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Abstract 
Leaf appearance and leaf elongation rates in rice play an essential role in determining the devel-
opment of the plants’ architecture which affects their adaptability to varying environments. This 
study aimed to characterize the rates of leaf appearance and elongation on all leaves of the main 
culms of rice plants for 11 contrasting varieties and to determine if the decrease in the leaf ap-
pearance rate was related to a simultaneous decrease in the rate of leaf elongation. Forty four 13-L 
pots were sown with one plant from one genotype and laid out in 4 randomized complete blocks. 
The experiment, conducted inside a greenhouse, was repeated twice. The increase in length of the 
leaves expanding on the main stems was monitored daily until flag leaf. Data were used to esti-
mate the rates of leaf appearance and leaf elongation. Significant variability in the rate of leaf ap-
pearance, rate of leaf elongation, and leaf length was found across varieties. The kinetics of leaf 
appearance had linear phases intermediated by a curvilinear phase, without sharp changes in the 
phyllochron duration. Maximal leaf elongation rate (LER) of all genotypes (except for one) in-
creased linearly with leaf rank until it reached its maximum value at leaf 8 to 10 (11 - 12 for Azu-
cena) where it stabilized before decreasing linearly with leaf rank for the last leaves. Finally, both 
rates of leaf appearance and leaf elongation evolved with time more smoothly than expected so no 
sharp decrease in LER occurred at the time of the decrease in leaf appearance rate of the last 
leaves. However, the trilinear model fits the data well enough to remain useful in efficiently com-
paring the leaf appearance kinetics of contrasting varieties. 
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1. Introduction 
Leaf appearance rate in cereal follows a regular rhythm when timed in thermal time [1]. Often, a linear correla-
tion exists between thermal time and the number of expanded leaves on the stem, but there are also cases where 
bilinear or non-linear correlations are observed. Leaf appearance rate is primarily influenced by temperature but 
also by many other environmental factors such as water or nutrient availability and light quality [2]. It has long 
been established that leaf appearance rate in rice follows a three-phase kinetics. The leaves are found to appear 
at regular time intervals (phyllochrons) as influenced by environmental factors such as temperature, day length, 
mineral nutrition, light intensity, planting density, and humidity [3]. The phyllochron is shorter for the first three 
to five appearing leaves, intermediate for the succeeding leaves, and then longer for the last four to five leaves 
[4]. In aerobic conditions, the second inflection in the leaf appearance rate was also found to occur earlier with a 
longer phyllochron compared to flooded conditions [5]. This second decrease in the leaf appearance rate was in-
itially believed to be associated with the panicle initiation and later with the onset of the internode elongation [6]. 
The physiological processes that drive regular leaf appearance and its rate changes are not known. It would be 
useful to fully understand these processes to be able to control them in the improvement of the adaptation of the 
rice plant to aerobic environments. 

In rice, leaf initiation and appearance rates are strongly synchronized. The vegetative rice shoot consistently 
has five growing leaves at its apex: the first four are embedded into the sheaths of the already mature leaves and 
the fifth is expanding. It takes four phyllochrons for each newly initiated leaf to reach tip emergence and another 
phyllochron until collar emergence and full expansion. Specifically, at initiation, the leaf primordium is a simple 
protrusion at the base of the apical meristem that grows and encircles the apical dome by the beginning of the 
second phyllochron. The ligule and auricles initiate during the third phyllochron. At the end of the third phyl-
lochron, when the length of the leaf blade reaches 20 mm in leaf 6, the whole leaf is composed of a single divi-
sion zone where all cells divide regularly [7]. The leaf blade elongates during the fourth and fifth phyllochrons. 
A new elongation-only zone differentiates at the leaf tip where cell length increases eight-fold, from 10 to 80 
µm. The length of this elongation zone is about 40 mm, beyond which cells are fully matured. Blades then start 
to elongate faster, pushing up the leaf tip that emerged from the sheath of leaf 5 at the end of the fourth phyl-
lochron. At this time, the blade length of leaf 6 has attained about 100 mm. Fournier et al. [8] showed in maize 
that the leaf elongation rate (LER) variation goes through four phases related to blade meristem activity. During 
the first phase, LER increases exponentially as a result of cell divisions only. The second phase is a short transi-
tion during which the elongation zone is established. During the third phase, LER becomes stable at its maxi-
mum value due to the balance between the number of incoming and exiting cells of the elongation zone. The fast 
appearance of the leaf blade is then mainly caused by the simultaneous elongation of a large number of cells 
(2000 - 2500 cells) per file and per day to reach the observed elongation which is up to 20 cm per day [9]. Dur-
ing the fourth phase, LER quickly drops to zero after the termination of the activity of the division zone. It was 
also found that synchronies exist between emergence events and phase changes. In wheat, the end of the first 
phase of leaf (n) coincides with the emergence of the collar of leaf (n-2). Likewise, in many cereals, the end of 
the second phase coincides with the appearance of the leaf tip whereas the end of the third phase is synchronous 
with the appearance of the leaf collar. These synchronies suggest that emergence events trigger the changes of 
phase in the meristem, consequently controlling the phyllochron.  

A previous experiment showed that a trilinear model fits the leaf appearance kinetics of the NSIC RC222 rice 
variety better than two other curvilinear models [10]-[12]. The phyllochron had a value of 63˚Cd until the ap-
pearance of leaf 11 and 143˚Cd afterwards. However, leaf 12 has already undergone three phyllochrons and 
close to starting to elongate when leaf 11 appeared. It was thus hypothesized that the sharp breaking of the bro-
ken-linear model would be the result of a sharp reduction in the rate of elongation of leaf 12 compared with leaf 
11, such that the phyllochron has more than doubled after the appearance of leaf 11. This implies that during the 
last phase of vegetative development, not only the rate of new leaf initiation by the apical meristem was reduced 
but also the rate of cell elongation in the intercalary meristems of the leaf blades. If this is true, it would signify 
that a systemic physiological reaction affected the plant at the time of the abrupt change of the phyllochron, in-
volving processes as different as the rate of primordia initiation by the stem apex and the cell capacity to elon-
gate. This experiment was designed to analyse the variability of the rate of elongation of the successive leaves 
on the main stem of contrasting genotypes and to test the hypothesis of synchronism between the breaking 
points in the leaf appearance kinetics and the profile of the leaf elongation rates. 
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2. Materials and Methods 
2.1. Treatments and Experimental Design  
The study was conducted in a greenhouse facility at IRRI, Los Baños, Philippines (14˚11'N, 121˚15'E) on June 6, 
2013 and repeated on September 19, 2013. Eleven contrasting rice varieties were used, namely Hong Zui Zao 
and E 5168 (early-maturing indica); IR 72, NSIC Rc 222 and PSB Rc 18 (medium-maturing indica); Sahelika 
and WAS 203-B-B-2-4-1 (late-maturing indica); Azucena and IR 78049-25-2-2-2 (late tropical japonica); and 
Mestizo 7 and Mestizo 30 (intermediate indica hybrids). Seeds were obtained from the IRRI rice gene bank.  

Two weeks prior to sowing, 44 large pots (13 L buckets) were filled with soil from an irrigated lowland rice 
field and were irrigated and arranged into four lines (replications) with eleven pots each. Weeds were uprooted 
daily until little to no weeds emerged. Three days before sowing, the seeds were soaked for 24 hours and then 
incubated at 30˚C for 48 hours. Three germinated seeds from each variety were planted, one variety for each pot. 
Each pot was applied with basal fertilizers (3.6 g Solophos, 0.56 g Muriate of Potash, and 0.32 g ZnSO4 per pot) 
and then flooded. Soil aerobic conditions were maintained through daily irrigation for the entire germination pe-
riod. Ten days after sowing (DAS), the pots were thinned to have one plant each and water level was maintained 
at approximately 3 cm above the soil surface. Urea (0.6 g per pot) was applied on the first, fifth, and eighth week 
after planting. Authorized insecticides (Cypermethrin, Cartap) were applied when required.  

2.2. Data Collection and Analysis 
Leaves of the main tiller were tagged and measured every day at early morning from the day the tips emerged 
out of the whorl. The leaves of the main stem were numbered according to their order of appearance and new 
developing leaves were tagged at their visible base with respect to a reference. For leaves 3 to 7, the reference 
was the collar of the previous leaf (n-1; n is the leaf being measured). For leaf 8 onwards, the collar of leaf n-1 
starts appearing a day later than the new leaf. Hence, starting leaf 8, the reference was the collar of leaf n-2 in-
stead of leaf n-1. The distances between two successive tags based on these references were measured with a 
ruler to determine the leaf growth for the day. The exact time of every tagging was consistently noted for calcu-
lating the leaf growth rate later.  

Soil temperature was constantly monitored using three thermocouples (PyroControle, Vaulx en Velin, France) 
installed at a 2-cm depth in three pots chosen randomly. Solar radiation was measured using a pyranometer 
(LI-200, Li-Cor, Lincoln, NE, USA) while air temperature and relative humidity were measured using a hy-
grometer (HMP 45C, Vaisala, Helsinki, Finland). Both sensors were installed at a 2-m height. The data were 
stored in a datalogger (CR10X, Campbell Scientific, Logan, UT, USA).  

The date of appearance of each leaf was extracted from the data set as the first date of measurement of leaf 
elongation. A decimal estimation of the appeared leaf number was then calculated through a method similar to 
Haun’s stage determination method [13]. It is the number of the currently appearing leaf plus the ratio between 
the current length of the blade and its final total length. Thermal time (TT) was calculated as the cumulative sum 
of the mean daily temperature of the apical meristem minus the base temperature of 11˚C starting from the day 
of emergence up to the day of measurement. The temperature of the apical meristem was expected to be equal to 
the soil temperature until the onset of stem elongation and then to the temperature at the 2-m height.  

Bilinear and trilinear segmented models were tried and compared to determine the best model for the dynam-
ics of leaf development. The observed leaf number (LN) was regressed against the elapsed TT first by using a bi-
linear equation (1) 

( ) ( ){ }1 1 2 1 11 min , min ,max 0,LLN b TT TC b T TC TT TC= + × + × − −                     (1) 

and then by using a trilinear equation (2) 

( ) ( ){ }
( ){ }

1 1 2 1 1

3 2 2

1 min , min ,max 0,

        min ,max 0,

L

L

LN b TT TC b T TC TT TC

b T TC TT TC

= + × + × − −      

+ × − −  
              (2) 

where TC1 and TC2 are the thermal times when the development rate changed and TL is the thermal time when 
the last leaf appeared. The parameters and their confidence intervals were the optimum estimates from the suc-
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cessive iterations of the SAS NLIN [14] procedure used to model the data with bilinear and trilinear equations. 
The fit of the resulting equations was compared using the pseudo-F (Equation (3)): 

( ) ( ) ( )( ) obs bilin trilin trilin bilin trilin trilinF SSE SSE p p SSE n p= − − −               (3) 

where SSEbilin and SSEtrilin are the sums of the square error of the bilinear and trilinear models, respectively; n is 
the number of observations; and pbilin and ptrilin are the number of parameters of their corresponding models [10]. 
Randomness of the residuals was tested using a Wald-Wolfowitz (or Runs) test [15]. 

The combined curvilinear and linear models were also tested for their ability to fit the data. These models 
were formed based on the curvilinear model proposed by Yin and Kropff [12] and the fact that the appearance of 
the last leaves is linear. In order to improve the flexibility in modelling the bend of the curve, an additional pa-
rameter (a) was added to the equation. The first model (curvilinear 2, Equation (4)) assumed that the dynamics 
of leaf appearance starts as curvilinear and then eventually becomes linear: 

( ){ } ( ) ( ){ }1 1 2 1 1 1 min , min ,max 0,
c

LLN b a TT TC b T TC TT TC= + × + + × − −                 (4) 

where 1 is the number of leaves at emergence; b1, a, and c are coefficients; b2 is the rate of development of the 
last leaves; TC1 is the thermal time when the dynamics changed from curvilinear to linear; and TL is the thermal 
time when the last leaf appeared. 

The second model (curvilinear 3, Equation (5)) considered that the first leaves appear faster with possible lin-
ear dynamics. This model thus started as linear, then became curvilinear and then linear again: 

( ) ( )( ){ }
( ){ }

1 1 2 2 1 1

3 2 2

1 min , min ,max 0,

        min ,max 0,  

c

L

LN b TT TC b a TC TC TT TC

b T TC TT TC

 = + × + × + − −    

+ × − −  

          (5) 

where b1 is the initial rate of development and TC1 is the thermal time when the development dynamics changed 
from linear to curvilinear. The last model (curvilinear 4) was designed like curvilinear 2 with the addition of two 
initial linear segments before the curvilinear and the last linear segment. The ability of these models to fit the 
data was compared using the pseudo-F statistic defined previously. 

The phyllochrons at the time of appearance of each leaf were calculated as the inverse of the value of the de-
rivative of the equation that best fit the data for each variety at each sowing date for the corresponding sum of 
temperature. The daily leaf elongation rate (mm·˚Cd−1) was computed as equation (6): 

( )Daily _ LER 2 1LE LE TT= − ∆                           (6) 

where LE1 and LE2 are the leaf length (mm) from the tip at time 1 and time 2, respectively, and ΔTT is the dif-
ference between the thermal times at time 2 and time 1 (˚Cd). The higher of the two first measurable Daily_LER 
was extracted from the computed data as the maximal rate of the leaf blade elongation and was referenced as 
LER. 

To test the significance of the differences in the rate of leaf appearance observed across varieties, data for LN 
during the second linear segments of the trilinear model until TC2-200˚Cd and during the third segment from 
TC2+200˚Cd were extracted per variety from the datasets. The regressions between LN and TT were compared 
across varieties using Analysis of Variance [14]. Similarly, in order to test the significance of the differences in 
the LER and leaf length observed by leaf rank across varieties, data from the first increasing part of the profiles 
until the maximum value was reached was selected. ANOVA was performed on this dataset to test the signifi-
cance of the sowing date, genotype, leaf rank, and their interactions as sources of variation. Means per genotype 
were then grouped using the Student-Newman-Keuls (SNK) stepwise multiple comparisons procedure. 

3. Results 
3.1. The Greenhouse Climate  
Temperature values were almost constant throughout the experimental period, with mean air temperatures of 
29.2˚C and 28.1˚C and mean soil temperatures of 30˚C and 28.8˚C for the June and September sowings, respec-
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tively (Figure 1). The average relative humidity was the same (72.5%) for both sowing dates while the mean 
photosynthetically active radiation (PAR) transmitted into the greenhouse was higher for the June (4.8 MJ·m−2) 
than for the September sowing (3.5 MJ·m−2). Day lengths were also longer for the June sowing, evolving from 
1251 h at sowing to a maximum of 1253 h on June 21 and decreasing to 1223 h at the end of the experiment. For 
the September sowing, it decreased from 1207 h at sowing to 1119 h at flag-leaf appearance. 

3.2. Leaf Appearance Kinetics 
The trilinear model fit the data well and consistently across all varieties. After a fast appearance of the first four 
to five leaves, the rate of leaf appearance decreased once and remained stable until a second decrease, affecting 
the appearance of latter leaves for all genotypes and the two sowing dates (Figure 2). On the average, the length 
of time until flag-leaf appearance was shorter by 280˚Cd for the second sowing. The main stems of plants grown 
in September developed 2.2 leaves less than those planted in June, with large differences among varieties: from 
0.9 leaves for WAS 203-B-B-2-4-1 to 2.9 for PSB Rc18. Nevertheless, the leaf appearance kinetics by variety 
was very similar between sowing dates. Data for all varieties in both sowing dates were better fitted by a trilin-
ear than by a bilinear model (Table 1). However, as shown for the variety NSIC Rc222 sown in June, the trilin-
ear model did not generate randomly distributed mean residuals (Figure 3 (a) and Figure 3(c); Wald-Wolfowitz Z = 
6.50, P < 0.0001). The curvilinear 2 model gave a better fit of the data with smaller but not randomly distributed 
residuals for 9 out of 10 varieties for the first sowing and 7 out of 11 varieties for the second sowing. No sig-
nificant improvement in the data fitting was observed when curvilinear 3 was used instead of the curvilinear 2 
model. Meanwhile, significant improvement in the data fitting was found in five varieties in the first sowing and 
seven varieties in the second sowing when the curvilinear 4 model was used instead of curvilinear 2. Otherwise 
the two models performed equally well. The distribution of mean residuals was significantly randomly distributed 
when the curvilinear 4 model was used (Figure 3 (b) and Figure 3(d); Wald-Wolfowitz Z = 1.59, P = 0.11). 

The varieties Sahelika, NSIC Rc222, and Mestizo 7 developed leaves faster than the other varieties for both 
sowing dates, whereas IR 78049-25-2-2-2 developed leaves consistently slower (Figure 2). The result of the  
 

 
Figure 1. Daily average of greenhouse climatic variables for the June and September 2013 sowing: (a) Air 
temperature, (b) Soil temperature, (c) Relative humidity, and (d) Photosynthetically active radiation.                    
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Figure 2. Predicted appeared leaves of the eleven varieties sown on June (a) and 
September (b) 2013 using the trilinear model. Mean of the observed values for Sahelika 
and IR 78049-25-2-2-2 on June sowing were superimposed on the predicted values to 
show the actual fit of the models.                                                                 

 

 
Figure 3. Comparison of the fit and daily mean residual between the trilinear (a) and (c) 
and curvilinear4 (b) and (d) models for NSIC Rc222 sown on June 2013.                               

 
Analysis of Variance done on the regressions between the number of appeared leaves and thermal time showed 
significant genotype and thermal time interactions for the second and third segments of the trilinear model at 
both sowing dates (Table 2). This supports the existence of significant differences among genotypes for the rate 
of leaf appearance during the second and third phases of the trilinear developmental kinetics. Significant posi-
tive relationships were found between the two successive rates of leaf appearance, during the second and third 
segments, on both sowing dates (Slope = 2.40, r2 = 0.45, P = 0.03 for June sowing; Slope = 1.84, r2 = 0.68, P = 
0.002 for September sowing).  

3.3. Leaf Elongation Rate 
The daily leaf elongation rates recorded were generally highest in the first day of measurement and then regu-
larly decreasing for the succeeding days (Figure 4). For early leaves with short blades, the length of the blade  
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Figure 4. Daily LER recorded per leaf, from 3 to 19, of one plant of the variety NSIC Rc222 for the June 2013 sowing.           
 
Table 1. SSE reduction among models tested on the eleven varieties sown on June and September 2013.                   

 Sowing 6 June 2013 Sowing 19 September 2013 

 
Trilinear  

vs. 
Bilinear 

Curvilinear 2  
vs. 

Trilinear 

Curvilinear 3  
vs. 

Curvilinear 2 

Curvilinear 4 
vs. 

Curvilinear 2 

Trilinear 
vs. 

Bilinear 

Curvilinear 2  
vs. 

Trilinear 

Curvilinear 3  
vs. 

Curvilinear 2 

Curvilinear 4  
vs. 

Curvilinear 2 

Hong Zui Zao *** - - - *** - - - 

E 5168     *** - - - 

NSIC Rc222 *** *** - *** *** *** - *** 

IR 72 *** *** - *** *** - - - 

Mestizo 7 *** *** - - *** *** - *** 

Mestizo 30 *** *** - *** *** *** - *** 

PSB Rc18 *** *** - - *** *** - *** 

WAS  
203-B-B-2-4-1 *** *** - - *** *** - *** 

Sahelika *** *** - *** *** *** - *** 

Azucena *** *** *** *** *** - - - 

IR 
78049-25-2-2-2 *** *** - - *** *** - *** 

***: Significant at 0.001. 
 
Table 2. ANOVA for comparing the slope of the second and third segments of the trilinear models for the leaf appearance of 
eleven varieties sown on June and September 2013.                                                               

  Sowing: 6 June 2013 Sowing: 19 September 2013 

 Source d.f. F P d.f. F P 

Second linear segment 

Genotype 9 54 <0.0001 10 20 <0.0001 

TT 1 42,813 <0.0001 1 28,275 <0.0001 

Genotype × TT 9 57 <0.0001 10 26 <0.0001 

Plant (genotype) 26 30 <0.0001 31 39 <0.0001 

Third linear segment 

Genotype 8 334 <0.0001 8 42 <0.0001 

TT 1 104,820 <0.0001 1 47,571 <0.0001 

Genotype × TT 8 376 <0.0001 8 78 <0.0001 

Plant (genotype) 24 194 <0.0001 26 204 <0.0001 
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was similar to the length of the previous sheath, hence, only the sheath elongation was actually observed even 
during the first day of recording. For later leaves with longer blades (leaves above rank 5 to 6), leaf blades were 
still growing, one to three days after the appearance of the leaf tip, and then only sheath elongation was recorded. 
The maximum leaf elongation rate (LER) regularly increased with the leaf rank until it reached a maximum 
value between leaf 8 and 10, depending on the variety (Figure 5(a) & Figure 5(b)). The LER then either re-
mained stable with leaf rank in late varieties or started decreasing in early varieties. These observed trends were 
consistent across the two sowing dates. Based on the graphs, the leaf blades of Azucena, a tropical japonica 
landrace, elongated significantly faster than the leaves of all the other varieties. This was confirmed by the 
comparison of the mean LERs of the first leaves until the leaf with maximum LER value (Table 3): The mean 
LER of Azucena was significantly higher than all the other varieties. It was followed by Sahelika and a very 
early-maturing variety, Hong Zui Zao. In contrast, the leaf blades of IR 78049-25-2-2-2 and E 5168 grew sig-
nificantly slower. The other five varieties formed two intermediate, less differentiated groups.  

3.4. Leaf Length and Relationship with Leaf Elongation Rate 
The longest leaf preceded the last four leaves (growing after panicle initiation) in all varieties except for the two  
 

 
Figure 5. Behavior of the maximum leaf elongation rate (LER) ((a) and (b)) and of the leaf blade 
length ((c) and (d)) on the main stem through increasing leaf rank and the interaction between 
these two traits ((e) and (f)) for all leaves before the appearance of the longest leaf across 
varieties for the June and September 2013 sowing. For the variety Azucena, the interaction in the 
last upper leaves was plotted with a dashed line.                                                          
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Table 3. ANOVA for comparing the LER and leaf length per sowing date, genotype and leaf rank, and comparison of the 
means per genotype. Means followed by the same letter are not significantly different.                                  

 Length (mm) LER (mm·˚Cd−1) 

Source d.f. F P d.f. F P 

Sowing 1 88 <0.0001 1 3.89 0.0084 

Genotype 10 169 <0.0001 10 16 <0.0001 

Leaf 14 1900 <0.0001 10 372 <0.0001 

Genotype × Leaf 114 6.0 <0.0001 90 2.53 <0.0001 

Sowing × Leaf 12 6.8 <0.0001 10 8.93 <0.0001 

Genotype × sowing 9 10 <0.0001 9 4.42 <0.0001 

Genotype × sowing × leaf 90 1.80 <0.0001 74 2.45 <0.0001 

Plant (genotype × sowing) 62 4.85 <0.0001 21 3.87 <0.0001 

Means per genotype    

Hong Zui Zao 372 C  5.9 B  

E 5168 281 F  4.6 E  

NSIC Rc222 346 E  5.1 D  

IR 72 357 DE  5.1 D  

Mestizo 7 349 E  5.1 D  

Mestizo 30 371 C  5.5 C  

PSB Rc18 400 B  5.6 C  

WAS 203-B-B-2-4-1 360 CD  5.1 D  

Sahelika 371 C  6.0 B  

Azucena 463 A  6.8 A  

IR 78049-25-2-2-2 368 C  4.6 E  

 
very early-maturing varieties Hong Zui Zao and E 5168, whose longest leaf immediately preceded the flag leaf 
(Figure 5(c) & Figure 5(d)). Two varieties (Azucena and PSB Rc18) had significantly longer mean leaf lengths 
than the other varieties until maximum length (Table 3). ANOVA on leaf length showed that the sowing date, 
genotype, leaf rank, and all their interactions were highly significant. 

The relationship between the LER and the blade length per leaf showed three distinct phases (Figure 5(e) & 
Figure 5(f)). During the first phase, the LER and blade lengths were positively correlated until the LER reached 
its maximum value around leaf 8 to 10, depending on the variety. During the second phase, the LER kept a sta-
ble maximum value while the length of the blade continued to increase. During the third phase (only plotted for 
Azucena), the LER and blade length of the last two to four leaves of the main stem were also positively corre-
lated albeit differently from the first phase. Indeed, the LER of these latter leaves was much slower than the 
LER of the early leaves with a similar final blade length. Except in IR 78049-25-2-2-2, there was a strong posi-
tive linear relationship between the means of LER and leaf length (r2 = 0.82, P = 0.0003) such that genotypes 
developing longer leaves showed faster mean LER. 

3.5. Synchronicity of the Changes of Phyllochron and the Decrease in the LER of  
Last Leaves 

In all varieties and sowing dates the leaf that appeared at the end of the curvilinear phase in the curvilinear4 
model was of higher rank than the leaf with faster LER (Figure 6). The leaf with faster LER, however, was 
regularly closely ranked with the leaf that appeared at the time of the second inflection point in the trilinear 
model. LER decreases between two consecutives leaves sharp enough to be significant were rare and only occurred  
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Figure 6. Synchronism in leaf appearance kinetics (red symbols) and changes in LER trend (green 
symbols) relative to leaf rank across the different growth phases per variety for the June (a) and 
September (b) sowing. Varieties were sorted by total leaf number.                                       

 
during the last linear phase of the curvilinear4 model and thus only concerned late appearing leaves simultane-
ously growing with the panicle. The sequence of events was clearer when plants developed 15 or more leaves.  

4. Discussion 
4.1. Effects of Day Length and Seasonal Weather 
All ten varieties, including the very early-maturing variety Hong Zui Zao, developed more leaves and flowered 
later for the June sowing as a response to the season’s longer photoperiod as compared to the September sowing. 
The effect of photoperiod on the duration to flowering time is well documented [16]-[18] but only a few refer-
ences regarding the corresponding variation in leaf number exists [6], [19]. The large difference in leaf count 
between the two sowing dates induced a shift in the leaf length and LER profiles. It was thus not appropriate to 
average these results into a common analysis; instead, the results were reported separately by sowing date.  

On the other hand, leaf appearance rate was found to be similar between the two sowing dates for nine varie-
ties except for the appearance rate of leaves 4 and 5 which were slower in September. It may be possible that 
this was caused by the lower solar radiation due to cloudy weather in September received by the plants during 
the first 10 days of their life (Figure 1).  

4.2. Leaf Appearance Kinetics was Partially Curvilinear and Variable across Varieties  
In a previous paper, Clerget and Bueno [10] reported a pot experiment in the same greenhouse in which the 
weekly recorded data were better fitted to a broken linear than two curvilinear models [11], [12]. In this current 
experiment which used daily recorded data, the trilinear model gave an acceptable fit but with a non-random 
distribution of the residuals (Figure 2 and Figure 3). Indeed, the predicted values consistently digressed from 
the observed values upon approaching the breaking points. The possibility that this effect could result from the 
variability between the four measured plants was checked and it was found that for all varieties except Azucena, 
the development of the plants and of their leaves was very similar across the four replicated pots. Models with 
increasing numbers of linear segments were then tested until curvilinearity had to be re-evaluated in agreement 
with McMaster [3] who opposed the linear relationships observed in field experiments based on non-linear rela-
tionships recorded in growth chambers and greenhouses. 

Since the previous attempt of our group to fit previously defined curvilinear models had been unsuccessful, a 
closer analysis of the data was done to find the reason for the bad fit and to determine which modifications could 
be done to improve the fit. Apparently, the curvilinear models could not fit well because the last part of the re-
corded leaf appearance kinetics was clearly linear. This was consistent with the reported leaf appearance kinetics 
in photoperiod-sensitive sorghum during the last phase which lasts up to six months [20]. A two-phase model 
comprised by a curvilinear phase followed by a linear phase (curvilinear 2) was then tried and was found to fit 
the data better than the trilinear model except for the early maturing varieties Hong Zui Zao and E 5168 (Table 1). 

Hong Zui Zao
Mestizo 30

IR 72
IR 78049-25-2-2-2

WAS 203-B-B-4-2-1
Azucena

NSIC Rc222
Mestizo 7
PSB Rc18

Sahelika

0 5 10 15 20
Leaf number

At onset of curvilinear phase At the end of curvilinear phase
Total At higher LER
At second inflection in trilinear When leaf appearance decreased significantly

E 5168   
Hong Zui Zao

Mestizo 30
IR 72

IR 78049-25-2-2-2
Azucena

Mestizo 7
PSB Rc18

WAS 203-B-B-4-2-1
NSIC Rc222

Sahelika

0 5 10 15 20
Leaf number

(a) Sowing on 6 June (b) Sowing on 19 September
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Another model was formulated which took account of the fast linear rate of appearance of the first leaves that 
were already pre-existing in the embryo (curvilinear 3). However, this model did not bring any significant im-
provement to curvilinear 2. Finally, a model with two initial linear segments followed by a curvilinear period 
and then a last linear segment was designed (curvilinear 4). This fit the data as well as or significantly better 
than curvilinear 2. Curvilinear 4 was thus a compromise between the assumption of stable phyllochrons and the 
curvilinear theory.  

The justification for the curvilinearity was that later-appearing leaves take more time to appear because the 
distance that each leaf tip has to traverse from the apical meristem to the whorl increases for every subsequent 
leaf [11]. Curvilinear 4 still took into account the old observation of the faster appearance of the first leaves and 
hypothesized that phyllochrons were fundamentally stable but different for the first and for latter leaves. It also 
added a transitional period between the two phases of stable phyllochrons during which the phyllochron gradu-
ally increased leaf after leaf. However, these observations were derived from plants grown in pots and in artifi-
cial conditions such as the case of Yin and Kropff [12] and Streck et al. [11]. It should be verified that tempo-
rary curvilinearity also applies to plants grown in the field under natural conditions. 

4.3. Maximum Rate of Elongation and Length of the Blade of Each Leaf 
In previous studies, leaf elongation rate was generally recorded for one or few consecutive early leaves of the 
main stem in order to study how it is affected by various factors. But for this experiment, daily recorded data 
described the maximum rate of elongation (Figure 5(a) and Figure 5(b)) of the blade for each leaf of the main 
stem of 11 rice varieties under optimal growing conditions. Such information on the whole LER profile can be 
found in the literature for one variety of sorghum [21] while the variability for LER across rice varieties had 
been studied for just leaf 6 of seven rice varieties [7]. The latter study showed that LER for leaf 6 is around 2 
mm h20˚C-1. This is equivalent to 5.3 mm·˚Cd−1 with a base temperature of 11˚C and in agreement with the value 
from this experiment. Complete LER profiles of the main stem as presented here confirmed varietal differences 
for this trait. Some varieties had faster LER than others at any leaf rank above leaf 3.  

Two varieties, Azucena and PSB Rc18 had significantly longer leaves than other varieties while Azucena, 
Sahelika, and Hong Zui Zao had faster LER (Table 2). All the interactions among the sources of variation in the 
ANOVA were significant although, differences in the mean LER across genotypes were most likely caused by 
the faster increases of LER with leaf rank in some genotypes given that the LERs for the first leaves were small 
and similar for all genotypes (Figure 5(a) and Figure 5(b)). Statistical translation of this variable relationship is 
a significant genotype x leaf rank interaction for LER, thus directly linked with the significant differences be-
tween LER means. Here the significant interaction supports the interpretation that difference in means was due 
to the differences in genotype. All the other interactions were influenced by the sowing date which modified the 
total number of leaves and consequently the shape of the leaf length and LER profiles. It is thus possible to con-
clude based on the statistical grouping of genotypes according to their mean LER which agrees with the graphi-
cal observation.  

The genotype Azucena had much longer leaves expanding faster than all the other varieties. Azucena is a 
tropical japonica variety known for its drought tolerance and its deeper rooting system and has been used in 
many research works. It was also in the group with faster LER in the study of Parent et al. [7] when the seven 
varieties were separated into two distinct groups based on the LER of leaf 6. IR 64 (another IRRI variety similar 
to the IR 72 variety used in this experiment), on the other hand, was in the group with slower LER like IR 72 
was in the current experiment. IR 78049-25-2-2-2 was at the other extremity: this genotype had longer leaves 
than others at comparable LER.  

4.3. Changes in Rates of Leaf Appearance and Leaf Elongation Were Not Correlated  
The initial hypothesis of simultaneous decrease of the rates of leaf appearance and leaf elongation was not sup-
ported by the results of the experiment despite the recurrent observable synchrony between the predicted leaf 
rank at the second inflection point of the trilinear model and the rank of the longer leaf. The hypothesis that 
there is a sudden reduction of the phyllochron between two linear periods with stable phyllochron was disproved 
when curvilinear phase showed a more accurate representation of the changes that were in fact gradual. No sig-
nificant decrease in the LER between two consecutive leaves was observed around neither the initially expected 
breaking point of the leaf appearance kinetics nor the appearance of leaf 12 nor at the time of the now delayed 
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breaking point between the curvilinear and the last linear phases. Consequently, no sharp reduction in LER, 
which eventually means of the rates of cell multiplication and cell elongation in the intercalary blade meristem, 
was involved in the sudden change of the leaf appearance rate. The internal coordination between the leaf ap-
pearance rate and the LER was mainly caused by gradual changes in both rates from one leaf to another. This 
result brings new information on the relationship between the phyllochron and the rate of leaf elongation that 
will be useful to calibrate a model relating the plastochron and the phyllochron. Specifically, it shed light on 
how the phyllochron of the last leaves remained stable while their length sharply decreased. Lastly, an important 
consideration is that LER is fast with regards to the length of the sheaths to be traversed before the leaf tip 
emerged. For instance, since the LER of leaf 6 was about 5 mm·˚Cd−1 (Figure 5(a) & Figure 5(b)) and the 
sheath length of leaf 5 was around 100 mm (data not shown), it takes only 20˚Cd to traverse the entire sheath 
length at maximum LER while the phyllochron of leaf 6 remains at about 50˚Cd (data not shown). Evidently, 
even a significant change in LER would not significantly affect the duration of the phyllochron whose regulation 
probably depends more on the triggering of the switch to cell elongation in the leaf meristem, as already pointed 
out by Fournier et al. [8]. 

5. Conclusion 
The significant genetic variability found across the 11 varieties tested could allow plant breeding for the rate of 
leaf appearance, the LER, and the blade length profiles in the future. The kinetics of leaf appearance was found 
partially curvilinear in this experiment carried out in pots in a greenhouse and with daily data recording. The ini-
tial hypothesis of a sharp change in the rate of leaf appearance at about the time of appearance of leaf 12 was 
disproved and no more relationship with a sharp modification in the LER could be expected. The coordination 
between leaf appearance and elongation rates came from gradual instead of sharp changes in both rates, leaf af-
ter leaf. Although not the better model, broken-linear model will be sufficiently accurate to sort varieties pheno-
typed for their rate of leaf appearance.  
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