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Tree Defenses Against Insects

Erkki Haukioja

12.1 Introduction

Our understanding of individual resistance mechanisms against insects, and es-
pecially against pathogens, has improved tremendously during the last decade
(Heath and Boller, 2002). This progress has largely been achieved by studying
plants (such as cotton, tomato, or Arabidopsis) with suitable traits for experimen-
tal work. Trees share just the opposite characteristics: long life span, large size,
architectural complexity, and an often short and distinct period of leaf growth. Only
saplings can be studied effectively under experimental laboratory conditions; it is
not clear, however, to what extent the defenses of saplings are similar to those of
mature trees. Hence the defenses of woody plants are not well known; presumably,
trees employ mechanisms that are widespread in the plant kingdom. The specific
features, compared to herbs, also offer opportunities to study mechanisms of plant
defense, and their interactions, that are not obvious in short-lived hosts.

In explaining tree resistance against insects, the traditional emphasis in forest en-
tomology has been to pay attention to secondary compounds, such as phenolics and
terpenoids, and—especially in the older literature—to foliar proteins and sugars.
A major problem is that plant phenolics and terpenoids are not likely to serve for
insect defense alone. Nevertheless, they may strongly modify insect performance
and consumption, thus linking them to plant defense. Some recent observations
indicate that tree defense may involve cascades of defense reactions, induced for
instance by products of the octadecanoid pathway or ethylene. What we know less
about is to what extent the effects of defensive cascades are based on the specific
end products of these pathways, to what extent on interactions of compounds in the
pathways with “traditional” defenses such as phenols or with nutritive compounds.
In any case, tree defenses are probably fundamentally multigenic.

Variance in individual defense mechanisms, and the relative importance of these
mechanisms, is poorly known in all plants, including trees. The use of genet-
ically uniform plants under standardized conditions is likely to eliminate vari-
ance in defense expressions that depends on environmental conditions or on plant
biochemical variation, leading easily to an overestimation of the role of single
mechanisms behind plant resistance. Accordingly, individual, potentially defen-
sive mechanisms may or may not be important under field conditions, where their
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importance has to be judged against all the factors that contribute to a reduction
in damage. This problem is especially relevant in the defense of long-lived plants
against insects, simply because the longer the plant lifespan, the more diverse
the herbivore types and environmental conditions the plant is likely to encounter.
Possible interactions may take place among specific defense cascades, secondary
compounds, and nutritive plant traits. All this means that trees need multiple means
to handle the diversity of insects and environmental situations.

In this chapter I deal with certain major ecological issues involved in tree de-
fenses, by emphasizing the complications that emerge when we try to include in-
sect traits in the picture (Haukioja, 2003; for another recent review of tree defenses
against insects, see Larsson, 2002). My emphasis comes from birch studies, and
biases the discussion toward birches and other deciduous trees. I will deal with the
defenses of conifer foliage, but not, for instance, with defenses against bark beetles
(Raffa, 1991). I will first review the ecological aspects relating to traits creating
resistance in woody plants. I will then discuss the problem of how long-lived plants
such as trees can remain resistant against short-lived pests that have numerous gen-
erations during the lifetime of a single host. Finally, I will discuss some general
practical and theoretical problems encountered in research into tree resistance.

12.2 Constitutive versus Induced Resistance

Ecologically the most relevant classification of tree resistance is that of constitu-
tive versus induced resistance. The levels of constitutive defenses do not depend
on prior contacts with herbivores. The boundary between constitutive and induced
resistance, however, is not sharp. For instance, the efficiency of typical constitu-
tive defenses, such as phenolic compounds, may depend critically on polyphenol
oxidases (PPOs) that are activated when insect feeding crushes the leaf cells and
allows plant oxidases to react with phenolics (Felton et al., 1992). This leads to the
formation of quinones, which are regarded as more toxic than phenols. Although
PPOs are known to be inducible by insect damage and jasmonic acid (Constabel
et al., 2000; Tscharntke et al., 2001), constitutive PPOs also function as very rapidly
inducible defenses.

Constitutive defenses may contribute to the average levels of pest populations,
but unlike herbivore-induced responses they are not good candidates in explaining
temporal variation in insect population densities (e.g., Larsson, 2002). The most
spectacular and economically important effects of forest insects relate to their
multiannual population outbreaks or cycles, which often lead to large-scale
defoliations. Herbivore-induced responses can in theory modify pest populations,
and because of their variable time lags they have gained much attention in woody
plant research.

12.2.1 Constitutive Tree Defenses

Constitutive defenses have been studied in forest entomology for a long time, and in
particular secondary compounds have received much attention. Defense is usually
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credited to phenolics or terpenoids, the main groups of secondary compounds in
the foliage of deciduous and coniferous trees, respectively. Sugars and proteins
may also be important contributors to variance in the success of forest pests, as
emphasized in the older German forest-entomological literature (e.g., Schwenke,
1968). Similarly, the stress hypothesis by White (1974) is based on the importance
of temporal variance in soluble nitrogen.

Although the levels of constitutive defenses do not depend on previous encoun-
ters with insects, the concentrations of constitutive secondary compounds show
very dynamic variation, both temporal (Zou and Cates, 1995; Nerg et al., 1994;
Habermann, 2000; Riipi et al., 2002) and spatial (Suomela et al., 1995a,b). In
birch, the seasonal succession in dominant groups of foliar phenolics takes place
very rapidly during leaf development: from phenolic aglycons via galloylglucoses,
phenolic glycosides, and ellagitannins to proanthocyanidins (condensed tannins)
(Nurmi et al., 1996; Kause et al., 1999b; Salminen et al., 2001; Haukioja, 2003;
Valkama et al., 2003). Together with the simultaneous rapid decline in protein
contents and the hump-backed seasonal trend in foliar sugars (Riipi et al., 2002),
this rapid succession may explain why young and mature leaves represent very
different diets for leaf chewers (Haukioja et al., 2002). At different times of leaf de-
velopment, the same trees may represent such different diets that even specialized
species of sawflies experience strongly reduced growth and increased mortality
on birch leaves not matching the typical leaf age at that developmental stage of
the larva (Martel et al., 2001). These observations suggest that the level of “tree
defense” may be an elusive concept.

Compared to studies emphasizing the effects of phenolics on insects (Feeny,
1970; Rossiter et al., 1988, Bryant et al., 1993; Julkunen-Tiitto et al., 1996;
Keinänen et al., 1999; Ossipov et al., 2001; Salminen and Lempa, 2002), much
less attention has been paid to proteins and sugars as determinants of tree defense
and insect performance (see Mattson and Scriber, 1987, Slansky, 1993; Clancy,
1992; Zou and Cates, 1994, Haukioja et al., 2002). Interestingly, different foliar
sugars may have different effects on insects. High levels of galactose (Zou and
Cates, 1994) and sucrose (Clancy, 1992) may retard insect growth on artificial di-
ets. These sugars also displayed negative correlations with insect growth in birch
leaves, contrary to the positive correlations shown by glucose and fructose, even
at the time of peaking leaf sugars (Haukioja et al., 2002; Henriksson et al., 2003).

The effects of individual amino acids in tree foliage on insects are not well
understood, and seem to show variable correlations with insect growth, perhaps
because of rapid changes in the concentrations and ratios of individual foliar amino
acids, and high intra-tree variation (Suomela et al., 1995b; Riipi et al., 2002). The
stress hypothesis by White (1974) claims that insect outbreaks are caused by the
increased availability of soluble nitrogen in stressed trees. There exist no good
data to demonstrate the validity of this claim, but in birch we found no consistent
correlations between soluble amino acids and the performance of an outbreaking
lepidopteran (Haukioja et al., 2002; Henriksson et al., 2003). Actually, in several
birch-insect data sets the best correlate with insect growth is the amount of water
ingested with consumed leaf mass. Leaf water content was found to be correlated
with soluble and cell-wall bound proteins, but correlations between insect growth
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and these groups of proteins were not as high as those with water (Haukioja et al.,
2002; Henriksson et al., 2003).

It is increasingly obvious that defensive secondary compounds do not function
independently of the nutritional background of tree leaves (Schopf, 1986, Jensen,
1989; Haukioja et al., 2002). Simpson and Raubenheimer (2001) demonstrated
that gallic acid had a strong effect on locusts only when combined with extreme
protein:carbohydrate ratios in the diet. Haukioja et al. (2002) found that while 7
out of the 35 individual phenolic compounds displayed a significant correlation
with the growth or consumption of a geometrid moth, 17 more compounds showed
significant interactive (insect trait ∗ phenolic trait ∗ leaf trait) effects with three
seasonally changing leaf traits: water content, sugar:protein ratio, and toughness.
In these data sets, the sugar:protein ratio was not a more important covariate than
water content or toughness, perhaps because only two (glucose and fructose) of the
four dominant birch leaf sugars (Riipi et al., 2002) displayed consistent positive
correlations with insect growth.

Another reason relates to the logic of insect feeding (Haukioja, 2003). The goal
of insect feeding is to obtain a sufficient amount of those nutritive compounds
that limit its performance, in forest insects usually larval growth. On high nutritive
diets insects have their demands satisfied with less consumption than on diets
containing low concentrations of nutritive compounds (Haukioja et al., 2002).
Low consumption on high nutritive diets naturally means a simultaneous limited
intake of potentially defensive compounds. On low quality birch leaves, late-season
sawfly species strongly increase their consumption (Kause et al., 1999a). This
increase in consumption with declining leaf nutrition is truly dramatic: the ratio
of leaf mass consumed relative to larval growth (in terms of dry matter) for a
lepidopteran larva feeding on the nutritious leaves of mid-June was below 3, but
in late summer sawflies it was as high as 15 (Haukioja, 2003).

All in all, foliar nutrient and phenolic contents interact strongly in their effects
on insects, just as in mammals (Villalba et al., 2002). Maintaining a low nutritive
value sounds like an appealing solution for plant defense, and in evolutionary time
it may be so. But it can also easily lead to high loss of leaf mass to adapted her-
bivore species (Moran and Hamilton, 1980). The critical question is what really
sets a limit to further consumption before the insect’s nutritive demands are satis-
fied. Surprisingly, the answer to this question is not well known, presumably for
several reasons. First, due to compensatory feeding, the amounts of single allelo-
chemicals or groups of physiologically related allelochemicals consumed may be
so high that the insect cannot handle any more. This is especially likely on low
nutritive diets (Slansky and Wheeler, 1992). Second, due to low concentrations
of growth-limiting compounds, the feeding rate needed may be so high that the
insect simply cannot consume and process that much plant mass. This is because
moving the leaf mass consumed through the gut demands metabolic work, due
to the active construction of peritrophic membranes that separate the gut contents
from the gut walls, for example (Barbehenn, 2001). In this case, there may be no
single compound responsible for the cessation of feeding; it may simply become
impossible to continue feeding. Third, the ratios of different nutritive compounds
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(particularly carbohydrates vs. proteins) may be so far from optimal that the elim-
ination of nonlimiting nutrients puts an end to insect feeding (Raubenheimer and
Simpson, 1994). This is a complex question because different nutritive compounds
demand different elimination processes (surplus sugars are respired, proteins are
excreted as ammonium), and because of interactive effects between nutrient ratios
and secondary compounds (Simpson and Raubenheimer, 2001).

12.2.2 Herbivore-Induced Responses in Trees

Plant responses are regarded as defenses due to their end result, which is re-
duced damage. The term “induced defense” therefore pools together heteroge-
neous mechanisms (Karban and Kuć, 1999). Some of these undoubtedly are true
defenses, designed by natural selection for that purpose. Induced defenses may
also be inclusive and occur even when no specific defense pathways are activated.
In other words, the null hypothesis is not that no change in plant quality takes
place after herbivore damage. The drying up of partially consumed leaves is an
example. Since plants are modular organisms, any damage to hormonally active
plant meristems is bound to rearrange resource flows within the plant (Haukioja
et al., 1990; Dyer et al., 1991), and this may lead to drastic changes in the suitabil-
ity of adjacent plant parts for insects. Consistent with the multiple ways whereby
induced resistance against insects can emerge is the pronounced variance between
the results of individual experiments; for birch see Ruohomäki et al. (1992), for
pines Watt (1990), Lyytikäinen (1994), Trewhella et al. (1997), Raffa et al. (1998)
and Smits et al. (2001). Unlike many of the mechanisms activated by defense path-
ways, such as the octadecanoid cascade, responses based on mechanical damage
via altered sink-source relations seem to be local (Tuomi et al., 1988, Långström
et al., 1990; Henriksson, 2001, Henriksson et al., 2003).

Some herbivore-induced responses may occur immediately after the damage;
the long lifespan of trees, however, also allows carry-over responses of damage into
foliage produced in the growth season(s) following the damage. Due to variation in
the duration of induced responses relative to insect generation time, induced plant
responses can cause different and even opposite pressures on insect population
densities (Haukioja, 1982; 1990). I therefore deal separately with rapid induced
(RIR) and delayed induced resistance (DIR).

Rapid Induced Defenses

RIR is experienced by the same generation of herbivores that triggered the response
with adverse effects on the insect. RIR is likely to dampen out fluctuations in insect
population density: the higher the insect density, the more likely it becomes that
induced responses will be expressed and will detrimentally affect the insect. There
are numerous observations of rapid induced systems against insects in the foliage
of various woody plants, such as birch (Haukioja and Niemelä, 1977; Edwards and
Wratten, 1982; Wratten et al., 1984; Fowler and MacGarvin, 1986; Hanhimäki and
Senn, 1992), oak (Schultz and Baldwin, 1982; Rossiter et al., 1988), poplar (Havill
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and Raffa, 1999), larch (Krause and Raffa, 1992), pine (Litvak and Monson, 1998),
fir (Litvak and Monson, 1998), and alder (Seldal et al., 1994; Dolch and Tscharntke,
2000).

A key challenge in explaining rapid induced tree defenses is to understand
interactions between specific defense pathways (such as cascades induced by oc-
tadecanoid compounds, salicylic acid and by ethylene), phenolic metabolism, and
primary leaf nutrients. Changes in tree nutrient levels in connection with RIR
are poorly known (Beardmore et al., 2000). An induced resistance response is
often characterized by an accumulation of phenolics in deciduous species, and
of terpenoids in conifers. The role of jasmonic acid in the increased synthesis of
terpenoids has been demonstrated by Martin et al. (2002). Jasmonate treatments
did not induce higher levels of phenolic synthesis in alder (Tscharntke et al., 2001)
or birch leaves (Ossipov, unpublished observations), but a response was found in
poplar sink leaves (Arnold and Schultz, 2002). Since jasmonates are implemental
in the activation of plant enzymes, such as PPOs, they may still control the effi-
cacy of phenolic compounds on insects (Constabel et al., 2000; Tscharntke et al.,
2001). The cascade induced by ethylene was found to induce increased production
of phenolics (Tscharntke et al., 2001), reiterating the old observation in eucalypts
(Hillis, 1975).

Tscharntke et al. (2001) demonstrated no increase in predator densities after
induction of defense in alder, but, in general, the possible role of parasitoids in
RIR in woody plants is not known. This is a promising area, since the spread
of herbivore-induced volatiles (Dolch and Tscharnke, 2000) may have an even
forest-wide effect on predation.

Delayed Induced Defenses

Multiannual, large-scale insect outbreaks are characteristic of many woody plants.
Induced defenses offer a potential explanation for the collapse of peak populations;
in order to lead to a low population level, however, they would have to severely
impair insect performance over several generations, i.e., lead to delayed negative
feedbacks. The increased resistance associated with DIR has been shown to last
for one to four years after manual defoliations in birch (Neuvonen and Haukioja,
1991; Kaitaniemi et al., 1999) and after natural defoliation in larch (Benz, 1974;
Omlin, 1980). Thus DIR—unlike RIR—offers a potential factor for the decline
and the low phase of insect populations after outbreaks of forest insects.

The chemical basis of DIR is not well understood. The simplest explanation is
that defoliations reduce tree nutrient reserves. In the years following defoliations
the trees actually tend to be low in nutritive compounds, especially nitrogen and
water (Valentine et al., 1983; Kaitaniemi et al., 1998). Honkanen and Haukioja
(1998) presented a physiological null hypothesis for DIR, based on the observation
that primordial leaves within short shoot buds are initiated the year before their
flush. Early damage to the leaves supporting the buds weakens the sink strength of
the buds, and the following year reduces their ability to draw resources from the
common pool. Such leaves are therefore likely to remain small, low in nutrients,
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and high in phenolics. Levels of phenolics in the leaves of trees defoliated the
previous year have been found to be higher than in undefoliated control trees.
Most early studies refer to the consequences of manual defoliations (Tuomi et al.,
1984; Hartley and Lawton, 1990; Bryant et al., 1993; Ruohomäki et al., 1996;
Kaitaniemi et al., 1999), and their relevance to field conditions is not clear. Benz
(1974) reported a drop in both consumption and efficiency of larval growth in
larch trees that had been naturally defoliated in previous year; these measures
were associated with low nitrogen and high fiber contents in needles. Kaitaniemi
et al. (1998) demonstrated increased levels of phenolics (and lower levels of sugars
and proteins) in trees naturally defoliated by moth larvae during previous years,
compared to trees that had been protected from defoliations by pyrethrine spray-
ing. They also found more seasonal overlap between the peaks of hydrolyzable
and condensed tannins in birch leaves after natural defoliation (Kaitaniemi et al.,
1998).

Whether DIR operates via the third trophic level in trees is not known, and
clearly deserves more attention, as does the use of larval-produced rather than
manual defoliation. Kaitaniemi and Ruohomäki (2001) experimentally introduced
few geometrid larvae on individual trees (leading to negligible consumption at
the whole-tree level). The following year they found that larvae disappeared at a
significantly faster rate from these trees than from trees without caterpillars the
year before. Although the experiment did not reveal whether the larvae disappeared
due to predation or dispersal, the study suggests that natural larval damage, unlike
manual damage (Tuomi et al., 1984), leads to systemic DIR.

Induced Susceptibility

It is easy to interpret induced resistance as an evolved mechanism of plant defense.
The dangers of that approach are indicated by observations showing that plant
responses to herbivory may also make further herbivory more likely. It is actually
very easy to manipulate trees so as to improve the quality of their foliage for
herbivores: one simply breaks the apical dominance by removing the most apical
meristems. After that the previously suppressed meristems start to grow actively,
becoming rich in nutrients and low in tannins. After mammalian browsing, plants
may become better for insects (Danell and Huss-Danell, 1985); insect feeding can
lead to a similar outcome (Bryant et al., 1991). Since responses to the breaking
of apical dominance are of a very general nature, it is not surprising that induced
susceptibility has been found in many types of woody plants, including eucalypts
(Landsberg, 1990), birch (Haukioja et al., 1990), oak (Hunter and West, 1990),
alder (Williams and Myers, 1984), willows (Hjälten and Price, 1996), and pines
(Trewhella et al., 1997; Raffa et al., 1998).

The chemical changes that describe induced susceptibility have not been studied
in detail. In birch they seem to be just the opposite of DIR—an increase in nutrients
and a decline in phenolics (Danell et al., 1997); better insect performance, however,
may also follow even though some chemical traits may indicate poor foliage quality
(Wagner and Evans, 1985; Raffa et al., 1998).
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Induced susceptibility pinpoints certain unconsidered possibilities with regard to
the origin of population cycles. If insects are able to manipulate the plant hormonal
system for their own benefit, this may improve the foliage; hypothetically, this
could create positive feedbacks into population numbers. This might be reflected
in an improved reproductive capacity in insects during the increase phase. A further
hypothetical possibility is that during the increase phase of the population, insects
could sabotage the expression of defensive cascades and reduce the effects of
possible indirect defenses (Dicke and van Poecke, 2002). The sabotage of indirect
defenses (Edwards, 1989; Krause and Raffa, 1995; Kaitaniemi et al., 1997) might
even contribute to a low rate of parasitism during the years of population build-up,
a necessary prerequisite for increasing insect populations.

12.3 Resistance of Long-Lived Hosts Against
Short-Lived Pests

Defoliating forest insects have short generation times compared to their hosts.
This creates a potential evolutionary dilemma: the numerous generations of herbi-
vores during the lifetime of a single host suggest the insect should easily develop
genotypes that exactly match the genotypes of the host (Edmunds and Alstad,
1978), perhaps at the cost of being able to live on other host individuals. In
studying the idea of adaptive deme formation, van Zandt and Mopper (1998)
found evidence for locally adapted insect populations; however, it did not corre-
late in any simple way with the herbivore dispersal rate, feeding type, or mode of
reproduction.

An obvious answer to the question of why short-lived herbivores are not able
to completely breach the genetic resistance system of their long-lived trees is that
insects interact with tree phenotypes, not genotypes, and that the same tree geno-
type is able to express vastly different resistance mechanisms. Induced defenses
represent an important source of variance in plant defense (Denno and McClure,
1983), which insects try to overcome by moving around or by compensatory feed-
ing. In birch sawflies these alternatives seem to be mutually exclusive (Kause et al.,
1999a).

By no means do induced defenses represent the only source of variability. The ar-
chitectural complexity of trees also promotes spatial heterogeneity within canopies
(Lawton, 1983). In mountain birch, Suomela and Nilson (1994) showed that most of
the variance in insect performance in birch canopies was within, not among, trees,
mainly between ramets and between branches. Actually the largest component of
variance in tree foliage probably is seasonal. Since secondary compounds function
interactively with other leaf traits (water content, sugar/protein ratio, toughness)
(Schopf, 1986; Haukioja et al., 2002), this creates rich phenotypic variation in
foliage quality of the same tree genotypes.

From the viewpoint of insect adaptation to a single host, a critical point is that
during its development an insect may encounter successive qualities of leaves from
the same tree so different that the tree simply does not represent a single target
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for the insect to adapt to (Adler and Karban, 1994). This is especially likely in
insects that feed on growing leaves, and is obviously less likely in sucking insects.
Interestingly, none of the examples of adaptive deme formation in van Zandt and
Mopper (1998) referred to foliage-chewing insects.

Pronounced changes in diet quality during the lifetime of an arboreal chewing
insect take place during the time of most intense leaf development. Because of
the large seasonal variation in the main nutritive, phenolic, and terpenoids com-
pounds, individual insect genotypes may not be optimally adapted to handle each
successive defensive trait. The interactive actions of phenolics with nutritive leaf
traits (Haukioja et al., 2002) further enhance the challenge of dealing with the
foliage of an individual tree, as suggested by the observation that most of the vari-
ance in sugars and amino acids fell within and not among trees (Suomela et al.,
1995b).

Accordingly, in birch it has been common not to find significant correlations
when spring-feeding insects have been repeatedly tested on leaves of the same
trees. On young, nutritious leaves the lack of correlation may result from com-
pensatory feeding on poorer quality trees producing similar growth on different
host individuals, but also from the rapid developmental switching of main foliar
defenses. Still, each larva that survived to pupation on a single host had to be
able to handle all the seasonally switching defenses. Ruusila et al. (2005) tested
autumnal moth larvae at different instars in the same trees; in accordance with the
above logic, they did not find significant difference among trees but did find tree
∗ instar interactions. In other words, different trees were best for different instars.
Major switches in tree suitability seemed to take place between the third instar
and later ones (i.e., at the time when gallotannin contents declined, Riipi et al.,
2002). Brood-specific larval growth, on the other hand, was similar in the fourth
and fifth instars (see also Ayres et al., 1987). The results suggest that one compo-
nent of the defensive strategy of mountain birch against Epirrita autumnata, its
most important herbivore, may be to minimize the probability of the evolution of
well adaptive insect genotypes. Birch leaf quality remains relatively invariant in
mid and late season, allowing insects to adapt to certain developmental phases of
the host (Hanhimäki et al., 1995; Kause et al., 2001). Martel et al. (2001) found
that birch sawflies did manage poorly when they were experimentally exposed
to younger (and more nutritious) leaves or to more mature (nutritionally inferior)
ones than those that they typically consume. This suggests that mid- to late-season
sawfly species were specialized to certain phases of birch leaf development, not
to host trees per se.

12.4 Discussion

Low consumption, the final outcome of successful defense, can be achieved by
numerous different combinations of defensive solutions, and we lack a holistic
understanding of the plant traits that prevent consumption by insects or that cur-
tail it to values less than optimal for insect development. This, however, is the
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critical problem in explaining how plant defenses lead to the ultimate goal, reduced
consumption. It is important to realize that a trait with adverse effects on a herbivore
may or may not be an important component of plant defense. A fundamental task
in identifying crucial plant defenses is thus to determine the contribution of differ-
ent plant traits to consumption (the inverse of defense); in other words, we should
concentrate on how much these traits explain of the variance (r2) in consumption.
This is more important for a holistic understanding than whether a certain trait
makes a defensive contribution (i.e., whether it correlates with consumption), or
whether it is detrimental for a herbivore. Scriber and Feeny (1979) demonstrated
the importance of water for arboreal insects, and Haukioja et al. (2002) showed that
in most cases leaf water content explained more of the variance in growth and to
some extent in consumption of a defoliator than any phenolic compound measured.

12.4.1 Possibilities for General Theories

Within the ecological paradigm of plant defense, research on tree defenses has
long concentrated on measuring the levels of those compounds that are likely to
be defensive, such as phenolics and terpenoids. The most popular general theories
(the carbon-nutrient balance and the growth-differentiation balance hypotheses)
have stressed the importance of trade-offs between plant growth and defense, and
the defense level has often been measured as the concentration of phenolic com-
pounds (see e.g., Herms and Mattson, 1992; Hamilton et al., 2001). In woody
plants there are actually strong negative correlations between nutrient levels (high
values characterizing rapidly growing plant parts) and total phenolics, or their usu-
ally largest component, condensed tannins. This has traditionally been explained
by the passive accumulation of carbon in defensive compounds after carbon de-
mands for plant growth have been met. However, the key point may not be in
plant growth versus defense, since other types of putative defenses (hydrolyzable
tannins, terpenoids) of woody plants do not respond to variable carbon availability
in the same way as condensed tannins (Haukioja et al., 1998; Koricheva et al.,
1998). Furthermore, correlations between the synthesis of putatively defensive
compounds and the growth of other plant tissues may not be generally inversely
related, as indicated by an analysis of the accumulation of phenolic compounds in
growing birch leaves and shoots (Riipi et al., 2002). As such this does not refute
trade-offs at the whole-plant level; the synthesis of leaf phenolics in mountain
birch, however, depends on local and not whole-tree carbon resources, as shown
by experiments shading whole canopies or individual branches only (Henriksson
et al., 2003).

I have elsewhere introduced an alternative, adaptive explanation for the strong
trade-off between leaf nutritive quality and its “quantitative” (sensu Feeny, 1975)
defenses, such as condensed tannins (Haukioja, 2003). Quantitative defenses are
obviously targeted against adapted species of herbivores, which are well equipped
to handle single defensive compounds in their host. Quantitative defenses would
not be effective against such species if the plant were rich in nutrients; this is
because on nutrient-rich diets insects can satisfy their requirements for nutritive
compounds with such low consumption that the amounts of tannins ingested are
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inconsequential. Accordingly, quantitative defenses can be effective only if plant
nutrient content is low, and if compensatory feeding leads to increased consump-
tion of defensive compounds. This scenario predicts a tight negative correlation
between plant nutrient content and quantitative defenses such as condensed tan-
nins. The explanation is not sensitive to the matter of whether the reason for high
nutrition is nitrogen fertilization, shade or seasonal schedules.

Quite obviously, possibilities for the creation of new general theories as broad
as the carbon-nutrient balance hypothesis are limited (see e.g., Lerdau and Coley,
2002, Nitao et al., 2002, Koricheva, 2002). This is because of the emerging picture
of plant defenses as the outcomes of complex and probably idiosyncratic inter-
actions between secondary compounds, nutritive plant traits and specific defense
cascades.

12.4.2 What Next?

During recent years specific defense pathways have been shown to operate in
trees, such as poplars (Constabel et al., 2000), alder (Tscharntke et al., 2001),
and spruce (Martin et al., 2002). In birch as well, strong negative correlations
between insect growth and leaf fatty acids of the octadecanoid pathway suggest
the importance of this pathway (Haukioja et al., unpublished data). The emerging
genetic maps of woody plants and the use of microarrays for trees too will offer
new tools for the study of specific defense systems with the same accuracy as for
well-known herbs (e.g., Chiron et al., 2000). At that point we will have the tools
to start to unravel the specific and relative roles of particular defense pathways, of
constitutive secondary compounds, and of nutritive compounds as codeterminants
of tree defenses. Several major problems still remain. Experimentation with trees
is easy only with saplings, while the most dramatic incidents of herbivory tend to
occur in mature or overmature stands (e.g., Ruohomäki et al., 1997). The context-
dependence and interactive functions of defenses suggest that generalizations about
defenses may be risky, and we have to keep in mind possible species-specific effects
of plant defense responses.

Particular interest should be accorded to the idea that trees may utilize indirect
defenses, i.e., recruit parasitoids as part of tree defense, presumably via volatile
exudates luring parasitoids. This idea is really worth testing; it is well known
that trees release huge amounts of volatiles into the atmosphere (Rhoades, 1985;
Hakola et al., 1998; Monson and Holland, 2001). Yet a further source of complexity
is the possibility that some of these mechanisms may interact with “traditional”
plant defenses, producing unanticipated results; dietary phenolics, for instance,
may increase larval resistance against viral diseases (Hunter and Schultz, 1993).
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Kause, A., Haukioja, E., and Hanhimäki, S. 1999a. Phenotypic plasticity in foraging be-
havior of sawfly larvae. Ecology 80:1230–1241.

Kause, A., Ossipov, V., Haukioja, E., Lempa, K., and Hanhimäki, S. 1999b. Multiplicity of
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Ruohomäki, K., Hanhimäki, S., Haukioja, E., Iso-Iivari, L., Neuvonen, S., Niemelä, P., and
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