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Abstract. Reproductive failure under drought in maize (Zea mays) is a major cause of instability in global food 

systems. While there has been extensive research on maize reproductive physiology, it has not been formalized in 

mathematical form to enable the study and prediction of emergent phenotypes, physiological epistasis and pleiot-

ropy. We developed a quantitative synthesis organized as a dynamical model for cohorting of reproductive struc-

tures along the ear while accounting for carbon and water supply and demand balances. The model can simulate 

the dynamics of silk initiation, elongation, fertilization and kernel growth, and can generate well-known emergent 

phenotypes such as the relationship between plant growth, anthesis-silking interval, kernel number and yield, as well 

as ear phenotypes under drought (e.g. tip kernel abortion). Simulation of field experiments with controlled drought 

conditions showed that predictions tracked well the observed response of yield and yield components to timing of 

water deficit. This framework represents a significant improvement from previous approaches to simulate repro-

ductive physiology in maize. We envisage opportunities for this predictive capacity to advance our understanding of 

maize reproductive biology by informing experimentation, supporting breeding and increasing productivity in maize.

Keywords: Anthesis-silking interval (ASI); assimilate partitioning; crop growth model (CGM); ear phenotypes; fertil-

ization; grain cohorts; kernel abortion; water deficit.

Introduction

Reproductive failure in maize (Zea mays) has far-reaching 

societal consequences (Cane et al. 1994; Ray et al. 2013, 

2015). Instability in maize price associated with the 

2012 drought in the USA and subsequent favourable 

years disrupted global grain trade (Boyer et  al. 2013). 

Understanding the reproductive physiology of maize can 

inform policies to increase genetic gain for yield, water 

productivity and stability of food systems (Hammer et al. 

2006; Messina et al. 2011; Ray et al. 2013; Cooper et al. 
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2014). However, this understanding needs to be quan-

titative and able to capture the interplay between ge-

netics and agronomic management for it to be applied 

in systems for crop design, forecasting and breeding 

(Cooper et al. 2014; Hammer et al. 2014; Messina et al. 

2018).

Yield losses in maize are most pronounced when 

stress occurs during flowering (Claassen and Shaw 

1970; Campos et al. 2006). But events that are not vis-

ibly obvious prior to silk emergence and fertilization may 

prevent pollination or predispose the kernels to post-

fertilization reproductive failure (Moss and Downy 1971; 

Cárcova and Otegui 2001; Cárcova et al. 2003; Oury et al. 

2016). Reproductive development, carbohydrate avail-

ability and hydraulic limitations have been implicated 

in pollination failure due to restricted silk elongation, 

developmental asynchrony and early kernel abortion 

unrelated to fertilization (Herrero and Johnson 1981; 

Hall et  al. 1982; Westgate and Boyer, 1985a,b, 1986; 

Edmeades et al. 1993; Cárcova and Otegui, 2001, 2007; 

Fuad Hassan et al. 2008; Turc et al. 2016). The fraction of 

ovaries that develop into grains is influenced by differen-

tial development of ovary cohorts along the ear (Otegui 

and Melon 1997), the pattern of silk emergence and 

the simultaneous arrest of silk growth across all ovaries 

(Oury et al. 2016). Reduced photosynthesis, carbohydrate 

reserves, glucose gradient and carbohydrate flux at low 

water potentials have been implicated in embryo abor-

tion (Zinselmeier et al. 1995, 1999). The effects of timing 

of water deficit and pattern of zygote development along 

the ear row (cohorts) determine the nature of the ear 

phenotype associated with reproductive failure (Fig. 1).

There is a legacy of research on the physiological de-

terminants of kernel set in maize (Boyer 1996; Saini and 

Figure 1. Ear phenotypes observed with different timing of water deficit generating reproductive failure for two hybrids that contrast in re-

sponse to drought. A simulation of kernel number per m2 under three water deficit scenarios is shown for reference to timing of stress and 

impact on kernel set. The outer band shows the ear phenotype for a plant grown without water deficit (Well watered). The next three bands 

show the phenotype associated with (i) water deficit after silking and early grain fill (Grain fill stress; tip kernel abortion due to carbohydrate 

starvation of fertilized florets), (ii) water deficit during flowering (Flowering stress; short ear due to reduced silk elongation and emergence) 

and (iii) severe water deficit starting pre-flowering (Severe stress; barrenness (scatter grain) due to lack of silk emergence and fertilization).
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Westgate 2000). However, it has not been formalized in 

mathematical form to enable the study and prediction 

of reproductive failure caused by dynamic aspects of the 

biological system. Here we develop a quantitative syn-

thesis of the current understanding of the reproductive 

physiology of maize in the form of a simulation model 

that captures the dynamics of the determinants un-

derpinning kernel set. A key feature of the model is the 

framework for cohorting of reproductive structures based 

on the temporal variation of silk initiation and exten-

sion, fertilization and initiation of kernel growth (Fig. 2).  

The cohorting enables simulation of the phenotypes 

associated with reproductive failure by considering dif-

ferential effects of timing of water deficit on processes 

for each cohort, e.g. supply of carbohydrates. The inte-

gration of the model within a crop modelling platform 

(Holzworth et  al. 2014) enables the study and predic-

tion of reproductive failure as an emergent property of 

system dynamics at the crop scale (Messina et al. 2009; 

Soufizadeh et  al. 2018), which is a distinctive charac-

teristic from earlier models such as those proposed by 

Lizaso et al. (2007) and Borrás et al. (2009).

Figure 2. Framework for maize reproductive biology model within crop life cycle. Solid lines indicate passage through developmental phases 

for the main culm (planting to anthesis/pollen shedding) and for the cohorts of florets generated on the ear (silk initiation to grain maturity). 

The potential impacts of water deficit at specific stages on reproductive failure are indicated. The lower schematic depicts the elongation of 

cohorts of silks under well-watered (WW—solid lines) and water-limited (WL—broken lines) conditions. Silk emergence is estimated as the 

time that the silk length of each cohort reaches the effective husk length.
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We evaluate the model by means of simulation and 

experimentation under controlled patterns of water 

deficit. The integrated model can generate emergent 

phenotypes characteristic of reproductive failure under 

drought, and reproduce well-known empirical relation-

ships used to predict kernel set and yield in maize, for 

example—

•  anthesis-silking interval (ASI) and yield,

•  silk number and ear mass at silking,

•  kernel number and plant growth rate around anthesis.

We provide a perspective on future opportunities for the 

application of the unified framework to advance plant 

science, enhance predictive breeding and agronomy and 

increase productivity in maize.

Model Description

Crop growth and soil and water environment 
simulation framework

Crop growth models are mathematical representations 

of the plant-soil-atmosphere system coded in soft-

ware to enable analyses of plant and cropping systems 

(Messina et al. 2009; Wallach et al. 2018). The integra-

tion of the plant or crop module within a framework that 

contains algorithms to simulate water and N balances 

in the soil and atmospheric processes, enables the ap-

plication of these systems to crop design in the context 

of a cropping system (Hammer et al. 2014), the transla-

tion of biological knowledge at the genetic level to the 

crop system level at regional and national scales (e.g. 

Hammer et al. 2006; Messina et al. 2018), simulation of 

breeding strategies (Messina et al. 2009), evolution in fit-

ness landscapes (Messina et al. 2011) and more recently 

genomic prediction (Cooper et  al. 2014; Messina et  al. 

2018).

Here we use the APSIM (Agricultural Production sys-

tems SIMulator) modelling platform (Holzworth et  al. 

2014) as a scaffold to produce a quantitative synthesis 

of maize reproductive biology. APSIM contains crop, soil, 

management and weather modules structured around 

an interface engine that is designed to manage the con-

nections among process modules, while performing the 

mathematical computations for the specified system 

simulation. The process modules encapsulate the bi-

ological knowledge for different crops and soil and at-

mospheric processes. Recent development of the plant 

module for sorghum (Hammer et  al. 2010) facilitates 

the use of this model for genetic studies. The maize 

module in APSIM has been updated recently in a similar 

manner (Soufizadeh et  al. 2018). These crop modules 

are constructed from a library of interacting submodules 

accounting for crop growth and development pro-

cesses (Holzworth et al. 2014). The reproduction biology 

submodule developed here substituted for the existing 

kernel set submodule. Software and model code is avail-

able through the APSIM Initiative (http://www.apsim.

info/) for non-commercial purposes.

Overview of the reproductive growth and 
development simulation framework

The model proposed provides a dynamic framework 

for the cohorting of reproductive structures (silks, zyg-

otes, kernels) based on the dynamics of silk initiation, 

silk extension, pollination and kernel growth (Fig. 2). 

The maximum number of florets is set as a genotypic 

factor dependent on potential kernel size and potential 

total kernel weight per plant (Soufizadeh et  al. 2018). 

The assumption of a relationship between ovule size, 

pericarp expansion and kernel size is based on Saini 

and Westgate (2000). The dynamic approach accounts 

for effects of both hydraulics and carbohydrate availa-

bility on kernel set. Silks cannot be pollinated until they 

emerge from the husk. The model is structured around 

the elongation of silks and the time it takes for silks 

to emerge from the husk tip. For different cohorts of 

flowers, silk length at emergence from the husk tip is 

determined by the growth of the ears and husks, and 

the position of silks within the ear. In general, upper silks 

(later cohorts) are shorter when they appear relative to 

lower silks (earlier cohorts) (Cárcova et  al. 2003). The 

temporal distribution of silk appearance also depends 

on the severity of water deficit (Fuad Hassan et al. 2008; 

Turc et  al. 2016). In the absence of water deficit, silks 

elongate rapidly and emerge within a narrow window of 

time (Fig. 2), whereas with water deficit silk appearance 

is delayed (generating longer ASI) and silks emerge over 

a longer period (Fig. 2). As a first approximation, a fixed 

threshold of the silk length needed for silk appearance 

is assumed in the model for all cohorts, although this 

length threshold can be varied among genotypes. In ad-

dition, the silk initiation rate (i.e. number of silks initiated 

per unit of thermal time), the potential silk elongation 

rate and the response of silk elongation to water deficit 

are given as genotypic constants. Each cohort of silks is 

allowed to initiate, age and extend until it emerges and 

is available to be pollinated.

The availability of pollen at any time follows a 

Gaussian distribution centred shortly after the time of 

anthesis/shedding of the main culm (Fig. 2) (Uribelarrea 

et al. 2002). Viability of pollen can be affected by high 

temperature at the time of pollination (Schoper et  al. 

1987). Water deficit acts to trigger floret or kernel 

abortion through delayed silk elongation that is either 
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sufficient to restrict silk emergence completely or in-

duce asynchronous pollination across cohorts. The co-

horts of kernels arising from silks that are pollinated on 

any particular day grow at a potential rate determined 

by an expolinear growth function. Reduction in carbo-

hydrate availability, which might also be associated 

with water deficit, can restrict kernel growth rate and 

ultimately trigger abortion. Because of the cohort struc-

ture, it is possible to implement a scheme of competi-

tion for available carbohydrates whereby the first cohort 

has priority in allocation. This can lead to the abortion of 

kernels set from late emerged silks nearer the tip of the 

ear. Access to stored carbohydrates to support kernel 

and ear growth at all stages is implemented assuming 

a remobilization rate from stem and husks that follows 

first-order kinetics and depends on sink strength. The 

sink strength in turn is dependent on kernel and ear size, 

which determine their potential growth rate.

Detail of the reproductive growth and 
development simulation framework

The degree day (°Cd) concept (D) is used here to 

model physiological age and development in flowering 

and silking. It represents the thermal units accumu-

lated above a base temperature (T
b
, see Supporting 

Information—Table S1). Cardinal temperatures for de-

velopment are 8, 34 and 40  °C for the minimum, op-

timum and maximum temperatures, respectively (Birch 

et  al. 1998a,b), with an adjustment for temperatures 

between 0 and 18 °C, for which thermal units increase 

linearly from 0 to 10 (Wilson et al. 1995).

The onset of silk initiation and the linear silk elonga-

tion phase in the ear is a characteristic of a genotype 

and it is defined here, for reference, as 150 °Cd before 

anthesis and pollen shedding from the tassel at the ter-

minal apex (Cárcova et  al. 2003). All silks are initiated 

over a 60 °Cd interval generating a cohort-age structure 

over time. The silk initiation rate is the total number of 

silks divided by this initiation interval. Silk elongation rate, 

the daily (t) change in silk length (L) (Eq. 1), is modelled 

as a function of temperature (T) and daily crop water 

status, indexed by the crop water supply (S) to demand 

(D
e
) ratio (SD) (Herrero and Johnson 1980; Westgate and 

Boyer 1985a; Bassetti and Westgate 1993; Fuad Hassan 

et al. 2008; Turc et al. 2016). Sensitivity to temperature 

is determined by one empirical constant (ϑ) that imple-

ments a constitutive development rate (1.5  mm °Cd−1) 

and T
b
, temperature below which development ceases. 

The parameter γ is included to account for genetic vari-

ation in the sensitivity of silk elongation to water deficit 

(Turc et al. 2016).

L(t) = ϑ(T − Tb)(1− γ(1− SD)) + L(t− 1) (1)

The effective silk length (ESL, Fig. 2) is defined as the 

silk length at silk emergence from the husk. Here, it is 

taken as the average across all silks for an ear, so it is the 

distance between the midpoint of a silking ear lengthwise 

and the tip of the husk cover. A standard ESL of 15 cm, 

which is based on an average potential silk elongation 

rate of 1.5 mm °Cd−1, and 100 °Cd duration from start of 

silk elongation until silk appearance (Cárcova et al. 2003), 

can be varied to allow for genotypic variation.

In the absence of pollination, silks start to senesce but 

retain the capacity to support pollen germination and 

pollen tube growth. Fertilization is prevented when the 

base of the silk collapses. Florets remain fertile for a period 

of 7–10  days or 150  °Cd after appearance (Bassetti and 

Westgate 1993). Because silk appearance takes a min-

imum of 100  °Cd after initiation of silk elongation, this 

means that floret fertility starts to decline after 250  °Cd 

from initiation. A consequence of a delay in silk appearance 

under drought is the shortening of the period of silk fertility. 

Silk fertility declines to 0 by around 350 °Cd after silk initia-

tion. In Eq. 2, the degree day concept is used to model silk 

ageing and fertility (r(t)) using a sigmoid function, which 

can also be implemented as a bilinear approximation. The 

parameters φ and D
0
 are empirical constants included to 

model genetic variation in the temporal change of fertility 

with age as shown by Anderson et al. (2004).

r(t) =
1

1+ eϕ(D−D0)
 (2)

Pollen availability can affect kernel set when stress af-

fects timing of silk emergence and/or high temper-

atures decrease pollen supply and viability (Herrero 

and Johnson 1980; Schoper et  al. 1987; Bassetti and 

Westgate 1994). Fertilization is simulated when pollen 

is available and fertile. Pollen availability at t days after 

shedding, p(t), is modelled assuming a Gaussian distri-

bution centred on τ days after shedding (Uribelarrea 

et al. 2002) (Eq. 3),

p(t) = αe
−0.5×

(

t− τ
√

β

)

2

 (3)

The parameters α, β and τ describe the distribution of 

pollen number (p) with respect to days after shedding 

(Uribelarrea et al. 2002).

High temperature can reduce total pollen viability 

(Herrero and Johnson 1980; Schoper et al. 1987). This ef-

fect on pollen viability at any time, ν(t), is modelled using 

a sigmoid function, which can also be implemented as a 

bilinear approximation (Eq. 4).

v(t) =
1

1+ eρ(DH−D0H) (4)

The input to this function is the accumulated sum of 

daily maximum temperature greater than a threshold, 
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here set at 35 °C and denoted as D
H
, during a develop-

mental window of 150 °Cd prior to shedding. The param-

eters ρ and D
0H

 are empirical constants included to model 

genetic variation in pollen susceptibility to heat stress 

(Herrero and Johnson 1980) in a similar manner to that 

for sorghum (Singh et al. 2017).

The final number of pollen grains available for polli-

nation results from the product of Eqs. 3 and 4. Previous 

studies indicate an absence of detrimental effects of 

drought on pollen germination (Herrero and Johnson 

1981). The limitation of viable pollen for fertilization is 

modelled considering that kernel set is not restricted 

when pollen number is >200 grains per cm2 (Bassetti 

and Westgate 1994; Uribelarrea et al. 2002). When fer-

tile pollen availability is less than this threshold a polli-

nation multiplier that declines linearly from 1 to 0 with 

pollen number is implemented to reduce fertilization.

On each day, kernel number increases depending on 

the number of silks that have appeared but not been 

previously pollinated, their silk fertility (Eq. 2)  and the 

pollen factors (Eqs. 3 and 4). If fertile pollen availability 

is not sufficient to fertilize all exposed silks, then pol-

lination of older silks occurs first. Because silks that 

emerged at time t but are not pollinated are, at least 

in the model, longer than silks emerging at time t + 1, 

these older silks are preferentially pollinated. Any fertile 

silks that remain unpollinated at time t are added to 

the pool of silks that can emerge at t + 1. Consequently, 

this implementation can result in kernels within a ring 

on the ear that have a different age (date of pollina-

tion). Scatter grain can also occur as an emergent phe-

notype, but only when silk emergence is delayed (long 

ASI) under severe stress.

An important concept underlying the model is that 

cob growth, which occurs during the period of kernel set 

and early kernel growth, is dependent on both constitu-

tive and dynamic factors. Constitutive expression of po-

tential number of florets (Edmeades et al. 1993; Cárcova 

et al. 2003), potential kernel weight (PKW; Gambín et al. 

2008) and kernel to cob ratio (ω) determines the poten-

tial size of the cob. Dynamic factors that regulate cob 

growth rate are silk appearance, which determines the 

realized number of silks (SN) that could be fertilized, fer-

tilization of these as affected by pollen availability and 

viability, and silk fertility. The maximum number of silks 

defined at the outset is consistent with the product of 

kernels per row and rows per ear. In the absence of fer-

tilization, cob growth is assumed to be arrested. The 

maximum mass of the cob at any time of development 

(We
m

(t)) is then determined as,

Wem(t) = SNt ×
1

ω

× PKW (5)

The actual cob mass at any point in time (We(t)) is mod-

elled as a function of thermal time (D; D
b
 see below) to 

account for the environmental effect of temperature on 

plant development and the maximum cob mass, but is 

not influenced by carbon availability (Edmeades et  al. 

1993),

We(t) =
Wem(t)

1+ e

(

D−
D
b

2

) (6)

Prior to anthesis and coinciding with the onset of silk 

initiation (i.e. 150  °Cd before shedding), cob growth is 

assumed to commence and proceed at 1/150  g °Cd−1, 

which gives a reference ear mass of 1 g at anthesis, as 

found for an adapted temperate maize hybrid (Cooper 

et al. 2014). Ear mass at pollination will thus depend on 

timing of pollination, with a slightly greater value re-

sulting if pollination is delayed.

Potential kernel growth is modelled for each cohort 

of kernels (i) via an expolinear growth function (Eq. 7). 

A cohort is defined by the silks that are pollinated at a 

given time t and can thus comprise more than one ring 

of kernels on the ear. The expolinear function for po-

tential kernel growth rate within a cohort depends on 

(i) thermal time, starting at pollination to account for 

effects of temperature on kernel growth and develop-

ment (Muchow 1990; Kiniry and Bonhomme 1991), (ii) 

a maximum growth rate (PKGR), (iii) the thermal time 

taken to reach 50 % PKGR (D
b
) and (iv) a constant (rm) 

that determines the rate at which the kernel growth rate 

transitions from exponential to linear growth. PKGR is 

determined from the given PKW and the thermal time 

to physiological maturity (D
pm

) less an allowance for the 

initial lag phase in grain growth after pollination,

ki,t =
erm×(Di−Db)

1+ erm×(Di−Db)
 (7A)

PKGRt = ki,t × PKGR
 (7B)

PKGR =

PKW

Dpm − 170
 (7C)

The actual kernel growth rate for a cohort of kernels can 

be restricted by the availability of carbohydrates. Supply 

of these to the ear at any point in time (S(t); Eq. 8)  is 

calculated from current carbon net assimilation through 

photosynthesis (Pg(t)) and the amount of carbohydrates 

that could be mobilized from stem (Ws(t)) at rate ϕ. 

Because mobilization rate is dependent on sink activity, 

this rate was modelled as a function of the number of 

growing kernels per cohort (KN
i
) integrated over cohorts, 

their sink strength as determined by their kernel growth 

rate (k
i,t
; Eq. 7), and the cob growth rate (∆We(t)) rela-

tive to its maximum growth, ξWe
m

(t)/4, which is derived 
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from the derivative of Eq. 6 assuming that cob maximum 

growth occurs at thermal time D
b
/2,

S(t) = Pg(t) +

Å∑
KNi × ki,t∑
KNi

+
4×∆We(t)

ξ ×∆Wem(t)

ã

×Ws(t)× φ

 (8)

Under stress conditions, remobilization from stems 

and leaves at silking is virtually 0 (Westgate and Boyer 

1985b). At silking stage of development, kernel growth 

and growth of the cob contribute little to the sink 

strength term. Sink strength increases with the progres-

sion of development and enhances the potential contri-

bution of carbon reserves to maintaining kernel growth 

during grain filling. When supply is greater than the de-

mand for carbohydrates, kernel growth is unrestricted 

and proceeds at the potential rate (Eq. 7). Otherwise, the 

actual kernel growth rate for any cohort (AKGR
i
) is calcu-

lated using a recurrent algorithm (Eq. 9) that determines 

assimilate available to that cohort,

AKGRi = S(t)−∆We(t)−
i−1∑

i=1

KNi × PKGRi (9)

The actual kernel weight within each cohort is deter-

mined by the numerical integration (Eq. 10) of the kernel 

growth rate (KGR
i
) for that cohort,

KWi,t = KWi,t−1 + KGRi,t (10)

with an upper bound given by the PKW set for the gen-

otype (Gambín et al. 2008). Within a cohort, all kernels 

are assumed equal. Consequently, if for cohort i the as-

similate supply is smaller than the kernel demand for 

growth (Eq. 9), then KGR
i
 is reduced equally for all ker-

nels. This approximation is supported by experimen-

tation showing reduced abortion when pollination is 

synchronized (Cárcova et al. 2000).

Kernel abortion occurs when AKGR does meet criteria 

that define zygote starvation and death. Kernel abortion 

within a cohort is simulated whenever both of the fol-

lowing criteria are met for N consecutive days, currently 

set at 3,
®

KGRi = 0

KWi,t < 0.15× PKW
 (11)

in which case the whole cohort is considered to abort 

and kernel per ear (KPE) is revised as,

KPEt = KPEt−1 − KNi,t (12)

Model evaluation and testing

A number of functional relationships have been pro-

posed to predict kernel set in maize. These phenomeno-

logical relationships were proposed to help understand 

the effects of changes in agronomic practices and 

environmental variation on grain yield (Andrade et  al. 

1999; Borrás et al. 2007; Soufizadeh et al. 2018), use of 

secondary traits as a means to improve genetic selec-

tion (Bolaños and Edmeades 1996; Cooper et al. 2014) 

and understanding of the underpinning biological 

process of reproductive failure (Hall et  al. 1982; Vega 

et al. 2001; Oury et al. 2016). Because delay in silk ap-

pearance in response to water deficit is a common fea-

ture across these published methods, we integrated the 

more process-based model defined in Eqs. 1–12 within 

the maize crop growth and development model in APSIM 

(Holzworth et al. 2014; Soufizadeh et al. 2018), and con-

ducted simulations under various levels and timing of 

water deficit. The model was evaluated for its capacity 

to simulate known phenotypic relationships and re-

sponses as emergent consequences of the model dy-

namics. Specifically, we sought to test the ability of the 

model to generate the impact of water deficit on kernel 

set due to delay in silking relative to anthesis, and for its 

capacity to reproduce the associations between ASI and 

yield, ear mass and silk number, and crop growth rate 

and kernel number.

A structured simulation experiment with four 

scenarios of water deficit was designed to generate 

data sets for this qualitative model evaluation. The sim-

ulation experiment was conducted for a semi-arid en-

vironment in central Chile (33.90°S, 70.77°W) with full 

control of irrigation. Irrigation management was speci-

fied so as to generate three scenarios of water deficit 

with similar levels of intensity but occurring at different 

developmental stages: flowering (fl), 1 week after flow-

ering (fl+7) and 2 weeks after flowering (fl+14) (Fig. 3). 

The simulated crop was planted on 7 November 2001 at 

a rate of 9.0 plants per m2 and 76 cm between planting 

rows on a silt loam soil with a depth of 1.50 m and 

plant-available water capacity of 240  mm. Maize hy-

brid parameterization was the same as that detailed in 

Hammer et al. (2009), together with the values for addi-

tional coefficients required for the cohort model as given 

in Supporting Information—Table S1.

Results

Simulating silking dynamics, ASI and kernel set 
under water deficit

The structured simulation experiment with four scenarios 

of water deficit generated various levels of timing and 

severity of water deficit (Fig. 3) as indicated by the tem-

poral dynamics of the water supply to demand ratio. The 

well-watered scenario had minimal water deficit (SD 

ratio near 1 throughout), while in other scenarios, the 

maximum water deficit (SD ratio ~0.2) occurred either at 
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flowering, or 1 or 2 weeks after flowering, immediately 

prior to the release of the water deficit by irrigation in 

those scenarios. Because time from planting to anthesis 

and pollen shedding did not differ among simulations, 

as it is little affected by water deficit, the temporal dis-

tribution of pollen supply was the same for all scenarios. 

However, the timing of silk emergence and increase in 

number, which occurred before 50  % flowering in the 

well-watered treatment, was delayed with increasing 

water deficit. This delay in silk appearance resulted in an 

increase in calculated ASI with increasing water deficit, 

as has been frequently observed (Bolaños and Edmeades 

1996; Campos et  al. 2006; Cooper et  al. 2014). There 

was also a reduced rate of increase in silk number with 

increasing water deficit, which was associated with ef-

fects on silk elongation rate. Final silk, and hence kernel, 

number was most limited with severe water deficit at 

flowering time. In this condition, kernel set was affected 

by reduced silk numbers, silk elongation rate and limited 

pollen availability at the delayed time of silk emergence. 

Kernel abortion was only simulated when the maximum 

water deficit occurred 2 weeks after flowering and was a 

consequence of the combination of restricted assimilate 

availability and competition among developing kernels. 

These model behaviours are qualitatively consistent 

with those observed in practice under field conditions 

and controlled experiments (Claassen and Shaw 1970; 

Westgate and Boyer 1985b; Campos et al. 2006).

Simulated ASI correlated well with grain yield

The negative correlation between ASI and yield under 

stress conditions is well documented and the use of ASI 

as a selection criterion to improve drought tolerance in 

maize has been advocated in several reports (Bolaños 

and Edmeades 1996; Campos et al. 2006; Cooper et al. 

2014). Causal relationships have been proposed to ex-

plain this association. A decrease in protandry improves 

the synchrony between silk emergence and expo-

sure to fertile pollen (Hall et  al. 1982). Alternative in-

terpretations suggest that ASI is linked to ear growth 

(Edmeades et  al. 1993), or that ASI is an indicator of 

plant health and nutritional and water status of silks, 

ovules and kernels (Hammer et al. 2009). The theoretical 

framework proposed here incorporates multiple causes 

that could lead to variations in silk emergence and ASI, 

including protandry and carbohydrate availability as 

well as the dynamics of the appearance of silks. Using 

the data generated in the structured simulation (Fig. 3), 

a clear relationship between ASI and yield emerges in 

a manner that conforms well to field-observed results 

(Fig. 4) (Bolaños and Edmeades 1996; Campos et  al. 

2006; Cooper et al. 2014). In this simulation experiment, 

the theoretical model generated this emergent relation-

ship through failure in silk emergence, unsynchronized 

pollination and kernel abortion. A  change in the silk 

elongation rate relative to the reference value was intro-

duced to illustrate that results were not dependent on 

this specific simulation experiment.

The emergent relationship between simulated 
silk number and ear mass at silking reflected 
observed patterns

The dynamics of the maize pistillate flower have been 

related to plant growth (Borrás et  al. 2007, 2009). Silk 

number increased with increasing plant growth rate 

(Borrás et al. 2007) or a form of its integral represented 

by the ear mass at silking (Cooper et al. 2014) (Fig. 5). 

Genotypic variation for a greater threshold ear mass at 

silking for silk emergence was shown to be associated 

Figure 3. Simulated silk and kernel number, pollen counts and 

water deficit as characterized by the ratio between water supply 

and demand for treatments that were either well-watered (WW), 

or had maximum water deficit at 2 weeks after flowering (fl+14), 1 

week after flowering (fl+7) or at flowering (fl). The arrow indicates 

the predicted timing of 50 % anthesis/pollen shedding.
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with drought susceptibility in maize (Cooper et al. 2014). 

Under stress conditions and limited growth, low ear 

mass thresholds are associated with high elongation 

rate and synchronous silk appearance. Both synchro-

nous floret growth and development, and pollination 

have been associated with reduced ovule and kernel 

abortion (Hall et  al. 1982; Cárcova and Otegui 2001, 

2007). Using the output data generated in the structured 

simulation (Fig. 3), the association between silk number 

and ear size at silking emerges (Fig. 5) and closely re-

flects the observed relationship. A simple model of the 

form y = ym × (1− ek×(x−x0)) can describe this associ-

ation (Cooper et al. 2014). Parameter values estimated 

for both observed and simulated data (Fig. 5) suggest 

the model closely resembles the empirical association 

despite small but significant differences (y
m

 = 933 ± 42, 

k = 1.17 ± 0.1, x
0
 = 1.2 ± 0.03, df = 68 vs. y

m
 = 906 ± 37, 

k = 1.48 ± 0.04, x
0
 = 0.97 ± 0.02, df = 6). In this simulation 

experiment, the theoretical model generated this emer-

gent relationship through the association between the 

effects of the extent of water deficit on both reduced 

growth and silk elongation and emergence.

The emergent relationship between simulated 
kernel number and plant growth rate around 
anthesis reflected observed patterns

The current paradigm to predict kernel set and yield 

in maize uses the association of kernel number with 

crop, plant or ear growth rate as an integrator of the 

health status of the plant (Andrade et al. 1999; Vega 

et al. 2001; Echarte et al. 2004). Andrade et al. (1999) 

showed that the relationship between kernel number 

per plant and plant growth rate around anthesis was 

robust across various factors limiting plant growth, 

such as levels of water, nitrogen and density stress. 

This relationship currently underpins prediction of 

maize yield in widely used crop growth models (CGMs) 

(Soufizadeh et al. 2018). From the structured simula-

tion (Fig. 3), the association between kernel number 

and plant growth rate around anthesis is replicated 

(Fig. 6) as shown in a number of experimental studies. 

While the model was not parameterized to simulate 

the data shown in Fig. 6, it is possible to compute the 

distance between the simulated and the mean of ob-

served values. The model predicts well the pattern of 

response (r = 0.88; n = 4) but with bias due to the over-

estimation of the plant growth rate at which kernel 

number equals 0 (1.44 vs. 0.74 ± 0.22 g per plant). In 

this simulation experiment, the emergent relation-

ship from the theoretical model resulted from the 

Figure 4. Simulated relationship between yield and ASI for two 

levels of silk elongation rate (SER).

Figure 5. Observed (A) and simulated (B) association of silk 

number with ear mass at silking. Observed data are from Cooper 

et al. (2014). Parameters for the model y = ym × (1− ek×(x−x0)) are 

y
m

 = 933 ± 42, k = 1.17 ± 0.1, x
0
 = 1.2 ± 0.03, df = 68 for the observed 

data (A), and y
m

 = 906 ± 37, k = 1.48 ± 0.04, x
0
 = 0.97 ± 0.02, df = 6 

for the simulated data (B).

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/in
s
ilic

o
p
la

n
ts

/a
rtic

le
/1

/1
/d

iz
0
0
3
/5

5
1
1
7
5
9
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

7
 A

u
g
u
s
t 2

0
2
2



Messina et al. – Reproductive failure under drought in maize

10 IN SILICO PLANTS https://academic.oup.com/insilicoplants © The Author(s) 2019

association between the effects of the extent of water 

deficit on reduced plant growth in concert with effects 

on silk dynamics and kernel abortion.

Predictions of yield and yield components 
corresponded well with observations from specific 
field experiments with controlled patterns of 
water deficit

Impact of water deficit on maize yield depends on the 

synchrony between the stress and the development 

stage (Campos et al. 2006; Fig. 7). The detailed exper-

iment of Campos et al. (2006) was utilized to evaluate 

the sensitivity of the model to timing of water deficit 

by examining the coherence of the simulation results 

with observations for the sample of historical hybrids 

used in the experiment. This sample of hybrids, span-

ning 47 years of commercial breeding, provides a range 

of attributes within which we should expect the inte-

grated model to produce a simulation consistent with 

the observations as water deficit changed from well wa-

tered throughout the crop cycle to five treatments with 

overlapping water deficit windows imposed starting at 

flowering time (Campos et al. 2006). Details of the simu-

lation set-up and results for each treatment are included 

in the Supporting Information. With a model parameter-

ization based on the elite commercial drought-tolerant 

hybrid detailed in Hammer et al. (2009), the simulated 

results tracked well the observed response of yield and 

yield components to timing of water deficit. The corre-

lation between the simulated trait and the mean across 

hybrids observed in a given environment (Fig. 7) was 

Figure 7. Impact of water deficit on maize yield and yield com-

ponents when the stress was imposed at different stages of re-

productive development (Campos et al. 2006). S1 and S2 indicate 

treatments with early and late flowering stress, and S3, S4 and 

S5 indicate treatments with early-mid, mid-late and late grain fill 

stress. FI is full irrigated. Closed symbols denote observations for 

all hybrids included in Campos et al. (2006). Open symbols denote 

values simulated with the integrated model. Correlation between 

the simulated and environment mean was 0.84 for kernel number, 

0.74 for kernel weight and 0.89 for yield. Corresponding root mean 

square errors were 958 kernels per m2, 36 mg and 293 g m−2.

Figure 6. Simulated association between kernels per plant and 

average plant growth rate over a 20-day period bracketing an-

thesis (filled circles). Lines correspond to statistical models fitted 

to experimental data for different hybrids and years (Andrade et al. 

1999; Vega et al. 2001; Echarte et al. 2004). Correlation calculated 

between simulated and mean observed kernel number (r  = 0.88; 

n = 4). Observed plant growth rate at which kernel number equals 0 

is 0.74 ± 0.22 g per plant.
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0.84 for kernel number, 0.74 for kernel weight and 0.89 

for yield. Corresponding root mean square errors were 

958 kernels per m2, 36 mg and 293 g m−2. Due to genetic 

improvement across the hybrids studied, the observed 

range in yield and yield components for a given water 

treatment was large. The integrated model tended to 

simulate yield and yield components towards the high 

end of the distributions, which was consistent with ex-

pectations for the hybrid parameterized by Hammer 

et al. (2009).

In the simulation of this experiment, the reduced 

kernel number and yield associated with the S1 and 

S2 treatments (stress during early and late flowering) 

was generated by effects on silk extension and emer-

gence [see Supporting Information], whereas for the 

S3 treatment (stress during early-mid grain filling) it 

was generated by kernel abortion. For the S4 and S5 

treatments (stress during mid-late and late grain fil-

ling) simulated yield reduction was associated with 

reduced kernel size. The simulated differential sus-

ceptibility to water deficit during grain filling was also 

consistent with other experimental data (Claassen and 

Shaw 1970; Westgate and Boyer 1985b; Westgate and 

Thompson Grant 1989).

Discussion

Reproductive failure in maize has long been studied in 

plant science. Seminal exploratory work by Claassen 

and Shaw (1970) suggested that the critical period for 

yield determination was around the emergence of the 

pistillate flowers. Since then, our understanding of the 

physiological and biochemical determinants of kernel 

set in maize under water limitation has been signifi-

cantly advanced (Boyer 1996; Saini and Westgate 2000). 

More recent research suggests that developmental and 

growth synchrony is crucial to preventing kernel abor-

tion (Cárcova and Otegui 2007; Oury et al. 2016). Both 

carbohydrate starvation, as believed for decades, and 

the direct effects of water limitation on the pattern of 

silk emergence, as discovered more recently, underpin 

kernel abortion in maize (Zinselmeier et al. 1995, 1999; 

Borrás et al. 2009; Oury et al. 2016).

Despite more than half a century of outstanding re-

search on reproductive failure in maize, it has not been 

integrated into a quantitative dynamic framework that 

could enable prediction of emergent properties based 

on the current understanding of the driving component 

biological processes. The quantitative synthesis pre-

sented here demonstrates a capacity to capture emer-

gent behaviour typical of complex systems (Hammer 

et al. 2006) in a manner that corresponds well with em-

pirical observations. While further empirical evaluation 

is needed to estimate metrics to quantify predictability 

of states such as yield (Wallach et al. 2018), the results 

demonstrate that it is possible to predict functional rela-

tions and phenotypic responses as emergent properties 

of the plant system based on the interplay of the physi-

ological processes formalized in the underpinning set of 

equations and integrated in CGMs (Hammer et al. 2006; 

Messina et  al. 2009). Future experimentation should 

produce adequate and independent data sets to test 

predictions of emergent phenotypes from ovule to yield 

under contrasting environments.

This quantitative dynamic framework is a significant 

advance from previous descriptive methods devel-

oped to predict kernel set and reproductive failure in 

maize (Andrade et al. 1999; Vega et al. 2001; Echarte 

et al. 2004; Lizaso et al. 2007; Soufizadeh et al. 2018). 

Research on reproductive failure has largely ignored 

system dynamics other than for the synchronization 

of reproductive processes such as pistillate flower de-

velopment and pollination (Cárcova and Otegui 2001, 

2007; Oury et  al. 2016). Understanding the role of 

system dynamics in determining emergent phenotypes 

in whole plant biology and crop science is still in its in-

fancy (Hammer et  al. 2006). This synthesis can moti-

vate further research that could be integrated with the 

current work to advance our collective effort on the 

fundamental concepts in biology that underpin the ex-

pression of phenotypes, phenotypic plasticity and phe-

notypic variation.

Linking genotypes to phenotypes, and to fitness and 

adaptation landscapes, can be traced to the early work 

by Fisher and Wright (Orr 2005). The current synthesis 

provides a framework to study the genetic architecture 

of reproductive failure in maize. Genotypes can generate 

smooth or rugged adaptation landscapes (Messina et al. 

2011) depending on the connectivity and structure of 

the system of equations that govern the expression of 

the trait and its response to environmental variation. 

Here we have shown an example of the smooth corre-

lation generated between ASI and yield, which is very 

well documented. However, the association emerges 

from the expression of failure in silking and/or abortion, 

depending on the timing of the environmental pertur-

bation, the biological processes taking place at the time 

of the perturbation and the competition among repro-

ductive sinks. The search for and use of a single signal 

and determinant of reproductive failure is likely to lead 

to low predictability of maize performance under stress. 

Prediction frameworks such as presented in this research, 

that incorporate determinants and processes generating 

system dynamics, are likely to direct to a more produc-

tive path to enhanced genetic prediction that drives 

genetic gain (Messina et  al. 2018). Worthwhile future 
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studies will seek to quantify the sensitivity of emergent 

phenotypes (e.g. ASI, yield) generated by the model 

within well-defined environment-by-management sys-

tems by means of breeding simulation (Hammer et al. 

2006; Messina et  al. 2009), yield-trait performance 

landscapes (Messina et al. 2011) or sensitivity analyses 

(Hammer et al. 2009; Wallach et al. 2018).

Technology revolutions in genomics and phenomics 

are enabling the exploration of genomes and phenomes 

in unprecedented ways (Houle et al. 2010; Fahlgren et al. 

2015). However, analytical methodologies grounded on 

causal biological relations to enable linking such vast 

data sets for predictive purposes are lacking. The quan-

titative synthesis presented here is an example of a hi-

erarchical model that bridges high-level phenotypes, 

such as yield, with process-level phenotypes, such as 

silk elongation response to water deficit. By doing so it 

reduces the phenotypic distance between causal and 

emergent phenotypes and facilitates the connection be-

tween genomics and phenomics (Hammer et al. 2016), 

increases the predictability of plant systems (Messina 

et  al. 2018) and enables prediction in agriculture. 

Predictive agriculture is in the end the discipline that will 

support translating plant biology understanding, meas-

urement systems and mathematical modelling into de-

cisions that will improve human well-being. Predictive 

agriculture can also help generate testable hypotheses 

to advance plant science. Here, we have presented a 

synthesis of reproductive failure in maize, which shows 

how we can progress dynamic modelling to translate bi-

ology into decision-making by leveraging fundamental 

biological knowledge. It provides pathways to improve 

crops through molecular breeding (Cooper et al. 2014) 

and genome-editing technologies (Svitashev et  al. 

2016) that have potential to help ameliorate the vast 

societal consequences of reproductive failure in maize.

Sources of Funding

EU-DROPS Consortium and Australian Research Council 

Linkage Project 100100495.

Conflict of Interest

C.D.M.  and C.G.  are employed by Corteva Agriscience, 

Agricultural Division of DowDuPont.

Acknowledgements

The authors acknowledge EU-DROPS Consortium and 

Australian Research Council Linkage Project 100100495 

for supporting F.T., G.L.H., G.M., E.J.v.O., S.C.C.  and 

A.D.  and facilitating collaboration among groups thor-

ough modelling workshops.

Supporting Information

The following additional information is available in the 

online version of this article—

Table S1. Definition of equation components (Parameter/

Variable), units and representative values for the hybrid 

as used for the simulation of the field experiment.

Figure S1. Daily weather (minimum and maximum tem-

perature, rainfall, solar radiation) for the field experi-
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