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Abstract Interactions between flowers and their visitors
span the spectrum from mutualism to antagonism. The lit-
erature is rich in studies focusing on mutualism, but nectar
robbery has mostly been investigated using phytocentric
approaches focused on only a few plant species. To fill this
gap, we studied the interactions between a nectar-robbing
hermit hummingbird, Phaethornis ruber, and the array
of flowers it visits. First, based on a literature review of
the interactions involving P. ruber, we characterized the
association of floral larceny to floral phenotype. We then

Communicated by Martin Heil.

Electronic supplementary material The online version of this
article (doi:10.1007/s00442-015-3275-9) contains supplementary
material, which is available to authorized users.

P. K. Maruyama (P<)) - J. Vizentin-Bugoni

Programa de P6s-Graduagdo em Ecologia, Universidade Estadual
de Campinas (Unicamp), Cx. Postal 6109, Campinas,

SP 13083-970, Brazil

e-mail: pietrokiyoshi @gmail.com

P. K. Maruyama - J. Vizentin-Bugoni - B. Dalsgaard
Center for Macroecology, Evolution and Climate, Natural
History Museum of Denmark, University of Copenhagen,
Universitetsparken 15, 2100 Copenhagen @, Denmark

1. Sazima
Museu de Zoologia, Universidade Estadual de Campinas
(Unicamp), Campinas, SP 13083-970, Brazil

1. Sazima
Projeto Dacnis, Estrada do Rio Escuro 4754, Sertao das Cotias,
Ubatuba, SP 11680-000, Brazil

M. Sazima

Departamento de Biologia Vegetal, Instituto de Biologia,
Universidade Estadual de Campinas (Unicamp), Cx. Postal 6109,
Campinas, SP 13083-970, Brazil

Published online: 06 March 2015

experimentally examined the effects of nectar robbing on
nectar standing crop and number of visits of the pollina-
tors to the flowers of Canna paniculata. Finally, we asked
whether the incorporation of illegitimate interactions into
the analysis affects plant-hummingbird network struc-
ture. We identified 97 plant species visited by P. ruber
and found that P. ruber engaged in floral larceny in almost
30 % of these species. Nectar robbery was especially com-
mon in flowers with longer corolla. In terms of the effect
on C. paniculata, the depletion of nectar due to robbery by
P. ruber was associated with decreased visitation rates of
legitimate pollinators. At the community level, the inclu-
sion of the illegitimate visits of P. ruber resulted in modifi-
cations of how modules within the network were organized,
notably giving rise to a new module consisting of P. ruber
and mostly robbed flowers. However, although illegitimate
visits constituted approximately 9 % of all interactions in
the network, changes in nestedness, modularity, and net-
work-level specialization were minor. Our results indicate
that although a flower robber may have a strong effect on
the pollination of a particular plant species, the inclusion of
its illegitimate interactions has limited capacity to change
overall network structure.

Keywords Antagonism - Atlantic rainforest -
Modularity - Mutualism - Phaethornis ruber -
Plant—pollinator interactions

Introduction
Mutualism, defined as an interaction in which both partner
species experience a net positive effect, is one of the major

interaction types in nature (Bronstein 2001). Nevertheless,
organisms are entangled in multiple interactions that vary
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in type and strength. For example, most flowering plants
rely on animals for pollination (Ollerton et al. 2011), but
not all flower visitors are effective pollinators (Irwin et al.
2010). Floral visitors even engage in floral larceny, i.e.,
robbing or thieving of floral rewards (Inouye 1980; Irwin
et al. 2010). Some floral phenotypes may be especially
associated with occurrence of floral larceny, such as longer
and more enclosed corollas (Lara and Ornelas 2001; Irwin
et al. 2010), but investigations involving the analysis of
large datasets are still lacking. Additionally, in a compre-
hensive review, Irwin et al. (2010) pointed out a number of
little explored and fruitful avenues for future research in
nectar robbery, advocating studies which would overcome
the limitations caused by predominance of a phytocentric
approach and noting the lack of community-wide studies.

The same network structural property may have dif-
ferent consequences on network dynamics depending
on whether the interaction is mutualistic or antagonistic
(Thébault and Fontaine 2010). Therefore, simultaneously
considering and merging these two types of interactions
could reveal new eco-evolutionary patterns and dynamics
that shape ecological communities (Fontaine et al. 2011).
For example, theoretical simulations with tripartite net-
works merging antagonistic and mutualistic sub-networks
show that whereas greater connectance of antagonistic
interactions lower the resilience of the community, con-
nectance of the mutualistic interactions have an opposite
effect (Sauve et al. 2014). If the structural properties of
networks change drastically when illegitimate interactions
are included, in theory the dynamics and stability of the
system should also change. This possibility leads to the
notion that merging the interactions of both pollinators
and floral larcenists may provide insightful results and also
that the inclusion of floral larcenists in an analysis may
change the structure of plants and flower-visitor networks
(Genini et al. 2010; Fontaine et al. 2011; Yoshikawa and
Isagi 2013). Despite the potential importance of simulta-
neously considering mutualistic and antagonistic flower-
visitors, only a few community-wide studies have been
conducted, and in two of these studies the simple addition
of antagonistic interactions had drastic effects on the over-
all network structure (Genini et al. 2010; Yoshikawa and
Isagi 2013). Specifically, these two studies showed that
addition of nectar robbers and flower-eaters increases the
modularity of the network, i.e., there seems to be a more
distinct sub-community structure when floral larcenists are
included (Genini et al. 2010; Yoshikawa and Isagi 2013).
Since pollination network structure has been suggested to
have important eco-evolutionary consequences, these stud-
ies may point to the necessity of considering floral larce-
nists in evaluations of the ecological dynamics of plant—
pollinator communities (Olesen et al. 2007; Thébault and
Fontaine 2010; Sauve et al. 2014).
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Here, we focus on a hummingbird nectar robber, the
Reddish Hermit (Phaethornis ruber), as a model organ-
ism. This species belongs to the Hermit clade of hum-
mingbirds, which are regarded as specialized and core-
pollinators in Neotropical forests (Feinsinger and Colwell
1978; Sazima et al. 1995; Maruyama et al. 2014). How-
ever, the small Reddish Hermit has often been recorded
as a nectar robber in the lowland Atlantic rainforest where
it is commonly found (Buzato et al. 2000), which makes
it an ideal model organism to study possible species—spe-
cies and community-wide effects of nectar robbery. First,
we conducted a literature survey of all documented inter-
action records between P. ruber and plants, with the aim
to determine whether particular floral traits were associated
with the behavior of the hummingbird—i.e., whether the
hummingbird acted as a pollinator, nectar robber, or nectar
thief. In other words, we used an extensive database com-
prising a large number of plant species from several fami-
lies to investigate the association between floral traits and
hummingbird behavior. Second, we conducted a case study
focusing on the interaction of P. ruber with Canna panicu-
lata Ruiz & Pav. (Cannaceae), a plant species subjected
to intense robber activity by P. ruber, in order to examine
potential effects of P. ruber on plant reproduction. Finally,
we collected data on a plant-hummingbird interaction net-
work in a lowland Atlantic rainforest community to explore
whether the inclusion of floral larceny interactions influ-
ences how we characterize the network structure.

Materials and methods
Literature survey

The literature survey on records of Phaethornis ruber
interacting with plants was conducted using ISI Web of
Science® and Google Scholar®, using “Phaethornis
ruber” as a search term. For each of the resulting refer-
ences reporting observations of P. ruber visiting a plant,
we extracted the following data whenever available: plant
species and family; the hummingbird behavior while inter-
acting with the plant, i.e. whether pollinating, robbing,
or thieving; flower corolla length; flower color (including
secondary attractants such as bracts when present); nectar
volume and concentration; pollinator species visiting the
plant. The difference between a nectar robber and a thief
is based on the observation of whether the floral larce-
nist damages the flower when accessing the nectar: nec-
tar robbers cause damage, such as by piercing the corolla,
whereas nectar thieves illegitimately access the nectar
without damaging the flower (Inouye 1980). Missing floral
trait data were, whenever possible, complemented with an
additional search specific for each plant species, such as by
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using studies with the same plant at another location. For
species associated with more than one study, the data were
averaged: for each plant species, we use only one value for
each variable. Plant names were checked for their valid-
ity in the Plant list database (http://www.theplantlist.org/)
and updated/corrected whenever necessary. Similar data
for one community in the lowland Atlantic rainforest (see
below) were also included in the survey. Following Wilson
et al. (2004) and Dalsgaard et al. (2009), we coded flower
color visible to the human eye on a numerical scale of 1
to 4, ranging from short-wave length Hymenoptera syn-
drome colors (i.e., blue, violet flowers = 1) to an increas-
ing association to specialized hummingbird-pollinated
syndromes (i.e. red flowers = 4); 2 and 3 represent inter-
mediate syndrome colors [see Electronic Supplementary
Material (ESM) 1 for details]. We also coded the spectrum
of legitimate flower visitors other than P. ruber according
to increasing specialization to hummingbird pollination on
a scale of 1-4 where 1 refers to only insect pollinators, 2
refers to insects and hummingbirds, 3 refers to only hum-
mingbirds, and 4 refers to only large hermit hummingbirds
(see ESM 1 for details).

To assess the relationship between floral phenotype and
P. ruber behavior, we analyzed the floral variables using
nonmetric multidimensional scaling (NMDS), which is in
accordance with data analyses reported in previous studies
dealing with similar kind of data (e.g. Wilson et al. 2004;
Dalsgaard et al. 2009; Ollerton et al. 2009). For the analy-
sis, each floral variable was standardized by subtracting
the minimum value and dividing by the range, so that each
variable had the same weight in the analysis. The Euclidian
distance between species was calculated from the standard-
ized values. The resulting dissimilarity matrix was used for
computing the NMDS ordination with the function meta-
MDSiter in the vegan package in R, which identify a stable
solution using several random starts with smaller stress val-
ues (Borcard et al. 2011; Oksanen 2013). In our analysis,
we set the number of random starts at 200 and examined
whether the data was best described by two or three dimen-
sions. The optimal number of dimensions was determined
to be three, as the solution with two dimensions increased
the stress level considerably, from approximately 10 to
approximately 17 (Borcard et al. 2011). After identifying
the preferred three-dimensional solution, we rotated axis 1
according to floral corolla length; the variable which best
separated P. ruber behavior. We then used the function
envfit to fit the pollinator-visitor score and floral trait vari-
ables (as vectors), as well as the P. ruber behavior [i.e., pol-
linator, nectar robber, or nectar thief (as factor—centroid)],
into the ordination space. In this sense, we were able to
graphically illustrate how floral traits, pollinators, and the
behavior of our target hummingbird associate to the dimen-
sions (axes) of the generated NMDS ordination (Borcard

et al. 2011). In the case of the hummingbird behavior, the
centroids show the averages of different behaviors in rela-
tion to the axes—i.e. to the dimensions representing the
traits. The significance of the association between hum-
mingbird behavior and the ordination axes was tested by
999 permutations (Borcard et al. 2011; Oksanen 2013).
Finally, we calculated the Pearsons’s correlation of each
floral variable and the pollinator-visitor score to the result-
ing three NMDS axes.

Case study

To assess how the nectar robbing behavior of P. ruber may
affect the availability of floral nectar, we conducted a case
study with Canna paniculata in the Atlantic rainforest at
Nucleo Picinguaba (further referred to as Picinguaba),
specifically in Cambucd area. The study site is located in
the Serra do Mar State Park in Ubatuba, Sao Paulo, Brazil
(23°19'30"S, 44°5624"W; approx. 50 m a.s.l.). The mean
annual temperature in Picinguaba is 22 °C and the annual
precipitation is 2200 mm, and never below 80 mm per
month (Joly et al. 2012). Canna paniculata is commonly
found in the southeast Atlantic rainforest, including the
Serra do Mar State Park, occurring in both lowland areas,
such as Picinguaba, and higher areas up to an elevation of
1000 m a.s.l. (Maruyama et al. 2015). The data collection
period was from February to July in 2012 and 2013, during
the main flowering period of C. paniculata, and consisted
of focal observations (60 h) in which we quantified the
number of legitimate and illegitimate visits to C. panicu-
lata. Data collected at Picinguaba were compared to data
collected at the Santa Virginia field station (23°20'11”S,
45°8/45"W), a locality also within the Serra do Mar State
Park but situated at an elevation of approximately 900 m
a.s.l. and located 21 km distant from Picinguaba (Maruy-
ama et al. 2015; see ESM 1). P. ruber is absent at the Santa
Virginia field station, but otherwise the hummingbird—plant
communities are structured similarly at both sampling sites
(Buzato et al. 2000; Vizentin-Bugoni et al. 2014). The sam-
pling protocol (data collection, observation periods, etc.)
followed at the Santa Virginia field station was the same as
that at Picinguaba (Maruyama et al. 2015).

We also conducted an experiment to assess the impact
of nectar robbing on floral nectar availability, using two
treatments and two controls. The treatments consisted
of (1) pollinator exclusion, in which legitimate access
was prevented by putting a transparent plastic enclosure
(approx. 2 cm in length) on the tip of the flower and (2)
robber exclusion, in which robbing was prevented by plac-
ing a plastic “straw” made of the same plastic material as
the enclosure in treatment 1, and with the same dimensions,
at the base of the corolla, thereby allowing only legitimate
visitors (see ESM 2 video file). The two controls consisted
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of (3) bagged flowers, in which flowers were isolated from
all visitors with nylon mesh bags and (4) natural conditions,
in which all visits to open flowers were allowed (n = 30 for
each category). All flowers were kept isolated (enclosed in
nylon mesh bags) prior to the experiments. Treatments and
controls were set before dawn, i.e., before the beginning
of visitor activity and at the beginning of floral anthesis,
which lasts 1 day. Treatments were dispersed over as many
individual plants as possible (n = 12 clumps), and the goal
was to set different treatments on the same individuals at
the same time. After we had made the focal observations,
we also noted the presence of stingless bees (Trigona sp.)
acting as nectar robbers, especially after the first hours in
the morning (approx. 09:30 hour). Taking this activity into
account, we divided all our treatments into two time inter-
vals so that the remaining amount of nectar in the flowers
was measured at 09:00-10:00 hour and at 16:00-17:00
hour (n = 15 for each time interval and each category).
The remaining nectar volume in the flowers was compared
using a linear mixed-effects model in the package /me4 in
R (Bates et al. 2014). We assumed different random inter-
cepts for each individual clump, and first computed the full
model with treatment and time interval with an interaction
term as fixed effects. We subsequently used the likelihood
ratio test to attain p values for these factors (e.g., by com-
paring two models, one with and without the factor “Treat-
ment” to assess its significance). Nectar volume was log
transformed to fulfill the assumptions of normal distribu-
tion of data and variance homoscedasticity. For the experi-
mental categories in which we found a significant result,
we also conducted a post hoc Tukey test. Since the “rob-
ber marks” left on the flowers differ between P. ruber and
Trigona sp., it was possible to quantify the frequency of
nectar robbing by each party, which was assessed in ran-
domly collected flowers throughout the flowering season
(n = 180 flowers).

Community-wide study

The hummingbird—plant interaction network data were col-
lected in the coastal lowland Atlantic rainforest at Picin-
guaba between January 2012 and June 2013. Interactions
were recorded on focal plants either by direct observation
or by video cameras put in front of the plant, with 15-45 h
of observation for each plant species (sampling depended
on plant abundance). During each observation session,
we recorded all visits by hummingbirds, as well as their
behavior, such as whether they were visiting legitimately
(potential pollination) or illegitimately. To evaluate how the
inclusion of nectar larceny by P. ruber changes the network
structure, we constructed two quantitative plant—floral visi-
tor interaction networks. The first network was constructed
taking only legitimate plant—-hummingbird visits into

@ Springer

consideration (hereafter the Pollination network), whereas
in the second matrix we also included instances in which
hummingbirds acted as nectar robbers and thieves (hereaf-
ter Visitation network; all but one recorded nectar robbing
involved P. ruber). For each of the two networks, we calcu-
lated distinct metrics illustrating different structural proper-
ties of the network:

1. Nestedness quantifies the degree to which interac-
tions of specialized species are subsets of interactions
of the more generalist species in the network. It is one
of the most recurrent patterns in ecological networks
(Bascompte et al. 2003). We calculated the binary and
weighted nestedness using the most conceptually con-
sistent metric in the literature (NODF and WNODEF,
respectively; Almeida-Neto and Ulrich 2011). While
binary nestedness accounts for the “plausibility of
interaction” (i.e., forbidden links), adding quantitative
measures of interactions to the calculations may pro-
vide additional insight into species preferences and
illustrate whether the core of the network also con-
tains the highest frequencies (Almeida-Neto and Ulrich
2011; Staniczenko et al. 2013).

2. Network-wide specialization can be estimated in both
binary and weighted networks. Binary specializa-
tion was quantified as connectance, which is the ratio
between the number of realized links and the number
of possible links in the network. Quantitative speciali-
zation was estimated by the H,’ index, which describes
how species restrict their interactions from those ran-
domly expected based on partner’s availability (Bliith-
gen et al. 2006).

3. Modularity indices quantify the prevalence of interac-
tions within modules, i.e., subunits in the community, in
relation to the interactions among modules [Q; binary
(Marquitti et al. 2014), weighted (Dormann and Strauss
2014)]. Olesen et al. (2007) showed that smaller plant—
floral visitor networks with less than approximately 50
species are rarely multi-modular. However, more recent
studies show that when quantitative information in
incorporated, i.e., data on the strength of interactions,
functional specialization becomes more evident and
distinct modules are detected even in smaller networks
(Dormann and Strauss 2014; Maruyama et al. 2014;
Schleuning et al. 2014).

The modularity algorithms used here are built on opti-
mization procedures that iteratively try to maximize the
modularity index of the final solution (Marquitti et al.
2014; Dormann and Strauss 2014). Importantly, as the
algorithm is stochastic, module arrangement as well as the
value of Q might vary slightly between runs (Marquitti
et al. 2014; Maruyama et al. 2014; Dormann and Strauss
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2014). However, since the objective of the procedure is to
find the solution with the highest value of modularity, this
shortcoming can be minimized by repeating the analysis
multiple times and retaining the module conformation
which yields the highest Q value (see, for example, Schle-
uning et al. 2014; Maruyama et al. 2014). In this study, we
ran the analysis 30 times for each network and kept the
module conformation which yielded the highest QO value.
Additionally, although the Q value quantifies the support
of the modular organization of a network, the informa-
tion it provides is related to the overall structure of the
network and does not reflect a more detailed organization
of subunits, such as the actual species composition of the
different modules. Nevertheless, the detailed organization
of species into modules carries important information,
since this organization might reflect functional speciali-
zation within communities (e.g., Maruyama et al. 2014);
such modules can therefore be regarded as potential co-
evolutionary units (Olesen et al. 2007). In this context, it
also illustrates the grouping of species with the highest
potential to affect each other within the network of inter-
actions. Our evaluation of the detailed organization of
modules in networks was only done for quantitative net-
works, as binary networks did not have significant modu-
larity (see “Results”™).

Our calculations of both binary and weighted versions
of the metrics not only reflect different properties but also
allow a better comparison of our results with those of two
previous studies which investigated the effect of merging
illegitimate interactions within plant—floral visitor net-
works (binary nestedness and modularity in Genini et al.
2010; binary modularity in Yoshikawa and Isagi 2013).
All network metrics were calculated using the package
bipartite in R (Dormann et al. 2008), with the exception
of binary nestedness and modularity, for which we used
ANINHADO (Guimardes and Guimardes 2006) and the
MODULAR software (Marquitti et al. 2014), respectively,
following their default recommendations. Network met-
rics can be affected by network size, and thus the signifi-
cance of metrics has to be assessed by comparison with
null model networks. For quantitative networks, we used
the function vaznull in the bipartite package, which gen-
erates simulated matrices with the same marginal totals
and connectance as the original network. We estimated the
95 % confidence interval for each metric from the simu-
lated values, and a metric value was considered significant
if it did not overlap with the confidence interval. The first
step in our comparison of the Pollination and Visitation
networks was to evaluate whether the incorporation of ille-
gitimate interactions changed the performance of the met-
rics in relation to the null model (i.e., their significance).
We then estimated the magnitude to which the metric

values changed after the incorporation of illegitimate vis-
its. Although no formal tests were conducted for the met-
ric values, which were impaired by the lack of replicates,
these procedures are consistent with those of the two pre-
vious studies which evaluated similar questions and to
which our results are compared (Genini et al. 2010; Yoshi-
kawa and Isagi 2013).

Finally, in order to link the modularity results to floral
traits, we conducted NMDS for the plant species found in
the lowland Atlantic rainforest following the same protocol
as for the literature survey data. Traits used in this second
ordination were floral corolla length, color score, nectar
volume, and concentration. As in the first NMDS, we kept
the three-dimensional solution based on the stress value.
We also used the function envfif to fit the module identity as
a factor into the ordination space. First, we fit the module
identity of the Pollination network and assessed whether
the modules could be separated by traits; then the same
procedure was conducted for the same ordination, but using
the module identity defined by the Visitation network.

Results
Literature survey

Our literature search identified 114 case studies reporting
visits of P. ruber to flowers of 100 plant species, of which
three were excluded from further analysis due to lack of
information on floral phenotype. In 16 (16.5 %) of the 97
remaining plant species, we had incomplete data on nec-
tar; these data were therefore treated as missing values in
our analyses. The final dataset included 97 plant species
from 27 families, with Bromeliaceae (24 species), Rubi-
aceae (11), and Acanthaceae (10) being the most common
families (see ESM 1 for details). P. ruber was reported
to act as a pollinator in 70 (72.2 %) species, as a robber
in 16 (16.5 %) species, and as both pollinator and rob-
ber in six (6.2 %) species; in five (5.1 %) species P. ruber
was reported to be a nectar thief. The NMDS ordination
resulted in a solution with a stress of 10.19 (> = 0.93),
with axis 1 associated mainly to floral corolla length and
nectar volume, axis 2 to color and visitor score, and axis 3
to nectar volume and concentration (Fig. 1). Distinct roles
of P. ruber (pollinator, robber, thief) in relation to flowers
had the best fit to the two-dimensional plot of axis 1 and
axis 3, in which the robbing behavior’s centroid was clearly
separated from the centroids of the other behaviors along
axis 1 (goodness of fit, =022, p <0.001). Since axis 1
is best correlated to corolla length and nectar volume (Pear-
son’s r > 0.66; Fig. 1), especially the former, nectar robbing
associated best to flowers with longer corollas.
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Fig. 1 Nonmetric multidimensional scaling (NMDS) of 97 plant spe-
cies for which records on interaction with Phaethornis ruber were
identified in our literature survey (stress level 10.19, 7 = 0.93). Axis
I was rotated according to floral corolla length and is shown together
with axis 3. Right Pearson’s correlation coefficient of the floral traits

Case study

Our experiment showed that P. ruber had a dramatic
effect on the availability of nectar in C. paniculata flow-
ers (Fig. 2a, b). It depleted almost all nectar available in
the flowers in the early morning (treatments: y> = 205.22,
df =2, p <0.001), even before the activity of the other nec-
tar robber, the stingless bee (time interval: x2 = 0.5952,
df = 1, p = 0.4404). No interaction between the factors
was observed (treatment x time interval: x2 = 0.092,
df = 3, p = 0.9928). Consequently, legitimate visits by
hummingbirds to C. paniculata were extremely rare and
were recorded only four times during our observations (two
visits by the hermit hummingbird Ramphodon naevius and
two visits by the emerald hummingbird Thalurania glau-
copis). Of the C. paniculata flowers sampled throughout
the flowering season, 48.9 % had robber marks left by P.
ruber only, 8.3 % had robber marks left by Trigona sp.
only, and 42.8 % had robber marks left by both P. ruber
and Trigona sp.; we did not record any intact flowers.

Community-wide study

The hummingbird-plant network from the lowland Atlan-
tic rainforest in Picinguaba comprised of 15 hummingbird
and 44 plant species (Fig. 3). In the Pollination network, P.
ruber ranked fifth considering the number of plant species
visited (degree of 14) and third in number of individual
visits (180), in a network totaling 1225 records/visits. In
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and visitor scores in relation to all three axes, with values in bold
indicating significant and strong correlations (Il > 0.65). The plot
with axes I and 3 is shown since it better illustrates the separation of
P. ruber behaviors (Pol Pollinator, Rob robber, thief)

the Visitation network, however, P. ruber ranked third in
relation to number of partners (23) and second in terms of
number of visits (300) in a total of 1346 interaction records.
Although illegitimate visits constituted approximately 9 %
of all interactions, the addition of these to the analysis had
only small effects on network metrics (Table 1). Whether or
not the metrics departed from randomly obtained values did
not change from the Pollination to the Visitation network.
Within metrics with significant values, binary nestedness
increased by 10.4 %, while specialization (H,’) and quan-
titative modularity increased by 2.0 % and 2.2 %, respec-
tively (Table 1). The small increase in weighted modularity
was associated to the increase in the number of modules,
which increased from five to six (Fig. 3). The major change
in the module conformation was the emergence of a mod-
ule containing P. ruber as the only hummingbird species,
separating it from other hermit hummingbirds with which it
composed a single module in Pollination network (Fig. 3).

The NMDS of the floral traits from the lowland Atlan-
tic rainforest plant community had a stress value of 5.95
(* = 0.98), with axis 1 associated to corolla length and
axis 2 associated to color score and nectar concentration
(Fig. 4). Module identities as factors in the multidimen-
sional ordination can be statistically separated when the
Pollination network is considered (axes 1 and 2: r* = 0.24,
p = 0.007; axes 1 and 3: /* = 0.20, p = 0.027). However,
modules are not distinct in the ordination when illegiti-
mate interactions are included (axes 1 and 2: > = 0.19,
p =0.077; axes 1 and 3: /2 = 0.17, p = 0.109).
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Fig. 2 a Nectar robbing of C. paniculata flowers by P. ruber. b
Results from nectar robber exclusion experiments in C. paniculata,
showing the intensity of nectar volume depletion measured at two
time intervals during the day (upper-left). Different uppercase let-
ters indicate significant differences by the post hoc Tukey test. For
explanation of each treatment, see text (“Case study”). The horizontal
line in the boxes indicate the median for each treatment with upper
and lower limits of the boxes indicating the lower and upper quartiles
(25 % and 75 % respectively)

Discussion

Our results show that nectar robbing by P. ruber is com-
mon, especially in flowers with a long corolla, and that this
activity has a strong effect on individual plants and their
associations with pollinating hummingbirds. Neverthe-
less, in our study, the incorporation of illegitimate interac-
tions had only small effects on network metrics. Our lit-
erature survey—identifying 97 plant species visited by P.
ruber—shows that in approximately 28 % of these plants
the hummingbird engages in nectar robbery or theft, i.e.,
illegitimate interactions. These findings show that although
the main behavioral strategy of P. ruber is to have legiti-
mate and mutualistic associations with plants, exploitation
is an important strategy to obtain nectar. Floral larceny is
a commonly reported behavior for hummingbirds of the
Mangoes, Coquette, and Emerald clades (Lara and Ornelas
2001 and references therein). The high proportion of plant
species for which P. ruber acts as an exploiter is surprising
for a hummingbird belonging to the Hermit clade, which

is often considered to be the most specialized group of
pollinators within the hummingbird family (Trochilidae)
(Feinsinger and Colwell 1978; Sazima et al. 1995; Vizen-
tin-Bugoni et al. 2014; Maruyama et al. 2014). In this con-
text, our analysis reinforces the notion that nectar use by
hummingbirds is more flexible and opportunistic than pre-
viously appreciated (e.g. Maruyama et al. 2013).

The illegitimate strategy adopted by P. ruber has the
potential to greatly affect the reproduction of plants with
which it frequently interacts, as we have shown for C.
paniculata. Nectar robbers may influence plant reproduc-
tion negatively by reducing floral attractiveness to pollina-
tors, but they may also have a positive influence by either
increasing the number of flowers the pollinators must visit
or by increasing traveling distances to obtain their daily
energy requirements (Maloof and Inouye 2000; Irwin
et al. 2010). The outcome depends on the identity of the
legitimate pollinators and their ability to discern and avoid
robbed flowers, the amount of nectar removed by the rob-
bers, and the floral neighborhood (i.e., the availability and
attractiveness of other floral resources in the surrounding
environment of the robbed species), among other factors
(McDade and Kinsman 1980; Maloof and Inouye 2000).
Moreover, the dependence of plants on biotic vectors for
reproduction likely is an important determinant of the
effect of floral larcenists, with pollinator-dependent and
self-incompatible species being most negatively affected
by nectar robbery (Burkle et al. 2007). At Picinguaba, P.
ruber almost completely depleted the nectar of C. panicu-
lata, which most likely explains the few legitimate visits to
these flowers (McDade and Kinsman 1980; Justino et al.
2011). The low frequency of legitimate visits recorded at
Picinguaba is even more striking when compared to the
Santa Virginia field station, where P. ruber is absent and
nectar robbers are very infrequent (Maruyama et al. 2015).
Using exactly the same sampling procedure, we observed
84 legitimate visits by the Scale-throated Hermit, Phaetho-
rnis eurynome at the Santa Virginia field station (Maruy-
ama et al. 2015), compared to only four legitimate visits
observed at Picinguaba. Hummingbirds use several cues to
avoid less rewarding robbed flowers (Irwin 2000), and the
almost complete depletion of nectar by P. ruber combined
with the high availability of other flower resources in Pic-
inguaba (Fig. 3) reduces the attractiveness of C. paniculata
to legitimate pollinators. Since C. paniculata is a self-com-
patible but pollinator-dependent species (Maruyama et al.
2015), an expected outcome is that decreased visitation
rates due to nectar robbing would decrease plant reproduc-
tion (Burkle et al. 2007).

In contrast to the strong effect at the individual plant
species level, the incorporation of illegitimate interactions
had, overall, small effects on network structure (Table 1).
This latter result is in contrast to the findings of Genini
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Fig.3 Modules in the plant-hummingbird visitor network from
Nicleo Picinguaba, southeastern Brazil. Top matrix Pollination net-
work (PN) with only legitimate interactions, bottom matrix Visitation
network (VN) also incorporated illegitimate interactions (nectar rob-
bing and thieving). Uppercase letters above matrices denote identities
of modules in the networks. Note that the original module (A) is sepa-

Table 1 Network metrics for the Pollination network, in which only
legitimate hummingbird visits were considered, and for the floral Vis-
itation network, in which illegitimate visits, including nectar robbery
and theft, were also included

Network metrics Pollination Visitation Increase (%)*
network network
NODPF® 29.88°¢ 32.98° 10.4
WNODF® 30.86 32.90 6.6
Connectance 0.21 0.22 4.8
H,' (specialization) 0.49°¢ 0.50¢ 2.0
Modularity (binary) 0.30 0.30 0.0
Modularity (weighted) 0.46° 0.47°¢ 22

# Values show the proportional increase of the network metrics in VN
in relation to values observed for PN

® NODF, WNODF, metrics used to calculate the binary and weighted
nestedness, respectively

¢ Network metrics are significant; i.e., metrics that did not overlap to
null model expectations (95 % confidence interval)

et al. (2010) and Yoshikawa and Isagi (2013) who inde-
pendently compared networks with and without flower
exploiters and reported more striking differences than we
found in our study. This difference may be related to the
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rated into two modules (A, A’) when illegitimate visits are included.
Module A in the bottom matrix has only P. ruber as floral visitor. In
this new conformation, P. ruber is associated to several plants which
belonged to modules with other hummingbird species in the top
matrix

relative proportion of exploiters in the networks, as one of
the two systems evaluated by Genini et al. (2010) also had
few exploiters and fewer changes in the network structure.
Previously reported increase in modularity and specializa-
tion when mutualistic and antagonistic interactions were
merged is attributed to higher specialization of antagonistic
interactions, which may contribute to an overall increase in
network level functional specialization (Genini et al. 2010;
Fontaine et al. 2011; Yoshikawa and Isagi 2013). In our
study, binary nestedness increased the most, which likely
reflects the increased level of generalization of P. ruber,
making it one of the “core generalist” species in the Visi-
tation network. Our results indicate that one species, even
though common and interacting frequently and widely with
the plant assemblage, has limited influence on network
metrics—i.e., on how we characterize the overall structural
properties of a network—especially if the floral visitor has
a dual role as both pollinator and exploiter.

Although overall network structural changes were small,
the incorporation of illegitimate visits by P. ruber neverthe-
less changed the conformation of the modules in the net-
work (Fig. 3) and trait distribution within modules (Fig. 4).
Modules are regarded as ‘“‘subcommunities within com-
munities,” such that tightly linked species within a module
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Fig. 4 Nonmetric multidimensional scaling (NMDS) of floral traits
of plants from Nucleo Picinguaba, southeastern Brazil (stress = 5.95,
7 = 0.93). Points Plant species, letters indicate the mean value of flo-
ral phenotype of each module. Module identities were fitted as factors
in the multidimensional ordination (uppercase letters), with black-
filled uppercase letters indicating modules in Pollination networks
(PN) and open uppercase letters indicating module identities in the
Visitation networks (VN), whenever species composition changed.
Modules in PN can be statistically separated (axes / and 2: /* = 0.24,
p = 0.007; axes 1 and 3: 7 = 0.20, p = 0.027), but those in the VN
cannot (axes 1 and 2: 2 =0.19, p = 0.077; axes I and 3: 7?=0.17,
p = 0.109). Pearson’s correlation coefficient of the floral traits and
three axes are shown below the plots, with values in bold indicating
significant and strong correlations (Irl > 0.65)

have a stronger effect on each other than on species in other
modules (Olesen et al. 2007). Hence, characterization of the
modules in the network incorporating illegitimate visits can
present complementary information on how species affect
each other. For example, it is reasonable to conclude that P,
ruber has a strong influence on plant species that are “pulled
away” from other modules into the new module with P. ruber
in the Visitation network (module A at the bottom matrix,
Fig. 3). Our case study species C. paniculata was included

in module B in the Pollination network, but as the interaction
frequency with P. ruber is much higher than with the legiti-
mate pollinators, in the Visitation network it was assigned to
module A. Demonstration of this change may contribute to a
better representation of the influence of the floral visitors and
potentially of other plant species on our focal species. This
interpretation is strengthened by the strong effect of P. ruber
on the nectar standing crop. Similar effects on nectar avail-
ability may be expected for other plant species in which rob-
bing is much more frequent than legitimate interactions (e.g.,
Ruellia elegans Poir, Acanthaceae). Finally, the separation
of modules in the ordination space by taking the Pollination
network into account, but not the Visitation network, reflects
different rules by which specific pairwise interactions occur.
While the legitimate pairwise interactions in plant—hum-
mingbird networks are strongly influenced by morphologi-
cal matching (Maruyama et al. 2014; Vizentin-Bugoni et al.
2014), floral larcenists, by definition, ignore the barriers
imposed by plants to floral visitors, possibly explaining why
floral traits do not explain modules only in the Visitation net-
work including illegitimate interactions.

Conclusion

Based on our results, we conclude that floral larcenists may
exert strong effects on nectar availability and the pollina-
tion of specific plants and are often associated with flowers
with longer corollas. Since species from several humming-
bird clades switch between pollination and nectar robbing,
we suggest that hummingbirds may offer an interesting
system for studying the evolutionary correlates of mutual-
ism exploitation (see Bronstein 2001; Irwin et al. 2010). In
contrast to previous studies, we show that network metrics
are not strongly affected when illegitimate interactions are
included, although if the outcome for specific interactions
or within-module organization are considered in detail,
floral larcenists have the potential to affect the function-
ing of communities (e.g., community-level seed produc-
tion). To better understand the functioning of flower—floral
visitor networks including floral larcenists, future studies
could employ experimental manipulations at the commu-
nity level. Although it is prohibitive to actually manipulate
an entire community of pollinators and plants, such studies
could employ a subset of species and manipulate the pres-
ence of floral larcenists. In such a framework it would be
possible to evaluate both how larcenists affect the interac-
tion of other species and their functional outcome, such as
fruit set. Only few recent studies have taken such an experi-
mental approach (e.g., Brosi and Briggs 2013; Friind et al.
2013). However, whether and how floral larcenists affect
other species’ foraging behavior and consequently the
structure of networks remain to be thoroughly investigated.
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