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INTRODUCTION

Recently, Belsky (1986) has argued that unequivocal evidence of beneficial effects

has failed and that most studies show serious imperfections in experimental design and

statistical analysis. Apart from those imperfections there are also biological arguments

Present address: Ministry ofTransport and Public Works, Road and Hydraulic EngineeringDivision, P.O. Box

5044,2600GA Delft, The Netherlands.

The impact of herbivory on food plants has engaged mankind for millennia. The

detrimentalimpact of browsing by cattle on the performance of seedlings and youngtrees

of species other than crop plants was noticed long ago, e.g. for Scotch pine on Surrey

heaths (Darwin 1859). For more than a century physiologists have studied the responses

of defoliated plants (Vochting 1884, Reinke 1884, Kny 1894). Since the seventies

ecologists have developed a numberof hypotheses to describe the responses of plants to

defoliationunder field conditions.

It has been hypothesized that under certain conditions herbivory may result in

better growth and/or higher fitness (Harris 1973, Owen & Wiegert 1976, Owen 1980,

McNaughton 1983a). In this paper these hypotheses, especially those on the possible

beneficial impact of defoliation, are discussed, a survey ofpossible responses is given, and

finally the conditions under which beneficialeffects may occur are summarized.
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to support the idea that beneficial effects after grazing are exceptional and may occur in

only a few peculiar conditions. Crawley (1983) stated: ‘There is no evidence at all that the

genetic fitness ofan individualgrass plant isever enhanced by defoliation, when compared

to an individualplant nearby’.

Mostof the discussion does not discriminate between the effects of herbivores on plant

organs, total plant, plant population and ecosystems. This review will only consider the

impact ofdefoliatorson plant organs and individualplants, as recent reviews have treated

the effects on populations and ecosystems (Drent & Prins 1987, Fresco el al. 1987, Thalen

etal. 1987).

TYPOLOGY OF DEFOLIATORS

In this paperdefoliationis defined as all activities that result in the removal ofleaf tissue.

Among defoliatorsmany types can be distinguished. Typology is generally based on the

various leafparts that are destroyed, e.g. by leafpunchers and skeletonizers (throughout

the leaf or only superficially, upper side or underside), e.g. beetles, sawflies, capsid bugs,

moths, weevils, pigeons, slugs and leaf edge eaters, and leaf tip eaters, e.g. ungulates,

slugs, snails, sawflies and butterflies, and leafminers, e.g. Microlepidoptera and Diptera

(Crawley 1983). Apart frompatterns ofgrazing in the leaves a numberofother differences

among grazers can be noticed. Compared to invertebrates, grazing mammals have an

important impact on the abiotic environment and may influence the plant’s responses.

Due to defoliationsoil bulk density and bearing capacity increase, while hydraulic con-

ductivity and gas exchange decrease (Blom 1979, Willatt& Pullar 1983). Soil compaction

can strongly affect germination and seedling establishment (Blom 1979). Above-ground,

the temperature profile and light transmission through the leaf canopy can also be

changed.

HYPOTHESES ON THE BENEFICIAL EFFECTS AFTER

DEFOLIATION

Several ideas about the responses of plants to defoliationhave been developed (Harris

1973, Owen & Wiegert 1976, Owen 1980, McNaughton 1983a). Apart from examples of

inhibitionof plant growth after herbivory, the examples of stimulation of plant growth

and reproduction after herbivore attack, mentionedby Harris (1973), deal with both the

positive effects ofearly pruning of cotton flowers, which results in a prolonged period of

vegetative expansion and therefore higher and quantitatively better yield (Eaton 1931),

and a numberof positive effects dueto defoliation.

One of the positive effects of defoliation consists of a stimulated herbage and flower

stalk production ofPotentilla gracilis (Mueggler 1967). This study, however, concerned

the effects of clipping a whole grassland vegetation, and the improved regrowth of

P. gracilis is ascribed to the more ready response to the removal of dead plant material by

the clipping treatment earlier in the growing season than in the other species (Mueggler

1967). There is no evidence that P. gracilis responds positively to defoliationas an individ-

ual plant, but the competitive ability of the plants might increase relatively to plants of

other species after clipping. Therefore, serious criticisms have been formulated on this

conception (Lam & Dudgeon 1985).

Anotherexample ofpositive effects as a result ofdefoliation may be the response of one

particular variety of late potato from Czechoslovakia to artificial defoliation(50%)
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(Skuhravy 1968). Tuber yield and shoot fresh weight seem to profit from artificial

defoliationfrom the latter halfof June to the end of July. Infestationby Colorado Potato

Beetles, however, results in detrimentaleffects.

A furtherexample given by Harris (1973) is based on the work of Ellison (1960) on the

effects of light browsing in rangelands. Some shrubs show a stimulated twig production

from grazing, but at the same timeflower and fruitproduction decrease, and possibly also

root growth. In contrast to Harris’ argument Ellison (1960) concludes: ‘The benefits of

grazing, ifany, wouldappear to accrue to theecosystem, to the range as a whole, insteadof

to the palatable species ofplants that are grazed most.’

The only relevant example with a positive effect is the higher vegetative growth of turnip

(Brassica rapa) after defoliation(Taylor & Bardner 1968). The average figures indicate a

slightly stimulated growth after grazing by the larvae Plutella maculipennis. This growth

stimulation is attributed to the formationof lateral shoots. Ifthe attack is, however, more

concerted, e.g. due to Phaedon cochleariae grazing, the final consequences are negative.

Sufficient statistical analysis is lacking.

Owen & Wiegert (1976) and Owen (1980) did not mention examples dealing with

defoliationthat entail evidence for a possible positive impact of herbivores on their host

plants. Since these studies are beyond the scope of this paperand the evidence might be

doubtful, they will not be discussed here.

McNaughton (1983a) formulated three alternative hypotheses about how herbivory

may affect both plant growth and fitness. Unfortunately, he did not separate clearly the

term ‘growth’ from the term ‘fitness’. Since fitness dealswith the degree ofmaintenanceof

a certain genotype in a population, it is too complex to be equated to an equivalent of

growth (Wall & Begon 1985).

Compensatory (re)growth (McNaughton 1983a) ofa grazed plant is a growth response

that leads to a higher relative growth rate and/or a longer period of growth. This com-

pensatory regrowth does not necessarily compensate for all de.rimental effects of

herbivory, but diminishes them. An extension of the life of a plant due to a delay in

reproduction may result in increased risk of mortality and/or in a change in reproductive

output and thus most likely in fitness depending on local circumstances. Although com-

pensation sensu stride must be defined as bringing the fitness of an attacked plant into

balance relative to an intact plant, effects of herbivory so far have been describedin terms

of temporal growth responses or in seed production in the same generation (Verkaar

1987). Although there may be a temporal higher relative growth rate, it is questionable

whether this growth rate persists over long periods, and how defoliationaffects plant

fitness.

If we overcome this a priori objection against McNaughton’s (1983a) formulation,

and read growth or seed production instead offitness, the three alternativehypotheses are;

(1) that plant growth declines consistently as the intensity of herbivory increases; (2) that

effects of herbivory are absent up to some level (‘threshold level’), then growth declines

with increasing herbivory; (3) that growth increases by moderatelevels of herbivory, then

declines and becomes negative, relative to unaffected plants, at higher levels of herbivory.

McNaughton’s (1983a) evidence for the existence of case 3 consists of three studies, i.e.

Dyer (1975), McNaughton (1979) and Dyer et al. (1982).

Dyer’s (1975) study deals with the effects of Red-winged Blackbird Agelaius phoenicus

attack on corn grain (Zea mays) production. The length and weight of ears per plant

increased with increasing herbivory to a certain level (about 60% of all ears damaged).

Surprisingly, the number of ears per plant was not counted in this study. It is likely



140 H. J. VERKAAR

that, due to Blackbird attack, part of the carbohydrate sinks (the ears) are removed.

Then, competition for nutrients—carbohydrates and/or mineralelements—among ears

diminishes and the amount of carbohydrates available for the remaining sinks increases

(Stanton 1984a). Similar effects have beenfoundin Rumex crispus (Maun & Cavers 1971).
When 75% of the flowers were removed, mean weight per seed in the remaining flowers

was about 30% higher than in the controls.As a result, remaining ears may develop better

and weigh more, but it is doubtful whether, in attacked corn fields, the total yield of ears

per plant or per area exceeds that of undamaged stands.

McNaughton (1979) and Dyer et al. (1982) report uponthe effects ofgrazing on relative

growth rate of shoots in grasslands; unfortunately, the scope of both these studies has

been limitedto above-ground production. Grassland production has oftenbeen expressed

as standing crop from an agricultural point of view, or as edible food from the point of

view of studies on animal intake(Dyer & Bokhari 1976, Prins et al. (1980). The effects of

grazing are not limitedto the shoot performance, but may affect below-ground plant parts

in a radical way (Weinmann 1948, Throughton 1956, Brouwer 1962a, 1962b, 1983,

Harper 1977).

Certainly, shoot growth may be enhanced as a result of grazing, but it might be at the

cost of the root’s reserves, and therefore of increasing the risk of mortality (Bentley &

Whittaker 1979). For instance. Senecio jacobaea plants attacked by Tyria jacobaeae

became more vulnerable to frost during winter (Harris et al. 1978) and to drought in

summer (Cox & McEvoy 1983) than undamaged plants. Detrimental effects from shoot

grazing that deplete these reserves might induce the partial dying-off of the roots and

therefore an insufficient uptake ofwater andother hazards in root functioning. Whittaker

(1982) has demonstrated that shoot grazing by the chrysomelid beetle Gastrophysa

viridula negatively affected root development in Rumex crispus, inducing a considerable

mortality due to flooding during winter. Hence, from an ecological point of view whole

plant behaviourmust be considered, roots included.

Paige & Whitham (1987), advocating the concepts of McNaughton (1983a), revealed

overcompensation ofseed production ofthe biennialIpomopsis aggregataafter grazing by

large mammals in North American montane grassland. This overcompensation might

amount to a 2-4-fold increase in seed production compared to ungrazed plants. No signifi-

cant differences in germination and seedling survival between seeds from grazed and

ungrazed plants were found. Here again, the competitive ability of I. aggregata may

increase relative to other species after grazing, as was found in the biennial Cirsium

vulgare. In pastures grazed by sheep these plants showed increased growth, flowering, seed

production and survival of seedlings (Forcella & Wood 1986).

The possibility of achieving compensatory regrowth depends on the intensity and type

of grazing and the physiological responses of the attacked plant in relation to environ-

mental factors. Defoliators might also influence plant response due to the release of

secretory products from their salivary glands. Some authors reported the release of

hormone analogs from saliva, e.g. thiamine, and its effects on plant performance (Dyer &

Bokhari 1976, Detling et al. 1980, Dyer et al. 1982, McNaughton 1983b, 1985). In

McNaughton’s (1985) study the significant effects were found after an application of pure

thiamine solution instead of real saliva. Hence, we must conclude that the suggested

positive effects fromsaliva on regrowth have not been demonstrateduntilnow; sometimes

the effects are negative (Rhoades 1985a). Toxic effects of saliva of spider mites have also

been reported (Tomczyk & Kropczynska 1985). These effects might be caused by one or

more proteolitic enzymes (Storms 1971).
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PHYSIOLOGICAL AND MORPHOLOGICAL MECHANISMS

UNDERLYING THE RESPONSE TO DEFOLIATION

Many responses to defoliationare known. These responses can deal with recovery from

defoliationitself or with the defence against new attacks of herbivores. This section treats

the mechanisms underlying recovery from grazing itself.

Defoliation interferes directly with plant morphology: the leaf area is reduced and

hence the amount of carbon dioxide fixation. The effect also depends on the reserves of

the plant, e.g. the higher the shoot:root ratio the more plant performance is generally

affected by a certain degree of defoliation (Verkaar et al. 1986). Both physiological and

morphological responses will be discussed.

Leaf photosynthesis

When leaf tissue is damaged by herbivores, the efficiency of photosynthesis is affected in

general, probably linked to changes in the water status of the leaf (Whittaker 1984,

Trumble et al. 1985). Trumble et al. (1985) reported that leaf-mining Liriomyza trifolii

causes a disruption of the vascular system of Apium graveolens, affecting the movement

of water, which in turn causes changes in turgor pressure. As guard cells collapse, a

reduction in stomatal conductance occurs which reduces transpiration and photo-

synthesis. On the other hand, when Acer pseudoplatanus leaves are infected by the leaf

hopper Ossiannilssonola callosa, abaxial leaf surface is punched resulting in punctures of

about the same density and order of magnitude as the stomata. Stomatal conductance

then increases and the photosynthetic apparatus is damaged due to excessive water loss

(Whittaker 1984).

Conversely, the remaining and newly formed leaf tissue often shows a higher rate of

photosynthesis (Sweet & Wareing 1966, Wareing et al. 1968, Detling et al. 1979, Painter&

Detling 1981, McNaughton et al. 1982, Heichel & Turner 1983, Nowak & Caldwell 1984,

Wallace et al. 1984), although a decrease in photosynthetic rate has been mentionedwhen

very young leaf tissue was removed, which probably acts as a carbohydrate sink (Ryle &

Powell 1975).

Several mechanisms are held responsible for the increase in photosynthetic rate

(Mooney & Chiariello 1984). This response has been interpreted as a product accumu-

lation and thus a result of increased sink strength relative to source strength (Gifford &

Evans 1981, Mayoral el al. 1985). Housley & Pollock (1985) argued thatcarbohydrates in

detached Lolium temulentumleaves are rapidly converted partly to cytoplasmatic fructan

and partly to sucrose and fructan in the vacuoles resulting in a maintenance of cyto-

plasmatic sucrose concentrationswithin limits that do not seriously constrain the overall

rate ofcarbon fixation.

Nowak & Caldwell (1984) stated that decreased leaf senescence and increased soluble

protein content, probably resulting in a higher content of photosynthetically active

enzymes, but not in an improved water status, lead to a higher photosynthetic rate.

Gifford & Marshall (1973) and Wallace et al. (1984) found that an increased stomatal

opening is mainly responsible for an enhanced rate of photosynthesis. An increased

stomatal opening generally affects the leafs water balance which may be unfavourable

under dry conditions. Wareing et al. (1968) have observed that partial defoliationresulted

in increased photosynthetic rates and increased activities ofcarboxylating enzymes in the

remaining leaves, suggesting that in normal field conditions photosynthetic rates are at

least partly limited by the levels of carboxylating enzyme-activity. Moreover, they men-

tioned the effect of high cytokinin concentration, since spraying 20 mg 1“
1

kinetin on the
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shoot enhanced photosynthesis. They argued that part of the increase in photosynthetic

rate after defoliationmay be induced by an improved supply of endogeneous cytokinins

from the roots to the remaining leaves.

In spite of an increase in photosynthetic rate of the remaining leaves, the total amount

of fixed carbohydrates in severely defoliatedplants is reduced, compared to controlplants

(Parsons et al. 1983a, 1983b, Ryle et al. 1985). This may have a tremendousimpact on root

functioning. Therefore, it is not useful to limitthe scope of studies on the effects of grazing

to single leafmeasurements (Mooney & Chiariello 1984).

If plants are high and the canopy is closed, self-shading may result in low net

assimilation rates (Vickery, 1972); it cannot be ruled out that defoliation of part of the

shoot may result in improved carbon balance due to higher net assimilation rates.

Carbon balanceand root functioning

When leaf photosynthesis is limited due to (partial) defoliation, levels of soluble

carbohydrates, especially fructosanand sucrose, decrease (Alcock 1964, Harris et al. 1978,

Valentine et al. 1983, Ericsson et al. 1985). Carbohydrates stored in the stubble and/or

below-ground tissue are translocated to new leaves and the rate of leaf expansion is

generally related to the total amount of stored carbohydrates (Davidson & Milthorpe

1966a,b), although such a relation could not be ascertained by Richards & Caldwell

(1985), who compared two Agropyron species. When defoliation is severe, even large

carbohydrate pools are inadequate and other substances, presumably proteins, may be

remobilized for use in new growth and respiration (Davidson & Milthorpe 1966b).

In the remaining leaves the export of carbohydrates to new tissue increases after partial

defoliation(Marshall & Sagar 1968, Ryle & Powell 1975), and in some species, e.g. Lolium

multiflorum and Hordeum vulgare, the diversion of assimilates is mainly at the expense of

other parts of the shoot, if defoliationis mild (Gifford & Marshall 1973, Ryle & Powell

1975). In L. multiflorum carbohydrate export from the leaves to theroot isunaffected after

defoliation (Marshall & Sagar 1968), resulting in maintenanceof the root weight relative

to control plants (Brouwer 1963, Whitehead 1983). In general, therate of root respiration

is not affected by defoliation (Detling et al. 1979, Richards & Caldwell 1985).

Insufficientsupply ofcarbohydrates to the roots and translocationfrom the roots result

in the inhibition ofroot growth in many species, and sometimesin the dying ofparts of the

root system (Detling et al. 1979, Painter& Detling 1981, Whitehead 1983, Richards 1984,

Richards & Caldwell 1985). The degree of root weight loss may also depend on the

physiological activity of the root system as affected by environmental factors. Root dying

may have an important impact on uptake capacity for some mineral nutrientsand water.

Uptake of nutrients

In spite of the above mentioned possible losses of roots the specific root uptake of

nutrients, e.g. nitrogen, might sometimes increase depending on the nitrogen source

applied in response to defoliation(Ruess 1984, Ruess & McNaughton 1984). But when the

nutrient supply partly depends on Rhizobium, Frankia or other nitrogen-fixing micro-

organisms, these micro-organisms form an important sink for carbohydrates from the

plant. Because defoliationstrongly limits the supply of carbohydrates to this sink, nodu-

lation, nodule activity and therefore nitrogen fixation decrease drastically (Whitehead

1983, Bayne et al. 1984, Huss-Danell & Sellstedt 1985, Ryle et al. 1985). At light and

moderate levels of defoliationvesicular-arbuscular mycorrhizal activity is obviously not

affected (Wallace et al. 1982).
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Water status

Water status may be strongly affected by defoliation.Immediately after damage bleeding

may occur and it might cause considerable water loss. This water loss is linearly related to

the length of the cut edge (Ostlie & Pedigo 1984). When a cicatrice and a periderm have

been formed (Esau 1960) bleeding stops and water loss decreases. Water supply to the

leaves may then be improved ifthe stomatal regulation of the leafwater conductance and

the supply of water from the vessels are unimpaired. Consequently, leaf transpiration

increases along with an increase in photosynthetic rate (Gifford & Marshall 1973, Wallace

et al. 1984). When the regulatory mechanisms of the cuticulaand stomata are damaged,

e.g. by puncturing the leaf surface, water loss can be considerable (Whittaker 1984).
Under field conditions the impact ofdefoliationon the water balance will depend on the

water status of the soil and on the air humidity.

Morphological effects

Plant morphology can be changed drastically due to defoliation(White 1984). When

apical meristems are damaged, lateral shoots become important and form a completely

different stature (Taylor & Bardner 1968, van der Meijden & van der Waals-Kooi 1979,

Augspurger et al. 1985). When shoot parts other than the apical meristems are also

affected, various morphological effects might occur, i.e. small intemode length, changes

in leaf size, changes in leaf angles, etc. (Coughenour 1984, Coughenour et al. 1984,

Etherington 1984, Fliervoet 1984, Louda 1984, McNaughton 1984). Leaf demography

shows that changes which depend on the level of defoliation generally result in higher

turnover rates (Dirzo 1984, Louda 1984).

Since relative growth rate is determined by both physiological (net assimilation rate)

and morphological (leaf area ratio) features (Evans 1972), recovery of the leafarea forms

an important aspect of the plant’s changes for (compensatory) regrowth. Surprisingly,

leafarea ratio ofdefoliated plants can exceed that ofcontrol plants during several weeks

resulting in a higher relative growth rate than controlplants (Alcock, 1964, Verkaar et al.

1986). On the other hand, Brouwer (1963) reported that in L. perenne the proportion of

shoot weight did not increase after attaining a new equilibrium between shoots and roots

after artificial defoliation. Inall these studies final weight of the damaged plants was never

higher than that of the control plants.

DO PLANTS GENERALLY BENEFIT FROM GRAZERS?

The review of possible physiological responses to defoliationentails some processes that

might result in a better plant performance compared to ungrazed plants. A survey of the

literature, mainly fromthe last decade, supports this view (Table 1). The survey comprises

a great variety of studies, some of which covered a few weeks and others several years.

Therefore, the term ‘final’ shouldbe understoodhere as the total plant weight or total seed

yield at the end of the study and not at the end of the plant’s life. The rate of defoliationin

these studies differed from scanty to 100%. In 53% of the studies the intensity of defolia-

tion was not mentioned, particularly if responses of graminoids were investigated. All

these studies are omitted in Table 1. Although most studies mentioned deserve some

critical comments on theirexperimental design or the interpretation of the results (e.g. see

Belsky 1986), only the studies where beneficial effects due to grazing were found will be

discussed.
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Leptinotarsa
decemlineata
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herbivores
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Alauda

arvensis

1

2

f

28

f
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1
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12

f
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f
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f
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f

12

1

1

f

6

1

3

1

3

f
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cv.

Katahdin

f
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f
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cv.

Superior
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f
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cv.
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1

24

f

8
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many
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and

sap-feeding
insects

f

8
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chewing
insects

1

7

Clipping
height
3

cm

f
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*a,
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defoliated;
1,

laboratory
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f,

field
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m,

model

study.

fl,

Bayne
et

al.

(1984);
2,

Bazzaz&
Carlson
(1979);
3,

Bentley
&

Whittaker
(1979);
4,

Bergstrom
&

Danel

(1987);
5,

Blais

(1958);
6,

Boorman
&

Fuller

(1984);
7,

Brown

(1985);

8,

Brown
el

al.

(1987);
9,

Crawley
(1985);
10,

Detling
et

al.

(1979);
11,

Edwards
(1985);
12,

Ellison

(1960);
13,

Fasoranti
(1984);
14,

Fowler
&
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(1985);
15,

Halse
&
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(1985);
16,

Hare

(1980);
17,
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&
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(1987);
21,

Pyke

1986;

22,

Richards
&

Caldwell
(1985);
23,

Rockwood
(1973);
24,

Ryle
el

al.

(1985);
25,

Seastedt
et

al.

(1983);
26,

Shields
&

Wyman
(1984);
27,

Skuhravy
(1968);
28,

Smith
et

al.

(1985);
29,

Stamp

(1984);
30,

Stark
&

Cook

(1957);
31,

Whittaker
(1982)
and

32,

Whittaker
&

Warrington
(1985).

HERBACEOUS

MONOCOTYLEDONS
Agropyron

desertorum

85

Artificial

f

22

Clipping
height
5-7

cm

Agropyron
spicatum

85

Artificial

f

22

Clipping
height
5-7

cm

Bouteloua

curtipendula

52-57

Artificial

1

17

Clipping
height
4

cm

Bouteloua
gracilis

62

Artificial

1

10

Clipping
height
4

cm

Bromus

tectorum

0->75

Small

mammals

f

21

HERBACEOUS
DICOTYLEDONS

Ambrosia
trifida

100

Artificial

1

2

Arachis

hypogeae

3-28

Empoasca
fabae

f

28

Aralia

nudicaulis

33-66

Alces

a/ces/artificial

f

11

Aristolochia
reticulata

100

Artificial

1

14

Artemisia
nova

67

Sheep

f

12

Ceanothus
griseus

80

Tischeria

immaculata

f

13

Chelone
glabra

66-100

Euphydryas
phaeton

f

29

Chelone
obliqua

66-100

Macrophyra
nigra

Tenthredo
grandis

Idem

f

29

Chrysothamnus
stenophyllus

10

Sheep

f

12

Glycine
max

22-66

Artificial

1

1

Lactuca
virosa

100

Artificial

f

6

Rumex
crispus

25

Artiftcied/Gastrophysa
viridula

1

3

Rumex

obtusifolius

25

Idem

1

3

Solanum

tuberosum

25-100

Leptinotarsa
decemlineata

f

16

cv.

Katahdin

0-50

Idem

f

18

cv.

Katahdin

10-75

Idem
and

Peridroma
saucia

f

26

cv.

Superior
and

cv.

Russet

Burbank

50-100

Leptinotarsa
decemlineata
/artificial

f

27

cv.

Krasawa
and

cv.

Tschaika

Trifolium
re

pens

50

Artificial

1

24

Vida

hirsuta

0-100

Insect

herbivores

f

8

Also

many
stem

and

sap-feeding
insects

Vida

saliva

0-100

Insect

herbivores

f

8

Predominantly
chewing
insects

Five

Australian
species

76-89

Artificial

1

7

Clipping
height
3

cm

Pasture

vegetation

40-60

Alauda

arvensis

f

15



H. J. VERKAAR146

Of more than one hundred plant species (species included of which the rate of

defoliation is not mentioned) only four may achieve beneficial effects from grazing

or clipping. The results of two of these four are not tested statistically, and for one

(Cynoglossum officinale) of the latter the results ofdefoliatedplants do not differfrom the

control plants (Boorman, personal communication).

One study in which the intensity of defoliation was not given and in which a positive

effect of grazing was mentioned deserves some attention. If Trichosirocalus horridus

grazed on Carduus nutans, the apical meristemwas primarily damaged (Cartwright & Kok

1985). Then lateralshoots also formed, sometimesyielding heavierplants. Large damaged

plants gave approximately the same number of seeds compared to control plants, but

small- and medium-sized infested plants showed a reduction in plant weight and seed

production. Moreover, seed weight was sometimes reduced slightly but not significantly

after damage. Ifso, seedling growth and even adult fitness may also be affected(Cideciyan

& Malloch 1982, Dolan 1984, Hendrix 1984, Stanton 1984b, 1985, Crawley & Nachapong

1985, Schaal 1985). On the other hand, it is clear that, if defoliationis limitedto only some

buds and/or young leaves, the effects are not detrimental.

Table 1 reveals that the majority of the studies indicates the adverse effects of

defoliation. Hence, we must conclude that, in general, consumers are not beneficial but

detrimentalfor theirhost plants in contrast with the hypothesis ofOwen & Wiegert (1976)

and Owen (1980). Although no differentiation is made within various phases of life

history, the trend is common. Seedlings generally die after defoliationbecause reserves

are limited, whereas most rosettes survive complete defoliation. But in every life phase

defoliationis generally detrimental.

WHEN COULD GRAZING BE BENEFICIAL?

Compensatory regrowth can be de facto based on two principles. Firstly, the relative

growth rate of the damaged plant is higher than that of the control plant; secondly, the

period of growth is longer than that of the control plant (e.g. Eaton 1931).

Although in partly defoliatedplants the relative growth rate of remaining tissue is often

temporarily increased after the recovery of the carbon balance, there are few examples

known that indicatea higher finalplant weight or seed production, compared to ungrazed

plants withoutextension of the period of vegetative growth. Innate restrictions to growth

are eliminatedby defoliatoractivity, e.g. ifthe dominanceof the apical meristemis broken

no environmental factors limit lateral expansion, which is the case in open habitats, and

therefore this expansion permits a higher net carbon gain, and, finally, the plant’s life

length is not increased for another growing season or more (e.g. Taylor & Bardner 1968,

Cartwright & Kok 1985).
There are, however, particular situations conceivable in which the plant’s fitness is

enhanced by grazing, although the relative growth rate of the grazed plant is lower than

that of the ungrazed plant (Verkaar 1986). One might expect that under field conditions

plants may benefit from grazing. If a cicatrice and a periderm are formed at the damaged

surface under conditions of ample water supply and high air humidity, and if grazing

animals reduce the amount of transpiring leaf area, and no excessive water loss occurs,

grazed plants may survive subsequent drought while controlplants desiccate.

Previous moderate herbivory could result in less edible food for successive, more dis-

astrous, grazers. Recently, evidence has been found for both the accumulation of plant

defence substances and degradation of nutritional quality after defoliation, although
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there is some confusion whether these responses depend on either wound repair or an

evolved defence response (Myers & Williams 1984, Edwards & Wratten 1985).

On the one hand Valentine et al. (1983), Myers & Williams (1984) and Danell &

Hus-Danell (1985) did not find much evidence for a strong defence response. Danell &

Hus-Danell (1985) observed a decrease in content of secondary plant substances, an

increased protein content and an increased dry matter digestibility in birch after moose

browsing. Myers & Williams(1984) mentioneda deteriorationof food quality after three

years of caterpillar attack on Red Alder foliage and afteralmost complete defoliation.

On the other hand, wound-inducedchanges in food quality and plant defence are often

reported (Raupp & Denno 1984, Williams & Myers 1984, Haukioja & Hanhimaki 1985,

West 1985). Undamaged leaves belonging to the same plant show improved herbivore

defence (Edwards 1985). In Red Alder the reduced palatability is ascribed to a deterio-

ration in nutritional quality, but not to plant defensive chemicals (Williams & Myers

1984). On the contrary, a strong increase in phenolic substances and procyanidins is found

(Tuomi et al. 1984, Wagner & Evans 1985). In nitrogen-poor habitats, mainly carbon-

based substances, e.g. lignin and phenolics, are produced in large amounts, whereas plant

protein content decreases (Bryant et al. 1983, 1985, Tuomi et al. 1984).

In Britain a few acorns of oak attacked by cynipid gall wasps Hymenopterans or

curculionid weevils Coleopterons, survive infestation. In contrast with sound acorns, the

first acorns are completely ignored by small mammalswhich may be dueto changes in the

content of secondary metabolites. In years of heavy attack of smallmammals the weevily

oaks benefit fromearlier attacks, since they may spoil the food of possible successors.

Beneficial effects after defoliation are probably rare. If they occurred more often, it

could be speculated why plants have evolved so many defencemechanisms to avoid being

grazed entirely, or to reduce grazing to certain levels (like hairs and thorns) and energy-

demanding production of secondary metabolites, etc. (Rhoades & Cates 1976). Due to the

described daily rhythm in alkaloid concentration and its variation during life history

(Hartmann & Zimmer 1986, Wink & Witte 1984) among other considerations the real

impact of secondary metabolism on defoliatorsshould be reinvestigated.

CONCLUSIONS

Few examples of increased fitness as a result of defoliationmentioned by Harris (1973),

Owen & Wiegert (1976), Owen (1980) and McNaughton (1983a) have convincing evi-

dence. Sometimes the term ‘fitness’ has been confused with ‘growth’. In studies on the

effects of defoliation on plant performance, inadequate attention has been paid to the

integrated functioning of the whole plant. The effects ofdefoliationon root development

have particularly been ignored. Both a higher photosynthetic rate and a higher leaf area

ratio may account for a temporal increase in relative growth rate as a result of defoliation.

As well as improved nutrient and water supply, changes in hormonal status could cause

this increasein rate ofphotosynthesis and leafarea ratio.Nutrient quality deterioratesas a

result of defoliation, owing to an increased accumulationof toxic secondary metabolites,

though in some cases food quality is improved as a result of a higher nitrogen content of

freshly regrown leaves. Extensive tillering or an extension of the period of vegetative

growth after defoliationmay promote final dry weight and seed output. In particular

situations, e.g. when irregular disturbances take place, or when previous attacks provide a

defenceagainst later more serious attacks, fitness may be enhanced due to defoliation.
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