DOI: 10.1111/jbi. 13045

J | of
ORIGINAL ARTICLE WILEY .

Global patterns of interaction specialization in bird—flower
networks

Thais B. Zanata?**@® | Bo Dalsgaard® | Fernando C. Passos* | Peter A. Cotton® |
James J. Roper'® | Pietro K. Maruyama’ | Erich Fischer® | Matthias Schleuning® |
3,10

| Jeferson Vizentin-Bugoni''*? | Donald C. Franklin®® |
Stefan Abrahamczyk!#*> | Ruben Aldrcon'® | Andréa C. Araujo?” |

Francielle P. Aratjo!® | Severino M. de. Azevedo-Junior'® | Andrea C. Baquero® |
9.20 |

Ana M. Martin Gonzalez

Katrin Bohning-Gaese Daniel W. Carstensen® | Henrique Chupil?* | Aline

G. Coelho?? | Rogério R. Faria?® | David Horak?* | Tanja T. Ingversen® |
Stépan Janecek®*?¢ | Glauco Kohler?” | Carlos Lara®® | Flor M. G. Las-Casas?®’
Ariadna V. Lopes®® | Adriana O. Machado®! | Caio G. Machado?? |

Isabel C. Machado®® | Maria A. Maglianesi’32? | Tiago S. Malucelli*? |

Jayasilan Mohd-Azlan*3*32 | Alan C. Moura?? | Genilda M. Oliveira®* | Paulo

E. Oliveira®! | Juan Francisco Ornelas®>@® | Jan Riegert®® | Licléia C. Rodrigues®’ |

Liliana Rosero-Lasprilla®® | Ana M. Rui®** | Marlies Sazima’ | Baptiste Schmid*® |
Ondrej Sedlacek®* | Allan Timmermann®' | Maximilian G. R. Vollstadt®?° |
Zhiheng Wang?*? | Stella Watts*® | Carsten Rahbek®** | Isabela G. Varassin?

1Programa de Pés-Graduacao em Ecologia e Conservacao, Universidade Federal do Parana, Curitiba-PR, Brazil

2Laboratério de Ecologia Vegetal, Departamento de Botanica, Universidade Federal do Parand, Curitiba, Brazil

3Center for Macroecology, Evolution and Climate, Natural History Museum of Denmark, University of Copenhagen, Copenhagen, Denmark
“Laboratério de Biodiversidade, Conservacao e Ecologia de Animais Silvestres, Departamento de Zoologia, Universidade Federal do Parand, Curitiba, Brazil
>Marine Biology & Ecology Research Centre, University of Plymouth, Plymouth, UK

%Graduate Program in Ecosystem Ecology, Universidade Vila Velha, Vila Velha, Brazil

“Departamento de Biologia Vegetal, Instituto de Biologia, Universidade Estadual de Campinas, Campinas, Brazil

8Centro de Ciéncias Bioldgicas e da Satde, Universidade Federal de Mato Grosso do Sul, Campo Grande, Brazil

?Senckenberg Biodiversity and Climate Research Centre (BiK-F), Frankfurt (Main), Germany

1%pacific Ecoinformatics and Computational Ecology Lab, Berkeley, CA, USA

Programa de Pés-Graduacao em Ecologia, Universidade Estadual de Campinas (Unicamp), Campinas, Brazil

2University of lllinois at Urbana-Champaign, Urbana, IL, USA

13Research Institute for Environment & Livelihoods, Charles Darwin University, Darwin, NT, Australia

14Nees Institute for Biodiversity of Plants, University of Bonn, Bonn, Germany

Bnstitute of Systematic and Evolutionary Botany, University of Zurich, Zurich, Switzerland

1‘sBioIogy Program, California State University Channel Islands, Camarillo, CA, USA

7Laboratério de Ecologia, Centro de Ciéncias Biolégicas e da Satide, Universidade Federal de Mato Grosso do Sul, Campo Grande, Brazil
18Universidade Estadual do Rio Grande do Sul, S3o Francisco de Paula, Brazil

“Department of Biology, Rural Federal University of Pernambuco, Recife, Brazil

Journal of Biogeography. 2017;44:1891-1910. wileyonlinelibrary.com/journal/jbi © 2017 John Wiley & Sons Ltd | 1891


http://orcid.org/0000-0001-9614-4241
http://orcid.org/0000-0001-9614-4241
http://orcid.org/0000-0001-9614-4241
http://orcid.org/0000-0002-1124-1163
http://orcid.org/0000-0002-1124-1163
http://orcid.org/0000-0002-1124-1163
http://wileyonlinelibrary.com/journal/JBI

1892 ournal o
=Lwicev- T

ZANATA ET AL

2OInstitute for Ecology, Evolution and Diversity, Goethe University, Frankfurt am Main, Germany

21programa de Pés-Graduacao em Zoologia, Instituto de Pesquisas Cananéia, Cananéia, Brazil

22| aboratério de Ornitologia, Departamento de Ciéncias Bioldgicas, Universidade Estadual de Feira de Santana, Feira de Santana, Brazil

23Campus de Aquidauana, Universidade Federal de Mato Grosso do Sul, Aquidauana, Brazil

24Department of Ecology, Faculty of Science, Charles University in Prague, Praha 2, Czech Republic

25Department of Ecology & Genetics, Institute of Biological Sciences, University of Aarhus, Aarhus, Denmark

2%|nstitute of Botany, Czech Academy of Sciences, Trebon, Czech Republic

?’Instituto Nacional de Pesquisas da Amazénia, Manaus, Brazil

28Centro de Investigacién en Ciencias Bioldgicas, Universidad Auténoma de Tlaxcala, Tlaxcala, México

2%Laboratory of Ecology, Systematics and Evolution of Birds, Federal University of Pernambuco, Recife, Brazil

30Departamento de Botanica, Universidade Federal de Pernambuco, Recife, Brazil

3Lnstituto de Biologia, Universidade Federal de Uberlandia, Uberlandia, Brazil

32Vjcerrectoria de Investigacién, Universidad Estatal a Distancia (UNED), San José, Costa Rica

33Department of Zoology, Faculty of Resource Science and Technology, Universiti Malaysia Sarawak, Sarawak, Malaysia

34Instituto Federal de Brasilia, Brasilia, Brazil

3>Departamento de Biologia Evolutiva, Instituto de Ecologia, AC, Xalapa, México

3¢Department of Zoology, Faculty of Science, University of South Bohemia, Ceské Budéjovice, Czech Republic

37Laboratério de Ornitologia, Departamento de Zoologia, ICB, Universidade Federal de Minas Gerais, Belo Horizonte, Brazil

38Escuela de Ciencias Bioldgicas, Grupo de Investigacién Biologfa para la Conservacién, Universidad Pedagégica y Tecnoldgica de Colombia, Tunja, Colombia

3?Departamento de Ecologia, Zoologia e Genética, Instituto de Biologia, Universidade Federal de Pelotas, Capao do Ledo, Brazil

405wiss Ornithological Institute, Sempach, Switzerland

“Department of Bioscience, Aarhus University, Aarhus, Denmark

“2Department of Ecology and Key Laboratory for Earth Surface Processes of the Ministry of Education, College of Urban and Environmental Sciences, Peking

University, Beijing, China

“3Landscape and Biodiversity Research Group, Department of Environmental and Geographical Sciences, University of Northampton, Northampton, UK

44Department of Life Sciences, Imperial College London, Ascot, UK

Correspondence

Thais B. Zanata, Laboratério de Ecologia
Vegetal, Departamento de Botanica,
Universidade Federal do Parand, Centro
Politécnico, Curitiba-PR, Brazil.

Email: thaisbzanata@gmail.com

Funding information

CAPES Foundation, Grant/Award Number:
8105/2014-6, 8012/2014-08; CNPq, Grant/
Award Number: 309453/2013-5, 445405/
2014-7; Czech Science Foundation (project
no. 14-36098G); British Ornithologists’
Union; Wolfson College, University of
Oxford; FAPESP, Grant/Award Number:
2015/21457-4; FAPEMIG; FUNDECT;
Oticon Fonden Denmark; The Danish
Council for Independent Research Natural
Sciences; University of Aarhus; CACyPI-
Uatx-2016GK; FACEPE; OeAD; FAPESB;
CONICIT; MICIT; CCT; UNED; OTS; DAAD;
DFG; Hesse's Ministry of Higher Education,
Research, and the Arts

Editor: Holger Kreft

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 (H,'),
binary (Qg) 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 H,') and greater
modularity (greater Qg). 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.

KEYWORDS

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, hummingbirds, modularity, niche partitioning, ornithophily, plant-animal
interactions, specialization, sunbirds

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 Janecek 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 (Blithgen, 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 (Blithgen,
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 (Qg), and two weighted met-
rics, complementary specialization (H,') and weighted modularity (Q).
These metrics range from O to 1, where the most generalized net-
work has a value of O and the most specialized network has a value
of 1 (H2, Qg 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 (Bliithgen, 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
(Blithgen et al., 2006; Martin Gonzalez 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 mobuLAr 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 (Martin Gonzalez 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; Martin Gonzalez 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; Sebastian-Gonzalez 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 (A-transformation; Dalsgaard et al., 2017;
Martin Gonzalez 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 (AIC.). We used the threshold of AAIC. < 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 (logyo transformed),
included because species-rich communities are expected to have
greater specialization (Dalsgaard et al., 2011; Martin Gonzalez et al.,
2015; but see Vazquez & Stevens, 2004; Schleuning et al., 2012); (2)
asymmetry (logqo transformed), described as the ratio between bird

and plant species richness and included because connectance
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decreases when asymmetry increases (Blithgen 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 Vazquez & 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 (Martin Gonzalez et al., 2015; Traveset et al.,
2015); (5) topography (square root transformed), defined as the ele-
vational range of the sampled localities calculated in 1x1 km grid
cells within a concentric distance of 10 km from each sampled local-
ity; (6) duration of each study (log,o 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 (Ramirez-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 (log,o 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
(Zw;) 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 (Sebastian-Gonzalez et al.,
2015). The importance (Zw;) 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 (w;) 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 Zw; 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 AAIC. by computing Mor-

an's | 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
S$2-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 GrRaPHPAD 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 x 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 qais 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 (A) connectance (C) and complementary
specialization (H,') 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 (Zw;) 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 (H,')

Cogs (121) AC (94) H2 ogs (94) AH' (94)
w; AVM MAM? *w; AVM  MAMP w; AVM  MAMS *w; AVM  MAM?
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 100 -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 - 045 -0.08 - 0.33 -0.05 -
Topography 0.23 0.01 - 029 -0.01 - 0.43 0.03 0.03 0.38 0.03 -
Latitude 036 001 - 0.37 0.01 - 042 -002 -0.03 0.27 -0.01 -
Sampling method 094 014 0.15 0.98 0.19 0.20 097 -036 -0.33 099 -0.38 -0.39
Duration 025 -001 - 030 -0.02 - 0.26 0.02 - 0.29 0.02 -
Sampling coverage 0.23 -0.01 - 021 -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 -
AIC, —146.96 —168.06 —58.51 —64.07
R? adjusted 0.69 0.50 0.34 0.38
R? total Bird-flower community 0.32 0.29 0.21 0.25
R? only Bird-flower community 0.04 0.16 0.04 0.08
Moran’s | <0.04"° <0.13"° <0.06™° <0.08N°

AIC,, 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 AAIC; R? adjusted, variation explained by the minimum adequate model with the lowest AAIC;
R? only Bird-flower community: adjusted unique variation explained by the difference between the bird-flower community types; R? total Bird-flower communitys
adjusted total variation explained by the difference between bird-flower community types; Tw; importance of each predictor variable measured across all
models; NSp > 0.05; number of models with AAIC. < 2: a — three; b — four; ¢ — eleven; d — six. For all models with AAIC, < 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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TABLE 2 Multiple linear regression models predicting observed (OBS) and null-model corrected (A) binary (Qg) 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 (Zw;) 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 (Qg)

Weighted modularity (Q)

Qs.08s (121) AQg (94) Qoss (94) AQ (94)
Iw; AVM  MAM? *w; AVM  MAMP *w; AVM  MAM® Tw; AVM  MAM‘
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 - 024 -0.03 - 0.60 -0.09 -
Insularity 043 -0.04 - 0.71 -0.04 —0.05 099 -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 052 -0.01 - 0.60 —0.01 -0.01 023 -0.01 - 022 -0.01 -
Sampling method 0.63 —0.08 —0.08 1.00 -0.15 -0.14 091 -021 -0.20 095 -021 —-0.20
Duration 025 -0.01 - 022 -0.01 - 023 -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 -
AIC, —211.75 —241.09 —138.50 —154.64
R? adjusted 0.35 0.55 0.52 0.49
R? total Bird-flower community 0.23 0.34 _ _
R? only Bird-flower community 0.06 0.09 - -
Moran's | <0.06M° <0.17M <0.07M° <0.06M°

AIC,, 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 AAIC; R? adjusted, variation explained by the minimum adequate model with the lowest
AAIC,; R? only Bird-flower community, adjusted unique variation explained by the difference between the s-flower community types; R? total Bird-flower communitys
adjusted total variation explained by the difference between the bird-flower community types; Tw;, importance of each predictor variable measured

across all models; NS
AAIC, <

p > 0.05; number of models with AAIC. < 2: a — eleven; b — nine; c — one; d — five. Only for binary modularity, all models with
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.

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
the
(Zw; > 0.80) were the same as in the complete dataset, and showed

focal observations, most important predictor variables
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the same pattern described above for interaction specialization
S2 and S3).

with

between different bird-flower communities (Tables
Intensity of sampling affected interaction specialization,
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
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connectance (Cogs), which describes the realized proportion of possible interactions in a community, and observed complementary
specialization (H,'ogs), 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]

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-
2010).
hummingbird networks may be a consequence of the greater

ers (Blithgen, This greater interaction partitioning in

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
there is a subset of flowers with curved

communities, long,
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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]

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
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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 (Trgjelsgaard 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 (Padysakova & Janecek, 2016). In contrast, we have
demonstrated that in comparison to hummingbird communities,

honeyeater and sunbird communities have lower floral resource

EEMEE v

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,
Martin Gonzélez et al., 2015; Sebastian-Gonzilez 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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