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Abstract  
 
Cotton (Gossypium hirsutum L.) net photosynthetic rate (PN) decreased with leaf age and low irradiance, and the 
interaction of these factors might lead to decreased yields mainly in crops with a high plant density. Shade decreased 
leaf gas exchange, mainly in young leaves, which did not recover after exposure to an increasing irradiance. Old leaves 
reached PN saturation at a lower irradiance than young leaves. Also stomatal conductance decreased with leaf age and 
shading. Intercellular CO2 concentration and irradiance were inversely related. The responses of PN to irradiance 
decreased as leaf aged, and it did not interact with shade suggesting that self-shading is not primarily responsible for the 
decreased photosynthetic rate in older cotton leaves. 
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Introduction  
 
The activity of ribulose-1,5-bisphosphate carboxylase/ 
oxygenase (Rubisco) is regulated by irradiance (Taiz and 
Zeiger 2010) and hence the net photosynthetic rate (PN) 
and sugar content in cotton leaves and bolls decrease 
under low irradiance (Zhao and Oosterhuis 1998a). On 
cloudy days, frequent in cotton growing regions in the 
tropics, sugar depletion results in abscission of 
reproductive structures and eventually in yield loss 
(Wells 2011). In addition to shading, leaf aging decreases 
the photosynthetic capacity, e.g., due to a modification in 
the number and size of chloroplasts (Pettigrew 2004). 
Furthermore, the decrease in PN with leaf aging is 
significantly correlated with a decrease in free indole-3 
acetic acid (Guinn and Brummett 1993), the content of 
chlorophyll and soluble proteins, and Rubisco activity 
(Wells 1988). In addition, nitrogen is remobilized to 
younger tissues and to fruits at the bottom of the canopy 
as the crop ages. Milroy et al. (2001) found a positive 
relationship between N content per leaf area unit in each 
canopy layer and relative irradiance.  
 The planophile structure of cotton leaves results in a 
strong gradient of irradiance through the canopy. The 
photosynthetically active radiation (PAR) in the upper 
cotton leaves is close to 100 % of incident PAR. 

However, values as low as 20, 10, and 5 % of incident 
PAR are observed in the plant bottom at plant density of 
1, 2, and 4 plants m-2 (Dauzat et al. 2008), respectively. 
Leaves grown under low irradiance exhibit a saturated PN 
at a lower irradiance than leaves developed under a high 
irradiance (Landivar et al. 2010). This is particularly 
important in cropping systems with a high plant density 
because the penetration of radiation through the crop 
canopy is related to the leaf area. Leaf size, arrangement, 
angle, and crop density/row space affect the interaction of 
these factors (Saeki 1963). Brodrick et al. (2013) reported 
an increased coefficient of absorbance from 0.69 with  
12 plants m-2 to 0.81 with 36 plants m-2. Even so, a higher 
absorbance does not increase a total biomass yield 
because the radiation use efficiency is low. Most studies 
on PN in cotton were developed after leaves were 
acclimated to various irradiances. However, a different 
response might be forthcoming under rapid changes in 
irradiance as it occurs with partly cloudy sky conditions 
(Bauer et al. 1997). 
 In tropical areas with long growing seasons, cotton 
sowing dates have been facing changes, so as to grow two 
crops in the same season: early soybeans followed by 
cotton. Hence, cotton has been sown late in the season at  
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increased plant populations, or narrow rows, to 
compensate for a lower yield per plant. When cotton is 
cropped late in the season, bolls develop under shorter 
days and, eventually, less radiation energy is available. 
Self-shading under a high density may further impair PN 
and decrease yield. If the amount of absorbed radiation is 
not high enough, the effect of leaf aging may be less 
important in decreasing PN than the effect of irradiance. 

The knowledge of shading effects on the cotton 
physiological characteristics can help understand plant 
behavior in cropping systems with a high plant density. 
To prove a hypothesis that a decrease in PN in cotton 
leaves by shading could be more important than by leaf 
aging, this study aimed at evaluating the effects of leaf 
age and irradiance, alone or in combination, on cotton 
leaf gas exchange. 

 
 
Materials and methods 
 
Three experiments were carried out in a greenhouse 
where cotton (Gossypium hirsutum L. var. latifolia,  
cv. FMT 701) was grown in pots filled with soil. The pots 
were irrigated daily with distilled water, and a half-
strength Hoagland nutrient solution was applied weekly. 
The average greenhouse CO2 concentration was 388 ± 6 
μmol mol-1, day/night temperatures of 34/20C, and 
relative humidities of 50/90%. Daily PAR values and a 
day length are shown in Fig. 1. Experiment 1 was 

conducted from 17 November 2009 to 30 January 2010; 
experiment 2 from 1 to 30 February 2010, and 
experiment 3 from 2 February to 25 April 2010. A 
supplemental radiation was not used. In shaded 
treatments, the irradiance was decreased to 50 % by a 
black cloth on a metallic support placed 2 cm above the 
leaf surface. 
 In the first experiment, the effect of cotton leaf age, 
and short and long-term shading on photosynthesis were 

 

 
Fig. 1. The incident daily photosynthetically active radiation (PAR) and day length in the greenhouse of the São Paulo State 
University, Botucatu, SP, Brazil.
 
determined. Sympodial branch leaves 15-, 30-, 45-, and 
60-d-old were pre-shaded for 4 d or kept under the 
natural irradiance (preconditioning). By the time of 
evaluations, the same leaves were shaded or kept under 
the natural irradiance. Hence, we had four combinations: 
pre-shade/shade, no pre-shade/shade, pre-shade/no shade, 
and no pre-shade/no shade. The experimental design was 
a 4 × 2 factorial in complete randomized blocks (leaf age 
× preconditioning) with two sub-plots (the conditions at 
the time of assessment) and four replications. Cotton was 
sowed at 15-d intervals in order to obtain leaves 15-, 30-, 
45-, and 60-d-old at the same plant position on the 
evaluation day. Leaves were labeled at unfolding, using a 
different plant for each leaf age. Ambient PARs reaching 

the leaves were 436, 491, 187 and 231 µmol m-2 s-1 for 
leaves 15-, 30-, 45-, and 60-d-old, respectively.  
 In the second experiment, we aimed at evaluating the 
effect of incident PAR and shading on leaf gas exchange 
recovery, similar to what happens after a period of cloudy 
weather. Treatments included preconditioning (shaded 
and unshaded) and PARs of 1 500, 1 200, 900, 600, 300, 
100, 50, and 0 mol m-2 s-1 during measurements. A 
sympodial branch leaf was labeled at unfolding and 
measurements were taken when it was 15-d-old. Shade 
was applied 4 d prior to the evaluation. Ambient PAR 
reaching unshaded and shaded leaves was 886 and  
416 μmol m-2 s-1, respectively. The experimental design 
was a complete randomized block with four replications.  
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 Finally, to assess the effect of leaf age and PAR, the 
third experiment was carried out. Treatments consisted of 
leaf ages of 15, 30, 45, and 60 d and PARs of 1500, 1200, 
900, 600, 300, 100, 50, and 0 mol m-2 s-1. Determina-
tions were made in leaves of the same plant, and the ages 
were estimated assuming that the youngest leaf reaching 
2.5 cm was 1-d-old. The experimental design was a 
complete randomized block with four replications. 
 PN, stomatal conductance (gs), and intercellular CO2  

concentration (ci) were determined using a portable 
photosynthetic system LI-6400 (LI-COR., Lincoln, NE, 
USA) between 9:00 and 11:00. 
 After running ANOVA, regressions were fit to data 
where appropriate. Curves were fitted according to the 
asymmetric model f = y0 + asqrt(x) + bx, or the 
exponential model f = a1 - exp(-bx) using the Sigma 
Plot® software. Mean values were used to fit the curves. 
Treatment means were compared by LSD (α = 0.05).  

 
 
Results and discussion 
 
The leaf age had no effect on PN under low PAR. 
However, PN was higher in 15- and 30-d-old compared 
with 45- and 60-d-old leaves when PAR was over  
300 mol m-2 s-1 (Fig. 2A). The response of PN to PAR 
followed an asymptotic or exponential model-like curve, 
typical of C3 plants (Pettigrew 2004). PN increased fastly 
with PAR up to 700 to 800 μmol m-2 s-1, but the complete 
saturation was not reached at 1 500 mol m-2 s-1, as it has 
been observed before (Zeng et al. 2012). The 
compensation radiation, when carbon fixation is 
equivalent to respiration (Taiz and Zeiger 2010), was 
significantly lower in 60-d-old leaves (9.5 mol m-2 s-1) 
compared to younger leaves (26, 24 and 19 mol m-2 s-1 

in 15-, 30- and 45 d-old leaves), similarly as reported by 
Constable and Rawson (1980) and Pettersen et al. (2010). 
Chlorophyll fluorescence was not measured in this study; 
however, previous works have shown a decreased leaf 
fluorescence with leaf aging (Šesták and Šiffel 1997, 
Čaňová et al. 2008). A decrease in content of chlorophyll 
and total proteins and of some parameters of chlorophyll 
fluorescence in wheat leaves with plant age was observed 
by Špundová et al. (2005). Furthermore, these authors 
reported that senescence is accelerated by shading as 
result of lipid peroxidation. In our experiments, the age 
was an important factor controlling PN in cotton leaves, 
and the irradiance was more important for young leaves as  
 

 

Fig. 2. A - The net photosynthetic rate (PN) of cotton leaves as affected by photosynthetically active radiation (PAR) and leaf age.
B - PN of 15-d-old leaves as affected by incident PAR and previous shade. Vertical bars show SE of the mean, n = 4, ## - significant 
at 1 % probability. 
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Fig. 3. PN as affected by leaf age and shade (leaves pre-conditioned in shade for 4 d prior to the measurement and then shaded or not 
shaded during the measurement; control plants were kept under PAR of 500 µmol m-2 s-1). Vertical bars show SE, n = 4,
# - significant at 5 % probability, ns - non significant.
 
Table 1. The P-values for sources of variation and their interactions for net photosynthetic rate (PN), stomatal conductance (gs), and 
intercellular CO2 concentration (ci). PAR - incident photosynthetically active radiation, shade - leaves were pre-shaded for 4 d prior 
to the assessment, time of measurement – leaves were shaded or kept under the natural irradiance.  
 

 Source  PN gs ci 

Experiment 1 shade 0.02 0.62 0.21 
 time of measurement 0.10 0.56 0.22 
 leaf age 0.0001 0.0001 0.0001 
 shade × time of measurement  0.05 0.47 0.23 
 shade × leaf age 0.15 0.18 0.35 
 time of measurement × leaf age 0.57 0.64 0.82 
Experiment 2 shade 0.0001 0.0001 0.0001 
 PAR 0.00001 0.0001 0.0001 
 shade × PAR 0.01 0.16 0.07 
Experiment 3 leaf age 0.0001 0.0001 0.08 
 PAR 0.0001 0.02 0.0001 
 leaf age × PAR 0.06 0.99 0.66 

 
compared with mature and senescent ones (Fig. 2, Table 1). 
 In 15-d-old leaves either acclimated or non-
acclimated to shade, PN increased with PAR (Fig. 2B). 
However, PN was higher (P < 0.01) in unshaded leaves 
when PAR was over 800 mol m-2 s-1. Thus, increasing 
PAR instantaneously to 1 500 mol m-2 s-1 was not enough 
for the shaded leaves (acclimated at 390 mol m-2 s-1) to 
reach the same PN as compared with the unshaded leaves, 
which suggests an adverse effect of shade similar to what 
happens after a period of cloudy weather. Zhang et al. 
(1995) also reported an adverse effect of shade in PN 
recovery of Encelia farinosa, a C3 plant, and as a result, 
the electron transport rate and sugar content decreased. In 
the present experiment, the saturation of PN was not 
reached in 15-d-old shaded or unshaded leaves under 

maximum PAR (1 500 mol m-2 s-1) used, showing that 
the shade, despite decreasing PN, did not change the PAR 
necessary for the PN saturation. These results confirm the 
observation of Sassenrath-Cole et al. (1996), who reported 
that the saturation of PN is not achieved in 14-d-old cotton 
leaves at PAR of 2 000 mol m-2 s-1. On the other hand, 
Greer et al. (2011) reported a higher PN of vine leaves 
exposed to full sunlight than those shaded to 70 %, but 
the saturation of PN in shaded leaves is 45 % lower when 
compared with leaves under full light. 
 Maximum PN in unshaded leaves was reached 
between 15 and 30 d (Fig. 3) and PN decreased as the leaf 
age further increased. The shade played a significant role 
in decreasing PN, which was less evident as leaves aged. 
For those leaves acclimated to shade for 4 d, there was no 
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difference in PN between shaded and unshaded treatments 
at measurement. This result shows that even after a 
period of shading, plants did not reestablish their leaf 
photosynthetic capacity (Fig. 2B and 3). Landivar et al. 
(2010) reported an effect of the previous history on 
utilization of radiation by the canopy. In other words, a 
leaf grown under low PAR exhibits a lower saturated PN 
than a leaf developed under high PAR, what supports our 
results. Thirty-d-old leaves not exposed to the shade had 
a higher (P < 0.01) PN compared with other 
combinations, and 45-d-old unshaded leaves had higher 
(P < 0.01) PN compared with shaded leaves of the same 
age (Fig. 3). In contrast, Sassenrath-Cole et al. (1996) 
observed that PN of cotton leaves is much more affected 
by leaf age than by irradiance, ranging from approxi-
mately 50 µmol(CO2) m

-2 s-1 at 15 d after leaf unfolding to 
10 µmol(CO2) m-2 s-1 at 65 d. It was observed in this 

experiment that leaf age affects the photosynthetic 
efficiency. However, PAR is also a very important factor 
because leaves preconditioned under the sun and 
subjected to shading on the measurement time decreased 
their photosynthetic efficiency due to decreasing incident 
PAR from 830 to 428 mol m-2 s-1 compared with 
unshaded leaves. Self-shading and leaf aging occur 
concurrently in the plant canopy and there is little PAR 
available for older leaves at the bottom of the plant 
canopy. The results obtained in the present experiment 
corroborate findings by Wullschleger and Oosterhuis 
(1990), who showed that young leaves at the top of the 
canopy receiving PAR of 1 700 mol m-2 s-1 fix CO2 at a 
rate of 32.8 mol m-2 s-1, whereas leaves in the lower 
third of the canopy received PAR of 350 mol m-2 s-1 and 
fix only 10.9 mol m-2 s-1 of CO2. 

 

 
Fig. 4. Stomatal conductance (gs) as affected by leaf age, shade, and incident PAR. A1 - the mean of eight PAR values – experiment 3, 
n = 16; A2 - the mean of four leaf ages – experiment 3, n = 16; B - 15-d-old leaves were shaded for 4 d – experiment 2, n = 4; C - the 
mean of four shade treatments  – experiment 1, n = 16). Vertical bars show SE. # and ## significant at 5 and 1 % probability, 
respectively. 
 
 Stomatal conductance (gs) also decreased (P < 0.01) 
with leaf aging (R2 = 0.95), and PAR accounted for about 
80 % of gs response (R2 = 0.81) (Fig. 4A2 and A1) when 
leaves of all ages were considered. For young cotton 
leaves, Sun et al. (2009) also reported an increased gs as a 
response to an increased irradiance. Contrary to a 
maximum gs at 15-d-old leaves observed in this work, 
previous research showed a maximum gs in cotton leaves 
at 25 d (Constable and Rawson 1980) and 21 d (Kakani et 
al. 2004), and these differences may be attributed to 
different cultivars.  
 In young leaves (15-d-old), gs increased in both 
unshaded and shaded leaves as PAR increased  

(Fig. 4B). Similar to what was observed for PN (Fig. 2B), 
gs increased with PAR, but it was significantly lower in 
shaded leaves and did not recover to the levels of 
unshaded leaves. A previous study also observed that 
shading (120 mol m-2 s-1) reduced gs of cotton leaves as 
compared to unshaded (1 950 mol m-2 s-1) (Petersen  
et al. 1991). Thus, leaves grown under shade do not reach 
the same gs as unshaded leaves, which was also observed 
in the present experiment. The effect of shading on gs 
may be associated with the leaf abscisic acid (ABA) 
content, because the content of ABA is expected to be 
reduced with the increasing irradiance of mesophyll, thus 
enhancing stomatal opening (Farquhar and Sharkey 1982). 



IRRADIANCE, LEAF AGE, AND GAS EXCHANGE 

 

371 

 Leaf aging resulted in decreasing gs (Figs. 4A2 and 
4C). However, our results contrast with Constable and 
Rawson (1980), where gs was maximum at 25 d. Closing 
stomata with further ageing may be regulated by ABA as 
ABA content increases in leaf tissues as they age (Jibran 
et al 2013). 
 

Fig. 5. The intercellular CO2 concentration (ci) of cotton leaves
as affected by PAR and leaf age (A, experiment 1); PAR and
shade (B, 15-d-old leaves were shaded or unshaded for 4 d prior
to the measurement – experiment 2). Vertical bars show SE,
n = 4, ## significant at 1% probability. 
 
 The ci in the cotton leaves decreased with increasing 
PAR irrespective of age (Fig. 5A), as also reported by 
Zhou et al. (2009). A ci decrease in sub-stomatal cavities 
is a result of increased carbon fixation or CO2 

conductance in the mesophyll (Messinger et al. 2006). In 
15-d-old leaves, increased PAR reduced ci, and the 
decrease was higher (P < 0.01) in shaded leaves than in 
unshaded ones (Fig. 5B). Shaded leaves had a lower ci 
response to PAR, possibly due to lower gs (Fig. 4B). In 
contrast, the decrease in ci in unshaded leaves resulted 
from a higher carbon fixation as response to increased 
PAR (Fig. 2B). These results are consistent with previous 
observations in cotton, where ci increases in shaded 
leaves reflecting the reduced PN (Zhao and Oosterhuis 
1998b). The average decrease in atmospheric CO2 (ca) in 
sub-stomatal cavities (ca - ci) in herbaceous 
dicotyledonous leaves under saturated irradiance is  

125 ± 5 mol mol-1 when ca is 360 mol mol-1 (Warren 
2008). Although the saturation of PN was not reached,  
ci at the highest PAR (1 500 mol m-2 s-1) was 45 mol 
mol-1 in unshaded leaves and 20 mol mol-1 in shaded 
leaves showing that the shade restricted CO2 flux into the 
sub-stomatal cavities (Fig. 4B). 
 

Fig. 6. The intercellular CO2 concentration of cotton leaves as 
affected by leaf age (mean of preconditioning and shade at 
measurement – experiment 1). Vertical bars show SE, n = 16.
ns - non-significant.
 
 Leaf aging increased ci, but it was not affected by pre- 
shading (Fig. 6). Previous studies have shown that leaf 
age has little effect on ci (Constable and Rawson 1980), 
but a high irradiance can decrease ci by increasing PN 
(Smith and Longstreth 1994, Xu and Hsiao 2004). A high 
ci suggests a limitation in carbon fixation as observed in 
the present experiment (Figs. 3 and 6) as well as in a 
previous study where a ci increase is associated with a 
decreased PN in senescent maize leaves (Lu and Zhang 
1998). 
 The objective of this study was to evaluate the effects 
of leaf age, incident PAR, and shading, alone or in 
combination, on cotton leaf gas exchange. We 
hypothesized that the effect of shading could be more 
important than the effect of leaf aging. The short-term 
shade decreased PN, mainly in young leaves (15- and  
30-d-old). These leaves did not re-establish their PN under 
increasing PAR. The response of older leaves to PAR 
was lower when compared to young leaves suggesting 
that self-shading is not primarily responsible for the 
decreased PN in the old cotton leaves. This finding 
improves the understanding of changes in PN in leaves of 
cotton grown in population of high density, which may 
help cotton growers. 
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