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1. Introduction

Soybean (Glycine max L.) is an important source of protein and 
oil for human and animal consumption (Reicosky and Heatherly, 
1990), which is one reason for the early interest in simulating soy-
bean growth, development, and yield (Acock and Trent, 1991; Curry 
et al., 1975; Wilkerson et al., 1983). Key stages in simulating soy-
bean development are emergence, unifoliate (node of the 1st leaves), 
and trifoliate nodes (nodes of the 2nd leaf to the last leaf on the main 
stem), flowering (R1), full bloom (R2), beginning pod (R3), full pod 
(R4), beginning seed (R5), full seed (R6), and physiological maturity 
(R7)  (Fehr and Caviness, 1977). Accurately simulating leaf area in-
dex (LAI) is necessary for the accurate simulation of biomass accumu-
lation and transpiration. The opposite is also true, partitioning to the 
leaves to form new leaf area is influenced by biomass accumulation. A 
typical LAI pattern begins with a lag increase early in the season, fol-
lowed by a rapid increase of LAI until a maximum value is reached, 
then a decline of LAI as leaves senesce and plants reaches physiologi-
cal maturity. There have been several approaches to simulating LAI in 
soybean crop simulation models (Boote et al., 1998; Sinclair, 1986) 

or in generic crop models applicable to soybean (Boogard et al., 1998; 
Brisson et al., 2003; Robertson et al., 2002).

The conversion from dry matter to leaf area and vice versa is a pro-
cess of iterative nature associated with the simulation of leaf growth. 
Because of this iterative nature, simulated leaf area is sensitive to ini-
tial LAI values (Brisson et al., 2006). Specific leaf area (SLA) is the ra-
tio of one sided leaf area to the dry matter of the leaf (cm−2 g−1) and 
is used to calculate the rate of change in leaf area based on the rate of 
change in leaf dry matter. SLA varies in different environments, devel-
opmental stages, and strata of leaves within the canopy (Gunn et al., 
1999; Lieth et al., 1986; Lugg and Sinclair, 1979). The mechanism of 
such flexibility in SLA is still not known and thus the variable often 
becomes the source of uncertainty in models that rely on SLA in sim-
ulating LAI (Tardieu et al., 1999). Lugg and Sinclair (1979) showed 
that SLA of the uppermost fully expanded soybean leaf varied from 
0.333 cm2 mg−1 at R1 to 0.146 cm2 mg−1 at R6. If an average SLA 
is assumed under such conditions, calculated LAI based on leaf dry 
matter and SLA is 64% higher than the actual LAI at R6. Partitioning 
of dry matter in leaves between soluble versus structural carbohydrate 
is another uncertainty aspect dealing with SLA (Gunn et al., 1999). 

Published in Field Crops Research (2008); doi:10.1016/j.fcr.2008.03.005  
Copyright © 2008 Elsevier B.V. Used by permission. http://www.sciencedirect.com/science/journal/03784290

Submitted February 25, 2008; accepted March 22, 2008; published online May 16, 2008. 

Leaf area index simulation in soybean grown under  
near-optimal conditions 

T. D. Setiyono1, A. Weiss2, J. E. Specht1, K. G. Cassman1, and A. Dobermann1,3

1 Department of Agronomy and Horticulture, University of Nebraska–Lincoln, P.O. Box 830915, Lincoln, NE 68583-0915, USA
2 School of Natural Resources, University of Nebraska–Lincoln, P.O. Box 830728, Lincoln, NE 68583-0728, USA

3 International Rice Research Institute, DAPO Box 7777, Metro Manila, Philippines
Corresponding author: T. D. Setiyono,  tel. 402 472-1623, fax 402 472-7904, email tsetiyono2@unl.edu  

Abstract
Different approaches have been used to simulate leaf area index (LAI) in soybean (Glycine max L. Merr). Many of these ap-
proaches require genotype-specific calibration procedures. Studies modeling LAI dynamics under optimal growth conditions 
with yields close to the yield potential of soybean have remained scarce. A sink-driven approach was developed and evaluated 
for LAI simulation in soybean under near-optimal environments. The rate of change in expanding leaf area was simulated us-
ing the first derivative of a logistic function accounting for plant population density, air temperature, and water deficit. The 
rate of change in senescing leaf area was also simulated using the first derivative of a logistic function, assuming monocar-
pic senescence that began at the flowering stage (R1). Phenology was simulated as a function of temperature and photope-
riod. Data for model development and evaluation were obtained from irrigated field experiments conducted at two locations 
in Nebraska, where agronomic management was optimized to achieve growth at a near yield potential level. LAI simulation 
with the proposed model had average RMSE of 0.52 m2 m−2 for independent data at the two locations. The proposed model 
has minimum input requirements. Interactions between leaf growth and source-driven processes can be incorporated in the 
future, while maintaining the basic physiological assumptions underlining leaf expansion and senescence.
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Carbon accumulation is not directly a mechanism of leaf expansion 
and thus SLA should not be regarded as model parameter but rather 
as an output (Tardieu et al., 1999).

In Sinclair (1986), SLA was only used in the net senescence phase. 
It indirectly influenced the partitioning of dry matter to the stem. A 
constant SLA of 0.250 cm2 mg−1 was assumed for each increment of 
leaf area. The total above ground dry matter influenced the calcula-
tion of the nitrogen budget along with nitrogen fixation, which ulti-
mately drives the amount of nitrogen available for leaves. The short-
age in nitrogen under increasing demand, primarily as a result of seed 
growth, was the driving force of senescence. During the net expansion 
phase, LAI was simulated as a function of the plastochron index (the 
time interval between successive leaf primordia) and population den-
sity while plastochron index was driven by accumulation of thermal 
time since sowing.

LAI simulation in CROPGRO (Boote et al., 2003) was based on 
the rate of gain and loss of leaf area. The rate of gain and loss of leaf 
area was based on the conversion of leaf dry matter to area using SLA 
of the new leaf material and the whole plant SLA. The reduction in 
leaf dry weight was driven by senescence, insect damage, freeze injury, 
and N mobilization. Vegetative tissue growth was assumed to be lim-
ited by sink strength before a specified number of main stem leaves 
(VSINK) has appeared (at V5 stage). The calculations for partitioning 
of dry matter to the leaf differ before and after VSINK. As a result, 
the simulated LAI prior to VSINK was dependent on the rate of leaf 
area expansion under ‘sink driven growth’ while simulated LAI after 
VSINK was dependent on the partitioning of dry matter to the leaf, 
specific leaf area of the new leaf tissue, and total carbohydrate available 
for growth. The rate of leaf area expansion under ‘sink driven growth’ 
was a function of the cultivar-specific inputs and V-Stage. The fraction 
of dry matter partitioned to the leaf was determined based on V-Stage 
while SLA of the new leaf tissue was a function of cultivar- and spe-
cies-specific inputs, temperature, photosynthetically active radiation 
(PAR), and water stress (Boote et al., 2003).

Simulation of LAI in the WOFOST-model (Supit and Van der 
Groot, 2003) involved classification of leaf tissue according to phys-
iological age. Physiological age of leaf tissue was a function of max-
imum temperature (35 °C), base temperature (7 °C), and daily aver-
age temperature (°C). The life span of leaf tissue was assumed to be 
23 days at reference temperature (25 °C). The order of the leaf class 
(the leaf tissue produced during a daily time step) was from 1, 2, 3, 
…, n, where 1 represented new leaf tissue and n represented the old-
est leaf tissue. Each day new leaf tissue was assigned as class 1 while 
the previous day’s leaf tissue was designated as class 1 + j, where j is 
the number of days since the leaf tissue was formed. LAI was simu-
lated as the total area of leaves from all ages at a given time including 
leaf area at emergence. The area of each of the leaf classes was depen-
dent on its dry matter (LV) and specific leaf area (SLA). For new leaf 
tissue, there were intermediate relationships describing SLA and LV 
allowing the area calculation to depend solely on the rate of change 
in leaf area (GLA). GLA was calculated as minimum between sink- 
and source-limited leaf area expansions. Sink-limited green leaf area 
expansion was calculated recursively based on the maximum rate of 
leaf area expansion (a cultivar-specific parameter) and temperature. 
The recursive algorithm of sink-limited leaf area growth allowed sim-
ulated LAI to have an exponential shape. Source-limited leaf area ex-
pansion was dependent on SLA, the partitioning coefficient of total 
dry matter to leaf dry matter, and available dry matter for growth. 
Available dry matter for growth was dependent on the rate of pho-
tosynthesis and respiration. Reduction in leaf area was only possibly 
from leaf classes > 1 and was driven by aging and the maximum effect 

of either water stress or high LAI (mutual shading). In WOFOST, 
SLA was thus used in the context of leaf age, avoiding uncertainties in 
SLA due to phenology (Gunn et al., 1999). Supit and Van der Groot 
(2003) described that sink-limited growth was valid until the source-
driven LAI becomes limiting. Because of the exponential growth of 
sink-driven LAI (driven by the recursive algorithm), the sink-limited 
leaf area growth rate always becomes unreasonably high later in the 
growing season, causing the source-driven functions to become the 
determining factor for the end results of simulated LAI.

Brisson et al. (2003) provided flexible options for simulating LAI 
in the STICS-model. These options were standard, “more sophis-
ticated” and a 5-parameter direct approach. In the standard option, 
LAI was directly calculated as the net balance between leaf growth 
and senescence. Net leaf growth rate from sowing to maximum LAI 
was driven by phenological stage using a logistic curve taking into ac-
count plant density, cultivar-specific inter-plant competition, and wa-
ter and nitrogen stress indices. Determinate or indeterminate growth 
habits were distinguished from each other by the presence or absence 
of a plateau between maximum LAI to the onset of net senescence. 
From the onset of senescence LAI decreased as a linear function of cu-
mulative thermal time and water stress was allowed to accelerate net 
senescence. In the more sophisticated option, simulation of LAI net 
expansion was the same as the standard option, but the net senescence 
was simulated based on a more direct relationship between cumula-
tive thermal time and LAI, and also taking into account water and ni-
trogen stresses. The 5-parameter direct approach was used to generate 
LAI values independently from other simulation components of the 
model (Ripoche, 1999). When LAI data were available from sequen-
tial samplings, all five parameters could be optimized. In the standard 
and sophisticated options, cumulative thermal time toward the stage 
“end of juvenile phase” was a key parameter, which was suggested to 
coincide with the inflection point of LAI as a function of cumulative 
thermal time (Brisson et al., 2003).

Due to many source-feedback processes included as drivers, many 
commonly used approaches for simulating LAI require a substantial 
number of input parameters. For example, WOFOST simulation of 
LAI involves 82 input parameters (Boogard et al., 1998) of which 65 
parameters are indirectly associated with LAI via dry matter accumu-
lation and phenology components. Likewise, in CROPGRO 203 in-
put parameters are used (Boote et al., 2003), 147 of which are indi-
rectly associated with LAI via dry matter accumulation and phenology 
components. In some models, parameters with somewhat unclear bi-
ological meaning are used too, e.g., time of maximum LAI (Brisson et 
al., 2003; Sinclair, 1986), which are often cultivar-specific or have to 
be derived from model calibration to specific conditions. These input 
requirements may potentially limit the use of complex soybean sim-
ulation models for certain practical applications such as optimizing 
planting for maximizing yield potential (Bastidas et al., 2008) or mak-
ing decisions on crop management. Likewise, evaluations of LAI sim-
ulations under growth conditions that approach soybean yield poten-
tial have remained limited.

The objective of this study was to develop and evaluate an ap-
proach for simulating LAI in soybean that recognizes key physiolog-
ical and phenological processes using minimum input requirements. 
Key assumptions included the dominant autotrophic nature of leaf 
growth and the response of cell division and expansion to temperature 
and water deficit. A non-source-driven leaf area simulation was cho-
sen in this study because source limitation was minimized by manag-
ing soybean at near optimum conditions. An important goal of this 
effort was to develop a model for practical application, one with re-
duced complexity and less cultivar-specific parameters.
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2. Material and methods

2.1. Field experiments

Data for model development were obtained from irrigated field 
experiments conducted in two research stations of the University of 
Nebraska, at Lincoln, NE (40°49˝N, 96°39˝W, 357 m a.s.l.) in 2004 
and 2005 (Table 1) and at Mead, NE (41°09˝N, 96°24˝W, 351 m 
a.s.l.) in 2004 and 2006. Agronomic management at Lincoln was op-
timized to achieve growth at a near yield potential level of soybean. 
Further experimental details for this site are provided elsewhere (Ad-
viento-Borbe et al., 2007; Bastidas et al., 2008; Setiyono et al., 2007). 
Management practices in the large research field at Mead (Grant et 
al., 2007; Verma et al., 2005) followed best management practices 
for irrigated soybean production in Nebraska, including monitor-
ing excellent weed and pest control and irrigation scheduling based 
on soil moisture and ET. Peak LAI obtained in these experiments 
ranged from 5.0 to 7.8 while soybean seed yield (at 13% moisture) 
ranged from 3.7 to 5.3 Mg ha−1. Yields at Lincoln were generally high 
(>5 Mg ha−1), whereas yields at Mead were somewhat lower, probably 
due to less favorable soil conditions, including some soil physical re-
strictions for root growth.

In Lincoln, soybean cv. NE3001 (semi-determinate, MG 3.0) and 
Pioneer® P93M11 (indeterminate, MG 3.1) were grown on a conven-
tionally tilled Kennebec silt loam (Cumulic Hapludolls). At Mead, 
soybean cv. Pioneer® P93B09 (indeterminate, MG 3.0) and Pioneer® 
P93M11 (indeterminate, MG 3.1) were grown on a no-till Tomek silt 
loam (Fine, smectitic, mesic Pachic Argiudolls). At both locations soy-
beans were grown in rotation with maize (Zea mays L.). The row spac-
ing was 38.5 or 76 cm and the seeding density ranged from 37 to 
49 viable seeds m−2 resulting in plant densities (at V2 stage) of 25–
46 plants m−2. Soybean was sown at approximately 2.5 cm depth in 
early, mid May, and early June with emergence dates shown in Ta-
ble 1. Tillage in Lincoln consisted of fall plowing followed by field 
cultivation in spring for seedbed preparation. Weeds were controlled 
by pre-plant herbicide application and in-season manual hoeing (at 
Lincoln) or glyphosate application (at Mead). Pests and diseases were 
managed to avoid yield loss. Irrigation was applied through a solid-set 
sprinkler system (Lincoln) or a center pivot sprinkler system (Mead) 
and commenced at the R3 to R3.5 stage. Weekly water amounts were 
scheduled to replenish the estimated daily evapotranspiration calcu-
lated from data obtained by the automated weather stations located 
within 500 m of each experimental site. Such an irrigation regime is 
optimal for soybean in the Western Corn Belt (Specht et al., 1986). 
At Lincoln, nutrient applications were 80 kg N ha−1 (at R3.5 stage), 
45 kg P ha−1 and 85 kg K ha−1 (pre-plant). At Mead, no fertilizer 
was applied to soybean, but soil nutrient levels were kept in optimal 

ranges through fertilizer applications during the maize phase of the 
crop rotation.

Phenology terminology and measurements were based on the sys-
tem developed by Fehr and Caviness (1977). Leaf area was measured 
destructively using a LAI-3100 area meter (LI-COR, Lincoln, NE) 5–
6 times at Lincoln and 7–12 times at Mead. The ground sampling area 
varied from 0.267 to 0.762 m2. Leaf area (cm2 per plant) was con-
verted to leaf area index (m2 m−2) using population density measured 
in the harvest area at V2 and R7. Plants were manually harvested and 
machine threshed for grain yield determination in harvest areas of 
approximately 11–14 m2 size (9.14 m × 1.52 m for the 0.76 m row 
spacing or 9.14 m × 1.15 m for the 0.385 m row spacing).

2.2. Model development

Soybean phenology was simulated as a function of temperature 
and photoperiod considering pre-induction and post-induction pro-
cesses during the flowering phase (Setiyono et al., 2007). Leaf area in-
dex was simulated as a function of net leaf area per plant and popu-
lation density (PD, Equation (1)). The term net leaf area is used to 
account for the simultaneous occurrence of leaf expansion and senes-
cence at the whole plant and population level.

LAI = Lneti
PDi10−4                                                            (1)

where LAI is the leaf area index (m2 m−2), Lneti
 is the net leaf area 

(cm2 plant−1), PD is the population density (plants m−2) on the ith 
day and 10−4 is a conversion factor from cm2 to m2.

Population density in Equation (1) was allowed to decrease lin-
early from the V2 stage to physiological maturity (R7) to account 
for post-emergence attrition (Equation (2)). Based on field observa-
tions in 2004 and 2006, the reduction in PD was modeled as a func-
tion of initial PD (measured at the V2 stage) and the estimated PD 
at the R7 stage, which was a function of the initial PD and the de-
crease in population density due to post-emergence attrition (PDred), 
(PDV2(PDred/100)) in Equation (2).

(2)

(3)

where PDV2 is population density at the V2 stage (plants m−2), DOYi 
is current day of year, DOYV2 is the day of year at the V2 stage, and 
DOYR7 is the day of year at the R7 stage.

Net leaf area was the difference between expanding and senescing 
leaf area (Equation (4)). Expanding and senescing leaf areas were de-
termined based on the current daily rates of change and the previous 

Table 1. Location, year, cultivar, phenology, row spacing, population density, maximum LAI and the use of these data for LAI simulation in Soybean

Location    Year	 Cultivar	 Stem       Maturity        Emergence 	                       R1 	                       R7                                                Row          Population     Maximum	     Purpose   
                                                 termination     group                                                                                                                                                         spacing          density       LAI (m2 m−2) 
                                                                                                                                                                                                                                                  (m)          (plants m−2)	  
                                                                                                Date               DOY               Date           DOY                Date                      DOY

Lincoln	 2004	 NE3001	 SD	 3.0	 May 10	 131	 June 22	 174	 September 6	 250	 0.762	 27.7	 5.8	 Model parameterization
											           0.381	 29.0	 6.4	 Model evaluation
											           0.381	 45.9	 7.6	 Model parameterization
	 2005	 NE3001	 SD	 3.0	 May 10	 130	 June 20	 171	 September 6	 249	 0.762	 38.9	 6.4	 Model evaluation
		  P93M11	 ID	 3.1	 May 10	 130	 June 19	 170	 September 8	 251	 0.762	 37.2	 7.0	 Model parameterization
											           0.381	 44.4	 7.8	 Model parameterization

Mead	 2004	 P93B09	 ID	 3.0	 June 8	 160	 July 18	 200	 September 24	 268	 0.762	 31.5	 5.0	 Model parameterization
	 2006	 P93M11	 ID	 3.1	 May 22	 142	 June 23	 174	 September 9	 252	 0.762	 30.5	 5.3	 Model evaluation

SD: semi-determinate; ID: indeterminate; DOY: day of year.
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values of these variables (Equations (5) and (6)).

Lneti
 = Lgi

 − Lsi
                                                         (4)

Lgi 
  = Lgi–1

 + Lgxi
 (dxg/di)                                        (5)

Lsi
  = Lsi–1

 + ΔLsxi
  (dxs/di)                                       (6)

where Lgi
, Lgi–1, Lsi

, and Lsi–1 are the current and previous days of ex-
panding and senescing leaf area (cm2 plant−1), respectively, ΔLgxi

 is 
the current day change in expanding leaf area for a given change in 
cumulative f (T ) (cm2 plant−1 unit f (T )−1), ΔLsxi

 is the change in se-
nescing leaf area for a given change in cumulative f (T ) (cm2 plant−1 
unit f (T )−1), dxg/di and dxs/di are changes in cumulative f (T ) during 
expansion and senescence per given change in calendar days, respec-
tively, f (T ) is a temperature response function (Equation (11)). The 
inclusion of dxg/di and dxs/di terms in Equations (5) and (6) is nec-
essary to transform the dimension of the rate of change in expansion 
and senescence from units of f (T ) to calendar days.

The rate of leaf expansion was simulated using the first derivative 
of a logistic function (Equations (8), (9), and (10)) and accounting 
for the effect of air temperature (Equation (11)) and the ratio of ac-
tual and potential transpiration (Equation (12)) on the rate of leaf ex-
pansion. The reason for using the derivative rather than the logistic 
function itself in simulating Lg was because the fluctuations of tem-
perature and water availability directly alter the rate rather than the 
state variable of Lg. The logistic function was used with the assump-
tion that accumulative Lg is characterized by three distinct phases: Lg 
increases exponentially due to the rapid vegetative growth during the 
first phase; in the second phase, Lg increases at nearly a constant rate 
as leaf appearance and expansion proceed at a steady state; the final 
phase describes a diminishing rate of Lg as no more leaves are pro-
duced at the end of node appearance. The logistic function used for 
leaf expansion and senescence has the form of

(7)

where a is the L-asymptote, b is a shape factor, and c is a rate con-
stant (Milthorpe and Moorby, 1979) and the g and s subscripts rep-
resent expansion and senescence variables, respectively. The variable b 
is related to a and the intercept of L at x = 0 (L0) (Equations (9) and 
(15)), while c is related to a and the maximum rate of change of L 
(Equations (10) and (16)) (Milthorpe and Moorby, 1979).

(8)

(9)

(10)

(11)

(12)

where ΔLgx max is the maximum rate of change in expanding leaf area 
for a given change in xg (cm2 plant−1 unit  xg

–1), xg is the cumulative 
f (T ) since emergence, where f (T ) is a temperature response func-
tion related to phenology based on observed data (Equation (11)) 
with minimum (Tmin), optimum (Topt), and maximum (Tmax) tem-
peratures of 0, 33, and 50 °C, respectively. The temperature response 
function (Equation (11)) for leaf expansion (f (Tg), Figure 1) takes the 
same form as for phenology but with different Tmin, Topt, and Tmax, 
4, 26, and 40 °C, respectively (Potter and Jones, 1977; Tardieu et al., 
2005; Wright et al., 1999). The water deficit response function for 
leaf expansion ( f (TRa/TRp) is given by Equation (12). In the first it-
eration, a value of 2 cm2 plant−1 was used for Lg0 based on field mea-
surements (expanded leaf area at emergence). For all other iterations 
the value of Lg0 in the simulation was determined from the logistic 
equation (Equation (7)) at xg = 0.

A beta function (Wang and Engel, 1998) and data from the liter-
ature were used to describe the temperature response of soybean leaf 
expansion f (Tg) (Figure 1). The minimum (Tmin), optimum (Topt), 
and maximum (Tmax) temperatures for f (Tg) were 4, 26, and 40 °C, 
respectively. The effect of water availability on leaf expansion was 
taken into account by using a modified simple water balance model 
(Campbell and Diaz, 1988) to calculate the ratio of actual and po-
tential transpiration. The soil–water balance model used a tipping 
bucket (cascade) type approach. Precipitation and irrigation were in-
puts added to the top soil layer while accounting for runoff (based on 
Stewart et al., 1976) and interception by leaf surfaces (assuming that 
a maximum of 1 mm of precipitation can be intercepted as function 
of LAI). For each soil layer in excess of field capacity, water moved 
downward to the next soil layer. Water leaving the lowest layer was 
lost as drainage. Evapotranspiration was separated into evaporation 
and transpiration. Evaporation was assumed to occur only from the 
first soil layer, which in this simulation was 0.1 m thick. The remain-
ing 19 layers were 0.145 m thick. Transpiration was determined from 
each layer, not including the first soil layer, and controlled by the root 
depth, LAI and soil-moisture content. Potential transpiration was de-
termined based on reference ET (which was determined from data 
collected at a nearby automated weather station) and the previous 
day’s simulated LAI. The new soil-moisture content was calculated as 
the water-balance residual. Rooting depth (RD) (m) was simulated 
based on a logistic function of stage of development:

(13)

Figure 1. Soybean leaf expansion rate as a function of temperature; observed 
(symbols), simulated (line), based on published data. Minimum (Tmin), optimum 
(Topt), and maximum (Tmax) temperatures are 4, 26, and 40 °C, respectively.
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where RDmax is the maximum root depth (1.6 m), RD0 is the root depth 
at emergence (0.036 m), br (shape factor) and cr (rate constant) are logistic 
coefficients for root depth (94.24 and 9.35, respectively), VE is the day of 
emergence, R7 is the day of year when physiological maturity occurred, 
i was the current day of year. The value of RDmax, RD0, br, and cr were 
determined based on data from Mayaki et al. (1976). Dardanelli et al. 
(1997) calculated root depths for soybean maturity groups III, V, and VII 
of 1.3, 1.9, and 2.3 m, respectively. Thus, the use of 1.6 m for RDmax in 
this simulation is reasonable. The water balance model was modified to 
allow reference potential evapotranspiration (ETp) as input to the model 
rather than being calculated. Such modification was necessary considering 
the calculation of ETp in the original model was derived under a semi-
arid climate and may not apply under the climate of this study. To reduce 
further uncertainty in the water balance model, solar radiation and LAI 
were made input parameters, rather than calculated as in the original 
model. Functions describing leaf expansion response to the ratio of actual 
and potential transpiration were derived from Sinclair (1986) and Sinclair 
and Ludlow (1986).

It was assumed that the senescing leaf area followed a pattern simi-
lar to that of the expanding leaf area. Even though water stress is known 
to accelerate senescence during the seed filling period (Egli and Bruen-
ing, 2004), it was not considered in the simulation of senescence in this 
approach for two reasons: (1) irrigation after the beginning of pod stage 
(R3) was expected to avoid water deficits throughout the seed filling pe-
riod, and (2) water stress, if occurring early in plant development, may 
not accelerate senescence as the plants respond to water stress by pro-
ducing smaller and less leaves (Frederick et al., 1991). Muchow (1985) 
showed that water stress prior to full soybean canopy coverage did not 
increase leaf loss but greatly reduced early leaf area. In this simulation 
study, senescence was initialized at the R1 stage based on the assump-
tion that monocarpic senescence in soybean begins at flowering (Burke 
et al., 1984). The rate of change in senesced leaf area was simulated us-
ing the first derivative of the logistic function described in Equation (7), 
but with a different temperature response function:

(14)

(15)

(16)

(17)

where ΔLsx max is the maximum rate of change in senescing leaf area 
for a given change in xs (cm2 plant−1 unit xs

–1), xs is the cumulative 
f (T) since R1 with minimum (Tmin), optimum (Topt), and maxi-
mum (Tmax) temperatures of 0, 33, and 50 °C, respectively, f (Ts) is 
temperature response function describing acceleration of senescence 
due to increasing temperature (T). In the first iteration, a value of 
6 cm2 plant−1 was assumed for Ls0 (initial leaf area senescence). Sim-
ilar to the expansion phase, for all other iterations the value of Ls0 
in the simulation was determined from the logistic equation at xs = 0 
(Equation (7)).

The use of cumulative xs in Equation (14) allowed the effect of 
temperature on phenology to drive senescence, emphasizing the con-
cept that senescence is a highly regulated process (Gepstein, 2004; 
Guo et al., 2004). The acceleration of the senescence rate due to high 

temperature was accounted for by f (Ts), which was similar to the ap-
proach used in the WOFOST-model (Supit and Van der Groot, 2003) 
in determining the physiological age of the leaf.

2.3. Statistical analysis

Five field data sets (Table 1) and literature data from Buttery 
(1969) on the effect of population density on maximum leaf area and 
the influence of air temperature on the rate of leaf expansion were 
used for model parameterization (ag, Lg0, ΔLgx max, as, Ls0, ΔLsx max). 
Non-linear regression analyses were conducted among model param-
eters and population density levels using the NLIN procedure (SAS 
Institute, 1999). Functions used in the non-linear regression analyses 
were selected using the Curve Expert (Hyams, 2001). The NLIN pro-
cedure was used to obtain the P-value associated with non-linear re-
gression analyses. Model evaluation against independent field obser-
vations was done for three field data sets (Table 1). Simulated LAI 
were compared with the observed values using the root mean square 
error (RMSE) calculated as:

(18)

where si = simulated data on the ith day, oi = observed data on the ith 
day, n = number of pairs of simulated and observed data.

3. Results

3.1. Model parameterization

Model parameterization was achieved by determining the maxi-
mum expanding and senescing leaf area (ag and as), the intercept of 
L at x = 0 (Lg0 and Ls0), and the maximum rate of expansion and se-
nescence (ΔLgx max and ΔLsx max) as independent variables, while treat-
ing shape factors for expansion and senescence (bg and bs) and rate 
constants for expansion and senescence (cg and cs) as dependent vari-
ables. Field observations in 2004 and 2005 in Lincoln suggested that 
Lg0 was associated with the average air temperature during the first 6 
days after emergence (TLg0), while the initial leaf senescence (Ls0) was 
set at a constant value of 8 cm2 plant−1. A maximum Lg0 (Lg0 max) of 
52 cm2 plant−1 and the temperature function given by Equation (11) 
were used to calculate Lg0. The value of Lg0 max was obtained from 
field observations of cv. NE3001 in 2004 and 2005 in Lincoln. The 
temperature function for Lg0 had minimum, optimum, and maximum 
average temperatures of 7, 22, and 32 °C, respectively. The relatively 
low optimum and maximum temperatures were in agreement with 
the observation by Hesketh et al. (1973) showing that leaf growth in 

Table 2. The levels of significance for non-linear regression tests (P-values) of 
variables associated with rate of change of expanding and senescing leaf area

Variables                ag                              as                            ΔLgx max                ΔLsx max

PD	 0.0012a	 0.0375b	 0.0017b	 0.3928b

ag	 –	 0.0003b	 0.5468b	 0.0007b

as	 –	 –	 0.0813b	 0.3704b

ΔLgIP	 –	 –	 –	 0.4227b

a Hoerl function (y = abxxc).
b Quadratic function (y = a + bx + cx2); ag = maximum expanding leaf area 

(cm2 plant−1); as = maximum senescing leaf area (cm2 plant−1); ΔLgx max = maximum rate of 
change in expanding leaf area (cm2 plant−1 unit xg

–1), where xg is cumulative f (T ) since emer-
gence and f (T ) is temperature function (Equation (10)); ΔLsx max = maximum rate of change 
in senescing leaf area (cm2 plant−1 unit xs

–1), where xs is cumulative f (T ) since R1 and f (T ) 
is temperature function (Equation (10)); PD = population density (×10−1 plant m−2).
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young soybean plants at an average daily temperature above 20 °C was 
greatly altered, inducing malformed shape and reduced area.

Non-linear regression analyses of the remaining four variables, ag, 
as, ΔLgx max, and ΔLsx max, suggested that ag and ΔLgx max were corre-
lated with population density, while as and ΔLsx max were correlated 
with ag at P < 0.01 (Table 2). Hence ag and ΔLgx max can be calculated 
as a function of population density (PD) (ag with a Hoerl function, 
y = abxxc; ΔLgx max with a quadratic function, y = a + bx + cx2), while 
as and ΔLsx max are quadratic functions (y = a + bx + cx2) of ag. Param-
eter estimates for these functions are given in Table 3. LAI simulation 
with the dependent datasets had an RMSE of 0.25 m2 m−2.

3.2. Model evaluation

Under optimal growth conditions encountered in field situations, 
the model input parameters can be reduced to only two indepen-

dent variables, population density and stem termination type (Table 
3). Comparison between the two sites indicated a slower initial leaf 
growth at Mead as compared to Lincoln (Figure 2). Reasons for this 
difference were not fully clear, but they may include factors such as 
differences in temperature regimes due to different tillage (cooler soil/
soil surface temperature during emergence under no-till cultivation 
at Mead vs. tilled soil at Lincoln), differences in soil fertility levels at 
planting (including somewhat higher residual soil nitrate levels at Lin-
coln than at Mead), differences in nodulation, or soil physical con-
straints affecting root growth at the Mead site. Hence, based on the 
results of the sensitivity analyses, the Mead data set in 2004 was used 
to adjust six model parameters (Table 4) to account for these site-spe-
cific differences.

The model was capable of simulating the pattern of LAI in soy-
bean under optimum conditions at Lincoln and, with modification of 
the six parameters, at Mead. Simulated LAI patterns included an ex-
ponential increase at the beginning of leaf growth followed by a bell-
shaped pattern around the peak and a decline toward physiological 
maturity (Figure 3). Leaf expansion reached a plateau near the attain-
ment of the maximum number of nodes. The model was also able to 
capture the variability in LAI across years, cultivars, and population 
densities, and locations (Figure 3).

Table 3. Equations determining the variables controlling the rate of change in expanding and senescing leaf area

Stem termination type                  ag                                                                               as                                                                    ΔLgx max                                                                       ΔLsx max

Semi-determinate	 69716 (1.00055PD) PD−0.5721  	 29008 − 19.711ag + 0.003483 a2
g	 303.52 − 1.0759PD + 0.00137PD2	 3161.9 − 2.1436ag + 0.0003672 a2

g 
Indeterminate	 69693 (1.00089PD) PD−0.5793			 

ag = maximum expanding leaf area (cm2 plant−1); as = maximum senescing leaf area (cm2 plant−1); ΔLgx max = maximum rate of change in expanding leaf area (cm2 plant−1 unit xg
–1), where xg is 

cumulative f (T ) since emergence and f (T ) is temperature function (Equation (10)); ΔLsx max = maximum rate of change in senescing leaf area (cm2 plant−1 unit xs
–1), where xs is cumulative f (T) 

since R1 and f (T ) is temperature function (Equation (10)); PD = population density (×10−1 plant m−2).

Figure 3. Simulated (lines) and observed (symbols) LAI for cv. NE3001 in 2004 at 29.0 plant m−2 (a) and in 2005 at 38.9 plant m−2 (b) in Lincoln, NE, and cv. 
P93M11 at 30.5 plant m−2 at Mead, NE in 2006 (c). These data sets were not included in model parameterization. RMSE: root mean square error. R and V stages of 
soybean development are shown in panel 2.

Figure 2. Observed LAI in Lincoln (○, cv. NE3001 in 2004 at 49.5 plant m−2; 
□, cv. P93M11 in 2005 at 37.2 plant m−2) and at Mead (●, cv. P93B09 in 2004 
at 31.5 plant m−2; ■, cv. P93M11 in 2006 at 30.5 plant m−2). Bars indicate stan-
dard error from four replications.

Table 4. Model parameter adjustment for the case of relatively slow initial leaf 
growth (Mead 2004 data)

Parameter   	                                                         Value adjustment

TLg0	 0.60×
cg	 0.80×
as	 1.12×
bs	 1.80×
cs	 0.75×
cr	 0.95×

TLg0 = average air temperature during the first 6 days after emergence (°C); cg = rate 
constant of logistic leaf expansion; as = maximum senescing leaf area; bs = shape factor of lo-
gistic leaf senescence; cs = rate constant of logistic leaf senescence; cr = rate constant of logis-
tic root depth expansion. The “×” represents the value of the factor to multiply the original 
parameter to modify it for the Mead conditions.
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Figure 4. Simulation of actual transpiration (TRa) (panel 1) and its ratio over the potential transpiration (TRa/TRp) (panels 2), value of temperature function for leaf 
expansion (f (Tg)) (panel 3), leaf expansion rate (LER) (panel 4), and LAI (panels 5) for cv. NE3001 in 2004 at 29.0 plant m−2 (a) and in 2005 at 38.9 plant m−2 (b) in 
Lincoln, NE. R and V stages of soybean development are shown in panel 6.

Figure 5. Simulated LAI as affected by the time of initiation of senescence (ts0) for cv. NE3001 in 2004 at 27.7 plant m−2 (a) and cv. P93M11 in 2005 at 37.2 plant m−2 
(b). Simulated net (lines) and observed (○) LAI are shown in panel 1 with bars indicating standard errors from four replications, while simulated expanding cumu-
lated (×) and senescing (lines) LAI are shown in panel 2. The initiation of senescence treatments were control (at R1) (—), control + 5 d (– –), control + 10 d (- -), con-
trol − 5 d (– · –·), and control − 10 d (∙∙∙∙). The simulated time of maximum LAI (tLmx) (day after emergence) and the value of maximum LAI (LAImax) (m

2 m−2) associ-
ated with treatments of initiation of senescence are shown as inserts in panel 1. R and V stages of soybean development are shown in panel 3.
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Using the generalized parameters (Table 3 and Table 4), the overall 
RMSE value of the simulations with the independent data sets at the 
two locations was 0.52 m2 m−2. For comparison, with independent 
data sets in central Missouri, CROPGRO model simulated soybean 
LAI with an overall RMSE of 1.07 m2 m−2 (Wang et al., 2003). The 
accuracy in LAI simulation with the model described here was reason-
able considering that the observed LAI values ranged from 0 to 7.8 
with average and maximum standard errors of 0.31 and 1.10 m2 m−2, 
respectively. In some cases, slight overestimation of simulated LAI was 
evident (Figure 3b and c), typically near the peak LAI. Such overesti-
mation of LAI indicates that under particular situations, LAI expan-
sion becomes source limiting.

Figure 4 compares LAI simulation in Lincoln in 2004 vs. 2005 
showing different environmental factors influencing leaf expansion 
(temperature and water availability). The ratio of actual and potential 
transpiration (TRa/TRp) remained optimum throughout the growing 
season in 2004 while in 2005 there was a decline in TRa/TRp near the 
time of maximum leaf expansion rate. This apparent water stress dur-
ing early growth stage in 2005, however, was not severe enough to re-
duce yield. The simulated temperature function for leaf expansion in-
dicates a relatively more optimum in 2005 than in 2004.

3.3. Sensitivity analysis

Sensitivity of simulated LAI to the time of initial senescence is 
shown in Figure 5 (panel 1). Delaying the time of senescence by 5–
10 days caused a delay in time of maximum LAI by 2–4 days, and an 
increase in LAI by 0.32–0.54 m2 m−2 (averaging over both cultivars). 
Simulated expanding and senescing leaf area are shown in panel 2. A 
slight decline in expanding LAI after approaching the Lg asymptote 
was associated with the simulated decreased population density. The 
shape of the senescing LAI curve along the x-axis was associated with 
the imposed modification in time of initiation of senescence.

The effect of varying the values of the logistic function coefficients 
associated with leaf expansion (ag, bg, cg) and senescence (as, bs, cs) on 

simulated leaf area is shown in Figure 6. Both ag and cg had a posi-
tive effect on the simulated maximum LAI in that an increase in these 
variables caused an increase in maximum LAI. Such increases in maxi-
mum LAI by ag and cg were associated with increases in the maximum 

Figure 6. Simulated LAI as affected by modification of logistic equation coefficients describing leaf expansion (ag, bg, cg; panel 1) and senescence (as, bs, cs; panel 2). 
Each of the logistic coefficients, ag (1a), as (2a), bg (1b), bs (2b), cg (1c), and cs (2c), was modified by increasing (- -) or decreasing (∙∙∙∙) the value by 20% (ag, as, cg, and 
cs) or 60% (bg and bs) as compared to the control, Ctr (—). The control coefficients are those of cv. NE3001 in 2004 at 27.7 plant m−2. The two associated variables, in-
tercept of L at x = 0 (Lg0 and Ls0) and maximum rate of change of leaf area (ΔLg max and ΔLs max) are shown as insert in panels 1 and 2. R and V stages of soybean devel-
opment are shown in panel 3. To illustrate the sensitivity of the b coefficients, bg and bs were modified by 60 rather than 20% as the case of the other coefficients.

Figure 7. Simulated responses of maximum LAI (LAImax) to population density 
(PD) for different sets of parameters describing ag (panel 1). These different sets 
of parameters and the Hoerl function describing the relationship between ag and 
the parameters αsj, βsj, and χsj are given on panel 2. The control set (S0) were 
based on those of cv. NE3001. The S1 parameter set represents a lesser values of 
αsj and χsj while the S2 parameters set represents greater value of αsj and χsj as in-
dicated by the multiplier of αS0 and χS0.
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slope of expansion (ΔLgx max). An increase in ag also caused an in-
crease in the initial rate of expansion as indicated by an increase in 
Lg0. An increase in bg caused a reduction in maximum LAI due to 
a decreasing initial rate of leaf expansion. The corresponding logis-
tic coefficients for senescence had the opposite trend in that as and cs 
negatively affected maximum LAI (although the influence of as was 
smaller than cs) while bs positively affected maximum LAI. The coef-
ficients bs and cs were also unique in that they also control the time of 
maximum LAI.

The sensitivity of simulated maximum LAI (LAImax) to popula-
tion density is shown in Figure 7. Simulated LAImax increased with 
increasing population density up to an optimum population density, 
thereafter LAImax declined due to the simulated decline of maximum 
plant leaf area with increasing population density. Figure 7 also shows 
the effect of modifying coefficients relating population density and in-
dividual plant leaf area (Table 3). As the population density increases, 
maximum plant leaf area (ag) decreases. The parameter set S1, defined 
in Figure 4 is less sensitive to changes in population density than the 
parameter set S2. Maximum LAI was reached at higher population 
density for the parameter set S1 then for parameter set S2 (Figure 6, 
panel 1).

Sensitivity analyses of simulated LAImax on the initial values 
of Lg and Ls, air temperature during the first 6 days after emer-
gence (TLg0), and maximum rate of change of Lg (ΔLgx max) and Ls 
(ΔLsx max) are shown in Figure 8. Simulated LAImax was not sensi-
tive to the change in initial values of Lg and Ls (40% change in these 
variables resulted in 0.2% change in LAImax). There was a minimal 
sensitivity to increasing ΔLgx max (40% increase in this variable re-
sulted in 1.1% increase in LAImax) and TLg0 (40% increase in this 
variable resulted in 1.8% decrease in LAImax), a moderate sensitiv-
ity to change in ΔLsx max (a ± 40% change in this variable resulted 
in ± 7.3% change in LAImax), and high sensitivity to decreasing 
ΔLgx max (40% decrease in this variable resulted in 22.7% decrease in 
LAImax) and TLg0 (40% decrease in this variable resulted in 37.1% 
decrease in LAImax).

4. Discussion

The first derivatives of the logistic equations described the poten-
tial rate of expansion and senescence at a given developmental stage. 
Such an approach of simultaneous simulation of expanding and se-
nescing leaf area has also been used in sunflower (Chapman et al., 
1993). A unique feature of the model described here is that popu-
lation density attrition is accounted for, which is relatively large in 
soybean as compared to monocots plants such as maize and wheat 
(Specht et al., 2006).

The proposed model was capable of simulating LAI well under 
near-optimal growth conditions. When there are unknown limita-
tions to growth such as at Mead, a pragmatic approach can be used to 
address these limitations. However, this pragmatic approach does not 
address the reasons for these limitations. To expand the applicability 
of this model, future research should be directed to address these limi-
tations particularly since they appear to limit seed yield (Figure 2).

This LAI model was designed to be used with a previously devel-
oped soybean phenology model (Setiyono et al., 2007). In addition to 
the water balance parameters, the LAI model requires only plant pop-
ulation density and stem termination type as input parameters (matu-
rity group is required for the phenology simulation). These minimum 
input requirements are a major advantage of this model as compared 
to other models (as discussed in Section 1).

Soybean phenological stages critical to the proposed model were 
emergence, V2, R1, and R7. Emergence was the starting point of leaf 
expansion. It was assumed that V2 was the starting point of post-
emergence reduction of PD. There was only a very minimal impact 
in simulated LAI when the beginning of this reduction occurred at 
emergence rather than at V2 (data not shown). In order to use the 
seed drop rate as an input instead of the PD estimated at the V2 stage, 
emergence survival needs to be accounted for. Rainfall and tempera-
tures soon after sowing are potential factors that can influence emer-
gence survival (Specht et al., 2006).

A key assumption used in the model was that temperature and wa-
ter availability are the primary driving forces for leaf growth as a func-
tion of cell division and expansion. The approach used in this model 
is only valid when leaf growth is not source limited, which can only 
be achieved when agronomic management is optimized. Tardieu et al. 
(1999) used a similar approach to simulate leaf area in sunflower (He-
lianthus annus L.) and maize (Zea mays L.).

Developing mathematical relationships between variables of the 
logistic equations (Equations (9), (10), (15) and (16)) improved the 
applicability of this model by the straightforward, direct calculation 
of the independent variables. This results in the use of variables with 
clear biological meaning and/or those that can be related to readily 
available input parameters such as PD and stem termination type (Ta-
ble 3). Considering the effect of inter-specific competition on plant 
growth (Buttery, 1969), assuming that maximum expansion of leaf 
area and maximum rate of change of expanding leaf area were nega-
tively correlated with PD was reasonable. The relationships between 
maximum expanding leaf area and maximum senescing leaf area and 
between maximum rate of change of expanding leaf area and maxi-
mum rate of change of senescing leaf area (Table 3) explain the self 
destructing nature of soybean growth (Sinclair, 1986) and the often 
observed shading effect on senescence (Pons and Pearcy, 1994).

5. Conclusion

The proposed model provided a robust simulation of soybean LAI 
in near-optimal conditions, while requiring relatively few input vari-

Figure 8. Simulated maximum LAI (LAImax) as affected by changes in key pa-
rameters associated with leaf expansion and senescence. The control parame-
ters are those of cv. NE3001. The control LAImax was based on simulation of cv. 
NE3001 in 2004 at 27.7 plant m−2.
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ables. Having considerably fewer requirements for cultivar-specific 
data was an advantage of this model, particularly for practical model 
applications rather than for detailed analyses of genotypic differences. 
To generalize the results of this study, the collection of high-quality 
data sets from field studies in which soybean is grown at near yield 
potential levels is required. Further improvements of the proposed 
model will be possible by incorporating specific feedback mechanisms 
that capture interactions of leaf development with source-driven pro-
cesses (such as biomass accumulation), while maintaining realistic leaf 
growth and senescence processes.
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Appendix A. Brief description of water balance simulation  
using a modified Campbell and Diaz (1988) model

Input parameter:
(1) Water content (v/v) at field capacity (wcfc), permanent wilting 

point (wcpwp), and air-dried soil (wcad). For the field experiment 
site in Lincoln, NE: wcfc = 0.315, wcfc = 0.109, wcfc = 0.02. For 
Mead, NE: wcfc = 0.286, wcfc = 0.173, wcfc = 0.02.

(2) Maximum rooting depth (RDmax) (m).

For cultivars grown in Lincoln and at Mead, RDmax = 1.6 m.

Assumptions:

(1) Water potentials at field capacity (ψfc) and permanent wilting 
point (ψpwp) are −30 and −1500 kPa, respectively.

(2) Surface storage (s) = 0.1 m. Surface storage determines the amount 
of runoff following a precipitation event.

(3) Maximum root water uptake (Emax) = 0.01 m.

Emax is used in the calculation of minimum root resistance (RMIN)
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