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Abstract  

The relationships between leaf biomass and morphology (lamina area and petiole and lamina 
inclination), petiole’s mechanical and structural properties and the vertical light gradient inside the 
crop’s canopy were studied in field grown sunflower (Helianthus annuus L.) plants, maintained at an 
optimum soil water and mineral status. 
The objective of this work was to study the role of petiole’s mechanical properties on foliar 

inclination, and the relationships between leaf and petiole angle variation patterns along the canopy 
and leaf and petiole biomass partitioning and morphology. 
At flowering, incident photosynthetic active radiation (PAR) was measured at the top of the canopy 

and on individual leaves using a quantum sensor. The fraction of direct incident radiation that passes 
through the canopy reaching each individual leaf was then calculated. 
Individual petiole and lamina inclination angles (iaPetiole and iaLamina respectively) were measured 

from sequential digital images taken from rotated plants and a stationary camera. Petiole length and 
lamina area were measured after detaching the leaves from each plant.  
Leaves were separated in petiole, lamina and main veins, and their dry biomass obtained. Petiole 

transverse cuts stained with acid fluoroglucinol were used to measure the relative area occupied by 
lignified and fibrous tissue. 
The petiole’s structural Young's modulus (EPetiole) for different leaves was calculated from a three-

point bending test performed in petiole segments about 4.0 to 8.0 cm long. Petiole flexural stiffness 
(EIPetiole) was calculated using elementary beam theory for homogenous materials. Intercepted PAR in 
the canopy for individual leaves decreased basipetally. The iaPetiole increased acropetally from -9.0

o to 
+60.0o while the iaLamina increased basipetally from +1.0

o to -60.0o in concordance with increments in 
the intercepted PAR. Petiole specific weight (g/cm2) did not change with leaf position whilst lamina 
specific weight decreased acropetally. Main veins dry weight increased basipetally. EPetiole and EIPetiole 
increased acropetally. The relationship between intercepted PAR and the ratio biomass dry 
weightPetiole/biomass dry weightLamina was positively correlated. The relative area occupied by 
supporting tissue was significantly higher in upper petioles than in lower ones. 
These results suggest that, in order to optimize the interception of incident PAR, the sunflower 

plant invests more energy in differentiating supporting tissues in the petioles of the upper canopy 
resulting the higher canopy strata in a preferentially planophyllous/erectophyllous leaf architecture. 

Introduction 

It is known that plants can maximize canopy light interception by increasing both leaf area or the 
efficiency in the way each unit of leaf area intercepts light [1, 2].    
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It has been found that  the interception efficiency of both direct and diffuse irradiance increases in 
leaves with horizontal laminae [planophyllous leaf architecture; 3, 4].  
As leaves adapt to a light gradient inside the canopy, not only the inclination angles, but also the 

morphology, anatomy, size and mass of their petioles and laminas are modified. Leaf inclination 
angles generally decrease with increasing leaf age. This is generally attributed to increases in both 
lamina weight and area [5] that can alter the bending momentum exerted on the petiole, changing 
lamina and/or petiole inclination angles [6, 7]. 
Petiole mechanical properties, as a result of changes in its material properties, and/or by 

modifications in the cross-sectional shape and dimensions [8] may then change along the vertical light 
gradient, allowing modifications of the lamina inclination angle [7, 8]. There is evidence that petioles 
are stiffer at higher irradiance [7, 9] as the result of larger biomass investments in supporting tissue [8, 
10]. 
In the sunflower crop, biomass production and yield are positively coupled with solar radiation 

intercepted by the canopy [11].  If an increase in yield is expected after culturing sunflower in narrow 
rows or high densities [12], then, fixing a priori canopy parameters that could be associated with a 
better solar radiation interception is necessary to redesign the plant’s ideotype. 
The aim of this work was to study in field grown sunflower plants the role of petiole mechanical 

properties on foliar inclination, and the relationships between leaf and petiole angle variation patterns 
along the canopy and leaf and petiole biomass partitioning and morphology. 

Material and methods 

Sunflower (Helianthus annuus L.) plants (hybrid cultivar Macón, Syngenta Seeds, Argentina), 
were grown at the experimental field of the Agronomy Department-UNSur, Bahía Blanca, Argentina 
(Latitude S, 38o45’; Longitude W, 62o11’). The soil was a Typic Ustipsamment [13,14]. At 4-leaf stage 
[14] plant density was adjusted to 5.6 plants/m2 (Fig. 1A). The crop was managed according to 
recommended conventional agronomical practices. Weeds and insects were adequately controlled. Soil 
water content and mineral nutrition were maintained at optimum levels by drip irrigation and by 
fertilization (NPK: 30-30-30; 80 kg/ha) at sowing and at anthesis [14]. 
Before first anthesis [14] a batch of plants were selected for uniform size and developmental stage. 

Using a quantum sensor (LI-COR, NE, USA) PAR was measured at noon in different leaves in six of 
these selected plants (n=6) ten days before and at anthesis. Being the maximum incident PAR for the 
topmost leaf 100%, then the fraction of incident PAR (fIPAR) for each leaf inside the canopy was 
calculated [15]. fIPAR readings for both developmental stages were averaged (Fig. 2A). 
Following the second PAR measurement and at predawn the selected plants were removed one at a 

time with a shovel from the experimental planting site retaining almost 90% of the root plate [soil-root 
system close to the base of the stem; 16] and immediately transferred to a 15-L plastic bucket 
containing tap water. The submerged soil-root system allows to keep the whole plant in a vertical 
position while maintaining a short-time optimum leaf water status (Fig. 1B). A 5.0 Mpixel digital 
camera mounted on a tripod was located at 7 m from the sampled plant pointing at its centre and 
operated by an assistant. The plant was then rotated clockwise 360o around its own stem at 20o 
intervals and three high resolution pictures of the whole plant per rotating position (center, top and 
bottom) were taken. Time spent since each plant was removed until the last picture was taken did not 
exceed 100 s.  
Thereafter, all leaves for each plant were labeled, removed,  packed in wet tissue paper, put in a 

plastic bag and transported immediately to the laboratory for biomechanical and morphological 
measurements. 
In the laboratory each leaf lamina was quickly scanned using a desktop scanner. Afterwards the 

area of each leaf (Fig. 2B) was measured on the scanned images using the software ImageJ  [17]. 
Leaf samples were separated with a razor blade in petiole, whole lamina and laminar tissue with the 

main veins removed, oven-dried at 70°C for 48 h and dry biomass of all leaf parts obtained  (Fig. 3D).  
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Fig. 1. A. Panoramic view of the crop at anthesis, when plant sampling leaf petiole and lamina angles 

measurement and biomechanical analysis were done. B. Plant removed from the planting site with the root 

system placed in a bucket and ready to start the photographic record. Inserted in the image is a schematic detail 

showing the criteria used to measure the inclination angles of the petiole under the environment of the software 
Screen Protractor (SP) C. Petiole transverse cuts for leaves 3 (upper) and 18 (lower) showing the anatomy and 
distribution of supporting tissues  (COL: collenchyma). Note the increased number of collenchymatous layers in 

upper petioles (Fig. C5) than in lower ones (Fig. C6). Bars:  C1-4 = 5.0 mm; C5-6 = 150 µm. D. Estimation of 
petiole (iaPetiole) and lamina (iaLamina) inclination angles from digital images of each plant’s leaf. Petiole’s 
inclination angle was defined as the angle between the points of petiole attachment to the shoot and lamina 

attachment to the petiole. Lamina inclination angle was measured at the fall line of the lamina. 

 
 
Digital micrographs of transverse hand cuts of the petiole for leaves at two canopy levels (upper 

and lower) stained with acid phluoroglucinol [18] to visualize lignified tissue, were used to calculate 
the relative area occupied by different biostructural components, mainly parenchymatic, vascular and 
supporting tissue (Fig. 1C; Table 1).  
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Petiole specific biomass (dry biomass per unit volume and per transverse surface area) and dry 
matter concentration (dry biomass per unit volume) were calculated from petiole dry mass, length, and 
area of cross-sections. Lamina specific biomass (dry biomass per unit of lamina surface area) was also 
calculated. 

 

 
 
 
 
 
 
 
 
 
 

Fig. 2.  A. Fraction of incident PAR (µmol/m2/s) measured at each leaf level with a quantum sensor. B. Indivi-
dual leaf mass and leaf area in the plants used in this work. Bars for each point (mean of n=6): ± 1S.E. 

 
The Young’s elastic modulus of the petioles [EPetiole; 8] was calculated using a three-point bending 

method as described in [19]. Lacking at this stage of a reliable model to approximate the load of 
lamina on the petiole [7, 8], E and I were not measured and calculated for the lamina. Sections of the 
medium part of the petiole (4 cm from upper leaves to 8 cm from lower leaves) were placed 
horizontally over two supports that were 2 to 4 cm apart.  Vertical applied forces (F, N) and resulting 
deflections (δ, m) were recorded using a testing machine as described in [20]. Young’s modulus was 
calculated as follows [21]: 
 

EPetiole = (FL
3)/48 δIPetiole 

 

where L is the length between the supports (m) and IPetiole the axial second moment of area (m
4) 

[21]. For all leaves IPetiole was calculated from the petiole cross-sectional dimensions assuming it was a 
sector of a circular ring (see Fig. 1C) : 
 

IPetiole = (π/8) (R
4 - r4) (See Fig. 3.3 in [8]) 

 
For R, the radii of a laterally depressed cylindrical petioles (see Fig. 1C1-4) was estimated using a 

digital caliper as an average of three perpendicular measurements. 
The flexural stiffness of the petiole was calculated as the product of EPetiole and IPetiole [MN m

2; 8, 
22]. The petiole and lamina inclination angle (iaPetiole and iaLamina respectively; Fig. 1D) for each leaf 
of each plant was obtained using the digital images of the rotated plants registered as described above 
(Fig. 1B) using the software Screen Protractor (Iconico Inc.; http://www.iconico.com/protractor/). 
The 3o to 4o parallax error generated in each picture between the upper and lower ends of each plant 
was corrected for each reading of lamina or petiole inclination angle straightening each set of three 
pictures per rotating position with the software PTGui (New House Internet Services B.V.; 
http://www.ptgui.com/). Linear regression analysis between different parameters were performed using 
the software Kaleidagraph v.4.1 (Synergy Software). 

Results and discussion 

The upper leaves had shorter petioles  (Table 1). These petioles also had a higher Young’s elastic 
modulus (Fig. 3A; Table 1). 
There was a continuous vertical light gradient along the plant canopy (Fig. 2A). The aiPetiole 

increased acropetally (more PAR intercepted)  from -9o to +60o while the aiLamina increased basipetally 
from +1o to -60o

 
(Fig. 3B). The petioles specific biomass (BspPetiole) did not change along the canopy 
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levels while the lamina specific biomass (BspLamina) decreased acropetally (Fig. 3C). Main veins 
biomass increased basipetally (Fig. 3D). Magnitudes of  EPetiole and EIPetiole increased acropetally (Fig. 
3A,E). The relationship BspcPetiole/BspcLamina was positively correlated with the fIPAR (Fig. 3F) being 
significantly higher from leaf 7 upwards (Fig. 3F). 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 3: A. Log of EPetiole vs. fIPAR; B. Lamina and petiole inclination (
o) vs. fIPAR; C: Lamina and petiole 

specific biomass vs. fIPAR; D: Biomass of different leaf components vs. fIPAR; E: Log of EIPetiole  vs. fIPAR;  F: 
relationship between the petiole/ lamina specific biomass vs. fIPAR; G: Log of EPetiole vs. the relationship petiole 
biomass/lamina biomass. Bars for each point (mean of n=6): ± 1S.E. 
 
A positive correlation was also found between lamina and petiole inclination angle and the fIPAR. 

However, the leaves in the upper canopy were more upwardly inclined, whilst those in the lower 
canopy were bent downwards (Fig. 3B). This suggests that the light interception efficiency did 
decrease with decreasing light availability towards the lower canopy strata, allowing to speculate that 

Leaf 19 

A 

B 

c 

D 

F 

G 

Leaf  7 

Leaf blade 

Petiole 

E 



6
th
 Plant Biomechanics Conference – Cayenne, November 16 – 21, 2009 

 

a limited investment of biomass in mechanical support was taking place in lower petioles (Fig. 3G). In 
fact, a higher proportion of supporting tissue (collenchyma and schlerenchyma) in transverse sections 
of upper petioles was observed in comparison with the lower ones (Fig. 1C). 
On the other hand it is known that the mechanical properties of petioles and other plant tissues can 

be also determined by their hydrostatic pressure [8] and there is consistent evidence that water stress in 
sunflower increases with increasing height in the canopy [23, 24, 25] driving to a lower water 
potentials in the intensively transpiring upper canopy leaves and hence reducing the elastic modulus of 
all involved tissues, lamina and petiole [8, 26]. Even tough leaf water potential was not measured in 
this work, a comparison of number and diameter of the xylem vessels between the upper and lower 
petioles did not show relevant differences. Knowing that the lamina surface area increases downwards 
this observation suggests that tissue turgor in the lower leaves as well as the tissue elastic modulus 
could not be maintained at the same magnitude as in upper leaves. This could also explain the higher 
values of elastic modulus of petioles from the upper canopy leaves (Table 1, Fig. 1A). 
 

Table 1. Main anatomical parameters of  the petioles of leaves number 3 (upper canopy) and 18 (lower canopy) 

which can be associated with its mechanical properties and that were used to calculate is flexural stiffness 

(EIPetiole). For the petioles located at the intermediate canopy, E was extrapolated assuming a linear 
relationship. For each column, values followed by different letters indicate significant differences at P<0.05. 

(*): Fibers, collenchyma and lignified tissue calculated from images of petiole’s transverse cuts (See Fig 1C 

1,4); P: petiole. 

 

 Petiole transverse 

section 
(mm2) 

 Transverse section with 
supporting tissue (*)  

(%) 
 P length 

(mm) 
P Log E 
(N/m2) 

Shoot 
side 

Laminar 
side 

Shoot 
side 

Laminar 
side 

Upper 
Petiole 
(leaf 3) 

 
6.3±0.9 a 

 
9.39±0.3 a 

 
64.7±9.1 a 

 
18.8±12.3 a 

 
23.1±10.9 a 

 
26.9±9.8 a 

Lower 
Petiole  
(leaf 18) 

 
19.8±1.3 b 

 
8.26±0.4 b 

 
96.8±11.2 b 

 
66.5±10.7 b 

 
14.1±13.5 b 

 
15.5±11.7 b 

Conclusion 

It has been  demonstrated that with increasing light availability, steeper inclination angles in the 
upper canopy in a broad leaf crop plants as the sunflower become more convenient from the point of 
view of the plant photosynthetic balance [11, 27]. Such canopy architecture allows more uniform 
distribution of light within the canopy, and thus enables greater exposure of the photosynthesizing 
foliar area to light [4, 28]. The results presented here suggest that in order to optimize the interception 
of PAR, sunflower plants invest part of the captured energy in synthesizing petiole structural 
supporting material. This investment has a multiplicative component from base to apex, so the petioles 
of the upper canopy show more  supporting tissue (collenchyma and vascular fibers) than the lower 
ones. This results in the upper canopy having a preferentially planophyllous to erectophyllous 
architecture. 
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