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Abstract  As trees develop, they undergo morphological and physiological changes 
that can influence not only their performance, but also their interactions with 
herbivores. The expression of their defenses is influenced by changes in the selective 
pressures exerted by herbivores and by the plant’s tradeoffs in resource allocation, 
and can result in ontogenetic trajectories that show increases, decreases, or mixed 
trends in the expression of anti-herbivory traits. In some species, these trajectories 
occur as gradual transitions among ontogenetic stages, but in other species there 
are pronounced phase changes marked by heterophylly or by abrupt changes in 
chemical, physical, or biotic defenses. This chapter discusses the patterns of such 
trajectories and the multiple factors that can influence them, including the specific 
herbivores feeding on trees, the activities of herbivores’ natural enemies, the switches 
among the different defensive mechanisms that trees can express to reduce 
herbivory, the particular ecosystem in which they grow, and the influence of phylo-
genetic constraints that restrict or allow the evolution of ontogenetic trajectories in 
plant defense. Studies that integrate the role of ontogeny into evolutionary ecology 
theory will advance our understanding of how natural selection can target the ontoge-
netic trajectories of plant defense. Such research will also have application for 
targeting pest control onto vulnerable ontogenetic stages, and for selection of lines 
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with improved defensive mechanisms to protect rare and endangered species as well 
as promote productivity in commercial stands.

Keywords  Defenses • Herbivory • Ontogeny • Resistance • Tolerance

1 � Why Is Plant Ontogeny Influential for Plant-Herbivore 
Interactions?

As plants develop, they undergo important morphological and physiological changes. 
These changes, defining their ontogenetic trajectories (Fusco 2001), can be particu-
larly striking for trees, given that they develop from small seedlings to very large and 
long-lived individuals. Such morphological and physiological changes are likely to 
influence not only the performance of individual trees, but also their interactions with 
many species, for example, their herbivores. Overall, as trees develop, changes in the 
selective pressures exerted by herbivores, together with plant resource allocation 
tradeoffs, influence the expression of plant defense. Thus, the ontogenetic trajecto-
ries in anti-herbivory traits can be characterized by increases, decreases, or mixed 
trends in the expression of such traits. In some species, these ontogenetic trajectories 
occur with pronounced phase changes marked by heterophylly or abrupt changes in 
chemical, physical, or biotic defenses (e.g. Eucalyptus globulus, and many ant plants), 
while most other tree species show more gradual transitions among ontogenetic stages. 
As we will discuss in this chapter, the patterns of such trajectories can be influenced 
by multiple factors, including the specific herbivores feeding on trees, the activities of 
herbivores’ natural enemies, the switches among the different defensive mechanisms 
that trees can express to reduce herbivory, the particular ecosystem in which they 
grow, and the influence of phylogenetic constraints that restrict or allow the evolu-
tion of ontogenetic trajectories in plant defense.

2 � External and Internal Factors Driving Ontogeny-Related 
Changes in the Quality of Trees as Food for Herbivores

Herbivory has been identified as a biotic interaction that usually has negative impacts 
on plant fitness (Harper 1977; Dirzo 1984; Crawley 1997). Such impacts however, 
may depend on the ontogenetic stage at which trees are attacked (Ehrlén 1995; 
Weiner 2004). Seeds and seedlings, for example, are particularly vulnerable to 
herbivore attack and they commonly get killed, especially when eaten by mamma-
lian herbivores (Dirzo et al. 2007). As trees develop and acquire more biomass, the 
impacts of herbivore damage are less drastic but can still cause important reductions 
in their growth rates, survival and reproduction (Marquis 1984; Domínguez and 
Dirzo 1994; Boege 2005b). These negative impacts commonly represent an impor-
tant selective force that has favored the evolution of defensive mechanisms that 
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allow plants to deal with their consumers. Defenses have been classified into  
(i) resistance traits that reduce the amount of damage received, which can be physical 
(e.g., spines, thorns or leaf toughness), chemical (secondary metabolites), or biotic 
(e.g., traits maintaining or enhancing the activity of natural enemies of herbivores); 
(ii) tolerance mechanisms that reduce the impact of herbivore damage once it 
has occurred, and (iii) escape strategies that reduce the probability of plants to be 
found by their consumers (Lubchenco and Gaines 1981; Dirzo 1984; Rosenthal and 
Kotanen 1994; Crawley 1997). Because the most dramatic impacts of herbivores on 
plant fitness occur during the youngest stages (Dirzo 1984; Marquis 1984), natural 
selection by herbivores is predicted to promote trees to have higher levels of any of 
these defensive mechanisms early than later during their development (Spiegel and 
Price 1996; Boege and Marquis 2005; Barton and Koricheva 2010).

However, despite the selective pressure of herbivores and the adaptive value of 
defensive mechanisms, plants are likely to optimize their levels of defense through-
out ontogeny, depending on the priorities of other functions that also can influence 
plant fitness, such as growth, reproduction or maintenance, which commonly com-
pete for the limited resources available for plants (Herms and Mattson 1992). The 
amount of resources allocated to each function, and in particular to defense against 
herbivores, depends on the physiological priorities at each ontogenetic stage and on 
resources available for plants at that particular moment of their lives. For example, 
in young plants it may be a priority to express high growth rates to establish and 
outcompete their neighbors; in contrast, when entering into their mature phase, 
reproduction may become a priority for resource use. In the specific case of trees, 
resource allocation to different functions during ontogeny also depends on the type 
of ecosystem and particular conditions in which they grow (e.g., open areas vs. 
forests, tree gaps vs. understory, and nutrient-poor vs. nutrient-rich soils). For 
instance, after producing the primary root system, seedlings growing in the under-
story of forests soon deplete the carbon stored in cotyledons, so further growth 
depends on the accumulation of new photosynthetic tissue (Swaine and Whitmore 
1988; Martínez-Ramos et al. 1989; Bryant et al. 1991). Because in closed forests 
understory growth is constrained until a light gap is opened, saplings may remain in 
the same stage for many years, and allocate the few resources they can acquire to 
prevent herbivore attack on their limited amount of leaf area. As soon as light 
becomes available (after, for example, a branch or tree fall), growth can resume and 
is likely to have a priority over other functions, allowing plants to balance their 
root:shoot ratio and acquire enough above-ground biomass to reach the canopy 
(Blundell and Peart 2001). However, during such growth, as trees become larger 
and are able to accumulate resources, they can also start allocating them to other 
functions, such as defense or storage. Finally, when trees reach the canopy and enter 
into their mature stage, reproductive structures may compete for resources with 
defensive traits (Bryant et al. 1991; Boege and Marquis 2005). Thus, from the 
resource allocation perspective, two peaks of increased plant defense are likely 
to occur as plants develop: one at the seedling stage, when plants have enough 
maternal resources to defend their developing tissues, and a second one after they 
have reached a balance in their root:shoot ratio and before reproduction commences 
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(Bryant et al. 1991, and see Boege and Marquis 2005, Fig. 1). In contrast, in open 
areas or treefall gaps within forests, tradeoffs between growth and defense are 
likely to be defined by nutrient or water availability rather than by light limitation, 
and tolerance is likely to have a priority over the production of resistance traits 
(Coley 1983). For example, pioneer species in tree fall gaps of forests have a priority 
to grow fast to outcompete their neighbors (Blundell and Peart 2001). Having 
enough light and resources, their rapid intrinsic growth rates allow them to tolerate 
herbivore damage, by efficiently replacing the tissues lost to herbivores with no need 
to produce high levels of resistant traits. Once trees have reached the canopy, they 
are likely to keep compensating but also to allocate some resources to resistance and 
reproduction. Nevertheless, there are no available studies assessing switches in 
defensive strategies of pioneer species and this warrants further investigation. In the 
particular case of environments where water availability is the limiting factor for 
growth, distinct ontogenetic patterns in defense expression may be absent or weak if 
the same traits function for both water conservation and defense, as is the case with 
sclerophyllous leaves (Turner 1994). However, the specific role of water availability 
on the ontogeny of defense has not received much attention and remains unclear.

Interestingly, if we consider the magnitude of the impacts of herbivores through-
out ontogeny, one would expect to observe a decline in the quantity or quality of 
defensive traits as plants develop, given that the young stages are more vulnerable, 
and thus should be better defended than old stages. In contrast, when considering 
resource allocation tradeoffs between defense and growth or reproduction, and the 
resources available for plants to produce defenses, the opposite pattern is expected 
(Barton and Koricheva 2010). As we will describe in the rest of the chapter, empirical 
evidence suggests that a combination of both mechanisms drives the ontogenetic 
trajectories of defense observed in trees. Furthermore, ontogenetic patterns in defense 
vary among tree species depending on the particular guild and abundance of 
herbivores feeding on them, on the type of defenses expressed, as well as on the 
ecosystem in which the trees grow.

3 � Changes in the Quality of Trees as Food for Herbivores: 
Ontogenetic Patterns in Resistance

Several studies have detected that the number of herbivores feeding on trees and 
the amount of damage they produce are strongly dependent on the age of trees. 
In some cases herbivore abundance, performance and/or damage has been reported 
to increase with tree age (Tahvanainen et al. 1985; Jachmann 1989; Jogia et al. 1989; 
Kearsley and Witham 1989; Swihart and Bryant 2001; Boege and Marquis 2006), but 
in many others the opposite pattern has been found (Zagory and Libby 1985; Price 
et al. 1987; Kearsley and Witham 1989; Karban 1990; Fritz et al. 2001; Van Bael 
et al. 2003). In fact, a recent meta-analysis has detected that the overall pattern is 
that mammalian herbivores prefer to consume more tissue from mature than from 
juvenile trees, but the patterns of abundance and preference of insect herbivores is 
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rather more variable and presents no general trend (Barton and Koricheva 2010). 
Plant quality as food for herbivores is highly dependent on the type and amount of 
resistance traits they produce, and on the expression of other defensive strategies, 
such as tolerance or escape. Thus, changes in the defensive strategies during the 
development of trees are likely to be responsible for the observed patterns in herbi-
vore preference and performance. Only two studies have examined developmental 
trajectories of defense throughout the entire ontogeny of trees, and these reveal 
differences among kinds of plant resistance. In Ryparosa kurrangii (Achariaceae), 
levels of cyanogenic glycosides decrease from the cotyledon to the autonomous 
seedling stage, and further decrease from the juvenile to mature tree stage (Webber 
and Woodrow 2009). Interestingly, the decrease in cyanogenic glycosides occurs 
simultaneously with an increase in leaf mass per area, measured as a proxy for leaf 
toughness, suggesting an ontogenetic switch from chemical resistance during early 
ontogeny to physical resistance in late ontogeny (Webber and Woodrow 2009). This 
study, however, did not explore other possible defensive traits that might also have 
changed during ontogeny. An ontogenetic switch has also been observed in Populus 
tremuloides (Salicaceae), although in this case it is a switch among classes of 
secondary compounds (Donaldson et al. 2006). As ramets age from 0 to 25+ years, 
concentrations of condensed tannins increase while concentrations of phenolic 
glycosides decrease significantly (Donaldson et al. 2006). Neither of these studies 
examined herbivore damage, and so the relationships between the ontogenetic 
switches observed and herbivore performance and damage remain unclear.

Although general conclusions about whole-ontogeny patterns cannot be drawn 
from only two studies, additional insights can be gained by considering studies 
focusing on patterns of resistance within a single or across two ontogenetic stages. 
For example, the few studies comparing tree seedlings of different ages in different 
species show a consistent increase in plant defense with developmental age, specifi-
cally for phenolics (Close et al. 2001; Fritz et al. 2001) and terpenoids (Bryant and 
Julkunen-Tiitto 1995). A single study examining the pattern in chemical resistance 
from the seedling to the juvenile stage reports a decrease in levels of leaf resin 
terpenoids (Feibert and Langenheim 1988). Within the juvenile stage, consistent 
increases have been observed for physical defenses (Nomura et al. 2001; del-Val and 
Dirzo 2003), while chemical resistance shows no clear pattern. Comparing saplings of 
different ages, it has been shown that concentrations of cyanogenic glycosides increase 
with plant age (Goodger et al. 2007), that alkaloids decrease (Liu et al. 1998), and 
that the levels of phenolics may increase or decrease, depending on the tree species 
(Bonell and Selander 1974; Basey et al. 1988; Laitinen et al. 2005). These patterns 
suggest that in trees, plant defense increases via secondary chemistry in seedlings and 
then via physical defenses in saplings. Developmental patterns in secondary chemistry 
during the sapling stage vary among species and among classes of secondary com-
pounds. However, it should be noted that these patterns rely on data from relatively few 
species; additional studies are needed to ascertain their generality.

In contrast, many more studies have examined the expression of defense traits 
across the transition from the juvenile to the mature stages of trees, revealing 
again that the ontogenetic pattern varies among species and among defense traits. 
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As a measure of physical defense, leaf toughness tends to increase from the juvenile 
to the mature stage of trees (Kearsley and Witham 1989; Macedo and Langenheim 
1989; Loney et al. 2006; but see Boege 2005b). Ontogenetic patterns in pheno
lics are variable: some species show increases from the juvenile to mature stage 
(Eck et al. 2001; Erwin et al. 2001; del-Val and Dirzo 2003; Gowda and Palo 2003; 
Boege 2005a, b; Boege and Marquis 2006; Goodger et al. 2006; Neilson et al. 2006), 
while other species show a decrease (Rousi et al. 1987; Basey et al. 1988; Loney 
et al. 2006; Neilson et al. 2006). Similarly, a general pattern fails to emerge for 
terpenoids, given the increases (Sinclair and Smith 1984; Goralka and Langenheim 
1996; Loney et al. 2006) and decreases (Reichardt et al. 1984; Sinclair and Smith 1984; 
Langenheim et al. 1986; Macedo and Langenheim 1989) that have been reported. 
The single study we found comparing the induction of total phenolics in juveniles 
versus mature trees reports a greater inducibility in mature trees of the tropical 
deciduous Casearia nitida (Salicaceae; Boege 2005b). In addition, considering that 
cyanogenic glycosides are regarded as inducible defenses (Karban and Baldwin 
1997), there is existing evidence of an increase of these compounds from the juve-
nile to the mature transition of several species of the genus Eucalyptus, (Gleadow 
and Woodrow 2000; Goodger et al. 2004; Goodger et al. 2006; Neilson et al. 2006), 
although Eucalyptus cladocalyx var. nana is a striking exception to this general 
pattern (Goodger et al. 2006). Considering the vast diversity of compounds within 
the broad classes of phenolics and terpenoids, it is perhaps not surprising that we do 
not detect general ontogenetic patterns for these classes (Barton and Koricheva 2010). 
Furthermore, investigations into the ontogeny of induced defense will need to con-
sider how plant architecture changes as plants grow and develop. The transmission 
of signaling compounds within small juvenile plants is likely to result in a more 
synchronized induced response to herbivory, while the modularity and limited 
connectivity among branches within large mature trees may limit induction or even 
lead to induced susceptibility (Nykänen and Koricheva 2004). Additional studies on 
more species including several defensive traits may help clarify these ontogenetic 
trajectories. Moreover, variability among patterns can be explained by additional 
factors, such as the guild of herbivores feeding on trees, the particular habitat where 
tree species grow, life history strategies, and tradeoffs between types of defense 
(e.g., direct vs. indirect defense strategies), as we will discuss below.

4 � Tree Ontogeny and the Impact of the Natural  
Enemies of Herbivores: Indirect Defenses

Traits facilitating the visitation or colonization of mutualistic animals that defend 
the plants against herbivores, such as plant food rewards, nesting space or chemical 
cues that attract herbivores’ natural enemies (predators and parasitoids) are defined 
as indirect defenses. As we discuss below, these defensive strategies can include the 
interaction with mutualistic or non-mutualistic animals, and can change during 
the development of trees.
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4.1 � Indirect Defenses Involving Defensive Mutualisms

The most commonly documented indirect defense, myrmecophytism (Janzen 1966, 
1969), involves plant-ant mutualisms, whereby the myrmecophytic plant provides 
nesting space in structures known as domatia, and sometimes offers food rewards 
directly, in the form of extrafloral nectar and/or nutritious food bodies (Fiala 
and Maschwitz 1992), or indirectly, via, for example, coccoid-produced honeydew 
(Gaume et al. 1998). In turn, ants protect host plants from herbivores (Janzen 1966; 
Schupp 1986; Fiala et al. 1994; Heil and McKey 2003). Additionally, in a few 
documented cases, such defensive mutualisms occur between wasps and plants, and 
in these cases the plant provides a reward in the form of floral nectar (Domínguez 
et al. 1989; Narbona and Dirzo 2010).

The fundamental driver of the ontogenetic shifts observed in plants with defensive 
mutualistic relationships is an ontogenetic constraint imposed by the fact that mutua
listic plants do not start their lives associated with their defending insects. Instead, 
they have to acquire their defenders in the course of their ontogeny. Typically, a 
mutualistic plant starts with a size and morphology that cannot maintain a colony of 
ants, given that young (uncolonized) plants have not developed functional domatia, 
nor structures for the production of food bodies or nectar (extrafloral nectar in 
the case of myrmecophytic plants, or floral nectar in the case of wasp-mutualistic 
plants). This, coupled with the fact that young stages of the myrmecophytic plant 
are particularly vulnerable to the impacts of herbivory, leads to the hypothesis that 
in the absence of defenders during this critical stage of their ontogeny, uncolonized 
plants may be more dependent upon direct defenses than older (colonized) plants 
(del-Val and Dirzo 2003; Heil and McKey 2003). Assuming that colonized plants are 
sufficiently defended against herbivores, we might then expect to see a reduction in 
direct defenses upon colonization by ants or wasps. This would lead to an ontogenetic 
switch from direct defenses in young uncolonized plants to indirect defenses in 
older colonized plants.

Only a handful of studies are available to assess these expectations. Table 7.1 
summarizes the results derived from seven independent studies involving seven 
different tree (with one exception, Croton suberosus, a shrubby plant) species. In six 
of these species, biotic, indirect defense has been found to be present in the older 
(colonized) plants, while younger stages lack such biotic defense. In most of these 
studies, plant palatability has been measured as a proxy of direct (chemical or physical) 
defense (eight comparisons, Table 7.1), while four comparisons examined natural 
herbivory in the field. Only one study (del-Val and Dirzo 2003) examined, in addi-
tion to herbivory and palatability, direct defenses in terms of plant phenolics, tannin 
concentration, and pubescence in colonized and uncolonized plants of the myrme-
cophyte Cecropia peltata. One study also compared herbivore survival in young and 
old plants (also a proxy of direct defenses) of the myrmecophyte Macaranga under 
controlled conditions with captive animals (Nomura et al. 2001).

The specific hypotheses for the comparisons of Table 7.1 are that, in contrast with 
old plants, young plants should be: (i) less palatable, (ii) have higher levels of direct 
defenses (phenolics and tannin concentrations, and pubescence), and (iii) should cause 



200 K. Boege et al.

lower survival of captive generalist herbivores. Only five out of eight tests found 
that uncolonized young plants were less palatable than older plants. The other 
three studies found the opposite pattern or no difference between young and old 
plants. Survival of generalist herbivores was lower on young plants than in older 
plants, supporting the prediction that direct defense decreases with plant age. 
Finally, patterns of herbivore damage were generally similar across ontogenetic 
stages, suggesting that direct and indirect defense provide similar levels of protection 
against herbivores. A striking exception to these results was observed in Cecropia 
peltata, in which young plants lack direct defenses (chemical and physical) as well as 
indirect defenses (ants). This resulted in higher palatability and levels of herbivore 
damage of young plants compared to older plants (del-Val and Dirzo 2003). Clearly, 
young C. peltata plants lack resistance against herbivory, and the authors suggest 
that perhaps they rely instead on tolerance (del-Val and Dirzo 2003). Although tole
rance has not been tested in C. peltata, a study with a related species, C. obtusifolia, 
found that artificial defoliation during the uncolonized stage had no effect on plant 
survival or growth compared to undamaged control plants (Frías 1996), suggesting 
that tolerance may be indeed important in Cecropia juveniles.

As mentioned above, our predictions about ontogenetic switches in direct 
and indirect defense were only partially supported by the evidence presented in 
Table 7.1. In some cases, the inconsistency of the results can be explained on the 
grounds of methodological differences. For example, it has been found that young 

Table 7.1  Studies that have examined ontogenetic changes in defense strategy among tree species 
with indirect defenses involving mutualistic animals (ants, or wasps) present in the old but not 
young ontogenetic stages

Plant species
Indirect 
defense Variable measured

Comparison  
young vs.  
old plants Source

Macaranga 
myrmecophytes

Ants Palatability 
Herbivore survival

Young < old Nomura et al. (2001)
Young < old

Cordia alliodora Ants Palatability Young ~ old Trager and Bruna (2006)

Cecropia peltata Ants Palatability Young > old del-Val and Dirzo (2003)
Herbivory Young > old
Chemical defense Young < old
Physical defense Young < old

Omphalea oleifera Ants Palatability Young ~ old R. Dirzo, unpublished
Herbivory Young ~ old

Cordia alliodora Ants Palatability Young < old Llandres et al. (2010); 
Narbona and Dirzo 
(2010)

Croton suberosus Wasps Palatability Young < old
Herbivory Young ~ old

Acacia cornigera Ants Palatability Young < old R. Dirzo, unpublished
Herbivory Young ~ old

Populus  
tremuloides

Ants Extrafloral 
Nectaries

Young > old Wooley et al. (2007)

Chemical defense Young > old
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Cordia alliodora plants are either less palatable (Llandres et al. 2010) or similarly 
palatable (Trager and Bruna 2006), when compared to older plants. Such discre
pancy could be due to the facts that in Trager and Bruna’s (2006) study, their young 
(1 year-old) plants included saplings that had domatia already occupied by ants, while 
in the other study all young plants were uncolonized. The young but occupied saplings 
of the former study might have already foregone direct defenses (see Llandres 
et  al. 2010). In addition, the palatability trials in Trager and Bruna’s study were 
performed using the Cordia-specialized beetle Coptocyla leprosa, while the other 
study used a generalist herbivore, the larvae of the lepidopteran Hypercombe sp. 
Conceivably, the specialized beetle might be more capable of dealing with the 
secondary compounds of C. alliodora than the larvae of the generalist herbivore, thus 
rendering the palatability of plants from the two stages indistinguishable. A similar 
interpretation can be applicable in the case of the Neotropical tree Omphalea oleifera 
(Table 7.1) in which only the old trees produce extrafloral nectar that attracts a 
variety of ants, while the young plants do not produce such a reward. In contrast, in 
the case of Populous tremuloides, the density of extrafloral nectaries is actually 
greater in young trees (1 year old) than in 4- and 10-year-old trees (Wooley et al. 
2007), and there is no detectable trade-off between this indirect defense and direct 
chemical defenses or tolerance (Sugiura et al. 2006; Wooley et al. 2007).

Limited as it is, this set of studies collectively suggests that young uncolonized 
trees may invest in direct defenses to reduce herbivory, and then relax these defenses 
upon colonization by their animal defenders. Future studies measuring chemical, 
physical, and tolerance traits in young uncolonized and old colonized plants are 
needed and will provide key new insights into ontogenetic switches and trade-offs 
between direct and indirect defense. Furthermore, explicit comparisons of generalist 
and specialist herbivores will reveal whether direct and indirect defenses are in fact 
redundant, and thus involved in an ontogenetic switch, or whether they may act in 
synergy to defend plants against a wide range of herbivores.

4.2 � Indirect, But Non-mututalistic Defense and Ontogeny

In some cases, plant species are defended by animals that are not engaged in mutua
listic interactions with the plant. Such indirect defense is known in herbaceous 
plants and some trees, but knowledge is extremely scarce as to whether this exhibits 
any kind of ontogenetic trajectory. One relevant study (Van Bael et  al. 2003) 
investigated how predators affected herbivore abundance and levels of herbivory 
in saplings and adult trees in three tropical tree species. Using cages to prevent 
access to bird predators, they found that caging dramatically increased herbivore 
abundance and levels of herbivory on trees but had no effect on saplings. Although 
a variety of factors could potentially account for these results, a proximate interpre-
tation is that the third trophic level has a greater impact on the plant’s herbivores at 
the older but not younger ontogenetic stages and that the levels of herbivory on adult 
trees would be significantly higher in the absence of predatory, top-down controls. 
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The consequences of such patterns on ontogenetic trajectories of plant defense and 
on plant fitness remain to be investigated.

Further evidence for the importance of tritrophic interactions on the ontogeny of 
plant defense and herbivory comes from studies on the dry forest deciduous tree 
species, Casearia nitida. Comparisons of caged and non-caged saplings and mature 
trees found that the foraging intensity of bird predators was significantly higher in 
mature trees (Boege and Marquis 2006). Moreover, foraging of parasitoid wasps 
was restricted to the canopies of mature trees, and they did not forage in saplings 
(Boege 2005a). Together with ontogenetic increases in total leaf phenolics, these 
patterns of indirect and direct defense led to significantly higher herbivore densi
ties and levels of damage in saplings compared to mature trees (Boege 2005a). 
Determining whether the ontogenetic increases in predation and parasitism observed 
in these studies reflect general patterns requires further tests in additional species. 
Particular focus on the potential ontogenetic change in expression of plant volatile 
organic compounds (VOC’s) may reveal a mechanism by which tritrophic interac-
tions change during plant development. Although VOC release has been shown to 
decrease with plant age in cultivated herbs (Cole 1980), information about their 
ontogenetic patterns in trees remains unknown.

5 � Ontogenetic Patterns in Escape and the Influence  
of Biogeography

Developmental patterns in herbivory may occur for reasons other than top-down 
(i.e. indirect) or bottom-up (i.e. defensive chemistry) forces. Specifically, apparency to 
herbivores (Feeny 1976) may change as plants grow and develop, leading either 
to ontogenetic increases or decreases in escape from herbivores. Several different 
mechanisms can drive developmental patterns in apparency to and escape from 
herbivores, including associational resistance, distance from conspecific trees, lag 
time in the herbivore colonization of young trees, phenology, and limited access 
to trees as they grow. Furthermore, these developmental patterns often show bio
geographical variation.

There is a strong spatial component to developmental patterns in apparency 
and escape, evidenced by the importance of plant neighbors and distance from 
conspecific trees. Associational resistance occurs when susceptible plants escape 
from herbivory by growing in close proximity to well-defended plants. Typically, 
it is small and/or young plants that gain associational resistance from neighbors, 
sometimes called nurse plants (Niering et al. 1963). Associational resistance is often 
provided by nurse plants with physical defenses that effectively protect seedlings from 
mammalian herbivores (Rousset and Lepart 2000; Baraza et al. 2006; Vandenberghe 
et al. 2009), but can also be mediated by secondary chemistry (Smit et al. 2006). 
Although it has rarely been compared among species, associational resistance seems 
to be especially important for seedlings that lack their own resistance or tolerance to 
herbivory (Vandenberghe et al. 2009).
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Spatial relationships of individuals within species are also important for escape 
from herbivory. In this case, it is distance from, rather than proximity to, an adult tree 
that provides a benefit to young and small plants. As proposed by the Janzen-Connell 
hypothesis (Janzen 1970; Connell 1971), seedlings and juveniles growing near 
conspecific adults receive high loads of specialist herbivores from nearby adult 
trees, leading to relatively high mortality near adults and a decrease in herbivory and 
mortality with distance from conspecific adults. A meta-analysis of 23 studies 
testing the Janzen-Connell hypothesis in seedlings confirmed that distance from 
conspecific adults increases seedling survival (Hyatt et al. 2003), but that this pattern 
is more common in tropical forests. In contrast, temperate species tend to show 
higher survival near conspecific adults, perhaps indicating that suitable establishment 
sites are limited (and associated with conspecific adults) and that the distribution of 
individuals from the same species is more homogeneous in temperate forests, in 
contrast with tropical forests. Like escape by associational resistance, distance from 
conspecific adults provides only an ephemeral defense against herbivory. As trees 
grow, herbivores will undoubtedly locate and colonize them, but by that time, the 
plants are likely to have started expressing their own resistance and tolerance traits.

To our knowledge, only two studies have explicitly linked ontogenetic patterns in 
defense traits with Janzen-Connell patterns of herbivory and mortality (Langenheim 
and Stubblebine 1983; Sánchez-Hidalgo et al. 1999). Both studies examined tropical 
tree species showing relatively high seedling survival beneath parental trees, notable 
exceptions to the Janzen-Connell hypothesis. Furthermore, in both studies, it was 
demonstrated that the surviving seedlings had distinct secondary chemical profiles 
compared to the adult trees. It was concluded that parent trees produced genetically 
variable offspring and that herbivores consumed only those seedlings with profiles 
similar to the parent trees, leaving chemically differentiated seedlings to survive. 
By consuming a specific subset of the seedling pool, these herbivores would be 
selecting for ontogenetic patterns in plant secondary chemistry, thereby creating a 
moving-target (sensu Adler and Karban 1994) and allowing seedlings to escape 
from herbivory.

Associational resistance and the Janzen-Connell hypothesis illustrate how space 
affects herbivore-seeking behavior, thereby driving developmental patterns of escape. 
Time is similarly important for escape from herbivory, and can lead to ontogenetic 
differences in herbivory resulting in the simple observation that herbivore loads 
increase over time, as trees develop, and more herbivores find and colonize them. 
Temporal increases are most commonly reported for insect herbivores (Guedes 
et al. 2000; Fonseca and Benson 2003; Campos et al. 2006) and may also apply to 
other invertebrate herbivores, such as slugs and snails, but have not been explicitly 
tested. In addition, phenological changes are also involved in the ability of plants to 
escape from herbivory. For example, young saplings of Acer mono flush their leaves 
earlier than their adult relatives, increasing their probabilities of escaping from 
predators and pathogens (Seiwa 1999).

In contrast to the previous examples showing how seedlings and juvenile plants 
escape from herbivory, some species escape from herbivory as adults. In particular, 
trees are able to escape from ground-dwelling mammalian herbivores only when they 
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outgrow the reach of these browsers. Due to the high densities of ground-dwelling 
mammalian herbivores, this phenomenon is especially common and well-documented 
in boreal forests (Swihart and Bryant 2001). Intense herbivory on juvenile, but 
not on adult plants, results in an ontogenetic decrease in the selection pressure on 
resistance traits. Indeed, feeding trials with the relevant ground-dwelling browsers 
(hares, deer, voles) reveal that juvenile plant tissue is much less palatable than adult 
plant tissue (reviewed in Swihart and Bryant 2001), and the limited evidence from 
studies examining plant resistance traits indicates that levels of secondary compounds 
can be as much as 96% higher in juvenile plants than in conspecific adults (Reichardt 
et al. 1984). For these species, escape from ground-dwelling herbivores occurs with 
a concomitant ontogenetic shift away from chemical defense in adult trees.

Interestingly, developmental patterns in escape and associated ontogenetic swit
ches in defense vary biogeographically. In boreal forests, seedlings and juveniles 
experience herbivory by mammals and express high levels of chemical defense, 
while adults show lower levels of chemical defense and escape from mammalian 
herbivores. Unlike boreal trees, temperate and tropical species show weak ontoge-
netic patterns in herbivory and tend to increase chemical defense across ontogeny 
(Barton and Koricheva 2010). Biogeographical trends in key herbivores may explain 
this difference. In temperate and tropical forests, insects (Coley and Barone 1996) 
and mollusks are the most important herbivores, and these taxa are not limited 
by tree height in the same way that boreal mammals are. Ontogenetic increases in 
chemical defense of temperate and tropical species (Barton and Koricheva 2010) may 
reflect allocation constraints during development that limit production of secondary 
chemicals and physical defenses in seedlings (Herms and Mattson 1992). Future 
research explicitly measuring ontogenetic patterns in herbivore selection pressure 
and growth-defense trade-offs in temperate and tropical tree species would shed 
light on this striking biogeographical pattern.

Although still under-studied, these examples illustrate how escape from herbivory 
can change as trees grow and develop. Future research should further explore the 
mechanisms driving developmental patterns in escape with particular focus on 
biogeography, the role of herbivore feeding guild (mammalian browsers vs. insect 
defoliators, etc.), and how escape is involved in ontogenetic switches among defense 
traits. Studies of non-model tree species, particularly in the temperate and tropical 
forests, are needed to ascertain the generality of these patterns.

6 � Ontogenetic Patterns in Tolerance to Herbivory

For many plants, resistant traits reduce levels of herbivory but are unable to 
completely eliminate damage. In these cases, tolerance can become an important 
plant defense strategy. Tolerance occurs when herbivore damage induces changes 
in plant traits that allow for compensation, or replacement of lost tissues, and the 
maintenance of fitness levels comparable to undamaged conspecifics. Although it 
remains unclear which mechanisms are most important, commonly studied tolerance 
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traits include increases in photosynthesis rates, activation of dormant meristems, 
utilization of stored reserves, shifts in allocation patterns, and changes in phenology 
(Tiffin 2000). Considering the small size of seedlings with their limited photo
synthetic area, minimal stored reserves, and nearly non-existent bud bank, we would 
predict that tolerance increases dramatically during plant ontogeny. Interestingly, 
the relatively few studies examining the ontogeny of tolerance in trees suggest that 
the pattern is actually more complex than this simple prediction.

Only four studies have explicitly tested how tolerance changes with plant age or 
ontogeny in woody plants (Weltzin et al. 1998; Warner and Cushman 2002; Boege 
2005b; Hódar et  al. 2008), but our synthesis can be expanded if we include a 
recent meta-analysis that compared studies that separately measured compensation 
in seedlings, saplings, and mature trees (Nykänen and Koricheva 2004). In general, 
seedlings experience significant reductions in growth following herbivory and are 
unable to compensate for lost tissues (Weltzin et al. 1998). Demonstrating the 
importance of even small differences in age (and, probably more importantly, size) 
during early ontogeny is the observation that 5-week-old honey mesquite (Prosopis 
glandulosa, Fabaceae) seedlings compensate for defoliation significantly better 
than 3-week-old seedlings. However, 3-week-old seedlings show higher survival 
after ten successive defoliations than 5 week old seedlings (Weltzin et al. 1998), 
demonstrating that the fitness currency used (survival vs. growth) can influence 
interpretations of tolerance.

As juveniles develop from seedlings to saplings, they show significant increases 
in compensation for herbivory (Nykänen and Koricheva 2004; Hódar et al. 2008), 
presumably due to increases in photosynthetic area, stored reserves, and bud bank. 
Following a peak at the sapling stage, compensation appears to decrease as plants 
mature (Warner and Cushman 2002; Nykänen and Koricheva 2004; Boege 2005b). 
This is likely due to a combination of factors, including shifts in allocation priorities, 
increased sectoriality of large trees, and senescence. During the vegetative juvenile 
stage, resources for growth are allocated entirely to vegetative tissues. After the onset 
of reproduction, however, allocation patterns shift, and reproductive tissues may be 
produced at the expense of vegetative growth. Following herbivory, these resource 
allocation shifts can limit compensation in mature plants. Thus, under-compensating 
mature plants may actually have high tolerance if they are preferentially allocating 
resources to reproduction at the expense of growth.

Compensation may decrease from the sapling to mature tree stage because secto-
riality increases with plant size, so that large trees have few physiological connections 
among branches. As a result, herbivore-induced tolerance traits are localized on the 
damaged branch, and whole-plant measures of compensation are low (Haukioja and 
Koricheva 2000). Moreover, gradual activation of dormant buds due to release from 
apical dominance may reduce the bud bank in mature trees compared to saplings, 
further limiting compensatory growth following herbivory (Lehtilä 2000).

Finally, mature plants may experience lower compensation for herbivory than 
saplings because they have relatively more senescent leaves. As Nykänen and 
Koricheva (2004) demonstrated, trees are more responsive to herbivory early in the 
season when leaves are more “vigorous” (sensu Price 1991). As the season progresses, 
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leaves begin to senesce and show limited responses to herbivory. This is consistent 
with the general observation that actively growing leaf tissue can better detect and 
respond to herbivory than older, inactive leaves (Herms and Mattson 1992; Karban 
and Baldwin 1997).

Determining whether the observed non-linearity in the ontogeny of compensation 
and tolerance is the result of shifts in allocation priorities, sectoriality, senescence, or 
some combination of these factors, requires further research. Additional questions 
that will shed light on the ontogeny of compensation and tolerance include the 
following: (1) Does tolerance to invertebrate vs. vertebrate herbivory differ in seed-
lings vs. mature trees? Mammals and mollusks account for most of seedling 
herbivory, while insects cause most of the damage experienced by mature trees. 
Because tolerance mechanisms are likely to differ for vertebrates versus invertebrates 
(Haukioja and Koricheva 2000), it is important to test these responses separately 
at each stage. (2) Do deciduous and evergreen trees differ in their ontogenetic 
patterns? Herbivory tends to reduce growth in evergreens more than in deciduous 
trees (Nykänen and Koricheva 2004), but it remains unclear whether this response 
is consistent across ontogenetic stages. (3) Do the mechanisms of tolerance differ 
among ontogenetic stages? Despite the general assumption that compensatory growth 
increases fitness, there are very few tests of the relationship between compensation 
and reproductive output (Tiffin 2000). Thus, it remains unclear whether compensatory 
growth actually acts as a mechanism by which plants tolerate herbivory. Furthermore, 
plant responses to herbivory can be confusing. In their meta-analysis, Nykänen and 
Koricheva (2004) found that herbivory increases the rate of photosynthesis, concen-
trations of carbon and phenolics, but decreases concentrations of carbohydrates, 
terpenes, and plant growth. Apparently, damaged plants were unable to achieve growth 
rates comparable to undamaged control trees despite increases in photosynthesis. 
Examination of other putative tolerance traits in seedlings, saplings, and mature plants 
would provide new insights into how trees compensate for defoliation and would 
elucidate how tolerance changes across ontogeny.

7 � Mixed Strategies: Switching Between Defensive  
Mechanisms During Ontogeny

During their prolonged life span trees are usually attacked by several species of 
herbivores, which have different impacts on their performance. On the other hand, 
resource allocation constraints and costs of defense are also likely to change during 
plant development. Hence, because the efficiency and the benefit:cost ratios of the 
different defensive mechanisms are likely to vary throughout tree development, it is 
not surprising to find that plants can switch from one defensive strategy to another 
as they develop. However, few studies have examined suites of defense traits 
across plant ontogeny (Boege et al. 2007), and only one has formally assessed such 
switches for the particular case of trees. Webber and Woodrow (2009) demonstrated 
that cyanogenesis decreases during ontogeny while a proxy of physical defense 
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(leaf weight per unit area) increases in the tropical understory tree Ryparosa kurrangii 
(Achariaceae). Additional data from independent studies and observations suggest 
that ontogenetic switches in plant defense are an important aspect of plant-herbivore 
interactions. For example, as explained above, it is well known that trees can 
be defended through associational resistance as seedlings, and then switch from 
escape to secondary chemistry, physical defenses or tolerance later in development. 
In addition, when seedlings then become juveniles and mature trees, switches 
between tolerance and chemical defense are also likely to occur, driven by the risk of 
attack and resource allocation trade-offs between growth and defense (Boege 2005b). 
For example, saplings of the tropical tree Casearia nitida show greater ability to 
compensate for intense levels of herbivory (75% of leaf damage) but present lower 
concentrations of secondary metabolites (phenolic compounds) than mature trees, 
which show a lower ability to compensate damage but have higher concentration of 
phenolics (Boege 2005a, b). In addition, as discussed in Sect. 4, trees may shift from 
direct to indirect (biotic) defense as they age, particularly in the case of tropical 
trees where defensive mutualisms are particularly prominent.

An additional case of switches in defensive mechanisms occurs in systems where 
mammalian herbivores cannot climb or reach the canopy of trees (e.g., rabbits in 
boreal zones, deer in temperate and tropical zones). In those systems, it is common 
that physical defenses such as spines and thorns, which are effective largely against 
mammalian herbivores (Hanley et al. 2007), are expressed only early in ontogeny, 
when these herbivores have access to the branches of young trees. Once trees out-
grow the reach of these herbivores, the expression of such defensive traits is likely 
to decrease, as they do not provide further benefits to plants (Gowda and Palo 2003). 
Hence, a switch in defensive strategies is likely if damage in older ontogenetic stages 
is performed by insects that can reach high canopies. In this case, the expression of 
tolerance or other resistance traits (e.g., trichomes, secondary metabolites, etc.) or 
indirect, biotic defense could be expected. Nevertheless, such expected switches 
have not been assessed and deserve further research.

8 � Ecological and Evolutionary Implications of Ontogenetic 
Changes in Plant Defense

As mentioned in previous sections, ontogenetic changes in plant defense are likely to 
be promoted by resource allocation adjustments to physiological priorities of trees 
during their development, but also by the relative impact and intensity of herbivore 
attack as trees grow and mature. Overall, ontogenetic changes in defense should allow 
plants to reduce the costs of defense by restricting their production to only those 
stages in which (a) defenses have reduced physiological or ecological costs and/or 
(b) fitness is severely reduced by herbivore damage. Because reducing the costs of 
defense should be translated into greater plant fitness, natural selection should favor 
genotypes whose ontogenetic patterns of defense minimize the cost:benefit ratio of 
defense production. This adds a level of complexity to the traditional approach to 



208 K. Boege et al.

study the evolution of plant defense, which has implicitly focused on investigating 
how natural selection targets different defensive traits at a given ontogenetic stage 
of trees (Latta and Linhart 1997; Andrew et al. 2007; Bailey et al. 2007, Donaldson 
and Lindroth 2007). In contrast, here we propose that natural selection could target 
directly the ontogenetic trajectories in plant defense. However, for this to be  
possible, the variation in ontogenetic trajectories in a population should have a 
genetic component. That is, some plant genotypes should present greater degree of 
ontogenetic change than others, and this variation should have relevant impacts on 
plant fitness. Genetic variation in ontogenetic trajectories has been detected for some 
herbs and shrubs (Bowers and Stamp 1993; Schappert and Shore 2000; Barton 2007), 
and only for two tree species (Donaldson et  al. 2006, Rehill et  al. 2006). Thus, 
exploring the genetic component of the ontogenetic trajectories in trees warrants 
further research, as a starting point to understand the microevolutionary patterns of 
the ontogenetic trajectories of defense in plants.

9 � Phylogenetic Signal

Studies documenting genetic variation in and natural selection on developmental 
trajectories of defense traits would inform us about the microevolution of the 
ontogeny of defense. To understand macroevolutionary patterns in the ontogeny of 
defense, we must adopt a phylogenetic context for these studies. Phylogenetics is 
typically applied to plant defense research in the following ways: (i) to avoid pseu-
doreplication in tests of trade-offs among defense traits across species (Rudgers 
2004; Agrawal and Fishbein 2008), (ii) as phylogenetic contrasts for testing a 
specific hypothesis, such as the growth rate hypothesis (Van Zandt 2007), and (iii) to 
examine within-lineage patterns of evolution, such as escalation (Agrawal et al. 2008; 
Agrawal et al. 2009). Of these three areas, the use of phylogenetic contrasts for 
testing hypotheses is likely to be the most useful for understanding the ontogeny of 
plant defense.

A recent meta-analysis on the ontogeny of plant defense and herbivory revealed 
several key questions that could benefit from a phylogenetic contrast approach 
(Barton and Koricheva 2010). First, as discussed in Sect. 5 of this chapter, deve
lopmental patterns in herbivory suggest that the ontogeny of defense varies biogeo-
graphically. Herbivores in boreal forests show a strong preference for adult plant 
foliage compared to juvenile foliage, while herbivores in temperate and tropical 
forests tend to show the opposite pattern, preferring juvenile foliage (Barton and 
Koricheva 2010). However, this result is confounded by herbivore type: studies in 
boreal forests focused on mammalian herbivores, but studies in the temperate and 
tropics were limited to insect and mollusk herbivores. Phylogenetic contrasts could 
be used to separately test how latitude and herbivore type influence the ontogeny of 
plant defense. In the first case, a single replicate would consist of a phylogenetic trio 
(related species from each of a tropical, temperate, and boreal forests), and onto
genetic patterns would be compared among the three geographical regions for as 
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many phylogenetic replicates as possible. Similarly, phylogenetic replicates could 
be used to compare ontogenetic patterns in defense traits in species experiencing 
herbivory by different herbivores (mammals vs. mollusks vs. insects). Typically, 
phylogenetic replicates consist of congeners (e.g. Rudgers et al. 2004; Van Zandt 
2007), but in the case of the ontogeny of defense, it will be important to consider 
phylogenetic patterns at the plant family level in addition to the generic level, 
considering the evidence that the ontogeny of defense varies significantly among 
plant families (Barton and Koricheva 2010).

A key insight from previous research on the macroevolution of plant defense that 
is relevant to the study of the ontogeny is the general failure to detect trade-offs 
among defense traits, as evidenced by a lack of negative correlations among them 
(reviewed in Agrawal 2007). However, some trade-offs become apparent when 
multivariate analyses are conducted on suites of traits or “defense syndromes” 
(sensu Agrawal and Fishbein 2006). Because plants encounter different herbivores 
and express different defense traits across ontogeny, multivariate analysis provides 
a method for simultaneously examining these factors.

10 � Conclusions

Ontogenetic patterns in plant defense and herbivory are complex, involving shifting 
suites of herbivores, switches among defense traits, and changing resource alloca-
tion priorities. Yet, many studies continue to overlook this key aspect of plant ecology. 
Integrating the role of ontogeny into evolutionary ecology theory provides new 
perspectives to our understanding of the interaction of trees with their herbivores, 
and in particular on how natural selection can target the ontogenetic trajectories of 
plant defense. Furthermore, this perspective can have important applications for 
forest management. For example, identifying when trees are most susceptible to be 
attacked by herbivores, and when they are likely to express particular defensive traits 
could help to concentrate pest control efforts on the ontogenetic stages that are not able 
to resist or tolerate herbivore damage, or on those stages with greater risk of attack. 
If genetic variation in ontogenetic trajectories in plant defense is found, selection 
of lines which best optimize the expression of defensive mechanisms throughout 
ontogeny could enhance productivity of commercial stands and help conserve rare 
and endangered species suffering from stage-specific herbivory. In the near future, 
it is imperative as well to incorporate the insights of emerging fields such as func-
tional genomics, to understand the epigenetic regulation of developmental changes 
in trees (Brunner et al. 2004), in particular, to identify the genes responsible for the 
ontogenetic trajectories of plant defense traits. Within this framework, evo-devo 
research offers new avenues to determine how environmental factors affect develop-
mental processes at a mechanistic level and how they influence the expression of 
phenotypes during the life history of plants. In particular, the understanding of 
the genetic bases and transduction patterns of ontogenetic changes will help to 
understand their ecological and evolutionary consequences (Sultan 2005).
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