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Abstract

Aim: Among the world’s three major nectar-feeding bird taxa, hummingbirds are the

most phenotypically specialized for nectarivory, followed by sunbirds, while the hon-

eyeaters are the least phenotypically specialized taxa. We tested whether this phe-

notypic specialization gradient is also found in the interaction patterns with their

floral resources.

Location: Americas, Africa, Asia and Oceania/Australia.

Methods: We compiled interaction networks between birds and floral resources for

79 hummingbird, nine sunbird and 33 honeyeater communities. Interaction special-

ization was quantified through connectance (C), complementary specialization (H2
0),

binary (QB) and weighted modularity (Q), with both observed and null-model cor-

rected values. We compared interaction specialization among the three types of

bird–flower communities, both independently and while controlling for potential

confounding variables, such as plant species richness, asymmetry, latitude, insularity,

topography, sampling methods and intensity.

Results: Hummingbird–flower networks were more specialized than honeyeater–

flower networks. Specifically, hummingbird–flower networks had a lower proportion

of realized interactions (lower C), decreased niche overlap (greater H2
0) and greater

modularity (greater QB). However, we found no significant differences between

hummingbird– and sunbird–flower networks, nor between sunbird– and honeyeater–

flower networks.
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Main conclusions: As expected, hummingbirds and their floral resources have

greater interaction specialization than honeyeaters, possibly because of greater phe-

notypic specialization and greater floral resource richness in the New World. Inter-

action specialization in sunbird–flower communities was similar to both

hummingbird–flower and honeyeater–flower communities. This may either be due

to the relatively small number of sunbird–flower networks available, or because sun-

bird–flower communities share features of both hummingbird–flower communities

(specialized floral shapes) and honeyeater–flower communities (fewer floral

resources). These results suggest a link between interaction specialization and both

phenotypic specialization and floral resource richness within bird–flower communi-

ties at a global scale.

K E YWORD S

honeyeaters, hummingbirds, modularity, niche partitioning, ornithophily, plant–animal

interactions, specialization, sunbirds

1 | INTRODUCTION

Specialization is of major importance in ecology and occurs at all

levels, from the individual to the community (Devictor et al., 2010).

Understanding the origin and evolution of specialization is fundamen-

tal to our understanding of species interactions (Futuyma & Moreno,

1988), such as the interactions between plants and animals in pollina-

tion (Johnson & Steiner, 2000; Waser et al., 1996). Birds include the

most abundant and species rich vertebrate pollinators, with flower

visitation reported in more than 50 bird families (Cronk & Ojeda,

2008). Of these families, three are highly specialized for nectarivory:

Trochilidae, Nectariniidae and Meliphagidae. Hummingbirds (Apodi-

formes, Trochilidae, 363 species) occur in the New World (NW)

throughout the Americas, while sunbirds (Passeriformes, Nectarini-

idae, 132 species) and honeyeaters (Passeriformes, Meliphagidae, 175

species) are found in the Old World (OW). Sunbirds occur in Africa,

Asia and Oceania/Australia, and honeyeaters are found in Asia and

Oceania/Australia (del Hoyo et al., 2016; Fleming & Muchhala, 2008;

Stiles, 1981), with a limited distribution overlap between these OW

families (Barker et al., 2002). These three families contain most of

the specialized nectar-feeding bird species, and are an example of

convergent evolution, as they have independently evolved adapta-

tions associated with nectarivory (Prum et al., 2015). Nectar-feeding

adaptations include long and/or curved bill, grooved tongue tip, a

tongue extensible beyond the bill tip and small body size in relation

to non-nectarivorous birds (Stiles, 1981). This pattern of evolution

has generated interest in understanding the differences and similari-

ties in the morphology and ecology of these nectar-feeding birds and

their floral resources (Collins & Paton, 1989; Cronk & Ojeda, 2008;

Fleming, 2005; Fleming & Muchhala, 2008; Pyke, 1980; Stiles, 1981).

Despite the convergent evolution between these families, they

vary in their extent of phenotypic specialization for pollination

(sensu Ollerton et al., 2007). Hummingbirds are the most phenotyp-

ically specialized for nectarivory, followed by sunbirds, while

honeyeaters are the least phenotypically specialized taxa (Fleming

& Muchhala, 2008; Stiles, 1981). Bill length in hummingbird com-

munities is more variable than in OW communities (Fleming &

Muchhala, 2008), which may facilitate a finer resource partitioning

among hummingbird species (Abrahamczyk & Kessler, 2010;

Maglianesi et al., 2014). Greater phenotypic specialization of hum-

mingbirds is also manifested in their small size, one of their adap-

tations allowing hovering flight (Pyke, 1980). Hovering is the

prevalent mode of flower foraging among hummingbirds (Collins &

Paton, 1989), with perching being predominant in the generally

heavier sunbirds and honeyeaters (Fleming & Muchhala, 2008;

Pyke, 1980; but see Jane�cek et al., 2011; Wester, 2013). Small size

and hovering flight are likely to have favoured the diversification

of hummingbird-pollinated plant species, because the evolutionary

transition from small and delicate insect-pollinated to hummingbird-

pollinated species was probably relatively simple (Castellanos et al.,

2003; Thomson & Wilson, 2008). This greater diversification of flo-

ral resources may have promoted a greater interaction specializa-

tion in NW communities (Dalsgaard et al., 2011).

Sunbirds and the plants they visit are considered the second-most

phenotypically specialized bird–flower community. Sunbirds have bills,

tongues and digestive tracts that are better adapted to nectar-feeding

than those of honeyeaters, the least specialized group (Stiles, 1981). In

addition, as in hummingbird-pollinated species, flowers visited by sun-

birds tend to have tubular or gullet shapes, while honeyeaters tend to

visit flowers with less restrictive morphologies (Fleming & Muchhala,

2008; Stiles, 1981). Although phenotypic specialization of nectar-feed-

ing birds and their floral resources clearly decrease from specialized

hummingbird to sunbird and then less specialized honeyeater commu-

nities (Fleming & Muchhala, 2008; Stiles, 1981), it remains unclear

whether the interaction specialization of bird–flower communities

reflect the same phenotypic specialization gradient.

Species interaction patterns, such as bird–flower interactions, can

be investigated by a network approach. This approach can reveal
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emergent properties at the community-level that are not apparent in

pairwise interactions (Bascompte & Jordano, 2007). Some of the

main network metrics that quantify interaction specialization at the

community-level are connectance, complementary specialization and

modularity (Bl€uthgen, 2010). Community-level specialization quanti-

fied by these metrics is associated with the concept of ecological

specialization (sensu Ollerton et al., 2007) and the realized Eltonian

niche (Devictor et al., 2010), where interactions are treated as one

dimension of the ecological niche and the degree of interaction spe-

cialization represents niche partitioning among species (Bl€uthgen,

2010).

Because of the observed phenotypic specialization in the three

main bird–flower communities, we predicted the following interac-

tion specialization gradient: hummingbird–flower > sunbird–flower >

honeyeater–flower. To test this, we compiled a dataset of 121

networks, and examined the differences of bird–flower interaction

specialization between these three bird families, both independently

and while controlling for potential confounding variables such as

plant species richness, asymmetry, latitude, insularity, topography,

sampling methods and intensity.

2 | MATERIALS AND METHODS

2.1 | Bird–flower interaction networks

We gathered published and unpublished data on flower visitation by

hummingbirds, sunbirds and honeyeaters sampled at the community-

level (a list of data source of each network is available in the

Appendix 1). For each study, interaction lists between bird and plant

species were transformed into adjacency matrices, with birds as col-

umns and plants as rows. In these matrices, flower visits by birds

were represented in binary networks by their absence (0) or occur-

rence (1), or in weighted networks by their interaction frequency

(Bascompte & Jordano, 2007). Interaction frequency represents the

number of observations of birds either visiting or carrying pollen

from a given plant species. We only included interactions for the

nectar-feeding specialist families: Trochilidae, Nectariniidae and

Meliphagidae (del Hoyo et al., 2016; Fleming & Muchhala, 2008;

Stiles, 1981). In addition, we excluded illegitimate interactions, when

the bird did not contact the floral reproductive structures, for exam-

ple, piercing the corolla to reach the nectar. We also excluded inter-

actions with known exotic plant species, because they are unlikely

to involve bird–flower evolutionary relationships. Information about

interaction legitimacy was unavailable in four of the studies used in

the analyses (Brooker et al., 1990; Collins & Rebelo, 1987; Pettet,

1977; Wester, 2013). In these cases, we assumed that all interac-

tions were legitimate. We classified plant species as exotic using the

databases of Flora of the West Indies (botany.si.edu/antilles/WestIn-

dies/query.cfm), the Brazilian Flora Checklist (floradobrasil.jbrj.gov.br)

and Tropicos (www.tropicos.org).

We compiled a total of 121 bird–flower interaction networks, of

which 79 described hummingbird–flower, nine sunbird–flower and

33 honeyeater–flower interactions. Interaction frequency was

available for 67 (85%) hummingbird networks, five (55%) sunbird

networks and 23 (70%) honeyeater networks. Bird species richness

within networks ranged from two to 24 in the hummingbird, two to

13 in the sunbird and two to 12 in the honeyeater communities,

while plant species richness ranged from two to 65 in the humming-

bird, two to 26 in the sunbird and two to 39 in the honeyeater com-

munities (detailed values of each network are available in the

Appendix S1: Table S1).

2.2 | Measuring specialization of interaction
networks

To quantify interaction specialization, we used two binary metrics,

connectance (C) and binary modularity (QB), and two weighted met-

rics, complementary specialization (H2
0) and weighted modularity (Q).

These metrics range from 0 to 1, where the most generalized net-

work has a value of 0 and the most specialized network has a value

of 1 (H2
0, QB, Q), with the inverse for connectance (C).

Connectance is defined as the proportion of observed pairwise

interactions relative to the total number of possible interactions in

the community, where the total number of possible interactions is

calculated as the richness of visited plant species multiplied by the

richness of nectar-feeding birds (Bl€uthgen, 2010; Jordano, 1987).

Complementary specialization is derived from two-dimensional Shan-

non entropy, and quantifies the niche partitioning among species

considering partner availability, defined by the marginal totals in the

interaction matrix, and so measures the exclusiveness of interactions

(Bl€uthgen et al., 2006; Mart�ın Gonz�alez et al., 2015). Finally, modu-

larity is a network pattern that emerges when some species interact

strongly with each other, but less so with the remaining species,

thereby creating strongly connected sub-groups within a less con-

nected network (Dormann & Strauss, 2014; Maruyama et al., 2014;

Olesen et al., 2007). Binary modularity was measured using the Bar-

ber metric (Barber, 2007), with simulated annealing as the search

algorithm in the MODULAR software (Marquitti et al., 2014). Weighted

modularity was calculated with the standard specifications of the

QuanBiMo algorithm and using the greatest modularity value after

five independent runs (Dormann & Strauss, 2014; Schleuning et al.,

2014). Connectance, complementary specialization and weighted

modularity were calculated with the “bipartite” 2.08 package (Dor-

mann et al., 2008) in R 3.2.5 (R Core Team, 2016). Although metric

values were correlated (Pearson’s r > 0.80, p < 0.05 for spatial and

non-spatial correlation), we analysed all metrics separately because

they can describe complementary patterns of interaction specializa-

tion (Mart�ın Gonz�alez et al., 2015).

2.3 | Null-model corrections of network metrics

Network metrics are often influenced by species richness and sam-

pling effort. Thus, we constructed null models to control for these

effects (Dalsgaard et al., 2017; Mart�ın Gonz�alez et al., 2015; Schle-

uning et al., 2014). The use of null models allows us to calculate

deviations between observed values and null-model expectations,
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assuming random species interactions, while controlling network

properties that may be related to species richness and sampling

effort (Dalsgaard et al., 2017). We generated randomized networks

using Patefield’s algorithm (Patefield, 1981), an approach commonly

used in geographical analyses of interaction networks (Dalsgaard

et al., 2017). This algorithm constrains network size (representing

species richness) and the interaction matrix marginal totals (the sum

of interaction frequencies of each bird and plant species, which may

be a consequence of species abundance or sampling effort; Dormann

et al., 2009). Patefield’s algorithm requires interaction frequency to

generate randomized networks, and so we could only use null-model

corrections on weighted networks. Thus, sample size was larger for

observed connectance and binary modularity than for null-model cor-

rected connectance and binary modularity (see above; Table S1). For

each of the observed networks, we generated 1,000 randomized net-

works to estimate connectance and complementary specialization

and 100 to estimate binary and weighted modularity. We used fewer

randomizations for modularity metrics because their calculation

requires excessively time-consuming algorithms (Olesen et al., 2007;

Schleuning et al., 2014; Sebasti�an-Gonz�alez et al., 2015). For each of

the randomized networks, we calculated the network metrics follow-

ing the same procedure as adopted for the observed networks (see

above). To quantify the departure of the observed network values

from the null expectation, we calculated null-model corrected values

by subtracting the observed metric value from the mean value across

all randomized networks (D-transformation; Dalsgaard et al., 2017;

Mart�ın Gonz�alez et al., 2015; Schleuning et al., 2014).

2.4 | Comparing hummingbird, sunbird and
honeyeater interaction specialization

We compared observed and null-model corrected metrics of hum-

mingbird-, sunbird- and honeyeater-flower networks, testing for dif-

ferences of interaction specialization between the three community

types. First, for data with equal variances, we compared them using

one-way ANOVA with Tukey’s multiple comparison test, for data

with unequal variances we used the Kruskal–Wallis test with

Dunn’s multiple comparison test. Analysis and graphs were plotted in

GRAPHPAD PRISM 6.0 (Morgan, 1998). Second, we compared the interac-

tion specialization between the three types of bird–flower community

while controlling for potentially confounding variables (see below),

using linear multiple regression models and corrected Akaike informa-

tion criterion (AICc). We used the threshold of ΔAICc ≤ 2 to identify

minimum adequate models (MAM; Burnham & Anderson, 2002).

In the linear models, bird–flower community was assigned as a

categorical variable with three levels (hummingbirds, sunbirds and

honeyeaters). Nine potentially confounding variables were also

included in the models: (1) plant species richness (log10 transformed),

included because species-rich communities are expected to have

greater specialization (Dalsgaard et al., 2011; Mart�ın Gonz�alez et al.,

2015; but see V�azquez & Stevens, 2004; Schleuning et al., 2012); (2)

asymmetry (log10 transformed), described as the ratio between bird

and plant species richness and included because connectance

decreases when asymmetry increases (Bl€uthgen et al., 2006); (3)

absolute latitude, because several studies have found greater network

specialization towards the tropics (Olesen & Jordano, 2002; Dals-

gaard et al., 2011; but see V�azquez & Stevens, 2004; Schleuning

et al., 2012); (4) insularity, where mainland communities were classi-

fied as “0” and island communities as “1” and included in the models

because insular communities are expected to be less specialized than

mainland communities (Mart�ın Gonz�alez et al., 2015; Traveset et al.,

2015); (5) topography (square root transformed), defined as the ele-

vational range of the sampled localities calculated in 191 km grid

cells within a concentric distance of 10 km from each sampled local-

ity; (6) duration of each study (log10 transformed), based on the num-

ber of sampling months, included because sampling effort can affect

interaction specialization (Dalsgaard et al., 2017); (7) the method used

to record species interactions, where focal observations were classi-

fied as “0” and sampling pollen loads on visiting birds as “1”, included

because it may influence network structure (Ram�ırez-Burbano et al.,

2017); (8) sampling coverage, where “1” represents studies that sam-

pled the supposed entire communities of bird and plant species, and

“0” represents studies that sampled only a subset of the community

(for example, studies focusing on ornithophilous plant species or a

given plant family); and (9) sampling intensity (log10 transformed), cal-

culated as the ratio between the square root of the total number of

interactions and the square root of the product of the number of bird

and plant species in the network (Dalsgaard et al., 2017; Schleuning

et al., 2012). As interaction frequency is required to quantify sam-

pling intensity, we were only able to estimate this variable for the

weighted networks (Table S1).

Model selection was performed using the dredge function in the

“MuMIn” 1.15.6 package (Barton, 2016). We reported the standard-

ized coefficients for an averaged model (AVM) and the importance

(Σwi) of each predictor variable measured across all models (Burnham

& Anderson, 2002). To identify relevant predictor variables, we used

an importance threshold value of ≥ 0.80 (Sebasti�an-Gonz�alez et al.,

2015). The importance (Σwi) of each predictor variable is measured

by the sum of the Akaike weights in the subset of models that

include the given predictor variable. Akaike weights (wi) describe the

weight of evidence of a given model to be the best model among the

set of possible models. In this sense, the larger the values of Σwi for

a given predictor variable, the greater is its importance in relation to

other predictor variables (Burnham & Anderson, 2002). When the

bird–flower community variable was selected in the MAM, we used

partial regressions to detect the total and unique variation explained

by this variable. The differences between the bird–flower community

types were tested using Tukey contrasts for general linear hypothe-

ses, using the glht function in the “multcomp” 1.4-6 package

(Hothorn et al., 2008). We considered multicollinearity to be absent

when the variance inflation factor (VIF) or the generalized variance

inflation factor (GVIF) was ≤ 10 (Hair et al., 2009); both indices were

measured using the vif function in the “car” 2.1-4 package (Fox &

Weisberg, 2011). We checked for positive spatial autocorrelation in

the residuals of the MAM with the lowest ΔAICc by computing Mor-

an’s I in 14-equally spaced distance classes and applying a
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permutation test with 10,000 iterations, using the correlog function

in the “pgirmess” 1.6.7 package (Giraudoux, 2016). Initial analyses

found that interaction specialization was associated with the method

of recording interactions (Tables 1 and 2). Therefore, we checked

the consistency of our results by repeating all analyses using net-

works sampled only through focal observations (Appendix S2, Tables

S2–S3). Analyses were conducted using R.

To determine how our sample of networks spanned the global

species richness gradient in the three nectar-feeding bird family of

interest (Trochilidae, Nectariniidae and Meliphagidae), we compared

the cumulative frequency distribution of their species richness in grid

cells across the globe with the richness in the grid cells containing

the sampled networks. Comparisons were done using a two-sample

Kolmogorov–Smirnov test in GRAPHPAD PRISM. The global richness

dataset was based on presence–absence data for Trochilidae, Nec-

tariniidae and Meliphagidae, obtained from a global distributional

database (Rahbek et al., 2012). Species ranges were recorded at a

spatial resolution of 1 9 1 latitudinal–longitudinal degree and repre-

sent a conservative estimate of the extent of occurrence (Rahbek &

Graves, 2000, 2001). This global distributional database was also

used to build the richness maps in QGIS 2.18 (QGIS Development

Team, 2017; Figures 2 and 3).

3 | RESULTS

Hummingbird–flower networks had lower connectance than sun-

bird–flower and honeyeater–flower networks. Furthermore, hum-

mingbird–flower networks had greater complementary specialization

and modularity than honeyeater–flower networks. However, we

found no significant differences between the complementary spe-

cialization and modularity of hummingbird–flower and sunbird–

TABLE 1 Multiple linear regression models predicting observed (OBS) and null-model corrected (D) connectance (C) and complementary
specialization (H2

0) of bird-flower interaction networks. Connectance is the realized proportion of possible interactions in a community while
complementary specialization measures niche overlap among species. Predictor variables are described in the Material and Methods. Numbers
in bold are predictor variables whose importance (Σwi) is ≥ 0.80. A dash indicates that the predictor variable was absent from the MAM.
Numbers in parenthesis are the sample size used in each analysis. Letters next to the standardized coefficients represent the group that each
bird-flower community belongs, based on Tukey contrasts for general linear hypotheses.

Connectance (C) Complementary specialization (H2
0)

COBS (121) DC (94) H2
0
OBS (94) DH2

0 (94)

Σwi AVM MAMa Σwi AVM MAMb Σwi AVM MAMc Σwi AVM MAMd

Predictor variables

Bird-flower community 1.00 1.00 0.96 0.98

Hummingbirds �0.11 �0.11 (A) �0.11 �0.12 (A) 0.16 0.13 (A) 0.17 0.17 (A)

Sunbirds 0.02 0.03 (B) 0.09 0.09 (B) 0.05 0.01 (AB) 0.08 0.10 (AB)

Honeyeaters 1.01 1.00 (B) 0.16 0.17 (B) 0.11 0.11 (B) �0.04 �0.04 (B)

Plant species richness 1.00 �0.55 �0.54 1.00 �0.23 �0.24 0.92 0.18 0.17 1.00 0.22 0.22

Asymmetry 1.00 �0.33 �0.32 1.00 0.19 0.19 0.28 �0.03 – 0.31 �0.07 –

Insularity 0.63 0.07 0.07 0.24 0.02 – 0.45 �0.08 – 0.33 �0.05 –

Topography 0.23 0.01 – 0.29 �0.01 – 0.43 0.03 0.03 0.38 0.03 –

Latitude 0.36 0.01 – 0.37 0.01 – 0.42 �0.02 �0.03 0.27 �0.01 –

Sampling method 0.94 0.14 0.15 0.98 0.19 0.20 0.97 �0.36 �0.33 0.99 �0.38 �0.39

Duration 0.25 �0.01 – 0.30 �0.02 – 0.26 0.02 – 0.29 0.02 –

Sampling coverage 0.23 �0.01 – 0.21 �0.01 – 0.25 0.03 – 0.23 0.02 –

Sampling intensity 1.00 �0.17 �0.17 0.57 �0.12 – 0.25 0.03 –

AICc �146.96 �168.06 �58.51 �64.07

R2 adjusted 0.69 0.50 0.34 0.38

R2 total Bird-flower community 0.32 0.29 0.21 0.25

R2 only Bird-flower community 0.04 0.16 0.04 0.08

Moran0s I ≤0.04NS ≤0.13NS ≤0.06NS ≤0.08NS

AICc, corrected Akaike’s information criterion; AVM, standardized coefficients of the averaged model measured across all models; MAM, standardized coef-

ficients of the minimum adequate model with the lowest ΔAICc; R
2 adjusted, variation explained by the minimum adequate model with the lowest ΔAICc;

R2 only Bird-flower community, adjusted unique variation explained by the difference between the bird-flower community types; R2 total Bird-flower community,

adjusted total variation explained by the difference between bird-flower community types; Σwi, importance of each predictor variable measured across all

models; NSp > 0.05; number of models with DAICc ≤ 2: a – three; b – four; c – eleven; d – six. For all models with DAICc ≤ 2, the predictor variable that

represents the difference between the bird-flower community types was selected. Multicollinearity between predictor variables is absent, as generalized

variance inflation factor (GVIF) ≤ 1.72.
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flower networks, and neither between sunbird–flower and

honeyeater–flower networks. Furthermore, we found a very similar

pattern of interaction specialization when using null-model corrected

values (Figure 1). When potentially confounding variables were

included in the linear models, hummingbird–flower networks still

showed lower connectance than sunbird–flower and honeyeater–

flower networks, and greater complementary specialization and null-

model corrected binary modularity than honeyeater–flower networks.

Moreover, we found no differences between complementary special-

ization and binary modularity of hummingbird–flower and sunbird–

flower networks, nor between sunbird–flower and honeyeater–flower

networks. Weighted modularity of networks was the only variable

that did not differ between these bird–flower communities when

including potentially confounding variables (Tables 1 and 2). Finally,

hummingbird–flower communities contained more plant species than

those involving sunbird or honeyeater communities (Kruskal–Wallis

test: K = 28.32, p < 0.001; Dunn’s multiple comparison tests: hum-

mingbirds > sunbirds = honeyeaters).

Several of the confounding variables were associated with esti-

mates of interaction specialization (Tables 1 and 2). Notably, special-

ization increased with plant species richness for both observed and

null-model corrected metrics (Appendix S3: Figure S1). Moreover,

communities with a greater richness of birds than plant species

exhibited greater specialization, with lower observed connectance;

this pattern was reversed when looking at null-model corrected con-

nectance. On islands, networks were less specialized, with lower

observed and null-model corrected weighted modularity. Sampling

method also influenced specialization, with greater specialization

shown in networks sampled by focal observations (Tables 1 and 2).

Nonetheless, restricting the analysis to networks sampled through

focal observations, the most important predictor variables

(Σwi ≥ 0.80) were the same as in the complete dataset, and showed

TABLE 2 Multiple linear regression models predicting observed (OBS) and null-model corrected (D) binary (QB) and weighted modularity (Q)
of bird-flower interaction networks. Modularity is a network metric that detects preferentially interacting subsets of species within the
community. Predictor variables are described in the Material and Methods. Numbers in bold are predictor variables whose importance (Σwi) is
≥ 0.80. A dash indicates that the predictor variable was absent from the MAM. Numbers in parenthesis are the sample size used in each
analysis. Letters next to the standardized coefficients represent the group that each bird-flower community belongs, based on Tukey contrasts
for general linear hypotheses.

Binary modularity (QB) Weighted modularity (Q)

QB-OBS (121) DQB (94) QOBS (94) DQ (94)

Σwi AVM MAMa Σwi AVM MAMb Σwi AVM MAMc Σwi AVM MAMd

Predictor variables

Bird-flower community 0.99 1.00 0.28 0.27

Hummingbirds 0.07 0.07 (A) 0.08 0.08 (A) 0.06 – 0.05 –

Sunbirds �0.01 �0.01 (AB) 0.01 0.01 (AB) 0.06 – 0.05 –

Honeyeaters 0.12 0.09 (B) �0.06 �0.02 (B) 0.12 – �0.07 –

Plant species richness 1.00 0.14 0.17 1.00 0.12 0.08 1.00 0.21 0.21 1.00 0.26 0.23

Asymmetry 0.57 0.08 0.09 0.64 �0.06 – 0.24 �0.03 – 0.60 �0.09 –

Insularity 0.43 �0.04 – 0.71 �0.04 �0.05 0.99 �0.11 �0.11 0.82 �0.08 �0.09

Topography 0.33 0.01 – 0.63 0.01 0.02 0.74 0.03 0.03 0.68 0.02 0.03

Latitude 0.52 �0.01 – 0.60 �0.01 �0.01 0.23 �0.01 – 0.22 �0.01 –

Sampling method 0.63 �0.08 �0.08 1.00 �0.15 �0.14 0.91 �0.21 �0.20 0.95 �0.21 �0.20

Duration 0.25 �0.01 – 0.22 �0.01 – 0.23 �0.01 – 0.27 0.01 –

Sampling coverage 0.24 0.01 – 0.27 0.02 – 0.22 0.01 – 0.22 0.01 –

Sampling intensity 0.39 0.03 – 1.00 �0.15 �0.15 0.25 0.02 –

AICc �211.75 �241.09 �138.50 �154.64

R2 adjusted 0.35 0.55 0.52 0.49

R2 total Bird-flower community 0.23 0.34 – –

R2 only Bird-flower community 0.06 0.09 – –

Moran0s I ≤0.06NS ≤0.17NS ≤0.07NS ≤0.06NS

AICc, corrected Akaike’s information criterion; AVM, standardized coefficients of the averaged model measured across all models; MAM, standardized

coefficients of the minimum adequate model with the lowest ΔAICc; R
2 adjusted, variation explained by the minimum adequate model with the lowest

ΔAICc; R
2

only Bird-flower community, adjusted unique variation explained by the difference between the s-flower community types; R2 total Bird-flower community,

adjusted total variation explained by the difference between the bird-flower community types; Σwi, importance of each predictor variable measured

across all models; NSp > 0.05; number of models with DAICc ≤ 2: a – eleven; b – nine; c – one; d – five. Only for binary modularity, all models with

DAICc ≤ 2 the predictor variable that represents the difference between the bird-flower community types was selected. Multicollinearity between pre-

dictor variables is absent in binary modularity models, as generalized variance inflation factor (GVIF) ≤ 1.60 and in weighted modularity models, as vari-

ance inflation factor (VIF) ≤ 2.30.
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the same pattern described above for interaction specialization

between different bird–flower communities (Tables S2 and S3).

Intensity of sampling affected interaction specialization, with

decreased null-model corrected connectance and weighted modular-

ity when sampling intensity was high (Tables 1 and 2).

Hummingbird–flower networks were geographically widely

spread, although some parts of North America and the Amazon

region were poorly sampled (Figures 2 and 3). In addition, by

comparing the cumulative frequency distribution of the global spe-

cies richness of hummingbirds with their species richness in the

sampled localities, we found that species-poor communities were

disproportionately less sampled than species-rich communities

(Appendix S3: Figure S2). Throughout the Old World, in contrast,

the distribution of available networks was more restricted and

some species-rich regions, especially Central Africa, India, South-

east Asia and Southeast Australia, had few or no community-level

studies of bird–flower interactions (Figures 2 and 3). Nonetheless,

the species richness of the sunbird and honeyeater networks

included in our study encompassed much of the global species

richness gradient (Figure S2).

4 | DISCUSSION

As predicted, we found that New World (NW) hummingbird–flower

interaction networks are more specialized than Old World (OW)

honeyeater–flower networks. Hummingbird–flower networks have

fewer realized interactions, lower niche overlap and greater binary

F IGURE 1 Comparison of the observed
(OBS, first column) and null-model
corrected (D, second column) metrics of
bird-flower interaction networks of the
three types of bird communities
(hummingbirds, sunbirds and honeyeaters).
Connectance (C) is the realized proportion
of possible interactions in a community,
complementary specialization (H2

0)
measures niche overlap among species and
modularity (QB and Q) detects
preferentially interacting subsets of species
within the community. Observed
connectance and binary modularity have a
sample size of 121 networks, while the
other metrics have a sample size of 94
networks. Dots represent each network
and lines indicate mean and confidence
interval at 95% confidence level. Letters
represent the group that each bird-flower
community belongs, based on Tukey’s or
Dunn’s multiple comparison tests.
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modularity, when compared to honeyeater–flower networks. How-

ever, interaction specialization of sunbird–flower networks was simi-

lar to both hummingbird–flower and honeyeater–flower networks.

The greater overall specialization between hummingbirds and

their floral resources indicates that their interactions are more spe-

cies-restricted than the interactions of honeyeaters with their flow-

ers (Bl€uthgen, 2010). This greater interaction partitioning in

hummingbird networks may be a consequence of the greater

variation in bill length among hummingbirds than honeyeaters, as

well as the greater richness of bird-pollinated plant species in the

NW (Abrahamczyk & Kessler, 2015; Fleming, 2005; Higgins et al.,

2016). Hummingbird bill morphology in combination with corolla

morphology may play a key role in constraining interactions via

morphological mismatching (Cotton, 1998a; Temeles et al., 2002;

Vizentin-Bugoni et al., 2014). Indeed, in most hummingbird–flower

communities, there is a subset of flowers with long, curved

F IGURE 2 Specialization of bird-flower interaction networks in hummingbird, sunbird and honeyeater communities, measured by observed
connectance (COBS), which describes the realized proportion of possible interactions in a community, and observed complementary
specialization (H2

0
OBS), which calculates the niche overlap among species. Observed connectance has a sample size of 121 networks, while

complementary specialization has a sample size of 94 networks. The species richness of hummingbirds, sunbirds and honeyeaters are
represented in grey shades, intensifying with an increase in species richness. Points were moved slightly to improve visualization. Maps were
built using Mollweide’s equal-area projection. [Colour figure can be viewed at wileyonlinelibrary.com]
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corollas visited by only one or a few long- and curve-billed birds

(Feinsinger & Colwell, 1978; Maglianesi et al., 2014). Thus, the

increased range of bill and corolla lengths in hummingbird–flower

networks may contribute to reduced niche overlap and increased

community-level specialization (Abrahamczyk & Kessler, 2010; Cot-

ton, 1998b; Maglianesi et al., 2015; Maruyama et al., 2014). A

greater specialization in hummingbird–flower networks could also

be due to a greater spatio-temporal floral resource predictability

(Fleming & Muchhala, 2008). NW annual flowering cycles tend to be

more predictable (Bawa et al., 2003) than, for instance, the supra-

annual mass flowering in South Asian forests (Sakai, 2002). Addition-

ally, flowers are more diverse and abundant in the understorey of NW

forests in comparison to OW forests (LaFrankie et al., 2006). This

greater diversity may create more interaction opportunities for

F IGURE 3 Specialization of bird-flower interaction networks in hummingbird, sunbird and honeyeater communities, measured by observed
binary (QB-OBS) and weighted modularity (QOBS). Modularity is a network metric that detects preferentially interacting subsets of species within
the community. Observed binary modularity has a sample size of 121 networks, while weighted modularity has a sample size of 94 networks.
The species richness of hummingbirds, sunbirds and honeyeaters are represented in grey shades, intensifying with an increase in species
richness. Points were moved slightly to improve visualization. Maps were built using Mollweide’s equal-area projection. [Colour figure can be
viewed at wileyonlinelibrary.com]
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hummingbirds (Feinsinger & Colwell, 1978), resulting in greater niche

partitioning in NW than in OW networks. Conversely, the lower spe-

cialization of honeyeater communities compared to hummingbird com-

munities, is likely to be due to the much less variable bill length and

corolla shapes in those communities (Ford & Paton, 1977). This is par-

ticularly the case in northern Australia, where most of the flowers vis-

ited by honeyeaters have an open or cup-shaped corolla that is

morphologically accessible to several bird species (Ford et al., 1979;

Franklin & Noske, 2000). Hence, more uniform bill lengths and more

generalized corolla shapes among honeyeater–flower communities may

result in lower interaction specialization, when compared to humming-

bird–flower networks. Honeyeaters also tend to have broader dietary

preferences in general, feeding on other resources, such as fruits,

insects and honeydew more frequently than hummingbirds do (Higgins

et al., 2016; Pyke, 1980), although hummingbirds also forage for

insects as a source of protein (Stiles, 1995). These diverse feeding

habits of honeyeaters may decrease competition for nectar resources,

resulting in the more generalized interactions with flowers demon-

strated here (although see Dalsgaard et al., 2017 for contradictory

example in frugivorous bird–plant networks). Hummingbird networks

had the highest overall specialization, implying in reduced niche over-

laps. If combined with species turnover across continental scales, this

greater specialization in hummingbird networks may imply a larger spa-

tial variability of interactions, resulting in a greater spatial b-diversity of

interactions (Trøjelsgaard et al., 2015). Additionally, temporal variation

of resources spanning the entire year in NW communities (Bawa et al.,

2003; Cotton, 2007) may also cause a temporal variation in interac-

tions, resulting in a larger temporal b-diversity of interactions.

The similarity between sunbird–flower networks and the other

two bird–flower communities is likely to be due to two reasons:

first, relatively few sunbird–flower networks were available, result-

ing in wider confidence intervals (Figure 1). More networks may

have reduced that variability and made it possible to detect differ-

ences between sunbird–flower networks and hummingbird– and

honeyeater–flower networks, respectively. Second, sunbird–flower

communities share ecological traits with both hummingbird–flower

and honeyeater–flower communities. For instance, although sun-

birds are considered less phenotypically specialized for nectar-feed-

ing than hummingbirds (Stiles, 1981), the flowers they visit often

have rather restrictive morphologies, with tubular and gullet

shapes, similar to those of hummingbird-pollinated flowers (Fleming

& Muchhala, 2008). This greater morphological restriction of flow-

ers may decrease niche overlap among sunbird species, as these

corolla shapes may be inaccessible to some species within the

community (Pettet, 1977; Temeles et al., 2002). This morphological

mismatch between bird–flower species may produce similar levels

of interaction specialization in both sunbird–flower and humming-

bird–flower networks, as we detected in this study. Additionally,

some sunbirds have specialized feeding behaviours similar to hum-

mingbirds, hovering while visiting flowers and traplining between

resources (Pady�s�akov�a & Jane�cek, 2016). In contrast, we have

demonstrated that in comparison to hummingbird communities,

honeyeater and sunbird communities have lower floral resource

richness, which may explain the similarity in their level of interac-

tion specialization. This lower resource diversity may increase niche

overlap, producing the more generalized feeding niches found in

OW networks.

The correlation between plant species richness and interaction

specialization is likely to arise because niche availability is greater in

species-rich than species-poor communities, thereby promoting

greater niche partitioning among species (Dalsgaard et al., 2011;

Mart�ın Gonz�alez et al., 2015; Sebasti�an-Gonz�alez et al., 2015; but

see Schleuning et al., 2012). The greater generalization of interactions

of insular compared to mainland networks may therefore be a conse-

quence of their species-poor communities (Abrahamczyk et al., 2015;

Dalsgaard et al., 2009; MacArthur & Wilson, 1963), but may also be

due to the tendency of generalist species to have greater establish-

ment success on islands than specialist species (Maldonado et al.,

2013; Olesen et al., 2002; Traveset et al., 2015). Moreover, at least

for hummingbirds, generalized interactions on islands may have been

influenced by their rather recent colonization (Abrahamczyk et al.,

2015; McGuire et al., 2014) and a greater level of strong and peri-

odic disturbances in islands in comparison to mainland communities,

favouring generalized over specialized bird species (Dalsgaard et al.,

2009).

In conclusion, we confirmed that interactions are more specialized

in hummingbird–flower than in honeyeater–flower networks, and that

sunbird–flower networks have similar interaction specialization with

the other two bird–flower communities. The increased interaction

specialization in the hummingbird–flower networks may be a conse-

quence of their greater floral resource richness and phenotypic spe-

cialization, in contrast to honeyeater–flower communities (Fleming &

Muchhala, 2008; Stiles, 1981). These results suggest that there is a

link between phenotypic specialization, floral resource richness and

interaction specialization among nectarivorous bird–flower communi-

ties across global scales.
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NETWORKS OF BIRD-FLOWER COMMUNITIES
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7 Carlos Lara, unpublished data.

8 Lara, C. (2006). Temporal dynamics of flower use by hummingbirds in a highland temperate forest in Mexico. Ecoscience, 13, 23–29.
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23 Maglianesi, M. A., Bl€uthgen, N., B€ohning-Gaese, K., & Schleuning, M. (2014). Morphological traits determine specialization and resource use in

plant-hummingbird networks in the Neotropics. Ecology, 95, 3325–3334.
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APPENDIX 1 (Continued)

ID Data source
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sur de Colombia. B.Sc. Thesis, Universidad Nacional de Colombia, Colombia.
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Rosero Lasprilla L. & Sazima M. (2004). Interacciones planta-colibr�ı en tres comunidades vegetales de la parte suroriental del Parque Nacional

Natural Chiribiquete, Colombia. Ornitologia Neotropical, 15, 183–190.

34 Walther, B. A., & Brieschke, H. (2001). Hummingbird-flower relationships in a mid-elevation rainforest near Mindo, north-western Ecuador.
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Universidade Estadual de Campinas, Brasil.

65 Sazima, I., Buzato, S., & Sazima, M. (1996). An assemblage of hummingbird-pollinated flowers in a montane forest in south-eastern Brazil.

Botanica Acta, 109, 149–160.

66 Vizentin-Bugoni, J., Maruyama, P. K., & Sazima, M. (2014). Processes entangling interactions in communities: forbidden links are more

important than abundance in a hummingbird-plant network. Proceedings of the Royal Society B: Biological Sciences, 281, 20132397.

67 Maruyama, P. K., Vizentin-Bugoni, J., Dalsgaard, B., Sazima, I., & Sazima, M. (2015). Nectar robbery by a hermit hummingbird: association to

floral phenotype and its influence on flowers and network structure. Oecologia, 178, 783–793.

68 Maruyama, P. K., Vizentin-Bugoni, J., Dalsgaard, B., Sazima, I., & Sazima, M. (2015). Nectar robbery by a hermit hummingbird: association to

floral phenotype and its influence on flowers and network structure. Oecologia, 178, 783–793.

(Continues)

ZANATA ET AL. | 1907



APPENDIX 1 (Continued)

ID Data source

69 Araujo, A. C. (1996). Beija-flores e seus recursos florais numa �area de plan�ıcie costeira do litoral norte de S~ao Paulo, Brasil. M.Sc. Thesis,

Universidade Estadual de Campinas, Brasil.

70 Snow, D. W., & Snow, B. K. (1986). Feeding ecology of hummingbirds in the Serra do Mar, south-eastern Brazil. El Hornero, 12, 286–296.

71 Erich Fischer, unpublished data.

72 Piacentini, V. D. Q., & Varassin, I. G. (2007). Interaction network and the relationships between bromeliads and hummingbirds in an area of

secondary Atlantic rain forest in southern Brazil. Journal of Tropical Ecology, 23, 663–671.

73 Malucelli, T. S. (2014). Fatores envolvidos na estruturac�~ao das redes de polinizac�~ao beija-flor-planta em um gradiente sucessional. M.Sc. Thesis,

Universidade Federal do Paran�a, Brasil.

74 Kaehler, M., Varassin, I. G., & Goldenberg, R. (2005). Polinizac�~ao em uma comunidade de brom�elias em Floresta Atlântica Alto-montana no
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Federal do Paran�a, Brasil.

79 Jeferson Vizentin-Bugoni & Ana M. Rui, unpublished data.

SUNBIRDS (Nectariniidae)

1 Pettet, A. (1977). Seasonal changes in nectar-feeding by birds at Zaria, Nigeria. Ibis, 119, 291–308.

2 Weston, K. A., Chapman, H. M., Kelly, D., & Moltchanova, E. V. (2012). Dependence on sunbird pollination for fruit set in three West African

montane mistletoe species. Journal of Tropical Ecology, 28, 205–213.

3 Jane�cek, �S., Riegert, J., Sedl�a�cek, O., Barto�s, M., Ho�r�ak, D., Reif, J., Pady�s�akov�a, E., Fainov�a, D., Antczak, M., Pe�sata, M., Mike�s, V., Pat�a�cov�a, E.,

Altman, J., Kantorov�a, J., Hr�azsk�y, Z., Brom, J., & Dole�zal, J. (2012). Food selection by avian floral visitors: an important aspect of plant-flower

visitor interactions in West Africa. Biological Journal of the Linnean Society, 107, 355–367.

4 Maximilian, G. R. Vollst€adt, Katrin B€ohning-Gaese & Matthias Schleuning, unpublished data.

5 Schmid, B., Nottebrock, H., Esler, K. J., Pagel, J., Pauw, A., B€ohning-Gaese, K., Schurr, F. M., & Schleuning, M. (2015). Responses of nectar-

feeding birds to floral resources at multiple spatial scales. Ecography, 38, 1–11.

6 Noske, R. A. (1995). The ecology of mangrove forest birds in Peninsular Malaysia. Ibis, 137, 250–263.

7 Wester, P. (2013). Sunbirds hover at flowers of Salvia and Lycium. Ostrich: Journal of African Ornithology, 84, 27–32.

8 Botes C., Johnson S.D., & Cowling R.M. (2008). Coexistence of succulent tree aloes: partitioning of bird pollinators by floral traits and

flowering phenology. Oikos, 117, 875–882.

9 Collins G.C. & Rebelo T. (1987). Pollination biology of the Proteaceae in Australia and southern Africa. Australian Journal of Ecology, 12, 387–

421.

HONEYEATERS (Meliphagidae)

1 Brown, E. D., & Hopkins, M. J. G. (1995). A test of pollinator specificity and morphological convergence between nectarivorous birds and

rainforest tree flowers in New Guinea. Oecologia, 103, 89–100.

2 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

3 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

(Continues)

1908 | ZANATA ET AL.



APPENDIX 1 (Continued)

ID Data source

4 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

5 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

6 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

7 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

8 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

9 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

10 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

11 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

12 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

13 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

14 Mohd-Azlan, J. (2010). Community ecology of mangrove birds. Ph.D. Thesis, Charles Darwin University, Darwin, Australia.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2015). The role of habitat heterogeneity in structuring mangrove bird assemblages. Diversity, 7,

118–136.

Mohd-Azlan, J., Noske, R. A., & Lawes, M. J. (2014). Resource partitioning by mangrove bird communities in North Australia. Biotropica, 46,

331–340.

15 Noske, R. A. (1996). Abundance, zonation and foraging ecology of birds in mangroves of Darwin Harbour, Northern Territory. Wildlife Research,

23, 443–474.

(Continues)

ZANATA ET AL. | 1909



APPENDIX 1 (Continued)

ID Data source

16 Franklin, D. C. (1997). The foraging behaviour of avian nectarivores in a monsoonal Australian woodland over a six-month period. Corella, 21,

48–54.

17 Brooker, M., Braithwaite, R., & Estbergs, J. (1990). Foraging ecology of some insectivorous and nectarivorous species of birds in forests and

woodlands of the wet-dry tropics of Australia. Emu, 90, 215–230.

18 Hopper, S. D. (1981). Honeyeaters and their winter food plants on Granite Rocks in the central wheat belt of Western Australia. Australian

Wildlife Research, 8, 187–197.

19 Hopper, S. D. (1981). Honeyeaters and their winter food plants on Granite Rocks in the central wheat belt of Western Australia. Australian

Wildlife Research, 8, 187–197.

20 Collins, B., & Briffa, P. (1982). Seasonal variation of abundance and foraging of three species of Australian honeyeaters. Wildlife Research, 9,

557–569.

21 Hopper, S. D. (1981). Honeyeaters and their winter food plants on Granite Rocks in the central wheat belt of Western Australia. Australian

Wildlife Research, 8, 187–197.

22 Whelan, R. J., & Burbidge, A. H. (1980). Flowering phenology, seed set and bird pollination of five Western Australian Banksia species.

Australian Journal of Ecology, 5, 1–7.

23 Collins, B. G. (1985). Energetics of foraging and resource selection by honeyeaters in forest and woodland habitats of Western Australia. New

Zealand Journal of Zoology, 12, 577–587.

24 Hopper, S. D. (1981). Honeyeaters and their winter food plants on Granite Rocks in the central wheat belt of Western Australia. Australian

Wildlife Research, 8, 187–197.

25 Comer, S. J., & Wooller, R. D. (2002). A comparison of the passerine avifauna of a rehabilitated mine site and a nearby reserve in southwestern

Australia. Emu, 102, 305–311.

26 Recher, H. F., & Davis Jr., W. E. (2011). Observations on the foraging ecology of honeyeaters (Meliphagidae) at Drynadra woodland, Western

Australia. Western Australian Journal of Ornithology, 3, 19–29.

27 Collins, B. G., Grey, J., & McNee, S. (1990). Foraging and nectar use in nectarivorous bird communities. In: M.L. Morrison, C.J. Ralph, J. Verner,

and J.R. Jehl Jr. (Eds.), Avian foraging: theory, methodology and applications (pp. 110–122). Kansas: Cooper Ornithological Society.

28 Hopper, S. D. (1980). Bird and mammal pollen vectors in Banksia communities at Cheyne beach, Western Australia. Australian Journal of Botany,

28, 61–75.

29 Ford, H. A., & Paton, D. C. (1982). Partitioning of nectar sources in an Australian honeyeater community. Australian Journal of Ecology, 7, 149–

159.

30 Merton, D. V. (1966). Foods and feeding behaviour of some forest birds on Hen island in May. Notornis, 13, 179–184.

31 Gravatt, D. J. (1970). Honeyeater movements and the flowering cycle of vegetation on Little Barrier island. Notornis, 17, 96–101.

32 Anderson, S. H. (2003). The relative importance of birds and insects as pollinators of the New Zealand flora. New Zealand Journal of Ecology,

27, 83–94.

33 Castro, I., & Robertson, A. W. (1997). Honeyeaters and the New Zealand forest flora: the utilization and profitability of small flowers. New

Zealand Journal of Ecology, 21, 169–179.

1910 | ZANATA ET AL.


