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Abstract Many plants use birds to disperse their propagules, but mistletoes are especially reliant on their services. As aerial parasites, mistletoe seeds need to be
deposited upon branches of suitable hosts, and mistletoe
specialist frugivores (from eight different avian families)
have long been regarded as their coevolved dispersers.
Like the pioneer Johnny ‘Appleseed’ Chapman who established nurseries that helped open up land for settlement,
these birds are considered benevolent dispersers of this
keystone resource and often invoked as illustrative examples of mutualistic interactions. We have compared recent
research on these specialists with studies of other birds
with broader diets (generalists) which also disperse mistletoe seed. Rather than mutualists, we suggest that mistletoe
specialist frugivores are better considered exploitative, with
multiple lineages evolving independently to capitalize on
this reliable, nutritious resource. Although mistletoe specialist frugivores are quantitatively important seed dispersers in some regions, their specialized diet restricts them to
areas with high mistletoe densities, resulting in contagious
dispersal patterns. By intensifying existing infections, mistletoe specialist frugivores increase their own medium-term
food security—akin to market gardeners profiting from
intensive cultivation. Exploring the ecological and evolutionary implications of this proposition, we evaluate the
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consequences of different dispersal patterns on mistletoe
fitness and highlight the neglected role of dietary generalists in the stabilization of plant–animal interactions.
Keywords Seed dispersal · Mutualism · Endozoochory ·
Loranthaceae · Viscaceae

Introduction
As aerial hemiparasites, mistletoes have among the most
narrowly defined range of safe sites for recruitment of
any plants (Sargent 1994; Aukema and Martìnez del Rio
2002a), and most rely on frugivorous birds to consume their
fleshy fruits and ‘plant’ their seeds upon host branches via
defecation or regurgitation (Restrepo et al. 2002). A wide
range of birds is known to act as seed dispersers, including
mistletoe specialist frugivores—a suite of approximately
100 species that subsist almost exclusively upon mistletoe
fruit (Reid 1991; Watson 2004). This specificity—both in
dispersal requirements of the plant and dietary breadth of
its dispersers—is more pronounced than in most seed dispersal systems, and interactions between mistletoes and
their attendant birds are regularly invoked as exemplars of
tightly coevolved mutualisms (Howe and Estabrook 1977;
Carlo et al. 2003; Montaño-Centellas 2013).
Here, we evaluate this set of interactions from the mistletoe’s perspective, synthesizing recent empirical research
and challenging the widely held contention that the presence and repeated evolution of mistletoe specialists is necessarily beneficial for mistletoes. We summarize global
occurrence patterns of mistletoe specialists, revealing that
they occupy a fraction of the distributional extent of mistletoes. Having considered the components of dispersal
success for mistletoes, we synthesize findings from two

13

Author's personal copy
926

well-studied systems, refuting the presumption that specialists provide superior dispersal services. Mistletoe specialist
frugivores might be better considered conditional parasites
(Thomson 2003), their morphological adaptations and foraging behaviors enabling them to exploit this high-quality
food source and inhabit habitats and regions otherwise
devoid of fleshy fruit. Having challenged the prevailing
view of mistletoe dispersal, we emphasize the need for dedicated studies of seed dispersal effectiveness, post-dispersal
seed fate and the demographic consequences of continual
reinfection for both mistletoe and host populations. We
conclude by considering the role of specialists more generally, noting the growing appreciation of mutualisms as
reciprocally exploitative and highlighting the neglected role
of generalist species in the evolution and maintenance of
plant–animal interactions.

Mistletoe specialist frugivores
Mistletoe specialists have evolved independently in eight
avian families, with representatives in the Lybiidae, Cotingidae, Tityridae, Tyrannidae, Meliphagidae, Ptilogonatidae,
Nectariniidae (Dicaeinae) and Fringillidae (Euphoniinae)
(Reid 1991; Restrepo et al. 2002; Watson 2004; Fig. 1).
That this extreme dietary specialization has evolved in nonpasserines and repeatedly in sub-oscine and oscine passerines suggests that there are particular characteristics of
aerial mistletoes that encourage this extreme specialization.
These traits include difficulty-to-process sticky fruits (Reid
1991) of high nutritional quality (Restrepo 1987); complementary phenology, with peak fruit availability often coinciding with periods of regional fruit scarcity (Reid 1986;
Watson 2001), and extended phenology, with fruit available for several seasons, occasionally year-round (Restrepo
1987; Barea and Watson 2007). Likewise, these birds tend
to exhibit convergent behavioral and morphological adaptations, including large gapes (relative to body size), greatly
simplified gastrointestinal tracts and rapid gut-passage rates
(Walsberg 1975; Richardson and Wooller 1988; Murphy
et al. 1993). Mistletoe fruit specialization by birds results in
some of the most narrow dietary niches observed amongst
vertebrates (Rawsthorne et al. 2012), with the fruits of one
or two mistletoe species comprising up to 90 % of some
species’ diets (Walsberg 1975; Reid 1989; Sargent 1994).
The high lipid and protein content of mistletoe fruits relative to other fruits allows birds to subsist entirely on these
fruits, and such is the quality and completeness of this diet
that mistletoe specialist birds characteristically feed mistletoe fruits to their nestlings (Walsberg 1977; Snow 1981).
Although mistletoe specialists occur throughout mainland Australia (Dicaeum hirundinaceum, Grantiella
picta) and South America (Euphonia spp, Zimmerius spp.,
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Tyrannulus elatus, Phylomyias fasciatus, Zaratornis stresemanni, Phibalura flavirostris), their occurrence elsewhere
is less uniform, and the combined global distribution of
these birds is far more restricted than their food plants,
especially in the Northern Hemisphere (Fig. 1). Except
for several euphonias and two tyrannids in Mesoamerica
(restricted primarily to tropical forests), the only specialist
in North America (Phainopepla nitens) is restricted to the
semi-arid woodlands in southwest USA and northern Mexico. In Asia, the sole group of mistletoe specialist frugivores (flowerpeckers in the genera Dicaeum and Prionichilus) is restricted to tropical forests in southern Asia, and
the only African specialists (Pogoniulus spp.) are restricted
to forests and woodlands in central and southern Africa.
Thus, for all of Europe, northern and central Asia, northern
Africa and the Middle East, New Zealand, Madagascar and
many oceanic islands (home to hundreds of mistletoe species), mistletoes rely exclusively on non-specialist birds for
seed dispersal (Fig. 2). Although other bird species (including Philepitta castanea, Mimus thenca, Turdus viscivorus,
Syvlia atricapilla and Ptilogonys caudatus) and one marsupial (Dromiciops gliroides) may defend fruiting mistletoe
plants and rely on mistletoe fruit seasonally, their diets are
more catholic, and we do not consider them to be mistletoe
specialists.

Dispersal quality: from the mistletoe’s perspective
Having established that mistletoe plants do not require specialist dispersers, in those areas where mistletoe specialist
frugivores occur, how do the dispersal services they offer
compare with those provided by other, more generalist
species? Schupp (1993) distinguished four components of
seed disperser effectiveness: frequency of visitation, number of seeds dispersed per visit, quality of seed treatment
and quality of seed deposition. While these considerations
apply to all animal-dispersed plants, the parasitic habit of
mistletoes adds an extra dimension to measures of success. In parasitological parlance, there is a clear distinction between reinfection and transmission (Lewis et al.
2002), a distinction just as applicable and relevant to parasitic plant recruitment. From a strict parasitological perspective, if the seed is not transported beyond the infected
host, the mistletoe has not successfully dispersed. Unlike
nematodes and other parasitic animals which may preferentially select already infected hosts (to maximize the likelihood of finding a mate; Lewis et al. 2002), parasitic plants
(and some plant viruses; Ingwell et al. 2012) often show
the reverse pattern. Those plants hosting few or no existing infections are considered to be optimal (Martínez del
Rio et al. 1996; Watson 2009)—maximizing the likelihood
of recruitment and subsequent transmission by minimizing
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Fig. 1  Representatives from six
of the eight lineages considered to be mistletoe specialist
frugivores. a Tyrannulus elatus,
Tyrannidae (Roger Ahlman), b
Dicaeum hirundinaceum, Nectariniidae (Peter Menkhorst), c
Pogoniulus bilineatus, Lybiidae
(Krzysztof Blachowiak), d
Grantiella picta, Meliphagidae
(Chris Tzaros), e Phainopepla
nitens, Ptilogonatidae (Elaine R
Wilson), f Euphonia violacea,
Fringillidae (Dario Sanches).
All photographs are used with
permission

density-dependent competition with existing mistletoes.
Thus, in evaluating the effectiveness of mistletoe dispersers, we consider moving seeds to a suitable host lacking
mistletoe to be more effective than seeds being dispersed
from one infected host to another (Sargent 1994), effecting
greater changes to prevalence, range size and, ultimately,
population viability.
Applying these concepts of dispersal success to mistletoes, we distinguish four patterns: (1) contagious dispersal, where most seeds are deposited very close to adult
mistletoes (yielding ‘infection centers’ in original hosts or

adjacent conspecifics); (2) directed dispersal, where seeds
are preferentially deposited in favorable micro-sites for
seedling establishment and recruitment (i.e., in suitable but
uninfected hosts); (3) heterogeneous dispersal, where seeds
are dispersed through the landscape independently of host
quality (sensu Watson 2009) or the presence of existing
mistletoes; (4) long-distance dispersal, where propagules
are transported beyond the population enabling establishment of new populations or expansion of range boundaries.
Reviewing empirical studies of mistletoe specialists to
determine which of these four patterns is more common,
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Fig. 2  Map of the global distribution of mistletoes (Loranthaceae
and Viscacae) in gray, overlain by the combined distributional extent
of mistletoe specialist frugivores in black. While the two groups
broadly overlap in continental landmasses of the Southern Hemi-

sphere, few specialists occur on islands or in the Northern Hemisphere continents, where most mistletoes rely exclusively on dietary
generalists for seed dispersal (after Reid 1991; Watson 2004)

we found conflicting interpretations of what constitutes
successful dispersal. Numerous researchers maintain that
contagious dispersal represents ‘high-quality’ dispersal
(e.g., Aukema 2003; Montaño-Centellas 2013), yet parallel
research has demonstrated lower growth rates and decreased
survivorship (of both individual mistletoes and host plants)
with increased mistletoe densities (Reid et al. 1994; Bowie
and Ward 2004; Shaw et al. 2004). Furthermore, directed
dispersal is suggested to occur in mistletoes when birds are
forced, by the presence of the sticky viscid coating of mistletoe seeds, to wipe those seeds against their perch, typically a slender branch suitable for mistletoe establishment
(Reid 1991). Yet, as these purported safe sites are typically
concentrated within the canopies of already infected hosts
(Martínez del Rio et al. 1996; Aukema 2003), these seeds
have actually undergone contagious dispersal, increasing
the parasite load of a small number of hosts (Aukema and
Martínez del Rio 2002b). Long-distance dispersal is rarely
reported and generally evidenced only by extra-limital individual plants (Kuijt 1964; Watson 2011), with no direct way
of establishing vector identity.

hirundinaceum and Grantiella picta; Fig. 1) and one widespread generalist forager that regularly consumes mistletoe fruit as part of a broader diet (Acanthagenys rufogularis). In the first study of its kind, Rawsthorne et al. (2012)
determined that D. hirundinaceum disperses most mistletoe seeds to stands of hosts which are already infected. By
quantifying bird presence (using vocalizations) and actual
seed dispersal (via locating defecated mistletoe seeds),
we demonstrated that mistletoebirds foraged exclusively
within infected areas. We found no evidence for birds visiting or dispersing seeds to areas lacking mistletoe and,
using likelihood analysis, demonstrated that the probability of transmission to uninfected sites was less than 5 %.
In a matching study, the movements of adult A. rufogularis
individuals were quantified using radio-telemetry and their
habitat use compared with mistletoe occurrence. While
these birds were regularly consuming mistletoe fruit and
using infected stands as breeding territories, non-breeding
individuals that consumed mistletoe fruits also foraged on
nectar and insects well beyond the boundaries of the mistletoe infection (Rawsthorne et al. 2011). By combining
gut passage rate data with recorded movements, we predicted that some individual birds transported more than
25 % of ingested seeds at least 500 m from the source
and away from existing mistletoe infections, compared
with 3.3 % for D. hirundinaceum (Ward and Paton 2007).
Finally, Barea and Watson (2007) evaluated the reproductive ecology and habitat use of Australia’s other mistletoe
specialist, G. picta. In addition to timing egg-laying so that

Case study 1: semi‑arid woodlands of southern
Australia
As part of our research program in temperate Australian mistletoe systems, we have undertaken dedicated
studies on both mistletoe specialist frugivores (Dicaeum
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the nestling and fledging period coincided with peak fruit
availability, individual pairs selected those areas of woodland with maximum mistletoe densities for breeding territories (Barea 2008). Although breeding birds undertook
regular movements when provisioning nestlings, all foraging occurred within stands of high mistletoe density. Combining movement data from radio-tracked individuals with
seed retention times (mean of 24 min), a highly skewed dispersal curve resulted—67 % of seeds were dispersed within
100 m of the origin and 5.6 % beyond 500 m (Barea 2008).
Integrating these findings, we find clear evidence that
generalists and specialists provide different dispersal services for mistletoes. By restricting their movements to
infected areas and not venturing into uninfected areas while
fruit was available (and seeds were viable), both specialists
effected contagious dispersal. In contrast, the larger-bodied
generalist routinely foraged within and beyond infected
areas which, coupled with its longer seed retention time
(mean of 35 min but with more than one-third of seeds
retained for ≥45 min compared with a mean of 14 min
for D. hirundinaceum; Murphy et al. 1993), increased the
likelihood of depositing seeds beyond infected stands—i.e.
heterogeneous dispersal. Although these spatial differences
may be offset by different perching preferences and seed
treatment (Murphy et al. 1993), Reid (1989) found that the
generalist A. rufogularis deposited seeds by haphazard defecation to a set of smaller branch sizes than those accessed
by the specialist D. hirundinaceum and that the full range
of branch sizes suitable for mistletoe establishment was
only reached via complementary dispersal by both species.

forest in Panama found 73 % of O. occidentalis fruits was
removed by the two specialist flycatchers. The remaining
27–40 % was taken by generalist frugivores and opportunistic visits by dietary generalists that consume both insects
and fruit.
The dense canopy of these forests precludes the spatial approach applied in case study 1, but components of
dispersal quality can be inferred from dietary breadth and
post-consumption behavior relative to mistletoe density.
Whereas mistletoe fruit (Loranthaceae) accounted for 77 %
of the recorded diet of Z. vilissimus, more than 75 % of the
dietary records for two generalists visiting the same plants
(Vireo spp.) related to non-mistletoe resources, of which
45 % comprised insects gleaned from the canopy (Sargent
1994). More detailed research on viscaceous mistletoes
revealed the specialist E. elegantissima (81 % of feeding
records comprised mistletoe fruit) spent more time foraging in heavily infected hosts and stands, perching primarily
in mistletoe plants. While most seeds retained in the canopy were deposited in mistletoe clumps, 50 % of defecated
seeds fell to the ground. The co-occurring Chlophonia callophrys accounted for 37 % of visits to fruiting plants, but
mistletoe represented only 38 % of their diet. This dietary
breadth coupled with the longer gut passage rate of this
species resulted in an estimated 50 % of seeds being dispersed beyond heavily infected stands, rising to 90 % in
areas with lower mistletoe density.

Case study 2: tropical rainforests of Mesoamerica

The parallels between these two systems are striking, especially since they involve distinct assemblages of mistletoes
and birds within completely different biomes. In both systems, mistletoe specialist frugivores represent the principal
consumers of mistletoe seeds, but data on all five species
suggest that contagious dispersal is the typical outcome.
Consistent findings have been reported from other systems in which generalists and mistletoe specialists cooccur, with characteristically superior seed dispersal services provided by generalists. Carlo and Aukema (2005)
reported high-quality dispersal services provided by two
generalist frugivores (Thraupinae) in Puerto Rico which
defecated seeds on branches of comparable thickness to
those used by co-occurring specialist euphonias. Moreover, since these tanagers also consumed fruits of one of the
principal mistletoe hosts, they regularly transported mistletoe seeds to uninfected hosts (i.e., directed dispersal). In
southwest China, Luo et al. (under review) found specialist
Dicaeum concolor preferentially visited trees infected with
Dendrophthoe pentandra (Loranthaceae), achieving dispersal distances of <150 m, while the generalist Pycnonotus

The closed-canopy tropical forests of Mesoamerica represent a completely different environment than that described
above, with less pronounced seasonality and abundant
fleshy-fruited plants supporting diverse assemblages of
resident frugivores. The two groups of mistletoe specialist frugivores occurring in this system depend on different
groups of mistletoe, with Euphonia spp. favoring Viscaceous species (especially Phoradendron spp.; Carlo et al.
2003), whereas Zimmerius vilissimus and Tyrannulus elatus (both Tyrannidae) depend almost exclusively on Loranthaceous mistletoes (Restrepo 1987; Watson 2013). Rather
than focusing on individual species, research in these forests has encompassed the full assemblage of species visiting fruiting mistletoe plants, enabling the relative contributions of generalists and specialists to be readily compared.
In Sargent’s (1994) comprehensive study of a montane forest in Costa Rica, 60 % of visits to Struthanthus oerstedii
and 71 % of visits to Orycanthus spicatus were by the specialist Z. vilissimus, while Watson’s (2013) work in lowland

Specialists versus generalists as agents of successful
mistletoe dispersal
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jocosus consistently flew further than 200 m and was
recorded more frequently in uninfected trees. In semi-arid
woodlands in Arizona, generalist solitaires (Myadestes
towsendi) visited both infected and uninfected junipers
(van Ommeren and Whitham 2002), making directed dispersal far more likely than for the specialist (Phainopepla nitens; Fig. 1) which effects contagious dispersal by
defending heavily infected hosts (Aukema and Martínez
del Rio 2002b, but see also Larson 1996).
Although comparatively understudied and, we posit,
overlooked, generalist frugivores and insectivores which
regularly consume mistletoe fruit consistently provide
high-quality seed dispersal, both in regions where they
are the sole mistletoe dispersal agents, but also where
they co-occur with mistletoe specialists. Dietary generalists often take a significant proportion of all mistletoe fruits (Reid 1989; Larson 1996; Montaño-Centellas
2013) and, even during peak mistletoe fruiting, these
birds often forage on other food sources (Jordano et al.
2007; Carlo and Aukema 2005; Watson 2013), thereby
regularly transporting mistletoe seeds beyond existing
infections (Green et al. 2009, Rawsthorne et al. 2011).
Rather than being necessarily deleterious, the longer seed
retention times of generalists can yield improved germination and establishment of mistletoe seeds (Soto-Gamboa and Bozinovic 2002). As first contended 30 years
ago by Godschalk (1983), it is this combination of varied
diet and longer seed retention time of the generalist that
entrains heterogeneous dispersal to uninfected hosts and
stands.

‘Johnny Appleseed’ reconsidered
While mistletoe frugivory has long exemplified mutually beneficial coevolution (e.g., Howe and Estabrook
1977), Reid (1991), in his review of current understanding of mistletoe specialists, was more cautious in this categorization. Since then, our knowledge of these birds has
expanded greatly, and the overall field of coevolution has
matured and diversified. Hence, rather than the stereotypically harmonious ideal, an emerging view of coevolution
is that of ‘reciprocally exploitative’ interactions, with both
parties engaged in an antagonistic struggle comparable to
host–parasite dynamics (Thomson 2003). Certainly, mistletoe specialist birds are dependent on mistletoes, and
these specialists typically have evolved various morphological traits, such as modified gastrointestinal tracts and
large gapes relative to bill size, which make them efficient and effective seed disseminators (Walsberg 1975;
Richardson and Wooller 1988; Murphy et al. 1993). But,
we have demonstrated that while mistletoes clearly depend
on small-bodied aerial dispersers, they are not exclusively
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dependent on specialists. Put simply, mistletoe specialists need mistletoe, but mistletoes do not need mistletoe
specialists.
We suggest that those mistletoe traits (viscin-coated
seeds, complementary and extended phonologies, inter
alia) which tend to foster specialization need not have
evolved in response to specialists but, rather, evolved as
a necessary part of their parasitic habit prior to exploitation by specialists. A parallel example involves another
group of plants that rely on birds to disperse their seeds—
strangler figs. Distributed throughout tropical forests, a
wide range of birds and arboreal mammals consume the
fleshy fruits, but only one species can be considered a
specialist—Pesquet’s parrot Psittrichas fulgidus, endemic
to New Guinea (Mack and Wright 1998). Rather than a
specialized disperser being the necessary precursor to
the hemi-epiphytic growth habit, by ‘strangling’ canopy
emergent trees, these figs have evolved a key innovation allowing them to become competitively dominant in
closed-canopy forests. With its powerful beak and muscular gizzard, P. fulgidus is far less likely to effect successful dispersal than co-occurring species—they exploit figs
as a resource but do not necessarily ensure their continued
supply.
Rather than being destructively exploitative or mutually beneficial, we suggest that mistletoe specialist frugivores inhabit a middle ground, maintaining reliable supplies of their favored food plants through the process
of ‘habitat shaping’ (sensu Herrera 1985). In western
Europe, extensive stands of fruiting trees occur along
migratory routes of frugivorous birds, and these ‘bird
orchards’ are considered to have existed for millennia,
planted, visited and maintained by generations of birds
during seasonal migration (Snow and Snow 1988, see
also Jordano et al. 2007). Given the parasitic habit of
mistletoe, however, more is not necessarily better, with
reduced growth rates and survivorship of host plants
associated with increased mistletoe numbers. Effects on
host populations will vary with host specificity of mistletoes, relative abundance of hosts and abundance of natural enemies of mistletoe, but predominantly contagious
dispersal is likely to have deleterious effects on populations of hosts and, thereby, mistletoe, in many systems.
So, rather than the ‘Johnny Appleseed’ analogy in which
mistletoe-specialist frugivores are benevolent pioneers
spreading mistletoe and providing new opportunities for
others, we suggest a more appropriate analogy is that of
a market gardener. By consuming most of the fruit and
staying close to home, these specialized consumers are
exploiting this nutritious and reliable food source, concentrating available fruit resources into more defendable resources for their own direct benefit (Snow and
Snow 1988).
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Unanswered questions and prospect
The effect of differences in dispersal quality for mistletoes and their hosts have not been comprehensively quantified, leaving many questions about the role of specialist
and generalist dispersers unanswered. While several studies have estimated where specialist consumers disperse
seeds, only one study has asked the opposite question
(Rawsthorne et al. 2012), and determining where seeds
are NOT taken is critical to understanding the medium and
longer term significance of different seed shadows. Given
the status of mistletoe as a keystone resource in many terrestrial ecosystems (Watson and Herring 2012), occurrence
patterns of mistletoe are likely to affect a wide range of
species and ecological processes, extending well beyond
frugivores and host plants (Watson 2001). Mistletoe specialist frugivores and generalists exhibit complementary
distributions in some island pairs in the Philippines and
Greater Antilles, and these archipelagos represent ideal
systems to compare the effectiveness of specialist and generalist dispersers using Schupp’s (1993) explicit criteria.
In addition to distinguishing the effects of disperser identity on mistletoe and host populations, these comparisons
would reveal any interactions between seed disperser identity and host range in mistletoes (Aukema and Martínez del
Rio 2002b; Shaw et al. 2004). While we have emphasized
the importance of dispersal to uninfected but otherwise
suitable hosts, we recognize that farther is not necessarily
better. Several studies (see Rödl and Ward 2002) have documented declining establishment success of mistletoes with
increasing distance from the parent plant, whereby mistletoe seeds will only infect hosts growing within 30–50 km.
Inoculation experiments would enable spatial determinants
of establishment success to be uncoupled from site-specific
components of host quality, revealing whether differential
establishment can compensate for initial differences in seed
dispersal. Finally, while birds have been implicated in the
diversification of mistletoes (Restrepo et al. 2002), the origin and diversification of mistletoe specialist frugivores
has not been considered. With five of the eight avian lineages, as well as a relictual marsupial that acts as the sole
disperser of a montane mistletoe (Amico and Aizen 2000),
the forests of South America represent the obvious starting
place.
Rather than a unique set of interactions associated with
an idiosyncratic group of parasitic plants, we suggest that
the exploitative nature of specialists (and the overlooked
influence of co-occurring generalists) is more widespread,
with many other ‘text-book’ examples of plant–animal partnerships awaiting critical scrutiny. The story of the nightflowering cactus and long-nosed bat is now known to be
more complicated, with the discovery that a co-occurring
insectivorous bat also visits the flowers and acts as a more

effective pollinator (Frick et al. 2013). Whether in the pollination or seed dispersal literature, specialists have attracted
disproportionate attention, while the identity, let alone the
ecological role, of generalists is typically unknown. We
suggest that as well as conferring greater versatility, the
breadth of resources used by generalists may help maintain
many ecological interactions (see Bascompte and Jordano
2007), moderating the escalating ‘arms-race’ dynamic that
can destabilize pair-wise interactions if left unchecked.
Acknowledgments We are grateful to Tomás Carlo and Patrick
Kavanagh for their insightful comments on an earlier version of this
manuscript, and we thank Laurence Barea and Karolina Petrovic
for their contributions to initial discussions. DMW received support
from the Australian Research Council (DP0449417) and Charles Sturt
University.

References
Amico G, Aizen MA (2000) Mistletoe seed dispersal by a marsupial.
Nature 408:929–930
Aukema JE (2003) Vectors, viscin, and Viscaceae: mistletoes as parasites, mutualists, and resources. Front Ecol Environ 1:212–219
Aukema JE, Martínez del Rio C (2002) Variation in mistletoe seed
deposition: effects of intra- and interspecific host characteristics.
Ecography 25:139–144
Aukema JE, Martìnez del Rio C (2002) Mistletoes as parasites and
seed-dispersing birds as disease vectors: current understanding
challenges and opportunities. In: Levey DJ, Silva WR, Galetti M
(eds) Seed dispersal and frugivory: ecology, evolution and conservation. CAB International, Wallingford, pp 99–110
Barea LP (2008) Interactions between frugivores and their resources:
case studies with the Painted Honeyeater Grantiella picta. PhD
thesis. Charles Sturt University, Albury
Barea LP, Watson DM (2007) Temporal variation in food resources
determines onset of breeding in an Australian mistletoe specialist.
Emu 107:203–209
Bascompte J, Jordano P (2007) The structure of plant–animal mutualistic networks: the architecture of biodiversity. Annu Rev Ecol
Evol Syst 38:567–593
Bowie M, Ward D (2004) Water and nutrient status of the mistletoe
Plicosepalus acaciae parasitic on isolated Negev Desert populations of Acacia raddiana differing in level of mortality. J Arid
Environ 56:487–508
Carlo TA, Aukema JE (2005) Female-directed dispersal and facilitation between a tropical mistletoe and a dioecious host. Ecology
86:3245–3251
Carlo TA, Collazo JA, Groom MJ (2003) Avian fruit preferences
across a Puerto Rican forested landscape: pattern consistency and
implications for seed removal. Oecologia 134:119–131
Frick WF, Price RD, Heady PA, Kay KM (2013) Insectivorous bat
pollinates columnar cactus more effectively per visit than specialized nectar bat. Am Nat 181:137–144
Godschalk SKB (1983) Mistletoe dispersal by birds in South Africa.
In: Calder M, Bernhardt P (eds) The biology of mistletoes. Academic Press, Sydney, pp 117–128
Green AK, Ward D, Griffiths ME (2009) Directed dispersal of mistletoe (Plicosepalus acaciae) by yellow-vented bulbuls (Pycnonotus
xanthopygos). J Ornith 150:167–173
Herrera CM (1985) Determinants of plant–animal coevolution:
the case of mutualistic dispersal of seeds by vertebrates. Oikos
44:132–141

13

Author's personal copy
932
Howe HF, Estabrook GF (1977) On intraspecific competition for
avian dispersers in tropical trees. Am Nat 111:817–832
Ingwell LL, Eigenbrode SD, Bosque-Peŕez NA (2012) Plant viruses
alter insect behavior to enhance their spread. Sci Rep 2:578.
doi:10.1038/srep00578
Jordano P, García C, Godoy JA, García-Castaño JL (2007) Differential contribution of frugivores to complex seed dispersal patterns.
Proc Natl Acad Sci USA 104:3278–3282
Kuijt J (1964) Critical observations on the parasitism of New World
mistletoes. Can J Bot 42:1243–1287
Larson D (1996) Seed dispersal by specialist versus generalist foragers: the plant’s perspective. Oikos 76:113–120
Lewis EE, Campbell JF, Sukhdeo MVK (2002) The behavioural ecology of parasites. CAB International, Wallingford
Mack AL, Wright DD (1998) The vulturine parrot (Psittrichas fulgidus), a threatened New Guinea endemic: notes on its biology and
conservation. Bird Conserv Int 8:185–194
Martínez del Rio C, Medel RSA, Hourdequin M (1996) Seed dispersers as disease vectors: bird transmission of mistletoe seeds to
plant hosts. Ecology 77:912–921
Montaño-Centellas FA (2013) Effectiveness of mistletoe seed dispersal by tyrant flycatchers in a mixed Andean landscape. Biotropica
45:209–216
Murphy SR, Reid N, Yan ZG, Venables WN (1993) Differential passage time of mistletoe fruits through the gut of honeyeaters and
flowerpeckers—effects on seedling establishment. Oecologia
93:171–176
Rawsthorne J, Watson DM, Roshier DA (2011) Implications of movement patterns of a dietary generalist for mistletoe seed dispersal.
Austral Ecol 36:650–655
Rawsthorne J, Watson DM, Roshier DA (2012) The restricted seed
rain of a mistletoe specialist. J Avian Biol 43:9–14
Reid N (1986) Pollination and seed dispersal of mistletoes (Loranthaceae) by birds in southern Australia. In: Ford HA, Paton DC
(eds) The dynamic partnership: birds and plants in southern Australia. SA Government Printer, Adeleide, pp 64–84
Reid N (1989) Dispersal of mistletoes by honeyeaters and flowerpeckers—components of seed dispersal quality. Ecology 70:137–145
Reid N (1991) Coevolution of mistletoes and frugivorous birds. Aust
J Ecol 16:457–469
Reid N, Yan Z, Fittler J (1994) Impact of mistletoes (Amyema
miquelii) on host (Eucalyptus blakelyi and Eucalyptus melliodora) survival and growth in temperate Australia. For Ecol
Manag 70:55–65
Restrepo C (1987) Aspectos ecológicos de la diseminación de cinco
especies de muérdagos por aves. Humboldtia 1:65–116
Restrepo C, Sargent S, Levey DJ, Watson DM (2002) The role of vertebrates in the diversification of new world mistletoes. In: Levey
DJ, Silva WR, Galetti M (eds) Seed dispersal and frugivory: ecology, evolution and conservation. CAB International, Wallingford,
pp 83–98

13

Oecologia (2013) 172:925–932
Richardson KC, Wooller RD (1988) The alimentary-tract of a specialist frugivore, the mistletoebird, Dicaeum hirundinaceum, in relation to its diet. Aust J Zool 36:373–382
Rödl T, Ward D (2002) Host recognition in a desert mistletoe: early
stages of development are influenced by substrate and host origin.
Funct Ecol 16:128–134
Sargent S (1994) Seed dispersal of mistletoes by birds in Monteverde,
Costa Rica. PhD thesis. Cornell University, Ithaca
Schupp EW (1993) Quantity, quality and effectiveness of seed dispersal by animals. Vegetatio 107(108):15–29
Shaw DC, Watson DM, Mathiasen RL (2004) Comparison of dwarf
mistletoes (Arceuthobium spp., Viscaceae) in the western United
States with mistletoes (Amyema spp., Loranthaceae) in Australia—ecological analogs and reciprocal models for ecosystem
management. Aust J Bot 52:481–498
Snow DW (1981) Tropical frugivorous birds and their food plants: a
world survey. Biotropica 13:1–14
Snow B, Snow D (1988) Birds and berries. Poyser, Calton
Soto-Gamboa M, Bozinovic F (2002) Fruit-disperser interaction in a
mistletoe-bird system: a comparison of two mechanisms of fruits
processing on seed germination. Plant Ecol 159:171–174
Thomson J (2003) When is it mutualism? Am Nat 162[Suppl]:S1–S9
van Ommeren RJ, Whitham TG (2002) Changes in interactions
between juniper and mistletoe mediated by shared avian frugivores: parasitism to potential mutualism. Oecologia 130:281–288
Walsberg GE (1975) Digestive adaptations of Phainopepla nitens
associated with the eating of mistletoe berries. Condor
77:169–174
Walsberg GE (1977) Ecology and energetics of contrasting social systems in Phainopepla nitens (Aves: Ptilogonatidae). University of
California Press, Berkeley
Ward MJ, Paton DC (2007) Predicting mistletoe seed shadow and patterns of seed rain from movements of the mistletoebird Dicaeum
hirundinaceum. Austral Ecol 32:113–121
Watson DM (2001) Mistletoe—a keystone resource in forests and
woodlands worldwide. Annu Rev Ecol Syst 32:219–249
Watson DM (2004) Mistletoe—a unique constituent of canopies
worldwide. In: Lowman M, Rinker B (eds) Forest canopies. Elsevier, San Diego, London, pp 212–223
Watson DM (2009) Determinants of parasitic plant distribution: the
role of host quality. Botany 87:16–21
Watson DM (2011) Mistletoes of southern Australia. CSIRO Publishing, Collingwood
Watson DM (2013) The relative contribution of specialists and generalists to mistletoe dispersal: insights from a neotropical rain forest. Biotropica 45:195–202
Watson DM, Herring M (2012) Mistletoe as a keystone resource: an
experimental test. Proc R Soc B 279:3853–3860

