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Abstract Herbivory is an important selective pressure in
the life history of most plant species, as it usually results
in reduced plant fitness. In some situations, however,
plants are able to compensate for the resources lost to
herbivory and do not suffer any reduction in growth or
reproduction after attack. We examined the ability of
Lebanese cucumber (Cucumis sativus) to compensate for
both pre-flowering and during-flowering foliar herbivory
through increased photosynthetic efficiency and capacity.
Plants that were damaged before flowering were able to
compensate, in terms of vegetative biomass and fruit
production for up to 80% leaf area loss. Plants that were
damaged during the flowering period were less able to
compensate and fruit production declined with increasing
herbivory. Damaged plants had higher photosynthetic
efficiency and capacity, and dissipated less light energy as
heat. Herbivore-damaged plants may be induced to use a
greater proportion of the absorbed light energy for
photosynthesis as a result of altered carbohydrate
source-sink relationships.

Keywords Chlorophyll fluorescence · Plant–animal
interactions · Source-sink dynamics · Light use efficiency ·
Photosynthesis

Introduction

For most plants, loss of leaf tissue to herbivores is a
constant feature of the environment (Cyr and Pace 1993).
Herbivory results in resource reduction through a loss of

nutrients and/or photosynthetic area, often leading to a
reduction in plant fitness. However, within the last
30 years, increasing evidence has indicated that many
plants are able to compensate for lost tissue by replacing
it through rapid growth (McNaughton 1983). In this
study, we examined the ability of Lebanese Cucumber
(Cucumis sativus) to compensate for foliar herbivory by
the brown garden snail (Helix aspersa).

Compensatory ability, defined as the difference in
fitness between herbivore damaged and undamaged
individuals of the same genotype (Belski 1986), varies
widely across plant species. For example, Piper arieanum
suffered a reduction in growth and reproduction with only
10% leaf loss (Marquis 1984), whereas Abutilon theo-
phrasti fully compensated for 75% defoliation under
certain conditions (Mabry and Wayne 1997). The degree
of compensation depends on the plant species, amount of
leaf lost, mode of herbivore damage, environmental
conditions and the timing of the herbivory event
(Maschinski and Whitham 1989; Simons and Johnston
1999). Plants are more likely to compensate if the damage
occurs early in the growing season, before the reproduc-
tive phase has started (Maschinski and Whitham 1989;
Lehtila and Syrj�nen 1995; Scarr� et al. 1996; Lennarts-
son et al. 1998). Proposed mechanisms for compensation
include increased photosynthetic rate (Dyer et al. 1991;
Houle and Simard 1996; Meyer 1998), increased growth
rate (Danckwerts 1993; Oba et al. 2000), increased
branching or tillering after the release from apical
dominance (Scarr� et al. 1996; Sacchi and Connor
1999; Simons and Johnston 1999; Lortie and Aarssen
2000), high pre-herbivory levels of stored carbon
(Hochwender et al. 2000) and the ability to reallocate
those stored resources (Caldwell et al. 1981; Mabry and
Wayne 1997), alteration of the external light environment
(J¼remo et al. 1996; Mabry and Wayne 1997), and higher
reproductive efficiency through increased percentage of
fruit set (Mabry and Wayne 1997).

The capacity for a plant to compensate for herbivory
depends on carbohydrate source-sink dynamics. Net
sources of carbohydrates include mature photosynthesis-
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ing leaves or stored reserves. All parts of the plant can be
considered sinks of fixed carbohydrates, but growing
structures such as new leaves, flowers and fruit are
particularly strong sinks. Sink strength depends on both
external resource availability and internal factors such as
the strength of other sinks and the concentration of
hormones (Honkanen et al. 1994; Kaitaniemi and Honka-
nen 1996). Sink strength can regulate the photosynthetic
activity of the source leaves (Kaitaniemi and Honkanen
1996) and increases in the number or strength of sinks can
stimulate photosynthesis (Bazzaz et al. 1987). Partial
removal of source leaves by herbivory results in an initial
decrease in carbon assimilation, without a change in
carbon demand. The relatively higher demand placed on
the remaining leaf area can induce a mature leaf to fix
larger amounts of carbon, and translocate photosynthate
to growing structures at faster rates than in undamaged
plants (Dyer et al. 1991; Lehtila and Syrj�nen 1995;
Kaitaniemi and Honkanen 1996).

Photosynthetic responses to herbivory can be assessed
rapidly through non-invasive and non-destructive mea-
surement of chlorophyll fluorescence. Chlorophyll fluo-
rescence techniques have recently been applied to assess
environmental stresses in plants (Ball et al. 1995;
Valladares and Pearcy 2002); however, to the best of
our knowledge, never to studies of compensation to
herbivory. When chlorophyll absorbs photosynthetically
active light, the radiant energy can be used in photosyn-
thesis, dissipated harmlessly as heat, or re-emitted at a
longer wavelength as fluorescence. Measurements of
chlorophyll fluorescence at room temperature can provide
accurate quantitative estimates of three parameters that
are useful in assessing photosynthetic compensation to
herbivory: photosynthetic light use efficiency, photosyn-
thetic capacity and the extent of protective dissipation of
excess light energy as heat (Schreiber et al. 1994; Walz
1999). Photosynthetic light use efficiency (called photo-
synthetic efficiency hereafter) is the amount of carbon
gained per unit of light absorbed (also known as potential
quantum yield). Photosynthetic efficiency is correlated
with the ratio of variable to maximum fluorescence (Fv/
Fm, Bolh�r-Nordenkampf and �quist 1993). Photosyn-
thetic capacity, the maximum photosynthetic rate of a
leaf, can be estimated by measuring the photosynthetic
electron transport rate (ETR) under saturating light (Walz
1999; calculated using the method of Genty et al. 1989).
Heat dissipation of light energy (via the xanthophyll
cycle) occurs when a leaf absorbs more energy than can
be used for photochemistry, and serves as a protective
process that enables the leaf to balance the absorption of
light energy with the capacity to use it (Osmond et al.
1999). The extent of heat dissipation of excess light
energy can be estimated by measurement of the non-
photochemical quenching of fluorescence (NPQ).

We examined the effects of foliar herbivory by the
garden snail, Helix aspersa, on photosynthesis, growth
and fruit production of Cucumis sativus plants. We
hypothesized that herbivory would cause a relative
increase in sink strength, resulting in a greater carbon

demand on the remaining source leaves. In response,
source leaves would increase their photosynthetic capac-
ity and/or efficiency, and decrease the proportion of light
energy dissipated as heat. Further, we predicted that this
physiological response would result in compensation as
measured by vegetative and reproductive biomass, though
the strength or even direction of the above responses
might differ with the timing and intensity of herbivory,
and with the amount of fruit produced by a plant.

Materials and methods

Study species

Cucumis sativus (Lebanese cucumber) is a climbing annual herb
that is widely cultivated for its edible fruit. It is usually monoecious
(has male and female unisexual flowers); however, gynoecious
(female), androecious (male) and hermaphroditic plants are also
known (Yin and Quinn 1995). Cucumis sativus encounters gener-
alist herbivores such as spider mites, roaches, beetles and
lepidopteran larvae, as well as specialist herbivores such as
diabroticite beetles (Agrawal et al. 1999). Cucumber leaves contain
bitter defensive compounds called cucurbitacins, effective against
most generalist herbivores. Increases in cucurbitacin content can be
induced through herbivory (Agrawal et al. 1999).

Helix aspersa (brown garden snail) is native to Western Europe
and the Mediterranean (Bleakney et al. 1989). It has successfully
colonised temperate regions of Australia, and is well adapted to
warm climates. The generalist feeding strategy of H. aspersa makes
it a good experimental herbivore. It is classified as a pest of wheat
and citrus in Australia, and is a threat to many green vegetable
plants (Godan 1983). Terrestrial gastropods can severely damage
cucumber leaves, and some species can consume more than half
their body weight in 24 h (Godan 1983).

Effects of herbivory prior to flowering

The effects of herbivory prior to flowering on plant photosynthesis
and growth were examined in a glasshouse experiment between
September and December 2000. The average minimum and
maximum glasshouse temperatures for this period were 13.5� and
35�C. Plants were grown in sand in 25 cm diameter pots, watered
twice per day and fertilised with an NPK liquid fertiliser (Aquasol,
Hortico Nurseries) twice per week. All female flowers were hand
pollinated, using pollen from spare plants, to ensure maximum fruit
set. Plants were randomly assigned to three treatments: 0%, 40%
and 80% herbivory of each leaf, with 12 plants in each treatment
spread evenly over three blocks in the glasshouse.

The herbivory treatment was applied when all plants had four
leaves and had not yet started flowering. One to five snails were
kept on each leaf with a nylon mesh bag, excluding leaves smaller
than 4 cm in length. Leaf area was estimated before herbivory using
a 4 cm2 grid, and snails were removed when this area was reduced
by the appropriate amount (1–7 days). Leaves on plants in the 0%
herbivory treatment were placed in empty mesh bags to control for
any bag effect. These bags were removed from the 0% herbivory
plants at a similar rate to the bags containing snails. Non-
destructive growth measurements of plant height (to nearest
centimetre), leaf number and leaf length (of each leaf larger than
4 cm in length, to the nearest 0.5 cm) were taken both before
herbivory and 2 weeks after herbivory. Estimated leaf area per plant
was calculated from the relationship between leaf length and leaf
area (determined from 26 leaves of non-experimental plants;
R2=0.90). After the herbivory treatment, plants were grown for
6 weeks, until they had completed flower and cucumber production,
and were then harvested. At harvest, leaves, stems and roots were
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separated from each plant and dried for at least 48 h at 60�C, and
then weighed. Fruit was collected, counted and weighed fresh.

All chlorophyll fluorescence measurements were taken using a
Photosynthesis Yield Analyser Mini-Pam – Portable Chlorophyll
Fluorometer (Walz, Effeltrich, Germany). One week after the
herbivory treatment, chlorophyll fluorescence measurements were
taken on two leaves per plant: a partially consumed leaf (and a leaf
of similar age on the 0% herbivory plants), and an uneaten leaf that
had been produced after the herbivory had finished. These leaves
are referred to as ’treated leaf’ and ’leaf produced after treatment’
respectively. Three consecutive measurements were taken on
different areas of the leaf to obtain an average for each leaf.
Fluorescence measurements were taken when the plants were
acclimated to darkness (after 8.30 p.m.) and when plants were
acclimated to light, both in the morning (between 9.00 and 10.30
a.m.) and in the afternoon (between 3.00 and 5.00 p.m.). All
measurements were taken using a saturation light intensity of
approximately 4,500 �mol m–2 s–1, and daytime measurements were
taken using an actinic light intensity of approximately 800 �mol m–

2 s–1. Different blocks were usually measured on different but
consecutive days. Measurements were taken on each plant imme-
diately before the herbivory treatment had been applied, approx-
imately 1 week after the herbivory had finished, and again
approximately 3 weeks after herbivory. The fluorescence measure-
ments were used to calculate Fv/Fm (photosynthetic efficiency),
ETR (photosynthetic capacity) and NPQ (heat dissipation; see Walz
1999 for calculation procedures).

Effects of herbivory applied after flowering commenced

The effects of herbivory, during the flowering period, on plant
photosynthesis and growth were examined in a glasshouse exper-
iment between December 2000 and February 2001. The average
minimum and maximum glasshouse temperatures for this period
were 17� and 38�C respectively. Plants were randomly assigned to
four treatments in the glasshouse (12 plants per treatment, spread
over three blocks): 0%, 40% and 80% herbivory (of each leaf at the
six-leaf stage), and continuous 80% herbivory of each leaf as
produced. The 0% and continuous herbivory treatments each
contained an additional 12 plants, the flowers of which were not
hand pollinated, but received pollination from insects visiting the
glasshouse (open pollination). The two pollination treatments were
included to establish contrasting levels of fruit production, in order
to examine the interaction between reproductive allocation and
compensation to herbivory.

Herbivory by H. aspersa was applied to each plant after it had
produced its first three flowers, at the six-leaf stage. For the 40%
and 80% herbivory treatments, one to five snails were kept on each
of the first six leaves as described for the pre-flowering herbivory
experiment. For the continuous herbivory treatment, snails con-
sumed 80% of each new fully-expanded leaf, and continued until
just before harvest. Prior to chlorophyll fluorescence measurements
and harvest, one leaf on each continuous herbivory plant was left
undamaged in order to take measurements on an uneaten leaf.
Plants in the 0% herbivory treatment received mesh bags without
snails, as described for the pre-flowering herbivory experiment.

Growth and reproductive measurements were conducted as
described for the pre-flowering herbivory experiment. Plant height
was measured and leaf area estimated immediately before, and
1 week after the herbivory treatment. Plants were harvested 5 weeks
after the treatments had started, when most plants had stopped
flowering. Leaves, stems, roots and fruit were separated and
weighed as described for the pre-flowering herbivory experiment.

Chlorophyll fluorescence was measured on a treated leaf and a
leaf produced after treatment, on each plant before herbivory and
approximately 1 week after the 40% and 80% herbivory treatments
had finished. Fluorescence measurements, as described for the pre-
flowering herbivory experiment, were taken when the plants were
acclimated to darkness (after 9.15 p.m.) and when the plants were
acclimated to light conditions (between 3.00 p.m. and 5.00 p.m.).

Data analysis

Prior to analysis, all variables were examined for homogeneity of
variance and normality, and were transformed to meet assumptions
when necessary. Both the chlorophyll fluorescence and growth data
were analysed using analysis of variance with block included as a
random factor. For the analyses of chlorophyll fluorescence, the
fixed factors included herbivory treatment, leaf (treated or
produced after treatment) and time of day (morning or afternoon,
pre-flowering herbivory experiment only). The interaction between
treatment and leaf was always included in the analyses, but other
interactions were only included when significant. Measurement
times (before and after treatment) were analysed separately.
Differences between individual treatments and leaves were anal-
ysed using Scheff� post hoc tests.

Results

Effects of pre-flowering herbivory

Before treatment, there were no significant differences in
any of the growth variables or fluorescence variables
between plants in the three treatments (results not shown).

Fig. 1 Effect of pre-flowering herbivory on chlorophyll fluores-
cence variables: Fv/Fm (a, b), ETR (c, d), and NPQ (e, f). Mean
(€SE) for all treatments on treated leaves and leaves produced after
treatment, both 1 week (left hand graphs) and 3 weeks (right hand
graphs) after the herbivory treatments had finished. Zero herbivory
treatment, diamonds and solid line; 40% herbivory, squares and
dashed line; 80% herbivory, triangles and dotted line. Each data
point represents 12 plants
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Three weeks after the pre-flowering herbivory had
finished, there were no differences between plants of the
three treatments in either height or estimated leaf area
(P=0.93 and 0.43 respectively). At harvest, there were no
significant differences between plants in the different
treatments in either total biomass (P=0.39), or in the

allocation of biomass to roots, stems, leaves or fruit
(results not shown). This indicates that plants in both the
40% and 80% herbivory treatments were able to com-
pensate for pre-flowering herbivory, in terms of biomass
and fruit production, within 6 weeks of the herbivory
event.

Table 1 Analyses of variance for effect of pre-flowering herbivory
on chlorophyll fluorescence variables,1 and 3 weeks after treat-
ment. The factors “Leaf” (treated leaf versus leaf produced after

treatment) and “Time” (morning or afternoon measurements) were
included where relevant

Fv/Fm ETR NPQ (log)

df MS F-ratio P df MS F-ratio P df MS F-ratio P

One week after treatment

Block 2 3�10–5 0.26 0.77 2 111,53.9 31.1 <0.001 2 0.81 29.61 <0.001
Herbivory 2 0.0007 6.6 0.003 2 62.59 0.17 0.84 2 0.14 4.98 0.008
Leaf 1 0.005 45.8 <0.001 1 5,874 16.38 <0.001 1 0.66 23.99 <0.001
Time – – – – 1 164 0.14 0.74 1 0.5 18.34 <0.001
Herb�Leaf 2 2�10–5 0.23 0.8 2 2,012 5.61 0.005 2 0.003 0.1 0.9
Block�Time – – – – 2 1,181 3.29 0.04 – – – –
Error 64 0.0001 133 358 135 0.027

Three weeks after treatment

Block 2 0.0002 2.46 0.09 2 282 0.51 0.6 2 1.03 37.29 <0.001
Herbivory 2 0.00002 0.31 0.74 2 2,307 4.16 0.02 2 0.0008 0.03 0.97
Leaf 1 0.00005 0.82 0.37 1 34,708 62.57 <0.001 1 0.14 4.9 0.03
Time – – – – 1 2,418 4.36 0.04 1 0.78 0.86 0.45
Herb�Leaf 2 0.0002 3.61 0.03 2 2,401 4.33 0.02 2 0.04 1.57 0.21
Block�Time – – – – – – – – 2 0.9 32.65 <0.001
Error 63 0.00006 135 555 133 0.03

Fig. 2 Effect of during-flower-
ing herbivory on reproductive
biomass (upper graph) and
vegetative biomass (lower
graph), for four herbivory
treatments (mean € SE). Each
data point represents 11 plants
(80%, continuous herbivory) or
12 plants (0%, 40% herbivory)
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One week after herbivory, Fv/Fm was significantly
higher for the plants in the 80% and 40% herbivory
treatments than the plants in the 0% herbivory treatment,
indicating that damaged plants had a higher photosyn-
thetic efficiency in both leaves measured (Fig. 1 a,
Table 1). Three weeks after herbivory, this higher
photosynthetic efficiency in herbivore-damaged plants
was still apparent in the leaves produced after treatment.
However, the treated leaves of plants in the 40% and 80%
herbivory treatments had a slightly lower photosynthetic
efficiency than plants in the 0% herbivory treatment
(Fig. 1b, Table 1).

Herbivory had differential effects on the ETR of the
treated leaves and leaves produced after treatment. After
1 week, ETR was significantly lower in the treated leaves
of the plants in the 80% herbivory treatment than those of
plants in the 0% herbivory treatment. However, the ETR
of the leaves produced after treatment was higher
(although not significantly so) for plants in both the
40% and 80% herbivory treatments (Fig. 1c, Table 1).
The differences in ETR were still apparent 3 weeks after
the herbivory finished. ETR was significantly lower in the
treated leaves of both herbivory treatments than the 0%
herbivory treatment, but the ETR of the leaves produced
after treatment was the same across all treatments (Fig. 1d,
Table 1). The changes in Fv/Fm and ETR in herbivore
damaged plants indicate that plants affected by herbivory
decrease the use of their damaged leaves, while main-
taining or increasing photosynthesis in their new leaves.

The increases in photosynthetic efficiency and capac-
ity in herbivore damaged plants were accompanied by
decreases in NPQ. NPQ was significantly lower for plants
in the 80% herbivory treatment than for plants in the 0%
herbivory treatment. This difference occurred in both
treated leaves, and leaves produced after treatment,
1 week after herbivory, but was not detected 3 weeks
after herbivory (Fig. 1e, f, Table 1). This suggests that
damaged plants reduced the amount of light energy being
dissipated as heat, which probably resulted in more light
used for photosynthesis.

Effects of herbivory during flowering

Before the herbivory treatments were applied, there were
no significant differences between plants in different
treatments in any of the growth or fluorescence variables
except Fv/Fm. Fv/Fm was significantly higher in the plants
in the 40% herbivory treatment than the plants in the 80%
treatment before the herbivory experiment started

Fig. 3 Effect of during-flowering herbivory on chlorophyll fluo-
rescence variables, measured 1 week after herbivory: Fv/Fm (a),
ETR (b), and NPQ (c). Mean (€ SE) for all treatments on treated
leaves and leaves produced after treatment. Zero herbivory 40%
and 80% herbivory as in Fig. 1; continuous herbivory, circles and
dashed line. Each data point represents 11 plants (80%, continuous
herbivory) or 12 plants (0%, 40% herbivory)

Table 2 Analyses of variance for effect of during-flowering
herbivory on chlorophyll fluorescence variables one week after
treatment. The factors “Leaf” (treated leaf versus leaf produced

after treatment) and “Time” (morning or afternoon measurements)
were included where relevant

Fv/Fm ETR NPQ (log)

Df MS F-ratio P df MS F-ratio P df MS F-ratio P

Block 2 0.004 46.47 <0.001 2 2,932 11.68 <0.001 2 4.55 76.98 <0.001
Herbivory 3 0.0008 3.22 0.1 3 1,933 7.7 <0.001 3 0.08 1.3 0.28
Leaf 1 0.006 12.03 0.07 1 20,975 83.52 <0.001 1 0.32 5.45 0.02
Herb�Leaf 3 0.0006 7.48 0.0002 3 1,060 4.22 0.008 3 0.13 2.24 0.09
Herb�Blk 6 0.0003 3.51 0.004 – – – – – – – –
Leaf�Blk 2 0.0005 6.63 0.002 – – – – – – – –
Error 74 0.0001 82 251 82 0.06
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(P=0.03). The ‘before herbivory’ measurements of Fv/Fm
were not included as covariates in subsequent ANOVAs,
as their inclusion made no difference to the outcome of
any analysis.

One week after the herbivory had finished, both plant
height and estimated leaf area were significantly lower for
plants in the continuous herbivory treatment than for
plants in the other three treatments (P=0.02 and P<0.001
respectively). At harvest, total vegetative biomass was
significantly lower for plants in the continuous herbivory
treatment than for plants in the other treatments (Fig. 2,
P<0.001). Vegetative biomass was slightly (but not
significantly) higher for plants in the 40% and 80%
herbivory treatments than for plants in the 0% herbivory
treatment. The average total fruit weight per plant
declined with increasing herbivory levels (Fig. 2,
P<0.001), indicating that plants suffering 40% and 80%
herbivory were able to compensate in terms of vegetative
biomass, but not fruit biomass. The relative allocation of
biomass to roots, stems and leaves did not differ between
plants in different herbivory treatments (results not
shown).

In contrast to the pre-flowering herbivory experiment,
plants suffering herbivory later in their life cycle
increased photosynthesis in the damaged leaves, rather
than in the new leaves. After herbivory, photosynthetic
efficiency (Fv/Fm) was significantly higher in the treated
leaves of plants in the 40%, 80% and continuous

herbivory treatments than of the 0% herbivory plants
(Fig. 3a, Table 2). ETR was also significantly higher in
the treated leaves of plants in the continuous herbivory
treatment than for plants in all other treatments (Fig. 3b,
Table 2). There were no differences between treatments in
Fv/Fm or ETR in the leaves produced after treatment.
Increases in photosynthetic efficiency and capacity in
herbivore damaged plants were associated with small
reductions in NPQ. NPQ was lower in the treated leaves
of the plants in all herbivory treatments, compared to
plants in the 0% herbivory treatment (Fig. 3c), however,
the reduction was only significant for plants in the 80%
herbivory treatment (Table 2).

At the time of harvest, plants that had supplemental
hand pollination produced significantly more fruit, and
less vegetative biomass than open pollinated plants,
regardless of herbivory level (Fig. 4, P=0.001 and
P<0.001 respectively). Photosynthetic efficiency (Fv/Fm)
was significantly higher for open pollinated plants than
for pollen supplemented plants (P=0.009), but the inter-
action between pollination system and herbivory was not
significant (P=0.15, Fig. 5a). There were no significant
differences in ETR or NPQ between supplemented and
open pollinated plants (Fig. 5b, c, P=0.18 and 0.32
respectively).

Fig. 4 Effect of pollination
(hand vs open) and herbivory
(continuous vs none) on repro-
ductive biomass (upper graph)
and vegetative biomass (lower
graph) (mean € SE). Each data
point represents 11 plants (con-
tinuous herbivory, hand polli-
nation) or 12 plants (other
treatments)
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Discussion

Cucumis sativus plants that were subject to a single
herbivory event were able to compensate for herbivore
damage, in terms of vegetative and/or reproductive
biomass. These plants compensated by increasing their
photosynthetic efficiency and capacity, and by using a
higher proportion of the absorbed light energy for
photosynthesis.

Plants that were subject to pre-flowering herbivory
were able to compensate within 3 weeks for up to 80%
loss in leaf area due to a once-off herbivory event. Plants
that were subject to herbivory during the flowering period
were able to maintain their vegetative growth, but not
their fruit production. It may be more difficult for plants
to compensate for later herbivory because there is less
time to recover before reproduction, or because there are
physiological changes within the plant over its life cycle
which may limit its ability to compensate (Maschinski
and Whitham 1989; Lehtila and Syrj�nen 1995; Scarr� et
al. 1996; Lennartsson et al. 1998). The plants of the two
experiments also differed in the way in which they
compensated. Plants suffering from pre-flowering herbi-
vory increased the photosynthetic efficiency and capacity
in the uneaten leaves that were produced after herbivory.

In contrast, plants suffering from herbivory during
flowering up-regulated photosynthetic capacity and effi-
ciency in the older leaves that had been partially eaten.

The level of pollination received by the plants (open
pollination vs pollen supplementation) changed both plant
growth and photosynthesis, but did not alter the way in
which plants compensate for herbivory. Hand pollen
supplementation resulted in higher fruit weight, but a
lower vegetative biomass, for plants subject to both
continuous herbivory, and no herbivory. Hand pollen
supplementation also resulted in a lower photosynthetic
efficiency, although the difference between herbivore
damaged and undamaged plants was unchanged.

This study illustrates that compensation to herbivory
may occur through alteration of the source-sink relation-
ships within a plant, as leaf loss due to herbivory results in
a higher demand for carbon from the remaining leaves.
Additionally, herbivory shifts the balance between above
and below ground resource uptake, resulting in greater
nutrients and water available per unit area of remaining
source leaf. These relative increases in carbon demand
and water and nutrient availability induced plants to use
their absorbed light more efficiently, as indicated by the
decrease in NPQ, or energy lost as heat, in the leaves of
herbivore-damaged plants. A decrease in heat dissipation
may lead to increased photosynthetic rate, as was
demonstrated by the increases in both photosynthetic
efficiency and capacity in the herbivore-damaged plants
of both experiments. While the differences in photosyn-
thetic efficiency were small, these differences can com-
pound in time to make a substantial contribution to
differences in photosynthetic activity, and hence carbon
gain.

Compensation to herbivory, by the mechanism de-
scribed above, is only possible if C. sativus plants were
photosynthesising at a rate below their potential in
herbivore-free conditions. We propose two possible
reasons why this may occur: as an adaptation to an
environment where levels of herbivory are predictably
high, or as an adaptation to maximise light capture in a
light-limiting environment.

Plants that grow in environments where high levels of
herbivory are normal may evolve compensatory mecha-
nisms as a way to maximise fitness in these environments.
Whilst a non-compensating plant may have higher fitness
than a compensating plant when no herbivory is present,
when herbivory is constantly high, the non-compensating
plant would suffer reduced fitness, whereas the compen-
sating plant would maintain its fitness. This idea is
supported by numerous studies that have found compen-
sating and overcompensating species in environments,
such as grasslands, which are renowned for predictably
high herbivory (Paige and Whitham 1987; Alward and
Joern 1993; Wallace and Macko 1993; Hicks and Reader
1995). Some authors have suggested that herbivory may
act as a cue for the start of reproduction in some plants,
and that these plants reserve the majority of their
resources until the herbivory event has passed (Nilsson
et al. 1996; Simons and Johnston 1999).

Fig. 5 Effect of pollination on chlorophyll fluorescence variables,
1 week after herbivory in the continuous (diamonds and solid line)
and zero herbivory (circles and dashed line) treatments. Fv/Fm (a),
ETR (b), and NPQ (c). Mean (€ SE) for treated leaves. Each data
point represents 11 plants (continuous herbivory, hand pollination)
or 12 plants (other treatments)
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Compensation for herbivory may be a physiological
consequence of adaptations to competition for light,
rather than an adaptation to herbivory itself (J¼remo et al.
1996; Simons and Johnston 1999). For plants grown in a
light limited environment, the heat dissipation of light
energy would be minimal, and it is unlikely that the plants
would be able to compensate for herbivory. The potential
importance of the light environment to the pattern of
compensation is well illustrated by Mabry and Wayne
(1997), who found that Abutilon theophrasti was able to
compensate for 75% defoliation when grown in the
absence of stem competition, but unable to compensate
when grown under light competition. Also, Marquis
(1984) demonstrated plant fitness reductions after only a
small amount of leaf herbivory to Piper arieanum, a deep
understorey shrub that is known for its adaptation to low-
light environments (Chazdon and Kaufman 1993). Plants
that are unable to compensate for herbivory are rare in
temperate grasslands (a high light environment); in
contrast, plants that are able to compensate are abundant
in these areas (Hulme 1996). Cucumis sativus is a
cultivated plant, so its natural environment is difficult to
determine. However, many non-cultivated members of
the Cucurbitaceae are understorey plants in tropical or
sub-tropical areas (Harden 2000). It is possible that
plasticity in use of heat dissipation in cucumber plants
evolved in a light-limited environment as a mechanism to
maximise light capture, rather than as a mechanism for
compensation to herbivory. The high light conditions of
the glasshouse experiments may have resulted in a greater
degree of compensation than would be observed in a
natural environment.

This paper has described two experiments that exam-
ined the effects of herbivory on the compensatory growth
of C. sativus plants. Compensatory responses differed
with the amount, timing and mode of herbivory. Regard-
less of specifics, herbivory resulted in increased photo-
synthetic capacity and efficiency, stimulating
compensatory growth. We propose that increased photo-
synthesis is due to altered source-sink relationships,
which induced the damaged plants to use absorbed light
more efficiently. Compensation to herbivory, in this case,
may have evolved as consequence of adaptation to a low
light environment.

Acknowledgements The authors wish to thank Ljube Cvetkoski
and Luke Wensing for the use of the Plant Culture Facility, ANU;
Catherine Pohlman and Stephanie Hill for assistance with glass-
house work; Geoff Baker for identification of Helix aspersa; Ann
Cowling and John Maindonald for statistical advice; and two
anonymous reviewers for comments on previous drafts. V.T. was
supported by an Honours Scholarship from the Research School of
Biological Sciences, ANU.

References

Agrawal AA, Gorski PM, Tallamy DW (1999) Polymorphism in
plant defence against herbivory: constitutive and induced
resistance in Cucumis sativus. J Chem Ecol 25:2285–2304

Alward RD, Joern A (1993) Plasticity and overcompensation in
grass responses to herbivory. Oecologia 95:358–364

Ball MC, Butterworth JA, Roden JS, Christian R, Eggerton JJG
(1995) Applications of chlorophyll fluorescence to forest
ecology. Aust J Plant Physiol 22:311–219

Bazzaz FA, Chiariello NR, Coley PD, Pitelka LF (1987) Allocating
resources to reproduction and defence. BioScience 37:58–67

Belski AJ (1986) Does herbivory benefit plants? A review of the
evidence. Am Nat 127:870–892

Belski AJ, Carson WP, Jensen CL, Fox GA (1993) Overcompen-
sation by plants: herbivore optimisation or red-herring? Evol
Ecol 7:109–121

Bleakney MM, Fleming CC, Marks RJ (1989) Genetic and
phenotypic variation in allopatric populations of Helix aspersa
(Muller): a preliminary report. In: Henderson I (ed) Conference
proceedings from Slugs and Snails in World Agriculture. The
British Crop Protection Council, Guildford, pp 319–326

Bolh�r-Nordenkampf HR, �quist G (1993) Chlorophyll fluores-
cence as a tool in photosynthesis research. In: Hall DO,
Scurlock JMO, Bolh�r-Nordenkampf HR, Leegood RC,
Long SP (eds) Photosynthesis and production in a changing
environment. Chapman and Hall, London

Caldwell MM, Richards JH, Johnson DA, Nowak RS, Dzurec RS
(1981) Coping with herbivory: photosynthetic capacity and
resource allocation in two semiarid Agropyron bunchgrasses.
Oecologia 50:14–24

Chazdon RL, Kaufman S (1993) Plasticity of leaf anatomy of two
rain forest shrubs in relation to photosynthetic light acclima-
tion. Funct Ecol 7:385–394

Cyr H, Pace ML (1993) Magnitude and patterns of herbivory in
aquatic and terrestrial ecosystems. Nature 361:148–150

Danckwerts JE (1993) Reserve carbon and photosynthesis – their
role in regrowth of Themeda triandra, a widely distributed
subtropical graminaceous species. Funct Ecol 7:634–641

Dyer MI, Acra MA, Wang GM, Coleman DC, Freckman DW,
McNaughton SJ, Strain BR (1991) Source-sink carbon relations
in two Panicum coloratum ecotypes in response to herbivory.
Ecology 72:1472–1483

Genty B, Briantais JM, Baker N (1989) The relationship between
quantum yield of photosynthetic electron transport and quench-
ing of chlorophyll fluorescence. Biochim Biophys Acta
990:87–92

Godan D (1983) Pest slugs and snails. Springer, Berlin Heidelberg
New York

Harden GJ (2000) Flora of New South Wales, vol 1. University of
New South Wales Press, Sydney

Hicks SL, Reader RJ (1995) Compensatory growth of three grasses
following simulated grazing in relation to soil nutrient avail-
ability. Can J Bot 73:141–145

Hochwender CG, Marquis RJ, Stowe KA (2000) The potential for
and constraints on the evolution of compensatory ability in
Asclepias syriaca. Oecologia 122:361–370

Honkanen T, Haukioja E, Suomela J (1994) Effects of simulated
defoliation and debudding on needle and shoot growth in Scots
pine (Pinus sylvestris). Implications of plant source sink
relationships for plant-herbivore studies. Funct Ecol 8:631–639

Houle G, Simard G (1996) Additive effects of genotype, nutrient
availability and type of tissue damage on the compensatory
response of Salix planifolia ssp planifolia to simulated herbi-
vory. Oecologia 107:373–378

Hulme PE (1996) Herbivores and the performance of grassland
plants – a comparison of arthropod, mollusc and rodent
herbivory. J Ecol 84:43–51

J¼remo J, Nilsson P, Tuomi J (1996) Plant compensatory growth:
herbivory or competition? Oikos 77:238–247

Kaitaniemi P, Honkanen T (1996) Simulating source-sink control
of carbon and nutrient translocation in a modular plant. Ecol
Model 88:227–240

Lehtila K, Syrj�nen K (1995) Compensatory responses of two
Melampyrum species after damage. Funct Ecol 9:511–517

174



Lennartsson T, Nilsson P, Tuomi J (1998) Induction of overcom-
pensation in the field Gentian, Gentianella campestris. Ecology
79:1061–1072

Lortie CJ, Aarssen LW (2000) Fitness consequences of branching
in Verbascum thapsus (Scrophulariaceae). Am J Bot 87:1793–
1796

Mabry CM, Wayne PW (1997) Defoliation of the annual herb
Abutilon theophrasti – mechanisms underlying reproductive
compensation. Oecologia 111:225–232

Marquis RJ (1984) Leaf herbivores decrease fitness of a tropical
plant. Science 226:537–539

Maschinski J, Whitham TG (1989) The continuum of plant
responses to herbivory: the influence of plant association,
nutrient availability and timing. Am Nat 134:1–19

McNaughton SJ (1983) Compensatory plant growth as a response
to herbivory. Oikos 40:329–336

Meyer GA (1998) Mechanisms promoting recovery from defolia-
tion in goldenrod (Solidago altissima). Can J Bot 76:450–459

Nilsson P, Tuomi J, Strom MA (1996) Even repeated grazing may
select for overcompensation. Ecology 77:1942–1946

Oba G, Mengistu Z, Stenseth NC (2000) Compensatory growth of
the African dwarf shrub, Indigofera spinosa, following simu-
lated herbivory. Ecol Appl 10:1133–1146

Osmond CB, Anderson JM, Ball MC, Eggerton JJG (1999)
Compromising efficiency: the molecular ecology of light
resource utilisation in terrestrial plants. In: Press MC,
Scholes JD, Barker MG (eds) Advances in plant physiological
ecology. Blackwell, Oxford, pp 1–24

Paige KN, Whitham TG (1987) Overcompensation in response to
mammalian herbivory: the advantage to being eaten. Am Nat
129:407–416

Sacchi CF, Connor EF (1999) Changes in reproduction and
architecture in flowering dogwood, Cornus florida, after attack
by the dogwood club gall, Resseliella clavula. Oikos 86:138–
146

Scarr� JE, Lepart J, Sentuc JJ (1996) Effects of simulated herbivory
in three old field Compositae with different inflorescence
architectures. Oecologia 105:501–508

Schreiber U, Bilger W, Neubauer C (1994) Chlorophyll fluores-
cence as a non-intrusive indicator for rapid assessment of in
vivo photosynthesis. In: Schulze ED, Caldwell MM (eds)
Ecophysiology of photosynthesis. Springer, Berlin Heidelberg
New York, pp 49–70

Simons AM, Johnston MO (1999) The cost of compensation. Am
Nat 153:683–687

Valladares F, Pearcy RW (2002)Drought can be more critical in the
shade than in the sun: a field study of carbon gain and photo-
inhibition in a Californian shrub during a dry El Ni	o year.
Plant Cell Environ 25:749–759

Wallace LL, Macko SA (1993) Nutrient acquisition by clipped
plants as a measure of competitive success: the effects of
compensation. Funct Ecol 7:326–331

Walz H (1999) Photosynthesis yield analyser – mini-pam portable
chlorophyll fluorometer: handbook of operation. Walz, Eichen-
ring

Yin T, Quinn JA (1995) Tests of a mechanistic model of one
hormone regulating both sexes in Cucumis sativus (Cucur-
bitaceae). Am J Bot 82:1537–1546

175


