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Network analysis has in recent years improved our understanding of pollination systems. However, there is very little
information about how functionally specialized plants and pollinators interact directly and indirectly in pollination
networks. We have developed a parameter, Functional specialization index, to quantify functional specialization in
pollination networks. Using this parameter, we examined whether different sized hummingbirds visit a distinct set of
flowers in five hummingbird-pollinated plant assemblages from the Lesser Antilles, obtaining a simple relationship
between hummingbird body size, network parameter and ecological function. In the Lesser Antilles, functionally
specialized hummingbird pollination is distinct for plant species pollinated by the largest hummingbird species, whereas
the pollination niche gradually integrates with the insect pollinator community as hummingbird body size decreases. The
network approach applied in this study can be used to validate functional specialization and community-level
interdependence between plants and pollinators, and it is therefore useful for evaluating and predicting plant resilience to
pollinator loss, presently a global concern.

Knowledge of the interdependence between plant and
pollinator species, especially at the community level, is
crucial for an improved understanding of ecosystem
functioning (Waser and Ollerton 2006) and health (Peta-
nidou and Lamborn 2005). In recent years, plant�pollina-
tor interactions have often been interpreted in the context
of complex plant�pollinator networks (Dicks et al. 2002,
Bascompte et al. 2003, Dupont et al. 2003, Memmott et al.
2004, Vázquez and Aizen 2004, 2006, Petanidou and
Lamborn 2005, Bascompte et al. 2006, Olesen et al. 2007).
This has substantially improved the knowledge of the
structure of plant�pollinator assemblages, e.g. nestedness
(Bascompte et al. 2003, Dupont et al. 2003), asymmetry
(Vázquez and Aizen 2004, Bascompte et al. 2006) and
compartments or modules (Dicks et al. 2002, Olesen
et al. 2007), and thereby the understanding of plant�
pollinator functioning, resilience and stability. Dicks et al.
(2002) and Olesen et al. (2007) found compartments or
modules in plant�pollinator webs which, to some extent,
reflected underlying specialization on functional groups of
pollinators. However, apart from this, not much attention
has been paid to the identification of functional specializa-
tion in pollination assemblages, using the network ap-
proach.

Here we developed a simple method to quantify
functional specialization in pollination networks (Fig. 1).

We use floral visitation data from which we construct
traditional plant�pollinator interaction matrices (Fig. 1a) as
used by, for example, Olesen et al. (2007). However,
instead of analysing the data as traditional matrices, we
propose depicting each plant�pollinator matrix as a two-
mode plant�pollinator network (Fig. 1b), and then trans-
forming it into a one-mode pollinator network containing
only the animal species (Fig. 1c). In these networks, two
animal species are linked if they share at least one plant
species. In functionally specialized pollination systems, one
would expect functionally similar animals to visit plant
species with similar floral morphology and, hence, to be
directly linked in one-mode pollinator networks. Conver-
sely, if different pollinator types are linked directly in one-
mode pollinator networks, the pollination systems are
functionally less clear-cut. In order to measure functional
specialization in pollination networks, we developed a
parameter, Functional specialization index BFS�, to
calculate the linkage distance between pollinator types.
The FS-index, inspired by the k-neighbours concept in
social science (de Nooy et al. 2005), measures the
topological distances from a focal node in one set of nodes,
A, to each other node included in another particular set, B,
in the network (Fig. 1d). Each of these sets of nodes, A and
B, may represent different pollinator types. Hence, the
smaller the FS values, the more directly type A species are
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linked with type B species in the pollinator network, and
the less strict is the functional specialization. We illustrate
the proposed method by testing whether functionally
specialized ornithophily exists in plant�hummingbird as-
semblages in the Lesser Antilles, or conversely whether
hummingbirds and insects visit the same flowers. Specifi-
cally, we: 1) calculated the network distances from
different-sized hummingbirds to all insect species in
plant�hummingbird assemblages in five Lesser Antillean
networks; 2) examined whether small hummingbirds were
closer than large hummingbirds to insect species, i.e.
whether the ornithophilous functional group was distinct
for plant species pollinated by large hummingbirds only; 3)
tested whether the difference in hummingbird body size is a
good predictor of the difference in FS-values between
hummingbird pairs; and finally 4) discuss the use of
pollination networks to assess the presence of other
functionally specialized pollination systems.

Methods

Study area and species

The study was carried out in two 400�5 m plots in the
southwestern part of the Lesser Antillean island of Domin-
ica (15825?N, 61820?W) and in three 200�5 m plots in
Grenada (12807?N, 61840?W) at different altitudes and in
different vegetation types. In order to include all five species
of hummingbirds present in the Lesser Antilles, we observed
pollination interactions both in coastal dry scrub woodland
(3�15 m a.s.l.) and in montane thicket-elfin woodland
(779�847 m a.s.l.) in Dominica, and in coastal dry scrub
woodland (30�45 m a.s.l.), rainforest (495�505 m a.s.l.)
and montane thicket-elfin woodland (695�715 m a.s.l.) in
Grenada. In Dominica, the fieldwork was conducted from
10 April to 17 July 2005 and in Grenada from 10 March to
25 June 2006.

Visitation by hummingbirds was monitored for all
flowering plant species in 30-min periods (a total of 815
h) from a distance of approximately 10 m. Observations
were conducted during dry and calm weather between 06�
18 h (Dominica) and 06�14 h (Grenada). Additional
plant�hummingbird interactions observed between the
30-min observation periods were also included in the
dataset. Only plant species visited and regarded as polli-
nated by hummingbirds are reported in this study, i.e. our
focus was the plant�hummingbird compartment. All these
plant species were identified and censused for insect
visitation. Visitation by insects was observed in 10-min
observation periods (a total of 87 h) in dry and calm
weather between 10�16 h (Dominica) and 6�14 h
(Grenada). Only visits where insects touched either anthers
or stigma were included. Insects were caught for later
identification and assignment to distinct morphospecies at
family level using Triplehorn and Johnson (2005) and
Michener (2000). Vouchers are kept at the Univ. of Aarhus,
Denmark.

Data analysis

Following the above described procedure, we created
one-mode pollinator networks and calculated FS-values,
focusing on the linkage pattern between different sized
hummingbirds and insect species. If FS�1 then the
hummingbird and the insect species were directly linked
by visiting at least one of the same plant species. If FS�2
the hummingbird and insect were only indirectly linked, via
another animal (hummingbird or insect species), that was
directly linked with both the focal hummingbird and the
insect species. If FS�3 the hummingbird and insect were
only indirectly linked, via two other animals (hummingbird
or insect species), linking the focal hummingbird and the
insect species. Hence, the smaller the FS-values, the more
directly the hummingbird species was linked with insect

Fig. 1. Method for the calculation of the Functional specialization index BFS�: (a) plant�pollinator interaction matrix. Columns are
plant species (1�7) and rows two types of animal species (type A: A1-A3 and type B: B1-B6). Interactions known to occur are represented
by 1s, 0s indicate absent interactions; (b) two-mode plant�pollinator network representation of the plant�pollinator interaction matrix;
diamonds symbolize plant species, circles animal species and links between nodes recorded interactions; (c) one-mode pollinator network;
animals are linked if they share at least one plant species; and (d) calculation of FS-values for each hummingbird species.
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species in the pollinator network and the less strict the
functionally specialized ornithophily was. First, we calcu-
lated the FS-values for each hummingbird species in each
network, and examined whether they varied between
different-sized hummingbirds. Secondly, we tested whether
body size difference between pairs of hummingbirds in each
network was a good predictor of their difference in mean FS
distance. As both difference in hummingbird body size and
FS-values were normally distributed (Kolmogorov�Smirnov
test), we examined the relation between difference in
hummingbird body size and difference in FS by Pearson
correlation analysis using JMP 6.0. We used PAJEK 1.15
Bhttp://vlado.fmf.uni-lj.si/pub/networks/pajek/� for all
calculations of network properties.

Results

The Lesser Antillean hummingbird-pollinated plant data set
comprised a total of 207 interactions between 36 plant
species, five species of hummingbirds and 84 insect
morphospecies, with some species occurring in more than
one network (Table 1, 2).

Hummingbirds were the exclusive visitors of only seven
plant species (19%) � the remaining 29 plant species (81%)
were visited by both hummingbird and insect species. FS-
values of hummingbirds ranged between 1 (direct linkage
with insect species) and 3 (indirect linkage via two other
pollinators). The proportional distribution of FS varied
considerably between hummingbird species (Table 2). The
smallest hummingbird species (Antillean crested humming-
bird Orthorhyncus cristatus) was most frequently linked
directly with insect species, FS�1.090.00 SD 1.1790.39

SD, and gradually FS changed towards more indirect
linkages as the hummingbird species’ body size increased
(blue-headed hummingbird Cyanophaia bicolor, green-
throated carib Eulampis holosericeus and rufous-breasted
hermit Glaucis hirsuta), and finally with mostly indirect
linkages, FS�2.1790.83 SD, for the largest hummingbird
species (purple-throated carib Eulampis jugularis). Hence,
the average FS-value decreased consistently with decreasing
hummingbird size, and species occurring in more than one
network had similar FS-values among networks (Table 2).
The only apparent exception was the green-throated carib
in the Grenada highland network which had lower FS-
values (1.2490.44SD) than the smaller blue-headed
hummingbird in the Dominica highland network (1.429
0.51SD). However, within the Grenada highland network,
the green-throated carib had larger FS-values than the
coexisting smaller Antillean crested hummingbird, and it
was therefore not an exception to the overall trend of
increased FS-values as body size increased (Table 2).
Indeed, when analysing the FS-values as contrasts between
pairs of different sized hummingbirds within each network,
body size difference was a good predictor of the difference
in FS-value (r2�0.80, pB0.01; Fig. 2).

Discussion

This study complements previous work on the largest
hummingbird in the Lesser Antilles, the purple-throated
carib, which has been reported to be tightly co-evolved with
its preferred food plants, Heliconia caribbea and H. bihai
(Temeles et al. 2000, Temeles and Kress 2003). Our results
confirm that distinct functionally specialized ornithophilous

Table 1. Network parameter values for each of the five plant�hummingbird assemblages. Plant, number of hummingbird-pollinated plant
species. Hummingbird, number of hummingbird species. Insect, number of insect morphospecies. I, number of interactions between plants
and animals (hummingbirds and insects).

Dominica lowland Dominica highland Grenada lowland Grenada rainforest Grenada highland

Plant 11 12 3 7 7
Hummingbird 2 3 1 3 2
Insect 51 12 12 8 17
I 99 36 17 22 33

Table 2. For each hummingbird species, the mean FS-value9SD in each pollination network is presented. The data are arranged by
increasing hummingbird body mass as given in Brown and Bowers (1985) and, for species occurring in several pollination networks, by
increasing FS-values.

Hummingbird species Body mass (g) Pollination network FS-value (mean9SD)

Common name Scientific name

Antillean crested hummingbird Orthorhyncus cristatus 2.71 Grenada lowland 1.0090.00
Grenada rainforest 1.0090.00
Grenada highland 1.0090.00
Dominica lowland 1.0890.27
Dominica highland 1.1790.39

Blue-headed hummingbird Cyanophaia bicolor 4.55 Dominica highland 1.4290.51
Green-throated carib Eulampis holosericeus 5.60 Grenada highland 1.2490.44

Dominica lowland 1.6390.49
Grenada rainforest 1.7590.46

Rufous-breasted hermit Glaucis hirsuta 6.82 Grenada rainforest 1.7590.46
Purple-throated carib Eulampis jugularis 8.67 Dominica highland 2.1790.83
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pollination systems exist for plant species pollinated by the
largest hummingbird species (FS:2), but become more
obscure with decreasing hummingbird size (FS:1)
with body size difference explaining 80% of the difference
in FS-values among hummingbird pairs (Table 2, Fig. 2).
Plant species pollinated by small hummingbird species were
therefore more functionally generalized (sensu Ollerton
et al. 2007) than those pollinated by large hummingbirds,
i.e. they were visited by an array of insect species in addition
to small hummingbirds. Whereas the pollination niche of
large hummingbirds was practically separated from insect
species in the pollinator community, the smallest hum-
mingbird species functionally grouped with insects (sensu
Fenster et al. 2004). This position of small hummingbirds
in the pollinator community might affect the evolution of
their body size, since they have to be small enough to make
foraging on primarily insect-pollinated flowers energetically
profitable (Snow and Snow 1972). From the plant’s
perspective, using such a wide suite of pollinators make
them less sensitive to fluctuations in pollinator abundance,
e.g. caused by environmental disturbances (Linhart and
Feinsinger 1980, Stiles 1981, Waser et al. 1996, Fumero-
Cabán and Meléndez-Ackerman 2007) such as hurricanes
(Rathcke 2000, Rivera-Marchand and Ackerman 2006) or
volcanic eruptions (Dalsgaard et al. 2007). This might
especially be important in insular (Linhart and Feinsinger
1980, Spears 1987, Rivera-Marchand and Ackerman 2006,
Fumero-Cabán and Meléndez-Ackerman 2007), stochastic
(Waser et al. 1996, Rivera-Marchand and Ackerman 2006,
Fumero-Cabán and Meléndez-Ackerman 2007) and frag-
mented (Rathcke and Jules 1993) environments.

With the global concern of pollinator decline (Allen-
Wardell et al. 1998, Kearns et al. 1998) and linked plant
extinctions (Biesmeijer et al. 2006), there is an urgent need
to understand the level of interdependence between plant
and pollinator species (Johnson and Steiner 2000) affecting
ecosystem functioning and stability (Ollerton 1998).
Despite pollination network studies having flourished in
recent years, no network parameter has been proposed for

identifying functional specialization among plant�pollina-
tor interactions. The Lesser Antillean hummingbirds and
their flowers provide a simple relationship between hum-
mingbird body size, a network parameter and ecological
function. Such multidisciplinary approaches are needed to
understand plant�pollinator interactions (Ollerton et al.
2007), and future examination of functional specialization
could benefit from a similar network approach.
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