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ABSTRACT

Biological invasions represent an enormous threat to global biodiversity, particularly on
islands. There is increasing evidence that the impact of alien plants can affect species at
higher trophic levels, although to date, most studies have looked at the impacts on a
single species or a single trophic level. In this thesis I use a food web approach to assess
the community-level impacts of plant invasions on the endemic forest of the Azores.
My first study considers the impact of alien plants on insect productivity
measured on 35 food webs along a gradient of invasion. Plant diversity and evenness,
and insect diversity, declined as a result of plant invasion. While insect abundance was
not significantly affected, insect biomass was significantly reduced, and I predicted a
67% decrease in insect biomass should the native forest be totally replaced by alien
vegetation.
In my second study, I used quantified seed dispersal networks to test whether the
relationship between seed feeding birds and seed dispersing birds at my field site, was
best represented by a dichotomy or a continuum. While the droppings of seed dispersers
contained more entire seeds than those of seed predators, the importance of typical seed
predators for dispersal was considerable, particularly when their density was taken into
account. This result supports the idea of a seed predator-disperser continuum. The
majority of the seeds dispersed were from alien plants, suggesting that birds are
facilitating plant invasions in the study area.
Finally I used two experiments to determine the success of ecological restoration
on a community food web over three years. The removal of invasive plants caused a
cascade of positive effects trough the food web. Two years after management there was
an increase in the abundance of native seeds, herbivorous insects, insect parasitoids and
birds. Two results have particular implications for the outcome of restoration programs
and deserve further attention: most bird-dispersed seeds were alien, and weeding
favored the survivorship and growth of exotic species.
I conclude that our understanding of the causes, consequences and management
of biological invasions would benefit greatly from a more holistic/integrative approach
and that food webs provide a powerful tool to meet that challenge.

i

DEDICATION

Ao Sr. Aires

ii

ACKNOWLEDGEMENTS

First of all I want to thank the Portuguese Fundação para a Ciência e a Tecnologia for
the financial support that made this work possible.

I want to express my gratitude to my supervisors Jane Memmott and Jaime Ramos for
allowing me to have the perfect combination of independence to plan and analyse
experiments and crucial guidance and support throughout the last four years. I feel very
privileged for the opportunity I have had to learn from two scientists for whom I have
great admiration.

I also want to thank the unparalleled team of people working with the Azores bullfinch
in Nordeste. If it is true that species do not exist in isolation, I learnt in the last years
that scientists too do not exist in isolation. The quantity and quality of the data
presented in this thesis wouldn’t have been possible without the unconditional support
of everybody working in the charming village of Nordeste and on the slopes of the
astonishing Serra da Tronqueira. Muito obrigado Marcia, Ricardo, Hugo, Inês, Sandra,
Quim, Artur, Marisa, Carlos, Bronween e Leontina.

I would also like to send my appreciation to all the taxonomists who identified all the
insects in this study pro-bono: John Deeming (Diptera), Paulo Borges (Hemiptera and
Coleoptera), Daniel Lachaise (Drosophilidae), Kees van Achterberg (Braconidae), Ole
Karsholt (Lepidoptera), Dick Askew (Chalcidoidea), Klaus Horstmann
(Ichneumonoidea) and Jose Luis Nieves Aldrey (Cynipoidea); Without their expertise
and willingness to help, this thesis wouldn’t have been possible.
iii

A special thanks to the Community Ecology Research Group and friends in the School
of Biological Sciences for making the last four years so enjoyable. Thanks Kate, Luisa
and Martha for teaching me everything (from how to open the office door to where to
bind my thesis). Thank you Paul, Michael and Luisa for help with the statistics. Thank
you all (Hugo, Rita, Sarina, Rachel, Darren, Mariano, Nati, Izzy, Jo, Vanda and Karen)
for the great environment in the office, and for your friendship, ideas and support.

Thank you also to all my friends who helped me discuss my ideas and read chapters of
this thesis: Rachel, Kate, Luisa, Sarina, Mariano, Bronween, Ramalho and Maria João. I
am equally thankful to all my friends with whom I haven’t talked a word of science for
the last four years and thereby keeping me sane!

Obrigado à minha família: Margarida, Onésimo, Raquel, Renata e Catarina por tudo.

iv

AUTHOR’S DECLARATION

I declare that the work presented in this thesis was carried out in accordance with the
regulations of the University of Bristol. The work is original, except where indicated by
special reference in the text and no part of the dissertation has been submitted for any
other academic award. Any views expressed in the dissertation are those of the author.

Rúben Hüttel Heleno
Bristol, 12 December 2008

v

TABLE OF CONTENTS

Abstract ........................................................................................................................ ii
Dedication ................................................................................................................... ii
Acknowledgements..................................................................................................... iii
Author’s declaration......................................................................................................v
Table of contents......................................................................................................... vi

Chapter 1.....................................................................................................................9
Introduction .............................................................................................................. 9
Causes of plant invasions .................................................................................... 11
Consequences of plant invasions ......................................................................... 13
The impact of alien plants on high trophic-levels................................................. 14
Plant invasions and seed dispersal ....................................................................... 15
The restoration of invaded habitats...................................................................... 19
A network approach ............................................................................................ 21
Aims of this study ............................................................................................... 23
Thesis structure ................................................................................................... 23

Chapter 2...................................................................................................................25
The island of São Miguel - Azores: a valuable opportunity to study biological
invasions and restoration ecology............................................................................ 25
Biological invasions ............................................................................................ 27
The Azores bullfinch........................................................................................... 29
The LIFE-Priolo restoration project..................................................................... 30
Why the island of São Miguel?............................................................................ 30
Figures ................................................................................................................ 32

vi

Chapter 3...................................................................................................................38
The effect of alien plants on insect abundance and biomass: a food web approach... 38
Abstract............................................................................................................... 39
Introduction......................................................................................................... 40
Methods .............................................................................................................. 42
Results ................................................................................................................ 47
Discussion........................................................................................................... 50
Tables and figures ............................................................................................... 57
Supplementary material....................................................................................... 64

Chapter 4...................................................................................................................76
Seed dispersal by avian seed predators: evidence for the predator-disperser continuum
............................................................................................................................... 76
Abstract............................................................................................................... 77
Introduction......................................................................................................... 78
Methods .............................................................................................................. 80
Results ................................................................................................................ 84
Discussion........................................................................................................... 87
Tables and figures ............................................................................................... 92
Supplementary material....................................................................................... 98

Chapter 5.................................................................................................................100
Evaluation of restoration effectiveness: community response to the removal of alien
plants .................................................................................................................... 100
Abstract............................................................................................................. 101
Introduction....................................................................................................... 102
vii

Methods ............................................................................................................ 105
Results .............................................................................................................. 110
Discussion......................................................................................................... 113
Tables and figures ............................................................................................. 121
Supplementary material..................................................................................... 126

Chapter 6.................................................................................................................127
Discussion............................................................................................................. 127
Plant invasions .................................................................................................. 128
Seed dispersal ................................................................................................... 129
Ecological restoration........................................................................................ 131
The São Miguel network ................................................................................... 134
Where to go from here?..................................................................................... 134
Tables and figures ............................................................................................. 141

References ................................................................................................................143
Appendix A ..............................................................................................................172
Other papers arising from my PhD research .......................................................... 172
Summer abundance and ecological distribution of passerines in native and exotic
forests in São Miguel, Azores............................................................................ 174
Fern feeding ecology of the Azores bullfinch: the selection of fern species and the
influence of nutritional composition in fern choice ............................................ 176
Rearing records for two endemic Azorean acalyptrate Diptera (Tephritidae &
Drosophilidae) .................................................................................................. 178

viii

CHAPTER 1
______________________________________________________________________

Introduction

Part of this chapter has been published in: Memmott, J., R. Gibson, L. Carvalheiro, K.
Henson, R. Heleno, M. Lopezaraiza, and S. Pearce. 2007, The Conservation of
Ecological Interactions, p. 226-244 in A. J. A. Stewart, T. R. New, and O. T. Lewis,
editors. Insect Conservation Biology. The Royal Entomological Society, London,
United Kingdom.
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Introduction

“Our mobile society is redistributing the species on the
earth at a pace that challenges ecosystems, threatens
human health and strains economies.”
Vitousek et al. 1996

Biological invasions have provided one of the most vibrant research areas in ecology
over the last few decades with the number of studies growing exponentially
(Williamson 1999; Lockwood et al. 2007). Despite this, the integration of invasion
ecology into invasion management practice has been modest and the need for more and
better research on biological invasions is much more than an intellectual exercise, as
this is a “crisis science” (Stachowicz et al. 1999).
Biological invaders are species that establish and proliferate in areas outside
their historical range often to the detriment of the environment (Elton 1958; Mack et al.
2000). Even if these range expansions are fundamentally a natural process (Crooks
2002), human activities have accelerated species expansion rates so that few if any areas
remain free from exotic species (Schmitz & Simberloff 1997). Anthropogenic biological
invasions have resulted in an unprecedented alteration in the distribution of the earth’s
biota (Mack et al. 2000). They are often considered the second largest cause of current
biodiversity loss following only habitat destruction (Vitousek et al. 1997; Wilcove et al.
1998), and therefore form an important part of the current global change (Vitousek et al.
1996).
The scientific literature describes impacts of alien plants1 on genes, individuals,
populations, communities, ecosystems and landscapes (see Williamson 1996 and

1

In this thesis I utilize the term “alien” as a synonym for “non-native”, i.e. without any
indication of impact on the environment; the term “invasive” will be used when some kind of
ecological or economic impact is implied.
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references therein; see Lockwood et al. 2007), although most frequently scientists focus
on populations (Parker et al. 1999; Sax et al. 2005). In this thesis I will focus on impacts
at the community level and argue that this is the appropriate scale to frame biological
invasions. Nevertheless, it is important to remember that impacts at different levels of
biological organization are strongly interdependent.
In the following chapters I will use ecological networks to explore the impact of
alien plants on the island of São Miguel in the Azores; assess the quality of birds as
dispersers of native and alien seeds; and evaluate the success of a large restoration
project that is removing alien plants from a natural reserve. In this introductory chapter I
will first provide the background for my research, focusing on plant invasions, seed
dispersal, restoration ecology and ecological networks. Then I will outline the aims of
my study and the thesis structure.

Causes of plant invasions
Humans are now the main vector by which vascular plants move into new areas
(Vitousek et al. 1996; Mack & Lonsdale 2001) and directly or indirectly, human
activities have accelerated the rate at which plants expand their natural ranges by
several orders of magnitude (Vitousek et al. 1997; Palumbi 2001). Many plants and
seeds are deliberately transported by humans as ornamentals or as cultivars (Mack &
Lonsdale 2001), others are in-advertently transported by people, pets, ships, trains, cars
or are found within or attached to virtually all forms of commerce (Elton 1958; di Castri
1989; Vitousek et al. 1996; Mack et al. 2000). For example tourist vehicles have been
identified as important vectors of weed seeds into National Parks (Lonsdale & Lane
1994), while there are numerous reports of insects travelling across entire continents on
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or in traveller’s luggage (e.g. Elton 1958; Williamson 1996; Lockwood et al. 2007). The
ever increasing volume of international commerce blurs the borders of countries and
continents (Schmitz & Simberloff 1997) in a way that there is now no natural reserve
outside Antarctica free from plant invasions (Usher 1988; Mack et al. 2000).
Even if only a very small proportion of alien plants effectively became invasive
(Crawley et al. 1996), aliens have invaded virtually all habitats, outcompeting native
plants and often reducing biodiversity (Van Driesche & Bellows 1996; Vitousek et al.
1996). The probability of a species establishing and proliferating in a new environment
increases with the number and physiological condition of the propagules entering the
new environment, the intrinsic characteristics of the new species and the susceptibility
of the environment to invasion (Lonsdale 1999). This susceptibility is increased by
factors such as disturbance (Hobbs & Huenneke 1992), unused resources (the Theory of
Fluctuating Resources, Davis et al. 2000), the presence of mutualistic partners (the
Invasional Meltdown hypothesis, Simberloff & Holle 1999), and the absence of natural
enemies which control the alien in its native range (the Enemy Release Hypothesis,
reviewed in Keane & Crawley 2002).
Most of the factors that have been identified as promoting invasions, e.g.
propagule pressure, declining biodiversity, disturbance and the presence of mutualistic
and facilitative species, are likely to escalate in the future (Vitousek et al. 1996;
Pimentel et al. 2000; Levine et al. 2003). Moreover, most of these factors will tend to
feed back positively and further accelerate the rate of invasions (Stachowicz et al.
1999). This problem was accurately foreseen by Charles Elton on his seminal book: The
ecology of invasions by animals and plants (1958), where he states that “We must make
no mistake: we are seeing one of the great historical convulsions in the world’s fauna
and flora … indeed they [the biological invasions] are so frequent nowadays in every
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continent and island, and even in the oceans, that we need to understand what is causing
them and try to arrive at some general viewpoint about the whole business”.

Consequences of plant invasions
Alien plants can destroy homes, crops and forestry resources, clog waterways, kill
livestock and fisheries (Pimentel et al. 2000; Levine et al. 2003; Mooney et al. 2005;
Lockwood et al. 2007), often incurring substantial economic costs (Schmitz &
Simberloff 1997; Chapin et al. 2000). However, many studies documenting the
consequences of biological invasions on biodiversity, focus on the decline or extinction
of native species as a consequence of the arrival of large alien predators (e.g.
Goudswaard et al. 2002), alien herbivores (e.g. Van Vuren & Coblentz 1987) or alien
parasites (e.g. Harvell et al. 1999). Information on the impacts of alien plant invasions is
scarcer; although it has been shown that the integration of alien plants can modify the
structure (Chittka & Schurkens 2001; Olesen et al. 2002), and the stability of the
receptive communities (Aizen et al. 2008).
The impact of alien invaders on native species can be direct, for example
hybridization, predation and disease or indirect if mediated by a third species. Impacts
can also be abiotic for example, changing soil pH and nutrient content (Ehrenfeld 2003;
Feng et al. 2007), altering sediment movement (Ndiaye et al. 1993), affecting water
resources (Stanford & Ward 1993), changing fire regime (Brooks et al. 2004) or the
microclimate (Lindsay & French 2006). In this thesis I focus on consequences of plant
invasions at the community level, including the biodiversity of high trophic levels such
as herbivores, parasitoids and birds, the interactions between those species, and the
ecosystem services that they provide, particularly seed dispersal.
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The impact of alien plants on high trophic-levels
Many invasive plants are unsuitable as resources for native herbivores (Keane &
Crawley 2002). Therefore, by outcompeting native plants, invasions may cause a
reduction in the resources available to native herbivores, this acting as a limiting factor
both for herbivores and the higher trophic levels which feed on them (Carpenter &
Cappuccino 2005). As species at higher trophic levels are likely to be at higher risk of
extinction (Cronin 2004), they can be severely affected by invasive plants and they
should not be neglected in studies evaluating the impact of alien plants. Furthermore,
species at high trophic levels (e.g. parasites, parasitoids, pathogens and predators) can
play an important “top-down” regulatory role in their host populations (Dobson &
Hudson 1986; Minchella & Scott 1991; Mouritsen & Poulin 2002; Montoya et al.
2003). This regulatory role can provide an important ecosystem service (biological
control of insects) for both wild populations and agriculture, potentially preventing
outbreaks of herbivores which may in turn affect plant productivity (Mattson & Addy
1975). Despite the importance of species at high trophic levels, changes in their
abundance or diversity caused by plant invasions have received little attention (Levine
& Murrell 2003).
Even if generalizations are still speculative (Traveset & Richardson 2006), most
studies that assessed the impact of alien plants on higher trophic levels reported
negative impacts (Crooks 2002), threatening, for example, pollinating insects (e.g. Cox
& Elmqvist 2000; Aizen et al. 2008), stream invertebrates (e.g. Abelho & Graca 1996),
forest rodents (e.g. Mazzotti et al. 1981), and birds (e.g. Ortega et al. 2006). There are
some exceptions though, for example Bartomeus et al. (2008) studied the effect of two
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invasive plants with similar flowers on the visitation rate of pollinators to native plants
and discovered that the two plants had opposing effects. Another study, LopezaraizaMikel et al. (2007), showed that alien plants facilitated insect visitations in the
communities they invade but because the pollen transported was mostly alien, the
outcome for native plants was uncertain. One of the most significant examples of
community level impacts of biological invasions was the shift in vegetation of the South
African fynbos following the introduction of the Argentine ant (Linepithema humile)
(Christian 2001). In this study, a shift in the composition of the plant community
towards small seeded plants was mediated by the extirpation of native ant species that
dispersed large seeds, while ants that dispersed small seeds could co-exist with the
invader (Christian 2001). This study demonstrates that identifying the subtle causes of
such devastating impacts often entails ingenious and detailed research (Simberloff
2004). At the same time it demonstrates that the preservation of seed dispersal (and
probably other mutualisms) can be crucial for the maintainence of natural communities.
In the current globalised world we can expect the “losers” to be slowly driven to
extinction whilst the “winners” spread and occupy most continents and islands (Elton
1958; McKinney & Lockwood 1999). The ultimate consequence of the spread of highly
invasive plants is the decline, and often extinction, of a much larger group of native
species, resulting in the homogenization of the world’s biota (McKinney & Lockwood
1999).

Plant invasions and seed dispersal
For sessile organisms such as plants for which seeds represent the only mobile stage,
seed dispersal is a key service that to a great extent determines vegetation structure
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(Wang & Smith 2002), plant population dynamics and ultimately the survival of plant
populations (Nathan & Muller-Landau 2000; Wang & Smith 2002; Gomez et al. 2004).
Thus changes in seed production, predation and dispersal can lead to long-term
ecological change (Goulson 2003). Particularly the process of removing a seed from the
parent plant and dropping it, still viable, at a certain distance allows plants to occupy
available niches, avoid competition, find suitable physical conditions for the
germination of seeds, expand their area of distribution or simply escape high mortality
rates close to the parent plant due to shading or increased natural enemies (Janzen 1971;
Howe & Smallwood 1982).
The efficiency of a particular seed disperser is dependent on many variables
which include the species involved (both the seed and the disperser), the treatment
offered by the disperser, the ripeness of the seed, the site of deposition and postdispersal events. A central concept in seed dispersal, developed to include the combined
effect of most of these variables, is the one of dispersal effectiveness (Schupp 1993).
Dispersal effectiveness is a measure composed of the number of seeds the disperser
removes and where and in what condition those seeds are deposited (Loiselle & Blake
1999). It explicitly involves quantitative (i.e. “how many seeds”) and qualitative (i.e.
“what is the net benefit for each seed”) information which can be extremely variable in
plant-disperser interactions (Schupp 1993).
Even if there isn’t a global consensus about the absolute proportions of each of
the various dispersal guilds, it seems that in many habitats animal dispersal is the most
common dispersal vector, followed by wind (e.g. Ingle 2003). In most tropical and
temperate ecosystems birds are the most important seed disperser (e.g. Gentry 1982;
Herrera 1995). Birds are highly mobile and can offer a good dispersal service to plants,
however during the short period that the seeds pass through the bird’s gut (Barnea et al.
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1991) they suffer many alterations; some will destroy the seeds i.e. seed predation, and
some are believed to enhance germination and/or seedling survival i.e. seed dispersal.
An increase in the germination rate of seeds that have passed through the
digestive system of an animal can be promoted by several mechanisms: scarification of
seed coat (Traveset 1998), the removal of germination inhibitors (Wenny 2000;
Robertson et al. 2006), dispersion to good germination sites (Christian 2001) or
escaping high mortality near the parent plant (Janzen 1971). Other authors report that
passing through a bird’s gut can decrease the germination rate (e.g. Traveset et al.
2001), and suggest that the different treatments offered by the different dispersers to the
seeds promote variability in germination times of seeds, which can have considerable
advantages for a plant, particularly in unpredictable habitats. In this study I will focus
on the implications of seed dispersal networks to community structure and not on the
physiologic or mechanistic aspects of seed dispersal itself.
Frugivorous birds have facilitated the spread of fleshy-fruited alien plants into
natural ecosystems throughout the world (Sallabanks 1993; Williams & Karl 1996;
Richardson et al. 2000). Thus, it has been suggested that the success of some invasive
plants is partly due to their disproportionate appeal to seed dispersers, which can give
alien plants faster range expansion rates than natives (Rejmanek & Richardson 1996).
Alien plants often attract native and alien dispersers, taking advantage of the
generalistic or diffuse nature of seed dispersal networks (Iwao & Rausher 1997), where
tight coevolution between plant and disperser are extremely rare (Richardson et al.
2000). Even if generalizations are difficult (Richardson et al. 2000), plants with large
fruit displays and small seeds seem to have generally faster invasive behaviour due to
higher dispersal facility (e.g. Harper et al. 1970; Sallabanks 1993; Rejmanek &
Richardson 1996).
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From the plants perspective an ideal disperser will consume the pulp and
disperse viable seeds, although seeds, like pulp, can be important sources of energy to
frugivores (Norconk et al. 1998). Therefore a “conflict of interest” arises between plants
and birds (Howe 1977), where plants benefit by interacting with birds that disperse the
seeds they ingest, while birds can maximize their energy intake if they digest both the
pulp and the seeds (Norconk et al. 1998). For a long time seed dispersal and seed
predation have been regarded as two well defined and mutually exclusive animal
strategies (e.g. Herrera 1984; Hampe 2001; Kolb et al. 2007). It is now known that
many animal species do not fit into this dichotomy, for example when seeds are not
recovered from caches by rodents or birds (Price & Jenkins 1986), or when seeds
fortuitously escape digestion in a predators gut (e.g. Roessler 1936; Howe 1986;
Lambert 1989; Williams & Karl 1996; Clark et al. 2001; Moore 2001). Wheelwright
and Orians (1982) suggested that the generally assumed dichotomy between seed
predators and dispersers obscured the fact that frugivores represent a continuum in
terms of the proportion of destroyed and dispersed seeds. This idea received more recent
support in a review by Hulme (2002) but so far remains untested in the field.
Mutualistic interactions are essential for maintaining natural communities (e.g.
Bond 1994; Christian 2001; Bascompte et al. 2003). There is now little doubt that the
community of dispersers is being altered by many factors, for example pesticide and
herbicide poisoning, habitat fragmentation and biological invasions. The consequences
are likely to be a reduction in the diversity of mutualistic species and changes in the
densities of the survivors (Bond 1994). Given the global scale of destroyed and
damaged habitat, understanding the processes that dictate the movement of seeds (and
therefore plants) between disturbed and pristine areas could prove crucial for effective
habitat management, conservation and restoration.
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The restoration of invaded habitats
With the number and importance of biological invasions escalating in recent decades,
the use of ecological restoration in invaded areas has also escalated (Vander Zanden et
al. 2006; Forup et al. 2008). Preserving pristine habitats is unlikely to be sufficient to
conserve the world’s biota and restoration of degraded habitats is expected to play an
increasing role in conservation ecology (Dobson et al. 1997; Palmer et al. 2006).
Consequently the need for a stronger theoretical underpinning for restoration ecology is
pressing (Hobbs 2005; Palmer et al. 2006). Ecological restoration is the process of
assisting the recovery of an ecosystem that has been degraded, damaged or destroyed
(SERI 2004), ultimately increasing habitat availability and landscape connectivity,
restoring biodiversity and ecosystem functions (Hobbs 1992; Murcia 1995; Dobson et
al. 1997). While the end point of past restoration projects was usually restoring a single,
target species (Heywood & Iriondo 2003), it is now clear that the presence of a species
in the restored habitat does not guarantee its long term persistence (Kremen et al. 2007;
Petanidou et al. 2008). Instead, species and populations are intricately and often
obligatorily linked together such that they exhibit emergent properties (i.e. properties
that do not result linearly from the sum of the constituting parts) (Brown 1995; Levin
1998). For this reason the aim of ecological restoration has recently shifted towards
restoring whole communities (Ehrenfeld 2000; Menninger & Palmer 2006). An
important outcome of this change is that well planned restoration programs have the
potential to be used as large-scale experiments for the development and testing of
ecological theory involving community structure and function, something that is
extremely difficult with the typically small-scale and short term experiments set within
research projects (Temperton et al. 2004; Maschinski 2006; Vander Zanden et al. 2006).
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Although the field of restoration ecology is growing at an astonishing rate
(Hobbs 2005; Palmer et al. 2006), the link between basic ecological research and
restoration practice remains weak. There have been hopes that “bridging the gap”
(Temperton et al. 2004) or at least “blurring the lines” (Vander Zanden et al. 2006) will
trigger advances in both fields (Dobson et al. 1997; Palmer et al. 1997; Young 2000;
Van Diggelen et al. 2001). It is therefore vital that restoration ecology continues to
develop, aiming at scientific excellence, and at the same time keeping its practical
relevance in order to inform on-the-ground activities (Hobbs 2005; Palmer et al. 2006).
This represents a major challenge for practitioners and researchers alike (Palmer et al.
1997; Hobbs & Harris 2001), as only a small fraction of the many restoration
“experiments” performed every year benefit from the combined efforts of practitioners
and scientists (Michener 1997). In an effort to redress the balance, in the research
described in Chapter 5, I worked with the team leading one of the most ambitious
restoration projects in Europe, a collaboration which lead to clear benefits for both
parties.
Recently there has been a realization that the restoration of the superficial
structure (i.e. species diversity) does not guarantee that the processes in which those
species are involved have also been re-established (Palmer et al. 1997; Falk et al. 2006;
Forup et al. 2008). Consequently the evaluation of restoration success has taken a more
integrative approach, including new measures to indicate the return of ecosystem
function to restored sites (MEA 2005). Such measures can quantify the service provided
(e.g. nitrogen fixing; Rhoades et al. 1998), or the presence of species which are known
ecosystem services providers (e.g. plant-insect visitation networks; Forup et al. 2008).
Restored habitats that fail to reinstate important ecosystem functions have been referred
to as the ‘living dead’ (Handel 1997), whereby the incomplete restoration of the
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ecological processes results in that community failing to be self-sustaining (Henson
2007). Yet, these new measures of ecosystem function are considerably harder and more
costly to measure (Vander Zanden et al. 2006), and thus only rarely considered in
restoration programmes (Falk et al. 2006). Some exceptions exist, for example studies
on the restoration of hidden levels of biodiversity such as parasites, parasitoids and
pathogens (Huspeni & Lafferty 2004; Henson & Memmott in press.), the restoration of
soil processes such as nitrogen and organic matter cycles (Rhoades et al. 1998), and the
restoration of plant-pollinator interactions (Forup & Memmott 2005; Forup et al. 2008).

A network approach
All organisms are embedded in complex networks of interactions which determine
ecosystem structure and function (Chapin et al. 2000; Hooper et al. 2005). However, the
need to give the conservation of ecological processes an equal weighting to the
conservation of patterns has been more often stressed than implemented (Memmott et
al. 2007b). The importance of species interactions has not passed unnoticed by early
ecologists, for example Darwin (1859) referred to these networks as nature’s ‘entangled
bank’. However the emergence of a food web theory is more recent. The development
of this theory was started in the 1970’s by scientists such as Stuart Pimm and Robert
May, who took the concepts used to analyse network structure in other contexts (e.g.
computer science and social sciences) and applied them to ecological networks (Proulx
et al. 2005). Since then, food webs have become one of the pillars of modern
community ecology (Paine 1988; Cohen et al. 1993; Simberloff 2004). In the last
decade, more and better food webs have proved extremely helpful in answering
questions concerning the organization of biotic communities (e.g. Cohen et al. 1993;
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Pimm 1996; Hawkins et al. 1997; Memmott et al. 2000; Dunne et al. 2002; Krause et al.
2003; Simberloff 2004) and the ‘network paradigm’ has grown popular (Fortuna &
Bascompte 2007) as a way of thinking about ecological systems (Vander Zanden et al.
2006).
As in any other network (e.g. neural, metabolic, social, commercial and
informatics) food webs consist of a set of nodes (in this case usually species) which are
linked to each other by some kind of interaction (usually trophic relationships)
(Newman 2003). To describe quantitatively how species are linked to each other,
measures such as link density, connectance, generality, vulnerability, interaction
evenness, nestedness or degree distribution have been developed (Bersier et al. 2002;
Bascompte et al. 2003; Tylianakis et al. 2007), some of which will be used and
discussed throughout this thesis.
Community ecology in general and food webs in particular can provide useful
tools for understanding and managing environmental threats such as biological
invasions, global change, habitat fragmentation and the demise of pollinators. However
it is only relatively recently that food webs have started to be used as a tool to frame
applied questions in the context of ecological conservation. Examples of such applied
questions include the evaluation of the impacts of changes in land management (Gibson
et al. 2007), the consequences of global warming (Memmott et al. 2007a) and the
success of restoration programs (Forup & Memmott 2005; Albrecht et al. 2007; Forup
et al. 2008).
A recent review conducted by Memmott et al. (2007b) revealed that out of 139
studies published between 2000 and 2005, focusing on the conservation of rare plants,
only 4 gave a list of the insect species visiting the rare plant’s flowers, and none
identified the pollinators. And yet without pollinators the management of rare plants is
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more akin to gardening than conservation ecology. This example makes it clear that
interactions are still not given the attention they deserve. Similarly, the use of a food
web approach to evaluate the impacts of invasive plants at a community level remains
the exception rather than the rule (Zavaleta et al. 2001). There is now an increasing
recognition that species lists are not the best units for study by conservation biologists,
particularly in the study of biological invasions, where “most key issues … fall squarely
at the community level” (Simberloff 2004). Throughout this thesis the emphasis will be
at the community level.

Aims of this study
The aim of this study is to explore the community level-impacts of alien plant invasions
in the native forest of the Azores, and to evaluate the effectiveness of large scale-alien
plant removal. In particular I am interested in the impacts of plant invasions on a
community of seed feeding insects and seed eating birds. I will consider both when
evaluating success of ecological restoration on an entire food web and birds will be
studied in their roles of dispersers and predators of alien and native seeds.

Thesis structure
This study employs a network approach, combining observational and experimental
data, to study the impact of alien plants on Azorean endemic forest. The structure of the
thesis is as follows:
In this first chapter I provide an overview of the literature on biological
invasions giving particular emphasis to community impacts of plant invasions, seed
dispersal networks and the restoration of invaded habitats.
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In chapter two, I introduce the study area – the island of São Miguel, Azores,
focusing particularly on its conservation status, recent plant invasions and the ongoing
restoration program.
In chapter three, I construct 35 food webs along a gradient of invasion to assess
the impact of plant invasions on important biodiversity and network structure
descriptors. This work is currently in press at Conservation Biology.
In chapter four, I present a fully quantified seed dispersal network. This network
allowed me to test several hypotheses regarding the importance of avian seed dispersers
as drivers of plant invasions and to provide the first empirical evidence of the predatordisperser continuum. This work has been submitted to the Journal of Ecology.
In the fifth chapter, I worked alongside the team leading one of the most
ambitious ecological restoration programs in Europe, evaluating the impact of alien
plant eradication on three trophic levels: plants, birds, herbivorous insects and their
parasitoids. This work has been submitted to Ecological Applications.
In chapter six I integrate the main findings from the previous chapters, discuss
how they have advanced their respective fields and propose directions for future work.
Finally, in Appendix A, I list three papers that were side-products of the main
study, but were not included in the body of the thesis.
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The island of São Miguel - Azores: a valuable opportunity to study
biological invasions and restoration ecology

“Forever cloudy and cold, damp, with that voluptuous
mountain ahead, it is an unblemished landscape”
Brandão 1926

The archipelago of the Azores (36-39°N, 25-31°W) is composed of nine islands set out
in a long semi-circle along the mid-Atlantic ridge, in the intersection of the Eurasian,
North American and African tectonic plates (Fig. 2.1). The largest island in the
archipelago, São Miguel, was the field site for the research presented in this thesis. All
islands in the archipelago are volcanic in origin and relatively recent in geological time,
São Miguel is approximately 4.01 million years old and lies in the middle of the range
(Silva 2001). Today, there are 12 active volcanoes in the Azores forming one of the
world’s geological “hot spots” and on most islands it is possible to observe volcanic
smoke, thermal water sources, volcanic cones, craters and empty magma chambers.
The Azorean climate is mild, wet and rainy, very unstable and with considerable
rain during the summer (Silva 2001). The oceanic influence stabilizes the temperature
which fluctuates between 11.0 ºC and 25.6 ºC (CLIMAAT 2008). The average annual
temperature is 17.3 ºC and the average relative humidity is 84% (CLIMAAT 2008);
average precipitation varies from 1000 mm to 1600 mm at sea level and increases with
altitude (Haggar 1988).
The Azores were discovered c.1416 and probably named after the abundant
buzzard (Buteo buteo spp. rothschildi). This was actually a misidentification as the
word “açor” is Portuguese for hawk not buzzard (Godman 1870). The islands were
quickly settled and by 1470 most were inhabited. By 2001 the population was 250,000
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inhabitants (Silva 2001). The main economic activity have always been agriculture,
firstly cereal crops, then wine, then oranges and nowadays dairy and cattle farming.
These represents an obstacle for both the economy, due to the small scale agriculture,
and the environment as large areas of native forest have been converted to pastures
(Schäffer 2002).
The native forest of the Azores – the laurel forest – are broadly considered a
relict of the Tertiary forests (Miocene and Pliocene) that spread over Southern Europe
and North Africa before the last glaciation (Tutin 1953; Cronk 1992; although see
Emerson (2002) for an alternative interpretation). This forest survives only on some
islands of the Azores, Madeira and The Canaries due to the protection of the ocean
against low temperatures (Sunding 1979 in Silva 2001). In the Azores the laurel forest,
which once covered all the islands (Godman 1870), is dominated by Laurus azorica,
Ilex perado, Juniperus brevifolia, Myrica faya and Picconia azorica (Schäffer 2002).
The Azorean flora is relatively poor in native species (Silva 2001), probably
because of the combination of their young age and their distance from continents or
other islands (Raven & Axelrod 1974). However, the index of endemism of the laurel
forest is extremely high, with 8 out of the 11 tree species present in the laurel being
endemic to the Azores (Ramos 2005). Schäffer (2002) states that 60 plants are endemic
to the archipelago overall, with the islands of Pico and São Miguel being particularly
rich in endemics.

Biological invasions
Since their discovery by man the geographic position of the Azores and the wind
patterns in the Atlantic made the islands a strategic harbour for transatlantic ships.
Visits from ships have resulted in the deliberate or accidental introduction of
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approximately 850 taxa (Sjogren 1984 in Haggar 1988). The number of exotic plants
has increased further in recent years due to new sources of aliens, especially escaped
ornamental plants, and the increasing area of disturbed habitats (Schäffer 2002).
Moreover the majority of alien invasive plants possess fleshy fruits and are likely to be
dispersed by birds which benefit from having fruits almost all year round (Ramos 1996;
Schäffer 2002). Currently, native forests remain only at high altitude in the cloud zone
of a few islands (for this reason it is also known as the cloud forest), on steep slopes,
ravines, cliffs and volcanic craters (Schäffer 2002). Virtually all native forest below 500
m has been converted to pastures or to forestry plantations of Japanese red cedar
(Cryptomeria japonica) (Haggar 1988). This “utterly mislead way of forestry” (Schäffer
2002) was responsible for the decline of the native forests and increased erosion, along
with the extinction of several indigenous species. The remaining area is under high
pressure from invasive species, namely Pittosporum undulatum (Australian
cheesewood) around streams and slopes, Hedychium gardneranum (Kahili ginger) in
recently formed openings and Clethra arborea (Lily-of-the-valley-tree) which is widely
scattered amongst the native forest (Ramos 1996).
Seven out of the eight terrestrial mammals in the Azores are introduced: rabbit
(Oryctolagus cuniculus), weasel (Mustela nivalis), black rat (Rattus rattus), brown rat
(Rattus norvegicus), house mouse (Mus musculus), feral ferret (Mustela furo) and
hedgehog (Erinaceus europaeus); the eighth mammal, the Azorean bat (Nyctalus
azoreum), is endemic and its currently endangered (IUCN 2000). Excluding seabirds,
there are 21 breeding bird species in the Azores, of which at least 6 are introduced
(Silva 2001 and references therein). Nine species are common forest breeders, all of
them resident throughout the year, and of these only the goldfinch (Carduelis carduelis)
is introduced. While most forest birds in the Azores are endemic subspecies, the Azores
bullfinch (Pyrrhula murina) is an endemic species.
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Information on invertebrates is less abundant and usually restricted to species of
economic importance e.g. honey bee (Apis mellifera) (de la Rua et al. 2006), pests e.g.
Japanese beetle (Popillia japonica) (Lacey et al. 2001), diseases (e.g. Leptospira
interrogam) (Collares-Pereira et al. 1997) or other seriously invasive species, such as
the red swamp crayfish (Procambarus clarkii) (Costa et al. 1997) and the dwarf pond
snail (Lymnaea truncatula) (Mendonca 1989). The recently published “List of the
terrestrial fauna (Mollusca and Arthropoda) and flora (Briophyta, Pteridophyta and
Spermatophyta) from the Azores” (Borges et al. 2005) represents an important step in
bringing together, for the first time, scattered information on the Azorean fauna and
flora. Of the 14 ant species in the Azores, six are believed to be native and eight are
introduced from mainland Portugal or Madeira (Wetterer et al. 2004).

The Azores bullfinch

“I believe that it [the Azores bullfinch] is confined to the mountainous parts of St.
Michael’s, where it is tolerably abundant. It is so tame that it takes but little notice of the
report of a gun, and I shot thirteen individuals in the same poplar tree in a few minutes.”
Godman 1870

In the nineteenth century the endemic Bullfinch (Pyrrhula murina Godman 1886)
attracted the attention of farmers and naturalists. Farmers were rewarded by the local
authorities to kill these birds for the damage they caused to orange orchards (Bibby et
al. 1992) and hundreds of specimens were collected for European and American
museums (Aubrecht 2000; Ramos 2005).
Concerns about the conservation status of the Azores bullfinch (or priolo in
Portuguese) began in the 1960’s with the species being classified as “probably
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endangered” in the IUCN Red Data Book. However, only in the 1990’s were the first
detailed surveys conducted (e.g. Bibby et al. 1992; Ramos 1994a, 1995, 1996), which
resulted in the species being reclassified as endangered. These surveys revealed that the
one remaining population of the Azores bullfinch was highly associated with the
remaining patches of native forest (Bibby & Charlton 1991), a consequence of its diet of
native seeds, fruits, flower buds and fern spores (Ramos 1994b, 1995). More recently
the status of the Azores bullfinch was revised to critically endangered due to the threat
of alien plant invasions to the native forest in São Miguel (IUCN 2005).

The LIFE-Priolo restoration project
Currently an EU funded Life-Nature project is focused on the conservation of the
Azores bullfinch and its habitat. This project, the “Restoration of the Azores bullfinch’s
habitat in the Special Protected Area (SPA) of Pico da Vara / Ribeira do Guilherme”
(2003-2008), is coordinated by the Portuguese Society for the Study of Birds (SPEA).
With a budget of five million Euros, its aim is to restore c. 300 ha of heavily invaded
native laurel forest that constitutes the crucial habitat for the conservation of the Azores
bullfinch. Other goals of the project are the preparation of management plan for the
SPA, monitoring the bullfinch population and environmental education (for more
information see www.spea.pt/ms_priolo) (SPEA 2005).

Why the island of São Miguel?
Small isolated areas, such as oceanic islands, seem to be especially vulnerable to
biological invasions for several reasons. These include low species diversity; evolution
in the absence of competitors; geographic position (making them important stepping
stones for international trade) and lack of natural enemies (reviewed by Leeuwen et al.

30

Chapter 2 - The island of São Miguel - Azores

2005). A meta-analysis of 184 independent studies revealed that islands possess 2.6
times as many alien plant species as mainland sites of similar native diversity (Lonsdale
1999). This statistic is particularly worrying given that island ecosystems typically
support unique biotic communities rich in endemic taxa (Whittaker & FernandezPalacios 2007). As a result most documented species extinctions have occurred on
islands (Manne et al. 1999), including 97 of the 108 bird extinctions documented in the
last 400 years (Clark et al. 1998). The presence of unique threatened habitats, the rapid
invasion by aggressive alien plants, the presence of an important flagship species and
the ongoing restoration project make the Azores, and particularly the island of São
Miguel, a fascinating and challenging field site in which to study biological invasions.
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Figure 2.1. The archipelago of the Azores excluding the two westernmost islands,
Flores and Corvo, and highlighting the position of São Miguel.

Figure 2.2. Main vegetation types in the island of São Miguel and the limits of the
Special Protected Area (SPA) of Serra da Tronqueira and Ribeira do Guilherme.
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Figure 2.3. General view of Serra da Tronqueira, the heart of the Special Protected
area and the main field site used in this thesis (Chapters 3, 4 and 5).

Figure 2.4. The endemic and critically endangered Azores bullfinch (Pyrrhula murina).
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Figure 2.5. A branch of the endemic Juniper (Juniperus brevifolia) with a high
proportion of fruits attacked by herbivores (brown).

Figure 2.6. A hillside in Serra da Tronqueira totally dominated by the invasive Kahili
ginger (Hedychium gardneranum) which was in full flower at the time the photo was
taken (August).
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Figure 2.7. Eradication of exotic vegetation by the ongoing restoration project. Here a
team of workers eradicate exotic vegetation scattered thorough a native dominated cliff
by machete and herbicide.

Figure 2.8. A slope in Serra da Tronqueira restored by the Life project. Here, a forestry
plantation of Japanese red cedar (Cryptomeria japonica) has been cut, the area has been
seeded with native species to stabilize the soil and over 60 000 native trees have been
planted.
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a)

b)

Figure 2.9. Aspect of two paired plots described on Chapter 5: (a) an unmanaged
control plot and (b) an adjacent plot from which alien plants were removed.
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Figure 2.10. Partial view of one of the trials set to compare the survival probability and
growth of native and exotic seedlings (Chapter 5). In the picture: Kahili ginger
(Hedychium gardneranum) on the left, Himalayan honeysuckle (Leycesteria formosa)
in the centre and Australian cheesewood (Pittosporum undulatum) on the right.
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The effect of alien plants on insect abundance and biomass: a
food web approach

In: Heleno, R., R. Ceia, J. Ramos, and J. Memmott, (in press), The effect of alien plants
on insect abundance and biomass: a food web approach, Conservation Biology.
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Abstract

Biological invasions are one of the main threats faced by natural ecosystems. The
replacement of native plants by alien species is likely to affect other trophic levels,
particularly phytophagous insects. However, the effect of alien plants on insect biomass
has not yet been quantified. Given their critical role in transferring energy from plants
to higher trophic levels, if alien plants do impact on insect biomass this could have farreaching consequences for community structure.
We used 35 highly resolved quantitative food webs to evaluate the impacts of
alien plants on insect productivity in a native forest in the Azores. Our food webs
quantified plants, insect herbivores and their parasitoids, allowing us to test the impact
of alien plants on species richness and evenness, insect abundance, insect biomass and
food web structure.
Species richness of plants and insects, along with plant species evenness,
declined as a result of plant invasion. However, none of the four quantitative food web
descriptors (number of links, link density, connectance and interaction evenness) varied
significantly with plant invasion independently of food web size. Overall insect
abundance was not significantly affected by alien plants, but insect biomass was
significantly reduced, this effect being due to the replacement of large insects on native
plants with small insects on alien plants. Furthermore the impact of alien plants was
sufficiently severe to invert the otherwise expected pattern of species richness declining
with altitude. We predict a decrease in insect productivity by over 67% if conservation
efforts fail to halt the invasion of alien plants in the Azores.
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Introduction
Non-indigenous species (hereafter referred to as aliens) are species that establish
outside their historical natural range. Some aliens have the potential to spread and
become invasive, and can be detrimental to the environment. Few, if any habitats
remain free of their influence and they have resulted in an unprecedented alteration in
the distribution of the earth’s biota (Mack et al. 2000), with serious consequences for
ecological, economic, and social systems (Davis et al. 2000). Consequently biological
invasions have been considered the second largest cause of the loss of biodiversity
following habitat loss (Vitousek et al. 1997), with small isolated areas such as oceanic
islands being particularly vulnerable (Leeuwen et al. 2005). Lonsdale (1999) estimates
that islands possess 2.6 times as many alien plant species as mainland sites of similar
native diversity, a statistic which is particularly worrying given that island ecosystems
typically support unique biotic communities rich in endemic taxa (Whittaker &
Fernandez-Palacios 2007). It is therefore increasingly crucial to understand the impacts
of biological invasions, particularly on oceanic islands.
Invaders can have ecosystem-level effects through the alteration of the flow of
energy or biomass by changing food web structure (Lopezaraiza-Mikel et al. 2007;
Aizen et al. 2008). It is recognized that whether an invader establishes, and the impact
it has, is determined at least in part by the interactions between that species and the
recipient community (Mack et al. 2000). However the impact of aliens on higher
trophic levels remains one of the least studied areas of invasion biology (Bartomeus et
al. 2008).
Consequently, no one has yet designed a study to measure the impact of alien
plants on the production of insect biomass (Tallamy 2004). Given the importance of
insects in the provision of ecosystem services (Losey & Vaughan 2006) and with many
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studies linking the fitness of vertebrate predators to the quantity and quality of insect
food supplies (e.g. Oliver 1998), understanding the impact of alien species on food web
structure and insect biomass is essential if ecologists are to understand the full impact
of alien plants on natural habitats (Aizen et al. 2008).
Working in the highly invaded native laurel forest in the Azores archipelago, we
constructed quantitative food webs with the aim of quantifying the impact of alien
plants on the productivity of three trophic levels: fruits and seeds, insect herbivores and
their parasitoids. This approach contrasts with the manner in which most previous
studies have been conducted, as these focused on the impact of alien species within a
single taxonomic group (Sax et al. 2005), and on the rare occasions where communitylevel impacts were measured, considered only species number (Parker et al. 1999). A
food web approach has two particular advantages: first it provides a sampling method
that gathers data not just on species richness and abundance at multiple trophic levels,
but also provides data on the frequency of interactions between the trophic levels. This
allows calculations to be made on how productivity at one trophic level affects that at
another level. Secondly, it enables us to explore how alien plants affect food web
structure.
There are five objectives to this study: 1) To characterize the food web that
links plants, herbivores and parasitoids together and to evaluate how alien plants
integrate into the native community. Specialist enemies from alien plants are usually
missing in the exotic range and generalist herbivores are predicted to have a greater
effect on the native flora than on alien species (Enemy Release Hypothesis, reviewed
by Keane & Crawley 2002); therefore, we expect that alien plants will have fewer
herbivores than native plants; 2) To determine the impact of alien plants on species
richness, species evenness and on quantitative food web descriptors. We predict that
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native plant diversity will decrease following the invasion of alien plants and that this
will impact on diversity at higher trophic levels (Tallamy 2004). Food webs will also
become impoverished and this is likely to impact on food web descriptors (Tylianakis
et al. 2007); 3) To quantify the impact of alien plants on overall insect availability to
other trophic levels measured in terms of insect abundance and insect biomass. The
prediction here is that both insect abundance and biomass will decrease as alien plants
with few herbivores replace native plants with many herbivores (Tallamy 2004;
Carpenter & Cappuccino 2005), 4) To measure the impact of alien plants on the
variability in seed supply to higher trophic levels. We predict that as the rich native
flora is replaced by a few dominant alien plants, the temporal variability in seed supply
increases as there will be fewer plants seeding throughout the year, i.e. redundancy in
seeding phenology is reduced; 5) To predict insect biomass production under two
scenarios: the full restoration of the native laurel forest, and the total invasion of the
forest by alien plants.

Methods
Field sites
The food webs were constructed on the island of São Miguel, the largest of the nine
islands in the Azores archipelago. The Azores are characterized by a temperate oceanic
climate with moderate rainfall spread evenly throughout the year, high relative
humidity, and a small temperature range (Silva & Smith 2006). The field sites were
located in Serra da Tronqueira, a mountainous district on the east of São Miguel
(37º47’N, 25º13’W) which is densely vegetated with both native and alien flora (Ramos
1996), and part of the Special Protected Area (SPA) of Pico da Vara and Ribeira do
Guilherme.
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Native vegetation in the east of São Miguel has been cleared for pastures or
replaced by production forest of Cryptomeria japonica (Japanese red cedar), or taken
over by weeds such as Pittosporum undulatum (Australian cheesewood) on slopes
along streams up to 500 m, Hedychium gardneranum (Kahili ginger) on disturbed
ground and streams, and Clethra arborea (Lilly-of-the-valley-tree) which is scattered
widely through the remaining native forest (Ramos 1995). Silva and Smith (2006)
reported that 64% out of the 365 plant taxa on São Miguel were non-indigenous, with
relatively non-invaded patches of native forest remaining only at high altitude. These
native remnants are host to species of particular conservation interest; for example eight
trees from the original laurel forest are endemic, as is the critically endangered Azores
bullfinch, (Pyrrhula murina) (IUCN 2005).

1) The food web linking plants, herbivores and parasitoids
We sampled 35 plots within the SPA in 2006. All plots were located between 500 m
and 750 m above sea level to minimize the effect of altitude. While the level of
invasion by alien plants varied, all the plots were located in the native laurel forest or its
edges where the dominant life forms were trees and bushes. Pastures and plantations of
C. japonica were excluded since they are not part of the natural succession, along with
areas with cliffs or other hazardous features too dangerous to sample. Plots were chosen
haphazardly by walking all forest tracks and footpaths and, when the above criteria
were met, giving each site a 50% chance of being chosen; this last criteria served to
spread the transects over the study area (Fig. 3.5, supplementary material). All plots
were at least 50 m apart.
The plots were 30 m x 2 m, and were sampled by a centrally placed 30 m linear
transect in July, September and November of 2006, this period covering the fruiting
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season of most plant species (Schäffer 2002; R.H.H. unpublished data). One meter
either side of the transect line was sampled and within each transect all seeds and fruits
(henceforth referred to collectively as seeds) were collected, these data providing
quantitative plant species richness and abundance for the food webs. Each collected
seed was inspected and the presence of insect exit holes considered as evidence that an
herbivore had emerged prior to seed collection. Seeds from the same species and
transect were placed inside 1 mm micro-perforated polypropylene bags (10 cm x 15
cm). No more than 50 seeds or 30 small fruits were placed inside each bag, with all
bags inspected every four days for a period of 10 weeks. Herbivores and parasitoids
that emerged provided quantitative samples of herbivore and parasitoid species richness
and abundance. All insects were identified to species or to morphospecies by
taxonomists. Where the collection of all seeds from one species in a transect was
impractical due to their high abundance, they were subsampled and the results
extrapolated for analysis. The seeds of all abundant species (comprising more than 5%
of the total number of seeds) were dried and weighed in the laboratory.
The food webs were visualized using a program written in Mathematica 4.0
(Wolfram Research 1999). Herbivore host range was calculated as the number of plants
from which each herbivore emerged. A mean host range for the herbivores emerging
from each plot was calculated and its relationship with the proportion of alien seeds in
the plot explored using correlation analysis. The size of native and alien seeds was
compared using an one-way analysis of variance (ANOVA), to determine if changes in
insect biomass post invasion were attributable to differences in the size of native and
alien seeds.
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2) Impact of alien plants on biodiversity and food web structure
Species richness was assessed at all trophic levels for the webs from the 35 plots.
Species evenness, a measure of the relative apportionment of abundances amongst
species (Rousseau & Van Hecke 1999) was computed by dividing the Shannon index of
entropy ( H ' ) by H max so that it is contained between 0 and 1 (Pielou index) (Magurran
2004).
Food web structure was described using the following statistics: number of
trophic links, link density (average number of links per species); quantitative
connectance (proportion of possible links that are realized) and interaction evenness
(uniformity of link distribution) (Bersier et al. 2002; Tylianakis et al. 2007). Species
were classified as top, intermediate or basal according to their relative position in the
food web: Top species have prey but not consumers; intermediate species, have both
prey and consumers; basal species have consumers but not prey. While this
classification has been widely used in food web research on the analysis of food webs
with three or more trophic levels (Sugihara et al. 1989; Bersier et al. 2002; Dunne et al.
2004), they do not correspond directly to the classic “trophic levels” (plants, herbivores,
parasitoids). Here, basal species are plants, parasitoids are always top species,
herbivores can be either intermediate or top species (depending if they have parasitoids
or not). Finally, we considered a basal species any plant whose seeds were collected
even if no herbivores emerged, as this provides a more realistic picture of the
community.
The impact of alien plants on these community descriptors was assessed by
univariate General Linear Models (GLMs) using the proportion of alien seeds per site
as a covariate. The proportion of alien seeds was transformed using the modification of
the Freeman & Tukey (1950) angular (arcsine) transformation proposed by Zar (1999).
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Given that all hypotheses were formulated a priori (alien plants reduce plant and insect
adundance and diversity) and variables were inter-correlated, Bonferroni corrections
were considered inappropriate as they unjustifiably increased the chance of type II
errors (Perneger 1998). When a response variable was expected to have a non linear
response, i.e. a positive response to low invasion levels and a negative response to high
alien plant density (plant species richness and evenness, insect abundance and
biomass), a GLM was performed including the term x2 as covariate.
It is now commonly accepted that food web descriptors are to some extent
dependent on network size (Bersier & Sugihara 1997) and therefore it is important to
account for this variation when exploring the behaviour on food web descriptors on the
face on some external variable (Renner 2007). Consequently parameters based on the
quantitative food webs were included on a multivariate GLM including species richness
as a covariate as well as the proportion of alien seeds. Connectance was transformed to
its reciprocal.
Altitude was measured at the centre of each plot and the relation between
species richness, plant invasion and altitude was explored using linear regressions.

3) Impact of alien plants on insect abundance and biomass
Total insect abundance and total insect biomass were computed to assess the overall
availability of insects as prey to other trophic levels. Abundance was defined as the
total number of all insects reared; their biomass being the cumulative weight estimated
from insect length, using the body length to body mass conversion equations developed
by Sample et al. (1993). The impact of the invasion on insect abundance and biomass
was assessed by univariate GLMs using the proportion of alien seeds per site as a
covariate. Both variables were transformed as log (x+1).
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4) Impact of alien plants on the variability in seed production
The sampling periods of July, September and November correspond roughly to the
start, peak and end of the fruiting season in the native habitats in the Azores (R.H.H.,
pers obs). We compared the pattern of seed production over the fruiting season for
highly invaded plots (>95% alien seed, n = 10, Table 3.1) and for plots largely
dominated by native vegetation (< 5% alien seeds, n = 11, Table 3.1). The variability in
seed production throughout the fruiting season between native and invaded plots was
explored using a factorial ANOVA to compare the number of seeds produced (square
root transformed) in each sampling period.

5) Predicting insect biomass production under two extreme scenarios
Insect production (mg/m2) was calculated separately for the highly invaded plots and
for native plots (see above for plot status definitions). The mean insect biomass
produced by those two groups was used to estimate the production for the whole SPA
under two scenarios: 1) replacement of the native forest by alien species (>95% alien
seeds) and 2) complete recovery from the present invasion to a close to pristine
situation (<5% alien seeds). This prediction was made by extrapolating the productivity
of native and invaded plots to the total size of the SPA (6067.27 ha).

Results
1) The food web linking plants, herbivores and parasitoids
A total of 241,590 seeds and fruits were recorded, of which 23,218 (10%) were
collected for rearing. Forty six seed-producing plant species were identified in the plots.
The percentage of alien seeds per plot ranged from 0% to 100% (mean ± SE), 51.2% ±
7.2; Table 3.1. Seed herbivory was low with 1666 insects emerging from the seeds,
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yielding an infestation rate of 7.1%. Nine species of herbivores and four species of
parasitoids were reared, which were linked amongst each other and to plants by 31
unique interactions (Table 3.3, supplementary material). Space limitations preclude the
presentation of all 35 networks; instead three networks across a range of invasions are
presented in Figure 3.1. There was a significant positive correlation between the level
of invasion (% alien seeds) and the mean host range of the herbivores reared in each
plot (r = 0.43, N = 33, p = 0.014). There was no significant difference in size between
native and alien seeds (ANOVA, F = 1.58, p = 0.214).

2) Impact of alien plants on biodiversity and food web structure
There was a significant negative relationship between the percentage of alien plants and
total species richness, number of plant species, and number of top species (Table 3.2).
With respect to plants, adding a second level polynomial covariate considerably
increased the fit of the data (Fig. 3.2; Table 3.2). Because only seven out of the 35 webs
had intermediate species, the richness of intermediate species did not met the
assumptions of parametric statistics even after transformations been applied and they
were excluded from the analysis.
In two of the highly invaded plots H. gardneranum was the only species whose
fruits were collected, thereby making evenness impossible to compute (Table 3.1). Here
we considered the evenness of these plots to be equal to the lowest evenness detected this is because our methodology is likely to have missed rare plants which would have
made evenness possible to compute and very low. Species evenness decreased with the
proportion of alien seeds, although this result was only significant after including a
quadratic term in the model (Table 3.2). After controlling for the effect of food web
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size, none of the four food web descriptors were significantly affected by the proportion
of alien seeds (Table 3.2).
Despite the fact that all plots were located within a small altitudinal range (500750 m), species richness was positively correlated with altitude (radj = 0.334, F1,33 =
18.05, p < 0.001). This pattern was probably a consequence of the negative relationship
between altitude and the fraction of alien seeds (radj = 0.557, F1,33 = 43.73, p <0.001).

3) Impact of alien plants on insect abundance and biomass
Whilst insect abundance was not significantly affected by plant invasion (Fig. 3.3a;
Table 3.2), insect biomass was significantly reduced, with a quadratic term improving
the fit of the model (Fig. 3.3b; Table 3.2). Biomass decreased as the larger herbivores
on native plants (e.g. Lepidoptera) were replaced by similar numbers of smaller
herbivores, predominantly midges (Diptera: Cecidomidae), on the alien plants (Table
3.3, supplementary material).

4) Impact of alien plants on the variability in seed production
The number of seeds produced was significantly affected by the level of invasion (F1, 57
= 9.94, p = 0.003) and the sampling period (F2, 57 = 12.77, p < 0.001). There was
significant interaction between these two variables (F2, 57 = 13.42, p <0.001). Native
plots produced similar number of seeds troughout the year, while highly invaded plots
produced significantly fewer seeds in July and September (Tukey test , p < 0.018, Fig.
3.4).
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5) Predicting insect biomass production under two extreme scenarios
In total 6600 mg of insects emerged from the 35 sampled plots and we estimate that the
current productivity of the SPA, from July to November, is 191 kg of seed feeding
herbivores and parasitoids. Hereafter we refer to this productivity as insect biomass per
year, as few insects will emerge during winter (the Azorean winter usually ends in
May).
Plots that had less than 5% of alien seeds (n = 11) produced on average 6.3 mg
of insect biomass/m2, whilst plots with more than 95% of alien seeds (n = 10) produced
2.1 mg/m2. Extrapolating from these values to the total area of the SPA we estimate
that: If public and private habitat restoration efforts are successful and the whole area is
restored to native laurel forest (< 5% alien seeds) the area will produce 392 kg of
insects/year, which represents double the current biomass. Alternatively, if
conservation efforts fail and the remaining native fragments are invaded and replaced
by alien flora (>95% alien seeds), the insect production capacity of the SPA will fall by
33% (or 67% relatively to the pristine native forest prediction) to 128 kg of insect
biomass/year.

Discussion
The high level of plant invasion into the SPA highlights the fragile conservation status
of the last remaining fragment of native forest on the island of São Miguel. Species
richness of plants and insects declined with the level of plant invasion while insect
abundance was not significantly affected. There was, however, a significant decrease in
insect biomass, which is sufficient to cause a 33% decrease in insect productivity
should the SPA be taken over completely by alien plants. Here we discuss the
limitations of the study and evaluate the impact of alien plants on the native plant50
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herbivore-parasitoid community with respect to our original predictions. We end by
considering the use of food webs as a tool in conservation ecology.

Limitations
Our methods may have missed spatially or temporally rare interactions, a problem
common to all food webs. However any bias will have affected all the plots equally and
so is unlikely to have influenced our analysis. Only a small part of the herbivore
community was considered in this study. Working with a broader taxonomical range of
species would probably lead to a greater understanding of the real impact of alien plants
and the underlying processes.
Obviously we can only explore the impact of the alien plants present in our
study sites and it is impossible to make generalizations about the impacts of alien plants
in other habitats. Global patterns in the impact of alien species will become evident
once more studies documenting their community wide impact are published and a
meta-analysis can be conducted.

1) The food web linking plants, herbivores and parasitoids
As expected by virtue of its insularity (Gillespie & Roderick 2002), the insect
community of the laurel forest was relatively simple when compared with similar
studies on continents (e.g. Fonseca et al. 2005). On average, herbivores reared from
alien dominated plots were more generalized than those reared from native plots. This
result has been reported in other studies from invaded habitats, for example Carpenter
& Cappuccino (2005) working on herbivory and Lopezaraiza et al. (2007) working on
pollination. There was no significant difference in the weight of alien and native seeds
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and consequently we can rule out the possibility that the reduction in herbivore biomass
was due to the alien plants having smaller seeds.

2) Impact of alien plants on biodiversity and food web structure
As expected, the invasion reduced an originally diverse native forest to a depauperate
vegetation dominated by one or few alien species. The good fit of a quadratic function
to the species richness data presumably emerges from the delay between the arrival of
alien plants and their first negative consequences. As can be seen on Table 3.1, there is
an initial increase in species richness followed by a sharp decrease and consequently
more species are present at intermediate levels of invasion. As stressed by Parker et al.
(1999): “all invasions by one or more species at least initially increase the number of
species in the community”.
We found a reduced evenness in invaded areas when compared to the native
forest, with the rich community of the native laurel forest replaced to a great extent by
four highly competitive species: H. gardneranum, C. arborea, P. undulatum and L.
formosa. The decrease in the evenness of the floral community is an important result
that impacts on other trophic levels, particularly by increasing the variability in seed
production (see section 4).
Biological invasions have the potential to disrupt the complex web of
interactions between organisms. However when controlling for food web size (number
of species in the web), the number of links, link density, connectance and interaction
evenness were not significantly affected by the proportion of alien seeds (Table 3.2).
Connectance is a central and by far the widest used food web index and can give us
some insights of the degree of specialization of a group of interacting species, thus
generalist species will tend to inflate connectance and specialist species will have the
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opposite effect. In our data, connectance was higher on invaded sites as specialist
herbivores on native plants were replaced by more generalist species that could
incorporate alien plants in their diet, however this increase was strongly associated with
food web size rather than the level of invasion. This result suggests that alien plants
reduce species richness and thereby food web size, which in turn affects food web
descriptors. To unambiguously determine the impact of alien plants on food web
structure a less degraded system may be needed as here their effect is confounded by
their impact on food web size. However, system degradation is almost certainly a
widespread effect of alien plants and so the results reported here are probably very
typical.
The positive relationship found between species richness and altitude is contrary
to one of the most well established generalizations in ecology (i.e. species richness
tends to decrease with altitude) (MacArthur 1972). In the Azores alien plants inverted
this pattern by reducing species richness at low altitudes where the invasion level was
stronger. This is a counter intuitive pattern driven by many species being restricted to
the native forest which now exists only at higher altitudes.

3) Impact of alien plants on insect abundance and biomass
The importance of insects in maintaining ecosystem function is unquestionable. Here
we found that insect abundance was unaffected by the replacement of native vegetation
by more competitive alien species. This result was mainly driven by the increase of
some very small generalist species, particularly herbivorous Diptera from the genus
Trisopsis sp. (Cecidomidae) (see Table 3.3 on supplementary material) feeding on alien
plants, which replaced the larger native specialists feeding on the native seeds. For
example I. perado fruits were preyed upon by the endemic moth Argyresthia
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atlanticella while seeds of the invasive C. arborea and H. gardneranum were preyed
almost exclusively by Trisopsis sp. However, while insect abundance remained
unaffected by invasion, insect diversity was significantly reduced constraining the
range of species available for foraging predators. Moreover, insects emerging
predominantly in the late autumn are unlikely to be useful for insectivorous predators
that lost their usual food sources during the breeding season. Given that all insects are
not equally useful as prey, insect biomass is likely to provide a more meaningful picture
of the impact of alien plants on higher trophic levels (Saint-Germain et al. 2007); in this
study we found a strong negative relationship between insect biomass and alien plant
invasion.
The depletion of insect biomass in invaded areas is likely to have consequences
that will cascade through the food web to the community and ecosystem levels via the
loss of high quality food sources for insectivores such as spiders, birds, mammals and
amphibians. Birds, along with the endemic bat, Nyctalus azoreum (IUCN 2000), are
probably especially vulnerable given that insect biomass is crucial at least during the
breeding season (Oliver 1998).

4) Impact of alien plants on the variability in seed production
The pattern of seed production throughout the year was different in alien and native
dominated plots. Native plots, by virtue of their higher floral diversity produced seeds
throughout the seeding season (July to November). Highly invaded plots were
dominated by a few species and therefore seed production was highly variable in time
(Fig. 3.4). This was particularly obvious in the highly invaded plots with seed
production being very low on July and September and high in November. This could
lead to gaps in the food supply and ultimately lead to the local extinction of consumers.

54

Chapter 3 – The impact of plant invasions

Interactions between alien plants and native species can be complex. For
example the invasive plant C. arborea is an important resource for the Azores bullfinch
in winter when other native foods are less abundant (Ramos 1996), but at high densities
C. arborea outcompetes the native species that are important resources for this bird
during the rest of the year (e.g. Ilex perado, Prunus lusitanica, Vaccinium
cylindraceum).

5) Predicting insect biomass production under two extreme scenarios
Our predictions for overall insect productivity (insect biomass) inside the SPA under
the two scenarios of total recovery and total invasion on the laurel forest were 392 kg
and 128 kg respectively. Although these results are estimates based on extrapolations,
the difference between the two scenarios is sufficiently large to be highly informative
for ecosystem managers. Thus, the worst case scenario suggests that, in addiction to the
decrease in insect biodiversity (section 1), 67% of the insect biomass in seed-predation
webs will be lost if the remaining native forest is replaced by alien vegetation.

Concluding remarks
Alien plant invasion simplified the structure of the laurel forest replacing it with an
impoverished and homogenized flora. In particular, the homogenization of plant
structure and the loss of insect biomass are likely to have far-reaching negative
consequences for ecosystem stability.
Food webs have been traditionally used in pure rather than applied research,
although more recently they have started to be used to frame important questions in
conservation. Ecological networks have already proved useful when framing
hypotheses about the impact of biological invasions (e.g. Aizen et al. 2008; Bartomeus
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et al. 2008). Other areas were food webs have been successfully used include the safety
of biological control agents (e.g. Carvalheiro et al. 2008); the impact of habitat
degradation (e.g. Tylianakis et al. 2007) and the effectiveness of habitat restoration (e.g.
Forup et al. 2008). Using food webs as a tool in applied ecology would work to the
advantage of both pure and applied ecologists. For example, if field sites host alien
plants there will be little or no resistance from other parties to testing the impact of their
removal on network structure and robustness, thus allowing theoreticians to test their
models against field data. Moreover, this approach would provide conservation
biologists with predictions concerning the community level effect of removing alien
species, a hitherto unattainable goal.
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Tables and figures

Table 3.1. Descriptive statistics for the 35 plots, ordered according to their proportion
of alien seeds. Total, top and basal are respectively the total number of species, the
number of species with prey but not predators and the number of species with predators
but no prey. (E = species evenness, L = number of links, LD = link density, C =
quantitative connectance, IE = interaction evenness).
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Plot
code

58

5
6
33
4
25
7
3
8
16
9
10
11
30
15
31
12
1
32
14
26
23
24
27
13
20
21
2
22
17
18
19
28
29
34
35

Altitude
(m)

Main habitat

590
680
740
660
590
640
640
740
740
740
690
720
660
740
680
640
540
690
630
680
610
630
670
640
550
560
550
550
510
540
540
500
500
530
550

Recovering native forest
Old recovering landslide
Native forest
Invaded native forest
Native forest
Native forest
Native forest
Native forest
Native forest
Native forest
Native forest
Native forest
Native forest
Native forest
Native forest
Native forest
Invaded landslide
Native forest
Native forest
Highly Invaded Forest edge
Native forest
Native forest
Highly Invaded Forest edge
Invaded native forest
Highly Invaded Forest edge
Invaded forest
Invaded landslide
Invaded forest
Highly Invaded Forest edge
Highly Invaded Forest edge
Highly Invaded Forest edge
Highly Invaded Forest edge
Invaded forest
Highly invaded disturbed ground
Highly invaded disturbed ground

no. alien
plant
species
0
2
2
4
2
2
3
1
2
2
3
2
2
2
3
1
5
2
2
3
2
3
3
1
8
2
4
1
2
1
1
2
1
1
1

% alien
seeds
0.0
0.4
0.8
1.0
1.1
1.7
1.9
2.0
2.1
2.7
4.7
5.2
10.7
16.7
24.4
49.7
52.2
58.0
62.8
71.5
78.9
83.9
87.4
87.8
89.4
95.1
99.8
99.9
100.0
100.0
100.0
100.0
100.0
100.0
100.0

Species richness
Total
14
17
10
15
14
20
19
12
14
16
15
17
13
12
13
11
14
18
11
8
10
13
7
7
16
11
8
4
5
4
1
4
3
2
1

Top
4
3
2
2
3
5
4
3
2
4
2
6
3
2
3
3
3
4
3
1
1
2
1
2
3
3
1
1
3
3
0
2
2
1
0

Basal
10
14
8
13
10
14
15
9
12
12
12
11
10
9
10
8
11
13
8
7
9
11
6
5
12
7
7
3
2
1
1
2
1
1
1

E
0.43
0.36
0.44
0.43
0.37
0.64
0.32
0.71
0.73
0.67
0.38
0.64
0.63
0.87
0.76
0.40
0.49
0.57
0.45
0.71
0.49
0.35
0.63
0.25
0.63
0.28
0.35
0.40
0.37
0.41
0.27
0.71
0.63
0.27
0.27

Food web statistics
L
5
3
2
2
5
7
7
3
5
6
6
7
6
5
6
3
3
8
4
3
4
4
2
2
5
5
1
1
3
3
0
3
2
1
0

LD
1.50
1.34
1.25
1.00
1.01
1.28
1.40
1.00
1.61
1.87
1.17
1.21
2.06
1.14
1.46
1.00
1.00
1.51
1.00
1.55
1.99
1.16
1.38
1.00
1.15
1.12
1.00
1.00
1.87
1.87
0.00
1.41
1.46
1.00
0.00

C
0.11
0.08
0.13
0.07
0.07
0.06
0.07
0.08
0.12
0.12
0.08
0.07
0.16
0.10
0.11
0.09
0.07
0.08
0.09
0.19
0.20
0.09
0.20
0.14
0.07
0.10
0.13
0.25
0.38
0.47
0.00
0.35
0.49
0.50
0.00

Insect

IE Abundance Biomass (mg)
0.44
2026
39.5
0.80
89
73.5
0.59
2395
1583.5
1.00
54
72.9
0.24
4024
93.8
0.69
154
92.8
0.68
653
702.6
0.60
746
748.5
0.75
30
7.2
0.69
634
600.2
0.31
1422
140.6
0.74
988
731.8
0.75
99
1.8
0.73
192
158.0
0.67
256
36.9
0.04
414
7.6
0.53
59
78.8
0.49
1633
106.2
0.52
1228
22.5
0.67
175
3.2
0.79
313
5.7
0.28
1608
29.5
0.82
237
4.3
0.52
43
0.8
0.40
105
8.0
0.21
2112
39.2
0.00
36
0.7
0.00
2410
44.2
0.92
902
496.5
0.91
707
226.3
0
0.0
0.65
5803
294.9
0.94
476
170.4
0.00
79
1.5
0
0.0
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Table 3.2. The relationships between the percentage of alien seeds per plot (after angular
transformation) and biodiversity and food web response variables. Significant results are
shown in bold.

Relationship

R (adj.)

df

F

P

Total number of species

Linear

0.630

1,33

59.00

< 0.001

Number of top species

Linear

0.293

1,33

15.07

< 0.001

linear

0.638

1,33

60.94

< 0.001

quadratic

0.733

2,32

47.74

< 0.001

linear

0.070

1,33

3.56

0.068

quadratic

0.125

2,32

3.42

0.045

linear

0.012

1,33

1.42

0.241

quadratic

-0.014

2,32

0.76

0.477

linear

0.168

1,33

7.85

0.008

quadratic

0.193

2,32

5.07

0.012

Number of links

0.517

1,27

2.21

0.149

Link density

-0.028

1,27

0.00

0.964

Connectance (inv)

0.744

1,27

0.00

0.951

Interaction evenness

0.029

1,27

1.16

0.290

a) Biodiversity

Number of plant species
Species evenness
Insect abundance (log x+1)

statistics

Insect biomass (log x+1)
b) Food web

2

Response
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a) Native plot (4.7% aliens seeds)
Parasitoids

Herbivores

Seeds

b) Partially invaded plot (49.7% alien seeds)
Parasitoids

Herbivores

Seeds

c) Highly invaded plot (99.8% alien seeds)
Parasitoids

Herbivores

Seeds
500S

50H

5P

Figure 3.1. Quantitative food webs from three plots with different levels of infestation: (a) native
laurel forest, (b) partially invaded plot and (c) highly invaded plot. Seeds are on the bottom,
herbivores in the middle and parasitoids on top. Each bar represents a species, and its width
represents its relative abundance among all individuals sampled. The area of the triangles
connecting trophic levels represents the relative numbers of the upper species attacking the lower
species. Native plants are in black and alien species in grey and the webs shown in (a), (b) and
(c), represent plots 10, 12 and 2 respectively (Table 3.3, supplementary material).
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Basal species richness (no. species/plot)

15

10

5

0
0

15
30
45
60
75
Proportion of alien seeds (angular transformation)

90

Figure 3.2. Relationship between basal species richness (plants) and the proportion of
alien seeds. Lines represent linear and quadratic models with best fit.
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a)
Insect abundance (ind./plot) (log X+1)

4

3

2

1

0
0

15
30
45
60
75
Proportion of alien seeds (angular transformation)

90

b)

Insect biomass (mg/plot) (log X+1)

4

3

2

1

0
0

15
30
45
60
75
Proportion of alien seeds (angular transformation)

90

Figure 3.3. Relationships between (a) Log insect abundance and (b) Log insect biomass and
the proportion of alien plants. Lines represent the linear and quadratic model with best fit.
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native

3

seeds x10 3
no.No.
of ofseeds
x10

10
alien
5

0
July

September

November

Figure 3.4. Seeding phenology of native dominated plots (<5% alien seeds; n=11) and
highly invaded plots (>95% alien seeds; n=10) for the three sampling periods. Each bar
represents the mean number of seeds produced per plot and its standard deviation.
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Supplementary material

Figure 3.5. Location of sampling plots within the island of São Miguel.
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(Table 3.3 cont.)
Table 3.3. Geographical coordinates (latitude, longitude), species composition, including information on species status and abundance, and list
of all plant-herbivore-parasitoid interactions for each plot. The type of the interaction is described as seed-herbivore (S-H) or herbivoreparasitoid (H-P). The categories for column status (St.) are: (following Borges et al., 2005) native (n), introduced (i), endemic do the Azores
(E), endemic to the Macaronesia (M) and doubtful (d). The column frequency (Freq.) refers to the number of seed units (per plant species) or
the number of individuals (per insect species).

Plot
1

type
S-H
S-H

65

S-H

2
S-H

3
S-H
S-H

Host species
37º 48' 27.540'' N, 25º 09' 49.436'' W
Erigeron karvinskianus DC.
Leycesteria formosa Wall.
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Kyllinga brevifolia Rottb.
Calluna vulgaris (L.) Hull
Juncus effusus L.
Luzula multiflora (Retz) Lej.
Luzula purpureosplendens Seub.
Fragaria vesca L.
Rubus ulmifolius Schott
Hedychium gardneranum Sheppard ex KerGawl.
37º 48' 30.290'' N, 25º 09' 48.445'' W
Leycesteria formosa Wall.
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Luzula multiflora (Retz) Lej.
Lysimachia azorica Hornem. ex Hook.
Ranunculus repens L.
Rubus ulmifolius Schott
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 41.164'' N, 25º 11' 07.673'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin

Family

St.

Freq.

Consumer species

Family

St.

Freq.

Asteraceae
Caprifoliaceae
Cyperaceae

i
i
M

46
906
10

Scaptomyza impunctata (Frey, 1945)
Epiphyas postvittana (Walker, 1863)

Drosophilidae
Tortricidae

E
i

1
12

Cyperaceae
Ericaceae
Juncaceae
Juncaceae
Juncaceae
Rosaceae
Rosaceae
Zingiberaceae

i
n
n
d
E
d
i
i

10
804
55
22
5
21
7
33

Coleophora sp.

Coleophoridae

?

46

Caprifoliaceae
Cyperaceae

i
M

2942
5

Trisopsis sp.

Cecidomyiidae

?

36

Juncaceae
Primulaceae
Ranunculaceae
Rosaceae
Zingiberaceae

d
E
i
i
i

1
3
3
14
1695

Aquifoliaceae
Aquifoliaceae

E
E

454

Rhopobota naevana (Hübner, 1817)
Scaptomyza impunctata (Frey, 1945)

Tortricidae
Drosophilidae

i
E

119
60
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Plot

type
S-H
S-H
S-H

S-H

4

66

S-H

S-H

S-H
5
S-H
S-H
S-H

Host species
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Juniperus brevifolia (Seub.) Antoine
Carex divulsa Stokes spp. divulsa
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Carex vulcani Hochst. ex Seub.
Vaccinium cylindraceum Sm.
Luzula purpureosplendens Seub.
Laurus azorica (Seub.) Franco
Myrsine africana L.
Persicaria capitata (Buch. Ham. Ex D. Don) H.
Gross
Lysimachia azorica Hornem. ex Hook.
Rubus ulmifolius Schott
Duchesnea indica (Andr.) Focke
Scrophularia auriculata L.
37º 47' 43.086'' N, 25º 11' 05.678'' W
Ilex azorica Ainton ssp. azorica (Loes) Tutin
Sonchus asper (L.) Hill
Conyza bonariensis (L.) Cronquist
Leycesteria formosa Wall.
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Vaccinium cylindraceum Sm.
Hypericum humifusum L.
Luzula purpureosplendens Seub.
Laurus azorica (Seub.) Franco
Myrsine africana L.
Persicaria capitata (Buch. Ham. Ex D. Don) H.
Gross
Lysimachia azorica Hornem. ex Hook.
Scrophularia auriculata L.
37º 47' 52.708'' N, 25º 10' 09.367'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin
Juniperus brevifolia (Seub.) Antoine
Carex vulcani Hochst. ex Seub.

Family
Caprifoliaceae
Caprifoliaceae
Cupressaceae
Cyperaceae
Cyperaceae

St.
E
E
E
n
M

Freq.
3757

Cyperaceae
Ericaceae
Juncaceae
Lauraceae
Myrsinaceae
Polygonaceae

E
E
E
n
n
i

18
126
7
351
25
447

Primulaceae
Rosaceae
Rosaceae
Scrophulariaceae

E
i
i
n

176
2
3
48

Aquifoliaceae
Asteraceae
Asteraceae
Caprifoliaceae
Caprifoliaceae
Ericaceae
Hypericaceae
Juncaceae
Lauraceae
Myrsinaceae
Polygonaceae

E
i
i
i
E
E
n
E
n
n
i

330
10
38
22
2515
32
15
3
32
33
31

Primulaceae
Scrophulariaceae

E
n

1384
6239

Aquifoliaceae
Aquifoliaceae
Cupressaceae
Cyperaceae

E
E
E
E

20

18250
5
6

5695
8

Consumer species
Acleris schalleriana (Linnaeus, 1761)
unidentified herbivore
unidentified herbivore

Family
Tortricidae
?
?

St.
n
?
?

Freq.
30
60
365

Scaptomyza impunctata (Frey, 1945)

Drosophilidae

E

17
2

Rhopobota naevana (Hübner, 1817)

Tortricidae

i

28

Acleris schalleriana (Linnaeus, 1761)

Tortricidae

n

26

Scaptomyza impunctata (Frey, 1945)
unidentified herbivore
Trisopsis sp.

Drosophilidae
?
Cecidomyiidae

E
?
?

2
1
1088

(Table 3.3 cont.)
Plot

type

S-H
S-H

6
S-H
S-H
S-H

67
7
S-H
S-H
S-H
S-H
S-H
S-H

S-H

Host species
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Vaccinium cylindraceum Sm.
Calluna vulgaris (L.) Hull
Luzula purpureosplendens Seub.
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Potentilla erecta (L.) Räusch
37º 47' 42.089'' N, 25º 10' 53.811'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Carex divulsa Stokes spp. divulsa
Carex vulcani Hochst. ex Seub.
Vaccinium cylindraceum Sm.
Calluna vulgaris (L.) Hull
Luzula purpureosplendens Seub.
Laurus azorica (Seub.) Franco
Myrsine africana L.
Bromus catharticus Vahl
Lysimachia azorica Hornem. ex Hook.
Rubus ulmifolius Schott
Potentilla erecta (L.) Räusch
37º 47' 47.300'' N, 25º 11' 04.652'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin
Sonchus asper (L.) Hill
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Juniperus brevifolia (Seub.) Antoine
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Carex vulcani Hochst. ex Seub.
Carex divulsa Stokes spp. divulsa
Vaccinium cylindraceum Sm.

Family
Cyperaceae

St.
M

Freq.
22

Consumer species

Family

St.

Freq.

Ericaceae
Ericaceae
Juncaceae
Myrsinaceae
Primulaceae
Rosaceae

E
n
E
n
E
n

17
2614
5
161
57
21

Epiphyas postvittana (Walker, 1863)
Trisopsis sp.

Tortricidae
Cecidomyiidae

i
?

1
934

Aquifoliaceae
Aquifoliaceae
Caprifoliaceae
Cyperaceae

E
E
E
M

155

Scaptomyza impunctata (Frey, 1945)
Rhopobota naevana (Hübner, 1817)
Acleris schalleriana (Linnaeus, 1761)

Drosophilidae
Tortricidae
Tortricidae

E
i
n

58
20
11

Cyperaceae
Cyperaceae
Ericaceae
Ericaceae
Juncaceae
Lauraceae
Myrsinaceae
Poaceae
Primulaceae
Rosaceae
Rosaceae

n
E
E
n
E
n
n
i
E
i
n

12
24
29
473
2
3
34
11
80
5
36

Aquifoliaceae
Aquifoliaceae
Asteraceae
Caprifoliaceae
Caprifoliaceae
Cupressaceae
Cyperaceae

E
E
i
E
E
E
M

130

Scaptomyza impunctata (Frey, 1945)
Rhopobota naevana (Hübner, 1817)

Drosophilidae
Tortricidae

E
i

29
27

Acleris schalleriana (Linnaeus, 1761)
Trisopsis sp.
Trisopsis sp.

Tortricidae
Cecidomyiidae
Cecidomyiidae

n
?
?

1
3
60

Cyperaceae
Cyperaceae
Ericaceae

E
n
E

108
226
71

unidentified herbivore

?

?

2

2932
11

6
1179
141
3

(Table 3.3 cont.)
Plot

type

H-P
8
S-H
S-H
S-H

68

9
S-H
S-H
S-H
S-H
S-H
S-H

10
S-H
S-H

Host species
Luzula purpureosplendens Seub.
Laurus azorica (Seub.) Franco
Myrsine africana L.
Bromus catharticus Vahl
Festuca jubata Lowe
Lysimachia azorica Hornem. ex Hook.
Rhopobota naevana (Hübner, 1817)
37º 47' 30.044'' N, 25º 12' 07.604'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Vaccinium cylindraceum Sm.
Calluna vulgaris (L.) Hull
Myrsine africana L.
Festuca jubata Lowe
Lysimachia azorica Hornem. ex Hook.
37º 47' 31.726'' N, 25º 12' 05.923'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Carex vulcani Hochst. ex Seub.
Calluna vulgaris (L.) Hull
Vaccinium cylindraceum Sm.
Luzula purpureosplendens Seub.
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Rubus ulmifolius Schott
37º 47' 32.470'' N, 25º 12' 01.394'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.

Family
Juncaceae
Lauraceae
Myrsinaceae
Poaceae
Poaceae
Primulaceae
Tortricidae

St.
E
n
n
i
M
E
i

Freq.
2
63
79
31
62
71
27

Consumer species

Family

St.

Freq.

Campoplex faunus Gravenhorst, 1829

Ichneumonidae

?

5

Aquifoliaceae
Caprifoliaceae
Clethraceae
Cupressaceae
Ericaceae
Ericaceae
Myrsinaceae
Poaceae
Primulaceae

E
E
i
E
E
n
n
M
E

1826
1394
127
1416
46
1518
59
1
1

Rhopobota naevana (Hübner, 1817)
Acleris schalleriana (Linnaeus, 1761)

Tortricidae
Tortricidae

i
n

538
14

Trisopsis sp.

Cecidomyiidae

?

194

Aquifoliaceae
Aquifoliaceae
Aquifoliaceae
Caprifoliaceae
Clethraceae
Cupressaceae
Cyperaceae

E
E
E
E
i
E
M

949

Scaptomyza impunctata (Frey, 1945)
Acleris schalleriana (Linnaeus, 1761)
Rhopobota naevana (Hübner, 1817)
Trisopsis sp.
Trisopsis sp.
Trisopsis sp.

Drosophilidae
Tortricidae
Tortricidae
Cecidomyiidae
Cecidomyiidae
Cecidomyiidae

E
n
i
?
?
?

255
86
255
11
10
17

Cyperaceae
Ericaceae
Ericaceae
Juncaceae
Myrsinaceae
Primulaceae
Rosaceae

E
n
E
E
n
E
i

212
7
78
1
5
1091
6

Aquifoliaceae
Caprifoliaceae

E
E

104
654

Rhopobota naevana (Hübner, 1817)
Trisopsis sp.

Tortricidae
Cecidomyiidae

i
?

57
10

1411
99
66
10

(Table 3.3 cont.)
Plot

type
S-H
S-H

S-H

H-P

11
S-H
S-H

69

S-H
S-H
S-H

S-H
S-H

12
S-H

S-H
S-H

13

Host species
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Vaccinium cylindraceum Sm.
Calluna vulgaris (L.) Hull
Hypericum humifusum L.
Luzula multiflora (Retz) Lej.
Myrsine africana L.
Rubus ulmifolius Schott
Rhopobota naevana (Hübner, 1817)
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 34.153'' N, 25º 11' 59.714'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin
Leycesteria formosa Wall.
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex divulsa Stokes spp. divulsa
Calluna vulgaris (L.) Hull
Vaccinium cylindraceum Sm.
Juncus effusus L.
Myrsine africana L.
Frangula azorica V. Grubov
37º 47' 22.929'' N, 25º 11' 49.223'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex vulcani Hochst. ex Seub.
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Prunus lusitanica L. spp. azorica (Mouillef.)
Franco
37º 47' 23.219'' N, 25º 11' 46.858'' W

Family
Clethraceae
Cupressaceae
Cyperaceae

St.
i
E
M

Freq.
320
8646
2

Ericaceae
Ericaceae
Hypericaceae
Juncaceae
Myrsinaceae
Rosaceae
Tortricidae
Zingiberaceae

E
n
n
d
n
i
i
i

94
104
9
5
169
129
57
36

Aquifoliaceae
Aquifoliaceae
Caprifoliaceae
Caprifoliaceae
Clethraceae
Cupressaceae
Cyperaceae
Ericaceae
Ericaceae
Juncaceae
Myrsinaceae
Rhamnaceae

E
E
i
E
i
E
n
n
E
n
n
E

2118

Aquifoliaceae
Caprifoliaceae
Clethraceae
Cupressaceae
Cyperaceae
Myrsinaceae
Primulaceae
Rosaceae

E
E
i
E
E
n
E
E

10
59
5134
4945
16
62
97
6

24
2213
356
2274
11
88
129
36
47
34

Consumer species
Trisopsis sp.
Trisopsis sp.

Family
Cecidomyiidae
Cecidomyiidae

St.
?
?

Freq.
48
1221

Trisopsis sp.

Cecidomyiidae

?

30

Campoplex faunus Gravenhorst, 1829

Ichneumonidae

?

28

Scaptomyza impunctata (Frey, 1945)
Rhopobota naevana (Hübner, 1817)

Drosophilidae
Tortricidae

E
i

193
193

Acleris schalleriana (Linnaeus, 1761)
Trisopsis sp.
unidentified herbivore

Tortricidae
Cecidomyiidae
?

n
?
?

36
137
423

Epiphyas postvittana (Walker, 1863)
Trisopsis sp.

Tortricidae
Cecidomyiidae

i
?

1
5

unidentified herbivore

?

?

2

unidentified herbivore

?

?

411

Trisopsis sp.

Cecidomyiidae

?

1

(Table 3.3 cont.)
Plot

type
S-H
S-H

14
S-H
S-H
S-H

S-H
15

70

S-H

S-H
S-H
S-H

H-P
16
S-H

S-H

Host species
Ilex perado Ainton ssp. azorica (Loes) Tutin
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex vulcani Hochst. ex Seub.
Lysimachia azorica Hornem. ex Hook.
37º 47' 24.064'' N, 25º 11' 43.660'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Vaccinium cylindraceum Sm.
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Prunus lusitanica L. spp. azorica (Mouillef.)
Franco
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 13.560'' N, 25º 10' 39.545'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Leontondon rigens (Dryand.) Paiva &
Ormonde
Leycesteria formosa Wall.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Calluna vulgaris (L.) Hull
Luzula purpureosplendens Seub.
Potentilla erecta (L.) Räusch
Rhopobota naevana (Hübner, 1817)
37º 47' 11.387'' N, 25º 10' 35.806'' W
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex vulcani Hochst. ex Seub.
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Carex otrubae Podp.
Calluna vulgaris (L.) Hull

Family
Aquifoliaceae
Clethraceae
Cupressaceae
Cyperaceae
Primulaceae

St.
E
i
E
E
E

Freq.
5
2126
283
5
2

Consumer species
unidentified herbivore

Family
?

St.
?

Freq.
5

unidentified herbivore

?

?

38

Aquifoliaceae
Clethraceae
Cupressaceae
Ericaceae
Myrsinaceae
Primulaceae
Rosaceae

E
i
E
E
n
E
E

91
7035
3976
72
2
30
2

unidentified herbivore
Trisopsis sp.
unidentified herbivore

?
Cecidomyiidae
?

?
?
?

21
402
804

Zingiberaceae

i

3

Trisopsis sp.

Cecidomyiidae

?

1

Aquifoliaceae
Asteraceae

E
E

116
7

Rhopobota naevana (Hübner, 1817)

Tortricidae

i

57

Caprifoliaceae
Clethraceae
Cupressaceae
Cyperaceae

i
i
E
M

100
70
117
171

Trisopsis sp.
Trisopsis sp.
Trisopsis sp.

Cecidomyiidae
Cecidomyiidae
Cecidomyiidae

?
?
?

3
9
9

Ericaceae
Juncaceae
Rosaceae
Tortricidae

n
E
n
i

305
1
131
57

Campoplex faunus Gravenhorst, 1829

Ichneumonidae

?

57

Clethraceae
Cupressaceae
Cyperaceae
Cyperaceae

i
E
E
M

6
83
3
7

Trisopsis sp.

Cecidomyiidae

?

7

Cyperaceae
Ericaceae

n
n

243
192

Trisopsis sp.

Cecidomyiidae

?

16

(Table 3.3 cont.)
Plot

type
S-H
S-H
S-H

17
S-H
S-H
S-H
18
S-H
S-H

71

S-H
19

20
S-H

S-H

H-P
S-H

Host species
Hiperycum foliosum Aiton
Juncus effusus L.
Laurus azorica (Seub.) Franco
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Rubus ulmifolius Schott
37º 48' 46.483'' N, 25º 09' 43.532'' W
Pittosporum undulatum Vent
Hedychium gardneranum Sheppard ex KerGawl.
Hedychium gardneranum Sheppard ex KerGawl.
Hedychium gardneranum Sheppard ex KerGawl.
37º 48' 13.768'' N, 25º 09' 42.703'' W
Hedychium gardneranum Sheppard ex KerGawl.
Hedychium gardneranum Sheppard ex KerGawl.
Hedychium gardneranum Sheppard ex KerGawl.
37º 48' 10.782'' N, 25º 09' 44.213'' W
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 58.045'' N, 25º 09' 36.019'' W
Sonchus tenerrimus L.
Leycesteria formosa Wall.
Kyllinga brevifolia Rottb.
Trifolium repens L.
Centaurium sciloides (L. fil.) Samp.
Prunella vulgaris L.
Epilobium parviflorum Schreb.
Paspalum dilatatum Poir.
Lysimachia azorica Hornem. ex Hook.
Ranunculus repens L.
Duchesnea indica (Andr.) Focke
Ensina azorica Frey, 1945
Hedychium gardneranum Sheppard ex Ker-

Family
Hypericaceae
Juncaceae
Lauraceae
Myrsinaceae
Primulaceae
Rosaceae

St.
E
n
n
n
E
i

Freq.
38
53
43
23
7
9

Consumer species

Family

St.

Freq.

Coleophora sp.

Coleophoridae

?

5

Trisopsis sp.
Trisopsis sp.

Cecidomyiidae
Cecidomyiidae

?
?

1
1

Pittosporaceae
Zingiberaceae

i
i

5229
29

Lepidoptera sp.1

?

301

Scaptomyza impunctata (Frey, 1945)

Lepidoptera
sp.1
Drosophilidae

Zingiberaceae

i

E

150

Zingiberaceae

i

Trisopsis sp.

Cecidomyiidae

?

451

Zingiberaceae

i

Drosophila funebris (Frabricius, 1787)

Drosophilidae

?

303

Zingiberaceae

i

Scaptomyza sp.

Drosophilidae

?

101

Zingiberaceae

i

Trisopsis sp.

Cecidomyiidae

?

303

Zingiberaceae

i

3132

Asteraceae
Caprifoliaceae
Cyperaceae
Fabaceae
Gentianaceae
Lamiaceae
Onagraceae
Poaceae
Primulaceae
Ranunculaceae
Rosaceae
Tephritidae
Zingiberaceae

i
i
i
i
n
d
d
i
E
i
i
E
i

13
381
33
1
6
5
10
7
73
35
25
5
301

Ensina azorica Frey, 1945

Tephritidae

E

5

Trisopsis sp.

Cecidomyiidae

?

1

Bracon obscurator
Trisopsis sp.

Braconinae
Cecidomyiidae

?
?

5
88

4040

(Table 3.3 cont.)
Plot

type
S-H

21
H-P
S-H
S-H
S-H
S-H

22
S-H

72

23
S-H
S-H
S-H

S-H
24
S-H
S-H
S-H
S-H

Host species
Gawl.
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 25.532'' N, 25º 11' 38.602'' W
unidentified herbivore sp.1
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Hypericum humifusum L.
Smilax canariensis Brouss. ex Willd
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 28.263'' N, 25º 11' 36.280'' W
Clethra arborea Ainton
Carex divulsa Stokes spp. divulsa
Vaccinium cylindraceum Sm.
37º 47' 26.640'' N, 25º 11' 47.185'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex divulsa Stokes spp. divulsa
Carex vulcani Hochst. ex Seub.
Laurus azorica (Seub.) Franco
Lysimachia azorica Hornem. ex Hook.
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 26.634'' N, 25º 11' 52.105'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex divulsa Stokes spp. divulsa
Carex vulcani Hochst. ex Seub.
Vaccinium cylindraceum Sm.
Myrsine africana L.

Family

St.

Zingiberaceae

i

?
Aquifoliaceae
Caprifoliaceae
Clethraceae
Cupressaceae
Hypericaceae
Liliaceae
Zingiberaceae

?
E
E
i
E
n
M
i

Clethraceae
Cyperaceae
Ericaceae

Freq.

Consumer species

Family

St.

Freq.

Scaptomyza impunctata (Frey, 1945)

Drosophilidae

E

6

10
78
268
19039
657
6
4
777

Meteorus ictericus (Nees, 1812)
unidentified herbivore
unidentified herbivore sp.1
Trisopsis sp.
Trisopsis sp.

Braconinae
?
?
Cecidomyiidae
Cecidomyiidae

?
?
?
?
?

10
27
10
1953
112

i
n
E

7633
4
5

Trisopsis sp.

Cecidomyiidae

?

2410

Aquifoliaceae
Caprifoliaceae
Clethraceae
Cupressaceae
Cyperaceae
Cyperaceae
Lauraceae
Primulaceae
Zingiberaceae

E
E
i
E
n
E
n
E
i

1
414
5379
601
8
14
374
134
396

Trisopsis sp.
Trisopsis sp.
Trisopsis sp.

Cecidomyiidae
Cecidomyiidae
Cecidomyiidae

?
?
?

20
185
47

Trisopsis sp.

Cecidomyiidae

?

61

Aquifoliaceae
Caprifoliaceae
Clethraceae
Cupressaceae
Cyperaceae
Cyperaceae
Ericaceae
Myrsinaceae

E
E
i
E
n
E
E
n

67
2111
12041
135
8
9
29
8

unidentified herbivore
Trisopsis sp.
Trisopsis sp.
Trisopsis sp.

?
Cecidomyiidae
Cecidomyiidae
Cecidomyiidae

?
?
?
?

32
80
1468
28

(Table 3.3 cont.)
Plot

type

25
S-H
S-H
H-P
S-H

S-H

26

73

S-H
S-H
S-H

27
S-H

S-H
28
S-H
S-H

Host species
Lysimachia azorica Hornem. ex Hook.
Rubus ulmifolius Schott
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 49.506'' N, 25º 10' 12.726'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Leycesteria formosa Wall.
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Trisopsis sp.
Juniperus brevifolia (Seub.) Antoine
Calluna vulgaris (L.) Hull
Hypericum humifusum L.
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Anagallis arvensis L.
Scrophularia auriculata L.
37º 47' 37.650'' N, 25º 10' 19.272'' W
Leycesteria formosa Wall.
Clethra arborea Ainton
Calluna vulgaris (L.) Hull
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Scrophularia auriculata L.
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 39.951'' N, 25º 10' 15.524'' W
Leycesteria formosa Wall.
Clethra arborea Ainton
Carex divulsa Stokes spp. divulsa
Lysimachia azorica Hornem. ex Hook.
Scrophularia auriculata L.
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 38.754'' N, 25º 11' 20.238'' W
Clethra arborea Ainton
Hedychium gardneranum Sheppard ex KerGawl.

Family
Primulaceae
Rosaceae
Zingiberaceae

St.
E
i
i

Freq.
11
4
304

Consumer species

Family

St.

Freq.

Aquifoliaceae
Caprifoliaceae
Caprifoliaceae
Cecidomyiidae
Cupressaceae
Ericaceae
Hypericaceae
Myrsinaceae
Primulaceae
Primulaceae
Scrophulariaceae

E
i
E
?
E
n
n
n
E
i
n

209
13
52
3614
15543
31
25
1689
42
176
42

unidentified herbivore
Epiphyas postvittana (Walker, 1863)

?
Tortricidae

?
i

64
3

Sympiesis sp.
Trisopsis sp.

Eulophidae
Cecidomyiidae

?
?

329
3614

Trisopsis sp.

Cecidomyiidae

?

14

Caprifoliaceae
Clethraceae
Ericaceae
Myrsinaceae
Primulaceae
Scrophulariaceae
Zingiberaceae

i
i
n
n
E
n
i

125
770
110
42
52
155
5

Trisopsis sp.
Trisopsis sp.
Trisopsis sp.

Cecidomyiidae
Cecidomyiidae
Cecidomyiidae

?
?
?

8
123
44

Caprifoliaceae
Clethraceae
Cyperaceae
Primulaceae
Scrophulariaceae
Zingiberaceae

i
i
n
E
n
i

2996
226
13
342
217
737

Trisopsis sp.

Cecidomyiidae

?

61

Trisopsis sp.

Cecidomyiidae

?

176

Clethraceae
Zingiberaceae

i
i

13547
2958

Trisopsis sp.
Scaptomyza impunctata (Frey, 1945)

Cecidomyiidae
Drosophilidae

?
E

4324
357

(Table 3.3 cont.)
Plot

type
S-H

29
S-H
S-H
30
S-H
S-H
S-H
S-H

S-H

S-H
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31
S-H
S-H
S-H
S-H
S-H

S-H

32
S-H
S-H
S-H

Host species
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 34.442'' N, 25º 11' 25.468'' W
Hedychium gardneranum Sheppard ex KerGawl.
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 45.062'' N, 25º 11' 54.938'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex divulsa Stokes spp. divulsa
Carex vulcani Hochst. ex Seub.
Vaccinium cylindraceum Sm.
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 43.297'' N, 25º 11' 51.188'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Carex vulcani Hochst. ex Seub.
Vaccinium cylindraceum Sm.
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Rubus ulmifolius Schott
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 41.172'' N, 25º 11' 55.853'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin
Tolpis azorica (Nutt.) P.Silva
Viburnum tinus L. ssp. subcordatum (Trel.) P.

Family
Zingiberaceae

St.
i

Freq.

Consumer species
Trisopsis sp.

Family
Cecidomyiidae

St.
?

Freq.
1122

Zingiberaceae

i

1597

Drosophila sp.

Drosophilidae

?

306

Zingiberaceae

i

Trisopsis sp.

Cecidomyiidae

?

170

Aquifoliaceae
Caprifoliaceae
Clethraceae
Cupressaceae
Cyperaceae
Cyperaceae
Ericaceae
Myrsinaceae
Primulaceae
Zingiberaceae

E
E
i
E
n
E
E
n
E
i

4
1352
215
81
1
616
47
170
1917
288

unidentified herbivore
Trisopsis sp.
Trisopsis sp.
Trisopsis sp.

?
Cecidomyiidae
Cecidomyiidae
Cecidomyiidae

?
?
?
?

3
31
43
5

unidentified herbivore

?

?

2

Trisopsis sp.

Cecidomyiidae

?

15

Aquifoliaceae
Aquifoliaceae
Caprifoliaceae
Clethraceae
Cupressaceae
Cyperaceae
Ericaceae
Myrsinaceae
Primulaceae
Rosaceae
Zingiberaceae

E
E
E
i
E
E
E
n
E
i
i

126

Drosophila sp.2
Scaptomyza impunctata (Frey, 1945)
Trisopsis sp.
Trisopsis sp.
Trisopsis sp.

Drosophilidae
Drosophilidae
Cecidomyiidae
Cecidomyiidae
Cecidomyiidae

?
E
?
?
?

6
55
1
84
109

Trisopsis sp.

Cecidomyiidae

?

1

Aquifoliaceae
Aquifoliaceae
Asteraceae
Caprifoliaceae

E
E
E
E

184

Rhopobota naevana (Hübner, 1817)
Scaptomyza impunctata (Frey, 1945)

Tortricidae
Drosophilidae

i
E

37
50

Trisopsis sp.

Cecidomyiidae

?

59

232
357
641
6
40
6
303
4
76

1
1192

(Table 3.3 cont.)
Plot

type
S-H
S-H
S-H

H-P
S-H
33
S-H
S-H

75
34
S-H
35

Host species
Clethra arborea Ainton
Juniperus brevifolia (Seub.) Antoine
Juniperus brevifolia (Seub.) Antoine
Carex viridula Michx. spp. cedetcreutzii
(Fagerstr.) B. Schmid
Carex divulsa Stokes spp. divulsa
Carex vulcani Hochst. ex Seub.
Hypericum humifusum L.
Luzula purpureosplendens Seub.
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Rhopobota naevana (Hübner, 1817)
Hedychium gardneranum Sheppard ex KerGawl.
37º 47' 25.090'' N, 25º 12' 02.803'' W
Ilex perado Ainton ssp. azorica (Loes) Tutin
Ilex perado Ainton ssp. azorica (Loes) Tutin
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Clethra arborea Ainton
Vaccinium cylindraceum Sm.
Laurus azorica (Seub.) Franco
Myrsine africana L.
Lysimachia azorica Hornem. ex Hook.
Rubus ulmifolius Schott
37º 48' 24.143'' N, 25º 09' 45.522'' W
Hedychium gardneranum Sheppard ex KerGawl.
37º 48' 25.860'' N, 25º 11' 36.415'' W
Hedychium gardneranum Sheppard ex KerGawl.

Family
Clethraceae
Cupressaceae
Cupressaceae
Cyperaceae

St.
i
E
E
M

Freq.
3436
1224

Cyperaceae
Cyperaceae
Hypericaceae
Juncaceae
Myrsinaceae
Primulaceae
Tortricidae
Zingiberaceae

n
E
n
E
n
E
i
i

6
56
5
7
2
75
37
363

Aquifoliaceae
Aquifoliaceae
Caprifoliaceae
Clethraceae
Ericaceae
Lauraceae
Myrsinaceae
Primulaceae
Rosaceae

E
E
E
i
E
n
n
E
i

7504

Zingiberaceae

i

1663

Zingiberaceae

i

3672

Consumer species
Trisopsis sp.
Eudonea luteusalis (Hampson, 1907)
Trisopsis sp.

Family
Cecidomyiidae
Crambidae
Cecidomyiidae

St.
?
E
?

Freq.
1241
32
135

Campoplex faunus Gravenhorst, 1829
Trisopsis sp.

Ichneumonidae
Cecidomyiidae

?
?

12
99

Rhopobota naevana (Hübner, 1817)
Scaptomyza impunctata (Frey, 1945)

Tortricidae
Drosophilidae

i
E

342
2053

Trisopsis sp.

Cecidomyiidae

?
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4

479
57
31
27
9
393
14

CHAPTER 4
______________________________________________________________________

Seed dispersal by avian seed predators: evidence for the
predator-disperser continuum

In: Heleno, R., G. Ross, A. Everard, J. Memmott, and J. Ramos, Seed dispersal by
avian seed predators: evidence for the predator-disperser continuum, Submitted to
Journal of Ecology.
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Abstract

Seed dispersal is a central process in plant ecology that influences both species
composition and habitat structure. While it is known that seed predators can
occasionally disperse seeds, the frequency and magnitude of this effect relative to
legitimate dispersers remains unknown. It is widely assumed that there is a clear
dichotomy between legitimate fruit eaters (seed dispersers) and fruit thieves (seed
predators) with the latter contributing little to seed dispersal. Working in the Azores, we
determine whether avian seed dispersal systems form a predator-disperser dichotomy or
whether they form a continuum from mutualistic (dispersal) to antagonistic (predation)
interactions.
The dispersal effectiveness of each bird species was calculated by combining
data on bird diet and bird density. While the droppings of seed dispersers (blackcap,
blackbird and robin) contained more entire seeds than droppings of seed predators
(chaffinch, canary, goldfinch, and Azores bullfinch), the importance of typical seed
predators as seed dispersers was considerable (21%), particularly when their density
was taken into account (36%). Indeed the chaffinch, which is usually regarded as a seed
predator, was as effective dispersing seeds as the top legitimate seed dispersers
(blackbird and blackcap). While most dispersed seed species were native, alien seeds
were more frequently present in the bird droppings, suggesting that birds are facilitating
plant invasions in the study area. Seed dispersers dispersed more native seed species,
while seed predators dispersed more alien species.
Our results provide empirical support to the concept of the seed predatordisperser continuum and refute the established wisdom of a dichotomy between
legitimate seed dispersers and seed predators.
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Introduction
Seed dispersal influences plant spatial structure, population dynamics and ultimately
the long-term survival of plant species (Nathan & Muller-Landau 2000). Animals are
particularly good dispersers when compared to abiotic dispersing vectors, for example
wind, water or gravity, for at least four reasons: Germination can be enhanced by
scarification (Traveset 1998) or by the removal of germination inhibitors (Wenny 2000;
Robertson et al. 2006), seeds are dispersed to good germination sites away from the
parent plant where mortality is higher (Janzen 1971), and faeces can promote a
favourable micro-environment for germination (Christian 2001). Finally, different
combinations of all these factors promote heterogeneity in seed germination which is
desirable in changing environments (Traveset et al. 2001). Therefore it is not surprising
that many plants have evolved to attract seed dispersers, usually by enclosing seeds in
an edible fruit and “paying” for the seed dispersal service with a meal. However, seeds
like pulp, can be important sources of energy (Norconk et al. 1998) and many
frugivores have the capacity to digest seed content destroying most seeds they
consume. These frugivores have been called “seed predators” (Janzen 1971; Gosper et
al. 2005), “opportunists” and “exploiters” (McKey 1975), “seed consumers” (Hampe
2001), “granivores” (Bartuszevige & Gorchov 2006) and “fruit thieves” (Howe 1980),
in contrast to the “legitimate fruit eating birds” (Snow 1971) or “legitimate seed
dispersers” (Jordano & Schupp 2000). The evolution of fruit traits is often considered
as the outcome of two major selective pressures: escaping seed predators and attracting
seed dispersers (McKey 1975; Norconk et al. 1998). Similarly, dispersing seeds or
consuming them have been for a long time regarded as two well defined and opposing
strategies (e.g. Herrera 1984; Abrahamson 1989; Hampe 2001; Herrera & Pellmyr
2001; Hulme 2002; Kolb et al. 2007).
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It is now widely understood, that many animal species do not strictly follow this
dichotomy, for example Price and Jenkins (1986) reported that rodents, usually
regarded as seed predators, could act as seed dispersers when cached seeds were not
recovered. Other reports of species typically regarded as seed predators that have been
recorded dispersing seeds are common in the literature and include species of rodents
(e.g. Cipollini & Levey 1997), ungulates (e.g. Howe 1986), primates (e.g. Clark et al.
2001) and birds (e.g. Roessler 1936; Lambert 1989; Williams & Karl 1996; Moore
2001; Stanley & Lill 2002). However, the magnitude of this effect is rarely quantified
in the field and consequently the relative importance of seed dispersers and seed
predators in seed dispersal is usually characterized in subjective terms (e.g. Sorensen
1981).
Wheelwright and Orians (1982) suggested that a predator-disperser dichotomy
“obscured the fact that frugivores represent a continuum in terms the number of seeds
each species deposits in suitable sites and the probability that it gives an individual seed
a favourable treatment”. The authors recognized however that data were not yet
available for evaluating the effectiveness of dispersal by the different species in a
community. According to Hulme (2002) seed predators and seed dispersers should be
seen as two extremes along a continuum of mutualistic (dispersal) to antagonistic
(predation) interactions and not as two clearly defined strategies in what he called “ a
deceptive dichotomy”. Although this concept is supported by a scattered literature
(reviewed by Hulme 2002), to our knowledge there has been no test of this continuum.
Here our aim is to test Wheelwright & Orians’ (1982) prediction empirically, focusing
on birds, the most important group of seed dispersers in many tropical and temperate
ecosystems (Gentry 1982; Herrera 1995).
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A central concept in seed dispersal studies is that of dispersal effectiveness,
which is the result of two parameters: the quantity of seeds dispersed and the quality of
the service provided to the seeds (Herrera & Jordano 1981; Schupp 1993). The
quantitative component is dependent on the number of visits of the dispersal agent and
on the number of seeds dispersed per visit. The qualitative component depends
primarily on the treatment given by the disperser to the seed (e.g. destruction,
scarification) and secondarily on the quality of the site of deposition (Schupp 1993). A
traditional way to measure the quantitative component of seed dispersal is by recording
the number of visits of each bird species to focal trees by direct observation (e.g.
Malmborg & Willson 1988). However, there are several limitations to this method,
including the accuracy of the estimates and the difficulty in clearly defining “visit” and
“dispersal event” (Schupp 1993). Because the number of visits is highly associated with
bird density an alternative is to combine the analysis of faecal samples with
independent estimates of bird density. This was the approach adopted in this study
which quantified the seed dispersal network and compared the efficacy of seed
dispersers and seed predators in one of the last remnants of native forest in the Azores.

Methods
Study site and study species
The study was conducted at Serra da Tronqueira, a mountainous district in the East
part of the island of São Miguel - Azores (37º47’N, 25º13’W), characterized by a
temperate oceanic climate, with moderate rainfall spread evenly throughout the year,
high relative humidity and small temperature range (Tutin 1953). This region holds one
of the last fragments of native laurel forest in the archipelago and is under considerable
pressure from invasive vegetation with uninvaded patches remaining only at high
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altitude (Ramos 1996; Silva & Smith 2006). This forest holds the only population of the
critically endangered Azores bullfinch (Pyrrhula murina) (IUCN 2005), which
motivated a large restoration project aimed primarily at restoring this native forest from
alien plant invasions.
The Azorean bird community is of low diversity consisting of nine common
forest birds with three distinct dietary niches:
Group 1: blackcap (Sylvia atricapilla), blackbird (Turdus merula) and robin (Erithacus
rubecula) are the main seed dispersers.
Group 2: chaffinch (Fringilla coelebs), goldfinch (Carduelis carduelis), canary
(Serinus canaria) and the Azores bullfinch are typically considered seed predators.
Group 3: goldcrest (Regulus regulus) and yellow wagtail (Motacilla cinerea) are
insectivorous.
Sampling for seeds, birds and bird droppings was carried out in four sites
representative of the main vegetation types present at the Serra da Tronqueira and
covering the entire altitudinal gradient: native laurel forest at high altitude (Plot A);
invaded native laurel forest at intermediate altitudes (Plot B); invaded disturbed ground
at intermediate altitudes (Plot C); and completely invaded habitats at low altitudes (Plot
D) (Table 4.1). Plots were 1 ha (10 000 m2) in size and were adjacent to minor forestry
roads. Sampling was repeated in each plot every three weeks from 1 May to 26
November 2005, yielding a total of 10 sampling periods. The data collected from the
four plots was combined in order to build a seed dispersal network for the whole study
area, this quantifying the seed dispersal carried out by each of the nine bird species.
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Sampling bird density
Bird density was estimated using eight minute point counts, starting one minute after
arrival to the census point (Bibby et al. 2000). Four point counts were carried out in
each three week period at each plot on two different days at 8:00 and 9:00 am. Two
fixed census points with good visibility were chosen inside each plot and used
alternately. Birds were recorded as being inside or outside the plot, according to the
first place were they were seen or heard. The data from the two daily censuses was
combined, so that for each bird species, the maximum number of individuals detected at
either census was selected. The number of individuals of each species present was then
averaged for the 10 sampling periods at each plot and divided by plot area to estimate
bird density (all forest birds in the Azores are resident). The overall density was
obtained by averaging the values obtained for the four sites.

Sampling bird diet
Bird diet was assessed by analysing faecal samples collected from mist netted birds.
Two mist netting sessions were run in each plot during each three week sampling
period (80 ringing sessions in total). In each session, mist nets were opened at sunrise
and remained open for five consecutive hours. This sampling effort, along with the
length and position of the mist nets was consistent among the plots throughout the field
season. Birds were kept inside calico bags to defecate for a maximum of 30 minutes
and droppings were stored in 70% ethanol prior to analysis. All whole seeds in the
droppings were identified under a dissecting microscope by comparison with a
reference collection of seeds and fruits collected from the plots and their surroundings.
Results are presented in terms of the proportion of droppings that contained at least one
whole seed of each species, this measure being used rather than the total number of
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seeds dispersed by each bird species. This was done as the latter approach can be
hugely inflated by a large number of small seeds in a single dropping which does not
translate into high survival probability due to high intra-seed competition (Inouye 1980;
Murray 1998).

Measuring dispersal effectiveness
Dispersal effectiveness was calculated for each bird species as:

Dispersal effectiveness = proportion of droppings with viable seeds x bird density
Data on bird density and dispersal effectiveness were combined and used to build a
quantitative seed dispersal network showing which bird species dispersed which plant
species. The networks were fully resolved with all birds and seeds identified to species,
i.e. there was no clustering of species by functional roles or higher taxa (Table 4.4 in
supplementary material). The seed dispersal networks were visualized using a program
written in Mathematica 4.0 (Wolfram Research 1999).

Germination trials
To confirm that the whole seeds recovered from the droppings were still viable,
germination trials were run in the laboratory. Seeds of five common plant species were
sown; one native: Vaccinium cylindraceum (Azores blueberry), and four alien: P.
undulatum (Australian cheesewood), Acacia melanoxylon (Australian blackwood),
Leycesteria formosa (Himalayan honeysuckle) and Duchesnea indica (mock
strawberry). Seeds were recovered from droppings of birds captured during mist netting
sessions run between 15 September and 3 December 2006. All droppings were
processed on the day of collection, thus seeds were identified, washed in water and
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sown directly onto filter paper in Petri dishes. Seeds were inspected daily and
moistened with tap water to keep them damp over a 13-month period. At the end of the
experiment no distinction was made between dead and dormant seeds.

Results
Overall 664 droppings were collected from 815 mist-netted birds belonging to nine
species (Table 4.2). The droppings contained entire seeds from 30 plant species with
184 (28%) of droppings containing entire seeds. Bird density varied from 0.49
individuals/ha for the critically endangered Azores bullfinch, to 8.20 individuals/ha for
chaffinch (Table 4.2). There was a sharp drop off in the number of individuals recorded
per minute during the point counts with only 3% of all new detections being made in
the last minute. The fact that an asymptote was reached indicates that the vast majority
of the individuals in each plot was counted. We detected a mean of 27.6 birds/ha, with
55% of all individuals being chaffinches and goldcrests. Bird and plant species were
embedded in a complex network of dispersal interactions: the network is highly
generalized with most bird species dispersing several plant species and most plant
species being dispersed by several bird species (Fig. 4.1).

Seed dispersal and seed predation
Both seed predators and seed dispersers dispersed several species of seed (seed
predators: mean 3, range 1-7; seed dispersers mean 12, range 4-17) and most seeds
were dispersed by more than one species of bird (mean 1.7; range 1-4). We found
whole seeds in the droppings of all the bird species with the exception of the two
insectivorous birds: yellow wagtail and goldcrest. The number of droppings analysed
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from the three functional groups under comparison was very similar: seed dispersers
31%, seed predators 37% and insectivorous 32% (Table 4.2).
The droppings of the species which are considered typical seed dispersers
(blackcaps, blackbirds and robins) contained entire seeds more frequently than
droppings produced by other birds (Table 4.2). Together the three seed dispersers were
responsible for 79.2 % of all droppings with seeds, however, each of the four seed
predators in the system (canary, goldfinch, chaffinch and Azores bullfinch) dispersed
seeds and they produced 20.8% of the droppings that contained entire seeds (Table 4.2).
Using these data alone the blackcap and blackbird were the main seed dispersers (Fig.
4.2; proportion of droppings with entire seeds). However, when the data on bird density
was incorporated and dispersal effectiveness calculated, the relative importance of each
species for the overall dispersal process changed considerably and chaffinches (typical
seed predators) became the second most important seed disperser (Fig. 4.2; dispersal
effectiveness). Overall, when bird density was included in the calculation of dispersal
effectiveness, seed dispersers were responsible for 64% of the dispersal interactions in
the network while seed predators were responsible for 36% and insectivorous birds for
0%. Moreover, all seed predators were the sole disperser of at least one species: canary
was the only disperser of Conyza bonariensis and Holcus lanatus, goldfinch was the
only dispersers of Sonchus tenerrimus, chaffinch was the only disperser of Carex
viridula and Carex vulcani, and the Azores bullfinch was the only disperser of the
endemic Hypericum humifusum (Fig. 4.1; Table 4.4 in supplementary material).
We found no significant differences between the dispersal effectiveness of seed
predators and seed dispersers (1-way ANOVA: F1,5 = 1.47, p = 0.280). This pattern was
consistent whether the data of the four plots were aggregated (Fig. 4.1; bottom panel),
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or whether each experimental plot was considered independently (see Fig. 4.1; Plots A,
B, C and D).

Native versus alien seed dispersal
From the 30 entire seed species identified 57% (n = 17) were native, 33% (n = 10) were
exotic and three species (10%) were not assigned to either category because the seed
identity could not be determined (Fig. 4.1). At our field site, seed dispersers tended to
disperse native species (14 out of 21) while seed predators tended to disperse alien
species (8 out of 12), with the proportions of native and alien seeds dispersed by the
two groups being significantly different (G = 5.55; p = 0.019).
Although the majority of the seed species found in the droppings were native, native
seeds were present in only 37% of the droppings that contained seeds (from which 89%
were from dispersers and 11% from predators), while 53% of the droppings contained
alien seeds (from which 71% were from dispersers and 29% from predators).
Therefore, although there were more native species in the dispersal network, alien seeds
formed the majority of the seeds dispersed in terms of abundance (Fig. 4.1). This was
greatly influenced by the seeds of the common alien Leycesteria formosa (Himalayan
honeysuckle). While L. formosa is not considered highly invasive, seeds of several
highly invasive plants were found in the droppings of predators and dispersers, thus
blackcap dispersed H. gardneranum seeds and chaffinch, blackbird and blackcap all
dispersed seeds of A. melanoxylon and P. undulatum.

Seed viability
Viability tests were conducted for five plant species recovered from the droppings of
three typical seed dispersers and one seed predator (Table 4.3). On average, seventy six
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percent of the seeds sown germinated in the first 13 months. Because no distinction
between dead and dormant seeds was made at this point, the germination rates should
be interpreted as conservative. Despite some variation in the proportion of seeds that
germinate from each pair-wise combination of birds and seeds (mean ± SE = 76% ±
11%; Table 4.3), seeds from all combinations germinated, indicating that the seeds
were viable.

Discussion
Birds traditionally considered as seed predators were surprisingly important as seed
dispersers with the chaffinch being the second most important seed disperser after the
blackcap. The seed dispersal network was generalized with most bird species dispersing
several species of plant and most plants being dispersed by several bird species. A large
component of the seed dispersal network was composed by seeds of alien plants, some
of which were important invaders. In this section we discuss the relative roles of seed
predators and seed dispersers at the field site, along with the limitations of our approach
and suggestions for future work.

Seed dispersal and seed predation: two mutually exclusive strategies?
The blackcap, blackbird and robin were the main dispersers in terms of number of seeds
dispersed by individual birds, which is in agreement with other studies which
encompassed the same species (e.g. Jordano 1983; Debussche & Isenmann 1989; Stiles
& Rosselli 1993; Levey & Benkman 1999; Jordano & Schupp 2000). This result
initially supports the view of the predator-disperser dichotomy where some species are
clearly better dispersers than others (shown in a schema presented in Fig. 4.3, top
panel). However, all seed predators successfully dispersed seeds to some extent and did
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not fit the strict definition of seed predator i.e. birds that “feed on the seed content and
always damage the seed” (Jordano & Schupp 2000). Moreover, when abundance is
incorporated into the calculation of dispersal effectiveness, some seed predators are as
effective as typical seed dispersers. Thus in our study area, birds lay along a gradient of
dispersal effectiveness (Fig. 4.3; bottom panel), much more akin to the distribution
predicted by the predator-dispersal continuum (Wheelwright & Orians 1982; Hulme
2002) (Fig. 4.3; centre panel). In our data the continuum ranged from poor dispersers
which tend to destroy most seeds they consume (e.g. Azores bullfinch and canary), to
good dispersers which often dispersed viable seeds (e.g. blackcap and chaffinch) (Fig.
4.3, bottom panel).
By incorporating bird density when calculating dispersal effectiveness we
effectively measured the contribution of each bird population to seed dispersal, rather
than the effect of the individual birds. This clearly demonstrated that some typical seed
predators, here chaffinch and canary, can be important seed dispersers by virtue of their
abundance. The fact that avian seed predators can disperse seeds is not new (Williams
& Karl 1996; Jordano & Schupp 2000), although in the present study seed predators
were responsible for over a third (36%) of the interactions in the seed dispersal network
(Fig. 4.1) a role that is far from negligible even if bird density is not considered (i.e.
21%). Furthermore when abundance was included into the measure of dispersal
effectiveness we found no consistent differences between the efficiency of seed
predators and seed dispersers in any of the study plots.
The data presented here focus on the quantitative aspect of seed dispersal.
Ideally an assessment of the “quality” of the deposition site, germination rate, and
seedling survival should also be included in a detailed evaluation of dispersal
effectiveness. Differences in the quality of dispersal among small passerines are
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expected to be small though (Wheelwright & Orians 1982), and there are no reasons to
believe that the quality of the deposition site and seedling survival differ consistently
between seed dispersers and predators. If dispersers and predators have different effects
on the germination rate of entire seeds, we would perhaps expect seed predators to be
more effective due to the increased abrasive power of their grinding gizzards (Traveset
1998), the generally longer retention times, and because they tend to deposit viable
seeds from fruit in more defecations (Levey 1986). Our comparison of the germination
rates of seeds that have been dispersed by seed dispersers and seed predators was
hampered by small sample sizes from the latter. However while working with a small
sample size, we did prove that seeds dispersing through the gut of seed predators were
still viable.

Seed predators, seed dispersers and biological invasions
Our results suggest that both traditional seed dispersers and seed predators are
facilitating plant invasions in the Azores. Because plant invasion is dependent upon
several processes such as seed rain patterns, post-dispersal seed fate and plant-plant
competition (Price & Jenkins 1986), the dropping of viable seeds alone is an
incomplete measure for assessing the role of dispersers on plant demography.
Nevertheless, seed rain patterns set the scene for the subsequent processes such as
germination and sapling survival (Kalisz et al. 1999), and the percentage of alien seeds
present in the dispersal network (53%) is noteworthy. Moreover, 29% of the droppings
containing alien seeds were from seed predators, species that previously would have
been dismissed as unimportant in the invasion process. Specifically, seeds of H.
gardneranum, P. undulatum and A. melanoxylon, considered amongst the World’s
worst invasive species (GISD 2008), and directly threatening the native laurel forest
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(Ramos 1996; SPEA 2005) were dispersed by chaffinch as well as blackcaps and
blackbirds.
In this study, seed predators and seed dispersers differed in the proportion of
native and alien species that they dispersed. While these results may be due to the low
bird diversity at our study site (four seed predators and three seed dispersers) there was
a clear trend for seed predators to disperse alien species and seed dispersers to disperse
native species. This result suggests that studies where the contribution of seed predators
to dispersal is not considered may be underestimating the potential of birds to assist
plant invasion.
On a positive note though, we found several native seeds being dispersed by
typical seed predators, something that would have been missed if the strict predatory
role of this birds had been assumed. This was the case of whole seeds of the endemic
Hypericum humifusum in the droppings of the Azores bullfinch. This is the first record
of this critically endangered bird as a potential seed disperser, although whether these
seeds are viable after passing through the bird digestive tract remains to be confirmed.
Other cases of native seed dispersal by typical seed predators include the dispersal of C.
viridula, C. vulcani and Potentilla erecta by the chaffinch.

Concluding remarks
Seed predators and seed dispersers formed a continuum of proficiency in dispersing
seeds at our field sites in the Azores. Obviously we can only compare the dispersal
abilities of the birds present at our study sites and it is not yet possible to make
generalizations about the relative efficacy of bird species traditionally labeled as seed
predators or seed dispersers at other sites. However, if more data are gathered using
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similar approaches then a meta-analysis could be used to test the generality of our
results.
There is currently tremendous interest in ecosystem services such as seed
dispersal. If ecologists want to conserve and utilize these services, then it is critically
important that they accurately identify the species providing the service (Kremen &
Hall 2005). Using untested assumptions to label species such as the chaffinch or the
Azores bullfinch as seed predators does not accurately describe their role in the
ecosystem service of seed dispersal. Instead positioning them on a predator-dispersal
continuum will give a more realistic assessment of their seed dispersal abilities. Charles
Elton (1927) stated “when an ecologist says “there goes a badger” he should include in
his thoughts some definite idea of the animal's place in the community to which it
belongs”, here we revealed that the place of seed predators in the community may not
be as clear cut as was previously thought.
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Tables and figures

Table 4.1. Location and characteristics of the four sampling plots.
Plot

A

B

C

D

Altitude range

620 – 670m

570 – 600m

530 – 585m

330 – 380m

Native laurel

Invaded laurel

Invaded &

Totally invaded,

forest

forest

disturbed habitat

disturbed habitat

<1% alien

c. 50% alien

c. 90% alien

c. 98% alien

Latitude

25º 11' 06,986'' N

25º 37' 22,289'' N

25º 09' 47,375'' N

25º 09' 02,607'' N

Longitude

37º 47' 45,862'' W

37º 48' 17,739'' W

37º 48' 32,804'' W

37º 47' 14,625'' W

Description
Floral
composition
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Table 4.2. Bird density, number of droppings analysed and mean number of entire
seeds found per dropping.

Bird density

Droppings

Droppings

Droppings with

Species dispersed

(birds/ha)

analyzed

with seeds

seeds (%)

Native

Alien

blackcap

2.37

59

32

54.2

8

7

blackbird

2.25

100

47

47.0

11

6

robin

2.09

44

6

13.6

1

3

6.71

203

85

38.3

14

7

canary

3.91

37

2

5.4

0

3

goldfinch

0.52

11

1

9.1

0

1

chaffinch

8.20

176

26

14.8

3

4

0.49

24

1

4.2

1

0

total

13.12

248

30

8.4

4

8

yellow wagtail

0.87

25

0

0.0

0

0

goldcrest

6.90

188

0

0.0

0

0

7.77

213

0

0.0

0

0

Seed dispersers

total
Seed predators

Azores
bullfinch
Insectivorous

total
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Table 4.3. The percentage of seeds from each plant-disperser pair that germinated
during the 13 months trial.

Seed species

Bird species

Bird group

Seeds sown

Germination (%)

Vaccinnium cylindraceum

blackcap

disperser

30

20

Acacia melanoxylon

blackcap

disperser

13

38

Pittosporum undulatum

blackcap

disperser

30

67

Duichesnea indica

blackbird

disperser

4

100

Leycesteria formosa

blackcap

disperser

30

100

Leycesteria formosa

blackbird

disperser

30

100

Leycesteria formosa

robin

disperser

30

100

Leycesteria formosa

chaffinch

predator

6

83
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Plot A

Plot B

Plot C

Plot D

Aggregated network
1 bird/ha

95
Aliens

Natives

Figure 4.1. Quantitative networks corrected for bird density (dispersal effectiveness). In each network, species are represented by boxes, seed species
on the lower row and bird species in the upper row. The width of each bird species box represents its abundance (birds/ha); the width of each seed
species represents the proportion of droppings with viable seeds x bird density. The dispersal effectiveness of each bird-seed interaction is shown as the
triangles linking the two rows with the width of the triangle being proportional to its importance as a seed disperser to that plant species. Birds
traditionally considered as seed predators are shown in black; all other species are shown in grey.
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9
8
proportion of droppings with entire seeds

7

bird density (birds/ha)

6

dispersal effectiveness

5
4
3
2
1
0
blackcap

blackbird

robin

canary

goldfinch

chaffinch

Azores
bullfinch

Figure 4.2. Relative dispersal effectiveness of each bird species.
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high

Predator-disperser dichotomy

Dispersal effectiveness

low

high

Predator-disperser continuum

Dispersal effectiveness

low

high

Avian dispersers in the Azores
ield site

low
wagtail goldcrest Azores goldfinch
bullfinch

canary

robin

blackbird chaffinch blackcap

Disperser quality

"seed predator"

"seed disperser"

Figure 4.3. Performance of the two alternative models of seed dispersal effectiveness
compared in this study and the data collected. The classic dichotomised view between
seed predators and seed dispersers (top); the gradiend in dispersal effectiveness
suggested predator-disperser continuum hypothesis (centre); and the data collected
during the present study (bottom).
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Table 4.4. List of all seed-seed disperser interactions quantified in terms of the number of droppings with at least one whole seed and the total
number of whole seeds per pair. Status refers to the distribution of each species following Borges et al. (2005): (i) introduced, (n) native, (E)
endemic to the Azores, (M) endemic to the Macaronesia, (d) doubtful.

Species

Bird
Family

Status

98

Sylvia
atricapilla
ssp. gularis

Sylviidae

M

Turdus
merula ssp.
azoricus

Muscicapidae

E

Seed
Species
Acacia melanoxylon R. Br.
Duchesnea indica (Andr.) Focke
Hedychium gardneranum Sheppard ex Ker-Gawl.
Leycesteria formosa Wall.
Pittosporum undulatum Vent
Solanum nigrum L.
Seed 1
Calluna vulgaris (L.) Hull
Fragaria vesca L.
Hedera azorica Carrière
Juncus effusus L.
Juniperus brevifolia (Seub.) Antoine
Myrica faya Ainton
Myrsine africana L.
Rubus ulmifolius Schott
Vaccinium cylindraceum Sm.
Acacia melanoxylon R. Br.
Cryptomeria japonica (L. fil.) D. Don
Duchesnea indica (Andr.) Focke
Leycesteria formosa Wall.
Pittosporum undulatum Vent
Seed 1
Seed 2

Family
Fabaceae
Rosaceae
Zingiberaceae
Caprifoliaceae
Pittosporaceae
Solanaceae
Unknown
Ericaceae
Rosaceae
Araliaceae
Juncaceae
Cupressaceae
Myricaceae
Myrsinaceae
Rosaceae
Ericaceae
Fabaceae
Taxodiaceae
Rosaceae
Caprifoliaceae
Pittosporaceae
Unknown
Unknown

Status
i
i
i
i
i
i
n
d
E
n
E
n
n
i
E
i
i
i
i
i

No. dropings
where present
1
7
3
21
3
1
3
1
3
4
1
1
4
1
3
5
1
1
11
12
1
2
1

No. whole
seeds
1
339
13
546
41
2
12
2
34
9
2
4
7
1
16
42
1
2
279
238
17
5
2

(table 4.4 cont.)
Species
Turdus
merula ssp.
azoricus

Bird
Family

Seed
Status
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Muscicapidae

E

Serinus
canaria

Fringillidae

M

Carduelis
carduelis

Fringillidae

i

Fringilla
coelebs
ssp.
moreletti

Fringillidae

E

Erithacus
rubecula

Muscicapidae

i

Pyrrhula
murina

Fringillidae

E

No. dropings
where present
1
1
2
1
11
6
1
1
2
3
11
1
1
1
2

No. whole
seeds
6
1
28
3
43
29
2
1
5
4
96
4
1
1
17

Species
Calluna vulgaris (L.) Hull
Centaurium erithraea Rafn ssp. Grandiflorum (Biv.) Melderis
Fragaria vesca L.
Hedera azorica Carrière
Ilex perado Ainton ssp. azorica (Loes) Tutin
Juniperus brevifolia (Seub.) Antoine
Laurus azorica (Seub.) Franco
Myrica faya Ainton
Potentilla erecta (L.) Räusch
Rubus ulmifolius Schott
Vaccinium cylindraceum Sm.
Viburnum tinus L. ssp. subcordatum (Trel.) P.
Conyza bonariensis (L.) Cronquist
Duchesnea indica (Andr.) Focke
Holcus lanatus L.

Family
Ericaceae
Gentianaceae
Rosaceae
Araliaceae
Aquifoliaceae
Cupressaceae
Lauraceae
Myricaceae
Rosaceae
Rosaceae
Ericaceae
Caprifoliaceae
Asteraceae
Rosaceae
Poaceae

Status
n
d
d
E
E
E
n
n
n
i
E
E
i
i
i

Sonchus tenerrimus L.

Asteraceae

i

1

1

Acacia melanoxylon R. Br.
Leycesteria formosa Wall.
Pittosporum undulatum Vent
Solanum nigrum L.
Seed 3
Carex viridula Michx. spp. cedetcreutzii (Fagerstr.) B.
Schmid
Carex vulcani Hochst. ex Seub.
Potentilla erecta (L.) Räusch
Duchesnea indica (Andr.) Focke
Leycesteria formosa Wall.
Solanum nigrum L.
Vaccinium cylindraceum Sm.

Fabaceae
Caprifoliaceae
Pittosporaceae
Solanaceae
Unknown

i
i
i
i

1
16
1
5
1

2
138
1
15
1

Cyperaceae

M

2

2

Cyperaceae
Rosaceae
Rosaceae
Caprifoliaceae
Solanaceae
Ericaceae

E
n
i
i
i
E

1
2
1
6
1
1

1
1
8
50
1
3

Hypericum humifusum L.

Hypericaceae

n

3
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CHAPTER 5
______________________________________________________________________

Evaluation of restoration effectiveness: community response
to the removal of alien plants

In: Heleno, R., I. Lacerda, J. Ramos and J. Memmott, Evaluation of restoration
effectiveness: community response to the removal of alien plants, Submited to
Ecological Applications.
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Abstract

Plant invasions are a key cause of biodiversity loss and motivate many restoration
programs worldwide. We assessed restoration success using two complementary
experimental designs: a Before-After-Control-Impact (BACI) design compared a restored
and a control site over three years, while a Control-Impact (CI) design evaluated the
short-term effects of restoration on restored-control replicated pairs. In both designs a
food web approach was used to evaluate both structural and functional aspects of the
restoration. Two years after removing alien plants from the BACI design there were
increases in the abundance of native seeds (110%), herbivorous insects (85%), insect
parasitoids (5%) and birds (7%) comparison to the reference situation. In the CI design
five experimental plots were weeded and paired with five adjacent controls. Immediately
following the removal of alien plants within the experimental plots, there was a
significant decrease in native plant species, likely attributed to this disturbance.
Nevertheless, the production of native seeds increased by 35% in year 1 and seed
production of the focal endemic plant, Ilex perado (Holly), increased 159% in year 2.
Weeding increased the survivorship and growth of seedlings transplanted into the plots,
particularly those of alien species. Both experiments provide evidence of positive effects
of weeding cascading up through the food web from native plants to herbivorous insects,
insect parasitoids and birds. Two aspects which might prove critical to the outcome of
restoration programs deserve further attention: most bird-dispersed seeds were alien, and
weeding favored alien over native seedling growth.
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Introduction
Non-native invasive species frequently have a negative impact upon the
communities they invade (Wilcove et al. 1998; Mack et al. 2000). This impact can be
seen in a number of ways, such as competition with native species for resources
(Vitousek et al. 1987), alteration of disturbance regimes and habitat structure (Bertness
1984), exploitation of native species (Taraschewski 2006), or the disruption of native
food webs (Henneman & Memmott 2001) and mutualistic webs (Traveset & Richardson
2006). Given the increasingly exotic-dominated world (D'Antonio & Chambers 2006),
restoration ecologists are frequently faced with the challenge of managing invaded
ecosystems (Vander Zanden et al. 2006; Forup et al. 2008). However, because “most key
issues in invasion biology fall squarely at the community level” (Simberloff 2004), and
community assembly rules lay at the very foundation of restoration ecology (Palmer et al.
1997), restoration after invasion cannot be accurately monitored by focusing on one or a
few components of biodiversity (Temperton et al. 2004). Our aim here is to assess the
success of habitat restoration, during a three-year period, using a community-level
approach, where we considered the plant community, the herbivorous insects, the
granivorous and frugivorous birds feeding on the plants, and the parasitoids feeding on
the herbivores. This approach contrasts with the manner in which most studies have
traditionally been conducted, where the focus has been upon changes observed within a
single species or trophic level, usually plants (Sax et al. 2005; Vander Zanden et al. 2006;
Cabin 2007). Such approaches are likely to prove of poor value for restoration
practitioners that need to manage ecosystems as a whole (Ehrenfeld 2000; Cabin 2007).
Our community-oriented approach increases the monitoring demands for restoration
projects, but it addresses restoration from a holistic viewpoint, rather than a speciescentric one.
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Two complementary experimental designs were used: a Before-After-ControlImpact (BACI) design followed the recovery of a large weeded plot and a matched
control plot over three years, and a Control-Impact (CI) design looked at the effects of
weeding on a replicated experiment of paired weeded and control plots over one year. We
considered the effect of alien plants removal on the five structural and functional aspects
of the community: seed production, seed consumers, seed dispersal, network structure
and seedling survival and growth. Our predictions concerning the likely outcome of weed
removal on each of these are as follows:
1) Effect on seed production: Alien and native plants compete for resources such
as space, light, water, nutrients, and mutualistic partners (Vitousek et al. 1987;
Lopezaraiza-Mikel et al. 2007). Therefore, we predict that releasing native plants from
the competition from aliens will increase their access to resources and have a positive
effect on both native seed production and native seed diversity.
2) Effect on seed consumers: Alien plants usually lack specialist enemies in their
exotic range and generalist herbivores are predicted to have a greater effect on the native
flora than on alien species (Enemy Release Hypothesis, reviewed by Keane & Crawley
2002). Herbivore insect biomass can decrease during alien plants invasion (Heleno et al.
in press); here we predict the obverse when alien plants are removed. Thus, the predicted
increase in native seed production will increase resources available for seed-feeding
insects, and thereby increase their abundance and biomass. Similarly, we expect an
increase in the parasitoids feeding on the seed-feeding insects. Finally, we expect an
increase in the abundance of frugivorous and granivorous birds as a consequence of the
enhanced native seed/fruit production. This is particularly envisaged for the critically
endangered Azores bullfinch (Pyrrhula murina) (IUCN 2005), which is directly
dependent on native seeds and fruits (Ramos 1995).
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3) Effect on seed dispersal: Even if restoration results in the recovery of species
diversity this does not guarantee that the processes in which those species are involved,
such as seed dispersal, are re-established (Palmer et al. 1997; Forup et al. 2008). Seed
dispersal to a great extent determines vegetation structure (Wang & Smith 2002), such
that the incomplete restoration of such an important ecosystem service may result in a
community failing to be self-sustaining (Henson 2007). Here we assess whether the
predicted increase in frugivorous birds translates into the restoration of seed dispersal.
4) Effect on network structure: Understanding the impact of alien plants on the
interactions between species is important as these can be significantly affected by habitat
modification without visible changes to the more widely used measures of biodiversity
(Tylianakis et al. 2007). It is now recognized that species interactions are key attributes of
successfully restored systems and should be part of evaluation protocols (Menninger &
Palmer 2006). We predict that the number of links (i.e. interactions) will decrease as a
consequence of alien removal, connectance (the proportion of possible links that are
realized) will decrease as generalists feeding on aliens are replaced by specialists feeding
on natives, and interaction evenness (uniformity of link distribution) will increase as a
species poor alien vegetation is replaced by a more diverse native flora.
5) Effect on seedling survival and growth: Weeding increases the amount of light
that reaches the understory and creates areas of new disturbed ground, which benefits
species that rapidly take advantage of abundant resources (Mack et al. 2000; Shea &
Chesson 2002). It has been suggested that alien plants are particularly successful at
exploring resource-rich environments (Davis et al. 2000; Daehler 2003). Given an
increase in available resources after weeding, we predict that alien seedlings will grow
more vigorously than co-occurring natives.
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Methods
Field site and the restoration project
The Azores archipelago is composed of nine islands located along the mid-Atlantic ridge.
Its extreme isolation, richness in endemic taxa and the recent spread of invasive plants
that threaten native habitats makes it an ideal field site for studying plant invasions
(Ramos 1996; Silva 2001). The Azores are characterized by a temperate oceanic climate
with moderate rainfall spread evenly throughout the year, high relative humidity, and
small temperature range (Silva & Smith 2006).
Native vegetation in the east of São Miguel (the largest island in the archipelago)
has to a great extent been cleared for pastures, planted with a production forest of
Criptomeria japonica (Japanese red cedar), or taken over by weeds such as Pittosporum
undulatum (Australian cheesewood), Hedychium gardneranum (Kahili ginger), Acacia
melanoxylon (Australian blackwood) and Clethra arborea (Lily-of-the-valley-tree)
(Ramos 1995; Silva 2001). The remnant native forest (the laurel forest) hosts species of
particular conservation interest; for example eight tree species within the laurel forest are
endemic, along with the Azores bullfinch and the endemic Azores bat (Nyctalus
azoreum) (IUCN 2000). Given the vulnerability of the last population of the Azores
bullfinch, gravely threatened by invasive species, the Portuguese Society for the Study of
Birds (SPEA) launched a restoration project entitled: “Recovery of Azores bullfinch’s
habitat in the Special Protection Area of Pico da Vara / Ribeira do Guilherme”. With
funding of over five million euros, the project’s main aim was to recover 300 hectares of
the Azores bullfinch’s habitat from exotic plants invasion (www.spea.pt/ms_priolo).
The methodologies employed within our experimental design followed those
undertaken by the SPEA restoration program. This involved removing manually and
chemically four weed species (P. undulatum, H. gardneranum, C. arborea and A.
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melanoxylon) from all experimental plots. Alien plants were felled by machete and the
stump sprayed with herbicide (Ally ® - metsulfuron methyl at 20%). Felled vegetation
was used to cover the managed area to prevent leaching. On trees, strategic cuts were
made low on the trunk, sprayed with herbicide and the trees were left to die standing.

Experimental design
Following alien plant eradication two complementary experimental designs were used to
investigate restoration effectiveness: a Before-After-Control-Impact (BACI) and a
Control-Impact (CI) design. In the BACI design we followed the recovery of a three
trophic level food web linking seeds, their insect herbivores, parasitoids of the herbivores
and birds over three years within a control and an experimental plot. The experimental
plot was 70 m x 140 m (approximately 1 ha) in size, and was sampled from June to
November in 2005, this covering the fruiting period of the majority of plant species
present (Schäffer 2002; R.H.H. unpublished data). Alien plant eradication in the
experimental plot was carried out during the winter of 2005, and this plot was re-sampled
during the same period and with equal effort in both 2006 and 2007. At the same time a
control plot of equal area was established within the uninvaded native forest (1.5 kms
away from the experimental plot) and sampled from July to September in 2005, and again
in 2007. Hereafter the sampling years of 2005, 2006 and 2007 will be referred to as year
0, year 1 and year 2 respectively within the BACI design. This level of detail comes at
the expense of reduced statistical power, a recurrent problem in restoration studies
(Osenberg et al. 2006), which was minimised here by the complementary CI approach.
In the CI approach, ten plots, 50 m x 50 m in size, were established within
invaded areas of the laurel forest using a paired design with the plots from each pair
being adjacent. Treatment plots were weeded in the winter of 2006 (year 0 in the CI
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design), and sampled monthly for their seeds, herbivorous insects and their parasitoids
between early May and late November in 2007 (year 1 in the CI design). While the BACI
approach focused on the medium-term effects and considered temporal variability, the CI
approach focused on short-term effects and considered spatial variability. Throughout the
study, plant and insect taxonomy follows Borges et al. (2005).

Seed sampling: In the BACI design seeds were sampled every three weeks in years 0, 1
and 2, along 100-m linear transects. Ten transects were sampled each year in the
experimental plot and three in the control plot. In the CI design seeds were sampled
monthly in year 1 using 50-m linear transects, yielding seven transects per plot over the
sampling season. In both designs transects were parallel and sampling order was
randomly chosen. In the CI design plots of the same pair were sampled on the same day.
Along transects all seeds and fruits (hereafter collectively referred to as seeds) within 1 m
of the transect line were collected, identified and counted. These provided seed species
richness and abundance data for the food webs. In year 2 Ilex perado (Holly) - a key
species in the Azorean native forests (see discussion), was chosen as an indicator species
for assessing the impact of weeding on seed production in the CI experiment. Thus in
July 2008 (year 2) berries were counted on all I. perado trees within each plot. In
addition, diameter at breast height (DBH) of each I. perado tree was measured. A
univariate General Linear Model (GLM) was used to assess the effect of weed removal
treatment on the number of I. perado fruits produced (Log (x+1) transformed) with DBH
as a covariate.

Insect sampling: Seeds collected from transects (both designs) were placed inside 1 mm
micro-perforated polypropylene bags (10cm x 15cm) to rear all herbivores and
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parasitoids. Bags were inspected every four days for a period of 10 weeks. Insect exit
holes present on seeds were recorded and considered to be evidence that an herbivore had
emerged prior to seed collection. Herbivores and parasitoids that emerged during this
period were identified by taxonomists; these rearing provided data on herbivore and
parasitoid richness and abundance. Where the collection of all seeds of a single species
present within a single transect was not practical due to high abundance, these seeds were
sub-sampled and multiplied up prior to analysis. Insect abundance was defined as the
total number of insects reared; their biomass being the cumulative weight estimated from
insect length using the body length to body mass conversion equations developed by
Sample et al. (1993).
The effect of weeding on plants and insects under the CI design was assessed
using a repeated measures GLM with plot pairs as subjects. The results from the BACI
experiment were analyzed with a two-way analysis of variance including treatment and
plot as factors. Because the magnitude and the variability of the effects are often highly
informative in the evaluation of ecological restoration (Osenberg et al. 2006), the results
are presented and discussed in terms of the percent change (%Δ) between experimental
(i.e. restored) and control sites.

Bird sampling: Bird abundance was estimated using eight-minute long point counts,
starting one minute after arrival at the census point (Bibby et al. 2000). Two fixed census
points with good visibility were chosen inside each plot and sampled alternately. Four
point counts were carried out every three week period over two days at 8:00 and 9:00 am.
Birds were recorded as being inside or outside the plot, the location of where they were
first sighted or heard determining this. The data from the two daily censuses was
combined, such that for each bird species, the maximum number of individuals detected
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during either census was selected. Given that all forest birds in the Azores are resident
(Ceia et al. in press), the number of individuals of each species present was then averaged
for all sampling periods and divided by plot area to estimate overall bird density.

Seed dispersal network: Bird diet was assessed by collecting faecal samples of mist
netted birds. Two mist netting sessions (5 hours each, starting at sunrise) were performed
every three weeks in the experimental and control plots. Captured birds were kept inside
calico bags to defecate for a maximum of 30 minutes and droppings were stored in 70%
ethanol for later analysis. Entire seeds in the droppings were identified under a dissecting
microscope using seed reference collections. The results are presented in terms of the
proportion of droppings that contained at least one whole seed of each species. Whole
seeds which were found in droppings but not present in any seed transects within that
specific plot (i.e. species whose immigration to the plot is being assisted by birds) were
referred to as “new seeds”.

Building the networks and quantifying network structure: All networks were
visualized using a program written in Mathematica 4.0 (Wolfram Research 1999), based
on a matrix that quantifies the frequency of interactions between each prey-predator pair.
Species were classified as top, intermediate or basal according to their relative position in
the food web. Top species have prey but not consumers; intermediate species have both
prey and consumers; basal species have consumers but not prey (e.g. Sugihara et al.
1989; Bersier et al. 2002; Dunne et al. 2004). Additionally, we considered a basal species
to be any plant whose seeds or fruits were collected even if no herbivores emerged, i.e.
plant species did not have to be linked to other species to be considered part of the food
web. While this increases the number of basal species and thereby reduces connectance,
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it provides a more realistic picture of the community (Heleno et al. in press). The effect
of weeding on these network descriptors (number of links, link density, connectance and
interaction evenness) was explored via a repeated measures GLM. Because food web
descriptors are to some extent dependent on the size of the network (Bersier & Sugihara
1997), species richness was included as a covariate in the model.

Seedling survival and growth: Young plants (5 - 8 cm in height, hereafter referred to as
seedlings) were collected locally and transplanted, on the same day, to the center of each
paired plot under the CI design. Three seedlings of nine common species (four aliens: P.
undulatum, H. gardneranum, C. arborea, and Leycesteria formosa; and five natives: I.
perado, Vaccinium cylindraceum, Viburnum tinus, Erica azorica and Lysimachia
azorica) were planted in each trial, yielding a total of 270 plants (3 seedlings x 9 species
x 10 plots). All plants were marked and their height measured when planting out in year 1
of the CI design, and one year later. Changes in the survival probability of native and
alien plants were analyzed using logistic regression. The effect of management on
seedling height (Log (x+1) transformed) was analyzed with a GLM. At the end of the
experiment, the alien plants were removed from the plots and destroyed.

Results
Both approaches revealed that plants, herbivores, parasitoids and birds are linked together
in complex networks of interactions. The webs from the BACI design (Fig. 5.1)
quantified 81 unique interactions between 39 plant species, 17 herbivores, 6 parasitoids
and 9 birds. The webs from the CI design quantified 19 unique interactions between 20
plant species, 14 herbivores and 2 parasitoids.
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The number of alien seeds in the weeded plots for both the CI and BACI designs
was negligible (0.1% and 0.8% respectively), indicating a highly effective eradication of
exotic plants (Tables 5.1 and 5.2 supplementary material; Figs. 5.1 and 5.2). Furthermore,
none of the problematic weeds that motivated the restoration program (H. gardneranum,
C. arborea, A. melanoxylon and P. undulatum) were observed producing seeds in the
restored plots during the study.
In the BACI experimental plot, 26 % of the seeds produced before management
(i.e. year 0) were alien (Table 5.1), although this figure probably underestimates the level
of invasion as many aliens in the understory produce few seeds due to shading
(particularly H. gardneranum). In the CI design the level of invasion varied among pairs
but not between plots of the same pair: mean 61% (range: 3% to 98%) of seeds in the
control plots were alien.

1) Effect on seed production
In both designs native plants responded positively to the removal of aliens plants by
increasing seed production. While in the control plot of the BACI design the number of
native seeds remained stable over the 3 years, within the restored plot it increased by 24%
in year 1 and by 134% in year 2 (Fig. 5.2a). In year 1, native seed production of the
restored plots under the CI design was on average 34% higher than that of control plots,
although this difference was not significant due to the high variability on the response
(Fig. 5.3a). However in year 2, the number of I. perado fruits (the indicator species
sampled) was 159% higher in restored than in control plots, a highly significant
difference (F1,8 = 16.82; p = 0.003).
Native species diversity decreased with management on the CI design (F1,4 = 8.00;
p = 0.047) as four native species: Carex viridula, Luzula purpureosplendens, Frangula
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azorica and Picconia azorica, were missing from restored plots. However in the BACI
design, management increased native diversity by 40% in year 1 and by 110% in year 2
(Fig. 5.2b). Similarly, plant evenness was affected in opposite directions in the two
experiments – this increased in the CI design (Fig. 5.3a) and decreased in the BACI
experiment in year 1, though with a slight increase in year 2 (Fig. 5.2c).

2) Effect on seed consumers
Herbivorous insects and their parasitoids increased in abundance and biomass (both
experiments), and birds increased in density, after alien removal. In the BACI design,
insect abundance and insect biomass followed closely the pattern of native seed
production, i.e. relatively stable or with a small decline on year 1 and a large increase in
year 2 (70% insect abundance; 210% insect biomass; Fig. 5.2d and e). Bird density
(BACI design only) had a similar pattern (stable in year 1; increase in year 2); however
the magnitude of the increase in density in the second year (7%) was much smaller than
that of insects (70%) (Fig. 5.2f). In the CI study there was an overall 244% increase in
insect abundance, although the magnitude of the response was very variable between
paired plots (Fig. 5.3b). This along with the small sample size may explain the lack of
statistical significance (F1,4 = 1.65; p = 0.27).

3) Effect on seed dispersal
While the total number of entire seeds found in bird droppings increased by 55% over the
course of the three years of the BACI design (Fig. 5.2g), the number of dispersed species
decreased, particularly that of natives. Furthermore over the course of the three years the
number of alien seeds dispersed increased by 141% (almost entirely due to dispersal of L.
formosa), while the number of dispersed native seeds increased by only 12%. The
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number of new seed species dispersed into the plots decreased (Fig. 5.2h) as the diversity
of adult plants in the plots increased (Fig. 5.2b).

4) Effect on network structure
The only network descriptor that was significantly affected by restoration was the total
number of species (network size) (F1,4 = 9.59; p = 0.036). All other variables: number of
links, link density, connectance, and interaction evenness were highly variable among
plots of the CI design as shown by the large errors bars in Fig. 5.3c. In the BACI design,
link density and connectance increased in the control plot over the 3 years and in the
experimental plot from year 0 to year 1, but were considerably reduced in year 2 (Table
5.1; Fig. 5.2i).

5) Effect on seedling survival and growth
Of the 270 seedlings planted, 77% survived the first year. Survival rate was higher for
alien than for native seedlings, and higher on restored than in control plots, however both
effects were not statistically significant (Fig. 5.4a). The surviving seedlings in the
restored plots grew significantly taller than those in control plots (F1,193 = 10.47; p <
0.001; Fig. 5.4b). On average alien seedlings grew more than natives however this effect
was not significant (F1,193 = 0.05; p = 0.828; Fig. 5.4b). Nevertheless the interaction
between the two variables: status (alien/native) and treatment (restored/control) was
significant (F1,193 = 4.48; p = 0.036).

Discussion
In both experimental designs the removal of alien plants was followed by a positive
cascade through the community: native plants increased their seed output, herbivore
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abundance and biomass increased, parasitoid abundance increased as did bird density. In
this section we outline the limitations of our approach and discuss the implications of our
results for this particular restoration program and, more broadly, for the field of
ecological restoration.

Limitations
Both experimental designs used here have limitations; an ideal design would be a BeforeAfter-Control-Impact-Paired-Series (BACIPS) where several replicates of control and
restored sites would be followed for several years before and after management
(Osenberg et al. 2006). However such a design in restoration studies is rarely possible
(Osenberg et al. 2002). In this particular case, the combination of the BACI and CI
designs was the best alternative available which allowed us to consider both spatial and
temporal variability.
In this study there was a limit on the number of seeds that could be sampled per
transect and a limit on the number of transects that could be sampled. Consequently our
methods may have missed spatially or temporally rare interactions, a problem common to
all food webs. However any bias will have affected all plots equally and so is unlikely to
have influenced our analysis.

1) Effect on seed production
The number of native seeds increased considerably after management in both
experiments. The results from the BACI design show that native plants might need some
time (in this case 1 year) to adapt to the release from alien competition and to translate
this into an increase in the number of seeds produced. However, the two-fold increase in
native species richness and seed abundance in year 2 indicates that restoration is on the
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desired trajectory. The results are similar in the CI experiment with a mixed response
from native plants in the first year but a clear response from the focal tree I. perado
within the weeded plots in the second year. I. perado, an endemic tree, is a keystone
species in the laurel forest due to its abundance and, together with Juniperus brevifolia
and Laurus azorica, forms the structure of the Azorean cloud forest (Tutin 1953; Haggar
1988). It is also important as a host for native seed herbivores and their parasitoids
(Heleno et al. in press), and its flower buds form an essential food source for the Azorean
bullfinch in early Spring, a period when food is otherwise scarce (Ramos 1995). The
increase in the seed set of native plant species observed here may be extremely important
for future vegetation composition as even small changes in seed set can lead to long-term
ecological change (Goulson 2003).
In the CI design, but not in the BACI design, native seed diversity was
significantly lower in restored than in control plots probably as a result of the disturbance
associated with weeding. Some trampling or accidental poisoning of native plants is
probably unavoidable, particularly when the initial level of invasion is high (as in some
pairs of the CI design). This may explain the loss of two endemic annual grasses, C.
viridula and L. purpureosplendens from the restored plots, although both species were
naturally reinstated in restored plots in year 2 (R.H.H. pers. obs.). Two endemic trees, F.
azorica and P. azorica, present in restored plots did not produce fruits. These species
flower early in the season (Schäffer 2002), and presumably did not have enough time to
respond to any likely increase in resources following the removal of alien plant species.
The differing effects of management on species evenness was probably a
consequence of the different invasion levels of the two experiments. Whilst in the BACI
study the removal of common exotics reduced the number of dominant species
(decreasing evenness), extremely invaded plots within the CI study saw an increase in
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evenness amongst the poorly represented native plants following the removal of the two
dominant species.

2) Effect on seed consumers
In the BACI design, insects followed closely the pattern of native seed production (Fig.
5.2a, e and f). This suggests that once the hosts (native seeds) are reinstated, the insects
respond relatively quickly and increase in abundance accordingly. In the CI design,
restored plots produced three times more insects than control plots (Mean: 733 vs 221
insects on restored and control plots respectively), although this difference was not
significant due to the high variability in the response (Fig. 5.3b). It is important to point
out that the restoration of the insect community was noticeably weaker in the most
invaded plots of the CI design; for example no insects emerged from the seeds collected
on the restored plot of the most invaded pair, where 98% of all seeds were alien (Table
5.2 in supplementary material). Taken altogether, these results support the view that
whilst restoration is possible and relatively easy on moderate levels of disturbance (in this
case invasion), it can be extremely difficult once this restoration threshold is crossed
(Hobbs & Harris 2001).
Birds were only sampled in the BACI design. While in the control plot bird
density decreased from year 0 to year 2, bird density in the restored plot remained
constant in the first year after weeding (as did the number of native seeds), increasing in
year 2 following the two-fold increase in the production of native seeds. In the restored
plot (but not in the control plot) the density of the Azores bullfinch increased by one
order of magnitude from 0.05 birds/ha in year 1 to 0.5 birds/ha in year 2. This was the
greatest increase of all bird species and was probably a direct consequence of the increase
in native seed abundance (particularly I. perado and V. cylindraceum), given the strict
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association of the Azores bullfinch with the native laurel forest (Ramos 1996). Thus, in
addition to the positive community level responses to habitat management reported here,
there was a tenfold increase in the focal species which motivated the restoration program.
Although, the increase in insect abundance after management was much larger
than the effect on birds (70% vs 7% respectively), the magnitude of the effect is not
directly comparable given that birds have much slower generation times and more stable
population sizes than insects. Alternatively, such difference may be due to birds typically
being trophic generalists in comparison to many insect herbivores, such that alien seeds
are more likely to provide a suitable food source for birds than for insects.

3) Effect on seed dispersal
The restoration of ecosystem function (in this case seed dispersal) is crucial for the longterm stability of restored communities (Handel 1997). Birds were resilient to the removal
of alien plants; a positive factor given that poor seed dispersal is often a limiting factor in
forest recovery (Holl et al. 2000; White et al. 2004) and that birds are typically the main
seed dispersers in many systems (Herrera 1995). In this study however, the number of
avian dispersed seeds increased in both experimental and control plots making
interpretation of the results difficult. Whether seed dispersal will be beneficial or
detrimental to forest recovery will ultimately depend on whether birds are dispersing
native or alien seeds. Our results indicate that birds disperse a higher number of native
seed species but that alien seeds dominate the dispersal network in terms of seed
abundance. Amongst seed species being dispersed into the restored plot we found seeds
of P. undulatum, C. japonica and C. arborea, these being problematic invaders in the
Azores. The role of birds as dispersers of native and alien seeds into restored sites
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deserves more attention as, in addition to being drivers of ecological restoration, they can
also facilitate plant invasion.

4) Effect on the network structure
The aim of the CI experiment was to detect short-term impacts of weeding. The fact that
none of the network descriptors were significantly affected despite the elimination of a
substantial proportion of all seeds is an encouraging result. This result highlights the
importance of native species in structuring the community and suggests that network
structure and therefore its robustness (Dunne et al. 2002) were not significantly affected
by the removal of alien plant species. In the BACI design, connectance and link density
increased slightly in the experimental plot on year 1, but were considerably reduced in
year 2, the opposite pattern to network size. Spatial variability and initial species
composition strongly influenced network descriptors making any consistent patterns
difficult to detect with small sample sizes.

5) Effect on seedling survival and growth
On average invasive species had higher survival rates and grew faster than natives in both
treatments. This result shows that among the species tested, aliens tend to have better
performances than natives for important fitness-related traits and therefore they have the
potential to outcompete native vegetation. Our results support the understanding that
invasive plants might not have a permanent competitive advantage over co-occurring
natives (Daehler 2003; Seabloom et al. 2003) but that they are particularly effective at
taking advantage of available resources following disturbance (Daehler 2003; Lockwood
et al. 2007).
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The significant interaction between plant status (alien/native) and treatment
(restored/control) indicates that even if management improves the growth of alien and
native plants, the effect is greater for aliens. In this sense our results support the view that
alien plant removal is itself a form of disturbance (Gerhardt & Collinge 2003) that
benefits the performance of aliens over that of co-occurring natives (Mack et al. 2000). It
has been suggested that ultimately this can lead to the competitive exclusion of native
plant recruitment, resulting in a situation close to the original with a consequent waste of
economic resources (D'Antonio & Meyerson 2002; Lake & Leishman 2004; Buckley
2008). However it is important to note that in this study, all alien seedlings were
transplanted from adjacent areas to the experimental and control plots, and that natural
regeneration of aliens was not detected on any treated plot (R.H.H. pers. obs.). Our
results suggest that the effectiveness of a restoration program will ultimately be
determined by the speed at which native vegetation can recover, utilize most available
resources, and reduce the competitive advantage of alien plants on disturbed (resourcerich) environments i.e. to “restore invasion resistance” (D'Antonio & Chambers 2006;
Buckley 2008). In this sense, management activities aiming at accelerating native plant
recovery (e.g. sowing restored areas), may prove rather important in managing the
success of the restoration.

Concluding remarks and management implications
The physical scale of the sampling plots described here is 100 times greater than the vast
majority of the published restoration studies (BACI design 1 ha, other studies usually
<100 m2) (Osenberg et al. 2006). This scale of sampling was only possible by
colaborating with the ongoing restoration project, and provided an escape from the
common “cage effects” of the small scale experiments (Osenberg et al. 2006; Vander
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Zanden et al. 2006). This collaboration can prove mutually beneficial in ways other than
simply providing scientific direction; for example all the native seeds collected during
this study (> 50 000) were used in the restoration program to sow weeded areas.
An important outcome from this study is the fact that monitoring schemes which
evaluate restoration for periods less than two years may miss important signs of recovery.
Here there was little change following the removal of alien plants during the first year
while in the second year restoration was clearly on the right trajectory. The fact that, in
the BACI design, the proportion of alien seeds decreased between year 1 and year 2
indicates that native plants were recovering faster than aliens. However, whether this
recovery is only temporary (i.e. the result of a rapid response from adult native plants) or
if natives will succeed on restoring invasion resistance can only be determined by further
monitoring.
This study highlights two aspects that may prove critical for the success of
restoration projects and that should receive further attention during the planning and
evaluation stages. First, seed dispersal may positively or negatively affect restoration
depending on whether native or alien seeds are preferentially dispersed. Secondly, the
disturbance caused by the eradication of alien plants may enhance the performance of
alien over native seedlings, highlighting the need to control alien seedling germination
following the initial eradication.
In summary, we have demonstrated how food webs can be used to assess the
effects of alien plant removal, revealing that positive effects cascade upwards through the
food web and benefit multiple trophic levels. Our study reinforces the view that structural
and functional approaches can be used together when evaluating ecological restoration,
and that food webs provide a powerful tool for this more holistic approach, with benefits
for both restoration science and restoration practice.
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Tables and figures

Table 5.1. Comparison of community descriptors between restored and control plots
for the BACI design. Abundance refers to the number of individuals (seeds,
herbivores and parasitoids); diversity refers to the number of species (species
richness). For explanation of network variables see main text.

Seeds
alien diversity
native diversity
alien abundance
native abundance
evenness
% alien seeds
Insects
herbivore diversity
herbivore abundance
parasitoid diversity
parasitoid abundance
diversity
abundance
biomass (mg)
Birds
diversity
density (birds/ha)
Seeds dispersed
alien abundance
native abundance
alien diversity
native diversity
new aliens dispersed in
new natives dispersed in
Network
species diversity (total)
n. trophic links
n. mutualistic links
link density (links/species)
connectance
interaction evenness

year 0

Restored
year 1

year 0

Control
year 1

year 2

year 2

2
10
14263
41055
0.645
25.8

4
14
414
50948
0.423
0.8

9
21
704
96213
0.518
0.7

7
18
749
31419
0.575
2.3

-

7
22
4886
33259
0.59
12.8

9
5745
2
1346
11
7091
4407

6
5198
2
3
8
5201
3564

11
10640
2
1407
13
12047
13723

5
2862
1
3
6
2865
1324

-

8
1457
1
36
9
1493
977

9
14.8

9
14.8

9
15.9

9
12

-

9
10.8

17
34
5
9
5
4

18
56
4
10
4
3

41
38
4
5
2
1

2
5
1
2
1
0

-

8
10
1
4
0
0

41
18
19
1.294
0.056
0.513

42
12
19
1.605
0.059
0.421

55
18
11
1.128
0.026
0.464

41
11
3
1.368
0.044
0.525

-

47
12
7
1.934
0.051
0.756
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Figure 5.1. Quantified food webs showing species and interactions from the BACI design. Each bar represents a species, and its width represents
its relative abundance among all individuals sampled in that trophic level. The area of the triangles connecting each level represents the
frequency of the interaction. Native plants are in black and exotic in grey. Doted lines represent species not detected as adult plants inside the
plot whose seeds were being dispersed by bird to the plot.
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Figure 5.2. The effect of restoration on nine biodiversity and network descriptors under the BACI design. The dotted line represents the control
plot and the full line represents the restored plot. The x-axis represents time (year 0, year 1 and year 2).
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a) Seed production
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Figure 5.3. Magnitude of the effect of restoration on the CI design. Bars represent the
mean effect of restoration (% variation in relation to the paired control site) on different
biodiversity and network descriptors and the associated standard errors. Significant
results for α < 0.05 are indicated with an asterisk.
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Figure 5.4. Effect of restoration on the survival and growth of native and alien
seedlings. The bars represent the effect in survival probability (%) and growth (height)
between plants of each species on restored and control plots.
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Table 5.2. Comparison of community descriptors between the restored and control plot of each pair for the CI design. Abundance refers to the
number of individuals (seeds, herbivores or parasitoids); diversity refers to the number of species (i.e. species richness).
Pair
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Seeds
alien abundance
native abundance
alien diversity
native diversity
evenness
Insects
parasitoid diversity
parasitoid abundance
herbivore diversity
herbivore abundance
abundance
biomass (mg)
Network
species diversity
n. trophic links
link density
connectance
interaction evenness

control

1
restored

Δ%

control

2
restored

21908
12565
2
14
0.346

0
15061
0
10
0.316

-100
20
-100
-29
-9

8420
10899
2
12
0.446

0
10139
0
9
0.447

-100
-7
-100
-25
0

271
9479
2
9
0.46

50
6919
1
7
0.435

-82
-27
-50
-22
-5

18774
885
1
9
0.11

0
0
7
337
337
490

1
52
9
437
489
337

0
0
29
30
45
-31

1
18
6
210
228
278

1
36
3
2294
2330
2740

0
100
-50
992
922
884

2
69
5
385
454
508

1
178
2
373
551
116

-50
158
-60
-3
21
-77

23
7
1.4
0.06
0.8

21
14
1.4
0.07
0.8

-9
100
2
12
-10

21
7
1.2
0.06
0.9

14
6
1.3
0.09
0.3

-33
-14
10
64
-61

18
9
1.3
0.07
0.6

12
4
1.0
0.08
0.9

-33
-56
-25
12
36

Δ%

control

3
restored

Δ%

control

4
restored

Δ%

control

5
restored

0
3292
0
9
0.371

-100
272
-100
0
237

58596
1196
2
6
0.153

0
142
0
5
0.711

1
13
4
55
68
70

1
75
4
220
295
142

0
477
0
300
334
102

1
6
2
10
16
5

15
5
1.0
0.07
0.8

15
6
1.2
0.08
0.8

0
20
23
23
0

11
3
1.0
0.09
0.9

mean
effect

SE

-100
-88
-100
-17
365

-96
34
-90
-18
118

4
62
10
5
78

0
0
0
0
0
0

-100
-100
-100
-100
-100
-100

-30
127
-36
244
244
155

20
98
23
199
184
185

5
0
0.0
0.00
0.0

-55
-100
-100
-100
-100

-26
-10
-18
2
-27

10
34
22
27
24

Δ%
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Discussion

Understanding how natural systems work is an immense challenge that involves many
small steps. In the previous chapters I described a variety of approaches that I used in
an attempt to meet this challenge. In this section I will summarize the main results from
my study, framing them within the broader context of biological invasions. I will end
by highlighting other questions that remain answered and outline, in my opinion, the
most promising ways to approach them.

Plant invasions
Most reports describing the consequences of biological invasions have focused on their
impact on a target species or population (Petchey et al. 2004) and we know very little
about the (ecosystem) functional consequences of biodiversity loss at lower levels of
organization (McCann 2007). In an effort to redress the balance I explored the
consequences of plant invasion at the community level, and revealed that species
richness of plants and insects, plant species evenness, insect biomass and the
homogeneity in seed production, were all significantly reduced as a consequence of
alien plant invasion (Chapter 3). Of particularly concern was my prediction of a loss of
66% of insect biomass, should the native forest in the SPA of Serra da Tronqueira and
Ribeira do Guilherme be completely taken over by alien plants. By reducing species
richness at low altitudes, where the invasion level was stronger, alien plants inverted
the common and long established pattern of species richness decreasing with altitude.
This highlights the potential role of alien plants as drivers of major ecological changes
(Vitousek et al. 1997), in this case at the landscape level. I found that alien plants had
replaced, to a great extent, the rich native laurel forest with four highly invasive plant
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species. Whereas in native areas seed production occurred throughout the season, in
highly invaded areas seed production and insect biomass was very much concentrated
in late autumn. This could lead to gaps in the food supply and ultimately lead to the
local extinction of seed feeders (insects, birds and mammals).

Seed dispersal

One for the rook
One for the crow
One for the pigeon
And one to grow
Traditional Northumbrian saying,in Crawley 1992

In Chapter 4, I built the first community seed dispersal network which quantifies
dispersal effectiveness, and used it to search for empirical evidence of the seed
predator-disperser continuum. While droppings of typical seed dispersers usually
contained more entire seeds than those of typical seed predators, a fifth of the droppings
with seeds came from seed predators. The importance of seed predators in seed
dispersal was increased to over a third, when dispersal effectiveness was corrected for
bird abundance. This analysis revealed that birds regarded traditionally as seed
predators can be important seed dispersers by virtue of their abundance, and contradicts
previous assessments which attribute a very small or negligible role to the seed
dispersal carried out by typical seed predators (e.g. Norconk et al. 1998; Jordano &
Schupp 2000). In my study, birds were arranged along a gradient of dispersal
effectiveness, hereby providing the first empirical support to the concept of the
predator-disperser continuum (Wheelwright & Orians 1982; Hulme 2002), and refuting
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the dichotomized view of the role of seed predators and seed dispersers. My results
support the view that despite the understandable tendency in ecology to classify
interactions based on the most common outcome, the least common outcome may be of
great importance (Byrne & Levey 1993).
The seed dispersal network was dominated by alien seeds, including those of
extremely invasive species, namely: H. gardneranum, P. undulatum, A. melanoxylon,
C. japonica and C. arborea. In Chapter 4 and 5, I discussed the unexpected
predominance of alien seeds in all seed dispersal networks, but I did not conduct
experiments that linked the seed deposition patterns with plant demography. Therefore,
my results can only suggest, rather than prove, that birds are facilitating plant invasions
in Serra da Tronqueira. The link between seed dispersal and invasion should receive
further attention in studies of plant invasions and ecological restoration.
In general, evaluations of habitat invasibility frequently ignore the potential for
facilitation among invasive species (but see Simberloff & Holle 1999; and Rodriguez
2006). With the exponential rise in the global spread of alien species, the potential for
positive interactions, such as the one described here between native birds and alien
plants, is an increasing possibility. Therefore, the need to consider the potential for
positive interactions during biological invasion may become increasingly important.
As expected, the seed dispersal network in the Azores is highly generalized
(Chapters 4 and 5), which provides good and bad news for conservation. On one hand
the redundancy of dispersers is likely to confer some degree of robustness to the local
extinction of dispersers, but on the other hand it provides invasive plants with a suite of
well established seed dispersers likely to facilitate the invasion (Richardson et al. 2000;
Gosper et al. 2005; Buckley et al. 2006). In this sense, birds are both part of the solution
and part of the problem and the challenge facing conservation ecologists is to increase
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the former and reduce the latter. Some studies have started to address this matter by
testing techniques to manage avian seed dispersal such as the manipulation of perches
(e.g. Shiels & Walker 2003; Zanini & Ganade 2005).
In Chapter 4 I suggested that seed predators could have a stronger effect in
promoting seed germination than seed dispersers, however due to the small number of
seeds recovered from seed predator’s droppings in the germination trials, I could not
test this hypothesis. Further studies looking specifically at the germination of seeds
dispersed by typical seed predators and dispersers should clarify this issue.
While there is considerable research interest in seed dispersal, three challenges
continue to face seed researchers: the complexity of the seed dispersal cycle (predispersal predation, primary dispersal, secondary dispersal, post-dispersal predation,
germination, seedling survival and seed production); the fact that the dispersal of small
seeds in complex environments is inherently hard to follow; and logistic constrains that
limit the duration and resources available for seed dispersal studies (Levey & Benkman
1999; Wang & Smith 2002). The solutions to these challenges are becoming available
with multidisciplinary long-term studies using techniques such as DNA fingerprint and
radioactive labelling. I expect the next decade(s) to be an exciting period with
important breakthroughs in the understanding of seed dispersal processes.

Ecological restoration
Alien plants can have a profound impact on native species assemblages (Chapter 3) and
it is critical that ecologists find ways to effectively manage both the plants and their
impacts. Given the accelerating rate at which plants are travelling around the world
(Lockwood et al. 2007), restoration ecology is expected to be of increasing importance
in the future. The experimental removal of the invasive plants in my study plots
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considerably increased the number of native seeds (Chapter 6). However the results
indicate that the response might not be immediate because native plants may need time
to adapt to the release from competition before they respond by increasing their seed
set. Nevertheless, the two fold increase in native species richness and seed abundance
two years after removing alien plants, strongly suggests that restoration is underway.
In plots with a moderate level of invasion (paired design; Chapter 5), insect
abundance and biomass followed the increase in native seed production, suggesting that
once the hosts are reinstated, insects can respond relatively quickly. However, in highly
invaded plots, the insect community was not fully reinstated. This supports the view
that restoration is extremely difficult, perhaps impossible, once a “restoration
threshold”, where the original community has been severely mutilated, is crossed
(Hobbs & Harris 2001). Studies which indentify the characteristics of such thresholds
could be extremely useful for conservation biology and restoration ecology, allowing
efforts to be made where the probability of success is highest.
Birds followed the same pattern as native seed abundance in the restored plots
and increased in density once alien plants were removed. The main focal species of the
restoration program, the Azores bullfinch, increased its density by one order of
magnitude in the course of two years, due to the restoration of the native laurel forest
on which it is highly dependent (Ramos 1995; Ceia et al. in press).
The growth of alien and native seedlings was significantly enhanced by habitat
management. However, the positive effect of weeding on the growth of alien species
was stronger than on natives, suggesting a tendency for weeded areas to be re-invaded.
Our results suggest that the effectiveness of a restoration program will ultimately be
determined by the speed at which native vegetation can recover, utilize most available
resources and reduce the competitive advantage of alien plants on disturbed
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environments i.e. to “restore invasion resistance” (D'Antonio & Chambers 2006;
Buckley 2008). The fact that the proportion of alien seeds in the large weeded plot
(BACI design, Chapter 5) was lower in the second year after management indicates that
native plants were recovering more quickly than aliens at this stage. Future monitoring
of these plots should help to clarify whether the recovery of native vegetation was
effective or only temporary.
The physical scale of two sampling plots used in Chapter 5 (1 ha) was
considerably larger than that usually used when evaluating restoration studies. This is
very important to escape “cage effects” of small experiments, which are set up
exclusively with research aims (Vander Zanden et al. 2006). However, such a large
sampling scale and the level of detail resolved (fully quantified interactions between
four trophic levels) came at the expense of a more robust experimental design. An ideal
design would be a Before-After-Control-Impact-Paired-Series (BACIPS), however,
such design has rarely been possible in the evaluation of restoration, even in studies
with considerably simpler sampling protocols than the one described here (Osenburg et
al. 2006).
Species interactions are essentially the drivers of the ecological processes
responsible for community and ecosystem functioning. Thus, by considering species
interactions when evaluating restoration success, we are effectively working in the
currency of ecosystem services (Henson & Memmott in press.). This study reinforces
the view that structural and functional approaches to ecological restoration are not
mutually exclusive, and that food webs can be a most useful tool to plan and evaluate
both aspects (Vander Zanden et al. 2006).
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The São Miguel network
In addition to the data presented in Chapters 3, 4 and 5, I collected further information
on interactions between the species at the field site. For example I gathered the first
data on the feather mites on Azorean passerines. This data was collected by measuring
mite load and determining the species present on the flight-feathers of 497 birds (all
common forest species) captured in 2005. While interesting, these data were not
sufficient to form a chapter. Similarly, I have interactions from a completely invaded
plot and a highly invaded plot (these data, along with the data in Chapter 5, inspired the
decision to sample the 35 plots in Chapter 3) but again were not sufficient for a
standalone chapter. All these interactions can be combined to give a single composite
food web showing all the interactions detected during the course of my PhD (Fig. 6.1).
This network encapsulates three major achievements: First it adds to the
limited existing knowledge of the species and their interactions in the native forest of
the Azores, this being apparent from the large number of new species, genera and
families described for the first time for the archipelago (Table 6.1). Secondly it joins
the small group of fully quantified terrestrial food webs which include some very
distant taxa, for example insect parasitoids and feather mites. Thirdly it will allow the
formulation and testing of hypotheses concerning the impact of alien plants on network
structure and robustness.

Where to go from here?
Traditionally, ecologists tended to devide up intrinsically complex processes into
smaller, more manageable questions in order to facilitate its study. There is however
growing evidence that many processes in ecology cannot be fully understood if broken
up into small parts. Instead of a reductionist approach, the call is now to embrace the
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inherent complexity of natural systems. Polis and Strong (1996) argued that
complexity, no matter how inconvenient to theory, may be the important signal driving
communities rather than irrelevant noise. Throughout this thesis many avenues where
further research is needed have been highlighted. Below, I discuss four avenues that
look particularly rewarding for future studies.

1) Interdisciplinary work: Researcher comfort zones remain a powerful divisive force
in ecology (Memmott et al. 2007b). Scientists need to continue to seek truly
interdisciplinary approaches to the study of biological invasions. For example, even if
from the “plant’s perspective”, birds, mammals and ants are all “simply” vehicles for
dispersal of seeds, most dispersal studies are still conducted independently by
ornithologists, mammologists and entomologists. When a more holistic approach is
implemented, the effort is usually worthwhile: For example, Knight et al. (2005)
demonstrated that fish in lakes can indirectly improve the pollination of terrestrial
plants by keeping dragonfly larvae (which turn into bee-eating adults) at low
abundance, while Bailey and Whitham (2003) showed that grazing by elk can influence
bird distribution by limiting sawfly abundance. It seems likely that such cascading
interactions across very different taxa and across ecosystems are probably not
uncommon, just unrecorded. The cooperation between scientists from different
backgrounds is very likely to prove useful in revealing such patterns. Similarly, the
importance of greater cooperation between those that study conservation and those that
practice it has been repeatedly stressed but rarely implemented, particularly in
ecological restoration (Borer et al. 2002). While this is not an easy challenge, it could
be extremely rewarding for both parts; for example, theories could be empirically tested
and refined using field data, while practitioners could be informed by better theory,
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opening the doors for a better understanding of how ecological communities work and
how to work with ecological communities. In this sense, I strongly agree with Proulx et
al. (2005) view that “Network studies in biology have now reached a turning point,
where empirical studies must provide the motivating details for novel theory, and
theoretical studies must provide a rigorous predictive framework in which to test
hypotheses about network formation and network function”. In this study the
cooperation between scientists and managers was actively sought by both partners at all
times, which was extremely beneficial. For example, the large scale manipulations
described in Chapter 5 would not have been possible without the cooperation of the
LIFE-Priolo restoration project; at the same time managers benefited from highly
detailed and informative evaluations of restoration success and from a predictive tool
for planning future management.

2) Networks and ecological conservation: While studying biological invasions,
ecologists have often focused on the diversity of a single trophic level, typically plants,
where changes are relatively straightforward to assess (Sax et al. 2005; Vander Zanden
et al. 2006). As in other areas in ecology, this focus on biodiversity came at the cost of
ignoring the networks of interactions between organisms that characterize ecosystems
(Memmott & Waser 2002; McCann 2007).
Food webs have traditionally been used in pure rather than applied research,
although more recently they have started to be used to frame important questions in
conservation biology (Vander Zanden et al. 2006). Ecological networks have already
proved useful when framing hypotheses about the impact of biological invasions (e.g.
Aizen et al. 2008; Bartomeus et al. 2008), the safety of biological control agents (e.g.
Carvalheiro et al. 2008); the impact of habitat degradation (e.g. Tylianakis et al. 2007)
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and the effectiveness of habitat restoration (e.g. Forup et al. 2008). I suggest that the
use of a network approach in the study of biological invasions, and other fields in
ecology, can lead to a deeper understanding of natural processes, especially if they
include a manipulative approach. In order for networks to be informative for
conservation, we have to continuously aim for better, bigger, and more realistic
networks. We also have to aim for replicate networks as only this way will ecologists
have sufficient statistical power to assess the impacts of invasions and restoration
efforts on ecosystem services. The cost of such replicated designs requires a
considerable investment in research, akin to that devoted to other areas such as
medicine and defense, however the gain in the predictive power of how to manage
ecosystem services could prove extremely important (Kremen & Hall 2005).

3) More and clearer measurements: With some interactions, ecologists (myself
included) do not measure quite what they say they measure; for example, we cannot
accurately talk about seed dispersal until germination tests show that the seeds found in
the droppings are still viable. The same can be said in pollination studies where flowervisitation webs are commonly used as workable approximations to pollen transfer
networks (but see Gibson et al. 2006). Ideally, viability tests and the germination rate of
all seed-bird interactions should be assessed and incorporated on a more complete
measurement of dispersal effectiveness.
In contrast to the publishing boom in high quality, quantitative pollination and
trophic webs, seed dispersal networks remain largely undeveloped (Memmott et al.
2007b). While published networks that include birds, are largely connectance webs (i.e.
where interaction strength is not quantified), I am unaware of any published antdispersal network.
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Finally, there are two areas where the next generation of food webs are expected
to improve significantly: The inclusion of non-trophic interactions, such as competition,
facilitation, interference, inhibition and habitat provisioning (Borer et al. 2002; Lortie et
al. 2004); and the inclusion of hidden biodiversity such as parasites and diseases
(Lafferty et al. 2008; Henson & Memmott in press.). The study described in Chapter 5
is one of the few to include parasitoids on the evaluation of restoration success.

4) The adoption of new techniques:
Stable isotopes analysis: The use of the ratio between the stable isotopes of constituent
elements in an organism (usually 13C, 15N, 34S, 2H, 87Sr) as a tool to infer some type of
information about the sources of energy of that organism is not a new technique
(Ehleringer et al. 1986; Michener & Lajtha 2007). However only recently it has become
widely available and affordable and its use in food web and seed dispersal research
adopted (Stapp et al. 1999; Forero et al. 2005; Michener & Lajtha 2007). Based on the
isotopic ratio, it is relatively straightforward to determine the position of a species in
the food web, and to infer the structure of the energy source environment, however,
usually it does not allow a resolution to the species level. For example stable isotopes
were used by Vander Wall (2002) to follow the fate of individual pine seeds taken from
three source trees by several seed caching rodents. Therefore, stable isotopes analysis
can be particularly revealing in the study of long distance dispersal, which until now
has been largely neglected (Wang & Smith 2002).

Radioactive labelling: One of the main problems in studying seed dispersal is to
determine the fate of the dispersed seeds. Marking seeds by irradiating the parent plant
with high-energy γ radiation facilitates this task, as a Geiger Counter can then be used
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to locate seeds (Wang & Smith 2002). However this technique still implies that all
seeds that can potentially be dispersed will be marked, and therefore will only be useful
for relatively short-distance seed dispersal. For example, Vander Wall (2006) used
radioactive labelling techniques to explore the dispersal and germination of 836 seeds
of Yucca sp. by seed-caching rodents on the Mojave Desert, which dispersed seeds up
to a distance of 30 m.

Molecular genetic markers: Molecular techniques, which are increasingly faster,
cheaper and more accurate, have the potential to revolutionize food web and seed
dispersal research. Regarding food web research, the use of prey-specific PCR primers
have been used to detect prey DNA within the gut of predators in conservation projects
(Sheppard et al. 2004). More recently, DNA-barcoding has facilitated the detection of
prey DNA in the predator’s stomach “much like a barcode is used to identify the price
of an item in a grocery store” (McCann 2007). This technique was used for detecting
prey in the gut of Anopheles sp. larvae (Garros et al. 2008). Regarding seed dispersal,
parentage analysis allows the assignment of recovered seeds to the parent plant by
sampling highly variable DNA regions such as microsatellites (Wang & Smith 2002).
Furthermore, by combining analysis of nuclear DNA markers (which originate from
both parents) and cytoplasmic or chloroplast RNA markers (inherited from the mother
plant only), it is possible to separate seed-mediated gene flow from pollen-mediated
gene flow. For example, Jordano et al. (2007) traced back seeds dispersed by birds and
mammals to the seed source plant by matching 10 microsatellite markers on the seed
coat to the genotype of adult plants in a population.
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Final remarks
“That there are so many patterns to validate,
theories to test, and consequences to explore is an
indication of the health of food web research, not
his sickness.”
Pimm and Kitching 1988

These words by Pimm and Kitching are, in my opinion, as accurate today as they were
20 years ago. Food webs have carried us a considerable way forward in understanding
how natural communities work. Now, with the problems of early food webs solved and
with new techniques available, I can see new and exciting opportunities for the study of
biological invasions, seed dispersal and restoration ecology, unified by the use of better,
bigger and more realistic ecological networks. The stakes are high as the “Failure to
address the issue of biotic invasions could result … in the disruption of the ecological
processes that supply natural services on which human enterprise depends, and the
creation of homogeneous, impoverished ecosystems composed of cosmopolitan species”
(Mack et al. 2000).
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Table 6.1. List of records of Arthropods identified during this study with special scientific relevance.
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Species
Analges macropus Zimmermann, 1894
Monojoubertia microphylla (Robin, 1877)
Proctophyllodes musicus Vitzthum, 1922
Proctophyllodes pinnatus (Nitzsch, 1818)
Proctophyllodes reguli Gaud, 1957
Proctophyllodes serini Atyeo et Braasch, 1966
Proctophyllodes sylviae Gaud, 1957
Mesalgoides pyrrhulinus Mironov, 1997
Trouessartia bifircata (Trouessart, 1884)
Trouessartia incisa Gaud, 1957
Trouessartia motacillae Dubinin, 1952
Trouessartia reguli Mironov, 1983
Trouessaria rubecula Jablonska, 1969
Scambus sp.
Lestodiplosis sp.
Scaptomyza impunctata (Frey, 1945)
Ensina azorica Frey, 1945
Bracon obscurator Nees, 1811
Meteorus ictericus (Nees, 1812)
Microterys sp.
Miotropis unipuncta (Nees, 1834)
Sympiesis sp.
Pteromalus sp.
Coleophora sp.
Stenoptilia zophodactylus (Duponchel, 1840)

Order
Acarina
Acarina
Acarina
Acarina
Acarina
Acarina
Acarina
Acarina
Acarina
Acarina
Acarina
Acarina
Acarina
Coleoptera
Diptera
Diptera
Diptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Hymenoptera
Lepidoptera
Lepidoptera

Family
Analgidae
Proctophyllodidae
Proctophyllodidae
Proctophyllodidae
Proctophyllodidae
Proctophyllodidae
Proctophyllodidae
Psoroptoididae
Trouessartiidae
Trouessartiidae
Trouessartiidae
Trouessartiidae
Trouessartiidae
Curculionidae
Cecidomyiidae
Drosophilidae
Tephritidae
Braconidae
Braconidae
Encyrtidae
Eulophidae
Eulophidae
Pteromalidae
Coleophoridae
Pterophoridae

Taxonomist
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Serge Mironov
Klaus Horstmann
John Deeming
John Deeming
Bernhard Merz
Kees van Achterberg
Kees van Achterberg
Dick Askew
Dick Askew
Dick Askew
Dick Askew
Ole Karsholt
Ole Karsholt

Description
new Family for the Azores
new Family for the Azores
new Family for the Azores
new Family for the Azores
new Family for the Azores
new Family for the Azores
new Family for the Azores
new Family for the Azores
new species for the Azores
new species for the Azores
new species for the Azores
new species for the Azores
new species for the Azores
new species for the Azores
new Family for the Azores
first host records for science
first host records for science
new species for the Azores
new species for São Miguel
new Genus for the Azores
new Genus for the Azores
new Genus for the Azores
new species for the Azores
new species for the Azores
new species for São Miguel

Parasitoids

Herbivores

Seeds
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Birds

Mites
Figure 6.1. Food web encompassing all the interactions identified over the course of this study.
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Other papers arising from my PhD research
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During my PhD I had the privilege to work with scientists and conservationists working
in the Azores or on projects involving Azorean biodiversity. Three of these
collaborations led to research projects that were not included in this thesis, but are
outlined in this section. These projects are listed below and the manuscript title, abstract
and current state (in press, submitted) described in the following pages.

1) Summer abundance and ecological distribution of passerines in native and exotic
forests in São Miguel, Azores

2) Fern feeding ecology of the Azores bullfinch: the selection of fern species and the
influence of nutritional composition in fern choice

3) Rearing records for two endemic Azorean acalyptrate Diptera (Tephritidae &
Drosophilidae)
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Summer abundance and ecological distribution of passerines in native
and exotic forests in São Miguel, Azores

Ceia, R.1, R. Heleno1,2 and J. Ramos1

1

Institute of Marine Research, University of Coimbra, Coimbra, Portugal

2

School of Biological Sciences, University of Bristol, Bristol, UK

Journal: Ardeola – (Spanish Society of Ornithology)
Accepted for publication in November 2008
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Abstract

Exotic plants invasions are an important part of current global change, threatening
conservation areas the world over. To understand how exotic vegetation affects animal
abundance and distribution is crucial for effective habitat conservation and restoration.
The aim of this work is to assess the distribution and abundance of bird species in native
and exotic forest of São Miguel - Azores. Point counts were conducted in two exotic
forest habitats and in the native laurel forest, and densities (birds/ha) for bird species in
each forest type were calculated with the program DISTANCE. Mist-netting was carried
out in four plots representing a gradient of infestation by exotic plant species. Nine bird
species were recorded, most of them in the three forest types. The Goldcrest Regulus
regulus was the most generalist and abundant species in all forest types and the endemic
Azores bullfinch Pyrrhula murina the most specialist, occurring only on native
vegetation. Both point counts and mist-netting showed a higher diversity index and
equitability in areas/plots with native forest, although species richness was not always
the highest. Mist-netting showed a higher diversity index and equitability coefficient for
mid-altitude native forest. The abundance of each bird species could be explained by the
availability of suitable food resources. The Goldcrest was the less affected species with
the plantation of Japanese Red Cedar Cryptomeria japonica. This study demonstrates
the importance of the native forest, particularly at mid altitudes, for the maintenance of
a more homogeneous bird distribution in São Miguel.
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Fern feeding ecology of the Azores bullfinch: the selection of fern
species and the influence of nutritional composition in fern choice

Arosa, M.1, J. Ramos1, T. Valkenburg2, R. Ceia2, H. Laborda2, L. Quintanilla3, R.
Heleno1,4

1

Institute of Marine Research, University of Coimbra, Portugal

2

Portuguese Society for the Study of Birds, Lisbon, Portugal

3

Department of Biology and Geology, University Rey Juan Carlos, Madrid, Spain

4

School of Biological Sciences, University of Bristol, Bristol, UK

Journal: Ardeola – (Spanish Society of Ornithology)
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Abstract

Ferns are an important component of many ecosystems and potentially provide an
abundant food resource for consumers, but there are very few studies on the ecology of
fern feeding by vertebrates. Here we examined fern selection of sporangia and leaves,
by the Azores Bullfinch, an endemic bird of the island of São Miguel, Azores.
Nutritional composition of both sporangia and leaves (lipids, proteins, phenolics and
caloric content) were compared between consumed and non-consumed fern species. In
winter and early spring the Azores bullfinch foraged on sporangia of Woodwardia
radicans, Culcita macrocarpa and Pteris incompleta, and, in spring/early summer, it
took leaves of Osmunda regalis and Pteridium aquilinum. Expanded leaves were
preferred over other developmental stages (expanding leaves and crozier) except for O.
regalis, in which sporangia were preferred, followed by expanding leaf. The spores of
consumed fern species were significantly higher in lipids and caloric content than leaves
of consumed species, which had a higher content in proteins and phenolics. The caloric
content of spores differed significantly between consumed and non-consumed species,
but the nutritional composition of leaves was similar between consumed and non
consumed fern species. The consumption of leaves in early spring, possessing high
amounts of proteins and reasonable high values of calories, may enable birds to survive
until better foods became available. This study suggests that overall energy is the most
limiting nutrient for Azores bullfinch when selecting foraging fern species in winter.
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Rearing records for two endemic Azorean acalyptrate Diptera
(Tephritidae & Drosophilidae)

R. Heleno

School of Biological Sciences, University of Bristol, Bristol, United Kingdom

Journal: The Entomologists Monthly Magazine
Accepted for publication in March 2007

Heleno, R. H., 2007, Rearing Records for Two Endemic Azorean Acalyptrate Diptera
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In conducting an extensive research on seed feeding insects in the Azores archipelago I
succeeded in rearing two species of which no biological knowledge as yet exists. All
host material was collected in the island of São Miguel, District of Nordeste, hosts and
dates of collection are listed below:


Ensina azorica Frey, 1945 (Tephritidae) from seeds of the endemic Carex viridula

Michx. ssp. cedercreutzii (Fagerstr.) B. Schmid collected in July 2005 and from seeds of
the introduced Sonchus tenerrimus L. collected in October 2005 and September 2006.


Scaptomyza impunctata Frey, 1945 (Drosophilidae) from fruits of the endemic trees

Ilex perado Ainton ssp. azorica (Loes.) Tutin in June and July 2006 and Juniperus
brevifolia (Seub.) Antoine in July 2006 and from seeds of the introduced Erigeron
karvinskianus DC. and Persicaria capitata (Buch. Ham. Ex D. Don) H. Gross. both in
June 2006.
Voucher material of both species is deposited in the National Museum of Wales.
I am grateful to Dr. John Deeming, Nat. Mus. Wales, Cardiff for the Drodophilid
identification, and to Dr. Bernard Merz, Mus. Hist. Nat. Genève for the Tephritid
identification.
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