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Abstract  Resistance to herbivores has typically been divided into two categories: defense and tolerance. However, 
defense and tolerance may not be distinct traits. In this opinion paper, I will argue that the distinction between these two 
categories of resistance may inhibit our understanding of how these traits might evolve. That is, they may evolve in 
conjunction and those traits that confer defense may also confer tolerance to herbivores. A number o f examples are g iven to 
support this argument 
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Plants possess a multitude of traits that allow them to 
contend with consumers. These traits include leaf physical 
and chemical characteristics, phenology, and/or resource 
storage[1, 2, 3, 4, 5, 6, 7, 8, 9]. Further, these traits appear to 
be adaptations to those consumers[3]. 

Originally, these traits were grouped under the umbrella 
term, resistance[10, 11, 12]. This term included both defense 
and tolerance as subsets[10, 11, 12, 13, 14]. While defense 
has more recently been used as the inclusive term, with 
resistance and tolerance as subcategories[15, 16, 17, 18], in 
this paper I will follow the fo rmer view, i.e., I will interpret 
defense and tolerance as types of resistance[14]. Defense 
traits are those that decrease the probability of damage to the 
plant[5, 10, 11]. In contrast, tolerance traits do not decrease 
damage, instead they decrease the fitness impact of the 
incurred damage and in some instances may increase 
fitness[10, 11, 12, 13, 14, 18, 19].  

While defense and  to lerance shou ld  bo th  evo lve in 
response to selection imposed by consumer damage, the 
evolution of either of these groups of traits may depend on 
the phenotypic expression of the other[14, 20, 21, 22]. That 
is, there will be correlated selection[23] between defensive 
and tolerance traits. Since defended individuals receive low 
levels of damage, they should undergo weaker selection for 
tolerance. In  contrast, tolerant ind ividuals would not undergo 
select ion  fo r increased  defense[21]. Such  patterns  o f 
selection should result in a negative genetic correlat ion, or a 
trade-off between defense and tolerance traits[13, 14, 20, 22, 
24]. However, a trade-off between tolerance and defense 
traits may also be direct ly due to the pattern of resource 
allocat ion  within  a p lant[13, 25]; but  see reference[26].  
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Thus, defense and tolerance have often been considered 
different anti-herbivore strategies[9, 14, 17, 19, 20, 27, 28, 
29], but I will argue that this may not always be the case. 

While in theory, these two groups of traits can be 
considered alternative, d istinguishable strategies for coping 
with consumer damage[9, 13, 16, 17, 19, 20, 29, 30, 31], in 
practice, defense and tolerance traits may not always be 
distinguishable. As discussed above, their phenotypic 
expression and evolution may  not be independent[9, 14, 21, 
29]. Thus, it can be argued that the distinction between 
‘defense’ and ‘tolerance’ may be an artificial construct and 
biologically un important. In  this commentary, I will 
illustrate several cases where defense may actually 
contribute to tolerance, which may limit our ability to 
distinguish between these two strategies. Thus, examining 
tolerance without considering defense may  potentially lead 
to inaccurate interpretations of how plant resistance against 
consumers evolves[9, 13, 14, 25, 29]. 

Tolerance models have often assumed that stored 
resources are packaged in a manner that is inaccessible to 
consumers, i.e ., stored resources that escape damage and as 
such are defended which can then be reallocated to growth 
and/or reproduction following damage (for rev. see[14]). 
Reallocation of 'defended' resources then allows individuals 
to tolerate consumer damage. Thus, characteristics that 
appear to confer tolerance may  actually  be contingent on 
defensive traits which allow p lants to store resources in a 
manner such that they escape damage (i.e., defended). 

Some examples of this are demonstrated in scarlet gilia, 
Ipomopsis aggregata[6, 32, 33, 34, 35, 36, 37], the common 
milkweed, Asclepias syriaca[38], goldenrod Solidago 
altissima[39], and Arabidopsis thaliana[40]. In Ipomopsis, 
individuals withhold differentiation of meristems, i.e., in a 
defended form, into reproductive branches until the apical 
meristem has been removed by consumers. As a result 
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Ipomopsis can often tolerate and in some case 
overcompensate for this type of damage[6, 32, 33, 34, 35, 36, 
37]. Similarly, Arabidopsis and Solidago exhibit th is type of 
tolerance to apical meristem damage, by defending their 
axillary meristems from damage[39, 40]. However, release 
of axillary meristems is not typically  a response to foliar 
damage and may  not depend on reallocation of resources 
following damage. 

Another pattern of resource storage in a defended manner 
such that they escape foliar damage resulting in  tolerance is 
seen in Asclepias. The ability of Asclepias to tolerate foliar 
damage depends on allocation of resources to below-ground 
tissue at the expense of above ground growth[38]. 
Consequently, allocating resources to tissue inaccessible to 
foliar consumers seems to provide tolerance to foliar damage 
in this species. Thus, when the allocation of resources stored 
in a defended form provides a viable means of tolerating 
consumer damage, the distinction between defense and 
tolerance becomes blurred. However, the relationship in this 
species may result in a cascade if the herbivores evolve to 
attack both the store/defended resources as well as the 
non-stored resources. This may result in a non-defened/ 
non-tolerance individual. 

Optimal defense theory posits that plants should allocate 
resources to the defense of those plant parts that are most 
valuable[41]. Thus, if p lants tend to allocate resources 
optimally to defense, discriminating between defense and 
tolerance may also be problematic because consumers may 
actively avoid damaging plant structures that are highly 
defended. For example, if one genotype/species allocates 
more resources to chemical/physical/escape defensive traits 
of more valuable t issues (i.e., investment in is defense 
optimal; sensu[41]) than another genotype/species, then the 
first genotype/species may  receive the same amount of 
measurable damage, yet incur less fitness decrement, i.e., 
more tolerant. As a result the first genotype/species would be 
more ‘tolerant,’ simply because its most valuable organs 
were more defended than those of the other. Thus, the level 
of tolerance expressed by an individual may  depend on its 
allocation to defense of specific p lant parts. An example of 
this is exhibited by the allocation patterns of resources to 
defense in acorns by oak trees. In the apical area of an acorn, 
adjacent to the developing embryo, tannins occur in much 
higher quantities than in other parts of the acorn[7]. This 
results in consumers damaging only  the basal portion of the 
acorn, while avoiding the apical portion of acorns which 
include the embryo and some stored resources allowing the 
acorn to germinate. Another example of this idea comes from 
Pastinaca sativa[42]. In this species, most of the defensive 
chemicals, fu ranocoumarins, are concentrated in the seeds 
[42]. This encourages herbivores to damage leaves rather 
than seeds, allowing plants of this species to tolerate damage. 
Thus, genotypes/species that provision their offspring with 
resources in areas that are defended against consumer 
damage will produce more offspring and appear to be more 
tolerant of the experienced damage than those genotypes/ 
species that do not invest in this form of defense. Both of 

these patterns of allocation to defense allows the plants to 
tolerate consumer damage, obscuring the distinction between 
the two types of traits.  

Defense may also contribute to the phenotypic expression 
of tolerance when plants tissues are defended when they are 
most vulnerable to consumers and/or most intolerant of 
damage[31]. For example in  Nasturtium officinale, levels of 
glucosinolates (defensive chemicals) are h ighest in fresh 
foliage. However, when leaves begin senescing, i.e,. less 
valuable, glucosinolate concentration decreases rapidly[43]. 
As such, consumers are less likely to attack fresh foliage, but 
readily consume senescing tissues. Investing in 
glucosinolates in this manner may allow Nasturtium to 
tolerate consumer damage. That is, consumers are only 
causing damage to foliage that can be tolerated by the plant. 
An example of nonuniform distribution of defense is 
demonstrated by Arabidosis thaliana; glucosinolates, are 
concentrated in the leaf midvein and the leaf periphery 
causing the generalist herbivore, Helicoverpa armigera, to 
feed almost exclusively on the inner lamina[44]. This pattern 
of damage may indeed confer tolerance in this species. 
Similarly, new leaves, the most valuable leaf t issue, of 
tropical plant species are typically more defended than older 
leaves[27]. This may be due to the fact that plants might be 
better able to tolerate consumer damage to older leaves than 
to new leaves as in Nasturium.  

The timing of the allocation of resources to defense may 
significantly affect  the expression of tolerance[31, 45, 46]. 
This may be especially  true when tolerance depends on 
timing of damage. For example, when plants cannot tolerate 
early damage, those species/genotypes that allocate 
resources to defense early may be more tolerant of later 
damage. However, if both groups received equivalent levels 
of damage at the same time, different conclusions may be 
drawn. As such, it has been argued that in order to determine 
the true relationship between damage and fitness, tolerance 
must be divorced from defense by imposing equal amounts 
of damage and at the same time[13, 16, 38, 47, 48]. However, 
artificial damage may also obscure our estimates of tolerance 
and/or defense in natural populations[47, 48]. Thus, when 
tolerance and defense traits are closely intertwined we may 
not be able to disentangle the traits that contribute 
independently to them. 

Moreover, induced defense may also be intimately  
involved in the phenotypic expression of tolerance. For 
example, changes in levels of defense in  response to 
consumer damage may result in a dispersion of damage 
throughout a plant’s canopy. This dispersed damage may 
have much less of an impact on an individual’s fitness than 
concentrated damage[49, 50]. Thus, dispersed damage may 
allow indiv iduals to better tolerate consumer damage[47, 50]. 
Therefore, when we consider induced defense, the line 
between tolerance and defense becomes less distinct.  

Clearly, our current  concept of defense and tolerance as 
two distinct types of traits[10, 11, 12, 19, 20, 29, 52] may not 
fully capture the complexity of the interactions between 
plants and their natural enemies[14, 18, 26]. While tolerance 
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may not actually contribute to the expression of defense, it is 
clear that both constitutive and induced levels of defense 
contribute to an individual’s ability to tolerate damage[7, 13, 
38, 43, 47, 50], resulting in selection for traits that confer 
both tolerance and defense. Therefore, the idea typically 
espoused that defense and tolerance are alternative plant 
strategies to contend with  consumers may be mislead ing[14]. 
Thus, an accurate understanding of the ecology and 
evolution of plant-consumer interactions may be hampered 
by this false dichotomy between defense and tolerance and 
both of these groups of trait should be considered together in 
order to better understand the evolution of plant-consumer 
interactions. 
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