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e Background and Aims Several studies have found seasonal and temporal variability in leaf photosynthesis
parameters in different crops. This variability depends upon the environment, the developmental stage of the plant and
the presence or absence of sinks. Girdling involves the removal of the bark and phloem down to the youngest xylem all
around the stem and prevents export of photoassimilates out of the stem. The load of developing fruits has often been
reported to influence the individual net leaf photosynthesis rate (Pn) in tree crops. In this study, we chose (1) to model
the key parameters of photosynthesis models of leaves (Pg,_ . Rd, a and 0) as a function of time and using these two
means (girdling and low fruit load) to alter the source—sink balance and (2) to compare three models: the rectangular and
non-rectangular hyperbola model by Thornley, as well as the non-rectangular hyperbola model by Marshall and Biscoe.
* Methods Six-year-old fruit-bearing branches of 10-year-old apple trees were used to study and model the
seasonal variation of photosynthetic parameters in leaves of vegetative shoots, as a function of global fruit load
(at the branch level), with or without girdling, during the growing season of 2015. Three treatments were applied:
control, low load (LL) or low load + girdling (LLG). For each fruit-bearing branch, light-response curves of Pn
for two leaves of vegetative shoots were measured at two different positions, proximal and distal.

* Key Results The model of Marshall and Biscoe was the most accurate for the simulation of Pn in fruit-bearing
branches of apple trees with time (season) and the three treatments applied.

* Conclusion The present study proposed a way to model the photosynthesis rate by temporal and environmental
variables only. A proper validation of this model will be necessary to extend its utilization and appreciate its
predictive capacity fully.
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INTRODUCTION

Photosynthesis is the process whereby green plants utilize a
portion of the photon energy from the sun to drive endergonic
reactions that store chemical energy. Over the last 50 years,
knowledge and understanding of the metabolism of carbon, as
well as its apparent complexity, have increased considerably.
Besides carbon reduction, chemical energy produced by pho-
tosynthesis is used for all processes in the plant cell, primary
and secondary metabolism. Photosynthesis, like all complex
metabolic processes, is subject to metabolic regulations, with
the main activator being visible light [photosynthetically active
radiation (PAR)] (Hopkins, 2003). Generally, the photosynthe-
sis rate increases in spring. The maximum value is reached after
completion of leaf expansion. It is relatively constant during the
summer period and finally declines in autumn during leaf senes-
cence (Wang et al., 2008; Dillen et al., 2012; Sun et al., 2015).
In this study, girdling and fruit load are only used as means to
alter the source—sink balance. Girdling treatment involves the
removal of the bark and phloem down to the youngest xylem

all around the stem to prevent the export of photoassimilates
from the stem (Poirier, 2008; Fan et al., 2010), while still per-
mitting water transport in the reverse direction through the
xylem for an extended period, up to several months (Hogberg
et al., 2001; Binkley et al., 2006). This technique is often used
to study carbon relationships and to alter source—sink relation-
ships. Girdling has been shown to decrease the photosynthe-
sis rate in several tree species (Iglesias ef al., 2002; Zhou and
Quebedeaux, 2003; Urban et al., 2004; Nebauer et al., 2011).
This reduction may be due to a feedback inhibition of photosyn-
thesis when girdling-induced accumulation of photoassimilates
exceeds demand (Iglesias et al., 2002; Mialet-Serra et al., 2008;
Franck and Vaast, 2009; Asao and Ryan, 2015). Furthermore,
girdling affects photosynthesis permanently by decreasing the
leaf nitrogen concentration (Urban et al., 2004).

The load of developing fruits on a branch has often been
reported to have an influence on individual leaf photosynthesis
rate in tree crops (Palmer, 1992; Palmer et al., 1997; Wiinsche
et al., 2005). The primary effect of fruit on CO, assimilation
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in Prunus persica is through effects on stomatal regulation of
CO, and H,O exchange (DeJong, 1986). Low fruit load exerts
a negative effect on the photosynthesis rate by decreasing the
amount of nitrogen per unit leaf area and leaf nitrogen concen-
tration, and by affecting the relationship between the maximal
rate of carboxylation and the light-saturated rate of photosyn-
thetic electron transport, and the amount of nitrogen per unit
leaf area (Urban et al., 2004). In Olea europaea L., net pho-
tosynthesis may remain high when sink activity (i.e. growing
fruits) is strong (Proietti and Tombesi, 1990; Proietti, 2000).
However, Urban et al. (2004) point out that a high fruit load in
Mangifera indica L. does not totally counterbalance the nega-
tive effect of girdling on photosynthesis.

Models of photosynthesis play a major role in defining the
path towards understanding of photosynthetic carbon uptake.
Several studies describe the light (PAR) response curve of
the leaf net photosynthesis rate (Pn) [Pn = f{PAR)]. The most
common functions for f{PAR) are the rectangular hyperbola
(RH; Thornley, 1998) and non-rectangular hyperbola (NRH;
Thornley, 1998; Marshall and Biscoe, 1980) models. These
models have few parameters, which can be defined easily. The
NRH gives an excellent phenomenological description of leaf
photosynthesis, whereas the RH has been shown to be a rather
poor description of the response of photosynthesis to irradiance
for leaves of a winter wheat crop (Marshall and Biscoe, 1980).

A large number of studies have found seasonal variability in
leaf photosynthesis parameters (maximum carboxylation rate,
dark respiration, maximum electron transport capacity and light-
saturated photosynthesis) in different crops (Wilson et al., 2001;
Xu and Baldocchi, 2003; Grassi et al., 2005; Feng et al., 2011,
Dillen et al., 2012; Yang et al., 2013). Few modelling studies on
woody plants take into account (1) seasonal and temporal vari-
ation of photosynthetic parameters (Auzmendi, 2013 on Malus
domestica Borkh. and Pyrus communis L.), in particular the
model parameters o and 6, and (2) none of them proposes to
simulate the effects of fruit load (sinks), coupled or not with gir-
dling, on the photosynthesis rate of the leaf (sources) over time.
In this study, we focus on the seasonal variation in the photosyn-
thetic parameters [maximum gross photosynthesis rate (Pg__ ),
dark respiration (Rd), o and 6] in vegetative shoot leaves of the
apple tree cultivar ‘Elstar’ under production conditions in the
orchard.

The aims of this study were thus (1) to model the key param-
eters of photosynthesis models of leaves (Pg _ , Rd, a and
0) as a function of time; (2) to compare three photosynthesis
models [Thornley’s RH model (Thornley, 1998), Thornley’s
NRH model (Thornley, 1998) and Marshall and Biscoe’s model
(Marshall and Biscoe, 1980)] to determine which model best
described the variation of photosynthesis parameters over the
vegetative season in apple trees subject to certain treatments
(low fruit load and girdling); and (3) to establish some add-
itional information on the effect of these treatments on the
sink—source relationship.

MATERIALS AND METHODS

Plant material

This study was performed in 2015 on four 10-year-old apple trees
(Malus domestica ‘Elstar’) trained under production conditions
based on sufficient water and nitrogen supply (culture conditions
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used by the orchardists in the Pays de la Loire region, sustainable
cultural practice) in an experimental orchard at the INRA site of
Beaucouzé, North West of France (altitude: 47 m, on average;
47°29°N, 0°36°W). In the experimental plot, full bloom occurred
during week 16 (18 April 2015). In order to avoid additional
stress during the treatments, all preparatory measures were con-
ducted on the experimental trees well before the start of the treat-
ments (control, low load and low load + girdling) and fruits were
just thinned naturally. Three 6-year-old fruit-bearing branches
were selected on each tree, with different insertion orientations
on the trunk. During summer 2015, each one of the selected fruit-
bearing branches was treated independently. On one branch, fruit
load was reduced by reducing the total number of fruits to one-
third (100 % leaves with 33 % fruits); all fruits were concentrated
in the basal third of the branch (Z1), near the trunk [low load,
LL, 0.9 + 0.3 fruits mm™! (branch diameter at its base), Fig. 1A,
C], and the upper two-thirds of the branch (Z2, apical part of
the branch) bore no fruit. A second branch was reduced in its
fruit load (as before, the same zones were defined) and girdled
near the trunk, i.e. the bark, including phloem, was removed all
around the branch [low load + girdling (G), LLG, 0.6 £ 0.2 fruits
mm!, Fig. 1A]. The last fruit-bearing branch of the tree was left
untreated as control (control, 100 % leaves with 100 % fruits,
3.1 = 1.3 fruits mm™, Fig. 1A, B) and the same two zones were
defined (Z1 and Z2). Treatments were applied on branches ran-
domly, from 10 weeks after full bloom (WAFB) to 24 WAFB.
The growing season was divided into four dates/periods: WAFB
10 [marking the end of primary shoot (extension) growth and
the period before the application of treatments]; WAFB 11-20
(from the end of active shoot growth to fruit harvest, thus after
the application of treatments and before fruit harvest); WAFB
21-22 (immediately after fruit harvest); and WAFB 23-24 (until
the beginning of leaf shedding). Fruit harvest of treated branches
was done in WAFB 21 (8 September 2015).

Photosynthetic capacity

Gas exchange measurements were carried out using a
LI-6400XT portable photosynthesis system (LiCor, Inc.,
Lincoln, NE, USA). For each fruit-bearing branch, we measured
light—response curves of Pn [Pn = f{PAR)] for two marked leaves
of a vegetative shoot (Fig. 1D): one marked leaf was located in
the middle of Z1 and another marked leaf was situated in the
middle of Z2. Twenty-four leaves were selected following sev-
eral criteria: fully expanded, on the vegetative shoot (Fig. 1D),
positioned in full sun, the same angle position and the same size.
A part of each leaf was placed across a 2 x 3 cm cuvette that
was equipped with an LED light source (6400-02B, LiCor, Inc.).
Leaf incident PAR values were set to the following values (nmol
photons m2 s71): 2000, 1500, 1000, 500, 250, 100, 50, 25 and
0. The light-response curves of Pn were measured at a CO, con-
centration of 400 pmol CO, mol™". The value of Pn was recorded
once we had obtained the stabilization of the value (plateau).
Inside the cuvette, leaf temperature was maintained at 20 °C
and relative humidity at about 60 %. Dark respiration (Rd) was
taken as Pn when PAR was zero. Because of the large number of
data points, the measurements were done on several days during
the week. Measurements carried out on the same tree were also
measured on the same day. All measurements were realized in
the morning from 8.00 h to 11.00 h and were repeated on the
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FiG. 1. (A) Schematic representation of the three treatments: control, low load (LL) and low load + girdling (LLG) (Z1, zone 1; Z2, zone 2). Photographs of fruit-
bearing branches with ‘control’ treatment (B), with ‘low load (LL)’ treatment (C) and of the type of leaf named ‘vegetative shoot leaf” in our study (D) (i.e. this
structure does not bear fruit).

same marked leaves during the experimental period. The weeks
of measurement were WAFB 10, 12, 15, 18, 21 and 24 (Fig. 2).
For LLG, the measurements started at WAFB 15.

Description of models

Rectangular hyperbola and non-rectangular hyperbola
(Thornley). Leaf gross photosynthetic rate, Pg (nmol CO, m™
s71), depends upon the light incident on the upper leaf surface,
PAR (nmol photons m= s™"), according to an NRH:
0Pg’ —(aPAR +Pg,. )Pg +aPARPg =0 (1)
where 6 (dimensionless) determines the sharpness of the knee
of the curve; « is the initial slope of the light-response curve;

Pg_ is the instantaneous high-light asymptote of Eqn (1):
PAR —» ,Pg— Pg . Pg  isdefined as follows:

max”

Pg. .« =Pn . +Rd @)

max

Rd (nmol CO, m™ s™') is the dark respiration at PAR = 0 umol
photons m™ s‘1 Pn_  (nmol CO, m™s™) is the leaf net photo-
synthetic rate at PAR = 2000 umol photons m~ s7!. These two
values were measured in vivo in the field with the LI-6400XT
portable photosynthesis system. The model, as it appears in
Eqn (1), is in quadratic form and can be rewritten:

aPg® +bPg +c¢=0 3

where a=0,b=—(aPAR + Pg_ ) and c = aPAR Pg

max”
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WAFB is the number of weeks after full bloom. The black box shows a period with high temperatures (almost a heatwave). The arrow marked 1 indicates appli-
cation of treatments and that marked 2 indicates fruit harvest.

The NHR of Eqn (1) is quadratic in Pg, with the solution:

aPAR + Pg,,, —[(—(aPAR + Pg_ )y’
_ —40aPAR Pg,,, @)
26

Pg

Thornley’s RH model (Thornley, 1998) is a special case of
Thornley’s NRH model. It can be obtained from the NRH
model by setting 8 = 0 in Eqn (4); this involves taking the limit
as 0 — 0 and is rather tedious. It is easier to put 6 = 0 in Eqn (1)

which immediately gives the RH model:
aPAR P
— gmax (5)
oPAR+Pg,

Marshall and Biscoe’s model. Marshall and Biscoe’s model
(Marshall and Biscoe, 1980) describes the dependence of Pn
on irradiance (PAR), according to an NRH:

aPn® +bPn +¢c=0 (6)

The model as it appears in Eqn (6) is in quadratic form and can
be rewritten:

wherea =60,b =-(aPAR + Pg
—(1-0)Rd]-Rd Pg_ .

The NRH of Eqn (6) is quadratic in Pn, with the solution

o~ ORd)and ¢ = aPAR[Pg

aPAR + Pg,, —ORd—+/(—(aPAR + Pg,, —ORd))’

b, “M0@PAR(Pg,, —(1—0)Rd)—RdPg )
_
20

(N

Pg_ . Rd, a and 6 have the same meaning as in Thornley’s
NRH model.

These models were chosen as they are simple (few param-
eters that are easy to measure: Pg . Rd, o and 6). The non-
linear solver routine in Microsoft Excel 2010 (Microsoft Office
Professionnal Plus 2010) was used to model the light-response
curves and calculate the values of o and 0 from the measured
light-response curves.

Meteorological data

Daily minimum and maximum air temperatures for the
period from 22 June 2015 [Julian day number (JDN) 173] to
4 October 2015 (JDN 277) were obtained from the weather
station Beaucouzé (Météo France), which is situated near the
experimental site at Beaucouzé (47°29'N, —-0°35°E) (https://
intranet.inra.fr/climatik_v2).

Statistical analysis

Averages were calculated from the individual values. Results
were expressed as average =+ s.d. (Weissgerber et al., 2015). As
the sample size was small (n = 4), the significance of differ-
ences between averages was evaluated by the non-parametric
tests: Mann—Whitney test (comparison of two independent
groups, i.e. the difference between zones), Kruskal-Wallis test
(comparison of more than two independent groups, i.e. the dif-
ference between treatments for a given date) and Friedman’s
test (repeated measures, i.e. the difference between dates for a
given treatment).
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The goodness-of-fit of models was evaluated using three
statistics.

Poirier-Pocovi et al. — Modelling temporal variation of parameters used in photosynthesis models 825
Effect of treatments on light—response curves of net
photosynthesis over time

Before treatments (WAFB 10, Fig. 3A), the Pn__ of the

(D) The coefficient of determination, adjusted for esti-
mated parameters (Hill and Lewicki, 2007; Dincer and Topuz,
2015) to yield an unbiased value, R2Cl g

2) The index of agreement d is a standardized measure
of the degree of model prediction error and varies between 0
and 1. A value of 1 indicates a perfect match, while O indicates
no agreement at all. It is defined in Willmott (1982) as:

Z?:] (Pz - Oi)2
> (rHol?

d=1- <1 (8)

where P =P -0, O, =0, -0, O is the mean of observed
values and O, and P, are the ith observed and i corresponding
model-predicted variables, respectively.

3) The quadratic mean deviation estimated from meas-
ured values, or root mean squared error, RMSE (Janssen and
Heuberger, 1995).

For parameterization, we used three-quarters of the presented
data (three trees were chosen at random). The rest of the data
(the remaining tree) and other measurements of Pn on cultivar
‘Elstar’ carried out at the same time were used for a preliminary
model validation (because of the limited validation power of
our model parameters). The predictive capacity was evaluated
by validation on data sets that were not used to parameterize
the model (see above), using the same three indices: R? , d and
RMSE, here referred to as the RMSE of prediction (RMSEP)

RESULTS

Thermal conditions during experimentation time

The experimental site is characterized by a climate intermediate
between oceanic and continental. Variations of daily minimum
and maximum air temperatures between 30 June 2015 and 4
October 2015 are shown in Fig. 2. Before harvest, the average
daily minimum and maximum air temperatures during the experi-
mental period were 13.7 + 0.3 °C (n = 78) and 25.7 = 0.5 °C (n
= 78), respectively. After harvest, they were 9.6 = 0.4 °C (n =
27) and 19.5 £ 0.4 °C (n = 27), respectively. Punctually, the daily
maximum air temperature was >32 °C (JDN 181, 184, 197, 224
and 234). During WAFB 11, the daily air temperature was close to
heatwave conditions. Twice in the same week (JDN 181 and 184),
the daily maximum air temperature was >35 °C and the daily
minimum air temperature was >17 °C. After JDN 242, the daily
maximum air temperature decreased and rarely reached 25 °C.

Leaf development

On 7 October 2015 (WAFB 25), the leaves on girdled fruit-
bearing branches were brownish yellow, while the leaves in
ungirdled fruit-bearing branches were still green.

leaves in Z2 was significantly higher than the Pn__of the leaves
inZ1 (17.8 £0.7 and 15.8 + 0.4 pmol CO, m™ s™', respectively;
P = 0.016). After treatments and before harvest (Fig. 3B-D),
there was no significant difference between these two zones (P
> 0.05). ‘LL treatment had no significant effect on the shape of
the hght—response curve of Pn (P > 0.05). Pn__ reached about
17 pmol CO, m™ s™'. However, ‘LLG’ treatment induced a s1g—
nificant decrease of Pn above a PAR of 500 pmol photons m= s™!
(P <0.05; Fig. 3C, D) and was maintained above 13.5 pmol CO,
m2 s7L. For a PAR of 2000 pmol photons m s, this treatment
caused a reduction of about 26-32 % of Pn_ at WAFB 15-18,
respectively. After harvest (WAFB 21, Fig. 3E), Pn decreased.
For the leaves in Z2, there was no significant difference between
the Pn of the ‘control’ treatment and the Pn of the ‘LL’ treat-
ment. Pn__ decreased by 13.5 %, on average, between WAFB
18 and WAFB 21 for these two treatments. For the leaves in
Z1 (i.e. where the fruits were located), Pn__ decreased more
rapidly (30 % for ‘control Z1’ and 41 % for ‘LL Z1’ ). Pn_
in ‘LL Z1” was significantly less than in ‘control Z2’ and ‘LL
Z2’. For the ‘LLG’ treatment, from a PAR of 100 pmol photons

2571, Pn declined drastically and significantly (Pn < 2.6 pmol
CO, m?s™!, P <0.003). Three weeks after harvest (WAFB 24,
Fig. 3F), Pn values continued to decrease and became less than
about 9.9 pmol CO, m s™'. The ‘LL Z1” treatment exhibited a
slightly (but significantly: P < 0.05) lower Pn__ than ‘LL Z2’
treatment. This difference was not significant between ‘control
Z1’ and ‘control Z2’. Pn values of the girdled treatment became
<1.3 pmol CO, m™ s™". This treatment is significantly lower than
other treatments. We also observed that the decrease in Pn___in
autumn coincided with the decrease of daily minimum and max-
imum air temperatures (Figs 2 and 3).

Modelling the time course of Pg _, Rd, o and © for different

treatments

max’

The course of Pg_ between WAFB 10 and WAFB 24 for
three treatments and two zones on the fruit-bearing branches
is shown in Fig. 4. Before treatment (WAFB 10), Pg_  of
leaves in Z2 was significantly higher than Pg_  of leaves in
Z1 (P =0.015). Therefore, for WAFB 10, one average was cal-
culated for each zone (Table 1). After treatments, the course
of Pg_  exhibited various patterns for treatments and zones.
In the control, no zone effect was detected throughout the
experiment (P > 0.11). Thus, one non-linear curve (sigmoid
curve) represented the course of Pg_ in the control (Table 1).
For ‘LL’, a significant effect of zone was detected throughout
the experiment (WAFB 15, P = 0.001; WAFB 21 and WAFB
24, P = 0.038). Accordingly, two non-linear (sigmoid) curves
were used to represent the course of Pg  for ‘LL’ (Table 1)
and both zones. For ‘LLG’, no effect of zone was detected
throughout the experiment (P > 0.31). Therefore, only a sin-
gle non-linear (sigmoid) curve was used for the representa-
tion of the course of Pg_ for ‘LLG’ (Table 1). All proposed
models used to simulate Pg_ in the different treatments and
zones explained a satisfactory percentage of the variance
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FiG. 3. Time course of light response curve of Pn [Pn = f{PAR)] of vegetative shoot leaves (Fig. 1D) (average + s.d., n = 4, 10 weeks after full bloom = WAFB
10: n = 8) for different fruit load and girdling treatments. (A) Before treatments (WAFB 10), (B-D) after treatments and before fruit harvest (WAFB 12, WAFB
15 and WAFB 18), (E) after fruit harvest (WAFB 21) and (F) 3 weeks after harvest (WAFB 24). Fruit harvest was carried out in WAFB 21 (8 September 2015).

(R2Zl G = 0.87, P < 0.001). Overall, the mean residual error of
fitting (RMSE) was +1.90 pmol CO, m™ s'. The mean pre-
diction error (RMSEP) was +1.97 pmol CO, m? s™ (n = 32),
showing its applicability to data independent of those which
had been used to build it (Table 2).

Variation of Rd between WAFB 10 and WAFB 24 for three
treatments and two zones on fruit-bearing branches is shown in
Fig. 5. Over the course of time and for each defined date (sig-
nificant difference between the dates, P < 0.02), there were no
significant differences between Z1 and Z2 or between the treat-
ments (P > 0.05) (Fig. 5). Rd attained 0.574 = 0.048 pmol CO,

m~2 s! (n =4), on average, before treatment (WAFB 10), then
decreased quickly and stabilized at 0.343 + 0.017 pmol CO, m™
s (n = 4) from WAFB 12 to 18. After harvest, Rd increased
slightly, to 0.452 + 0.057 pmol CO, m™ s™' (n = 4). This in-
crease allowed Rd to reach, 3 weeks after harvest, a value of
0.607 + 0.090 pmol CO, m™ s™" (n = 4). For WAFB 24, ‘LLG’
treatment might suggest an increasing trend of Rd faster than
other treatments (no significant increase). Thus, for each date
(WAFB 10, WAFB 11-20, WAFB 21-22 and WAFB 23-24) a
single value (an average) was calculated for model calibration
(Table 1). The RMSE was +0.12 pmol CO, m™ s™'. RMSEP was
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FiG. 4. Time course of Pg_  of vegetative shoot leaves (Fig. 1D) (average +

s.d., n =4, WAFB 10: n = 8) for different fruit load and girdling treatments. The

arrow marked 1 indicates application of treatments and that marked 2 indicates
fruit harvest. Fruit harvest was carried out in WAFB 21 (8 September 2015).

still quite acceptable: £0.25 pmol CO, m™ s' on values ranging
from 0.2 to 1.7 pmol CO, m~ s™! (Table 2). Moreover, a higher
variability of Rd values was observed after harvest (Fig. 5).

The course of o of Thornley’s NRH model between WAFB
10 and WAFB 24 for three treatments and two zones on fruit-
bearing branches is shown in Fig. 6A. No effect of zone was
detected throughout the experiment and for all treatments (P >
0.06), except for ‘LLG’ at WAFB 24. The same model was used
to explain the temporal variation of o for both zones, except for
‘LLG’. In the control, no significant effect (P > 0.07) of time was
found, and there was no discernible seasonal pattern. Therefore,
the mean (0.0568 + 0.0055) was used to simulate this parameter.
For ‘LL, a significant effect (P < 0.03) of time was detected.
Thus, one linear curve represented the course of this a (Table 1).
Finally, a significant effect (P < 0.001) of time was also identified
for ‘LLG’. This led us to use two non-linear (sigmoid) curves
to represent the course of o for ‘LLG’ in Z1 and Z2 (Table 1).
Overall, for the simulation of temporal variation of this a for
three treatments and two zones, RMSE and RMSEP were +0.006
and +0.007 pmol CO, pmol photons™, respectively (Table 2).

The course of a of Marshall and Biscoe’s NRH model be-
tween WAFB 10 and WAFB 24 for three treatments and two
zones on fruit-bearing branches is shown in Fig. 6B. No
effect of treatments was detected throughout the experiment
(P < 0.08), though a wide variation was apparent among the in-
dividual values on WAFB 21 and WAFB 24. There was no dis-
cernible seasonal pattern. Thus, a was defined by the average of
all values and fixed at 0.056 + 0.011 pmol CO, pmol photons™.
The RMSE and RMSEP were +0.011 and +0.009 pmol CO,
umol photons™, respectively (Table 2).
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The course of a of Thornley’s RH model between WAFB 10
and WAFB 24 for three treatments and two zones on fruit-bearing
branches is shown in Fig. 6C. During the experimental period,
a ranged from 0.111 to 0.06 pmol CO, pmol photons™ (on
average). No zone effect was detected throughout the experiment
and for all treatments (P > 0.14). Therefore, the same model was
used to explain the temporal variation of this a for both zones.
No discernible seasonal pattern was detected, either for treatment
or for a particular period (Fig. 6C). Four periods were defined:
WAFB10, WAFB 11-20, WAFB 21-22 and WAFB 23-24 and
the means were used to simulate this parameter within each
period (Table 1 for values). The RMSE and RMSEP were +0.011
and +0.014 pmol CO, pmol photons™, respectively (Table 2).

The course of 6 of Thornley’s NRH model between WAFB 10
and WAFB 24 for three treatments and two zones on fruit-bearing
branches is shown in Fig. 6D. Before treatments (WAFB 10), there
was a statistically significant difference (P = 0.038) between both
zones. Accordingly, two averages were used to simulate 6 (Table 1).
After treatments, no treatment effect was detected throughout the
experiment (P > 0.06). There was no discernible seasonal pattern.
Therefore, 6 of Thornley’s NRH model was defined by the average
of all values (0.721 + 0.092). Overall, RMSE and RMSEP were
+0.089 and +0.09, respectively (Table 2).

Variation of 6 of Marshall and Biscoe’s NRH model be-
tween WAFB 10 and WAFB 24 for three treatments and two
zones on fruit-bearing branches is shown in Fig. 6E. For
‘LLG’, no significant effect (P > 0.31) of zone yet a significant
effect (P < 0.012) of time were detected. This led us to use a
non-linear (sigmoid) curve to represent the course of 6 for this
treatment and both zones (Table 1). In the control, a significant
effect (P < 0.03) of zone was detected in WAFB 21 and, for Z1,
there was a significant effect of time (P = 0.051). Therefore,
two linear curves were used to simulate the seasonal variation
of this parameter (Table 1). Finally, for ‘LL’, a significant effect
(P < 0.006) of time in Z1 was detected, thus a linear curve rep-
resented the course of 0 for this treatment. In Z2, a mean was
used (0 =0.711 = 0.062). Overall, for the simulation of this 6 in
these three treatments and two zones, RMSE and RMSEP were
+0.095 for both (Table 2).

Comparison between the models of Marshall/Biscoe and Thornley

Table 3 summarizes the statistical evaluation and the com-
parison of three models used with our parameter set. The best
model yielding the Pn of leaves on the fruit-bearing branches
with time and three treatments applied is the model of Marshall
and Biscoe. This model and our parameter set explained a very
good percentage of variance (R* ;. = 0.963). The RMSE was
+1.182 pmol CO, m™ s-'. The RMSEP was =1.575 pmol CO,
m~2 s7! on values ranging from —1.1 to 20.3.

DISCUSSION
Seasonal variation of Pn, Pg and Rd

During the course of our experiment, Pn and Pg_ showed clear
seasonal dynamics. These dynamics are typical seasonal pat-
terns, with increasing rates in the early season until developing
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TABLE 1. Values of parameters used in the models of Pg, ., Rd, a and 0 for three treatments [control, low load (LL) and low load +
girdling (LLG)] and two zones [zone 1 (Z1) and zone 2 (Z2)] in the fruit-bearing branches of ‘Elstar’ apple trees

Parameter Treatment
Control LLG
Z1 72 Z1 72 Z1 72

Pg  (umol CO, m?s™)
WAFB 10 (average =+ s.d.) 16.54 £ 1.15 19.03 + 1.45 16.54 + 1.15 19.03 £ 1.45 16.54 £ 1.15 19.03 + 1.45
WAFB 11-24
Pg  (WAFB) =y, + ae = WAFB=200 g 178914 17.8914 18.7874 18.9215 10.8351 10.8351

b -3.003 -3.003 -2.7949 -3.4364 -0.9055 -0.9055

x, 257511 25.7511 25.6347 24.1831 20.3437 20.3437

v, 0 0 0 0 1.6069 1.6069
Rd (pmol CO, m™ s™) (average * s.d.)
WAFB 10 0.573 £ 0.094 0.573 £ 0.094 0.573 £ 0.094 0.573 £ 0.094 0.573 £ 0.094 0.573 £ 0.094
WAFB 11-20 0.345 +0.045 0.345 +0.045 0.345 + 0.045 0.345 £ 0.045 0.345 +0.045 0.345 + 0.045
WAFB 21-22 0.440 £ 0.141 0.440 £ 0.141 0.440 £ 0.141 0.440 £ 0.141 0.440 £ 0.141 0.440 £ 0.141
WAFB 23-24 0.604 +0.210 0.604 +0.210 0.604 +0.210 0.604 +0.210 0.604 +0.210 0.604 +0.210
a (nmol CO, pmol photons™)
NRH model of Thornley 0.0568 +£0.0055  0.0568 +£0.0055 - - - -
a(WAFB) =y, + aWAFB a - - —-0.0006 —0.0006 - -

Yo — - 0.0629 0.0629 - -
a(WAFB) = a/(1 + e WAFB=20/) a - - - - 0.0563 0.0572

b - - - - -2.4170 -3.6911

X, - - - - 24.9279 26.2621
RH model of Thornley
WAFB 10 0.105 + 0.009 0.105 + 0.009 0.105 + 0.009 0.105 + 0.009 0.105 + 0.009 0.105 + 0.009
WAFB 11-20 0.0960 + 0.0094  0.0960 + 0.0094  0.0995 +0.0103  0.0995 +0.0103  0.0927 +0.0081  0.0927 + 0.0081
WAFB 21-22 0.0821 £0.0131  0.0821 £0.0131  0.0826 +0.0180  0.0826 +£0.0180  0.0656 + 0.0148  0.0656 +0.0148
WAFB 23-24 0.0964 +0.0103  0.0964 £0.0103 0.0782+0.0165 0.0782+0.0165 0.0723 £0.0163  0.0723 £ 0.0163
NRH model of Marshall and Biscoe 0.056 £ 0.011 0.056 £ 0.011 0.056 +0.011 0.056 +£0.011 0.056 +0.011 0.056 +0.011
0 (dimensionless)
NRH model of Thornley
WAFB 10 0.835 £ 0.049 0.740 + 0.097 - - - -
WAFB 11-24 0.721 £ 0.092 0.721 £ 0.092 0.721 £ 0.092 0.721 £ 0.092 0.721 £ 0.092 0.721 £ 0.092
NRH model of Marshall and Biscoe 0.711 £ 0.062
O(WAFB) = y, + aWAFB a -0.0130 —0.0098 -0.0199 - - -

v, 0.8886 0.7859 0.9880 - - -
O(WAFB) = a/(1 + ¢ WAFB=0/b) a - - - - 0.7268 0.7268

b - - - - -1.7290 —1.7290

x, - - - - 21.1402 21.1402

0

TABLE 2. Parameter estimation and preliminary validation of the models used to predict seasonality of net photosynthesis rate

Parameter Fitting (three trees, n = 96) Preliminary validation (one tree, n = 32)
o, d RMSE 2 i d RMSEP
adj adj
pPg 0.874 0.967 1.90 0.856 0.963 1.97
Rd - 0.770 0.12 - 0.540 0.25
a NRH M&B - - 0.011 - - 0.009
a NRHT 0.443 0.779 0.006 0.408 0.738 0.007
aRHT 0.502 0.819 0.011 0.209 0.659 0.014
6 NRH M&B 0.725 0.917 0.095 0.742 0.913 0.095
ONRHT - 0.307 0.089 - 0.449 0.090

WAFB (number of weeks after full bloom) was used as the time variable.
The global goodness of the model was evaluated using three statistics: the adjusted coefficient of determination, R? ; root mean squared error, RMSE; and the

Willmott index of agreement, d. The predicted capacity was evaluated using the same three indices: R?

adj®

adj’

NRH, non-rectangular hyperbola; RH, rectangular hyperbola; T, Thornley; M&B, Marshall and Biscoe.

leaves (our result showed the end of this phase) were fully
photosynthetically active, followed by relatively constant rates
until fruit harvest, after which a decline in Pn or Pg_ occurred
(Wiinsche et al., 2005). At the start of the experiment, Pn___(or

d and RMSEP (root mean squared error of prediction).

Pg_ ) of vegetative shoot leaves was different between the two
zones (Pn_ inZl < Pn_ in Z2), then it became non-signifi-
cantly different (Figs 3 and 4) with time. We cannot rule out the
hypothesis that a small developmental delay exists between the
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FiG. 5. Time course of Rd (average + s.d., n = 4) for different fruit load and

girdling treatments. The arrow marked 1 indicates application of treatments and

that marked 2 indicates fruit harvest. Four periods (WAFB 10, WAFB 11-20,
WAFB 21-22 and WAFB 23-24) are indicated.

vegetative shoot leaves in Z1 and the vegetative shoot leaves in
72. This developmental delay would be the cause of this Pn__
decrease in Z1. The selected leaves in Z1 could thus be slightly
younger than the leaves in Z2. However, 2 weeks after the
beginning of the experiment, that difference had disappeared.
Miyazawa et al. (2003) put forward the idea that during leaf
area expansion in certain plant species there could be competi-
tion for nitrogen between cell division and chloroplast develop-
ment because both processes would be largely nitrogen limited.
Both processes would not proceed synchronously due to the
limited amount of available nitrogen in the expanding leaves. In
Quercus glauca, most nitrogen would first be used in the com-
ponents needed for cell division during leaf area expansion, and
thereafter gradually be invested in the photosynthetic apparatus
(Miyazawa et al., 2003). Furthermore, anatomical differences
in leaves due to the light environment probably contributed in
part to the reductions in Pg_ of shaded canopy leaves of apple
(Campbell et al., 1992). We “also observed that the decrease of
Pnor Pg_ inautumn coincided with the decrease of daily mini-
mum and maximum air temperatures (Figs 2—4). Several studies
on a number of species indicated that leaf age, light intensity
and temperature could explain this evolution. For rose (Rosa
hybrida), Gonzalez-Real and Baille (2000) indicate that leaves
seem to acclimatize their photosynthetic capacity seasonally, by
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TABLE 3. Comparison of the three models (NRH Thornley, RH
Thornley and NRH Marshall and Biscoe)

Parameter Fitting (n = 864) Preliminary validation
(n=432)
R, g d RMSE R, i d RMSEP
NRH M&B 0.963 0.990 1.182 0.934 0.982 1.575
NRHT 0.960 0.990 1.223 0.930 0.982 1.605
RHT 0.957 0.986 1.362 0.927 0.976 1.735

For more details, see Table 2.
NRH, non-rectangular hyperbola; RH, rectangular hyperbola; T, Thornley;
M&B,Marshall and Biscoe.

allocating more photosynthetic nitrogen to leaves in autumn and
spring than in summer. von Caemmerer and Farquhar (1984)
showed that a change in the light regime for growth from high
to low light levels caused a decrease in CO, assimilation rate.
Furthermore, they infer that changes in the light regime for
growth cause parallel changes in ribulose bisphosphate (RuBP)
carboxylase activity and the ‘capacity for RuBP regeneration’.
Finally, the optimum temperature range for photosynthesis
in ‘Braestar’ apples is between 25 and 30 °C pre-harvest and
between 20 and 25 °C post-harvest (Pretorius and Wand, 2003).
At high temperature, the CO, assimilation rate was limited by
RuBP carboxylation, whereas at low temperature it was limited
by RuBP regeneration (Yamori et al., 2010).

Dark respiration progressed with time only (Fig. 5). Overall,
the intensity of dark respiration is an indicator of metabolic
demand. A high dark respiration during the early growth stages
(i.e. WAFB 10) was probably related to the cellular needs that
increased and were the site of high synthetic activity. When
the organs of the plant grew older and attained maturity (i.e.
WAFB 11-20), the growth and the metabolic needs associated
with it decreased (Onate and Munné-Bosch, 2009). Next (i.e.
WAFB 21-22 and WAFB 23-24), the leaves showed a tem-
porary increase (climacteric peak) of dark respiration. This
increase characterized the beginning of leaf senescence and the
modifications associated with the degeneration that preceded
the death of the leaf (Roux, 1940). No significant effect of zone
and treatments on dark respiration was detected in our study,
which confirms the study by Fujii and Kennedy (1985) which
showed no effect either of fruiting or non-fruiting apple trees
on dark respiration of apple. In the work of Fujii and Kennedy
(1985), the distribution of fruits within bearing branches was
homogeneous. Before harvest, our study is in accordance with
their results, while in addition we found that low fruit load
and the imbalance of fruit distribution in the same fruit-bearing
branch had no significant effect on dark respiration. Our study
revealed a higher variability of Rd values after harvest than
before harvest (Fig. 5). Furthermore, the advanced discolora-
tion of the leaves in girdled fruit-bearing branches suggests that
girdling seems to accelerate the senescence process. Previous
work has demonstrated that girdling leads to the accumulation
of carbohydrates in leaves and subsequent acceleration of leaf
senescence (Krapp and Stitt, 1995; Parrott et al., 2007; Tang
etal., 2015, 2016).
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Impact of different treatments on sink—source relationships

In this study, ‘LL’ was a treatment in which fruit load was
manipulated in fruit-bearing branches of apple trees in the
absence of direct mechanical action on sources and other func-
tional sinks such as roots and stem. We found no significant dif-
ferences between Pn_ in the control and the ‘LL’ treatments
between the onset of the experiment and harvest. This indicated
that the sink strength of the developing fruit (or all sinks in the
tree), at the scale of the entire tree and/or of the treated bearing
branches (Z1 and Z2), was sufficient to generate the same level
of Pg_of leaves in the treated bearing branches. This result
could indicate that the branch autonomy theory is not suitable
to explain sink strength in apple. Furthermore, before harvest,

the heterogeneity in the distribution of sinks (developing fruits)
on ungirdled fruit-bearing branches had no effect on the source
(leaves of vegetative shoots). In the ‘LL’ treatment, the absence
of sinks after harvest had a negative impact on the Pg__of the
leaves in Z1 (zone with fruits) compared with the Pg__ of the
leaves in Z2 (zone without fruits) (Fig. 4). This result indicates
that when the sinks were removed (fruit harvest), the Pg_
of the sources that were located in the same zone as the sinks
reacted more rapidly than that of the sources that were more
distant.

Girdling is a treatment that disturbs or blocks the transport
of substances produced in the leaves, to organs and tissues situ-
ated upstream of the girdling zone (Sala ef al., 2012) and that
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influences the rate of photosynthetic assimilation. In another
study, it induced an increase of non-structural carbohydrates in
the part of the branch situated upstream of the girdling zone
(Poirier et al., 2010). The present work (Fig. 3) confirms the
negative effect of girdling (feedback inhibition) on the net pho-
tosynthesis rate. Furthermore, when the sink organs (fruits)
were harvested, the effect of girdling increased drastically. In
the present study, the observed reduction of leaf photosynthesis
due to leaf reserve accumulation was assumed to be a result of
low sink demand (Quilot et al., 2004). A feedback inhibition
of leaf light-saturated photosynthesis is correlated with high
accumulation of non-structural carbohydrates, such as soluble
sugars and starch (Lescourret ef al., 1998; Quilot et al., 2004).
In a tall conifer, Woodruff and Meinzer (2011) suggest that the
accumulation of non-structural carbohydrates (starch, sucrose,
glucose and fructose) may be related to constraints on phloem
transport.

Model of seasonal variation of Pn: taking into account the effect
of treatments

The main purpose of this study was to model the temporal
variation (during the growing season) of different parameters
(Pg..» Rd, a and 0) used in the photosynthesis models of
Thornley and Marshall and Biscoe, in fruit-bearing branches of
apple trees. This study defined the model of Marshall and Biscoe
as the most accurate model to simulate the net photosynthesis
rate in apple leaves under the experimental and environmental
conditions of the present study. The suggested parameters and
models allow taking into account the effect of fruit load and gir-
dling in fruit-bearing branches of apple trees by simulating the
seasonal and temporal variations of photosynthesis parameters
induced by these treatments. The model that we propose in this
study is complex, consisting of constant mean values, linear
and non-linear models, and is based on temporal (WAFB) and
environmental (PAR) variables. As a shortcoming of the pre-
sent model, one could indicate its narrow range of applicability,
i.e. it was fitted and validated (limited validation power, paired
data) only on apple trees growing under production conditions
based on sufficient water and nitrogen supply and that, at pre-
sent, it cannot be applied to other experimental conditions as it
has not yet been validated. Its advantage is the low number of
input variables and the use of climatic and temporal data only.

To conclude, the present study proposed a way to model the
photosynthesis rate using temporal and environmental variables
only; however, this was done under production conditions, i.e.
sufficient water and nitrogen supply in an orchard (sustainable
cultural production), using one cultivar and one type of leaf (leaf
of a vegetative shoot, Fig. 1D). This model also enabled us to
simulate the effect of low fruit load and girdling on the photo-
synthesis rate, by finding the parameter set for each treatment.
A proper validation of the model parameters will be necessary
to extend its utilization and appreciate its predictive capacity
fully (use of independent data, e.g. data of another year and
another environment). One part of this model, i.e. the seasonal
and temporal variations of o and 6 or the model of Marshall and
Biscoe (1980) to simulate the light response curve of the photo-
synthesis rate, could be used in another photosynthesis model,
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e.g. the model of Kim and Lieth (2003), which is more accurate
as it allows the prediction of leaf temperature and transpiration.
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