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Introduction

In general, the interaction between plants and their

pollinators is mediated by the expression of signals that

advertise rewards. Because reward production com-

monly represents an energetic cost for plants (Pleasants

& Chaplin, 1983; Southwick, 1984; Pyke, 1991; Ordano

& Ornelas, 2005; but see Leiss et al., 2004), any strategy

decreasing this cost without reducing pollinator visitation

rates should be favoured by selection. Nectar, the most

common floral reward, (Cruden et al., 1983; Simpson &

Neff, 1983), is often concealed within the flower and

cannot be directly perceived by pollinators. Hence, they

must rely on other floral traits (e.g. flower number,

shape, size, odour and colour) to indirectly assess the

quantity ⁄ quality of nectar offered by plants (Blarer et al.,

2002; Schaefer et al., 2004; Armbruster et al., 2005;

Chittka & Raine, 2006; Fenster et al., 2006; Gómez et al.,

2008; Raguso, 2008). Because a strong component of the

foraging decisions of pollinators rely on advertising traits,

plants have the opportunity to reduce the costs of reward

production by decreasing the strength of their intra-

individual covariance between floral signals and rewards

(Dafni, 1984; Renner, 2006), to ‘misinform’ or, in other

words, cheat pollinators.

Most studies addressing cheating in plants have

focused in rewardless species, which represent an

extreme among cheating strategies. Nectarless species

are common among Angiosperms and widely spread in

the diversified orchid family (Dafni, 1984; Schiestl, 2005;

Renner, 2006). These cases are good examples of how

manipulation of pollinators’ sensory capabilities can be a

successful strategy of plants to save resources. Never-

theless, reducing the relationship between signals and

the amount of rewards can represent another way of

Correspondence: César A. Domı́nguez, Departamento de Ecologı́a Evoluti-

va, Instituto de Ecologı́a, Universidad Nacional Autónoma de México,
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Abstract

Because pollinators are unable to directly assess the amount of rewards offered

by flowers, they rely on the information provided by advertising floral traits.

Thus, having a lower intra-individual correlation between signal and reward

(signal accuracy) than other plants in the population provides the opportunity

to reduce investment in rewards and cheat pollinators. However, pollinators’

cognitive capacities can impose a limit to the evolution of this plant cheating

strategy if they can punish those plants with low signal accuracy. In this study,

we examined the opportunity for cheating in the perennial weed Turnera

ulmifolia L. evaluating the selective value of signal accuracy, floral display and

reward production in a natural population. We found that plant reproductive

success was positively related to signal accuracy and floral display, but not to

nectar production. The intensity of selection on floral display was more than

three times higher than on signal accuracy. The pattern of selection indicated

that pollinators can select for signal accuracy provided by plants and suggests

that learning abilities of pollinators can limit the evolution of deceptive

strategies in T. ulmifolia.
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cheating. In this case, cheating plants can be character-

ized as those with low levels of signal accuracy (i.e. low

association between signal and reward) and a reduced

reward production relative to the population average.

This cheating strategy could be visualized as a subtle,

more continuous deceptive mechanism than those

involving bonanza ⁄ blank displays (Feinsinger, 1983),

reward polymorphisms (Golubov et al., 1999; Castillo

et al., 2002) or the complete absence of rewards (Dafni,

1984; Schiestl, 2005; Renner, 2006).

Pollinators prefer plants providing high-energy

returns, but they commonly choose among plants on

the basis of floral cues correlated with the quantity ⁄ qual-

ity of reward production (Cresswell & Galen, 1991; Blarer

et al., 2002; Raguso, 2004, 2008; Schaefer et al., 2004;

Armbruster et al., 2005; Fenster et al., 2006; Gómez et al.,

2008). Some studies have explicitly recognized that the

association between the magnitude of signals and reward

production is a potential explanation for selection on

advertising traits (Martin, 2004; Armbruster et al., 2005;

Gómez et al., 2008), but as far as we know, no study has

yet evaluated if pollinator-mediated selection can favour

this correlation at an individual level. This scenario

would indicate that pollinators actively favour pheno-

types that more accurately convey information about

rewards.

Within-individual correlation among floral signals and

rewards could be the target of pollinator-mediated

selection because pollinators gather information about

the quality of a patch and decide whether to continue

foraging in that patch or leave after sampling a given

number of flowers (Dukas & Real, 1993; Biernaskie et al.,

2009). Hence, in the particular case when the foraging

patch is a single plant or inflorescence, pollinator choices

can be affected by intra-individual variation and covari-

ation between flower traits. In this study, we explored

whether plants producing noisy signals (i.e. a decrease in

the magnitude of intra-individual covariance between

floral signals and rewards) enjoy a reproductive advan-

tage compared to plants producing more accurate signals.

We propose a measure of signal accuracy based on the

assumption that pollinators follow a Bayesian updating

process to assess the degree of correlation between flower

signals and rewards (Dall et al., 2005; Biernaskie et al.,

2009). This approach assumes that pollinators learn from

past experiences and update this information after each

visit to a flowering plant (Biernaskie et al., 2009). If

nectar production imposes a significant cost for plants

and noisy signals allow them to reduce this cost, we

expected natural selection to favour plants with a low

magnitude of signal accuracy. Hence, plants with low

levels of signal accuracy are predicted to show a reduc-

tion in reward production. Alternatively, if pollinators

are able to discriminate between noisy and reliable

signals, strong selective pressures promoting increased

levels of signal accuracy and nectar production are

expected.

Materials and methods

Study system

Turnera ulmifolia L. is a heterostylous perennial weed

native to the Neotropics (Barret, 1978). Although this

species exhibits homostylous, self-compatible flowers in

the study area, pollinator visitation can duplicate the

number of ripe fruits (and seeds per fruit) produced by

plants (Cuautle & Rico-Gray, 2003). Each plant produces

between 3 and 16 (with a mean of 5.54), yellow

flowers ⁄ day which last on average 4 h. Anthesis occurs

2–3 h after dawn. Flowers of T. ulmifolia have five nectar

pockets, which alternate with the corolla lobes. Because

the flowers last only few hours, the process of nectar

secretion, pollen release and stigmatic receptivity is

closely synchronized (Elias et al., 1975), suggesting that

nectar reabsorption and response to nectar removal by

pollinators may be negligible.

Flower visitors at the study site include butterflies

(Lycaenidae, Pieridae and Hesperidae); bees (Apidae,

Halictidae and Megachilidae); flies (Bombilidae); and

occasional nectar-seeking ants and wasps (Nubia Lara

Rodrı́guez, pers. com.). Bees and skippers are more likely

to function as true pollinators because their sizes allow

them to touch fertile parts of the flower, whereas

Lycaenidae and Pieridae butterflies are probably nectar

thieves (S. Benitez-Vieyra, pers. obs.). Ants and wasps

concentrate their foraging in extra-floral nectaries

(Cuautle & Rico-Gray, 2003).

Study site and data collection

Fieldwork was carried out during July 2007 at the Centro

de Investigaciones Costeras La Mancha (CICOLMA),

Veracruz, Gulf of México (19�31¢17¢¢N, 96�13¢29¢¢W). In

this area, T. ulmifolia is usually present at the border of

small patches of vegetation within coastal sand dunes.

We sampled 57 reproductive plants in an area of nearly

5 ha during five consecutive days (each plant was

sampled once). Geographical coordinates of each plant

were recorded with a GPS (Magellan Explorist 200, Santa

Clara, CA, USA). Each plant was bagged during 3–4 h to

allow nectar accumulation; bags were set-up before

pollination activity began (between 8:00–9:00 AMAM), and

they were taken off near the end of flower lifespan. This

allowed us to have an estimate of nectar production as a

plant trait not being affected by previous pollinator visits.

When bags were removed, all the opened flowers were

harvested (3–16 flowers per plant) to measure the

volume of accumulated nectar using 5-lL microcaps.

Nectar concentration was estimated to the nearest 0.25

Brix using hand refractometers (American Optical 10431

and Reichert 137530LO). These data were then used to

estimate the amount of sugar produced per hour by each

flower following the procedure outlined by Kearns &

Inouye (1993). We used one petal from the same flower
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and measured its length with a digital calliper to the

nearest 0.01 mm. Flowers used for nectar and petal

measurements were not included to assess plant fitness

because they were harvested. Instead, to have an

estimate of reproductive success, we used the fruits

previously produced by the plant corresponding to

flowers fertilized under natural conditions before plant

bagging. This procedure ensured that nectar quantifica-

tion did not alter the reproductive success of individual

flowers and plants.

We estimated the total number of seeds produced per

plant as the mean number of seeds per fruit · mean

number of fruits per branch · total number of branches.

The estimation of the mean number of seeds per fruit was

based on the seeds produced by 10 fruits per plant,

randomly selected from several branches. Mean number

of fruits per branch was assessed by counting the fruits

produced in 6–8 branches per plant (which represented

around half of the branches produced by the plants). We

also estimated the mean number of seeds per flower (i.e.

estimated number of seeds ⁄ total number of flowers

previously produced per plant), which allowed us to

evaluate selection patterns at the level of individual

flowers, avoiding the numerical effects of flower number

on total plant fitness (Benitez-Vieyra et al., 2006). Total

number of flowers produced can be readily estimated in

T. ulmifolia because flower pedicel and bracts remain

attached to the plant even if the flower fails to set a fruit.

Although T. ulmifolia plants flower throughout the year,

flowering peak occurs during the rainy season (from

June to November, Torres-Hernández et al., 2000). To

avoid the effects of environmental fluctuations on our

estimates of nectar production (Herrera, 2009), we chose

to concentrate our sampling during a short period (early

June) of the flowering peak.

Signal accuracy

Because flowers of T. ulmifolia have radial symmetry, the

length of one petal is a good measure of flower size and of

its signalling properties (Blarer et al., 2002; Armbruster

et al., 2005; Fenster et al., 2006; Gómez et al., 2008). In

fact, petal length and nectar production were signifi-

cantly correlated at the population level (r = 0.365;

P < 0.0001). Signal accuracy was defined as the intra-

individual correlation between signal and reward, rela-

tive to this relationship at the population level. Signal

accuracy was estimated using the same number of

flowers harvested per plant to obtain nectar and petal

length measurements (on average 5.54 flowers). To

estimate signal accuracy as a relative plant trait that

influences plant fitness, we first assumed that pollinators

are able to detect the association between the signal and

the reward (Blarer et al., 2002) and that they learn this

association following a Bayesian foraging behaviour. This

behaviour implies that the perception of the mean

population signal–reward correlation is likely to be

updated from visit to visit and depends on the sequence

of pollinator visits and the number of visited flowers.

However, to characterize signal accuracy as a plant trait,

we considered that before visiting a given plant, pollin-

ators already had the information of the mean signal–

reward correlation in the population. This assumption is

reasonable provided the low probability that a plant has

to be visited by a naive pollinator in a population with a

large number of opened flowers during an extended

flowering season. Hence, all plants were treated as

equivalents in terms of the order in which they are

visited by pollinators. Following this rationale, we were

able to estimate a relative value of signal accuracy for

each plant. This relative value (signal accuracy; SA)

corresponds to the difference between the population

signal–reward correlation excluding a given plant (prior

population correlation, r0) and the population signal–

reward correlation including that specific plant (posterior

population correlation, rp).

SA ¼ rp � r0 ð1Þ

Thus, SA values near zero represent individual plants

with a correlation as accurate as the population mean,

which do not modify prior estimations of population

signal accuracy. Positive values of SA correspond to

individual plants that increase the mean population

accuracy, whereas negative values of SA relate to less

accurate plants that reduce the posterior mean value of

the population signal–reward correlation.

Following the expectation of a Bayesian information

updating process, the posterior mean value of the

population signal–reward correlation (rp) as estimated

by Box & Tiao (1979) was calculated as

rp ¼
1

w0 þ wi

� w0r0 þ wirið Þ ð2Þ

where rp = posterior mean population correlation;

r0 = prior mean population correlation; ri = correlation

value of i-individual, w0 ¼ 1=r2
0 (the reciprocal of the

prior variance); wi ¼ n=r2
i (the reciprocal of the indi-

vidual variance multiplied by the number of flowers of

i-individual). Although plants with larger floral display

are more attractive to pollinators (Ohashi & Yahara,

2002; Harder & Johnson, 2009 and references therein),

we assumed that after visiting a reduced number of

flowers, pollinators leave plants with low signal accuracy.

Statistical analyses

Before conducting the phenotypic selection analyses, we

performed a spatial autocorrelation analysis to examine

whether environmental variation affected fitness. We

estimated Moran’s I index of spatial autocorrelation

and assessed its significance using 1000 permutations

(Haining, 2003). We did not find a significant spatial

autocorrelation for total seed production per plant (I =

)0.062; P = 0.564) or mean seed production per flower
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(I = 0.169; P = 0.135), suggesting that variation in local

environmental conditions had no effect on plant repro-

duction within the study site.

Two phenotypic selection analyses were carried out

following the methodology proposed by Lande & Arnold

(1983), one for flower reproductive success (seeds per

flower) and the other for total plant fitness (number of

seeds). Before conducting these analyses, relative fitness

was calculated by dividing each plant’s fitness value by

the population mean. Predictor variables were standard-

ized. Mean nectar production per flower, mean petal

length and SA were included as independent variables in

both analyses. The number of flowers was also included

to control for differences in size among plants because

floral display is directly related with the number of

branches per plant (r = 0.732, P < 0.0001, n = 57).

Selection models were checked for multicolinearity using

variance inflation factors (VIFs). In all cases, VIFs were

smaller than 1.26, indicating the absence of multicolin-

earity. Phenotypic correlations among characters were

also calculated. The results of selection analyses are likely

to be conservative given the reduced chances of pollina-

tor-mediated selection because of the proportion of seeds

of T. ulmifolia produced by self-pollination.

Because residuals from regression analyses departed

from normality, standard errors for selection gradients

were calculated using bootstrap methods (Dixon, 1993;

Gross et al., 1998; Maad & Alexandersson, 2004). We

generated 10 000 bootstrap samples from the original data

set. Each sample consisted of the same number of

observations as the original data set and was obtained by

resampling with replacement. Selection gradients esti-

mated after each bootstrap were used to obtain their

frequency distribution. A selection gradient was consid-

ered significant if the bias-corrected confidence percentile

interval did not include zero (Gross et al., 1998). We used

the boot package of R software (version 2.8.1, available

online at http://www.r-project.org/) to perform the boot-

strapping and to estimate the 90%, 95%, 99% and 99.9%

confidence intervals. Because multiple regression is con-

strained to adjust the best linear or quadratic approxima-

tion to the relationship between fitness and trait variation

(or combination of traits) (Brodie et al., 1995), we applied

cubic splines nonparametric regressions to avoid a priori

assumptions about the shape of the relationship (Schluter,

1988). Cubic splines were calculated using D. Schluter’s

GLMSGLMS software version 4.0 (available at http://www.zool-

ogy.ubc.ca/~schluter/software.html) for traits that were

shown to be significantly affected by phenotypic selection.

A smoothing parameter for each spline was chosen by

generalized cross-validation.

Results

Mean (±SD) sugar production rate per flower was

153.78 ± 142.86 lg h)1, showing important levels of

variation among plants. We also found higher levels of

within plant variation in nectar production (mean

CV ± SD) (81.82 ± 50.54%) than in petal length

(9.37 ± 4.87%), suggesting that most of the variation in

signal accuracy is because of variation in nectar produc-

tion rather than in flower size.

Except for the correlation between mean petal length

and mean nectar production, none of the phenotypic

correlations (at the population level) was significant

(Table 1). Mean seed production per flower was 29.49

(range: 8–53 seeds), whereas mean seed production per

plant was 2857.63 (range: 513–14743 seeds). Phenotypic

selection analysis for total number of seeds per plant

detected directional selection favouring individuals with

both high number of flowers and signal accuracy

(Table 2). These findings were supported by cubic splines

analyses (Fig. 1d, e). The selection analysis using seeds

per flower as the fitness component showed almost

identical results (Table 2, Fig. 1a, b), although in this case

directional selection on nectar production was also

detected (Fig. 1c). Inspection of cubic splines indicated

that only those plants with values of signal accuracy

above the population average were favoured by selection

(Fig. 1b, e). In all cases, selection on flower number was

more intense than on nectar production or signal

accuracy (Table 2). No significant selection on mean

petal length was detected neither for total number of

seeds per plant nor for seeds per flower (Table 2). We

found no evidence of significant nonlinear (quadratic or

correlative) selection (Table 2).

Discussion

Results from this study suggest that natural selection

favouring signal accuracy can constrain the evolution of

cheating. Accordingly, our findings did not support the

hypothesis that plants producing noisy signals enjoy a

reproductive advantage compared to plants producing

more accurate signals. Interestingly, when total fitness

was considered (seed production), we did not find

significant selection for nectar investment. In contrast,

we found selection on signal accuracy (which was

Table 1 Pearson’s correlation coefficients for Turnera ulmifolia traits.

Mean nectar

production

per flower

Signal

accuracy�

Flower

number

Mean petal length 0.433* )0.136 )0.102

Mean nectar production

per flower

)0.072 )0.076

Signal accuracy� )0.046

n = 57. *P < 0.001.

�Signal accuracy was estimated as the difference between prior

population correlation between petal length (signal) and nectar

production (reward) and posterior correlation between these traits

after pollinator visitation to each individual plant (see Methods).
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independent of nectar investment), thus indicating that

plants producing honest signals do not necessarily incur

in higher costs of reward production. This is a counter-

intuitive result because pollinators are thought to pref-

erentially forage among those plants with higher

amounts of nectar (Rathcke, 1992). Nonetheless, because

nectar is concealed within the flower, the only way for

pollinators to assess the amount ⁄ quality of the rewards is

throughout the signals flowers convey. Although there is

abundant evidence that floral signals are usually corre-

lated with rewards (Armbruster et al., 2005; Cresswell &

Galen, 1991; Fenster et al., 2006; Gómez et al., 2008; this

Table 2 Multivariate phenotypic selection analyses on Turnera ulmifolia traits. Standardized linear selection gradients (bi), non-linear selection

gradient (cii), and correlational selection gradients (cij), and standard errors (SE) are indicated�.

Fitness measure Characteri bi (SE) cii (SE)

cij (SE)

Mean nectar

production

Mean petal

length

Signal

accuracy�

Seeds per plant Flower number 0.629 (0.074)*** 0.038 (0.148) )0.031 (0.102) 0.105 (0.136) 0.228 (0.074)

Mean nectar production 0.076 (0.082) 0.100 (0.134) 0.067 (0.129) 0.042 (0.114)

Mean petal length 0.086 (0.082) )0.076 (0.137) )0.233 (0.120)

Signal accuracy� 0.185 (0.074)* 0.100 (0.085)

Seeds per flower Flower number 0.100 (0.033)*** )0.021 (0.076) )0.008 (0.053) 0.041 (0.070) < 0.001 (0.038)

Mean nectar production 0.080 (0.037)** 0.024 (0.069) 0.073 (0.066) )0.010 (0.059)

Mean petal length )0.042 (0.037) )0.065 (0.070) )0.022 (0.062)

Signal accuracy� 0.050 (0.033)** 0.060 (0.044)

n = 57. *P < 0.05; **P < 0.01; ***P < 0.001.

�Significance of selection gradients was estimated using 10 000 bootstrap iterations and testing if bias-corrected accelerated intervals include

zero, with confidences of 0.10, 0.05, 0.01 and 0.001.

�Signal accuracy was estimated as the difference between prior population correlation between petal length (signal) and nectar production

(reward) and posterior correlation between these traits after pollinator visitation to each individual plant (see Methods).
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Fig. 1 Cubic spline regressions between floral traits and reproductive success. Dashed lines represent ±1 SE estimated from 5000 bootstrap

replications. Values of relative fitness (a–c) and total fitness (d–e) are standardized to population mean.
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study), this association is far from being high, indicating

some extent of uncertainty around the amount and

quality of rewards announced by the flowers. Under this

scenario of limited information, signal accuracy may be

the pollinators’ best source of information regarding the

expected amount or quality of the reward a plant offers,

as we have demonstrated in this study.

Although we found significant selection for signal

accuracy, flower display was the most important variable

determining both individual fitness (total seed produc-

tion) and flower success (seeds per flower) during the

reproduction period we measured. This is consistent with

a previous review indicating that the intensity of selec-

tion on floral display is usually greater than on other

reproductive traits (Harder & Johnson, 2009). Given that

the total amount of nectar produced by an individual

plant increases with the number of flowers, this could be

the first and easiest way to evaluate the quality of a plant

as a source of resources. In other words, selecting plants

with large number of flowers warrants the acquisition of

more nectar per foraging bout. From the plant’s perspec-

tive however, the fitness benefits of floral display also

depends on future episodes of selection during fruit

dispersal (Cuautle et al., 2005, Garrido et al., 2009). The

higher intensity of selection on floral display vs. signal

accuracy indicates that the success of individual flowers

depended on the reproductive phenotype of the whole

plant. In T. ulmifolia, nectar production per flower had a

significant effect on the number of seeds per flower,

although the intensity of selection indicates that quantity

(and probably the quality) of nectar is a less important

cue that pollinators consider in their foraging decisions.

Our results suggest that flowers’ reproductive success

depends on a two-step hierarchical foraging decision-

making process. First, pollinators choose plants with the

larger floral display, and second, they choose plants with

higher levels of floral accuracy. As long as the variation

in floral display among plants plays a major role in

determining total fitness than nectar production, the

opportunities for cheating remain open. In short, we

think we have produced the first explicit demonstration

that natural selection can act on the quality of the

information provided by plants. However, whether the

consequences of signal accuracy on reproductive success

are mediated by differential pollinator visitation is a

question that remains to be answered.

Associative learning capacity among pollinators has

been extensively demonstrated in bees (Blarer et al.,

2002), hummingbirds (Healy & Hurly, 2001) and lepid-

opterans (Weiss, 2001). Biernaskie et al. (2009) showed

that bumblebees rapidly learn the distribution of

resources among patches and use this information to

decide when to leave a patch. This kind of Bayesian

updating is commonly incorporated into models of animal

decision-making processes, and many studies have shown

that animals actually combine prior knowledge with

current information to assess patch quality (Dall et al.,

2005; Valone, 2006). As indicated by the significance of

the linear selection gradient on signal accuracy, pollina-

tors of T. ulmifolia were able to assess the reliability of the

information plants provide. Interestingly, this result does

not mean they are choosing directly more rewarding

plants because no association between signal accuracy

and nectar production per plant was found and we did not

detect selection on total nectar production (at the indi-

vidual level). Accordingly, once pollinators have chosen

the plants with a larger display, their preferences seem to

be biased towards the quality of the information. This is

consistent with the fact that the amount of nectar can

only be examined through signal accuracy.

Two sources of variation may have affected our

estimation of natural selection. First, pollinators are

likely to encounter flowers that were already harvested

by previous visitors thus altering the information for

pollinators (i.e. increasing the intra-individual variance

in reward traits) (Herrera, 2009). This ecological con-

straint is likely to reduce the floral accuracy perceived by

pollinators, thus decreasing the opportunities to detect

selection. However, the significant selection gradient on

floral accuracy found in this study indicates that the

variance induced by pollinator foraging was not enough

to eliminate the adaptive value of this trait. In addition, it

is well known that folivorous insects, defensive ants and

wasps influence fitness of T. ulmifolia (Cuautle & Rico-

Gray, 2003). It is unlikely, however, that species of these

guilds were responsible for the selection patterns

observed in this study, given that their activity on

flowers during data collection was rather low (e.g. less

than 10% of the flowers were visited by ants, S. Benitez-

Vieyra, pers. obs.). Moreover, as far as we know, the

foraging of these animals is independent of the variation

in floral traits, but how they indirectly affect the patterns

of selection on floral traits is an open question that

remains to be investigated. Second, by concentrating our

measurements during a short period of time, we were

able to avoid the influence of environmental variation in

plant fitness and nectar production. However, we

acknowledge that, if other factors (e.g. pollinator iden-

tity, resource availability, weather conditions, etc.)

change throughout the rainy season, selection patterns

on flower display and signal accuracy could be different

and this warrants further investigation.

Some studies have suggested that selection on adver-

tisement traits rely on the correlation between such traits

and reward production (Armbruster et al., 2005; Fenster

et al., 2006; Gómez et al., 2008). However, no study had

explicitly found selection acting upon the within-indi-

vidual correlation between flower signals and rewards.

Our findings indicate that pollinators could be favouring

the maintenance and reinforcement of the signal–reward

correlation through a preference for those plants dis-

playing more accurate signals. This result also indicates

that this kind of preference should promote the evolution

of higher levels of covariation between signals and
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rewards (i.e. increasing flower integration). Obviously,

the existence of genetically based differences in signal

accuracy among plants is a necessary condition for an

evolutionary response mediated by pollinator selection.

A review by Ashman & Majetic (2006) suggests that most

floral traits maintain significant amounts of genetic

variation, but the genetic basis of signal–reward correla-

tions still remain to be assessed.

Determining the extent to which rewards are honestly

signalled to mutualists is an exciting new area of

research (Schaefer et al., 2004). Although signal honesty

is a common topic in animal communication studies

(Maynard Smith & Harper, 2003), it has been barely

studied in plant-pollinator systems (but see Cresswell &

Galen, 1991; Blarer et al., 2002; Armbruster et al., 2005;

Fenster et al., 2006; Gómez et al., 2008; Raguso, 2008). In

this study, we proposed to disentangle the effects of

reward production and signalling quality to understand

signal evolution in plants. Cheating may be a successful

strategy when pollinators show fixed preferences for

some signals (Blarer et al., 2002) (e.g. by mimicking

sexual signals) or when they experience speed and

accuracy trade-offs in decision-making (Chittka et al.,

2009) given the costs associated with learning. In addi-

tion, the value of the information of signals can be higher

in uncertain or poor environments (McLinn & Stephens,

2006; Biernaskie et al., 2009) than in conditions where

foragers find constant and abundant rewards.

Overall, our findings suggest that pollinators’ foraging

decisions depend on several cues that are assessed in a

hierarchical fashion (flowering display > signal accuracy)

determined by the feasibility to assess the amount of

reward a plant offers. This hierarchy is also characterized

by increased gains of information, but also by increased

costs of foraging. Under these circumstances, pollinators

must rely on an imperfect assessment of the expected

reward (flowering display and signal accuracy), and

hence opening the opportunity for plants to save some

resources through reduced investments on reward pro-

duction. Whether our results represent a more general

form of a continuous cheating strategy than the produc-

tion of rewardless flowers remains as an open question

for future research.
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