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the unsatisfactory maximum parsi- 
m3ny criterion will have to suffice. 

The techniques of cladistic analy- 
sir; of morphological data and 
molecular phylogeny reconstruc- 
tion have now been applied to the 
M,ammalia for over ten years and 
the results have not lived up to the 
expectations of either group of 
ar alysts. However, broad assess- 
ments of the few areas of agree- 
ment and those of disagreement 
are necessary9f18 before any resolu- 
tion can be achieved. It would be 
foolish to assume that one method 
is more likely to achieve success 
than the other. 
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Plant Responses Induced by 
Herbivores Physiological and chemical traits of many 

plblnt species change in response to real or 
sinzulated herbivory. These changes often 
have significant impacts on behavior, 
growth, survivorship, feeding and oviposi- 
tion of insects. However, evidence that 
plernts gain direct or indirect protection 
from insect enemies thereby is equivocal at 
pn!sent. Evidence is lacking for an impact 
of induced defenses on insect population 
dynamics, 6ut few studies have sought it. 
M’,re detailed studies of plant physiology, 
biochemistry, genetics and net benefit to 
individual plants ure needed to identify the 
adaptive significance of induced defenses. 

- 

Plants have long been known to 
respond to pathogen attack by 
changing cell or tissue structure or 
b;/ producing chemical deterrents’. 
The observation that similar 
changes might occur in response to 
herbivore attack is more recent2. 
Siudy of these changes, called ‘in- 
duced defenses’ because of their 
presumed protective effects’, has 
greatly accelerated in the past ten 
years. At least 50 examples of 
changes in physiological or mor- 
phological traits, or in bioassay re- 
sults related to real or simulated 
herbivory have been published 
since 1974, involving well over 40 
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plant species. Various aspects of 
the subject have been reviewed in 
the last four years’-4. 

Because plants possess many 
passive characters which may pro- 
tect them against herbivores, re- 
sponses to herbivore stimuli must 
be distinguished from ‘constitutive’ 
traitslJf5 which may change in re- 
sponse to other external or internal 
influences (e.g. weather, tissue age) 
but are otherwise stable. For exam- 
ple, leaf phenolic composition and 
concentrations in Acer saccharum 
vary seasonally, with leaf age 
and position, among individuals, 
among sites, and through timeb, 
but also change in response to 
pathogen infection7 and artificial 
defoliatior?. Only the last variation 
can be said properly to be ‘in- 
duced’ by damage. Induced re- 
sponses are therefore a form of 
phenotypic plasticity expressed 
in response to stimuli from 
herbivores. 

Responses are very diverse. 
Changes in both current growth and 
regrowth following damage have 
been called ‘induced responses”-4. 
In some cases, regrowth tissues dif- 
fer from those actually damaged by 
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herbivores only because they are 
youngerg. In these cases, it is 
doubtful that the plant ‘responds’ 
to herbivore stimuli by altering its 
traits; damage merely alters the 
frequencies of tissues that ordinar- 
ily differ in constitutive traits. If the 
herbivore can only use older tis- 
sues, such a plant could become 
more ‘resistant“? however, the 
same plant may become more sus- 
ceptible to a herbivore preferring 
younger tissues. Similarly, the pro- 
duction of younger tissues out of 
their normal phenological sched- 
ules (e.g. young tree leaves late in 
the growing season) could reduce 
or increase plant susceptibility to 
some herbivores within a single 
generation’,‘. 

Herbivore attack may also shift 
phenology of perennial plants in 
subsequent years’,2. For herbivores 
restricted to feeding on tissues of a 
specific age, this may desynchro- 
nize herbivore and plant life his- 
tories, making the plants more 
resistantlO. This is one way that 
feeding by one herbivore genera- 
tion could have an impact on per- 
formance of the next. Responses 
like these, which act over more than 
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one herbivore generation or plant 
growing season, have been called 
‘long-term’r,2. Those occurring in a 
single season and decaying more 
rapidly are called ‘rapid’ or ‘short- 
term’rf2. 

In addition to phenological shifts, 
inducible plant traits can include 
production of spines, early leaf 
abscission, increased resin exuda- 
tion, and a decrease in nutrients 
such as nitrogeniJ. The most 
frequently studied and best 
documented class of responses is 
physico-chemical, including in- 
creased concentrations of fiber and 
secondary chemical compounds 
such as phenolics, alkaloids, 
terpenes, specific proteinase 
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Fig. I. Three phenolic measures as functions of man- 
ual defoliation of 45 red oak (Ouercus rubral trees. 
Regression equations, data points and solid lines are 
for data from foliage inside bags with gypsy moth 
(Lymantria disparl larvae; dashed lines are for data 
from leaves randomly sampled from the open canopy. 
Differences between the two regression lines suggest 
that larval presence or immediacy of damage or both 
are needed for maximum response. % TAE = % tannic 
acid Istandard equivalents). From Ref 5. with 
permission. 

inhibitorsi-4 and silicates’ I. Lim- 
ited investigations indicate that in- 
creases in some secondary com- 
pounds (e.g. coumarins’21 cannot 
be stimulated by herbivory. 

The spatial and temporal extent 
of chemical changes arising from 
damage can vary widely. Significant 
changes in tissue quality have been 
detected chemically or with bio- 
assays within leaves13, within 
branchesI or throughout whole 
plants and tree canopiesr-4. These 
changes are detectable within a few 
hours, days, or weeksr-4,r3,r4, and 
last a few hours, days, weeks or 
yearsr-4 (Fig. I). Maintaining some 
responses requires continuous or 
repeated damager,3,5p7,8. Young tis- 
sues and/or plants are often found 
to be more responsive to dam- 
age’,*, perhaps because of their 
greater photosynthetic or meta- 
bolic activities. 

Whatever the mechanisms in- 
volved, the ability to respond to 
attack in some way appears to be 
widespread among plant taxa. 
Although there is a lamentable 
tendency to avoid publishing ‘fail- 
ures’, I am aware of only three ex- 
periments in which investigators 
failed to find some sort of damage- 
induced change in chemistryr5-r7. 
In two of these studiesi5,i7 bioas- 
says used branches removed from 
the host tree (Pinus sy/vestrid5; 
Ahus rubra’71; this may have 
blocked plant responses. In the 
third, using five arctic shrub spe- 
cies, experimenters cut and re- 
moved whole branches to simulate 
herbivory. This, too, may prevent 
plant responses. Although most 
positive examples involve woody 
plants, especially trees, this may be 
a sampling artifact; herbaceous 
species in the Labiatae, Solan- 
aceae, Cucurbitaceae and Grami- 
nae among others exhibit increases 
in secondary compounds when 
leaves are damaged’-4 and species 
in several other families exhibit 
damage-induced resistance’,2,4.18. 

Are plant responses ‘incidental’? 
So little is known (especially by 

ecologists) of the regulation of 
plant development and biosyn- 
thesis of secondary compounds, 
that it is reasonable to ask whether 
‘induced’ responses represent any- 
thing other than an inevitable and 
incidental consequence of tissue 

lossr9. This issue is important be- 
cause it is a variant of the question, 
‘Are these plant responses evolved 
(or coevolved) adaptive traits?‘. 

Plant responses to pathogen in- 
vasion often involve the de novo 
synthesis and translocation of anti- 
biotic chemicals (‘phytoalexins’) 
whose actions can be specific to 
pathogen genotype and have a 
plant genotypic basis’. Evidence of 
this specificity, which suggests that 
phytoalexin production is an adap- 
tive trait arising primarily due to 
selection by pathogens, is so far 
lacking for responses by induced 
herbivory. However, several reports 
indicate that leaf damage produced 
by herbivores is more effective 
in stimulating plant responses 
than is artificial (e.g. tearing) dam- 
age5r19-21 (Fig. I). The possibility 
that pathogens introduced during 
damage may actually provide such 
cues4fr9 has not been investigated 
rigorously. 

Since herbivory may remove 
metabolic substrates needed to 
produce constitutive defenses, 
‘induced’ responses could be 
driven primarily by shifts in re- 
source availability22. As an exam- 
ple, the production of secondary 
chemicals whose molecular struc- 
ture is based primarily on carbon 
could depend on the existence of a 
metabolic ‘surplus’ of carbon in the 
plant’s biosynthetic pathwayG2. 
Such a ‘surplus’ might develop in a 
defoliated plant, such as a tree, 
which has large stored carbon re- 
serves Carbon and some mineral 
nutrients (e.g. nitrogen) are lost 
when leaves are removed; how- 
ever, carbon can be mobilized from 
storage while nutrients cannot be 
obtained readily until the canopy is 
replaced22. A resulting carbon sur- 
plus might be directed into the 
synthesis of carbon-demanding 
secondary chemicals. 

However, some plants possess 
specific damage-recognition mech- 
anisms and the ability to regulate 
the synthesis of secondary metabo- 
lites directly on the basis of such 
stimulils2,23. Undamaged indi- 
viduals of some species appear 
capable of responding to volatile 
substances produced by damaged 
neighbors, increasing or initiating 
synthesis of secondary com- 
pounds”J4, and may thus become 
more resistant to some insects’. 



TF’EE vol. 3, no. 2, February 1988 

. 7 1 ~.$23-70.007x 

. 
. P= 0.016 

Many plant species exhibit sys- 
temic responses to removal of mi- 
nute amounts of tissueI-3.8.18J3 and 
ca-bon-based defenses can be in- 
duced in annual plants which do 
not have large stored reservesi,2. 
These observations are inconsis- 
tent with the nutrient allocation 
hypothesis22. 

To the extent that we understand 
them, the biosynthetic pathways of 
many plant secondary compounds 
appear to involve both substrate 
availability and specific cue regula- 
tion. Hence the activities of many 
key regulatory enzymes in the 
synthesis of a wide variety of phen- 
olic and other secondary chemicals 
frequently shown to be induced, 
art: known to be sensitive to both 
resource availability and specific 
cuSes. A recent study25 showed that 
genes coding for the biosynthetic 
enzymes central to production of 
many commonly induced phenolics 
are regulated by wound-produced 
ethylene. 

In the only direct test of the 
‘defensive-incidental’ alternatives 
fertilization did not prevent an in- 
duction response in birch trees 
(8etula pubescensl, as predicted 
by the resource availability 
theorylg. Indeed, fertilizing this 
same plant species can apparently 
cause induction, especially when 
insect frass is used as fertilizer’~*. 

Some ‘induced’ responses are 
merely normal physiological phe- 
numena stimulated by damage 
and clearly are best described as 
‘incidental’ consequences of herbi- 
vore attack. Examples include 
herbivore impacts on plant 
architecture26, osmotically regu- 
lated leaf abscission27, compensa- 
toly growthz8, and increased photo- 
synthesis as the plant canopy is 
thinned29. Whether these changes 
should even be called ‘induced de- 
fenses’ is questionable. 

The adaptive nature of induced 
re$;ponses cannot be determined 
without understanding in greater 
detail how biosynthesis of induced 
traits is regulated. In addition, stud- 
ies of induction need to be better 
integrated with basic plant 
physiology. Carbon:nutrient ratios 
are! likely to vary as a function of 
photosynthetic rates, which can be 
influenced by nutrient availability 
and tissue damage. These rela- 
tionships are probably not identi- 

cal for all plant species, and must 
be ascertained for more cases 
before valid generalizations can 
emerge. The heritability of re- 
sponses has not yet been studied. 

Of course, these hypotheses&e 
not mutually exclusive. There is no 
reason why natural selection cannot 
preserve an incidental by-product 
of plant organization which confers 
superior fitness in some secondary 
way. 

Are induced responses defensive? 
‘Defensive’ can be defined in at 

least two different ways. In the 
broad sense, any negative impact 
on a plant’s enemies could be de- 
scribed as defensive. More strictly, 
a plant can really only be ‘de- 
fended’ by a trait if that trait actual- 
ly reduces net losses in terms of 
tissues or fitness. 

By the first of these definitions, 
increased defense has been 
demonstrated frequently, mainly as 
increased host plant ‘resistance’ in 
bioassays. In these cases, ‘resist- 
ance’ has been quantified as 
reduced herbivore performance 
(growth rates, final weights, popula- 
tion densities), not plant gains (Fig. 
2). As described above, the 
mechanisms by which performance 
is altered are rarely elucidated. 
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Fig. 2. Mean female gypsy moth (Lymantria dispar) 
pupal weight as a function of defoliation on each of 45 
red oak (Ouercos rubral trees. Mean pupal weights for 
each tree were weighted by the number of pupae 
obtained on that tree (n = 451. Defoliation depresses 
pupal weight and fecundity (which are linearly 
related51 approximately 30% below the insect popula- 
tion mean. Residual variation is due in part to genetic 
variation in the insects, maternal food quality, and 
constitutive leaf quality variation (Ref. 5; Rossiter and 
Schultz, unpublishedl. From Ref. 5, with permission 

Correlative and experimental re- 
sults identify leaf and wood phe- 
nolics, tannins and terpenoids as 
widespread resistance mechan- 
isms. 

There is considerable debate 
about the impact of induced de- 
fenses on population dynamics of 
herbivores, perhaps because some 
authors have emphasized the sup- 
erficial similarity between postu- 
lated plant responses and models 
of density-dependent population 
regulationl~2,30. It has been particu- 
larly tempting to suggest that cyclic 

C D A B 

TIME 
Fig. 3. Hypothetical interactions between induced plant defenses and insect population dynamics. At 
‘A’, increasing attack (an ‘outbreak’) stimulates plant responses in density-dependent fashion. Peak 
responses begin to have a negative impact at ‘B’: growth slows, fecundity declines, and the insect 
population peaks and begins to decline. At ‘C’, insect populations have declined to the point of 
possible control by natural enemies, and plant responses wane. At ‘D’, improved host plant quality 
results in insect population growth beyond control of natural enemies, and a second outbreak begins. 
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The gypsy moth, Lymantria dispar, is one of few defoliating insects shown to induce a chemical change 
in its host plant (mainly red oak, Ouercus rubral which can have a negative impact on its performance 
and possibly on its population dynamics. 

or irruptive herbivore population 
dynamics could be driven by plant 
responses to attackrJ*30 (Fig. 3). 

The germane evidence is of two 
types. First, many aspects of herbi- 
vore performance influenced by in- 
duced responses (e.g. growth rate, 
insect pupal weight, fecundity, in- 
sect egg weight, mortality, suscepti- 
bility to enemies) clearly can 
influence population dynamics. 
However, there has been no direct 
attempt to compare these effects 
with other factors that could be just 
as influentia14. Making a series of 
assumptions that are largely un- 
verified experimentally, Fischlin 
and Baltensweiler30 have provided 
a model that simulates larch bud- 
moth population dynamics solely 
as a function of host plant re- 
sponses. However, the magnitude 
of induction’s impact on fecundity 
of most insect species studied thus 
farr-5 may not be sufficient to drive 
population dynamics without a con- 
comitant impact on mortality. 

Secondly, population sizes of 
some herbivores can be reduced 
by host plant resistance acquired 
via damage. All of these positive 
examples involve insectsr,r8, and 
none identifies the resistance 
mechanism. Other studies have 
failed to find significant population 
level impacts of induced plant 
traits in vertebratessre32. It is 
important to remember that selec- 
tion ought to act most directly on 
individual plants. As a result, adap- 
tive advantage and evolution of 
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induced responses may occur with- 
out noticeable effects on herbivore 
population dynamics, as long as 
plants benefit in evolutionary 
time. 

By the second definition of ‘de- 
fensive’, there is little evidence 
that plant losses are actually pre- 
vented by induced responses. The 
best exception is provided by 
insect-stimulated terpene de- 
fenses in conifers; tree protection 
clearly results from this response33. 
If we include in the loss calculation 
the potential costs of producing the 
response, it is safe to say that 
there is as yet no evidence. In the 
one published field study of the 
consequences of induction for 
plant growthr8, induced resistance 
(shown via reduced herbivore 
populations) produced no gain or 
preservation of plant yield. Obtain- 
ing evidence of net gain is compli- 
cated by the difficulty of measuring 
potential negative costs of pro- 
ducing induced responses (e.g. sec- 
ondary chemicals), a lack of data on 
the impact of defoliation on plant 
fitness, and the necessity of inte- 
grating losses and benefits over 
many years for long-lived plant 
species. 

Herbivore attack can also reduce 
host plant resistance. In some cases 
the herbivores may manipulate 
host quality biochemically’, while 
in others the intensity of damage 
appears to overwhelm the plant’s 
ability to respond14*3?*34. It would 
be naive to expect host plant re- 

sponses to be omnipotent or inex- 
haustible (e.g. Ref. 151, to expecl 
every herbivore to be susceptible 
to them4, or to ignore likely intra- 
specific variation in responsive- 
ness4. For example, any plant re- 
sponse that depends on photo- 
synthesis may become impossible 
beyond critical defoliation levels 
may vary geographically and with 
soil quality, and could differ among 
genotypes. 

Because many induced plant re- 
sponses (e.g. phenolics) may have 
negative impacts on organisms 
other than herbivores, these effects 
must be considered in determining 
net benefit to the plant. Tannins 
which are among the most fre- 
quently studied inducible plant 
traits, have significant antibiotic 
impacts on insect and plant 
pathogens35pj6. It is conceivable 
that induced increases in these ot 
other compounds could ( 1) benefit 
herbivores by reducing their mor- 
tality; (21 benefit the plant by re- 
ducing its pathogen load; and/or (31 
merely regulate regrowth37. These 
interactions are virtually unstudied 
yet they could be very important; 
for example, perhaps induced de- 
fenses contribute to forest insect 
outbreaks by releasing insects from 
regulation by pathogens, 

We may err in seeking induc- 
tion’s major influence in ecological 
time. The greater significance oi 
these variations in apparent de- 
fense levels may be evolutionary 
They resemble in many ways the 
tactics used to slow the evolution 01 
pesticide resistance in agricultural 
pests. in managed systems, with- 
holding pesticides until some ‘eco- 
nomic threshold’ is reached slows 
the evolution of resistance. Induci- 
bility may represent analogous 
means of slowing herbivore ad- 
aptation and prolonging the utility 
of plant defenses. 

However, it is premature to con- 
clude that induced responses have 
no net positive benefit to the 
plants producing them (e.g. Ref. 4) 
Until studies are carried out to 
measure physiological costs of de- 
fense and the negative impact of 
defoliation, and integrate plant re- 
sponses with other factors that in- 
fluence plant susceptibility (e.g 
enemies of the herbivores, plant 
stress), we will be unable to reach a 
conclusion about the net benefit of 
induced responses. 
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Ecological and experimental implications 
There are several important con- 

sequences arising from the above 
observations. It is clear that plants 
display a wide variety of physical 
and chemical responses to herbi- 
vo*e attack, and that these re- 
sponses can have biologically 
meaningful impacts on herbivores 
and other organisms. It is much less 
clear whether these responses pro- 
tect plants in either the short or 
long term, and whether they can 
influence herbivore population 
dynamics. The first of these uncer- 
tainties can be resolved by care- 
ful experimentation. Resolving the 
second, however, will be problem- 
atic because of the complexity, 
difficulty and cost of carrying out 
studies which are simultaneously 
controlled to identify the contribu- 
tion of induced responses and to 
account for other influences on 
herbivore populations. Because the 
proposed population interactions 
demand a significant plant defense 
‘relaxation’ period’JJ0, a popula- 
tion study in forests would require 
a decade of continuous study (and 
funding). 

‘JIhether or not herbivore 
population dynamics are influ- 
en~:ed by induced responses, it is 
very likely that many interactions 
among taxa as disparate as ver- 
tebrates and fungi are mediated 
by them. Early-feeding herbivores 
may influence food quality or 
availability for later-feeding spe- 
cies, during a single season or over 
a period of yearsl.2.21. Densities 
and spacing of conspecific indi- 
viduals on a host plant could de- 
pend on the frequency and occur- 

rence of uninduced tissues, in turn 
influencing density-dependent fac- 
tors (e.g. predation and parasitism). 
We are only beginning to explore 
these complex interactions. 

If benefit to the induced plant 
can be demonstrated, induced re- 
sistance offers potential for bio- 
logical control of pests. There is 
some evidence of hormonal regula- 
tion of biochemical induction (LT. 
Ba,‘dwin, pers. commun.). Perhaps 
plaint hormones, herbivore prod- 
uds, volatile plant cues, or mech- 
anical damage could be used to 
‘immunize’ crop plants. 

Inducible changes in plant tissue 
quality must be accounted for in all 
studies of plant chemistry, herbi- 
vore feeding, plant physiology, etc. 

Plant tissues must be sampled in 
such a way as to avoid causing 
these changes, and the possibility 
of pheromonal interactions makes 
it important to separate ex- 
perimental treatments spatially. 
The quality of a herbivore’s food 
can be judged only by sampling 
tissues at the time of consumption; 
constitutive plant traits and post- 
damage samples provide an incom- 
plete characterization of host food 
quality5. 

Finally, it is clear that the interac- 
tion between plants and their her- 
bivores is more complex, dynamic 
and biochemically sophisticated 
than previously suspected. We 
sorely need a better integration of 
plant and animal physiology, ani- 
mal behavior and biochemistry if 
we are to answer any of the signifi- 
cant and fascinating questions that 
arise from this realization. 
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