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NATURAL SELECTION ON EXTRAFLORAL NECTAR PRODUCTION IN
CHAMAECRISTA FASCICULATA: THE COSTS AND BENEFITS OF A
MUTUALISM TRAIT
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Abstract.—Cost-benefit models of the evolution of mutualism predict that the current state of mutualism results from
trade-offs between fitness costs of mutualist traits and the fitness benefits of association. We test the assumptions of
such model s by measuring patterns of natural selection on amutualist trait, extrafloral nectar productionin Chamaecrista
fasciculata. Selection was measured on plants from which ants had been excluded (removing the mutualist benefit of
the trait), from which all insects had been excluded (removing costs of herbivory in addition to mutualist benefits),
and unmanipulated plants (where both costs and benefits were present). Selection analysis based on half-sibling-mean
regressions of fitness on the trait revealed no evidence of costs of extrafloral nectar production in the absence of all
insects or in the absence of ants. However, examination of the selective surfaces for these treatments suggest that
costs of nectar production may exist and are exacerbated by the presence of herbivory. In the presence of ants, natural
selection favors high extrafloral nectar production, consistent with a fitness benefit to this mutualist trait in the presence
of the mutualist partner. In this study, the interaction of costs and benefits did not produce an evolutionary optimum
for the trait within the range of variation observed, suggesting that application of a cost-benefit framework to this
trait will benefit from considering the influence of temporal and spatial variation on the quality of costs and benefits.
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Mutualisms are interactions between speciesin which both
participants have higher fitness when they interact than when
they do not. Mutualisms are classic examples of coevolution
(Janzen 1966; Gilbert and Raven 1975; Futuyma 1998) and
have been described as ‘‘the most omnipresent of any or-
ganism-to-organism interaction’’ (Janzen 1985). Despite the
ubiquity of these interactions, theoretical and mechanistic
understanding of mutualisms has progressed relatively slowly
(Bronstein 1994a), because ecological and evolutionary stud-
ies of species interactions have focused primarily on antag-
onistic interactions such as predation and competition.

A major approach to understanding the evolution of in-
teractions involves evolutionary cost-benefit models, in
which the evolution of atrait (or interaction) is described in
a framework of fitness ‘‘costs’’ and ‘‘benefits.”” Although
the cost-benefit approach provides a straightforward concep-
tual framework for understanding the evolution of adaptive
traits involved in mutualisms (Bronstein 1994a, 1998), a
number of uncertainties associated with this approach have
seldom been addressed. One major concern is that it is often
unclear whether there are costs associated with adaptations
involved in mutualisms. Costs are often difficult to demon-
strate because they may be highly context dependent (Bron-
stein 1994b), and it is often hard to separate the ‘‘costs’’ of
atrait from its benefits.

A second concern is that even if traits associated with
mutualisms have costs, it is unclear how frequently costs and
benefits balance to produce an intermediate optimum rec-
ognizable by the operation of stabilizing selection. Although
rarely stated explicitly, a logical conclusion often derived
from models of mutualism is that trait values are subject to
stabilizing selection, because these models either explicitly
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or implicitly predict that populations will reach stable equi-
librium trait values (Roughgarden 1975; Keeler 1985, 1989;
Pierceet al. 1987; Connor 1995; Doebeli and Knowlton 1998;
Schwartz and Hoeksema 1998; Ferdy et al., 2002; West et
al. 2002; Bergstrom and Lachman 2003). Few empirical stud-
ies have examined this prediction directly, and although the
benefits of mutualism traits have frequently been demon-
strated (reviewed in Bronstein 1994a), they arerarely, except
in the pollination literature (e.g. Holland and Fleming 1999),
compared to explicitly measured costs.

Even if selective optima exist, it is not clear how close
populations are to these optima. For example, if the optimal
trait value varies over time because of fluctuation in costs
and benefits, populations may seldom reach the current op-
timum and will be consistently subject to directional, in ad-
dition to stabilizing, selection (e.g., Tiffin and Rausher 1999).
Studies of selection on floral traits (the only mutualistic char-
acter in which the pattern of selection has been measured)
rarely detect stabilizing selection (Herrera 1993), whereas
they frequently detect directional selection (Schemske and
Horvitz 1989; Campbell 1996; Conner et al. 1996; Caruso
2001). This suggests that these mutualism traits are seldom
at their selective optima or that the stabilizing selection is
sufficiently weak that only extremely large experiments have
sufficient statistical power to detect it. However, it is unclear
whether this conclusion holds for other types of traitsin other
types of mutualisms.

In this study, we address these issues by attempting to
determine whether a cost-benefit framework is appropriate
for understanding the evolution of an important quantitative
trait mediating ant-plant mutualisms: the volume of extraf-
loral nectar produced by a plant. Many species of plants
secrete nectar outside of flowers that attracts ants and other
predators (reviewed in Elias 1983). Previous investigations
of the adaptive significance of extrafloral nectaries have fre-
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guently demonstrated that ants attracted by extrafloral nectar
decrease the number of herbivores present and thereby in-
crease plant fithess (Bentley 1977), although extrafloral nec-
tar is not always a guarantee of effective ant guardianship
(O’'Dowd and Catchpole 1983; Tempel 1983; Freitas et al.
2000). However, thistype of evidence leaves unanswered not
only many of the questions raised above, but also a funda-
mental question about the biological significance of extraf-
loral nectar production. In addition to attracting ants, a num-
ber of other possible physiological and ecological functions
have been suggested for extrafloral nectar, including releas-
ing excess sugars (Frey-Wyssling 1955; Helder 1958; Mound
1962; Milburn 1975) and attracting insect parasitoids (Pem-
berton and Lee 1996; Stapel et al. 1997, 2000). Thus, it is
not clear whether attracting ants is the primary benefit as-
sociated with nectar production. The only way of answering
this question is by experimentally manipulating the presence
of ants and determining the effect on the pattern of selection
on extrafloral nectar production. If in the absence of ants
there are other benefits to nectar production, they can be
revealed by the presence of stabilizing selection or directional
selection favoring increased nectar production. By contrast,
if removal of antsleadsto directional selection favoring elim-
ination of nectar production, it can be concluded that attrac-
tion of ants is crucial for the evolutionary maintenance of
extrafloral nectar.

MATERIALS AND METHODS

Sudy system

Chamaecrista fasciculata (Fabaceage), the partridge pea, is
a native annual found throughout the eastern United States
and south into Central America. Chamaecrista fasciculata
grows in disturbed, sandy areas such as roadsides. In North
Carolina, C. fasciculata germinates in March—-May, flowers
in July—September, and produces fruit from September to
October. Beginning with the third or fourth trueleaf, asaucer-
shaped extrafloral nectary can be found at the base of each
petiole. These nectaries are 0.5-4 mm across, and secrete up
to three microliters of nectar a day. Because almost every
leaf has one nectary, there can be more than 200 nectaries
on alarge plant. Partridge peas are visited by many different
ant species throughout their range (Barton 1986; Kelly 1986;
pers. obs.). Chamaecrista fasciculata is exclusively buzz pol-
linated by bees, is predominantly outcrossing, (Lee and Baz-
zaz 1982; Fenster 1991) and the flowers have no nectar. Fruits
mature 3-3.5 months after germination.

Experimental design

A base population was established from plants collected
from a field in Durham County, North Carolina, in the fall
of 1997 and was maintained under greenhouse conditions for
four generations. To generate experimental seeds, we em-
ployed a paternal half-sibling breeding design in which 33
plants from the base population served as pollen parents
(sires). Each of these plants was crossed to three randomly
selected seed parents (dams). Flowers of seed parents were
emasculated to prevent self-pollination and were hand pol-
linated. Because of a limited number of plants, some dams
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were mated to more than one sire. Asaresult, the 99 maternal
full-sib families are represented by only 64 maternal geno-
types. This resulting design is thus an incomplete paternal
half-sib design, which was analyzed as a half-sib design
(Lynch and Walsh 1998; Tiffin and Rausher 1999).

On May 5, 2000, 12 scarified seeds from each maternal
full-sib family (1188 total seeds) were planted in flatsin the
greenhouse. When these plants had developed their first true
leaf, they were transplanted, in two spatial blocks, into a
previously plowed and disked field in the Duke Forest in
Durham County, North Carolina. Within each block, seeds
were planted 50 cm apart within rows, with 100 cm between
rows. Weeds were removed from the field weekly during the
first six weeks after planting to minimize competition and
assure that experimental plants became established. Thefield
was surrounded by an electric fence and chicken wire to
exclude mammals such as deer and rabbits. Transplanting
began on May 20 and was completed by June 25. Spatial
blocks were planted consecutively; transplant date did not
have a significant effect on final plant size and all plants
senesced before the first frost. Plants began flowering by July
15 and seeds began maturing August 10.

Within each block, two plants from each maternal family
were assigned to each of three treatments: control plants,
plants from which ants were excluded, and plants from which
all insects, including herbivores, were excluded. Plant lo-
cation was randomized within each block with respect to
maternal and paternal family as well as treatment. For all
plants, a circle of approximately 25 cm was weeded around
the plant to prevent contact between the experimental plant
and the native vegetation. For control plants, there was no
other manipulation. For ant-exclusion plants, all ants were
manually removed from the plant. A 9 X 9 cm2-foil square
was then placed around the base of the plant coated with a
layer of Tanglefoot (Tanglefoot Co., Grand Rapids, MI), a
highly sticky substance that is extremely difficult for ants to
cross. However, most insects, including the generalist or-
thopterans, weevils, and lepidopterans, which were the most
common herbivores in this field, were still able to access
these plants, presumably by flight or jumping onto the plant.
The Tanglefoot squares were frequently replaced as they be-
came clogged with debris, and plants were periodically mon-
itored to ensure that ants did not access the plants. The ef-
fectiveness of this treatment was verified by snapshot sur-
veys: plants with Tanglefoot had significantly fewer antsthan
plants without Tanglefoot (mean of 0.89 and 2.94 ants/plant
with and without Tanglefoot, respectively; n = 85 obser-
vations per treatment, P < 0.003). Plants that were in the
insect exclusion treatment were treated with the Tanglefoot
treatment as above, and were additionally sprayed with the
insecticide Sevin (Bayer Crop Science, Research Triangle
Park, NC) once every two weeks.

Trait measurement

The volume of extrafloral nectar produced per nectary over
a 24-h period was measured during a period from July 15 to
August 15. For control plants, ants were removed from the
plant, and a Tanglefoot square was temporarily placed under
the plant for the measurement period. All standing extrafloral
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nectar was removed with a piece of filter paper from the 10
nectariesin the highest vertical position on the plant. Twenty-
four hourslater, all newly accumulated extrafloral nectar from
those 10 nectaries was absorbed onto a single filter paper
wick made of Whatman #1 filter paper (Whatman, Inc., Clif-
ton, NJ). The area of the spot made by the nectar was esti-
mated from a digital image using the computer program Im-
age Pro Plus (ver. 4.1 for Windows, Media Cybernetics, Sil-
ver Spring, MD). The volume of nectar collected is propor-
tional to the area of the nectar spot (Kearns and Inouye 1993).
Nectar production is well documented to be an environmen-
tally variable trait (Wyatt et al. 1992; Campbell 1996; Leiss
et al. 2004), and it is possible that individual measures of
extrafloral nectar production were influenced by environ-
mental factors. However, the half-sib analyses described be-
low depend primarily on mean nectar production of many
individuals that share a particular sire and thus are robust to
any particular local environmental factor.

Fruits were collected as they matured until November 1,
by which time all plants had senesced. Genetic correlations
between flower number, fruit number, and total seed pro-
duction were positive, strong, and highly significant. For all
analyses, the number of viable seeds produced by each plant
was used as a measure of fitness, and using flower or fruit
number as a fitness measure produced qualitatively identical
results. We considered seed viable if they were full in form
with a hardened seed coat and did not count shriveled or
flattened seed because these rarely germinate. Plant size was
measured on all plants at death or senescence by counting
the total number of leaves produced (the leaf scars could be
counted). Additionally, all plants were censused once in Oc-
tober for visible signs of herbivory, e.g., physical evidence
of chewing damage to leaf, stem, flower, or fruit tissue. A
dichotomous variable was scored for each plant, registering
either the presence or absence of herbivory. This measureis
admittedly crude and only represents an estimate of herbivore
damage at a single point in time.

Of the 1188 plants planted, 831 survived until the first
nectar measurements. When included in the analyses below,
plants that did not survive until these measurements were
assigned a fitness of zero and the mean nectar volume trait
value of their family unit, allowing an estimate of any cost
of nectar production that decreased early plant survival.

Data analysis: genetic variation for and correlations among
traits

Tests for the presence of genetic variation for all plant
characters other than fitness were carried out on data from
those plants that survived until nectar measurement (n =
831). Furthermore, because the pattern of plant death led to
some change in the family structure of the plantsin the field,
the dataset was further winnowed to remove dams that were
not represented by at least two plants in each treatment and
sire combination, and to remove sires represented by only a
single dam in any treatment. After reducing the dataset for
the test of genetic variation, 661 individuals remained. The
test for genetic variation for fitness used all 1188 plants,
including those that did not survive to reproduce.

To test for additive genetic variation for most measured
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characters, the MIXED procedure of the SAS statistical soft-
ware package (ver. 8, SAS Institute 2000) was used to per-
form a mixed-model restricted maximum-likelihood (REML)
analysis. The volume of extrafloral nectar per nectary (here-
after *‘nectar volume'’) was nonnormal (it was highly right
skewed) and resisted most transformation; consequently, a
threshold transformation was used for this analysis only (as
described in Roff 2001). Because this transformation results
in adataset with abinomial error distribution, the GLIMMIX
macro in SAS (2000) was used, using a binomial distribution
and a probit link function. Fitness data (total seed set, which
equaled zero for plants that died before setting seed) was log
transformed to enhance normality, whereas data on plant size
and shape were untransformed. Because we are not estimating
specific genetic parameters, and only wish to assess whether
there is genetic variation for these characters, these trans-
formations are appropriate (Mitchell-Olds and Shaw 1987).
Block, pollen parent (sire), seed parent (dam, nested within
sire), and the interactions between sire and treatment and
between dam and treatment were considered random effects,
whereas treatment was considered fixed. In all tests, the sig-
nificance level of a random effect was determined by the
likelihood-ratio statistic, computed by calculating the differ-
ence between the —2 REML log-likelihood for the model
containing the random effect and the —2 REML log-likeli-
hood for the model without the random effect. The P-value
for this statistic can be determined by a one-tailed, chi-
squared test with one degree of freedom (Self and Liang 1987;
Littell et al. 1996). A significant sire effect for a character
is taken to indicate the presence of genetic variation for that
character.

The GLM procedure of SAS (2000), applied to ranks of
family means, was used to determine if treatment had a sig-
nificant effect on the rank of families in nectar volume pro-
duced per nectary. The CORR procedure of SAS (2000) was
used to calculate pairwise Pearson family-mean correlation
coefficients and their significance levels between all mea-
sured variables. For this analysis, residuals were used after
removal of block effects.

Data analysis: herbivory

To determine the relationship of the treatments, family
lines, and plant size on herbivory, both the MIXED and LO-
GISTIC procedures of SAS (2000) were performed to detect
effects of sire, dam, treatment, and leaf number. Because
herbivory was recorded as a dichotomous variable, logistic
regression ismore appropriate than GLM (Allison 1999). The
MIXED procedure of SAS was used with the GLIMMIX
procedure to test for effects of sire, dam, treatment and |eaf
number on herbivory. Because random effects of sire and
dam were not significant, the LOGISTIC procedure was then
used to examinethe fixed effects of treatment and |eaf number
on herbivory.

Selection analysis

The pattern and magnitude of selection on nectar volume
produced per nectary and leaf number was estimated using
genetic selection analysis on family means (Rausher 1992;
Stinchcombe et al. 2002). Family means of relative fitness,
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TaBLE 1. Results of mixed-model restricted maximum-likelihood analysis demonstrating genetic variation for the volume of extrafloral
nectar produced per nectary, the total leaf number, and fitness (total lifetime seed set). The analysis of variation in fitness was conducted
for the entire dataset. The analyses of variation in nectar volume per nectary and leaf humber were conducted on a smaller dataset as
described in the text. *Inclusion of these factors had no effect on the model and are not significant. CPE: covariance parameter estimate.

Fixed Effects
Numerator degrees Denominator degrees

Trait Factor of freedom of freedom F P
Volume of extrafloral nectar per nectary Treatment 2 48 0.03 0.9721
Total leaf number Treatment 2 48 1.45 0.2457
Fitness Treatment 2 64 0.65 0.5265
Random Effects

Volume of
nectar/nectary Total leaf number Fitness
Random effect CPE P CPE P CPE P

Block 0.75 <0.0001 221.52 <0.0001 0.026 <0.0001
Sire 0.38 0.0098 77.90 0.0021 0.0029 0.017
Dam(sire) 0.58 <0.0001 5.15 0.4043 0.0044 0.0004
Treatment X Sire 0* ns 10.77 0.2852 0* ns
Treatment X Dam(Sire) o* ns (0 o* o* ns

the dependent variable, were calculated by first dividing the
number of viable seeds produced by each plant by the mean
viable seeds production of all plants and all treatments, then
using the resulting dataset to compute mean seed production
within each family and treatment. The effects of block were
removed and the residuals were standardized to a mean of
zero and averaged over individuals in each family. To eval-
uate whether the presence of ants and insect herbivores (treat-
ment) altered the overall pattern of selection, we utilized
standard analysis of covariance to evaluate the significance
of interaction terms involving treatment and the measured
characters (Mauricio and Rausher 1997; Juenger and Ber-
gelson 1998; Stinchcombe and Rausher 2001). In both the
sel ection analyses and the analysis of covariance, significance
of linear terms was determined from amodel containing only
linear terms, whereas the significance of quadratic termswas
computed from the full model containing both linear and
quadratic terms (Lande and Arnold 1983).

Visualizing the pattern of selection

The statistical analysis of selection as described abovetests
for general differences between treatmentsin the overall pat-
tern of selection. However, because fitness surfaces may often
be more complicated than can be described by a second order
regression, such analyses alone may not reveal many details
of how those patterns differ. To compare in more detail the
patterns of selection in the different treatments, we used a
nonparametric spline procedure to visualize the selective sur-
faces associated with each treatment (Schluter and Nychka
1994; Mauricio and Rausher 1997). In particular, we used
the G3GRID procedure of SAS (2000) to generate selective
surfaces. This procedure interpolates afunction (e.g., fitness)
of two variables (e.g., nectar volume and leaf number) onto
a rectangular grid using a smoothed estimate of a bivariate
spline (SAS Institute, vers. 8.02, 2000). As in the previous
analysis, family means of residuals of fitness and trait values
after the effects of block had been removed were used to
create the fitness surface. The ranges of nectar volumes and

leaf number were determined by the maximum paternal half-
sib family mean value for this population.

This procedure was used to construct a fitness surface for
each treatment. Because we are particularly interested in the
location of the peak within each of the surfaces, we performed
a bootstrap analysis to create a 95% confidence interval
around the maximum point on the surface (Schluter and
Nychka 1994). We ran 10,000 replicates of the bootstrap for
each treatment, using the maximum value of the surface gen-
erated by G3GRID as the test statistic.

Comparing the fitness surfaces across the different treat-
ments reveals how fitness surfaces change when components
(e.q., herbivores and ants) are added to the community. More-
over, the actual pattern of selection imposed by each of those
components is simply the change in the fitness surface as
that component is added, and was cal culated as the difference
in fitness between two fithess surfaces at each grid point
(Mauricio and Rausher 1997). To create confidence intervals
for both the maximum and minimum differences between
surfaces, we employed bootstrap analyses that jointly esti-
mated the two surfaces being compared, computed the dif-
ference between those surfaces, and found the maximum and
minimum differences between the surfaces. For each of the
two comparisons presented, we ran 10,000 replicates of the
bootstrap, using the maximum and minimum differences be-
tween the surfaces as the test statistics, and calculated 95%
confidence intervals for these statistics.

RESULTS
Genetic variation and correlation between traits

To apply genetic selection analysis, measured characters
must be genetically variable (Rausher 1992). Consequently,
we first demonstrate that fitness, nectar volume per nectary,
and leaf number were genetically variable in our experimental
population. Genetic variation is indicated by the significant
sire and dam effects for nectar volume (h2 = 0.33) and fitness
(h?2 = 0.19), and the significant sire effect on leaf number
(h2 = 0.14) (Table 1). Block effects were significant for all
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TABLE 2. Pearson’s correlation coefficients for measured traits.
Significance values are directly beneath the correlation coefficient.
All correlations are of family means.

Trait Nectar volume Relative fitness

Leaf number 0.22892 0.59616
0.0227 <0.0001

Nectar volume 0.35824
0.0003

three characters, indicating an effect of local environment.
Treatment by sire and treatment by dam effects were not
significant for any of the traits, indicating that the ordering
of families was the samein all treatments. To our knowledge,
this is the first documentation of a heritable basis for ex-
trafloral nectar production (Mitchell 2004).

For all three pairs of characters, family mean correlations
were moderate in magnitude and statistically significant (Ta-
ble 2). Because of these correlations, a multivariate selection
analysis must be used rather than separate analyses of selec-
tion on nectar volume and leaf nhumber.

Treatment effects on herbivory and fitness

Treatments differed significantly in the frequency of her-
bivory (Table 3A, treatment effect). As expected if ants in
our experiments protected plants from herbivores, plants in
the ant-exclusion treatment experienced a greater amount of
herbivory than either control plants or plants from which ants
and insect herbivores were excluded (Table 3A, B). Plants
with more leaves also experienced significantly more her-
bivory (Table 3B, leaf number effect). When thisisaccounted
for, plants receiving herbivory had lower fitness than plants
without herbivory, but this did not reach statistical signifi-
cance (P < 0.08, Table 3C). These results confirm that the
experimental manipulations did affect herbivory levelsin the
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expected direction, although it cannot be confirmed that her-
bivory lowered fitness. Surprisingly, the plants in the ant-
exclusion treatment were actually largest and had the highest
fitness, although this difference between treatments was not
significant when family information was included in the mod-
el (Table 1).

Selection analysis

In all three treatments, directional selection favoring in-
creased leaf number was significant (Table 4). By contrast,
significant directional selection on nectar volume was de-
tected only in the control treatment (ants and herbivores pre-
sent), where selection favored an increase in nectar volume
per nectary. Stabilizing/disruptive selection was not detected
on either character in any treatment, but significant positive
correlational selection occurred in the control treatment.
Analysis by treatment thus suggests that the pattern of se-
lection on nectar volume, as indicated by the directional se-
lection gradients on this character and by the correlational
selection gradient, differs between at least the control treat-
ment and the two other treatments.

This difference was confirmed statistically using analysis
of covariance. In particular, the significant nectar volume X
treatment effect demonstrates that the magnitude of direc-
tional selection on nectar volume differs between treatments
(Table 5). Additionally, the nectar volume X leaf number X
treatment effect is significant, indicating that treatments dif-
fer in the magnitude of correlational selection. Specific con-
trasts for both of these selection gradients detected significant
differences between the ants-removed treatment and the con-
trol (significant for the nectar by leaf nhumber by treatment
interaction and marginally significant (P < 0.08) for the nec-
tar by treatment interaction), but did not detect significant
differences between the removal treatments or between the
ants-and-herbivores-removed treatment and the control. The

TaBLE 3. The effects of treatment on herbivory, and the effects of herbivory on fitness. (A) Treatment means of herbivory measures,
total seed number, and leaf number for censused plants. Standard errors are in parentheses. Herbivory means are equivalent to the
frequency with which herbivory was observed in that treatment and are not presented with standard errors. (B) Test for the effect of
treatment and leaf number on the occurrence of herbivory. (C) Test of the effect of herbivory and total leaf number on fitness.

A.
Character Treatment Mean (SE)

Herbivory Control 38.80

Ants excluded 44.52

All insects excluded 36.47
Seed produced Control 59.26 (6.13)

Ants excluded 78.54 (8.14)

All insects excluded 59.90 (6.43)
Leaf number Control 25.66 (1.76)

Ants excluded 30.06 (2.12)

All insects excluded 24.44 (1.68)
B. Type Il analysis of effects

Effect df Wald x2 Pr > x2
Treatment 2 6.2890 0.0431
Leaf number 1 136.2032 <.0001
Leaf number X treatment 2 5.4693 0.0649
C.
Source df Type Il SS F Pr>F

Herbivory 1 30.28040 3.11 0.0781
Leaf number 1 17668.26564 1816.17 <.0001
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TaBLE 4. Standardized selection gradients for nectar volume and leaf number. Directional () and stabilizing/disruptive (y) selection

gradients from selection analysis. Standard errors are in parentheses.

Ants and herbivores
present (controls)

Ants excluded All insects excluded

Treatment B v B v B v
Nectar volume 0.695* —0.053 —0.096 —0.042 0.127 —0.292
(0.244) (0.382) (0.165) (0.237) (0.119) (0.209)
Leaf number 0.895** 0.151 1.294*** 0.878t 0.646* —0.070
(0.209) (0.289) (0.224) (0.472) (0.009) (0.370)
Correlation selection (8) 1.991* -0.618 0.475
(0.703) (0.382) (0.600)

TP <01*P<0.01* P < 0.001*** P < 0.0001.

magnitude of directional selection on leaf number may also
have differed among treatments, though the leaf number X
treatment effect was significant only at the P < 0.1 level.
Overall, these differences suggest that ants and natural en-
emies alter the pattern of selection on nectar volume and leaf
number.

Visualizing the pattern of selection

The partial regression method used above can reveal gross
distinctions between the effects of natural selection in dif-
ferent treatments, but does not necessarily provide specific
details about how the treatments alter the selective surface
because the complexity of the shape of the selective surface
may not be captured by a simple second order fitted surface.
We have therefore used a bivariate spline approach (Schluter
and Nychka 1994) to create a better description of the se-
lective surfaces (Mauricio and Rausher 1997). We consider
each treatment in turn in the following paragraphs.

Selection in absence of ants and herbivores

A cost of nectar production should be reflected in selection
against nectar production in the absence of ants and herbi-
vores (insecticide treatment). In addition, the previous se-
lection analyses suggested that in this treatment, selection
favors plants with more leaves. Together, these two patterns
of selection would produce a peak in the fitness surface in
the upper left corner of Figure 1A, corresponding to minimal
nectar volume and maximal plant size.

The 95% confidence region for the actual peak of this

fitness surface is consistent with this expectation. The fitness
surface slopes upward toward high leaf number, and the con-
fidence region includes only the largest plants. However, al-
though this confidence region includes the point correspond-
ing to maximal plant size and minimal nectar production, it
is very broad with respect to nectar volume, and does not
rule out the possibility that the fitness peak corresponds to
an intermediate value of nectar production. In the region of
the fitness maximum, the fitness contours are essentially flat
with respect to nectar production, indicating that any phys-
iological costs of nectar production that exist are minimal.
This result is consistent with the failure to detect significant
directional selection on nectar volume in this treatment.

Selection in the presence of herbivores

Addition of herbivores (ant-exclusion treatment) alters
some aspects of the selective surface for extrafloral nectar
volume and leaf number (Fig. 1B). The fitness surface in this
treatment has an apparent peak corresponding to maximal
plant size but minimal nectar production. The 95% confidence
region for this peak is smaller than in the insecticide treat-
ment, and is fully consistent with selection favoring low nec-
tar volumes (the confidence interval extends to 2.74 on the
nectar volume axis in Fig. 1A and to 1.83 on the nectar
volume axis in Fig. 1B). Although the finding of a fitness
peak for zero nectar volume may seem inconsistent with our
failure to detect significant directional selection on nectar
volume in this treatment (see above), it should be noted that
in the region of the selective surface in which the population

TaBLE 5. Analysis of covariance for relative fithess of Chamaecrista fasciculata grown in the field in three treatments. The treatments
included plants sprayed with insecticide, plants from which ants were excluded, and control plants. This table combines two analyses:
results for linear terms derive from an analysis using linear terms only, whereas results for quadratic terms are derived from an analysis
including both linear and quadratic terms (following Lande and Arnold 1983).

Source df Type Ill SS F Pr>F
Nectar volume 1 1.72301474 5.23 0.0245
Leaf number 1 19.56990815 59.68 <.0001
Treatment 2 0.15072747 0.23 0.7960
(Nectar)? 1 0.17558695 0.59 0.4459
(Leaf number)? 1 0.63105976 211 0.1503
Nectar X leaf number 1 0.93868050 3.14 0.0803
Leaf number X treat. 2 1.56586938 2.38 0.0987
Nectar X treat. 2 2.48483221 3.77 0.0267
(Nectar)? X treat. 2 0.20776339 0.35 0.7078
(Leaf number)2 X treat. 2 0.87486679 1.46 0.2379
Nectar X leaf nhumber X treat. 2 3.36560087 5.62 0.0052
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Fic. 1. Selective surfaces of nectar volume per nectary and total leaf number. On all contour plots, relative fitness is on the z-axis,
determining height. Darker shading corresponds to lower fitness values, and lighter shading corresponds to higher fitness values. The
current mean population value is marked with an X on each surface. The location of fitness peaks are marked with a + in the margin
of the figure, and the location of troughs are marked with a —. Traits and fitness are reported as residuals after block effects have been
removed. The trait axes are scaled to reflect the total range of family mean values found for each trait. Dark lines denote the 95%
confidence interval for the maximum value on the surface, as determined by 10,000 bootstrap replicates. (A) Selective contour for plants
sprayed with insecticide. (B) Selective contour for plants without ants. (C) Selective contour for control plants with both ants and other

insects.

mean is found (‘‘X’’ in Fig. 1B), the fitness contours are
relatively flat in the direction of the nectar-volume axis. Since
the regression analysis has the most power for detecting se-
lection near the population mean where most individuals are,
it is not surprising that no directional selection was detected.
However, the population mean is also very far from the se-
lectively favored plant size, which corresponds to large
plants. At this favored plant size, the extrapolated pattern of
selection visualized in the selective surface along the nectar
volume axis is steeper than at the current population mean.
Thus, there is suggestive evidence for a cost of producing
extrafloral nectar, but one that is most pronounced for large
plants.

The greater cost of nectar production in the ant-exclusion
treatment suggests that any cost of nectar production that was

present in the insecticide treatment may be exacerbated by
the additional stress of herbivory. This effect can clearly be
seen in the selective pattern imposed by herbivory (Fig. 2A),
which is calculated following the technique of Mauricio and
Rausher (1997): subtracting the fitness surface of the treat-
ment without insects (Fig. 1A, which represents the input of
all selective agents on the plant other than herbivores or ants)
from the surface of the treatment without ants (Fig. 1B, which
represents the input of all selective agents on the plant other
than ants). The resulting fitness surface is essentially a plane
that slopes upward from the lower right corner (correspond-
ing to small plants with copious nectar) to the upper left
corner (corresponding to large plants with no nectar). The
slope of this surface is confirmed by the 95% confidence
regions for the maximum and minimum in the lower right
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Fic. 2. Selective difference surfaces visualizing the selective effect of including herbivores and ants. Asin Figure 1, relative fitnessis
on the z-axis, determining height. Darker shading corresponds to lower fitness values, and lighter shading corresponds to higher fitness
values. The current mean population value is marked with an X on each surface. Traits and fitness are reported as residuals after block
effects have been removed. The trait axes are scaled to reflect the total range of family mean values found for each trait. Solid lines
indicate a 95% confidence interval for the maximum value of the surface, while dashed lines indicate the 95% confidence interval for
the minimum value. (A) Selection on extrafloral nectar volume per nectary and leaf number imposed by herbivores (calculated by
subtracting the surface in Fig. 1A from the surface in Fig. 1B). (B) Selection on extrafloral nectar volume per nectary and leaf number
imposed by ants (calculated by subtracting the surface in Fig. 1B from the surface in Fig. 1C).

corner and upper left corner, respectively. Thus, for a given
plant size, herbivory favors adecrease in the volume of nectar
produced per nectary. Because it is unlikely that herbivores
are preferentially damaging plants that produce large amounts
of nectar, this pattern is most easily explained by assuming
that herbivore stress increases the cost of nectar production.

Selection with ants and herbivores present

Addition of antsfurther alters the selective surface (control
treatment, Fig. 1C). The fitness surface of the control treat-
ment is essentially a plane that slopes upward from the lower
left corner (small plantsthat produce little nectar) to the upper
right corner (large plants that produce copious nectar). The
confidence region for the fitness peak is small, indicating that
both large plants and large nectar volume are favored by
selection. Moreover, there is no overlap of the confidence
interval of this treatment and that of the ants-excluded treat-
ment, confirming the conclusion from the selection analysis
that the addition of ants alters the direction of selection on
nectar volume. The form of the plane is also consistent with
the detected pattern of correlational selection in that thereis
aridgeintheleft hand side of Figure 1C, indicating a positive
interaction between the effects of leaf number and nectar
volume on fitness. This pattern suggests that any enhance-
ment of genetic correlations that jointly increase these two
traits would be favored by natural selection.

The pattern of selection imposed by ants (Fig. 2B) clearly
shows that addition of antsfavorsincreased nectar production
and leads to little selection on plant size (the contours are
essentially flat in the direction of the leaf number axis). Pre-
sumably, this pattern reflects preferential visitation of ants
to, and consequent preferential removal of herbivores from,
plants producing large amounts of extrafloral nectar.

Discussion

The function of extrafloral nectar was a subject of debate
for much of the twentieth century, until Bentley (1977) mar-
shaled considerable evidence in support of the notion that
the primary function of extrafloral nectar is to attract *‘ pug-
nacious'’ bodyguards that protect the plant from herbivores.
Until this seminal paper, many authors had argued that ex-
trafloral nectar served physiological functions unrelated to
mutualism with insects, such as releasing excess sugars (e.g.,
Frey-Wyssling 1955; Helder 1958; Mound 1962; Milburn
1975). Research following Bentley’s work has largely sup-
ported her conclusions by demonstrating that exclusion of
ants from plants with extrafloral nectaries, including Cha-
maecrista fasciculata (Barton 1986; Kelly 1986), frequently
results in increased damage by herbivores and decreased
mean plant survival and/or reproductive success (e.g. Oliveira
1997; Oliveira et a. 1999; Cuaulte and Rico-Gray 2003).
However, because most of this work has not explicitly ex-
amined the effects of variation in nectary characteristics, and
none has explicitly examined patterns of selection on such
characters in the absence of ants, several issues regarding the
evolution of extrafloral nectar production have remained un-
resolved. Our experiment provides some resolution to these
issues.

First, although a decrease in fitness associated with ant
removal (as found in previous studies) indicates that there is
a benefit to attracting ants by producing nectar, it does not
confirm that ants are involved in the maintenance of extraf-
loral nectar characters. More specifically, it does not dem-
onstrate that attracting ants is a crucial benefit, such that
removal of ants would result in selection acting to eliminate
extrafloral nectar production. However, our experiment in-
dicates that ant attraction is such a crucial benefit of nectar
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production in Chamaecrista fasciculata. In this species, in
the presence of ants, high levels of nectar production are
favored by selection, but in the absence of ants thereislittle
direct selection and the selective surfaces suggest lower nec-
tar volumes per nectary would eventually be favored. This
result does not necessarily mean that other benefits associated
with nectar production are absent, but does demonstrate that
these benefits by themselves do not generate a net pattern of
selection that would maintain nectar production.

Second, although previous investigations have demonstrat-
ed benefits associated with ant visitation, they have not at-
tempted to determine whether extrafloral nectar production
has costs, nor whether the benefits of nectar production ex-
ceed the costs. In our insecticide treatment, which excluded
both ants and herbivores, there was little evidence of costs
associated with nectar production, in terms of the amount of
nectar produced per nectary. However, thistreatment is some-
what artificial because although ants may not be present in
some natural populations, our observations suggest that her-
bivores normally are. Under these more natural conditions,
corresponding to our ant-exclusion treatment, we found sug-
gestive evidence of costs of nectar production. Moreover, in
the presence of ants there was net selection favoring high
nectar levels, indicating that benefits of nectar production
exceed the costs.

Finally, whereas most previous investigations have sug-
gested that plant fitness differences are associated with pres-
ence versus absence of ants, and thus by inference with the
presence versus absence of extrafloral nectar production,
these studies do not indicate what aspects of nectar produc-
tion are subject to selection by ants. Studies of ant responses
to variation in several nectar characteristics, including nectar
volume, and sugar and amino-acid concentrations (Lanza
1988, 1991; Lanzaet al. 1993; Koptur and Truong 1998; Kay
2002), suggest that any of these continuous characteristics
might be molded by selection imposed by ants. One recent
study of extrafloral nectar in wild cotton by Rudgers (2004)
provides a stong example of the potential of selection to act
explicitly on extrafloral nectar production. Rudgers simul-
taneously examined the effect of excluding ants and the effect
of blocking all extrafloral nectar production. Thisstudy found
that the benefits of ant protection were greatly reduced when
extrafloral nectar production was completely suppressed. Our
study confirms that continuous variation in nectar volume, is
subject to selection by ants and thus can be expected to vary
among populations that differ in ant availability.

Applicability of Cost-Benefit Models

Although many theoretical analyses of the evolution of
mutualisms incorporate cost-benefit analyses either explicitly
or implicitly (see introduction), empirical analyses of mu-
tualisms have seldom explicitly examined the appropriate-
ness of a cost-benefit framework, except in the case of plant-
pollinator interactions (e.g., Holland and Fleming 1999). Be-
cause our experimental manipulations allow us to dissect
component costs and benefits associated with extrafloral nec-
tar production, we are able to determine the applicability of
such a framework to mutualisms between ants and plants.
Specifically, we can evaluate the appropriateness of three
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assumptions that would characterize any cost-benefit analysis
of mutualisms:

Extrafloral nectar is costly to provide.—Although there is
little direct evidencefor costs of extrafloral nectar production,
several types of indirect evidence suggest that nectar costs
may be substantial. For example, one study has demonstrated
a fitness cost associated with producing floral nectar (Pyke
1991). Because the basic components of floral and extrafloral
nectar are similar (Baker et al. 1978; Koptur 1994), this ob-
servation suggests that similar costs are likely to be asso-
ciated with extrafloral nectar. Another type of suggestive ev-
idence is the inducibility of extrafloral nectar production in
response to herbivory (Koptur 1989; Smith, et al. 1990; Heil
et al. 2001; Mondor and Addicott 2003; Ness 2003; Wackers
and Bonifay 2004). Such inducibility has been interpreted as
evidence of costs in chemical plant defenses (Simms 1992).
An analogous interpretation points to a cost of extrafloral
nectar production (Agrawal and Rutter 1998; Rudgers and
Gardener 2004).

As described above, our results provide suggestive evi-
dence that extrafloral nectar production in C. fasciculata
could be costly. Although for the ants-excluded treatment we
detected no negative genetic correlation between fitness and
nectar volume in our selection analysis, this result is likely
due to the relative flatness of the fitness surface at the pop-
ulation mean. Thus for the extant population, nectar produc-
tion is selectively neutral when ants are not present. The
population mean, however, is far away from the peak of the
fitness surface, indicating that the population is not at equi-
librium with respect to plant size. This disparity between the
fitness peak and the current population mean could reflect
changing selection pressures or genetic constraints stemming
from trade-offs between total leaf number and other traits
that we did not measure in our study. If the population could
reach the equilibrium point in our extrapolated fitness sur-
faces, where plant size would be large, there would be de-
creasing fitness with increasing nectar volume, indicating a
cost to nectar production. As noted previously, this cost is
not detectable in the absence of herbivory. However, because
most populations of C. fasciculata experience herbivory,
costs would most likely be expressed in natural populations
with high leaf numbers.

Extrafloral nectar production yields a benefit.—Demon-
strating whether or not extrafloral nectar yields a benefit to
plants is the traditional preoccupation of studies of ant-plant
mutualisms mediated by extrafloral nectar production (e.g.,
Janzen 1966; Elias and Gelband 1975; Bentley 1977; Keeler
1977, 1981; Tilman 1978; Koptur 1979; O’ Dowd 1979; Ste-
phenson 1982; Horvitz and Schemske 1984; Barton 1986;
Kelly 1986; Smiley 1986; Rashbrook et al. 1992; Koptur et
al. 1998; Oliveira et al. 1999; Freitas et al. 2000; Ruhren
2003; Cuaulte and Rico-Gray 2003). The core of this ap-
proach involves observing ants feeding on extrafloral nectar,
removing ants from some plants, and discerning if plantswith
ants have a higher fitness than those that do not. This type
of experiment can demonstrate whether there is a benefit
associated with the presence versus absence of nectaries but
provides little information regarding the relative benefits of
different values of quantitative nectary traits. In the context
of this study, this type of analysis cannot reveal whether the
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benefit associated with nectar production increases as nectar
volume increases, or whether any such increase in benefit
plateaus once enough ants have been attracted to remove all
herbivores.

Addressing these issues requires experimental dissection
of the overall pattern of selection on nectar volume into com-
ponents corresponding to benefits and costs. In this study,
we have been able to achieve such a dissection. Our results
demonstrate that the benefit of nectar production, which cor-
responds to the pattern of selection imposed by ants (Fig.
2B), increases monotonically, indicating that greater nectar
volume per nectary yields a higher benefit. There is some
indication that the rate of this increase diminishes as nectar
volume increases: the fitness contours in Figure 2B become
slightly more widely spaced as nectar volume increases.
However, there is little evidence of a plateau in benefit, sug-
gesting that even if nectar volume could be increased beyond
the range of values observed in this study, additional benefit
would accrue. Finally, thereis positive correlational selection
between leaf number and nectar volume per nectary, sug-
gesting that when ants are present, selection favors genetic
connections between producing high levels of nectar and pro-
ducing many leaves. Correlational selection isfrequently the
result of trade-offs (Sinervo and Svensson 2002), and the
action of selection to favor plants with many leaves and high
nectar volume per nectary and disfavor plantswith few leaves
and low nectar production may be the result of a trade-off
involving costs of nectar production. Furthermore, given that
increased |leaf number was associated with increased herbiv-
ory, plants with high leaf number may derive the most benefit
from ant protectors.

The costs and benefits of extrafloral nectar production yield
an intermediate optimum maintained by stabilizing selec-
tion.—One predicted outcome of many cost-benefit models
is that the trait in question equilibrates at an intermediate
value and isthereafter subject to stabilizing selection (Rough-
garden 1975; Keeler 1985; Connor 1995, Schwartz and Hoek-
sema 1998). The existence of costs and benefits does not by
itself guarantee such an intermediate optimum, which nor-
mally requires that one or both of the cost and benefit func-
tions be nonlinear. Our experiment failed to reveal the ex-
istence of such an optimum for nectar volume. Thus, it ap-
pears that in this system costs and benefits do not yield an
intermediate optimum, at least within the range of variation
encompassed in our experiment. Such an optimum may exist,
but outside the range of variation we observed. Alternatively,
costs and benefits themselves may be temporally and/or spa-
tially quite variableif, for example, the abundance or species
composition of ants varies. Under such variability, there may
be no sites or times at which an intermediate optimum exists.
A major caveat of our study is that it represents a measure-
ment of the patterns of selection in only a single season, and
longer-term patterns of evolution of extrafloral nectar pro-
duction may be shaped by selective pressures not observed
during this year.

Our analysis has shown that application of a cost-benefit
framework yields some insights into the evolution of a quan-
titative mutualism trait. We have obtained evidence for the
existence of both costs and benefits associated with that trait
and quantified the relationship between the magnitudes of
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costs and benefits and the value of the trait. We have also
demonstrated that, at least for a single population at one site
in one year, benefits exceed costs and thus selection favors
retention of that trait. However, application of a cost-benefit
framework to this dataset provides little insight into the evo-
lutionary equilibrium of the trait. The interaction of costs and
benefits does not produce an evolutionary optimum for the
trait within the range of variation observed, and the current
population mean for the trait appears to be far from any such
optimum. These results suggest that successful application
of a cost-benefit framework to extrafloral nectar production
will require incorporation of the influence of temporal and
spatial variation on the form and magnitude of costs and
benefits (Rudgers and Gardener 2004). To observe stabilizing
selection, it may be necessary to further expand the range of
variation in the population through artificial selection.
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