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SUMMARY

Leaves display an enormous array of sizes and shapes. Although these attributes appear to have evolved
primarily in response to abiotic conditions in the plant’s habitat, the importance of insect herbivores as
additional selective agents is still poorly understood. A necessary requirement for leaf size and shape to
evolve in response to attack by insects is that insects must respond to and/or be affected by, leaf
morphology. We tested leaf-shape preferences in adult flea beetles (Phyllotreta spp.) feeding on the highly
variable rosette leaves of Capsella bursa-pastoris. Contrary to theoretical expectation (Brown & Lawton
1991), leaves with deeply lobed margins were more intensely damaged, both in field-collected and
experimental plants. In two ancillary experiments with Capsella, we found that Spodoptera caterpillars
showed no preferences for leaf shape, but that adult vine weevils (Otiorhynchus sulcatus) did, preferring (as
predicted), undivided over divided leaves. We conclude that Brown & Lawton’s (1991) hypothesis is at
best weakly supported by laboratory data for vine weevils, refuted by laboratory data for Spodoptera, and
consistently refuted by both laboratory and field data for flea beetles. Although the experiment tried to
reduce confounding variables to a minimum, interpretation was complicated by correlations between leaf
shape and other developmental parameters of the plants, and highlights the difficulty of disentangling
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leaf-shape effects from other confounding factors.

1. INTRODUCTION

Leaves in nature display an enormous array of sizes
and shapes, commonly believed to have evolved in
response to the abiotic conditions of the plant’s habitat
(Weaver & Clements 1938; Talbert & Holch 1957;
Vogel 1970; Parkhurst & Loucks 1972; Givnish 1979;
Gates 1980). However, as Brown & Lawton (1991)
pointed out, the importance of herbivores as selective
agents in the evolution of leaf size and shape has rarely
been investigated and is still poorly understood. They
suggested several physical characteristics of plant
foliage, including size and shape, that may have arisen
as adaptations against vertebrate and invertebrate
herbivores. The most compelling examples come from
studies of plant-vertebrate interactions (Brown &
Lawton 1991; Givnish et al. 1994); the role of insect
herbivores in the evolution of leaf size and shape has
been relatively neglected.

A growing body of evidence shows that aspects of
leaf morphology influence leaf choice and efficiency of
use by insects. These include visual appearance
(Prokopy & Owens 1983), waxiness (Stork 1980;

Edwards & Wanjura 1991; Bodnaryk 19924, b),
toughness (Tanton 1962; Edwards & Wanjura 1991;
Matsuki & MacLean 1994) and the presence or
absence of trichomes (Schillinger & Gallun 1968;
Southwood 1986; van Lenteren & de Ponti 1990;
Dakshayani et al. 1993; Palaniswamy & Bodnaryk
1994). Comparatively little is known about how leaf
shape influences an insect’s choice of feeding or
oviposition sites, although it is a factor that may affect
feeding rate or limit access to certain areas (Brown &
Lawton 1991). Although detailed studies are few, a
small number conclude that insects have been the
selective pressure behind the evolution of particular
leaf characteristics, such as mimicry (Gilbert 1982;
Niemela & Tuomi 1987), differences in leaf shape
between plant species sharing a habitat (Rausher
1978; Gilbert 1982) and differences between juvenile
and adult foliage (Gilbert 1982).

Comparisons between plant species of the ways in
which leaf shape might influence the choice and
performance of insect herbivores may be confounded
by inevitable physiological and biochemical differences
between the leaves of different plant species. To
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Edwards 1982; Woodhead & Chapman 1986; minimize these problems, we studied adult flea beetles

(Coleoptera: Chrysomelidae) in the genus Phyllotreta
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Figure 1. The diversity of rosette leaf shapes in Capsella bursa-
pastoris. Leaves were divided into five types according to the
degree of indentation (lobing) of the margin. (a) Type 1:
entire, with no indentations. (4) Type 2: one shallow
indentation on either side, resulting in two round lobes. (¢, d)
Type 3: two or three shallow indentations on either side,
resulting in three or four round lobes. (¢, /) Type 4: three or
more deep indentations (virtually reaching the midrib) on
either side, resulting in several deep round lobes. (g, ) Type
5: deeply pinnatifid, with more than five deep indentations
reaching the midrib on either side, resulting in numerous
long, narrow lobes.

(Fab.)), feeding on the rosette leaves of a single species
of plant, Capsella bursa-pastoris (L.) (Brassicaceae).
Capsella displays enormous intra-specific variability in
the shape of its rosette leaves, which may range from
entire to deeply pinnatifid within the same individual
(figure 1). Adult Phyllotreta are specialists on Brassi-
caceae and can cause heavy damage to Capsella in the
field, leaving characteristic feeding holes in the leaf
surface. The three species cause identical damage, and
we have not distinguished between them. Herbivory by
flea beetles is known to decrease plant growth (James
et al. 1992; Bach 19944, b)) and flower production
(James et al. 1992), and to increase plant mortality
(Bach 19944) in a range of species, although to our
knowledge no studies have been conducted on their
effect on Capsella bursa-pastoris.

We are not suggesting that flea beetles have driven
the evolution of variation in leaf shape in Capsella.
Rather, if leaf shape can be shown to alter herbivore
preference and/or performance, then this is consistent
with (but does not prove — Nuilez-Farfin & Dirzo
1994) the hypothesis that herbivory has played a role
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in the evolution of leaf shape (Brown & Lawton 1991).
Several studies reviewed by Brown & Lawton point to
the conclusion that reduced herbivory may be one
selective advantage of highly divided leaves. We
carried out a range of observations and experiments to
test this hypothesis, concentrating on herbivore prefer-
ence assessed by feeding damage. The main results are
presented in three sections (field sampling, field
experiment and laboratory experiments), each with its
own methods and results sections. Some preliminary
results with two other species of insect herbivores are
also presented in §5. Diametrically opposite to our
main prediction, we find consistent evidence that
highly divided leaves in Capsella suffer more, not less,
damage from flea beetles. We conclude by briefly
discussing the difficulties of experimentally testing the
impacts of leaf size and shape on insect herbivores,
unconfounded by other variables.

2. STATISTICAL ANALYSIS

Data were analysed using generalized linear models
in gLiM 4 (McCullagh & Nelder 1983; Aitkin et al.
1989; Crawley 1993). The significance of an ex-
planatory factor in cLIM is assessed by deleting it from,
or fitting it into, the model containing all other
explanatory variables and interactions, and analysing
the resulting change in deviance (Crawley 1993). cLim
allows the specification of normal, Poisson or binomial
error distributions. With Poisson and binomial error
distributions, the change in deviance attributable to a
given factor is distributed approximately as chi-
squared. When either of these error structures are used,
a heterogeneity factor (HF) is calculated (residual
deviance over residual degrees of freedom) after the full
statistical model has been fitted. Values of HF larger
than one indicate overdispersion which can lead to
spuriously significant results. High heterogeneity fac-
tors have been corrected by scaling the deviance by
HF, or by transforming the response variable that
produces more conservative parameter estimates
(Crawley 1993). Other aspects of the statistical analyses
are dealt with in each section.

3. FIELD SAMPLING
(a) Methods

Plants were collected from an area of ex-arable land
(Silwood Bottom, Berks, U.K.) on 1 June 1995 to
determine the level of damage caused by adult flea
beetles (predominantly P. atra and P. undulata, with
some P. nigripes) in wild populations. We collected all
the rosette leaves from 15 randomly sampled plants;
allocated them to types 1-4 (figure 1) (there were no
type 5 leaves in the collection); measured the maxi-
mum length and width of each leaf; and counted the
number of characteristic damage holes caused by adult
flea beetles. In these field samples only, we also
collected all the stem leaves, and treated them in a
similar way. Stem leaves resemble type 1 rosette leaves
but have a basal auricle that clasps the stem (Clapham
et al. 1987). In total in these field samples we examined
119 rosette and 155 stem leaves.
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Table 1. Summary of the results from random field sampling of 15 plants using  damaged /undamaged’ and * damage level’ (number

of damage holes) as alternative response variables

(LT, leaf type; LS, leaf size (length x width); Int, interaction; (S), change in deviance resulting from fitting the explanatory
variable separately into the model; (D), change in deviance resulting from deleting the explanatory variable from the full
model; I values when the model was fitted with normal errors and y? values when the model was fitted with binomial €rrors. )

Damaged/undamaged Damage level*
LT LS Int LT LS Int
(S) XP=82.88%#k 42— ]08.3%kk* F = 52.45%** F = 174.52%%* —
(D)  ns X% =37.07%%*  ng — — F=06.21%%*

*p < 0.05, %% p < 0.01, *** 5 < 0.001.

®The response variable was square root transformed due to high heterogeneity factors.
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Figure 2. Mean (+959, confidence limits) number of
damage holes for stem leaves, and for each of four types of
rosette leaves (bars) and the total proportion of leaves
damaged (dots and solid lines) for randomly sampled field
plants. (tl = type 1 leaves etc., see figure 1. Stem leaves
resemble type 1 leaves).

(b) Results

We analysed the leaves in two ways, first using
‘damaged’ or ‘undamaged’ as a simple binary
response variable, and second by quantifying the
amount of damage. We used leaf size (length x width)
and morphotype (1—4) as independent explanatory
variables (table 1). Leaves with medium to deeply
lobed margins (types 3 and 4) are larger and, contrary
to our main hypothesis, suffer more damage than
leaves with entire or slightly lobed margins (stem
leaves and leaves of types 1 and 2) (table 1, figure 2).
While there is an unambiguous effect of leaf size on the
probability of a leaf being damaged, no effect of leaf
type independent of leaf size can be detected.

4. FIELD EXPERIMENT
(a) Methods

The field experiment and the greenhouse experi-
ments that follow (§5), all used seeds from the same
seed stock (‘Emorsgate’, Norfolk, U.K.).

Capsella seeds were sown in the greenhouse between
May and June 1995 and the young plants were
transplanted into Silwood Bottom approximately six
weeks after sowing when they had rosettes with
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Table 2. Damage scores in the field experiment according to the
proportion of leaf area damaged by flea beetles and geometric
mean of each leaf area damage interval

% leaf geometric
score damaged mean 9,
0 0%, 0
1 1-59, 2.6
2 6-159%, 10.09
3 16259, 20.30
4 26-509%, 37.30
5 51-759, 62.58
6 > 759, 87.70

between five and 10 well-developed leaves but no
flowering stems. The area had been rotivated a month
before the beginning of the experiment and was
virtually clear of vegetation. The surrounding wild and
cultivated plants maintained a high population of all
three species of adult flea beetles throughout the
summer.

We randomly selected ten 50 x 50 cm experimental
blocks. Within each block, we planted four rows of four
plants, separated by 10 cm from each other and 10 cm
from the edge of the block. Plants, which at this stage
exhibited a great variety of leaf shapes both within and
between individuals, were allocated at random to the
blocks. Three leaves were randomly selected on each
plant, allocated to morphotype, measured and marked
with coloured sewing cotton loosely tied around the
petiole, and then regularly monitored. In total, 480
leaves were marked (10 blocks, 16 plants per block,
three leaves per plant), constituting the Ist cohort.
Thereafter, the 2nd and 3rd cohorts were established at
weekly intervals using eight plants selected at random
in each of the 10 blocks; we marked and recorded the
fate of three randomly chosen leaves per plant (a total
of 240 leaves). Two weeks after the 3rd cohort had
been marked, some of the plants produced a 4th cohort
of leaves; this sample contained only 111 leaves: 1-3
leaves per plant in 1-8 plants per block, depending on
the availability of leaves.

For two months (July and August), the size of the
leaf (measured as leaf length) and the damage caused
by flea beetles were recorded weekly. No individual
leaf survived for more than five weeks in the field.
Damage was scored non-destructively (using calibrated
drawings) as a proportion of leaf area (table 2).
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Table 3. Summary of the results for the field experiment using damaged (dam) /undamaged (undam), ‘last’, ‘ average’ and “rate’
as alternative response variables (see Section 4 for details). LT leaf type, LS: leaf size (measured as length), Int: interaction;
(S) Change in deviance resulting from fitting the explanatory variable separately into the model, (D) Change in deviance resulting
Jfrom deleting the explanatory variable from the full model. ¥ values when the model was fitted with normal errors and x* values

when the model was fitted with Poisson or binomial errors.

%p < 0.05, #%p < 0.01, **%p < 0.001
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dam/undam last average rate
leaf
cohort LT LS Int LT LS Int LT LS Int LTLS Int
Ist (S) ns y*=18.89*** — y2=10.57* y* = 17.76"** — F =6.82*** F=38.18*"* — ns F=2558*"*
(D)ns y*=21.85"""ns ns x*=13.38""*ns ns F=31.22""* ns ns F=20.81""* ns
2nd (S) ns ns — ns ns — ns ns — ns ns —
— (D)ns ns ns ns ns ns ns ns ns ns ns ns
< 3rd () ns ns — ns ¥* =589 — ns F=549* - ns F=654  —
> >~ (D)y— — x*=31.8% ns x*=391" ns ns ns ns ns F=4.96" ns
O = 4th () ns ns — ns ns — ns ns — ns ns —
Dﬁ - (D)ns ns ns ns ns ns ns ns ns ns ns ns
[e—
= O
: o Because we selected leaves on each plant at random, 70 - types 4 & 5 L[ 70
= w and because each Capsella plant produces a mixture of ol N [ 60
- rosette leaves of dlfferent' shapes, we had no control 2 -
<z over the number of replicates per treatment (where Z 501 - 50
EO ‘treatment’ is leaf shape). Such non-orthogonal data is = 404 |40
Ei: easily handled in cLIM by assessing the change in 2
oY « deviance of the explanatory variables when they are g 30 el L 30
AL 0 . . 5
oL removed from (and fitted back into) the maximal & 201 L0
—Z model (i.e. the model including all the other ex- 3
Eé planatory variables and their interactions) (Crawley 10 10
B b= 1993), which in this case included block effects, plant 0 : : Lo
effects, leaf type and leaf size. Type 5 leaves appeared 1st 2nd 3rd 4th

in only a few plants (three in the Ist cohort, six in the
2nd cohort, 12 in the 8rd and 12 in the 4th); we
therefore combined type 4 and 5 leaves in the analysis.

Analyses were carried out separately for each of the
four leaf cohorts using several response variables:
damaged/undamaged; the last (i.e. maximum) dam-
age score per leaf; and the average (i.e. mean) damage
score acquired by the leaf throughout its life. Using the
geometric mean damage score (table 2) we also
calculated a fourth response variable, the rate of
damage, by dividing the maximum proportion of leaf
damaged by the number of weeks that the leaf survived.

(b) Results

In the Ist cohort ‘last’ and ‘average’ damage scores
of type 3 and 4 leaves are significantly higher than
those of type 1 and 2 leaves, when leaf type is fitted
separately into the model (table 3). However, leaf type
is not significant when deleted from the model
containing leaf size, because as in §3, there is a
correlation between leaf type and size (leaves with
deeply lobed margins are significantly longer than
leaves with entire margins — Ist: ¥ = 25.76, p < 0.001;
2nd: F'=4.09, p <0.01, 3rd: F=10.61, p <0.001).
The 4th cohort did not survive long enough to analyse
effectively). Leaf size repeatedly appears as the only
explanatory variable causing a significant change in
deviance when deleted from the full model (in addition
to the expected block and plant effects, which for
simplicity have not been included in table 3). In other
words, the probability of a leaf being damaged, the

Phil. Trans. R. Soc. Lond. B (1996)

leaf cohort

Figure 3. Changes in the proportions (as a percentage) of
different types of rosette leaves in leaf cohorts 14 of the field
experiment.

proportion of the leaf area damaged and the rate of
increase in damage, all increase with leaf length and
hence indirectly with increasing leaf division.

The higher proportion of area damaged in type 4
leaves, compared with type 1 leaves, is the result of a
real increase in damage and is not an artefact of
differences in leaf area. Type 4 leaves are consistently
longer than type 1 leaves and their estimated area is
either larger than or equal to that of type 1 leaves (Ist:
t=4.68; p < 0.001, 2nd: ¢t = 0.32, p > 0.05; 3rd: ¢t =
1.30, p > 0.05).

However, this experiment highlights some compli-
cating morphological and phenological factors that
may influence the results. (i) Leaves with deeply
subdivided margins are much commoner later in the
season than leaves with entire or superficially lobed
margins (figure 3). (ii) In the first two cohorts, leaves
with deeply lobed margins survived longer than leaves
with entire or superficially lobed margins (Ist: F =
89.21, p < 0.001, 2nd: F = 5.34, p < 0.01). (iii) There
are differences in the relative position of the leaf
morphotypes within the rosette; leaves with deeply
lobed margins tend to lie on the top of the rosette, thus
partially covering the leaves with entire or superficially
lobed margins. We return to these potentially con-
founding variables in the discussion.
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5. LABORATORY EXPERIMENTS
(a) Methods

We used freshly excised Capsella leaves from green-
house-grown plants to test herbivore preferences. In
addition to trials with adult flea beetles, we tested adult
vine weevils (Otiorhynchus sulcatus Fab., Coleoptera:
Curculionidae) and larvae of Spodoptera exigua Hub.
(Lepidoptera: Noctuidae). Vine weevils and 9-day-old
Spodoptera larvae feed mainly from the edge of the leaf
inwards, although some central damage holes were
observed ; younger, 2—-5-day-old Spodoptera larvae make
small holes in the lamina. All experiments were
performed in a controlled temperature (cT) room
(20+2.5°C, 70+£59%, relative humidity, 16:8h
light:dark photoperiod).

(7) Flea beetles

We used transparent, ventilated plastic boxes
(13%x6x 7.5 cm) to present type 1 and type 4 leaves in
pairs to Phyllotreta; leaves were inserted at an angle into
small squares of moist ‘Oasis’ (a water-absorbent
material used for cut flowers) glued to the base of each
box, separated by approximately 6 cm. We standard-
ized leaves for size (mean length + s.e. (standard error):
8.16+0.34 cm). Five freshly collected adult Phyllotreta
undulata were released into each box and the feeding
damage was assessed after five days (r = 50).

(@2) Vine weevils

Adult vine weevils came from cultures kept at
Silwood Park. Pairs of leaves (one type 1 and one type
4; mean length+s.e.: 7.5+0.14 cm) were presented
side by side to single weevils in petri dishes (9 cm
diameter). Leaf area eaten was assessed after 20 h (n =
28). In a second experiment (n =20 ) (mean leaf
length+s.e.: 7.15+0.13 cm), the damage was assessed
every 8 h for a maximum of 48 h.

(727) Spodoptera

Spodoptera larvae were obtained from Dr Tanya
Wright at Zeneca. One (9-day-old) or three (2-5-day-
old) larvae were tested in a petri dish with a pair of
leaves (one type | and one type 4; mean leaf
length+s.e.: 7.6+0.16 cm), and the damage was
recorded after 20 h (n = 20 for each age group).

(b) Results
(1) Flea beetles

There was no significant difference in damage levels
between type 1 and type 4 leaves (1 = 1.94, p > 0.05),
although overall damage levels were very low (mean
number of damage holes +s.e. were 0.78+0.15 (type 1
leaves) and 0.4410.13 (type 4 leaves)).

(@2) Vine weevils

The damage caused by vine weevils was large, with
as much as 159, (20 h experiment) to 459, (48 h
experiment) of the leaf area being removed by the end
of the trial. In the 20 h experiment, type 1 leaves were
significantly more damaged than type 4 leaves (/=
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3.08, p < 0.01). Similarly, in the 48 h experiment, the
cumulative damage to the leaves during the first 16 h
was significantly larger for type 1 leaves than for type
4 leaves (¢t = 2.12, p < 0.02), although this difference
disappeared in further recordings (24 h: ¢=1.81;
32h:t=1.87;40 h: t =1.74; 48 h: t = 1.60; all p >
0.05). These results are the first to show more damage
in entire (type 1) leaves compared with deeply divided
(type 4) leaves.

(1i1) Spodoptera

Nine-day-old Spodoptera consumed up to 909, of the
leaf area. Damage by 2-5-day-old larvae never
exceeded 159, of the leaf area. There were no
significant differences between type | and type 4 leaves
in the total leaf area consumed (9-day-old, ¢ = 0.36,
p > 0.05; 2-5-day-old, ¢t = 0.006, p > 0.05).

6. DISCUSSION

Brown & Lawton (1991) postulated that the
evolution of highly divided leaves may be one of the
strategies employed by some species of plants to reduce
attack by insect herbivores. They summarized a
smattering of evidence consistent with the hypothesis
that highly divided leaves can reduce the foraging
efficiency of insect herbivores, or make effective feeding
impossible. Under these circumstances, insects would
be expected to: (i) show a preference for entire leaves
and/or (ii) perform better on entire leaves than on
deeply lobed or highly subdivided leaves. The present
study is the first, direct experimental test of Brown and
Lawton’s hypothesis, concentrating on herbivore pre-
ference.

We chose to work primarily with adult flea beetles in
the genus Phyllotreta, and a single species of plant,
Capsella bursa-pastoris, for two reasons. First, individual
Capsella plants support an exceptional array of leaf
shapes (figure 1), greatly reducing the confounding
variables that must arise in assessing herbivore pre-
ference for different species of plants that differ in leaf
shape. Second, there is some evidence that the
behaviour of adult flea beetles is affected by the
architecture of host leaves. In Phyllotreta cruciferae,
convolutions in the leaves of kale (a cultivar of Brassica
oleraceae) appear to interfere with walking between
feeding sites. As a result, foraging flea beetles are more
likely to leave kale plants than they are to leave
collards (a B. oleraceae cultivar with flat leaves)
(Vaughn & Hoy 1993).

We asked whether adult flea beetles (Phyllotreta spp.)
preferred entire rosette leaves of Capsella bursa-pastoris
compared with highly subdivided leaves of the same
species, assessing preference by the amount of feeding
damage. Contrary to our hypothesis, in laboratory
feeding trials the beetles showed no preference, whilst
in plants collected from the field and from an
experimental garden, leaves with deeply lobed margins
were more intensely damaged. However, because leaf
shape and leaf size were correlated, the significance of
leaf shape per se disappeared when leaf length was
included in the statistical models. In two ancillary
experiments with Capsella, we found that Spodoptera
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Figure 4. Changes in the relative proportions (as a
percentage) of type l-type 5 rosette leaves for 25 Capsella
plants grown in a greenhouse for two months, from
germination until flowering. 1 indicates the first leaf to
appear through to the 20th leaf and beyond. Plants were
examined every day. Seedlings were kept in the original seed
trays until they reached the five-leaf stage, when their root
systems had developed enough to be transferred individually
to pots (11 cm diameter, 9.5 cm depth). The greenhouse had
natural light; temperatures ranged from approx. 20 °C
(daytime) to 10 °C (night-time).

caterpillars showed no preferences for leaf shape, but
that adult vine weevils did, feeding more heavily (as
predicted) on undivided leaves.

On the basis of these results, we have to conclude
that Brown & Lawton’s (1991) hypothesis is at best
weakly supported by laboratory data for vine weevils,
refuted by laboratory data for Spodoptera, and strongly
and consistently refuted by both laboratory and field
data for flea beetles.

There is, however, a complication. Although these
experiments reduced confounding variables to a mini-
mum (by focusing on differences in leaf shape within a
single host plant species), interpretation of the data is
complicated by unexpected correlations found between
leaf shape and several other developmental character-
istics of the plant (see §4). We have been unable to
trace any publications dealing with leaf development
patterns in Capsella bursa-pastoris, but in the course of
the present experiments we discovered several po-
tentially confounding variables.

1. More deeply lobed leaves tend to appear later in
the plant’s life (e.g. figures 3 and 4). On average,
therefore, divided leaves are younger than entire leaves,
which may affect herbivore preference and perform-
ance via age-related changes in leaf primary and
secondary metabolism (McKey 1979; Raupp & Denno
1983; Whitham 1983; Meyer & Montgomery 1987);
flea beetles are unlikely to be immune to these
influences (Feeny et al. 1970; Mitchell 1988; Porter et
al. 1991; Peng et al. 1992; Bach 1993; Vaughn & Hoy
1993; Bartlet et al. 1994).

2. Leaves with deeply lobed margins grow at a
significantly faster rate and reach a significantly larger
size than leaves with entire or superficially lobed
margins, confounding leaf shape and size effects (table
3). Itis unclear why leaf size affects feeding rates in flea
beetles. Increased visual apparency seems unlikely,
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because host selection in flea beetles is based solely on
chemical detection (e.g. Feeny et al. 1970; Vincent &
Stewart 1984; Peng et al. 1992). More likely, faster
growing leaves are more attractive, because they have
higher concentrations of essential nutrients (Woodwell
et al. 1975).

3. Leaves with deeply lobed margins differ from
leaves with entire or superficially lobed margins in two
further ways: position on the plant and life-span. The
rosette leaves of C. bursa-pastoris grow in a spiral so that
the last to appear are highly divided and tend to lie on
top of older, less divided leaves, possibly making more
divided leaves more accessible to flea beetles. Second,
leaves with deeply lobed margins have a longer life-
span than leaves with entire or superficially lobed
margins (although in the present experiments, lon-
gevity per se had no detectable effects on flea beetle
damage).

Given these potentially confounding variables, it is
clear that we have not performed a clean test of the
leaf-shape hypothesis. Whether it will be possible to do
so with other plant species is a moot point. Con-
founding variables are likely to be much less within,
rather than between, plant species. But they can
probably never be entirely eliminated. Understanding
the role played by insect herbivores in the evolution of
leaf'shape would benefit from experimental field studies
that examine not only leaf shape but also leaf
chemistry, and should involve inter- and intra-specific
comparisons and a variety of different herbivores.

We wish to thank Mike Cox of the International Institute of
Entomology for confirming the identification of the flea
beetles, and Dr T. Wright of Zeneca for providing Spodoptera.
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