
Leaf angle and light interception in sunflower (Helianthus annuus L.). 
Role of the petiole’s mechanical and anatomical properties

Ángulo e intercepción de luz en las hojas de girasol (Helianthus annuus L.). 
Rol de las propiedades mecánicas y anatómicas del pecíolo
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Abstract. The relationships between (1) leaf biomass and mor-
phology (lamina area and petiole and lamina inclination), (2) petiole’s 
mechanical and structural properties, and (3) the vertical light gradi-
ent inside the crop’s canopy were studied in field grown sunflower 
(Helianthus annuus L.) plants, maintained at optimum soil water and 
mineral levels. At flowering, incident photosynthetic active radia-
tion (PAR) was measured at the top of the canopy and on individual 
leaves using a quantum sensor. The fraction of direct incident radia-
tion which passed 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. These were taken rotating plants and using a station-
ary digital photographic camera. Petiole length and lamina area were 
measured after detaching leaves from each plant.  Leaves were sepa-
rated in petiole, lamina and main veins, and their dry mass obtained. 
Petiole transverse cuts stained with acid fluoroglucinol were used to 
measure the relative area occupied by lignified and fibrous tissues. 
The petiole’s structural Young‘s modulus (EPetiole) for different leaves 
was calculated from a three-point bending test. This was performed 
in petiole segments 4.0 to 8.0 cm length. Petiole flexural stiffness 
(EIPetiole) was calculated using elementary beam theory for homog-
enous materials. Intercepted PAR in the canopy for individual leaves 
decreased basipetally. The iaPetiole increased acropetally from -9.0° to 
+60.0°, while the iaLamina increased basipetally from +1.0° to -60.0° in 
concordance with increments in the intercepted PAR. Petiole spe-
cific weight per tranverse sections (g/cm2) did not change with leaf 
position whilst lamina specific weight decreased acropetally.
Main veins dry weight increased basipetally. EPetiole and EIPetiole in-
creased acropetally. There was a positive relationship between in-
tercepted PAR and the ratio dry weightPetiole/ dry weightLamina. 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 incident PAR interception, sunflower plants invest 

Resumen. Se estudiaron (1) las relaciones entre la biomasa foliar 
y su morfología (área e inclinación de la lámina y ángulo de inclina-
ción del pecíolo), (2) las propiedades mecánicas y estructurales de 
los pecíolos, y (3) el gradiente vertical de luz dentro del canopeo en 
plantas de girasol (Helianthus annuus L.) que crecieron a campo, en 
condiciones óptimas de agua edáfica y nutrientes. A la antesis, la ra-
diación fotosintéticamente activa (RFA) incidente fue medida con 
un sensor cuántico al tope del canopeo y en hojas individuales. De 
esta forma se calculó la fracción de la radiación incidente que pasó a 
través del canopeo y llegó a cada hoja. La inclinación de los pecíolos y 
las láminas (iaPetiole y iaLamina, respectivamente) fúe medida sobre imá-
genes digitales tomadas con una cámara fotográfica digital sobre una 
secuencia de plantas giradas sobre su eje. La longitud de los pecíolos 
y el área de las láminas fueron medidos luego de remover las hojas de 
las plantas.  Las hojas fueron separadas en pecíolos, láminas y nerva-
duras principales obteniéndose su peso seco. Cortes transversales de 
pecíolos fueron teñidos con fluoroglucinol para medir la superficie 
relativa ocupada por tejido lignificado. El módulo de elasticidad de 
Young en los pecíolos (EPetiole),  para las diferentes hojas del canopeo, 
fue calculado mediante la prueba de flexión de tres puntos realizada 
en segmentos de pecíolo de 4,0 a 8,0 cm de longitud. La rigidez 
estructural de los pecíolos (EIPetiole) fue calculada utilizando los prin-
cipios de la teoría elemental de vigas para materiales homogéneos. 
La RFA en el canopeo para las hojas individuales disminuyó basí-
petamente. El iaPetiole se incrementó acrópetamente de -9,0° a +60,0°, 
mientras que el iaLamina aumentó basípetamente de 1,0°

 
a -60,0° acor-

de a los incrementos de la RFA interceptada. El peso específico por 
área transversal de los pecíolos (g/cm2) no varió con la ubicación de 
la hoja en el canopeo mientras que el peso específico de la lámina 
disminuyó acrópetamente. El peso seco de las nervaduras principales 
se incrementó basípetamente. El EPetiole  y el EIPetiole aumentaron acró-
petamente. Hubo una correlación positiva entre la RFA interceptada y  
el índice Peso seco del pecíolo/Peso seco de la lámina. El área relativa 
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more energy in differentiating supporting tissues in the petioles of 
the upper canopy. This determines that the higher canopy strata has 
a preferentially planophyllous/erectophyllous leaf architecture.

Keywords: Biomechanics; Helianthus; Leaf angle; Light inter-
ception; Sunflower.

ocupada por tejido de sostén fue significativamente mayor en los pe-
cíolos superiores que en los inferiores. Estos resultados indican que el 
girasol invierte más energía en la generación de tejido de sostén en los 
estratos altos del canopeo, lo que le permite mantener una arquitectura 
foliar plano-erectófila, y al mismo tiempo optimizar la intercepción de 
la RFA incidente.

Palabras clave: Biomecánica; Helianthus; Girasol; Inclinación 
foliar; Intercepción de luz.

INTRODUCTION

Plants can maximize canopy light interception by increas-
ing both leaf surface area and the efficiency of light intercep-
tion for each unit of leaf area (Huber & Stuefer, 1997; Knapp 
& Smith, 1997).   

Interception efficiency of both direct and diffuse irradi-
ance increases on leaves with horizontal laminae (planophyl-
lous leaf architecture; Pearcy & Valladares, 1999; Valladares & 
Pearcy, 2000).

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 (Hamerlynck & Knapp, 1996). These can alter the 
bending momentum exerted on the petiole, changing lamina 
and/or petiole inclination angles (Niinemets & Fleck, 2002; 
Huber at al., 2008).

Petiole mechanical properties, as a result of changes in its 
material properties, and/or by modifications in the cross-sec-
tional shape and dimensions (Niklas, 1992), may change along 
the vertical light gradient, allowing modifications of the lami-
na inclination angle (Niklas, 1992; Niinemets & Fleck, 2002). 
There is evidence that petioles are stiffer at higher irradiance 
(Niinemets, 1998; Niinemets & Fleck, 2002) as the result of 
larger biomass investments in supporting tissue (Niklas, 1992; 
Weiijschedé et al., 2006).

In sunflower, biomass production and yield are positively 
coupled with solar radiation intercepted by the canopy (Con-
nor & Hall, 1997). Fixing of a priori canopy parameters that 
could be associated with a better solar radiation interception is 
necessary to redesign a plant’s ideotype if an increase in yield 
is expected after culturing sunflower in narrow rows or high 
densities (Andrade et al., 2002).

Objectives of this work were to study (1) the role of petiole 
mechanical properties on foliar inclination, and the relation-
ships between (2) leaf and petiole angle variation patterns 
along the canopy, and (3) leaf and petiole biomass partitioning 
and morphology in field grown sunflower plants.

MATERIALS AND METHODS

Sunflower (Helianthus annuus L.) plants (hybrid culti-
var Macón, Syngenta Seeds, Argentina), were grown at the 
experimental field of the Agronomy Department-UNSur, 
Bahía Blanca, Argentina (38°45’S; 62°11’ W). The soil was 
a Typic Ustipsamment (Soil Survey Staff, 1999). At 4-leaf 
stage (Schneiter & Miller, 1981) 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 fertilization (NPK: 30-30-30; 80 kg/ha) at 
sowing and anthesis (Schneiter & Miller, 1981).

Before first anthesis (Schneiter & Miller, 1981) a group 
of plants were selected for uniform size and developmental 
stage. PAR was measured at noon using a quantum sensor 
(LI-COR, Lincoln NE, USA) on different leaves in six of 
these selected plants (n=6). Measurements were made ten days 
before and at the anthesis phenological stage. The maximum 
incident PAR was 100% for the topmost leaves. The fraction 
of incident PAR (fIPAR) for each leaf inside the canopy was 
calculated (Sadras et al., 2000). fIPAR readings were averaged 
for both developmental stages.

Following the second PAR measurement and at predawn, 
selected plants were removed with a shovel from the experi-
mental planting site one at a time, retaining almost 90% of the 
root plate (soil-root system close to the stem base; Sposaro et 
al., 2008). They were immediately transferred to a 15-L plastic 
bucket containing tap water. The submerged soil-root system 
allowed to maintain the whole plant in a vertical position 
while keeping 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 a collaborator. The plant was then rotated 
clockwise 360° around its stem at 20° intervals, and three 
high resolution pictures of the whole plant were taken per 
rotating position (center, top and bottom). Time spent for 
each plant from removal to the last picture taken did not 
exceed 100 s. 
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Thereafter, all leaves for each plant were labeled, removed, 
packed in wet tissue paper, placed in plastic bags and trans-
ported immediately to the laboratory for biomechanical and 
morphological measurements.

In the laboratory each leaf lamina was quickly scanned us-
ing a desktop scanner. Afterwards the area of each leaf was 
measured on the scanned images using the software ImageJ 
(Rasband, 2008).

Leaf samples were separated with a razor blade in peti-
ole, whole lamina, and laminar tissue with the main veins re-
moved. These plant tissues were then oven-dried at 70 °C for 
48 h, and dry weight obtained.

Digital micrographs of transverse hand cuts of petioles 
from leaves at two canopy levels (upper and lower) were 
stained with acid phluoroglucinol (Ruzin, 1999) to visualize 
lignified tissues. This allowed to calculate the relative area oc-
cupied by different biostructural components, mainly paren-
chymatic, vascular and supporting tissues (Fig. 2).

Fig. 1. (A) Panoramic view of the crop at anthesis, time when leaf 
petiole and lamina angles measurements, and biomechanical analy-
sis were done. (B) Plant removed from the planting site with the root 
system placed in a bucket with water, ready to start the photographic 
recording. Inserted in the image is a schematic detail showing the cri-
teria used to measure the inclination angle of each lamina (iaLamina) and 
its petiole (iaPetiole) using the software Screen Protractor (SP).
Fig. 1. (A) Vista panorámica del cultivo a la antesis, momento en el cual 
se realizó la medición del ángulo de los pecíolos y las láminas, y el análisis 
biomecánico. (B) Una de las plantas removidas del cultivo con el sistema 
radical colocado en un balde con agua, lista para iniciar el registo fotográ-
fico. Inserto en la imagen se presenta un detalle mostrando el criterio uti-
lizado para medir la inclinación de cada lámina (iaLamina) y su pecíolo (iaPetiole), 
utilizando el programa Screen Protractor (SP).

Fig. 2. Transverse cuts of petioles nearby the shoot node (shoot side) 
and laminar base (laminar side) showing its anatomy and distribution of 
supporting tissues  (COL: collenchyma) for leaves 3 (A-C, upper) and 
18 (B-D, lower). Note the increased number of collenchyma layers 
(CL) in upper petioles (A) than in the lower ones (B). Bars:  A-D = 5.0 
mm; E-F = 150 µm.
Fig. 2. Cortes transversales de los pecíolos cercanos al nudo y a la base 
de la lámina de las hojas 3 (A-C, superior) y 18 (B-D, inferior), mostrando 
su anatomía y la distribución de los tejidos de sostén (COL: colénquima). 
Nótese el mayor número de estratos de colénquima (CL) en los pecíolos 
superiores (A) con respecto a los inferiores (B). Escala:  A-D = 5,0 mm; 
E-F = 150 µm.

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 cross-section areas. Lamina specific biomass 
(dry biomass per unit lamina surface area) was also calculated.

The Young’s elastic modulus of the petioles (EPetiole; 
Niklas, 1992) was calculated using a three-point bending 
method as described by Liu et al. (2007). E and I were not 
measured and calculated for the lamina because of the lack 
of a reliable model to approximate the load of lamina on the 
petiole (Niklas, 1992; Niinemets & Fleck, 2002). Sections of 
the medium part of the petiole (4 cm from the upper leaves 
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to 8 cm from the lower leaves) were placed horizontally over 
two supports that were 2 to 4 cm apart.  Vertical applied 
forces (F, N) and resulting deflections (d, m) were recorded 
using a testing machine as described in Hernández & Bellés 
(2006). Young’s modulus was calculated as follows (Gere & 
Timoshenko, 1997):

EPetiole = (FL3)/48 dIPetiole

where L is the length between the supports (m) and IPetiole the 
axial second moment of area (m4) (Gere & Timoshenko, 1997). 
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 = (p/8) (R4 - r4) (See Fig. 3.3 in Niklas, 1992)

where R, the radius of irregular petioles (see Fig. 2 A-D), was 
estimated using a digital caliper as an average of three perpen-
dicular measurements.

The flexural stiffness of the petiole was calculated as 
the product of EPetiole and IPetiole (MN m2; Niklas, 1992; 
Vogel, 1992). The petiole and lamina inclination angles 
(iaPetiole and iaLamina, respectively; Fig. 3) for each leaf of 
each plant was obtained using the digital images of the ro-
tated plants [registered as described above (Fig. 1B)] using 
the software Screen Protractor (Iconico Inc.; http://www.
iconico.com/protractor/). The 3° to 4° parallax error gen-
erated 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 analyses between different pa-
rameters were performed using the software Kaleidagraph 
v.4.1 (Synergy Software).

Fig. 3. Example of the measurements of petiole (iaPetiole) and lamina 
(iaLamina) inclination angles from digital images of each plant’s leaf. 
Fig. 3. Ejemplo de las mediciones del ángulo de inclinación del pecíolo 
(iaPetiole) y de la lámina (iaLamina) en las imágenes digitales de cada hoja.
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Fig. 4. (A) Fraction of incident PAR (µmol/m2/s) measured at each leaf 
level inside the crop with a quantum sensor. (B) Individual leaf mass 
and leaf area in the plants used in this work. Bars for each point (mean 
of n=6): ± 1S.E.
Fig. 4. (A) Fracción de la RFA incidente (µmol/m2/s) medida al nivel de 
cada hoja dentro del cultivo con un sensor cuántico. (B) Biomasa y área 
de cada hoja en las plantas utilizadas en este trabajo. Las barras en cada 
punto (promedio de n=6) indican ± 1E.E.

RESULTS AND DISCUSSION 
There was a decreasing vertical light gradient along the 

plant canopy (Fig. 4A). Leaf area and lamina weight increased 
almost linearly from top nodes (leaf No. 1) to central canopy 
nodes (leaf No. 13; Fig. 4B). Thereafter, lamina dry weight  
(excluding petiole) slightly decreased towards the bottom 
canopy nodes (Fig. 4B).

Hernández LF, FYTON 79 (2010) 

The upper leaves had shorter petioles  (Table 1). These pet-
ioles also had a higher Young’s elastic modulus (Fig. 5A; Table 
1). The aiPetiole increased acropetally (more PAR intercepted)  
from -9° to +60° while the aiLamina increased basipetally from 
+1° to -60° (Fig. 5B). The petioles specific biomass (BspPetiole) 
did not change along the canopy levels while the lamina spe-
cific biomass (BspLamina) decreased acropetally (Fig. 5C). Main 
veins biomass increased basipetally (Fig. 5D). Magnitudes of  
EPetiole and EIPetiole increased acropetally (Fig. 5A,E). The rela-
tionship BspcPetiole/BspcLamina was positively correlated with the 
fIPAR (Fig. 5) being significantly higher from leaf 7 upwards 
(Fig. 5F).

A positive correlation was also found between lamina and 
petiole inclination angle and the fIPAR. However, leaves in 
the upper canopy were more upwardly inclined, whilst those 
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Fig. 5. (A) Log of EPetiole vs. fIPAR; (B) Lamina and petiole inclination (°) vs. fIPAR; (C) Lamina and petiole specific biomass vs. fIPAR; (D) Biomass 
of leaf components blade, petiole and main veins vs. fIPAR; (E) Log of EIPetiole vs. fIPAR; (F) relationship between the petiole mass (g)/ lamina 
specific biomass (g/g) vs. fIPAR; (G) Log of EPetiole vs. the relationship petiole biomass/lamina biomass. Bars for each point (mean of n=6): ± 
1S.E. Linear fits are included.
Fig. 5. (A) Logaritmo del EPetiole vs. fIPAR; (B) Inclinación de la lámina y del pecíolo (°) vs. fIPAR; (C) Biomasa específica de la lámina y del pecíolo vs. fIPAR; 
(D) Biomasa de los componentes foliares lámina, pecíolo y nervaduras principales vs. fIPAR; (E) Log del EIPetiole vs. fIPAR;  (F) relación entre el cociente 
biomasa del pecíolo (g)/ biomasa específica de la lámina (g/g) vs. fIPAR; (G) Log del EPetiole vs. la relación biomasa del pecíolo (g)/ biomasa de la lámina 
(g). Las barras en cada punto (promedio de n=6) indican ± 1S.E. Se incluyen los ajustes lineales.
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in the lower canopy were bent downwards (Fig. 5B). This sug-
gests that the light interception efficiency did decrease with 
decreasing light availability towards the lower canopy strata. 
This allows to speculate that a limited investment of biomass 
was taking place in lower petioles for mechanical support (Fig. 
5G). In fact, transverse sections of upper petioles showed a 
higher proportion of supporting tissue (collenchyma and 
schlerenchyma) than lower ones (Fig. 2C-D).

Mechanical properties of petioles and other plant tissues 
can also be determined by their hydrostatic pressure (Niklas, 
1992). Water stress in sunflower increases with increasing 
height in the canopy (Black, 1979; Rawson, 1979; LoGullo et 
al., 2004) driving to lower water potentials in the intensively 
transpiring, upper canopy leaves. This subsequently reduces 
the elastic modulus of all involved tissues, lamina and petiole 
(Niklas, 1992; Smith & Ennos, 2003). Even though leaf wa-
ter potential was not measured in this work, a comparison of 
the number and diameter of xylem vessels between the upper 
and lower petioles did not show relevant differences. Lamina 
surface areas increased downwards. This suggests that tissue 
turgor and the tissue elastic modulus could not be maintained 
at the same magnitude in the lower as in upper leaves. This 
could help to explain the higher values of elastic modulus for 
petioles from the upper canopy leaves (Table 1, Fig. 5A).

CONCLUSION
It was demonstrated that with increasing light availabil-

ity, steeper inclination angles in the upper canopy were more 
convenient for the plant photosynthetic balance in a broad 
leaf crop plants like sunflower (Hernández & Orioli, 1983; 
Connor & Hall, 1997). Such canopy architecture gives more 
uniform distribution of light within the canopy, allowing a 

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

For each column, values followed by different letters indicate significant differences (n= 10; p<0.05). (*): Fibers, collenchyma and lignified 
tissue calculated from images of petiole’s transverse cuts (See Fig. 2A-D); P: petiole.
Para cada columna, los valores seguidos por letras diferentes indican diferencias significativas (n= 10; p<0,05). (*): Fibras, colénquima y tejido 
lignificado calculado a partir de imágenes de secciones transversales de los pecíolos. (Ver Fig. 2A-D); P: pecíolo.

Table 1. Main anatomical parameters of petioles on leaves number 3 (upper canopy) and 18 (lower canopy). These can be associated with its 
mechanical properties and were used to calculate its flexural stiffness (EIPetiole). For petioles located at intermediate levels within the canopy, E was 
extrapolated assuming a linear relationship.
Tabla 1. Principales caracteres anatómicos de los pecíolos en la hoja número 3 (canopeo superior) y 18 (canopeo inferior). Estos pueden asociarse con 
sus propiedades mecánicas y fueron utilizados para calcular su rigidez estructural (EIPetiole). Para los pecíolos ubicados en los estratos intermedios del 
canopeo, E fue extrapolado asumiendo la existencia de una relación lineal. 

greater exposure of the photosynthetic leaf surface area to 
light (Valladares & Pearcy, 2000; Rey et al., 2008).

Steeper leaf angles in the upper canopy also lead to a re-
duction in midday heat-loads, thereby increasing water use ef-
ficiency and decreasing the risk of overheating (King, 1997).

Results of this study suggest that to optimize PAR inter-
ception, sunflower plants invest part of the captured energy 
in synthesizing petiole structural, supporting material. Petiole 
mechanical properties changed along the vertical light gradi-
ent, allowing modification of the lamina inclination angle for a 
common lamina load and petiole length. Vertical deflection of 
the leaf lamina was reduced by increases in the petiole elastic 
modulus via changes of the petiole material properties.

This investment has a multiplicative component from base 
to apex. Thus, petioles of the upper canopy showed more sup-
porting tissue (collenchyma and vascular fibers) than lower 
ones. As a result of this the upper canopy showed a preferen-
tially planophyllous to erectophyllous architecture.
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