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ABSTRACT 
Intraspecific floral variations may affect the degree of generalization and efficacy of pollinators, with consequences 
for plant reproductive success. Such effects could be greater for heterostylous plants because morphological variation 
can alter reciprocity between morphs. We evaluated the frequency, composition, and efficacy of pollinators, and the 
reciprocity (measured by population inaccuracy) of Psychotria nuda, a distylous species of Rubiaceae, in a montane 
forest. Moreover, we assessed the effects of corolla length on reciprocity and reproductive success. We recorded 
eighteen species of floral visitors, belonging to four functional groups. The frequency of visits differed among groups 
with butterflies being the most frequent visitors, in contrast to hummingbird-pollinated lowland populations. 
This difference did not affect reproductive success, since fruit set was similar between these populations. The total 
population inaccuracy was 21.56 mm2, with inaccuracy of low organs being higher (12.03 mm²) than that of high 
organs (9.53 mm²). Floral traits may have different effects on the reproductive success of morphs of distylous 
species; the corolla length of P. nuda only affected the reproductive success of short-styled flowers. Large corollas 
showed greater reproductive success and lower individual inaccuracies for this morph, indicating compensation for 
the effects of imperfect reciprocal herkogamy on reproductive success. 
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Introduction
Plants pollinated by animals have been classified as 

specialists or generalists based on the number of species 
or functional groups of pollinators (Ollerton et al. 2007). 
This classification is better represented by a specialization-
generalization gradient than by a simple dichotomy, with 
one extreme represented by plants pollinated by only one 
pollinator species or functional group, and the other by 

plants pollinated by a wide range of pollinators (Johnson & 
Steiner 2000; Waser 2006; Ollerton et al. 2007). The degree 
of generalization of a plant is not only related to the number 
of floral visitors, but also to their pollination effectiveness 
(the efficacy in pollen transfer associated with frequency 
of visits; sensu Freitas 2013). Pollinator assemblages can 
also vary in space, potentially implying differences in floral 
morphology of plant populations of distinct geographic 
regions (Pérez-Barrales et al. 2007). 
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Variation in floral traits, such as floral display, size, 
color, odor, and rewards, may change the frequency and 
composition of floral visitors by shifts in floral attraction 
(Thompson 2001). The same trait may be attractive to some 
animals but not detectable or repulsive to others (Bergamo 
et al. 2016). Flowers may also present morphological barriers 
(e.g. long tubes) that prevent certain groups of visitors 
from legitimately accessing the floral resource (Santamaría 
& Rodríguez-Gironés 2015). In addition to interspecific 
variation, floral traits can also vary intraspecifically, 
that is, among populations or individuals from the same 
population (Herrera 2009). In this way, pollinators may 
mediate selection in the evolution of floral traits (Harder 
& Johnson 2009; Van der Niet & Johnson 2012), if those 
traits are heritable and related to plant reproductive success 
(Navarro & Guitián 2002). 

Heterostyly is a floral polymorphism involving the spatial 
separation of the anthers and stigma, which can be expressed 
with two (distyly) or three (tristyly) floral morphs (Webb & 
Lloyd 1986). In distyly, long-styled (LS) flowers possess high 
stigmas and low anthers, while short-styled (SS) flowers 
possess low stigmas and high anthers (Darwin 1877; Webb 
& Lloyd 1986). This corresponding arrangement of the 
sexual organs between floral morphs is known as reciprocal 
herkogamy (Darwin 1877; Webb & Lloyd 1986; Barrett 2002; 
Barrett & Shore 2008). Distylous species usually present a 
heteromorphic self-incompatibility system, by which fruit 
production only occurs after disassortative pollination, i.e., 
precise intermorph pollen transfer (Barrett & Richards 
1990; Klein et al. 2009). Reciprocal herkogamy should favor 
cross-pollinations and may also avoid self-interference (i.e., 
between male and female sexual organs within individuals), 
a common conflict in monomorphic species pollinated by 
animals (Ganders 1979; Barrett et al. 2000; Barrett 2002). 
However, the performance of disassortative pollination can be 
influenced by several factors, such as morphological variation 
in floral traits, e.g. corolla length, anthers and stigma height, 
herkogamy (Keller et al. 2012; Sá et al. 2016; Furtado et al. 
2021; Abdusalam et al. 2020) and shifts in the pollination 
system (Deschepper et al. 2018; Lehmann et al. 2019). 

Corolla length of distylous plants may be one of the 
main factors affecting the degree of reciprocal herkogamy 
(or adaptive inaccuracy; sensu Armbruster et al. 2017), and 
consequently the performance of disassortative pollination 
(Furtado 2019). Corolla length can affect the height of anthers 
and stigma in distylous plants, and should present a stronger 
effect on anther height in distylous plants with epipetalous 
stamens (Keller et al. 2012; Sá et al. 2016). Moreover, distylous 
species may have morph-dependent effects on reproductive 
success, with distinct morphs responding differently to 
changes in floral traits, e.g. floral display, corolla width, floral 
tube length, nectar production (Li et al. 2017). Divergences 
in the pollination system among populations can also affect 
reciprocal herkogamy and reproductive success. A recent study 
involving different populations of a distylous species reported 

changes in the main pollinator, reduction in anther-stigma 
separation, and increase of selfing with increasing population 
altitude (Abdusalam et al. 2020). Therefore, morphological 
variation in floral traits and shifts in the pollination system 
of distylous species may affect reproductive success as a 
consequence of changes in the inaccuracy of sexual organs.

Rubiaceae has the greatest number of heterostylous 
species, with Psychotria L. being a typical distylous genus 
of the family (Hamilton 1990; Naiki 2012). Psychotria 
nuda (Cham. & Schltdl.) Wawra is endemic to the Brazilian 
Atlantic Forest, where it occurs from sea level to montane 
forests (BFG 2015). Its flowers exhibit reciprocal herkogamy 
with large differences in the height of stigma and anthers, 
as well as in the length and diameter of the corolla (Klein 
2007). Pollination studies of P. nuda have been carried out 
in lowland populations (up to 500 m a.s.l.), where different 
functional groups visit the flowers and hummingbirds are 
the main pollinators (Castro & Araújo 2004; Almeida 2005). 
In addition, variation in floral traits (flower size and nectar 
volume) and environmental conditions (temperature and 
humidity) with elevation can influence the importance of 
insects or hummingbirds as pollinators of different species 
of Rubiaceae (Lehmann et al. 2019). In this study, we aimed 
to determine the composition, frequency, and efficacy of 
floral visitors in a population of P. nuda in a montane Atlantic 
forest (1100 m a.s.l.). We addressed the following questions: 
(1) Based on the frequency and efficacy of floral visitors, 
are hummingbirds the main pollinators of this population? 
(2) How reciprocal are the flowers, based on the measure 
of adaptive inaccuracies? (3) Does intraspecific variation in 
corolla length consistently affect the inaccuracy of reciprocity 
and reproductive success of each floral morph?

Materials and methods

Study area and species
We conducted the study between 2015 and 2017 in the 

municipality of Teresópolis, Rio de Janeiro State, Brazil, 
within “Parque Nacional da Serra dos Órgãos” (Serra dos 
Órgãos National Park – PARNASO; 22°52’ – 22°54’ S 
and 42°09’ – 45°06’ W). The vegetation of the study site 
corresponds to evergreen montane forest (sensu Veloso 
et al. 1991) and the climate is tropical Cwb (i.e., tropical 
climate of altitude; Köppen & Geiger 1928). 

Psychotria nuda is a distylous shrub (ca. 5 m) that usually 
blooms between February and June with a peak in April 
(Almeida & Alves 2000; Castro & Araújo 2004; Almeida 
2005; Klein 2007). It presents a heteromorphic self-
incompatibility system, which prevents or reduces self- and 
intra-morph fertilization by a sporophytically-controlled 
diallelic incompatibility system (see Klein et al. 2009). The 
flowers of P. nuda are grouped in cymose inflorescences 
commonly with three flowers but ranging from one to 
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Figure 1. Flowers, buds, and fruits of Psychotria nuda in “Parque Nacional da Serra dos Órgãos” (PARNASO), Brazil: (A) Details of 
inflorescence with buds (B) short-styled (SS) flower; (C) long-styled (LS) flower; (D) Mature (purple) and immature (green) fruits.

nine at the study site (Fig. 1A). The corolla is tubular and 
yellow (Fig. 1B-C). The calyx is red and persistent during 
fruit development (Fig. 1D). The fruit is a drupe and has a 
purple color when mature (Fig. 1D), after which the calyx 
falls. The androecium possesses five epipetalous stamens 
and anthers with longitudinal slits. The gynoecium has 
an inferior ovary with two ovules and a style with a bifid 
stigma. To conduct this study, we selected 52 individuals, 27 
short-styled (SS; Fig. 1B) and 25 long-styled (LS; Fig. 1C),  
near the edge of “Primavera Trail” and along the main road 
inside PARNASO (ca. 1,050 – 1,100 m a.s.l.).

Floral biology
We registered floral traits in the field and in the 

laboratory, as follows: dimensions (corolla length, height 
of anthers and stigma; Fig. S1 in supplementary material) 
and nectar production. We measured 138 LS flowers from 
19 individuals and 153 SS flowers from 19 individuals (one 
to 35 flowers per individual). To evaluate the nectar volume 
and concentration we bagged flowers at the pre-anthesis 
stage (LS = 56 flowers from 10 individuals; SS = 51 flowers 
from 12 individuals). We measured the nectar volume with 
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5-μl glass microcapillary tubes and the concentration with 
a small-volume pocket refractometer (Eclipse, Bellingham 
+ Stanley, UK). We conducted all the measures between 
10:00 h and 12:00 h.

Inaccuracy of reciprocity
We evaluated reciprocity between morphs in the 

population using the adaptive accuracy concept proposed 
by Armbruster et al. (2017), which considers inaccuracy as 
a measure of deviation from perfect reciprocity. For this 
calculation we used 19 flowers of each morph, with each 
flower coming from a different individual. We calculated 
population inaccuracy values for high and low organs as:

Inaccuracyhigh organs � �� � � �A S V VA S
2

Inaccuracy =low organs a s V Va s�� � � �2

where the height of high organs are represented by A 
(anthers of SS) and S (stigmas of LS), and the height of low 
organs are represented by a (anthers of LS) and s (stigmas 
of SS). A, S , a and s are averages and VA, VS, Va and Vs are 
the variances. We calculated total population inaccuracy 
of reciprocity for the population as the sum of both low 
and high organs inaccuracies (Armbruster et al. 2017). 
Perfect reciprocity occurs if inaccuracy is zero, that is, if all 
corresponding anthers and stigmas are at the same position 
(optimal phenotype; Armbruster et al. 2017).

Floral visitors
To determine the richness of floral visitors and their 

frequency and behavior during visits we conducted focal 
observations through censuses of 30 min per individual for 
both morphs (LS = 11 individuals; SS = 10 individuals). We 
conducted a total of 77h of observations between 06:00h 
and 17:00h in 2015 (total = 32h; LS = 21h; SS = 11h) and 
2016 (total = 45h; LS = 28h; SS = 17h). We considered the 
relative frequency of each functional group as the number 
of visits by a group divided by the total number of visits 
observed in the population, multiplied by 100 (%).

We collected insects with an entomological net and 
we captured images of hummingbirds and insects during 
visits for later identification. We classified the floral visitors 
as legitimate or illegitimate (nectar robbing or thieving), 
according to their foraging behavior and capacity to 
contact reproductive structures (Inouye 1980). We also 
categorized the floral visitors among four functional groups 
based on body size and behavior during visits: butterflies, 
hummingbirds, large-sized bees (body length ≥ 12 mm), 
and small-sized bees (< 12 mm; Frankie et al. 1983).

Pollinator efficacy 
We conducted treatments of selective exposure of 

flowers to pollinators to evaluate the efficacy of the different 
functional groups of pollinators on the female reproductive 

success (fruit set). As each flower has only two ovules and 
all fruits in our study had two seeds, we only used the fruit 
set to evaluate the reproductive success. Prior to treatments 
we bagged flowers in pre-anthesis stage with “voile” bags, 
which then we exposed when in anthesis to a single visit. 
After the visits, we bagged and marked the flowers for 
monitoring fruit development. We quantified fruit set 
after fruit maturation (i.e., when it changed from green 
to purple; Fig. 1D). We also counted flowers that did not 
produce fruits until complete senescence (named here as 
“non-fruits”). 

Effect of corolla length on individual inaccuracy and 
reproductive success 

To evaluate the effect of corolla length on individual 
inaccuracy for each morph, we calculated individual female 
and male inaccuracies as: (female inaccuracies) the square 
of the difference between the height of an individual 
stigma and the mean height of compatible anthers of the 
population; (male inaccuracies) the square of the difference 
between the height of individual anthers and the mean 
height of compatible stigmas of the population (Jacquemyn 
et al. 2018).

Since the stamens are epipetalous, we measured the 
corolla length of 67 flowers of 18 individuals (SS = 32 
flowers, 7 individuals; LS = 35 flowers, 11 individuals) 
at anthesis. We marked and did not manipulate these 
flowers, and evaluated the fruit set to determine whether 
the corolla length can have an effect on fruit set under 
natural pollination.

Data analyses
We evaluated whether stigma and stamen height differed 

between morphs (LS and SS) using a linear mixed effect 
model. For this, we used the heights of the reproductive 
structures as response variables, the interaction of floral 
structures (two levels: stigma and anther heights) and floral 
morphs (two levels: LS and SS) as fixed effects and flower 
nested in individuals as a random effect. We established the 
model using the function “lmer” from the “lme4” package 
(Bates et al. 2015). To analyze whether corolla length differed 
between morphs, we performed Students t test, using the 
function “t.test”, and to evaluate whether nectar volume 
and concentration differed between the morphs, we used 
the Wilcoxon-Mann-Whitney non-parametric test using 
the function “wilcox.test”. 

We used a linear model to test whether the relative 
frequency of visits (%) varied among the functional groups 
of floral visitors and between morphs. We considered groups 
(four levels: butterfly, hummingbird, large-bee, and small-
bee) and morphs (two levels: LS and SS), as well as the 
interaction between these variables, as predictor variables. 
We compared the efficacy of groups of floral visitors through 
a chi-square test using the “chisq.test” function.
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We used linear models to evaluate whether corolla length 
has an effect on individual (female and male) inaccuracy. We 
tested whether inaccuracy values vary in relation to corolla 
length and morphs (LS and SS) using two different models. 
For this, we used inaccuracy (female or male) as response 
variables (square root transformed), and the interaction 
between the corolla length and floral morphs (two levels: 
LS and SS) as predictor variables. We evaluated whether 
corolla length is related to reproductive success (fruit set) 
through a generalized linear model for binomial data using 
the “glm” function. We considered corolla length and morph 
(two levels: LS and SS) as predictor variables. 

We assessed model assumptions for all models by visual 
inspection of the residuals using the “qqnorm” function, 
and performed sum of squares (type III) using the “Anova” 
function of the “car” package (Fox & Weisberg 2019). We 
also calculated differences between category levels using 
the “emmeans” package (Lenth 2019). We conducted all 
analyses in R v. 3.5.3 (R Development Core Team 2019).

Results

Floral biology
Anthesis started between 06:30h and 10:00h and 

lasted two to three days. The yellow corolla is tubular (LS 
length: 22.48 ± 1.72 mm; SS length: 24.89 ± 1.96 mm; 
mean ± standard deviation, throughout the text), with 
five, rarely four or six, petals (Fig. 1B-C). Corolla length 
was shorter in LS morph (t = 11.01; df = 288.68; p < 0.001; 

Fig. S2 in supplementary material). Nectar was the main 
resource searched by floral visitors (volume = 12.26 ± 
11.95 μl; concentration = 17.52 ± 6.63 %). Nectar secretion 
did not differ between morphs (volume: W = 1,297.00; 
p = 0.42; concentration: W = 1,428.00; p = 0.99; Fig. S3 
in supplementary material). On average the heights of 
anthers and stigma for plants differ within each morph 
(anthers and stigmas; F1, 578 = 1,060.36; p < 0.001), and 
also among morph (LS and SS; F1, 578 = 122.16; p < 0.001) 
with a significant interaction between these two factors 
(structure type: morph; F1, 578 = 3,216.54; p < 0.001; Fig. 2; 
Tab. S1 in supplementary material). 

Inaccuracy of reciprocity
The inaccuracy of reciprocity between the low organs 

was 12.03 mm² and between the high organs it was 9.53 
mm², indicating lower reciprocity between the SS-stigmas 
and the LS-anthers (Fig. 2). The total inaccuracy of the 
population was 21.56 mm2. 

Floral visitors
We registered a total of 18 species of floral visitors 

representing three orders: Apodiformes, Hymenoptera, and 
Lepidoptera (Fig. 3 and Tab. S2 in supplementary material). 
Most visitors (16 species) made legitimate visits (Fig. 3 and 
Tab. S2 in supplementary material). Apis mellifera and one 
unidentified species of butterfly (Nymphalidae, Ithomiini) 
acted exclusively as nectar larcenists by only collecting nectar 
through the calyx. Therefore, they were not included in the 
efficacy analyses. Most visits conducted by Trigona braueri 
were illegitimate, reflecting its reduced body and tongue 

Figure 2. Height (mm) of anthers and stigma of Psychotria nuda flowers in “Parque Nacional da Serra dos Órgãos” (PARNASO), Brazil: 
(A) Reproductive structures of long-styled (LS) flowers; (B) Reproductive structures of short-styled (SS) flowers. Different symbols 
above boxes represent significant differences for pairwise comparisons (p< 0.05).
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Figure 3. Floral visitors of Psychotria nuda observed in “Parque Nacional da Serra dos Órgãos” (PARNASO): (A) Heliconius narcaea; 
(B) Parides agavus; (C) Unidentified species of Hesperiidae; (D) Bombus brasiliensis; (E) Female Euglossa sp. collecting nectar; and  
(F) Trigona braueri collecting pollen.
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size. We included this stingless bee in the efficacy analyses 
because it could occasionally contact anthers and stigma 
during visits (Fig. 3F). 

The relative frequency of visits differed among the 
functional groups of pollinators (F3, 8 = 16.95; p < 0.05) but 
not between morphs (F1, 8 = 2.14; p = 0.18; Fig. 4), and we 
did not observe a significant interaction between these two 
variables (functional group: morph; F3, 8 = 1.05; p = 0.42). 
Butterflies were the most frequent group and large-sized 
bees were more frequent than small-sized bees (Fig. 4), with 
the frequency of hummingbirds being intermediate between 
those of large- and small-sized bees but not statistically 
different from either (Fig. 4).

Figure 4. Relative frequency (%) of visits of four functional groups 
of pollinators to flowers of Psychotria nuda in “Parque Nacional 
da Serra dos Órgãos” (PARNASO), Brazil. Different letters above 
bars represent significant differences for pairwise comparisons  
(p< 0.05). The bar-plot represents the mean and the standard-error 
(SE). Figures of functional groups of pollinators obtained from 
http://plantecology.webs7.uvigo.es/.

Pollinator efficacy
A total of 82 flowers were visited during the experiment: 

47 by butterflies (LS = 30 flowers; SS = 17 flowers), 23 by 
large-sized bees (LS = 14 flowers; SS = 9 flowers) and 12 by 
small-sized bees (LS = 2 flowers; SS = 10 flowers); no flower 
was visited by hummingbirds during the experiment). After 
pollination, fruit took eight months to develop, ripening 
between October (2016) and February (2017), while the 
calyx remained persistent for ca. 10 months in flowers that 
did not produce fruits. Fruit set after one flower visit (i.e. 
pollination efficacy) did not differ between butterflies and 
small-sized bees (Tab. 1; X² = 0.07; df = 1; p = 0.80), and visits 

by large-sized bees did not produce fruits (Tab. 1). Fruit 
set of flowers exposed to a single visit (4.9 % considering 
all groups) was lower than fruit set by flowers exposed 
to natural conditions (68.7 %; Tab. 1) (X² = 84.70; df = 1;  
p < 0.0001).

Effect of corolla length on individual inaccuracy and 
reproductive success

The relationship between corolla length and both female 
and male individual inaccuracies differed between the two 
morphs (Tab. 2; Fig. 5; 6). Individual female inaccuracy 
decreased with the increase of the corolla length for 
the SS morph but was unaffected by corolla length for 
the LS morph (contrasts LS-SS: df = 33; t-ratio = 2.73;  
p < 0.010; Fig. 5). In contrast, while individual male 
inaccuracy decreased with the increase of the corolla length 
for the SS morph, it increased with the increase of the corolla 
length for the LS morph (contrasts LS-SS: df = 33; t-ratio 
= 5.09; p < 0.0001; Fig. 6).

We did not observe an individual effect of corolla length 
on plant reproductive success (corolla length: F1, 63 = 0.005; 
p = 0.94). However, variation in reproductive success in 
relation to corolla length was morph dependent (morph: 
F1, 63 = 5.68; p = 0.02), as the interaction between the two 
factors was significant (corolla length: morph; F1, 63 = 5.59; 
p = 0.02). This relationship was positive for SS flowers and 
had no effect for LS flowers (Fig. 7). 

Discussion
In our study with a montane population of P. nuda, 

we found that (1) butterflies are the main pollinators; (2) 
inaccuracy is higher in low organs of flowers; and (3) the 
longer the corolla of SS flowers, the lower the individual 
inaccuracy and the higher the reproductive success. We 
recorded visits by four functional groups of floral visitors, 
including small- and large-sized bees, butterflies, and 
hummingbirds in flowers of P. nuda, as have other studies 
conducted in lowland populations (Castro & Araújo 2004; 
Almeida 2005; Ribeiro et al. 2018). However, different 
from these studies, which found hummingbirds to be the 
main pollinators (Castro & Araújo 2004; Almeida 2005; 
Ribeiro et al. 2018), we found that butterflies prevailed in 
PARNASO over the three consecutive years of the study. 
This result indicates that the high frequency recorded for 
butterflies in PARNASO is probably not due to temporal 
variation of pollinators (Gómez et al. 2010; Zhao & Huang 
2013; Leal et al. 2020). Besides that, several species of 
hummingbirds are resident and act as pollinators of dozens 
of species in montane Atlantic forests (Wolowski et al. 2016), 
including our study site (Leal et al. 2020). In contrast to 
our results, a recent study observed that hummingbirds 
were more important than insects at higher elevations 
(750-950 m a.s.l.), whereas insects and hummingbirds were 
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Figure 5. Relationship between individual female inaccuracy and corolla length among different morphs (LS = long-styled and SS = 
short-styled) of Psychotria nuda in “Parque Nacional da Serra dos Órgãos” (PARNASO), Brazil.

Figure 6. Relationship between individual male inaccuracy and corolla length among different morphs (LS = long-styled and SS = 
short-styled) of Psychotria nuda in “Parque Nacional da Serra dos Órgãos” (PARNASO), Brazil.
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Table 1. Pollination efficacy (fruit set after a single visit) by different functional groups of visitors and pollination effectiveness (fruit 
set after flower exposure to natural conditions for the entirety of anthesis) in flowers of Psychotria nuda in “Parque Nacional da Serra 
dos Órgãos” (PARNASO).

Floral visitor Fruit set (fruits/flowers)
Butterfly 6.4 % (3/47)
Large-bee 0 (0/22)
Small-bee 8.33 % (1/12)

Natural conditions 68.7 % (46/67)

Table 2. Results of analysis of variance (ANOVA) displaying the effects of floral morph and corolla length on the female and male 
inaccuracy distylous Psychotria nuda in “Parque Nacional da Serra dos Órgãos” (PARNASO).

df F value P
Female inaccuracy

Corolla length 1 2.430 0.129
Morph 1 8.545 0.006

Corolla length: Morph 1 7.427 0.010
Residual 33

Male inaccuracy
Corolla length 1 7.311 0.011

Morph 1 24.523 <.0001
Corolla length: Morph 1 25.864 <.0001

Residual 33

Figure 7. Relationship between fruit production under natural conditions and corolla length among different morphs (LS = long-
styled and SS = short-styled) of Psychotria nuda in “Parque Nacional da Serra dos Órgãos” (PARNASO), Brazil.

equally important at mid-elevation (500-600 m a.s.l.) for 
some Rubiaceae species (Lehmann et al. 2019). Although 
elevation may have led to changes in the frequencies of 
pollinator functional groups visiting P. nuda, changes in 
the composition of pollinators can be influenced by several 
factors and at different spatial scales, so it is not possible 
to know, at this moment, whether the predominance of 

butterflies is consistent among montane populations of 
P. nuda. Therefore, we classify the pollination system of  
P. nuda as a case of functional-group generalization (sensu 
Armbruster 2017), but with some local specialization due 
to the predominance of insects or hummingbirds.

Most heterostylous plant species are visited by a broad 
array of floral visitors that can vary in numerous aspects 
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(e.g., foraging behavior, body size, and mouthpart length) 
that can influence efficacy (Deschepper et al. 2018). Based 
on our pollinator efficacy experiments, we observed that 
butterflies and small-sized bees did not differ in efficacy, 
while we did not obtain information for large-sized bees (due 
to low fruit production after a single visit) or hummingbirds 
(due to the low frequency of visits during the experiment). 
In a lowland population of P. nuda on an island ca. 150 
km from PARNASO (“Parque Estadual da Ilha Grande”), 
18.4 % of flowers were found to set fruit after a single 
visit by hummingbirds (Almeida 2005), while the values 
of fruit set after a single visit by insects (4.4 % of flowers; 
Almeida 2005) were similar to what we registered in our 
study (6.4 %). These results indicate that, in lowlands, 
hummingbirds carry greater loads of cross-pollen of P. 
nuda than do insects (Ashworth et al. 2015), and that the 
low efficacy of insects may be related to their foraging 
behavior favoring intramorph-pollen deposition. Despite 
the low efficacy after a single visit, we found that roughly 
69 % of P. nuda flowers exposed to natural conditions at 
PARNASO produced fruits, which was similar to the fruit 
production found on Ilha Grande where 42 % of the flowers 
set fruit in natural conditions and hummingbirds prevailed 
(Almeida 2005). Thus, we conclude that butterflies may 
be responsible for the high fruit set observed in natural 
conditions and that the low efficacy of this group may be 
compensated by their high visitation frequency (i.e., high 
effectiveness; sensu Freitas 2013). 

The theoretical expectations of perfect reciprocity in 
heterostylous plants are related to the fact that variation in 
reciprocity could lead to low rates of disassortative pollination 
(Keller et al. 2014). Despite this expectancy, variation in 
the degree of reciprocal herkogamy has been reported for 
different distylous species (Ree 1997; Faivre & McDade 
2001; Keller et al. 2014) including P. nuda (Castro & Araújo 
2004; Almeida 2005; Klein 2007). In addition, variation 
in the degree of inaccuracy between high and low floral 
structures are common and recent studies observed greater 
inaccuracy in high-level than in low-level organs (Armbruster 
et al. 2017; Jacquemyn et al. 2018; Brys & Jacquemyn 2019; 
Furtado 2019; Matias et al. 2020). Differing from these 
studies, we found P. nuda to present greater inaccuracy for low 
organs, which is a less observed pattern among other species 
Psychotria (see supplementary material in Furtado 2019). 

Variation in the degree of inaccuracy due to morphological 
variation in floral traits may affect the reproductive success 
of distylous plants (Matias et al. 2020). Corolla tube length 
may be one of the main morphological factors affecting 
inaccuracy (Sá et al. 2016; Furtado 2019), mainly for 
distylous plants with epipetalous stamens (Thompson & 
Dommée 2000; Castro & Araújo 2004; Keller et al. 2012; Sá 
et al. 2016). The effect of variation in the corolla may differ 
between morphs, resulting in morph-specific selection on 
this trait (Li et al. 2017). We observed an effect of corolla 
length on individual male and female inaccuracies in P. nuda, 

with this relationship being negative for the SS morph, 
increasing reciprocity in both directions, and positive for 
LS flowers, decreasing reciprocity. Moreover, our results 
showed a positive relationship between corolla length and 
fruit-set within SS flowers. These results support the idea 
that individual levels of inaccuracy affects legitimate pollen 
deposition; and that deviations from perfect reciprocity can 
have a greater effect on SS individuals than on LS individuals 
due the greater difficulty of accessing the stigmas included 
in the tubular corolla (Brys & Jacquemyn 2019).

Studies on pollination biology in Brazil are generally 
carried out at a single site, even for plant species with 
populations distributed across large geographic ranges (but 
see Alves-dos-Santos 2002; Rech et al. 2018). Interestingly, 
several independent reproductive studies have been carried 
out in different populations of P. nuda (Castro & Araújo 2004; 
Almeida 2005; Pereira et al. 2006; Klein 2007; Ribeiro et 
al. 2018), the results of which support the idea that inter-
population variation in pollination systems may be common. 
Exploring spatial variation of pollination systems can lead 
to a better understanding of the ecology and evolution of 
floral traits and plant-pollinator interactions (Thompson 
2005; Herrera et al. 2006). 
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