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ABSTRACT 

Harvesting fruit from horticultural species causes a down-regulation of photosynthesis but some 
species can recover after harvest. The objective of this study was to assess the hypothesis that 
the impact of fruit removal on the photosynthetic performance of Shiraz grapevines, in relation 
to CO2 concentration and leaf temperature, would contribute to a depreciation in 
photosynthetic assimilation. To assess this hypothesis, vines that were continuously vegetative 
were compared with vines that were harvested when fruit were ripe. These fruiting vines had 
higher rates of CO2-limited photosynthesis at all leaf temperatures compared to vegetative vines 
before harvest but after, photosynthetic rates were highest in vegetative vines. There were few 
treatment differences in CO2-saturated photosynthesis before harvest but after, below about 
30°C, the harvested vines had higher photosynthesis than the vegetative vines. Maximum rates 
of ribulose 1,5 bisphosphate (RuBP) carboxylation and regeneration and responses to 
temperature were unaffected by differences in sink demand but after harvest, maximum rates 
increased, but markedly more in the vegetative vines, especially at higher temperatures. This 
conformed to higher photosynthetic rates in the vegetative vines. There were no sink demand 
effects on chlorophyll a fluorescence, consistent with the evidence that the fruit sink removal 
probably affected Rubisco activity and performance. The conclusion that sink removal caused a 
depreciation in photosynthesis was sustained but the temperature had a strong modulating 
effect through both stomatal and non-stomatal limitations driving the depreciation in 
assimilation. What was less clear was why assimilation of continuously vegetative vines increased 
during the harvest time when there were no apparent changes in sink demand. 
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For horticulture tree and vine species, in contrast to other woody species, a major disruption 
to the source–sink relationship occurs when the fruit are destructively harvested. This is 
largely the case because fruit are significant storers of carbohydrates, either as sugar or 
starch, in relatively high concentrations and represent a large sink biomass (Coombe 
1992; Tromp 2015). For example, individual apple fruit can weigh up to 40 g dry 
weight (Greer 2018a), and mature trees can have over 160 fruit per tree and 24 kg fruit 
fresh weight per tree (Tustin et al. 1997). Spring navel orange trees can likewise 
produce over 40 kg fresh fruit weight per tree (Syvertsen et al. 2003). In addition, grape 
berries can accumulate high sugar contents of 300–400 mg and yields can reach over 
9–18 kg per vine (Brillante et al. 2018; Holzapfel et al. 2018; Howell 2001). 

There is considerable literature that confirms this destructive removal of fruit causes a 
marked decrease in photosynthesis for these trees and vines (Avery 1977; Wibbe and Blanke 
1995; Quentin et al. 2013). For example, removal of peach fruit caused a reduction in 
maximum photosynthesis from 18 to 4 μmol m−2 s−1 (Duan et al. 2008) and similarly, 
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the removal of Satsuma mandarin fruit caused a 25% 
reduction in photosynthesis (Iglesias et al. 2002) and a 
comparable 36% reduction also occurred with coffee plants 
(Franck et al. 2006). In a comprehensive crop load study, 
Wünsche et al. (2000) demonstrated that variation in cv. 
Braeburn crop load affected the impact of the harvest on 
apple leaf photosynthesis, a high crop load caused a 33% 
reduction and a low crop load caused a 22% reduction. 
Notably, for trees with no crop load, photosynthesis increased 
1.8-fold from before to after harvest. Similar results occurred, 
also with cv. Braeburn, where light-saturated photosynthetic 
rates declined by 40% at high crop load, and by 7% at 
low crop load as a consequence of the harvest (Palmer et al. 
1997). In addition, across three apple cultivars, namely cvs. 
Royal Gala, Braeburn and Fuji, reductions in light-saturated 
photosynthesis as a consequence of harvest ranged from 
13 to 32%, respectively, (Palmer et al. 2015) see also 
(Giuliani et al. 1997; Poirier-Pocovi et al. 2018). However, 
Greer (2019a) demonstrated with cv. Cox’s Orange trees 
that the harvest of a moderate crop load had only a 
transient effect on light and CO2 saturated photosynthesis 
and rates had fully recovered within 3 days of the harvest. 
Thus, across many species, there is considerable, but not 
universal, evidence that the removal of the fruit sink causes 
a relatively marked decrease in photosynthesis. 

While there is much evidence that harvest caused a 
decrease in photosynthesis, there is much less evidence 
that the impact has been sustained or some degree of 
recovery occurred subsequently. However, for cv. Braeburn, 
20 days after harvest, rates of photosynthesis had declined by 
4–14% [with increasing crop load, see also Palmer et al. 
(1997)] but a further 28 days later, the rates had 
continued to decline, by a total of 22–44% (Wünsche et al. 
2000). Similarly, with the apple cv. Elstar, light-saturated 
photosynthesis of leaves in the fruiting zone declined by 
29% at harvest and 21 days after harvest by 41% (Poirier-
Pocovi et al. 2018). By contrast, although cv. Royal Gala 
trees had a 13% decrease in light-saturated photosynthesis 
16 days after harvest, 48 days later, the rates had more 
than fully recovered, from 13.4 to 14.2 μmol m−2 s−1

(Palmer et al. 2015). In keeping with this, for Cox’s Orange 
trees, light-saturated rates (both at ambient and saturating 
CO2) were maintained at the pre-harvest rates for nearly 
30 days after harvest (Greer 2019a). However, rates of 
light-saturated photosynthesis had declined markedly 
6 weeks after harvest of two cultivars of sweet cherry trees 
with a low crop but had only declined slightly in trees with 
a high  crop load (Quentin et al. 2013). Thus, across these 
studies, some recovery in photosynthesis occurred after the 
loss of sink demand while no recovery was also evident in 
other studies and crop load appeared to influence the 
recovery or otherwise. 

In addition to sink demand, photosynthesis is also limited 
by a number of other factors that may include external factors 
such as temperature, light availability and water as well 

as internal factors, including the diffusive pathway for 
CO2 (stomatal and mesophyll conductances) and the 
biochemical limitations to fixing the CO2. Few studies have 
examined the stomatal and non-stomatal limitations to 
photosynthesis over and beyond the harvest period. 
However, Quentin et al. (2013) compared A/ci (assimilation 
vs internal CO2 concentration) curves of two sweet cherry 
cultivars with differing crop loads in the post-harvest period. 
Results showed that light and CO2 saturated photosynthesis 
(Amax), maximum rate of ribulose 1,5 bisphosphate (RuBP) 
carboxylation (Vcmax), and the maximum rate of RuBP 
regeneration (Jmax) were respectively lower by 17, 27 and 
19% in high cropping compared to low cropping trees. 
No pre-harvest measurements were made to compare 
these data. By contrast, a pre-harvest comparison of these 
attributes in low and high cropping mango trees indicated 
higher Amax, Vcmax and Jmax by 1.5, 1.3 and 1.2-fold, 
respectively, in the high compared to the low crop trees 
(Urban et al. 2004). More specifically, Cox’s Orange apple 
trees with a moderate crop load had declining Vcmax and 
Jmax rates during the growing season but after harvest, both 
transiently increased, though more so with Jmax, for about 
12–15 days (Greer 2019a). 

Chlorophyll a fluorescence has also been shown to be 
affected by crop load. For example, the maximum efficiency 
of photosystem II (PSII) in the light and photochemical 
quenching of peach trees with fruit were consistently 
higher while non-photochemical quenching was lower 
compared to trees with no crop (Duan et al. 2008). 
A comparable effect of a low sink demand on these 
fluorescence attributes was also evident in cv. Gala apple 
trees, but only if the trees were exposed to high (>36°C) 
temperatures (Fan et al. 2010). Similar differences in the 
PSII quantum efficiencies, photochemical quenching, and 
non-photochemical quenching were also reported where 
sink demand of cv. Valencia orange trees was manipulated 
by treatment conditions (Ribeiro et al. 2012). By contrast, 
these same fluorescence attributes of cv. Braeburn apple 
trees with markedly differing crop loads were only slightly 
affected, mainly lowest in non-crop trees but the PSII 
quantum efficiency declined slightly after harvest, photo
chemical quenching remained steady while non-photochemical 
quenching increased markedly (Wünsche et al. 2000). Thus, 
there are indications that chlorophyll a fluorescence can be 
affected by changes in crop load, but the specific changes  as  
a consequence of harvesting the fruit has apparently not 
been well studied. 

Accordingly, the objective of the present study was to 
compare the effect of harvest on Vitis vinifera cv. Shiraz 
grapevines with fruit with those vines that had inflores
cences removed early in phenology, that is no fruit, to assess 
the hypothesis that fruit sink removal as a consequence of the 
harvest process would decrease photosynthetic assimilation. 
These changes were assessed with gas exchange and 
simultaneous chlorophyll a fluorescence in relation to leaf 
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temperature and internal CO2. A second objective was to 
evaluate and model stomatal and non-stomatal limitations 
to assimilation across the harvest period to evaluate 
contributions to the reduction in assimilation after fruit 
removal. 

Materials and methods 

Plant material and growth conditions 

This study was conducted over the 2017/2018 growing 
season at the National Wine and Grape Industry Centre’s 
plant growth facilities at Charles Sturt University (latitude 
35.05°S, longitude 147.35°E, 212 m above sea level) in the 
Riverina, New South Wales, Australia. Vitis vinifera cv. 
Shiraz vines were grown in 52 L pots in a commercial 
potting medium and fertilised with liquid fertiliser 
(Megamix Plus, RUTEC, Tamworth, Australia) and an 
additional application of nitrogen (sulfate of ammonia, 
Richgro Garden Products Jandakot, WA, Australia) at the 
rate of 100 g per vine was provided at flowering time. The 
10-year-old vines on own roots were grown in rows, with 
3 m spacing between rows and 1 m spacing between vines, 
with four rows and five vines in each. All vines were 
trained along a single wire cordon at 0.8 m, with a second 
foliage wire at 1.2 m above ground but otherwise allowed 
to sprawl. Twelve vines were randomly chosen for study, 
six vines had all inflorescences removed in mid-October 
(phenologically when the inflorescences were clear [E–L 
stage 12 (Coombe 1995)], henceforth referred to as 
vegetative) and six vines retained all inflorescences/ 
bunches (referred to as fruiting) until harvest. The vines 
were grown in a wire-framed bird exclusion cage but 
otherwise the vines were exposed to the ambient climatic 
conditions. Irrigation was supplied by an automated system 
that provided a 10-min duration of watering (400 mL per 
pot), four times each day and water ran off at the end of 
each watering event. Budbreak of these vines occurred in 
late September and harvest of the fruiting vines occurred in 
early March, 158 days after budbreak. 

Climate 

Screened air temperatures and humidities (Humitter, Vaisala, 
Helsinki, Finland) were measured at a height of 1.2 m above 
the ground and within 2 m of the grapevines’ rows. The data 
were logged at hourly intervals on a CR1000 datalogger 
(Campbell Scientific, Logan, UT, USA) for each day of the 
growing season. Photon flux densities (PFD) were also 
measured simultaneously using a quantum sensor (QSO, 
Apogee, Logan, UT, USA) located above the temperature 
screen. Daily mean PFDs were determined as that occurring 
between 13 and 18 h. 

Harvest 

All six fruiting vines were harvested when the total soluble 
solids concentration of the Shiraz berries (measured with a 
refractometer, PR-101, Atago, Tokyo, Japan) reached at 
least 25°Brix. All bunches were then detached (2 March) 
from each vine, placed in a drying oven set at 60°C, and 
dried for 4 weeks to ensure the berries had fully dried, and 
total vine reproductive dry matter was measured. 

Gas exchange 

Approximately 5–10 days before harvest and again 
10–15 days after harvest, leaf gas exchange in response to 
internal CO2 concentrations at different (15–45°C) but 
constant leaf temperatures were measured on leaves of 
selected shoots on each of the vines over the 5 days. The 
LI-6400 gas exchange system (Li-Cor Biosciences, Lincoln, 
NE, USA), fitted with the LI-6400-40 leaf chamber fluoro
meter attached to the leaf cuvette, was used for the 
fluorescence measurements. At the start of each day, the 
cuvette seals were visually checked and replaced if deemed 
necessary. On each occasion, the youngest, fully expanded 
leaves were measured, typically towards the apical end of 
the shoot. Initially, the first leaf was enclosed in the gas 
exchange cuvette and left for 25 min in the dark and then 
the initial fluorescence (Fo) and the maximal fluorescence 
(Fm) were measured, and these values were used in 
subsequent fluorescence calculations for each day. For each 
CO2 response, all measurements were undertaken at a 
photon flux density of 1500 μmol (photons) m−2 s−1 and 
initially at a CO2 concentration of 400 μmol mol−1 until rates 
were steady and then the CO2 concentration was decreased in 
steps of 50–100 μmol mol−1 to a CO2 concentration of 
50 μmol mol−1 and then increased back to 400 μmol mol−1 to 
ensure rates had recovered. Then the CO2 concentration was 
increased in steps of 100–200 μmol mol−1 to a maximum 
concentration of 1600 μmol mol−1. Simultaneously, 
chlorophyll a fluorescence was measured at each CO2 step 
and the steady-state fluorescence in the light (Fs 0) and the 
maximal fluorescence in the light (Fm 

0) were measured, and 
then the actinic light was turned off briefly and low-
intensity far-red light was turned on for 3 s and the light-
adapted minimal fluorescence (Fo 

0) was measured. The 
vapour pressure for each gas exchange measurement was 
maintained through a simple humidifying system (Greer 
2018b). This whole procedure was repeated 2–3 times at 
each leaf temperature daily, with a new leaf for each CO2 

response and repeated four times over the 5 days, thus a 
total of 8–12 A/ci curves for each temperature at each 
sampling period. 

Data analysis 

All data were analysed using generalised linear models (GLM) 
using SAS 9.1.3 (SAS Institute, Cary, NC, USA) and least 
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squares means and standard errors determined. A fully 
randomised experimental design was used. Modelling the 
data in relation to the C3 model of Farquhar et al. (1980) 
followed the approach of Greer and Weedon (2012) and 
Silim et al. (2010) according to the equations set out below. 
All fluorescence attributes followed the nomenclature as 
outlined by Wünsche et al. (2000). To evaluate limitations 
on photosynthesis at the pre- and post-harvest stages, 
the rate of photosynthesis as a dependent variable was 
modelled using the SAS GLM procedure with the independent 
variables of stomatal conductance, maximum rate of RuBP 
carboxylation and maximum rate of RuBP regeneration for 
both the fruiting and vegetative vines. Additional modelling 
included correlating maximum rates of photosynthesis with 
the various fluorescence attributes. 

The Farquhar et al. (1980) C3 model of photosynthesis was 
followed where assimilation (A) is the minimum of two 
limiting processes: 

A = minðAc, AjÞ − Rd (1) 

where Ac is the rate of assimilation limited by Rubisco 
activity, Aj is the rate of assimilation limited by RuBP 
regeneration through electron transport, and Rd is the rate 
of respiration occurring during the light. 

The maximum rate of RuBP carboxylation (Vcmax) was 
determined using the following equation: 

VcmaxðCc − Γ*
Ac = 

Þ
(2)

C Oi 
c + Kcð1 + Ko

Þ 

where Vcmax is the apparent maximum rate of Rubisco 
carboxylation, Cc and Oi are the intercellular concentrations 
of CO2 and O2, respectively, Kc and Ko are the Michaelis 
constants for CO2 and O2 respectively and Γ* is the CO2 

compensation point in the absence of mitochondrial 
respiration. 

When the rate of assimilation was limited by RuBP 
regeneration through electron transport, the rate of 
assimilation (Aj) was given by: 

JmaxðCc − Γ*
Aj = 

Þ
(3)

4ðCc + 2Γ*Þ 

where Jmax was the apparent maximum light-saturated rate of 
electron transport. 

The procedure of fitting this model followed Greer and 
Weedon (2012). Firstly, the non-linear regression (NLIN) 
procedure of SAS was used to fit Eqn. 2 iteratively to first 
determine Vcmax and Rd. Subsequently, the NLIN procedure 
was run again to fit Vcmax with Rd as a fixed variable when 
CO2 was limited (Cc < 250 μmol mol−1) using Eqn. 2. The 
next step involved using the NLIN procedure to fit Eqn. 3 
to determine Jmax, with Rd as a fixed variable and the 
maximum light-saturated rate of electron transport, 

Jmax, when CO2 was saturating using Eqn. 3 at 
Cc > 250 μmol mol−1 following Silim et al. (2010). The 
maximum rates of Vcmax and Jmax were calculated with SAS 
using the temperature-dependent coefficients for the 
Michaelis constants of CO2 (Kc), oxygen (Ko) and the CO2 

compensation point in the absence of mitochondrial 
respiration (Γ*) from Sharkey (2016). 

Thereafter, the internal CO2 concentrations (ci) were 
converted to chloroplast concentrations (cc) using the 
corrected electron transport rate determined by the 
simultaneous chlorophyll fluorescence and gas exchange 
measurements to estimate mesophyll conductance (gm) 
according to Harley et al. (1992). The electron transport 
rate as determined by single saturation pulse fluorescence, 
was corrected according to Yin et al. (2011) and van der 
Putten et al. (2018), where linear regression was used to fit 
assimilation from photosynthetic light responses to the 
product of PFD and ΔF/Fm 

0 as: 

A = sPFDðΔF=Fm 
0Þ=4 − Rd (4) 

where A was the assimilation at limiting photon flux densities 
(PFD) < 200 μmol (photons) m−2 s−1,  ΔF/Fm 

0 was the 
quantum efficiency of photosystem II (PSII), the term s was 
used to adjust the fluorescence derived electron flow (see 
below), and Rd was the day respiration rate. These data are 
included in the Supplementary Fig. S1, where the intercept 
of the linear regression provided an estimate of Rd, and the 
slope of the regression for the non-photorespiratory condi
tion, as represented by the elevated CO2 of 1000 μmol mol−1, 
was the parameter s which encompassed the leaf absorptance, 
alternative electron transport, and the ratio of whole leaf PSII 
electron transport to ΔF/Fm 

0 (van der Putten et al. 2018). It 
was this slope factor of the regression under the non
photorespiratory condition that was used to calculate Jfl; 
that is Jfl = s × PFD × ΔF/Fm 

0, where Jfl is the linear 
electron transport rate based on the chlorophyll fluores
cence data. 

Non-linear regression analysis was then used to fit Eqn. 5 to 
the A/ci curves to estimate mesophyll conductance, gm 

according to the methods of Harley et al. (1992) as: 

gm = A=ðci − ðΓ*ðJfl + 8ðA + RdÞÞÞ=ðJfl − 4ðA + RdÞÞÞ (5) 

where A, ci and Rd were taken or estimated from the A/ci 
curves, Γ* was estimated during the analysis of Vcmax and 
Jmax and Jfl was measured and calibrated as above. The 
estimated values of gm were then used to convert all A/ci 
curves to the chloroplast CO2 concentration cc, using the 
following equation: 

cc = ci − ðA=gmÞ (6) 

To determine the temperature-dependency of Vcmax, 
Jmax, gm and Rd to temperature, the approach adopted by 
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Medlyn et al. (2002) and Greer and Weedon (2012) was 
followed using the in vivo temperature-dependencies Kc, Ko 

and Γ* as determined by Bernacchi et al. (2001) as: 

Kc = 404.9 exp 

[
79.43ðTk − 298Þ]

(7)ð298 RTkÞ 

[
36.38 T − 298

Ko = 274.8 exp
ð k Þ]

(8)ð298 RTkÞ 

 

[
37.83 expðT

Γ k − 298* = 42.75 exp 
Þ]

(9)ð298 RTkÞ 

where Tk is the leaf temperature in K and R is the gas constant 
(0.008314 kJ mol−1 K−1). 

Fitting the A/Ci data to these functions for each treatment 
was carried out using non-linear regression of SAS. 

Subsequently, the Vcmax, and Jmax estimates as a function of 
leaf temperature were fitted to the modified Arrhenius 
function, with a term to account for Rubisco deactivation at 
high temperature, as outlined by Medlyn et al. (2002). 
Nonlinear regression analysis was used with SAS to fit these 
data to the following modified Arrhenius function with a 
deactivation component as follows: 

 
H 298ΔS−Hd

f ð a Tk − 298  1 + exp 
T 298 R
kÞ = k25 exp

[ ð Þ
(10)ð298 RTkÞ 

]
1 + expðTkΔS−Hd  TkR

Þ

where k25 represent the value of Vcmax or Jmax at 25°C, Ha 

represents the exponential rate of increase of the function 
below the optimum temperature and Hd represents the 
decrease in the function above the optimum, and ΔS is an 
entropy term [0.65 kJ mol−1 K−1, (estimated from Kattge 
and Knorr 2007; Lin, Medlyn et al. 2012)]. 

The final step was to calculate the optimum temperature 
(Topt) for each process as: 

H
T d
opt = H (11)

ΔS − RLN a
Hd−Ha 

Results 

Climate 

Mean daily maximum air temperatures from before to after 
harvest ranged from about 28 to 32°C (Fig. 1a), although 
on occasions, the temperatures exceeded 35°C. Night 
temperatures over this period ranged from about 19 to 22°C. 

Mean daily PFDs (Fig. 1b) fluctuated during the pre-harvest 
period, ranging from 800 to 1800 μmol (photons) m−2 s−1, but 
more stable during the post-harvest period, at about 
1700 μmol (photons) m−2 s−1. 

Fig. 1. (a, b) Changes in the mean daily maximum and minimum air 
temperatures (a) and the mean daily maximum photon flux density 
(b) determined over the period from 13 to 18 h each day. An arrow 
indicates the day that harvest occurred. The bars indicate the pre-
and post-harvest measurement periods. 

The atmospheric vapour pressure deficits (not shown) 
ranged between 1.8 and 2.8 kPa during the day and 
between 1.0 and 1.5 kPa during the night. 

Harvest 

Mean berry size at harvest averaged 11.3 ± 0.3 mm whereas 
total soluble solids averaged 26.8 ± 0.3°Brix. This equated 
(see Greer and Weedon 2014) to a sugar content in each 
bunch of 277 ± 18 mg berry−1. Across each vine, there was 
an average of 394.7 ± 18 g of reproductive dry matter at 
harvest. 

Photosynthesis in relation to chloroplast CO2 

concentrations 

The leaf photosynthetic response to rising chloroplast CO2 

concentrations at six leaf temperatures from 15 to 40°C, are 
shown in Fig. 2. In all cases, photosynthesis was limited by 
the rates of RuBP carboxylation at CO2 concentrations 
below about 200–400 μmol mol−1 where the photosynthetic 
response was close to linear. At higher CO2 concentrations, 
where the photosynthetic response to CO2 was an 
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Fig. 2. (a–c) Changes in net photosynthesis (mean ± s.e., N = 8–12) as a function of the chloroplast CO2 concentration for each of six leaf 
temperatures: 15°C (a), 20°C (b), 25°C (c), 30°C (d), 35°C (e) and 40°C (f ). In each case, the fitting of the Farquhar et al. (1980) C3 model 
is shown with the lines indicating the limitation to assimilation by RuBP carboxylation (Ac) and the limitation by RuBP regeneration (Aj). 
No limitation by triose phosphates was evident in each case. 

increasingly saturated response (Amax) and regeneration of 
RuBP through electron transport was limiting photosynthesis. 
There was no evidence of triose phosphate limitation in 
each case. 

Amax varied in a curved pattern with leaf temperature, as 
shown for the fruiting and vegetative vines, prior to harvest 
(Fig. 3a). For both treatments, Amax increased from about 
12 μmol m−2 s−1 at 20°C (lowest temperature) to a maximum 
of 18–19 μmol m−2 s−1 at 40°C and differences between these 
treatments were small. However, at 45°C, Amax of fruiting 
vines declined by 8% whereas for the vegetative vines, 
Amax declined significantly (P < 0.001) by 30%. 

In contrast, when measured at ambient conditions 
(400 μmol mol−1), A400 rates at all leaf temperatures were 
consistently and significantly (P < 0.01) higher (Fig. 3b) in  
fruiting compared to the vegetative vines, from 11 to 14% 
between 20 and 40°C. At 45°C, however, the differences in 
A400 were greater than 50%, in keeping with Amax at this 

temperature. For both treatments, A400 was optimal at 
30°C, ranging between 7.8 and 8.8 ± 0.2 μmol m−2 s−1. 

After the fruiting vines were harvested, Amax (Fig. 3c) of  
both treatments varied with leaf temperature in keeping 
with the pre-harvest response, however, rates were higher 
in the post-harvest period. For example, at 35°C (optimal), 
A 2 −2 s−1max was 1 μmol m post-harvest compared with 
18 μmol m−2 s−1 pre-harvest, a 14% increase. In contrast, 
during the post-harvest stage, Amax of the vegetative vines 
were significantly lower at the cooler temperatures, by 
10–14%. At 30°C and above, however, these vines had 
slightly higher rates, but mostly were not significant. The 
high temperature (45°C) induced decrease in Amax that 
occurred in the pre-harvest period was also evident in the 
post-harvest period, but in both harvested and vegetative 
vines, the decrease was similar, at 24%. 

The A400 rates in the post-harvest period (Fig. 3d) were  
strongly responsive to temperature, with an optimum at 30°C 
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Fig. 3. (a–d) Changes in the maximum light and CO2 saturated rates of photosynthesis (mean ± s.e., N = 8–12) as a function 
of leaf temperature for fruiting (open symbols) and vegetative (closed symbols) Shiraz vines growing in field conditions and 
measured before (a) and after (c) the fruiting vines were harvested. Also shown are the light-saturated rates of 
photosynthesis measured at ambient CO2 (400 μmol mol−1) concentrations also for fruiting and vegetative vines 
measured before (b) and after (d) harvest. Some leaf temperatures could not be attained because of prevailing ambient 
conditions. 

for both treatments. Notably, across all leaf temperatures, 
however, vegetative vines maintained significantly higher 
A400 rates compared with the harvested vines, although 
only above 40°C, the differences were highly significant. In 
part, these differences between the two treatments occurred 
because A400 of the fruiting vines declined after harvest, by 
nearly 10% at 30°C while A400 of vegetative vines increased 
by nearly 10%. A similar comparison was apparent across 
all temperatures. For example, at both 40 and 45°C, A400 of 
the fruiting vines after harvest decreased by 15–33%, 
respectively while for the vegetative vines A400 increased 
from 16 to 96%. 

There was no significant effect of the presence or absence 
of fruit in the pre-harvest stage on day respiration (Fig. 4a), so 
these data were averaged over each temperature. The leaf 
response followed the modified Arrhenius function with an 
optimum at 41.5°C. There was also no significant effect on 
the modified Arrhenius function attributes (Table 1). In 
contrast, at the post-harvest stage (Fig. 4b), there were 

significant differences (P < 0.01) in day-respiration 
between the previously fruiting and vegetative vines, 
higher in the vegetative vines but especially so at the lower 
temperatures. Consistent with this, the Arrhenius function 
attribute (k25) was significantly higher in the vegetative 
vines (Table 1), but the activation energy (Ha) was also 
different, however, this was partially because the Arrhenius 
function without a deactivation component fitted the day 
respiration data in the post-harvest period, making compari
sons difficult. Furthermore, there was no evidence of an 
optimum temperature, as the rates were still increasing 
at 45°C. 

There was also no effect of fruiting on the response of 
mesophyll conductance to leaf temperature (Fig. 5a) in the 
pre-harvest stage. The average response well fitted the 
modified Arrhenius function, with an optimum temperature 
of 38°C, and the Arrhenius function attributes were not 
significantly different. By contrast, the effect of fruiting 
apparently persisted into the post-harvest stage (Fig. 5b), 
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Fig. 4. (a, b) The averaged day respiration as a function of leaf 
temperature. In the pre-harvest stage (a), there were no significant 
effects of the presence or absence of fruit, and the data were pooled 
over both treatments (mean ± s.e., n = 8–12). For the post-harvest 
stage (b), there were significant differences in day respiration, and 
the vegetative vines had the higher rates of respiration, at least up to 
35°C. The lines in each were a fit to the modified Arrhenius function 
and the function attributes for each treatment are shown in Table 1. 

where the gm response to temperatures remained unchanged. 
However, the average mesophyll conductance rate at 25°C 
(k25) increased significantly and, was also significantly 

higher compared with the vegetative vines. Consistent 
with this, mesophyll conductance was significantly higher 
in the fruiting vines, increasingly so as leaf temperatures 
declined below 30°C but there were no differences at the 
higher temperatures. The activation energy (Ha) increased 
marginally for the vegetative vines over the harvest period, 
but there was a much steeper temperature response in these 
vines compared with the fruiting vines, after the harvest. 
The optimum temperatures for both treatments were 37.5°C. 

Changes in RuBP carboxylation and regeneration 

Prior to harvest, rates of RuBP carboxylation (Vcmax) at each  
leaf temperature (Fig. 6a) were essentially similar between 
fruiting and vegetative vines. Fitting the modified 
Arrhenius function to these data (Table 2) indicated no 
significant differences in k25, the maximum rates of 
carboxylation at 25°C (36.5 ± 1.8, 37.6 ± 2.1 μmol m−2 s−1) 
and likewise the activation energies, Ha (90.0 ± 2.3, 
85.2 ± 1.1 kJ mol−1) were not significantly different. 
This suggested the temperature-dependency of RuBP 
carboxylation was somewhat independent of the vine crop 
load. In keeping, the optimum temperature was assessed as 
40°C for both sets of vines. 

Consistent with RuBP carboxylation, prior to harvest, rates 
of RuBP regeneration (Fig. 6b) were not significantly different 
between the fruiting and vegetative vines. The fitting of 
the modified Arrhenius function to these data (Table 2) 
confirmed these results, with no significant differences in 
maximum rates, k25, (68.3 ± 1.1, 65.3 ± 2.1 μmol m−2 s−1) 
or the activation energies (25.3 ± 1.8, 25.5 ± 1.3 kJ mol−1), 
also indicating that the intrinsic response of RuBP 
regeneration to temperature was not influenced by crop 
load. In keeping with this, the optimum temperature for 
both treatments was 38°C. 

Table 1. Changes in the parameters derived from the fitting of the Arrhenius function to the mesophyll conductance (gm) and day respiration (Rd) 
as a function of leaf temperature. 

gm Rd 

k25 (μmol m−2 s−1) Ha (kJ mol−1) Hd (kJ mol−1) k25 (μmol m−2 s−1) Ha (kJ mol−1) Hd (kJ mol−1) 

Pre-fruiting 

Vegetative 0.159 ± 0.006 25 ± 2.3 207 ± 3.5 0.629 ± 0.026 56 ± 3.5 208 ± 3.6 

Fruiting 0.158 ± 0.005 25 ± 3.1 206 ± 4.1 0.655 ± 0 .021 63 ± 4.3 207 ± 3.8 

ns ns ns ns ns ns 

Post-fruiting 

Vegetative 0.169 ± 0.006 35 ± 1.2 207 ± 3.3 1.27 ± 0.06 39 ± 2.5 – 

Fruiting 0.149 ± 0.005 26 ± 1.9 205 ± 3.1 1.72 ± 0.02 31 ± 3.2 – 

P < 0.05 P < 0.01 ns P < 0.01 ns 

Note: In each case, the rate at 25°C (k25), the activation energy (Ha) and the deactivation energy (Hd) when rates declined at high temperatures are presented for the 
Shiraz grapevines with and without fruit prior to harvest (mean ± s.e., N = 8–12). Also shown are the comparable parameters in the post-harvest period determined 
2 weeks after the fruit were removed, except for Rd which did not decline at high temperatures. The optimum leaf temperature for gm was 38 ± 1.5°C and 41.5 ± 2.1°C 
for Rd at the pre-harvest stage and in the post-harvest stage. Optimum temperature for gm averaged 38.4 ± 1.2 and 41.6 ± 1.3°C for the fruiting and vegetative vines and 
for Rd both had optimum temperatures at least at 45°C. 
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Fig. 5. (a, b) The averaged mesophyll conductance as a function of leaf 
temperature. In the pre-harvest stage (a), there were no significant 
effects of the presence or absence of fruit on gm, and these data 
were pooled over both treatments (mean ± s.e., n = 8–12). For the 
post-harvest stage (b), there were significant differences in mesophyll 
conductance, and the vegetative vines had the higher mesophyll 
conductances, at least between 25 and 40°C. The lines in each were 
a fit to the modified Arrhenius function and the function attributes 
for each treatment are shown in Table 1. 

After harvest of the fruiting vines, RuBP carboxylation 
(Fig. 6c) increased markedly at the higher temperatures 
(>35°C) in both the harvested and vegetative vines, 
however, there were also treatment differences at these 
temperatures. Rates of RuBP carboxylation increased in the 
harvested vines by about 20–26% above 30°C while the 
vegetative vines increased by 12–36%. Because of this, at 
the post-harvest stage, RuBP carboxylation of vegetative 
vines was 10–15% higher compared with harvested vines. 
Consistent with this, a steeper response to temperature of the 
vegetative vines occurred, Ha, significantly (P < 0.05) higher 
at 93.2 ± 1.3 kJ mol−1 compared to 85.2 ± 1.1 kJ mol−1 for 
harvested vines. However, removal of the fruit sink had no 
significant effect on the temperature-sensitivity of the 
fruiting vines since Ha had not changed significantly 
from that (85.3 ± 2.1 kJ mol−1) occurring before harvest 
(90.0 ± 2.3 kJ mol−1). Also, the maximum rate of RuBP 
carboxylation at 25°C did not change significantly 
(45.6 ± 2.4 cf. 36.5 ± 2.5 μmol m−2 s−1) from before to 

after harvest. The optimum temperatures for Vcmax were 
39.5°C for the harvested vines and 41.5°C for the 
vegetative vines. 

For both treatments, there was a general increase in RuBP 
regeneration after harvest (Fig. 6d) across all temperatures 
but especially for the vegetative vines. For example, Jmax of 
harvested vines increased by 6–10% between 30 and 45°C 
while for vegetative vines, Jmax increased by 14–15%. 
Furthermore, at the higher temperatures, differences in Jmax 

between fruiting and vegetative vines increased, by 6–13% 
after the harvest. The consequences of these treatment differ
ences were that the temperature-dependency of Jmax, (Ha) 
was significantly (P < 0.01) steeper at 35.3 ± 1.9 kJ mol−1 

for the vegetative vines compared to 24.1 ± 1.8 kJ mol−1 

for the harvested vines while the maximum Jmax rate at 
25°C was not significantly different. From before to after 
harvest, temperature-sensitivity of Jmax of the fruiting vines 
remained unchanged whereas for the vegetative vines, a 
highly significant (P < 0.01) increase in temperature-sensitivity 
occurred, Ha increasing from 25.5 to 35.3 ± 1.8 kJ mol−1. 
However, the optimum temperatures ranged between 37.5 
and 38.0°C for these treatments. 

Pre- and post-harvest temperature effects on 
stomatal conductance 

There was a significant (P < 0.001, r2 = 0.45) interaction 
between the leaf temperature and treatment (±fruit; pre-, 
and post-harvest) on the stomatal conductance (Fig. 7). 
Prior to harvest, stomatal conductances for both fruiting and 
vegetative vines were relatively insensitive to temperature, 
where the conductance of the vegetative vines averaged 
98.6 ± 2.9 mmol m−2 s−1 and significantly higher, averaging 
146 ± 4.4 mmol m−2 s−1, for the fruiting vines. However, 
for both treatments, stomatal conductance declined at 
20°C. This reduction conformed to the decrease in 
assimilation (Fig. 3) at low temperatures. However, there 
was no significant stomatal influence on assimilation, both 
for A400 and Amax, where decreases occurred at high 
temperatures despite no comparable change in stomatal 
conductance. 

Over the pre-to post-harvest period, there was no change in 
stomatal conductance at the low temperature range (Fig. 7b), 
where vegetative vines had the highest stomatal conductance 
(164.8 ± 6.4 mmol m−2 s−1) at 15–25°C. In contrast, although 
harvested vines had a high stomatal conductance at 15°C, the 
conductance decreased sharply at 20°C and then increased 
slowly to an apparent peak (155 ± 4.4 mmol m−2 s−1) at  
35°C. Above 30°C, harvested vines had significantly higher 
conductances compared with the vegetative vines. These 
responses indicated the stomatal conductance dependency 
on temperature was erratic in the two treatments in the 
post-harvest period. 
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Fig. 6. (a–d) Changes in the maximum rates of RuBP carboxylation (Vcmax) as a function of leaf temperature (mean ± s.e., 
N = 8–12) for fruiting (open symbols) and vegetative (closed symbols) Shiraz vines growing in field conditions and measured 
before (a) and after (c) harvest. Also shown are the maximum rates of RuBP regeneration (Jmax) as a function of leaf 
temperature measured before (b) and after (d) harvest. In all cases, the lines are a fit to the modified Arrhenius function 
(P < 0.001, r2 = 0.95–0.99) and the parameters of the fitting are shown in Table 2. 

Table 2. Changes in the parameters derived from the fitting of the Arrhenius function to the maximum rates of RuBP carboxylation (Vcmax) and 
RuBP regeneration (Jmax) as a function of leaf temperature. 

Vcmax Jmax 

k25 (μmol m−2 s−1) Ha (kJ mol−1) Hd (kJ mol−1) k25 (μmol m−2 s−1) Ha (kJ mol−1) Hd (kJ mol−1) 

Pre-

Fruiting 46.9 ± 4.8 63.0 ± 10 206 ± 1.2 63.4 ± 1.1 28.6 ± 1.8 208 ± 0.4 

Vegetative 41.8 ± 6.1 87.5 ± 11 203 ± 1.7 73.3 ± 1.8 26.3 ± 2.9 207 ± 0.5 

P ns <0.05 ns <0.01 ns <0.05 

Post-

Fruiting 58.9 ± 2.4 53.9 ± 4.1 207 ± 0.6 98.7 ± 1.6 18.1 ± 1.8 208 ± 0.5 

Vegetative 61.9 ± 2.1 69.9 ± 3.3 206 ± 0.4 98.6 ± 1.6 30.7 ± 1.8 207 ± 0.3 

P ns <0.01 ns ns <0.01 ns 

Note: In each case, the rate at 25°C (k25), the activation energy (Ha) and the deactivation energy (Hd) when rates declined at high temperatures are presented for the 
Shiraz grapevines with and without fruit prior to harvest (mean ± s.e., N = 8–12). Also shown are the comparable parameters in the post-harvest period determined 
2 weeks after the fruit were removed. For the fruiting vines, Ha for Vcmax did not change significantly after harvest but did change significantly (P < 0.01) for the vegetative 
vines. The Ha for Jmax declined significantly (P < 0.01) for the fruiting vines but the difference was not significant for the vegetative vines. Topt for Vcmax averaged in the pre-
harvest stage at 40–42 ± 2.5°C and 41 ± 1.5°C in the post-harvest stage while for Jmax, Topt averaged 38–39 ± 1.9°C in the pre-harvest stage and 36–40 ± 2.3°C in the 
post-harvest stage. 
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Fig. 7. (a, b) Changes in stomatal conductance (mean ± s.e., 
N = 8–12) as a function of leaf temperature for Shiraz vines with 
(fruiting) and without (vegetative) fruit grown in field conditions and 
measured before (a) and after harvest (b). The PFD during the 
measurements was 1500 μmol m−2 s−1 and the CO2 concentration 
was 400 μmol mol−1. 

Modelling limitations in photosynthesis 

From the GLM modelling approach, Amax was not correlated 
with any stomatal or non-stomatal limitations for any of 
the treatments. By contrast, A400 was highly correlated 
with stomatal conductance, RuBP carboxylation and RuBP 
regeneration. Across each leaf temperature, during the pre-
harvest period, the model was highly correlated (r2 = 0.62– 
0.98) and significant (P < 0.001). From the error mean 
squares (not shown), it was apparent that Vcmax between 20 
and 35°C was the dominant correlate, accounting for 
42–96% of the variance in assimilation. However, at 40 and 
45°C, stomatal conductance was the dominant correlate, 
accounting for 50–60% of the variance. When averaged 
over all temperatures, the model was reasonably correlated 
for the fruiting vines (r2 = 0.47) but more so for the 
vegetative vines (r2 = 0.66) and both significant (P < 0.001). 

In the post-harvest period, the model for A400 was again 
correlated with stomatal conductance, RuBP carboxylation, 
and regeneration and was, across all temperatures, highly 
correlated (r2 = 0.69–0.99) and also significant (P < 0.001). 
Between 15 and 30°C, from the error mean squares (not 
shown), the dominant correlate with assimilation was again 
Vcmax, accounting for 60–98% of the variance, and this was 
also true for assimilation at 45°C. However, at 35–40°C, 
the dominant correlate with assimilation was stomatal 

conductance, accounting for 87–96% of the variance. In 
contrast, when all leaf temperatures were averaged, the 
model was moderately correlated (r2 = 0.38) for the 
fruiting vines but only weakly so for the vegetative vines 
(r2 = 0.11) but still significant (P < 0.001). 

Pre- and post-harvest temperature-dependencies 
of chlorophyll a fluorescence attributes 

All pre-and post-harvest data were statistically analysed using 
SAS, and across all attributes, the presence or absence of the 
fruit sink had no significant effect on any of the fluorescence 
attributes, hence these data were pooled within the 
measurement periods. However, the interactions between 
the measurement period and leaf temperature were highly 
significant (P < 0.001; r2 = 0.66–0.91) for all attributes. 

The maximum PSII quantum efficiency (ΔF/Fm 
0) in  

saturating light and CO2 (Fig. 8a) at the pre-harvest stage, 
increased in a curved leaf temperature pattern, peaking at 
30°C but increased from about 25% at 20°C to a maximum 

Fig. 8. (a–c) Changes in chlorophyll a fluorescence attributes 
(mean ± s.e., N = 16–24) as a function of leaf temperature for Shiraz 
vines grown in field conditions and measured before and after harvest, 
as indicated, including quantum efficiency of PSII (a), photochemical 
quenching (b) and non-photochemical quenching (NPQ) (c). In no 
case was the effect of the presence or absence of fruit significant 
so all these data were pooled and averaged across the fruiting 
and vegetative vines. The PFD during the measurements was 
1500 μmol m−2 s−1 and the CO2 concentration was 400 μmol mol−1. 
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of 40% at 30–35°C. During the post-harvest stage, the ΔF/Fm 
0

temperature response changed to a more bell-shaped curve 
also peaking at 30°C, but the quantum efficiency declined 
significantly across all temperatures compared with before 
the harvest. 

Photochemical quenching on both occasions (Fig. 8b) 
followed a similar curved response to temperature as ΔF/Fm 0, 
in that there was a marked decrease in photochemical 
quenching from 20 to 30°C with only a slight increase at 
higher temperatures at the pre-harvest stage. This changed 
after the harvest to a marked peak at 30°C, but with 
markedly more photochemical quenching across all 
temperatures than occurred prior to the harvest. This 
suggested some reaction centres were closed at the post
harvest stage, perhaps in response to the sharp reduction in 
demand for assimilation. 

At saturating light intensities, vines in the pre-harvest stage 
had considerable non-photochemical quenching (Fig. 8c), 
although there was some slight temperature-sensitivity, most 
NPQ occurred at 25°C, and a modest decrease occurred with 
the increase in leaf temperature. This changed dramatically 
after the harvest with an almost complete loss of non-
photochemical quenching and little to no sensitivity to 
temperature. 

Additional modelling indicated a linear correlation 
between Amax and PSII quantum efficiency (r2 = 0.677, 
P < 0.01) and this was sustained over the harvest. There was 
also a linear correlation between Amax and photochemical 
quenching (r2 = 0.550, P < 0.05), both before and after 
harvest. However, there were no correlations between Amax 

and NPQ (not shown). 

Discussion 

Gas exchange 

The Shiraz vines of the present study had a relatively 
modest crop load but nevertheless prior to harvest had 
about 15% higher ambient photosynthetic rates compared 
to the vegetative vines. By contrast, and also prior to 
harvest, cv. Braeburn apple trees with a very large crop 
load of 57 kg tree−1 had nearly 40% higher light-saturated 
photosynthetic rates compared to no crop (Wünsche et al. 
2000) see also Palmer et al. (1997), averaging a maximum 
rate about 12 μmol m−2 s−1 in comparison to about 
9 μmol m−2 s−1 for the Shiraz vines. However, the crop 
loads of the three apple cultivars in the Palmer et al. (2015) 
study ranged from 7 to 12 kg tree−1 but pre-harvest 
photosynthetic rates ranged from 13 to 18 μmol m−2 s−1. 
Although cv. Elstar had differences in crop load (33 and 
100% fruit per branch) there were no data on fruit weights 
and there were also no differences in light-saturated 
photosynthesis (Poirier-Pocovi et al. 2018). Furthermore, 
fruit weights of sweet cherry cultivars did not vary and 

differences in ambient photosynthesis were also very small 
(Quentin et al. 2013). It was notable, however, for the 
Shiraz vines that the crop load-induced differences in 
photosynthesis were apparent at all temperatures but 
exacerbated most at 45°C, where there was a 56% 
difference in ambient rates. This confirmed that differences in 
crop load-induced significant differences in photosynthesis 
and the responses to temperature. In contrast, when 
photosynthesis of the Shiraz vines was CO2 saturated, there 
was no real effect of the crop load on photosynthesis across 
all temperatures except at 45°C, where the vegetative vines 
had markedly lower rates. This would suggest the fruiting 
vines were source-limited for assimilation at ambient 
conditions and the crop demand had a marked effect 
because this was dissipated when the CO2 became non-
limiting for assimilation. By contrast, two cherry cultivars 
differing in crop load did differ in CO2 saturated 
photosynthesis by about 20% but the crop load may have 
exceeded that of the Shiraz vines. There is ample evidence 
that these sink limitation effects on photosynthesis can be 
ascribed to decreased Rubisco activity (Sawada et al. 1992, 
1995; Myers et al. 1999) which conforms with the reduced 
assimilation rates for the Shiraz vines. 

The removal of the Shiraz bunches at harvest had a 
consequential effect on the ambient photosynthetic response 
to temperature. At most temperatures, the rates of the 
vegetative vines increased in comparison to those measured 
prior to harvest, at 20°C by 40%, at 30°C by 12% and at 45°C, 
nearly doubled. By contrast, the rates of photosynthesis of the 
harvested vines declined slightly except at and above 40°C, 
where the rates decreased strongly. However, at the post
harvest stage, the photosynthetic rates of vegetative vines 
were almost universally higher at all temperatures compared 
to the harvested vines. At the saturating CO2, there were 
some increases in rates and although there were some 
minor differences, by and large, the effect of harvesting was 
relatively small, in keeping with the pre-harvest response. 
However, rates of Amax of both treatments generally 
increased from the pre-harvest to the post-harvest stage. 
What was not clear, however, was what caused the 
vegetative vines to increase rates across the board. The 
favourable growth conditions may have contributed but 
also high sink demand by the roots for carbohydrate 
reserves (Bennett et al. 2005; Holzapfel et al. 2010) which 
may not have been yet activated in the harvested vines. 
However, temperatures were generally similar from the 
pre-to the post-harvest period (Fig. 1) but when the pre-
harvest vines were measured, PFDs fluctuated compared to 
the more stable days that occurred after harvest (Fig. 1) 
and this may have influenced the rates of the vegetative 
vines most especially. 

In the pre-harvest period, there was virtually no effect of 
the presence or absence of fruit on RuBP carboxylation as a 
function of temperature in these Shiraz vines. Consistent 
with this, the activation energy for the two responses was 
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similar (Table 2), implying little effect of the crop load on the 
temperature-sensitivity of RuBP carboxylation. However, 
over the early part of the growing season, Ha for Vcmax 

ranged between 74 and 80 kJ mol−1 for fruiting Shiraz 
vines (Greer 2019b, 2020) consistent with the current 
results. In keeping, RuBP regeneration as a function of 
temperature was marginally but not statistically higher (6%) 
in vegetative vines, compared with fruiting vines. However, 
there was no effect of fruiting on the temperature-
sensitivity of RuBP regeneration and Ha was comparable 
with earlier data (Greer 2020). The slightly higher capacity 
for RuBP regeneration in the vegetative vines, pre-harvest, 
did not apparently conform with the lower rates of 
assimilation and, given that the RuBP carboxylation was 
unaffected, would suggest RuBP metabolism was not 
especially sensitive to the differences in sink demand 
either. This is at odds with the earlier study (Greer 2020), 
where crop removal occurred at the time of maximal berry 
growth had marked depression on RuBP metabolism, in 
contrast to the present study, where crop removal occurred 
shortly after flowering, perhaps more time to acclimate to a 
reduced demand. 

The GLM modelling of assimilation in the pre-harvest 
period nevertheless indicated that the maximum rates of 
RuBP carboxylation appeared to be the major limitation to 
assimilation at ambient CO2 concentrations, at least up to 
35°C, consistent with RuBP carboxylation (Sawada et al. 
1995). There was some evidence that RuBP regeneration 
also limited assimilation, but this typically accounted for no 
more than 20–30% of the variance. However, there were 
no indications of a stomatal limitation of assimilation 
below 35°C. In contrast, the stomata were the major 
limitation at 40°C and above, consistent with relatively 
high conductances (Fig. 5), with RuBP carboxylation and 
regeneration both accounting for some (~20%) of the 
limitation to assimilation. It was apparent, however, that 
the CO2-saturated rates were not limited by stomatal 
limitations but more by non-stomatal effects, as the 
modelling indicated significant linear correlations occurred 
between Amax and Jmax. This suggested the elevated CO2 

overcame the carboxylation limitation, saturating Rubisco 
and, therefore, enhancing electron transport and, therefore, 
increased RuBP regeneration. While there were significant 
correlations between photosynthesis and the stomatal and 
non-stomatal attributes for both the fruiting and vegetative 
vines, there were quantitative differences between them. 
For example, assimilation of the fruiting vines was 
apparently mostly limited by RuBP regeneration (45%), but 
RuBP carboxylation and stomatal conductance were also 
significant, contributing 25 and 30% to the variance in 
assimilation. However, less than 50% of the variance in 
photosynthesis was accounted for by the whole model, 
suggesting other factors were influencing the rates of 
assimilation, including mesophyll conductance. Sink demand 
could not be quantified in this modelling approach. By 

contrast, photosynthesis of the vegetative vines was largely 
limited by the stomatal conductance (86%), with less than 
10% for RuBP regeneration and carboxylation, with the 
whole model accounting for 65% of the variance in 
assimilation. So again, some unknown factors, possibly lack 
of sink demand, were contributing to the rates of photo
synthesis. It remains uncertain why the photosynthetic rates 
of the vegetative vines were largely limited by the stomata 
whereas photosynthesis of the fruiting vines was also 
limited by RuBP carboxylation and regeneration, but this 
does conform to a greater need for photoassimilates in the 
fruiting vines. 

There were marked changes in the rates of RuBP 
carboxylation, especially at the higher temperatures when 
measured during the post-harvest compared to the pre-
harvest stage. For both sets of vines, rates of RuBP 
carboxylation below about 30°C were relatively unchanged 
but at 35°C and above, rates increased markedly, from 
about 100 to 130 μmol m−2 s−1. Furthermore, although the 
rates of RuBP carboxylation of the harvested vines also 
increased at the warm temperatures, the differences 
between the harvested and vegetative vines were enhanced, 
by more than 30%, with the increased temperatures. That 
the rates of RuBP carboxylation of the harvested vines did 
not change as much in the post-harvest period, was perhaps 
in keeping with loss of the sink demand and reduced rates 
of assimilation. Consistent with this, the higher rates of 
RuBP carboxylation of the vegetative vines matched the 
increased rates of assimilation that occurred from prior to 
and after harvest and modelling supported this conclusion. 
Certainly, this implies some sink activity was driving 
the increased assimilation, as noted earlier, of these 
continuously vegetative vines. 

In keeping with RuBP carboxylation, for the harvested 
vines, apparent maximum rates of RuBP regeneration 
increased at temperatures above 30°C compared to the pre-
harvest stage, from 80 to 95 μmol m−2 s−1 at the optimum 
temperature. There was no change in temperature-
sensitivity as a consequence of the harvest, and Ha was 
within the range reported earlier for this grape cultivar 
(Greer 2020). For the vegetative vines, rates of RuBP 
regeneration also changed over the time period, increased 
from 90 to 105 μmol m−2 s−1 at higher temperatures and 
significantly higher than that of the harvested vines. 
However, at the lower temperatures (<25°C) not only did 
the rates of RuBP regeneration decline slightly but also 
decreased significantly below the rates of the harvested 
vines. This differential response to the temperature of the 
two treatments does suggest some shift in temperature-
sensitivity occurred during the post-harvest period, but this 
needs more certainty. The increased capacity for RuBP 
regeneration of the vegetative vines was well in keeping 
both with the increased assimilation and the increased 
RuBP carboxylation, and supported by the modelling, of 
these vines. While the more muted increased capacity for 
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RuBP regeneration of the harvested vines was in accord with 
the muted change in RuBP carboxylation they were not, 
however, consistent with the decreased rates of assimilation 
that occurred as a consequence of the harvest. Removal of 
actively growing sinks of Shiraz vines, by contrast, caused 
concerted decreases in rates of assimilation and in rates of 
RuBP metabolism (Greer 2020) and perhaps suggested the 
sink demand of the present study was tapering off, with the 
grape bunches no longer growing or accumulating sugar. 

In the post-harvest period, it was again apparent from the 
GLM modelling that mostly assimilation at ambient CO2 

concentrations was limited by the maximum rates of RuBP 
carboxylation, at least at temperatures below 30°C. In 
contrast to the pre-harvest modelling, however, there was 
also a significant limitation by the stomata, but this was 
highly temperature-dependent. At 15°C, the limitation to 
photosynthetic rates was exclusively by the maximum rates 
of RuBP regeneration and no limitation by stomatal 
conductance, consistent with the high stomatal opening at 
this temperature (Fig. 7). However, from 20 to 30°C, the 
limitation by stomata decreased progressively from 41 to 
6%, but the stomata were again the major limitation at 
35 and 40°C, with only minor effects of RuBP carboxylation 
and regeneration. Curiously, at 45°C, the rates of 
photosynthesis were not at all limited by the stomata and 
largely limited by maximum rates of RuBP carboxylation. 
This might be explained by a well-known inactivation of 
Rubisco (Sawada et al. 1995) or inactivation of Rubisco 
activase at these high temperatures (Crafts-Brandner and 
Law 2000; Salvucci and Crafts-Brandner 2004) and thus 
becoming limiting. 

Chlorophyll a fluorescence 

There were no significant effects of the presence or absence of 
Shiraz fruit on any of the fluorescence attributes in contrast to 
previous results with the same grape cultivar (Greer 2019c). 
This may reflect the short measurement period of the present 
study compared to the whole growing season of the previous 
study or differences in sink demand as already concluded. The 
lack of a response was also in marked contrast to that for 
peach trees, where maximum quantum PSII (ΔF/Fm 

0) 
efficiency, as well as photochemical quenching (qP) both, 
declined significantly in shoots without compared to those 
with fruit (Duan et al. 2008). Similarly, these same 
attributes all decreased in low sink apple trees (Fan et al. 
2010). Consistent with this, quantum efficiencies of mango 
trees also declined in low crop load trees (Urban et al. 
2004) as was also evident in cv. Braeburn apple trees with 
and without a crop load (Wünsche et al. 2000). While it 
remains uncertain why the Shiraz vines failed to reveal a 
crop load effect on the quantum efficiencies of PSII in 
contrast to these other studies, the different seasons or 
differences in crop load may have been an explanation for 
the Shiraz vines. Nevertheless, when the Shiraz shoot data 

for fruiting and vegetative vines were pooled, there were 
significant effects of the pre-and post-harvest measurement 
periods. For the maximum quantum efficiency, the 
temperature had no major effect pre-harvest but there was 
a dramatic and marked decrease in the maximum efficiency 
after harvest and a much greater sensitivity to temperature. 
This does accord with changes in CO2-limited assimilation, 
most especially at higher temperatures, but not with CO2
saturated assimilation. However, increased rates of electron 
flow through higher rates of RuBP regeneration and RuBP 
carboxylation after harvest, conforming with high Amax 

rates, were at odds with the reduced PSII quantum 
efficiency. Certainly, the large loss of non-photochemical 
quenching and reduced photochemical quenching that 
occurred after harvest conformed to the increase in 
assimilation. These major effects on PSII thus occurred in 
stark contrast with CO2 fixation, which appeared to be 
operating as normal and perhaps the effects of the growth 
conditions were more severe on PSII than on CO2 fixation, 
per se. These differences might suggest fine-tuning of 
photosynthesis was apparent, with PSII and the light 
reactions remaining flexible in the presence of severe 
growth conditions to ensure CO2 fixation was maintained. 

Conclusions 

Removal of the fruit sink in the Shiraz vines at harvest caused 
not only a decrease in assimilation rates, consistent with the 
hypothesis but also a marked shift in the photosynthetic 
temperature-dependency compared to that in vines that had 
been continuously vegetative. These effects were most 
evident at high temperatures, in keeping with an assimila
tion bias towards these temperatures, and largely because 
rates of RuBP carboxylation and RuBP regeneration all 
increased markedly in the vegetative vines at the higher 
temperatures in comparison with the harvested vines. 
Nevertheless, the rates of carboxylation and regeneration 
did increase after harvest in the fruiting vines at the higher 
temperatures but apparently, both processes remained limit
ing to photosynthesis, since the ambient photosynthetic rates 
decreased after the harvest despite the increased RuBP 
metabolism, thus, suggesting stomatal conductance was the 
more limiting factor. The fruit harvest also caused large 
effects on PSII but what remained uncertain was the cause 
of the large loss of non-photochemical quenching that 
occurred consequent on the later measurement stage, except 
that it was coupled to a marked decrease in maximum 
quantum efficiency of the light reactions and decreased 
photochemical quenching, and suggested the light reactions 
were inherently flexible within prevailing climatic conditions 
to ensure maximum CO2 fixation occurred. What was not 
consistent with the tenor of the hypothesis, however, and 
remained unresolved was why the continuously vegetative 
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vines increased photosynthesis driven by increased RuBP 
carboxylation and regeneration in the post-harvest period, 
when there was no apparent change in sink demand. 
Nevertheless, the reduction in crop load caused decreased 
assimilation and also in the attendant processes of RuBP 
carboxylation and regeneration, relative to continuously 
vegetative vines, conforming to the hypothesis. 

Supplementary material 

Supplementary material is available online. 
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