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The strong avoidance behavioral response triggered by pre-
dation risk may be related to predator pressure upon flow-
ers. Although floral asymmetry caused by herbivory can 
alter the quality of resources, it should not exert the same 
evolutionary pressure as that of predator–prey interactions. 
Our study highlights the importance of considering simul-
taneous forces, such as predation risk and floral asymmetry, 
as well as pollinator behavior when evaluating ecological 
processes involving mutualistic plant-pollinator systems.
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Mutualism · Plant reproductive success · Flowering plant 
evolution · Path analysis

Introduction

Flowering plant evolution is directly linked to pollinator-
plant relationships and is represented by adaptations to 
attract pollinators, transport greater amounts of pollen and 
increase fecundity (Lloyd and Barret 2006; Schiestl and 
Johnson 2013). Unsuccessful pollination caused by trans-
ported pollen of low quantity or quality can greatly reduce 
the reproductive success of plants. Therefore, factors that 
contribute to pollen limitations can have a great impact 
on plant fitness and may decrease visitation by pollinators 
that act as pollen vectors (Ashman et al. 2004; Knight et al. 
2005a). The plant-pollinator system is only one level of a 
web of interactions mediated by plants that can be affected 
by other levels of the trophic web, such as herbivores and 
predators (Ohgushi et al. 2007; Ings et al. 2009). The effect 
of these interactions can occur directly via plant damage or 
indirectly via interrupted connections between pollinators 
and plants. Although the consequences of indirect interac-
tions on food web dynamics have received special attention 
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over the last few years (Wootton 1994; Stocks et al. 2003; 
Knight et  al. 2005b), it is unclear whether interactions 
among the indirect effects of predators and herbivores 
occur and change in magnitude through a trophic cascade 
until they impact plant fitness.

Predators can transmit indirect effects throughout the 
food web and cause alterations to the community’s struc-
ture. These effects may result from interactions mediated 
by density, such as predators eating prey and lowering prey 
abundance (Romero and Koricheva 2011), or mediated by 
traits, such as predators influencing prey behavior (Schmitz 
1998; Dukas and Morse 2003; Gonçalves-Souza et  al. 
2008; Romero et  al. 2011). Insects that consume flower 
pollen and floral nectar are under constant risk of preda-
tion by other arthropods that use flowers as foraging sites 
(Robertson and Maguire 2005). These predatory arthropods 
include spiders of the family Thomisidae, and they usually 
inhabit flowers of various species of plants (Foelix 2010) 
and typically hunt insects by using their anterior rapto-
rial legs (Suttle 2003; Morse 2007). Once on the flowers, 
these predators can directly interfere with the behavior of 
pollinators and indirectly decrease the plant’s fitness (Sut-
tle 2003; Dukas and Morse 2005; Gonçalves-Souza et  al. 
2008).

Apart from predators, flowering plants suffer from inter-
actions with other potential antagonists, such as herbivores, 
pollen-stealing animals and seed predators (Karban and 
Baldwin 1997; Cariveau et  al. 2004). Herbivory can have 
an important influence on plant reproduction and popula-
tion growth (Louda 1983; Marquis 1984). Florivory is any 
damage caused by consumers to developing floral tissues 
or mature flowers before the formation of seed coverage 
(McCall and Irwin 2006). Florivores can directly decrease 
plant fitness by destroying primary reproductive tissues 
(e.g., anthers and ovaries) (Maron and Crone 2006; Wise 
and Cummins 2002; Althoff et al. 2005) and indirectly by 
damaging accessory reproductive tissues (e.g., petals and 
sepals) that attract pollinators (Cardel and Koptur 2010; 
Botto-Mahan et  al. 2011). Damage to petals and sepals 
can alter the appearance of individual flowers and inflo-
rescences and may prevent visits from pollinators (Karban 
and Strauss 1993; McCall 2008). When this effect is more 
intense, florivory can result in asymmetric corollas because 
pollinator preferences can vary in corollas with radial or 
bilateral symmetry (Møller 1995; Wignall et al. 2006).

Herbivory is responsible for a large proportion of plant 
richness and complexity of interactions in terrestrial sys-
tems (Ohgushi 2005). However, most empirical studies 
have focused on leaf damage, and florivory effects are 
relatively understudied despite studies showing that they 
are comparatively common in nature (McCall and Irwin 
2006). In addition, although the presence of predators (i.e., 
crab spiders) on flowers is conspicuous, to our knowledge, 

limited empirical evidence is available on the role played 
by these predators in mutualistic relationships between 
pollinators and flowering plants in tropical regions 
(Romero and Vasconcellos-Neto 2004; Morse 2007; 
Gonçalves-Souza et  al. 2008). Moreover, the combined 
effects of predation risk and floral herbivory on the behav-
ior of pollinators and reproductive success of plants are 
unknown. Here, we have manipulated the effect of sym-
metry and risk of predation (by crab spiders) on flowers 
of the bush Rubus rosifolius (Rosaceae). We predict that 
the risk of predation and effect of floral asymmetry can 
negatively affect pollinator behavior and decrease plant 
fitness in an additive or interactive (non-additive) way. 
Effects of risk of predation and of floral asymmetry might 
not interact (additive response) and therefore might be pre-
dicted directly from the additive accumulation of impacts 
associated with a single factor. On the other hand, syner-
gistic effects might emerge from interactions between fac-
tors (Piggott et al. 2015). For instance, synergistic effects 
between predation risk and floral asymmetry combined are 
expected whether or not cumulative effects of these mul-
tiple negative factors are greater than the additive sum of 
effects produced by the factors acting in isolation. A pos-
sible biological explanation for synergistic effects in our 
study system is, for example, the greater conspicuity of 
predators in asymmetrical flowers, improving the pollina-
tors’ capacity of recognizing predation risk. This would 
decrease pollinator visitation and, indirectly, the plant fit-
ness in asymmetrical flowers with predator presence. We 
also predict that the magnitude of effects caused by pre-
dation risk will be stronger than that of floral asymmetry 
(herbivory damage) because of the greater impact of pred-
ators on the fitness of flower visitors.

Materials and methods

Study area and organisms

The present study was performed at the Biological Reserve 
of Serra do Japi, which is located west of the Atlantic Pla-
teau close to the city of Jundiaí in the state of São Paulo, 
Brazil. The terrain is characterized by altitudes vary-
ing from approximately 700–1300  m a.s.l. (Santoro and 
Machado 1992), and the climate is seasonal with a yearly 
mean temperature varying from 15.7 °C in the highest area 
to 19.2  °C in the lowest area. The coldest month is July, 
with mean temperatures varying from 11.8 to 15.3 °C; the 
hottest month is January, with mean temperatures varying 
from 18.4 to 22 °C (http://www.jundiai.sp.gov.br). The veg-
etation is composed of altitude semideciduous mesophilous 
forest that transitions to semideciduous mesophilous forest 
and features a rock floor.

http://www.jundiai.sp.gov.br
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The bush R. rosifolius (Rosaceae) is widely distributed 
in a variety of tropical habitats and is fairly common in the 
Biological Reserve of Serra do Japi. Its height can vary 
from 1.0 to 2.0  m, and it has composed leafs with from 
five to seven membranous leaflets. The flowers are her-
maphrodite, white, and their diameter varies from 1.8 to 
2.0 cm; each branch can produce from one to four flowers 
during the year and they are pollinated by insects, mainly 
Lepidoptera, Hymenoptera and Diptera (Gonçalves-Souza 
et al. 2008). The fruits are an important food source for a 
variety of frugivorous birds and mammals (e.g., Penelope 
sp., Cracidae). Gonçalves-Souza et  al. (2008) observed 
the highest number of species from the Lepidoptera order 
visiting this species during their study period; however, 
Hymenoptera were the most abundant. These authors also 
verified that plants visited by flower-visiting insects pro-
duced higher biomass infructescences and higher seed 
numbers compared with plants for which insects were pre-
vented from visiting. This result indicates that R. rosifolius 
depends on insect pollination to conclude its reproductive 
cycle.

Effect of floral asymmetry and predation risk 
on flower‑visiting insects and plant reproductive success

To test the effects of floral damage (asymmetry) and preda-
tion risk on the behavior of pollinator insects and the fitness 
of plants, we selected and followed 112 plants growing nat-
urally in the field and independently distributed. The plants 
were divided into 28 blocks, with at least 10-m distance 
between them, with four individuals in each block. We 
selected one flower from each plant and randomly applied 
one of the following treatments: (1) control symmetric 
flower without spiders; (2) symmetric flower with spiders; 
(3) asymmetric flower without spiders; and (4) asymmetric 
flower with spiders. As a predator model, we used artificial 
crab spiders because of their ease of handling and simi-
lar effect to real spiders on flower-visiting insect behavior 
(Antiqueira 2012). These spiders were placed on the petals 
of flowers to simulate the foraging mode of crab spiders. 
Details on the spider model can be found in Gonçalves-
Souza et al. (2008). To verify the frequency of Thomisidae 
spiders on naturally symmetric and asymmetric flowers of 
R. rosifolius, approximately 200 flowers were randomly 
inspected at the study site.

Prior to selecting the experimental flowers, the floral 
buds of plants were bagged with tulle fabric to prevent 
floral damage from herbivores as well as ovule fertiliza-
tion before the beginning of the experiment. Plants were 
observed daily, and as soon as their flowers were com-
pletely open, measurements were performed for the flo-
ral diameter (centimeters), flowering time (no. of days 
in which the flower was open), leaf number and number 

of flowers, and the values were used as covariates in the 
statistical models. Each flower then received one of the 
symmetry treatments, with flowers considered symmetric 
if they showed no morphological alterations and asym-
metric if they had two out of five petals removed with the 
help of scissors to simulate the effect of floral herbivores 
common to the area (P. A. P. Antiqueira, personal obser-
vations). Neighboring petals were removed to produce 
asymmetry, which has been suggested to reduce the num-
ber of insect visitors. To control potential effects of floral 
damage that did not compromise the asymmetry effect, 
such as the influence of possible volatiles emitted by the 
damaged floral tissue that can either drive off or attract 
insects, damage was also caused at the distal ends of pet-
als of symmetric flowers, and the natural shape of the edge 
was maintained with the help of scissors to avoid affect-
ing floral symmetry. To minimize the effect of resource 
availability, we selected only newly opened young flow-
ers for the experiment. All of the flowers of each block 
were separated by a distance of at least 30 cm to minimize 
any effect of spiders on the visitation of insects to other 
control flowers (i.e., flowers without spiders). Experimen-
tal flowers were observed from a distance of at least 2 m 
to avoid the influence of the observer on the behavior of 
visitor insects. The flowers from each block were simul-
taneously observed in four sections of 40 min each, with 
10-min intervals between sections, for a total of 160 min 
of observations per replica. During this period, the num-
ber of visits as well as the number of incidents of flower 
avoidance by flower-visiting insects was recorded. The 
term “visit” was defined as an event in which the insect 
landed on the flower or remained on it for at least 2 s, and 
“avoidance” was defined as an event when the insect flew 
towards the flower but dodged and approached another 
nearby flower without landing.

To test the effects of floral asymmetry (simulating flo-
rivory) and predation risk on plant fitness, the same plants 
from the flower-visiting behavior assessment experiment 
were used. After floral senescence (withered stigma), the 
spiders were removed and flowers were then bagged again 
with tulle fabric to avoid consumption by frugivores (e.g., 
Penelope sp.). After fruit ripening, they were collected, 
stored separately and weighted on a 10−4-g precision 
scale. The number of seeds was counted with the help of a 
magnifier.

Statistical analyses

The experimental design was randomized blocks. 
Visitation, insect avoidance (total, Hymenoptera, 
Lepidoptera+Diptera), infructescence biomass (g) and 
seed number per infructescence were the response vari-
ables. We used the lme function in the nlme package 
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(Pinheiro and Bates 2000; Pinheiro et al. 2015), and dredge 
and model.avg functions in the MuMIn R library (Barton 
2015) to assess models and estimate parameter values. In 
these models, predation risk, floral asymmetry and inter-
action between these factors were the predictor variables, 
and block was a random factor. We included diameter of 
floral receptacle, flowering time in days (no. of days in 
which the flower was open), number of leaves and num-
ber of flowers per plant as covariates. We ran a complete 
set of models with all possible combinations of the fixed 
effects and to identify the set of best models according to 
the criterion of Δ Akaike information criterion (AICc) <2 
(Burnham and Anderson 2002). We then performed model 
averaging to estimate coefficients and the relative impor-
tance of the predictor variables, calculated as the sum of 
the Akaike weights of all the models in which a particu-
lar predictor appears (Burnham and Anderson 2002) for 
each subset of indices. There is a well-known difficulty 
in comparing the coefficient of determination in linear 
mixed models (LMM), as there is in general linear models 
(Zuur et al. 2009). Following the approach of other studies 
(Patiño et al. 2013; Santos et al. 2015) we used a R2 meas-
ure that compares the deviance of the LMM with the devi-
ance of a linear intercept-only model [R2 = 1 − Σ(y − ŷ)2/
Σ(y − ӯ)2 (Kvalseth 1985)]. We then used these R2-values 
as indicators of the proportion of the total variation among 
response variables that is explained (accounted for) by 
selected LMMs. These analyses were performed using the 
language environment R version 3.2.2 (R Developmental 
Core Team 2015; http://www.Rproject.org).

We performed path analyses to summarize the main 
effects of the investigated factors and to explore the magni-
tude and indirect effects of predation risk and floral asym-
metry on the behavior of pollinators and components of 
plant fitness. Plant fitness (fruit biomass and number of 
seeds) and flower-visiting insect behavior (visitation and 
avoidance) were endogenous variables, and treatments 
(predators and floral symmetry) were exogenous variables. 
The models were used to test the prediction that predation 
risk and floral damage indirectly affect plant fitness via 
changes in the behavior of pollinator insects. Two models 
were explored, one for each fitness component of R. rosi-
folius (i.e., fruit biomass and number of seeds). Path analy-
ses were performed using the software AMOS version 20 
(SPSS, Chicago, IL).

Results

The flower visitors recorded in the experimental observa-
tions belonged to 41 morphospecies (Table S1), with the 
order Lepidoptera showing the greatest richness at 19 mor-
phospecies (46.3  %), followed by Hymenoptera with 16 

morphospecies (39 %) and Diptera with six morphospecies 
(14.6  %). However, despite having the greatest richness, 
the number of visits by Lepidoptera and Diptera was lower, 
with Hymenoptera visiting the studied plants most fre-
quently. Therefore, Diptera and Lepidoptera were grouped 
for the performance of statistical analyses. We verified that 
crab spiders occur in symmetric and asymmetric flowers at 
a frequency of 5.1 and 4.7 %, respectively.

Both flower symmetry and predator presence were 
important factors in affecting visitor behavior and plant 
fitness (Figs.  1, 2); the interactive effects of these fac-
tors were more common for visitation than for avoid-
ance behavior and plant fitness, and overall interactions 
explained very few of the total variations in all these 
analyses (Tables 1, 2). There were 44 % fewer total visits 
to asymmetric flowers than symmetric flowers and 40 % 
fewer to flowers with predators than to flowers without 
predators. Compared with symmetric flowers, asymme-
try increased the total avoidance by approximately 5  %; 
therefore, asymmetry was not considered a good predic-
tor of variations in total avoidance by insects among the 
treatments (Table  1; Fig.  1b). In general, predation risk 
effects on pollinator avoidance behavior were 61.7  % 
higher compared with floral asymmetry effects. Certain 
plant characteristics influenced the behavior of flower-
visiting insects, with a greater number of flower visits 
with less flowering time (Table 1). The diameter of floral 
receptacle, however, affected visitation and insect avoid-
ance (Table 1).

Specifically for Hymenoptera, flower symmetry and 
predator presence were influential (Table 1; Fig. 1a), with 
visitation 42 % lower in asymmetric flowers than in sym-
metric flowers, and 28 % lower in flowers with predators 
than in flowers without predators. With regard to avoid-
ance behavior in this group, predation risk increased avoid-
ance by 64  % compared with flowers without predation 
risk (Fig.  1b; Table  1). Asymmetry, however, increased 
avoidance behavior by only 2 % and was not considered a 
good predictor to explain variation in avoidance behavior 
among these insects between treatments (Table 1). For the 
Diptera+Lepidoptera group, predator presence strongly 
decreased visits from these insects by approximately 370 % 
(Fig. 1a), whereas floral asymmetry only caused a decrease 
of 64 % in visitation; however, asymmetry was not consid-
ered a good predictor in the selected model (Table 1). Simi-
lar results were observed for avoidance behavior in this 
group, which was not significantly affected by asymmetry 
(Table  1). Predation risk, however, was the predictor that 
best explained variation between treatments (Table 1) and 
increased avoidance by 40 % in the Diptera+Lepidoptera 
group.

Asymmetry was not considered a good predictor for 
explaining variation in fresh infructescence biomass 

http://www.Rproject.org
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(Table  2), i.e., asymmetry decreased biomass by only 
10.5 % compared with symmetric flowers (Fig. 2a). Preda-
tor presence, however, decreased infructescence biomass 
by 33 % compared with that of flowers without the pres-
ence of predators (Fig. 2a). Although the number of seeds 
was 14.2 % higher in fruits from symmetric flowers than in 
fruits from asymmetric flowers, this effect was not relevant 
(Table  2; Fig.  2b). However, predation risk decreased the 
number of seeds by 28.4 % (Fig. 2b), showing that preda-
tors have stronger effects on plant fitness than does floriv-
ory (Table 2).

The results from the path analyses showed that altera-
tions in visiting and avoidance behavior of flower-visiting 

insects because of herbivore and predator effects can affect 
plant fitness components (Fig.  3; Table  3). The decrease 
in fruit biomass in the presence of predators was strongly 
mediated by avoidance behavior of pollinators (Fig.  3a), 
suggesting the importance of this behavior on plant repro-
ductive success, such as on fruit quality for possible dis-
persers. The number of seeds, however, was similarly 
affected by the visiting and avoidance behavior of insects. 
Predator presence primarily affected avoidance, whereas 
asymmetry affected pollinator visitation (Fig.  3b). There-
fore, R. rosifolius fitness is indirectly affected by alterations 
in visiting and avoidance behavior of pollinators in a com-
plementary manner.

Fig. 1   Mean number of a visits 
and b avoidance/160 min of all 
flower-visiting insects (Total), 
as well as of Hymenoptera and 
Diptera+Lepidoptera (n = 18) 
from symmetric and asymmet-
ric flowers (flowers with two 
neighboring petals removed) in 
the presence and absence of 
predators (artificial crab spider). 
Error bars represent ±SE
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Discussion

We have demonstrated that predator presence and floral 
asymmetry affected the total visits by insects and Hyme-
noptera and that avoidance behavior of flower-visiting 
insects was positively affected by predator presence, which 
in turn caused a cascade effect on the plant, decreasing its 
fitness components. In addition, insect visiting and avoid-
ance behavior responded differently to florivory and pre-
dation risk effects and affected the fitness of R. rosifolius 
differently. Overall, interactive effects of predation risk and 
floral asymmetry were not relevant for this system, thus 
characterizing the additive effects of these factors on insect 
behaviors and plant fitness.

The lower number of insect visits in asymmetric flowers 
suggests the strong influence of florivores on the relation-
ship between pollinators and plants (Sõber et al. 2010). As 
predicted, our results showed a clear preference of flower-
visiting insects for symmetric flowers. This result is con-
sistent with other studies in which Hymenoptera, the most 
abundant visitors in our study, showed a strong preference 
for symmetric flowers (Møller 1995; Wignall et  al. 2006; 
McCall 2008). Symmetry can be an indicator of floral qual-
ity (Krupnick et al. 1999; Mothershead and Marquis 2000), 
suggesting larger amounts of available resources relative to 
flowers that do not have or have lost their petals in part or 
completely. Indeed, bees are able to detect symmetry pat-
terns and generalize them for different symmetric flow-
ers (Giurfa et  al. 1996, 1999). Florivory simulated in R. 
rosifolius caused a bilateral symmetry pattern, which has 
been shown to inspire fewer visits by bees than the usual 
radial pattern (Wignall et  al. 2006). However, asymmetry 
only affects flower recognition by flower-visiting insects, 
and it only decreases visitation behavior and not avoid-
ance behavior. Therefore, florivory appears to be well 
recognized by flower-visiting insects and does not cause 
avoidance, a more complex behavior that demands higher 
energetic costs (Card et al. 2012). Understanding the rela-
tionship between florivory and its effect on pollinators is 
extremely important for understanding the evolution of 
flowering plants because floral characteristic evolution is 
deeply related to selection by pollinators as well as non-
pollinator agents (e.g., floral herbivores) (Galen 1999; 
Strauss and Whittall 2006; McCall and Irwin 2006).

In contrast with the response to asymmetric flowers, 
pollinator insects responded to predation risk by visual 
recognition and avoidance behavior (i.e., visitation and 
avoidance, respectively). Our results confirm the predicted 
pattern, and pattern found in other studies in which the abil-
ity of pollinator insects to recognize morphologic attributes 
of predators was demonstrated (revised in Romero et  al. 
2011). Visual recognition patterns in relation to predator 
presence were common to all studied taxonomic groups, 
showing that Hymenoptera as well as Diptera and Lepi-
doptera can recognize and avoid places with predation risk 
(Weiss 2004; Sendoya et al. 2009; Yokoi and Fujisaki 2009; 
Brechbühl et al. 2010).

Predator attributes had a stronger effect on the avoid-
ance behavior of pollinators compared with that of floral 
asymmetry, which was likely caused by the strong pres-
sure exerted by predation per se and increased survival 
observed in insects with the ability to detect and avoid 
these risks because of the reduced likelihood of capture 
(Ings and Chittka 2009; Abbott and Dukas 2009). In addi-
tion, although floral damage (i.e., asymmetric flowers) may 
alter the quality of the consumed resource (Krupnick et al. 
1999), it does not exert the same degree of evolutionary 
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pressure as that of predator–prey interactions. Cognitively, 
behavioral responses of flower-visiting insects demand 
complex mechanisms, both in visual capacity (Srinivasan 

and Zhang 2004) to recognize predation signals and motor 
responses to perform avoidance behavior before contact 
with potential danger (Card and Dickinson 2008; Boeing 

Table 1   Coefficients for the fixed predictors of the different pollinator groups and behaviors included in the most parsimonious models [with Δ 
corrected Akaike information criterion (AICc) <2] and for the averaged models that considered block as a random effect

df, AICc, ΔAICc and Akaike weights (w) derived from the AICc (AICc-w) are given for each model. Response variables: (1) visits, and (2) 
avoidance behavior (total, Hymenoptera and Diptera+Lepidoptera). Values in parentheses correspond to the contribution (i.e., importance) of 
each variable calculated over the best set of models. The proportion of the total variation in the response variables (R2) explained by the model is 
indicated

PR Predation risk, ASYM asymmetry, FLR no. of flowers/plant, FOL no. of leaves/plant, DIAM floral diameter, FT flowering time (days)
a  Most important predictor variables

Model PR ASYM PR:ASYM FOL FLR DIAM FT df AICc ΔAICc w R2

Total visitation

 1 −9.02 −9.87 6.25 0.09 10.83 −4.52 8 539.03a 0.00a 0.21a 0.71a

 2 −9.15 −9.76 6.65 −4.31 7 539.10 0.14 0.20 0.69

 3 −5.89 −6.75 22.39 −4.80 7 539.64 0.61 0.15 0.69

 4 −5.82 −6.43 −4.36 6 540.10 1.06 0.12 0.67

 5 −9.04 −9.94 6.17 0.06 19.25 −4.62 8 540.44 1.40 0.10 0.72

Average −8.06a (1) −8.81a (1) 6.42 (0.68) 0.07 (0.22) 21.11 (0.51) −4.52a (1) 9

Hymenoptera visitation

 1 −3.86 −5.80 −3.42 6 538.01a 0.00a 0.22a 0.66

 2 −6.36 −8.30 4.97 −3.38 7 538.50 0.50 0.17 0.67

 3 −3.92 −6.07 18.12 −3.77 7 538.52 0.51 0.17 0.67

 4 −6.26 −8.39 4.66 17.01 −3.71 8 539.29 1.28 0.11 0.68

 5 −3.93 −5.95 0.06 −3.33 7 539.49 1.49 0.10 0.67

Average −4.78a (1) −6.71a (0.90) 4.84 (0.33) 0.07 (0.12) 17.67 (0.33) −3.55a (1) 5 – – – –

Lepidoptera+Diptera visitation

 1 −0.63 −0.37 6 30.00a 0.00a 0.25a 0.55

 2 −0.56 −0.19 −0.37 5 30.84 0.83 0.16 0.57

 3 −0.65 1.52 −0.39 6 31.29 1.28 0.13 0.54

 4 −0.64 −0.19 −0.35 7 31.37 1.36 0.12 0.56

 5 −0.90 −0.45 0.52 −0.33 7 31.73 1.73 0.10 0.58

Average −0.61a (1) −0.16 (0.18) 0.52 (0.05) −0.01 (0.14) −0.13 (0.35) 1.04 (0.18) −0.34a (1) 7 – – – –

Total avoidance

 1 1.51 3.81 5 229.61 0 0.34 0.70

 2 1.44 0.25 3.85 6 229.90 0.29 0.30 0.70

 3 1.50 0.01 3.54 6 230.38 0.77 0.23 0.71

 4 1.45 0.01 0.19 3.64 7 231.60 1.99 0.13 0.70

Average 1.48a (1) 0.01 (0.36) 0.23 (0.42) 3.74a (1) – – – – –

Hymenoptera avoidance

 1 1.48 3.85 5 226.24 0 0.40 0.71

 2 1.42 0.22 3.83 6 226.81 0.57 0.30 0.71

 3 1.48 0.01 3.56 6 226.88 0.63 0.29 0.72

Average 1.46a (1) 0.01 (0.29) 0.22 (0.30) 3.75a (1) – – – – – –

Lepidoptera+Diptera avoidance

 1 0.37 1.11 8 167.48 0 0.36 0.48

 2 0.38 7 167.48 0 0.36 0.51

 3 0.34 0.11 8 169.26 1.78 0.15 0.50

 4 0.32 0.12 1.11 9 169.42 1.94 0.14 0.47

Average 0.41a (1) 0.10 (0.28) 1.97 (0.49) – – – – – –
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Table 2   Coefficients for 
the fixed predictors of plant 
component fitness included in 
the most parsimonious models 
(with ΔAICc <2) and for the 
averaged models that considered 
block as a random effect

df, AICc, ΔAICc and w derived from the AICc (AICc-w) are given for each model. Values in parentheses 
correspond to the contribution (i.e., importance) of each variable calculated over the best set of models. 
The proportion of the total variation in the response variables (R2) explained by the model is indicated. For 
abbreviations, see Table 1
a  Most important predictor variables

Model PR ASYM PR:ASYM DIAM df AICc ΔAICc W R2

Fruit biomass

 1 −0.41 4 38.66 0 0.48 0.53

 2 −0.40 −0.11 5 39.50 0.84 0.31 0.55

 3 −0.40 0.55 5 40.28 1.62 0.21 0.57

Average −0.41a (1) −0.11 (0.31) 0.55 (0.21) – – – – –

Number of seeds

 1 −94.83 −43.83 5 570.72 0 0.42 0.36

 2 −94.83 4 571.66 0.94 0.26 0.28

 3 −93.85 −46.01 130.86 6 572.51 1.79 0.17 0.43

 4 −76.58 −25.58 −36.50 6 572.71 1.99 0.15 0.37

Average −91.85a (1) −40.54 (0.74) −36.50 (0.15) 130.86 (0.17) – – – – –

Fig. 3   Path analysis model 
of the effect of floral damage 
(i.e., asymmetry) and predation 
risk on pollinator behaviors 
(i.e., visitation and avoidance) 
and plant fitness components, 
a fruit biomass and b number 
of seeds. Arrow thickness is 
scaled to illustrate the relative 
strength of effects. *P < 0.05, 
***P < 0.001; ns not significant

Predation Risk

Asymmetry

Pollinator visitation

Pollinator avoidance

Fruit Biomass

R2=0.18

R2=0.27

R2=0.150

Predation Risk

Asymmetry

Pollinator visitation

Pollinator avoidance

Number of seeds

R2=0.18

R2=0.27

R2=0.41

(A)

(B)
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2010; Dewell and Gabbiani 2012). Insect avoidance behav-
ior demands a series of events between the neural stimulus 
and behavioral responses (Card et al. 2012). Therefore, this 
behavior is expected to occur in highly dangerous situa-
tions with signs of potential predators.

Overall, effects of risk of predation and of floral asym-
metry did not interact, thus representing an additive accu-
mulation of impacts associated with a single factor, i.e., 
flower-visiting insects visited asymmetric flowers less 
frequently in the presence of predators. Thus, pollinator 
insects were able to recognize predator signals and asym-
metry. We demonstrated that herbivores and predators mod-
ify pollinator behavior and that this modification is stronger 
when they occur simultaneously. In certain circumstances, 
flower-visiting insects have limited attention; therefore, 
they are not able to recognize more than one stimulus at 
the same time (Wang et al. 2013). In our study system, pol-
linators efficiently distinguished between asymmetry and 
predation risk when the stimuli were presented together. 
One possible explanation is that in R. rosifolius, crab spi-
ders, especially Misumenops argenteus and Misumenops 
callinurus (P. A. P. Antiqueira, personal observation), pre-
sent similar behavior in symmetric and asymmetric flowers. 
Therefore, the pressure for obtaining resources and avoid-
ing predation have increased the ability of flower-visiting 
insects to recognize symmetric patterns of flowers (Girufa 
et  al. 1996, 1999) as indicators of resources and predator 
morphologic attributes even when they occur simultane-
ously. Understanding the combined effects of predators 
and herbivores on other organisms of different levels of the 
system is extremely important because both are common 

in nature and occur together in many natural systems 
(Ohgushi et  al. 2007). In addition, multi-trophic interac-
tions mediated by plants can have even greater complexity 
if the combined effects of the system’s coexisting organ-
isms is considered.

Our results showed that predation risk has caused a more 
intense effect on plant fitness compared with the effect of 
floral symmetry. Moreover, a path analysis showed that the 
behavior of pollinators distinctly affects plant reproductive 
success. Whereas infructescence biomass decreased with 
increased avoidance, the seed number increased with more 
visitations and decreased with higher avoidance from polli-
nators. Therefore, reduced fitness of R. rosifolius was indi-
rectly affected by the risk of predation by crab spiders and 
primarily mediated by pollinator avoidance behavior. This 
result shows the importance of evaluating flower-vising 
insect behavior in terms of visitation and avoidance in stud-
ies involving plant fitness. In our study, predator effects are 
assumed to be mediated by pollinator behavior and consid-
ered non-lethal (Gonçalves-Souza et al. 2008) because we 
used artificial models. Our results highlight the importance 
of indirect effects mediated by predator attributes [trait-
mediated indirect interactions (Werner and Peacor 2003; 
Preisser et al. 2005)], which can have a greater effect com-
pared with that of herbivores in animal-plant interactions.

In conclusion, floral asymmetry and potential preda-
tion risk in flowers had a cumulative effect on pollinator 
behavior. However, the magnitude of the effect of predation 
risk was stronger than that of floral asymmetry and con-
sidered a priority by insects during the visual recognition 
and avoidance process. Consequently, the indirect effects 

Table 3   Explanatory variables 
evaluating direct and indirect 
effects on variation in pollinator 
visitation and avoidance 
behavior, fruit biomass and 
number of seeds according to 
the causal models presented in 
Fig. 3

Response variable Explanatory variable Coefficients

Direct effect (d) Indirect effect (i) Total effect (e = d + i)

Visit Asymmetry −0.361 – −0.361

Predation risk −0.230 – −0.23

Visitation – – –

Avoidance – – –

Avoidance Asymmetry 0.023 – 0.023

Predation risk 0.517 – 0.517

Visitation – – –

Avoidance – – –

Fruit biomass Asymmetry – −0.051 −0.051

Predation risk – −0.210 −0.210

Visitation 0.118 – 0.118

Avoidance −0.355 – −0.355

Number of seeds Asymmetry – −0.164 −0.164

Predation risk – −0.317 −0.317

Visitation 0.427 – 0.427

Avoidance −0.424 – −0.424
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of predation risk reached the plant via non-consumptive 
indirect effects (i.e., trait-mediated indirect effects). To 
our knowledge, this is the first study to evaluate the com-
bined effects of predation risk and floral damage (i.e., flo-
ral asymmetry) on flower-visiting behavior and plant fit-
ness components. We suggest that further studies should be 
conducted to assess the combined mechanisms that affect 
the components of mutualism between pollinators and 
plants because in tropical ecosystems, both the presence 
of predators on flowers and effect of floral herbivores are 
ubiquitous. In addition, several interactions occur simulta-
neously in nature; therefore, approaches that consider the 
combined effects of predation and herbivory are more real-
istic. These approaches should be prioritized to develop a 
broader understanding of the ecological processes involved 
in pollinator-plant systems and consumer-resource interac-
tions as a whole.
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