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Abstract

Invasive alien species, often introduced intentionally, are the primary threat to the unique
flora of the Galapagos Islands. Abandoned pastures of elephant grass (Pennisetum
purpureum Schum.) persist within Galapagos National Park, fragmenting and
encroaching upon native Scalesia forest. In this study, methods to control elephant grass
and enhance restoration of the forest were investigated, as part of a restoration
framework for the Scalesia forest zone on the island of Santa Cruz. Four management
treatments, one-time cutting, repeated cutting, cutting followed by a one-time herbicide
application and cutting followed by repeated herbicide applications, and three restoration
treatments, natural recovery, use of hand-collected seed and use of a donor soil seed
bank, were tested. Restoration success was measured by a reduction in the cover of
elephant grass, absence of other alien species, and an increase in the density and
richness of native and endemic species. A restoration strategy will focus on integrating
proven methods with an understanding of reference community dynamics and land use

management.
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1.0 Introduction

1.1 Biological Invasions

Invasive alien species worldwide have caused humans great inconvenience and
economic loss as well as displacing and in some cases eliminating native species. The
term alien species, used interchangeably with non-native, exotic and non-indigenous
species, is here defined according to the U.S. Congress Office of Technology
Assessment (1993) as ‘species beyond their native range or natural zone of potential
dispersal including all domesticated and feral species and all hybrids except for naturally
occurring crosses between native species.’ Most alien species pose little threat to native
plant communities (Vitousek et al. 1996). For example, 43% of the alien species in the
Galapagos Islands are naturalized but only a dozen or so have had obvious negative
impacts on the native vegetation (Mauchamp 1997). Invasive species are defined as
those ‘spreading naturally (without direct assistance of people) in natural and semi-
natural habitats, to produce a significant change in terms of composition, structure or
ecosystem process’ (Cronk and Fuller 1995).

The number of species extinctions caused by biological invasions is likely only second to
those resulting from landuse changes; although biological invasions are strongly
connected with landuse change (D'Antonio and Vitousek 1992). For example, the
chestnut blight, an introduced pathogen, has reduced the American chestnut to the point
of extinction in forests of the northeastern U.S. (Vitousek et al. 1996). Alien mammals
such as rats and feral cats prey on native wildlife particularly young. The introduced
brown tree snake is believed to be the cause of native bird species extinctions on the
island of Guam through nest predation (Savidge 1987). Invertebrates are some of the
most widespread invaders; Eurasian zebra mussels deplete resources necessary for the
survival of native aquatic organisms thereby reducing the productivity of the system
(Vitousek et al. 1996).

Plant invaders are more widespread than animal invaders as their propagules are easily
transported on equipment, clothing and cargo or in commercial seed (Cronk and Fuller
1995). However, alien plant invasions are generally more difficult to quantify than



invasions by other types of organisms. Plant invaders can be identified in the initial
invasion stage, particularly in disturbed habitats, but the effects they have on
neighbouring organisms are often subtie. Since the potential long-term effects of alien
plants on native communities and ecosystems are largely unknown, alien plant invaders
have not been actively controlled in natural areas, where human interest is not
immediate (Cronk and Fuller 1995). The resuit for some of these alien species has been
population explosion.

It is easier to quantify a loss in agricultural production or a depletion of fish, due to plant
invasions, than determine if native species vigour is declining or essential ecosystem
functions are being altered. For example, the alien grass Miscanthus sinensis reduces
the light availability and daily carbon gain of regenerating oak trees in Japan; this
significantly slows the rate of encroachment of oak into old field habitats (D'Antonio and
Vitousek 1992). The availability of resources such as water and soil nutrients can also
be altered. The invasive shrub Myrica faya increases nitrogen (N) levels in the severely
N limited volcanic soils of dry submontane forests in Hawaii (Ley and D’Antonio 1998).
This increase in N reduces regeneration of the native tree Metrosideros polymorpha and
causes conversion of the habitat to grassland. The ability of European annual grasses
to rapidly draw down soil moisture in California grasslands is also considered the major
cause of poor oak recruitment (D'Antonio and Vitousek 1992). Lastly, ecosystem
functions can directly be altered by invasive alien plants including changes to
microclimate, disturbance regimes and geomorphology.

To predict which species are potential invaders, research has focused on identifying key
attributes, traits or commonalties that allow alien species to succeed in their new
environments (Rejmanek and Richardson 1996, Daehier 1998). Noble and Siatyer
(1980) identified three attributes that are most important for determining a species role in
plant community development: the method of arrival and persistence, the ability to
establish and grow and the time required to reach critical life stages such as sexual
maturity. These attributes have also been identified as essential to successful invasion
by alien species (Rejmanek and Richardson 1996).

Invasions by alien grass species are of particular interest, as noted in a recent study,
due to their vast distribution and their effective growth strategies (D'Antonio and



Vitousek 1992). Alien grass invasions are generally more prevalent outside Europe and
Africa perhaps because a large proportion of invasive alien grasses are of African or
Eurasian origin. There are four key reasons why grass invasions are of worldwide
significance. Grass propagules are actively moved on a global scale for agricultural
purposes; alien grasses compete effectively with native species in a wide range of
ecosystems; where dominant, grasses can alter ecosystem processes, and many grass
species can tolerate or enhance fire causing significant changes in habitat and landuse
(D'Antonio and Vitousek 1992).

1.2 Invasibility of Island Communities

1.2.1 Biodiversity

Species rich communities are hypothesized to be less invasible than those that are
species poor as few empty niches remain (Crawley 1987; Tilman 1997, Wiser et al.
1998). If species poor communities are more readily invaded, then it is not surprising
that islands, which are generally species poor due to dispersal limitations, reduced
colonization and high local extinction, have higher rates of invasion and species
replacement (Eiton 1958; MacArthur and Wilson 1967, Brockie et al. 1988; Vitousek et
al. 1996). Furthermore, species poor communities experience less intense competition,
due to low species richness, and have simple food chains, thus an impact on one
species will affect the community. Island populations and endemic species in general
may have low genetic diversity due to low occurrences (Linhart 1995) and therefore be
more significantly impacted by alien species (Williamson 1981, Simberloff 1995; Randall
1996). These species may be less able to reinvade a site following disturbance due to
the lack of refugia often present on continents where ranges and number of populations
are greater (Simberioff 1995). Although commonly touted as theory, little conclusive
evidence exists to support the notion that diversity begets stability (Simberioff 1995).

High species diversity is used synonymously with high functional group diversity. A
functional group is defined as a group of species, which provide the same or a similar
role in a community. It may be the absence of a functional group rather than low species
diversity that increases the risk of community invasion (Simberloff 1995). Island fioras



are often limited to a few taxonomic families, with a high proportion of herbaceous
species relative to woody species (D'Antonio and Dudley 1995; Simberloff 1995).

1.2.2 Dispersal and Competition

Dispersa! and interspecific competition are thought to limit the establishment of species
on Pacific Islands (MacArthur and Wilson 1967). The rate of introduction of alien species
relative to the land mass is greater on islands compared to continental areas, particularly
as human intervention increases (Simberloff 1995). In Galapagos, the rate of species
introduction is approximately 10 a year (Mauchamp 1997), approximately 100,000 times
the natural rate of introduction (Porter 1983). As the number of introductions increases,
the threat to native communities also increases, as these species are able to fill ‘empty
niches’ proposed to be prevalent on islands. Even allowing for the fact that the recent
rate may be more due to detection than introduction, the rate since 1800 has been over
two species per year, or 20,000 times the natural rate (Porter 1983).

The competitive ability of isiand endemics is thought to be low due to their isolated
evolution. This is not conclusive, as a few studies have suggested that the high
divergence within genera on islands (e.g. Scalesia) indicates competition may be more
intense (Simberioff 1995). In contrast, species that have been introduced outside of their
native environment have increased competitive abilities such as increased seed
production and growth than when in their native environment (Crawley 1987, Blossey
and Notzold 1995). These differences are likely due to a reduction in natural herbivores
and pathogens.

1.2.3 Disturbance

Local disturbance facilitates the introduction, spread and establishment of plant species
(Usher 1988; Burke and Grime 1996; Kotanen 1997; Fensham and Cowie 1998).
Canopy openings increase the abundance of seed rain and the amount of incident light
reaching the forest floor. Soil disturbances bring seed already in the seed bank closer to
the surface, and increase the availability of microsites. Animals, including humans,
moving through the forest, act as dispersal vectors for a variety of seeds, moving seed to



new locations and bringing seed from outside the forest. Most seed deposited into the

local seed bank will die but a small portion will persist until favourable germination
conditions arise.

Disturbance is often considered to favour or even be a prerequisite for invasion
(D’Antonio and Dudley 1995). Islands, especially young ones such as Galapagos, may
be more susceptible to invasion as the natural state of their ecosystems is similar to
disturbed habitats in their simplicity and comparative paucity of species (Macdonald and
Cooper 1995). Disturbance such as fire and natural stand dieback may further increase
the risk associated with an invasive species.

1.3 Restoration of Communities

1.3.1 Restoration

Restoration is ‘the process of assisting the recovery and management of ecological
integrity. Ecological integrity includes a critical range of variability in biodiversity,
ecological processes and structures, regional and historical context and sustainable
cultural practices.’ (Society for Ecological Restoration 1996). Most often the purpose of a
restoration initiative is to conserve endangered or threatened habitat. Sometimes only a
particular species is of interest due to its rarity or it may be considered a keystone or
umbrella species (Pavlik 1998). The purpose of restoring a site may also be to control
the establishment of alien species. Restoration could be used as a tool to suppress
shade intolerant, alien species and/or to eliminate staging areas of non-native species
that are adjacent to undisturbed but threatened native flora (Berger 1993). Restoration
alone will not eradicate an undesirable species but it may prevent reinfestation of a
community, particularly if coupled with proper management of surrounding areas.

Aronson et al. (1993) theorized that certain thresholds of irreversibility are passed as a
community is degraded. If too many of these thresholds are passed, then a system
loses its resilience. Only with human inputs can the system be put back on a trajectory
towards a pre-disturbance state. At some point, the inputs required to achieve this goal
are even too great and this is when altemnative land use objectives may be considered.



At this point restoration is not feasible and rehabilitation or reclamation may be
considered.

1.3.2 Reference Conditions

The goal of restoring a disturbed site to a replica of its original conditions or to pristine
habitat is not easy, and perhaps not possible, to achieve. Reference conditions provide a
benchmark for planned activities as well as allowing practitioners to measure the
success of a project. There is much to debate on this topic and unfortunately this often
stalls, if not halts, the progress of beneficial restoration projects. Recent debates have
concluded that while a single end goal cannot be clearly defined, some reference point is
required to guide restoration efforts (Pickett and Parker 1994; Aronson et al. 1995). At
the very least, adjacent undisturbed communities can be used to define reference
conditions, along with historical records, where available. Climate change and use of the
land by indigenous peoples over extensive periods of time, however, are difficult to
document with any degree of certainty. In the absence of undisturbed conditions, a
reference state from a predetermined time period is often chosen.

1.3.3 Measurement of Success

Most often species composition and physiognomy are monitored in restoration and used
as a measure of success (Ewel 1987, Pavlik 1998). Species composition is certainly a
reflection of the soil, topography and microclimate of a site, however, this measure is
only an indicator of short-term success. Ecosystem function must also be restored to
achieve desirable restoration goals. This is not to say that attainment of a lesser status is
a failure, but clear goals and objectives need to set out at the beginning of a project to
allow effective determination of success (Ehrenfeld 2000).

Ewel (1987) has defined five basic parameters for measuring the success of restoration
projects: sustainability, invasibility, productivity, biotic interactions and nutrient retention.
Restored communities should be self-sustaining (i.e. require no human inputs in the
long-term), resistant to invasions by alien species and composed of all key species and
functional groups (plants and animals). The restored community should also be as



productive as the reference community in terms of biomass and nutrient cycling. These
measures exclude the socio-economic and cultural components of a successful
restoration (Lamb 1988). Depending on the site location, community is essential to the
self-sustainability of the restoration. In a developing nation, recognition of the human
need for local resource extraction and the fluctuating availability of resources will
strengthen restoration success.

Little is known of the complex interactions between ecosystem components at the
landscape level and records do not document all historical events. Thus restoration can
be as subjective as it is objective and dependent on the ecologist or practitioner. As long
as restoration is approached realistically and clear objectives defined for any given
project, worthwhile conservation initiatives to protect natural landscapes can
successfully be implemented. At the very least, failures can be clearly identified and
lessons leamed that are beneficial to understanding community and landscape
dynamics (Ewel 1987).

1.4 The Galapagos Islands

1.4.1 Overview

There are 15 main islands and approximately 40 islets in the Galapagos archipelago.
The Galapagos National Park (GNP) comprises 97% of the area of the islands with the
remaining area towns and rural communities. Galapagos currently has a population of
approximately 16,000, located on four islands. The main town, Puerto Ayora on the
island of Santa Cruz, supports about two thirds of this population as well as up to 70,000
tourists each year. Tourists come each year to see the unique flora and fauna that have
evolved on these isolated islands. Of the 560 native plant species in Galapagos, 32%
are endemic including seven genera (Mauchamp 1997). This includes some species of
uncertain origin, principally pantropical weeds, which may have arrived naturally or may
have been introduced by the earliest human visitors to the islands. This flora supports a
variety of endemic fauna including 13 species of Darwin’s finches (Geospiza, Platyspiza,
Cactospiza, Camarhynchus and Certhidia) as well as the threatened giant tortoises
(Geochelone elephantopus) and land iguanas (Conolophus subcristatus).



Although earlier visits to the islands by indigenous people from mainland South America
have been suggested, the official date of discovery of the archipelago is recognized as
1535 (Jackson 1993). The islands were uninhabited at that time, and no evidence of
earlier human use has been found. The first visitors after discovery were mainly
buccaneers, passing sailors, whalers and sealers (Jackson 1993). The first settier
established on Floreana about 1807 with subsequent groups in 1832 and 1902 following
short intervals of unoccupancy; it has been permanently inhabited since 1929. San
Cristobal was settled permanently in 1869, Isabela in 1893 and Santa Cruz in the 1920s
(Schofield 1989; Jackson 1993).

The Galapagos Islands are a province of Ecuador. The majority of the island's
population is residents arriving within the last 25 years. Although the majority is
Ecuadorian, a substantial portion of both recent and long-term residents are immigrants
from Europe, Australia and the United States. Residents work in the tourism industry or
rely on agriculture and fishing for their livelihood. The average annual income in
Galapagos is high compared to the mainland of Ecuador at US$457 for a family of four
(Falconi 2001). Those in Puerto Ayora and those working in the tourism industry
generally earn more than those who rely on agricuiture and fishing. All of these
industries are seasonal.

The Galapagos National Park Service (GNPS) is responsible for management of lands
within the boundaries of the national park. The GNPS has a staff of approximately 40
Ecuadorian park guards, many long-term residents, to achieve its management
objectives. The Charles Darwin Research Station (CDRS) conducts research and
provides technical advice to the GNPS on a variety of conservation issues as well as
providing educational programs for the local and tourist communities. The CDRS is the
operational arm of the Charles Darwin Foundation, an international not-for-profit
organization based in Quito, Ecuador.

Access to the GNP is limited to designate tourist sites, due to the lack of roads and trails,
and to reduce impacts on the natural environment. While official park regulations exist,
their interpretation and enforcement is determined by the current, elected GNP
managers, which results in inconsistencies. For example, in 1999 cattle grazing was



permitted within the national park on Santa Cruz, and small scale unauthorized
extraction of resources and grazing occur regularly without objection. An unpredictable
political climate in Ecuador, the growing population of Galapagos and a booming eco-
tourism industry exacerbates these inconsistencies.

1.4.2 Threats to the Galapagos Flora

The number of reported alien plant species in the Galapagos Islands has increased from
77 in 1971 (Wiggins and Porter 197 1) to 460 in 1997 (Charles Darwin Research Station).
This increase, as well as the introduction of 11 mammals and hundreds of insect species
(Loope et al. 1988), has been directly attributed to the population explosion experienced
over the past decade and the subsequent increase in agricultural and tourist activities.
Many of these alien species have had a direct impact on the native vegetation, although
few quantitative studies have been completed to date. Lantana camara L. (lantana) is
thought to be responsible for the reduction in the endemic Lecocarpus pinnatifidus and
the native semi-arid community of Floreana; Cinchona pubescens Pav. ex Klotzsch (red
quinine) and Psidium guajava L. (guava) are thought to be responsible for the reduction
in Miconia robinsoniana Cogn. and the fern-sedge vegetation zones on Santa Cruz
(Lawesson 1990).

The maijority of alien plant species in the Galapagos are initially introduced, either
intentionally or unintentionally, within the agriculture zones. Consequently, alien species
are only mainly a concern on the inhabited islands, though tourists visiting more remote
islands have been dispersal vectors (Jaramillo 1998). Invasive alien species often
escape from cultivated areas and invade the neighbouring parklands. Disturbance of
parklands due to grazing by feral animals, fruit and timber extraction and tourism has
facilitated the establishment of these species in the past. Invasive alien plants not only
displace native species and reduce the aesthetic and conservation value of the islands,
but they are a constant nuisance to farmers by reducing land productivity and increasing
operational costs. Floreana has the longest history of the presence of a large introduced
flora, while agriculture on Santa Cruz was minimal until about 1960 (Moll 1980).

The paucity of the Galapagos flora means niches, that would be occupied by trees and
shrubs on the continent are vacant in Galapagos. The higher elevation plant



communities tend to have more vacant niches than those at lower elevations due to the
increased difficulty in seed dispersal. The lower elevation plant communities are arid and
considered harsh environments (high stress or extreme) for piants to establish compared
to the moist higher elevation communities (Loope and Mueller-Dombois 1989). Only 5%
of the species present in the arid regions are alien compared to 30% in the highlands;
this relationship is also affected by the patterns of human development (Tye 1999).

Extinctions on Galapagos have not been well documented, although 30% of the endemic
species are thought to be threatened (Tye pers. comm.). The dramatically increased rate
of introductions in protected areas due to human disturbance may, however, push the
balance in favour of further displacement of native species and eventual extinction of
species (Fensham and Cowie 1998). Human assistance, such as the removal of
undesirable species, soil remediation, seed bank stocking and fertilizer addition, may be
necessary to stimulate community resilience, or the natural ability of a plant community
to restore itself to its prior composition, structure and diversity (Robertson and Archie
1990; Aronson et al. 1993; Shimizu 1997).

1.4.3 Scalesia Forest Vegetation Zone

The island of Santa Cruz is divided into four vegetation zones (Figure A.1): littoral, arid,
transition, and humid. The humid zone is further subdivided into two subzones, the
Scalesia forest and the fern/sedge zone. This research was conducted within the
Scalesia forest zone. The Scalesia forest on the north side of Santa Cruz is the last
remaining stand of any significance in Galapagos (itow 1995). Historically, Scalesia
forest was found on four islands in the archipelago; however, it has been locally
extirpated on the islands of Santiago and San Cristobal. On Santa Cruz and Floreana it
is threatened by land clearing and introduced species. Restoration of disturbed Scalesia
forest is not only desirable for conservation value in itself, but also as a means of
preventing further invasions by alien plants (Shimizu 1997).

The moist evergreen forest in the humid zone is dominated by the tree Scalesia
pedunculata Hook f. (Asteraceae). There are four tree species within the endemic
genera Scalesia, all of which are found within the moist, high elevation regions of the
islands (itow 1995). Scalesia attains a height of up to 10 metres, with a diameter at
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breast height of 20-25 cm. Scalesia forms an even aged cohort, due to stand level
dieback following El Nino events every 10 to 15 years (Hamann 1979; Lawesson 1988).
Therefore, stands greater than 15 years old are rarely found. Dieback events occurin a
patchy distribution across the island, with some areas of forest experiencing more
severe dieback than others. It is hypothesized that prior to major El Nino events (every
10 to 15 years), trees are nearing natural senescence and in a state of reduced vigour.
The winds and rain associated with El Ninos therefore may only accelerate, not cause,
dieback (Lawesson 1988).

Following dieback, or other disturbances such as periodic fire, Scalesia experiences
synchronous regeneration, as it does not regenerate under a closed canopy. Scalesia
has been considered a climax species (e.g., Eliasson 1984), however, it exhibits
characteristics typical of pioneer species, such as shade intolerance, rapid growth,
secondary wood and heliophilous germination (Van der Werff 1978). Scalesia reaches
maturity within 3 years (Hamann 1981; Shimizu 1997). Its seed is an achene with a
much reduced pappus and it is wind and water dispersed. Scalesia seed has only been
found within a 10 to 20 m radius of parent plants, suggesting that isolation and
speciation have resulted in a loss of dispersal ability typical of most Composites
(Eliasson 1984; Shimizu 1997).

Elephant grass is preventing regeneration of the Scalesia forest on Santa Cruz, as it
forms a dense canopy that effectively reduces light available for regeneration of native
species (Hamann 1984; Moll 1990; Shimizu 1997). Elephant grass, also known as
napier grass, is an aggressive African perennial. Qualities that make it a desirable forage
(e.g., providing a thick cover in a short period of time and ability to survive the dry
season), also contribute to its invasiveness in the islands. In 1988, it was estimated that
elephant grass covered 5000 ha of land in the islands (Stone et al. 1988). More recent
estimates of its distribution have not been made but visual observations indicate that it is
spreading at an exponential rate. Nevertheless, its current area within the Scalesia forest
zone of the GNP on Santa Cruz is estimated to be not more than 50 hectares.

Elephant grass was introduced to Santa Cruz in 1967, when a farmer brought cuttings

from the Loja region of mainland Ecuador (F. Lleno pers. comm.). Elephant grass
pastures remain within the established agriculture zone, as well as within areas of native
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Scalesia forest. Elephant grass encroaches on intact forest and small patches can be
found in the forest interior where canopy gaps occur. It is not a prolific seeder and
depends mainly on vegetative spread by vigorous tillering, stolons and small rhizomes
(Duke 1983; Skerman 1990; Cronk and Fuller 1995). A C, grass native to Uganda and
Zimbabwe, it is currently found in dry to wet regions of the tropical and warm temperate
climatic zones (Humphreys 1981; Burton 1993). Elephant grass can tolerate a wide
range of conditions from low to high elevation, dry to wet, as well as fire, acidity and
excess nutrients; it is not tolerant of frost (Humphreys 1981; Duke 1983; Skerman 1990;
Burton 1993; McCann et al. 1997). Ideal conditions for elephant grass include full sun,
mean annual precipitation of 1500 mm, sites below 1000 m a.s.l., and deep rich soils
such as friable loams that are well drained (Duke 1983; Skerman 1990).

1.5 Research Outline

The research goal was to develop cost-effective methods for restoration of the
threatened Scalesia forest on the island of Santa Cruz, Galapagos. As invasive, alien
species are the greatest threat to the forest, successful restoration would include
methods to manage these species as well as methods to enhance recruitment of native
and endemic species. Elephant grass was the alien species of focus in this research
due to its dominant presence in the Scalesia forest zone, potential ease of removal and
potential threat to the existing community particularly during El Nino years (Chapter 2.).
The potential for natural recovery of Scalesia forest following elephant grass
management was evaluated (Chapter 3.) as well as the effectiveness of methods to
enhance recruitment (Chapter 4.). Within a restoration framework, these proven
methods are balanced with an understanding of community dynamics, appropriate land
use management and socio-economic considerations to achieve the restoration goal
(Chapter 5.).
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