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1  INTRODUCTION

The whole plant is the central scale of analy-
sis and integration to improve plant population 
performance (Hammer et  al.,  2010; Keurentjes 
et al., 2011; Pedró et al., 2012). This is true from 
both agronomic and ecological points of view, 
i.e. regarding production or survival (Dingkuhn 

et al., 2007). Plant growth results from multiple 
interactions and trade-offs among processes 
of various nature (e.g. morphological, physi-
ological, biochemical) acting at different scales 
(Chapter  1) that can compete for the same re-
sources internally to the plant. These processes 
can be characterized by traits (Box  14.1) that 
are potentially linked, both physiologically  
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BOX 14.1

G L O S S A RY

Emergent property. In system theory, qualifies 
a higher-level property which is or can be deduced 
from the properties of the lower level entities.

Genotype. The inherited instructions an or-
ganism carried within its genetic code. Not all 
organisms with the same genotype have the 
same phenotype because their morphology and 
physiology are modified by environmental and 
developmental conditions. Likewise, not all or-
ganisms with a similar phenotype have the same 
genotype. Genotype may refer to the specific al-
lelic composition of the entire genome, and by 
extension to set of genes, or a specific gene.

G × E × M interaction. Indicates that the rela-
tive performance of genotypes (G) varies with 
environmental (E) conditions and with crop 
management (M). Sometimes M is included in 
E. G × E  (× M) interaction is attributed to the 
dependence of expression of underlying genes 
or QTL on environments (QTL × E interaction). 
This interaction has often been conceptualized by 
the following relationship: G + E + G × E + error 
(e) → Phenotype (P).

High-throughput phenotyping. Plant pheno-
typing is the experimental assessment of individ-
ual quantitative traits (e.g. growth, development, 
tolerance, resistance, architecture, physiology) 
that forms the basis for more complex traits. High-
throughput phenotyping involves comprehensive 
and fast measurements of phenotypes in the lab, 
the greenhouse or the field. See Chapter 15 for an 
example.

Ideotype. Combination of morphological and/
or physiological traits, or their genetic bases, opti-
mizing crop performance to a particular biophysi-
cal environment, crop management, and end-use.

Multicriteria optimization. Also known as 
multiobjective or multiattribute optimization. An 
area of multiple-criteria decision making, which 
deals with mathematical optimization problems 
involving simultaneous optimization of multiple 
objective functions.

Phenotypic plasticity. The ability of a cell, 
tissue, organ, organism, or species to change its 
phenotype in response to environmental signals. 
Induced changes may be morphological or phys-
iological and may or may not be permanent dur-
ing the lifespan of the considered entity.

Pleiotropy. The phenomenon of a single trait 
or gene (loci) modifying multiple phenotypic 
traits that are apparently unrelated.

Quantitative trait loci (QTL). Chromosomal 
segments (loci) at which the allelic variability is 
statistically linked to a quantitative trait. QTL 
may vary depending on the population and the 
environment studied.

Phenotype. The expression in a particular 
environment of a specific genotype through its 
morphology, development, cellular, biochemical 
or physiological properties.

Phenome. The set of all phenotypes expressed 
by a cell, tissue, organ, organism, or species.

Phenomics. The study of the phenome and 
how it is determined by the genotype and the en-
vironment, particularly when studied in relation 
to the set of genes and the non-coding sequences 
(genomics), transcripts (transcriptomics), pro-
teins (proteomics) or metabolites (metabolomics).

Trait. A distinct variant of a phenotypic prop-
erty of an organism that may be inherited, be en-
vironmentally determined or be a combination of 
both.
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(Rebolledo et  al.,  2013) and genetically (ter 
Steege et al., 2005). Such linkages could result ei-
ther from human or natural selection (Rebolledo 
et al., 2013) and are particularly challenging re-
garding the improvement of the plant system. 
Key traits for improving performances at the 
crop level may be viewed as regulatory hubs 
with pleiotropic (Box  14.1) actions. These link-
ages and trade-offs make it difficult to decipher 
phenotype (Box 14.1) construction and improve 
crop performance in various agro-climatic con-
ditions. This is becoming even more challenging 
with the increasing complexity of the plant char-
acteristics sought in breeding programs aiming 
at combining yield and quality (Chapter 17), dis-
ease tolerance and agronomic adaptation in cur-
rent and future climates (Chapter  20), and  in 
multiple purpose crops, such as dual-purpose 
sorghum (Gutjahr et al., 2013) or wheat (Harri-
son et al., 2011). There is thus the need to better 
understand interactions and trade-offs between 
traits or processes contributing to crop perfor-
mance and their genetic bases.

By formalizing traits as the result of genotyp-
ic and environmental effects and the relations 
among traits, ecophysiological models provide a 
platform for integrative analyses of the impact of 
a combination of traits on whole-plant and crop 
phenotype (e.g. Hammer et al., 2009; Messina 
et al., 2009; Bertin et al., 2010). The application  
of such models in the context of phenotype 
analyses and ideotyping strongly relies on the 
use of mathematical tools to quantify the effect 
of individual traits within a trait network from 
plant measurements made on various genotypes 
in a range of environments (Farnsworth and  
Niklas,  1995; Dingkuhn et  al.  2007). Model- 
assisted phenotyping, where a genotype is char-
acterized by a set of traits, provides a phenotypic 
fingerprint that can be used to explore trait cor-
relations in a population and ultimately to con-
nect model parameters to genetic information.

Ecophysiological models also provide a plat-
form for quantifying the impact of ‘simple’ traits 
(individually, or in interaction with other traits 

in a trait network) on more integrated traits such 
as yield, in a range of agro-climatic conditions. 
While breeders have traditionally favored broad 
adaptation (i.e. development of genotypes with 
improved performance across all environments), 
modeling opens new avenues to develop geno-
types specifically adapted to a set of conditions 
of particular interest such as hostile soils, new 
cultivation techniques, and future climates. Ro-
bust statistical methods for quantitative analy-
ses of model parameter influence (sensitivity) on 
plant performance have been developed (Saltelli 
et al., 2000) and were recently used to study eco-
physiological models (e.g. Makowski et al., 2006; 
He et al., 2010). Such methods allow quantifying 
the influence of ‘simple’ traits, individually and 
in combinations, on more complex traits such as 
yield in different environments. This constitutes 
a first step toward multicriteria optimization 
(Box  14.1) of yield, quality, disease tolerance, 
and resource uses.

The use of ecophysiological models to assist in 
plant and crop phenotyping, allows quantifying 
meaningful traits that can hardly be estimated 
experimentally on a large number of genotypes 
(e.g. cold requirement, plant state variables such 
as labile C/N concentration), using measure-
ments of plant response variables that can more 
easily be obtained experimentally. Simulations 
with the estimated genotypic parameters also  
allow analyzing the behavior of state variables 
(e.g. internal pools of carbon) that cannot be quan-
tified experimentally (e.g. Luquet et al., 2012a).

One of the main challenges to progress in this 
direction is to build ecophysiological models 
that integrate genetic information associated to 
specific process(es) and simulate interactions 
among genetic, physiological and environmen-
tal controls to estimate the value of integrated 
traits (i.e. emergent properties, Box  14.1) in 
various conditions (e.g. Bertin et  al.,  2010; 
Hammer et al., 2010). In this chapter, we argue 
that ecophysiological models can help breeders  
and geneticists ‘to transition from statistical app
roaches in analyzing genotype-by-environment  
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interactions to a knowledge-based view that em-
phasizes crop responses to specific environmen-
tal factor’ as called by Edmeades et  al. (2004). 
After defining the ideotype concept in the 
framework of ecophysiological modeling, we 
discuss how ecophysiological models can help 
identify influential traits in given environments 
and cropping systems and predicting genotypic 
variation in different environments. We then re-
view recent studies applying ecophysiological 
models to design varietal types or virtual gen-
otypes better adapted to given environment–
management combinations.

2  THE IDEOTYPE CONCEPT:  
ITS USEFULNESS AND 

LIMITATIONS FOR BREEDING  
AND VARIETAL CHOICE

The ideotype approach (also called analytical 
or physiological trait-based approach) was pro-
posed by Donald (1968) to overcome the limita-
tions of the methods used by breeders, namely 
‘selection for yield (empirical method)’ and 
‘defect/default elimination’. Although these 
two empirical methods had been effective for 
improving disease resistance and grain yield, 
Donald proposed as an alternative first to define 
an efficient plant type theoretically, based on our 
knowledge of crop physiology and then breed 
for it. He defined an ideotype as ‘a biological 
model which is expected to perform or behave 
in a predictable manner within a defined envi-
ronment’ (Donald, 1968). This conceptual plant 
model was supposed ‘to yield a greater quantity 
or quality of grain, oil or other useful product 
when developed as a cultivar’.

According to this approach, breeders should 
select directly for the plant ideotype, rather than 
empirically for grain yield. As several target 
traits besides final grain yield were provided, 
concrete guidelines have since been made to 
conduct the breeding process (Sedgley,  1991; 
Rasmusson,  1991; Reynolds et  al.,  2009). For 

instance, guided by the idea of improving light 
capture and assimilate partitioning in cereals, 
Donald identified short stature, strong stem, few 
small erect leaves, large erect awned ears, low 
tillering capacity (oligoculm), disease resistance, 
local adaptation and low plant competitive abil-
ity as important target traits for wheat crops 
sown at high density, under non-limiting condi-
tions. Breeding for such an ideotype has resulted 
in improved lodging resistance and higher har-
vest index (Hamblin, 1993).

In the literature, the ideotype concept gen-
erally refers to the breeding process, but it can 
also be extended to the seeking of the best crop 
phenotype to grow in given environments, with 
defined cropping systems and for targeted end 
uses. Commercial varieties can be far from an 
ideotype viewed as a theoretical objective, the 
variety choice can be optimized even with a 
limited range of traits opportunities. Therefore, 
we suggest broadening the ideotype definition, 
to the combination of morphological and physi-
ological traits (or their genetic bases) conferring 
to a crop a satisfying adaptation to a particular 
biophysical environment, crop management, 
and end use.

Ideotype breeding was initially developed 
for annual crops, mainly cereals (Mock and 
Pearce, 1975; Rasmusson, 1987; Peng et al., 2008; 
Hanocq et al., 2009) and was later applied to for-
est and fruit tree species (Dickmann et al., 1994; 
Socias et al., 1998; Lauri and Costes, 2005; Cilas 
et al., 2006), emphasizing the generic value of the 
concept. Since then, the ideotype approach was 
expanded and refined to include other concerns 
such as market, new outlets, climate change 
adaptation (Semenov and Stratonovitch,  2013; 
Semenov et  al.,  2014), emerging pests and dis-
eases, and changes in farming system (Jeuffroy 
et  al.,  2013). Attempts have also been made to 
define traits at the biochemical and molecular 
levels (e.g. Reynolds et  al., 1996). Overall, the 
level of knowledge to support the ideotype app
roach depends on the crop and final trait (e.g. 
disease resistant, end-use quality) considered.
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The initial ideotype of Donald was built for 
low- or non-stress environments where light 
capture was the major limitation to grain yield. 
For water-limited environments, the difficulty to  
design an ideotype is that water deficit affects crop 
growth and development to a different extent  
depending on the timing, severity and duration of 
stress episodes, the history of stresses during the 
growing season and the interactions between wa-
ter deficit and other factors such as temperature 
and nutrient availability. Therefore, it is unlikely 
that a single trait will improve plant performance 
in all scenarios of water deficit (Tardieu,  2012). 
Therefore, specific ideotypes should be conceived 
for targeted environments. For environments 
with large inter-annual weather variability, stabil-
ity of performance is often considered an impor-
tant varietal characteristic (Braun et al., 1992), but 
selecting for more specific adaptation could be an 
alternative (Ceccarelli, 1989). Chapter 13 deals in 
detail with quantitative environmental character-
ization in a context of crop adaptation.

While productivity improvement has slowed 
down in crops like wheat in recent years (e.g. 
Brisson et al., 2010; Richards et al., 2010), the ma-
jor benefits of ideotype design are seen as being 
conceptual and analytical rather than in direct 
yield improvements (Hamblin,  1993). Progress 
from using ideotype breeding has often not been 
as fast as hoped. However, it stimulated inter-
actions among breeders about the utility of the 
concept and among physiologists, agronomists, 
breeders and, more recently, modelers about 
what traits might be important and in which 
conditions (Marshall,  1991; Hamblin,  1993; 
Chapman et al., 2003; Foulkes et al., 2011).

Recently, Andrivon et  al. (2013) considered 
three views of ideotypes: (1) the historical, ‘ge-
netic’ view, as described above; (2) the ‘agro-
nomic’ view, where new genotypes are designed 
for specific cropping systems; (3) the ‘modeling’ 
view, where the best combinations of traits (usu-
ally represented by model parameters) are iden-
tified from formal or simulation experiments. 
They concluded that these views of the ideotype 

should lead to different breeding strategies. The 
emergence of new objectives (e.g. low input 
systems, double purpose crops) and new con-
straints (e.g. increasing risk of extreme weather 
events, price volatility) is now arguing for both 
new breeding objectives and new design meth-
ods. Designing crop ideotypes for these new 
targets is a burning point and no review has re-
cently addressed this subject.

The ideotype design process (ideotyping) 
could be split into three steps (Fig. 14.1):

1.	 Definition of the main goal (target) for the 
breeding process (e.g. breeding for improved 
water-deficit tolerance)

2.	I dentification of morpho-physiological 
traits to reach the defined goal and the way 
to assemble them within an ideotype (e.g. 
developing early maturing cultivars or 
cultivars maintaining photosynthesis under 
stress or both)

3.	M ulticriteria assessment of the suggested 
ideotypes to prove the agronomic relevance 
of trait integration in target environments 
(through simulations or field experiments).

Generally, the ideotype is thought of in terms 
of crop improvement via breeding, but crop 
management (e.g. sowing density, row width, ni-
trogen fertilization, irrigation) may also produce  
the desired ideotypes by exploiting phenotypic 
plasticity (Box 14.1). For instance, this is the case 
when dealing with plant architecture traits and 
crop canopies to limit the epidemic develop-
ment of pests (Andrivon et  al.,  2013; Desanlis 
et al., 2013). So ideotyping may result from breed-
ing and varietal choice but also from crop man-
agement and cropping system strategies. While 
crop management is often added in a second 
step as an effective driver to complement genetic 
gains, greatest productivity improvement may 
arise when combining together both breeding 
and agronomic practices (e.g. Duvick et al., 2004) 
(Fig.  14.1). Part 1 of this book presents further 
examples of the synergy between breeding and 
agronomy in contrasting cropping systems.
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3  HOW TO DEAL WITH GENETIC 
CONTROL IN ECOPHYSIOLOGICAL 

MODELS?

To support ideotyping, ecophysiological 
models need to integrate traits that can be reli-
ably estimated based on genetic information. In 
this section, we present (1) the different levels 
of complexity found in models concerning the 
integration of genetic details, with examples 
on models dealing with quantitative trait loci 
(QTL)/genes effects; (2) applications of mode-
ling to support trait assessment in multienviron-
ments and to simulate genotype × environment 
interactions; (3) the potential of new technologies 
in this framework and in particular to decipher 
QTL × environment interactions; and, finally, (4) 
the use of integrated models in breeding.

3.1  Required level of complexity

White and Hoogenboom (2003) identified six 
classes of models in relation to genetic detail:

1.	 Generic model with no reference to species
2.	 Species-specific model with no reference to 

cultivars
3.	 Genetic differences represented by cultivar-

specific parameters
4.	 Genetic differences represented by gene 

actions modeled through their effects on 
model parameters

5.	 Genetic differences represented by 
genotypes, with gene action explicitly 
simulated based on knowledge of regulation 
of gene expression and effects of gene 
products

6.	 Genetic differences represented by 
genotypes, with the gene action simulated at 
the level of interactions of regulators, gene 
products, and other metabolites.

Historically, ‘generic’ (class 1) and ‘species-
specific’ (class 2) models were developed first, 
in the 1970s. Progressively, basic genotypic in-
formation has been included, so that most eco-
physiological models are now ‘cultivar-specific’ 
(class 3). Researchers are currently developing 

FIG. 14.1  Scheme of the three 
main steps for ideotype design 
(ideotyping).
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‘gene-specific’ models (class 4), which include 
information from major genes associated to 
‘simple’ traits or from quantitative trait loci  
(Box  14.1) associated to more complex traits. 
These models have been proposed for hypo-
thetical genes when key genetic controls were 
unknown (e.g. Chapman et  al.,  2003; Hammer 
et  al.,  2005) and for genetic controls identified 
experimentally (Fig. 14.2; Chenu et al., 2009). To 
date, models based on the ‘regulation of gene ex-
pression’ (class 5) are rare as the understanding 
of gene action is restricted to particular physi-
ological processes mostly in model species (e.g. 
Welch et al., 2005; Chew et al., 2012). Despite in-
complete information, models of class 5 can be 
proposed for crop species. For instance, to test 
physiological assumptions and to improve sim-
ulations with the common bean model GeneCro, 
Hoogenboom and White (2003) introduced an 
unknown gene (White and Hoogenboom, 1996) 
which affects the expression of other genes. 
Lastly, models that simulate gene action based 
on interactions of regulators, gene products, and 
other metabolites (class 6) have only been devel-
oped for unicellular organisms (Karr et al., 2012; 
Sanghvi et al., 2013).

Overall, while models of classes 5 and 6 can 
be relevant for ‘simple’ traits associated to a re-
stricted number of genes (e.g. flowering time, 
resistance to a pathogen), more complex traits 
are usually modeled via QTL (class 4) and/or 
as emergent properties. The level of detail and 
complexity of the model (the ‘required’ com-
plexity) are also defined depending on the tar-
geted applications of the model. Increasing the 
complexity of a model does not necessary lead 
to better predictions (e.g. Challinor et al., 2014). 
Typically, a trade-off between complexity and 
accuracy has to be addressed to avoid over  
parameterization (e.g. Reynolds and Acock, 1985)  
and to limit uncertainty. However, well-known 
processes that affect traits of interest or key vari-
ables of the system might be worth including 
with further detail in a model. Hence, models 
typically contain different levels of detail and 

include submodels of different classes. They 
evolve with time and may be enhanced by new 
knowledge focused on central points for predic-
tions.

3.2  Integration of QTL/genes  
in ecophysiological models

Few ecophysiological models include genetic 
controls (class 4). There, genes or QTL are asso-
ciated with parameters of the model, and geno-
types are defined by a set of parameters which 
depend on their allelic combination. Robust 
modeling requires parameters to be constant 
under a wide range of environmental conditions 
(Boote et al., 2001; Tardieu, 2003). They often dis-
play quantitative and continuous variations in 
populations, in the same way as variables classi-
cally measured (e.g. yield or biomass). However, 
the QTL associated to these parameters do not 
systematically co-localize with the QTL for the 
more integrated variables, thus highlighting the 
complexity of the system and genetic independ-
ence of the trait plasticity and the trait per se. For 
instance, lack of co-localization was found be-
tween QTL for final leaf length of maize under 
water deficit, and QTL for the parameters asso-
ciated to leaf expansion response to water deficit 
(Reymond et  al.,  2004). Co-localization of QTL 
for different traits or parameters can neverthe-
less help better understanding of the processes 
involved, and thus assist model improvement. 
For instance, co-localizations between QTL for 
leaf elongation and anthesis–silking interval in 
maize suggest that these traits might be regu-
lated by the same underlying process (e.g. tissue  
elongation for either the leaves or the silks; 
Fig. 14.2a) (Welcker et al., 2007).

While early work on QTL-based modeling at 
the crop level has highlighted the need to inte-
grate physiologically-based processes in crops 
models (e.g. Yin et al., 2000), promising results 
have since been obtained using physiological 
components for traits such as leaf elongation 
(Reymond et al., 2003), plant development (Yin 
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et  al.,  2005; Messina et  al.,  2006), early plant 
growth (Brunel et  al., 2009), nitrogen uptake 
and root growth and architecture (Laperche 
et al., 2006) and peach fruit growth and sweet-
ness (Quilot et al., 2005). In each of these studies, 
QTL associated with the considered traits and 
processes were identified. Tests of the model 
against independent data (new genotypes and 
environmental conditions) were also promising 
(e.g. Reymond et al., 2003). More details on the 
approach can be found in recent reviews (e.g. 
Hammer et al., 2006; Yin and Struik, 2008; Messina  
et al., 2009; Bertin et al., 2010).

One challenge for ecophysiological modeling 
is to extend the approach to other component 
traits. Ideally, complex traits simulated by a mod-
el (e.g. yield, fruit quality) should be modeled as 
emergent properties from component traits, and 
these component traits should be modeled based 
on input parameters that are stable across envi-
ronments and genotype specific.

3.3  Ecophysiological modeling to support 
trait assessment in multienvironments

Estimating parameter values of populations 
presents a major advantage, as by construction, 

the parameters are supposed to be independent 
from the environment and have thus a greater 
heritability than associated traits. However, 
a major drawback concerns the observations 
needed to parameterize the models for a large 
number of genotypes. First, whole-plant eco-
physiological models usually comprise a large 
number of parameters, typically from 50 to 200. 
Second, some parameters are not accessible for 
measurements, but could represent key traits.

To overcome these difficulties, one possible 
approach is to identify parameters that have 
larger impact on the targeted traits (e.g. via a  
sensitivity analysis of model outputs) or are 
strongly correlated with such parameters (or their  
associated traits; Box  14.2). Note that to be of 
interest, those parameters have to vary among 
genotypes and be quantifiable with relevant 
accuracy either experimentally or through nu-
merical optimization. This strategy was applied 
in the ‘Virtual Fruit’ model (Génard et al., 2007) 
in peach and resulted, by successive steps, in 
reducing the initial set of 39 parameters (Quilot 
et al., 2005) to 25 parameters inducing significant 
output variations, from which 16 could be meas-
ured in the population studied, and only 10 pa-
rameters displayed significant genetic variation.

FIG. 14.2  ‘Gene-to-phenotype’ modeling to capture QTL (quantitative trait loci) effects and gene/QTL × environment 
interaction from organ to crop levels. Genetic knowledge of ‘simple’ component traits was used to parameterize the model 
and to infer the impact of single QTL or QTL combinations on complex traits. In this example, organ-level QTL for leaf and 
silk elongation of maize were inputs to a modified version of the APSIM ecophysiological model. The impact of the environ-
mentally stable QTL was tested in different environments for 1000 recombinant lines (RILs) simulated with the quantitative 
genetics model QU-GENE (Podlich and Cooper, 1998) (a). The QTL were associated first with the additive effects (red dashed 
line, negative; blue solid line, positive) affecting leaf elongation rate (LER) response to temperature (parameter a), evaporative 
demand (parameter b) and soil water deficit (parameter c) (Reymond et al., 2003), and secondly, with assumed pleiotropic 
effects on silk elongation and anthesis-silking interval (ASI) under drought (Welcker et  al.,  2007). These responses were 
integrated in a leaf module of APSIM, and the response of QTL for ASI was integrated in a reproductive module of APSIM 
(d). Overall, the model integrated genetic (a), environmental (b) and management (c) information to account for the complex 
interplay of genetic, physiological and environmental controls throughout the crop cycle (d) (Chenu et al., 2008). After char-
acterizing the drought environment types based on the FTSW (fraction of transpirable soil water) in Sete Laogas, Brazil (e1), 
simulations were undertaken for four representative drought patterns (red dashed line). Genotype × environment interaction 
was generated for simulated yield (e2) and the impact of the organ-level QTL highly varied depending on the environment 
considered (e3). For instance, many positive-effect QTL in low/mild stress environments (Environment Types 1 and 2) had a 
negative impact in a severe reproductive stress environment (Environment Types 3 and 4) and vice versa. Two QTL (qa6qc7 
and qa4qb5qc5) with similar effects on the LER response to temperature (parameter a) had contrasting effects on simulated 
yield (e3) (Chenu et al., 2009). Adapted from Chenu et al. (2008, 2009). 

◀
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BOX 14.2

I D E N T I F Y I N G  I N F L U E N T I A L  T R A I T S  T H R O U G H 
G L O B A L  S E N S I T I V I T Y  A N A LY S E S

Ecophysiological models can help develop 
hypotheses starting near the top of the trait hi-
erarchy leading to integrated character such 
as grain yield and to identify putative influen-
tial physiological traits in target environments  
(Sinclair et al., 2004). Before addressing the ques-
tion of how to translate the information of model 
simulations to knowledge that can be used by 
physiologists or geneticists, we need a better un-
derstanding of the model properties and behav-
ior. One of the best ways to do that is to conduct 
a global uncertainty and sensitivity analysis of 
the model to investigate its behavior in response 
to variations in inputs (Cariboni et al., 2007). By 
perturbing model parameters associated with 
simple physiological traits, uncertainty and sen-
sitivity analyses allow investigation of crop re-
sponses and can help identify those traits that 
lead to high and stable grain yields in the target 
environments.

In wheat, and more generally in cereals, 
maintaining grain protein concentration while 
increasing grain yield represents a challenge for 
plant breeders because of the genetic and physio-
logical antagonism between these two characters 
(e.g. Cooper et al., 2001; Oury et al., 2003; Aguir-
rezábal et al., 2009). A global sensitivity analysis 
of the wheat ecophysiological model SirusQual-
ity2 was conducted with the aim of identifying 
candidate traits to increase both grain yield and 
grain protein concentration (He et  al.,  2010). 
SiriusQuality2 (http://www1.clermont.inra.fr/
siriusquality) accounts for canopy development, 
and capture and allocation of C and N at the 
organ and phytomer levels (Martre et  al.,  2006; 
Ferrise et al., 2010). Chapter 17 presents further 
detail of these applications of ecophysiological 
models to questions of grain quality, and quality-
yield trade-offs.

Three contrasting European sites were con-
sidered and simulations were performed using 
long-term weather data and two nitrogen treat-
ments to quantify the effect of parameter uncer-
tainty on grain yield and protein concentration 
under variable environments. The overall influ-
ence of all of the 75 crop parameters of Sirius-
Quality2 on grain yield and protein concentration 
was first analyzed using the semiquantitative 
Morris method (Morris et  al., 1991). Forty-one 
influential parameters with respect to grain yield 
and protein concentration were identified and 
their individual (first-order) and total effects on 
the model outputs were investigated using the 
extended Fourier amplitude sensitivity test (E-
FAST; Saltelli et al., 1999).

The Morris analysis showed that most influ-
ential parameters are also involved in curvature 
or interaction effects (He et  al.,  2010). In other 
words, the ‘overall’ importance of a model pa-
rameter is primarily determined by the non-linear  
response of the model or by its interactions 
with other model parameters. This result was 
confirmed by the E-FAST analysis, where 8 to 
56% of the variance for grain yield and protein 
concentration was accounted for by the interac-
tions between the parameters and the overall 
effect of most individual parameters was domi-
nated by their interactions with other parameters 
(Fig.  14.3). Interestingly, the contribution of the 
interactions was twofold higher under low N 
(averaging 34%) than under high N (averaging 
16%) supply. This result indicates that the expres-
sion of the effect of a trait at the crop level de-
pends on the value of the other traits, but also on 
crop management. The direct implication of this 
result for plant breeding is that we need to se-
lect for combinations of traits (ideotypes), rather 
than for a single trait.

http://www1.clermont.inra.fr/siriusquality
http://www1.clermont.inra.fr/siriusquality
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Another approach consists of estimating the 
parameters of interest by a global calibration of 
the model. For example, in rice, the four param-
eters of the EcoMeristem model that had the most 
effect on simulation outputs were calibrated in 
more than 200 genotypes using a hybrid optimi-
zation approach (Box 14.3; Luquet et al., 2012b). 
The other model parameters were fixed at rice-
specific values, either because they are known to 
have low variation or because their variation has 
low impact on simulated growth.

3.4  Robust simulation of 
genotype × environment interactions

The foremost expectation of ecophysi-
ological models is the simulation of geno-
typic variation in different environments and 
to capture G × E  × M  interactions (Box  14.1)  
(Asseng et  al.,  2002; Boote et  al., 2003; Chap-
man et al., 2003; Hoogenboom and White, 2003). 
However, despite promising results from the 

work mentioned above, three main shortcom-
ings remain.

First, shortcomings related to the proper char-
acterization of the environment (Chapter  13). 
The record of climatic inputs and soil param-
eters is crucial to (1) classify the environments 
experienced by crops and (2) identify and quan-
tify the main environmental factors affecting 
genotypic expression of traits of interest. To 
study the response of specific traits in detail, 
high-throughput phenotyping platforms have 
recently been established in greenhouses or in 
the field, allowing fine environmental monitor-
ing (e.g. Granier et al., 2006; Furbank and Tester, 
2011). Furthermore, progress is being made in 
the phenotyping of physiologically meaningful, 
yield-related traits that are relevant to breeding 
(Chapter 15).

Second, shortcomings concerning ecophysi-
ological models themselves and the prediction 
of G × E interactions under a wide range of con-
ditions. Typically, models must be improved to 

When the total sensitivity index (first-order 
effect plus interaction effects) of the parameters 
is considered, for each site/N supply/model 
output, 90% of the sum the total sensitivity in-
dex was accounted for by only 6 to 17 parameters 
(Fig. 14.3). The low number of influential param-
eters with respect to grain yield and protein con-
centration may reflect the many compensatory 
effects between traits (e.g. grain size vs grain 
number, or light saturated photosynthesis vs leaf 
surface area) and the fact that complex characters 
such as grain yield and protein concentration are 
inherently determined at the population level 
rather than at the organ or plant level (Sinclair 
et al., 2004).

Under non-limiting N supply a few influential 
parameters with respect to grain yield could be 

identified (e.g. radiation-use efficiency, potential 
duration of grain filling or phyllochron); how-
ever, under limiting N more than 10 parameters 
showed equivalent and small effects. All the pa-
rameters had opposite effects on grain yield and 
protein concentration, but leaf and stem N stor-
age capacity appeared as good candidates to shift 
the negative relationship between grain yield and 
protein concentration. These results are consistent 
with both a previous sensitivity analysis of Siri-
usquality1 (Martre et al., 2007), and experimental 
results (Shearman et al., 2005; Gaju et al., 2014). 
Therefore, grain yield and protein concentration 
are influenced by several traits and processes and 
the ranking of the influential traits with respect 
to grain yield and grain protein concentration de-
pends both on the environment and N supply.

BOX 14.2 (cont.)
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(1) simulate phenotypic plasticity for key traits 
and trait combinations (Dingkuhn et  al.,  2005; 
Hammer et  al.,  2005) in a wide range of envi-
ronments (Rötter et al., 2011; Lobell et al., 2012; 
Asseng et al., 2013); and (2) give a representative 
description of physiological processes and be 
mechanistic enough to bridge the gap between 
complex traits and genes. This implies that mod-
els must account for interconnections and feed-
back regulations among subsystem components 
(e.g. organs or tissues), biological processes 
(e.g. photosynthesis or protein synthesis) and 
with the environment (e.g. see review by Bertin 

et al., 2010). While progress is made in this direc-
tion, we are still far from understanding all these 
interactions.

Third, shortcomings related to the charac-
terization of the genetic controls: (1) parameters 
are not always directly measureable (e.g. root 
characteristics in a ‘natural’ environment); (2) 
quantifying the genetic parameters for a large 
number of genotypes remains limiting; (3) con-
ventional QTL analyses are typically performed 
in biparental populations, which tremendously 
restricts the genetic variation explored, and the 
analyses rely on the recombination events taking 

FIG. 14.3  Global sensitivity analysis of the 41 most influential parameters of the wheat ecophysiological SiriusQuality2 
calculated at three sites in France and the UK for 40 years of weather data (1970–2009) and with high (N+) and low (N−) 
nitrogen supply. A parameter is considered as influential with respect to a given trait if its sensitivity index is >0.1 for that 
trait (i.e. if it explains more than 10% of the variance for that trait due the global parameter perturbation). Top graphs, radar 
plots of the median values of the extended Fourier amplitude sensitivity test (E-FAST) first-order sensitivity index (Si). Bottom 
graphs, medians of the E-FAST total sensitivity index (STi). Parameters are grouped according to the submodels (processes) to 
which they belong (indicated on the left of the graphs). The error bars represent the 25% and 75% percentiles. AV, Avignon, 
France; CF, Clermont-Ferrand, France; RR, Harpenden, UK. For each site, N treatment, and response variable, only the pa-
rameters contributing to 90% of the sum of the total sensitivity index in at least 50% of the years are shown. In the top graphs, 
‘Others’ indicates Si contributed by the rest of 9 parameters not represented, and ‘Interactions’ indicates the total sensitivity 
index contributed by interactions involving the 41 parameters. Parameters are: AreaPLL (cm2 lamina−1), maximum potential 
surface area of the penultimate leaf lamina; aSheath (dimensionless), constant of the quadratic function relating the surface 
area of leaf sheath between two successive ligules and leaf rank after floral initiation; NLL (number of leaf), number of leaves 
produced after floral initiation; PhyllMBLL (dimensionless), potential phyllochronic duration between end of expansion and 
beginning of senescence for the leaves produced after floral initiation; PhylSBLL (dimensionless), potential phyllochronic du-
ration between end of expansion and beginning of senescence for the leaves produced before floral initiation; Kl (m2 (ground) 
m−2 (leaf)), light extinction coefficient; LueDiffuse (g (DM) MJ−1), potential radiation-use efficiency (RUE) under overcast 
conditions; SlopeFR (dimensionless), slope of the relationship between RUE and the ratio of diffuse to total solar radiation; 
TauSLN (m2 (leaf) g−1 (N)), relative rate of increase of RUE with specific leaf nitrogen; Topt (°C), optimal temperature for 
RUE; FracBEAR (grain g−1 (DM)), ratio of grain number to ear dry matter at anthesis; RGRStruc ((°Cday) −1), relative rate of 
accumulation of grain structural dry mass; TTaegf (°Cday), grain-filling duration (from anthesis to physiological maturity); 
TTcd (°Cday), duration of the endosperm cell division phase; AlphaNNI (g (N) g−1 (DM)), scaling coefficient of the N dilution 
curve; AlphaSSN (g (N) m−2), scaling coefficient of the allometric relation between area-based:lamina and sheath N content; 
BetaKn (dimensionless), scaling exponent of the relationship between the ratio of nitrogen to light extinction coefficients and 
the nitrogen nutrition index; MaxStemN (g (N) m−2), maximum potential stem N concentration; SLNcri (g (N) m−2 (leaf)), 
critical area-based nitrogen content for leaf expansion; SLNmax0 (g (N) m−2 (leaf)), maximum potential specific leaf N of the 
top leaf layer; StrucLeafN (g (N) g−1 (DM)), structural N concentration of the leaves; StrucStemN (m (N) g−1 (DM)), structural 
N concentration of the true stem; BetaRWU (dimensionless), efficiency of the root system to extract water through the vertical 
soil profile; MaxRWU (d−1), maximum relative rate of root water uptake from the top soil layer; LowerFTSWsenescence (di-
mensionless), fraction of transpirable soil water value for which DSFmax is reached; LowerFTSWtranspiration (dimension-
less), fraction of transpirable soil water for which the stomatal conductance equals zero; MaxDSF (dimensionless), maximum 
rate of acceleration of leaf senescence in response to soil water deficit; AMNLFNO (number of leaf), absolute minimum pos-
sible leaf number; MaxLPhyll (number of leaf), leaf number above which P is increased by PhyllIncr; PhyllFLLAnth (dimen-
sionless), phyllochronic duration of the period between flag leaf ligule appearance and anthesis; PhyllIncr (dimensionless), 
factor increasing the phyllochron for leaf number higher than PhyllIncr; Phyllochron (°Cday leaf−1), phyllochron.

◀
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BOX 14.3

M O D E L - A S S I S T E D  P H E N O T Y P I N G

The ecophysiological model EcoMeristem 
(Luquet et  al.,  2006) aims at simulating plant 
morphogenesis in crop stands and its pheno-
typic plasticity, in terms of leaf size, appear-
ance, growth and senescence rates and tillering, 
depending on genotypic and environmental 
characteristics. Genotypes are defined by sets of 
parameters of equations formalizing morphoge-
netic (organ appearance rate, dimensioning at 
initiation time, expansion, and tillering), physi-
ological processes (light interception and conver-
sion efficiencies) and their regulation by plant 
state variables defined as the ratio between plant 
supply and demand for water and carbohydrates 
that result from genotypic characteristics and 
environmental conditions. The model was vali-
dated in its capacity to represent rice phenotypic 
plasticity and diversity for the above mentioned 
morphogenetic processes underling rice early 
vigor. To evaluate the genetic variability of pa-
rameters controlling rice early vigor in EcoMer-
istem and their responses to drought, the model 
was calibrated for 200 accessions of an Oryza 
sativa L. ssp. Japonica diversity panel grown in a 
greenhouse (Luquet et al., 2012).

Nine parameters (Fig.  14.4) were calibrat-
ed using the R package Genoud (Sekhon and  
Mebane, 2011) to minimize model error for shoot 
dry mass, surface area of the youngest expanded 
leaf, leaf and tiller number at the onset and end 
of a dry down period applied at leaf 6 stage on 
the main stem until the fraction of transpirable 
soil water (FTSW) reached a value of 0.2. Inputs 
were daily weather (incident global radiation, air 
temperature, potential evapotranspiration), soil 

volume, and soil drained upper limit and crop 
lower limit. Parameters were calibrated for three 
independent experiments.

Most of the calibrated parameters strongly 
discriminated among genotypes in terms of 
early vigor and response to drought. However, 
drought response parameters showed much less 
heritability compared to morphogenetic, con-
stitutive parameters. Based on correlation and 
PCA (Fig.  14.4), parameters clustered the col-
lection of accessions in three groups: vigorous 
but with low drought tolerance; low vigor and 
good drought tolerance, and a group of interme-
diate genotypes. This clustering was consistent 
with that performed based on morphogenetic 
and metabolic measurements on a subpanel of 
50 genotypes of the same collection (Rebolledo 
et al., 2012). Therefore, this approach confirmed 
that early vigor and drought tolerance are physi-
ologically linked, but also possibly genetically 
(negatively), which may have implications when 
selecting for both traits.

The ranges of parameter values explored ac-
cordingly can be considered as representative of 
existing genetic diversity for the studied species. 
This information can be used for genome-wide 
association studies, to explore trait combinations 
maximizing plant performance, in terms of early 
vigor as in the present study, but also in terms of 
early vigor impact on final grain yield, in target 
environments. In the case of rice presented here, 
preliminary results suggest that higher biomass 
accumulation would be possible by overcoming 
the antagonism between early vigor and drought 
tolerance.
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place in the F1 generation; (4) most genetic anal-
yses performed do not adequately describe the 
epistatic and pleiotropic effects of the loci.

3.5  New technologies and their potential 
for gene-to-phenotype modeling

Technological progresses may offer solutions 
to some of the drawbacks mentioned above. 
In terms of molecular genetics, Chapter  18  
outlines the recent progress in technologies. 
Briefly, with progress in DNA marker assays 
and sequencing technologies, it is now feasi-
ble to genotype thousands of plants with high 
densities of markers. In addition, approaches 
have been developed to analyze the genetic 
control of quantitative traits, such as asso-
ciation mapping, nested association mapping 
(e.g. Yu et  al.,  2006; Brachi et  al.,  2010) and 
multiparent advanced generation intercross 
(MAGIC) populations (Cavanagh et al., 2008). 

They potentially address the major limita-
tions of available mapping resources. At the 
same time, new statistical methods have 
been developed to detect QTL involved in 
response curves (‘functional mapping’). For 
example, Ma et  al. (2002) combined logis-
tic growth curves and QTL mapping with-
in a mixed model approach, which proved 
to be powerful to estimate accurately QTL  
effects and positions (Wu et  al.,  2002,  2003). 
Using a similar framework, Malosetti et  al. 
(2006) proposed a non-linear extension of clas-
sical mixed models. van Eeuwijk et al. (2010) 
reviewed advanced statistical methods, e.g. to 
perform multienvironment and/or multitrait 
QTL mapping.

In terms of phenotyping, field and controlled- 
conditions platforms (Pieruschka, and Poorter, 
2012; White et al., 2012; Fiorani and Schurr, 2013) 
and networks of field experiments (Hammer 
et al., 2006; Tardieu and Tuberosa, 2010; Messina 

FIG. 14.4  Principal component analysis (PCA) of nine parameters of the ecophysiological model EcoMeristem estimated 
for 200 genotypes of a rice (Oryza sativa L. ssp. Japonica) diversity panel. Left, projection of the model parameters on the 
first two axes of the PCA. Right, projection of the genotypes on the first two axes of the PCA. A hierarchical cluster analysis 
on principal components revealed three groups of genotypes with contrasted early vigor and sensitivity to water deficit. 
Epsib, light-use efficiency; SLAp, slope of the logarithmic relation between specific leaf area and its rank on a given tiller; 
power_for_cstr, parameter for reducing Epsib in response to water deficit estimated by f the fraction of transpirable soil 
water (FTSW); thresTransp and thresLER, thresholdFTSW at which leaf transpiration and expansion rates, respectively, start 
decreasing linearly with drying soil; Ict, plant C supply to demand ratio enabling tillering; MGR, meristem growth rate; Kc-
pot, additive parameter defining the potential length of leaf n depending on the length of leaf n − 1. Plasto_init, phyllochron 
(°Cd). Adapted from Luquet et al. (2012a).

The ecophysiological model EcoMeristem 
(Luquet et  al.,  2006) aims at simulating plant 
morphogenesis in crop stands and its pheno-
typic plasticity, in terms of leaf size, appear-
ance, growth and senescence rates and tillering, 
depending on genotypic and environmental 
characteristics. Genotypes are defined by sets of 
parameters of equations formalizing morphoge-
netic (organ appearance rate, dimensioning at 
initiation time, expansion, and tillering), physi-
ological processes (light interception and conver-
sion efficiencies) and their regulation by plant 
state variables defined as the ratio between plant 
supply and demand for water and carbohydrates 
that result from genotypic characteristics and 
environmental conditions. The model was vali-
dated in its capacity to represent rice phenotypic 
plasticity and diversity for the above mentioned 
morphogenetic processes underling rice early 
vigor. To evaluate the genetic variability of pa-
rameters controlling rice early vigor in EcoMer-
istem and their responses to drought, the model 
was calibrated for 200 accessions of an Oryza 
sativa L. ssp. Japonica diversity panel grown in a 
greenhouse (Luquet et al., 2012).

Nine parameters (Fig.  14.4) were calibrat-
ed using the R package Genoud (Sekhon and  
Mebane, 2011) to minimize model error for shoot 
dry mass, surface area of the youngest expanded 
leaf, leaf and tiller number at the onset and end 
of a dry down period applied at leaf 6 stage on 
the main stem until the fraction of transpirable 
soil water (FTSW) reached a value of 0.2. Inputs 
were daily weather (incident global radiation, air 
temperature, potential evapotranspiration), soil 
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et al., 2011; Rebetzke et al., 2013) partly answer 
the need to characterize precisely relevant traits 
in contrasting environments. Models are also 
used to identify relevant traits to phenotype 
(e.g. Reymond et  al.,  2004; Martre et  al.,  2007) 
and to choose field locations or environmental 
conditions to impose (e.g. Chenu et  al.,  2013; 
Chapter 13).

Concerning model development, the strategy 
to search for physiological processes that are sta-
ble across environments has already turned out 
promising. Incorporating such processes into 
ecophysiological models that account for inter-
actions at the crop level has been successfully 
achieved in the APSIM-Maize model with func-
tions describing leaf expansion rate (Fig. 14.2d) 
that can be linked to QTL effects.

3.6  Deciphering QTL × environment 
interactions

The understanding of gene/QTL × E interac-
tions is central to improve fine construction of 
adapted genotypes. Ecophysiological models 
have a place of choice to highlight QTL × E inter-
actions, as they facilitate the interpretation of the 
G × E interactions through environmental char-
acterization (Chapman, 2008; Chenu et al., 2011; 
Chapter  13) and are useful to dissect complex 
traits into component traits with higher herita-
bility (Tardieu and Tuberosa, 2010; van Eeuwijk 
et  al.,  2010). In addition, ‘gene-to-phenotype’  
models simulate QTL × E interactions, and allow 
interpretation within a genotype–environment–
management framework for the target agri-
cultural system. In this direction, Chenu et  al. 
(2009) develop a ‘gene-to-phenotype’ modeling 
approach (Fig. 14.2), introducing organ-growth 
QTL involved in leaf elongation into the APSIM-
Maize model. Their simulations highlighted the 
importance of the genetic architecture and G × E 
interactions when assessing the QTL impact on 
yield (Chenu et al., 2009) as, for example, QTL 
could have positive or negative impact on yield 
depending on the pattern of drought.

3.7  Link with breeding

The enormous number of combinations that 
breeders would ideally analyze to identify best-
adapted genotypes highlights a major interest 
for predictive approaches. Over the last decades, 
top-down approaches from whole-plant pheno-
types to the molecular genomic level (Hammer 
et  al.,  2004) have been developed to simulate 
gene-to-phenotype associations for traits such as 
plant phenology (e.g. Hoogenboom et al., 2004; 
Messina et al., 2006) or responses of plant growth 
and architecture to environment (Tardieu, 2003; 
Yin et al., 2000; Hammer et al., 2006). While limi-
tations remain, gene-to-phenotype models are 
being used in breeding (Messina et  al.,  2011). 
In addition, robust gene-to-phenotype models 
linked to quantitative genetics models like QU-
GENE (Podlich and Cooper,  1998), give new 
opportunities to explore alternative selection 
methods and assist breeding for complex traits 
in broad or specific environments (Chapman 
et al., 2003).

4  TOOLS FOR OPTIMIZING  
TRAIT COMBINATIONS AND 
MODEL-BASED IDEOTYPING

To meet the demand for multiobjective attrib-
utes, the critical question is how to design best 
combinations of genetic resources and cultural 
practices adapted to, and respectful of specific 
environments. In other terms, the question is 
‘How to optimize the strong G × E × M interac-
tions to design plant ideotypes that meet mul-
ticriteria objectives?’ This requires integrating 
two old coexisting visions: the breeder’s view of 
optimizing G × E interactions, and the agrono-
mist’s view doing the same for G × M interac-
tions (Messina et al., 2009). The approach relies 
on the potentialities of integrating genetic infor-
mation into ecophysiological models to capture 
G × E × M interactions. The combination of ge-
netic parameters (fingerprint of the genotype), 
and cultural practices can then be optimized to 
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design new genotypes coupled with adequate 
management, adapted to target environments 
(e.g. Hammer et al., 2006; Letort et al., 2008).

The design of ideotypes is usually based 
on antagonistic criteria with respect to strong 
constraints (biological, economical, ecological, 
or environmental). The resulting fitness land-
scapes are often very complex, and researchers 
initially applied techniques such as trial and 
error (Haverkort and Grashoff,  2004; Herndl 
et  al.,  2007) or sensitivity analysis (Habe-
kotte, 1997) to identify potential ideotypes. The 
high number of combinations to identify best-
adapted genotypes highlights the impossibility 
of exploring exhaustively the whole G × E × M 
space this way (Messina et  al.,  2009). Overall, 
the model-based design of ideotypes is a very 
difficult non-linear multiobjective optimization 
problem that resists the classical simulation and 
optimization methods.

Effective optimization methods have been 
recently proposed to resolve this problem and 
bio-inspired optimization algorithms (e.g. ge-
netic algorithms, particle swarm optimization 
algorithms) are increasingly used for model-
based design of ideotypes (Letort et al., 2008; Qi 
et  al.,  2010; Kadrani et  al.,  2012; Quilot-Turion 
et  al.,  2012; Semenov and Stratonovitch,  2013; 
Semenov et  al.,  2014), or optimization of man-
agement scenarios (Grechi et  al.,  2012). Multi-
objective evolutionary optimization algorithms 
allow exploration of high-dimension solu-
tion spaces in a reasonable computation time. 
These methods do not require any derivative 
information and can address the complex multi
objective optimization problems (e.g. very large 
search spaces, uncertainty, noise, disjoint Pareto 
curves, etc.) that resist traditional optimization 
methods. These methods provide the decision 
maker with a set of diversified solutions with 
reduced, but sufficient, cardinality. The decision 
maker will thus have the final choice of the best 
suited trade-off between criteria and will be pro-
vided with the corresponding optimal ideotypes 
or management practices.

Despite recent advances in the use of optimiza-
tion methods applied to model-based approaches, 
their application to plant and crop design and to 
management is still in its infancy. Some of the 
studies focused on the optimization of the man-
agement scenarios for designing sustainable and 
integrated production systems, while others dealt 
with the optimization of morphological or physio
logical traits taking advantage of complex inter-
actions between traits in different environments. 
Others stepped further to the optimization of the 
allelic variations using detailed genetic informa-
tion allele effects and interactions. Finally, a step 
further is also to optimize selection strategies to 
help the creation of optimized genotypes.

4.1  Optimization of cultural practices

Ould-Sidi and Lescourret (2011) reviewed 
model-based design of integrated produc-
tion systems. They discussed many examples 
using simulation and optimization techniques 
and recommended the use of integrative mod-
eling platforms, process-oriented modeling and  
object/component-oriented techniques to im-
prove the genericity, modularity, and re-use of 
ecophysiological models and data sharing. They 
also suggested using ecophysiological models 
that are spatially explicit and employing multi-
objective optimization algorithms based on the 
Pareto dominance concept.

Two recent studies using a model-based  
approach coupled with optimization algorithms 
have to be mentioned because of their relevance 
to management decisions. Grechi et  al. (2012) 
interfaced a process-based model with a multi-
objective optimization algorithm to design new 
management scenarios in line with integrated 
production systems objectives. The model de-
scribes the interacting peach–aphid dynam-
ics, fruit production and fruit quality, and their 
control by (1) cultural practices, (2) release of 
the biological control agent Harmonia axyridis 
Pallas (Coleptera: Coccinellidae), and (3) in-
secticide applications. The simulations were 



366	 14.  Model-assisted phenotyping and ideotype design

3.  Genetic improvement and agronomy

performed for three virtual farmer profiles dif-
fering in the relative importance given to each of  
the performance criteria. Four pest management 
strategies namely ‘no-treatment’, ‘conventional’ 
(insecticide-based), ‘organic’, and ‘integrated’ 
were simulated. Simulations showed that ag-
ronomic performances were largely explained 
by cultural practices, while aphid pressure was 
largely explained by pest control strategies. The 
scenarios using the ‘conventional’ pest control 
strategy were the best, regardless of the farmer 
profile. However, under the ‘no-treatment’ strat-
egy (only cultural practices), the resulting sce-
narios have very good performance except for 
aphid infestation criterion. Optimal values of 
cultural management variables displayed a high 
variability between the farmer production pro-
files under the ‘no-treatment’ and ‘integrated’ 
strategies, while they were independent of the 
farmer profile under the ‘organic’ and ‘conven-
tional’ strategies.

Wu et  al. (2012) proposed an optimal con-
trol method for solving a water supply problem 
for optimal sunflower fruit filling. Using a sun-
flower ecophysiological model, they compared 
the numerical solutions, obtained through an it-
erative optimization gradient-based procedure, 
and those obtained using genetic algorithms in 
previous studies (Wu et  al.,  2005). The authors 
stated that further improvements in sunflower 
yield have been found using the optimal control 
method.

4.2  Optimization of genetic parameters

This approach lies in finding combinations of 
values of the genetic parameters that best satisfy 
the fixed objectives. Such a set of values would 
form the ‘parametric phenotype’ or genotype 
‘fingerprint’ of the ideotype. Only a few stud-
ies presented a proof of concept of the approach 
linking ecophysiological models and optimiza-
tion methods (Letort et al., 2008; Qi et al., 2010; 
Quilot-Turion et  al.,  2012; Semenov and Stra-
tonovitch, 2013; Semenov et al., 2014).

In a theoretical study, Letort et al. (2008) used 
a particle swarm optimization algorithm to opti-
mize the cob sink strength and the coefficients of 
the cob sink variation function of the GreenLab-
Maize to maximize either the cob weight (single 
objective problem) or both the cob weight and 
leaf and stem weight (multiobjective problem) 
for multiusage maize. Their results illustrated 
the power of such a combined approach to im-
prove the design of ideotypes, especially in case 
of trade-off between traits. However, a limita-
tion to the use of particle swarm algorithms is 
their weak exploitation ability and diversity (lo-
cal search) keeping within the swarm (popula-
tion of solutions). The consequence is usually a 
poor choice for the decision maker.

Quilot-Turion et  al. (2012) used the Virtual 
Fruit model (Génard et al., 2010) to design peach 
genotypes with enhanced fruit quality and  
resistance to brown rot for given cultural sce-
narios. They focused on six genetic parameters 
combined to create the genotypes. Three traits 
simulated by the model, of major importance for 
fruit quality and sensitivity to brown rot, were 
taken into account to evaluate the genotypes. 
Simulations were performed for four cultural 
scenarios (two levels of crop load and two water 
regimens) to analyze the putative impact of cul-
tural practices on the optimized solutions. The 
authors used NSGA-II (non-dominated sort-
ing genetic algorithm II) with a modified stop-
ping criterion based on the crowding distance 
(mechanism of diversity control used by the  
NSGA-II) to speed up the computation (Ould- 
Sidi et al., 2012). The modified algorithm obtained 
solutions similar in quality to those of the origi-
nal version but after significantly fewer genera-
tions. The resulting reduction in computational 
time for the optimization provides opportunities 
for further studies (Kadrani et al., 2012, 2013).

The results confirmed the strong antagonism 
between the criteria considered. Large fruits had 
a weak sweetness and high crack density and for 
a given mass, those with improved sweetness 
had higher crack density. In a current breeding 
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scheme, fruit mass would be the only criterion 
considered but alternative schemes could be 
considered in the future, favoring organoleptic 
quality or environment-friendly practices. In 
those cases, some interesting optimized solu-
tions were identified (Quilot-Turion et al., 2012).

A main weakness of this approach lies in the 
lack of quantitative relationships between genes 
and model parameters. It only provides a pic-
ture of the optimized space of solutions con-
sidering the functioning of the system driven 
by biophysical constraints only. The suggested  
solutions represent ideal genotypes the breeder 
is not sure to be able to create. To produce more 
realistic genotypes, genetic constraints (e.g. 
pleiotropic and epistatic effects, gene ×  envi-
ronment interactions) may be integrated to the 
optimization scheme.

4.3 Optimization of allelic combinations

The difficult issue that remains to be solved 
for a complete optimization of G × E × M in-
teractions is the integration in the optimization 
scheme of the complex genetic architecture con-
trolling the model parameters. Two options can 
be considered. First, known genetic constraints 
may be included in the definition of the space 
of parameter variation to be explored during the 
optimization. Discontinuous space and links be-
tween parameters could be added as constraints 
of optimization at this step. Then, allelic combi-
nations may be inferred from the parameter val-
ues. Letort et al. (2008) tested this option for a 
virtual maize mapping population built from a 
simple genetic model (virtual genes and virtual 
chromosomes). They implemented a genetic al-
gorithm to optimize the allelic combination that 
maximized cob weight. The use of ecophysio-
logical models to help breeding by optimization 
has not been stepped over since this theoretical 
study.

The second option is the direct optimization 
of allelic combinations. This option requires that 
genetic information is combined to ecophysio

logical models and may allow consideration 
of complex genetic models. Some steps have 
already been made towards this integration 
and the resulting models are referred to as 
gene-to-phenotype or QTL-based models (sec-
tion 3). Chenu et al. (2009) used such a gene-to-
phenotype model to explore G × E interactions 
and the complexity of the results highlighted the 
importance of genetic architecture in the gen-
eration of phenotypes (Fig. 14.2). Considerable 
work is needed to introduce complex genetic ar-
chitecture in gene-to-phenotype models and to 
evaluate their predictive capacity against empir-
ical data. However, more than targeting an exact 
prediction of the phenotypic value of specific 
genes, these approaches are designed to help 
understand the dynamic nature of the gene-to-
phenotype problem and explore genotype–envi-
ronment systems for defining priorities in model 
development, trait to focus on, etc.

4.4 Towards virtual breeding

To conduct the approach towards its final 
goal, the next step is to develop a method to op-
timize the selection schemes necessary to obtain 
plants as analogous as possible to the ideotypes. 
The idea is to adjust the selection strategies (e.g. 
frequency of different alleles in the population, 
number of selection cycles) in contrasting envi-
ronments and cultural practices, while consid-
ering the genetic diversity and available germ-
plasm. A significant step towards this goal was 
made by Messina et  al. (2011), who developed 
an integrated method based on round-trip be-
tween modeling and experiment. They used the 
APSIM-Maize model (Keating et al., 2003) cou-
pled to the breeding model QU-GENE (Podlich 
and Cooper, 1998; Podlich et al., 2004) to reveal 
interesting trajectories in maize breeding. They 
included in the model genetic variation for five 
adaptive traits using an additive genetic model 
based on three genes and two alleles per locus. 
Maize phenotypes were simulated for 16 con-
trasting environments and for 50 years of weather.  
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For each environment type and management, 
reciprocal recurrent selection was simulated us-
ing QU-GENE. This study demonstrated the va-
lidity of the method to explore the G × E × M 
space, to integrate and apply plant physiology 
concepts to plant breeding and the value of lev-
eraging this knowledge to develop improved 
crops. With progress in crop physiology, genom-
ics, genetics, model development and optimiza-
tion, such integrated approaches are evolving to 
increase breeding in efficiency.

5  FUTURE PROSPECTS

Ecophysiological models are powerful tools 
to understand G  × E   × M  interactions (e.g. 
Hammer et  al.,  2010), identify key traits of in-
terest for target environments (e.g. Manschadi 
et  al.,  2006; Martre et  al.,  2007; He et  al.,  2010; 
Messina et al., 2011; Veyradier et al., 2013), ease 
ideotype design (e.g. Quilot-Turion et al., 2012; 
Semenov and Stratonovitch, 2013) and develop 
adaptive strategies to cope with climate change 
(e.g. Asseng et al., 2011; Singh et al., 2012; Zheng 
et al., 2012; Semenov et al., 2014; Chapter 20).

Preliminary studies reveal the potential of 
model-based approaches in optimizing allelic 
combinations of genotypes and cultural practices. 
This would lead to defining an ideotype adapt-
ed to a given environment. Then, based on the 
available genetic material, a second optimization 
step (virtual breeding) could help identify better 
selection strategies leading to new varieties re-
sembling the identified ideotype. This modeling 
framework has potential to integrate information 
to predict the potential behavior of a genotype in 
a given environment under the effect of manage-
ment practices. Linking such models to multiob-
jective optimization methods can then be suitable 
to design innovative ideotypes that would opti-
mize the genotypes and the cultural practices in a 
given environment (Jeuffroy et al., 2013).

Nevertheless, several scientific and techni-
cal challenges need to be overcome, and result-

ing ideotypes require experimental test (And-
rivon et al., 2013). It appears essential to solve 
the question of the structure (e.g. interactions 
between processes in relation to the action of 
environmental factor on the processes) of eco-
physiological models needed to link pheno-
type and genotype. The domain of validity and  
realism of the models in terms of modeled pro-
cesses and their interactions also need further 
analyses (Rötter et al., 2011; Boote et al., 2013). 
Compensation of error for processes or in-
teractions between processes (e.g. feedbacks) 
or parameters that are not taken into account 
in the model but contribute to the observed  
phenotype in given environments also need to 
be solved (Challinor et al., 2014). Moreover con-
siderable efforts are needed to develop robust 
links between genetic and physiological deter-
minants and the variation of traits relevant to 
breeders, but we believe that this framework 
will soon support agronomists and breeders in 
the definition and creation of improved varie-
ties and sustainable systems that will answer 
future needs.
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