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Abstract 
How light attenuation influences the photosynthetic properties of different 

leaves within grapevine canopies was investigated by measuring photosynthesis 
along the shoots over the growing season and light responses of selected leaves 
derived at different temperatures. Differences in rates of photosynthesis became 
apparent in late spring when the canopies start to close; rates of photosynthesis of 
shaded leaves peaked at 7 μmol (CO2) m-2 s-1 some 40% behind exposed leaf rates, 
and these differences accentuated as the season progressed. By mid-season, rates of 
photosynthesis at 12 μmol (CO2) m-2 s-1 were nearly three-fold higher in sun 
compared with shade leaves at 5.5 μmol (CO2) m-2 s-1. Basal and mid-node position 
leaves gradually become shaded while leaves at the apical shoot end still maintained 
high rates. Photosynthetic light responses showed typical sun/shade contrasts with 
higher maximum photosynthesis, lower apparent photon yields and higher light-
saturation in the sun leaves. However, these responses were highly temperature – 
dependent and Pmax was optimal at 25oC and declined at 20 and 35oC and above.  
Similarly, the apparent photon yield was also highly temperature-dependent, 
optimal at 25oC and declining with increasing temperatures. By contrast, light 
intensities required to saturate photosynthesis increased from about 600 μmol 
(photons) m-2 s-1 at 20oC to over 1100 μmol (photons) m-2 s-1 at 35 - 40oC. We 
conclude that although shade has a marked impact on photosynthesis, the 
temperatures that the vines experience over the growing season also has a marked 
impact on the photosynthetic responses to light. 

INTRODUCTION 
Light is the primary driver for all plant growth through the process of 

photosynthesis. In general, at low irradiance photosynthesis is linearly dependent on light 
but with increasing irradiance, rates of photosynthesis decline as the process becomes 
light-saturated and other limitations became apparent, notably the substrate CO2. This 
photosynthetic response to light, particularly the saturating response, has been well 
described by a number of mathematical models such as the non-rectangular hyperbola 
(Cannell and Thornley 1998) and by hyperbolic tangents (Greer and Halligan 2001). 

Prevailing light intensities also influence the morphology of the leaves; more 
dense and smaller leaves in sunny locations and thinner, larger-sized leaves in shady 
locations (Pires et al. 2011). Within a single plant canopy, both leaf morphologies can be 
found, with the sun leaves on the outer sides and shade leaves inside the canopy 
(Eschenbach and Kappen 1996). In deciduous grapevines, however, leaves that become 
located in the shadiest part of the vine, typically basal leaves, emerged first in spring in 
otherwise high-light conditions. Such leaves commonly have high rates of photosynthesis 
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early in their development, in contrast to those leaves emerging later in the season, (Greer 
et al. 2011). Thus, for some leaves in deciduous plants, leaf morphology may change as 
the canopy develops. Sun/shade leaf development can be readily characterised by the 
maximum rates of photosynthesis, light saturation and photon yields (Thompson et al. 
1988). It remains uncertain, however, if such changes in leaf morphology that occur as 
part of canopy development affect the light dependence of photosynthesis.  

Temperature also affects the photosynthetic rate and typically C3 leaves are 
optimal at about 25oC with perhaps a broad optimum between 20 and 30oC and declining 
rates at lower and higher temperatures. Grapevines are no exception and leaf 
photosynthesis generally fits this pattern (Kriedemann 1968; Yu et al. 2009). Given that 
grapevines leaves can experience leaf temperatures well above and below this range over 
the growing season, it is important when characterising photosynthetic attributes of 
grapevines leaves, to take into account the temperature and light dependency. 
 
MATERIALS AND METHODS 
This study was undertaken on a commercial vineyard in the Riverina, NSW, Australia 
over the summer of the 2009/10 growing season. The 8-year old vines (Vitis vinifera L. 
cv. Semillon) were planted in north-south rows and supplemented with water and 
nutrients through drip irrigation. Budbreak occurred about 25 September, full bloom in 
early November and grapes were harvested in early February.  

Leaf area and dry weights 
From mid October through to harvest, two whole shoots from each of three vines 

were destructively harvested at monthly intervals and taken to the laboratory. In each 
case, the area of each leaf was measured (LI3000, Li-Cor. Lincoln, NE, USA) and then 
oven-dried at 60oC for 14 days. The dry weight of each leaf was then determined and the 
specific leaf area calculated. 

Photosynthesis across the growing season 
For each leaf of two shoots on three vines, gas exchange was measured with an 

open system (LCA4, Analytical Development Company, Hoddeson, UK) from about mid 
October to after harvest at about weekly intervals. Leaves were measured when each 
attained a size of about 40 mm and an increasing number of leaves (up to 25) were 
measured as the season progressed. The leaf temperature and photon flux density (PFD) 
were measured concurrently with each gas exchange measurement.  

Photosynthetic light responses 
Photosynthetic light responses were measured on selected leaves in open and 

shaded locations within the vine, using an open gas exchange system (Li6400, Licor, 
Lincoln, NE, USA) and LED lighting system (6400-02B, LiCor, Lincoln, NE, USA) at an 
ambient CO2 concentration and at all leaf temperatures from 20 to 40oC. Light responses 
were also measured on leaves along shoots at a selected leaf temperature. In each case, at 
least 6 leaves were measured for each leaf temperature or shoot position. 

All data were analysed using generalised linear models with SAS V9.13 (SAS 
Institute, Cary, NC, USA) and least squares means and standard errors determined.  All 
data were analysed according to a randomised design and statistical significance was 
assessed at the 5% level.  The light response data were modeled by fitting a hyperbolic 
tangent function to the data (Greer and Halligan 2001) using non-linear regression in SAS 
to determine the light-saturated rate of photosynthesis (Pmax), the apparent CO2-limited 
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photon yield (αapp) and light saturation (Psat) was determined according to Greer and 
Halligan (2001).   

RESULTS 
Photosynthesis across the growing season 

For the basal leaves (1-5), rates of light-saturated photosynthesis (Fig. 1) peaked 
at about 6 ± 0.4 µmol (CO2) m-2 s-1 on about 40 days after budbreak (DAB) but then 
declined more or less continuously through the growing season. After 40 DAB, for the 
sun leaves (6 – 25), rates of photosynthesis dramatically  increased to about 11 ± 0.5 
µmol (CO2) m-2 s-1 and remained high until 100 DAB when the rates declined but still 
significantly higher than basal leaf rates.  

Temperature-dependency of photosynthetic light responses 
Photosynthetic light responses for leaves in the sun and in the shade (Fig 2) 

indicated slight but significant differences in the photon yield), with a 22% higher yield in 
the shade leaves. There were more marked differences in the maximum rate of 
photosynthesis (Pmax), with nearly 2.5-fold higher rates in the sun compared to the shade 
leaves. The light at which each response was saturated was also different, from about 500 
± 66 µmol (photons) m-2 s-1 in shade leaves to 1070 ± 111 µmol (photons) m-2 s-1 in sun 
leaves.  

These differences in light responses between the sun and shade leaves were highly 
temperature-dependent. At low temperature (20oC), Pmax did not vary between sun and 
shade leaves (Fig. 3A) but with increasing leaf temperature, differences in Pmax became 
very apparent. However, Pmax of shade leaves was not strongly temperature-dependent 
and averaged 8.8 ± 0.7 µmol (CO2) m-2 s-1 between 20 and 40oC. By contrast, for sun 
leaves, Pmax increased nearly two-fold between 20 and 30oC and optimal at 30oC at a rate 
of 19.9 ± 1.8 µmol (CO2) m-2 s-1. The light saturated rates declined with higher leaf 
temperatures and were typically about 66% of the rates at 30oC. By contrast, the photon 
yields were not strongly affected (not shown). 

Shade leaves were photosynthetically light-saturated at about 600 µmol (photons) 
m-2 s-1 (Fig. 3B) and leaf temperature had no marked effect on this. This contrasts with 
sun leaves, where photosynthetic light saturation increased from 600 µmol (photons) m-2 
s-1 at 20oC to 1100 µmol (photons) m-2 s-1 at 30oC and above. Thus for the sun leaves, the 
light saturation was strongly temperature-dependent. 

Photosynthetic light responses along the shoot 
The photosynthetic light responses differed significantly between basal and mis-

shoot leaves (Fig. 4), with differences in Pmax, photon yield and light saturation. These 
differences occurred generally along the shoot (Fig. 5), for basal leaves and those towards 
the apical meristem. Up to leaf 4, the maximum rates of photosynthesis were lowest at 
about 5.9 ± 0.6 µmol m-2 s-1, the photon yield highest at 0.048 ± 0.004 mol (CO2) mol 
(photons)-1 and the saturation photon flux density also lowest at 330 ± 60 µmol (photons) 
m-2 s-1. The highest maximum photosynthetic rates occurred from about leaf 10 and up to 
leaf 18, and averaged 12.4 ± 2.3 µmol (CO2) m-2 s-1. Along the shoot, the photon yield 
declined in a curvilinear pattern to reach an average of 0.034 ± 0.0026 mol (CO2) mol 
(photons)-1 from leaf 12 onwards. The pattern for photosynthetic light saturation along the 
shoot was comparable with that for the maximum rates of photosynthesis and leaves 12 
and up were light saturated at 1000 ± 170 µmol (photons) m-2 s-1.  
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Changes in leaf morphology across the growing season 
The specific leaf area (SLA) of shade leaves (Fig. 6) was initially high but then 

declined transiently to increase again to about 0.020 ± 0.002 m2 g-1, where it remained for 
the rest of the season. By contrast, there was no initial decline in the SLA of the sun leaf 
and values were comparable with shade leaves until 70 DAB. From then on, the SLA of 
sun leaves declined markedly to 0.0135 ± 0.0027 m2 g-1and was significantly (P < 0.001) 
lower than for the shade leaf.   

DISCUSSION 
Consistent with studies of many other species (Givnish 1988; Kriedemann 1968), 

the photosynthetic light responses between sun and shade leaves of Semillon vines were 
very different in terms of maximum rates of light-saturated photosynthesis, photon yields 
and photon flux densities at which photosynthesis was saturated. There was a two-fold 
range in Pmax for the Semillon leaves and comparable with sun and shade leaf differences 
of other grapevine varieties (Cartechini and Palliotti 1995; De Cortazar et al. 2005; 
Palliotti et al. 2000; Schultz 2003). The photon yield of the Semillon leaves was 20% 
lower in the sun compared with shade leaves and this also compared favourably with 
other grapevines (Cartechini and Palliotti 1995; Palliotti et al. 2000). Similarly, 
photosynthetic light saturation for the sun leaves was two-fold higher than for the shade 
leaves of the Semillon vines and well in keeping with that for Sangiovese (Cartechini and 
Palliotti 1995) and Cabernet Franc and Trebbiano Toscano (Palliotti et al. 2000) varieties. 

The photosynthetic light responses of Semillon grapevines were strongly 
dependent on leaf temperature, particularly so for the sun leaves, where Pmax changed up 
to two-fold between the optimum at 30oC and highest and lowest temperatures. For the 
shade leaves, Pmax declined in a linear trend from the lowest to highest leaf temperature. 
As a consequence, there were marked differences in Pmax between the sun and shade 
leaves at all temperatures except 20oC. Similar results occurred with White Reisling and 
Zinfandel grapevines (Schultz 2003), except that Pmax of shade leaves appeared to be 
sensitive to temperature. The irradiance required to saturate photosynthesis of Semillon 
vines was also highly temperature-dependent but, again, more so for sun than shade 
leaves. In both cases, photosynthesis at 20oC was light-saturated at 600 µmol (photons) 
m-2 s-1 but for shaded leaves, photosynthesis across all other temperatures was also 
saturated at this photon flux density. By contrast, for the sun leaves, light saturation 
doubled between 20 and 30oC to over 1100 µmol (photons) m-2 s-1 but thereafter remained 
there at higher temperatures. Similar increases in light saturation with increased leaf 
temperature for other species have been observed by Sun and Sweet (1996), Man and 
Lieffers  (1997) and Greer and Halligan (2001). 

During late spring at the base of the Semillon shoots, characteristic shade leaves 
were evident. The first 4-5 leaves had attributes of high photon yields, low Pmax and low 
light saturation, leaf 6 was transitional with medium sun-shade attributes and leaf 8 and 
beyond had characteristic sun leaf attributes (low αapp, high Pmax, high Psat). Along the 
shoot, however, Pmax changed abruptly from shade to sun values whereas the photon yield 
declined in a more continuous pattern. The photosynthetic light saturation PFD also 
increased  gradually. Thus, there were slight differences in the shade-sun attributes along 
the shoot, as might be expected, given the fluctuating light environment that the leaves 
are exposed to, especially above leaf 6. Similar changes in Pmax and light saturation with 
different leaf positions to those reported here occurred in Cabernet Sauvignon grapevines 
(Dobrowski et al. 2005). 
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The question of when during development basal Semillon leaves acquired the 
photosynthetic shade habit remains uncertain, given that their emergence occurs in spring 
in relatively high light. The first 5-6 leaves and their internodes emerge as a cluster with 
very rapid expansion rates and become fully expanded before about 40 DAB (Greer and 
Weston 2010). This would suggest these basal leaves initially develop with sun attributes. 
Consistent with this conclusion, the specific leaf area of the basal leaves although initially 
high, declined during the main period of expansion and comparable with the SLA of 
leaves growing in a high light environment (Eschenbach and Kappen 1996; Poorter and 
Evans 1998; Poorter et al. 2006). After full expansion occurred, however, the SLA of the 
basal leaves increased again and remained reasonably constant throughout the remainder 
of the growing season. Thus suggests morphological development occurred changing 
basal leaves to a shaded habit, in keeping with their photosynthetic attributes. By contrast, 
when the mid shoot leaves (e.g. leaf 10) emerged, the SLA was initially low but during 
development increased markedly to be comparable with SLA of the basal leaves. This 
change in SLA may reflect a normal part of the leaf expansion process. However, once 
full expansion had occurred (see Greer and Weston (2010), the SLA of these leaves 
declined equally markedly to values statistically lower than for the basal leaves and hence 
consistent with those of a sun leaf (Poorter and Evans 1998). Thus, there was 
morphological as well as physiological evidence that the mid shoot, and presumably other 
emerging leaves could be characterised as sun leaves. 

CONCLUSIONS 
For Semillon grapevines, leaves can be separated by photosynthetic and 

morphological attributes into sun and shade leaves. Shade leaves develop in the basal 
parts of the shoot as later emerging leaves overshadow these lower parts of the canopy but 
these leaves develop initially with sun attributes. Morphological and physiological 
changes occur in the basal leaves as the shade develops. Photosynthetic light responses of 
sun and shade leaves differed in response to temperature, with sun leaves responding 
strongly and shade leaves relatively weakly.  
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Fig. 1 Seasonal changes in light saturated photosynthesis (mean ± SE, N = 6) for shaded 
and sun leaves of Semillon grapevines. Prior to 40 DAB, it was assumed the first five 
leaves were sun exposed and there after shaded while leaf 6 and onwards were fully 
exposed. 

 

Fig. 2 Photosynthetic light responses for sun and shade Semillon leaves (mean ± SE, N = 
6) measured at a leaf temperature of 30oC. 

 

Fig. 3. (A) The light-saturated maximum rates (Pmax) of photosynthesis and (B) the 
photon flux density at which photosynthesis was light saturated (mean ± SE, N = 6) as a 
function of leaf temperature for Semillon grapevine leaves growing in shaded or sunny 
locations of the canopy. 
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Fig. 4. Photosynthetic light responses for leaves at positions 2 (shaded) and 12 (sunny) 
along the shoot of Semillon vines (mean ± SE, N = 6) and measured at a leaf temperature 
of 30oC. 

 

Fig. 5. The light saturated rats (Pmax) of photosynthesis (A), photon yield (αapp) of 
photosynthesis (B) and the saturating PFD (C) as a function of shoot position (mean ± SE, 
N = 4) on Semillon grapevines. All measurements were at a leaf temperature of 30oC. 

 

Fig. 6. Changes in the specific leaf area (mean ± SE, N = 10) across the growing season 
for leaves at position 4 (shaded) and position 10 (sunny) of Semillon leaves.  




