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Summary

1. In plant–pollinator networks, the floral morphology of food plants is an important deter-

minant of the interaction niche of pollinators. Studies on foraging preferences of pollinators

combining experimental and observational approaches may help to understand the mecha-

nisms behind patterns of interactions and niche partitioning within pollinator communities.

2. In this study, we tested whether morphological floral traits were associated with foraging

preferences of hummingbirds for artificial and natural flower types in Costa Rica. We per-

formed field experiments with artificial feeders, differing in length and curvature of flower

types, to quantify the hummingbirds’ interaction niche under unlimited nectar resources. To

quantify the interaction niche under real-world conditions of limited nectar resources, we

measured foraging preferences of hummingbirds for a total of 34 plant species.

3. Artificial feeders were visited by Eupherusa nigriventris and Phaethornis guy in the pre-

montane forest, and Lampornis calolaemus in the lower montane forest. Under experimental

conditions, all three hummingbird species overlapped their interaction niches and showed a

preference for the short artificial flower type over the long-straight and the long-curved flower

types. Under natural conditions, the two co-occurring hummingbird species preferred to feed

on plant species with floral traits corresponding to their bill morphology. The short-billed

hummingbird E. nigriventris preferred to feed on short and straight flowers, whereas the long-

and curved-billed P. guy preferred long and curved natural flowers. The medium-size billed

species L. calolaemus preferred to feed on flowers of medium length and did not show prefer-

ences for plant species with specific corolla curvature.

4. Our results show that floral morphological traits constrain access by short-billed humming-

bird species to nectar resources. Morphological constraints, therefore, represent one impor-

tant mechanism structuring trophic networks. In addition, other factors, such as competition

and differences in resource quantity or quality, define the interaction niches of consumer spe-

cies in real-world communities, enforcing patterns of niche segregation between co-occurring

consumer species. This suggests that experimental studies are needed to disentangle effects of

morphological constraints from those of competition for resources in plant–pollinator interac-
tions and other types of trophic interactions.
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Introduction

Plant and animal species are embedded in complex eco-

logical networks and are linked by trophic interactions

(Bascompte & Jordano 2007). In such trophic networks,

plant species provide food resources for the dependent

consumer guild, whereby plants represent an important

niche dimension for the consumer species (Blüthgen

2010). This idea is consistent with the traditional niche

concept proposed by Hutchinson (1957), who described

the fundamental niche of a species as a multidimensional

hypervolume, in which the dimensions include the

resources that define the requirements of a species. In the

presence of other species, however, this fundamental niche

may be reduced to a smaller realized niche because of eco-

logical constraints such as competition for resources (see

Colwell & Fuentes 1975).

In plant–pollinator networks, the interaction niche of

the pollinators is commonly defined by the range of

plant species that are visited (i.e. the interaction or tro-

phic niche; cf. Devictor et al. 2010). Previous research

has demonstrated that floral morphology largely influ-

ences patterns of interactions of pollinators by constrain-

ing the number and strength of interactions (Stiles 1975;

Stang, Klinkhamer & van der Meijden 2006; Maglianesi

et al. 2014; Vizentin-Bugoni, Maruyama & Sazima

2014). For instance, specific floral morphologies may

facilitate or hinder access to nectar rewards (Ornelas

et al. 2007; Maglianesi et al. 2014), leading to prefer-

ences of pollinators for particular plant species. Thus,

floral traits may be an important determinant of the

interaction niche of pollinators. The full range of plants

that pollinators are potentially able to use (i.e. potential

interactions) may be restricted by additional factors (e.g.

interspecific competition with other pollinators) to the

subset of plant species they actually use (i.e. realized

interactions) (Pauw 2013).

Hummingbirds (Trochilidae) are important pollinators

in the Neotropics (Stiles 1981). Hermit hummingbirds

have mostly long and curved bills and are specialized on

specific plant species (Linhart 1973; Stiles 1978), whereas

non-hermit hummingbirds exhibit a wider range of bill

morphologies and degrees of specialization (Cotton 1998;

Stiles 2004). Morphological fitting between pairs of corre-

sponding traits in plant and hummingbird species influ-

ences foraging preferences by hummingbirds (Colwell

1973; Temeles, Miller & Rifkin 2010). Particularly close

morphological matches, such as those observed between

Heliconia flowers and hermit hummingbirds, may impose

strong constraints in these systems (Stiles 1975; Feinsinger

1976). These morphological constraints may be an impor-

tant factor defining the potential interactions of hum-

mingbirds with plant species. Furthermore, direct

competition for nectar resources has been found to be

intense in hummingbird assemblages, especially at low

resource availability (Colwell 1973; Brown & Bowers

1985). It is likely that competition plays an important role

in determining foraging preferences of hummingbirds and

therefore in defining their realized interactions.

A successful approach to quantify potential and real-

ized interactions between plants and pollinators is to com-

bine experimental and observational data. Potential

interactions can be derived from controlled experiments in

which pollinators’ foraging preferences are measured

across a range of resource types (e.g. different flower

types) (Devictor et al. 2010). Experiments designed to

detect foraging preferences of consumers require offering

a selection of food types to individual consumers. In

order to give consumers the opportunity to express a for-

aging choice, multiple resource types should be offered

simultaneously (Peterson & Renaud 1989). In contrast,

the realized interactions of pollinators can be estimated

from observations of plant–pollinator interactions in the

real world. From these interactions, the range of plant

species visited by pollinators in natural conditions can be

determined (Benadi et al. 2014). Previous work combining

experimental with observational data has demonstrated

that interspecific exploitation competition appears to drive

resource partitioning between two species of bumblebess

(Bombus spp.; Inouye 1978). Here, we measured foraging

preferences of hummingbird species by quantitative com-

parisons of their flower choices under experimental and

natural conditions. We performed field experiments with

artificial feeders (differing in length and curvature of arti-

ficial flower types) in order to quantify the interaction

niche of hummingbird species with unlimited nectar

resources. We also measured foraging preferences of hum-

mingbirds for plant species in natural conditions, in order

to quantify their interaction niche with limited nectar

resources. We address the following questions: (i) Do

hummingbird species prefer to feed on specific flowers

types under experimental conditions? (ii) Do humming-

bird species prefer to feed on flowers with specific mor-

phological traits under natural conditions? and (iii) Do

hummingbirds’ foraging preferences under unlimited nectar

resources differ from those in the real world?

Materials and methods

study area and data collection

The study was conducted in north-eastern Costa Rica within the

Braulio Carrillo National Park on the Caribbean slope of the

Cordillera Central. The park encompasses an area of c.

45.000 ha, of which about 67% is old-growth forest. Our study

included two sites, placed in two different tropical forest types of

different elevations: pre-montane forest (1.000 m; 10°160N,

84°050W) and lower montane wet forest (2.000 m; 10°110N,

84°070W) (Holdridge 1967). Canopy heights were c. 30 m at

1.000 m and 20 m at 2.000 m (Hartshorn & Peralta 1988). Rain-

fall reported for elevations similar to our study sites in the

national park is 3.200 and 2.200 mm for the pre-montane and

lower montane forest, respectively (Hartshorn & Peralta 1988).

Mean annual temperatures recorded during the last 5 years are

20 and 14 °C, respectively (Blake & Loiselle 2000; TEAM 2013).
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The dry season lasts from late December to April, and the wet

season reaches a peak during July and October–November in

both study sites.

The study was conducted from May 2011 to April 2012, cover-

ing an entire study year. During the year of sampling, we col-

lected data on hummingbird abundances and bill traits,

morphological floral traits and plant–hummingbird interactions

across seven sampling periods per site, each lasting for about

10 days. We conducted field experiments with artificial feeders

for a subset of two sampling periods per forest type, covering

both seasons. Experiments were carried out during 5 days in

August (wet season) and 4 days in February–March (dry season).

flower choice on experimental feeders

To assess hummingbird preferences for different floral morpho-

logies under experimental conditions, we set up self-built feeders

with different artificial flower types differing in length and curva-

ture (Fig. 1a). Each feeder consisted of a 350-ml water bottle

attached to a small container with three tubes (i.e. the number of

entrances per feeder was the same across feeders) representing

one of the following flower types: short (10 mm), long-straight

(40 mm) and long-curved (40 mm). These three flower types rep-

resented floral trait values from the natural communities. For the

long-curved type (30° of deflection), the location of the bend was

one-third the distance from the base of the flower, approximating

the shape of natural flowers frequently visited by hummingbirds

(e.g. Heliconia flowers) (Temeles et al. 2009). The tubes of all

flower types had the same internal diameter (4 mm). In order to

make feeders more attractive to hummingbirds, we painted them

bright red because previous studies showed that hummingbirds

prefer red over other colours (Grant & Grant 1968). Feeders were

filled with the same amount of 25% sucrose solution (mass:mass)

that represents the common concentration and dominant sugar

found in hummingbird-visited flowers (McDade 2004; Rodr�ıguez-

Flores & Stiles 2005; Chalcoff, Aizen & Galetto 2006). We estab-

lished four feeding stations at each study site separated by at

least 200 m. We installed feeders 1 month before the experiment

started to allow hummingbirds to get used to them. At each of

these stations, an array of three artificial feeders, each represent-

ing one flower type, was placed about 1�8 m above the ground.

The feeders were spaced ca. 25 cm from one to another, that is

they were close enough to offer hummingbirds a choice between

the different artificial flower types.

We refilled the feeders with new sucrose solution each day of

the experiment to avoid fungal infection that could affect hum-

mingbirds’ health. We were careful to ensure that the feeders

were permanently filled with artificial nectar, so that humming-

birds had a much larger amount of nectar resources available

than they utilized at a given site. To discard the possibility that

hummingbirds choose feeders for their particular spatial position,

feeders were rotated within the array on different days of the

experiment. Thus, the hummingbird choice for different flower

types was enforced on every day of the experiment.

To record visitation frequency by hummingbirds to artificial

feeders, we fixed unattended cameras about 10 m from the feed-

ers for a 6-h period between 06:00 and 14:00. From the video-

tapes, we identified the hummingbird species and recorded the

flower type used by each individual at each single visit. A visit

was scored whenever a hummingbird was observed to probe an

artificial flower of the feeders. We defined the total number of

visits per hummingbird species on each flower type as interaction

frequency. We constructed one interaction matrix for each study

site, feeding station and season (pooled across the observation

days within a season). Overall, we recorded 6.974 visits of four

hummingbird species over 1.800 hours of videotapes. We

excluded visits from Heliodoxa jacula from further analyses

because we had too few observations of interactions between this

species and plant species under natural conditions (four interac-

tions in the two forest types).

flower choice in natural plant communit ies

To record the interactions between hummingbird and plant spe-

cies, we carried out observations of flowering plants in the under-

storey (up to 10 m above the ground). We chose plant species

fitting the traditional ornithophilous pollination syndrome (Fae-

gri & van der Pijl 1979). As hummingbird-pollinated flowers do

(a) (b)

Fig. 1. (a) Artificial feeders used to assess hummingbird preferences for a flower types under experimental conditions in two tropical for-

ests in Costa Rica. Each feeder included three tubes representing one of the following flower types: short, long-straight and long-curved.

The number of entrances per feeder was the same across feeders. (b) Means and standard errors of preference index for three humming-

bird species: Eupherusa nigriventris (EUPNIG) and Phaethornis guy (PHAGUY) in the pre-montane forest and Lampornis calolaemus

(LAMCAL) in the lower montane forest. Statistics are provided in Table 1. Hummingbird illustrations were taken from del Hoyo, Elli-

ott & Christie (2005).
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not always fit into this syndrome (Ollerton et al. 2009), we also

considered plant species fitting other pollination syndromes (e.g.

bat- or insect-pollinated flowers) that were likely to be visited by

hummingbirds. We randomly chose 4–12 plant individuals per

species at each study site and sampling period. We videotaped

8–12 individuals of the more abundant plant species and 4–6

individuals of the less abundant species. For recording visits of

hummingbirds to plant individuals, we fixed unattended cameras

(Sony DCR-HC51) about 10 m from open flowers for periods of

120 min between 06:00 and 14:00 (see Robertson et al. 1999;

Maglianesi et al. 2014). We recorded 1.073 flowering plant indi-

viduals of 65 species and over 2.000 hours of videotapes. We

recorded the hummingbird species identity of each visit to natu-

ral flowers. A visit was scored whenever a hummingbird was

observed to probe at least one flower of the observed plant indi-

vidual.

Because we were interested in investigating patterns of hum-

mingbird preferences for plant species with specific morphological

floral traits, we excluded all illegitimate visits in which the hum-

mingbird did not access the flower through the corolla entrance.

For further analysis, we only considered visitation data of the

hummingbird species that were observed to visit artificial feeders.

Interaction frequency was defined as the total number of legiti-

mate visits of each hummingbird species on each plant species.

We constructed one interaction matrix for each study site and

season.

floral traits

To be able to quantify hummingbird preferences, we measured

for all videotaped plant species two floral traits: length and cur-

vature of the floral corolla. We do not exclude the possibility that

other, unmeasured traits may contribute to hummingbird prefer-

ences (see Temeles et al. 2002), but the selected traits have been

reported as the primary floral constraints determining nectar

accessibility for hummingbird species (see Temeles et al. 2009;

Maglianesi et al. 2014; Vizentin-Bugoni, Maruyama & Sazima

2014). Length of the corolla (from the base to the tip) was mea-

sured to the nearest 0�10 mm with a dial calliper. To measure

corolla curvature, the flower was placed on 1 mm graph paper so

that the straight part of the corolla near the base was in line with

the first 5 mm and digital photographs were taken (Kershaw

2006). From these photographs, we measured the deflection of

the tip of the corolla from the line through the base of the cor-

olla to the nearest 0�10 mm. To determine the angle of deflection,

we divided the deflection by the corolla length and calculated the

angle of deflection by using the sine rule. Corolla curvature was

arcsin-sqrt-transformed for statistical analysis (i.e. angular trans-

formation). For both morphological traits, we calculated mean

values from 2–4 individual flowers for 88 plant species.

hummingbird abundance and traits

To evaluate the abundance of the studied hummingbird species in

the natural communities, we placed 12–14 standard mist nets

(12 9 3 m) at each study site for c. 6 h after dawn (Ralph et al.

1993). Mist nets were operated 4 days in each of the seven sam-

pling periods. Overall, our sampling effort was about 33.160

mist-net hours (one standard mist net operated for 1 h is a net

hour); sampling effort was very similar for the two study sites.

We used the number of hummingbird individuals captured per

species, summed across sampling periods, as an estimate of hum-

mingbird abundance per species at each site. All hummingbirds

captured were identified to species level (according to Stiles &

Skutch 1989) and banded with aluminium-numbered bands. To

avoid overestimation of hummingbird abundance, we excluded

recaptured hummingbird individuals from abundance estimates.

We did not employ standard capture–recapture approaches for

estimating population sizes because only 16% of all captured

hummingbirds were recaptures and sample sizes were too small

for the studied species.

We measured two morphological traits that have been reported

to influence plant–hummingbird interactions: bill length and cur-

vature (Hainsworth & Wolf 1972; Temeles et al. 2009). Bill length

(exposed culmen) was measured to the nearest 0�10 mm on cap-

tured hummingbird individuals using dial callipers. To measure

bill curvature, we placed the bill on graph paper following the

same procedure as for corolla curvature (Kershaw 2006). Bill cur-

vature was arcsin-sqrt-transformed for statistical analyses (i.e.

angular transformation).

statist ical analysis

To investigate patterns of flower choice by pollinator species, we

used a preference index (PI) to measure the preference of a hum-

mingbird species for a specific plant species (Williams 2005;

Fr€und, Linsenmair & Bl€uthgen 2010). The same PI was used for

the experimental data and the natural visits. We applied the for-

mula PIk = pobs,k/(pobs,k + pnull,k), where pobs,k is the proportion

of visits to plant species k among all visits by a hummingbird

species, and pnull is the expected proportion of visits to a particu-

lar plant species. We defined pnull as the proportion of observa-

tion time of plant species k among the total observation time for

all plant species in a given study site and season. We thus

assumed that under a random interaction scenario, the visitation

frequency of a hummingbird species to a particular plant species

is proportional to the observation time dedicated to this plant

species (Fründ, Linsenmair & Blüthgen 2010). For completely

opportunistic interactions (null hypothesis), the focal humming-

bird species would visit the focal flower species with a probability

of pnull. PI ranges between 0 and 1, being 0 for unvisited plant

species and 0�5 for plant species visited as frequently as expected

under the null hypothesis, and approaches 1 for strong prefer-

ences for a particular plant species (Fr€und, Linsenmair & Blüth-

gen 2010).

We calculated PI for each hummingbird species and each arti-

ficial flower type as well as for each plant species observed in

the natural communities. Since PI ranges between 0 and 1, it

was logit-transformed for statistical analysis. To test whether

hummingbird species preferred a particular flower type of the

artificial feeders, we fitted a linear mixed effects model with PI

as the response variable and hummingbird species identity and

flower type as fixed effects (main and interaction effects). To

account for random variation in foraging preferences, we

included season and feeding station nested within study site as

random effects. Similarly, we performed a linear mixed effects

model to test for preferences of hummingbird species for plant

species with specific floral morphology in natural communities.

In this model, we included main and interaction effects of hum-

mingbird species identity and floral traits (corolla length and

corolla curvature) as fixed effects. Site and season were included

as random effects. We fitted separate models for each floral trait.
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To explore whether there is a linear or a hump-shaped relation-

ship between the foraging preference of hummingbird species

and floral morphological traits, we added an additional qua-

dratic term of corolla length and corolla curvature to the linear

models (i.e. fitted polynomial models). We compared the fits

between linear and polynomial models using Akaike information

criterion (AIC) and v2 distributed likelihood ratio tests. We used

maximum likelihood (ML) approximation for model compari-

sons and for estimating model parameters. All statistical analyses

were performed with R statistical software ver. 3.0.0 (R Devel-

opment Core Team 2013).

Results

flower choice on experimental feeders

We recorded a total of 4.503 interactions among the three

artificial flower types and the three selected hummingbird

species (visits by H. jacula were excluded). Artificial feed-

ers were used by Eupherusa nigriventris and Phaethornis

guy in the pre-montane forest and Lampornis calolaemus

in the lower montane forest. All three hummingbird spe-

cies had a preference for the short flower type (Table 1,

Figs 1b and 3). PI values for the long-curved and the

long-straight flower types were lower than 0�5 in all cases

(Fig. 1b). Foraging preferences of P. guy for the short

flower type was significantly lower than for the two other

hummingbird species (see the respective interaction term

in Table 1).

flower choice in natural plant communit ies

At the two study sites, we observed 324 interactions among

34 flowering plant species and the three selected humming-

bird species (see Table S1, Supporting information for a

complete plant species list, Supporting Information). The

two measured morphological traits of plants (length and

curvature of corolla) had significant effects on foraging

preferences of all three hummingbird species. In the pre-

montane forest, E. nigriventris preferred to feed on flow-

ers with short and straight corollas, whereas P. guy pre-

ferred to feed on flowers with long and curved corollas

(Table 2, Fig. 2a,b,d,e). In the lower montane forest,

L. calolaemus preferred to feed on flowers of medium

length, as indicated by a hump-shaped relationship

between the preference index and corolla length (Fig. 2c).

The species showed no preference for plant species with

specific corolla curvature (Fig. 2f). The best model of the

relationship between the preference index and corolla

length included a linear and a quadratic term of corolla

length (difference to the linear model: ΔAIC = �2�1;
v2 = 8�1, P = 0�04). In the case of corolla curvature, the

best model included only the linear term of corolla curva-

ture (difference to the polynomial model: ΔAIC = �2�6;
v2 = 3�4, P = 0�33). Niche plots indicate that preferences

of hummingbird species for specific floral types under nat-

ural conditions strongly differed from those under experi-

mental conditions with unlimited nectar resources

(Fig. 3).

hummingbird abundance and traits

The three studied hummingbird species contributed con-

siderably to total hummingbird abundance at each study

site. P. guy was the most abundant species at the pre-

montane forest site followed by E. nigriventris, represent-

ing 42% and 15% of the total number of hummingbird

individuals captured in that forest type. L. calolaemus was

the dominant species in the lower montane forest, repre-

senting 56% of all captured hummingbird individuals.

Mean values of bill length (�1 SE) were 15�6 � 0�3,
40�5 � 0�4 and 21�5 � 0�2 mm for E. nigriventris, P. guy

and L. calolaemus, respectively. Mean values of bill curva-

ture were 3�80 � 0�12, 15�71 � 0�40 and 3�34 � 0�06° for

the same species, respectively.

Discussion

Under experimental conditions, the three selected hum-

mingbird species overlapped in their interaction niches

showing preferences for the short artificial flower type

over the long-straight and the long-curved flower types.

Under natural conditions, the short-billed species E. nigri-

ventris preferred to feed on short and straight flowers. In

contrast, the long-curved bill species P. guy preferred

plant species with long and curved flowers, whereas the

medium-size billed species L. calolaemus showed weaker

preferences for plant species with specific floral traits. Our

findings show that preferences of hummingbird species for

specific floral morphologies strongly differed between

experimental and natural conditions (i.e. under unlimited

and limited nectar resources).

Table 1. Linear mixed effects model of the relationships between

foraging preference indices and predictor variables (species iden-

tity and artificial flower types) in two forest types in Costa Rica.

Eupherusa nigriventris (EUPNIG) and Phaethornis guy (PHA-

GUY) visited the artificial feeders in the submontane forest and

Lampornis calolaemus (LAMCAL) in the lower montane forest.

Artificial flower types were short, long-straight and long-curved.

Season and feeding station nested within forest type were

included as random effects in the model. Parameters were esti-

mated with maximum likelihood approximation. The reference

level (intercept) is given by EUPNIG and the long-curved flower

type. Significant effects are shown in bold

Predictor variable b t value P

Intercept �1�66 �5�03 <0�001
LAMCAL 0�07 0�18 0�857
PHAGUY 1�27 3�27 0�002
Long-straight 0�04 0�09 0�932
Short 2�64 5�98 <0�001
LAMCAL 9 long-straight 0�31 0�56 0�574
LAMCAL 9 short �0�22 �0�40 0�690
PHAGUY 9 long-straight �0�38 �0�70 0�486
PHAGUY 9 short �1�91 �3�52 <0�001
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interaction niche under experimental
condit ions

Foraging preferences for the short flower type under

experimental conditions were more pronounced in the

short-billed and the medium-size billed hummingbird spe-

cies than in the long- and curved-billed species. The

importance of morphological matching in determining

patterns of interactions between plant and consumer spe-

cies has been demonstrated for different types of mutual-

istic interaction networks such as plant–pollinator (Stang,

Klinkhamer & van der Meijden 2006; Ibanez 2012;

Maglianesi et al. 2014) and plant–frugivore networks (Moran

& Catterall 2010; Dehling et al. 2014). In plant–humming-

bird interactions, morphological floral traits of plants

may act as barriers allowing only certain hummingbirds

access to nectar rewards (Temeles et al. 2009; Vizentin-

Bugoni, Maruyama & Sazima 2014). The strong prefer-

ence of the short and medium-size billed hummingbirds

for the short flower type in the experiment is very likely

to result from morphological constraints of accessibility

to nectar imposed by long-straight and long-curved flower

types. Our results indicate that length and curvature of

corolla are important floral traits that limit the access to

nectar resources and therefore determine the interaction

niche of short-billed hummingbird species within the trait

space that was experimentally explored.

Phaethornis guy with its long and curved bill was able to

utilize all three artificial flower types in our field experi-

ment. Wiklund, Eriksson & Lundberg (1979) proposed that

elongated mouthparts in pollinators offer them the oppor-

tunity to exploit a greater diversity of floral morphologies,

which has been confirmed by several studies (Feinsinger

1976; Corbet 2000; Goldblatt & Manning 2000). The long

bill of the hermit species enables it to access nectar

resources from the long and curved flower types unlike the

shorter billed species. Even though P. guy used all three

artificial flower types, it preferred the short flower type.

This may be the result of easier nectar intake from short

flowers (e.g. by faster bill insertion into the short tube).

However, the preference for the short artificial flowers also

resulted in an overlapping interaction niche with those of

the two shorter billed species. The unlimited nectar

resources provided to hummingbirds in the experiment are

likely to have contributed to niche overlap among the hum-

mingbird species in the experiment.

Some hummingbirds visiting the artificial feeders were

observed to chase other individuals, which may be an

indicator of direct competition for the offered nectar

resources. This aggressive behaviour may have influenced

how many birds had the opportunity to feed at the feed-

ers, but it is unlikely to influence the foraging preferences

of hummingbirds because all three flower types were

blocked together within the same feeding station. An indi-

vidual that had conquered a feeding station had the

opportunity to choose among the three different flower

types. Thus, competition between hummingbird individu-

als at the artificial feeders with unlimited nectar resources

is very unlikely to have influenced foraging decisions of

hummingbirds. We propose that experiments with artifi-

cial flowers and unlimited nectar resources can be utilized

to quantify better the interaction niche of hummingbirds

in the absence or, at least, with strongly reduced intensity

of competition.

interaction niche under natural condit ions

Under natural conditions, the two co-occurring humming-

bird species in the pre-montane forest showed strong for-

aging preferences for plant species with floral traits

matching their bill morphology. The short-billed species

E. nigriventris preferred to feed on short and straight

flowers, whereas the long-billed species P. guy preferred

to feed on long and curved flowers. This is consistent with

other studies showing that nectar-feeding birds were spe-

cialized on plant species with flowers traits that matched

Table 2. Linear mixed effects models of the relationships between

foraging preference indices and predictor variables (species iden-

tity and floral traits) in two forest types in Costa Rica. Eupherusa

nigriventris (EUPNIG) and Phaethornis guy (PHAGUY) visited

plant species in the submontane forest and Lampornis calolaemus

(LAMCAL) in the lower montane forest. Floral traits were cor-

olla length (a) and corolla curvature (b). Season and forest type

were included as random effects in the models. Parameters were

estimated with maximum likelihood approximation. For corolla

length, the best model includes a linear and a quadratic term,

and for corolla curvature, the best model only includes a linear

term. The reference level (intercept) is given by EUPNIG; param-

eter estimates are based on scaled values (mean = 0, standard

deviation = 1) for corolla length and curvature. Significant effects

are shown in bold

Predictor variable

Model with linear and

quadratic term

b t value P

(a) Corolla length

Intercept �2�14 �6�70 <0�001
LAMCAL 0�18 0�41 0�680
PHAGUY �0�24 �0�59 0�559
Corolla length �4�07 �2�57 0�012
(Corolla length)2 2�72 1�73 0�088
LAMCAL 9 corolla length 7�11 3�43 <0�001
PHAGUY 9 corolla length 5�99 2�69 0�009
(LAMCAL 9 corolla length)2 �5�79 �2�80 0�006
(PHAGUY 9 corolla length)2 �3�59 �1�62 0�110

Predictor variable

Model with linear term

b t value P

(b) Corolla curvature

Intercept �2�24 �6�27 <0�001
LAMCAL �0�16 0�34 0�732
PHAGUY �0�04 �0�08 0�935
Corolla curvature �1�03 �3�02 0�003
LAMCAL 9 corolla curvature 1�21 2�55 0�013
PHAGUY 9 corolla curvature 1�71 3�56 <0�001
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(a)

(b)

Fig. 3. Flower choice of hummingbird species in two tropical forests in Costa Rica on artificial (a) and natural flowers (b). Flower types

were short, long-straight and long-curved. Eupherusa nigriventris and Phaethornis guy visited feeders and plant species in the submontane

forest and Lampornis calolaemus in the lower montane forest. Different shades of grey indicate preference indices (PI; range: 0–1) of

hummingbird species for the three types of artificial flowers and their corresponding morphologies under natural conditions, as derived

by predictions from linear mixed effects models (see Tables 1 and 2). In the case of natural flowers, PI values were derived separately for

the specific length (10 and 40 mm) and curvature values (0 and 30°) and then the geometric mean of the two predicted PI values was cal-

culated. Predictions of PI values under natural conditions were always lower than those under experimental conditions because several

of the observed plant species were not visited by the respective hummingbird species (PI = 0 in these cases; see Fig. 2). There were no

short-curved flowers in the experimental set-up.

(a) (b) (c)

(d) (e) (f)

Fig. 2. Associations between the foraging preference index (PI) of hummingbird species and floral traits in two tropical forests in Costa

Rica. Each data point represents one of the following hummingbird species: Eupherusa nigriventris (a, d), Phaethornis guy (b, e) and

Lampornis calolaemus (c, f). For each hummingbird species, we calculated the corresponding PI for each videotaped plant species; plant

species are represented by their mean floral trait values of length and curvature of corolla, respectively. The horizontal dashed line indi-

cates the interactions exactly matching the null hypothesis where the visitation frequency of hummingbird species is proportional to the

observation time. We used the predicted values from the linear mixed effects models in Table 2 to fit a trend line in each plot. Due to

numerous plant species unvisited by the respective hummingbird species (PI = 0 in these cases), the models predicted comparatively weak

preferences. Corolla curvature was angular-transformed (ang) for statistical analyses.
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their bill morphology (Wolf, Stiles & Hainsworth 1976;

Dalsgaard et al. 2009; Geerts & Pauw 2009; Maglianesi

et al. 2014). The interaction niche of E. nigriventris under

natural conditions corresponded to the interaction niche

under unlimited nectar resources at the feeders within the

range of trait values that was experimentally investigated

(Fig. 3). These results suggest that foraging preferences of

short-billed hummingbird species are likely driven by

morphological constraints as it has been shown in other

studies including hummingbird (Snow & Snow 1972) and

insect pollinators (Inouye 1977, 1978). For instance, Ino-

uye (1980) found that bumblebee species with long pro-

boscis foraged significantly faster than those with short

proboscis on flowers with long corolla tubes. Likewise,

Stang, Klinkhamer & van der Meijden (2006) found that

the number of insect species decreased with an increasing

nectar holder depth in a Mediterranean plant–flower visi-

tor community.

Foraging preferences by P. guy for long and curved

flowers may result from factors other than morphological

constraints because interaction niches differed consider-

ably between experimental and natural conditions

(Fig. 3). First, the long and curved flowers may be more

attractive for the long- and curved-billed hummingbird

species because these flowers may per se offer higher nec-

tar rewards (Ornelas et al. 2007; Geerts & Pauw 2009).

Secondly, the long and curved flowers may be more

attractive for the hermits because the short- and straight-

billed hummingbird species are unable to access most of

these flowers, resulting in higher standing crops of nectar

rewards in these flowers. The long and curved bills of the

hermit species may hence contribute to reduce competi-

tion with the other species through resource exploitation.

This explanation is consistent with the idea that competi-

tion for resources contributes to floral resource partition-

ing in hummingbird communities (Stiles 1981). Thirdly,

short flowers could be defended by short-billed humming-

bird species, and thus, competitive interference may limit

access to these flowers (Case & Gilpin 1974; Feinsinger

1976). Our data do not enable us to disentangle these

three potential causes for niche segregation of hermit spe-

cies relative to other hummingbird species under natural

conditions. Nevertheless, the comparison of experimental

and real-world data shows that resource use in natural

pollinator communities is strikingly different from that

under controlled experimental conditions with unlimited

and equally rewarding resources.

Lampornis calolaemus preferred to feed on flowers of

medium length corresponding to its bill morphology, and

it did not show a preference for plant species with specific

corolla curvature. Although L. calolaemus showed a pref-

erence for flowers of medium size, preferences for specific

flower types were overall weaker than for the two other

species. These results suggest a rather high flexibility in

foraging behaviour of this species. The interaction niche

of this species under natural conditions strongly differed

from that under experimental conditions where the species

showed a strong preference for short artificial flowers.

Our results are consistent with previous studies in which

L. calolaemus was classified as a generalist and described

as a species with an opportunistic ecological role in natu-

ral plant communities (Feinsinger & Colwell 1978). In the

lower montane forest, L. calolaemus was the dominant

species (>50% of the captured individuals belonged to the

species), suggesting that intraspecific competition for floral

resources might be intense among hummingbird individu-

als and potentially was more important than interspecific

competition. Species abundance affects individual foraging

decisions because foraging choices of individuals influence

those of other individuals depleting similar or the same

floral resources (Tur et al. 2014). Consequently, high lev-

els of intraspecific overlap in plant resource use may

result in individuals expanding their interaction niches to

a wide range of potential resources (Bolnick et al. 2003;

Maruyama et al. 2013). However, L. calolaemus avoided

very short flowers, potentially due to intense competition

with short-billed hummingbird species for these flowers.

L. calolaemus was able to use some flowers longer than

their bills. This may be possible because this species, like

other hummingbird species, is able to extend its tongue to

harvest nectar from long flowers (Paton & Collins 1989).

Furthermore, in unvisited flowers, the nectar volume may

exceed the nectar chamber and therefore may be accessi-

ble for shorter billed hummingbirds (Wolf & Stiles 1989).

Nevertheless, L. calolaemus did not visit very long flow-

ers, which confirms that morphological constraints may

be an important factor defining the realized niche also for

this medium-size billed species.

Conclusions

Comparisons between experimental and observational

data of foraging preferences of pollinators aid our under-

standing of the factors defining species’ interaction niches

and the mechanisms driving floral resource partitioning

within communities. Our experimental results reveal that

floral traits limit the access to nectar resources for short-

billed hummingbird species and therefore constrain cer-

tain interactions in plant–hummingbird networks (‘forbid-

den link hypothesis’; Jordano, Bascompte & Olesen 2003).

However, pollinators may change foraging preferences in

response to additional factors, such as reward quantity

and quality and competition for floral resources, resulting

in partitioning or expansion of their interaction niche.

This is supported by our results with two co-occurring

hummingbird species segregating their overlapping inter-

action niches under experimental conditions to non-over-

lapping realized interaction niches in the real world.

Correspondingly, a species with strong foraging prefer-

ences for short flowers in the absence of competition

expanded its interaction niche to a wider range of flower

resources, most likely driven by high intraspecific compe-

tition. We conclude that morphological constraints are

one important mechanism structuring trophic networks,
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albeit other factors, such as as inter- and intraspecific

competition, additionally define interaction niches of con-

sumer species in real-world communities.
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(2014) Morphological traits determine specialization and resource use in

plant–hummingbird networks in the Neotropics. Ecology, doi:10.1890/

13-2261.1.

Maruyama, P.K., Oliveira, G.M., Ferreira, C., Dalsgaard, B. & Oliveira,

P.E. (2013) Pollination syndromes ignored: importance of non–ornith-
ophilous flowers to Neotropical savanna hummingbirds. Naturwissens-

chaften, 100, 1061–1068.
McDade, L.A. (2004) Nectar in Hummingbird-pollinated Neotropical

Plants I: patterns of Production and Variability in 12 Species. Biotropica,

36, 196–215.
Moran, C. & Catterall, C.P. (2010) Can functional traits predict ecological

interactions? A case study using rain forest frugivores and plants in

Australia. Biotropica, 42, 318–326.

© 2014 The Authors. Journal of Animal Ecology © 2014 British Ecological Society, Journal of Animal Ecology, 84, 655–664

Foraging preferences of hummingbirds 663



Ollerton, J., Alarc�on, R., Waser, N.M., Price, M.V., Watts, S., Cranmer,

L. et al. (2009) A global test of the pollination syndrome hypothesis.

Annals of Botany, 103, 1471–1480.
Ornelas, J.F., Ordano, M., De-Nova, A.J., Quintero, M.E. & Garland, T.

Jr (2007) Phylogenetic analysis of interspecific variation in n�ectar of

hummingbird–visited plants. Journal of Evolutionary Biology, 20, 1904–
1917.

Paton, D.C. & Collins, B.G. (1989) Bills and tongues of nectar–feeding
birds: a review of morphology, function and performance, with inter-

continental comparisons. Australian Journal of Ecology, 14, 473–506.
Pauw, A. (2013) Can pollination niches facilitate plant coexistence? Trends

in Ecology and Evolution, 28, 30–37.
Peterson, C.H. & Renaud, P.E. (1989) Analysis of feeding preference

experiments. Oecologia, 80, 82–86.
R Development Core Team (2013) R: A Language and Environment for

Statistical Computing. R Foundation for Statistical Computing, Vienna,

Austria.

Ralph, C.J., Geupel, G.R., Pyle, P., Martin, T. & DeSante, D.F. (1993)

Handbook of Field Methods for Monitoring Landbirds. Pacific Southwest

Research Station, Albany, California, USA.

Robertson, A.W., Kelly, D., Ladley, J.J. & Sparrow, A.D. (1999) Effects

of pollinator loss on endemic New Zealand mistletoes (Loranthaceae).

Conservation Biology, 13, 499–508.
Rodr�ıguez-Flores, C.I. & Stiles, F.G. (2005) An�alisis ecomorfol�ogico de

una comunidad de colibr�ıes ermita~nos (Trochilidae, Phaethorninae)

y sus flores en la Amazonia Colombiana. Ornitolog�ıa Colombiana, 3,

7–27.
Snow, B.K. & Snow, D.W. (1972) Feeding niches of hummingbirds in a

Trinidad valley. Journal of Animal Ecology, 41, 471–485.
Stang, M., Klinkhamer, P.G.L. & van der Meijden, E. (2006) Size con-

straints and flower abundance determine the number of interactions in a

plant–flower visitor web. Oikos, 112, 111–121.
Stiles, F.G. (1975) Ecology, flowering phenology, and hummingbird polli-

nation of some Costa Rican Heliconia species. Ecology, 56, 285–301.
Stiles, F.G. (1978) Ecological and Evolutionary Implications of Bird Polli-

nation. American Zoologist, 8, 715–727.
Stiles, F.G. (1981) Geographical aspects of Bird–flower coevolution, with

particular reference to Central America. Annals of the Missouri Botani-

cal Garden, 68, 323–351.
Stiles, F.G. (2004) Phylogenetic constraints upon morphological and

ecological adaptation in hummingbirds (Trochilidae): why are there no

hermits in the paramo? Ornitolog�ıa Neotropical, 15, 191–198.
Stiles, F.G. & Skutch, A. (1989) A Guide to the Birds of Costa Rica. Com-

stock Publishing Associates, A division of Cornell University Press, Ith-

aca, New York, USA.

TEAM (2013) Tropical Ecology Assessment and Monitoring Network.

Volc�an Barba, Heredia.

Temeles, E.J., Miller, J.S. & Rifkin, J.L. (2010) Evolution of sexual dimor-

phism in bill size and shape of hermit hummingbirds (Phaethornithi-

nae): a role for ecological causation. Philosophical Transactions of the

Royal Society, 365, 1053–1063.
Temeles, E.J., Linhart, Y.B., Masonjones, M. & Masonjones, H.D. (2002)

The role of flower width in hummingbird bill length–flower length rela-

tionships. Biotropica, 34, 68–80.
Temeles, E.J., Koulouris, C.R., Sander, S.E. & Kress, W.J. (2009) Effect

of flower shape and size on foraging performance and trade–offs in a

tropical hummingbird. Ecology, 90, 1147–1161.
Tur, C., Vigalondo, B., Trøjelsgaard, K., Olesen, J.M. & Traveset, A. (2014)

Downscaling pollen–transport networks to the level of individuals. Jour-

nal of Animal Ecology, 83, 306–317.
Vizentin-Bugoni, J., Maruyama, P.K. & Sazima, M. (2014) Processes

entangling interactions in communities: forbidden links are more impor-

tant than abundance in a hummingbird–plant network. Proceedings of

the Royal Society B, 281, 1–8.
Wiklund, C., Eriksson, T. & Lundberg, H. (1979) The wood white butter-

fly, Leptidea sinapsis, and its nectar plants: a case of mutualism or para-

sitism? Oikos, 33, 358–362.
Williams, P. (2005) Does specialization explain rarity and decline among

British bumblebees? A response to Goulson et al.. Biological Conserva-

tion, 122, 33–43.
Wolf, L.L. & Stiles, F.G. (1989) Adaptations for the ‘fail–safe’ pollination

of specialized ornithophilous flowers. American Midland Naturalist, 121,

1–10.
Wolf, L.L., Stiles, F.G. & Hainsworth, F.R. (1976) Ecological organiza-

tion of a highland tropical hummingbird community. Journal of Animal

Ecology, 45, 349–379.

Received 30 June 2014; accepted 24 October 2014

Handling Editor: Thomas Ings

Supporting Information

Additional Supporting Information may be found in the online version

of this article.

Table S1. List of plant families, species and the number of visits

they received from the three selected hummingbird species in

Costa Rica.

© 2014 The Authors. Journal of Animal Ecology © 2014 British Ecological Society, Journal of Animal Ecology, 84, 655–664

664 M. A. Maglianesi, K. B€ohning-Gaese & M. Schleuning


