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The one process now going on that will take millions of years to correct is the loss of
genetic and species diversity by the destruction of natural habitats. This is the folly our
descendants are least likely to forgive us (E. O. Wilson).
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Abstract

Pinus caribaea var. bahamensis is the National Tree of the Turks and Caicos Islands (TCI), a UK
Overseas Territory. It is the dominant canopy species of the pine rockland habitat. P. caribaea var.
bahamensis is currently under attack from an invasive scale insect, Toumeyella parvicornis, which is
causing damage and mortality to the trees, and if left unchecked will result in further losses and
potential extirpation of the species in TCI. The pine rockland habitat is also home to Stenandrium
carolinae, a TCI endemic herb.
This study contributes to conservation of the TCI pine rocklands by establishing permanent
monitoring plots for P. caribaea var. bahamensis on each of the three islands where it occurs, Pine
Cay, North Caicos and Middle Caicos. The degree to which the plots are representative of the
pineyards in which they are situated is discussed, and the pineyards are compared to one another.
The study also assesses the current distribution of S. carolinae, its conservation status and the
nature of its preferred habitat. Habitat suitability modelling of occurrence data shows that highly
suitable habitat for S. carolinae is predicted to exist on four islands, although the species is currently
known from only two. A conservation assessment is conducted, and S. carolinae is recommended for
addition to the IUCN Red List as Critically Endangered.
Data from the permanent monitoring plots are analysed along with data from the rest of the
pineyards; differences between plots and between pineyards are reported and reasons for them
suggested. Implications for management of the plots are discussed and recommendations are made
for future monitoring practices.

Word Count: 14,966
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1. Introduction
1.1. The Global Biodiversity Crisis and the Caribbean Hotspot
The current rates of loss of biodiversity are higher than ever previously recorded, with extinction
rates estimated to be between 100 -1000 times the background rate of extinction (Pimm et al.,
1995). Global climate change and changes in land use have been identified by Sala et al. (2000) as
the factors likely to have the greatest effect on biodiversity in terrestrial ecosystems over the next
century. Invasive species are also increasingly important drivers of global environmental change
(Vitousek et al., 1997) Concerns regarding the sustainability of human population growth are also
increasing (Meffe et al., 1993, Fowler, 2005), making it imperative that we discover how best to
conserve and manage remaining biodiversity from the species level to maintenance of ecosystem
function. Prioritising conservation actions to the most threatened regions allows us to make best use
of limited resources.

The Caribbean, mainly comprised of the archipelagos of the Bahamas and the Greater and Lesser
Antilles has been identified as a biodiversity hotspot by various studies (Brooks et al., 2002,
Mittermeier et al., 2004, Shi et al., 2005); an area undergoing unusually high levels of habitat change
and subject to high human population pressure. The flora of the Caribbean is similar to that of the
Madagascar and Cape Floristic hotspots in numbers of endemic genera; however it is less resilient to
changes due to the small size of Caribbean islands and the fragmented nature of remaining habitats
(Maunder et al., 2008). Many of the endemic genera are also unispecific (Franciso-Ortega et al.,
2007). Many Caribbean islands are low lying and so are especially vulnerable to the effects of sea
level rise due to climate change, and the region has been subject to high rates of habitat loss since
major development and logging began in the 20th century. The Caribbean possesses many globally
threatened habitats such as coral reefs, tropical dry forests and pine rocklands (Mills, 2008); it is the
latter habitat on which the current project is focused.

1.2. The Pine Rocklands Habitat
Unique to the Bahamas, southern Florida and Cuba, the pine rockland habitat is characterised by its
occurrence on shallow, rocky, limestone soils and its single canopy species, Pinus elliottii Englem.
subsp. densa (Little & K.W. Dorman) A.E. Murray in South Florida and Pinus caribaea Morelet var.
bahamensis (Grisebach) W.H.Barrett & Golfari in the Bahamas (US Fish and Wildlife, 2007). The
1

subcanopy is made up of palms and hardwood shrubs and the herb layer is diverse. The South
Florida pine rocklands have been reduced in size by more than 90% of their historical distribution
(US Fish and Wildlife, 2007), while in the Bahamas, the habitat is found only on the islands of Abaco,
Andros, Grand Bahama, & New Providence in the north of the archipelago and then on Pine Cay,
Middle Caicos, & North Caicos in the Turks and Caicos islands in the south.

Most of the previous research on the ecology and conservation management of pine rockland
habitats has been conducted in southern Florida or in the northern Bahamas. Pine rocklands, known
as pineyards in the Turks and Caicos Islands (TCI) are being studied by the Royal Botanic Gardens,
Kew (RGBK), the Department of Environment and Coastal Resources (DECR) and the Turks and
Caicos National Trust (TCNT), where they are under threat from an invasive scale insect, Toumeyella
parvicornis Cockerell. This study will aid conservation of TCI pineyards by establishing permanent
monitoring plots for the Caicos pine, and discussing the monitoring data that will likely be of most
use in informing future management practices. Stenandrium carolinae Leonard and Proctor, an
endemic herb of TCI has previously been discovered in the pineyards. This study will also answer
questions regarding the habitat preferences and distribution of this species.

1.3. Aims and Objectives
The overall aim of this research is to develop a comprehensive understanding of the morphological
and ecological data that will be most useful in guiding management of the Turks and Caicos Islands
pineyard habitat, through fulfilment of the following objectives:


Establish permanent monitoring plots for the Caicos pine; assess the forest structure of the
plots, the species composition of the plots and the state of the pine trees in the plots.



Determine whether or not the plots are representative of the TCI pineyards by comparing
the plot structure, species composition and tree data with comparable pineyard data
collected outside the plots.



Assess the current distribution, predict areas of suitable habitat, and conduct a conservation
assessment for Stenandrium carolinae.

2

2. Background
2.1. A Fire-Dependent Ecosystem
The pine rockland habitat evolved with regular lightning ignited fires and cannot persist if fires do
not occur in the long term, or if they are suppressed. In these cases, the understory comprised of
tropical broadleaf species such as Lysiloma latisiliquum Barreto & Yakovlev and Swietenia mahagoni
(L.) Jacq. and palms such as Thrinax morrisii H.Wendl. and Sabal palmetto (Walter) Lodd et Schult.
grows to dominate the habitat, outcompeting the pine overstory. This leads to the loss of species
diversity which would be maintained in healthy pineyard, described as an open, high biodiversity
habitat with multiple age-classes of pines and canopy gaps allowing the persistence of diverse herb
and low density shrub layers (Pine Rockland Working Group, 2010).
Frequent fires, occurring every 3 – 7 years, are required to maintain the pine rockland habitat
(Snyder et al., 1990), although in some cases, this may be too frequent for young pines to achieve
the size and maturity required to survive a fire. Pine rockland fires travel quickly due to the high
abundance and variety of fuels in this habitat (Mitchell et al., 2009). Consequently, the fires have
little effect on the pine canopy; however they do alter the structure and species composition of the
habitat. Fires keep invasions by broadleaf species under control, as well as allowing more light to
reach the herb layer. This encourages pine regeneration. Typically pine seeds are released from
mature cones in October and the majority of lightning caused fires occur between May and
September (US Fish and Wildlife, 2007). Seedlings sprouting in the months following a fire benefit
from the fertile ash soil, reduced duff and fuel accumulation, increased light levels and reduced
competition from herbaceous, broadleaf and palm species. If fire return intervals are too short (<3
years), pines may lose dominance to grassland (Miller, 2007) while if they are too long (>10-15 years)
a hardwood hammock may develop, with pines unable to regenerate and thus being outcompeted
(Pine Rockland Working Group, 2010).

2.2. Stand Density and Fuels
In a stand of any vegetation, the component individuals are distributed over a specific area in a
specific number, this is the density of the stand (Warde and Petranka, 1981). The denser a stand, the
more competition for nutrients, water, light and growing space an individual will face, the lower its
growth rate will be (Ginrich, 1967). The point centred-quarter (PCQ) method involves selection of
random sampling points; each considered the centre of a plot divided into four quarters by the lines
3

of the compass. At each sampling point, the distance to the closest tree to the centre point in each
of the four quarters around the point is recorded (Cottam and Curtis, 1956, Pollard, 1971). Cottam
and Curtis (1956) compared four popular methods for determining density under equal conditions
and found the PCQ method to be superior due to the low variability of results, the lower number of
sampling points needed to obtain similar accuracy to other methods and the low susceptibility of the
method to subjective bias. Calculating stand density of the TCI pineyards will inform management
practices since the denser a stand, the greater the accumulation of fuels and the higher the risk of
fire ignition.
A dense pine overstory will inhibit seedling regeneration. Gaps must be present to reduce pine
seedling competition with the overstory for light and nutrients, and reduce the intensity of fires by
lowering fuel loads. As seedlings grow, fire resistance adaptations develop, such as thick bark;
however all pine seedlings are initially fire-sensitive (O’Brien et al., 2008). Fuels, defined as any type
of burnable vegetation are necessary to carry low intensity surface fires through gaps in the
pineyard canopy, eliminating the broadleaf competition of fire-resistant pines (Mitchell et al., 2009).
Fuels in long unburned habitat can build up to levels hazardous to even fire-resistant species
(O’Brien et al., 2010). In the TCI, recent invasion of the pine rocklands by an invasive scale insect has
caused mass mortality of Caicos pine. This has caused a build-up of dead trunk and limb wood,
referred to as an overloading of fuels, risking ignition of high intensity fires to which the Caicos pine
is not adapted (DECR, 2010).

2.3. Infection of the Turks and Caicos Pineyards
Island ecosystems may be particularly vulnerable to invasive species, since the native species may
have evolved in the absence of predation or competition from (Hardman, 2009). The devastating
effects that invasive species can have are exemplified in the Turks and Caicos Islands. The first
discovery in TCI of the pine tortoise scale, Toumeyella parvicornis Cockerell (Figure 2.1.), a
hemipteran in the family Coccidae, was made in January 2005 by Martin A. Hamilton from RGBK
while in Conch Bar Pineyard in Middle Caicos (Hamilton, 2007, Hamilton et al., 2010). A sample of
the scale insect was sent to the Central Science Laboratory (CSL) in the UK and subsequently
identified as T. parvicornis. The pine tortoise scale is native to North America where it is a pest of
pine species. In its natural range, the spread and growth of the pest is held in check by the cold
winters, during which it enters a hibernation phase in its lifecycle. In the Caribbean however, the
warm temperatures allow pine tortoise scale to complete its lifecycle without this life history stage,
4

decreasing the time between generations and allowing the scale to spread more rapidly. The scale
was thought to have arrived in the TCI on wreaths or pine trees from North American transported to
the TCI for Christmas. Since the initial infection,
it has spread to each of the three islands with
Caicos pine populations, Pine Cay, North Caicos
and Middle Caicos. The scale causes dieback,
stunted growth and reduced seed production
and in severe cases, canopy death through a
combination of direct feeding and secretion of
honeydew which coats needles, stems and
understory plants, providing nutrients for a
sooty mould that limits the photosynthetic
ability of the plants. In North Caicos, the scale
has caused over 90% mortality of mature
trees, and recruitment of new seedlings is low

Figure 2.1. Toumeyella parvicornis feeding on a
pine seedling.

(DECR, 2010); effects are also seen in Pine Cay

Photo credit: B. McMeekin © the Caicos Pine Recovery
Project Steering Committee

and Middle Caicos.

2.4. History of the Caicos Pine Recovery Project
In 2006, the impact of the pine tortoise scale on the pineyards of TCI was further investigated by
researchers from RBGK, while staff from the TCNT established an ex-situ population of Caicos pine in
a nursery on North Caicos (Hamilton et al., 2010). During 2007 and 2008, the methodology used
during the current study for assessing scale infestation was developed. The Caicos Pine Recovery
Project (CPRP) was announced for funding by the TCI government in late 2007. The project recruited
two staff members, a GIS officer and a Project Manager/Nursery Specialist; however hurricanes
disrupted their arrival and the GIS officer left the project. The Nursery Specialist re-established the
temporary nursery that was damaged during the hurricanes, while GIS staff at RBGK assisted with
mapping of the pineyards. In 2009, a fire specialists’ visit was arranged to facilitate the sharing of
expert advice about the management needs of the pineyards. During this visit, the methodology for
assessing forest structure that was used in the current study was developed. In November 2009, the
leadership of the project was transferred to the DECR, as the TCI government was dissolved due to
corrupt practices and replaced by direct rule from the UK. The funds previously allocated for
conservation activities were no longer available. The ex-situ pine nursery was transferred to the
5

Government farm on North Caicos. In April 2010, funding for the CPRP was secured from the
Overseas Territories Environment Programme (OTEP) for the following three years. The monitoring
plots established as part of this study will maintained by the OTEP funded CPRP project, with the aim
to continue the project at least until the Caicos pine has made a full recovery.

2.5. Rare and Endangered Species in Pineyards
The pineyard habitat in Turks and Caicos is known to support several rare or range restricted species
(Hamilton et al., 2010, DECR, 2010). Perhaps the most well known is Kirtland’s Warbler (Dendroica
kirtlandii Baird.), a songbird of North America that winters in the Bahamas archipelago. It is unclear
to what extent the birds depend on pineyard habitat during the winter, and it is possible that habitat
loss in the pineyards may be the largest impediment to the recovery of Kirtland’s Warbler (IUCN,
2010). The birds’ appear to prefer pineyards due to the similarity of the habitat to that of their
summer breeding grounds (Haney et al., 1998). Kirtland’s Warblers may depend on the pine forests
of the Bahamas archipelago, and their recovery may be threatened by the changes in the frequency
of fires or loss of pineyard habitat (Miller, 2007).

Several plant species endemic to the Bahamas archipelago (such as Tabebuia bahamensis Britton,
and Thouinia discolour Griseb.) are found in pineyard habitat (JNCC, 2010), however only one of TCI’s
nine endemic plant species has previously been recorded in the pineyards. A new population of
Stenandrium carolinae, a small rosette forming herb was discovered by researchers from the CPRP
on the fringe of Conch Bar pineyard in Middle Caicos in 2009 (Hamilton et al., 2010). New
populations were also discovered outside the pineyards, leading to questions regarding the
distribution of S. carolinae, its preferred habitat and appropriate conservation status. It is also
important to discover the extent to which S. carolinae relies on the TCI pineyards to provide suitable
habitat, as this may provide an additional reason for conservation of the pineyards of the TCI.

2.6. Habitat Suitability Modelling
When considering the distribution of endangered species, it is common to have relatively sparse
information available, with much of the geographically referenced information available in the form
of presence records, such as a herbarium specimen. True absence records are rarely collected, so
any method that requires only presence data to predict suitable areas of habitat for a species is
highly valuable, particularly in situations where data are limited. Habitat suitability models use a
6

limited number of occurrence records to infer the distribution of suitable habitat for a species based
on the environmental conditions at the points of occurrence (Phillips et aI., 2006). The resulting
models can be used to guide conservation planning and targeted surveying of the modelled species
to areas of high predicted likelihood of occurrence (Williams, 2009).

Habitat suitability models do not predict species occurrence. Important ecological factors are not
considered, such as dispersal range. A species may be absent from suitable habitat that it cannot
reach (Lahoz Monfort, 2008). A habitat suitability model uses a limited number of environmental
variables, and the resultant model is limited by the quality and appropriateness of these variables
for explaining the distribution of the species in question. Lahoz Monfort (2008) showed that climatic
and topographic variables were of little use in modelling suitable habitat of the Alaotran gentle
lemur (Hapalemur alaotrensis) due to its small range and the lack of variability in the topography of
its habitat. Williams (2009) drew similar conclusions when selecting environmental variables for
habitat suitability modelling of endemic plants in TCI.

Austin (2007) highlights the importance of appropriate data resolution when attempting to apply a
model. Small scale factors (for example microclimate) may contribute to a species’ ability to survive,
but are ignored due to lack of data, or preference for a larger scale environmental predictor (such as
climate); their absence will bias the resultant model. In general terms, the choice of predictors used
for model development will affect the result of the final model (Phillips et al 2006).

The sample size of occurrence records will also influence the resultant model. Pearson et al. (2007)
analysed the ability of a model to predict species occurrence when using sample sizes of less than
25. They found that a model based on the principle of maximum entropy could still make statistically
significant predictions using sample sizes of less than 5 when validated using a jackknife approach.
However, caution must be taken when interpreting model results, especially with such small sample
sizes.

2.7. Maximum Entropy Modelling
One method for habitat suitability modelling is the maximum entropy approach. This involves a
simple underlying principle: find the probability distribution of maximum entropy (the distribution
closest to uniform), constrained by environmental predictor data in the form of ‘features’. The
expected values of these features under the predicted distribution must equal their averages. This is
7

explained further in Philips et al. (2004) and Philips et al. (2006), who devised the software MaxEnt
used in this study.

The main output of MaxEnt used to evaluate the model is the AUC (area under the receiver
operating characteristic curve). This is used as it does not require the selection of a threshold to
convert the continuous prediction of the model into a binary prediction. The AUC provides a
threshold-independent evaluation statistic of model performance (Lahoz Monfort, 2008). To explain
the AUC, one must explain receiver operating characteristic (ROC) curves. These were originally used
in the 1940 to process signals; one modern use is in habitat suitability modelling. An ROC curve plots
a true positive value (sensitivity) against an omission error or false positive value (specificity) for all
possible thresholds. The ROC curve shows the relationship between the proportion of known
presences correctly predicted as present, and the proportion of observed absences predicted as
present (Lahoz Monfort, 2008). The AUC, the area under the resulting curve measures the
probability of the model correctly classifying a random presence or absence point (Elith et al 2006).
The total ROC curve values sum to 1, so an AUC of 1 indicates a perfect prediction, while an AUC of
0.5 indicates a prediction no better than random. Elith et al. (2006) suggest a minimum AUC of 0.75
in order to accept the prediction of a model. Since MaxEnt only requires presence data, yet
specificity relies on absence data, it must be calculated using pseudo-absence data that consist of
random background points (Phillips et al., 2004). The probability output from MaxEnt is therefore
always less than 1, since cells with no occurrence localities must be interpreted as ‘negative
examples (Wiley et al., 2003).

2.8. Conservation Assessments
The International Union for Conservation of Nature (IUCN) Red List of Threatened Species provides
the most comprehensive and rigorously compiled information on the conservation status of plant
and animal species in an easily accessible format (Rodrigues et al., 2006). For around 50 years, the
IUCN has assessed and listed threatened species, developing the Red List Categories and Criteria in
1994 and revising them in 2001 (IUCN, 2001). This is a quantitative method for assessing the
conservation status of species with clear data requirements that are not overly difficult to meet for
most species. The Red List assessments can be used to inform management of species or guide
policy makers in creation of appropriate legislation to better protect and sustainably utilise natural
resources (Rodrigues et al., 2006).
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A species need not be assessed under all criteria before being assigned a category. The criteria B1
and B2 are used to assess species on the basis of their small range. This is measured via two metrics,
the Extent of Occurrence (EOO) and the Area of Occupancy (AOO). The EOO is the measure of range
found in most field guides; the minimum polygon that encompasses all known points of natural
occurrence of the species in the wild. The AOO recognizes that the species may not actually be
present throughout the whole of the EOO and can be thought of as measuring the species presence
or absence when dividing the entire range into grid squares. Willis et al. (2003) recommend using
the AOO for Red List assessments when large areas of unsuitable habitat are detected within the
species’ EOO.
The Conservation Assessment Tools (CATS) extension for ArcView GIS software developed by Justin
Moat at RBGK uses the EOO and AOO along with the number of locations and number of
subpopulations to automate a Red List assessment within ArcView. These are only preliminary
assessments due to the need to set an appropriate grid cell size with which to calculate the AOO,
and because other important factors such as the presence of unsuitable habitat are not taken into
consideration by the software.

2.9. Study Site
2.9.1. The Turks and Caicos Islands
The Turks and Caicos Islands (TCI) are a UK Overseas Territory located at the south-eastern end of
the Bahamas archipelago in the Atlantic Ocean, in the Caribbean region (Figure 2.2.). The islands are
formed from limestone, with several outlying coral reefs. The TCI are very low lying; over half the
land area consists of mangroves and other wetlands that are tidally inundated. Although there are
over 40 small islands and cays, the population (approximately 32,000 according to the 2006 census
(JNCC, 2010)) is distributed over a few permanently settled islands; Providenciales, Pine Cay, Parrot
Cay, North Caicos, Middle Caicos, South Caicos, Big Ambergris Cay, Grand Turk, and Salt Cay (Figure
2.3.). The climate is tropical and dry with easterly trade winds.
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Figure 2.2. The location of the Turks and Caicos Islands in the Caribbean.

Figure 2.3. The Turks and Caicos Islands.
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2.9.2. The Pineyards of the Turks and Caicos Islands
The pineyards are one of a wide variety of terrestrial habitats in the Turks and Caicos Islands
(Manco, 2008). The pineyards occur on three islands, Pine Cay, North Caicos and Middle Caicos. The
area of the pineyards varies greatly between islands (Table 2.1.). See Appendix 1. for maps of the TCI
pineyards.
2.9.2.1. Pine Cay
Pine Cay is a small island of about 324 hectares with a population of less than 100 private
homeowners. The pineyard is a source of pride for the Pine Cay Homeowners Association and the
Meridian Club hotel; they support the CPRP partners in conserving the pineyard. Consequently, the
Pine Cay pineyard is currently relatively healthy compared to the other islands, with many living
mature trees and other growth stages present.
2.9.2.2. North Caicos
The North Caicos pineyard is commonly referred to as Bottle Creek when accessing it from the north
and Ready Money from the south, but is one continuous mosaic habitat. In the early part of 2009,
Ready Money was ignited by an accidental anthropogenic fire, causing mass tree mortality with little
to no seedling regeneration (Hamilton et al., 2010). The PMPs were established in Bottle Creek
several miles away from the area burnt in 2009.
2.9.2.3. Middle Caicos
The pineyard at Middle Caicos, also known as Conch Bar pineyard is the largest of the TCI pineyards.
It was burned less than a decade ago (Hamilton, pers. comm.); in conjunction with the scale insect,
causing almost total mortality of mature pines. Many seedlings germinated following the fire;
however these are now infested with pine tortoise scale so their survival is uncertain.

Table 2.1. Extent of the pineyards of Turks and Caicos. Reproduced from Hamilton et al. 2010).
Island

Area (Ha)

Pine Cay

106

Middle Caicos

1150

North Caicos

467
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2.10. Study Species
2.10.1. Pinus caribaea var. bahamensis
Pinus caribaea var. bahamensis (Griseb.) W.H. Barrett & Golfari (Figures 2.4. and 2.5.), known as
Caicos Pine in the Turks and Caicos Islands, is a subspecies of Pinus caribaea Morelet, endemic to the
Caribbean islands and parts of Central America (Richardson, 1998). In the TCI it is only found on the
islands of Pine Cay, North Caicos and Middle Caicos. Miller (2007) describes the three varieties as
being delineated by cones, seeds and locale; however Farjon and Styles (1997) provide the following
key to the varieties (Table 2.2.). P. caribaea var. bahamensis is distinguished by having needles in
fascicles of 3 or occasionally 2, the mature sheaths of which are reduced from 15-20 to 10
millimetres in length. It can also be distinguished from var. caribaea and var. hondurensis by the
cone stalks, which are always one centimetre in length. (Hamilton, pers. comm.) All three varieties
have unusually long fascicle sheaths and multinodal shoots, although var. bahamensis is the most
variable of the varieties (Dieter and Nikles (1997). This is an adaptation to the tropical climate
whereby growth can be halted if conditions are too dry (Earle, 2010). Nutrients are preferentially
accumulated in the needles (Kadeba, 1981). Caicos pine is the dominant canopy tree of the TCI
pineyards, forming open stands at altitudes of 1-10 metres. It occurs on alkaline soils; on North and
Middle Caicos in areas of eroded beach rock and on Pine Cay in sandier soil on old beaches (Earle,
2010). The species can grow to 30 metres in height, however maximum height observed in the TCI is
about 8 metres.
Table 2.2. Key to the varieties of Pinus caribaea. Reproduced from Farjon and Styles (1997).
1. Needles in fascicles of (2-)3, fascicle sheaths at maturity reduced in
length from 15-20 mm to 10 mm.
1. Needles in fascicles of 3(-4), fascicle sheaths persistently 15-20 mm long.

var. bahamensis

2. Seedlings with green, ascending primary leaves, in a few years replaced
by secondary leaves.
2. Seedling with glaucous, spreading primary leaves, development of
secondary leaves delayed.

var. caribaea

2.

var. hondurensis

2.10.2. Stenandrium carolinae
The Caroline’s Pink, Stenandrium carolinae Leonard and Proctor (Acanthaceae) is one of nine species
endemic to the Turks and Caicos Islands (Correll and Correll, 1982). The genus Stenandrium Nees in
Lindl. contains 87 species distributed across North, Central and South America and Central Africa
(GBIF, 2010), however it is unispecific in TCI. The leaves are thick and hairy, reddish-brown in colour
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and form a rosette less than 15cm in diameter which blends into the soil or dead leaf surroundings
to avoid herbivory (Figure 2.7.) (Manco, 2010). It is found on rocky limestone outcrops and steep
ridges in cracks between the rocks, and under a canopy of broadleaf tree species. S. carolinae is an
annual, appearing and flowering at any time of year after sufficient rain (Manco, 2010). The flowers
are approximately 1cm in diameter and resemble small violets (Figure 2.6). If pollinated, two small
seeds are produced in a dehiscent capsule. The method of pollination is not known, while it is likely
that seeds are dispersed in water runoff during heavy rain.

Figure 2.4. A mature Caicos pine at Pine Cay
suffering heavy canopy damage due to
Toumeyella parvicornis.

Figure 2.5. A Caicos pine sapling in Conch
Bar pineyard. The heavy infestation of
Toumeyella parvicornis can be clearly seen.

Figure 2.6. Flower of Stenandrium carolinae.
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Figure 2.7. Growth habit and cryptic
colouration of Stenandrium carolinae.

3. Methods
3.1. Permanent Monitoring Plot Establishment
In order to actively manage each existing population of Caicos pine in the TCI, permanent monitoring
plots (PMPs) were established on each of the three islands with Caicos pine (North Caicos, Middle
Caicos and Pine Cay). The establishment process is described below.

3.1.1. Treatments
Three plots were established in each population, each to receive a prescribed treatment. These are
described in Table 3.1. The effects of the vegetation control were not seen during this study, since
the reaction of the pine trees to treatment will be delayed. The objective of this study was to
establish the PMPs, thus soap spray application was not undertaken and will be carried out by CPRP
staff in the future.

Table 3.1. PMP treatment types and allocation.
Treatment

Decription

Vegetation
Control

Vegetation will be cleared to a distance of 1.5m around each pine
tree in the plot on a bi-annual basis.
Vegetation will be cleared to a distance of 1.5m around each pine
tree in the plot on a bi-annual basis. Soap spray will be applied to
each pine tree in the plot on a quarterly basis.
No management action will be undertaken

Vegetation
Control and
Soap Spray
Control

Recipient
PMPs
3, 6, 9.
1, 4, 7.
2, 5, 8.

3.1.2. Site Selection and Plot Construction
In order to ensure the location of the plots was unbiased, a random number generator was used to
select three locations within a grid in ArcView, drawn to include an area of pineyard of the largest
possible size on crown land, chosen to ensure access to the site would be uninterrupted. The points
were a minimum distance of 30 metres apart.. It was assumed that one of these sites would adhere
to the criteria in Table 3.2. and therefore be suitable for establishment of the CPRP permanent
monitoring plots. The following process was conducted on all islands with pine. Conch Bar pineyard
in Middle Caicos was visited first, so received plot numbers 1, 2 and 3. Bottle Creek pineyard in
North Caicos was visited next, so received plot number 4, 5 and 6. Pine Cay pineyard was visited
finally, so received plot numbers 7, 8 and 9.
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Table 3.2. Rationale for selection of PRP Permanent Monitoring Plot locations.
Criterion
Accessibility
Suitability

Comparability

Specification
Plots must be on Crown Land.
Habitat of each plot must be considered Pine forest due (a) Presence of mature pine
trees (live or dead) and (b) Presence of immature pine trees (more than one living).
Plots must be similar in slope, aspect, soil type, substrate, and broadleaf plant
composition on each island. These factors may differ between islands.

Following random potential plot generation, the handheld GPS was used to navigate to the first
potential plot site. The site was assessed against the plot criteria and was ruled out if it did not meet
the criteria. If the potential plot was found to meet all the plot criteria, it was confirmed as a
permanent monitoring plot. The next potential plot was then assessed.
Before assessment, potential plots were delineated as follows. The centre point of the potential plot
was found using the GPS. The NE corner was found by measuring 14.3m NNE of the centre point.
Measurements were then made 20m S, W and N to find the other three corners. These were
confirmed or adjusted by measuring 20m E of the NNW corner to the first, NNE corner, by measuring
28.3m from the NNE to the SSW corners and likewise from the NNW to the SSE corners. This ensured
the plot was accurately 20x20m before cairns were built at each corner to delineate the NS and EW
lines of the plot. A 3m pole was placed in the centre of each cairn to mark the each corner clearly.
Masonry line was tied to the corner poles to delineate the plot boundaries clearly prior to vegetation
clearance. It was removed once the plot was established. Surrounding vegetation (outside the plot)
was then cleared to a distance of 2m around each plot to act as a fire break and clearly delineate the
plot.
The second potential plot was then delineated by measuring 2m S of the SSE corner of the first plot.
The process was then repeated for this and the third potential plot. If a configuration could not be
found at the site whereby 3 adjacent plots could be established, the site was ruled out and the next
potential plot site was located using the GPS.

3.1.3. Recording Permanent Plot Data
A handheld PDA with integrated GPS was used in the field. Data were recorded directly into ArcPad
(ESRI Version 7.0.) and thereafter cleaned using BRAHMS (Botanical Records and Herbarium
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Management System, available to download from Oxford University http://dps.plants.ox.ac.uk/bol/).
A 2002 LandSat image was used as the base layer for all data collection and analysis. The projection
used for all GIS work was WGS_1984_UTM_Zone_19N . A clinometer was used to calculate heights
that could not be measured by hand. A DBH tape was used to measure DBH. These data recording
equipment were used for all field recording. A unique identification number was assigned to each
plot (for numbering protocol see Appendix 2). The plots and the pine trees within them were then
assessed using the established monitoring criteria. Table 3.3. details the data collection standards
relevant to the discussion. The full description of all data collection standards can be found in
Appendix 3.
Table. 3.3. Data collection standards for PMPs.
Variable
Description
The average height of vegetation in the PMP in metres. Estimated by
Height of Canopy
eye to the nearest 5%.
Canopy Density

The percentage canopy cover of vegetation in the PMP. Estimated by
eye to the nearest 5%.

Ground Cover

The percentage of ground covered by vegetation. Estimated by eye to
the nearest 5%.

Level of Pine Tortoise

The average level of scale infection in the PMP. Measured on a scale of 0

Scale Infection

– 5; 0 being scale free; 5 being scale covering every pine tree in the PMP.

Level of Canopy Damage

The average level of pine tree canopy loss in the PMP. Measured on a
scale of 0 – 5; 0 being no canopy loss; 5 being total canopy loss in the
PMP. Dead trees were included in the assessment.

Sooty Mould Coverage
Height of the Tallest Tree
DBH of the Tallest Tree
Fuel Level

The coverage of sooty mould, recorded as a percentage of the total leaf
area covered by mould. Estimated by eye to the nearest 5%.
The height of the tallest pine tree in the plot in metres.
The diameter at breast height (1.72m) of the tallest pine tree in the plot
in centimetres.
The amount of burnable fuel present in the centre 1m2 of the plot,
expressed as a percentage. Estimated by eye to the nearest 5%.
Compiled list of the fuel types found in the centre 1m2 of the plot.

Fuel Types

Agreed terms were: Fine, Leaves, Grass (dead), Sticks, Limbs, Wood,
Palm, Shrubs, None.

3.1.4. Recording Data for Trees within Permanent Plots
Each living pine tree in each plot was tagged with a metal tree tag affixed to a branch with wire, or
to a rock at the base of the tree if it had no suitable branches. The tree tag number was used to
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generate a unique identification number for the tree. The location of each tree in each plot was
measured in reference to the plot boundaries and was plotted in the existing CPRP GIS with
reference to the unique identification number. A photograph and a DNA sample for each tree in
each plot were taken for further studies, linked to the unique identification number for each tree.
For the purposes of this project, a seedling was defined as any Caicos pine <1m in height, a sapling as
>1m and with a DBH of <4cm, and a tree as having a DBH of >4cm.

Table 3.4. Data collection standards for individual trees.
Variable

Description

Level of Pine
Tortoise Scale
Infection

The level of scale infection on the tree. Measured on a scale of 0 – 5; 0 being

Level of Canopy
Damage

The level of canopy loss to the tree. Measured on a scale of 0 – 5; 0 being no

Sooty Mould
Coverage

The coverage of sooty mould, recorded as a percentage of the total leaf area

Tree Height

The height of the tree in metres.

scale free; 5 being totally infested.

canopy loss; 5 being total canopy loss.

covered by mould. Estimated by eye to the nearest 5%.

The diameter at breast height (1.72m) of the tree in centimetres. For saplings
Tree DBH

and seedlings that did not reach 1.72m, the diameter 4cm from the base of
the tree was measured instead.

Number of
Branches

The number of branches on the tree. Branches were defined as any lignified
growth off the main stem/trunk.

3.1.5. Recording Permanent Plot Structure and Species Composition
3.1.5.1. PMP Forest Structure
Each PMP was assessed using the point-centred quarter method described by Cottam and Curtis
(1956) and Pollard (1971) (Figure 3.1.). Since the diameter of the PMPs was 20m, the maximum
recordable PCQ distance was 10m. Quarters with no trees <10m of the plot centre were recorded as
empty, and correction factors were used to account for this when calculating stand density (Warde
and Petranka, 1981). It was recorded whether or not the tree was living, and dead trees were
included in the analysis. The process was repeated for saplings and for seedlings, but data were not
analysed due to a lack of comparable data for the rest of the pineyard.
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Figure. 3.1. Point-centred quarter sampling methodology.

3.1.5.2. PMP Species Composition
A full species list was compiled for each PMP utilising the expertise of B. N. Manco. The species
present in the centre 1m2 of each PMP were also recorded and given a subjective dominance rating
of 1-5. Dominance ratings were not included in the analyses due to lack of comparability between
species.

3.2. Plot Data Analysis
Data were analysed in Microsoft Excel 2007 and R. Single factor Analyses of Variance (ANOVAs) were
used to compare three PMPs within a pineyard, and means of those PMPs with one another
between pineyards. The results of ANOVAs showing significant differences were analysed post-hoc
using Tukey’s Honest Significant Difference (HSD) test to compare multiple means. Two sampled ttests assuming unequal variances were used to compare PMP data to CPRP data for the rest of the
pineyards.

3.3. Stenandrium carolinae Sampling Transects
Fieldwork was carried out over one week during June and July 2010. Due to limited time availability,
Middle and North Caicos were the only islands sampled. Although presence/absence transects are
relatively simple and have been used in many studies, the specifics of the following methodology
were developed and tested by Williams (2009). A transect length of 300 metres with assessment
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points every 50 metres was used. This provided 6 assessment points per transect; each assessment
point was a quadrat of 10x10 metres. In dense habitat this was sometimes difficult to achieve.
Transect sites were chosen based on previous knowledge of S. carolinae presence (Manco, pers.
comm.). This will bias the final model output as the majority of known sites are on Middle Caicos and
are spatially autocorrelated. Ferrier et al. (2002) recommend methods to address and correct for
autocorrelation in spatial models.
Upon discovery of S. carolinae along a transect, adaptive cluster sampling was conducted in a cross
pattern with units of 10x10 metres (Figure 3.2.). No environmental variables were recorded in this
case, as the aim of adaptive sampling was to estimate population size. If an individual of S. carolinae
was discovered in an adjacent quadrat, the adaptive sampling was extended (Figure 3.3.). The
criterion for cessation of adaptive sampling was the absence of any individuals of S. carolinae.

Figure 3.2. Adaptive cluster sampling design.
Green indicates detection of individual.
Reproduced from Williams (2009).

Figure 3.3. Extension of the network when
an individual is detected. Green indicates
detection of individual.
Reproduced from Williams (2009).

3.4. Habitat Suitability Modelling
The

software

MaxEnt

(Version

3.3.3a,

available

to

download

at

http://www.cs.princeton.edu/~schapire/maxent/) was used to predict the distribution of suitable
habitat for Stenandrium carolinae across the TCI. Assessment points taken in the field were used in
MaxEnt, these were a combination of presence points from transect data, adaptive sampling points,
minimum data points and species assessment points. Each data point included latitude and
longitude coordinates, and any duplicate points were deleted before the analysis. Nine predictor
layers were initially used in MaxEnt; distance to north coast, east coast, south coast, west coast,
distance to roads, distance to settlements, Normalized Difference Vegetation Index (NDVI), a digital
elevation map (DEM) and a Band6 layer. The layers for distances to coast, roads and settlements
were created by Williams (2009). The coastal aspect was included for each compass direction in
order to consider the impact of each aspect upon presence of S. carolinae in isolation. NDVI was
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calculated and constructed as a raster layer at the RBGK GIS Unit. NDVI is generated by calculating
the difference between the near-infrared and visible reflectances divided by the sum of the two
(Defries and Townshend, 1994). This gives an indication of the photosynthetic activity of the
vegetation and can therefore by used to identify different land surfaces and vegetation types.
Landsat TM Band 6 thermal data were also used as a predictor layer. Band 6 measures the
reflectance of water on a surface that uses the thermal infrared spectrum (wavelength interval
10.40-12.50μm) and indicates soil moisture content (Southworth 2004). The DEM layer was provided
by the RGBK GIS unit, but is unlikely to significantly contribute to the model predictions due to the
lack of topography and low lying nature of the TCI (Williams, 2009).
MaxEnt models were used to produce predictions of suitable habitat for S. carolinae. All models
were produced using 75% and 25% testing data, with a maximum of 500 iterations, 10,000
background points and a convergence threshold of 0.0001. After the initial calibration of the model,
cross-validation analyses were performed using 15 replicates, since AUC is shown to increase with
the number of replicates (Phillips et al., 2004). Jackknife charts were used to compare the
contributions of individual predictor variables (see Appendix 4). Initial runs showed a contribution to
the prediction of the distance to roads and settlements layers that were deemed to bias the
prediction, since sampling data were autocorrelated with roads and settlements due to access issues
in the field. These were subsequently removed from the models, leading to an increase in the AUC.
The final model was selected with the objective of maximising the AUC. Model output was imported
into ArcView and converted from a graduated probability map to a binary prediction with a
minimum presence value comparable to the occurrence point on North Caicos. Pineyard extent
(mapping of which is detailed in Hamilton et al., (2010)) which are shown in Appendix 1 were added
to the map to visually assess overlap between predicted suitable habitat and pineyard extent.

3.5. Conservation Assessments
The Conservation Assessment Tools (CATS) extension for ArcView GIS software was used to calculate
the AOO and the EOO for Stenandrium carolinae, in order to assess it under the Red List criteria
(IUCN, 2001). The grid square size, used by CATS in the calculation of the AOO was set to 2km2; this
is the IUCN recommended grid size. A grid size of 3km2 was recommended by CATS so was tested,
but not used for the final output since the results were unaffected. Due to the limited temporal
information available, the IUCN criterion most appropriate for Red Listing S. carolinae was criterion B
(IUCN, 2001).
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4. Results
4.1. Permanent Monitoring Plots
Table 4.1. shows the significance of environmental, scale-related and forest structure related
variables in the CPRP permanent monitoring plots (PMPs) between pineyards. Tukey’s HSD test
showed a significant difference in Canopy Height of PMPs between Conch Bar Pineyard (CB) (M=2,
SD=0, N=3) and Pine Cay Pineyard (PC) (M=7, SD=1, N=3); p<=0.05. This is also true for Height of
Tallest Tree (CB (M=1.38, SD=0.2104, N=3), PC (M=7.27, SD=0.8211, N=3); p<=0.05, and Diameter at
Breast Height (DBH) of Tallest Tree (CB (M=3.5, SD=0.8660, N=3), PC (M=13.97, SD=2.7465, N=3);
p<=0.05. The statistics demonstrate the significant difference in size and maturity between trees in
CB and PC. The single factor ANOVA also showed a significant difference in Scale Infestation Level of
PMPs between CB (M=3, SD=0, N=3) and PC (M=2, SD=0, N=3); p<= 0.05.
Table 4.1. PMP Data - comparisons between pineyards.
Summary Statistics
Variable
Pineyard
N
Mean
Variance
Canopy
Height

Canopy
Density

Ground
Cover
Scale
Infestation
Level
Canopy
Loss

Mould
Level

Height of
Tallest Tree
DBH of
Tallest Tree

Conch Bar Pineyard

3

2

0

Bottle Creek Pineyard

3

6.67

9.33

Pine Cay Pineyard

3

7

1

Conch Bar Pineyard

3

6.67

8.33

Bottle Creek Pineyard

3

10

25

Pine Cay Pineyard

3

5

0

Conch Bar Pineyard

3

31.67

8.33

Bottle Creek Pineyard

3

80

25

Pine Cay Pineyard

3

88.33

58.33

Conch Bar Pineyard

3

3

0

Bottle Creek Pineyard

3

2.33

0.333

Pine Cay Pineyard

3

2

0

Conch Bar Pineyard

3

5

0

Bottle Creek Pineyard

3

4

0

Pine Cay Pineyard

3

3

0

Conch Bar Pineyard

3

5

0

Bottle Creek Pineyard

3

36.67

8.33

Pine Cay Pineyard

3

28.33

533.33

Conch Bar Pineyard

3

1.38

0.04

Bottle Creek Pineyard

3

6.58

7.71

Pine Cay Pineyard

3

7.27

0.67

Conch Bar Pineyard
Bottle Creek Pineyard

3
3

3.5
17

0.75
34.39

Pine Cay Pineyard

3

13.97

7.54
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Single Factor ANOVA Results
MS
F
Significance
3.44

6.81

0.05

11.11

1.75

NS

30.56

91.91

NS

0.11

7

0.05

0

65535

N/A

180.56

4.48

NS

2.81

11.06

0.01

14.23

10.58

0.01

4.2. Individual Trees
There were no significant differences in individual tree data in the PMPs between pineyards as can
be seen in Table 4.2. In the PMP at Conch Bar Pineyard (CB) on Middle Caicos, there were 341 living
pine trees, 332 (97%) of which were seedlings, while the remaining 9 (3%) were saplings. In the PMP
at Bottle Creek Pineyard (BC) on North Caicos, there were 15 living pine trees, all of which were
saplings. In the PMP at Pine Cay Pineyard (PC) on Pine Cay, there were 47 living pine trees, 39 (83%)
of which were seedlings, 4 (8.5%) were saplings and 4 (8.5%) were mature trees.

Table 4.2. Individual Tree Data – comparisons between pineyards
Summary Statistics
Variable
Pineyard
N
Mean
Variance
Conch Bar Pineyard
341
1.09
0.49
Scale
Bottle
Creek
Pineyard
15
2.2
0.46
Infestation
Level
Pine Cay Pineyard
47
2.13
0.98
Canopy
Loss

Conch Bar Pineyard
Bottle Creek Pineyard
Pine Cay Pineyard

341
15
47

1.23
3.6
2.44

0.52
0.26
0.99

Mould
Levels

Conch Bar Pineyard
Bottle Creek Pineyard
Pine Cay Pineyard

341
15
47

3.82
32.66
14.89

106.70
299.52
210.31

Tree Height
(m)

Conch Bar Pineyard
Bottle Creek Pineyard
Pine Cay Pineyard

341
15
47

0.32
1.98
0.96

0.05
0.38
3.68

Conch Bar Pineyard
Bottle Creek Pineyard

296
15

0.94
1.83

0.40
0.51

Pine Cay Pineyard

41

1.88

15.16

Diameter at
Breast
Height (cm)
Number of
Branches

Conch Bar Pineyard

339

3.41

15.24

Bottle Creek Pineyard

15

12.13

37.69

Pine Cay Pineyard

47

4.02

120.19

Single Factor ANOVA Results
MS
F
Significance
0.5

53.59

NS

0.56

117.43

NS

125.37

63.73

NS

0.49

54.20

NS

2.10

9.64

NS

28.16

19.44

NS

Table 4.3. shows the significance of environmental, scale-related and forest structure related
variables in the CPRP Permanent Monitoring Plots (PMP) within pineyards. Significant differences
were found in scale infestation level at CB between PMP 1 (M=0.88, SD=0.62, N=96) and PMP 2
(M=1.25, SD=0.69, N=133); p<=0.001. The same was also true at BC between PMP 4 (M=1.83,
SD=0.41, N=6) and PMP 5 (M=2.71, SD=0.49, N=7); p<=0.05. However, no significant differences in
scale infestation level were found between PMPs at PC. Significant differences in mould level were
found between PMP 1 (M=1.41, SD=5.11, N=96) and PMP 2 (M=5.56, SD=12.95, N=133); p<=0.01,
and PMP 1 and PMP 3 (M=3.84, SD=9.82, N=112); p<=0.05 at CB. Significant differences in the
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number of branches per tree were found between PMP 1 (M=2.65, SD=4.31, N=96) and PMP 2
(M=4.23, SD=3.77, N=131); p<=0.01, and PMP 2 and PMP 3 (M=3.12, SD=3.53, N=112); p<=0.05, at
CB.
Table 4.3. Individual Tree Data - comparisons between PMPs within pineyards
Variable

Infestation
Level

Pineyard

1

96

0.88

0.38

2

133

1.25

0.48

3

112

1.09

0.53

Bottle
Creek
Pineyard

4

6

1.83

0.17

5

7

2.71

0.24

6

2

1.5

0.5

7

6

1.5

0.3

8

29

2.21

1.03

9

12

2.25

1.11

Conch
Bar
Pineyard

1

96

0.85

0.34

2

133

1.25

0.37

3

112

1.54

0.63

Bottle
Creek
Pineyard

4

6

3.5

0.3

5

7

3.71

0.24

6

2

3.5

0.5

7

6

2.5

1.1

8

29

2.52

0.97

9

12

2.25

1.11

Conch
Bar
Pineyard

1

96

1.41

26.16

2

133

5.56

167.67

3

112

3.84

96.39

Bottle
Creek
Pineyard

4

6

29.17

394.17

5

7

35

216.67

6

2

35

800

7

6

21.67

706.67

8

29

12.59

122.54

9

12

17.08

202.08

Conch
Bar
Pineyard

1

96

0.32

0.07

2

133

0.36

0.05

3

112

0.30

0.06

Bottle
Creek
Pineyard

4

6

2.05

0.71

5

7

1.98

0.20

6

2

1.79

0.58

7

6

2.31

10.47

8

29

0.72

2.24

9

12

0.90

3.81

Pine Cay
Pineyard

Mould
Level

Pine Cay
Pineyard

Tree
Height (m)

Summary Statistics
N
Mean Variance

Conch
Bar
Pineyard

Pine Cay
Pineyard

Canopy
Loss

PMP
No.

Pine Cay
Pineyard
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Single Factor ANOVA Results
MS
F
Significance
0.46

8.28

0.001

0.23

7.90

0.01

0.96

1.41

NS

0.44

27.71

NS

0.28

0.3

NS

1.02

0.30

NS

104.48

4.61

0.01

339.23

0.18

NS

208.80

1.16

NS

0.05

2.09

NS

0.44

0.11

NS

3.56

1.76

NS

Diameter
at Breast
Height
(cm)

Conch
Bar
Pineyard

1

76

0.93

0.55

2

129

1.00

0.41

3

91

0.89

0.27

Bottle
Creek
Pineyard

4

6

1.85

0.83

5

7

1.73

0.44

6

2

2.15

0.04

7

6

4.62

44.34

8

24

1.28

10.23

9

11

1.74

9.54

Conch
Bar
Pineyard

1

96

2.65

18.57

2

131

4.23

14.22

3

112

3.12

12.48

Bottle
Creek
Pineyard

4

6

11.83

44.57

5

7

13

48

6

2

10

2

7

6

11.67

333.07

8

29

2.62

81.82

9

12

3.58

105.72

Pine Cay
Pineyard

Number of
Branches

Pine Cay
Pineyard

0.40

0.91

NS

0.5729

0.2436

NS

14.5389

1.8552

NS

14.8767

5.1626

0.01

42.7361

0.1743

NS

116.3427

1.7616

NS

4.3. Comparisons between Pineyards and PMPs
Table 4.4. shows the results of t-tests comparing data collected by the CPRP to the PMPs in each
pineyard. The CPRP data included that collected from Ready Money pineyard (RM), denoting the
southeast part of the mosaic of pineyard on North Caicos. For this analysis, data from the PMP in BC
are compared to data from BC and RM, representing the whole of the North Caicos pineyard. Some
data from RM was collected after the site burned in early 2009 (Hamilton et al., 2010) so this was
excluded from analyses to avoid biasing the results.
Most of the variables were significantly different between CPRP and PMP data, with only the
number of species present in the centre 1m2 showing no significant differences. The species richness
for the entire assessed plot was significantly different between CPRP and PMP data for all pineyards.
Tabebuia bahamensis, an understory broadleaf species characteristic of Bahamian pineyards was the
most commonly found species, occurring in 42 (5.2%) CPRP assessment plots, with 45 occurrences
(8.3%) in the centre 1m2, as well as in all 9 of the PMPs. Several other species also occurred in all
PMPs, aside from T. bahamensis and Pinus caribaea var. bahamensis; these were Rhynchospora
floridensis (C.B.Clarke) H.Pfeiff., Angadenia sagraei Miers, Ernodea serratifolia Correll, Thrinax
morrisii, Erithalis fruticosa L. and Coccoloba uvifera L.. These species were also among those most
often recorded by the CPRP, and can therefore be thought to be characteristic vegetation of pine
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rocklands. Several variables are believed to reflect the status of CB as the most recently burnt
pineyard, (excluding RM) having burnt within the last decade. As can be seen in Table 4.4., in both
datasets, CB was the most species rich pineyard, suggesting it is in the early stages of fire-climax
succession, with a more open canopy promoting species diversity. Using the CPRP data, CB also has
the lowest canopy density, lowest amount of ground cover and highest amount of bare ground, as
well as the lowest fuel level and fewest mean fuel types.
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Table 4.4. Comparisons between CPRP data and PMPs
Variable
Pineyard
Data Source

2

Species Richness
Conch Bar
Pineyard

North Caicos
Pineyard

Species Richness - Centre 1m
Pine Cay
Pineyard

Conch Bar
Pineyard

North Caicos
Pineyard

Canopy Height

Pine Cay
Pineyard

Conch Bar
Pineyard

North Caicos
Pineyard

Pine Cay
Pineyard

Summary
Statistics

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

Mean

22.53

32.67

14.40

28.33

16.80

23.67

3.24

6.67

2.32

4.67

5.15

3.67

4.62

2

5.58

6.67

3.9

8.33

Variance

20.55

14.33

42.83

4.33

10.89

6.33

5.72

4.33

2.25

4.33

6.03

1.33

5.05

0

6.96

9.33

6.09

2.33

N

15

3

15

3

15

3

122

3

71

3

20

3

122

3

71

3

20

3

t Test

df

3

11

4

2

2

5

121

2

4

t Statistic

-4.09

-6.72

-4.08

-2.81

-1.93

1.72

12.90

-0.61

-4.26

Significance

0.03

0.000

0.02

NS

NS

NS

0.000

NS

0.01

Variable
Pineyard
Data Source

Canopy Density
Conch Bar
Pineyard

North Caicos
Pineyard

Ground Cover
Pine Cay
Pineyard

Conch Bar
Pineyard

North Caicos
Pineyard

Bare Ground
Pine Cay
Pineyard

Conch Bar
Pineyard

North Caicos
Pineyard

Pine Cay
Pineyard

Summary
Statistics

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

Mean

35.74

6.67

45.42

10

53.75

5

35.57

31.67

38.17

80

45.25

86.67

43.93

43.33

39.51

11.67

22

46.67

Variance

270.1
1

8.33

314.1
0

25

528.6
2

0

178.5
9

8.33

435.7
3

25

567.0
4

33.33

1224.
48

1308.
33

1290.
82

58.33

774.7
4

2533.
33

N

122

3

71

3

20

3

122

3

63

3

20

3

122

3

71

3

20

3

t Test

df

6

5

19

5

7

15

2

7

2

t Statistic

13.01

9.92

9.48

1.90

-10.71

-6.59

0.03

4.54

-0.83

Significance

0.000

0.000

0.000

NS

0.000

0.000

NS

0.01

NS
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Table 4.4. Comparisons between CPRP data and PMPs (cont.)
Variable
Pineyard
Data Source

Infestion Level
Conch Bar
Pineyard

North Caicos
Pineyard

Canopy Loss
Pine Cay
Pineyard

Conch Bar
Pineyard

North Caicos
Pineyard

Mould Level
Pine Cay
Pineyard

Conch Bar
Pineyard

North Caicos
Pineyard

Pine Cay
Pineyard

Summary
Statistics

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

Mean

0.75

3.00

0.81

2

0

2

3.83

5

3.21

4

2.6

3

1.92

5

3.30

36.67

0

26.67

Variance

0.70

0.00

1.13

0

0

0

1.63

0

1.70

0

3.3

0

39.93

0

84.80

8.33

0

408.3
3

N

107

3

54

3

5

3

107

3

56

3

5

3

107

3

56

3

5

3

t Test

df

106

3

65535

106

55

4

t Statistic

-27.85

-4.18

65535.00

-9.46

-4.51

-0.49

-5.05

-16.10

-2.29

Significance

0.000

0.000

0.000

0.000

0.000

NS

0.000

0.000

NS

Variable
Pineyard
Data Source

Fuel Level
Conch Bar
Pineyard

North Caicos
Pineyard

Fuel Types
Pine Cay
Pineyard

Conch Bar
Pineyard

North Caicos
Pineyard

Pine Cay
Pineyard

Summary
Statistics

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

CPRP

PMP

Mean

47.17

56.67

54.58

88

61.5

86.67

2

6.33

2.06

5.67

2.5

4.33

Variance

1199.
17

1308.
33

1201.
96

58

1029.
21

533.3
3

0.76

0.33

0.94

0.33

0.79

0.33

N

122

3

71

3

20

3

122

3

71

3

20

3

t Test

df

2

7

3

2

3

4

t Statistic

-0.45

-5.60

-1.66

-12.65

-10.24

-4.72

Significance

NS

0.001

NS

0.01

0.001
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0.01

4.4. Stand Density
Tables 4.5. and 4.6. show the density of trees in pineyards and within PMPs respectively, calculated
from PCQ data. Some quarters had no trees within 10 metres of the centre point. The percentage of
quarters missing data is shown below. This would reduce overall density, so it was accounted for
using correction factors given in Warde and Petranka (1981). It can be seen that for both the
pineyard and the PMP data, CB had the highest stand density, while PC had the lowest.
Table 4.5. Stand Density - pineyards
Mean
Pineyard
Distance
(m)
Conch Bar Pineyard
4.58
North Caicos Pineyard
4.60
Pine Cay Pineyard
5.2

N
395
213
49

Quarters
Missing
Data (%)
0.19
0.25
0.38

Correction
Factor

Total Density
2
(m )

0.65456
0.5816
0.44594

0.0311
0.0275
0.0165

Table 4.6. Stand Density - PMPs
Pineyard

Mean
Distance
(m)

N

Quarters
Missing
Data (%)

Correction
Factor

Total Density
2
(m )

Conch Bar (PMP 1, 2, 3)
Bottle Creek (PMP 4, 5, 6)
Pine Cay (PMP 7, 8, 9)

3.24
3.65
7.49

12
12
7

0
0
0.42

1
1
0.40876

0.0954
0.0751
0.0073

4.5. Habitat Suitability Modelling for Stenandrium carolinae
Stenandrium carolinae assessment points recorded in the field were inputted into MaxEnt to
construct maps predicting suitable habitat. Figure 4.1. shows the predicted suitable habitat for S.
carolinae to the centre and north of Providenciales, North Caicos, Middle Caicos and East Caicos.
Figure 4.2. shows a binary predictive map of predicted suitable and unsuitable habitat for S.
carolinae on Middle Caicos, overlaid with the boundaries of the Conch Bar pineyard. Some suitable
habitat for S. carolinae is predicted to occur within CB; however a noticeable trend can be seen
whereby suitable habitat for S. carolinae occurs around the periphery of the pineyard. The
percentage contributions of each variable in developing the final model are shown in Table 4.7. The
model with the highest AUC was chosen as the final output. The ROC curve for the final model is
shown in Figure 4.3. The test data and training data are a close fit, indicating the final model creates
a stable and accurate prediction of suitable habitat, based on the chosen predictor variables (Phillips
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et al., 2006). Appendix 4 shows the jackknife bar charts for training and test gain for the final model.
These charts illustrate the performance of the model removing each predictor variable separately
and also when using each predictor variable singly.
The first model produced included predictor layers indicating the distances to roads and distances to
settlements. This resulted in a model that predicted no suitable habitat on East Caicos, an island
lacking in roads and settlements. Since the search strategy involved accessing S. carolinae by vehicle
and on foot, most of the sampled sites were close to roads and settlements. These predictors were
biasing the model unduly so they were removed from subsequent models.
The NDVI was the most important predictor of suitable habitat for S. carolinae with a contribution to
the final model of 39.7%. This shows that vegetation type (for which NDVI is used as a proxy
measure (Defries and Townshend, 1994)) is similar for all recorded observations of S. carolinae.
Distance to north coast and distance to east coast were also important predictors, with
contributions of 31.7% and 17.2% respectively. This shows that suitable habitat for S. carolinae is
primarily restricted to the North and East coasts of the islands. The least important predictor
variable was DEM. This is likely due to the fact that the TCI are relatively low lying; as a result
altitude has little effect on environmental conditions that may affect suitable habitat for S. carolinae.
Table 4.7. Relative contributions of each predictor variable to the final MaxEnt model output.
Predictor Variable
NDVI
North
East
West
South
Band6
DEM

Percent Contribution
39.7
31.7
17.2
4.2
3.8
2.7
0.8

Test AUC

0.977

Key : NDVI = Normalised Difference Vegetation Index, North = distance to north coast, East =
distance to east coast, West = distance to west coast, South = distance to south coast, Band 6 =
LandSat band 6 thermal data, DEM = Digital Elevation Model.
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Probability of presence
0.99

0

Figure 4.1. Predicted environmental suitability of Stenandrium carolinae in Turks and Caicos.
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Figure 4.2. Predicted suitable habitat for Stenandrium carolinae with pine rocklands on Middle Caicos.
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Figure 4.3. Stenandrium carolinae final model ROC curve.

4.6. Conservation Assessment
Stenandrium carolinae was assessed using criterion B of the IUCN Red Data List (IUCN, 2001). Both
the extent of occurrence (EOO) which is given in Table # along with the sub-criteria met for this
assessment. It was felt that due to the extremely limited EOO, the small number of populations, the
vulnerability of some of the population locations and continuing development on North and Middle
Caicos, the subcriteria a and b(iii) were met, classifying S. carolinae as Critically Endangered.
.
Table 4.8. Preliminary Red List critera and classification of Stenandrium carolinae
Criteria
Description
S. carolinae
B1

Extent of occurrence < 100 km2

a

Severely fragmented

√

Continuing decline in area, extent and/or quality of habitat

√

b(iii)

Classification: Critically Endangered CR B1ab(iii)
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60.12 km2

5. Discussion
5.1. Overview
The Caicos Pine Recovery Project partners are working to protect the Caicos pine, the foundation of
TCI’s pineyard habitat from the invasive scale insect Toumeyella parvicornis and to ensure that its
recovery is managed in a manner appropriate for a fire dependent community. This study aimed to
establish permanent monitoring plots for the Caicos pine on each of the three Turks and Caicos
Islands where it occurs, and evaluate the degree to which the PMPs are representative of the
pineyards in which they are situated. The study also determined the distribution of a key TCI
endemic, Stenandrium carolinae that occurs within the pineyards, enabling its conservation status to
be assessed using the IUCN Red List categories and criteria (IUCN 2001).

5.2. Comparing Permanent Monitoring Plots
The data collected during the establishment of the PMPs encompassed variables related to abiotic
factors, the condition of the Caicos pine trees, the scale insect infestation, pineyard species
composition, vegetation structure and fuels. In order for treatments to be applied to the PMPs by
CPRP workers in the future, the baseline data for the PMPs needed to be collected. These data show
the degrees of similarity between the three PMPs in each pineyard, and between the pineyards.
Significant differences in canopy height, height and DBH of the tallest tree were found between CB
and PC (see Table 4.1.). These variables are all positively correlated with one another, so it is
unsurprising that they show similar patterns of significance. The reason for the greater height and
girth of trees in PC is that the site has not burned recently, so the community has matured, while CB
has experienced a fire within the last decade (Hamilton, pers. comm.). Combined with the effects of
the scale infestation, almost total mortality of adult pines occurred at CB so the remaining trees are
mostly seedlings. BC appears to be in a mid-stage of succession, since all pine trees there were
saplings. These differences should be borne in mind when comparing PMPs between pineyards.
It is important that the condition of pine trees in PMPs within a single pineyard is similar, in order for
the effect of treatments applied to the PMPs to be measured from the same baseline. Were this not
the case, the relative effects of the treatments could not easily be compared with one another and
with the control plots. There were no significant differences between the trees when comparing
pineyards, suggesting that the trees in each pineyard are in similar condition, and the intensity of the
scale infestation is similar between pineyards. However, significant differences in scale infestation
and mould levels were found between PMPs at CB. This is an issue for future monitoring of the
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PMPs, since effects of treatments on scale and mould cannot be measured from the same baseline
in PMPs at CB. Instead, it is recommended that efficacy of treatment be measured in terms of
change from the original state of the plot. This would be an effective method for future analyses and
would allow a comparison between plots since the degree of change in mould levels could be
compared, instead of the actual mould levels. This holds true for all the variables, even those which
are not significantly different between plots.

5.3. The Pineyards of the Turks and Caicos Islands
5.3.1. Species Composition
A full species list for each PMP was compiled and compared with the CPRP data. The species richness
was significantly higher in the PMPs than in the rest of the pineyards. This could be a consequence of
more rigorous identification of all species present in the PMPs, since the expertise of TCI’s leading
botanist, B. N. Manco was utilised at all PMPs, for which the same cannot be said for all of the CPRP
data. However, if the PMPs are genuinely more speciose than the rest of the pineyards in which they
are situated, it is important to continue monitoring species richness in the PMPs, to detect changes
correlated with application of treatments. If a treatment such as broadleaf clearance around pines
were to cause some species to be lost, it would necessary to consider which species were being
cleared and in some cases leave a plant unharmed, such as in the case of slow growing oligotrophs
such as Pilosocereus royenii (L.) Byles & G.D.Rowley, Tillandsia L. spp. or Encyclia Hook. spp..
Commonly observed species such as Tabebuia bahamensis were present in all pineyards and PMPs
(see Appendix 5 for a full list) and are characteristic of the pine rockland habitat. The differences in
species composition in the centre 1m2 of the PMPs did not reflect that of the entire plots, so cannot
be used to make general statements about species composition of the PMPs or the pineyards.
CB pineyard had the highest species richness. Since it has most recently burned (Hamilton, pers.
comm.), it is in an early stage of succession, characterised by high regeneration of pines and high
diversity of herbaceous species (US Fish and Wildlife, 2007). This provides an opportunity to obtain
detailed data showing successional process of the pineyard and the changing species composition at
each stage. For this reason, annual compilation of a full species list should be undertaken, ideally at
all PMPs but most importantly at PMPs 1, 2 and 3 at CB.
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5.3.2. Stand Density

Density of a stand of vegetation, measured by ascertaining the number of individuals in a particular
area may be studied by the use of distance sampling techniques. Measures of density give an idea of
forest structure, which is important when studying fire prone habitats. The denser a stand of pine
trees, the more susceptible they will be to any fire that may occur. Estimates of density also have
implications for understory species, since the denser a canopy is, the less light and nutrients are
likely to be available for herbaceous species. Unfortunately, data was not available to compare
density of saplings and seedlings between the pineyards and the PMPs; however this is less
important in a system where the majority of mature trees have died, as in the case of the TCI
pineyards. In this case, estimates of density were obtained using dead trunks and stumps as well as
living trees, so the density does not reflect the current canopy cover. Tables 4.5. and 4.6. show the
finding that density of trees was higher at CB than at PC or the North Caicos pineyards, suggesting
that it was the pineyard most susceptible to fire. A surface fire did burn the pineyard less than 10
years ago (Hamilton, pers. comm.). That the site is now in the early stages of succession suggests
that the fire occurred at the correct time for maintenance of the pineyard habitat (O’Brien et al.,
2010). This can be seen in the abundance of seedlings at the site, as well as the higher over species
richness previously discussed.
The fact that PC was the least dense pine yard is surprising given that it is not known when the last
fire occurred and that some areas are in a late stage of succession. The results may have been
different if only living trees were included in the density calculations, as this would invariably
designate CB as the lowest density forest with very few remaining living mature adult trees. It can be
seen in Table 4.6. that forest density in the PMPs at CB and BC is higher than that for the
surrounding pineyard, while shows density in the PMPs at PC is much lower than that of the PC
pineyard (Table 4.5.). This was due to the absence of trees in some quarters of the plots. With only 3
PMPs at each pineyard, the total number of quarters was 12; however only 7 quarters had pine trees
present. This meant that a correction factor had to be applied to adjust for the missing trees (Warde
and Petranka, 1981). With such a small sample size, the effect of missing a pine tree from a single
quarter was greatly increased. The sites could not be chosen to maximise the number of trees
present, since this would have invalidated the random selection of sites and biased the results.
Selection of sites was also restricted to crown land. At PC this was reduced to two narrow strips, the
first of which was deemed unsuitable, so the second site had to be selected for the PMPs. This site
was not the highest quality pineyard in terms of numbers of trees, with some areas having very few
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trees (see Appendix 6). As such, the density estimate produced from the PMPs at PC was greatly
reduced. While the results obtained in this study may not show that the PMPs are typical of the
pineyard in terms of forest structure, the sampling method used was effective. The PCQ method
requires only 25% of the sample size necessary for methods such as nearest neighbour or random
pairs to obtain an accurate representation of the true density of a stand or forest (Cottam and
Curtis, 1956). However, the minimum sample size necessary to obtain an accurate estimation of
density is still higher than that used in the current study. Pollard (1971) showed that requiring the
density estimate to be within 10% of the true value with a probability of at least 0.95, the sample
size must be at least 386, regardless of the density of the forest in question. This could obviously not
be achieved in the case of the PMPs, or by CPRP data for PC. Therefore the density estimates
produced by this study cannot be expected to reliably reflect the true density of the pineyards in
question. It is important to know the structure of a stand of vegetation when assessing the risk of
the habitat to fire. Hussain et al. (2008) recognised that density, along with species diversity and
richness is a key factor that should be calculated in order to effectively describe forest structure. This
is pertinent in the case of a fire prone habitat such as that of the TCI. Effective management of the
TCI pineyards can only be undertaken if the PMPs are protected against accidental or naturally
occurring fires. The denser the stand, the more easily a fire will spread across the pineyard once
ignited (O’Brien et al., 2008), so regular maintenance of the fire breaks around the PMP perimeters
(Figure 5.1.) is essential to ensure longevity of the CPRP conservation activities.

5.4. Comparisons between Pineyards and PMPs
Data collected by previous researchers working for the CPRP was used to represent the true state of
the TCI pineyards and was compared to the data collected in the PMPs. This shows the degree to
which the PMPs are representative of the pineyards in which they are situated. Table 4.4. shows that
for at least one pineyard, significant differences between the CPRP data and the PMPs exist for all
variables except the number of species present in the centre 1m2. This would initially seem to
suggest that the PMPs are not representative of the pineyards in general.

The intensity and impact of the infestation of the pineyards with pine tortoise scale was measured
via the scale infestation level, canopy loss and level of sooty mould. The means of the variables were
higher in the PMPs than in the pineyards in every case, and this was statistically significant except in
the case of PC. This is could reflect a concentration of the infestation in the PMPs but is more likely
due to temporal sampling differences. The PMP data was collected in 2010, while the CPRP data was
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collected throughout 2009. It is possible that the difference between the datasets is due to
intensification in the infestation this year compared to last year, alternatively it may be due to the
scale insect being high in numbers during the time of year of sampling for the PMPs: May – July. The
sooty mould may also have built up over the year, in which case it would be highest at the start of
the hurricane season, which is around the time fieldwork for this study was undertaken. In any case,
the establishment of the PMPs has come at a crucial time, and future recording of these variables
within the PMPs will allow determination of seasonal variations in mould, scale infestation and
canopy levels, as well as detecting any intensification of the scale problem.
One general trend that emerged from both datasets was that CB exhibits several characteristics
typical of a pineyard in the early stages of succession, having burned most recently of the 3
populations of Caicos pine (Hamilton, pers. comm.). In addition to the higher species richness
already discussed, CB has the lowest canopy density according to the CPRP data, as well as the
lowest ground cover and higher amount of bare ground. The canopy density is likely lower since the
mature trees at CB have experienced a high degree of mortality due to the combination of the
recent fire and more recently the attack of the pine tortoise scale and its associated sooty mould.
The North Caicos pineyards also experienced high mortality of mature trees; however the lack of
recent fire there meant that understory species were already at a stage of maturity at which a
denser understory existed than at CB. This has implications for future pine recruitment, since a fire
without the presence of a seed source of mature trees would not encourage pineyard regeneration,
instead killing off immature and sickly pines, hastening the conversion of the pineyard to a broadleaf
community (Pine Rockland Working Group, 2010).
The comparatively low ground cover and high amounts of bare ground at CB are also likely due to
the fact that species are recovering from fire, and so many are still immature. This relates to the fact
that fuel levels in CB are lower than elsewhere, for both the CPRP and PMP data. Fuel levels are
expended during a fire, and the presence of less living mature species means that fuel is slower to
build up again following the fire (Mitchell et al., 2009). The fact that PC and North Caicos pineyards
have similarly high fuel levels is explained by the gradual build up of fuels at both pineyards since the
last fires which were so long ago as to be currently unknown. Fuel types are not as accurate a
measure of the state of succession of a community, as some fuel types, such as palms or algae will
either be present or absent depending on environmental conditions; their presence is not
increasingly likely with increasing time since the last fire. If any trend is likely, it is that fuel types
decrease in number as the community enters a late stage of succession, since fuel types such as
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grasses may be outcompeted as vegetation matures. If sufficient time has elapsed, these fuels will
have deteriorated into fine fuel before they can be identified.
The degree to which the PMPs can reliably be assumed to be unrepresentative of the pineyards is
uncertain, since the low sample of 3 inherent with the PMP data means that a single sample will
greatly affect the overall mean and variance, and therefore the likelihood of statistically significant
differences with the CPRP data. Compounding this, the CPRP data has a sample of 5 for PC, so the
analyses are better viewed as comparisons between various plots on the island of Pine Cay. They
cannot be used to assess the degree to which the PMPs accurately represent the pineyards. In order
to increase the reliability of CPRP data in describing TCI’s pineyards, sampling should continue when
possible, particularly at PC. Methods should be kept identical to the ongoing periodic monitoring of
the PMPs (not including assessments of individual trees) in order to maximise comparability. While
the plots are likely to change in response to treatment, the control plots should not. It is important
to be able to compare the control plots to the rest of the pineyard in the future, to determine
whether they accurately represent the untreated state of TCI’s pineyards.

Figure. 5.1. A two metre wide firebreak
dividing two PMPs at Conch Bar pineyard.

Figure. 5.2. Tree tag displaying unique ID
number for a seedling at Conch Bar pineyard.
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5.5. Habitat Suitability Modelling
5.5.1. The Distribution of Stenandrium carolinae
Sampling for Stenandrium carolinae occurrence data was carried out over the course of one week
due to limited time availability following establishment of the PMPs. This was expected to limit the
sample size; however all previously recorded locations of the species were accessed following the
advice of B. N. Manco and S. carolinae was discovered at all but one site. It was not possible to
access islands other than North and Middle Caicos; however suitable habitat was thought to exist on
South Caicos (Manco, pers. comm.). The final model of predicted suitable habitat for Stenandrium
carolinae produced by MaxEnt suggests that highly suitable habitat for the species is limited to the
central northern parts of Providenciales, North Caicos, Middle Caicos and East Caicos (Figure 4.1.).
Less highly suitable habitat is predicted to be present on other islands including South Caicos, Grand
Turk and Big Ambergris Cay. Providenciales is the most densely populated island and much of the
area there predicted to be suitable habitat has been developed, with remaining vegetation
introduced, landscaped or dominated by invasive species such as Casuarina equisetifolia L.. As such,
it is unlikely, though not impossible that S. carolinae should exist on Providenciales. However, the
predicted suitable environmental conditions indicate that S. carolinae was likely to have been
present on Providenciales before development occurred.
Due to lack of time and difficulty of access, the present study did not involve surveying of East Caicos
for S. carolinae. Large quantities of intact habitat for TCI endemic species exists on East Caicos
(Williams, 2009), and the predicted highly suitable habitat for S. carolinae on East Caicos suggests
that future botanical surveys there should it amongst the targeted species, with the possibility of
discovering a new population. To a lesser extent this is true of South Caicos, although the final model
predicts less suitable habitat there.

5.5.2. The Preferred Habitat of Stenandrium carolinae
Suitable habitat for S. carolinae is predicted to occur on Middle Caicos in and around the Conch Bar
pineyard (Figure 4.2.). Whilst this is not the case on North or East Caicos, the results still have
interesting implications for the association of S. carolinae with the pineyard habitat. It is clear from
the current occurrence data and the model of predicted suitable habitat that S. carolinae is not
restricted to the pineyards of TCI. However, the limestone scrub in which it is found does occur in a
mosaic throughout the pineyards and around their edges. It is these areas that the model predicts to
be suitable habitat for S. carolinae as can be seen in Figure 4.2. Barras and Kellman (1998) suggest
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that some species are suited only to transition zones between two vegetation types, but that the
microclimate within a vegetation type may be the most important determinant of survival for
seedlings. This may be the case for S. carolinae, since the canopy in limestone scrub is typically
denser than in a pineyard and so may provide a perfect microclimate for S. carolinae. Further study
of the species’ environmental preferences is needed to confirm this.
Available environmental predictor data were not able to differentiate between conditions at such
fine resolutions such as those of differing microclimates, so such nuances of habitat preference were
not reflected in the final MaxEnt model. Only 7 predictor variables were used to produce the final
prediction of suitable habitat (Table 4.7.). This limited data would be expected to decrease the
performance of the model; however the average AUC in for the final model remained consistently
high (Figure 4.3.), indicating the predictions were robust. Habitat suitability models generally
overestimate availability of suitable habitat due to lack of small scale data regarding the species’
niche (Philips et al. 2006), thus the predicted suitable habitat shown in Figures 4.1. and 4.2. cannot
be taken as a proxy for the distribution of S. carolinae. Additionally, the availability of suitable
habitat does not guarantee the presence of the species, for example due to the limited dispersal
ability of many species (Lahoz Monfort, 2008, Pearson et al., 2007). The most important predictor
variable contributing to the final model was NDVI (Table 4.7). As a proxy measure of vegetation type,
the large contribution of NDVI to the final model suggests that S. carolinae is associated with
particular vegetation; namely broadleaf limestone scrub and thickets. Future work to refine the
model of suitable habitat for S. carolinae should therefore focus on obtaining more spatially detailed
information regarding differing vegetation types.

5.5.3. Evaluation of Maximum Entropy Modelling
The final model produced for S. carolinae shows that even with limited predictor variables, a
consistently high and stable AUC value is obtained (Figure 4.3.) demonstrating the predictive power
of the model. However, the model only captures the predicted distribution of suitable habitat for S.
carolinae at one point in time. Land use changes such as development, changes resulting from
anthropogenically caused fires, or the effects of climate change such as sea level rise and increasing
intensity and duration of storm surge mean TCI is a dynamic system (Manco, 2008). The distribution
of S. carolinae cannot be assumed to remain static in the future. Maximum entropy modelling is
limited in its ability to incorporate the potential for temporal and spatial changes in species
distributions; this is one of its shortcomings. In order to improve predictions, predictor layers could
be added with data showing areas most under threat land use change, climate change or invasion by
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invasive species. The suitable habitat of invasive species in TCI has been modelled and could be
incorporated as a predictor layer (Hardman, 2009). Expediency of species distribution modelling
could be developed in the future by improving key areas such as model selection, parameterisation
and evaluation (Araújo and Guisan, 2006). Pearson et al. (2002) recommended the use of
mechanistic models to incorporate climate change projections into prediction of species changing
distributions in the future. This would be useful for S. carolinae as a species limited to few sites with
a very small overall range. These characteristics make it more vulnerable to a changing environment,
so predictions of changes in its distribution would be valuable to inform pre-emptive conservation
actions.

5.6. Conservation Assessment
The results of the preliminary red list assessment (Table 4.8.) showed Stenandrium carolinae to be
classified as Critically Endangered. The assessment was based on the limited EOO which indicates
that S.carolinae has extremely restricted range and is therefore very vulnerable to threats such as
development or climate change. The assessment was based on a limited number of occurrence
records and the final classification was affected by the degree of sampling effort. In order to
accurately estimate the EOO for S. carolinae, the edges of its distribution need to be found. If
additional sampling was to uncover a new population of S. carolinae outside the currently estimated
EOO, the conservation assessment would need to be repeated. However, Gaston and Fuller (2009)
suggest that with sufficient sampling effect, EOO can be calculated effectively, using only occurrence
data. The AOO was also calculated by the CATs extension (see Appendix 7) and could have been used
to classify S. carolinae as Endangered; however the EOO was chosen since it supports a classification
of a higher threat classification. This is consistent with the precautionary principle adopted by IUCN
(IUCN, 2004). The EOO included areas of habitat not suitable for S. carolinae such as the body of
water between North and Middle Caicos (Figure 7.10. in Appendix 7). This resulted in an
overestimation of the range of the species. IUCN justifies this overestimation by suggesting that it
accurately reflects the reduced vulnerability to threats that is granted with a range that extends
across several islands (IUCN, 2004). This is appropriate in the case of S. carolinae since catastrophes
such as hurricanes and threats such as storm surge or development are likely to do less damage to
the populations on North and Middle Caicos than if S. carolinae existed as one population.

Red listing of S. carolinae as Critically Endangered may also provide the starting point for designation
of sites as Important Plant Areas (IPAs). The IPA initiative seeks to identify sites of international
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significance for threatened plants and habitats (Plantlife International, 2010). Any species Red Listed
as globally threatened qualifies a site to be an IPA, according to the Plantlife criteria for IPA selection
(Plantlife International, 2009). The criteria also state that any site designated as an IPA to protect
threatened species must contain at least 5% of the national population of that species. This is likely
to be the case for all known sites for S. carolinae, since only four subpopulations exist (see Appendix
7). With so few subpopulations, each is of great importance for the conservation of S. carolinae and
is likely to contain much more than 5% of the species, thus designation of these sites as IPAs should
be initiated by the CPRP partner organisations.
Williams (2009) discussed in more detail the methodology of using a combination of habitat
suitability modelling and Red List assessments to designate IPAs for endemic species of TCI. The
same approach can be taken with S. carolinae. Both habitat suitability modelling and conservation
assessments can be conducted using occurrence records, without the need for absence data. As a
result, rationale for conservation action can be accumulated without labour intensive data
requirements. Williams (2009) recommended that surveys to collect data for predictive models
should include most varied environmental conditions inhabited by the species in question. In this
way, a more robust prediction of suitable habitat can be generated by models and a more reliable
estimate of the EOO can be gained for the conservation assessments.
S. carolinae is most in need of protection at Flamingo Pond Overlook on North Caicos where it occurs
in the rocky car park of a cafe and view point. This precarious situation most likely arose due to the
persistence of S. carolinae when the broadleaf
limestone scrub vegetation that originally existed
at the site was cleared to build the cafe and
gazebo now present. An opportunity is available
here not only to protect the population by
prohibiting vehicular access to the site, but to
increase the tourism potential of the site by
highlighting the population and providing visitors
information on S. carolinae.
Red Listing was deemed the most effective
prospect for global conservation of a threatened
endemic species of Anguilla (Samuel, 2009).
Addition of a species to the IUCN Red List not only
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Figure 5.3. Stenandrium carolinae in flower
at Flamingo Pond Overlook.
Photo credit: M.A. Hamilton © the Trustees of the
Royal Botanic Gardens, Kew

alerts the international community of its conservation status, but can be used by conservation
planners to develop site specific targets (Lamoreux et al., 2003) and to attract conservation funds
from organisations such as the Global Environment Facility (GEF) (Hoffman et al., 2008). Formal
addition of S. carolinae to the IUCN Red List should therefore be undertaken by the CPRP partner
organisations. In addition to this, the DECR is well placed to instigate on the ground protection of the
limited number of known sites for this species. The robust, quantitative data on S. carolinae gained
in the current study can be utilised to justify conservation policy decisions and influence
stakeholders to effectively conserve this key TCI endemic species.

5.7. Conclusion
The permanent monitoring plots established during this study will be invaluable as a conservation
resource for halting the damage to TCI pineyards by the pine tortoise scale, as well as acting as a
long term source of data that will enable greater understanding of the ecology of pine rocklands and
the issues involved in managing a fire dependent community.
Comparisons between the PMPs and data for the rest of the pineyards showed the extent to which
the PMPs represent the habitat as a whole, and recommendations were provided about which data
are most useful for guiding management of the PMPs once treatments and ongoing monitoring
commence.
Habitat suitability modelling and IUCN Red Listing provided quantitative data on S. carolinae that
provide a strong rationale for implementation of protection of the few populations of this endemic
species in TCI policy and by physical protection of sites.
The establishment of PMPs for the Caicos pine is only one step towards its recovery. Efforts by CPRP
partner organisations must be sustained in the long term if the pineyards of TCI are to be well
managed as an important part of the national heritage, which includes the endemic species of TCI.
As the lead partner organisation of the CPRP, the Department for Environment and Coastal
Resources is best placed to oversee the management of the pineyards and preserve the Turks and
Caicos Islands unique species and habitats for future generations.
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7. Appendices
Appendix 1. Extent of the Pineyards of the Turks and Caicos Islands
Reproduced from Hamilton et al. (2010).

Figure 7.1. Pineyard Extent – Pine Cay.
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Figure 7.2. Pineyard Extent – Middle Caicos.
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Figure 7.3. Pineyard Extent – North Caicos.
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Appendix 2. Numbering Protocol for Permanent Monitoring Plots
Nine plots were established, allowing replication of 3 treatments at 3 sites. At each site, the lowest
number plot is furthest north. At each site, the broadleaf clearance and soap spray plot is furthest
north. The control plot is situated between the active treatment plots. The protocol at Pine Cay is
given as an example below.

Figure 7.4. Number protocol at Pine Cay – PMPs 7, 8 and 9.
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Appendix 3. Caicos Pine Recovery Project Data Collection Standards
Field Name
Unique identifier
Collector or Recorder name(s)
Monitoring point number
Type of record
Coded category of material
Additional (team) collectors
Kew Geographic Region
Country of collection
Major country division
Minor country division
Gazetteer

Sample area
Habitat Description
Geology descriptor
Soil/substrate for the collection site
Latitude in decimal degrees
N or S
Longitude in decimal degrees
E or W
Datum used to record lat/long
Lat/Long source code

Lat/Long units
Error Diameter in kms
Generated date field
Family
Field for recording species
occurrence at a BAP/VAP/Transect
Common name (s)
Local Name
Language of local name
Plant habit
Plant Description
Flowering information
Fruiting information.
General notes
Frequency/Abundance Estimate
Number of mature individuals
Recruiting population
Height of Canopy

Field Description
Unique ID composed of '"DDMMYY" + "_" + "INITIALS" + "_" + "TYPE" + "_" +
NUMBER'"
Surnames first, followed by a comma and a space, then initials (uppercase) followed
by a full stop. In the field, initials can be used to save time then updated in RDE.
Accepted number for a given permanent sampling plot/point
Single letter to represent the type of botanical record (V=Voucher; O=Observation;
L=Literature)
Used to indicate the category of data/material you are describing.
Additional collectors should be entered here and each name separated by ';'.
Use Kew herbarium geographic region code
Store valid country names here. For the UKOTs this will be the name of the territory.
The major division. For the UKOTs, this is either the name of the Island the
specimen was collected on or it is left blank.
Minor area is a division of the country/island equivalent to region or a defined
boundary.
The gazetteer field is used to store the name of the nearest mapable place to the
collection site. This may be a small town, a village, a spring. The smaller the place is,
the better the resolution.
Size of sample area recorded in meters.
Defined text description of the habitat.
Defined text description of the geology.
Defined text description of the soil/substrate.
Use up to 8 decimal places
North or south of equator.
Use up to 8 decimal places
East or west of Greenwich meridian.
Datum used by the GPS to record coordinates.
Source of coordinate information: Label, Map estimate, 'GPS (before 2000)', GPS,
External Gazetteer, Internal Gazetteer, Literature, Quadrate Coordinates, Estimate
from gazetteer & bearing calculation.
Units that the Latitude and Longitude are recorded in.
The error associated with the Lat / Long, which is dependent on the source of the
georeference.
Used by ArcPad to automatically generate the date from calendar selection
The family name appropriate to the Genus with capital of first letter only. If the
family is unknown leave blank.
This field must contain a validly published species name including the genus and
specific epithet.
Accepted common name. If there is more than one name, separate the names with
a ",".
Free text description of the plant name given by local people.
Use accepted names (other than English)
Tree/Sapling/Seedling.
Free text description of the plant in the following sequence: Life Form; Size; Leaves;
Stems; Flowers; Fruits; Bark; Other unique characters…
Record whether specimen is in flower/reproducing.
Record here whether specimen is in fruit/reproducing.
Record here any additional information that is not recorded elsewhere.
Using the ACFOR scale, record if the specimen is locally: Abundant, Common,
Frequent, Occasional, or Rare.
Number representing the mature individuals.
Indicates if species is successfully recruiting.
Number representing average height (meters) of vegetation surrounding collection
point.
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Canopy density/amount of sun
exposure
Ground cover
Level of Disturbance
Threats observed for this species
other notes on an invasive species
DNA collection
Photos taken of the specimen
Unique identifier of the photo
taken
Pine tortoise scale infestation
Level of Pine tortoise scale
infestation
Canopy damage caused by Pine
tortoise scale infestation
Sooty mould coverage
Pine cone development
Fire damage to vegetation
Signs of recent fire
Height of the tallest tree
DBH of the tallest tree
Height of tree from which DNA was
collected
DBH of tree from which DNA was
collected
Notes specific to the plot

Amount of bare ground
Amount of burnable fuel
Types of burnable material in the
plot
Height of the vegetation at the
centre of the plot
Depth of the organic matter on the
ground
Distance to the first tree in quartile
1
DBH of the first tree in quartile 1
Height of the first tree in quartile 1
Tree in quartile 1 measured to is
Live or Dead
Field for recording species
occurrence at a BAP/VAP/Transect

Number representing percentage of canopy cover of vegetation surrounding
collection point.
Number representing percentage of ground cover of vegetation at collection point.
Number representing disturbance observed at/surrounding collection point.
Description of any threats observed for the species in that locality. Refer to
standards
Free text notes on an invasive species
Indicates that material was collected to make a DNA collection.
Indicates that a photo was taken when the collection was made.
Unique ID usually refers to the image number
Indicates whether pine tortoise scale is present or absent from the plot.
Indicates the level of Pine tortoise scale infestation on a scale from 0 to 5, with 0
being no visible scale and 5 being totally infested
Indicates the amount of canopy damage due to Pine tortoise scale infestation on a
scale from 0 to 5, with 0 being no visible damage and 5 being tree mortality
Indicates the coverage of sooty mould, recorded as a percentage of the total leaf
area covered by mould.
Indicates the presence and development of pine cones.
Indicates the presence of visible fire damage on the vegetation within the plot.
Indicates the presence of signs of recent fire in the area.
Indicates the height of the tallest tree in the plot in metres
Indicates the DBH of the tallest tree in the plot in centimetres. If tree shorter than
DBH, a basal measurement at 4cm is recorded followed by 'b'.
Indicates the height of the tree from which DNA was collected, in metres. If tree
shorter than DBH, a basal measurement at 4cm is recorded followed by 'b'.
Indicates the DBH of the tree from which DNA was collected, in centimetres. If tree
shorter than DBH, a basal measurement at 4cm is recorded followed by 'b'.
For fire structure plots, record the list of species present at the centre of the plot
and rank each with a number from 1-5, with 1 being very little coverage (rare) and
5 being total dominance of the area.
Indicates the amount of bare ground present in the plot, expressed as a percentage
Indicate the amount of burnable fuel present in the plot, expressed as a percentage
Compiled list of the fuel types found at the centre of the plot. Agreed terms are:
Fine, Leaves, Grass (dead), Sticks, Limbs, Wood, Palm, Shrubs, None.
Height measured in metres of the vegetation at the centre of the plot.
Depth measured in centimetres of the organic matter at the centre of the plot.
Distance measured in metres to first (nearest) tree in the first quartile (NNE) of the
plot. If no tree within 10m, record 'N/A'
DBH measured in centimetres of the first (nearest) tree in the first quartile (NNE) of
the plot. If shorter than DBH (broken off), record 'N/A'.
Height measured in metres of the first (nearest) tree in the first quartile (NNE) of
the plot. If broken off, record 'N/A'
Indicates that the tree measured to in the first quartile (NNE) of the plot is either
Live or Dead
This field is replicated (i.e. SPECIES2, SPECIES3, etc…) to record multiple species at a
single recording point
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Appendix 4. Jackknife of MaxEnt Predictor Variable Contributions

Figure. 7.5. The final model training gain for each predictor variable.

Figure 7.6. The final model test gain for each predictor variable.
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Appendix 5. Species List for the Turks and Caicos Islands Pineyards
Acacia acuifera
Acacia choriophylla
Andropogon glomeratus
Angadenia sagraei
Antirhea myrtifolia
Ateleia gummifera
Bourreria ovata
Buxus bahamensis
Byrsonima lucida
Caesalpinia reticulata
Casasia clusiifolia
Cassia chapmanii
Cassia diffusa
Cassytha filiformis
Catesbaea foliosa
Chloris sp.
Chrysobalanus icaco
Cladium jamaicense
Coccoloba diversifolia
Coccoloba krugii
Coccoloba sp.
Coccoloba swartzii
Coccoloba uvifera
Coccothrinax argentata
Coccothrinax inaguensis
Conocarpus erectus
Conocarpus erectus var.
erectus
Conocarpus erectus var.
sericeus
Crossopetalum rhacoma
Cynanchum sp
Cyperaceae sp.
Dichromena floridensis
Dodonaea ehrenbergii
Dodonaea ehrenbergii
viscosa
Echinodorus berteroi
Eleocharis geniculata
Encyclia altissima
Encyclia gracilis
Encyclia inaguensis
Encyclia sp.
Erithalis fruticosa
Ernodea littoralis

Ernodea serratifolia
Eugenia axillaris
Eugenia foetida
Euphorbia blodgettii
Ficus citrifolia
Fimbristylis inaguensis
Fimbristylis spadicea
Galactia rudolphioides
Galactia sp.
Gochnatia paucifloscula
Guapira discolor
Guapira obtusata
Guettarda krugii
Guettarda scabra
Guiapira discolor
Jacquemontia cayensis
Jacquemontia havanensis
Jacquemontia sp.
Jacquinia keyense
Lantana involucrata
Legume vine
Leguminosae sp.
Lysiloma latisiliquum
Malpighia polytricha
Manilkara bahamensis
Maytenus buxifolia
Metopium toxiferum
Mimosa bahamensis
Myrica cerifera
Myrsine floridana
Panicum sp.
Paspalum setaceum
Passiflora pectinata
Passiflora sp.
Pentalinon luteum
Phialanthus mytilloides
Phyllanthus epiphyllanthus
Phyllanthus myrtloides
Phyllanthus mytilloides
Pilosocereus royenii
Pinus caribaea var.
bahamensis
Pithecellobium keyense
Plumeria obtusa
Poaceae sp.
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Psidium longipes
Psychotria ligustrifolia
Pteridium aquilinum
Randia aculeata
Reynosia septentrionalis
Rhachicallis americana
Rhynchospora floridensis
Sabal palmetto
Savia bahamensis
Schizachyrium gracile
Sida sp.
Smilax auriculata
Smilax laurifolia
Smilax sp.
Solanum bahamense
Sophora tomentosa
Spartina patens
Strumpfia maritima
Swietenia mahogani
Tabebuia bahamensis
Thouinia discolor
Thrinax morrisii
Tillandsia circinnata
Tillandsia recurvata
Tillandsia sp.
Turnera ulmifolia
Vernonia bahamensis
Ximenia americana

Appendix 6. Distribution of Individual Trees in Permanent Monitoring Plots

Figure 7.8. Individual trees at Pine
Cay

Figure 7.7. Individual trees at Middle
Caicos.

Figure 7.9. Individual trees at North Caicos.
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Appendix 7. Stenandrium carolinae Red List Assessment
The output from the Conservation Assessment Tools extension for ArcView is shown here.
Number of collections used: 32 consisting of 27 localities
EOO: 0060.12 km sq - CRITICALLY ENDANGERED (CR)
EOO Max Diameter: 0030.45 km
AOO: Cell width/height - 2 km Number of cells :4
AOO Area: 0016.00 km sq - ENDANGERED (EN)
AOO Subpopulations (Grid Adjacency): 4
AOO Density: 0
Rapoport Area: 0016.31 km sq
Rapoport Subpopulations: 4

Figure 7.10. Stenandrium carolinae Red List Assesment showing EOO and AOO.
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