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mainly concentrated at the levels of species and communities, whereas differ-
ences between males and females are typically ignored. Nevertheless, pollina-
tors often show large sexual differences in behaviour and morphology, which
may lead to sex-specific patterns of resource use with the potential to differen-

tially affect plant reproduction and diversification.

. We investigated variation in behavioural and morphological traits between

sexes of hummingbird species as potential mechanisms underlying sex-specific
flower resource use in ecological communities. To do so, we compiled a data-
set of plant-hummingbird interactions based on pollen loads for 31 humming-
bird species from 13 localities across the Americas, complemented by data on
territorial behaviour (territorial or non-territorial) and morphological traits (bill

length, bill curvature, wing length and body mass).

. We assessed the extent of intersexual differences in niche breadth and niche

overlap in floral resource use across hummingbird species. Then, we tested

whether floral niche breadth and overlap between sexes are associated with

© 2022 The Authors. Journal of Animal Ecology © 2022 British Ecological Society.
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sexual dimorphism in behavioural or morphological traits of hummingbird spe-

cies while accounting for evolutionary relatedness among the species.

. We found striking differences in patterns of floral resource use between sex.

Females had a broader floral niche breadth and were more dissimilar in the plant
species visited with respect to males of the same species, resulting in a high level
of resource partitioning between sexes. We found that both territoriality and
morphological traits were related to sex-specific resource use by hummingbird
species. Notably, niche overlap between sexes was greater for territorial than
non-territorial species, and moreover, niche overlap was negatively associated

with sexual dimorphism in bill curvature across hummingbird species.

. These results reveal the importance of behavioural and morphological traits of

hummingbird species in sex-specific resource use and that resource partitioning
by sex is likely to be an important mechanism to reduce intersexual competition
in hummingbirds. These findings highlight the need for better understanding
the putative role of intersexual variation in shaping patterns of interactions and

KEYWORDS

1 | INTRODUCTION

Niche theory predicts that coexisting species will partition food
resources to limit the effects of interspecific competition, where
species with narrow food niches use a reduced diversity of food re-
sources in the community (Carscadden et al., 2020; Chesson, 2000).
In addition to different patterns of resource use among species,
variation within species is more common than previously thought
(Maglianesi et al., 2015; Smith et al., 2019; Temeles et al., 2010). In
pollination systems, intraspecific variation in the foraging niche of
pollinator species can drive mutualistic interactions and ecosystem
processes (Bolnick et al., 2003; Temeles & Kress, 2003). Notably,
male and female pollinators can exhibit considerably different pat-
terns of food resource use (Ritchie et al., 2016; Roswell et al., 2019).
These differences may include variation in niche breadth, with one
sex using more diverse food resources than the other, and niche
segregation, with different plant species used by the sexes (Smith
et al., 2019). In this context, sexual dimorphism and associated dif-
ferences in feeding ecology may reduce food niche overlap between
the sexes of a given species and, hence, reduce the level of intraspe-
cific competition (Temeles et al., 2010).

Sex differences in use of plant resources across pollinator spe-
cies have been largely unexplored, despite the important implica-
tions such differences might have for plant reproduction and the
structure and dynamics of ecological communities (Leimberger
et al., 2022). Complementary plant species use between the sexes
may represent a mechanism by which a pollinator species could ben-
efit if a given resource is crucial for the fitness of one sex (Roswell
et al., 2019). As the vast majority of plant species rely on animal

plant reproduction in ecological communities.

behaviour, hummingbirds, morphological traits, niche breadth, niche overlap, pollen loads,
resource similarity, sex differences

pollen vectors for their reproductive success (Ollerton et al., 2011,
Rech et al., 2016; Rodger et al., 2021), sex differences in resource use
by pollinators also have the potential to induce large consequences
for plant fitness and diversification (e.g. Temeles & Kress, 2003).
Moreover, sex-specific resource use by pollinators might bene-
fit a visited plant species due to a higher pollination effectiveness
(Temeles et al., 2013, 2019). Therefore, studies on variation in re-
source use between sexes of pollinators are essential for a thorough
understanding of plant-pollinator interactions.

Several factors could lead to sex-specific resource use within
the same species of pollinator, such as differences in life history and
behaviour between the sexes (Ne'eman et al., 2006). Noticeably,
males and females in some hummingbird species (Trochilidae) have
been found to forage differently (Carpenter et al., 1991; Temeles
& Kress, 2003). Hummingbird territoriality, mate selection and
nesting behaviours are strongly associated with foraging strate-
gies and, hence, may promote sexually dimorphic patterns in flo-
ral resource use (Rodriguez-Flores & Arizmendi Arriaga, 2016;
Schuchmann, 1999). In addition, intraspecific ecological differences
in floral resource use are often associated with morphological differ-
ences in bill length or bill curvature (Temeles et al., 2010; Temeles &
Kress, 2003). Thus, it is likely that a combination of behavioural and
morphological traits jointly determines a sex differential resource
use of hummingbirds (Leimberger et al., 2022).

Here, we used pollen loads carried by individuals to assess the de-
gree of intraspecific divergence in patterns of resource use by males
and females of 31 hummingbird species distributed widely across
the Americas. We explored whether floral resource breadth and
overlap is related to sexual differences in behaviour and morphology
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of these species. We specifically investigated (a) the extent of inter-
sexual differences in floral niche breadth across hummingbird spe-
cies, (b) the degree to which hummingbird species show sex-specific
partition or overlap in plant resources, and (c) whether differences in
floral resource use within hummingbird species are associated with
sexual dimorphism in behavioural or morphological traits while ac-
counting for evolutionary relatedness among species. We evaluated
the hypothesis that floral resource partitioning is greater between
males and females of the same species than between individuals
of the same sex. Moreover, as sex-specific niche partitioning may
arise through sexual dimorphism, that is, different morphology in
males and females (Leimberger et al., 2022; Selander, 1966; Temeles
et al., 2000), we expected that sexual differences in resource use to
be positively related to sexual dimorphism in hummingbird morphol-
ogy. In addition to hummingbird morphology, we expected that a
territorial behaviour might influence floral resource use by the sexes,
by restricting highly rewarding resources to the sex that aggressively
defends a territory (e.g. Temeles & Kress, 2003).

We found strong differences in the pattern of floral resource use
between sex across hummingbird species that were associated with
both territoriality and dimorphism in bill curvature. These findings
show the relevance of behaviour and morphology as factors influ-
encing sex-specific resource use in plant-hummingbird interactions
and the need for downscaling plant-pollinator systems from the
community and species levels to the intersexual level to obtain an

in-depth insight into pollination ecology.

2 | MATERIALS AND METHODS
2.1 | Plant-hummingbird interactions

We compiled a dataset of 3,265 plant-hummingbird interactions
based on pollen loads between 484 plant species and 771 individu-
als of 31 hummingbird species from six of the nine clades of hum-
mingbirds (sensu McGuire et al., 2014), where two of these species
were present in two localities (Appendices 1 and 2). Sampling sites
were at 13 localities from five countries across the Americas from
Mexico in the north to southern Argentina, ranging from tropical to
temperate climate zones and from the sea level to highland ecosys-
tems (>3500ma.s.l.). Data collection overall was conducted along
one or more years, that is, encompassing both the breeding and non-
breeding season of hummingbird species. In our dataset, visited plant
species were identified by examining pollen loads carried by mist-
netted hummingbirds using fuchsine-stained gelatine (Beattie, 1971)
or transparent adhesive tape (Kearns & Inouye, 1993). Pollen grains
were identified under a light microscope by comparison with refer-
ence collections taken from plants at the study sites, as well as from
the literature (e.g. Roubik & Moreno, 1991). Pollen grains were clas-
sified to plant species whenever possible and to morphospecies if
pollen from closely related species or genera were indistinguishable.
In cases where species, genus or family could not be determined,
pollen grains were determined as morphotypes, based on their size,

shape, type and number of apertures, and exine sculptures. Plants
identified at the species or morphospecies level was 58%, whereas
the remaining 42% of the plants were identified as morphotypes.
Hereafter, we will refer to pollen morphotype of either pollen identi-
fied to species level or pollen identified to morphospecies or mor-
photype level, and each morphotype as equivalent to one plant
species. In some studies, a few pollen grains could not be identified
to any level, but these represented only 0.8% of all interactions and
were excluded from analyses. The number of hummingbird individu-
als carrying pollen of a particular morphotype was used as a meas-
ure of the interaction frequency between that hummingbird species
and that morphotype (Maglianesi et al., 2015; Ramirez-Burbano
et al., 2017). Pollen loads from recaptured individuals were consid-
ered only when recaptures occurred at different sampling periods
separated for more than 1month. Although we lack information
about specific pollen attachment times, Bosch et al. (2009) identi-
fied pollen grains on insects up to 1month after the last flowering
plant of a given species was blooming in the area. Thus, it is likely
that more than 1month between hummingbird recaptures provide
independent pollen samples.

The mean number of individuals sampled for pollen loads was
12 females and 10 males from each species (ranging from 10 to 74
individuals per species) with a minimum of five individuals from each
sex. We considered that a minimum sample size of 10 individuals
is representative of the interactions for the species included in our
study since pollen gives robust, spatially broad, cumulative link ev-
idence and also detects interactions between rare species (Bosch
et al.,, 2009; Ramirez-Burbano et al., 2017; Souza et al., 2021). Thus,
pollen loads can be a suitable estimator of an individual's foraging
patterns (Courtney et al., 1981). Total sampling effort for plant-
hummingbird interactions consisted overall of 771 hummingbird
individuals of 31 species with pollen. Our dataset for phylogenetic
analysis consisted of 713 individuals of 28 hummingbird species that
interacted with 479 plant species, given that we excluded three hum-
mingbird species that were missing in the phylogeny (see below). The
mean number of pollen morphotypes carried by hummingbird spe-
cies was not significantly correlated with the number of individuals
sampled for pollen across species in either case (r = -0.11, p = 0.389
for overall dataset; r = -0.27, p = 0.171 for phylogenetic analyses
dataset), indicating that results are not associated with sample size.

2.2 | Morphological and behaviour data

We included four morphological traits of hummingbird species
that have been reported to affect their interactions with plant
species, that is, bill length and curvature (Dalsgaard et al., 2021;
Maglianesi et al., 2014; Temeles et al., 2010), body mass (Dalsgaard
et al., 2009) and wing chord length (Stiles, 2004). We used body
mass as a measure for body size, as body mass has been identified
as the best indicator of overall size in hummingbirds (Stiles, 1996).
Given that the body mass of birds is highly variable (i.e. it depends
on the condition of individuals), we repeated our analyses using
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wing chord length as another measure of body size. Traits were
measured from mist-netted individuals in the field and from mu-
seum specimens, encompassing a large dataset of morphological
measurements consisting of traits from 1,227 hummingbird indi-
viduals with an average of 19 males and 21 females per species
(range: 5-64 males and 5-170 females per species). These traits
correspond only to adult birds as determined from plumage and/
or <10% of bill corrugations (Ortiz-Crespo, 1972), since some mor-
phological traits such as bill length may not be fully developed in
juveniles. We used data from the literature for three species to
complement missing data (Bleiweiss, 1998; Rodrigues et al., 2019;
Stiles & Boesman, 2020).

We classified each hummingbird species as territorial or non-
territorial based on field observations and previous studies (Appendix
2). Non-territorial species include hummingbirds belonging to the
hermit clade, which typically forage using a traplining behaviour,
and also those species from other clades that do not defend feeding
areas when foraging. Although the same species may change their
foraging behaviour according to the availability of resources (Buzato
et al., 2000; Justino et al., 2012), we considered all species that are
known to exhibit territorial defence in highly rewarding patches as

‘territorial’ species. This study did not require ethical approval.

2.3 | Statistical analyses
2.3.1 | Patternsin floral resource use

To analyse patterns in floral resource use by males and females of
each hummingbird species, we first quantified niche breadth of
individual sexes. This was measured as the total number of pollen
morphotypes carried by individuals, which represents the number
of plant taxa within each pollen load. Hence, a sex that carried many
pollen morphotypes indicates broad niche breadth, that is, a high flo-
ral resource diversity. To analyse whether males and females within
species differed in their niche breadth, we fitted a generalized linear
mixed model (GLMM) with Poisson error distribution including the
total number of pollen morphotypes as the response variable. In this
model, we included sex, species and sex by species interaction as
fixed effects, in addition to species and pollen load identity as ran-
dom effects to control for random variation in pollen samples among
individuals. Thus, this model tests whether niche breadth consist-
ently differs between sex for the different hummingbird species. We
did not find overdispersion in our GLMM (dispersion ratio = 0.90,
;(2 = 630, p = 0.982) after testing with the function check_overdisper-
sion in the r package PerFoRMANCE (Liidecke, 2021). We report the
statistics of the fixed effects and its interaction from ANOVA per-
formed on the GLMM with chi-squared test.

Next, we assessed niche overlap in floral resource use between
sex of each hummingbird species by building separate interaction
frequency matrices for each species and location and calculated the
Morisita's similarity index (Morisita, 1959) with the R-function niche.

overlap in the r package spaa (Zhang, 2016). This index can be esti-
mated more accurately than most other niche overlap indices (Chao
et al., 2006). This index ranges from O when both sexes do not share
any food resource (complete resource partitioning) to 1 when both
sexes use identical resources (no resource partitioning, i.e. complete
niche overlap). We expected that niche overlap between sexes might
be less than niche overlap within sexes. We thus randomly picked
two individuals (one male and one female) of a species at a given
location and calculated niche overlap. We repeated this procedure
25 times to obtain an estimate of mean and variance of niche over-
lap between sexes for each species and related these estimates to
hummingbird morphology. We then performed two other runs of
sampling where we randomly picked individuals of the same sex and
estimated the mean and variance of niche overlap within sexes of
the same species. Thus, we obtained three measures of niche over-
lap: between sexes, within males and within females. Random se-
lections in both cases between and within sex were performed with
replacement, that is, we replace the individual each time we choose
one. To analyse the extent in which hummingbird individuals differ
in the plant species they visited according to sex, we compared the
between-sex measure of niche overlap separately to within-male
and within-female estimates with a paired t-test (i.e. we performed
the test twice, once for each sex).

2.3.2 | Morphological traits

To examine the underlying causes of dissimilarity in floral resource
use between the sexes, we quantified sexual dimorphism (SD) for
each hummingbird species. For this, we calculated the mean trait
measurements of males and females using the robust ratio on a
linear scale proposed by Lovich and Gibbons (1992). This ratio is
calculated as: SDI = (L/S-1)x 1 if the female is the larger sex and
SDI = (L/S5-1) x(-1) if the male is the larger sex, where L is the av-
erage size of the larger sex and S is the average size of the smaller
sex for that species. The Lovich-Gibbons ratio produces meas-
ures of SD that are continuous around zero and directional, easy
to interpret and properly scaled across species differing in overall
size. To test whether the degree of sexual dimorphism is more pro-
nounced in larger species, which might act as a confounding factor
in the interpretation of our results, we performed linear models
with sexual dimorphism (Lovich-Gibbons ratio) in a given morpho-
logical trait as the response variable and the average body mass
for the species as the predictor variable. In none of these models,
the association between body mass and sexual dimorphism was

significant (Appendix 3).

2.3.3 | Phylogenetic data

The morphological and behavioural traits included here are

known to be influenced by evolutionary relatedness between
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hummingbirds (Rombaut et al., 2022). Therefore, to control for this
in the analyses where we included hummingbird traits (i.e. territo-
riality or morphology) as predictors, we used different phyloge-
netic approaches. First, the expected variance-covariance matrix
was calculated from the most updated phylogeny of hummingbirds
(McGuire et al., 2014). Then, to build this matrix, we pruned the
phylogeny selecting only the species present in our study. Among
the 31 species compiled here, three were missing in the phylogeny
(Chalcostigma heteropogon, Chlorostilbon olivaresi and Eriocnemis
mirabilis). Therefore, to arrange our data with the available phy-
logenetic information, we removed those three species from the
analyses.

2.34 | Potential mechanisms influencing sex-
specific floral resource use

We analysed two factors that may influence variation in pattern of
resource use (i.e. niche breadth and niche overlap) between sexes in

hummingbird species: morphological and behavioural traits.

Resource use and morphology

To test the relationship between niche breadth and morphologi-
cal traits in each sex of hummingbird species, we fitted separate
Phylogenetic Generalized Least Squares Models (PGLS) with the
total number of pollen morphotypes carried by males or females
averaged across species as the response variable. In these models,
we included mean trait values of each sex (bill length, bill curvature,
wing length and body mass) as predictors. Given the strong positive
correlation between wing length and body mass (r = 0.90, p <0.001),
we performed two models including each trait separately. Hence,
we performed a total of four models including three predictors each;
examples of these models are in Equations 1 and 2, where p is the

number of pollen morphotypes carried by males:

P,,~ bill length + bill curvature + wing length, (1)

P,,~ bill length + bill curvature + body mass. (2)

To test the relationship between floral similarity and SD of humming-
bird species in traits, we fitted two PGLS with mean niche overlap
between sexes of hummingbird species (values were square root trans-
formed for residuals normality) as the response variable and sexual di-
morphism in bill length, bill curvature and body mass (or wing length)
as predictors. The PGLS models were performed with the pgls function

in the caper r package (Orme et al., 2018).

Resource use and behaviour

We tested the influence of feeding strategy on resource similarity
between sexes, by using a phylogenetic one-way ANOVA where
niche overlap between sex was the response variable and territorial-
ity was the predictor variable. The analysis was done with the phylo-
ANOVA function in the r package pHyToOLS (Revell, 2012).

3 | RESULTS

Hummingbird individuals across the 31 species carried between 1
and 15 pollen morphotypes with a mean of 4.20+0.09 standard
error. We found differences in the total number of pollen morpho-
types carried by individuals of different sex and species with signifi-
cant interaction between these terms, where females overall carried
more pollen morphotypes than males (Table 1).

Concerning similarity in resource use, we found that niche
overlap between individuals of different sexes was low across spe-
cies with a mean similarity index of 0.30+0.02 (Figure 1), which
was, in turn, lower than female-female overlap within the same
species (0.34+0.03, t = -2.09, p = 0.045). Male-male overlap,
however, was not different from the male-female overlap across
species (0.28+0.03,t=0.73, p = 0.468). After controlling for evo-
lutionary relatedness, we found no relationship between niche
breadth of each hummingbird sex (i.e. the total number of pol-
len morphotypes carried by individuals averaged across species)
and morphological traits across the species. On the other hand,
there was a negative relationship between sexual dimorphism in
bill curvature and niche overlap between the sexes across species
no matter if including body mass or wing as measure of body size
(Table 2; Figure 2a).

We had 14 territorial species out of the 28 species considered in
our phylogenetic one-way ANOVA analysis, where territorial species
had higher niche overlap between sexes compared to non-territorial
species (F = 5.82, p = 0.026, Figure 2b).

4 | DISCUSSION

From distinct localities and clades across the hummingbird phylog-
eny, we found sex-related differences in niche breadth and overlap
in floral resource use. Our findings show that females had a broader
niche breadth than males and differed from males in the visited plant

TABLE 1 Statistics of the analysis of variance on the generalized
linear mixed model to test intraspecific variation in the total
number of pollen morphotype carried by male and female
individuals from 31 hummingbird species across the Americas.
Mean number of pollen morphotypes for females was 4.36 +0.12,
and for males was 4.01+0.13. Sex, species (see Figure 1) and their
interaction were considered as fixed effects, whereas species was
also included as random effect along with pollen load identity to
account for variation among species. Shown are model estimate
(Chisq), degree of freedom and p value (only those associated to
the fixed factors). All three terms in the model were statistically
significant (p <0.05); the species x sex interaction indicates that
the effect of the sex covariate on the response depends on the
hummingbird species.

Predictor Chisq df p

Sex 6.18 1 0.013
Species 325.46 30 <0.001
Species x sex 44.69 30 0.041
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Eriocnemis mirabilis
Coeligena torquata
Heliodoxa imperatrix
Thalurania furcata
Ramphodon naevius
Ramphomicron microrhincum
Ocreatus underwoodii
Metallura tyrianthina
Chlorostilbon olivaresi
Lafresnaya lafresnayi2
Phaethornis guy
Lampornis hemileucus
Coeligena torquata2
Aglaiocercus coelestis
Chalcostigma herrani
Coeligena helianthea
Aglaiocercus kingi
Lampornis calolaema
Oxypogon guerinii ]
Aglaeactis cupripennis ]
Eupherusa nigriventris ]
Lafresnaya lafresnayi ]
Eriocnemis vestita ]
Eriocnemis derbyi ]
Colibri coruscans
Coeligena wilsoni
Lampornis amethystinus
Chalcostigma heteropogon
Sephanoides sephanoides

Coeligena lutetiae

FIGURE 1 Floral resource overlap
between males and females of 31
hummingbird species from 13 localities
across the Americas quantified by the
Morisita's similarity index, where O

and 1 indicate minimum and maximum
floral niche overlap, respectively, that

is, maximum and minimum resource
partitioning. Two species (Coeligena
torquata and Lafresnaya lafresnayi) occur in
two of the studied localities. lllustrations
depict female and male of the three
species with the most dissimilar resource
use between sexes (Morisita's index
<0.12): Eriocnemis mirabilis, Coeligena
torquata and (credit: F. Ayerbe-Quifiones,
Guia llustrada de la Avifauna Colombiana).

Basilinna leucotis

Pterophanes cyanopterus

Amatzilia beryllina

I T T T T

0.0 0.1 0.2 0.3 0.4

Similarity index

TABLE 2 Statistics of the phylogenetic generalized least
squares models (PGLS) to test the relationship between niche
overlap of male/female individuals and sexual dimorphism (SD)

in four morphological traits for 28 hummingbird species across

the Americas. Niche overlap is given by the Morisita's similarity
index. We show both models including wing chord length and body
mass as a body size measurement. Shown are model estimate (),
standard error (SE), t statistic and p value. Statistically significant
relationship is highlighted in bold (p <0.05).

Predictor p SE t p

Model with wing chord length

Intercept 0.63 0.10 6.32 <0.001
SD in bill length -0.48 0.58 -0.83 0.415
SD in bill curvature -0.33 0.12 -2.70 0.012
SD in wing chord 0.14 0.64 0.22 0.825
Model with body mass
Intercept 0.68 0.09 7.47 <0.001
SD in bill length -0.75 0.55 -1.36 0.187
SD in bill curvature -0.30 0.11 -2.64 0.014
SD in body mass 0.56 0.29 1.92 0.067

species, which resulted in a high level of resource partitioning be-
tween sexes. Furthermore, we found that hummingbird behaviour
and morphological traits were related to sex-specific resource use;
territorial species and those with less sexual dimorphism in bill cur-
vature showed a higher niche overlap between sexes.

It is not only in hummingbirds that sex influences floral re-
source use, but also in other animal pollinators. For instance, fe-
male bees are often more generalists due to offspring provisioning
behaviour, since they need to gather pollen in addition to nectar

0.5 0.6 0.7

(Smith et al., 2019). More diverse pollen loads carried by hawk-
moth females may be linked to differences in foraging behaviour,
in which males spend more time flying across patches while fe-
males spend more time feeding on flowers (Smith et al., 2021). In
some hummingbird species, only females engage in parental care,
whereas males are segregated on leks, which may contribute to sex
differences in resource use (Bleiweiss, 1999; Temeles et al., 2010).
In addition, variation in floral niche breadth may also be related
to sex-specific foraging behaviour, which is the case of humming-
birds for territorial and social dominance behaviours (Carpenter
et al., 1993; Leimberger et al., 2022; Stiles, 1975). Several studies
of hummingbirds have found that the defence of flowers is per-
formed mostly or entirely by males in some species, whereas fe-
males usually feed at scattered flowers, probably requiring them
to forage over larger areas than territorial males (Feinsinger, 1976;
Temeles et al., 2000; Wolf et al., 1976). Consequently, foraging ac-
tivity of males is more restricted in space, which may limit the di-
versity of plant species they have available within their territories,
leading males to have narrower niches than females. Visiting a few,
nectar-rich plant species may explain why male hummingbirds had
a narrower niche breadth in our study. In contrast, females with
wider floral niches may reflect their greater tendency to forage
at undefended resources due to their subordinate status relative
to males (Carpenter et al., 1993). These results may mirror pat-
terns in resource use at the species level. For example, Borgella Jr.
et al. (2001) found that Phaethornis guy, a traplining species, had a
much greater number of pollen morphotypes than territorial, non-
hermit species.

Different patterns of resource use between sexes could be
due to local resource competition in communities, similarly as it
occurs between species (Chesson, 2000; Noske, 1986). In addition
to interference competition among hummingbirds, exploitation
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Sexual dimorphism in bill curvature

(b)

Non territorial Territorial

Behaviour

FIGURE 2 Relationship between floral resource use by male/female individuals and (a) morphology and (b) behaviour (territorial vs
non-territorial hummingbird species, n = 14 each) from 13 localities across the Americas. Similarity was quantified by the Morisita's

similarity index, where 0 and 1 indicate minimum and maximum floral niche overlap, respectively, that is, maximum and minimum resource
partitioning. Sexual dimorphism was measured with the Lovich-Gibbons ratio where negative values indicate male bias. Each data point
represents one hummingbird species at a given locality; two species occurred in two localities. The regression line (with grey 95% confidence
intervals) represents the overall fits of the linear mixed-effects model. In the boxplot, the horizontal line represents the median, the boxes
indicate the first and third quartiles (Q1 and Q3), the vertical lines indicate the Q1/Q3+ 1.5 interquartile ranges of the data, and the black

circle indicates an outlier.

competition also can play an important role, especially among
non-territorial individuals (Wolf et al., 1976). Through niche parti-
tioning, individuals of different sexes may feed on different plant
resources, thus reducing intersexual competition (Shine, 1989;
Temeles et al., 2010). We found overall a reduced level of niche
overlap between sexes (30% in average across all species) and that
females are more dissimilar in the plants visited with respect to
males than to other females within species. These findings indicate
that resource partitioning by sex is likely to be an important mech-
anism to reduce intraspecific competition in hummingbird assem-
blages, especially for females.

Sexual resource partitioning has been associated with sex-
ual dimorphism in some cases (Leimberger et al., 2022; Temeles
et al., 2010). Our results reveal that hummingbird species with a
high degree of sexual dimorphism in bill curvature had less overlap
in the floral resources they used than less dimorphic species. This
is consistent with previous work where food resource partition-
ing has been linked with morphology in some species with sexual
dimorphism (e.g. Temeles et al., 2000). Females with more curved
bills may be more specific in their resource choice and forage pref-
erably on plant species with corresponding curved flowers, whereas
males with less curved bills may forage mostly on plant species with
straighter flowers, thereby reducing niche overlap and consequently
intersexual competition for floral resources. An alternative inter-
pretation of this observed pattern is that certain morphological dif-
ferences between the sexes may have evolved as a consequence of
sexual selection rather than feeding ecology (Andersson, 1994). For
example, in certain hummingbird species, the straighter bill of males
compared to that of females has been attributed to the fact that they
are used like weapons to compete with other males (Rico-Guevara
& Araya-Salas, 2015).

Across species, territorial hummingbirds showed higher resource
overlap between sexes than non-territorial ones. This result may
reflect that non-territorial hummingbirds meet only infrequently
while feeding, and thus show reduced overlap in resource use
(Feinsinger, 1976). On the other hand, territorial species associated
with resource-rich clumps often comprise dominant territory hold-
ers as well as subordinate individuals that act as territorial intruders
on the same plant species (Justino et al., 2012; Sazima et al., 1995).
Although these behavioural roles are often associated with sexes
(Wolf et al., 1976), both sexes are usually linked to the same nectar-
rich plant clumps in territorial hummingbird species, which could ex-
plain the higher overlap. A narrow niche breadth of males, combined
with their territoriality and higher overlap in resource use in territo-
rial species, suggests a more spatially restricted foraging by males
nested within the foraging space of females, a pattern which should
be investigated in future studies. Moreover, the analyses of other
factors that could influence the observed pattern, such as habitat,
migratory behaviour and mating display, constitute avenues for new
research (Ornelas, 1995).

The here documented differential use of resources by
males and females may have a direct effect on plant fitness
with important implications for plant reproduction (Leimberger
et al.,, 2022; Maruyama et al.,, 2016; Temeles et al., 2000). If
males and females of the same species differ in their patterns
of floral resource use because of distinct foraging behaviours or
morphology, they may also differ in their effectiveness as pol-
linators. For instance, territorial males of hummingbird species
may contribute less than females in outcross pollination (Justino
et al.,, 2012; Linhart et al., 1987), whereas non-territorial fe-
males, flying greater distances, likely transfer more high-quality
outcross pollen (Leimberger et al., 2022; Maruyama et al., 2016).

95UB017 SUOWIWIOD aA 11810 3|qeot (dde auy Aq peusenob ae Sajolie YO 8SN JO Sa|nJ 10} ARIq1T8UIUO /8|1 UO (SUOTPUOO-PUR-SLUIBIWIO A8 |1 Ale.q 1Bul [Uo//Sdy) SUORIpUOD pue swie 1 8y} 88s *[£202/20/02] uo Ariqiauluo 8|1 ‘eb1pbuo 1a Aq 9v/£T'9592-GOET/TTTT OT/I0P/W0Y A8 1M Afe.d]1|Bu JUO'S feuIn0 saq//:sdy WoJ pepeojumoq ‘TT ‘2202 ‘9592S95T



2178 Journal of Animal Ecology

MAGLIANESI ET AL.

However, the narrower niche breadth of males compared to fe-
males may cause males to deposit relatively higher rates of con-
specific pollen (Larsson, 2005), with a trade-off in pollination
effectiveness (Smith et al., 2019). Lastly, to the extent that sexes
of pollinators differ both in the species of plants they pollinate
and in trophic morphology, such differences may contribute to
floral diversification (Temeles et al., 2016). Further studies of
sex differences in resource use by pollinators are clearly war-
ranted to determine the generality of our findings among differ-
ent pollinator taxa (e.g. bats, bees, moths, butterflies and other
taxa of nectar-feeding birds).

5 | CONCLUSIONS

We provide empirical evidence on substantial differences in pat-
terns of resource use between sex in a set of hummingbird spe-
cies across the Americas. Our results show that these differences
are associated with behavioural and morphological traits. Thus,
resource partitioning by sex is likely to be an important mecha-
nism that reduces intersexual competition in hummingbird assem-
blages. Our findings demonstrate the importance of considering
pollinators' resource use at the sex level and highlight the need for
further understanding the role of intersexual variation in shaping
plant-pollinator and other mutualistic interactions in ecological

communities.
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