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ABSTRACT 

Casuarina equisetifolia is an alien invasive tree species that was introduced in the Caribbean 

in the 1800s. Reports of this species threatening native biodiversity are now evident across 

much of its non-native range. Effective prioritisation and targeting of control efforts for this 

species require knowledge of its distribution, invasion dynamics and impact on native plant 

species. 

This project mapped the distribution of C.equisetifolia on two islands in the Turks and Caicos 

Islands from imagery in 2001 and 2007. Through field surveys the 2011 distribution was 

mapped in Important Plant Areas and along roadsides, which had been previously predicted 

as suitable habitat for the species. Presence points from mapped distributions were used to 

refine an existing model of habitat suitability and identified a sampling bias in the previous 

model. In coastal habitats the relationship between C.equisetifolia establishment and native 

species decline was investigated. The height the C.equisetifolia trees in invaded plots was 

shown to significantly decrease native species richness. 

The extent and level of establishment of the species was such that eradication of the species is 

currently unfeasible. In making recommendations for management of C.equisetifolia in TCI 

the limitation of anthropogenic disturbance was highlighted as a primary course of action. 

One of the two IPAs mapped, showed comparatively recent colonisation by C.equisetifolia. It 

was suggested that containment by removal of immature individuals may be possible in this 

area. However, where C.equisetifolia was well established other strategies may be required 

that both remove new individuals and reduce the reproductive potential of existing 

populations.  For future success of control schemes public awareness of the C.equisetifolia 

problem must be generated based on solid scientific research. 
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1 INTRODUCTION 

 

1.1 The threat of invasive species  

Alien invasive species are those species which establish themselves in habitats outside of 

their natural range causing environmental change and threatening native biodiversity (IUCN, 

2000). The Millennium Ecosystem Assessment (2005) lists invasive species as one of the five 

main drivers of global ecosystem change. The nature of the threats posed by these species 

may be broadly categorised as having ecological, economic and evolutionary consequences 

(IUCN 2000, Wheeler 2011).  

In broad terms, ecological change caused by invasive species constitutes the alteration of 

species interactions such as resource use and food webs, disruption of disturbance regimes 

and modification of the physical structure of ecosystems (Crooks 2002). The decline of native 

species is a common result of these changes. Indeed in the United States invasive species are 

a recognised cause of the decline of 42% of native species listed as endangered or threatened 

(MEA 2005). 

 

The economic cost incurred by invasive species is hard to estimate, particularly given the 

difficulty of quantifying the monetary value of a species’ existence. The best estimates come 

from species invasions that impact directly on industries such as agriculture or forestry where 

reduction in productivity and cost of control can be calculated. For single species alone 

estimates already reach billions of dollars and the cost of impacts on lesser studied ecosystem 

services is largely unknown (Pejchar and Mooney 2009). 

 

Invasive alien species are of evolutionary significance principally because of the role they 

play in causing extinctions. Although the exact proportion of species listed as extinct on the 

IUCN Red List as a direct result of invasive species is still under debate (Gurvitch and Padilla 

2004, Clavero and Garcia-Berthou 2005), this is the most severe and an irreversible 

consequence of biological invasions. In addition invasive species are particularly successful 

on islands (Mooney and Cleland 2001). Indeed Kairo et al. (2003) state invasive species as 

the single greatest threat faced by islands in the Caribbean region. In island environments 

native species have often evolved in isolation and have very little resistance to new invaders 
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(IUCN 2000). Flora and fauna of island ecosystems also demonstrate high levels of 

endemism, the loss of which would represent significant erosion of the evolutionary heritage 

of life on earth.   

 

1.2 Global frameworks for addressing invasive species 

The problems caused by biological invasions have become a major focus of international 

conservation efforts. This is reflected in international conventions. Target 9 of the 

Convention of Biological Diversity (CBD 2011) and Target 10 of the Global Strategy for 

Plant Conservation (GSPC 2011) both address alien invasive species, calling for 

identification of introductory pathways, prevention of new invasions and control in or 

eradication from prioritised areas.  

 

Further to this the Invasive Species Specialist Group (ISSG) was formed by the IUCN in 

1994 to prompt international dialogue on the topic. ISSG has since initiated the Global 

Invasive Species Programme (GISP), a part of which constituted the construction of the 

Global Invasive Species Database (GISD). This online resource provides important 

information and real world case studies on the distribution, impacts and management of 

invasive species. 

 

1.3 Casuarina equisetifolia L. as an invasive species 

Casuarina equisetifolia is an invasive tree native to South-east Asia, Australia and southern 

Pacific islands to Tahiti and Samoa (Wheeler 2011). Its non-native range now extends to 

North and Central America, much of the Caribbean as well as islands in the northern Pacific 

and Indian Oceans (GISD 2011). It is thought to be one of the most common tree species on 

beaches in the tropics (Wheeler 2011). 

 

1.3.1 Ecological impacts 

Notable ecological impacts of this species include habitat alteration, reduction of native 

biodiversity, decline of endangered species, modification of successional patterns and 

hydrology, and physical disturbance (GISD 2011). For example endemic insect diversity was 

reduced and the germination of native tree (Schima metensiana) was inhibited in 

C.equisetifolia stands in the Ogasawara Islands (Sugiura et al. 2008 and Hata et al. 2010 

respectively).  In Puerto Rico native colonisation of understorey habitat was reduced under 

C.equisetifolia (Parrotta 1995) and in the Turks and Caicos Islands invaded areas exhibited 
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lower native plant species richness than intact ones (Hardman 2009). Research has also 

shown C.equisetifolia to negatively impact human health as the pollen is an aeroallergen 

(Bucholtz et al. 1987). 

 

1.3.2 Economic impacts 

No attempts have been made to quantify the total economic cost of damage caused by 

C.equisetifolia, however it is likely to be substantial (Rice and Tu 2001). The species is 

structurally ill-adapted to extreme weather events such as hurricanes. In its adventive range 

C.equisetifolia has caused considerable damage to houses and roads, for example following 

Hurricane Donna 1960 and Hurricane Charley 2004 in Florida (Loflin 2004), as its shallow 

root system makes it prone to collapse in strong wind.  

 

Where control schemes of established populations are being implemented they have already 

incurred significant costs. From personal communication with staff from the Florida Fish and 

Wildlife Commission Wheeler (2011) reports mechanical and herbicidal removal of 

C.equisetifolia to cost $370 ha
-1

. This highlights the need for prevention and early 

intervention in biological invasions before the costs of control become prohibitively 

expensive.  

 

1.3.3 Evolutionary impacts  

As yet no extinctions have been recorded as a direct result of C.equisetifolia invasions.  

Given the extent of the species across tropical island habitats rich in restricted range species 

and the nature of ecological impacts reported in the literature, efforts should be made to 

ensure that current declines as a result of this species are stemmed or reversed.  

 

1.3.4 International prioritisation, legislation and efforts for control 

The level of control, legislation and development of national strategies varies between 

countries within the invasive range of C.equisetifolia and is largely a product of the funding, 

capacity and political will afforded to the issue of invasive species (Kairo et al. 2003). 

Ecological risk assessment of invasive weeds in Hawaii placed C.equisetifolia in the high risk 

category naming it as a species likely to cause harm in Hawaii and on other Pacific Islands 

(PIER 2008). The National Invasive Species Strategy for the Bahamas (BEST Commission 

2003) lists C.equisetifolia as a priority species for control. Lastly and perhaps at the forefront 

of addressing the C.equisetifolia problem is the United States of America. Two species of the 
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Casuarinaceae family, including C.equisetifolia, are considered Category I weeds by the 

Florida Exotic Pest Plant Council (FLEPPC Plant List Committee, 2003) and in the state of 

Florida it is illegal to possess, propagate or transport the species. 

 

There has been very little publication of control schemes for C.equisetifolia; the best 

publicised being that of West Summerland Key, Florida. Under the Florida Keys Invasive 

Exotic Task Force (FKIETF) seven hundred and eighty volunteers removed all invasive 

plants from the island over a three year period. One thousand native plants were planted in 

their place (Rice and Tu 2001). This is largely celebrated as a conservation success (FKIETF 

2011). However, no information is available as to the post eradication measures that were 

taken to ensure reinvasion did not occur. The value of schemes such as these is much reduced 

if the successes and failures of techniques used is not made available to others aiming to 

address the same problem. There is a clear need for a more collaborative approach to 

C.equisetifolia management across its exotic range. 

 

1.4 Casuarina equisetifolia in the Turks and Caicos Islands 

 

1.4.1 The conservation value of TCI 

The Turks and Caicos Islands (TCI) form part of the Bahamian Archipelago located within 

the Caribbean Hotspot for Biodiversity (Kairo et al. 2003). Collectively TCI and the 

Bahamas are home to 130 single island endemic plant species (Torres-Santana et al. 2010). 

Under target 5 of the GSPC therefore these islands should be a priority for conservation 

owing to the important plant diversity they support. Consequently they should also be a 

priority area for the management of invasive species (Target 10, GSPC). Further to this TCI 

could potentially offer a promising arena for conservation success. In a study documenting 

the invasive species threats to Caribbean countries TCI was reported to host 8 invasive 

species in comparison with countries such as the Dominican Republic which hosted 186 

(Kairo et al. 2003). Whilst this is a likely underrepresentation in the case of TCI, the general 

message remains that the scale of the invasive species problem on these islands is potentially 

more manageable than elsewhere in the Caribbean region. TCI should be prioritised in efforts 

to tackle invasive species to ensure the prevention of future invasions and of the expansion of 

existing invaders. In addition to this in an assessment of the conservation status of plants in 

the Caribbean (Torres-Santana et al. 2010) TCI rated 4 on a scale of 1-5 for progress towards 
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accomplishment of Target 10 of the GSPC. The continuation of this work could therefore 

achieve real milestones in plant conservation.  

 

1.4.2 Current knowledge of the C.equisetifolia invasion 

On the GISD C.equisetifolia is simply listed as ‘invasive’ in TCI (Varnham 2006). However, 

a comprehensive study of five invasive species on the islands by Hardman (2009) has made a 

considerable contribution to the knowledge base of the C.equisetifolia invasion in the 

country. Native plant species richness was found to be significantly lower in plots of 

foredune habitat invaded by C.equisetifolia than those not invaded. Suitable habitat for 

C.equisetifolia has been predicted and distance to roads was found to be an important 

environmental predictor of the suitable habitat distribution. Furthermore areas that are 

important for plant conservation (IPAs) have also been identified (Williams 2009) and the 

overlap of suitable habitat for three island endemics with that of C.equisetifolia has been 

calculated (Hardman et al. in review). These findings represent a valuable platform for 

further work on this issue. 

 

1.4.3 Research priorities 

For successful control of invasive species good knowledge of their realised (as well as 

predicted) distribution is imperative. This allows for the selection of priority sites- those most 

recently colonised with low density of invaders (Mack and Londsdale 2002) and for 

monitoring the success or failure of conservation actions (Maheu-Giroux and de Bois 2005, 

Underwood 2003). 

 

Information on the rate of spread of an invasive species, as a measure of the threat it poses is 

useful for the prioritisation of conservation resource allocation. Controlling invasive species 

is a task which will require major resource investment (Clubbe et al. 2010) and as such it is 

the task of conservationists to provide solid evidence to justify management decisions. 

Monitoring spread in priority habitats and those predicted as ecologically suitable can also 

boost understanding of threats posed by the species. 

 

In gathering more presence data for this species the habitat suitability model (Hardman 2009) 

could be refined. This would increase its usefulness in predicting which areas may be 

colonised by C.equisetifolia in the future and explaining the most important environmental 

factors determining its spread. 
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For successful control of C.equisetifolia positive impact on native species must be 

measurable (IUCN 2000). Typically the relationship between invasive native species is more 

complicated than simply a matter of numbers. To this end research is required to determine 

the exact nature of impacts on native species; what level of establishment as well as the 

number of invaders can be sustained with minimal damage to the native flora.  

 

1.5 Aims and objectives 

Aim: To quantify the rate and extent of the C.equisetifolia invasion in TCI, examine the 

validity of previous habitat suitability model and explore which aspects of invasive 

establishment most severely impact native flora; in order to make recommendations for 

management of the species. 

 

Objective 1: From aerial imagery digitise the distribution of C.equisetifolia on North and 

Middle Caicos in 2001 and 2007. 

 

Objective 2: Map the distribution of C.equisetifolia in Important Plant Areas (as identified 

by Williams 2009) and along roads in 2011 for comparison with the digitised distributions in 

2001 and 2007. 

 

Objective 3: Examine how the addition of presence points to the habitat suitability model 

produced by Hardman (2009) alters the outcome of the model. 

 

Objective 4:  Test the relative impacts of various aspects of C.equisetifolia establishment on 

abundance, diversity and community composition of native flora. 

 

1.6 Scope of the study 

In the following chapter this study is placed in the context of scientific literature. The study 

species and site are described in more detail. Chapter 3 describes the methods used to 

complete the objectives of the study including field techniques and statistical analyses. 

Chapter 4 presents the results including distribution maps and predicted suitable habitat. In 

Chapter 5 results are discussed in the context of the literature and implications for 

management and conservation. The study is critically examined in terms of its strengths and 

limitations and suggestions are made for future research.    
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2 BACKGROUND 

 

2.1 Casuarina equisetifolia 

C.equisetifolia is a pine-like angiosperm. At maturity these trees can measure up to 40m in 

height and are often the dominant species in coastal ecosystems within their native range 

(TNC 1988, Wheeler et al.2011). The species has high salinity tolerance and is capable of 

colonising very nutrient poor soils, such as dune habitats, due to its symbiotic association 

with soil actinomycetes of the Frankia genus (Reddell and Bowen 1985). The principal 

means of reproduction of this species is by seed production. The plants are monoecious and 

both pollination and dispersal are largely by wind, although seeds may also be carried by 

water (Wheeler et al. 2011). The growth rate and reproductive potential of the species is 

relatively high. Rogers (1982) reports a growth rate of up to 3m per year in young trees and 

that saplings may reach reproductive maturity at 4-5 years of age. Flowering is widely 

reported to occur twice a year (Wheeler et al. 2011, TNC 1988) however the GISD reports 

that in its exotic range the species may flower all year round. This observation was supported 

anecdotally by TCI naturalist Bryan Naqqi Manco (pers.comm.). Lastly the leaf (or ‘needle’) 

litter from this species is reported to have an allelopathic effect, although Hata et al. (2010) 

found that in its exotic range the suppression of vegetation beneath these trees was as a result 

of the litter build up itself rather than an allelopathic interaction. Figure 2.1 shows images of 

the trees, their flowers and characteristic needle-like leaf drop. 

 

The exact date of introduction of C.equisetifolia to the Turks and Caicos Islands is uncertain. 

However, it is thought to have been brought to the United States in the early 1800s and 

reached the Bahamas in the 1870s (Morton 1980). The main reasons for its transport around 

the globe during the 1800s were for use as a hardwood, pulpwood, tannin and fodder (TNC 

1988), none of which were particularly successful. Since then it has been introduced for dune 

stabilisation (Wheeler et al 2011), which has had negative consequences in areas prone to 

hurricanes. In its native range this species is chosen for soil improvement in restoration 

projects of reclaimed land (Lee et al 1996). C.equisetifolia has been widely planted in tourist 

resorts across the Caribbean for shade and privacy (Rogers and Gamble 2008).                              
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Figure 2.1 Photographs of 

C.equisetifolia.  

Anticlockwise from the top- the 

colonisation of disturbed beach 

habitat; a mature tree in Bottle 

Creek, Middle Caicos cut to 

prevent interference with power 

lines; immature fruits; female 

flowers; the thick leaf litter 

beneath a well established 

population. 
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2.2 Details of previous study of C.equisetifolia in TCI 

In 2009 Hardman undertook a baseline study of five invasive species, including 

C.equisetifolia. In this study the native plant species richness was compared in sixty paired 

plots of invaded and uninvaded habitat. Plots invaded by C.equisetifolia had significantly 

lower species richness. The paired design of this research allowed for strong conclusions to 

be drawn and provided a good first step in understanding the relationship between the 

invasive and native species.  However, if it can be assumed that C.equisetifolia is the cause of 

decreased species richness, this raises the question for management of what constitutes an 

invaded plot? The impact of an invasive species cannot be generalised to simple effect of 

presence or absence, nor is the relationship as simple as increased numbers of invasives have 

a greater impact (Mack and Lonsdale 2002). This is an important avenue for further research. 

In addition, in Hardman’s study the impact of C.equisetifolia on the abundance or diversity 

index of native species was not considered. 

 

Hardman used maximum entropy modelling (Maxent) to predict the distribution of suitable 

habitat for C.equisetifolia using presence only data. Environmental variables used in the 

model were distance to north, east, south and west coasts, to roads and to settlements, digital 

elevation model (DEM), normalised difference vegetation index (NDVI) and soil index (raw 

thermal infrared band 6). All environmental grids were used at a resolution of 30mx30m grid 

squares. As far as possible, presence points were collected randomly across the islands. 

However, some habitats in TCI are extremely difficult to move through and so due to issues 

of access 33% of the 102 presence points were collected along roads. 

 

Lastly Hardman examined the relationship between the distribution of invasive species and 

habitat disturbance and found that collectively the five invasive study species were six times 

more likely to occur in disturbed habitats than in those that were still intact. 

 

2.3 Quantifying extent and rate of spread of invasive species 

Measuring the realised distribution of a species using field surveys is extremely limiting in 

terms of the size and habitat type of the area that can be sampled. The process is very labour 

and time intensive which both incur substantial costs (Underwood et al. 2003). Aerial surveys 

may reduce some of these shortfalls and have been used for the monitoring of C.equisetifolia 

distributions in Florida. However, an expanding area of research is the use of imagery both in 
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the form of aerial photography and of satellite images to determine the range of a species. 

Imagery is increasingly available at low cost and provides a useful archive of past 

distributions which is particularly useful in mapping the spread of an invasive species 

(Maheu-Giroux and de Bois 2005).  

 

Hyperspectral imaging, using the electromagnetic spectral signature of a plant species to map 

its distribution is a promising field. It allows large areas to be mechanically processed in a 

short period of time. Several invasive plant species have been mapped using this technique, 

for example Broom Snakeweed (Gutierrezia sarothrae) in New Mexico grasslands (Peters et 

al. 1992) and Yellow Hawkweed (Hieracium pratense) in northern Idaho (Carson et al. 

1995). However, a common criticism of the technique is that it fails to identify populations of 

the invasive species until they are already well established, thus reducing its value as a 

management tool. Furthermore, obtaining and processing this kind of image is more 

expensive and requires a higher analytical capacity than analysis of visual imagery. 

 

Manual digitisation of visual imagery still offers good results. Maheu-Giroux and de Bois 

(2005) conducted a study in which digitisation accuracy was verified with field surveys. They 

mapped the distribution of the invasive Phragmites australis and found that accuracy did not 

vary significantly with density of the reed stems allowing for detection when recently 

established. A detection accuracy of 84% was achieved even in the presence of native Typha 

species which appeared very similar on the imagery. 

 

All of these techniques rely on the target species possessing a unique physical or 

phenological characteristic that allow them to be distinguished from the surrounding habitat 

at an obtainable image resolution. This is a major limitation of the use of imagery for some 

species. Detection will also be context specific depending on the degree of differentiation 

between the target species and the habitat it is in. 

 

2.4 Habitat suitability modelling in Maxent 

The Maxent method for species distribution modelling has received much critical acclaim in 

ecological literature since its development in 2004. Using Maxent, predictions may be made 

from presence only data (Phillips et al. 2006). This method is praised above other distribution 

modelling techniques such as BIOCLIM and GARP for its ability to make robust predictions 

from small data sets (Wisz et al. 2008) and incorporate large numbers of environmental 
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variables (Ward 2006). Further to this, Maxent models have made a considerable contribution 

to the mapping of invasive species distributions (Giovanelli 2008 et al., Gusian 2007 et al., 

Roura-Pascal 2009 et al., Ward 2006). 

 

Maxent modelling uses environmental variables in the form of grid cells and species presence 

points to assign a probability of species occurrence to each cell within the area being mapped. 

The maximum entropy model is defined as that which is least constrained by the 

environmental variables (Phillips et al. 2004). 

 

In constructing the habitat suitability model Maxent generates a receiver operator curve 

(ROC). This curve is constructed by plotting the sensitivity of the model (the fraction of all 

presences classified correctly) against 1- the specificity of the model (the fraction of all 

pseudo absence points classified correctly) based on a random sample of background points. 

The area under the ROC curve (AUC) is used as a measure of strength of the model or, in real 

terms, the probability that a cell chosen at random will be classified correctly relative to a 

random sample of background cells (Phillips et al. 2006). Crossvalidation of the model is 

made possible by using 75% of the presence data to build the model and 25% to test it. The 

test AUC is the true measure of the predictive power of a model. If greater than 0.5 the model 

is considered better than a random prediction (Phillips et al. 2004) and if greater than 0.75 the 

prediction is considered useful (Elith et al. 2011). 

 

Outputs of the model may be interpreted in both geographical and ecological space (Phillips 

et al.2006). A cumulative probability map is produced where each cell within the sampling 

range is assigned a cumulative logarithmic probability of species occurrence between 0 and 1. 

To visually compare two predicted distributions, this may be converted to a binary prediction 

by setting a threshold to distinguish suitable from unsuitable habitat. Commonly, the 

minimum training threshold is used to define this boundary. This includes only cells with 

environmental grid values no lower than the cell with the lowest environmental values that 

contains a presence point. 

 

In terms of the ecological interpretation of the model, Maxent calculates the contribution of 

each environmental variable in building the model and in its final output. Jacknife tests 

calculate the test, training and AUC gain resulting from each variable in the model on its 

own, in its absence and in the presence of all other variables. These tests can be used to 
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determine which of the environmental predictors are most important in explaining the 

distribution of a species. 

 

A common difficulty in Maxent is the introduction of sampling bias whereby the collection of 

presence points is correlated with one or more of the environmental predictors (Phillips et 

al.2004). Most often this occurs due to the difficulty of sampling inaccessible areas which 

can bias the importance of an environmental predictor in the model (Kadmon et al. 2004). In 

Hardman’s model of C.equisetifolia suitable habitat the so called ‘roadside bias’ may have 

been apparent due to the high proportion of presence points that were collected along roads. 

Further to this model quality may be improved by increasing the number of presence points 

used to build it (Wisz et al. 2008). 

 

2.5 Context of the study 

 

2.5.1 The Turks and Caicos Islands 

TCI are situated at the south eastern end of the Bahamas archipelago within the Caribbean. 

They constitute approximately forty islands and cays of which six islands and two small cays 

are inhabited by humans.  The islands are predominantly formed of low lying limestone and 

the climate is dry tropical with an average annual rainfall approximately of 725mm and 

average maximum monthly temperature ranging between 27 and 31°C. The flora of the 

islands was described in 1982 (Correll and Correll) and lists approximately 500 plant species 

of which nine are endemic to TCI. Figure 2.2 shows all islands and cays within TCI. 

 

North Caicos and Middle Caicos (shaded green in Figure 2.2) are two of the largest islands 

measuring 206 km
2
 and 278 km

2
 respectively. Both islands provide expanses of suitable 

habitat for two plant species endemic to TCI Argythamnia argentea and Encyclia caicensis 

(Williams 2009). The areas of Horsestable Beach on North Caicos and Wild Cow Run on 

Middle Caicos (along with four other areas in TCI) have been recommended for recognition 

as Important Plant Areas (Plantlife International 2010). Although this scheme does not afford 

named areas any legal protection, it is part of a framework helping governments make 

progress towards Target 5 of the GSPC to protect 75% of areas important for plant 

biodiversity by 2020 (GSPC 2011). Unfortunately in TCI both areas identified on North and 

Middle Caicos have been subjected to disturbance events over the last ten years in the form of 

localised clearance for development. 
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With broader reference to anthropogenic disturbance, the human population on North Caicos 

in 2001 was 1347 and was 301 on Middle Caicos (Department of Economic Planning and 

Statistics 2001). Although development for tourism on these two islands is comparatively less 

than others in TCI, for example Provodenciales and Grand Turk, North and Middle Caicos 

have seen considerable expansion of human settlements in recent years. Between 2006 and 

2007 all paved roads on the islands were widened. 

 

Responsibility for conservation on the islands falls to the Department of Environment and 

Coastal Resources (DECR) and the Turks and Caicos National Trust (TCNT). As a UK 

overseas territory (UKOT) the DECR has also worked in close collaboration with Royal 

Botanic Gardens, Kew for the past eleven years. 

 

 

Figure 2.2 Map of the Turks and Caicos Islands. The two islands shaded in green are 

North Caicos (the most northerly) and Middle Caicos.  
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2.5.2 Current control of C.equisetifolia in TCI  

Some sporadic cutting of C.equisetifolia is undertaken on a yearly basis prior to the start of 

the hurricane season to prevent damage to buildings and power lines (McClean Hanfield, 

District Commissioner, pers.comm.). However the cutting is not discriminating of species 

origin and where necessary native trees are also cut down. No attempt is made for the 

phytosanitary disposal of the cut C.equisetifolia material. Instead this is left on site for 

collection by islanders for use as firewood or for charcoal production. 

 

Provodenciales Power Company, which supplies all the electricity to North and Middle 

Caicos, also carry out cutting of C.equisetifolia when trees interrupt power supply as 

branches grow into power lines. Cutting is a purely reactive measure and once again does not 

distinguish between native and non-native species (PPC staff, pers. comm.). 

 

A more targeted control scheme is implemented on the small island of Pine Cay. This island 

has a small resident population made up of thirty largely second home owners and a boutique 

hotel, The Meridian Club, which is responsible for the management of the island. Here adult 

C.equisetifolia trees are cut down every two or three years and stumps painted with 

glyphosphate. Seedlings and saplings are removed manually (Beverly Plachta, Manager of 

the Meridian Club, pers.comm.). The purpose of this cutting is principally to avoid hurricane 

damage and prevent obstruction of views. Whilst residents request the Meridian Club 

management to cut the trees they are opposed to its eradication because of the shade it 

produces. 

 

2.5.3 Attitudes to control 

In 2009, Hardman reported only 3 out of 100 people surveyed in TCI were aware that 

C.equisetifolia was not native to the islands. However, it appears that attention paid to this 

species is increasing. During June and July 2011 the DECR received several requests from 

hotels in Provodenciales for advice on the control of the species on their property (Bryan N. 

Manco, pers. comm.). Furthermore there have been several complaints to the DECR about 

unnamed members of the community poisoning of C.equisetifolia trees on private property. A 

website has been created anonymously launching the ‘Casuarina Control Coalition’ to serve 

as a forum for sharing of information on the negative impacts of the species (Casuarina 

Control Coalition 2011). On 2
nd

 July 2011 the issue of C.equisetifolia control was featured in 

a front page article of the Turks and Caicos Weekly News entitled ‘Icon or Invasion’. Whilst 
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in general awareness raising is a priority in invasive species control schemes (IUCN 2000), in 

TCI there is a danger of the public being presented with misrepresentation of the facts. 

Unlawful action by some members of the population could have negative impacts for a 

cooperative approach to control in the future. 

 

2.5.4 Control of C.equisetifolia through charcoal production 

One suggestion for the control of C.equisetifolia in discussion between RGB Kew and the 

DECR is that the spread of the species may be regulated by promoting its use as a crop for 

charcoal. Areas where C.equisetifolia is already well established and native biodiversity has 

suffered severe declines would be set aside for coppicing. Charcoal makers would either 

purchase a permit to cut wood from this area or offer a number of hours of public service. 

Whether the payment was in time or money, resources generated would be spent on the 

removal of the species from high risk areas such as IPAs where C.equisetifolia is only 

recently established. Although a promising idea in theory, many issues remain to be resolved 

before a scheme such as this could be implemented.  

 

3 METHODS 

 

The desk based section of this research (Objective 1) began in April 2011 prior to work in the 

field. Fieldwork was carried out on the islands of North Caicos and Middle Caicos over eight 

weeks in TCI from 16
th

 May- 11
th

 July 2011. All field data was recorded using a handheld 

computer (Fujito-Seimens N560) with built in GPS. 

 

3.1 Objective 1: Mapping the invasion from imagery 

 

3.1.1 Digitisation of C.equisetifolia distribution 

Aerial photography images of the Caicos Bank in 2001 and 2007 were provided by the 

Department of Environment and Coastal Resources in TCI. The presence of C.equisetifolia 

on North and Middle Caicos was digitised using ArcMap version 9.3. A scale of 1:1500 was 

used for digitisation. This scale is likely to allow for accurate manual mapping of the species 

based on results of other studies (Maheu-Giroux and de Bois 2005).  All maps were in the 

projection UTM 1984 19N. 
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3.1.2 Analysis 

The total area of the polygons produced by the digitisation was calculated in ArcMap for 

each island in both 2001 and 2007. The proportion of island area occupied by C.equisetifolia 

on North and Middle Caicos was calculated for both years to allow comparison between 

islands. The proportional increase over the six year period was also calculated for each island.  

 

3.2 Objective 2: Mapping the distribution of C.equisetifolia in Important Plant Areas 

and along roads  

 

3.2.1 IPA mapping 

In order to map the spread of C.equisetifolia in areas of high conservation value, two 

Important Plant Areas (as recommended in Williams 2009, Plantlife International 2010) were 

chosen; Wild Cow Run on Middle Caicos and Horsestable Beach on North Caicos. Both 

locations represent the largest areas of predicted suitable habitat for two out of three island 

endemic plant species used for the identification of IPAs (Argythamnia argentea and 

Encyclia caicensis). In ArcGIS 50mx50m mapping grids were created over the area of 

overlapping suitable habitat for the endemic species and for C.equisetifolia (as specified in 

Hardman et al. (in review)). This grid was loaded on to the hand held computer for use in the 

field. To record the presence of the invasive, two field workers walked along the grid lines 

running North to South (in the case of Wild Cow Run) and West to East (in the case of 

Horsestable Beach), 50m apart looking for C.equisetifolia individuals in the area between 

them. Whilst detection probability was not 100% as some seedlings may have been missed, it 

was high owing to the low growing native vegetation (canopy height of approximately 1m) in 

both areas. The tall, leggy growth habit of C.equisetifolia is also very different from the 

scrubby growth of native species making it particularly easy to detect.  The contrast between 

C.equisetifolia and native species can be seen in the photograph of Wild Cow Run in Figure 

3.1. When an individual was sighted its location was recorded as a presence point in ArcPad 

using the built in GPS on the hand held computer. 
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Figure 3.1 Photograph showing C.equisetifolia trees on Wild Cow Run. They are the only 

trees in the picture. 

 

3.2.2 Analysis 

Using ArcMap, cells of the mapping grid containing presence points were coloured red to 

produce a presence map at the scale of 50x50m. Maps were also produced for the years 2001 

and 2007 by colouring grid cells which overlapped digitisation polygons. The proportion of 

grid cells occupied by C.equisetifolia was calculated for each year on each island as well as 

the proportional increase over this time period. 

 

3.2.3 Road mapping 

Following the finding that roads were an important predictor of suitable habitat for 

C.equisetifolia (Hardman 2009), major paved roads on Middle and North Caicos were 

mapped for the presence of C.equisetifolia. To record presence points, roads were driven at 

15mph. Two fieldworkers observed one side of the road each. When a C.equisetifolia tree 

was sighted the car was stopped and the position of the individual was recorded in the hand 

held computer.  Only plants within 50m of the road were recorded. Where C.equisetifolia 
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extended continuously along a roadside the beginning and end of the line was recorded and 

intervening presence points were added in ArcMap at the analysis stage. 

 

3.2.4 Analysis  

All mapped roads were digitised in ArcMap and a buffer extending 50m either side of the 

road was created to represent the sampled area. This was then overlaid with a 50x50m grid. 

All grid cells containing presence points were coloured red. This allows a visually clearer 

representation of the distribution of C.equisetifolia and quantitative comparison of the area 

invaded. To enable comparison with the distribution of the species in 2011 with that of 2001 

and 2007 maps were created using the same grid but colouring squares overlapping with 

digitised C.equisetifolia polygons. 

 

The proportion of the sampling area occupied by C.equisetifolia in each year was calculated 

as well as the proportional increase in area from 2001-2007 and 2007-2011.  

 

3.3 Objective 3: Habitat suitability modelling 

Maxent version 3.3.3e was used to examine the effect of increased sample size and reduction 

in sampling bias on the model of predicted suitable habitat for C.equisetifolia (as produced by 

Hardman 2009). Presence points were created from the digitised distribution of the species in 

2007. The digitised polygons were converted to Raster layers in ArcMap and then from 

Rasters to points.  

 

The environmental variables were provided courtesy of the UK overseas territory team at 

Royal Botanic Gardens, Kew. The same nine variables as in Hardman (2009) were used to 

allow comparison between models. They were distance to north, east, south and west coasts, 

to roads and to settlements, digital elevation model (DEM), normalised difference vegetation 

index (NDVI) and soil index (raw thermal infrared band 6). All environmental grids were 

used at a resolution of 30mx30m grid squares.  

 

Two full models were run. One using only presence points collected in the field by Hardman 

and the other using a combined set of Hardman’s presence points and those produced from 

the digitised distribution. Combined presence points were used for the second model because 

digitised presence points were only produced from North and Middle Caicos and so if 

modelled alone would have biased the model in favour of these areas. Each model was 
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replicated four times using 25% of the presence data to allow for cross validation. In all 

models and replicates 75% of the sample presence points was used to build the model 

(training data) and 25% was used to test its predictive power (test data). Five hundred 

iterations of each model were conducted using the recommended default maximum number 

of background points (10,000) and convergence threshold (0.00001) (Phillips, 2006).  

 

Maxent output produces maps of cumulative logarithmic probability of species occurrence. 

However, for ease of comparison between distributions binary maps were created for the two 

models. To do this the threshold was set as minimum training presence. ASCII files of the 

binary prediction were opened in ArcMap and converted to Raster files for visual inspection 

of the distribution. 

 

3.3.1 Analysis 

For model comparison and evaluation of predictive power Maxent generates a receiver 

operating curve (ROC). The area under the curve (AUC) is the probability that the presence 

or pseudo-absence (random subset selected from the background) points will be correctly 

assigned by the model prediction. If greater than 0.5 the model may be considered a better 

than random prediction (Phillips, 2006). If greater than 0.75 the model was considered a 

useful prediction (Elith 2011). Using the AUC value the predictive power of the two models 

was compared. 

 

To determine the relative influence of environmental variables in predicting the suitable 

habitat of C.equisetifolia Maxent calculates the percentage contribution of each variable in 

building the model and the permutation importance of the variables once the model has been 

created. These values were compared between replicates as were the jacknife tests of test, 

training and AUC gain resulting from each variable. The variation in ranks of variable 

importance was assessed to crossvalidate whether the most important terms in the full models 

were also most important in the replicates. 
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3.4 Objective 4: Assessing how the level of C.equisetifolia establishment impacts native 

species      

 

3.4.1 Data collection 

To test the relationship between characteristics of the C.equisetifolia invasion and the 

abundance and diversity of native flora, data was collected from 10mx10m plots every 

hundred meters along transects. Eight plots were sampled per transect and four transects were 

sampled per island giving a total of sixty-four plots. Transects were all in the same habitat 

type (the fore dune along northern or north-eastern coast) to control for differences in native 

species composition between habitats. As far as possible sites with low levels of disturbance 

but a large range in C.equisetifolia establishment were selected.  

 

Within each plot seven variables were recorded to quantify the level of C.equisetifolia 

establishment. They included the number of mature, immature and total number of 

C.equisetifolia individuals in the plot, the height and diameter at breast height (DBH, 130cm) 

of the tallest C.equisetifolia, the percentage canopy completeness and the depth of the 

C.equisetifolia leaf litter one meter inland of the tallest tree in the plot. Leaf litter was 

recorded in order to test for an allelopathic effect of the invasive’s leaf drop. The 

measurement was taken on the inland side of the tree as sampling sites were generally very 

windy with the prevailing wind direction and therefore largest litter build up being inland. 

Height of the tallest tree was calculated using a clinometer. 

 

To quantify the abundance, diversity and composition of native flora in each of the plots the 

percentage ground cover was estimated to the nearest 5 percent. Species richness was 

recorded as well as the species names and their relative abundances within the plot estimated 

on a scale of 1-5 where 5 was abundant and 1 was rare.  

 

The disturbance level of each plot was also estimated as one of three categories- intact, 

partially or heavily disturbed. 

 

3.4.2 Analysis  

Statistical analyses were carried out in R 2.13 (The R Development Core Team, 2011). The 

impact of C.equisetifolia establishment on native species richness, percentage ground cover 

and Simpson’s diversity index was analysed using mixed effects models (R package lme4). 
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Transect and island were included in all the models as random effects as there may have been 

variation in native species between islands and plots from the same transect are likely to have 

been more similar than those from different transects. Although the majority of plots were not 

disturbed, disturbance was included as a fixed effect to account for any remaining variation in 

disturbance between plots.  

 

In selecting which C.equisetifolia establishment variables to use as fixed effects various 

analyses were undertaken to determine how the largest proportion of the variation could be 

included with the fewest terms in the model. A ‘C.equisetifolia establishment factor’ was 

produced using a multivariate factor analysis. Lastly a principal component analysis was 

performed to examine to what extent variables were correlated in the same way and from this 

three of the original variables were selected to include in the model.  

 

Three models were produced each with a different response variable (species richness, 

ground cover and diversity index). Each fixed effect was removed in turn from the model to 

find the most parsimonious model. Model selection was undertaken using Akaike’s 

Information Criterion (AIC), the lowest AIC value representing the model that best describes 

the data. A difference of at least 2 AIC points was used to verify a significant difference 

between models (Burnham and Anderson 2002). 

 

To examine the impact of C.equisetifolia on native species community composition, non 

metric multidimensional scaling was performed using the vegan package in R. Variables 

describing C.equisetifolia characteristics were converted to categories and plots were 

coloured according to category, to examine if plots with similar levels of invasion were more 

similar in native species composition. This would be detected by colour grouping on the 

ordination plots. 

 

4 RESULTS 

 

4.1 Distribution of C.equisetifolia in aerial imagery from 2001 and 2007 

Maps resulting from the digitisation of C.equisetifolia distributions on North and Middle 

Caicos can be seen in Figures 4.1 and 4.2 respectively, with different colours representing the 

distribution in different years. Patches of C.equisetifolia were found distributed primarily 

along the north and east coasts of both islands and inland patches tended to be alongside 
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roads or in areas of cleared land. No populations of C.equisetifolia were found along the 

south west and southern coasts.  

 

Digitisation took place at a scale of 1:1500 to achieve the highest level of precision possible 

for the resolution of the imagery. However, at the scale large enough to depict the whole 

island it is not possible to see the distribution of C.equisetifolia except in the most heavily 

invaded areas. For this reason Figures 4.1 and 4.2 include magnified sections for closer 

examination of the nature of the spread. For practical use of this work the DECR in TCI will 

be provided with the ArcGIS files so that the full distribution may be viewed in detail. 

 

Visual inspection of magnified sections in Figures 4.1 and 4.2 (and indeed the whole island 

when viewed electronically) show an increase in area covered by C.equisetifolia. Where the 

invasive was present in 2001 it was usually still present in 2007. Often where small patches 

existed in 2001, over the six year period the distribution had become a single continuous 

patch. On both islands many new patches had appeared by 2007 especially in areas which 

could be seen on the imagery to have been disturbed since 2001. It was also noticeable from 

the imagery that where C.equisetifolia was present in 2001 not only had it increased its range 

by 2007 but the density of the canopy was greater.  

 

To quantify the increase in area of invaded habitat the total area of the mapping polygons was 

calculated then converted to a proportion of the total island area. The proportional change in 

area between 2001 and 2007 was also calculated. These results can be seen in Figure 4.3. 
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Figure 4.1 The distribution of C.equisetifolia on North Caicos in 2001 and 2007 

 

Figure 4.2 The distribution of C.equisetifolia on Middle Caicos in 2001 and 2007 
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Figure 4.3 Graphs showing the change in C.equisetifolia distribution on North and 

Middle Caicos in 2001 and 2007. A = The change in the proportion of island area occupied 

by C.equisetifolia over time. B = The proportional increase in C.equisetifolia between 2001 

and 2007. Red bars represent North Caicos, black bars represent Middle Caicos. 

 

In North Caicos a smaller proportion of the island was invaded by C.equisetifolia than on 

Middle Caicos in both 2001 and 2007. Proportionally the increase over the six year period 

was also smaller on North Caicos. 

 

4.2 The distribution of C.equisetifolia in Important Plant Areas  

Figures 4.4 and 4.5 show the grid maps of the distribution of C.equisetifolia in 2001, 2007 

and 2011 in areas recommended for IPA status (Williams 2009 and Plantlife International 

2010). Figure 4.4 depicts Horsestable Beach, North Caicos and Figure 4.5 depicts Wild Cow 

Run, Middle Caicos. Both figures show an increase in the number of grid cells occupied by 

C.equisetifolia over each time period. New presence points of the invasive were mostly in 

grids which had been disturbed since the previous mapping year. The nature of this 

disturbance was either anthropogenic in the form land clearance or natural in the form of 

coastal dynamics.  

 

On Horsestable Beach, North Caicos (Figure 4.4), between 2001 and 2007 the number of grid 

cells occupied by C.equisetifolia increased by 550%. However, no new grid cells surrounding 
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the 2001 population were occupied by 2007. This area had not been subjected to any 

disturbance events. The large increase in presence of C.equisetifolia was observed over a 

kilometre to the east where lots were cleared for development over this time period.  This 

suggests that C.equisetifolia may be a poor coloniser of undisturbed sites but a very good 

coloniser of disturbed ones irrespective of distance to a source population; a conclusion 

supported by MacDonald (1991). 

 

On Wild Cow Run, Middle Caicos (Figure 4.5) the spread of C.equisetifolia very closely 

follows the pattern of disturbance. The 2011 map in Figure 4.5 shows a fishbone shaped 

distribution of C.equisetifolia presence. This is due to the colonisation of the sides of the road 

that runs north to south of the sampling area and the tracks extending out from this road that 

were cleared to mark lots for development. In contrast to Horsestable Beach, a large 

population was already established on Wild Cow Run by 2001. Many of the trees along the 

coast of this area were very well established when field work was conducted in 2011. 

Transect data collected for objective 4 showed some trees in this area to be over 20m in 

height.  

 

To quantify the increase in the spread of C.equisetifolia, the proportion of grid cells in which 

the invasive was present and the proportional increase in presence grid cells in each of the 

two IPAs was calculated. The results of these calculations can be seen in Figure 4.6. 
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Figure 4.4 The distribution of C.equisetifolia on Horsestable Beach IPA, North Caicos, 

over time. The small inset map shows the location of Horsestable Beach on North Caicos.  

 

Figure 4.5 The distribution of C.equisetifolia on Wild Cow Run IPA, Middle Caicos over 

time. The small inset map shows the location of Wild Cow Run IPA on Middle Caicos.  
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Figure 4.6 Graphs showing the change in C.equisetifolia distribution in IPAs on North 

and Middle Caicos in 2001, 2007 and 2011. A = The change in the proportion of grid 

squares occupied by C.equisetifolia over time. B = The proportional increase in the number 

of grid cells occupied by C.equisetifolia between 2001-2007 and 2007-2011. Red bars 

represent North Caicos, black bars represent Middle Caicos. 

 

In all three years a greater proportion of the Middle Caicos IPA (Wild Cow Run) was 

occupied by C.equisetifolia than the North Caicos IPA (Horsestable Beach). By 2011 21.5% 

of the total area of the Middle Caicos sampling area was found to be invaded. Although the 

number of grid cells occupied does not account for the number of individuals present it is a 

justified conclusion that in absolute terms the population of C.equisetifolia is greater on Wild 

Cow Run, Middle Caicos than on Horsestable Beach as it extends over 182 grid squares as 

opposed to 42.  

 

From 2001-2007 the proportional increase in the number of grid cells invaded by 

C.equisetifolia was greater on North Caicos. However, from 2007-2011 the proportional 

increase was greater on Middle Caicos.  In ecological terms the increases on Middle Caicos 

may have been more significant due to the relative sizes of the sampling areas. The number 

of new individuals required to produce a 550% increase on Horsestable Beach where the 

population was initially small (only four grid cells) will have been smaller than the number 

required to produce an 8.75% increase on Wild Cow Run where the population was already 
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of considerable size by 2001 (80 grid squares). Tables showing the number of grid cells 

occupied in each year (as opposed to proportions) are shown in Appendix 1.  

 

The proportional increase on Middle Caicos was greater in the second time period even 

though this was only four rather than six years. This supports the theory that rate of spread is 

determined by opportunistic colonisation of disturbed areas rather than by intrinsic biological 

processes.  

 

4.3 The distribution of C.equisetifolia along roads  

Figure 4.7 shows the roads on North and Middle Caicos that were mapped as part of this 

study. The zoomed in sections illustrate how C.equisetifolia has increased its distribution 

along roads from 2001 to 2011.  The proportion of the area mapped in which the invasive was 

present and the proportional change in this area over the two time periods are shown in 

Figure 4.8.  

 

 

Figure 4.7 The distribution of C.equisetifolia along roads on North and Middle Caicos 

over time. The bottom right map shows the location of roads mapped. Zoomed in sections 

from individual years share the same legend and scale bar. 
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Figure 4.8 Graphs showing the change in C.equisetifolia distribution along roads on 

North and Middle Caicos in 2001, 2007 and 2011. A = The change in the proportion of grid 

squares occupied by C.equisetifolia over time. B = The proportional increase in the number 

of grid cells occupied by C.equisetifolia between 2001-2007 and 2007-2011.  

The change in C.equisetifolia distribution along roads was greater in the four year period 

between 2007 and the present than in the six years from 2001 to 2007. This may be explained 

by the fact that between 2006 and 2007 many roads on North and Middle Caicos were 

widened. There has been a noticeable increase in the presence of C.equisetifolia in these 

disturbed areas in particular (Manco, pers com). 

4.4 Habitat suitability modelling in Maxent 

In both models test and training AUC values were greater than 0.75 indicating that the 

predictions they make are useful (Elith et al. 2002). The ROC curves for both models showed 

the test model to closely fit the training data (see Figures 4.9 and 4.10). The test AUC 

provides a measure of the predictive power of the model. In both cases AUC values were 

close to 1 indicating high predictive power. Test AUC was higher Hardman’s model (0.993) 

compared to that produced with the inclusion of digitised presence points (0.974) when all 

sample points were used in the model. However, the reverse was true for the average test 

AUC arising from the four cross validation models (0.938 for Hardman’s model and 0.972 

for the new model).  
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Figure 4.9 Receiver Operating Curve for full model using occurrence data collected by 

Hardman 2009 

 

 

Figure 4.10 Receiver Operating Curve for full model using occurrence data collected by 

Hardman 2009 and presence points digitised from aerial imagery taken in 2007 
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4.4.1 Environmental predictors of C.equisetifolia suitable habitat 

Cross validation of both models showed there to be very little variation between replicates in 

the rank importance of each environmental variable. This supports the conclusion drawn from 

the high AUC values that the full model prediction is robust (Phillips, 2006). For both models 

distance to roads made the largest percentage contribution to building the model and had the 

highest permutation importance in all four replicates and the full model. However, the 

Jacknife tests of training, test and AUC gain resulting from each environmental variable did 

show some differences between models. In the model using Hardman’s presence points, 

distance to roads was the variable that provided the highest training, test and AUC gain in the 

absence of the other variables for all replicates and the full model. For the model including 

digitised presence points, the majority of replicates and the full model showed the highest test 

and training gain of variables in isolation was provided by distance to the north coast, closely 

followed by the distance to roads. The highest AUC gain was still provided by roads in three 

out of four replicates and in the full model. It appears therefore that the importance of 

distance to roads in the model produced from Hardman’s presence points may be artificially 

heightened owing to a bias introduced by the ease of sampling closer to roads. This 

importance of distance to roads was reduced when data was included that was not subjected 

to such biases. Jacknife plots and values of variable contributions are found in Appendix 2.  

 

4.4.2 Binary maps of suitable habitat distributions 

Binary maps were produced by converting ASCII files to Rasters in ArcMap. The threshold 

for suitability was set at minimum training presence. The predicted distribution for North and 

Middle Caicos resulting from each model can be seen overlaid on the same map in Figure 

4.11. The red prediction, resulting from the model based on Hardman’s presence points, 

covers a smaller range and is more closely bound to roads and coastlines. The blue 

distribution is more extensive. All roads and a large proportion of the northern and eastern 

coastlines are predicted as suitable as well as large inland areas which were not previously 

predicted as suitable. This more extensive distribution is the likely result of the reduction of 

the bias towards accessible areas in the second model.  
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Figure 4.11 Map of predicted suitable habitat for C.equisetifolia based on two Maxent 

models. The red distribution is from a model using presence points collected by Hardman 

2009 and the blue distribution uses Hardman’s presence point and points digitised from 

visual imagery. Boxes 1 and 2 show the locations of Horsestable Beach and Wild Cow Run 

respectively. 

 

4.5 The relationship between C.equisetifolia establishment and impact on native species      

 

4.5.1 Selecting variables to describe C.equisetifolia establishment 

A multivariate factor analysis was carried out in R2.13 using the seven variables collected to 

quantify the level of C.equisetifolia establishment.  These were the number of mature, 

immature and total number of C.equisetifolia individuals in the plot, the height and DBH of 

the tallest individual, percentage canopy completeness and leaf litter depth. The factor 

analysis was to discover if a single ‘establishment factor’ could be produced that represented 

a significant proportion of the variation in the seven variables. However, two factors were not 

enough to significantly explain 90% of the variance contained in the seven variables 

(χ
2
=1.59, p=0.81). The first factor explained only 33% of the variance. This would have 

poorly represented the variation in establishment in the mixed effects model.  
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To determine how variables were correlated principal components analysis was undertaken. 

The first principal component explained 48% of the variance and cumulatively first and 

second components explained 76%. The plot of relative loadings of the variables on the first 

and second components showed three groups of variables in relation to the two components. 

These were height and DBH, total number of individuals and number of immature and lastly 

litter depth, canopy completeness and number of mature individuals. 

 

One variable from each of the three groups was selected for inclusion in the mixed effects 

model so that the maximum amount of the variation in C.equisetifolia might be captured in 

the model. These were the number of mature and immature individuals and the height of the 

tallest tree. 

 

4.5.2 Mixed effects model of C.equisetifolia impact on native species 

 

Species richness 

A poisson error distribution was specified in the model as the response variable species 

richness was count data. The number of immature individuals exhibited a right hand skew so 

transformations were tried to produce a more normal distribution. In the models the number 

of immature individuals was included as the square root of the variable. Table 4.1 shows the 

results of the models using species richness as the response variable, the p values and 

coefficients of significant terms in the model are reported.  
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Table 4.1 Summary of model output for species richness 

Model Random effects Fixed effects Family AIC P values Coefficients 

1 Island 

Transect 

Disturbance 

Mature 

Height 

sqrt(Immature) 

Poisson 80.98 

 

Height 0.0398 Height -0.019049  

 

2 Island 

Transect 

Mature 

Height 

sqrt(Immature) 

Poisson 81.02 

 

Height 0.00406 Height -0.025002   

 

3 Island 

Transect 

Disturbance  

Height 

sqrt(Immature) 

Poisson 79.11 

 

Height 0.00612 Height -0.020987   

4 Island 

Transect 

Disturbance 

Mature 

sqrt(Immature) 

Poisson 83.12 

 

Intact 0.0131  

 

Intact 0.64766  

 

5 Island 

Transect 

Disturbance 

Mature  

Height 

Poisson 79.47 

 

Height 0.0474  

 

Height -0.018491  

 

 

The model with the lowest AIC value was model 3 which included disturbance, height of the 

tallest tree and number of immature individuals. However, with the exception of models 3 

and 4 AIC values did not differ by more than two points. It is therefore not possible to select 

the best fitting model from these five (Burnham, 2002). To do this model averaging needs to 

be undertaken. 

 

Height was found to be significant in all models (except model 4 where it was removed). This 

variable showed a weak negative correlation with species richness. 

 

Ground cover  

As ground cover was measured as a percentage a binomial error structure was specified in the 

models since the response variable is bound between 1 and 100. Model 2 produced the lowest 

AIC value which was more than two points below all the other models. It can therefore be 

concluded that this model described the data better than the other four. No explanatory 

variables were significant in this model however.  



41 
 

 

Table 4.2 Summary of model output for ground cover 

Model Random 

effects 

Fixed effects AIC P values  Coefficients 

1 Island 

Transect 

Disturbance 

Mature 

Height 

sqrt(Immature) 

 

26.58   

2 Island 

Transect 

Mature 

Height 

sqrt(Immature) 

 

23.01 

 

  

3 Island 

Transect 

Disturbance  

Height 

sqrt(Immature) 

 

25.61 

 

Height 0.0224 Height -0.1091 

4 Island 

Transect 

Disturbance 

Mature 

sqrt(Immature) 

 

26.11 

 

  

5 Island 

Transect 

Disturbance 

Mature  

Height 

25.3 

 

  

 

Simpson’s diversity index  

Simpson’s diversity index is bound between 0 and 1. Therefore a binomial error distribution 

was used when modelling how plot diversity is affected by C.equisetifolia. Of the five models 

produced model 2 had the lowest AIC value. However this was within two AIC points of 

models 3, 4 and 5 so cannot be considered to describe the relationship better than these other 

three models.  

 

AIC values are a useful tool for comparison between models. However they cannot be used 

as a measure of the absolute goodness of fit of any one model (Burnham and Anderson 

2002). In the case of the set of models described in Table 4.3 none of the fixed effects 

described a significant proportion of the variance suggesting perhaps that whether the AIC 

value was higher or lower than others from the same group each model Simpson’s diversity 

index of the plots was not significantly related to the level of C.equisetifolia establishment. 
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Table 4.3 Summary of model output for Simpson’s diversity index  

Model Random effects Fixed effects Family AIC 

1 Island 

Transect 

Disturbance 

Mature 

Height 

sqrt(Immature) 

Biomial 18.94 

 

2 Island 

Transect 

Mature 

Height 

sqrt(Immature) 

Biomial 15.23 

 

3 Island 

Transect 

Disturbance  

Height 

sqrt(Immature) 

Biomial 16.94 

 

4 Island 

Transect 

Disturbance 

Mature 

sqrt(Immature) 

Biomial 16.95 

 

5 Island 

Transect 

Disturbance 

Mature  

Height 

Biomial 16.95 

 

 

4.5.3 Community composition and C.equisetifolia establishment 

Community composition was compared using non-metric multidimensional scaling. To 

examine if C.equisetifolia variables explained any similarity between plots the formerly 

continuous variables were converted to categories and each assigned a colour. Sampling plots 

on the ordination diagram were then assigned colours according to which category they fell 

into. However results showed variables describing C.equisetifolia establishment did not 

appear to explain any grouping in the ordination plot. For examination of the ordination plots 

see Appendix 3.  

 

5 DISCUSSION 

 

5.1 Objectives 1 and 2: The extent and rate of invasion 

 

5.1.1 The distribution of C.equisetifolia  

C.equisetifolia was primarily found along north and east coasts of both North and Middle 

Caicos (Figures 4.1 and 4.2). These coasts provide the largest expanses of sandy beaches, the 

preferred habitat of C.equisetifolia in its native range (TNC 1988, Wheeler et al. 2011). 

Furthermore these areas were predominantly predicted as suitable in both habitat suitability 

models (Figure 4.11).  
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Inland populations of C.equisetifolia were concentrated around anthropogenic disturbance 

events, for example lengthening the runway at the airport in North Caicos or clearing lots for 

development. This is consistent with Hardman (2009) who showed the presence of invasive 

species in TCI (including C.equisetifolia) was six times more likely in disturbed habitats than 

in intact habitats and McDonald et al. (1991) who found C.equisetifolia to only colonise 

disturbed habitats in La Reunion. In its native range too, C.equisetifolia is an early coloniser 

of physically degraded sites (Lee et al. 1996). 

 

No populations of C.equisetifolia were found on the southern coasts of North and Middle 

Caicos in 2001 and 2007. These areas consist principally of mangrove and salina habitats 

which were not predicted as suitable by either habitat suitability model.  

 

These three key findings have several implications for the management of the species. Firstly, 

controlling the spread of C.equisetifolia in foredune habitats will require huge resource 

investment in terms of initial removal and sustained long-term monitoring. Typically, on 

sandy coasts C.equisetifolia colonises areas disturbed by wave action or weather events 

(Wheeler et al. 2011). This makes control difficult because coastal disturbance is largely 

beyond human control. The problem is exacerbated by the fact that once C.equisetifolia is 

established, beaches become more prone to disturbance and erosion because the shallow roots 

of C.equisetifolia are less able to stabilise dune habitat than native vegetation (Crooks 2002, 

Sealy 2006).  

 

Secondly, attempts to limit disturbance for development inland (and on the coasts) could 

reduce the spread of the species. Typically in the Caribbean land is cleared for development 

long before any building work takes place, if it takes place at all. This open bare ground is 

then colonised by invasive species (Hardman 2009). Legislation against land clearance before 

permission and funding for development are obtained could prove a useful step in stopping 

this process. Further to this encouraging developers to replant with native species would 

reduce the area of disturbed habitat available for colonisation. 

 

Lastly, the observed absence of C.equisetifolia on southern coasts of the islands in Figures 

4.1 and 4.2 must be treated with caution. Although this habitat was not predicted as suitable 

for C.equisetifolia, elsewhere in its exotic range the species has colonised mangroves and 
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tidal marshes (Wheeler et al. 2011). For example, in the Cayman Islands the expansion 

C.equisetifolia populations into mangrove habitats was facilitated by natural disturbance 

events in the form of sea surges during Hurricane Ivan, 2004. The sea surges killed existing 

vegetation allowing C.equisetifolia to colonise before native vegetation could regenerate 

(Clubbe, pers. comm.).  

 

It is possible that C.equisetifolia is already present along the south coasts of North and 

Middle Caicos as these areas were not sampled by Hardman in 2009 and the most recent 

imagery available was from 2007. However, even if the southern regions of North and 

Middle Caicos have been invaded since 2007, they still represent the largest expanses of 

intact habitats where C.equisetifolia is only recently established. Preventing the spread of 

C.equisetifolia in these areas should be an absolute priority. Currently there has been very 

little disturbance of these areas as no roads extend to the south coast. Strict planning 

legislation should ensure this does not change. Should a control scheme be implemented on 

the islands these areas should be a first priority for C.equisetifolia removal and monitoring as 

the early pre-reproductive removal of invasive species is the strategy most likely to return 

long term benefits in terms of reducing spread and negative impacts on native species (IUCN 

2000).  

 

5.1.2 The area invaded by C.equisetifolia 

Proportionally and in real terms the extent of C.equisetifolia was greater on Middle Caicos 

than on North Caicos in both mapping years (Figure 4.3 and Appendix 1). This was a 

surprising result given the strong association of C.equisetifolia with disturbance both in the 

literature (GISD 2011, Lee et al.1996, MacDonald et al 1991, Wheeler et al 2011) and based 

on visual inspection of the digitised distributions (Figures 4.1 and 4.2). Although difficult to 

quantify, levels of anthropogenic disturbance appear higher on North Caicos than on Middle 

Caicos. The census in 2001 showed human population on North Caicos to be 1347, compared 

to 301 on Middle Caicos (DEPS, 2001) and the number and size of settlements on North 

Caicos is greater than on Middle Caicos. In this case the larger area of land occupied by 

C.equisetifolia on Middle Caicos may be in part a result of time since invasion. 

 

Field observations support this inference, as populations on Wild Cow Run and Bambarra 

Beach on Middle Caicos both consisted of high numbers of very well established trees, many 
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over 20m in height. The reproductive potential of these populations is likely to be substantial. 

Comparable populations were not observed on North Caicos.  

 

Even at low levels of disturbance invasions may be successful if propagule pressure on an 

ecosystem is high (Von Holle and Simberloff 2005). This further explains the abundance of 

C.equisetifolia on Middle Caicos but most importantly highlights the importance of early 

control of the invasive species prior to reproduction and severe impacts on native species 

(Mack and Lonsdale 2002).  

 

5.1.3 The extent of C.equisetifolia in Important Plant Areas 

The grid maps of Horsestable Beach (Figure 4.4) support the theory that disturbance is a key 

determining factor in the distribution of C.equisetifolia. New inland patches of the invasive 

were all on land that had been cleared for development and undisturbed grids adjacent to 

invaded areas were not colonised between 2001 and 2007. Figure 4.4 also shows that the 

majority of trees in the mapping area are less than ten years old. Wild Cow Run (Figure 4.5) 

also shows many grid squares to contain individuals which have only been present for a 

relatively short length of time. However, occupied grid squares along the coast on Wild Cow 

Run, particularly at the southern end, contained high numbers of large, mature individuals. 

 

The implications of these findings are that the same management strategy may not be feasible 

in the two IPAs. On Horsestable Beach, where the invasion is more recently established a 

programme of manual removal of immature trees and frequent monitoring may be enough to 

maintain or reduce the area of occupancy of the species. Although Rogers (1982) states that  

C.equisetifolia reaches reproductive maturity at 4-5 years so even in a ten year period the 

propagule pressure on the surrounding environment may have become too great for this to be 

a feasible action. On Wild Cow Run a scheme such as this would almost certainly fail due to 

the reproductive potential of the existing population and huge resource investment that would 

be necessary to monitor the area with appropriate frequency. Figure 5.1 depicts the level of 

invasion in coastal grid squares at the southern end of Wild Cow Run. 

 

Both cases however, highlight the fact that disturbance in areas important for plant 

biodiversity should be kept to a minimum. Where disturbance is unavoidable best efforts 

should be made to replant with native species as maintaining populations of native species 
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can boost the demographic resistance of an ecosystem to invasive species (Von Holle et al. 

2003). 

 

 

Figure 5.1 Picture showing the size and density of C.equisetifolia on Wild Cow Run  

  

5.1.4 The extent of C.equisetifolia along roads 

The distribution of C.equisetifolia has increased along roadsides since 2001 particularly 

following the widening of roads in 2007. In terms of the threat to native species roadside 

habitats are generally less suitable for island endemics (Williams 2009).These areas may 

therefore be of lower concern for control (IUCN 2000). However, slowing the spread of 

C.equisetifolia along roads may be given higher importance when it is considered that roads 

may provide connectivity between sites and facilitate spread of the invasive to new habitats 

(Baskin 2002).  

 

5.2 Objective 3: Predictions of suitable habitats and environmental conditions for 

invasion 

The model produced including digitised presence points from the 2007 imagery showed the 

importance of distance to roads to have decreased relative to the importance of distance to the 

north coast. This may seem strange given that the results of objectives 1, 2 and 3 suggest 

disturbance to be very important in determining rate and extent of the invasion. 

 

However, the slight decrease in the importance of roads and increase in the importance of 

distance to north coast may be a valuable conclusion which does not refute the importance of 
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disturbance but supports it. By assuming main roads to be the best indicator of disturbed 

areas a large proportion of the disturbance is missed. In producing the grid layer of roads for 

use in Maxent major paved roads were digitised. But a great deal of disturbance in TCI is not 

along paved roads but in clearing lots for development, sometimes in fairly remote areas. 

This is apparent in the spread of C.equisetifolia into cleared land on Wild Cow Run and 

Horsestable Beach. Therefore in the habitat suitability model this disturbance may be better 

represented by distance to the north coast, which is where most of the development is 

concentrated. 

 

Further to this digitised maps (Figures 4.1 and 4.2) show rapid spread of C.equisetifolia along 

northern coastlines, a likely result of colonisation after natural disturbance after storms or 

hurricanes. Therefore it is appropriate that this variable should be assigned high importance 

in the new model.  

 

In summary, the new model does not suggest that disturbance (natural or anthropogenic) is 

not the biggest determinant of the spread of C.equisetifolia but rather that in interpreting the 

model care must be taken to fully consider which environmental layers are the best 

representatives of disturbance. In the model using only presence points collected by Hardman 

I suggest that the importance of roads per se are over represented which is corrected in the 

second model by the inclusion of presence points which were collected in the absence of 

biases resulting from accessibility. 

 

The binary map of predicted suitable habitat (Figure 4.11) shows a larger suitable area to be 

predicted by the model including digitised presence points. This suggests that an even greater 

proportion of the island habitat is at risk of invasion than was predicted in Hardman’s model. 

It also supports the views of Elith (2011) and Phillips (2004) that sampling bias may 

confound the model output artificially inflating the importance of some environmental 

variables. The use of presence points from digitised imagery is a useful tool for reducing the 

bias introduced by ease of access and simply the time restriction of not being able to sample 

all areas on the ground. 

 

5.3 Objective 4: Establishment and impact 

The finding that the height of C.equisetifolia in invaded plots was a significant predictor of 

native species richness, but that the number of immature and mature individuals was not 



48 
 

significant, shows that the impact of C.equisetifolia on native species is more complex than 

purely a matter of numbers of invasive individuals. The variable height in this case would be 

representative of the ecological impact of an individual on the ecosystem. For example larger 

trees will have higher nutrient and water demands, create denser shade limiting light 

availability and cover a wider area with dense leaf drop. However, height is also a likely 

proxy for the time that the individual has been present in a habitat. As such, any time lag in 

observing impacts on native species richness will have elapsed. 

 

It might be deduced from these findings that the greatest localised reduction in the impact of 

C.equisetifolia would be achieved through the removal of the tallest trees. This would put the 

strategy for reduction of impact of C.equisetifolia (removing tall trees) at odds with the 

strategy for cost effective reduction of spread (removal of new colonisers before 

reproduction). However, when it is considered that the latter strategy offers the benefit of 

prevention of future impact on a large rather than localised scale these findings are seen to 

support the consensus in invasion species science that removal of young colonisers is the best 

strategy in terms of both minimising impact and effectiveness of control.  

 

5.4 Strengths and limitations of the study 

 

5.4.1 Strengths 

This study has built on previous work in TCI establishing IPAs and calculating their overlap 

with predicted suitable habitat for invasive species (Hardman and Williams, in review). The 

value of aerial photography has been demonstrated in measuring the distribution of an 

invasive species without bias introduced by accessibility. In digitising imagery from two 

years the C.equisetifolia invasion has been shown to be advancing and pose a considerable 

threat to coastal and disturbed habitats in TCI. 

 

Maps of the 2011 distribution in two recommended IPAs will provide useful baseline data for 

the DECR to monitor changes in the distribution of C.equisetifolia should a control 

programme be implemented. Comparison of these maps with the digitised 2007 and 2001 

distributions has highlighted the threat of C.equisetifolia invasion in these areas, a problem 

that must be addressed in order to make progress towards target 5 and target 10 of the GSPC 

(GSPC, 2011).  
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The mapping of C.equisetifolia along roads verified the predictions of Hardman’s model 

(2009) that roadsides were highly suitable for the invasive. The model resulting from the 

current study highlighted the problem much mentioned in the distribution modelling 

literature, of accessibility bias and showed how two techniques may be used in conjunction to 

eliminate it. Roads were still an important predictor of C.equisetifolia distribution in the 

second model. However the importance of other variables representing different forms of 

disturbance, increased.  

 

Lastly data was collected using standardised techniques developed by the UKOTs team at 

RGB Kew. It is therefore compatible with previous datasets and repeatable for use in long 

term monitoring. All data collected will be stored within their database for use by future 

researchers and made available to the DECR in TCI.  

 

5.4.2 Limitations 

 

5.4.2.1 Digitisation and mapping 

The limitation of reduced detection probability of smaller individuals or less dense patches 

was minimised in this study by digitising images at a fine scale (1:1500). The clear 

distinctiveness of C.equisetifolia in the imagery relative to the background of native species 

will also have increased accuracy of detection (Maheu-Giroux and de Bois 2005). However, 

the the transferability this study may be limited. Other prominent invasive species in TCI 

such as Scaevola taccada or Leucaena leucocephala are not easily distinguished from native 

vegetation on the aerial imagery and so mapping their distribution in this way may not 

produce accurate results. To ensure that low density of invasion was detected in priority areas 

for plant conservation the fieldwork element of this research focussed on mapping the 2011 

distribution on the ground in IPAs.   

 

It is possible that the different detection probabilities of seedlings and saplings compared to 

adult trees between the two mapping techniques may have biased the comparison between the 

distributions in 2001 and 2007 with 2011. However, results of these comparisons did not 

show a consistently marked increase in the proportional change in C.equisetifolia distribution 

between the years 2007 and 2011. This suggests that if mapping technique did bias results it 

was not enough to completely obscure the true trends. Despite this it would still be 

preferential to obtain aerial imagery and ground mapping data from the same year to be able 
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to calculate the discrepancy  between the two techniques and be able to account for it in 

future comparisons. 

 

5.4.2.2 Modelling in Maxent 

The sampling bias of accessibility, a major criticism of species distribution modelling 

(Phillips et al. 2004, Kadom 2004) was mitigated in this study by the inclusion of digitised 

presence points. However, in doing this the study was limited to presence points taken from 

the distribution of C.equisetifolia in 2007 and 2009 (Hardman’s presence points) as the 

inclusion of road mapping points would have heavily biased the model in favour of distance 

to roads. Ideally digitised presence points from the year of study would have been used to 

produce the most up to date prediction. However, aerial imagery from 2011 was not 

available.  

 

Furthermore Hardman’s study included presence points collected from nine islands. In this 

study it was only possible for work to be conducted on two of these islands. For this reason 

the new model included Hardman’s presence points as well as those produced by digitisation 

to allow predictions to be made over the full extent of the environmental layers. However, it 

is possible that the predictions of the second model heighten the probability of C.equisetifolia 

occurrence on North and Middle Caicos relative to the other islands. This was another reason 

why road mapping, IPA and transect presence points collected in 2011 were not included in 

the new model as this would have hugely increased the bias towards these two islands. 

 

5.4.2.3 Finding a relationship between establishment and impact 

In this study best efforts were made to minimise the effect of variables which would 

confound the impact of C.equisetifolia on native species diversity. To account for the impact 

of the sampling strategy, transect and island were included in the models as random effects. 

Sites were selected which had minimal levels of anthropogenic disturbance and to account for 

any residual variation between sites, disturbance was included in the models as a fixed effect. 

However, for ground cover and Simpson’s diversity index no relationship with the 

C.equisetifolia variables was found to be significant in the best fitting models. It could be that 

numbers of C.equisetifolia trees and their height are not good predictors of native species 

ground cover however it is also possible that the variation in the system was too much for a 

relationship to be detected at this scale. It may be possible to test if this was the case by 
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repeating the analysis with a larger data set. The results of this study therefore highlight the 

importance of sample size in ecological studies. 

 

5.5 Recommendations for conservation 

Given the current extent of C.equisetifolia in TCI, a total eradication programme is not 

feasible. Where eradication of this species was undertaken on West Summerland Key, Florida 

the cost was US $40,000 for an area of just 50 acres (Rice and Tu 2001). Given the size of 

North and Middle Caicos monetary investment of this nature would be simply impossible. In 

other Caribbean countries C.equisetifolia has been recommended as a priority species for 

control as opposed to eradication for this reason (National Invasive Species Strategy for the 

Bahamas 2003).  

 

Two primary recommendations arising from this study have already been mentioned. Firstly, 

TCI planning department must implement and enforce the strict regulation of development in 

the southern parts of both these islands. Disturbance in these areas could facilitate the spread 

of C.equisetifolia into the largest expanses of intact habitats. Secondly, where land is to be 

developed clearance should only be permitted exactly prior to development to prevent 

expanses of cleared land being abandoned and providing ideal habitat for colonisation by 

C.equisetifolia and other invasive species. 

 

In achieving these aims a public awareness programme would prove very useful. Not only 

would this represent progress towards Target 14 of the GSPC in providing education to the 

population of TCI as to the conservation value of environment they live in, but also it may 

allow for a reduction in the spread of C.equisetifolia through a  bottom-up approach. Home 

owners should be encouraged to remove C.equisetifolia from their propertied or in the very 

least cut trees biannually prior to reproduction. Suggestions of native alternative species to 

provide shade or landscaping could be made and above all residents of these islands would be 

made aware of the negative consequences of needless clearance of natural habitats. A similar 

scheme targeting home owners was implemented in Florida Keys by Florida Keys Invasive 

Exotic Task Force, although no reports of realised success in terms of behavioural changes 

have been made. 

 

In TCI an awareness programme may also serve to unite public opinion on the issue of 

C.equisetifolia. Currently, due to unlawful actions of some passionate members of the 
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community, in the form of killing trees on private land, and ill-informed media coverage 

there is a risk of loss of public support for control. 

 

With respect to the two IPAs studied in this research it is likely that two separate approaches 

may be necessary. On Horsestable Beach the more recent population could be suitable for a 

pilot control scheme investigating the necessary frequency of monitoring and removal 

required to prevent the spread of the species. This would be particularly useful given the lack 

of research into the reproductive and dispersal capacity of the species (Rogers and Gamble 

1988). 

 

On Wild Cow Run, for the removal of immature trees to be effective given the constraints of 

available resources for monitoring, the removal of some adult trees is necessary to reduce 

reproductive potential of the well established population. The suggestion of a control scheme 

through charcoal production would potentially offer these benefits, promoting an incentive 

for the removal of large adult trees. However, such a scheme is not without problems which 

should be fully addressed prior to implementation. The attribution of economic value to a 

problem species could have both positive and negative effects for native species; the former 

arising from high demand promoting exploitation of the invasive species such that its 

population is diminished and the latter creating and incentive for people to actively maintain 

or plant new populations.  Further to this, target populations such as that on Wild Cow Run 

are often far from human settlements. Promoting the transport of invasive plant material 

around these islands before it is made into charcoal could act as a substantial vector of the 

species, particularly as transport would likely be on the back of open trucks and roadsides 

provide highly suitable habitat for the species. A great deal more work is required before a 

scheme such as this reaches the pilot stages.  

 

5.6 Recommendations for future research 

With regards to the situation in TCI, research priorities should be into the feasibility of a 

control scheme. Considering the scale of the invasion on North and Middle Caicos and the 

size of these islands it may be preferential to focus efforts initially on smaller islands which 

are also host to important endemic populations (for example Big Ambergris Cay and Salt 

Cay, as identified by Williams 2009). Further to this an assessment of the effectiveness of 

control on Pine Cay could be undertaken. This could be done using techniques demonstrated 
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in this study, manually digitising the distribution of the species over time and comparing the 

rate of spread in controlled and uncontrolled areas.  

 

In addressing the problem at the more global scale, biological control methods for the time 

being remain in the relatively early stages of research (US Department of Agriculture, 2011). 

If an effective and safe control agent were to be discovered however this would provide 

opportunities for the control of the species over much larger areas in its non-native range.  

 

5.7 Conclusions 

In summary this research has shown the need for urgent action to prevent the further spread 

of the invasive species C.equisetifolia. This species is a significant risk to native plant species 

in TCI including two endemic species. The rapid spread of C.equisetifolia demonstrated in 

this study is evidence enough that action should be taken at the earliest possible stage. 

Delaying control will only allow the nature of the problem to become more severe and reduce 

the likelihood of success of any measures that may later be implemented. 
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APPENDIX 1 

Table A1.1: The area of North and Middle Caicos occupied by C.equisetifolia in 2001 and 

2007 (m
2
) 

Island 2001 2007 Island 

area  

Middle Caicos 179331 268039 2.78E+08 

North Caicos 45519 98247 2.06E+08 

 

Table A1.2 The number of 50x50m  grid cells occupied by C.equisetifolia along main roads 

on North and Middle Caicos in three different years. 

Island 2001 2007 2011 Total sampling area 

North 

and 

Middle 

Caicos 

28 58 488 6023 

 

Table A1.3 The number of 50x50m  grid cells occupied by C.equisetifolia in Important Plant 

Areas on North and Middle Caicos in three different years. 

Island 2001 2007 2011 Total sampling area 

Middle Caicos 80 

 

87 182 845 

North Caicos 4 26 26 42 
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APPENDIX 2 

Table A2.1 The percentage contribution and permutation importance for variables included 

in Maxent model using presence points collected by Hardman 2009 

Variable Percent contribution Permutation importance 

roads 43.1 33.5 

west 27.9 15.8 

north 16.5 6 

south 7.9 22.5 

ndvi 1.9 0.3 

dem 0.9 6.4 

band6 0.8 0.8 

sett 0.6 6.6 

east 0.4 8.1 

 

Table A2.2 The percentage contribution and permutation importance for variables 

included in Maxent model using presence points collected by Hardman 2009 and 

digitised presence points 

Variable Percent contribution Permutation importance 

roads 47.9 53.4 

south 22.7 34.6 

north 13 3.8 

east 4.5 1.7 

ndvi 3.7 0.5 

west 2.9 3.2 

sett 2.7 1.7 

band6 1.7 0.7 

dem 0.8 0.2 
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Figure A2.1: Jacknife plots produced from Maxent model including presence points 

collected by Hardman 2009 
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Figure A2.2 Jacknife plots produced from Maxent model including presence points 

collected by Hardman 2009 and from digitised aerial imagery 
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APPENDIX 3 

Figure 3.1 Ordination plots from Non Metric Multidimensional Scaling. In A Island is 

represented by number and transect is represented by colour. In B colour represents litter 

depth. In C colour represents the number of mature individuals. In D colour represents the 

number of immature individuals. 

 

 

 


