Defoliation:do
physiological and
morphological
responses lead to
(over)compensation?
A.H. Prins and H.J. Verkaar
2.1 Introduction
To a plant, defoliation is the most striking aspect of herbivory. It has immediate,
negative effects on plant performance and, as a consequence, it probably affects
growth, reproduction and fitness in the long term. However, one of the most puzzling
discoveries made by plant ecologists and evolutionary biologists in the last decade is
that an increase in plant growth and fitness sometimes results from herbivory. The
consumption of vital plant organs sometimes actually seems to increase plant fitness!
What constraints are released by herbivory, why do unattacked plants seem to grow
or reproduce suboptimally? In this chapter, we try to answer these questions by
looking in more detail at various responses to herbivory.
Plants exhibit a range of mechanisms in their responses to herbivory, the effects of
which can be conveniently divided into physiological and morphological (Table 2.1).
Physiological mechanisms include a stimulation of photosynthetic rate, a changed
hormonal status, a redistribution of carbohydrates and mineral nutrients, and delayed
plant senescence. The morphological mechanisms include changes in leaf area ratio,
in plant architecture and in root development. We discuss here whether these mechanisms, either individually or collectively, can compensate partly, or even fully for tissue
damage.
Plant compensation must be seen in the context of the biotic and abiotic environment: it is also affected by the plant growth stage during which damage takes place,
the time available for recovery, grazing intensity and frequency. Competition and
abiotic conditions affect the potential for compensation. Plants with different life
strategies may show specific reactions to herbivory. These modifying factors will be
discussed after we have described the possible reactions to herbivory.

13

C H . 2. (OVER)COMPENSATION AFTER DEFOLIATION?

-Cl GO

oo e-,
no
O 1 .S

'0 -E 2
ft*

«*

c -

^
»

3

S S -S
C& i

la

3

s;
^

2

O

(g

w -5 >o S* —
rt O o
> PÖ CU

.1

S

3 •§•

• 1 M * S t S =

n i B"U

•S S ô

>

longer per
eated c lipp
: of inf ectii

.2 .S §

E

s.

e

o
U

&

„ 6. S
•S S „ - E
•3 £ 2 < a

$

"S"*
u

.£

c
o

(rt
t>

fr rt
2

(A

U

a "o

«.

I*

-o 'S

'5>i2 S

fi»0

8. c

^
£

£'

•a £•
0

« 'S •§
S -o g

s -o «2
3 "o >-

t-i

O .E

> £

4J = 5

3 3 U
o Tï «
H K ce!

H

n

c

eu u

w

o

n

a 2

Z

<
u
a
2
<
Ü

0
•J

14

e

i

VI

-

s.

«0

a.

-O 60

f2

uu

u

_) J J

•5 5 1

•5
-ft

J5

E >. a

3

IS

s.

-o

•s a i

>

ÖS

f

C

CO a

2e

0
1/3

<
z

73
U

«
>
ï< a
&.

Ci

<

Z

i

Is

e S
60-2

{
«

„ c *.
F! '" c

O
Ü
•5
•o

" o.
e „
- S
S 'S,

73 g O,
8
•»
rt w C

S
rt
u
C

71
*-> c
<A
s
u
3

« o.

u
C
U
C
1-5

*" S
u 3
> O
c k-1
. S bo

y > 2

A.H. PRINS AND H.J. VERKAAR

\0 O
00 00

s

T~ ^
^—' —

•*
U S*

< < £

Ç

c

-C

J'S

3

g
et

£ o
H Z

o

o
Q

eu eu S hïï o-

3

2

*J J pj O. BU

(A

0

C
Q

•S
*-i
§.

S^ e à S

SS
w

«a

I

-* *
w

S «s fc - *i t

iL ,s>.5°

i

e Q

•3-

(A

c
o
£
Vu «
=3
o—

» c
eC S

û
Ji
-a <n «
O u O rt
C ^3
., .P

-<= —

H

OC S

u i

S

•5

1"

-o

-a £

u

S

S "

o

— r2

U ^3

•c
o
oc va

pi

x -o
• =

>•-S ö _ s
i—
S v S fc.£ -3 g S

I §1 -i

§•

-3
S
.g
-*s
:S

„ " S -o 3 x

u

2 o .2 o
•o .2
o
s o
t- O k<

o o g
S 2 eu

u S J? s c Û. c „
Z

c '5 y « si «
c t; 3 u _w u

o.a. a a ff o Ü-o-a

S Z S . D S 5

<
<J

a
2
<

05

o .s

oe
s .S

S

1 °bo ">
e

• - "O

-o

e
v2
U

—

3

u a -°
ags
JJ -s 1s

15

CH. 2. (OVER)COMPENSATIONAFTER DEFOLIATION?

c

g

~

•2
-o

ü

gï

-^
-Ü

•ÎÎ

CN

i

c
0

S

e

o
U

16

-5

x

§.
g
,*
ül

%
>
&
<«*:

iL
c/5

E

3

'C

g

53

s
0
0

0
0
u

0
0

K
cfl

&
«

U

-5

X

1
a
a;

0
0

(A

h

.3

Hï,

vi

n

Q

W5

O

V-

U

w
«

C4

c

ÖC y
i n*
Cu « x

y

Î3 o ö o ü o £ > "
5 'C ï 'S o 'S g 0 u

A.H. PRINSAND H.J. VERKAAR

2.2 Physiological reactions to herbivory
2 . 2 . 1 Changes in efficiency of dry matter

assimilation

Defoliation imparts a severe physiological stress on plants by suddenly restricting the
availability of photosynthate needed for growth. Young plants, and plants that have
not yet developed a storage reserve system, suffer most from this sudden stress (Cyr
and Bewley, 1990). Plants may be stimulated to compensate physiologically for the
removal of tissue.
In a classical experiment with Pinus radiata, Sweet and Wareing (1966) showed that,
6 days after removing one-third or all the fully expanded leaves, defoliated plants had
a higher net photosynthetic rate per unit of remaining leaf than undefoliated plants.
The severely defoliated plants even had a higher photosynthetic rate than moderately
defoliated plants. Periods of increased efficiency in assimilating dry matter were found
after artificial damage in Nicotiana tabacum (Kolodny-Hirsch et ai, 1986). These
correlated with increases in chlorophyll, soluble proteins, and ribulose-l,5-bisphosphate carboxylase oxygenase content. Such physiological responses are found fairly
often in plants affected by defoliation (Alcock, 1964; Wallace etal., 1984; Danell et ai,
1985) and have been noted, also, in upper healthy leaves of plants infected on lower
leaves by biotrophic pathogens (Walters and Ayres, 1983). Pathogens, such as rust or
powdery mildew fungi, were found to reduce the rate of net photosynthesis at the site
of infection in groundsel, pea and barley, but in the younger leaves net photosynthesis
was temporarily increased (Ayres, 1991).
An enhanced net assimilation rate (NAR) may lead to the successful replacement of
leaf tissue. However, this response depends on nitrogen availability, e.g. in situations
with a high nitrogen availability NAR was significantly higher in defoliated Cynoglossumofficinaleand Verbascumthapsusthan in undefoliated plants, but this increase did not
occur when nitrogen was not available (Verkaar et al., 1986).
In Seneciojacobaea and C. officinale, the increase in NAR as a result of damage was
only temporary (Figure 2.1). The higher NAR was found for a short period after
defoliation and only at the higher level of defoliation. After moderate defoliation in
C. officinale no increase in NAR was found in the first few weeks, but during the second
part of the experiment NAR temporarily decreased less quickly than in the undefoliated plants (Figure 2.1) (Prins et al., 1989). A significantly higher NAR may be found
only for a short period after defoliation, the rate soon decreasing to equal that found
in non-defoliated plants. This was also found after defoliation of the grass, Bri^a
subaristata, a native perennial grass from the flooding pampas of Argentina (Oesterheld and McNaughton, 1991a).
Repeated clipping may prolong increased net photosynthesis: in Bouteloua curtipendula,defoliated at weekly intervals, rates of photosynthesis and transpiration per unit
of leaf area at final harvest (7-95 days after planting) were two to three times higher
in defoliated plants than in undefoliated plants (Ingham and Detling, 1986).
Defoliation causes a sudden change in carbon status and therefore in source/sink
relationships, even within the shoot. The increase in NAR in the remaining leaves
suggests that photosynthesis can be temporarily increased to meet an increased
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Figure 2.1. Net assimilation
rate(NAR) (gg'1 day'1 x
10~ ) in (a) Cynoglossum
officinale and(b) Senecio
jacobaea afterdefoliation. (O)
Control, (•) 10-12% defoliation,(U) 30% defoliation, (M)
94.5-98% defoliation. Standard
errors are indicated toone side of
themean. FromPrinset al.
(1989).
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demand for photosynthates in the remaining root and the newly formed shoots
(Neales and Incoll, 1968; Wareing and Patrick, 1975). However, no net increase and
even decreasing levels of assimilation were found in some studies. The aphid, Brevicoryne brassicae, feeding on Brussels sprout, not only induced a decrease in the number
of leaves and the leaf area, but the remaining leaves on the infested plants were less
efficient assimilators. Aphid feeding results in leaf curling and a decreased density of
stomata in new leaves, factors which might contribute to the difficulties the plant has
in compensating for tissue damage (van Emden, 1990). Feeding of mites, Aculops
18
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lycopersici, caused a reduction in net photosynthesis of affected tomato leaflets. Net
photosynthesis and mite-days per cm 2 of leaflet were significantly negatively correlated. Moreover, healthy tomato leaflets did not show an increase in photosynthesis
to compensate for the reduction in the damaged leaflets (Royalty and Perring, 1989).

2.2.2

Redistribution

of carbohydrates

and mineral

nutrients

Regrowth following herbivory can be increased by changes in the translocation
pattern of newly formed carbon or by the redistribution of previously accumulated
carbon. Translocation of carbohydrates and nitrogen compounds from the roots to
the leaves can occur at rates higher than in ungrazed conditions. Changes in the
steady-state processes of carbon fixation and translocation have been extensively
studied, but, at this moment, the exact mechanism governing the changes following
herbivory is unknown (Dyer eta/., 1991). Note that Farrar (in Chapter 8)proposes that
no new mechanisms need to be involved to explain carbon partitioning in the
potentially more complex situation where plants are infected by a microbe; the
principles of turgor-driven bulk flow apply equally well to both healthy and infected
plants.
In the grasses, Agropyron smithii and Boutelouagracilis, an increased investment in
above-ground relative to below-ground biomass and nitrogen was found after defoliation (Jaramillo and Detling, 1988;Polley and Detling, 1989). However, total biomass
yield was significantly reduced. Following defoliation, certain herbaceous perennials
redistribute carbon primarily from leaf and stem base to active meristems, thus rapidly
forming new leaves (Cyr and Bewley, 1990). In stolons of Trifolium repens, carbohydrate reserves, mostly starch, were remobilized in proportion to their initial
contents, and when plants were more severely damaged, remobilization was greater
(Baur-Höch et al., 1990).
Remobilization of nitrogen following herbivore attack has received much less
attention than carbohydrate remobilization (Culvenor and Simpson, 1991), probably
because net changes are smaller (Smith and Silva, 1969; Caldwell et al., 1981). In
Trifolium subterraneum, 17% of the nitrogen present in storage organs (branch, taproot,
fine roots, nodules) was mobilized as soluble protein to the newly formed leaves after
defoliation (Culvenor et al., 1989; Culvenor and Simpson, 1991). Comparable results
were found for T. repens(Marriot and Haystead, 1990).

2.2.3

Delayed

plant

senescence

Following herbivory, the enhanced demand for assimilates from the remaining plant
tissue may delay the normal decline of photosynthetic rate with age in the unattacked
or partly defoliated leaves. Arrested senescence in response to leaf loss has been
reported for a wide range of plants (Woolhouse, 1967;Wareing etal., 1968). Regreening of yellow senescent leaves on vegetative plants of Nicotiana tabacum could be
induced by removal of the younger leaves of the plant (Woolhouse, 1967). Not only
leaf herbivory, but also the removal of reproductive organs, such as developing fruits
or seeds, can delay the onset of senescence.
~~19
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A delay in leaf senescence is characterized by the inhibition of protein, chlorophyll
and enzyme degradation, reduced starch accumulation, and increased retention of
mature leaves (Kolodny-Hirsch et al., 1986). The control of senescence processes is
regulated by hormonal activity (e.g. Nooden, 1980; Thimann, 1980, 1987).
A delay in senescence is not always documented for all leaves following herbivory:
in Agropyron desertorum and A. spicatumthe onset of senescence was found only for the
two oldest, fully expanded leaves that were present when the plants were initially
clipped; the initiation and senescence of all other foliage elements were not affected
by the clipping treatments (Nowak and Caldwell, 1984).

2.3 Morphological reactions to herbivory
2.3.1

Changes in leaf area

ratio

The morphological mechanism behind regrowth may involve an increase in leaf area
ratio (LAR, c m 2 g _ 1 ) . In the biennials, S.jacobaea and C. officinale, LAR increased at
moderate (30%) and even more at high (94-100%) degrees of defoliation (Figure 2.2)
(Prins et al., 1989).
In plants infected by pathogens, the inhibition of net photosynthesis in the infected
leaves, as mentioned in Section 2.2.1, may be compensated by an increase in leaf area
ratio (Paul and Ayres, 1986; Ayres, 1991). In nutrient-rich as well as nutrient-poor
situations, an increase in LAR was found in groundsel, Senecio vulgaris.However, the
opposite reaction has also been reported: Vicia faba infected by rust exhibited a
decreased leaf area ratio (Williams, 1978).

2.3.2

Changes in plant

architecture

Damage to the shoot apex by herbivory affects apical dominance and stimulates
growth of branches from axillary buds, previously inhibited by auxins produced in the
shoot apex (Salisbury and Ross, 1985). The release of competition for nutrients and
carbohydrates between the axillary buds and the shoot apex may also contribute to the
cessation of the inhibition of axillary buds (Benner, 1988).
An alteration in branching pattern following apex removal is frequently found (e.g.
Taylor and Bardner, 1968; Inouye, 1982; Islam and Crawley, 1983; Paige and
Whitham, 1987; Maschinsky and Whitham, 1989). Apex removal may induce plants
that normally form a terminal inflorescence to produce a greater number of inflorescences. Nothwithstanding this greater number of inflorescences, a negative effect
of herbivory on seed production is often found (e.g. Doak, 1991). This may be caused
by the direct loss of tissue or by the loss of the future photosynthetic capacity ofthat
tissue. Moreover, apex removal causes a delay in plant growth because the axillary
branches first have to form leaves before the photosynthetic rate can reach the same
level as before defoliation.
Various morphological reactions to herbivory are found when plant parts other
than the apex are affected. In the birches, Betulapendulaand Betulapubescens,a decrease
in the number of long shoots was found, but the frequency of branched shoots
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Figure 2.2. Leaf area ratio
(LAR, cm2g~') after defoliation in (a) Cynoglossum officinale and(b) Senecio jacobaea.
(O) Control, (•) 10-12%
defoliation, (U) 30% defoliation,
(m) 94.5-98% defoliation.
Standarderrorsare indicatedto
one side ofthe mean. From Prins
et al. (1989).

40

80

Tim« after defoliation (day*)

increased, aswell as the length and dry weight of individual shoots (Danell etai, 1985;
Bergström and Dannell, 1987). Feeding by the weevil, Unapsis euonymi,increased leaf
abscission in Euonymus fortunei. This may not have been detrimental to the plant
because photosynthetic output of the leaves had already been impaired as a result of
chlorosis in the insect-damaged leaves (Cockfield and Potter, 1986).
In the herbaceous crucifer, bittercress, Cardamine cordifolia, leaf herbivory well
below complete defoliation (25% of the leaf area) changed leaf demography (leaf
21
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initiation and leaf survival) and reduced plant performance (a decrease in plant stature,
leaf area and fruit production)(Louda, 1984).
Different herbivores may attack the same plant in different ways and, therefore,
cause different morphological responses. Marked changes in plant architecture are
found as a result of aphid infestation {Rhopalosiphumpadi) on bird cherry {Prunus
padus). Aphids induce the formation of a pseudogall at high infestation levels and the
shoot tip is killed, preventing terminal bud formation. Attacked leaves are likely to
reduce the photosynthetic capacity of the plant during the rest of the year, because
attacked leaves are discoloured and malformed. In contrast, a moth, Yponomeuta
evonymellus, defoliates the tree after bud formation is completed. The tree can form
regrowth leaves after defoliation has ended (Leather, 1986; 1988).

2 . 3 . 3 Leaf damage and root

development

The allocation of more resources to above-ground regrowth is a common and
widespread reaction of plants to herbivory, as well as to infection by fungi (Ayres,
1991). Sometimes this is attended by a decrease in root-length growth and weight. In
Agropyron desertorum, a grazing-tolerant bunchgrass, root-length growth of clipped
plants was 50% less than that of intact plants. Relatively more resources were allocated
to above-ground plant parts, so re-establishing the root:shoot balance. In a grazingsensitive bunchgrass, Agropyron spicatum, root elongation was not affected by clipping.
In this species, foliage replacement was prevented, and thereby the re-establishment
of the root:shoot ratio. Herbivory may, thus, weaken the competitive position of A.
spicatum, whereas the grazing-tolerant A. desertorum may maintain its competitive
position (Richards, 1984). In the grazing-tolerant grass, Sporobolus kentrophyllus, a
similar decrease in biomass allocation to the roots was found. Tillering rate increased
in this species (Ruess, 1988).
Rumex obtusifoliusresponded to heavy grazing by an increase in the root:shoot ratio.
Rumex crispus,on the other hand, responded to defoliation by a decrease of root:shoot
ratio (Bentley and Whittaker, 1979).
Patterns of dry matter allocation were altered by infestation of Eucalyptus blakelyi by
the sap-sucking herbivore, Eriococcuscoriaceus. Proportionally more dry matter was
allocated to the leaves at the expense of root growth. This led to a significantly lower
root:shoot ratio in infested than in control plants (0.50+ 0.25 vs. 0.79+ 0.22; P <
0.001) (Vranjic and Gullan, 1990).In response to simulated herbivory, both in ambient
and enriched C 0 2 environments, compensation for the loss of above-ground tissue
was found in the perennial herb, Plantago lanceolata(Fajer et al., 1991), but at the
expense of root growth. Although levels of reproductive output were maintained,
negative effects of defoliation on growth, or increased mortality, could be found in
later years.
These studies indicate that plants tend to re-establish their root:shoot balance after
defoliation, as was proposed by Brouwer (1962a, b, 1963, 1983) in his theory on the
functional equilibrium between overground and underground parts. As soon as this
species-specific balance is reached, investment in above-ground plant parts may stop,
22~~
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and other mechanisms may contribute to compensate for the consequences of leaf
losses.
The root.-shoot ratio may also be altered as a result of a disease: for example, oat
and barley infected with powdery mildew exhibited a decreased root:shoot ratio
(Ayres, 1991). The causes of these changes may differ between species and are
discussed in more detail by Farrar, in Chapter 8.

2.4 Compensation
2 . 4 . 1 Timing of damage and time for recovery
The mechanisms described above may partly or fully compensate for the negative
effects of defoliation. Compensation is concluded when the cumulative dry weight of
the treated plants equals that of the controls, whereas partial compensation occurs
when the cumulative dry weight of the treated plants is less than that of the controls
(Belsky, 1986). In terms of (over)compensation strategies, the effectiveness of the
individual plant's reactions to defoliation strongly depends on growth stage, season,
and environmental factors. Grazing systems are characterized by some pattern of
independence from these factors, which may be quite persistent.
The possibilities for compensation are highly influenced by the developmental stage
of the plant at the time of defoliation. Moreover, the moment during the season when
a plant is affected by herbivores also influences possible compensation. These two
factors may often be associated, especially in natural situations.
Simulated herbivory by Colorado beetle on potato cultivars resulted in greatest
yield reductions when defoliation took place during the main flowering period. When
herbivory was simulated through earlier or later defoliation, yield reductions were
less, demonstrating that compensation is affected by the time of defoliation (Shields
and Wyman, 1984). Artificial damage to Salix smithiana growing in central Sweden
showed that the most severe growth reductions were when defoliation took place in
early-mid summer. At that time, the most productive cohort of leaves was affected
(Larsson, 1983). In Agropjron desertorum,tiller replacement was not affected by heavy
grazing when this took place before the elongation of the internode. Defoliation after
the elongation of the internodes (which elevates apical meristems) reduced the number
and heights of replacement tillers and, moreover, increased the winter mortality of
those tillers produced in autumn (Olson and Richards, 1988a). Turtlehead plants,
Chelone spp., herbaceous perennials from wet meadows and fens, reacted to herbivory
prior to flower bud development by a reduction in the number of reproductive stalks,
flower buds, flowers and seed capsules. When plants were severely defoliated after
flower buds appeared, only the final number of seed capsules and seeds per capsule
were affected (Stamp, 1984).In the herbaceous crop, 'spring cabbage', Brassicaoleracea,
sensitivity to defoliation increased during the period from planting to head-formation.
Sensitivity was maximal when plant leaf area reached approximately 2000 cm2, and did
not increase afterwards (Wit, 1985). All these studies indicate the importance of the
timing of herbivory. Plants defoliated during flowering, or during the most produc~~23
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tive period in the growing season, are more affected than those defoliated at other
times.
Ability to recover from defoliation decreases during the growing season because
progressively less time is available to overcome the delay in phenology (Inouye, 1982;
Solomon, 1983; Maschinsky and Whitham, 1989). The physiological constraints on a
plant may limit compensation of late damage even when environmental conditions are
favourable. Therefore, damage later in the season may have an immediate effect on
monocarpic species, for example resulting in a delay of flowering (Harris etal., 1978).
Theoretically, perennial plants may compensate in a later year for earlier damage.
Plants that flower later than normal may risk less than normal pollination. Thus,
self-incompatible species may suffer most, but even in self-compatible species, e.g. C.
officinale,individuals that flower later in the year produce significantly less seed (de
Jong and Klinkhamer, 1991). This last effect emphasizes the importance of male
fitness. Not only growth and seed production, but also possible effects on pollination,
must be considered when studying a plant's reaction to herbivory.

2.4.2 Gracing intensity
Our knowledge of the effect of herbivory was, until the last decade, based on
agricultural and forestry management practices. Establishing relationships between
leaf area loss and yield loss gave an indication of the economic injury level. Correlating
the consumption of a single herbivore with the maximum leaf area loss that could be
sustained without any significant loss of final yield established the number of herbivores that could be safely allowed per unit leaf area. Growth and seed production
were therefore the most important parameters studied. In ecological studies, however,
implications for plant fitness are much more important.
In many species, low levels of herbivory do not lead to any reduction in final yield
(Seastedtf/ö/., 1983;Olson and Richards, 1988b; Reichman and Smith, 1991).In many
situations, growth is limited by environmental factors, and a little herbivory has no
additional effect. In laboratory experiments, on the other hand, optimal conditions
may quickly result in compensation for the negative effects of herbivory. Thus, when
S.jacobaea and C. officinale suffered low (10%) or medium (30%) defoliation in the
laboratory, plants took only 2 weeks to attain the same total plant biomass as
undefoliated (control) plants. Complete defoliation affected plant dry weight for a
longer period (Prins etal., 1989). Plants with higher levels of defoliation require longer
periods to recover than plants defoliated to a lesser extent. As long as the environmental conditions are favourable, however, even severely defoliated plants may recover,
if given sufficient time.

2.4.3

The plant's

environment

Most studies on compensation have been under controlled conditions. They are likely
to overestimate greatly the ability of plants to compensate for herbivory. While under
controlled conditions a shift from root to shoot allocation in defoliated plants may
have little effect on nutrient or water uptake, the effects under changing natural
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conditions may be much larger. There is good evidence that the effects of herbivory
are strongest under conditions of water stress, nutrient stress or competition.
Drought can interact negatively with plant compensation characteristics. For the
biennial, S.jacobaea, decreasing moisture availability limited plant compensation. One
irrigation after defoliation was sufficient to increase significantly the mean number of
nodes per plant when compared with defoliated plants that were not supplied with
water. Incidentally, these results are important for the study of biocontrol agents for
S.jacobaea in areas where the plant has become a range weed; the full potential of
herbivorous agents might be found in years with low moisture conditions (Cox and
McEvoy, 1983). Water stress significantly reduced regrowth after clipping in the
grass, IIjparrhenia filipendula. Frequent watering stimulated leaf elongation but had no
impact on tillering. Nitrogen addition, on the other hand, had a strong impact on tiller
number but not on leaf elongation, indicating that each form of stress can act
differently on growth (Coughenor et al., 1985).
Differences in nitrogen availability strongly influenced the regrowth capacity of
Verbascumthapsusand C. officinale in the laboratory. \X'ithout nitrogen, V. thapsusdied
after defoliation. However, if given nitrogen, growth of defoliated and undipped
plants was similar. In C. officinale,defoliated plants that were not supplied with
nitrogen did not die, but showed only very little regrowth (Verkaar et al., 1986).
Simultaneous grazing by herbivores and other forms of stress, like competition,
may have additive effects on plant performance (Harris, 1973; Whittaker, 1979;
Cottam etal., 1986). Pathogens, in combination with other forms of stress, were also
found to have additive negative effects on plants (Ayres, 1991). In a situation of
combined stress, opposed allocation responses may be found in individual plants. The
other stress may impair those morphological and physiological responses to grazing
that normally minimize the effects of herbivory on growth rate. Oesterheid and
McNaughton (1991b) describe such a situation for the combined effect of grazing and
flooding on Serengeti grasses. Grazing may induce plants to allocate resources to leaf
production, whereas flooding may increase the allocation of resources to the roots,
because the maintenance of roots in an anoxic environment may be costly. A synergism between invertebrate herbivory and another form of stress, i.e. competition, was
found in R. obtusifolius. Only in competing plants did herbivory cause a significant
reduction in plant growth (Cottam et al., 1986).
Particular situations are conceivable, however, in which some forms of stress may
interact positively with grazing. The removal of self-shading by grazing isan example.
Under conditions of high atmospheric humidity and ample water supply, grazing may
be beneficial by removing transpiring leaf area. Grazed plants may survive a drought
period, whereas ungrazed plants may desiccate (Verkaar, 1988). Thus, in the grasses,
Hjparrbenia ruja and Trachjpogonplumosus,grazing and water stress interacted strongly;
the effects of defoliation were reduced under water stress, probably because there was
a more gradual depletion of soil water when the transpiring surface was reduced by
grazing (Simoes and Baruch, 1991).
An unexpected interaction between herbivory and field conditions was found by
Michaud (1989); herbivory led to reduced nectar production in flowers of fireweed,
Epilobium angustifol'wm. Plants were thus less attractive to pollinators, resulting in
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reduced female and male fitness. As already mentioned, for a better understanding of
the effects of herbivory on plant fitness, field studies are preferable, and both male and
female fitness must be examined, a point made again by Parker in Chapter 12. Few
studies have looked at effects on female fitness, and not a single study has examined
male fitness. To understand compensation in an evolutionary context, the latter is by
far the most important issue that should be addressed in herbivory experiments.

2.5 Overcompensation
During the last two decades, debate about the beneficial effects of herbivores has
engaged plant ecologists. Although compensatory productivity, enabling plants to
replace tissue lost to herbivores, was discussed by Eaton in 1931, the possibility of
overcompensation was not considered until the much cited paper of Owen and
Wiegert (1976). In this theoretical study, they proposed that an extension of the period
of leaf fall, through the effects of primary consumers, might increase decomposition
and, therefore, nutrient conservation and utilization efficiency, thus resulting in an
overall increase in plant fitness. However, there has been little evidence until recently
that plants subjected to herbivory actually increase their production.
Increased fitness can only be demonstrated if grazed plants are larger or form more
numerous offspring at the end of the season than ungrazed plants (Westoby, 1989).
(Again, we stress that not only female fitness, i.e. seed production, but also male fitness
has to be examined as an important component of (over)compensation.) Reviews by
Belsky (1986), drawing attention to the imperfect experimental design and statistical
analyses of studies that claim overcompensation, and by Verkaar (1988), directing
attention to the physiological background of overcompensation, demonstrate that
beneficial effects of herbivores on individual plants are seldom found. Although
numerous studies have shown a constant or increased yield in attacked plants, these
studies have almost invariably focused on a single organ. Field experiments, in which
removal of stem apices from Ipomopsisaggregata resulted in a 2.4-fold increase in seed
production, did, however, focus on above-ground as well as below-ground plant
parts. Comparable laboratory experiments showed that seed production was also
significantly increased, though to a smaller extent. The plant seems to have evolved
to depend on herbivory to achieve its greater fitness. In this special case, herbivory
was restricted to only a short period at the start of the growing season, but more than
70% of plants were severely damaged (Paige and Whitham, 1987).
As pointed out by Crawley (1987), it may be unclear at first why ungrazed plants
do not also have acomparable, second burst of flowering after the period of herbivory
has passed. However, a simple model by van der Meijden (1990) illustrates the
advantage to a genotype which does not invest all its resources in early season growth,
but is able to accelerate stem growth after herbivory, compared with a genotype that
invests all its resources in growth before herbivory. Herbivory simply seems to be a
trigger for growth in this species (van der Meijden, 1990). Ungrazed plants do not
have such a trigger, so do not respond with a second burst of flowering.
Maschinsky and Whitham (1989) found evidence for a continuum of compensatory
responses to vertebrate herbivory in Ipomopsis ari^pnica. In their study, the most
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common response to herbivory was compensation. Overcompensation was found in
grazed plants that were supplied with additional nutrients and moreover were not
competing with neighbours. Undercompensation was found when nutrient availability was low and /. ari^onka was growing in mixture with grasses. This concept of a
continuum in reactions of plants to herbivory (Maschinsky and Whitham, 1989) is an
important contribution to the debate concerning a possible beneficial effect of herbivores to plants.
Until now, most physiological studies on the plant's reaction to herbivory have
been concerned with single mechanisms, such as increased photosynthesis or a
changed allocation pattern. We challenge plant physiologists to join this discussion by
extending their studies to the physiological mechanisms that may lead to overcompensation. This would give an important stimulus to the debate on overcompensation.
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