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Abstract Plant tolerance to biotic stresses (mostly
limited here to fungal pathogens and insects) is the
ability of a plant to maintain performance in the pres-
ence of expressed disease or insect herbivory. It differs
from resistance (the capacity to eliminate or limit pests
and pathogens by genetic and molecular mechanisms)

and avoidance (the ability to escape infection by epi-
demics). The ways to tolerance of pests and diseases
are multiple and expressed at different scales. The
contribution of organs to the capture and use of resour-
ces depends on canopy and root architecture, so the
respective locations of disease and plant organs will
have a strong effect on the crop’s response. Similarly,
tolerance is increased when the period of crop sensi-
tivity lies outside the period within which the pest or
pathogen is present. The ability of the plant to com-
pensate for the reduced acquisition of resources by the
production of new organs or by remobilization of
reserves may also mitigate biotic stress effects.
Numerous examples exist in the literature and are
described in this article. Quantification of tolerance
remains difficult because of: (i) the large number of
potential mechanisms involved; (ii) different rates of
development of plants, pests and pathogens; and (iii)
various compensatory mechanisms. Modelling is,
therefore, a valuable tool to quantify losses, but also
to prioritize the processes involved.

Keywords Diseases . Insects . Tolerance . Crop
architecture . Modelling

Definitions

The term “tolerance” has been widely used in ecology,
pathology and agronomy in order to define the strategy
by which plants, populations or communities are able to
limit damagewhen directly exposed to abiotic and biotic
stresses (Beattie and Lindow 1995). The term “damage”
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means “injury” for many herbivory researchers but
“yield loss” for others (Savary et al. 2006). Actually,
tolerance is human- rather than plant-directed, and there-
fore damage can refer to any plant, population or com-
munity characteristic of interest. In many cases, the
damage against which tolerance is measured is loss in
grain yield, but tolerance in reference to ecological
fitness or harvest quality could be emphasized as well,
whatever measure of quality is used. Precise knowledge
about what characteristic is damaged by stresses is nec-
essary to identify the ways to tolerance.

However, the term “tolerance” has been used broadly
and this has resulted in many meanings (Schafer 1971).
Maintaining multiple interpretations of the definition of
the term has led to confusion in the literature and there is
a need to clarify the situation, particularly in the case of
biotic stresses. Within the plant pathology field, the term
tolerance has often been used to mean resistance (Kluth
and Varrelmann 2010; Aguado et al. 2010), reduction in
rate of pathogen development (Gao et al. 1995; Mussell
and Malone 1979) and pathogen tolerance (Clarke
1984). Foulkes et al. (2006) restricted the definition to
“the ability to maintain yield performance despite the
presence of disease symptoms”, while more general
definitions were given by Oliver et al. (2009) stating
that “tolerance traits minimize fitness loss of the actor
but without reducing encounter rate” and Caldwell et al.
(1958) who considered tolerance as a means by which
plants endure severe disease without severe losses in
yield or quality.

The frontiers of tolerance with resistance and
avoidance, both of which serve to reduce the incidence
or severity of attacks (Roy and Kirchner 2000), might
be challenged. Indeed the ability of the host to accom-
modate a pathogen with reduced symptoms is close to
a form of resistance (the capacity of plants to eliminate
or limit pests and pathogen infection by genetic and
molecular mechanisms). Similarly, a trait that limits
the spread of a pest or pathogen within the canopy is
regarded as an avoidance mechanism, but at the same
time it may confer tolerance of a given severity of
disease or herbivory if the location of the pathogen or
pest is confined to non-essential organs. Such restric-
tions are in agreement with the definition that Schafer
(1971) gave for tolerance as “the capacity of a cultivar
resulting in less yield or quality loss relative to disease
severity or pathogen development when compared
with other cultivars or crops”. This definition high-
lights two important points: (i) in order to quantify

tolerance, a reference point must first be established
against which other comparable plants or crops can be
measured; and (ii) as restated by Clarke (1986) and
Robb (2007), in the case of pathogens a distinction
must be made between the tolerance of a host to the
pathogen (i.e. the ability of the host to limit symptom
expression under similar levels of infection) and the
tolerance of a host to the symptoms caused by the
pathogen (i.e. the ability of a host to limit physiolog-
ical disruption under similar levels of disease expres-
sion). Both may coexist at the plant or the crop level.
This distinction is critical especially when considering
biotic injury which may not be expressed as visible
symptoms, as in the case of certain viral infections
(Robb 2007).

The definition of disease tolerance was further re-
fined by Parker et al. (2004) who described it as “the
heritable capacity of a crop to maintain productivity
despite the presence of disease”. These authors sug-
gest that traits, which confer disease tolerance, are
separate from those which confer resistance and thus
may be manipulated independently (Roux et al. 2010).
The literature also points out that environmental fac-
tors and fitness costs associated with tolerance may
play a role in tolerance expression in pathogen-plant
interactions, but this has been largely overlooked
(Tiffin and Rausher 1999; Fornoni et al. 2004).

For herbivory, tolerance is defined as the ability a
plant has to sustain a fixed amount of injury without a
corresponding reduction in fitness (Mauricio et al.
1997); it is classed as a compensatory capacity be-
cause plant losses, rather than injury, are prevented.
For viruses, Cooper and Jones (1983) defined toler-
ance as the absence of symptoms or the occurrence of
only small symptoms, and a little or no loss in vigour
or yield of infected plants. Symptoms are not neces-
sarily correlated with virus concentration. The authors
clearly separate resistance which involves decreasing
virus concentration by lowering multiplication and/or
invasion from tolerance which involves decreasing
symptoms at a given concentration of virus.

In this paper we define tolerance to biotic stresses
(confined here mainly to fungal diseases and insect
herbivory) as the ability of a plant or a crop to main-
tain performance, fitness or a high quality characteris-
tic in the presence of expressed symptoms (or
significant concentration of virus), i.e. actual injury
or disease. Thus the determinants of its variability
within a species may be considered as a means with
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which to manage the effects of diseases and pests on
crop growth, yield and quality (Kover and Schaal
2002). It is anticipated that tolerance will complement,
rather than replace, resistance and avoidance traits.

The ways to tolerance are diverse. In some cases,
the disease or pest may be located on plant organs that
are little involved in essential plant functions such as
photosynthesis. In other cases, compensations may
occur by the production of new healthy organs or
enhancement of plant functions (photosynthesis,
nutrients or water uptake). Tolerance in that case
may relate to the capacity (or not) of the plant to
modify its architecture (the spatial arrangement of its
organs). Tolerance may also arise from variation in the
time when disease or herbivory occurs. Some periods
of the crop growth cycle are not sensitive to attacks,
because sensitive organs have not yet appeared.
Remobilization of plant reserves may also buffer the
plant against the effects of a decrease in nutrient
acquisition and photo-assimilate production.
Therefore, in many cases plant architecture, as the
organization of plant components in space, which
can change with time (Godin et al. 1999), is involved
in tolerance. In this paper, we show, with some exam-
ples, how plant architectural traits may be ways to
tolerance, and how modelling can be used to link
architectural traits to crop physiology and yield for-
mation and thus help understand and quantify
tolerance.

Overview of tolerance pathways to diseases
and other pests

Yield determination and disease occurrence

The physiological processes of yield formation must
be briefly considered in order to determine at which
developmental stages the crop is likely to tolerate the
effects of pathogens and pests. The decomposition of
the yield into components has been successfully used
to examine the processes involved in abiotic and biotic
stress. Many works (Gallagher et al. 1975; Gambı´n et
al. 2006) have decomposed grain crop yield into two
main components: seed number m−2 (SN) and mean
seed weight (MSW). Crop growth is related to the
amount of intercepted photosynthetically active radia-
tion (IPAR) and the efficiency (radiation use efficiency
RUE) with which the solar energy is converted into

dry matter (Reynolds et al. 2005; Bingham et al.
2007a). Pathogens may reduce yield by limiting the
formation of any of the yield components and the
majority of crops fall short of achieving their yield
potential (Spink et al. 2000; Sylvester-Bradley and
Wiseman 2005). Infected crops can become either
source-limited (i.e. dry matter or nitrogen acquisition
is the limiting factor) or sink-limited (i.e. the storage
capacity of reproductive organs is less than the supply
of assimilate to fill them), depending on the environ-
mental conditions (edaphic and/or agronomic). For
many crop species the storage capacity of the repro-
ductive organs is a function of the number of seeds
and their potential size. SN is generally closely corre-
lated to the dry matter accumulated between emer-
gence and flowering. It can be reduced either by
direct pest attacks or by photosynthate shortage during
some critical periods that may lead to a dramatic
decrease of SN, because of uncompensated floret
abortion (Fischer and Stockman 1980). In many pro-
duction systems diseases and pests are then not only
problematic during rapid grain filling, but also during
the critical period when SN is determined. MSW, on
the other hand, is often related to the rate of grain
filling as governed by post-flowering assimilate avail-
ability. But here too there is evidence of sink-
limitation as the carpel size and seed cell number,
which may be genetically and environmentally depen-
dant, set the storage capacity and thus potential seed
size (Munier-Jolain and Ney 1998; Bingham et al.
2007b). Thus MSW may be reduced by disease or
insect pests not only through their effects on the avail-
ability of assimilate for grain filling, but also earlier
through the effects of reduced assimilate availability
on carpel growth and seed number. In either case, the
impact of pathogens and pests on MSW may be ne-
gated by the remobilization of previously accumulated
storage reserves which can buffer a temporal lack of
assimilates.

In conclusion, candidate traits determining toler-
ance will differ between pathosystems and will be
influenced by whether the crop is source or sink lim-
ited and the extent to which pests and diseases con-
strain yield through crop dry matter source or sink
components. Different crops will have different toler-
ances to similar pests and improved disease and pest
management would be supported by a better knowl-
edge of host × pest interactions at the crop level. The
previous yield decomposition is helpful to estimate the
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overall impact of pests on sources (by reduction of
resource acquisition balanced by reserve mobilisa-
tion), sinks (by floret abortion balanced by new
healthy organs appearance) and overall effects on par-
titioning (by competition between pathogen and host
organs balanced by switches in source-sink relation-
ships). The different mechanisms associated with tol-
erance to biotic stress operate at three levels (organ,
plant, and canopy) that can be distinguished to en-
hance comprehension (Fig. 1).

Tolerance at organ level: the role of virtual lesion

The following examples mostly deal with net carbon
assimilation in infected or grazed leaves, but tolerance
also applies to both nitrogen acquisition by infected
roots and biomass remobilisation by any kind of organ.
Damage to leaf tissue through infection by foliar patho-
gens or insect herbivory can invoke complex changes in

the plant’s carbon metabolism and assimilate partition-
ing. The nature and extent of the response differs widely
depending on the pathogen or herbivore in question, its
mode of nutrition, the nature of the host-pathogen inter-
action (compatible or incompatible), the host species
and in some cases variety, and the physiological status
and age of the organ. Fungal pathogens can be classified
as necrotrophic, biotrophic, or hemi-biotrophic accord-
ing to their nutritional relationship with the host (see
Oliver and Ipcho 2004, for definitions). Necrotrophs kill
tissue in advance of colonisation by fungal hyphae
through the secretion of toxins and cell wall degrading
enzymes, whilst biotrophs derive their resources for
growth and sporulation from living host cells. As
such, biotrophs have a more subtle impact on
photosynthetic metabolism, effectively altering
source-sink relations within the leaf and directing
host nutrients to the fungal mycelium (Scholes and
Rolfe 2009; Bancal et al. 2012). Hemi-biotrophs

Fig. 1 Diagram presenting the three levels (organ-plant-crop)
and the functions (traits) involved in tolerance at each level to
highlight the potential research axes. Some tolerance traits are

not influenced by crop architecture (intrinsic tolerance; e.g.
virtual lesion) while other traits are influenced by plant and crop
architecture (e.g. source-sink relationships)
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behave initially as biotrophs, but then subsequently
switch to a necrotrophic mode of nutrition.

When examined on a whole leaf basis, biotrophic
and necrotrophic infection often leads to a reduction in
net photosynthesis associated, to varying extents, with
alterations in stomatal behaviour, chlorophyll concen-
trations, perturbations in the light reactions of photo-
synthesis and reductions in the amounts and activities
of Benson-Calvin cycle enzymes. However, such
whole leaf measurements mask considerable spatial
and temporal heterogeneity in host response to infec-
tion, which could influence the host’s apparent disease
tolerance when tolerance is defined as the ability to
sustain growth in the presence of visible disease. In
principle low tolerance (relative intolerance) might
occur where photosynthetic metabolism is disrupted
or respiration increased before the appearance of vis-
ible symptoms, or where these effects extend into
regions of green tissue beyond the visible lesion after
symptoms develop. Conversely, increases in rates of
photosynthesis in non-infected regions of infected
leaves in response to the loss of photosynthetic activ-
ity elsewhere could result in the apparent tolerance of
disease (Bingham et al. 2009).

It has been recognised for some years that the reduc-
tion in rate of net photosynthesis in infected leaves
cannot always be explained quantitatively in terms of
the area of visible lesions and the consequent loss of
green tissue (Martin 1986; Shtienberg 1992). Bastiaans
(1991) developed the concept of the virtual lesion to
account for the effects of disease in asymptomatic
regions of infected leaves and the concept has been
widely used for modelling the effects of foliar disease
on canopy photosynthesis and crop growth (Bastiaans
and Kropff 1993; Garry et al. 1998; Robert et al. 2004;
Bingham and Topp 2009). A virtual lesion is the area of
the leaf within which the photosynthetic rate is negligi-
ble. A ratio of virtual lesion area to visible lesion area (β
in Bastiaans’ model, Bastiaans 1993b) greater than 1.0
implies that photosynthesis is inhibited in green tissue
beyond the visible lesion. Values of β ranging from 1.3
to 12 have been reported for rust and powdery mildew
infected cereals (Rossing et al. 1992; Robert et al. 2005;
2006), anthracnose infected bean (Phaseolus vulgaris)
(Lopes and Berger 2001) or Ascochyta blight (caused
by Mycosphaerella pinodes) infected pea (Pisum sati-
vumL.) (Garry et al. 1998). For a given pathosystem, the
β value can also differ depending on either host age or
lesion development. Altogether, it suggests wide

variation in the severity of inhibition within symptom-
less regions. However, the literature is complicated as
the β value changes with the nature of the symptom
assessed. Thus values were greatest when only the spor-
ulating area of rust-infected wheat (Triticum aestivum
L.) was included in the visible lesion and least when
sporulating (Robert et al. 2005; 2006).

Chlorophyll fluorescence imaging allows the hetero-
geneous effects of pathogen infection on photosynthetic
metabolism to be studied at a greater spatial resolution
than is possible with gas exchange techniques (Scholes
and Rolfe 2009; Rolfe and Scholes 2010). This ap-
proach has provided direct confirmation that photosyn-
thesis can be modified in symptomless regions distant
from the visible lesion, but that the nature and temporal
dynamics of the response can differ markedly between
pathosystems. For example, in oat (Avena sativa) leaves
infected by the biotrophic pathogen Puccinia coronata
the causal agent of crown rust, there was a small-
localised reduction in photochemical efficiency (ΦII)
5 days after inoculation in regions associated with fun-
gal mycelium and the development of visible symptoms
(Scholes and Rol fe 1996) . However, non-
photochemical energy dissipation (qN) was greatly re-
duced across the symptomless regions compared to non-
inoculated controls suggesting an increase in demand
for ATP within the leaf as a whole. Eight days after
inoculation, coinciding with sporulation of the patho-
gen, ΦII was reduced and qN increased in symptomless
regions consistent with an inhibition of photosynthesis
distant from the visible lesion. In other examples, such
as Arabidopsis thaliana infected by the white blister rust
(Albugo candida, a biotroph), effects on photosynthesis
were confined to invaded tissue (Chou et al. 2000).
Similar contrasts in response have been reported for
necrotrophic and hemi-biotrophic pathosystems.
Colletotrichum lindemuthianum (anthracnose) inhibited
photosynthesis in regions between visible lesions in
beans (Meyer et al. 2001), whilst increases in photosyn-
thesis have been observed in symptomless regions of
tomato (Solanum lycopersicum) leaves infected by
Botrytis cinerea (grey mould) and wheat leaves infected
by Mycospharerella graminicola (Septoria leaf blotch)
(Berger et al. 2004; Scholes and Rolfe 2009).

Rolfe and Scholes (2010) also pointed out that in
addition to the lack of general rules regarding
responses within the same fungal nutritional group,
no consistent response has been found with pathogen
type (virus, bacteria or fungi). However in the case of
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viral- and bacterial-plant interactions, an increased rate
of photosynthesis at the transition between symptoms
and green parts has often been shown, and attributed
to an increased demand for energy reflecting a high
metabolic activity.

Leaf responses to insect herbivory are, in many
respects, similar to those induced by fungal pathogens.
Photosynthesis is often reduced to a greater extent
than would be predicted by the loss of green leaf
tissue, with rates in some regions of remaining healthy
tissue being impaired (Zangerl et al. 2002; Nabity et
al. 2009; Tang et al. 2009). A number of mechanisms
may contribute to this depending on the type of feed-
ing and nature and extent of damage incurred.
Mechanisms include damage to vascular tissue and
indirect effects on photosynthesis via alterations in
leaf hydraulic properties, stomatal aperture, phloem
loading and sucrose transport (Nabity et al. 2009). In
addition, herbivory injury, or the perception of injury,
can induce defence reactions which may include local-
ised cell death from the release of autotoxic defence
compounds and a more general down-regulation of
photosynthesis related gene expression (Nabity et al.
2009; Tang et al. 2009). It has been suggested that
there is a trade-off between photosynthetic metabolism
and defence, with a down-regulation of photosynthesis
freeing up resources for use in defence reactions
(Baldwin 2001; Tang et al. 2009). However, estimates
of the carbon requirement for synthesis of defence
compounds suggests that the demand is small, and
that the down-regulation of photosynthesis is a more
general programmed response to biotic stress (Foyer et
al. 2007). The negative relationship between defence
and photosynthesis is consistent with observations on
localised changes in photosynthetic metabolism in
incompatible plant pathogen interactions. During
race-specific (Mla12) and broad spectrum (mlo) resis-
tance of barley (Hordeum vulgare) to powdery mildew
(Blumeria graminis), photosynthesis was reduced, not
only in cells subject to attempted penetration by the
fungus, but also in surrounding cells (Swarbrick et al.
2006). The reduction was associated with both local-
ised cell death and altered source-sink relations and
carbon metabolism at the sites of resistance. There was
also a down-regulation of Rubisco and chlorophyll a/b
binding protein genes. These adjustments support the
view that there is a fitness “cost” associated with host
resistance to pathogens (Smedegaard-Petersen and
Tolstrup 1985; Swarbrick et al. 2006).

Modelling canopy photosynthesis of spring barley in
response to foliar disease has highlighted the potential
impact variation in the effects of infection on photosyn-
thesis in symptomless regions of infected leaves may
have on overall disease tolerance (Bingham and Topp
2009). Within the range of parameter values selected,
disease tolerance was more sensitive to variation in the
virtual lesion size than to changes in canopy architecture
and area, suggesting that reducing the virtual lesion size
could be a worthwhile target for improving disease
tolerance. However, in order to improve disease toler-
ance through plant breeding, variation in the target traits
must exist within the breeding population and breeders
must have the means to select for the traits either phe-
notypically or genetically. To date few studies have
quantified within-species variation in responses to path-
ogen infection that could impact on the size of the virtual
lesion. Nevertheless there are indications that some po-
tentially useful intra-specific variation might exist.
Zuckerman et al. (1997) reported a 3.5-fold increase in
the rate of photosynthesis in remaining green tissue of
spring wheat variety Miriam compared to variety Barkai
following infection by M. graminicola. This was asso-
ciated with an apparently greater disease tolerance in
Miriam and a smaller reduction in mean seed weight.
Although winter wheat genotypes infected with rust
(Puccinia recondita) did not differ in the rate of photo-
synthesis expressed per unit of remaining green area, the
rate of disease-induced leaf senescence did vary which
could conceivably influence disease tolerance (Spitters
et al. 1990). Recently Ben Slimane et al. (2012) distin-
guished in wheat leaves inoculated by four strains of
Mycosphaerella graminicola, (i) the local senescence
around inoculation and (ii) the remote apical senescence
linked to the natural processes of nitrogen mobilisation
during grain filling. Apical senescence was not affected
in that case, but no investigation was made on other
tissues. More generally, a systematic evaluation of the
scale of intra-specific variation in leaf responses to
pathogen infection and herbivory is required to deter-
mine whether these responses can be modified to im-
prove disease and pest tolerance. This must include a
consideration not only of the rate of photosynthesis in
the remaining healthy tissue in damaged leaves, but also
of the fate of the carbon assimilates produced. Plant
fitness will only be sustained if export of assimilates
can be maintained from the damaged leaves to
support the growth and reproductive yield of the
plant as a whole.
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Furthermore, the effect of disease on photosynthe-
sis or yield is likely to also depend on environmental
or abiotic factors such as light and nitrogen nutrition
(Scholes and Rolfe 2009; Robb 2007). Neither Robert
et al. (2004) nor Carretero et al. (2011) have found
much variation in photosynthetic response of wheat
leaves to rust with differing leaf nitrogen. In all cases
the estimated values of β were significantly greater
than 1.0 indicating that photosynthesis was inhibited
beyond the visible lesion, but there was no significant
effect of N treatment. Nevertheless Robert et al.
(2004) showed that sporulation per unit of sporulating
area was decreased in wheat leaves of plants managed
at low N levels, suggesting that this aspect of damage
may depend on leaf nutrition.

Tolerance at plant level: compensation as a way
to tolerance

“Functional” compensation

With functional compensation the reduction in physi-
ological function caused by disease or pests at one
location in the plant is compensated for by an increase
of the same function at another location. A number of
studies have considered adjustments in photosynthetic
metabolism in parts of the plant other than the infected
or damaged leaves. Increased rates of photosynthesis
in healthy leaves of infected plants have been ob-
served in several pathosystems (Ayres 1981;
Williams and Ayres 1981; Roberts and Walters 1986;
Rooney and Hoad 1989; Murray and Walters 1992).
Similar effects have also been reported in response to
insect herbivory and mechanical defoliation (Tiffin
2000; Macedo et al. 2006; Nabity et al. 2009). The
increases are considered to compensate, at least in
part, for the loss of photosynthetic activity in infected
or wounded leaves and are often interpreted in terms
of responses to changes in source-sink relations
(Thomson et al. 2003). The magnitude of the response
differs between studies and tends to be larger for
dicotyledonous species than monocots (Bingham et
al. 2009). It may also depend on the growth stage of
the plant. Wheat plants inoculated with Septoria nodo-
rum at the three leaves stage showed increased rates of
photosynthesis in non-inoculated leaves, whereas a
similar treatment imposed when plants had six leaves
did not result in an increase (Rooney and Hoad 1989).
The mechanisms underlying these differences are not

understood. It has been speculated that it may relate to
variation in the source-sink balance of the plant at
different growth stages and between monocots and
dicots (Bingham et al. 2009). Plants whose rate of
photosynthesis is restricted by feedback inhibition
from a low sink demand for carbon assimilates may
be able to up-regulate the rate rapidly in healthy leaves
when photosynthetic activity elsewhere is reduced by
pathogen infection or herbivory. There may be less
scope for making these adjustments if photosynthesis
is already operating close to full capacity. Improving
tolerance by increasing the ability of plants to com-
pensate through physiological adjustments in healthy
leaves may be a more realistic target than seeking
reductions in virtual lesion size in infected leaves.
Modelling of canopy photosynthesis suggests that dis-
ease tolerance of barley is sensitive to this trait
(Bingham and Topp 2009). However, as was the case
for responses occurring within damaged leaves, at
present very little is known about the extent of
within-species variation in the capacity for making
compensatory adjustments in healthy leaves.

As a general trend, N-uptake is reduced in plants
infected either in leaves or in roots. Root diseases have
been studied far less intensively than foliar disease,
but here too there is some evidence of compensatory
adjustments in host physiology. 15N labelling experi-
ments have shown that in wheat plants infected with
take-all (Gaeumannomyces graminis) N-uptake per
unit of root increased, although compensation was
not complete and the same level of nutrition as healthy
plants was not achieved (Schoeny et al. 2003).
However, variation in the extent of this compensation
with either the genotype or the environment needs
further investigation.

“Morphogenetic” compensation

Over the longer term, compensation in response to biotic
stress has often been found to occur through variation in
morphogenesis, as is also the case for abiotic stresses.
The response can sometimes result in an increase in
source capacity because either shoot:root ratio or leaf
area ratio increases. Moreover, the new leaves formed
under the biotic stress may also show a transient in-
crease in photosynthetic capacity (Ayres 1991), in the
same way as adult leaves.

The emergence of new tillers or branches that over-
come the carbon loss from disease or herbivory has also
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been described as a compensatory response to foliar,
stem or spike diseases and pests in natural (Strauss and
Aggrawal 1999) or cultivated species (Bastiaans and
Roumen 1993; Rosenthal and Welter 1995). It is worth-
while emphasising that the degree of compensation
greatly depends on the ability of the crop for morpho-
genesis; that is to say, its developmental stage at the time
the disease or pest attack occurs (Ayres 1991; Bastiaans
1993a). There are only a few documented cases of
morphological adjustments in response to root diseases.
In wheat infected by take-all, a disease-induced root
production was found to be dependant on the genotype,
with a marked interaction with the inoculum load
(Bailey et al. 2006). In a natural invasive plant species,
Newingham et al. (2007) found, for the first time, a rapid
nitrogen reallocation from attacked roots to shoots and
considered this to be an efficient way to overcome root
herbivory and allow better regrowth. New roots with a
greater uptake capacity for nitrogen or water have some-
times been found in response to root diseases (Bailey et
al. 2005; 2006) and may partly offset the rapid increase
shoot: root ratio caused by root parasites (Ayres et al.
1996). This morphological adjustment is in contrast to
the increase in shoot: root ratio with foliar diseases
(Ayres 1991).

In the case of attacks on reproductive organs by
herbivores and pathogens, the loss of floral buds may
be compensated in a number of species by the growth
of previously set meristems or dormant buds resulting
in the emergence of new reproductive sinks (for re-
view see Strauss and Aggrawal 1999; Ayres et al.
1996). The mechanisms involved are associated with
broken apical dominance (Sadras 2000) and an alter-
ation in source-sink ratio (Ayres et al. 1996). Their
effectiveness in compensating for damage caused by
pests or pathogens will depend on whether competent
meristems are still available in plants for regrowth and
whether they have time to complete development and
contribute to yield (Ayres et al. 1996; Tiffin 2002).
This capacity has been studied less in cultivated crops
than in native vegetation although knowledge of ge-
notypic or environmental variation in the capacity for
compensation in cultivated crop species would be of a
great use for selection of tolerance of stressful con-
ditions (Pinet 2010). Based on the biology of cultivat-
ed species, we may therefore hypothesize that
indeterminate crops will have a greater potential for
compensating for losses of reproductive organs than
determinate ones.

Tolerance may be increased also when the period of
crop sensitivity lies outside the period within which the
pest is present. In potato (Solanum tuberosum) crops,
early cultivars are able to partially avoid the negative
impacts of disease on yield by completing a greater
fraction of the tuber filling period before the epidemic
induces premature canopy senescence. Tubers are initi-
ated earlier and leaf growth continues for longer and
thus, the period of tuber filling is extended. Therefore,
early cultivars suffer less yield loss than late cultivars
under similar disease pressure (Neth 1992).

The role of the reserves to buffer the loss of assimilates

Utilization of temporary storage reserves has also been
advocated as a way of compensating for losses of carbon
or nitrogen in plants attacked by pests and pathogens
(Ayres et al. 1996; Gaunt and Wright 1992). However,
Ben Slimane et al. (2009), mimicking the effect of
disease/herbivory by cutting or masking leaf blades of
wheat during grain filling, found no indication for en-
hancement of N-mobilisation in unaffected organs. By
contrast, Serrago et al. (2011) have found that the kinet-
ics of stem soluble carbohydrate (i.e. carbon reserve)
utilization in wheat varied with fungicide treatment.
Genetic variation in stem soluble carbohydrate reserves
has been reported in cereals which could influence the
ability of the variety to compensate for reductions in
photosynthesis during grain filling (Bingham et al.
2009). Ayres et al. (1996) as well as Parker et al.
(2004) also hypothesized that larger plant storage
reserves could favour tolerance mostly when disease
develops late during grain filling. However Foulkes et
al. (2006), comparing numerous genotypes, found a
negative correlation between tolerance to Septoria leaf
blotch and stem reserves in wheat. This might have
occurred because breeding for high-yield has led to
short-stem varieties with high numbers of grains togeth-
er with high stem carbohydrate contents (Parker et al.
2004). Interestingly these results point out that the con-
tribution of stem reserves to tolerance can not be ana-
lysed independently from information on the source-
sink ratio, and particularly an understanding of how far
the availability of assimilate exceeds the assimilate re-
quirement to grow the existing sinks to their potential.
The extent and the rate at which compensatory adjust-
ments occur depends largely on the specific interaction
the pest and pathogen develops with the host plant.
Depending on the relative location and age of healthy
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and diseased source leaves or roots, nutrients could
either be redirected promptly towards existing organs
with high activity or used more slowly to build new
source capacities. A reprogramming of primary metab-
olism is often observed at the cellular scale to achieve
these changes, and even if the precise metabolic changes
depend on the type of interaction, they often result in
changes in source-sink equilibrium and modifications to
sugar metabolism and transport (Schwachtje and
Baldwin 2008; Walters and McRoberts 2006). As
source-sink interplay is highly dependent on resource
availability, it is to be expected that the extent to which
compensation occurs will also be highly dependent on
multiple resource levels (Wise and Abrahamson 2005),
although this has not been properly demonstrated as yet.
However, it provides an analytical framework to revisit
compensatory adjustments in physiology and morphol-
ogy for crops under fluctuating climatic and manage-
ment conditions. As both organ nutrition and source-
sink interplay are sensitive to plant architecture, the
extent of compensation is likely to be in part driven by
modifications to plant and crop architecture.

Tolerance at canopy level

For many crops, the effects of aerial disease on yield are
consistent if accounted for via the effects on green area
index (GAI, m2 green area m−2 ground), accumulated
light interception, and the resulting dry matter accumu-
lation and partitioning (Waggoner and Berger 1987;
Bryson et al. 1997). In accordance with Beer’s law, the
proportion of incident radiation intercepted by the can-
opy is a function of both its size and architecture. A GAI
of approximately 6 for wheat is required to intercept
95% of the solar radiation, depending on the extinction
coefficient k, which is largely determined by the posture
of the leaves within the canopy. The intercepted solar
radiation IPAR is related to the GAI by the Beer-
Lambert law: IPAR 0 PARi (1-e–k GAI), with PARi as
incident radiation. In modern wheat cultivars the distri-
bution of green area results in 80% of the photosynthetic
capacity of the crop being attributed to the upper portion
of the canopy (Sylvester-Bradley et al. 2012). As leaves
do not contribute equally to canopy photosynthesis,
because they differ in area and do not receive the same
radiation, the vertical distribution of the disease between
leaf layers (or injury for herbivory) has a major impact
on crop growth for a given architecture. Conversely, for
the same vertical distribution of disease or herbivory,

variation in canopy architecture may confer relatively
more or less tolerance. Bancal et al. (2007) points out
that the impact of variation in canopy size depends on
the vertical distribution of disease on wheat. For pea
infected by Mycosphaerella pinodes, Beasse et al.
(2000) showed that both combined vertical distributions
of leaf area and of disease determine the impact of
disease on growth. These authors developed a model
that combines the decrease in rate of photosynthesis in
the leaves according to the vertical gradient of disease
severity and the differences in photosynthetic function
of the various layers of the canopy. They showed that
the disease spread up the plant from the bottom to the
top of the canopy, eventually reaching the layers that
contribute significantly to light absorption. Before this
particular stage, the impact of disease on growth
remained low, but it increased dramatically as disease
spread to the upper canopy. Thus, the same necrotic area
has a variable effect on crop growth depending on the
location of disease within the canopy. In that case,
canopy architecture, as governed by vertical leaf area
distribution, plays a determinant role in tolerance. Leaf
angle and shape may also have an influence. In cereals
for instance, large, prostrate upper leaves equate to
higher extinction coefficient values because they block
penetration of light to the basal leaves. Canopies which
have a high extinction coefficient for PAR may confer
tolerance if disease is located low in the canopy because
a crop with this profile would be less sensitive to loss of
leaf tissue to disease or pests low in the canopy
(Bingham and Newton 2009). Thickness of leaf also
influences the transmission of radiation within the can-
opy (Kramer et al. 1980) and will affect the extinction
coefficient value.

For oilseed rape (Brassica napus), as in many crop
species, yield is largely driven by the SN, which is
determined by the survival of branches, flowers and
young pods (Diepenbrock 2000). Pod survival is re-
lated to the amount of intercepted PAR, during the
flowering period (Leterme 1988). In this planophyll
crop, a GAI of 3–4 is sufficient to intercept the re-
quired amount of solar radiation. Canopies which are
larger may paradoxically reduce the amount of inter-
cepted light reaching green leaf and stem tissue be-
cause the dense flower layer reflects a proportion of
light away from the canopy, and thus reduces the
number of seeds set per pod. Therefore, damage to
flowers caused by pests such as the pollen beetle
generally has little impact on yield at the beginning
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of flowering because light is reaching leaves and
branching can compensate losses. As the number of
seeds that are growing increases with time, less assim-
ilate is available to new branches or flowers. Thus the
compensation capacity of the plant diminishes during
the reproductive period. Yield losses depend on both
the intensity and the time of the attack. More determi-
nate varieties (or higher sowing density) are theoreti-
cally less tolerant of beetles, because of their poorer
compensation capacity.

In the context of west European agriculture, several
major genetic changes in wheat plants over the last
three decades have led to visible changes in canopy
architecture, brought about by phenotypic selection.
Flag leaves have become significantly smaller and
culm leaves have become more erect. Foulkes et al.
(2006) showed that a large flag leaf size was associat-
ed with greater disease tolerance if the spread of foliar
disease to the flag leaf could be avoided because, for
foliar diseases of wheat, the dominant effect appears to
be a reduction in post-anthesis radiation interception
(Robert et al. 2004).

Quantification of tolerance

Techniques to measure tolerance

This section considers the challenges associated with
measuring tolerance, in order to identify tolerant
germplasm and associate particular physiological traits
with tolerance. The key issues, their implications and
potential methods to address them are considered be-
low in reference to fungal disease. Similar consider-
ations must also be taken into account when
quantifying tolerance to insect pests.

Tolerance can be measured in both controlled envi-
ronment and field experiments depending on the
objectives of the study. Controlled environment con-
ditions would be especially useful to establish knowl-
edge or test hypotheses concerning the mechanisms of
tolerance and the potential contribution of selected
traits, for instance a reduction in the virtual lesion size
or increased capacity for compensation. Yet tolerance
is likely to be the sum of multiple processes, which
interact highly depending on the growth conditions;
interactions and conditions that will be difficult to
reproduce in controlled conditions. Many of the po-
tential tolerance mechanisms discussed above operate

at the canopy/crop scale, rather than at the level of the
individual plant or organ. Hence, tolerance will usual-
ly need to be quantified in field experiments, rather
than in controlled environments. In controlled envi-
ronments and to even greater extent in field experi-
ments, it is almost impossible to obtain similar levels
of disease severity across a range of contrasting culti-
vars or breeding lines, to allow a direct comparison of
tolerance. Hence, it is necessary to quantify tolerance
as the rate of change of yield (or other measure of
growth) per unit disease severity (or a surrogate for
severity). This requires a range of severities to be
obtained on each cultivar or line, within an experi-
ment. This could be obtained using various levels of
inoculation in controlled environment conditions, but
in field trials, it is most reliably obtained by using
contrasting doses of fungicide treatment. In the field
it is difficult to generate the required gradient of dis-
ease severity via inoculation because many factors
influence the development of disease. Realistically, it
is often only possible to set up ‘high disease’ and ‘low
disease’ treatments. Low disease may come from the
background level at a relatively low disease-risk site
and high disease from additional inoculation. There is
greater flexibility for setting up a gradient of severity
when the pathogen can be applied as a spore suspen-
sion, but this often requires large quantities of inocu-
lum and frequent applications and is, therefore,
expensive and time-consuming. A much greater con-
trast in severity can usually be achieved reliably by
growing a crop at a high disease risk site and then
controlling the epidemic by the application of
fungicides.

Avoiding bias with fungicide use

The use of fungicides, however, raises the issue of
whether the fungicide treatment used might bias the
results, through direct effects of the active substance
on the physiology of the crop. For example in some
barley genotypes there is evidence of significant yield
responses to fungicide application in the relative ab-
sence of visible disease (Bingham et al. 2012). The use
of non-systemic protectant fungicides largely over-
comes the concern about direct physiological effects,
but may not provide sufficiently effective disease con-
trol. Where the use of systemic fungicides is required,
the use of quinone outside inhibitors (QoI) and “new
generation” succinate dehydrogenase inhibitors (SDHI)
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with known physiological effects should be avoided.
Some possibility of bias remains, but may not be of
practical concern because the fungicide requirement of
a cultivar is primarily driven by the size of the difference
between fungicide treated and untreated yields (Paveley
et al. 2008). Hence, if selection of breeding material is
based on measures of tolerance from comparisons of
treated/untreated yields, then the practical aim (reduced
fungicide dependence) will be achieved.

Minimising genotype and environment interactions

Environmental variation can result in substantial ge-
notype by environment interactions. If these interac-
tions are of too large magnitude, this may indicate that
the particular form of tolerance being tested may be
too unreliable to be of overall value, except perhaps
within genotypes adapted to a narrow range of envi-
ronments. However, if the interactions are of interme-
diate scale, the heritable variation within a set of
germplasm may be sufficiently large to be of value,
but difficult to identify through the “noise” created by
the interactions with environment.

Measurement of tolerance using percentage severity
values (or integrals thereof) as the independent variable,
is particularly prone to environmental variation, due to
site and seasonal variation in canopy size. AsWaggoner
and Berger (1987) pointed out: “…neither the rate of
change of x [dimensionless severity] nor the integral of x
tell the size of the foliar factory, how long it operates or
how much insolation it absorbs.” Quantifying tolerance
using a surrogate for severity which is more closely
related to resource capture (e.g. post-anthesis healthy
area duration for wheat), reduces the environmental
“noise” but precludes detection of some tolerance traits
(e.g. if healthy area duration is used, tolerance operating
by reduced green area loss per unit symptom severity
would not be detected). Hence, the choice of the variable
used to quantify tolerance is an important decision,
which is discussed further by Bingham et al. (2009).

Efficient use of experimental resources

Because the range of variation found in a trait is
related to the size of the population measured, it may
be necessary to quantify tolerance in large numbers of
cultivars or breeding lines in order to identify lines
which express tolerance to a high degree. Also, if the
aim is to enable genotypic selection, by identifying

QTL associated with tolerance (or the sub-traits which
determine tolerance), then more than 100 lines will
need to be phenotyped to enable QTL analysis.
However, precise and accurate quantification of toler-
ance is resource intensive, which limits the number of
cultivars/lines which can be screened.

A simple estimation of tolerance is obtained by
regression analysis as the slope of a relationship of
yield on disease severity (or a surrogate for severity);
but the relationship of disease to yield may be not
linear, and thus needing more coefficients that a single
slope. Nevertheless the following rationales still apply.
The validity of the regression and the confidence
intervals on the coefficient will depend to a large
extent on the distribution and range of variation along
the independent variable. A large range of variation
can be obtained by fungicide treated/untreated con-
trasts, but unless the variation between replicate values
is substantial, the independent variable will tend to be
clustered at either end of the regression, making the
analysis less valid. Nevertheless, this approach has
been used successfully (Parker et al. 2004; Foulkes
et al. 2006). Including intermediate fungicide doses
improves the validity of the analysis and the confi-
dence in the slope coefficient, but increases the num-
ber of plots required to test each cultivar or line.
Similarly, estimates of the slope coefficient will be
increased by taking more sequential assessments of
the severity measure during the yield-forming period,
to improve the calculation of the integral (for example
of healthy area duration). However, the resources re-
quired for assessments increase in proportion to the
number of measurement dates, thus decreasing the
germplasm which can be assessed. Automation may
ultimately resolve this issue, but current methods for
assessing GAI by light interception or reflectance are
insensitive at GAI values above approximately five.
Most crop species have GAI values higher than this
during the yield forming period, in order to intercept
most of the available incident radiation. Finally, where
large numbers of treatments or genotypes are tested in
field experiments, consideration needs to be given to
accounting for spatial variation by appropriate exper-
imental designs, such as the inclusion of multiple
reference cultivars within each replicate block, and
accounting for gradients in variables across the trial
area during analysis of variance.

One approach to reconcile the need to screen large
numbers of lines and the need for intensive
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measurements could be to: (i) start by screening a wide
range of germplasm, using minimal treatments and
assessments, e.g. in controlled conditions; (ii) identify
a small number of cultivars/mapping population lines
which contrast most strongly for tolerance; (iii) use
detailed physiological measurements on the contrast-
ing lines to identify key sub-traits associated tolerance;
(iv) phenotype the key traits in experiments on 100+
mapping population lines.

Models of diseased and pest-damaged crops

How modelling is useful to quantify damage
and prioritize tolerance traits

Since correlations between traits on the one hand and
tolerance on the other hand in experimental data sets
may be due to mechanistic links or autocorrelation
(e.g. due to genetic linkage), more rapid progress
could be made by a combination of experimentation
and mathematical modelling, to identify beneficial
trait combinations. Modelling appears to be a useful
approach to quantify tolerance and compare varieties,
and to virtually define ideotypes in different environ-
mental conditions.

Overall, attempts to simulate tolerance have fo-
cused mainly on carbon-based growth modelling, thus
neglecting multiple stress interactions, either between
different biotic stresses or between biotic and abiotic
stresses. As the impact of multiple stresses has long
been shown to be non-additive (Johnson 1992; see
review of Atkinson and Urwin 2012), evaluating tol-
erance by using models under a large range of con-
ditions is required to avoid under- or over- estimating
losses, and thus the contribution of particular traits to
tolerance. Several attempts to use models to investi-
gate tolerance traits have been made (Beasse et al.
2000; Parker et al. 2004; Bingham and Topp 2009;
Carretero et al. 2010). The growth model of Beasse et
al. (2000) for pea infected by Mycosphaerella pinodes
previously described has been used to compare six
cultivars with contrasting vertical distribution of leaf
area (Le May et al. 2005). Growth and yield were
found to be very different among varieties and years
despite no significant differences for the relationship
between disease severity and photosynthesis (i.e. vir-
tual lesion size) at the leaf scale. Growth was well
simulated by the Beasse’s model for all genotypes and
years showing that the differences were only due to

the interplay between vertical distribution of leaf area
and of disease. These results suggest that for the same
vertical distribution of disease, taller cultivars should
be more tolerant per se. It would have been interesting
to couple this with the relation between vertical epi-
demic distribution and canopy structure to optimise
the architecture (Le May et al. 2009).

Using a growth model, Bingham and Topp (2009)
performed a sensitivity analysis to hierarchize the
traits most involved in disease tolerance of barley.
Interestingly, little variation in tolerance was predicted
with disease severity, which suggests that traits iden-
tified in one situation will still apply elsewhere. The
capacity to increase the photosynthetic potential
(Pmax) of healthy leaves in response to disease else-
where on the plant and the size of the virtual lesion
(inactivated area around disease symptoms, as defined
in Bastiaans, (1993b)) in infected leaves had the great-
est impact on tolerance. The size of the virtual lesion is
well known to vary among pathosystems; unfortunate-
ly, there is little evidence in the literature for such
variation under different environments within a given
pathosystem (see previous sections). On the other
hand, the interaction of virtual lesion size with disease
distribution (uniform, intermediate or concentrated on
the lower leaf layers) impacted on tolerance, because
of the non-linear relationship between photosynthesis
and incoming radiation. The direct effect of canopy
architecture on tolerance was balanced: high values of
both GAI and the extinction coefficient k might in-
crease disease tolerance, but might also lead to a
decline in yield potential or excessive maintenance
respiration in the absence of disease. Indeed the strong
impact on tolerance of disease distribution may result
from architecture variations. Furthermore, erectophyll
canopies combined with top-distributed diseases, as
well as planophyll canopies combined with bottom-
distributed diseases were identified as the best way to
insure increased tolerance (Bingham and Topp 2009;
Carretero et al. 2010).

Many of the preceding models however did not
consider whole plant nutrition even though as noted
above the source-sink balance has often been shown to
interfere with tolerance. Others have used constant
partitioning coefficients for every sink, thus discarding
by the way the compensatory potential of reserves.
Recently Bancal et al. (2012) quantified the fungal
sink competitiveness of Puccinia triticina with wheat
grain filling. In this case where a biotrophic foliar
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pathogen does not invade vessels, the pathogen was
regarded as an additional sink transplanted into a
plant. The authors thus enhanced an existing source-
sink model (Bancal and Soltani 2002) with two sour-
ces (photosynthesis and reserve hydrolysis) and two
sinks (grain growth and reserve polymerization) by
adding the fungal sink (spore production). This study
pointed out that not only photosynthesis, but also sink
activities and compensation for reductions in photo-
synthesis by the reserve pool depended non-linearly
on the incoming radiation level. It suggests that dis-
ease nutrition effects and tolerance are both modulated
by climate. In the case of tree-pest interactions or for
pathogens invading vessels, models accounting for
resistances to carbon fluxes should be used as pro-
posed by Minchin and Lacointe (2005). They could
simulate for example, the strong interactions that were
experimentally found between tree architecture and
sink strength in galling efficiency of cottonwood
aphids (Larson and Whitham 1997). Lastly, even the
effect of necrotrophic pathogens or herbivores, which
decrease source capacity, but could not be considered
as additional sinks to plants, might be accounted for
by such a modelling framework because of the non-
linear interplay between the reduced sources and exist-
ing plant sinks. Interestingly, growth and repartition
processes are affected by climatic conditions; there-
fore any given crop suffering the same epidemic will
develop differential damage depending on the weather
conditions. Combining long-term climatic records
with simple wheat canopy models during grain filling,
Bancal et al. (2010) suggested that up to 50% of the
variation in damage caused by late foliar pathogens is
linked to weather. This will complicate any climate-
free quantification of tolerance, e.g. for the genetic
improvement of tolerance. Conversely, one could
imagine a combination of cultivar choice and crop
management designed to escape the most sensitive
period in a given climatic area to maximize tolerance.

Short and long term reallocations of carbon have long
been highlighted as a key process in tolerance to foliar
or root herbivory. Models designed for evolutionary
goals, may well be adapted to crops and could open
the way to a better understanding of tolerance traits,
providing they can be further linked to resource-based
cropmodels. Modifications of shoot:root ratios are often
mentioned to predict plant compensation of damage
caused by foliar or root pests and pathogens (Matyssek
et al. 2005; Schwachtje et al. 2006; Newingham et al.

2007). The availability of dormant buds set by architec-
ture also plays a key role in tolerance to herbivory
Strauss and Aggrawal (1999), Jullien et al. (2010) and
Lehtilä (2000) modelled compensatory regrowth by
gradual activation of dormant buds following single or
repeated injury events. Seed production may compen-
sate, or even over-compensate, for damage depending
on both the timing and the intensity of herbivory and on
plant phenology. In the case of mutualism with myco-
rhizal fungi, that develop relationships with plants that
may derive from tolerance strategies (Oliver et al. 2009),
Vannette and Hunter (2011) described the transition
between mutualism and parasitism as non-linearly relat-
ed to nutrient limitations. Gayler et al. (2008) developed
a dynamic model of carbon and nitrogen repartition
between growth and defence compounds. An important
output of their study was that growth has the priority
over defence in carbon allocation, but, is more sensitive
to nitrogen depletion, resulting in varying defence allo-
cation patterns depending on age and environment.
Finally, Atkinson and Urwin (2012) advisedly point
out examples where selecting for tolerance to one stress
resulted in increased or decreased susceptibility to other
stresses, thus highlighting the need for modelling toler-
ance to multiple stresses.

How modelling is useful to improve crop tolerance

Pursuing the objective of improving crop tolerance
through the large diversity of crop functions discussed
above demands that two practical questions be an-
swered. First of all, what crop functions will provide
the highest and/or most consistent gain in tolerance?
And secondly, what traits need to be observed to prop-
erly select appropriate genotypes or cropping practices?
This can be exemplified by work carried out by crop
physiologists and breeders concerning adaptation to
drought stress, which we will briefly illustrate to intro-
duce the equivalent approach that can be carried out for
tolerance to wheat foliar diseases. Starting with a con-
ceptual model of desirable crop functions in a given
stress context (Reynolds et al. 2007), the two questions
asked above were answered as follows. First of all, both
empirical data (Condon et al. 2004, Fig 3) and model-
ling work (Condon et al. 2004, Fig 5) allowed for key
traits (namely transpiration) to be targeted to those envi-
ronments where they will provide the appropriate re-
sponse. Secondly, phenotyping for the desired crop
functions was adapted to the different constraints
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imposed by experimentation at different stages of re-
search and breeding programmes (Reynolds et al. 2009).
In the case of wheat foliar diseases, a simple conceptual
approach of tolerance is illustrated Fig. 2: it extends the
‘Steps model’ proposed by Paveley et al. (2001) to link
fungicide dose to yield. This model design might still be
improved to describe the effects of diseases affecting
sink as well as source and thereby enlarge its applica-
bility to different situations. According to Fig. 2, at each
step, genotypic variations around either a mean response
curve or a curve from a reference genotype should offer
a way to quantify components of tolerance.Mechanisms
concerning steps 3 to 5, from green area to intercepted
radiation (IPAR) to crop growth and finally to yield have
been discussed extensively above. The first two steps
are relatively less well characterized, but existing rela-
tions between fungal biomass and symptoms (Fraaije et
al. 2001; Gouache et al. 2011) and symptom area and
green area (Robert et al. 2004) have been reported. The
‘Steps model’ can also be used to integrate the different
tolerance mechanisms making it possible to properly
deploy them. This is illustrated with steps 3 to 5. As
has been stated many times above, yield loss can be
linked to symptoms through effects on reducing the life
time of green area, which can be accounted for using the

inflexion point of GAI (Gooding et al. 2000) or the
integral of green LAI during grain filling (usually
designed as LAD (leaf area duration), Bancal et al.
2009). Integrating over steps 3 to 5, it is possible to
compare varieties that exhibit different LAD to yield
relations (Gate et al. 2006). As the “Steps model” illus-
trates however, the first step for yield building, linking
GAI to radiation interception, is curvilinear. Hence, it is
conceptually simple to state that the slope of GAI to
yield is greater at low GAI. The consequence is that
tolerance will be greater at high GAI (or LAD) values
than at low values of disease-free crops. Ranking of
tolerance between cultivars may thus vary as a function
of the magnitude of LAD. Figure 3 indicates how gen-
otypes may show a varying level of tolerance, depend-
ing on the LAD that can be reached in a specific
environment. Obviously the genotypes exhibit the same
tolerance level once the plateau value for LAD is
reached, regardless of differences in both LAD and yield
potential among them. Yet there is no reason that every
genotype, (i) reaches the yield plateau at the same LAD
level and (ii) declines its yield according to LAD fol-
lowing the same slope. In the example given, the geno-
type 1 needs a greater LAD than genotype 2 to reach its
yield potential. Thus, at intermediate LAD, genotype 2

Fig. 2 Different steps to ac-
count for tolerance compo-
nents modified from Paveley
et al. (2001). Yield in a dis-
eased plant is achieved
through five successive
steps, each of them exhibit-
ing tolerant or intolerant
behaviors
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exhibits a lower slope, i.e. a higher tolerance (and
in the example a higher yield), whereas genotype
1 shows the highest yield potential at high LAD.
Variations in the slope may represent a simple way
to characterize tolerance of genotypes to biotic
stresses at a given level of LAD.

When evaluating the impact on tolerance of ob-
served genotypic variability at a given step, the ‘Step
model’ can thus account for the expected GAI/LAD
range in non-diseased crops, and allow the impact of
the trait to be properly evaluated. This may provide a
first approach to rapidly screen cultivars. However, as
it integrates many steps, a limit of the approach may
be to miss out on underlying genotypic variation at
one step that is compensated at another. Another in-
teresting point in using the overall LAD to yield
response of cultivars is that the effects of other
stresses, such as nitrogen or drought, on yield are also
mediated (at least partly) through GAI. Consequently,
tolerance mechanisms identified in this manner may
be of wider use than sole tolerance to foliar pathogens.

Selecting traits as targets for improving tolerance
also needs to account for correlations between traits.
For example, Arraiano et al. (2009) showed that leaf
length, canopy height and leaf prostrateness exhibited
correlations in a set of 226 cultivars and breeding
lines. Modelling may help to characterize the effects
of individual traits, all other parameters being equal,
and thus aid in prioritizing targets. Empirical data and

modelling are in this case highly complementary.
Finally, targeted traits may also have a strong influ-
ence on other crop functions: for example, traits influ-
encing canopy light interception discussed above are
also targeted to improve yields of healthy crops (Long
et al. 2006; Parry et al. 2011), and may also influence
disease progress (Lovell et al. 1997). Again, model-
ling may be used to analyze trait modifications on
multiple criteria (Robert et al. 2010) and analyze po-
tential trade-offs or synergies.

Conclusion

Tolerance is a particularly desirable characteristic when
preventive measures against disease and pests are inac-
cessible or inefficient, which is increasingly the case.
European pesticide legislation is continuing to reduce
the possibilities of using fungicides and insecticides.
Host plant resistance, although a key solution, is not as
adaptable as the use of pesticides: once a variety is
sown, the pest populations and disease epidemics to
which the crop will be sensitive is set. For example,
when choosing a disease resistant variety, the most
frequently damaging disease is generally targeted.
However, this may not be the actual disease(s) that
develops during the growing season. Pathogen popula-
tion shifts may be responsible (Goyeau et al. 2011; de
Vallavieille-Pope et al. 2012), as well as climate vari-
ability (for instance the dramatic and unexpected brown
rust epidemic in northwest Europe in 2007 as reported
by West et al. 2012). Thus, tolerance provides a useful
and complementary approach to resistance, especially
to deal with the variability inherent to disease epi-
demics and pest populations. This may be all the
more important under a changing climate (Shaw and
Osborne 2011). Moreover, Espinosa and Fornoni
(2006) have also shown that host tolerance has no
effect on the performance of enemies, and could thus
avoid coadaptation of pests to hosts; however these
authors also pointed out that the expression of toler-
ance may depend either on the inoculum load or the
genotype × environment.

Simulation models that attempt to predict the
effects of damage on crop growth provide a powerful
tool to evaluate potential tolerance traits. Advances in
the understanding of plant pest and pathogen interac-
tions are required to combine the main processes in-
volved in tolerance expression.

Fig. 3 Yield as a function of LAD after ear emergence for 2
hypothetical cereal genotypes: tolerance is greater when the
slope of the LAD-yield is flatter, thus tolerance depends on the
range of attainable LAD in various environments
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