimated it during the
former months. Underestimation in July could be due to
neglecting the photosynthetic contribution of the ‘yellow’
organs. Indeed, in this scheme, only the green organs were
taken into account in the photosynthetic area, whereas we
showed earlier (Fig. 3) that senescent organs could still
assimilate, albeit at a lower rate. The overestimation in May
and June was positively correlated with the GPP itself and with
radiation, and was not related to D,.

5. Conclusion

A model was developed in order to scale up assimilation
measurements from leaf to canopy scale in a winter wheat
crop. The model was based on porometer measurements
made in the field during the growth period. These measure-
ments showed an increase in assimilation with PPFD of dark
respiration with temperature and a decrease in saturating
assimilation with leaf to air vapour pressure difference. The
model correctly reproduced the GPP during the development
and maturation period, but not during winter because it did
not take account of the photosynthesis reduction at low
temperature. An analysis was developed in order to determine
the most important causes of uncertainty affecting these
results.

The most important cause of uncertainty resulted from the
assimilation of stems and ears. A model considering only
assimilation by leaves underestimated the GPP by 23%,
whereas a model considering stems as organs assimilating
at the same rate as leaves increased the GPP by about
600 g C m 2, leading to a 14% overestimation GPP. These two
estimates bracketed the eddy covariance estimate, suggesting
that the reality lay between these two extreme hypotheses.
The best agreement with the eddy covariance estimate was
obtained by assuming a stem assimilation equal to 63% of leaf
assimilation, which was found compatible with further leaf
scale measurements. More generally, this result shows that a
correct determination of stem and ear assimilation is critical
when scaling up wheat (and, more generally, cereal) assimila-
tion from leaf to canopy scale.
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The second cause of uncertainty was linked to the yellow
organ distribution. In particular, it was shown that a model
with a homogeneous repartition of the yellow organs gave GPP
estimates 7-9% lower than the model, postulating a bottom
yellowing distribution. This suggests the importance of better
evaluation of yellow organ progression and photosynthetic
capacity in the field. Measurements with a chlorophyll meter
would be an option for clarifying this area of assimilation.
Hanan et al. (2005) reported a similar problem, showing that
their land surface model (SiB2) overestimated crop photo-
synthetic uptake at the end of the season because they had not
taken into account the physiological senescence.

The third cause of uncertainty is linked to the winter
period. From January to March, the scaling up overestimated
the GPP because the assimilation reduction at low tempera-
tures was not taken into account by the model. The resulting
error was about 10% of the GPP. Such an underestimation is
specific to winter species and would not be so critical for
spring species that do not have to contend with low
temperatures for long periods. The problem could be easily
solved by performing some A-Q curves in winter conditions
and introducing an assimilation response to low temperature
in the model.

Finally, the impact of the A-Q curve parameter uncertain-
ties was found to be the weakest, not exceeding 4%. Rodriguez
etal. (2000) reported that for well-irrigated conditions a simple
approximation based on a light response curve avoiding the
calculation of the coupling between photosynthesis and
stomatal conductance could be used. This study confirmed
that this is possible once a careful identification of photo-
synthesizing organs and monitoring their evolution has been
performed at the site.
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