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Summary

 

1.

 

Nearly all mutualisms entail the production of resources by one species that attract and reward
the species with which it interacts. As such resource production could otherwise be allocated
to growth or reproduction, mutualists are predicted to minimize these investment costs.
Here, we employ optimal defence theory for plant secondary compounds to evaluate plant
production of  extrafloral nectar (EFN) resources to attract and reward ants for resistance
against herbivores.

 

2.

 

Through ant exclusion and artificial herbivory experiments, we examined investment in EFN by
both buds and fruits of 

 

Pachycereus schottii

 

 (senita cacti) in the Sonoran Desert of North America.
We tested predictions of optimal defence theory that plants invest more in high value parts (fruits)
through constitutive EFN, less in low value parts (buds) through induced EFN, and that for a given
plant part (buds or fruits), constitutive and induced EFN are negatively correlated.

 

3.

 

Constitutive levels of EFN were greater in fruits than in buds. Only buds showed induced EFN
production following artificial herbivory. Constitutive EFN scaled positively with fruit size but not
bud size. Induced EFN was negatively correlated with constitutive EFN for fruits (but not buds),
suggesting a potential trade-off  in these two herbivore resistance traits.

 

4.

 

These results indicate that 

 

P. schottii

 

 minimizes its costs by investing in induced EFN for buds
and constitutive EFN for fruits. Moreover, by shifting from induced to constitutive EFN with the
morphogenesis of buds to fruits, our results show that investment in EFN can change as a particular
plant tissue increases from a lower to a higher value.

 

5.

 

Synthesis

 

. Indirect defence through EFN production is in accord with that of direct defence
through plant secondary compounds, thereby supporting optimal defence theory as a general
framework with which to evaluate the costs of  producing resources (i.e. the defence) by plants,
lycaenids and homopterans to attract and reward ants for their resistance against natural enemies
in protection mutualisms.
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Introduction

 

Mutualisms are increasingly recognized to be mediated
through the production and consumption of resources
among interacting species (Holland

 

 et al.

 

 2005). For instance,
plants produce nectar and fruit resources that attract and
reward pollinators and seed dispersers; mycorrhizae supply
nutrients to plants and obtain carbohydrates in return; and
larvae of lycaenid butterflies produce food secretions for ant
protection from natural enemies. The production of such
resources (and other secondary traits, products or structures)

by mutualistic species to attract and reward another species
are generally considered the costs of mutualism (Bronstein
2001a,b; Holland

 

 et al.

 

 2005). While costs of mutualism are
increasingly recognized for their role in the ecology and
evolution of mutualistic interactions, they remain less well
understood than the benefits of mutualism (Bronstein
2001a,b). When and how much do mutualists invest in their
provision of resources to attract and reward the species with
which they interact? Here, we employ optimal defence theory
(McKey 1979; Rhoades 1979) to evaluate plant production of
extrafloral nectar (EFN) resources that attract and reward
ants for their resistance against natural enemies in protection
mutualisms.
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Central to optimal defence theory for plant–herbivore
interactions is the underlying cost of producing secondary
compounds (and mechanical structures) for herbivore
resistance, which may otherwise be allocated to reproduction
or growth (McKey 1979; Rhoades 1979; Karban & Baldwin
1997; Strauss 

 

et al.

 

 2002). To minimize costs of producing
defences and maximize herbivore resistance, optimal defence
theory predicts that defences be deployed among plant parts
in direct proportion to their value and likelihood of attack
(McKey 1979; Rhoades 1979). Optimal defence theory
further predicts that plants invest in ever-present constitutive
defences for plant parts of high value and likelihood of attack,
and induced defences (after initial herbivore attack) for plant
parts of lower value and/or likelihood of attack (Karban &
Myers 1989; Zangerl & Rutledge 1996). Moreover, as
investment in constitutive defence of a plant part increases,
induced defence is predicted to decrease. This leads to the
much discussed trade-off  between constitutive and induced
production of plant defences (Karban & Myers 1989; Zangerl
& Rutledge 1996; Morris 

 

et al.

 

 2006).
Unlike plant secondary compounds and other direct defences,

resource production by plants, homopterans and lycaenids
(e.g. domatia, food bodies, EFN, honeydew and food secretions)
to attract and reward mutualistic ants is an indirect defence,
as natural enemy resistance occurs through the defensive
behaviour of ants that exploit the resource (Agrawal & Rutter
1998; Bronstein 1998; Agrawal & Fordyce 2000; Heil &
McKey 2003; Heil & Kost 2006). Optimal defence theory does
nevertheless predict that plants and insects employing
indirect defences minimize their investment costs of producing
resources to attract and reward ants for their resistance
against natural enemies. Particularly common in nature are
ant–plant mutualisms entailing EFN resources, with at least
330 plant genera among 93 families known to produce EFN
(Koptur 1992). Despite being so widespread, we are only
beginning to understand the investment costs of EFN as a
constitutive and induced defence, including how common
inducible EFN and nectaries are among plants (e.g. Dyer

 

et al.

 

 2001; Heil 

 

et al

 

. 2001a,b, 2004; Mondor & Addicott
2003; Ness 2003; Huntzinger

 

 et al.

 

 2004; Rutter & Rausher
2004). Recently, however, studies have begun to provide some
support for optimal defence theory as a means for evaluating
investment in indirect defences (Wäckers & Bonifay 2004;
Radhika 

 

et al.

 

 2008; Rostás & Eggert 2008). For example,
predictions of optimal defence theory have been explicitly
tested and confirmed for EFN as an indirect defence of
agricultural cotton, lima bean and castor oil plants (Wäckers
& Bonifay 2004; Radhika 

 

et al.

 

 2008).
In this study, we employed optimal defence theory to

examine the production of EFN resources by buds and fruits
of  

 

Pachycereus schottii

 

 Engelmann (senita cacti) in the
Sonoran Desert of North America. We do not examine the
effects of EFN on ant deterrence of herbivory (see Chamberlain
& Holland 2008), nor do we attempt to explicitly quantify the
exact costs of EFN as an indirect defence in this long-lived
plant. Rather, we examine constitutive and induced EFN
in the context of predictions of optimal defence theory, assum-

ing that EFN is a cost to plants. We use ant exclusion and arti-
ficial herbivory experiments to examine EFN production by
both buds and fruits. Buds are of a relatively lower value than
fruits, as they entail fewer invested resources, lower survival
and a lower fitness value than fruits with developing seeds. We
tested multiple predictions of optimal defence theory, includ-
ing whether plants invest more in high value parts (fruits)
through constitutive EFN and less in low value parts (buds)
through induced EFN, and whether or not constitutive and
induced EFN are negatively correlated for buds and fruits.
While studies have demonstrated that investment in constitutive
or induced defences can differ among plant parts (e.g. Zangerl
& Rutledge 1996; Wäckers & Bonifay 2004), this study is one
of  the first to examine whether plant investment can shift
from induced to constitutive defence during the morpho-
genesis from a less to more valuable plant part (i.e. buds
to fruit).

 

Methods

 

STUDY

 

 

 

S ITE

 

 

 

AND

 

 

 

STUDY

 

 

 

SPECIES

 

We studied 

 

Pachycereus schottii

 

 (Cactaceae) near Bahia de Kino,
Sonora, Mexico (28

 

°

 

53

 

′

 

N, 111

 

°

 

57

 

′

 

W) during the flowering season
from April through July of 2007. 

 

Pachycereus schottii

 

 is a multi-
stemmed columnar cactus attaining heights of 2–4 m and living for
> 75 years. Plants can produce thousands of buds from their areoles
(spine-bearing pads) over this time period, many of which do not
survive the 9–12 days of  development prior to anthesis (J.N.
Holland, unpubl. data). Flowers are hermaphroditic, with an inferior
ovary containing many ovules, hundreds of anthers and one pistil.
Flowers resulting from the surviving buds open at sunset and typically
close prior to sunrise, thereby excluding diurnal pollinators. 

 

Pachyc-

ereus schottii

 

 relies on a seed-eating moth, 

 

Upiga virescens

 

 Hulst, for
pollination, as plants are self  incompatible and co-pollinating bees
are rarely important (Holland & Fleming 2002). During flower visitation,
female moths pollinate stigmas, after which they usually lay a single
egg on the open corolla. After active pollination, moths collect pol-
len by rubbing their abdomen among anthers. Only approximately
50% of flowers initiate fruit due to limited resources, such that low
fruit-to-flower ratios and fruit set (fraction of flowers initiating fruit
maturation) arise from trade-offs in resource (water) allocation
between flower production and fruit set, but pollen limitation can
occur (Holland 2002, Holland 

 

et al

 

. 2004, Holland & Chamberlain
2007). Fruit abortion occurs within 6 days after anthesis and fruit
mature within 30 days. All immature fruit do not survive the 20–
25 days of development (Holland 2002; Holland

 

 et al.

 

 2004), as
some (15–29%) are lost to moth larvae and others to herbivores.
Mature fruits are berry-like, with approximately 180 seeds per fruit.

Cactus reproductive tissues are especially vulnerable to herbivores,
as they largely lack alkaloid and silica compounds common in stem
tissue (Gibson & Nobel 1986). Buds, flowers and immature fruits of

 

P. schottii

 

 are all susceptible to herbivory from a diverse range of
chewing and sucking insects, some of which include larvae of a
pyralid moth (

 

Cactobrosis fernaldialis

 

), longhorn beetles (e.g. 

 

Moneilema

gigas

 

), leaf-footed bugs, lace wings, aphids and among others, mirid
bugs. Developing buds, flowers and immature fruits produce extra-
floral nectar (EFN) from the tips of tepals, photographs of which
can be found in Chamberlain & Holland (2008). In addition to
reproductive tissues, 

 

P. schottii

 

 has extrafloral nectaries just below
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their areoles (sub-areole nectaries), but secretion from them has
been largely observed after flowering seasons on new stem growth
(S.A. Chamberlain & J.N. Holland, pers. obs.). Flies, parasitoids and
beetles have been observed to exploit EFN of 

 

P. schottii

 

, but ants are
the primary consumer, including 14 species among four subfamilies:

 

Crematogaster depilis

 

, 

 

Monomorium 

 

n. sp.

 

 ‘desert’

 

, 

 

Pheidole obtusospinosa

 

,

 

Pheidole vistana

 

, 

 

Solenopsis xyloni

 

, 

 

Tetramorium hispidum

 

 and

 

Cephalotes rowheri 

 

(Myrmicinae); 

 

Camponotus fragilis

 

, 

 

Camponotus

atriceps/sayi

 

 and 

 

Myrmecocystus mimicus 

 

(Formicinae); 

 

Pseudomyrmex

pallidus

 

, 

 

Pseudomyrmex gracilis 

 

(Pseudomyrmicinae); 

 

Dorymyrmex

bicolor 

 

and 

 

Forelius mccooki/pruinosis 

 

(Dolichoderinae).

 

EXPERIMENTAL

 

 

 

DESIGN

 

We marked and measured EFN on one bud and one immature fruit
on each of three randomly chosen stems for each of 31 randomly
chosen plants. Each stem per plant was assigned to one of three
treatments: control with ants, ant exclusion and ant-exclusion plus
artificial herbivory. All three treatments were included within each
replicate plant to facilitate larger samples and the control of individual
plant effects. We did not attempt to exclude herbivores from the 93
stems. The ant-exclusion treatment was established by applying
Tanglefoot (Tanglefoot, Grand Rapids, MI) to the base of stems, as
in prior study of 

 

P. schottii

 

 (Chamberlain & Holland 2008). The ant-
exclusion plus artificial herbivory treatment was set up by applying
Tanglefoot and mechanically damaging with scissors approximately
10% of haphazardly chosen buds and fruits of the stem (not including
marked buds and fruits for measuring EFN). EFN secretion has
been shown to be similar for natural herbivory, artificial damage and
jasmonic acid treatments, indicating the same biochemical pathway
for plant responses among such treatments (Heil 

 

et al.

 

 2001b). Prior
to implementing artificial herbivory, we measured EFN production
by the marked buds and fruits on all three stems per plant in 8-h time
increments over 48 h. We then implemented artificial herbivory at
approximately 2000 h and measured EFN of marked buds and fruits
8 h later (04.00 h). EFN volumes were measured using 2 

 

μ

 

L micropipettes.
EFN volume was calculated as the length of  the pipette filled with
EFN, divided by the pipette length multiplied by 2 

 

μ

 

L. At the end of
the experiment we measured bud and fruit mass (0.01 g), bud length,
and fruit diameter of each marked bud and fruit for which EFN was
measured.

Including each treatment within each replicate plant is reasonable
for 

 

P. schottii

 

, as stems behave largely independent of one another in
the short term. For example, 

 

P. schottii

 

 does not appear to re-allocate
resources among reproductive units (Holland & Fleming 2002;
Holland & Chamberlain 2007). Our experimental design provided
us with the versatility and statistical power to address multiple
questions of  constitutive and induced EFN production. The
design also allowed us to use different metrics (e.g. pre- and
post-manipulation of artificial herbivory) that have been advocated
for testing constitutive and induced defences (Morris 

 

et al.

 

 2006).
Sample sizes, with plant as the unit of  replication, vary among
statistical analyses because during the study some buds matured
into flowers, some immature fruit matured into ripe fruit, and some
buds and fruits were lost to abortion and other natural events. All
analyses were performed using nonparametric statistics, as
normality could not be met even after transformation due to the
many zeros in the data set. Removing such zeros from the data set
can lead to erroneous results for constitutive and induced levels
of  EFN. Below, we describe statistical analyses for each of  the
questions we addressed with the above-described experimental
design.

 

SCALING

 

 

 

OF

 

 

 

EFN

 

 

 

PRODUCTION

 

 

 

WITH

 

 

 

BUD

 

 

 

AND

 

 

 

FRUIT

 

 

 

S IZE

 

Because buds and immature fruits grow and develop, changing in
size and age with time (

 

cf.

 

 leaf age, Heil 

 

et al.

 

 2000), we examined
whether EFN production for buds and fruits scales with their respective
sizes. Using Spearman’s correlation, we tested for relationships
between EFN and bud and fruit size using data for the two ant-
exclusion stems, each stem tested separately, with plants as replicates.
We tested for relationships between EFN production (total 

 

μ

 

L over
24 h) and bud mass, fruit mass, bud length, and fruit diameter. We
only present analyses for size measurements based on mass, as bud
and fruit mass were highly correlated with bud length (

 

r

 

s

 

 = 0.98,

 

P

 

 < 0.0001, 

 

n

 

 = 19 plants) and fruit diameter (

 

r

 

s

 

 = 0.97, 

 

P

 

 < 0.0001,

 

n

 

 = 30 plants), respectively.

 

INDUCED

 

 

 

AND

 

 

 

CONSTITUTIVE

 

 

 

EFN

 

 

 

PRODUCTION

 

Using Wilcoxon paired difference tests, we compared levels of
constitutive and induced EFN for buds and fruits using ant-exclusion
(control) and ant-exclusion plus artificial herbivory treatment stems.
As constitutive and induced plant defences may differ in pre-herbivory
levels of EFN, our analyses incorporated levels of EFN production
pre- and post-artificial herbivory (Morris 

 

et al.

 

 2006). Pre-artificial
herbivory levels of EFN were based on the 8 h nocturnal time period
from the night prior to implementing the treatment, whereas post-
artificial herbivory levels of EFN were based on the 8 h nocturnal time
period following the treatment. We conducted an additional analysis
of induced EFN by standardizing post-artificial herbivory EFN relative
to pre-artificial herbivory EFN values (post-divided by pre-artificial
herbivory EFN). Finally, we examined whether the relative frequency of
buds or fruits producing EFN differed between ant-exclusion and ant-
exclusion plus artificial herbivory treatments using Fisher’s exact test.

 

CORRELATION

 

 

 

BETWEEN

 

 

 

INDUCED

 

 

 

AND

 

 

 

CONSTITUTIVE

 

 

 

EFN

 

 

 

PRODUCTION

 

We tested whether a negative correlation occurred between constitutive
and induced EFN for both buds and fruits. While multiple metrics
have been used to test for such a relationship, the preferable metric
is one that compares absolute measures of each defence between
control and herbivory treatments (Morris 

 

et al.

 

 2006). Constitutive
defence (C) is the level of defence on controls, whereas induced
defence (I) is the level of defence on the herbivore damaged treat-
ment (D) minus the level of constitutive defence (C) on the control
(i.e. I = D – C). Using Spearman’s correlation analysis, we tested for
the predicted negative correlation between constitutive (C) EFN
produced on ant-exclusion (control) stems and induced (I) EFN
produced on ant-exclusion plus artificial herbivory stems, with plant
as the unit of replication. This is reasonable, as each stem within a plant
behaves largely independent of the other, while a plant genotype’s
relative investment in constitutive and induced EFN should remain
unchanged. In this way, we were able to examine for a negative
correlation among plants (but see Discussion). We conducted two
separate analyses of (I) vs. (C). First, we tested for a negative corre-
lation using the preferred metric between (I) and (C) (Morris

 

 et al.

 

2006). For comparison with prior work, we also used a standardized
measure of (I) relative to pre-artificial herbivory levels of EFN, that
is (D

 

t

 

/D

 

0

 

 – 

 

C

 

t

 

/C

 

0

 

) vs. (C), where 

 

t

 

 is the post- and 0 is the pre-artificial
herbivory level of EFN. We added 0.5 to each parameter of (D

 

t

 

/D

 

0

 

 –
C

 

t

 

/C

 

0

 

) due to the many zeros in the denominator of the ratios.
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Results

 

SCALING

 

 

 

OF

 

 

 

EFN

 

 

 

PRODUCTION

 

 

 

WITH

 

 

 

BUD

 

 

 

AND

 

 

 

FRUIT

 

 

 

S IZE

 

EFN production was not correlated with bud mass for either
of the two ant-exclusion stems (

 

r

 

s

 

 = 0.17, 

 

P 

 

= 0.441, n = 23
plants; rs = –0.05, P = 0.805, n = 23 plants), but did correlate
positively with fruit mass on one stem (rs = 0.47, P = 0.011,
n = 28 plants) but not the other (rs = 0.22, P = 0.248, n = 30
plants).

INDUCED AND CONSTITUTIVE EFN PRODUCTION

Both buds and fruits produced some amount of constitutive
EFN, but only buds had inducible EFN following artificial
herbivory (Fig. 1). No difference in pre-artificial herbivory
EFN occurred between ant-exclusion and ant-exclusion plus
artificial herbivory treatments for buds (Fig. 1a; Wilcoxon
paired difference, Z = 24, n = 20, P = 0.110) or fruits (Fig. 1b;
Z = –18, n = 29, P = 0.375). Post-artificial herbivory EFN of
buds on ant-exclusion plus artificial herbivory stems was
> 90% higher than that of the ant-exclusion stems (Fig. 1a;
Z = 11, n = 12, P = 0.031); fruits showed no significant
change in post-artificial herbivory EFN (Fig. 1b; Z = 32, n = 28,
P = 0.245). When post-artificial herbivory EFN is standardized
relative to pre-treatment levels, EFN production by buds

remained higher for ant-exclusion plus artificial herbivory
stems than ant-exclusion stems (Z = 15, n = 12, P = 0.039)
and insignificant for fruits (Z = 33, n = 28, P = 0.393). In
keeping with inducible EFN by buds and not fruits, the
relative frequency of buds producing EFN was greater for
ant-exclusion plus artificial herbivory (0.63) than ant-exclusion
alone (0.32) (Fisher’s exact test, P = 0.034). Likewise, the relative
frequency of fruits producing EFN did not differ between
ant-exclusion plus artificial herbivory (0.45) and ant-exclusion
(0.37) treatments (Fisher’s exact test, P > 0.05).

CORRELATION BETWEEN INDUCED AND 
CONSTITUTIVE EFN PRODUCTION

A significant correlation did not occur between induced and
constitutive EFN for buds for either metric used to estimate
induced EFN (Fig. 2a,c). However, a significant negative
correlation did occur between induced and constitutive EFN
for fruits for both metrics (Fig. 2b,d). Because buds (but not
fruits) showed induced EFN (Fig. 1) and fruits (but not buds)
showed a negative correlation between induced and constitutive
EFN (Fig. 2), buds were predicted to have lower constitutive
EFN than fruits. In accord, pre-artificial herbivory EFN on
ant-exclusion stems was lower for buds than fruits (Fig. 1;
Wilcoxon sign-rank test, one-tailed; Z = 21.5, n = 23,
P = 0.097), but no such pre-artificial herbivory difference in
EFN of  buds and fruits occurred for ant-exclusion plus
artificial herbivory stems (Fig. 1; Z = –7.0, n = 24, P = 0.640).
Collectively, these results are consistent with buds, but not
fruits, showing induced EFN.

Discussion

In this study, we employed optimal defence theory to evaluate
investment in the production of EFN resources by both buds
and fruits of P. schottii (senita) to attract and reward mutualistic
ants as a defence against herbivores. To reduce costs of EFN
production as an indirect defence and increase herbivore
resistance, optimal defence theory predicts that EFN be
deployed among plant parts in proportion to their value and
likelihood of attack. This prediction rests on the underlying
assumption that plant defences represent a cost which could
otherwise be allocated to growth or reproduction. Although
few studies have explicitly examined costs of  EFN to plant
fitness, empirical work continues to support the validity of the
assumption. For instance, EFN and nectaries can be subject
to selection (Rudgers & Strauss 2004; Rutter & Rausher 2004;
Wooley et al. 2007); can be relaxed in the absence of herbivores
(Huntzinger et al. 2004); and can be inducible (e.g. Mondor &
Addicott 2003), which itself  is an indication of a costly
defence (Simms 1992). In our study, we too did not directly
quantify costs of EFN for plant fitness, as P. schottii is a long-lived
cactus with many reproductive episodes. Nevertheless, our
results (Table 1) and those of  other studies (Wäckers &
Bonifay 2004; Radhika et al. 2008) are consistent with and
support the application of  optimal defence theory to the
production of EFN resources as an indirect defence.

Fig. 1. Experimental test of inducible extrafloral nectar (EFN)
production by buds (a) and fruits (b) of P. schottii. Pre-manipulation
EFN is that level of nocturnal EFN on the night prior to
implementing the artificial herbivory treatment, while post-
manipulation EFN is the level of nocturnal EFN produced the night
following artificial herbivory. Sample sizes [number of plants]: buds
[ants excluded, 31; ants excluded + damage, 27] and fruits [ants
excluded, 30; ants excluded + damage, 29]. Symbols are slightly
offset to show standard error bars.
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Before discussing predictions of optimal defence theory for
constitutive and induced EFN of P. schottii, we present some
potential limitations of  our experimental design. Using
multiple treatment stems within replicate plants may be
confounded by possible within-plant effects. If  constitutive
and induced EFN responses on different treatment stems
within a plant were not independent, then this could lead to
falsely accepting a null hypothesis. This is not likely the
case for P. schottii, as stems within plants do appear to behave
independently of  one another on short time scales. For
example, plants do not readily re-allocate resources among
reproductive units given differences in pollination (Holland &

Fleming 2002; Holland & Chamberlain 2007). For this rea-
son, we did not expect artificial herbivory on one stem to alter
short-term EFN of another stem within a plant. Nevertheless,
treatments within replicate plants may be confounded by
plant volatiles released in response to herbivory, which may
induce EFN and attract ants (Choh et al. 2006; Edwards et al.

2006; Kost & Heil 2006; Heil & Silva Bueno 2007). If  we had
found no significant effects, then we would not be able to
confidently ‘fail to reject’ the null hypothesis of no differences
in constitutive and induced EFN due to a possible lack of
independence associated with plant volatiles. We did find
significant differences, however, indicating that such a caveat
is not likely to alter the qualitative results of the experiments.
In addition, our results, like any such study of EFN, may be
unavoidably confounded by artificial effects that sampling
EFN may have on later EFN production (Heil et al. 2000),
though any such sampling effects would likely be similar
among study plants and treatment stems. Despite such
caveats, as we describe below our results do nevertheless
indicate that plants may minimize their investment costs in
accord with optimal defence theory.

Though a relatively unexplored aspect of optimal defence
theory in general, and of EFN production in particular,
plants may minimize their investment costs in a given plant
part as it grows and develops by scaling their defences with the
value of the plant part as it changes in size and age. Indeed,
EFN often occurs on foliar or reproductive tissues that grow
and change in size and age (cf. leaf age, Heil et al. 2000), such
that EFN may scale with their size- or age-dependent values.
In our study, EFN of P. schottii did not scale with bud mass in
either of the two stems analyzed, but it did increase with fruit
mass for one of  the two stems analyzed. These results are
consistent with minimal constitutive and mostly induced

Fig. 2. Correlation between constitutive (C) and
induced (I) extrafloral nectar (EFN) production by
buds (a, c) and fruits (b, d) of P. schottii. Constitutive
defence is the level of EFN on ant-exclusion
(controls) stems, whereas induced defence is the level
of EFN on ant-exclusion plus artificial herbivory
stems (D) minus constitutive EFN produced on the
control stem (i.e. I = D – C). A significant negative
correlation, as measured by Spearman’s correlation
(rs, α = 0.10), is predicted to occur between (I) and
(C) if  a trade-off occurs between induced and
constitutive EFN (Morris et al. 2006). We present
two analyses of (I) vs. (C). The first is an analysis of
(D – C) vs. (C), that is (I) vs. (C) (panels a, b). The
second is a standardized measure of (I) relative to
pre-artificial herbivory EFN, that is (Dt/D0 – Ct/C0)
vs. C (panels c, d), where t is post- and 0 is pre-artificial
herbivory EFN. The ordinate in panels (c) and (d) is
unit-less due to division by pre-artificial herbivory
EFN.

Table 1. Summary of extrafloral nectar (EFN) production by buds
and fruits of P. schottii in relation to predictions of optimal defence
theory. Value represents the relative cost of the plant parts to plant
reproduction if  lost to herbivores. Size scaling is whether EFN
production varied with bud or fruit size. Constitutive refers to the
level of constitutive EFN, while induced refers to whether EFN was
inducible following artificial herbivory. C–I correlation refers to
whether a negative correlation occurred between constitutive (C) and
induced (I) EFN. This qualitative summary is largely consistent with
optimal defence theory, predicting in particular that plants invest
more in higher value parts through constitutive EFN, less in lower
value parts through induced EFN, and constitutive and induced
EFN are negatively correlated

Value

Extrafloral nectar production

Size scaling Constitutive Induced C–I correlation

Buds Low No Low Yes No
Fruits High Yes High No Negative
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EFN for buds, and constitutive (and not inducible) EFN for
fruits. Moreover, these results suggest the need for more
studies that test whether plants can minimize costs and
maximize herbivore resistance by scaling constitutive EFN
with the size and age of plant parts, as ant defence may in turn
scale with EFN resources (Willmer & Stone 1997; Oliveira
et al. 1999; Chamberlain & Holland 2008). Such speculation
is indeed tentative, as further studies are needed of size-dependent
scaling of plant defences.

Central to optimal defence theory is the prediction of
constitutive defence for plant parts of high value, and inducible
defence for plant parts of low value (McKey 1979; Rhoades
1979; Karban & Myers 1989; Zangerl & Rutledge 1996). We
examined buds and immature fruits in this context, though in
actuality they represent two different stages during the
morphogenesis of a single type of plant tissue. Nevertheless,
buds are of a relatively lower value than fruits, as they have
fewer invested resources and are of lower fitness value than
fruits with developing seeds. For both buds and fruits,
constitutive EFN (C) is that level produced for ant-exclusion
controls, whereas induced EFN (I) is that level produced for
ant-exclusion plus artificial herbivory stems (D) minus the
level of constitutive EFN on ant-exclusion controls (i.e.
I = D – C). Consistent with optimal defence theory, constitutive
EFN occurred for high valued immature fruits and induced
EFN for lower valued buds (Table 1), corresponding with
empirical results of some other studies (e.g. Stephenson 1982;
Swift & Lanza 1993; Young et al. 1997; Wäckers & Bonifay
2004). Not only does this study document induced EFN
production in another plant species, but by shifting from
induced to constitutive EFN with the morphogenesis of buds
to fruits, our results show that investment in EFN can change
as a given plant tissue increases from a low to higher value. To
our knowledge, such a shift from induced to constitutive
defence during the morphogenesis of a single plant tissue is a
new dimension of optimal defence theory, especially as applied
to EFN. To this end, EFN secretion is now recognized to be
induced by jasmonic acid, the same hormone which often
increases (and is routinely expressed) during fruit development
(Creelman & Mullet 1997). Taken together, these observations
suggest an attractive plant physiological mechanism
responsible for the change from induced (buds) to constitutive
(fruits) EFN production.

Optimal defence theory also predicts that as investment in
constitutive defence of a plant part increases, investment in
induced defence decreases, leading to the hypothesized
trade-off between constitutive and induced defences (Karban
& Myers 1989; Zangerl & Rutledge 1996; Morris et al. 2006).
In our study, costs of EFN may be reduced by employing
induced EFN after initial attack, rather than maintaining
constitutive EFN. As constitutive EFN increases, inducible
EFN is predicted to decrease, leading to a negative correlation
between I and C. We were able to test for a negative correlation
between I and C with our experimental design, as treatment
stems within replicate plants likely behave independently in
the short term (see above), while their genotype and thus
relative investment in C and I remained unchanged. Including

each treatment within replicate plants has the added advantage
of controlling for environmental effects on plant levels of C
and I (rather than using familial level analyses to account for
genotypic trade-offs). Our results are consistent with optimal
defence theory in that, for both metrics analyzed (Fig. 2), we
found significant negative correlations between I and C for
fruits, but not for buds (Table 1, Fig. 2). Some plants exhibited
induced susceptibility, that is negative values of I, indicating
high constitutive EFN before herbivore attack and lower
EFN production (and resistance) after herbivore attack
(Fig. 2; Morris et al. 2006). Though we incorporated principles
of  some recently recommended protocols for testing for
negative correlations (Morris et al. 2006), results of which
suggest a possible trade-off  between I and C for P. schottii, our
analyses do still entail some of  the general shortcomings
associated with evaluating trade-offs. For this reason, caution
is warranted in interpreting any such negative correlation as a
trade-off, even for well-recognized trade-offs, such as that
between plant reproduction and growth (Knops et al. 2007).
While some studies have begun to examine relationships
between direct and indirect defence (e.g. Dyer et al. 2001;
Agrawal et al. 2002), more are needed that examine relationships
between induced and constitutive EFN as an indirect defence.

We have thus far presented EFN as an indirect defence to
attract and reward mutualistic ants for herbivore resistance.
However, EFN may serve an additional or alternative
function as a direct defence against florivorous ants. Ants do
indeed exploit floral resources, which can result in antagonistic
interactions with plants by disrupting plant reproduction
through florivory, pollen consumption, pollinator interference,
reduced pollen viability and depletion of floral nectar (Galen
2005; Junker et al. 2006; Nicklen & Wagner 2006; Ness 2006;
Chamberlain & Holland 2008). By distracting ants from
floral resources (Wagner & Kay 2002), EFN may be a direct
defence against antagonistic ants, rather than an indirect
defence against herbivores mediated through ants. In the
senita ant–plant-pollinator system, EFN and ant abundance
on plants are greatest at night, the only time at which flowers
are open and visited by their obligate pollinating moth
(Holland & Fleming 1999; Chamberlain & Holland 2008).
Prior study has shown that EFN is as likely to distract ants
from flowers as it is to reward them as mutualists (Chamberlain
& Holland 2008). Ants were largely commensalistic, possessing
the potential both to protect buds and fruits from herbivores
and to disrupt pollination and plant reproduction. Likewise,
Wäckers & Bonifay (2004) found that in addition to attracting
ants for protection against herbivores, EFN affects pollination
processes by deterring ants from flowers. It remains unresolved
why EFN resources are maintained by plants when benefits of
ant protection cannot accrue in the absence of herbivores
(Bronstein et al. 2006). As pairwise ant–plant interactions are
studied more often in a community context of multi-species
interactions, greater recognition is being made of the need to
integrate the many facets of EFN production into under-
standing its causes and consequences.

Regardless of whether EFN is an indirect defence against
herbivores mediated through ant protection or a direct defence
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for distracting florivorous ants, optimal defence theory has
provided a predictive means with which to understand invest-
ment in EFN by P. schottii. Specifically, plants can minimize
their investment costs through the production of constitutive
and induced EFN consistent with predictions of optimal
defence theory (Table 1). As indirect defence through EFN,
for example, is in accord with direct defence through plant
secondary compounds, optimal defence theory may provide a
general framework with which to evaluate the resources
produced by plants, lycaenids and homopterans (e.g. domatia,
food bodies, EFN, honeydew and food secretions) to attract
and reward mutualistic ants for natural enemy resistance.
More generally, as the study of such resources supplied by one
mutualistic species to another grows, so will our understanding
of the implications of mutualism for pairwise and multi-species
interactions.
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