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Background and aims — In highly seasonal habitats, sympatric species are often constrained to flower
simultaneously. Many sympatric species of Psychotria have similar floral traits, are pollinated by bees,
moths, butterflies and flies and flower at the same time of year. This genus provides an opportunity to
analyse the relationships between sympatric congeneric plants and pollinators. Interactions between
potentially sympatric Psychotria species and their pollinators were surveyed to assess the occurrence of
sharing, specialisation, or generalisation of pollinators and plants in the system.

Methods — A dataset compiled from studies of pollination biology of this genus was used to investigate
aspects of interactions with shared pollinators and flowering overlap. These data were used to draw a
bipartite graph and analyse the interaction network and degree of niche overlap.

Key results — In total, the dataset included eight species of potentially co-occurring Psychotria species,
which interacted with 24 species of pollinators. The most generalised plant in the network was Psychotria
trichophoroides. The pollinators with the highest number of links, and therefore the most important for the
network, belonged to orders Hymenoptera and Lepidoptera. Pollinators were shared among Psychotria
species, thus pollination niches did overlap (6 = 0.20, P = 0.04), and plants of this genus
depended on pollinators that were generalists among them.

Conclusion — The peak of overlap in flowering phenology, when all of the species may potentially co-
flower, coincided with the Cerrado rainy season. Since all Psychotria species occurred in sympatry,
overlapped in flowering phenology, and had asymmetric interactions with floral visitors, it is possible that
pollination facilitation is present in this system.

random > observed
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INTRODUCTION

Pollinators are essential for the reproduction of at least 90%
of forest plant species (Bawa 1990). In addition, they are
crucial to maintain food chains in natural environments,
because they enable the production of fruits and seeds that
sustain frugivores (Moreti et al. 2006). Given the evidence
for a decline in pollinator numbers, particularly bees, it is es-
pecially important to study the relationships between native
plant species and their potential pollinators to inform conser-
vation and management strategies.

In highly seasonal habitats, sympatric species are often
constrained to flower simultaneously (Janzen 1967, Reich
& Borchert 1984, Rathcke 1988, Ollerton et al. 2003). Un-
der these circumstances, plants may become more tolerant
of competition by lengthening flower longevity (e.g. Levin
1978, Motten 1986, Rathcke 1988, Ashman & Schoen 1994,

Ashman 2000) or through a finer-grained partitioning of pol-
linator activity, for example throughout the day (Levin &
Anderson 1970, Ollerton & Lack 1992). On the other hand,
convergence of floral morphology among plants of different
species that flower simultaneously may be a mutually benefi-
cial strategy to attract pollinators (Bobisud & Neuhaus 1975,
Schemske 1981), since the concentration of floral resources
increases flower visitation rates (Augspurger 1980, de Jong
et al. 1992, Podolsky 1992).

Many sympatric species of Psychotria have similar floral
traits and flower at the same time of year (Hamilton 1989,
Sakai & Wright 2008). Flowers in this genus are small, have
a tubular corolla, whitish colouration and are pollinated by
bees, moths, butterflies and flies (Almeida & Alves 2000,
Coelho & Barbosa 2004). In addition, they have a number of
sexual mechanisms in common, including hermaphroditism,
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distyly (heteromorphic incompatibility system), and func-
tional unisexuality (Nepokroeff et al. 1999).

Psychotria L. (Rubiaceae) is one of the largest angio-
sperm genera, including approximately 1650 species (Hamil-
ton 1989). This genus is comprised predominantly of shrubs
or treelets (Carvalho et al. 2000), which are common in the
understory of tropical forests (Taylor 1996, Orians 1997,
Lopes & Buzato 2005) and are important for ecosystem
function (Lopes & Buzato 2005). Therefore, Psychotria pro-
vides a unique opportunity to analyse the relationships be-
tween plants and pollinators of sympatric congeneric species
that flower synchronously (Sakai & Wright 2008, Liuth et al.
2013). In this study, interactions between potentially sympa-
tric Psychotria species and their pollinators were analysed to
assess the occurrence of pollinators sharing, and specialisa-
tion or generalisation in plant-pollinator interactions. In our
analysis, we included interactions with shared pollinators
and overlap in flowering phenology, based on a dataset com-
piled from studies of pollination biology of genus Psychotria
in Cerrado.

METHODS

Our dataset was compiled from studies with Psychotria spe-
cies found in south-eastern Goias State and western Minas
Gerais State, Brazil, within the Cerrado domain (table 1).
To minimize errors due to non-overlapping spatial distribu-
tions of the Psychotria species and their pollinators, only
data from studies up to 200 km apart and located within the
same river basin were included (https://docs.google.com/file/
d/0ByQNaWHmeZ15b21zY W5kUHA2cGs/edit).

The survey included secondary data from scientific pa-
pers, theses and dissertations that had a list of pollinators for
different Psychotria species (table 1). The studies analysed
mostly focused on plant biology and reproductive ecology.
These studies were selected because they deliberately distin-
guished nectar robbers from effective pollinators. Further-
more, they included one or a few plant species, resulting in
a higher sampling effort and number of observations by spe-
cies in comparison to studies of large communities (Olesen
& Jordano 2002, Waser 1986). Altogether, five studies were
included in the dataset, for a total of eight species studied.
Only studies that had species-level identification of pollina-
tors were included, and nectar robbers were excluded.

Presence and absence of Psychotria-pollinator interac-
tions were tabulated in a matrix with plants in rows and visi-
tors in columns (Jordano 1987). Figures and network analy-
ses were based on this data matrix. In addition, the flowering
periods of the species included in the matrix were analysed
to determine the degree of phenological overlap among the
Psychotria species. Reproductive phenology data were ob-
tained from the same studies used to analyse plant-pollinator
interactions (table 1). The presence or absence of the flower-
ing phenophase of each species was recorded to obtain the
proportion of species flowering in a given time of year. This
method is qualitative, but it allows the assessment of syn-
chrony among species, given that synchrony increases with
the number of species flowering simultaneously.
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Table 1 — List of studies on reproductive biology of Psychotria species in Cerrado (Brazilian Savanna).

Studies that were included in the present analysis, indicating authors, year of publication, method used to sample visitors, species analysed, number of observed plants, studied area size,

the period and frequency of phenological data collection. ffi: focal individual (entomological net); pr: photographic record (birds); i (f): phenology; (p): pollinators.

Phenology
duration frequency

Phenology

Day time

Sampling
effort per
specie

studied Size area

N of
plants]

Species

Municipality
(state)

Methodt

Year

Authors

Jun. 2000-
06-18 h May 2001 monthly

60 h

7.78 ha.

450(f)

Uberlandia (MG) P, poeppigiana Miill.Arg.

fi; pr

2004

Coelho & Barbosa

Aug. 2002—
Sep. 2003 monthly

06—18h

7h

404 ha.

101(9)
101(p)

Uberlandia (MG) P, carthagenensis Jacq.

fi

2011

Consolaro et al.

P. capitata Ruiz & Pav.; P. deflexa
DC.; P. hoffmannseggiana (Willd.

Jan. 2012—-

28.48;
54 ha.

fortnightly

06—18h

24h

ex Schult.) Mill.Arg.; P. prunifolia 40(9)

Cataldo (GO)

fi

2013

Sa

Dec. 2012

(Kunth) Steyerm.; P. trichophoroides

Miill. Arg.

Nov. 2012—
06-18h Jan. 2013 Weekly

12h

28.48 ha.

20(f)
20(p)

P, capitata; P. deflexa;
P. hoffmannseggiana; P. prunifolia

Cataldo (GO)

fi

2013

Mesquita-Neto

P. prunifolia; P. hoffinannseggiana;

P. gracilenta Miill. Arg.;
P. trichophoroides

Mar. 2006—

monthly

10h -

11 ha.

20(f)

Araguari (MG)

fi

2008

Oliveira

Feb. 2008
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Graphic representations and matrix indexing were gener-
ated using the bipartite package in R 2.11.0 (Dormann et al.
2008, Dormann et al. 2010). Networks were described based
on the following properties: (1) number of nodes: total num-
ber of plant and animal species involved in the interaction
network; (2) number of links (k): observed number of inter-
actions between plants and pollinators; (3) connectance (C):
proportion of observed interactions, i.e., a ratio between the
total number of actual links (E) and the maximum possible
number of links, which is given by the product of the number
of plants (P) and animals (A) in the network: C = E/(A*P).

The qualitative data matrix used for the network analysis
was also used to evaluate overlap in the pollination niches
of the eight Psychotria species. Pianka’s index (0) was used
to estimate similarity among the pollinator compositions of
each plant species (Pianka 1973). This index ranges from
0 (total segregation) to 1 (total overlap) (Gotelli & Graves
1996). The observed overlap index was then compared to a
distribution of values obtained by randomizing the original
matrix 1000 times using the RA2 algorithm of the software
Ecosim 7 (Gotelli & Entsminger 2006).

RESULTS

Eight species of Psychotria from the pre-defined geographic
region were included. These species interacted with 24 spe-
cies of pollinators, establishing a total of 43 interactions with
an average of 5.4 links per plant and 1.8 per pollinator. Four-
teen of the visitors interacted with only one Psychotria spe-
cies. In contrast, all plant species were visited by at least two
different pollinators, revealing a lack of extreme specialisa-
tion in Psychotria interactions (fig. 1).

The connectance of the network (C = 0.22 = 22%) was
higher than observed in other pollination studies (average of
11% according to Olesen & Jordano 2002). The cumulative
distribution of the number of links per species (total num-
ber of species with k interactions) revealed a dominance of
plants with three or more interactions (fig. 2A). The most
generalist plant in the network was P. trichophoroides Miill.
Arg. (k = 13), and the pollinators that interacted with the
largest number of Psychotria species were Apis mellifera
L. and the butterfly species Ithomia agnosia Hewitson and
Pythonides jovianus Staudinger (fig. 1). The pollinators with
the largest number of links, thus the most important for the
maintenance of the plants, belonged to orders Hymenoptera
and Lepidoptera (figs 1 & 2B). However, bird pollination
did occur in P. poeppigiana Miill. Arg., which was visited by
hummingbirds (fig. 1).

The pollination niches of the eight Psychotria species
overlapped more than expected based on the null model
(0=020,P_ s 0.04). As a result, the plants had
more pollinators in common than expected by chance.

Species of Psychotria flower throughout the year, but the
peak of their flowering period occurred between the months
of October and January, coinciding with the period of larg-
est accumulation of rainfall in the Cerrado (fig. 3). The peak
of co-flowering occurred in the months of November and
December, when all the eight species analysed had flowers
(fig. 2). These data demonstrate that the flowering phenol-

ogy of the Psychotria species included here did overlap in
the rainy season. All species had their flowering period mon-
itored year around and there was no lack of data collection
during monitoring period, so the absence of this phenophase
indicates that the species were not in flower (table 1).

DISCUSSION

Rainfall seems to be a predominant factor in determining the
flowering period of Psychotria species (Liuth et al. 2013).
For instance, P. hoffmannseggiana (Willd. ex Schult.) Miill.
Arg. flowers at different times of year in different regions of
Brazil, but always in periods of elevated rainfall (Oliveira
2008, Teixeira & Machado 2004). Psychotria species that
flower during the rainy season are generally pollinated by
insects (Castro & Oliveira 2002, Coelho & Barbosa 2004,
Consolaro et al. 2011, Sa 2013, Lopes & Buzato 2005,
Mesquita-Neto 2013, Oliveira 2008, Ramos & Santos 2006,
Teixeira & Machado 2004).

The rainy season is also the time of highest abundance
and activity of Lepidoptera and Hymenoptera (Fonseca et al.
20006, Silva et al. 2011, Wolda 1988), the most common visi-
tors of Psychotria flowers. Thus, the overlap in flowering of
Psychotria species during the rainy season may be an adap-
tation to improved conditions for pollination, that is, species
tend to flower when vector availability is higher, as suggest-
ed for other plant groups (Almeida & Alves 2000, Koptur et
al. 1988, Martin-Gajardo & Morellato 2003). However, wa-
ter availability may also influence the phenological pattern of
Psychotria, because this genus includes predominantly her-
baceous species with shallow roots. This morphological trait
limits access to water to the most superficial layer of the soil,
resulting in greater dependency of the reproductive cycle on
the rainfall pattern (Batalha & Mantovani 2000).

The phenological analysis of flowering revealed the exist-
ence of synchrony among species, suggesting that the system
proposed here is temporally viable through co-flowering of
Psychotria species. Sakai & Wright (2008) highlighted that it
is uncommon to find as many congeneric species with over-
lapping distributions as in the genus Psychotria, which may
have more than twenty co-occurring species in a given tropi-
cal forest. The Psychotria species included here overlapped
spatially, as well as with their pollinators, and flowered syn-
chronously. As such, the interactions between Psychotria and
pollinators presented here are likely to be consistent with the
actual system.

The overlap of the Psychotria pollination niches suggests
that there is pollinator partition, which points to the occur-
rence of a generalised pollination system within the group of
species. Given the importance of pollinators for plant repro-
duction, plant species with generalised pollination systems
are expected to be less vulnerable to extinction than plants
with specialised systems (Harris & Johnson 2004). The ge-
nus Psychotria is predominantly heteromorphic and self-
incompatible, meaning that fruit formation can only occur
through crosses between long-styled and short-styled flow-
ers. Heterostylous flowers are mostly pollinated by bees, but
may also be pollinated by many other animal groups, such
as flies, moths, butterflies and hummingbirds (Rodrigues
& Consolaro 2013, Castro & Oliveira 2002, Ganders 1979,
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Richards & Koptur 1993). Psychotria species are pollinated  such as lepidopterans and long-tongued bees, were more ef-
more efficiently by lepidopterans and bees (Castro & Olivei-  ficient in pollinating short-styled flowers (Beach & Bawa
ra 2002, Coelho & Barbosa 2004, Consolaro et al. 2011, S& 1980, Lloyd & Webb 1992). In contrast, short-tongued hy-
2013, Lopes & Buzato 2005, Mesquita-Neto 2013, Oliveira  menopterans, especially bees, should be more efficient pol-
2008, Ramos & Santos 2006, Teixeira & Machado 2004).  linators of long-styled flowers (Beach & Bawa 1980). Pollen
Some authors suggested that insects with longer mouthparts,  transfer from long stamens to long styles is facilitated by the
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Figure 1 — Bipartite graph including the eight co-occurring Psychotria species and their interactions with pollinators. Legend for pollinator
nodes: grey: hummingbirds; white: butterflies; black: bees.
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interaction of a much larger range of visitors with those re-
productive organs (Pailler & Thompson 1997). As a result,
it is necessary to have a pollination system involving more
generalised pollinators, at least for plant species of the same
genus, as found here.

Lepidopterans and bees shared a prominent role in the
pollination of Psychotria. Ithomia agnosia and P. jovianus
were the main native pollinators of this genus. Butterflies
and moths are somewhat constant and faithful to certain plant
species (Fonseca et al. 2006, Goulson & Cory 1993, Goul-
son et al. 1997, Lewis 1989). The presence of large bracts in
inflorescences may facilitate visitation by butterflies, which

use these structures as landing and support platforms during
nectar removal (Coelho & Barbosa 2004).

Exclusive pollination by Lepidoptera does not ensure the
maintenance of reproductive success of both morphotypes
and the isoplethy of heterostylous Psychotria species. As a
consequence, bee pollination is particularly relevant for Psy-
chotria. In fact, they had the highest visitor richness and the
largest proportion of interactions with this genus. Bees had a
significant role among the exclusive pollinators of this sys-
tem, since they were responsible for most of the exclusive
interactions. These bees may have a prominent role in the
pollination of plants with overlapping flowering phenology,
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Figure 2 — Number of observed interactions (k) between Psychotria species and pollinators. The panels show: A, the number of links per
plant species, with a large number of species with few links and a few highly connected species; B, the number of links per pollinator group,
with Hymenoptera and Lepidoptera having the largest number of interactions.
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since they are faithful to their resource and are thus less like-
ly to deposit heterospecific pollen on stigmas (Raine et al.
2007, Waser 1986). Our data show the relative importance of
bees as effective pollinators of Psychotria.

Among the bee species with the largest number of inter-
actions, A. mellifera was the most important. This species is
broadly considered a super generalist and had a large role
in pollinating the Psychotria species analysed here. This ex-
otic bee was the most common visitor of P. hoffinannseggi-
ana, P. capitata and P. carthagenensis (Sa 2013, Mesquita-
Neto 2013, Faria 2010, Oliveira 2008) and was reported as
a pollinator of P. gracilenta (Oliveira 2008). Other studies,
however, have not found 4. mellifera to be an effective pol-
linator of genus Psychotria (Almeida & Alves, 2000, Castro
& Araujo 2004, Castro & Oliveira 2002, Coelho & Barbosa
2004, Teixeira & Machado 2004). Thus, A. mellifera is likely
to have occupied a pollination niche of Psychotria that was
empty or had little competition. In addition, habitat fragmen-
tation and human disturbance may also have contributed for
changes in this scenario. Santos et al. (2012) demonstrated
that the generalist nature of 4. mellifera could have a nega-
tive impact on an ecological network, interfering on network
structure and monopolizing many interactions, often with-
out pollinating effectively (e.g. Carmo et al. 2004). Thus, a
more refined approach is necessary in future investigations
of the pollination efficiency of 4. mellifera in comparison to
native pollinators. In particular, studies that use single-visit
tests and quantification of interspecific and intraspecific pol-
len load on the body of floral visitors are needed. However,
all studies included here focus on the behaviour of the floral
visitors, treating all visitors that contacted anthers and stigma
as pollinators.

Besides, the reliability of these analyses is limited by
the resolution of taxonomic studies; the pollinators uniden-
tified at species level were not included in our analysis. P
carthagenensis, for instance, is pollinated by a much larger
spectrum of secondary pollinators, but without identifica-
tion (Faria 2010, Consolaro et al. 2011); this could interfere
with our considerations. Then, we adopted a requirement that
the main pollinators of Psychotria included here possessed
species identification. Unfortunately, the taxonomy of cer-
tain taxa is limited, especially in the tropics, where there is
a lack of specialists, identification keys, bibliography and
many species have still not been described (Novotny et al.
2007). Another factor that can influence our analyses is the
large size of the study area and the different sampling effort
of each study. This is particularly important for species in-
cluded in only one study (P. poeppigiana, P. gracilenta and
P. carthagenensis). However, most species appear in more
than one study, which contributes to the reduction of these
interferences. Thus, future studies should give more attention
and care to the correct identification of suitable pollinators
and deposit of vouchers in entomological collections.

The Psychotria species included here can be considered
synchronopatric, since they co-occur within a limited geo-
graphic region and overlap considerably in flowering phe-
nology during the rainy season in Cerrado. In addition, the
pollination niches of these species overlap, and they are pre-
dominantly pollinated by bees and diurnal butterflies. The
connectance of the network was higher than the average of
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previous pollination studies (Olesen & Jordano 2002), char-
acterising generalisation of the interactions. However, most
systems analysed by other pollination networks are more ex-
tensive and involve more complex communities, which in-
clude a larger number of species.

Our data suggest that interactions between congener-
ics and their pollinators tend to be generalist. The trend for
asymmetric plant-pollinator networks (Vazquez & Aizen
2004), on the other hand, implies that there are some special-
ist species. Bascompte et al. (2003) and Vazquez & Aizen
(2004) suggest that asymmetric specialisation is common in
plant-pollinator interaction networks, and that it is more fre-
quent than expected based on a null model. Hence, it is pos-
sible that these Psychotria species are involved in a process
of pollination facilitation; because they frequently occur in
sympatry, overlap in flowering, and interact asymmetrically
with pollinators, leading to overlap in pollination niches.
In facilitation, the increased availability of floral resources
around an individual has a positive influence on visitation
rates, pollinator diversity, pollination levels and reproduc-
tive success (Brown & Kodric-Brown 1979, Callaway 1995,
Feinsinger et al. 1991, Waser & Real 1979). Therefore, facil-
itation should be particularly important for specialised plants
that depend exclusively on one or a few generalist pollina-
tors, as is the case for some of the Psychotria species includ-
ed in our study. However, few studies address facilitation of
pollination empirically (e.g. Ghazoul 2006). Given this scar-
city, our research group is currently carrying out experiments
to test the occurrence of facilitation among sympatric Psy-
chotria species.
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