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Small Island Developing States (SIDS) of the Caribbean are one of the world’s
‘hottest’ ‘biodiversity hotspots’. However, this biodiversity continues to be threat-
ened by habitat loss, and now, by climate change.

The research reported here investigated the potential of species distribution
modelling (SDM) as a plant conservation tool within Caribbean SIDS, using
Trinidad as a case study. Prior to the application of SDM, ancillary analyses
including: (i) quantification and mapping of forest cover change (1969 to 2007)
and deforestation rates, and (ii) assessment of the island’s vegetation community
distribution and associated drivers were carried out.

Community distribution and commercial importance and global/regional rarity
were used to generate a list of species for assessing the potential of SDM within
Trinidad. Species occurrence data were used to generate species distribution
models for present climate conditions within the SDM algorithm, MaxEnt. These
results were assessed through expert appraisal and concurrence with results of
ecological analyses. These models were used to forecast suitable species climate
space forty years into an SRES A2 future. Present and future models were then
combined to produce a ‘collective change map’ which showed projected areas of
species’ range expansion, contraction or stability for this group of species with
respect to Trinidad’s Protected Areas (PAs) network.

Despite the models being indicative rather than accurate, it was concluded
that species’ climate space is likely to decrease or disappear across Trinidad.
Extended beyond Trinidad into the remainder of the Caribbean region, SDM may
be a crucial tool in identifying which PAs within the region (and not individual
islands) will facilitate future survival of given target species. Consideration of
species conservation from a regional, rather than an individual island perspective,
is strongly recommended for aiding the Caribbean SIDS to adapt in response to
climate change.
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Chapter 1

Introduction

1.1 Background

1.1.1 Islands, biodiversity and climate change

The Earth’s surface is sprinkled with many islands which vary dramatically in

terms of size, geology and degree of isolation (from neighbouring continents or

other islands). The seminal work on island biogeography during the 1960s (Ma-

cArthur and Wilson 2001) proposed that the ecosystems within undisturbed is-

lands exist in fragile, yet dynamic states within which species richness depends

upon immigration and extinction – which are in turn influenced by distance from

a source of colonists (e.g., a neighbouring continent). Within remote islands,

long periods of isolation have given rise to evolutionary adaptive radiation result-

ing in the genesis of endemic species (Carlquist 1980). Hence, unlike continental

biotas, islands generally consist of fewer species, of which significant portions

may be endemic. The highest proportions of endemics are frequently associ-

ated with ancient continental islands (e.g., Madagascar) as well as larger, higher

oceanic islands which are located within warm-temperate and tropical regions

(e.g., Hawaii). Much smaller floras (and usually lower proportions of endem-
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ics) are found within smaller oceanic islands (Carlquist 1980; Wagner and Funk

1995; Whittaker and Fernández-Palacios 2007). Islands hence contribute a dis-

proportionate proportion of global biodiversity relative to their surface area. For

example, one sixth of the world’s plant species are located within islands – as are

one third of all threatened plants (globally) (Groombridge 1992).

However, today, the natural rate of attrition of island biotas discussed by early

island biogeographers (e.g., MacArthur et al. 1972; MacArthur et al. 1973) is

being accelerated as a consequence of human activities such as: habitat destruc-

tion/loss, the introduction of exotic species and diseases, and more recently, cli-

mate change. The impacts of these disturbances when combined with evolution-

ary traits developed by island biota such as a decreased dispersal potential (rel-

ative to their continental counterparts) (Carlquist 1965; Carlquist 1966a, 1966b)

may further decrease the ability of many island species to respond in a timely

and effective manner.

Impacts of human induced climate change upon island biotas and ecosystems

across the globe have already been observed; for example, global warming has

been extensively documented to enhance conditions necessary for the spread of

exotic species within species poor sub-Arctic/Antarctic islands (Chapuis et al.

2004; Frenot et al. 2005) as well as mid-latitude islands (Kudo et al. 2004) leading

to changes in ecosystem function and extensive loss of local biodiversity. Addi-

tionally, the spread of disease vectors such as mosquitoes is forecasted to further

threaten island biotas (Freed et al. 2005) while the cumulative impacts of more

frequent and intense natural disasters such as hurricanes are expected to both

severely affect the biodiversity of forests within islands and slow the adaptation

responses of these systems (Ostertag et al. 2005). Moreover, altitudinal species

range contractions and shifts have been recorded within high islands, with the

upward shifting of tree lines and some associated faunal species along areas of
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high altitude in response to warming conditions (Benning et al. 2002). Further,

within larger islands such as Madagascar, both altitudinal and horizontal species

range shifts have been projected for the future, with more species forecasted to

experience suitable climate space contractions instead of expansions (Consiglio

et al. 2006; Hannah et al. 2008; Schatz et al. 2008). Most importantly, such im-

pacts are forecasted to become more acute as, in conjunction with past habitat

loss, climate continues to change (Benning et al. 2002; Mimura et al. 2007). It

has therefore been suggested that efforts to conserve biodiversity within islands

as climate changes should be based upon (i) an understanding of the past; (ii)

monitoring of current species responses to climate change and (iii) modelling fu-

ture biological responses to projected future climate change scenarios (Hannah

et al. 2008).

1.1.2 Vulnerability of the Caribbean

Almost two decades ago, representatives of small island states coined the phrase

Small Island Developing States (SIDS) to define, and draw attention to, island

nations with limited resources due to their small size, economic vulnerability and

fragile ecosystems (Pelling and Uitto 2001). Like many other developing nations,

most of the Caribbean SIDS suffer from a variety of limiting factors. These

range from insufficient human, technological and institutional resources to finite

natural resources delimited within a small, fixed geographic space. In addition to

increasing population densities (ECLAC 2009; Walling et al. 2006), these islands

are highly vulnerable to international trade patterns and global developments

(Nurse et al. 2001; Pulwarty and Hutchinson 2009). These limitations impinge

on the abilities of the populations within these islands to respond to challenges

such as climate change and associated loss of biodiversity.

35



Chapter 1 Introduction

1.1.3 A biodiversity hotspot threatened

During the late 1980s, Norman Myers coined the term ‘biodiversity hotspot’ to

describe regions across the globe which contained large numbers of endemics

within relatively small geographic regions under significant threats of habitat de-

struction (Myers 1988, 1990). Of these, the Caribbean region has been identified

as one of the ‘hottest’ ‘biodiversity hotspots’ because it contains a high percent-

age of endemic species which occupy increasingly threatened habitats (Myers et

al. 2000). Stretching over just 0.15% of the earth’s surface, it is estimated that

this region hosts approximately 7,000 endemic vascular plant species within just

11.3% of its remaining primary vegetation (Mittermeier et al. 2005; Myers et al.

2000). This amounts to approximately 2.3% of the world’s known vascular plant

species within a diversity of important ecosystems which range from montane

cloud forests to coral reefs (Mittermeier et al. 2005). Apart from the traditional

drivers of this habitat loss such as the expansion of industry, agriculture, com-

merce and tourism, the effects of climate change have also been acknowledged as

an increasing threat to the biodiversity of these islands.

The Intergovernmental Panel on Climate Change (IPCC) expects the Carib-

bean region to be particularly vulnerable to the effects of climate change, with

projected (A1, A2, B1 and B2 scenarios) average surface air temperature increases

ranging between 0.48 °C to 1.06 °C (2010 to 2039), 0.79 °C to 2.45 °C (2040 to

2069) and 0.94 °C to 4.18 °C (2070 to 2099) (Mimura et al. 2007). Additionally,

rainfall patterns are likely to be altered, in conjunction with decreased precipita-

tion and increased aridity within most of the southern Caribbean (Mimura et al.

2007). This increased aridity is likely to be exacerbated due to increased evap-

orative demand (e.g., evapotranspiration) resulting from increased temperatures.

Furthermore, the frequency and intensity of hurricanes is expected to increase
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(Day 2009; Lee and Jetz 2008; Mimura et al. 2007), in addition to sea level rise

ranging between 0.18 m to 0.59 m and 0.5 m to 1.4 m towards the end of the 21st

century (Day 2009; Rahmstorf 2007).

Indeed, over recent decades sequences of significant climate events have already

been experienced within this region. These include increased impacts from the

El Niño-Southern Oscillation (ENSO) event (1997 to 1998), consecutive years

of abnormally high hurricane activity (2004 and 2005) and severe, widespread

drought (2009 to 2010) (Chen et al. 2008; Pulwarty et al. 2010). Based on the

above observations, researchers believe that the transient response of climate

system within Caribbean environments will be significant (Mimura et al. 2007;

Pulwarty et al. 2010).

Apart from adversely affecting food (agriculture and fishing) and economic

security (e.g., through tourism), climate change impacts are expected to threaten

biodiversity, as the limited geographic space and steep climate gradients, which

characterise many Caribbean SIDS, leave species with very little room to shift

or adapt. It is possible that such biodiversity loss would in turn serve to further

undermine the adaptive capacity of ecosystems within these islands by increasing

their vulnerabilities to environmental stress and natural disasters.

1.1.4 Initiatives for addressing the threat of climate change

National and international initiatives have been introduced to increase the ad-

aptive capacity and resilience of the Caribbean SIDS to anticipated impacts of

climate change. The majority of these are focused upon the strengthening of

water resources, agriculture and food security, and in particular, the protection

of coastal zones and ecosystems. Recent examples of such initiatives include the

Mainstreaming Adaptation to Climate Change (MACC) (2004 to 2008) and the
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Special Programme for Adaptation to Climate Change (SPACC) (2007 to 2011),

both of which were supported by the Global Environment Facility (GEF). While

these have been successful in the raising of awareness among decision makers and

contributed to greater regional co-operation and the articulation of a united po-

sition under frameworks such as the Kyoto Protocol, there has been very little

focus on terrestrial biodiversity and ecosystem services.

A search for literature on anticipated impacts of climate change upon the ter-

restrial biodiversity within the Caribbean SIDS revealed, with the exception of

Cuba, no relevant studies and very little cartographic information. This observa-

tion has been echoed both by the findings of several published reports (over the

last five years) which focused on the identification of knowledge gaps for address-

ing climate change within the region (Cambers et al. 2008; Chen et al. 2008; Day

2009; Suárez et al. 2008); and at the IPCC’s Expert Regional Meeting for Small

Islands in Belize earlier this year (2011).

Although most Caribbean states are signatories to several biodiversity con-

ventions, such as the Ramsar Convention and the Convention on Biological Di-

versity, only three countries (Jamaica, Dominican Republic and Cuba) within

the region presently have national plans that specifically link biodiversity with

climate change. However, there is thus far, no available information available on

whether these have yet been implemented in Jamaica and the Dominican Repub-

lic. Very limited information on a Cuban initiative revealed that Cuba has since

conducted a study reviewing the climate change impacts upon its biodiversity.

This revealed a negative correlation between rainfall and the aridity index and

plant composition – hence suggesting that the composition of its endemic flora

would change significantly with climate change.

The current national adaptation plans of most other states do promote the

conservation of biodiversity as a tool for reducing vulnerability and increasing
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resilience to climate change. However these objectives are not effectively linked

to each other nor are they well integrated or practically implemented into broader

national development and planning programmes. One of the main reasons for this

is the unavailability of robust data and supporting analyses that are necessary

to inform decision making and the implementation of such strategies. Required

data include baseline species inventories and ecosystem assessments which are

necessary for making informed decisions on habitat protection with respect to

climate change (Rivera-Monroy et al. 2004).

Another obstacle that prevents implementation is the need for the use of scenario-

based approaches in conjunction with more traditional simulation (and optimisa-

tion) studies in order to develop climate risk and adaptation strategies for this

region (Pulwarty et al. 2010). The lone biodiversity impact study found to employ

a small number of climate scenarios [from General Circulation Models (GCMs)]

is one which reviewed climate change impacts, vulnerability and potential adapt-

ation of the floristic composition of six phytogeographic regions in Cuba (Suárez

et al. 2008). More climate scenario data (downscaled from GCM) that can be ad-

equately used at an island scale is imperative in order to inform development and

contribute to the implementation of adaptive strategies to preserve island biod-

iversity within the region. Finally, there appears to be limited human capacity for

adopting multi-disciplinary approaches that integrate ecology/conservation sci-

ence with climate science, environmental economics and social sciences in order

to develop more effective conservation strategies (Day 2009).

1.1.5 Protected Areas as conservation tools within the Caribbean

Chape et al. (2008) estimated that some 749 Protected Areas (PAs) exist within

the Caribbean archipelago, covering approximately 67,719 km2. However there
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is a considerable variation in the proportion of area that is protected across the

islands that make up the archipelago, ranging from 20% of Dominica’s territory

(inclusive of marine sites) to less than 1.7% within countries such as Haiti and

Grenada (Chape et al. 2008). The biodiversity within many of these PAs are

considered to be at risk due to climate change. For example, the species of

the elfin forests within PAs that occur at high elevations in many islands such

as Jamaica, St. Vincent and St. Kitts and Nevis are expected to be severely

impacted – as there is little room left for them to migrate upwards as conditions

begin to warm.

It has also become clear that greater investment and focus have been placed

upon biodiversity conservation within marine rather than terrestrial PA systems

in this region. For example, the Caribbean Challenge is an on-going initiat-

ive whereby Caribbean governments have committed to expand their marine PA

systems to encompass at least 20% of their near-shore territory by 2020 in con-

junction with developing sustainable financing for their upkeep. This initiative

has thus far secured in excess of 45 million US dollars from the international

and conservation community; such emphasis is in direct contrast to the poorly

developed and financed efforts for biodiversity conservation within terrestrial re-

gions of these islands.

Most Caribbean islands have not traditionally established their PAs in a system-

atic approach. However, countries such as Jamaica, the Bahamas, the Dominican

Republic and members of the Organisation of Eastern Caribbean States (OECS)

(e.g., Grenada, St. Kitts and Nevis, Dominica and St. Lucia) have recently begun

to conduct gap analyses of their Protected Areas Network (PAN) with the aim

of creating frameworks of sustainable management for the present and future.

These analyses have highlighted that many PANs do not comprehensively cover

all ecosystem types, with key ecosystems missing or under-represented. Further,
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many PANs contain PAs which are too small and scattered to be considered viable

in the long term or aid in enhancing connectivity among the larger PAs (Suárez

et al. 2008). Moreover, apart from Cuba and the Dominican Republic, PAN man-

agement is weak and ineffective, lacking strong, well-coordinated and centralized

management mechanisms (Day 2009). There is also a lack of political will to sup-

port establishment of new PAs, as well as of efforts to link existing PAs to create

coherent, effective and viable landscapes for sustaining biodiversity (Day 2009).

Finally, other hurdles exist such as the issue of squatting upon private lands

which, because of vague legislation, may impede the establishment of new PAs

or the linking of existing ones due to (i) continuous conflict between the squatter

and legal land owner and (ii) insecure tenure rights of the squatter (Driver 2001).

Apart from the Caribbean islands being highlighted as a top priority for the

expansion of the global PAN, some authors maintain that the linking of existing

PAs in conjunction with the establishment of new PAs will buffer against the

stress that climate change is expected to place upon the biodiversity of these

islands (Brown et al. 2007; Chape et al. 2008). However, there is an urgent need

for more scenario and empirical-based studies to determine if this suggestion is a

viable adaptation option at the small island scale. Thus far, there have been no

studies which have sought to investigate whether the PANs within these islands

will be able to facilitate future species range shifts and sustain the survival of

important species, such as endemics, as climate changes. It is also well known

that: (i) the establishment and management of PANs in smaller, less developed

countries have been less successful and (ii) traditional terrestrial PA models have

not been designed for small ecosystems with weak management and institutional

capacities (Brown et al. 2007; Parsram 2007). Hence more research is needed using

terrestrial PA models specifically designed to address PAs within small islands

which incorporate management uncertainty and multi-stakeholder involvement.
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1.1.6 Species Distribution Modelling as a potential conservation
tool for the Caribbean

The biodiversity conservation and adaptation strategies of the Caribbean SIDS

presently require up-dating – by the incorporation of potential impacts of cli-

mate change upon species distributions. Such an endeavour would require the

forecasting of potential species distributions within these islands; this would offer

critical insight into the effectiveness of the PANs to protect valued species into

the future as climate continues to change. This thesis employs one of the most

recognised and well used tools for such analyses: species distribution models (Box

1981; Elith and Graham 2009; Franklin et al. 2009; Heikkinen et al. 2006; Pearson

and Dawson 2003). These are correlative models which first analyse and identify

environmental conditions important to the current distribution of a given species;

this information is then used to define suitable areas for the species survival under

future climate conditions. However, to use the results of these models effectively,

knowledge of both the ecology and natural habitat availability within the study

area is necessary.

1.2 Objectives

The main aim of this thesis is to evaluate the use of species distribution modelling

(SDM) (in combination with assessments of forest cover (change) and vegetation

ecology) as a tool to aid the development or updating of biodiversity conservation

strategies for adapting to climate change within the Caribbean SIDS.

This thesis has four research objectives, using Trinidad as a case study:

(i) Document forest cover change at varying spatial scales within Trinidad

between 1969 and 2007; and assess the effectiveness of the PAN in main-

42



1.3 Approach

taining forest cover during this period.

(ii) Assess the distribution of the island’s vegetation to develop a list of import-

ant tree species for SDM analysis.

(iii) Develop species distribution models (SMs) of potential distribution ranges

of these tree species within the present climate using the SDM algorithm

MaxEnt.

(iv) Develop SMs forecasting suitable climate space (henceforth referred to as

‘potential future distribution range’) of these tree species; and combining

SMs (for present and future) to produce a ‘collective model’, which high-

lights areas across Trinidad and its PAN which are expected to lose, main-

tain and gain species forty years into the future.

(v) Assess the usefulness of SDM applied within an island context, and its

potential for contributing to regional biodiversity conservation strategies

1.3 Approach

This thesis integrates the application of Geographic Information System (GIS),

biogeography, ecological multivariate analyses and spatial ecology at the small

island scale with SDM techniques that have, thus far, been applied mainly within

continental settings.

Because of (i) a paucity of up-to-date assessments of forest cover across Trinidad

and (ii) only out-dated ecological assessments of its vegetation being available,

no pre-existing ecological concepts or description of forest cover within the island

or its PAN were integrated. The initial chapters are devoted to the assessment of

spatial and geographic limits as well as the ecological status of the existing forests

within the island. These assessments were then used to support and contribute

43



Chapter 1 Introduction

to interpretation of the SDM analyses (Chapters 4 and 5).

The majority of the data used for this thesis were either collected or derived

from Trinidad (species distribution data and GIS data) or specifically generated

for use within the Caribbean region [the PRECIS Caribe Regional Climate Model

(RCM)]. The main exception to this trend, due to unavailability of alternative

regional or local data, was the WorldClim climate data for the present period.

Finally, the SDM techniques used were adapted from the international literature

and applied to the small island scale.

Additionally, because of the paucity of SDM analyses at a small island scale,

there was no template for the comparison and assessment of these results. Hence,

concurrence with results from the ecological analyses in conjunction with expert

assessment of the SMs was used as an alternative.

Because of its independence from reliance upon pre-existing ecological concepts

within a given island, this study is designed as a potential template that can be

adopted by the conservation authorities within any Caribbean island, irrespect-

ive of whether past assessments of the island’s ecology, forest cover and species

distribution data are available.

1.4 Thesis Structure

Chapter 2: GIS analyses. This chapter briefly describes the history of forest

cover change across Trinidad from the post-independence era in 1969 to 2007. It

begins by introducing the case study (Trinidad) and describing its PAN and the

potential drivers which may threaten forested areas within the island. The ana-

lyses quantify and describe both the rate and area of change in forest cover across

Trinidad at the island, PAN and buffer (internal and external to the PAN) scales
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between 1969 and 1994 and between 1994 and 2007. The discussion highlights the

increasing vulnerability of the remaining forested areas across the island in the

face of increasing anthropogenic development. These vulnerable areas are later

linked with the SDM results to assess the effectiveness of the PAN to protect

these species in the future.

Chapter 3: Ecological Analyses. This chapter assesses the distribution and

ecology of Trinidad’s forest vegetation (excluding mangrove and swamp forests)

based on data from an up-to-date survey of Trinidadian vascular plants. Non-

metric multivariate techniques describe community structure and highlight the

main environmental parameters which are believed to influence this structure.

The final product of the chapter is the generation of a list of 21 important tree

species (based on the integration of ecological and commercial importance with

global/regional rarity) to be used in SDM analyses.

Chapter 4: Development of bioclimatic species distribution models.

This chapter introduces the theoretical issues of SDM and the generation of SMs

based upon present climatic conditions. It also points out the uncertainties and

limitations involved, especially with respect to the use of spatially-biased spe-

cies occurrence data. It describes the preparatory work that was necessary for

model generation including the details of the 1 km2 species occurrence and present

climate data, as well as how they are treated, parameterised and selected for mod-

elling within the MaxEnt algorithm. SMs representing the potential distribution

of each tree species within the present climate are generated and mapped [across

both the entire island and areas of remaining forest cover (from Chapter 2)], and

details are provided on how they are evaluated and short-listed for further ana-

lyses (generation of SMs within future climate). The potential of such analyses

being used as a conservation tool within the Caribbean is discussed.

Chapter 5: Assessment of the potential impacts of climate change
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upon the effectiveness of Trinidad’s PAN to conserve the selected

tree species forty years into an Special Report on Emissions Scenarios

(SRES) A2 future. This chapter first defines the differences between SMs that

are built based upon present versus future climatic data. It then describes the

details involved in the preparation of the future climate data that are required

for the forecasting of suitable climate space for 11 selected tree species forty years

into an SRES A2 future. The SMs for the present (Chapter 4) and future climates

of each of these species are then combined to produce change maps which illus-

trate the expected contraction, expansion or stable areas of each species’ climate

space. Individual change maps are combined to illustrate the anticipated change

in the ‘collective presence’ of these species. The collective presence map is used to

assess the effectiveness of Trinidad’s existing PAN to secure the collective species

survival. These results are used to discuss the implications of climate change for

conservation planning at a regional versus an island scale.

Chapter 6: Conclusion. This chapter summarises the findings of the thesis

and also highlights the challenges that were faced in trying to apply traditionally

continental-scale SDM techniques to a small island scale. Suggestions of future

work which may help to resolve these issues are made together with a discussion of

a regional rather than island based approach to biodiversity conservation within

the Caribbean SIDS. The development of ‘Novel Community Arks’ is suggested

as a means of facilitating regional biodiversity conservation by enhancing the

(generally disturbed) vegetation of regional PAs with high value, resilient species.
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1.5 Summary and contributions of this study

This study represents the first attempt to explore the potential impacts of climate

change upon terrestrial plant species diversity within a Caribbean SIDS, as well

as its implications for conservation strategies which seek to incorporate future

climatic conditions into its planning and management.

The following research gains are offered:

(i) An updated and quantitative assessment of changes in forest cover across

the island of Trinidad from 1969 to the present.

(ii) The first reported description of the community structure of the forests

on Trinidad based upon the vascular vegetation across the island. This

differs from traditional assessments which have focused solely on the use of

dominant timber species across state-owned lands.

(iii) Original analyses that apply ecological understanding of terrestrial plant

species at a small island scale to species distribution modelling techniques.

(iv) First reported quantification of expected change in the climate space of

terrestrial plant species in response to climate change within the Caribbean

SIDS.

(v) First reported assessment of the expected change in effectiveness of the

PAN within a small island developing state as a result of expected changes

in climate.

This study provides a template which can be built upon by both conservation

planners and researchers to develop SDM, as an important tool for enhancing the

region’s biodiversity conservation measures by integrating climate change into

these strategies.
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1.6 Theoretical Framework
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Chapter 2

Forest cover change across Trinidad
from 1969 to 2007

2.1 Introduction

The Caribbean archipelago is a global biodiversity hotspot which contains high

concentrations of endemic species, and has been identified as a global priority for

conservation (Brooks et al. 2006; Maunder et al. 2008; Mittermeier et al. 2005;

Myers et al. 2000). However, the limited geographic space of these islands, within

which terrain often restricts human habitation and use, places acute population

pressure on the remaining habitable areas of land (Lugo et al. 1981; Pulwarty

et al. 2010). As such, deforestation, forest fragmentation and habitat loss have

been, and continue to be, one of the consequences of such pressure. For example,

estimations of forest removal and fragmentation within Jamaica during the 1980s

to the early part of the 2000s were consistently amongst the highest within the

tropics (Eyre 1987; Rudel 2005; Tole 2002). Indeed, this continued high rate of

habitat loss over the past decades has led to this archipelago, at the turn of the

century, being identified by authors such as Brooks et al. (2002) as the region

which is expected to lose the most endemics.

49



Chapter 2 Forest cover change across Trinidad from 1969 to 2007

An area of land is usually deforested if the benefits of deforestation are perceived

to outweigh the cost. Studies that document past and present deforestation, as

well as predict future trends, stress socio-cultural, bio-geophysical and ecological

perspectives as keys to understanding deforestation, especially at the local scale.

Such key determinants often pervade conservation policies and the values placed

on forests in different places and countries (Laurance 2007; Rompré et al. 2008;

Rudel 2006; Strömquist and Backéus 2009; Veldkamp and Lambin 2001). Fur-

thermore, others argue that deforestation in developing countries is a legacy of

historical socio-economic activity, combined with present day events (Armesto

et al. 2010; MA 2003; Sala et al. 2000; Vitousek 1994).

The remainder of this introduction describes some of the issues connected to

deforestation as well as the establishment and effectiveness of PAs, especially

within Caribbean islands.

2.1.1 Past deforestation in the Caribbean

Deforestation in many Caribbean SIDS has been documented to the first estab-

lishment of Amerindian settlements. Amerindian cultures deforested land for the

establishment of settlements and for several types of agriculture, including sedent-

ary, labour intensive crop farming as well as slash-and-burn shifting agriculture

(Honychurch 1997). Recent evidence suggests that Amerindian activities contrib-

uted to substantial areas of deforestation until their populations were almost

annihilated by colonising Europeans (Strömquist and Backéus 2009). European

colonists subsequently cleared forests to establish villages, towns and, eventually,

sugarcane, cocoa and coffee plantations (Brothers 1997; Honychurch 1997).

Details of Caribbean vegetation from the start of the 20th century vary from

non-existent to detailed inventories carried out during colonial times. Even when
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inventory data are available, there is often a paucity of accurate maps for compar-

ison with modern forest cover maps (Helmer et al. 2008). In some cases, details

can be derived from aerial photographs taken in the 1940s and satellite imagery

from the 1960s.

2.1.2 Recent deforestation trends in the Caribbean

Until the 1990s, agriculture was a major source of livelihood, and hence of de-

forestation, in many parts of the insular Caribbean. Deforestation was promoted

by factors such as international credit initiatives aimed at boosting export earn-

ings, increasing populations and the debt crisis (Eyre 1987; Helmer et al. 2008;

Tole 2001; Weis 2000). Additionally, large areas of Caribbean islands were occu-

pied by sugarcane, banana, cocoa and coffee plantations established in colonial

times, as well as large and small scale cash crop farming (Evelyn and Camirand

2003; Parés-Ramos et al. 2008). Furthermore, since the majority of flat, inhabit-

able land was located along coastlines, coastal forests, mangroves and wetlands

were cleared for the establishment of major settlements, and tourism infrastruc-

ture (Parés-Ramos et al. 2008). On islands such as Trinidad and Puerto Rico,

urban sprawl and, to a lesser extent, industry, propagated by road networks,

have contributed to deforestation within traditionally remote areas (Kenny 2000;

Martinuzzi et al. 2007).

2.1.3 Drivers of deforestation

As in many other developing countries, Caribbean deforestation is reduced in

areas with low agricultural value, steep slopes, high elevations and areas dis-

tant from market centres (Parés-Ramos et al. 2008). Cropper et al. (2001) has
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argued such areas are likely to be designated as PAs in order to avoid polit-

ical conflict. Other studies have shown that both urbanisation and agriculture

are negatively correlated with elevation and topographic complexity (Evelyn and

Camirand 2003; Fuller 2006; Helmer et al. 2008; Lugo 2000; Parés-Ramos et al.

2008). It is therefore unsurprising that on almost all Caribbean islands higher

elevation forests are generally protected by formal or informal reserves. For ex-

ample, the prohibition of land development above 305 m altitude on Nevis has

resulted in 98% to 100% of existing evergreen and cloud forests within the island

being located above this elevation (Helmer et al. 2008); while in contrast, the pro-

portion of ecological zones and remaining forests that are protected at lower elev-

ations is small and under-represented (Helmer 2004). Additionally, high poverty

levels in areas, such as rural Jamaica, have been associated with opportunistic

deforestation within National Parks (Evelyn and Camirand 2003). Such activities

continue unregulated in many areas because the laws which prohibit deforestation

within the boundaries of PAs are generally unenforced. While, there is evidence

that law enforcement can be quite effective in reducing deforestation within PAs

(Gaveau et al. 2009); such enforcement is not simple and requires the support of

socio-economic and political initiatives, hence it is still a cause that remains to

be championed by many Caribbean governments.

2.1.4 Forest regrowth patterns

In several Caribbean countries, land cover analyses based on satellite imagery,

have revealed a decrease in areas of deforestation and a subsequent increase in

forest patch size despite increasing human population densities and urban sprawl

(Helmer et al. 2008; Lugo 2002). Over the last decade, increases in forest cover,

by more than 50%, have been reported in islands such as Puerto Rico, Jamaica,
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St. Kitts, Nevis, Grenada and Barbados (Helmer et al. 2008).

This trend is a result of decreasing agricultural activity within the insular Carib-

bean. Sugar cane cultivation which previously occupied substantial amounts of

undulating lowlands within the region has long been declining, and continues to

do so. For example, in 2003, sugar production declined significantly in Jamaica,

Trinidad and Tobago, Barbados, and St. Kitts and Nevis compared to production

levels in the 1980s and the first half of the 1990s. This was due to increased com-

petition from more highly mechanised operations in Brazil and the United States

(McDonald 2004). Additionally, the European Union ended its import quotas and

price subsidies that gave banana and sugar farmers in former colonies preferential

access to European markets. As a consequence, state-run sugar companies have

closed in Trinidad and Tobago (2003) and in St. Kitts and Nevis (2005).

Land-cover changes on islands such as St. Kitts and Nevis, Barbados and Pu-

erto Rico are very similar; increases in forest and urban/built-up lands are the

result of an economic shift from agriculture to industry, manufacturing and ser-

vices (Helmer 2004; Kennaway and Helmer 2007; Mar López et al. 2001; Rudel

et al. 2000). The resulting shift of rural populations to urban areas in search of

wage labour is viewed as the critical element in the regeneration of forests on

abandoned pastures and agricultural lands (Grau et al. 2003; Rivera and Aide

1998; Rudel et al. 2000). However, it remains to be seen whether decreases in

land under cultivation will result in the allocation of more land for conservation

at low altitudes within islands such as Puerto Rico, St. Kitts and Nevis, Bar-

bados and Grenada. Competition of often irreversible land use changes such as

housing, industry and commercial centres for these newly available areas may

require legislation to protect and restore (i) drier forests on formerly cultivated

lands and (ii) mangroves – both of which were poorly represented and protected

during the pre-agricultural decline era (Lugo 2002; Parés-Ramos et al. 2008).
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Additionally, there are indications that recent socioeconomic trends have begun

to induce suburban growth, urban population decline as well as the development

of rural areas (Munroe et al. 2005). For example, in islands such as Puerto Rico,

urban cover in some areas only increased by 7%, while forest cover increased by

41%, indicating the underutilization of urban areas in preference for open, less

densely populated, and even rural spaces for housing and development. Moreover,

spatial analysis of population growth, based on elevation range within Puerto

Rico, showed rapidly growing suburban populations in all elevation regions, al-

though the largest increase was in the coastal plains (Lambin and Geist 2003).

2.1.5 Protected areas

Protected areas (PAs) are currently one of the main instruments that conserva-

tion planners across the world use for the conservation of species and other nat-

ural features; they are also used to facilitate recreational activities and scientific

research (McNeely and Ness 1995). A paradigm shift occurred within recent dec-

ades in which the ‘flux of nature’ replaced the ‘balance of nature’ model (i.e., that

because of variation and complexity within natural systems, equilibrium is not

always reached) as the prevailing dogma within conservation ecology (Barrett and

Barrett 1997; Fiedler et al. 1997) which has resulted in increased sophistication

in PA design and management.

While the first PAs were based upon restricted access, today a variety of conser-

vation models exist. These range from stringent restricted access to community-

based management designs. Many PAs are now developed in terms of ecosystem

management, where conservation objectives focus upon sustaining spatial and

temporal heterogeneity in order to promote resilience and variability; rather than

specific fixed vegetation assemblages or specific landscapes (Grumbine 1997; Gun-
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derson and Holling 2001).

PA designation in several parts of the developing world has however not evolved

in this manner. In order to stem tropical forest decline it became common prac-

tice for governments to designate the last remaining tropical forest fragments as

PAs (Naughton-Treves et al. 2005). The success of these PAs depends on factors

such as size, location, management strategy as well as exogenous factors. Fur-

thermore, many PAs have been designed without formal buffer zones (Cropper

et al. 2001). Indeed, many boundaries become de facto buffer zones, and the risk

of encroachment of these areas is high due to pressure from exogenous factors,

such as urbanisation and agriculture (Evelyn and Camirand 2003).

In the Caribbean, isolated examples of the establishment of PAs in the form

of Forest Reserves date back as early as 1776 when 2,430 ha of forest within

the Main Forest Ridge Reserve in Tobago were set aside for “protection of the

rains” (Beard 1944b; Ramdial 1980). However, the majority of Forest Reserves

in the English-speaking Caribbean became established in the early 20th century;

the primary interest was in controlling the harvest of a few economic tree spe-

cies rather than conservation (Kenny 2000). In due course, the focus of some

of these Forest Reserves shifted towards forest preservation for environmental

reasons, such as watershed protection (Kenny 2000). During most of the 20th

century, there was weak support for the PA infrastructure, principally due to

conflict with developmental land use as well as the reluctance of governments

to make long-term funding commitments (Leach 2008). Indeed, the detailed sur-

veys necessary for the recognition and demarcation of National Parks or Wildlife

Sanctuaries have been mainly financed by international agencies (Leach 2008).

However, during the last three decades, a combination of international attention

given to deforestation, the increasing involvement of powerful local and interna-

tional Non-Governmental Organisations (NGOs), as well as the establishment of
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Natural Heritage sites, has resulted in a substantial increase in the number of

PAs in the Caribbean.

2.1.6 The effectiveness of PAs within developing countries

Most PAs are usually considered successful based on having a lower deforestation

rate inside compared to outside their boundaries (DeFries et al. 2005; Joppa et

al. 2008). However, this is based upon the assumption that both the inside and

outside of PAs (and buffers) are exposed to the same environmental conditions

and threats (Mas 2005). This has prompted calls by some researchers for com-

parative studies which investigate levels of degradation both before and after the

establishment of PAs (Gaveau et al. 2007; Liu et al. 2001). This is particularly

pertinent for PAs that have been established in mountainous areas, as the forests

in these regions are known to survive because of inaccessibility. Thus, compar-

isons of deforestation rates inside versus outside PA boundaries overestimate PA

effectiveness as they do not incorporate the natural or de facto (Joppa et al. 2008)

protection that is provided by complex terrain and accessibility.

Few studies have assessed the success of PAs in halting deforestation within

their boundaries (Mas 2005; Oliveira et al. 2007; Southworth et al. 2004; Sánchez-

Azofeifa et al. 2003) with an increasing number of calls from conservationists for

such evaluation (Ferraro and Pattanayak 2006; Liu et al. 2001; McDonald-Madden

et al. 2009). Separate temporal gap analyses of PAs conducted in Guatemala,

China, Sumatra and Jamaica have indicated varying degrees of success of PAs

due to decreases in areas of net deforestation. However, these studies also indicate

that such success is limited as forest clearance and fragmentation within the PA

boundaries have resulted in species range shifts and biodiversity loss equal to

or below pre-PA levels. This situation may not be peculiar to these locations
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alone, as it is still unclear whether PAs are effectively protected, especially within

developing countries.

2.1.7 Problems associated with deforestation assessment within
the Caribbean

Generally, few studies have sought to assess historical as well as present-day

deforestation drivers in the Caribbean (Evelyn and Camirand 2003; Helmer 2004;

Helmer et al. 2008; Parés-Ramos et al. 2008). This is linked to several obstacles,

central among which are basic problems related to the quality of institutional

data. For example, the documentation of changes in forest cover and deforestation

within most Caribbean islands has been carried out by the Food and Agriculture

Organization of the United Nations (FAO) since 1972. However, over the last

decade it became clear that the FAO statistics published for several of these

islands were flawed due to a variety of basic discrepancies; for example, areas of

forest cover reported for individual islands could not be easily compared as they

were not all based on the same definition of ‘forest cover’ (Evelyn and Camirand

2003; Fuller 2006).

Additionally, there is a paucity of field inventory data in most countries. Apart

from being sparse and inconsistent, field inventories are expensive and require

large amounts of time to update past inventories. The work of John Stanley Beard

is an important source of past inventory data for the islands of the Lesser Antilles

as well as Trinidad and Tobago during the first half of the twentieth century. As an

ecologist, employed by the British Crown during the 1940s (Beard 1946b), Beard

extensively surveyed, inventoried and mapped the vegetation on the islands of the

Lesser Antilles from 1942 to 1946 (Beard 1944a, 1949). Furthermore, he estimated

the areas of different forest types, pasture, woodlands, cultivated lands and “other
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uncultivated” lands (towns, villages, sand dunes, salt flats). Most modern day

studies have used the tabular results from his publications for comparison since

(i) the scales of his published maps are generally too coarse for change detection

within a geographic information system and (ii) he did not detail his methods for

mapping or estimating land cover areas (Helmer et al. 2008). However, Beard’s

published estimates of land cover and forest areas are still a primary reference

since they are the only documents of their kind available from that era (Helmer

et al. 2008).

While deforestation studies using satellite images have been carried out (mainly

Puerto Rico and Jamaica), these are usually on the impetus of academic research

(Lugo 2002; Parés-Ramos et al. 2008). Most authors have reported the use of

satellite imagery to conduct detailed mapping and interpretation of deforestation

patterns within the small geographical areas of these islands to be challenging.

This is due to a combination of factors including highly variable terrain, steep

environmental gradients, spectral confusion between land cover classes and al-

most constant cloud cover (Helmer et al. 2008). Additionally, methods that work

well in one landscape may not distinguish classes that are important in another.

Furthermore, ground-truthing in landscape which is characteristically complex,

inaccessible and fragmented is difficult. Additionally, land cover changes occur

within short distances of each other and may inhibit Global Positioning System

(GPS) accuracy, especially under forest cover.

This chapter describes and analyses the change in forest cover from 1969 to

2007 within the island of Trinidad. Documentation of changes in forest cover is

conducted at the island and PAN scales, and emphasis is placed upon assessing

the effectiveness of the PAN in conserving forest cover over this period. Such

analyses which explore past to present trends in forest cover change are necessary

in order to estimate areas within the island which are likely to contain forests
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in the future. This understanding is an essential component for achieving the

ultimate goal of this thesis which seeks to indicate areas within Trinidad which

will be suitable for the survival of selected species within a future changed climate.

2.2 Case Study – the island of Trinidad

Trinidad is the southernmost island of the Caribbean, located between the Carib-

bean Sea and the North Atlantic Ocean (Figure 2.1)1. It is the larger of the

islands in the twin-island state of Trinidad and Tobago, and is located about

12 km from the Venezuelan coast, at the edge of the South American continental

shelf, approximately between 10° 38′ N latitude and 61° 23′ W longitude (Algar

and Pindell 1993). Geologically, Trinidad is part of the mainland, and appears to

have separated from northern Venezuela approximately 11,000 years ago at the

end of the last glaciation (Joseph 1970).

As a result of its close proximity to the South American mainland, Trinidad’s

flora is a relic of the immediate delta region from which it separated 11,000 years

ago. This period of separation has been insufficient to allow for the evolution of

many endemics, however, this relict flora has been augmented by a few colonising

species as well as a larger number of exotic species that have been introduced via

human colonisation (Kenny 2000; Santiago-Valentin and Olmstead 2004).

Between 44% and 48% of Trinidad is currently covered by forest, of which

approximately half is ‘protected forest’ (EMA 2005; GOTT 2009a). Terrestrial

PAs include an estimated thirty-six Forest Reserves, eleven Wildlife Sanctuaries, a

National Park (the Chaguaramas Peninsula), nineteen Prohibited Areas and three

Environmentally Sensitive Areas (ESAs) (GOTT 2009b). There are also de facto

1. All figures are placed in a block at the end of each chapter.
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PAs including about eight unproclaimed Forest Reserves managed by the Forestry

Division, a National Landmark and several Historic Sites and Recreational Parks

(GOTT 2009b).

However many of these figures are considered to be ‘transient’ in nature since

there is to date, no official map of the PAN within Trinidad (Ali, pers. comm.

2012; Ragoonanan, pers. comm. 2012). Reasons for the absence of such a map

include unresolved boundary issues for some PAs, as well as some PAs being

presently classified under multiple categories. For example, some Forest Reserves

have been simultaneously designated as other categories of PAs such as: Wild-

life Sanctuaries, Prohibited Areas and ESAs (Ragoonanan, pers. comm. 2012;

Ramnath, pers. comm. 2012). This creates further management challenges due to

administrative and legislative overlap (GOTT 2009a). Moreover, many of these

areas are located immediately adjacent to each other – forming contiguous blocks

which are referred to as ‘protected areas’. The contiguous blocks (and the indi-

vidual reserves of which they are comprised) which feature prominently within

these analyses are illustrated in Figure 2.2.

Furthermore, the Draft National Forestry Policy (GOTT 2009a) of Trinidad and

Tobago considers there are no recent official data on: (i) the forest cover; (ii) the

rate of land use change; and (iii) the rate loss of forests within Trinidad. However,

recent unofficial estimates indicate there has been a loss of up to 6% in total

forest area (for Trinidad and Tobago) between 1969 and 2000. Also, forests may

be degraded through poor management and opportunistic exploitation (GOTT

2009a).

The World Bank estimated Trinidad and Tobago’s population (2009) to be ap-

proximately 1.33 million during 2009 with an annual growth rate of 0.4%, and a

population density close to 250 persons per square kilometre; one of the highest in

the Western Hemisphere (WBG 2011). The economy and prosperity of Trinidad
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and Tobago has been, and continues to be, strongly associated with the develop-

ment of natural gas and petrochemical industries (Coppin and Olsen 2007; Hosein

2007). Industrial development has been encouraged by government subsidies of

resource exploitation (Dillon Consulting 2004). These factors in combination with

the inadequate valuation of the natural resources, goods and services associated

with the island’s biodiversity and a general public and political apathy towards

environmental issues continue to exert tremendous pressure upon the remain-

ing natural areas within the country (Fairhead and Leach 2003; Kenny 2000).

Symptomatic of this situation is a continued loss of forest cover within the is-

land (including within PAs) and a consequent decrease in wildlife populations

that inhabit the remaining forests (Dillon Consulting 2004; GOTT 2009b; Kenny

2000).

Intrinsic to the threatened and deteriorating state of remaining forests is that

natural resource management and planning in Trinidad and Tobago remains in-

consistent, fragmented and chaotic because of out-dated legislation and policy

and a lack of a current national land use planning framework (GOTT 2009b).

The 1950 ‘Forest Act’, the main legislation that governs forest management in

Trinidad and Tobago, is a colonial document designed to regulate the exploita-

tion and sale of timber and non-timber products from State lands; it affords little

for the management and protection of natural forests which are not ‘production

forests’. Under this legislation ‘Forest Reserves’ may be designated but access to

these Reserves is not restricted. This has been a main contributor to a variety of

destructive practices occurring within these Forest Reserves, ranging from forest

fires to residential and agricultural squatting (Dillon Consulting 2004).
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2.3 Methods

Quantification of change in Trinidadian forest cover from the early post-independence

era to the present (1969–2007) and the development of Forest Disturbance and

Forest Quality maps were all undertaken within a GIS created using ArcGIS 9.3.

The initial steps consisted of constructing Forest Cover polygon themes for

the island from Land Use polygon shape files obtained from the Department of

Geomatics Engineering and Land Management (DGLM), University of the West

Indies (UWI), for the years 1969, 1994 and 2007. These Forest Cover polygon

themes together with supplemental polygon themes (the PAN of Trinidad and

the outline of Trinidad’s coastline) were used to construct, quantify and analyse

changes in forest cover, Forest Disturbance and Forest Quality data at varying

spatial scales during the above mentioned years. These spatial scales included:

(a) the island, (b) the PAN and (c) the buffer zones, constructed at varying

distances from the PAN boundaries (internal and external).

2.3.1 Source Data and associated map accuracy

2.3.1.1 Positional errors

Land use data polygon shape files for 1969, 1994 and 2007, were all created within

the World Geodetic System (WGS) 1984 datum, Universal Transverse Mercator

(UTM) projection. However, they varied with respect to their source, scale and

accuracy. The 1969 land use shape file was originally derived from Sheets 3 to

76 of the Trinidad and Tobago Topographic map series 1:25,000 (GOTT 1972b).

Based on 1969 aerial photography, the positional error associated with this shape

file is given as ±10 m. The 1994 land use shape file was derived from a 1:25,000
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orthophoto mosaic of aerial photography conducted in 1994. The associated

positional error of this shape file is given as ±2 m. The 2007 shape file was

created from IKONOS2 satellite imagery with a resolution of 1m. The associated

positional error of this shape file is given as ±3 m.

The PAN was supplied by the National Forestry Division of Trinidad and To-

bago, and has an associated positional error of ±30 m. Protected Areas (PAs)

and Forest Reserves were demarcated by surveying technicians, not licensed sur-

veyors, consequently no official or legal PAN map exists. The PAN used in these

analyses however represents a combination of the Forest Reserves and PAs (ex-

cluding the Chaguaramas National Park) that are acknowledged on a practicing

basis.

2.3.1.2 Classification accuracy

The thematic accuracy of each land use epoch (1969, 1994 and 2007) was also

provided by the UWI’s DGLM. ‘Classification errors’ were used to derive a meas-

ure of accuracy (classification accuracy) for indicating the degree of confidence

associated with each mapped land use theme within a given epoch. These errors

were calculated using a confusion matrix to compare and quantify the thematic

agreement between selected points and (i) ground-truthed data and/or (ii) fine

resolution remote sensor data for each land use theme within a given epoch (Jehu

2011; Veregin 1989).

The classification accuracy for the land use epochs are as follows:

(i) 1969 = 95%

(ii) 1994 = 90%

(iii) 2007 = 91.3%

2. IKONOS is a commercial earth observation satellite from India.
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These classification accuracies apply to all quantifications of forest cover change

in the analyses to follow.

2.3.2 Creation of Forest Cover themes for 1969, 1994 and 2007

The land use polygon layers for 1969, 1994 and 2007 were originally classified

into land use categories based on two different systems. The land use categories

for 1969 were based on criteria developed by the Ministry of Agriculture, Land

and Marine Resources, Lands and Surveys Division during 1972. These were

different to the categories used in the development of the 1994 and 2007 land use

layers, which were based on the Anderson’s Classification System (Anderson et al.

1976). In order to overcome the problem of data compatibility due to differences

in classification of land use and to keep with the primary objective of this study,

quantification and analyses in this chapter were limited to forest cover. Other

proximate causes of deforestation such as agriculture and settlement were ignored.

Forest Cover polygon themes (1969, 1994 and 2007) were created by re-classifying

original land use categories into either ‘Forest’ or ‘Non-Forest’ (Table 2.1)3. All

polygons labelled as ‘Forest’ within each Forest Cover theme were then aggregated

into a single, continuous polygon layer (Figures 2.3 to 2.5).

2.3.3 Creation of internal and external buffer zones from the
PAN boundaries

Construction of buffer zones involved using both PAN and Trinidadian coastline

shape files. Concentric buffer zones at 250 m, 500 m, 1,000 m and 2,000 m

distances from the boundaries of the PAN were constructed, using the ‘Multiple

Ring Buffer’ function within the Analysis Tools, on both the internal and external

3. All tables are placed in a block at the end of each chapter.
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sides of the PAN boundaries. The external buffer zones were then clipped onto

the Trinidadian coastline polygon theme in order to ensure that no buffer zones

extended beyond the coastal boundary limits of the island (Figures 2.6 and 2.7).

2.3.4 Quantification of forest cover at the buffer, PAN and
island scales

Understanding change in forest cover within Trinidad from early post-independence

era to present (1969–2007), requires the area (%) of forest cover at differing scales

to be determined. The area of forest cover within each buffer zone (for each year)

was calculated by merging each of the individual buffer polygons with each of

the Dissolved Forest Cover polygons (1969, 1994 and 2007) using the ‘Clip’ func-

tion within the Analysis Tools. This enabled the geometric intersection of both

polygon themes within the boundary limits of the given buffer polygon. These

clipped buffer themes showed the spatial delineation of forest cover exclusively

within buffer boundaries (Figures 2.8 and 2.9). The Field Calculator was used to

quantify the total area of each buffer polygon and its area of forest cover. The

same process was repeated for the PAN (Figures 2.10 to 2.12) with the Field Cal-

culator being used to calculate forest cover at the island scale from the Dissolved

Forest Cover polygons and Trinidad’s Coastline polygon (Figures 2.3 to 2.5).

2.3.5 Quantification of deforestation and reforestation during
Periods A and B at the island, PAN and buffer (zone)
scales

The Dissolved Forest Cover polygons were used to define regions of deforestation

and reforestation between 1969 and 1994 (Period A) and 1994 and 2007 (Period

B; Figures 2.13 and 2.14). The deforestation and reforestation areas outlined
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for Period B were those which were new (occurred after Period A), and are not

cumulative areas of deforestation or reforestation between 1969 and 2007. The

resulting areas of deforestation and reforestation were saved as unique polygon

themes, and clipped with the buffer (Figures 2.15 and 2.16) and PAN polygons

(Figures 2.17, 2.18, 2.19 and 2.20). The Field Calculator was used to calculate

areas of deforestation and reforestation for each period at the buffer (internal and

external), PAN and island scales.

2.3.6 Rate for forest cover change during Period A (1969 to
1994) and Period B (1994 to 2007)

The magnitude and direction of change in forest cover between successive years

at the island, PAN and buffer (internal and external) scales were calculated ac-

cording to Puyravaud (2003):

Rate of change in forest cover = lnF (t2)− lnF (t1)

t2 − t1
× 100 (2.1)

where F is the area under forest (ha), t1 is time 1 (base year) and t2 is time 2

(current year). These results (Table 2.2) were expressed as ‘Annual rate of change

in forest cover’ for each period.

In order to investigate the effectiveness of the PAN during Period A and B,

simple statistical comparisons of these rates of forest cover change inside and

outside the PAN boundary (at the PAN and buffer scales [2000 m, 1000 m,

500 m and 250 m]) were done using chi-square tests of independence .
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2.3.7 Forest disturbance and forest quality

‘Forest Disturbance’ is defined as the chronological frequency of deforestation

across the forested areas of Trinidad which is a coarse indicator of ‘Forest Quality’.

To map Forest Disturbance (1969, 1994 and 2007), the respective Dissolved Forest

Cover polygons were first converted from polygon to raster format. Each pixel

within the Dissolved Forest Cover raster grids represented an area of 1 km2.

A pixel-to-pixel comparison of the three Dissolved Forest Cover maps was used

to map different patterns of change from forest to non-forest and vice-versa. In

the raster grids, each given pixel, arranged in the chronological sequence 1969 to

1994 to 2007, was scored as either ‘Forest’ (F) or ‘Non-Forest’ (N). A total of

eight sequence combinations were derived (Table 2.3) and the ‘Times’ function

within the Spatial Analyst Tool was used to multiply the binary 1969 Dissolved

Forest Cover raster grid by 4 (where 4 = 22 in Table 2.3), and the binary 1994

Dissolved Forest Cover raster grid by 2 (where 2 = 21 in Table 2.3). These

products were added to each other, and the sum added to the unchanged 2007

Dissolved Forest Cover raster grid (Table 2.3). The final result, for each year,

was a raster grid which reflected the distribution of Forest Disturbance within

the island. These raster grids were converted into polygon format (Figure 2.21)

and these Disturbance Index polygon layers were then clipped with the PAN and

buffer polygons to allow for the quantification of Forest Disturbance at the island,

PAN and buffer scales.

Forest Quality categories (Figure 2.22) were derived for all chronological se-

quences within which ‘Forest’ was the final stage of the sequence (Table 2.3).

These consisted of three coarse categories which ranged from Grade 1 (undis-

turbed forest cover throughout the entire period) to Grade 3 (alternating ‘Forest’

and ‘Non-Forest’ states and/or recently forested areas). These categories were
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quantified at the island, PAN and buffer scales.

2.4 Results

These results describe changes in forest cover that occurred during Periods A

and B at the buffer (to the PAN) scales. These changes are described with

respect to: (i) total forest cover, (ii) deforestation and reforestation and (iii)

forest disturbance and forest quality.

2.4.1 Total Forest Cover

2.4.1.1 Island scale

The total area of forest cover within the island of Trinidad has not been constant

during 1969, 1994 and 2007 (Figure 2.23). Forest cover increased from approxim-

ately 59% of the island’s total area in 1969 to 63% in 1994, which was followed by

an almost equal decrease to 58% between 1994 and 2007. This trend is mirrored

in Figures 2.3 to 2.5, which revealed changes in the degree and placement of

pockets of forest cover loss that occurred within both the island and the PAN.

When compared to island-wide forest cover data available from the FAO (FAO

2010) for 1969, 1994 and 2005 (time period closest to 2007), this study’s forest

cover totals for 1969 and 2007 were approximately 10,000 ha less than the FAO

data, while its forest cover figure for 1994 was about 5,000 ha greater than the

FAO’s forest cover estimate (Figure 2.23). This discrepancy may have arisen as

a result of two reasons, firstly, the FAO’s definition of forest cover considers a

canopy cover of 10% or more as forest, however this study defined forest cover as

areas which contained closed, continuous canopy cover. Hence, it is unsurprising
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that FAO forest cover figures would be greater than those of this study. The

exception to this trend was for 1994 - for which the the FAO data was based on

estimates of forest cover across the island and not on detailed quantification of

forest cover from aerial photography.

During Period A (1969 to 1994) an overall coalescing of forest cover was ob-

served at both the island and PAN scale which resulted in the major forested re-

gions within the island appearing almost continuous and non-fragmented (Figures

2.3 and 2.4). An exception to this trend was observed within the south-western

part of the island, where large portions of forest were removed from areas both

inside and outside of the PAN.

However, during Period B (1994 to 2007) a reversal of this coalescence was seen,

with the Dissolved Forest Cover for 2007 (Figure 2.5) appearing more fragmented

and less continuous on an island-wide basis compared to that of 1994 (Figure 2.4).

Additionally, encroachment into PAs within the North, Central and Southern

parts of the island was observed for this period.

Finally, compared to 1969 the forest cover of the present day (2007) is less

within the south-central and south-western parts of the island (including within

the PAN) (Figures 2.3 and 2.5). Additionally, there is now much less connectivity

of the forests within the eastern part of the Northern Range with the forests

located within the central and southern parts of the island (Area A).

2.4.1.2 PAN scale

The total area of forest cover within Trinidad’s PAN fluctuated between 1969

and 2007, with an initial increase of approximately 1% during Period A – from

approximately 145,000 ha in 1969 to about 146,200 ha in 1994. There was a

subsequent decrease of approximately 4% during Period B – leading to a forest

69



Chapter 2 Forest cover change across Trinidad from 1969 to 2007

cover of 139,400 ha in 2007. Hence a decrease of approximately 5,600 ha of forest

cover occurred within the PAN from 1969 to 2007 (Figure 2.24).

Closer inspection at the PAN scale (Figures 2.10 to 2.12) showed that during

Period A, there was a reversal of the majority of small deforestation pockets

within most of the island’s PAs which resulted in an increase in the total area

of forest cover within the PAN. Exceptions to this trend were observed for PA

within (i) the south-western part of the island (PA-sw) and (ii) Area A – the

southern part of PA-ne in conjunction with the series of smaller connecting PAs

immediately south of this area.

During Period B, there was continued erosion of forested areas within Area A

and the PA-sw. Additionally, with the exception of the northern part of PA-ne,

loss of forest cover occurred within all other PAs of the PAN, most noticeable of

which was the large area of deforestation within the south-central Protected Area

(PA-sc).

2.4.1.3 Buffer scales

Total forest cover at the buffer scales, varied with distance from the PAN bound-

ary – with the proportion of forest cover within the buffers inside the PAN being

greater than in those outside the PAN at all scales during 1969, 1994 and 2007

(Figure 2.25). Within the external buffers, the percentage of total forest cover

decreased consistently as distance from the PAN boundary increased; while the

reverse trend was observed within the internal buffers. However, as observed

in Section 2.4.1.2 above, the PAN was not effective in maintaining and increas-

ing forest cover with time. This was also reflected at the buffer scale with the

percentage of forest cover within the internal buffers for 1994 being consistently

greater than that of 1969 at all scales; while during 2007, there was a decrease of
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total forest cover to below the 1969 levels at all buffer scales.

2.4.2 Deforestation and reforestation

2.4.2.1 Island scale

During Period A, the total reforested area exceeded deforested areas by approx-

imately 17,000 ha at the island scale (Figure 2.26). However, this trend was

reversed during Period B, with deforestation exceeding reforestation by approx-

imately 25,400 ha. During Period A both deforestation and reforestation occurred

across much of the island, although mainly within areas of land which were not

part of the PAN (Figures 2.13, 2.17 and 2.18). This was dramatically different

during Period B when, apart from very little new areas of reforestation occurring,

new areas of deforestation developed further eastwards, and nearer to the PAN

boundaries (Figures 2.14, 2.19 and 2.20).

During Period A the largest network of reforestation patches was located at

Area C, located south of Area A (Figure 2.13). Other areas included the central

portion of the south-facing slopes of the Northern Range, as well as along the

north-eastern and north-central coastlines. Elsewhere on the island, reforestation

occurred in small scattered patches – mainly outside of the PAN. Noticeably large

areas of deforestation, (apart from the above-mentioned Area A) occurred within

Area B (to the west of Area A) as well as within PA-sw and its northern, eastern

and southern external peripheries (Figures 2.13, 2.17 and 2.18).

Unlike Period A, reforestation occurred only in a few small pockets within the

island during Period B, very little of which were located inside the PAN (Figure

2.14). Additionally, the majority of deforestation occurring during Period B was

located outside the PAN, within a network of mainly of small pockets. Apart
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from these, large areas of deforestation also occurred in Area C and within the

PA-sc and its northern exterior (Figures 2.14, 2.19 and 2.20). Most noticeable

was the network of deforestation patches that occurred in Area C, which, during

Period A, was recognised as the largest network of reforestation. During Period

B, this region was subsequently degraded with a high density of deforestation

pockets of varying size, most of which occurred outside of the PAN.

2.4.2.2 PAN scale

During Period A, reforestation surpassed deforestation both inside and outside

the PAN, while the inverse occurred for Period B (Figures 2.27 and 2.28). During

Period A, the total reforested area exceeded deforested areas by approximately

1,200 ha inside and 15,800 ha outside the PAN. During Period B deforestation

instead surpassed reforestation both inside and outside the PAN by approximately

6,800 ha and 18,600 ha respectively (Figures 2.27 and 2.28).

During Period A, small pockets of reforestation occurred within several PAs of

the PAN – but no large areas were observed. However, deforestation occurred

in large areas of the PA-sw and the southern part of the PA-ne. Additionally,

very small veins of deforestation were observed within a few other PAs across the

island (Figures 2.13 and 2.17).

During Period B reforestation also occurred in a few small pockets within the

island, of which very few were located in Protected Areas. Additionally, notice-

ably large areas of deforestation were observed within the PA-sc as well as to its

exterior. Small pockets of deforestation were also observed within the majority

of the PAs of the PAN (Figures 2.14 and 2.19).
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2.4.2.3 Buffer scale

Analysis of the buffer zones for Period A showed a decrease in the total area

(%) of reforestation and deforestation as the internal distance from the PAN

boundary increased. The opposite trend occurred within the external buffers,

with an observed increase in both reforested and deforested areas as distance

from the PAN boundary increased (Figure 2.29).

For the internal buffers, the lowest level of reforestation (9%) was recorded at

the 2,000 m buffer while the highest proportion (≈14%) occurred within the 250 m

buffer. Deforestation levels ranged from approximately 8% within the 2,000 m

buffer to 10% within the 250 m buffer. The opposite trend was noticed for the

external buffers with the smallest area of reforestation (≈16%) being recorded

within the 250 m buffer, whilst the largest (≈18%) occurred within the 1,000 m

buffer. Deforestation proportions ranged from approximately 10% at the 250 m

buffer to 11% at the 2,000 m buffer (Figure 2.29).

During Period B, areas of reforestation within both internal and external buffer

sets were observed to steadily decrease with increasing distance from the PAN

boundary. In a similar manner, deforestation areas within the internal buffers de-

creased with increasing distance from the PAN, while the opposite trend occurred

within the external buffers (Figure 2.30).

During this period, low levels (<1% total area) of reforestation were observed at

all buffer scales. However, areas of deforestation were greater with areas of defor-

estation ranging between approximately 6% and 7% within the internal buffers,

and approximately 7% and 8% within the external buffers.

Finally, it should be noted that when compared to Figure 2.29, the percentage

area that was deforested during Period B was less than Period A. However when

combined with the very low levels of reforestation during Period B, the cumulat-
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ive area of non-forest cover within the PAN turned out to be greater in 2007 than

in 1969. Additionally the low levels of reforestation within the PAN boundary

during Period B imply sustained anthropogenic activity within the areas that

were deforested during Period A.

2.4.3 Annual Rate of Change in Forest cover (RCF)

As has been echoed in the results above, the positive values of the annual RCF

(Puyravaud 2003) in Table 2.2 during Period A denotes increases in total forest

cover across all scales, while the negative RCF values for Period B refers to

decreases in overall Forest Cover – which also occurred across all scales.

RCF magnitudes during Period B were greater than corresponding Period A

magnitudes at all scales – indicating that the rate at which the change in forest

cover occurred during Period B was faster than during Period A. The RCF were

consistently lower inside the PAN (including buffers) than outside. RCF mag-

nitudes within the external buffers increased with increasing distance from the

PAN boundary, while the opposite trend was observed for the internal buffers

(Section 2.3.6).

Additionally, the following results were obtained for the Chi-square tests of

independence carried out with these RCF values for Periods A and B:

• Period A: χ2(1) = 2.0, p = 0.157

• Period B: χ2(1) = 3.54, p = 0.253

The large (p ≥ 0.05) Chi-square significance values obtained for Period A (p =

0.157) and Period B (p = 0.253) both indicated that there was no statistical

significance between the rates of forest cover change inside and outside the PAN

during both these periods.
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2.4.4 Forest Disturbance and Forest Quality

The maps of Forest Disturbance and Forest Quality (Figures 2.21 and 2.22) pro-

duced by these analyses represent a merging of the general trends that have been

described by the reforestation/deforestation results of Periods A and B (Figures

2.13 and 2.14).

2.4.4.1 Island scale

Over half of Trinidad’s area has been forested since 1969 (Grade 1 forests), this

is considerably more than the area of land that has been categorised as Historic

Non-Forest (27.7%) (Figures 2.22, 2.31 and 2.32). When combined with areas

that have been under forest since 1994 (Grade 2 forests) this amounts to 58.5%

of the island; which is more than twice the combined areas of Historic Non-Forest

and Early Deforestation (Figures 2.21 and 2.32). This combination of Grade 1

and Grade 2 forests dominate the northern and eastern parts of the island and

also line its southern edge. However, Early Deforestation, Recent Deforestation

and Unstable Deforestation together constitute 13.3% of the island’s area; this

exceeds the combined areas of Early Forest, Recent Forest and Unstable Forest

which together account for 9.6% of the island. Finally, zones of forest removal

(Unstable - Deforestation, Unstable - Forest, Recent Deforestation and Early

Deforestation) have occurred mainly along the periphery of the PAN, with large

areas of forest removal detected at Area A, Area B, and along the southern edge

of the island (PA-sw, and PA-sc) (Figure 2.21). Of these, a noticeable band of

Recent and Unstable Deforestation has occurred around the northern periphery

of the PA-se, as well as inside and around the PA-ce.
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2.4.4.2 PAN scale

Within the PAN, it is clear that a combination of Grade 1 and Grade 2 forests

constitute the vast majority of the PAN’s area (87.3%) (Figures 2.33 and 2.34).

However it was also observed that apart from Early and Recent Deforestation

accounting for almost 9% of the PAN; 1.2% of the PAN is also categorised as

Unstable Deforestation (Figure 2.33). This contrasts with the situation observed

outside of the PAN, where the majority of this area is categorised as Historic

Non-Forest, which, in addition to Early Deforestation and Recent Deforestation,

constitute 52.8% of the available land. However, outside of the PAN, Grade 1

forests constitute the second largest category, which together with Grade 2 forests

comprise 44.1% of land outside the PAN (Figures 2.35 and 2.36).

2.4.4.3 Buffer scale

At the buffer scales, Grade 1 forest was observed to be the dominant category

within both internal and external buffers (Figure 2.37). Historic Non-Forest in-

creases with distance from the PAN boundary within the external buffers, while

the reverse is true for internal buffers. Additionally, the area of Grade 2 forests

was found to increase with distance from the PAN boundary within the external

buffers while the reverse occurs within the internal buffers. The Unstable areas

(Unstable Forest and Unstable Deforestation) are, like at the other scales, min-

imal; however, Recent Deforestation was observed to occur at almost constant

proportions within all buffer scales (Figure 2.38).
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2.5 Discussion

The overall increase in forest cover across Trinidad between 1969 and 1994, as

well as the reversal of this trend between 1994 and 2007, can be attributed to

different proximate causes (activities that directly result in the conversion of land

use). These stem from a combination of several drivers (the underlying processes

which give rise to proximate causes) which are, by nature dynamic and the effects

of which, are difficult to distinguish on an individual basis.

There is also, an acute paucity of published material on these proximate causes

and drivers which could be cited for this chapter. Hence there is frequent qual-

ification of information under the category of ‘personal communication’ within

this discussion. Indeed, a wealth of local, unpublished knowledge exists about

the history and management of forests in Trinidad as well as the consequences of

such management. However this information is lodged only in the minds of sev-

eral individuals who have been involved in forest related activity over many years.

Unless an effort to record and publish this information is made, this knowledge

is in peril of disappearing once these individuals are no longer alive.

2.5.1 Effectiveness of the PAN

It is unsurprising that the Chi-square analyses in Section 2.4.3 indicated that

there was no statistical significance between the rates of forest cover change in-

side and outside the PAN during both Periods A and B. Firstly, Trinidad’s PAN

is distributed across both flat (and hence accessible) and difficult (to access) ter-

rain; with the latter being associated mainly with PAs located within Northern

Range. Because there is no bias towards difficult to access locations for the place-

ment of PAs, there is no automatic protection from anthropogenic activity across
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the majority of the PAs that comprise the PAN. Additionally as discussed within

Sections 2.5.2 to 2.5.4, there are a multitude of proximate causes (and associated

drivers) of reforestation and deforestation both inside and outside of the PAN

– which may not necessarily be connected to each other. For example, the har-

vesting of teak by the Forestry Division within the PAN is in no way influenced

by the neighbouring anthropogenic activity occurring along the outer borders

of these PAs. Additionally, within private lands, reforestation or alternatively

deforestation for agriculture or settlement are not believed to directly influence

deforestation (or reforestation) within the PAN.

2.5.2 Reforestation

The importance of primary forests remains a cornerstone of biodiversity conser-

vation, as these areas are known to be more biologically diverse than secondary

(regenerating) forests. However, comparative studies investigating biodiversity

levels within primary and secondary forest report that while primary forests are

characterised by greater species richness, secondary forests may also contain relat-

ively positive levels of species richness. Further, compared to recent regeneration,

older areas of regeneration are known to have (i) higher levels of species richness

(Dunn 2004) and (ii) higher levels of community similarity to adjacent primary

forest (e.g., Sodhi et al. 2005).

Hence, while efforts to preserve remaining bodies of primary forest are im-

perative, areas of regenerating forest are also important for the conservation of

biodiversity – as apart from maintaining greater levels of species richness than

agricultural and other human-dominated land uses (Wright and Muller-Landau

2006); they also provide ecosystem goods and services (Myers 1997) and feature

prominently within carbon sequestration initiatives (Yu 2004). These character-
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istics are complementary to PAs (Barlow et al. 2007), and hence planned (and

natural) reforestation can be used as a valuable instrument for increasing land-

scape connectivity (Fischer et al. 2006) by linking forest fragments to each other

or to other bodies of extensive forest both inside and outside of PAs (Stouffer

et al. 2006).

During Period A, reforestation within Area C, as well as along the north-central

and north-eastern coastlines of Trinidad (Figure 2.13), has been attributed to the

abandonment of agricultural lands, mainly cocoa and coffee estates during the

1960s (Ali, pers. comm. 2010; Maharaj, pers. comm. 2010). Collapse of the local

cocoa and coffee industry resulted in an abandonment of the majority of these

plantations during the 1960s and 1970s; as these industries, already plagued with

problems of disease, suffered from a plummet of global cocoa and coffee prices as

well as a shortage of labour (Bekele 2003; Griffith 1987). This shortage of labour

for agricultural activity increased dramatically between 1973 and 1983 following

decades of strong economic, industrial and infrastructural growth. During this

‘Oil Boom’ era much agricultural land was abandoned in preference to more

lucrative employment within industry and commerce (Fairhead and Leach 2003).

These abandoned cocoa and coffee estates as well as other abandoned agricultural

lands eventually developed into secondary forest.

Another contributor to the high level of reforestation during Period A was the

‘Northern Range Reforestation Project’ which was initiated by government fund-

ing during the 1970s, and continued into the 1980s with aid from the United

Nations Development Programme (UNDP) and the FAO (Fairhead and Leach

2003). It involved the replanting of denuded or semi-denuded state-owned wa-

tersheds primarily with Caribbean Pine (Pinus caribaea) (Lackhan 1980, 1984).

The choice of the non-native Caribbean pine for reafforestation was questioned

by many and it led to a noticeable change in the structure and composition of
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many areas of adjacent forests. Additionally, these forests suffered from increased

incidence of fires as well as acidification of their soils due to the large scale in-

troduction of this species (Ali, pers. comm. 2010; Maharaj, pers. comm. 2010;

Mohammed, pers. comm. 2010).

Additionally, small pockets of reforestation, scattered throughout the island,

were initiated by community groups and NGOs. The 1980s and mid 1990s also

saw an increase in environmental concern within the public and ultimately the

political domains. This process was boosted by public concern generated from

a number of isolated events such as the extended dry season of 1987 – and the

forest fires that ensued. The result was a noticeable increase in environmental

activism as well as an organised network NGOs, community based groups and

organisations, many of which actively engaged in community conservation pro-

jects (Fairhead and Leach 2003; Kenny 2000). Additionally, according to Maharaj

(pers. comm. 2010), there was an increase in the development of private timber

plantations of species such as the Columbian Cedar (Cedrela odorata) during

Period A. This was seen as a lucrative investment without unwanted risks, such

as praedial larceny.

One of the most striking observations derived from the study of Figures 2.26,

2.27, 2.28 and 2.29 was the dramatic reduction in the areas of reforestation at all

scales from Period A to Period B (Figures 2.13 and 2.14). While it is difficult to

discern proximate causes for this drastic reduction of new areas of reforestation

during Period B; it is clear that during this period (B) there was a continued

spread of residential settlement, commerce and agriculture eastwards across the

island.
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2.5.3 Deforestation

Consultation with local personnel of the National Forestry Division indicated that

the majority of the large areas of deforestation occurring during Period A were

caused by isolated fire events. According to Ali (pers. comm. 2010) the deforest-

ation within Area A occurred as a result of two major fires occurring within the

Aripo Savannas and the Melajo Forest Reserve during the 1980s (Figure 2.13).

The destructive effects of these fires were later compounded by a combination

of legal and illegal quarrying, illegal logging and squatting for settlement and

shifting agriculture (Kenny 2000). Deforestation within Area B occurred mostly

due to the spread of residential settlement further east, this was also mixed with

a combination of small scale industry such as quarrying activities and residential

squatting. Similarly, deforestation within the PA-sw and its northern, eastern

and southern periphery is attributed to the encroachment of agriculture and the

influence of settlement and industry which expanded south-eastwards from Point

Fortin and other neighbouring towns. Finally, the small scattered pockets of de-

forestation observed across the island stemmed mainly from the development of

private lands for isolated settlements, agriculture as well as illegal slash and burn

agriculture (Ali, pers. comm. 2010; Maharaj, pers. comm. 2010).

Despite deforestation exceeding reforestation during Period B, the gross area

of deforestation occurring at all scales during Period B was less than that which

occurred during Period A (Figures 2.26, 2.27, 2.28 and 2.29). During Period

B, Area C, which was reforested during Period A, was subsequently infiltrated

by road networks stemming from Sangre Grande. This eventually gave rise to

small, scattered pockets of agriculture and to a lesser extent, the establishment

of settlement. Settlement within this area is also reported to have given rise to

a number of forest fires which contributed further to the scattered pockets of
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deforestation within this area (Maharaj, pers. comm. 2010).

According to Ali (pers. comm. 2010), during Period B, the large area of new

deforestation located to the north of PA-ce as well as the small pockets within

the PA-ce (Figure 2.14) occurred as a result of the harvesting of teak (Tectona

grandis) by the Forestry Division. Likewise, the two large areas of deforestation

within and to the north of the PA-sc were also due to T. grandis harvesting by

the Forestry Division.

Apart from larger pockets of deforestation discussed above, the buffer analyses

for both Periods A and B indicate that small pockets of deforestation contin-

ued to occur within the PAN. These were mainly attributed to illegal squatting

for agriculture and marijuana (Ali, pers. comm. 2010; Mohammed, pers. comm.

2010). During vegetation sampling trips, I have on several occasions encountered

areas of forest that have been cleared and replaced by cash crops some several

hundred metres within the PAN boundaries, while marijuana plantations were

always encountered much further into the PAN – usually (but not always) within

difficult terrain. These activities appeared to be the direct result of a lack of

enforcement of the PAN boundaries.

During Period B the patterns of (i) increasing areas of deforestation as the

external buffer radius increased, (ii) the accompanying opposite trend within

increasing internal buffer radii (Figures 2.29 and 2.30) together with the obser-

vation that (iii) most of the major PAs (apart from those within Area A and the

PA-sw) did not experience increased deforestation (relative to Period A) (Figure

2.27) can be explained by several factors. Firstly, the majority of the PAs on the

island are located within the eastern half of the island – away from major centres

of settlement and development. Both the PA-sw and those that were affected by

deforestation within Area A were either directly adjacent to population centres

and/or were in the direct path of development trajectories. Secondly, the PA-
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ce, most of PA-ne (unaffected by deforestation) as well as smaller PAs located

within the north-western regions of the island are characterised by difficult terrain

– which is a well documented natural deterrent to settlement, agriculture and de-

velopment of population centres. The PA-se is protected by the operations of the

local petroleum industry located within it – which actively secures the perimeter

of this PA, thus preventing unauthorised encroachment of any kind. The small

pockets of deforestation within the PA-se were due to activities of the petroleum

industry as well as the granting of permission to small-scale farmers to cultivate

limited areas along the periphery. Finally, many parts of the periphery PA-sc

consist of state-owned teak plantations – which serve as an effective deterrent to

encroachment of agriculture and settlement.

During Period B, a combination of (i) the decrease of gross areas of new de-

forestation at all scales (versus Period A), (ii) a general shift in the proximity of

new deforestation pockets nearer or adjacent to the PAN boundary (compared to

Period A) and (iii) the occurrence of very little new reforestation infer the pos-

sibility that anthropogenic activity is beginning to exhaust the amount of land

that is available outside of the PAN. This is especially significant when combined

with the facts that: (i) the rate of forest cover change for Period B was much

faster at all scales than during Period A, (ii) the cumulative area of forest loss

within the PAN was greater during 2007 than during 1969 (Figure 2.24) and (iii)

there appears to be sustained anthropogenic activity within the areas that have

been deforested within the PAN during Period A.

2.5.4 Persistent proximate causes

The loss of forest cover due to fires is an annual cause for concern. It is estimated

that an average of approximately 4,600 ha of forest was destroyed by fires each
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year between 1987 and 1996 – with anthropogenic activity listed as the primary

cause (Dillon Consulting 2004). These forest fires vary each year in location and

area; however, with the almost non-existent enforcement of the PAN boundaries,

little has been done to address and prevent potential fires (Ali, pers. comm. 2010).

Quarrying is also a know contributor to the erosion of forest cover, especially

since its effects are almost impossible to reverse. According to Dillon Consulting

(2004), during 1993 there were an estimated fifty-seven registered quarries – of

which 77% were operated on state land. Since then there has been a perceived in-

crease in the amount of forested land that has been converted to quarries – fuelled

by increased demand for gravel and sand from a booming construction industry.

There is growing public concern at this increase since little or no remediation is

done after an area has been quarried (Maharaj, pers. comm. 2010).

Additionally illegal logging on both private and State lands remains a common

and widespread problem. Discussions with personnel from the National Forestry

Division and several NGOs indicated that possible solutions to this problem may

involve (i) active enforcement of the PAN boundaries as well as (ii) a change

in legislation which allows forest officers based in the field to be trained in the

carrying fire-arms for self-protection during the execution of these enforcement

duties.

Furthermore during 2004, agricultural cultivation (including slash and burn

agriculture) was estimated to occupy 35% of the island; in addition to which,

there has been consistent expansion of areas under irreversible land use such

as settlement, transport networks, industry and commerce (Dillon Consulting

2004). This in combination with a population increasing at a rate of 1.2% and a

population density of about 261 persons per square kilometre (WBG 2011) has

led to land use conflicts which have not been resolved and which continue to

increase with time (Dillon Consulting 2004; Hosein 2007).
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2.5.5 Final comments

As mentioned in Section 2.1.4, increases in forest cover as a result of declining

agriculture over the last decade has been reported in several Caribbean nations

such as Puerto Rico, St. Kitts and Nevis (Grau et al. 2003; Helmer et al. 2008;

Rudel et al. 2000). However, as shown in this study’s comparison between Periods

A and B, land abandonment does not guarantee forest recovery. The direction

of economic activity and resulting allocation of land as well as the distributions

of populations are key elements that determine the fate of forest recovery. For

example, the island of Puerto Rico experienced increased reforestation during the

1980s and 1990s due to a declining agricultural industry. This regrowth of forest

was initiated by this change in economic activity from agrarian to manufacturing

and services in conjunction with population migration towards urban centres.

Forest regrowth was however sustained by the shifting of the population centre

to the coastal zones (away from the geographic centre of the island) – which

contains centres of industry, transport and commerce (Lugo 2002). This is not

the case in Trinidad – where as shown above, it seems that remaining areas of

non-protected, flat lands are being encroached by settlement, agriculture and

industry and other forms of irreversible development at an increasing rate.

Human population densities of the Caribbean SIDS have long been known to be

higher than their continental neighbours within the tropics (Lugo 2002; Lugo et

al. 1981). The management and protection of forest cover in the face of increasing

populations within these small, fixed geographic areas will require foresight and

land use planning. This study illustrates the failure of Trinidad to (i) sustain

forest regrowth between Periods A and B and (ii) maintain or increase the area

of forest cover within its PAN. Additionally it highlights an increasing threat of

encroachment into the PAN within the southern edge of the island by showing
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that the peripheries of major PAs such as the PA-sw, PA-sc, PA-se and PA-ce are

being lined with Recent Deforestation (Figure 2.21) and Grade 2 Forests (Figure

2.22). Case studies such as this should serve as sentinels which herald the need for

careful management and planning of existing forest resources within small islands

if conservation of biodiversity is to be attempted. The ad-hoc ‘crisis management

by prohibition’ approach which is the main strategy of the Forestry Division for

the conservation and management of its forest resources may not be adequate

or effective in conserving remaining areas of forest which are under increasing

pressure from alternative and often irreversible forms of development.

The introduction of proactive management strategies is required for state owned

forests– as these have been identified as better representations of natural areas

than private forests (which have been converted in varying degrees to other uses)

(Dillon Consulting 2004). Examples of more proactive management include (i)

the establishment of an effective mechanism for the enforcement of the PAN

boundaries; (ii) regulation of activities both within the PAN and designated ex-

ternal buffer zones and (iii) the development of management plans based on

both scientific data and community consultation (GOTT 2009b). Additionally,

independent studies have suggested the need for implementation of conservation

strategies that are sustainable and holistic in nature and which also include (i)

the protection of endemic and other species of high conservation value as well as

(ii) the identification of areas of high biological significance for the conservation of

biodiversity during the present-day and into the future (Dillon Consulting 2004;

EMA 2005).

There is to date, no established, legal system of national parks and protected

areas for Trinidad and Tobago, indeed there are not even existing officially sur-

veyed maps of the PAN. The absence of this legal system of National Parks is

directly linked to the absence of an effective and legal structure to facilitate such a
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system (Dillon Consulting 2004; EMA 1999; Thelen and Faizool 1980). Examples

from other Caribbean SIDS such as Jamaica and Dominica have shown that a

National Parks and Protected Areas agency or administrative body is required

to administer management and conservation of the remaining forest resources

– however, such a body can only be established via effective legislation (Dillon

Consulting 2004).

The first step in this direction was taken in early 2011 when drafts of the

‘National Protected Areas Policy’ and the ‘National Forest Policy’ were approved

by the cabinet of the government of Trinidad and Tobago. The former works

toward ‘the selection, legal designation and management of a national system

of PAs’ while the latter aims to update archaic legislation and a list of other

pre-requisites which are necessary for “the maintenance of forest ecosystems in

light of competing demands for land”. The success of implementing these policies

will ultimately play a large part in determining the fate of the remaining forest

resources and the terrestrial biodiversity of Trinidad.
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2.6 Tables

Forest Non-Forest
Forest plantation Mangrove
Forest Land Swamp
Evergreen Forest Mixed Rangeland

Herbaceous Rangeland
Shrub and Brush Rangeland
Forested Wetland

Table 2.1: Noteworthy land use categories included in the ‘Forest’ and ‘Non-
Forest’ themes of the Forest cover polygons.

Annual Rate of Forest Cover Change
(per year)

Scale Period A (1969–1994) Period B (1994–2007)
Island 0.23 -0.67

Inside PAs 0.03 -0.37
Outside PAs 0.42 -0.95

250 m outside PAs 0.30 -0.60
500 m outside PAs 0.30 -0.63

1,000 m outside PAs 0.36 -0.70
2,000 m outside PAs 0.38 -0.82

250 m inside PAs 0.27 -0.56
500 m inside PAs 0.19 -0.54

1,000 m inside PAs 0.10 -0.54
2,000 m inside PAs 0.04 -0.50

Table 2.2: Annual Rate of Forest Cover Change at all scales during Periods A
and B.
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Forest (F) or
Non-Forest (N)

1969 1994 2007 Binomial
Code

Conversion
to Decimal

value

Decimal
Value

Forest
Disturbance

Status

Coarse
Forest

Quality

N N N 0 0 0 0·22+0·21+0·20 0 Historic
Non-Forest –

F N N 1 0 0 1·22+0·21+0·20 4 Early
deforestation –

F F N 1 1 0 1·22+1·21+0·20 6 Recent
Deforestation –

N F N 0 1 0 0·22+1·21+0·20 2 Unstable with
Deforestation –

F F F 1 1 1 1·22+1·21+1·20 7 Historic
Forest Grade 1

F N F 1 0 1 1·22+0·21+1·20 5 Unstable with
Forest Grade 3

N F F 0 1 1 0·22+1·21+1·20 3 Early Forest Grade 2
N N F 0 0 1 0·22+0·21+1·20 1 Recent Forest Grade 3

Table 2.3: Derivation of Forest Disturbance status and Forest Quality between
1969 and 2007.
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2.7 Figures

(Generated by Department of Geomatics Engineering and Land Management, 2009)

Figure 2.1: Location of Trinidad within the Caribbean.
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Figure 2.2: The Protected Areas Network (PAN) of Trinidad.
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Figure 2.3: Dissolved Forest Cover during 1969.

92



2.7 Figures

Toco

Port-of-Spain

San Fernando

Point Fortin

Mayaro

¬

0 30
Kilometers

Area A

PA-ne

PA-sw

× ×
×

PA-se
×

PA-sc
×

Area B

×
Area C×

Legend
Trinidad Coastline

Protected Areas

Forest Cover during 1994

PA-ce×

Figure 2.4: Dissolved Forest Cover 1994.
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Figure 2.5: Dissolved Forest Cover 2007.
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Figure 2.6: Overlay of buffer zones constructed within the boundaries of the
Protected Areas Network.
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Figure 2.7: Overlay of buffer zones constructed outside the boundaries of the
Protected Areas Network.
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Figure 2.8: Forest Cover within the internal 1,000 m buffer during 2007.
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Figure 2.9: Forest Cover within the external 1,000 m buffer during 2007.
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Figure 2.10: Forest Cover within the Protected Areas Network during 1969.
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Figure 2.11: Forest Cover within the Protected Areas Network during 1994.
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Figure 2.12: Forest Cover within the Protected Areas Network during 2007.
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Figure 2.13: Areas of deforestation and reforestation between 1969 and 1994.
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Figure 2.14: Areas of deforestation and reforestation between 1994 and 2007.
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Figure 2.15: Deforestation and reforestation within the internal 1,000 m buffer
during Period A (1969 to 1994).
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Figure 2.16: Deforestation and reforestation within the external 1,000 m buffer
during Period A (1969 to 1994).
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Figure 2.17: Areas of deforestation and reforestation inside the Protected Areas
Network during the period 1969 to 1994.
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Figure 2.18: Areas of deforestation and reforestation outside the Protected
Areas Network during the period 1969 to 1994.
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Figure 2.19: Areas of deforestation and reforestation inside the Protected Areas
Network during the period 1994 to 2007.
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Figure 2.20: Areas of deforestation and reforestation outside the Protected
Areas Network during the period 1994 to 2007.
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Figure 2.21: Forest Disturbance within Trinidad between 1969 and 2007.
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Figure 2.22: Forest Quality within Trinidad between 1969 and 2007.
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Figure 2.23: Total forest cover within Trinidad during 1969, 1994 and 2007.
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Figure 2.24: Total forest cover within the Protected Areas Network during 1969,
1994 and 2007.
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Figure 2.25: Total forest cover within buffer zones during 1969, 1994 and 2007.
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Figure 2.26: Areas of deforestation and reforestation during Periods A and B
at the island scale.
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Figure 2.27: Areas of deforestation and reforestation inside the Protected Areas
Network during Periods A and B.
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Figure 2.28: Areas of reforestation and deforestation outside the Protected
Areas Network during Periods A and B.
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Figure 2.29: Deforestation and reforestation within internal and external buffer
zones for Period A.
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Figure 2.30: Deforestation and reforestation within internal and external buffer
zones for Period B.
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Figure 2.31: Forest Quality at the island scale.
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Figure 2.32: Forest disturbance status at the island scale.
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Figure 2.33: Forest disturbance inside the Protected Areas Network.
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Figure 2.34: Forest Quality within the Protected Areas Network.
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Figure 2.35: Forest disturbance outside the Protected Areas Network.
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Figure 2.36: Forest Quality outside the Protected Areas Network.
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Figure 2.37: Forest Quality within internal and external buffer zones.
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Figure 2.38: Forest disturbance within the internal and external buffer zones.
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Chapter 3

Ecological Perspectives of the
Vegetation within Trinidadian

Forests

3.1 Introduction

3.1.1 Past ecological perspectives of Trinidadian forests

Trinidad has a long history of plant collection and description which can be

traced back to the early sixteenth century to the work of Spanish historian and

writer Gonzalo Fernández de Oviedo y Valdés (1478–1557) (Baksh-Comeau et

al. 2011). During the 20th century, floristic and taxonomic studies gave way to

national forest-based vegetation and synecological studies geared towards trees

and timber production. The first detailed forest inventories and analyses of the

then British colony began during the 1920s, under the Forest Conservator, Cap-

tain Reginald Charles Marshall. Marshall (1925, 1926, 1928) was concerned that

there was only ‘a vague general idea’ of the island’s forest resources and a self-

supporting timber industry was needed (Marshall 1925, 1926). Consequently, the

Forestry Department embarked upon a detailed enumeration survey of the type
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and amount of timber on the island in 1927.

Marshall’s survey consisted of a one percent sampling of the forests within

the Crown Lands of Trinidad using strip transects (spaced five kilometres apart),

along which all trees above 30 cm Diameter at Breast Height (DBH) were recorded

and identified. Soil, topographic and ecological details which, based on long-

term observations, were believed to affect the distributions of the trees were also

measured. Physiography and Vegetation of Trinidad and Tobago (Beard 1946b;

Marshall 1934) was based on data collected from surveys across the bulk of low-

land Crown forest between 1927 and 1933. Inspired by the work of Arthur Tansley

(1871–1955), then Professor of Botany at Oxford, Marshall distinguished twenty-

one different vegetation associations, based on habitat, structure and floristic

composition, and named according to the most plentiful of the valuable timber

dominants found within each forest. Additionally, Marshall noted transition zones

between different forest types and surmised that moisture availability was the

main controlling factor responsible for the distribution of different vegetation

types.

Today, the most universally applied description of Trinidadian forests, with re-

spect to forest management, is the work of John Stanley Beard (1916–2011), an

ecologist employed by the Forestry Department in the 1940s. The Natural Veget-

ation of Trinidad (Beard 1946b), described by many as the most comprehensive

vegetation classification for the island, was the result of ecological research carried

out to provide data for the formulation of a land policy by the Lands Advisory

Committee of the Government. While based on Marshall’s (1934) publication,

Beard’s study had the advantages of additional data from the enumeration sur-

veys, which continued until 1941, and data from the Northern Range (which was

previously not surveyed due to its difficult terrain).

Unlike Marshall (1934), Beard’s definition and description of forest structure
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was based upon a hierarchy of ‘associations’ and ‘formations’. The ‘association’,

referring to floristic units (based on dominant timber species), was the more

basic unit. ‘Formations’ were climax associations, grouped according to their

structure and physiognomy, and were independent of the plants they comprised.

Following strict hierarchy, formations could have one or more associations, but

an association could only belong to one formation.

Furthermore, he was of the opinion that in the tropics, it was the moisture-

supplying ability of the soil which was the important consideration and that this

was not necessarily at all closely concerned with climate. While he maintained

that ‘the ecosystem, in fact, is one and indivisible,’ he classified his formations

based entirely on moisture relations which he believed result from the interplay

of climate, topography and soil. With this as a basis, he classified the forest

communities within Trinidad into formations, and proposed four climatic and

two edaphic climax formations – from which he identified a total of seventeen

different associations and fourteen sub-associations within the island.

This classification system was based upon his collection of data on physiognomy,

inspiration from the works of Richards, Tansley and Watt (Richards et al. 1940)

and the development of well-illustrated forest profile diagrams inspired by Richards’

work in Sarawak (Richards 1936). In the process, Beard went against the prevail-

ing wisdom at the time which maintained that there could only be one type of

climax vegetation (namely a climatic climax, and that communities influenced

by edaphic factors were sub-ordinate) (Clements 1928, 1936). This was perhaps

not surprising, given Beard’s ‘support’ of Tansley, who was very much against

Clements’ views on this matter.
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3.1.2 Vegetation research in the 21st century

In the 21st century, two studies inventoried and sought to describe island-wide ve-

getation patterns within Trinidadian forests. Howard Paul Nelson (2004), in his

doctoral thesis, conducted a vegetation inventory using 43 modified-Whittaker

plots sampled between 1998 and 2001. All woody stems above 10 cm DBH

were measured and identified in each plot (0.1 ha). Nelson developed a concep-

tual model, strongly influenced by the Holdridge’s Life Zones concept (Holdridge

1964), that showed how vegetation varied with climate. Nelson’s model com-

prised a three-tiered hierarchical system of: (i) ecoregions; (ii) life zones; and

(iii) landscapes in decreasing spatial extent. It was concluded that the island’s

forest ecosystems were biogeographically part of a transitional zone between the

moist tropical forests of Guyana (south and east Trinidad) and the savannahs and

dry forests of Venezuela (south and west Trinidad). Furthermore, he postulated

the Northern Range was biogeographically-associated with Venezuelan coastal

montane forests.

Nelson pointed out that a fundamental weakness of Beard’s (1946b) forest clas-

sification system was that it was based only on dominant trees. Additionally,

he criticised Beard’s underlying assumption that Trinidad’s forest communities

are relatively stable in composition and ecology and which tend towards a ‘cli-

max’ condition. In contrast, Nelson’s study assumed Trinidadian tropical forest

systems were not at equilibrium and showed forest composition could shift in re-

sponse to periodic, irregular and stochastic climatic processes, as well as human

activities. Nelson’s study also questioned the ‘uniqueness’ of some of the forest

associations described by Beard, suggesting that these communities existed on

a precipitation/moisture availability continuum and not necessarily as discrete

units.
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The second Trinidadian vegetation inventory (2005 to 2008) was a collaboration

among the UWI, Trinidad, the National Forestry Division of Trinidad and Tobago

and the University of Oxford. This inventory was the first Trinidadian vegetation

inventory to include all terrestrial, vascular plants; not just tree species. All ter-

restrial vascular plants at one hundred and ninety-five sites across the island were

sampled using the Rapid Botanical Survey (RBS) method (Hawthorne and Abu-

Juam 1995). The results of this survey were used to produce The vascular flora of

Trinidad and Tobago: A checklist with conservation status (Baksh-Comeau et al.

2011), although no assessment of the vegetation structure or ecology based on

these data has been published.

Today, the Forestry Division of Trinidad and Tobago continues to manage most

of the country’s forest resources based on Beard’s work (1946b). It continues to

produce annual reports of forest composition based on timber stocks. Timber

species composition and size data have been regularly sampled within at least

one hundred and seventy-four Permanent Sample Plots (PSPs), established in

1983, but these data have not been analysed in detail (Fairhead and Leach 2002).

Furthermore, neither the annual forest composition reports nor the PSP data

includes information on non-timber species and thus continue to lack a holistic

account of vegetation biodiversity or structure.

This chapter makes use of the above RBS inventory’s species abundance data

collected for both trees and non-tree species to assess the distribution and ecology

of the island’s vegetation ‘communities’. This is in order to generate a list of

species to be used in the analyses of Chapters 4 and 5 which investigate the use

of SDM as potential tool for informing conservation planning in the face of a

changing climate. Limited to already existing knowledge and information that

will be generated by this chapter’s analyses, this list will be based solely on (i)

the ecological importance, (ii) commercial importance and (iii) global/regional
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rarity status of dominant tree species within the island. Moreover, the choice

of species will be limited only to tree species, as this is the only group that has

been adequately sampled within the island to have ample distribution data that

is necessary to develop sound species distribution models (discussed further in

Chapter 4). Finally, it is emphasised that this chapter neither seeks to develop

another vegetation classification scheme nor suggest a conservation strategy for

the forests of Trinidad.

3.2 Methods

3.2.1 Sampling of vegetation data

3.2.1.1 Rapid Botanical Surveys

A high resolution inventory of Trinidadian terrestrial vascular plants was conduc-

ted using the plotless RBS method (Hawthorne and Abu-Juam 1995) between

2005 and 2008. As described in detail by Baksh-Comeau et al. (2011) the RBS

technique is a hybrid of synecological and purely floristic methods, and is de-

signed to describe details of a flora for the purposes of biodiversity management;

it does not include data on tree size, volume and growth rates.

The distribution of RBS sites (Figure 3.1) was designed to maximise the cov-

erage of the terrestrial vascular indigenous flora of Trinidad. The majority of the

195 sites sampled within the island were located within areas of natural veget-

ation (mainly forests), with a bias against sites which were likely to be of very

low conservation value, for example, plantations, ruderal, urban and temporary

communities. However, some presumed low conservation value communities were
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included to ensure a uniform spatial distribution of RBS sites within the island.

Non-forest locations included savannahs, swamps, coastal vegetation, plantations

(cocoa, coffee, teak), rice fields, abandoned sugar-cane plantations and partially-

settled regions.

3.2.1.2 Sampling procedure

Plotless RBS samples were conducted within vegetation landscapes across the

island; with ’plotless’, meaning that they could be of any shape, and were usually

limited by the physical features within a given landscape. For example, a sample

area would be linear in shape if situated along the top of a narrow mountain

ridge.

Samples were based around a focal point, from which all taxa were collected

within 10–100 m (depending on physical limitations). Collection of vegetation was

divided into three main groups: trees, shrubs and herbs. Due to difficulties in

sampling and identification, germinated seedlings and dead trees were excluded,

whilst epiphytes were collected only if within easy reach from the ground.

Canopy trees (trees with boles ≥30 cm DBH) were identified to species. As a

general rule of thumb at least 40 tree stems (not species) were counted for the

extent of a sample to be considered adequate (in practise this number was usually

easily surpassed). In areas with few large trees such as logged areas, palm marsh

forest, swamps and savannahs, a smaller DBH size threshold was used. This was

based on the average DBH of an arbitrary 30 trees closest in proximity to the

focal point from which the survey was based. RBS sites with few trees, such as

rice fields and abandoned sugar-cane plantations, were considered complete when

sampled within a radius of 100 m (unless restricted by terrain).

The abundance of tree species with <30 cm DBH was ranked according to a
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3-point index (based on field observations): 1, rare, few or not many within the

entire area; 2, common, occurring frequently within the area sampled; and 3,

dominant within the area. Shrubs and herbs were also ranked according to this

index. These assessments were done by the same personnel throughout the entire

sampling effort, and were based on visual rather than measured quantities of

individuals. In addition, background site information was also recorded, including

the state of the vegetation with respect to management, threats and disturbance

levels, soil texture and colour, slope, GPS location co-ordinates and gazetteer

information.

Specimens of each plant ‘morpho-species’ were tagged with unique alpha-numeric

codes and brief ecological details recorded on a field survey sheet. All specimens

were pressed in the field and taken to the National Herbarium of Trinidad and

Tobago for later processing and identification.

3.2.1.3 Identification and databasing

Of the 195 RBS sites sampled during the inventory of Trinidad (Figure 3.1),

approximately 20,000 specimens were collected, of which about 90% of these

were sterile. The identification of these thousands of mainly sterile specimens

took place at the National Herbarium of Trinidad and Tobago. The specimens

were first sorted according to families from which the species names were further

resolved using the reference collection and resources of the National Herbarium.

The identified specimens together with their respective field notes were managed

within the Botanical Research and Herbarium Management System (BRAHMS)

(DPSOX 2004).
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3.2.2 Selection and preparation of RBS data

3.2.2.1 Omission of RBS points

As this study sought to find tree species important to vegetation associations

within the natural, terrestrial forests of Trinidad; a total of thirty RBS sites from

the vegetation survey (Section 3.2.1.1) which were not located within naturally-

occurring terrestrial forests were omitted from these analyses. These included:

(a) swamp/marsh vegetation; (b) savannahs; (c) xerophytic coastal vegetation;

(d) plantation samples – including teak, Caribbean Pine, citrus and coconut;

(e) rice fields; (f) abandoned sugar cane plantations; and (g) abandoned and

regenerating coconut plantations. The RBS abundance data (trees, shrubs and

herbs) for the remaining 165 RBS sites (Figure 3.1) were extracted from the

BRAHMS database.

3.2.2.2 Creation of an abundance index for canopy trees

Abundance data were collected in different ways for canopy trees vs non-canopy

trees (saplings); the former were count data, while the latter were categorical

(0 to 3). The abundance of trees, shrubs and herbs were each collected by the

same surveyors within the survey team at all RBS sites. Because the objective of

these analyses was to generate a list tree species for SDM in Chapters 4 and 5,

it was necessary to combine the sapling abundance data with the ‘adult’ count

data. This combination was necessary because sapling abundance (<30cm DBH)

is considered to be an indicator of the regenerative capacity of tree species. It

is therefore necessary to integrate sapling abundance with that of ‘adult’ trees

when modelling the distribution of tree species. This is because a list based only

on the contribution of count data of usually long-lived ‘adult’ trees would not
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necessarily imply that the present climate was still suitable for their continued

regeneration.

In order to combine these two data types, it was necessary to convert adult tree

count data into an abundance index, with the same limits as the sapling data (0

to 3). For a given canopy tree species the number of individuals was calculated as

a percentage of the total number of trees counted for the plot. These percentages

were converted to abundance scores as follows:

• 0 = absent

• 1 = up to 33.33%

• 2 = from 33.34% to 66.66%

• 3 = from 66.67% to 100%

3.2.2.3 Combination of tree and sapling abundance indices

Three methods were considered for combining tree and sapling abundance indices

for a given species: (i) using the maximum index value, (ii) using the minimum

index value; and (iii) using the mean index. Option (iii) was dismissed since

both abundance indices were categorically different and could not be averaged.

Option (i) potentially over-estimated sapling data since high sapling abundance

may not reflect high abundance of mature trees. Option (ii) displayed the opposite

problem since low sapling abundance compared to adult abundance may be due

to factors such as sampling prior to germination, initial growth of seedlings and

human interference. Option (i) was chosen as it was likely to provide the best

representation of the potential of a species to occur within a given RBS site,

in addition to which, less stochasticity (e.g., human interference) was associated

with it than with option (ii). As such, the final ‘modified species abundance’
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used for the ordination analyses was then taken as the higher of the two scores

(observed non-canopy abundance vs calculated canopy tree abundance scores).

3.2.3 Treatment of data for multivariate analyses

The combined species abundance data were imported as a rectangular matrix into

the PRIMER VI software (Clarke and Gorley 2006) for subsequent analysis. All

analyses were multivariate and included: (i) calculation of a similarity matrix;

(ii) definition of ‘ecological clusters’ consisting of similar sample sites; and (iii)

the breakdown of species contribution to within-cluster similarity (Clarke 1993).

3.2.3.1 Transformation

Tropical forests are characterised by higher levels of plant alpha diversity (versus

temperate forests); with high numbers of rare and uncommon species within a

given unit area (Turner 1996; Wright 2002). Because of this potential for only a

small proportion of the species within a given RBS site to be abundant, a mild

transformation was needed to provide greater weight to the mid-range and rare

species in relation to abundant species within a given site. Square root trans-

formation enabled down-weighting of the importance of the few highly abundant

species so similarity analyses would depend not only on these few highly abund-

ant species, but also on the less common mid-range species (Warwick and Clarke

1995).

3.2.3.2 Alternative treatment of abundance data

It is clear that the treatment of the data described in Sections 3.2.2.2 to 3.2.3.1

above was not ideal. However, in order to (i) include sapling abundance and (ii)
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integrate the effects of abundance within the analyses, the above treatment of the

data was considered to be the best possible combination of the options available

at each stage of the treatment.

Alternatively, one might argue that the only way to remove most of the po-

tential errors within the above described treatment would be to perform a pres-

ence/absence transformation upon the combined abundance data matrix (Section

3.2.3.1). This would certainly remove any concerns pertaining to the use and com-

bination of different abundance indices for the tree and sapling data described in

Sections 3.2.2.2 and 3.2.2.3. However, the use of a presence/absence transforma-

tion was not considered to be a suitable choice in keeping with the objectives of

this chapter. This is because it would remove all of the abundance information

altogether from the RBS sites – giving the impression that the abundance levels

for all species were uniform to each other. This conflicts with the objective of

these analyses, which seeks to identify tree species based on their ecology – of

which differences in abundance are thought to play a key role.

However, for comparison, alternative analyses in which the combined abund-

ance matrix was transformed using presence/absence was also carried out. These

results are included in Appendix A.

3.2.3.3 Similarity matrix

A triangular similarity matrix, using the using the Bray-Curtis measure (Bray and

Curtis 1957), was needed where similarity within groups are higher than between

groups. The Bray-Curtis measure was used for four reasons. Firstly, Bray-Curtis

takes a value of 100 when two samples A and B are identical, and changes in

measurement unit do not affect its value. However, unlike other coefficients, when

there are no species in common it takes a value 0. Unlike most other coefficients,
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it can also maintain an unchanged value (between A and B) in the following

scenarios: (i) the inclusion of a species into the array that is mutually absent from

both samples A and B or (ii) there is this inclusion or exclusion of a third sample

C into the array. Finally, the Bray-Curtis measure does not standardise by sample

totals, this flexibility allows it to define differences in total abundance between A

and B as a less-than-perfect similarity even when the relative abundance values

for all species are categorised as identical (Bray and Curtis 1957; Clarke and

Warwick 2001). These features were seen as especially relevant to the application

of the RBS dataset given (i) the higher numbers of rare and uncommon species

within these samples (Section 3.2.3.1) and (ii) the ‘plotless’ nature of the RBS

samples which yielded variation in total abundance between samples (Section

3.2.1.2).

3.2.4 Ordination analyses

3.2.4.1 Similarity profile test (SIMPROF)

Prior to conducting ordination analyses which seek to define ecologically similar

groups within the entire abundance dataset (165 RBS samples), a SIMPROF test

was carried out to discern whether internal group structure within the overall

dataset existed.

SIMPROF is a permutation test of the null hypothesis that a given set of

samples, which are not divided into groups on an a priori basis (as is the case

with the RBS data), do not differ from each other in multivariate structure.

Validation of the null hypothesis would imply a lack of internal group structure,

while the opposite result would provide validation for further investigation of

internal group structure (Clarke and Gorley 2006). The similarity profile itself
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consists of the entire collection of resemblances between the given samples (ranked

smallest to largest). These resemblances are ordered and plotted against their

rank. Departure of this curve from the ‘expected’ shape of the null hypothesis

curve is the basis of this test.

3.2.4.2 Cluster analysis

Cluster analysis, using complete-linkage, was applied to the similarity matrix of

the RBS abundance density data. The clustering was carried out in conjunction

with the SIMPROF routine in order to generate dendrograms with objectively-

defined groups, indicating the statistical strength (set at a 5% significance level)

of the branches/sub-structures within the tree.

The complete-linkage technique was chosen instead of the single linkage or

group average options for two reasons. Firstly, complete-linkage (as well as single-

linkage) are effectively non-metric. This means that Bray-Curtis similarities are

replaced by their ranks. The rank-similarity matrix is preferred as it maintains the

original Bray-Curtis structure but is unaffected by any non-linear rescaling of the

similarities which would otherwise affect the analyses. Secondly, single-linkage

produces large groups of linked samples in a chain like structure (resulting from

the addition of single samples at each stage of the analyses). In contrast, the

complete linkage option creates small clusters at early stages of the analyses –

and is easier to relate to for ecological analyses which seek to identify ecologically

similar groups of samples (Clarke and Warwick 2001).

3.2.4.3 Mapping of Clusters

RBS sample site locations for each of the ten clusters defined at the 9.17% simil-

arity level were mapped out within the geographic space using ArcGIS 9.3 (ESRI
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2009). This enabled determination of the: (i) general ‘location’ of these clusters;

and (ii) spatial coherence of RBS sites within each cluster.

3.2.4.4 Non-Metric Multidimensional Scaling (NMDS)

Non-Metric Multidimensional Scaling (NMDS), an unconstrained, non-parametric

ordination, was used to illustrate differences in species abundance among the 165

RBS samples. This technique was chosen as it is flexible, non-metric and allows

the use of any association measure. Additionally, it can be applied to a wide vari-

ety of scenarios, with relatively fewer assumptions about the quality and nature

of the data than for most other ordination methods (Clarke and Warwick 2001).

This final feature was particularly appropriate as the abundance data for these

analyses were ‘modified’ by combining tree count data with an abundance index

(sapling abundance) (Section 3.2.2.3).

The Bray-Curtis similarity matrix of modified species abundance densities was

used to produce a two-dimensional representation of among site resemblances.

Each site within the ordination was coded to represent their respective clusters

(Figure 3.7) and sub-clusters (Figure 3.8).

3.2.4.5 Sub-division of RBS dataset for NMDS analyses

Inspection of the arrangement of the RBS sites within Figure 3.8 (Section 3.3.2.1)

led to the further sub-division of the RBS dataset into two groups at a 0.5%

similarity level (Figure 3.5). Group 1 consisted of sub-clusters 1A to 6A while

Group 2 was comprised of sub-clusters 7A to 10A. two-dimensional NMDS plots

were then generated for both these Groups.
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3.2.4.6 Creation of a ‘summary’ NMDS plot

A ‘summary’ two-dimensional NMDS plot of ecological resemblance among all

thirteen sub-clusters (without the noise within the data) was then constructed

from amongst the entire RBS dataset. This was done by selecting and plotting

three of the most centrally-located RBS sites from each sub-cluster within the

NMDS plots of Groups 1 and 2.

3.2.4.7 Influence of environmental variables upon sub-cluster arrangement

Moisture/precipitation has been considered a key element in shaping the distri-

bution of vegetation types across the island (Beard 1946b; Marshall 1934; Nelson

2004). Additionally, Beard and Marshall included topography and soils as import-

ant factors (albeit to a lesser extent than moisture). The existence of potential

gradients within the distribution pattern of the sub-clusters associated with (i)

annual precipitation; (ii) altitude; and (iii) soil drainage capacity were investig-

ated.

However, because no replicates were collected at each of the sites sampled within

the RBS survey, it was not possible to use a statistical approach – such as the

BIOENV procedure – to explore the association between the species composi-

tion and abundance within the vegetation sub-clusters and these environmental

variables. It was also statistically invalid to treat the individual sites within a

vegetation sub-cluster as replicates – as these were situated in different localities

which were scattered across the island; and hence were not true replicates rep-

resentative of species composition and abundance as well as the environmental

conditions within a given vicinity of forest (Clarke and Gorley 2006).

Consequently, bubble plots for these parameters were superimposed upon the

NMDS plots of Groups 1 and 2 (Section 3.2.4.5) as well as the summary NMDS
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(Section 3.2.4.6). The influence of these parameters upon the vegetation within

sub-clusters (Table 3.1) was then inferred based on these results in conjunction

with Figures 3.21 to 3.23.

3.2.5 Similarity Percentage (SIMPER) analyses

The SIMPER routine was applied to the sub-clusters of the RBS samples derived

from the cluster dendrogram at: (i) the 9.17% similarity level for sub-clusters 1A,

2A, 3A, 6A, 7A, 9A and 10A; and (ii) the 13.26% similarity level for clusters 4A,

4B, 5A, 5B, 8A and 8B.

The SIMPER procedure is an exploratory rather than statistical testing frame-

work. Based on Bray-Curtis dissimilarities within a given dataset, it highlights

species that are responsible for: (i) defining a sub-cluster; and (ii) discriminating

between pairs of sub-clusters. This is done by ordering the contributions of each

species to the similarity within groups, as well as the dissimilarity between groups

(Appendix B).

For each sub-cluster, all tree species contributing to an arbitrary top 35% of

the within group cumulative similarity were determined (Table 3.2). These spe-

cies were considered the dominant tree species that defined potential vegetation

associations (sub-clusters) within the island; they are referred to as ‘ecologically

important’ species.

3.2.6 Creation of a list of tree species to be used for species
distribution modelling

The Trinidadian tree species used for SDM analyses was derived from those spe-

cies belonging to two or more of the following categories: (i) ecologically import-
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ant; (ii) commercially important; and (iii) globally/regionally/locally rare.

Firstly, both ecologically important species and the 25 most commercially im-

portant Trinidadian tree species (Table 3.3) (ICL 1980) were given their cor-

responding Star rankings (Hawthorne and Abu-Juam 1995). The Star system,

developed by Hawthorne and Abu-Juam (1995), was designed specifically for the

classification of plant species according to global rarity and conservation concern

– based on herbarium and inventory data (Baksh-Comeau et al. 2011).

From both these lists [(i) ecologically and (ii) commercially important], species

which were also categorised as (a) locally endemic or (b) with distributions limited

to local and regional ranges (Black, Gold and Blue Stars) (Section 3.2.6.1, Tables

3.4 and 3.5) were highlighted in Table 3.3. These highlighted species from both

(i) and (ii) were then cross-checked – to create a final list which consisted of

any species which belonged to 2 or more of the three categories [(i) ecologically

important, (ii) commercially important and (iii) globally/locally/regionally rare

[Black, Gold and Blue Stars]] (Table 3.6).

Twenty species were identified, of which nineteen were chosen (Table 3.6) for

the SDM analyses. This list of 19 species was supplemented with two species.

Sterculia pruriens var. glabresens was the most ubiquitous of all the ecologically-

important species (Section 3.2.5), but is neither commercially important nor glob-

ally/locally/regionally rare. Secondly, the Black-Star species Ilex arimensis was

included as an example of an endemic (no Black-Star species featured in the

derived list). The final list of SDM species comprised 21 species (Table 3.6).

3.2.6.1 Application of the Star system to the flora of Trinidad and Tobago

Assessment of the conservation status of the RBS survey data considered both

the International Union for Conservation of Nature (IUCN) Red List categories
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as well as the Star system. However, despite the International Union for Con-

servation of Nature (IUCN) Red List categories being established as a globally

accepted standard for the expression of extinction risk, it requires criteria such as

global ecology and distribution – which are difficult to collate. As such, many of

the plant species collected during the RBS survey have not been classified under

this system; for example, prior to 2008, just seven Trinidad and Tobago species

had been included within the IUCN database. Of these, one has since been iden-

tified as a synonym (and hence cannot be assumed to remain in its original threat

category); another species has been classified as ‘data deficient’, while four of the

remaining five species were categorised to be of ‘least concern’.

The results of the survey were instead ranked according to the Star system

– which was originally developed for the purpose of classifying large numbers

of plant species according to global rarity and conservation concern (Table 3.5)

within a ‘reasonable’ period of time. According to (Baksh-Comeau et al. 2011)

this system was not meant to be a substitute or replacement of the IUCN Red List

system, it is instead designed to emphasise conservation priority based global rar-

ity – which can then be further integrated into systems which assess the ‘bioqual-

ity’ of each RBS site. Further, because it was developed specifically for plants, it

allows for ample use of herbarium and inventory data.

Additionally, IUCN Red List status can be short-listed for most species collected

within the survey using the Star rankings and global ranges. Table 3.4 provides

a rough guideline of categories of the IUCN Red List and the Stars which can be

used to short-list them.
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3.3 Results

3.3.1 SIMPROF and Cluster results

3.3.1.1 SIMPROF results

The SIMPROF test, based on 165 RBS samples collected from sites scattered

across Trinidad’s forests, showed statistical evidence for the sub-structures defined

by cluster analysis since the similarity profile fell outside the 95% limits of the

null curve (Figure 3.2).

3.3.1.2 Cluster and mapping results

The cluster analysis yielded an agglomerative dendrogram of the RBS samples

with the statistical strength (via SIMPROF) of the branches and sub-structures

being indicated by either solid dark lines (statistically significant) or dashed red

lines (statistically insignificant); ten clusters were defined at an arbitrary but

statistically significant similarity level of 9.17% (Figure 3.3).

When mapped in geographical space, the RBS components of the ten clusters,

defined at a 9.17% similarity level, were, for the most part, located within clearly

defined ‘zones’ (Figure 3.4). However, the RBS sites comprising clusters 4, 5

and 8 were ubiquitous, located in zones which spanned the island’s entire north-

south length. When these three ubiquitous clusters (4, 5 and 8) were sub-divided

(taking SIMPROF significance levels into consideration) at a 13.26% similarity

level (Figure 3.5), each separated into two distinct and spatially refined sub-

groups (Figure 3.6).

All clusters and sub-groups were subsequently referred to as ‘sub-clusters’ and
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were labelled with alpha-numeric ids ending in ‘A’ or ‘B’. Sub-clusters which

consisted of an alpha-numeric id ending only in ‘A ’with no counterpart ending

in ‘B’ (1A, 2A, 3A, 6A, 7A, 9A and 10A) represented former clusters (1, 2, 3, 6,

7, 9 and 10) which were not further sub-divided at the 13.26% similarity level.

However, sub-clusters consisting of alpha-numeric counterparts ending in both ‘A’

and ‘B’ (4A and 4B; 5A and 5B, 8A and 8B) were derived from former clusters (4,

5 and 8) which were further sub-divided at the 13.26% similarity level (Figures

3.4 and 3.6).

Cluster 4 sub-divided into sub-cluster 4A which maintained a distinct north-

south distribution; with the RBS sites of this sub-cluster that were located within

the Northern Range being restricted to the north-eastern part of the island. Sub-

cluster 4B consisted of the remaining RBS sites which existed exclusively within

the Northern Range in an east-west zone. Both clusters 5 and 8 subdivided

into sub-clusters located either within or outside of the Northern Range. Sub-

cluster 5A consisted of RBS sites which were located both within the south-west

peninsula and central Trinidad; while sub-cluster 5B was comprised of RBS sites

located only within the central part of the Northern Range. Sub-clusters 8A

and 8B were both comprised of RBS sites located mainly within the western

parts of the island. However, sub-cluster 8A was confined to the south-western

peninsula while most of the RBS sites for 8B were located within the north-

western peninsula (Figure 3.6).

3.3.2 NMDS ordinations

Despite the stress levels of Figure 3.8 being moderately high (at 0.165), the plot

indicated that the sub-clusters were very similar to each other. With the excep-

tion of sub-cluster 3A, no distinct pattern or grouping of RBS sites was discerned.
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3.3.2.1 Ordination plots of Groups 1 and 2

Further inspection of the arrangement of the RBS sites (Figure 3.8) revealed an

‘arc’ or ‘horse-shoe’, i.e., the two-dimensional NMDS space was too small, leading

to curvature in the arrangement of points within the plot (Clarke and Warwick

2001; Wildi 2010). This phenomenon is known to occur with large datasets, and

according to Clarke and Warwick (2001), its solution lies in the a priori sub-

division of the dataset or sub-division with respect to well-defined subsets from

a cluster analysis (see Section 3.2.4.5).

However, despite the 165 RBS plots being split into two groups based on well-

defined subsets of clusters (Section 3.2.4.5), the stress levels of both these NMDS

plots remained high. The high stress levels of 0.19 for both NMDS ordinations

of Group 1 and Group 2 (Figures 3.9 and 3.10) implied that, while useful at the

‘big-picture’ scale, little emphasis should be placed on within plot details (Clarke

and Gorley 2006).

Sub-cluster 3A was the only distinct sub-cluster, its RBS sites located close

to each other and collectively separated from all other sub-cluster components

(Figure 3.9). In contrast, sub-clusters 1A, 2A, 4A, 4B, 5A, 5B appeared cohesive

as individual groups, but the RBS sites comprising their edges were interspersed

among each other. This gave the impression that these sub-clusters, while rep-

resenting different ‘associations’ of vegetation, were very similar to each other.

Sub-cluster 6A was the only exception to this pattern. It appeared different to

the other sub-clusters as: (i) its component RBS sites were spaced further apart

(and hence less similar) from each other and from components of the other sub-

clusters and (ii) the proportion of its RBS sites that were interspersed with the

other sub-clusters was smaller relative to the other sub-clusters.

The ordination of sub-clusters within Figure 3.10 yielded, yet again, sub-clusters
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that appeared cohesive and similar in terms of the distance between these groups.

However, the RBS components of these sub-clusters appeared less interspersed

with other groups. The only exception to this trend was sub-cluster 9A which

was divided into two distinct groups within the ordination plots. This division

corresponded to a split in geographical space, with three of the RBS sites were

in south-western Trinidad, while the remaining four were in the north-western

region (Figure 3.6).

3.3.2.2 Summary NMDS ordinations

The stress level (0.14) for the two-dimensional summary NMDS ordination plot

(Figure 3.11) means little emphasis should be placed on the details of these or-

dinations. Sub-clusters appeared to be arranged in a gradual ‘continuum’ with

no sharp division among them except for sub-cluster 3A. In this continuum sub-

clusters located in the north-eastern Trinidad were located at one extreme of the

two or three-dimensional NMDS space, at the other end of the continua were

sub-clusters to the south-west.

3.3.2.3 Superimposed Precipitation bubble plots

A distinct gradient was observed when the two-dimensional scatter plots of Groups

1 and 2, as well as the summary NMDS, were superimposed with annual precip-

itation data for Trinidad (Figures 3.12, 3.15 and 3.18). There was a high visual

concordance between the order of sub-clusters arrangement within the NMDS

plots and amount of annual precipitation received. Annual precipitation levels

were highest at sub-clusters located in the upper and lower right-hand corners of

the summary plot (corresponding to the north-east of the island) and gradually

decreased towards the left of the graph (south-west of the island) (Figure 3.21).
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3.3.2.4 Superimposed Altitude plots

A similar, but less distinct gradient was observed when the two-dimensional

NMDS scatter plots were superimposed with altitude above sea level data (Figures

3.13, 3.16 and 3.19). Visual concordance was observed between the sub-clusters

and altitude above sea level. As with annual precipitation, the sub-clusters situ-

ated to the right (Figure 3.19) occurred at relatively high altitudes; whilst those

to the left of the plot were in areas of low altitude (Figure 3.22). Sub-clusters

within the Northern Range were clearly defined in this NMDS, with 3A occurring

at the highest altitude. This was followed by sub-clusters 2A and 4B; 5B; 4A; 8B

and 6A in decreasing order of altitude. The remaining sub-clusters: 1A, 5A, 7A,

8A and 10 A were all situated at relatively low altitudes of the Northern Range.

3.3.2.5 Superimposed Soil Drainage Capacity plots

When the two-dimensional NMDS scatter plots were superimposed with Soil

Drainage Capacity (SDC) (Figures 3.14, 3.17 and 3.20) no distinct pattern or

gradient was observed. Additionally, no distinct relationship between altitude

above sea level and SDC existed (Table 3.1, Figure 3.23), except for sub-clusters

located at high altitudes (sub-clusters 2A, 3A and 4B), which were all character-

ised by a fast SDC and high annual precipitation.

In summary, the NMDS bubble plots (Groups 1, 2, and the summary plots)

of annual precipitation and, to a lesser extent, altitude above sea level, suggest

potential gradients. These gradients are indicated by high visual concordance of

the gradation of symbol size among different sub-clusters within one or both of

these parameters. The gradient across the annual precipitation summary diagram

(sub-clusters 1A, 2A, 3A, 5B, 4A characterised by high precipitation located to

the right of the diagram grading to low precipitation 10A to the bottom left),
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suggests that annual precipitation is the best overall explanatory variable. In

addition, altitude above sea level appears to be a secondary explanatory variable

for sub-clusters 2A, 3A, 4B.

3.3.2.6 Comparison of patterns derived from the presence/absence versus
the square root transformation of the abundance data

A comparison of cluster and ordination results from a presence/absence trans-

formation (Appendix A) instead of the above described square root transform-

ation of the modified abundance index revealed the same general patterns with

respect to the placement of sub-clusters and their concordance with gradients

of precipitation and altitude. However, presence/absence transformation yiel-

ded less well refined results with respect to sub-cluster definition in geographical

space, as well as with respect to concordance with the precipitation and altitude

gradients.

3.3.3 Ecologically-important tree species

Based on the SIMPER results (Appendix B) the number of ecologically-important

tree species (those that contributed to the top 35% of cumulative similarity)

within a given sub-cluster ranged from three (sub-cluster 3A) to twelve species

(sub-cluster 5B). Additionally, the collective contribution of these tree species

within a sub-cluster to the top 35% of cumulative similarity was highest in sub-

cluster 1A at 25.72%, and lowest in cluster 3A at 9.32% (Table 3.2).

Furthermore, ecologically-important tree species were not necessarily confined

to just one sub-cluster; 40% of species were found in two or more (maximum of

eight) sub-clusters (Table 3.3). This provides support for the hypothesis that

Trinidadian vegetation is not composed of unique vegetation types, but is in-
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stead, a continuum within which the abundance and combination of ecologically-

important species change in response to gradual changes in precipitation and

altitude across the island.

3.4 Discussion

3.4.1 Synopsis

Three inferences about Trinidadian forests can be made from the results of these

analyses. Firstly, forests are continua rather than distinct vegetation types.

Secondly, within the continuum there are zones (sub-clusters) of variation in spe-

cies composition and abundance which appear to be influenced by precipitation

and, to a lesser extent, altitude. Finally, dominant tree species within vegetation

zones may not be zone-specific; rather they occur within several zones, in each

case, varying in their contributions towards within-zone similarity.

3.4.2 Interpretation of ordination results

If one looks at the cluster analysis results (3B2 and 3D2) in isolation from the

NMDS ordinations, it might appear that seemingly discrete sub-clusters are in-

dicative of discrete vegetation types/ associations, similar to those described by

Beard (1946b). This is especially the case since the RBS components of these

groups occur in well-defined geographic zones (Figure 3.6). However, the al-

gorithm used to create these dendograms was designed solely to delineate ‘nat-

ural groupings’ of RBS sites, such that RBS sites within one sub-cluster are

more similar in terms of community structure than RBS sites belonging to other

sub-clusters. Hence, from cluster analyses alone, one should not assume that
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inter-relations among sub-clusters are discrete or continuous. This is especially

the case in situations with a steady gradation of community structure across sites

in response to strong environmental forcing (Clarke and Gorley 2006).

Superimposition of sub-clusters on a NMDS means the similarities between

these sub-clusters may be visually displayed. However, the high stress levels in

the NMDS ordinations means plot interpretation be restricted to the overall ‘big-

picture’ perspective with no elaboration of plot details. High stress levels were

unsurprising due to the combination of two different abundance indices into the

‘modified’ abundance index. Additionally, there was much observed variation of

local details within the environments the RBS plots sampled. However, the inter-

pretation restrictions coincided with the overall study objectives, which required

general, rather than detailed descriptions, of the sub-clusters and their ecology

for the development of a list of tree species for SDM.

The ordination results showed that sub-clusters were arranged within a con-

tinuum of very similar rather than distinct groups. This was interpreted to imply

that Trinidad forests do not comprise distinct vegetation types but instead exist

as a continuum within which there are gradual, subtle variations in community

structure (vegetation zones) as one progresses from the north-east to south-west

of the island. This continuum is thought to be a response to gradual changes

in precipitation and to a lesser extent altitude across the island. Indeed, it is

noteworthy that the only distinct sub-cluster (3A) within the ordination plots

(Figure 3.11) was characterised by the combination of high precipitation and

altitude, which were among the highest within the RBS sites.

This inference is supported by the observation that a gradual precipitation

gradient stretches from the north-east to the south-west, and there are no sharp

environmental discontinuities or climatic divides (Figure 3.21 and 3.22). The

failure of these conditions to result in distinct vegetation types across the island
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is strongly supported by the concordant arrangement of sub-clusters in relation

to gradually decreasing quantities of precipitation (Figures 3.12, 3.15 and 3.18)

and altitude (Figures 3.13, 3.16 and 3.19) within the bubble plots. The secondary

influence of altitude can be attributed to the observation that most of the island

is flat with no large area of ‘high’ altitude terrain apart from the Northern Range.

Additionally, even within the Northern Range, the highest altitudes are confined

to well below 1,000 m above sea level.

The analyses did not show any correlation between soil drainage capacity and

the sub-clusters, which does not concord with Beard’s view that Trinidadian ve-

getation depends upon soil moisture holding abilities. However, soil drainage

capacity data used for these analyses are a coarse representation of reality, there-

fore more detailed soil drainage data may indicate otherwise.

Finally, the absence of distinct vegetation types conforms to field observations

which show no dramatic changes in forest vegetation. Instead, field observations

conform to Marshall’s (1934) description of subtle transitions of dominant tree

species over distances of tens of kilometres. Exceptions to this trend include

sudden vegetation alterations due to changes in edaphic characteristics that give

rise to savannahs and swamps.

3.4.3 Distribution of tree species support continuum concept

The SIMPER routine was applied to the cluster results to highlight ecologically-

important species within different parts of this continuum (Appendix B). While

the combinations of ecologically-important species differed among sub-clusters,

forty percent of these species were not confined to a specific vegetation zone

but were categorised as being ecologically-important within more than one sub-

clusters. For example, Sterculia puriens var. glabrescens was an ecologically-
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important species within eight of the thirteen sub-clusters; while Virola surinamensis

was categorised as ecologically-important within four sub-clusters (Table 3.3).

Furthermore, many of these ecologically important species were also found to

occur within other sub-clusters where they were not categorised as ecologically

important. For example, Manilkara bidentata ssp. bidentata was categorised as

ecologically important for sub-cluster 1A, but was also found to be present in

sub-clusters 2A, 4A, 5A, 5B, 6A, 7A and 8b (Appendix B). Hence, it was seen

that many tree species exist in several vegetation zones within the island but vary

in terms of their ‘ecological importance’ within a given zone. These observations

provide further support for the existence of a vegetation continuum within the

island’s forests.

3.4.4 Abundance data: presence/absence versus square root
transformed

This robust response of the NMDS ordinations to manipulations of statistical

transformations (square root versus presence/absence [Appendix A]) stems from

the observation that the ordinations were non-metric and therefore based solely

on rank similarity rather than absolute similarity values. Hence, transformations

of different severities would only serve to compress the absolute similarity values

without affecting the relative structure between the similarity ranks.

The difference between both sets of results may be a consequence of pres-

ence/absence transformation being the most extreme form of transformation; all

the taxa within RBS samples are rendered uniform. Hence clusters and sub-

clusters defined from a matrix based only on variation of species composition per

RBS sample would not give as much defining detail as groups that have been

defined based on variation of species composition and species abundance within
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a given sample.

The lack of abundance detail may contribute to the following differences between

the results of the two analyses:

(i) The presence/absence cluster analyses produced clusters at higher similarity

levels than those produced from following square root transformation. The

clusters were therefore less distinct than those produced from square root

transformed data.

(ii) Sub-clusters derived from presence/absence transformed data did not map

within well-defined geographic regions when compared to sub-clusters de-

rived via square root transformation (Appendix A). For example, clusters g

and k continued to span the entire north-south length of the island – even

after sub-division at an 18% similarity level (Figures A.2 to A.4).

(iii) Within the bubble plots of the summary NMDS graphs visual concordance

between the presence/absence sub-cluster arrangement (Figures A.9 to A.12

and Figures A.14 to A.17) and the precipitation and altitude gradients were

similar to but not as well defined as those of the square root transformed

data (Figures 3.12, 3.13, 3.15, 3.16, 3.18 and 3.19).

However, equally significant from this comparison is the power of the species

composition data (presence/absence transformation) which, on its own, was able

to effectively define the general delineations of the vegetation zones within the

island.

3.4.5 Final Remarks

A visual comparison of the most popular classification of Trinidad’s vegetation,

that of Beard (1946b), with the sub-clusters defined within this study revealed
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very little similarity between both maps. The map of the former is dominated

by one type of vegetation: Evergreen Seasonal Forest – which was spread across

approximately 75% of the area for which vegetation was classified within the is-

land. This included very large, continuous areas within the south-western, south-

eastern, central, north-eastern and north-central regions of Trinidad. Indeed, the

area covered by this vegetation type coincided with the majority of sub-clusters

defined within this study (1A, 2A, 3A, 4A, 5A, 5B, 6A, 7A, 8A, and 8B). Addi-

tionally the distribution of other vegetation types described by Beard were usually

too small and scattered across multiple regions of the island to conform to any

of the sub-clusters defined by this study.

Apart from this visual comparison of both maps, it was not possible to further

compare the results of the present study to that of Beard due to fundamental

differences in approach. Firstly, identification of different vegetation zones in

the present study was based on the abundance of all the plant species within a

given site, not only the enumeration of large trees; dominant tree species within

each of zone were identified subsequently. This reverses Beard’s logic, who used

dominants to define vegetation within a given area. Secondly, RBS sites were

scattered in a near to uniform distribution across the island and also included

private land holdings. Beard’s study, based on line transects, was confined to

Crown Lands and did not effectively integrate a large proportion of forested land.

Thirdly, this study seeks only to discern potential differences within the vegetation

based on species composition and related abundance; there is no attempt to

create physiognomic and structural groupings. Finally, increased intensity of

forest exploitation since Beard’s time may have altered many of the formations

and associations he described (Chalmers 1981).

Native Trinidadian forests are under threat of being replaced by anthropogenic

activities, such as settlement, industry and agriculture. In addition, the designa-
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tion of many PAs within the island has been informed by out-dated, equilibrium-

based studies, such as Beard (1946b), which do not acknowledge that species

responses to disturbance are individualistic (Nelson 2004). Finally, despite stud-

ies stressing the strong dependence of vegetation types upon moisture availability;

there has been no conservation study or plan thus far which attempts to incor-

porate the effects of a potentially warmer and drier climate into the management

of remaining forest resources.
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3.5 Tables

Environmental Concordance range
Sub-cluster Annual Precipitation Altitude Soil Drainage Capacity

1A 2 5 2 to 4
2A 1 1 to 3 1
3A 1 1 1
4A 1 to 3 3 and 5 1 to 3
4B 1 to 2 1 to 3 1
5A 3 to 4 5 2 to 3
5B 1 to 2 4 1 to 2
6A 2 to 5 3 to 5 1
7A 1 to 4 5 4 to 5
8A 4 5 3 to 4
8B 3 to 4 4 to 5 1
9A 3 to 4 3 and 4 1 and 3
10A 3 to 4 4 to 5 2 to 3

Table 3.1: Variation of environmental parameters among sub-clusters. Where:
1 = Very high OR Very fast for Soil Drainage Capacity
2 = High OR Fast for Soil Drainage Capacity
3 = Medium OR Moderate for Soil Drainage Capacity
4 = Low OR Slow to moderate for Soil Drainage Capacity
5 = Very low to absent OR Slow for Soil Drainage Capacity

The NMDS bubble plots of Annual Precipitation, Altitude and Soil
Drainage Capacity (Groups 1 and 2 as well as the summary plots)
indicate potential gradients with symbols proportional in size to 1 or
more of these parameters showing high visual concordance with the
different sub-clusters. The gradient across the Annual Precipitation
summary diagram (sub-clusters 1A, 2A, 3A, 5B, 4A being high pre-
cipitation to the right of the diagram grading to low precipitation 10A
to the left bottom), suggests that Annual Precipitation is the best
overall explanatory variable with altitude in addition for sub-clusters
2A, 3A, 4B.
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Sub-
cluster

Average
similarity

within
sub-

cluster
(%)

Tree species
(contributing to the

top 35% of cumulative
similarity within

sub-clusters)

Contribution
of individual
tree species

to within
sub-cluster
similarity

(%)

Total
contribution

of tree
species to

within
sub-cluster
similarity

(%)

1A 23.19 25.72
Sterculia pruriens var.
glabrescens

7.54

Manilkara bidentata ssp.
bidentata

7.22

Virola surinamensis 5.74
Pentaclethra macroloba 5.22

2A 30.58 21.11
Ryania speciosa 5.21
Eugenia confusa 4.06
Tabebuia stenocalyx 3.25
Cassipourea guianensis 3.21
Sterculia pruriens var.
glabrescens

2.84

Manilkara bidentata ssp.
bidentata

2.54

3A 36.47 9.32
Coccoloba ascendens 3.31
Sterculia pruriens var.
glabrescens

3.17

Licania heteromorpha var.
heteromorpha

2.84

4A 32.34 17.01
Carapa guianensis 3.4
Sterculia pruriens var.
glabrescens

2.97

Brownea coccinea ssp.
capitella

2.54

Eschweilera subglandulosa 2.35
Virola surinamensis 1.99
Terminalia amazonia 1.98
Andira inermis 1.78

4B 30.57 10.36
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Sterculia pruriens var.
glabrescens

3.35

Tabernaemontana
attenuata

2.5

Ryania speciosa 2.4
Byrsonima spicata 2.11

5A 34.1 13.49
Terminalia amazonia 2.64
Sterculia pruriens var.
glabrescens

2.5

Eschweilera subglandulosa 2.43
Protium guianense 2.06
Virola surinamensis 1.95
Byrsonima spicata 1.91

5B 34.68 24.56
Sterculia pruriens var.
glabrescens

2.63

Ryania speciosa 2.63
Carapa guianensis 2.44
Terminalia amazonia 2.15
Tovomita eggersii 2.09
Attalea maripa 1.96
Licania heteromorpha var.
heteromorpha

1.95

Virola surinamensis 1.89
Laetia procera 1.77
Abarema jupunba 1.74
Simaba multiflora 1.72
Calliandra guildingii 1.59

6A 23.02 15.99
Protium guianense 3.56
Attalea maripa 3.51
Terminalia amazonia 3.16
Coccoloba latifolia 3.15
Rollinia exsucca 2.61

7A 33.35 14.23
Brownea coccinea ssp.
capitella

3.32

Spondias mombin 2.36
Swartzia pinnata 1.88
Trichilia pallida 1.84
Guarea glabra 1.67
Eschweilera subglandulosa 1.64
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Pentaclethra macroloba 1.52
8A 33.92 14.96

Cecropia peltata 2.1
Spondias mombin 2.04
Zanthoxylum
martinicense

2

Trichilia pallida 1.91
Andira inermis 1.86
Sapium glandulosum 1.86
Casearia spinescens 1.64
Guapira salicifolia 1.55

8B 29.96 14.62
Brownea coccinea ssp.
capitella

2.94

Protium guianense 2.7
Swartzia pinnata 2.12
Attalea maripa 1.8
Swartzia simplex 1.69
Chrysophyllum argenteum
ssp. argenteum

1.69

Sterculia pruriens var.
glabrescens

1.68

9A 22.78 16.3
Brosimum alicastrum 3.37
Spondias mombin 3.19
Melicoccus bijugatus 2.66
Trichilia pallida 2.57
Coursetia ferruginea 2.37
Cordia panamensis 2.14

10A 23.53 18.91
Spondias mombin 3.25
Cecropia peltata 3.23
Cordia curassavica 2.94
Andira inermis 2.51
Psidium guajava 2.47
Cordia collococca 2.3
Casearia guianensis 2.21

Table 3.2: SIMPER analyses results of tree species contributing to similarity
within sub-clusters. The species listed accounted for top 35% of the
cumulative similarity within each sub-cluster.
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Ecologically Important
species

Number of
clusters
where

important

Present in
top 25

commercially
important

species list?

Star
rating

Abarema jupunba (Willd.)
Britton & Killip 1 G

Andira inermis
(W. Wright) Kunth ex DC. 3

√
G

Attalea maripa (Aubl.) Mart. 3 G
Brosimum alicastrum Sw. 1

√
G

Brownea coccinea Jacq. ssp.
capitella (Jacq.) D. Velázquez
& Agostini

3 BL

Byrsonima spicata (Cav.) DC. 2 G
Calliandra guildingii Benth. 1 G
Carapa guianensis Aubl. 2

√
G

Casearia guianensis (Aubl.)
Urban 1 G

Casearia spinescens (Sw.)
Griseb 1 G

Cassipourea guianensis Aubl. 1 G
Cecropia peltata L. 2 G
Chrysophyllum argenteum
Jacq. ssp. argenteum 1 G

Coccoloba ascendens Duss ex
Lindau 1 G

Coccoloba latifolia Poir. 1 GD
Cordia collococca L. 1 G
Cordia curassavica (Jacq.)
Roem. & Schult. 1 G

Cordia panamensis Riley 1 G
Coursetia ferruginea (Kunth)
Lavin 1 BL

Eschweilera subglandulosa
(Steud. ex O. Berg) Miers 3

√
BL

Eugenia confuse DC. 1 GD
Guapira salicifolia (Heimerl)
Lundell 1 BL

Guarea glabra Vahl. 1 G
Laetia procera (Poepp. &
Endl.) Eichler 1 G

157



Chapter 3 Ecological Perspectives of the Vegetation within Trinidadian Forests

Licania heteromorpha Benth.
var. heteromorpha 2 G

Manilkara bidentata (A.DC.)
A. Chev. ssp. bidentata 2

√
G

Melicoccus bijugatus Jacq. 1 G
Pentaclethra macroloba
(Willd.) Kuntze 2 G

Protium guianense (Aubl.)
Marchand 3 G

Psidium guajava L. 1 G
Rollinia exsucca (DC. ex
Dunal) A.DC 1 G

Ryania speciosa Vahl 3 G
Sapium glandulosum (L.) Mor-
ong 1 G

Simaba multiflora Juss. 1 G
Spondias mombin L. 4

√
G

Sterculia pruriens (Aubl.)
K. Schum. var. glabrescens
E. Taylor

8 G

Swartzia pinnata (Vahl) Willd. 2 BL
Swartzia simplex (Sw.)
Spreng. 1 G

Tabebuia stenocalyx Sprague &
Stapf 1

√
G

Tabernaemontana attenuata
(Miers) Urban 1 GD

Terminalia amazonia
(J. F. Gmel.) Exell 4

√
G

Tovomita eggersii Vesque 1 GD
Trichilia pallida Sw. 3 G
Virola surinamensis (Rol. ex
Rottb.) Warb. 4

√
G

Zanthoxylum martinicense
(Lam.) DC. 1

√
G

⇓ ⇓ ⇓ ⇓
Remainder of top 25

commercially important
species

Number of
clusters

important
within

Present in
Top 25

commercially
important

species list?

Star
rating

Aniba panurensis (Meisn.)
Mezzat. 0

√
G
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Bravaisia integerrima
(Spreng.) StandI. 0

√
G

Buchenavia tetraphylla (Aubl.)
R. A. Howard 0

√
G

Calophyllum lucidum Benth. 0
√

GD
Cedrela odorata L. 0

√
G

Cordia alliodora (Ruiz & Pav.)
Oken 0

√
G

Hernandia sonora L. 0
√

G
Hymanea courbaril L. 0

√
G

Mora excelsa Benth. 0
√

BL
Ocotea glomerata (Nees)
Mezzat. 0

√
G

Protium sagotianum
Marchand 0

√
G

Schefflera morototoni (Aubl.)
Maguire, Steyermark &
D. G. Frodin

0
√

G

Symphonia globerifera L.f. 0
√

G

Table 3.3: Star ratings of ecologically important and commercially important
species within Trinidad. Where: G = Green; BL = Blue; GD =
Gold and BK = Black.

Star Ranking Details Derived IUCN short-
list

None Data quality too poor Data Deficient (DD)
Green Global distribution extending

across South America – unlikely to
be threatened by serious extinction

Least Concern (LC)

Blue, Gold Dependant on Range size and
proximity to forms of irreversible
development

Vulnerable (V)
Blue, Gold Near Threatened (NT)
Black, Gold,
Blue

Endangered (EN)

Black Endemics and near-endemics Critically Endangered
(CR)

Table 3.4: Correlation of Star rankings with IUCN conservation status.
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Global
range

Meaning of Global range
category

Subconditions, if any, to qualify
for Star to right

Star
Code

1 Endemic or near endemic to T&T. Near endemics are, for example,
on Venezuela’s Patos island, Paria peninsular, in the Dutch Antilles
or Grenada, not more widespread in S. America or Lesser Antilles.

Black
(BK)

2 EITHER found also more widely in, for example, Venezuela or
Guyana, and southern Lesser Antilles; not just a small extension
beyond T&T. OR apparent T&T endemics but with very plausible
records or (including likely synonymy) from well outside T&T.

Gold
(GD)

3 EITHER fairly widespread
across Venezuela, the
Guianas, southern Caribbean.
OR widespread in Caribbean
(to Greater Antilles) and also
in northern S. America...

..but sparsely distributed, for ex-
ample, scattered on a few higher
Caribbean mountain tops

GD

..in most or all countries in range
with several distant localities, or
known to be very abundant in part
of range

Blue
(BU)

4 As 3, but extending, for
example, to Brazil, Bolivia,
Peru OR to Mexico and N.
America (if both, see 5)

If, for example, only known in a dis-
tinct patch of northern Brazil, S.
Guyana; or very scattered through-
out

BU

As far as known, found throughout
most of range at least on a 1 degree
resolution.

Green
(GN)

5 Widespread in the Americas,
but either not generally in the
Caribbean, or scattered
throughout range

Normally distributed in range, for
example, in most degree squares
throughout forest or savanna belts

BU

Unusually scattered or sparse (allow-
ing for the fact that some groups are
little-collected, so more evidence is
needed to upgrade them to BU), even
allowing for restriction to forest, sa-
vanna or similar broad formations,
for example, montane endemics on
scattered peaks would belong here.

BU

6 Widespread neotropical (as 5
but more densely distributed
plus Caribbean)

GN

7 Widespread in Americas (probable
origin), but also known today in the
Old World

GN

8 Globalised floristic
elements

Widespread global weeds; or seeds of
global strand and seashore; origin ob-
scure or Old World

GN

9 Exotics and garden or crop plants,
commonly planted, not indigenous,
at least to T&T

GN

Table 3.5: Plant species global range categories and their translation to Star
ratings in Trinidad and Tobago. Table taken from Baksh-Comeau
et al. 2011.
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Category Species Ecologically
Important

Commercially
Important

Star
rating

Combination of
(i) Ecologically
important
(ii)
Commercially
important and
(iii)
Global/Regional
rarity

Andira inermis
√ √

G
Brosimum
alicastrum

√ √
G

Brownea coccinea
ssp. capitella

√
BL

Calophyllum
lucidum

√
GD

Carapa guianensis
√ √

G
Coccoloba latifolia

√
GD

Coursetia
ferruginea

√
BL

Eschweilera
subglandulosa

√ √
BL

Eugenia confusa
√

GD
Manilkara bidentata
ssp. bidentata

√ √
G

Mora excelsa
√

BL
Spondias mombin

√ √
G

Swartzia pinnata
√

BL
Tabebuia stenocalyx

√ √
G

Tabernaemontana
attenuata

√
GD

Terminalia
amazonia

√ √
G

Tovomita eggersii
√

GD
Virola surinamensis

√ √
G

Zanthoxylum
martinicense

√ √
G

+ + + + +
Endemic Ilex arimensis BK
Ubiquitous
ecological im-
portance

Sterculia pruriens
var. glabrescens

√
G

Table 3.6: Final list of species chosen for species distribution modelling in
Chapters 4 to 6.
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3.6 Figures
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Figure 3.1: Rapid Botanical Survey sites sampled within Trinidad.
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Figure 3.2: SIMPROF test of modified abundance data for all sites.
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Figure 3.4: Clusters derived from multivariate analyses.
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Figure 3.5: Cluster dendrogram showing sub-cluster arrangement.
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Figure 3.8: 2D NMDS: A two-dimensional representation of among site resemblances within each sub-cluster.
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Figure 3.9: 2D NMDS: A two-dimensional representation of among site resemblances within each sub-cluster: Group 1.
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Figure 3.12: 2D NMDS of sub-clusters for Group 1 overlaid with a bubble plot of Annual Precipitation at each site.
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Figure 3.13: 2D NMDS of sub-clusters for Group 1 overlaid with a bubble plot of Altitude above sea level at each site.
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Figure 3.14: 2D NMDS of sub-clusters for Group 1 overlaid with a bubble plot of Soil Drainage Capacity at each site.
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Figure 3.16: 2D NMDS of sub-clusters for Group 2 overlaid with a bubble plot of Altitude above sea level at each site.
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Chapter 4

Modelling present-day distributions
of selected tree species within

Trinidad

4.1 Introduction

This chapter represents the first of two parts of an investigation into the use

of SDM as a potential tool for informing conservation planning in the face of

climate change. It provides an introduction to SDM and focuses on the use of

the MaxEnt algorithm to generate models of the potential present distributions

of selected species under present climatic conditions. Based on the small scale of

the Caribbean island of Trinidad, the Methods Section outlines data requirements

and treatments and also provides suggestions for the manipulation and assessment

of model output. It further discusses specific problems associated with SDM at

scale of the Caribbean SIDS and suggests possible solutions.
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Chapter 4 Development of present-day species distribution models

4.1.1 Species Distribution Models – What and Why?

There has been a remarkable surge in SDM over recent decades – both in the

scientific literature and by governmental and non-governmental institutions that

are involved in conservation and resource assessment at large spatial scales (Fer-

rier et al. 2002; Franklin et al. 2009; Iverson and Prasad 1998). This has been

due to a combination of (i) the increasing demand for geographical descriptions

of biodiversity and (ii) the steady stream of novel and improved techniques and

data in response to this demand (Elith et al. 2011).

SMs are numeric instruments designed to combine and relate species distri-

bution data (occurrence or abundance at known locations) to the environmental

and/or spatial characteristics of these locations. SMs sometimes involve extrapol-

ation beyond the current known range through space and/or time and are used

to gain ecological insight by predicting species’ distributions across landscapes

(Franklin 2009).

According to Franklin (2009), the roots of SDM can be traced back to a combin-

ation of biogeography (Box 1981), ecological gradient analysis (Whittaker 1960;

Whittaker et al. 1973), and remote sensing and GIS (Franklin 1995). Addition-

ally, according to Elith and Leathwick (2009), a powerful conceptual argument

in favour of modelling individual species instead of communities was provided

by studies [e.g., vegetation (Whittaker 1956) and birds (MacArthur 1958)] which

drew attention to the ‘individualistic responses of species’ to their environments.

4.1.2 Main applications of SDM

SMs are applied in four main forms: (i) interpolation of the (relative) suitability

of the habitat that is known to be occupied by a species; (ii) estimation of the
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relative suitability for habitat within geographic areas that are known to be un-

inhabited by a species; (iii) estimation of changes in habitat suitability over time

in response to a specific scenario of environmental change; and (iv) estimations of

species niche (Franklin 2009). There are many published examples which indicate

that interpolation-based SMs can perform well when describing the natural dis-

tribution of a given species within its current range. Interpolations with strong

predictive ability and ecological insight can be derived when functionally relevant

predictor variables and well-designed survey data are applied to the appropriate

algorithm (Guisan and Thuiller 2005). Such SMs are often considered reliable

enough to support effective decision-making.

However, transferability of SMs – which involve extrapolation to areas where a

species could occur (ii and iii) as well as niche estimates (iv) have been intensely

debated in the literature, as they are characterised by a host of conceptual and

practical problems (Hampe 2004; Menke et al. 2009; Soberón and Peterson 2005).

In particular, there is a high uncertainty associated with extrapolations conducted

to predict species distributions within novel conditions – which involve the use of

new combinations or values of predictor variables outside the original ranges of

the training data. This is due to the absence of species occurrence data within the

training data that can be used to directly test/support these predictions. This

high uncertainty is also associated with possibilities which are difficult to predict

under training/present conditions. These include: (i) species’ distribution under

novel conditions being influenced by factors such as phenotypic plasticity and

genetic variability; (ii) novel (combinations of) environmental conditions altering

the context within which mechanistic/process-based interactions (such as biotic

interactions) may influence species distribution; and (iii) dispersal pathways being

altered by these novel conditions (De Marco et al. 2008; Dormann 2007). Such

uncertainty makes the output of these models difficult to assess. However, in
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many cases these SMs (ii to iv) are still used – as they are the only tools available.

4.1.3 Species niche versus geographic space

Also known as ‘ecological niche models’ or similar derivatives, the relation of SDM

to the species niche concept has been, and still is often debated in the literature

(Guisan and Thuiller 2005; Hirzel and Le Lay 2008; Jiménez-Valverde et al. 2008;

Soberón 2007). However, this debate has been afflicted by a series of technical

and conceptual difficulties and has yet to be resolved. The terminology varies in

the literature and SMs are usually described with respect to the (i) fundamental

and (ii) the realized niche concepts. The geographic area which, according to the

SM output, meets the environmental conditions required by a species describes

some part of its fundamental niche. This is not necessarily the same as areas that

are actually occupied by this species, which represent some part of its realized

niche (Jiménez-Valverde et al. 2008; Peterson et al. 2008; Phillips et al. 2006).

However, outputs of the majority of SDM studies are described with respect to

the realized niche (Austin 2002; Guisan and Thuiller 2005; Thuiller et al. 2004).

This is because these SMs are usually constructed based on conditions associ-

ated with actual species occurrences within environmental space. The mapped

extrapolation of this output within geographic space is referred to as the poten-

tial distribution or habitat suitability of that species (Araújo and Guisan 2006;

Soberón 2007).

Despite the niche theory strongly underpinning SDM, the view adopted by

this thesis follows that of Franklin (2009) who argues that correlative SMs are

not actual representations of species niches but are simply empirical correlations

between species occurrences and the environmental variables at these locations.

Moreover, when extrapolated from environmental to geographic space, these SM
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outputs represent the potential geographic distribution or suitable habitat for a

given species. Furthermore, while it is accepted that that these models should al-

ways be evaluated for ‘ecological realism’, the availability of data rarely allows the

fundamental or realised niche of a species to be completely described or confirmed.

Finally, SMs are increasingly being used to predict the geographical distribution

of a given species rather than for studying the details of its distribution in any

of its niches (Pearson and Dawson 2003; Thuiller et al. 2011). Hence, SMs in this

thesis are considered to depict potential species distributions which are based on

the availability of required environmental conditions for species occurrence within

geographical space – rather than any aspect of its niche.

4.1.4 Different types of SDM algorithms

Over the last two decades, the on-going developments within the field of SDM

have yielded a multitude of methods/algorithms. These algorithms can be dis-

tinguished based on the type of species data they use. Systematic collection of

species data from biological surveys of sites – from which the presence-absence

or abundance of a species are recorded, have been applied to regression-based al-

gorithms such as Generalized Linear Models (GLMs), Generalised Additive Mod-

els (GAMs) and Boosted Regression Trees (BRTs) (Elith et al. 2011; Franklin

2009). However within most areas of the world there is a paucity of such sys-

tematic biological survey data. Instead, there is a greater prevalence of species

occurrence data in the form of presence-only records within herbarium and mu-

seum collection databases. Representing over a century of collecting efforts across

many areas of the globe, these data represent a valuable source of species occur-

rence data. Some algorithms, such as logistic regression, decision trees and GAMs

which have been traditionally used for presence-absence or abundance data have
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also been applied to presence-only data (Franklin 2009). However, the increasing

availability of presence-only data over recent years has inspired the development

of several SDM algorithms designed specifically for presence-only data. These

include Ecological Niche Factor Analysis (ENFA), Genetic Algorithms for Rule

Production (GARP) and MaxEnt.

Apart from the type of data available, the choice of which model to use for a

study has also been based upon factors such as the characteristics of the species

being modelled (their distributions and life histories) and the scale of analysis

(Franklin 2009). However, several authors have pointed out that ultimately it is

the experience of the practitioners in conjunction with the type of data available

that determines the algorithm used in any particular application (Austin et al.

2006; Burgman et al. 2005). The remaining analyses of this thesis are based upon

the MaxEnt algorithm (Phillips and Dudík 2008; Phillips et al. 2006).

4.1.5 Presence-absence versus presence-only

As the term implies, presence-only data consist of the occurrence locations of

species without any information about known absences. The most well used ex-

ample is the now wide availability of occurrence data derived from the millions of

herbaria and museum records that have been compiled in electronic form within

natural history collection databases. These have been and continue to be used for

a variety of modelling applications including conservation, macro-ecology, evolu-

tionary biology and climate change modelling (Graham et al. 2004).

Justification for the steadily increasing use of such presence-only data comes

from the fact that there is a lack of systematic survey data in many regions of

the world in conjunction with the widespread demand for mapped predictions

(Pearce and Boyce 2006). Additionally, apart from being time and resource con-
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suming, there is no guarantee that systematic biological surveys will yield rare

(but present) species or sufficient numbers of observations that are needed for

the SDM of many species. For example, a recent survey in Madagascar resulted

in the compilation of data for 2,315 species across six taxonomic groups on the

island, however, more than 60% of these had fewer than eight observations, hence

SMs could not be generated (Kremen et al. 2008).

There is also great variation in opinions about the value of presence-only data

in the literature. Some researchers have surmised that more robust SM output

would be obtained with the availability of absence data as this would facilitate

analyses of (spatial) bias and of prevalence (Phillips et al. 2009). However, others

highlight the advantages of not including absence data, they argue that absence

data can be confounding and misleading because it may not possible to distin-

guish whether an absence indicates that a habitat is not suitable or whether it is

suitable but not occupied due to a variety of reasons including disturbance, biotic

interactions, dispersal constraints and ‘non-equilibrial’ phases such as invasions

of exotic species.

About a decade ago, the original modelling methods which were used to fit

presence-only data [e.g., BIOCLIM (Busby 1991)] employed only occurrence data

and ignored incorporating environmental conditions that were available to a given

species within (other parts of) the study region. In contrast, more recent al-

gorithms such as MaxEnt which are designed specifically for presence-absence

data, generally require a sample of observations that characterise the range of en-

vironments that are available within the entire study area (Phillips et al. 2006).

This enables these models to incorporate the relative suitability of available en-

vironmental conditions in the form of ‘pseudo-absence’ (or background) points.

Within MaxEnt, these pseudo-absence points are not used as species absences but

instead provide a sample of conditions which are available to the species within
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the region. Comparison of known occurrence records with these pseudo-absence

points increases the discriminative ability of the algorithm by enabling a clearer

understanding of the conditions which shape the occurrence of the species within

a region. These pseudo-absence points are extracted from anywhere within the

study area (grid cells) using different sampling techniques, for example random

or stratified random sampling. Furthermore, studies have suggested that the in-

clusion of background observations from beyond the species range or from areas

that are environmentally dissimilar from the location points of the species being

modelled yields more accurate results (Chefaoui and Lobo 2008; Le Maitre et al.

2008). This is especially the case when the objective of the modelling is to project

changes in species range under novel conditions such as climate change. How-

ever, these analyses did not incorporate this technique because, as discussed in

Chapter 6, the range of several of these species also included other islands within

the Caribbean. However, the lack of unbiased, occurrence data (or in some cases

any occurrence data whatsoever) within these islands, prevented reliable defini-

tion of these species ranges beyond the island of Trinidad. Hence, the range of

these analyses was limited solely to Trinidad.

4.1.6 MaxEnt

MaxEnt is a software application designed specifically for the SDM of presence-

only data and to overcome the problems of small, unplanned, un-designed samples

of species occurrence (Phillips and Dudík 2008; Phillips et al. 2006). It is a non-

linear, nonparametric, presence-only model which is also insensitive to multi-

colinearity. The output of MaxEnt is a value between 0 and 1 and not binary

(0 or 1), this allows the programme to introduce individual thresholds – which

seems to be more precise (Phillips et al. 2006). It also provides the percentage
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contribution of each predictive variable within the models that are built.

MaxEnt is based on a principle of maximum entropy from statistical mechanics

which, when applied to SDM, states that the best approximation of an unknown

(species) distribution is the one with maximum entropy (the most spread out and

uniform) subject to known constraints. These constraints are defined by the ex-

pected value of the distribution, which is estimated from a set of species presence

observations, and excludes all conditions and assumptions which are not suppor-

ted by the occurrence data (Phillips and Dudík 2008). Three aspects distinguish

it from other SDM algorithms. Firstly, as mentioned above, locations within

a study area that are not known occurrences are not interpreted as absences,

but instead as pseudo-absences (possible presence or absences) which are used

to represent the background environment. Secondly, it includes a regularisation

term which prevents over-fitting by constraining the modelled distributions to be

fitted within a certain interval around the empirical mean instead of matching it

exactly (Phillips et al. 2006).

Finally, unlike most other SDM algorithms which tend to be discriminative,

MaxEnt is generative in nature. For a given prediction, where X = inputs and Y

= the response or probability of occurrence:

Discriminative approaches model the probability of a response given the inputs

[Pr(Y/X)].

The generative approach of MaxEnt instead, models the probability of inputs

given the response [Pr(X/Y)]. Bayes’ rule is then used to get from Pr(X/Y) to

Pr (Y/X) (Phillips and Dudík 2008).

Since its introduction in 2006, MaxEnt has become increasingly popular com-

pared to other presence-only algorithms because of several reasons. Firstly, its re-

quirements are simple, consisting only of the occurrence data of the species being
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modelled and environmental information for the study area (Phillips et al. 2006).

Secondly, it has been shown to produce very robust results with small amounts

of training data (small sample sizes) (Phillips and Dudík 2008). It has also been

used extensively to produce robust results in a variety of applications that have

been based in many different regions of the world. Some of these include model-

ling the effects of climate change on species distributions (Fitzpatrick et al. 2008;

Hijmans and Graham 2006); studies of endemism hotspots (Murray-Smith et al.

2009) and investigation of the degree to which climate constrains distributions

of species (Echarri et al. 2009; Wollan et al. 2008). Finally, several comparat-

ive studies have demonstrated that MaxEnt either outperforms other algorithms

(both presence-onlu and presence-absence) or is among the top-performing meth-

ods with respect to several measures of prediction accuracy (Elith and Graham

2009; Hernandez et al. 2006; Pearson et al. 2007; Phillips et al. 2006).

4.1.7 The problem of spatial autocorrelation

A central concept to SDM is the distinction between environmental and geo-

graphic space. While the latter is defined either by two-dimensional map coordin-

ates or three-dimensional digital elevation models, the former has the potential

to be multi-dimensional because it is defined by the set of predictor variables

(Franklin 2009). When a SDM algorithm is fitted with environmental predictors

alone, its output depicts the variation of a species’ distribution solely in envir-

onmental space instead of geographic space. It is important to note such models

do not incorporate geographic proximity into the generation of their predictions

– despite the fact that the generated model is mapped in geographic space as

one of the final steps of creating the model output. The fact that these mapped

outputs may show clustering in geographic space is simply an artefact of spa-
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tial autocorrelation among the environmental parameters input into the model

(Franklin 2009).

Sample selection bias is a serious source of error, especially for SMs that have

been built from presence-only data. Biased occurrence data include those that

have been obtained from purposive sampling, historical surveys, natural history

collections (herbaria and museums) and other opportunistic sources of species

observations. These occurrence data usually exhibit strong spatial bias in survey

effort and are typically strongly skewed towards more accessible areas (Reddy and

Dávalos 2003; Schulman et al. 2007). In the recent years, there have been several

papers which have warned against the use of such non-randomly distributed loc-

ation data, as this can dramatically lower their predictive ability by resulting in

unrealistic bias among the environmental parameters during the generation of an

SM (Elith et al. 2011; Phillips et al. 2009).

Such bias is a problem in SDM because it violates one of the most basic stat-

istical assumptions of most SDM methods: that the presence data are sampled

independently (without any bias) within the study area (Phillips et al. 2006).

This in turn affects the modelling process (which assumes no bias) during which

the training data are selected uniformly at random from the biased set of sites

that have been input into the model. This often results in the model being fitted

closer to environmental characteristics of, for example, a biased herbarium col-

lection than to a model of the true distribution of the species. Further, because

the test and training data derived from a biased occurrence dataset will not be

independent of each other, this can result in inflated model performance assess-

ments in addition to misleading interpretation of the importance and influence

of environmental parameters upon the species’ distribution.

This spatial bias is known to be a greater problem for presence-only models

than for presence-absence models (Zadrozny 2004) as it affects solely presence
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data and not background data. Hence all SDM algorithms which incorporate the

modelling of presence occurrences in relation to a background (e.g., MaxEnt and

GARP) will be influenced by this bias in sample selection (Phillips et al. 2009).

4.1.8 Possible solutions to spatial autocorrelation

Perhaps the most obvious way of addressing this problem of spatial bias would

be the manipulation of the occurrence data in order to remove this bias by sur-

veying in under-represented areas and down-weighting or discarding records in

over-sampled areas. However, in large study areas it may not be possible to con-

duct new surveys due to impractical logistics and/or a lack of resources. Further,

bias in sample selection may be an inherent part of the current, realised distri-

bution of a species where the landscape has been modified by activities such as

deforestation; such scenarios cannot be ‘fixed’ by collecting new data. Addition-

ally, the scarcity of records makes the discarding of usually hard-won records

unpalatable, while the down-weighting of records in oversampled areas may be

obstructed by incomplete information regarding the distribution of the survey

effort.

The only example found to improve upon this problem encountered in the

literature was the work of Phillips et al. (2009). They proposed a technique for

methods such as MaxEnt, BRTs, GAMs and GLMs, which helps to reduce the

error introduced by sample bias. This involves using background data that reflects

the same spatial bias as the occurrence data for building SMs in order to achieve

the same environmental bias in both datasets. This is based on the premise

that a model built on occurrence and background data which share a common

a spatial bias will not be focused upon the sample selection bias but instead on

any existing differentiation between the distribution of the occurrences and the
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background. Such a model would highlight the habitats of the species within the

biased sample (and background) space instead of focusing on areas that are more

heavily sampled within the entire study area.

Because detailed information about the spatial bias for the survey of the species

being modelled may be unavailable and hence difficult to re-create, they propose

constructing this biased-background based on sites that have been sampled from

a broad set of similar species referred to as a ‘target group’ (Anderson et al.

2003; Ponder et al. 2001). For example, presence records from a natural history

collection could be used to create a target group based on broad biological groups

such as vascular plants, birds or lizards. However, they specify that these target

groups should contain species that have been collected or observed using the same

methods or equipment. Sites for all records from all of the species that comprise

this group would then represent the full set information for the survey effort of

the given species – which could be used as the background data. They argue

that it is likely that the species within a target group that have been observed

by similar methods will also share similar bias. Further, they conclude that an

appropriate choice of background data that utilises a target-background approach

can be effective in removing some of this bias by spreading model predictions into

unsampled areas of the study area with similar conditions to the areas where the

species is known to be present. However, this technique was not incorporated

into these analyses due to the availability of a spatially unbiased global set of

sample points (discussed further in Section 4.4.6.

4.1.9 Evaluation of models

All SMs have projection errors because these models are simplifications of reality.

Sufficient attention should be given to the nature and degree of such errors and
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their costs; furthermore, caution should always be practiced when applying the

mapped output of these models (Barry and Elith 2006; Liu et al. 2005). However,

within the literature, evaluation of SMs has been focused on predictive perform-

ance rather than other criteria such as calibration (comparison of the average

probability of species presence projected by an SM to the proportion of positives

correctly projected), credibility (to the user community) and ecological realism

(Franklin 2009).

Because of this attention to predictive ability, especially associated with the

probability of a binary outcome (presence/absence), there has been extensive

focus on threshold-independent measures of prediction accuracy – especially the

Area Under the Curve (AUC) (Section 4.2.8.3). However, it is important to note

that the AUC and other threshold-independent methods used to evaluate model

accuracy need to be interpreted in a somewhat different manner for presence-

only models. This is because their application would be to presence and pseudo-

absence data rather than presence and absence data (see Section 4.2.8.3).

Evaluation of predictive performance can be severely limited due to a paucity

of independent and adequate data available for evaluation (Lobo et al. 2004).

Moreover, some of the most popular applications of SDM, such as projections of

species distributions under future scenarios of climate/environmental change are,

at best, challenging to evaluate (Elith and Graham 2009).

Finally, SDM has, over recent decades, been proven be a useful tool in the

estimation of primary order relationships between species distribution and envir-

onmental factors. However, it is important to remember that these models are

simply tools that can be used as estimates within a given application and should

not be misinterpreted to be exact or near exact representations of the distribution

of a given species.
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4.1.10 SDM within the Caribbean SIDS

Caribbean SIDS contain many endemic and endangered species which are under

intense pressure due to the increasing human populations within these small, fixed

geographic spaces. SDM has been used as a tool for aiding conservation planning

and management in many regions across the continents and sub-continents of

the world (Franklin 2009). However, there is an acute paucity of SDM studies or

applications within small geographic spaces, such as the Caribbean SIDS, and in

particular, within terrestrial regions of these islands (see Section 5.1.13).

Trinidad is, in several ways, an ideal case study for exploring the potential of

SDM within Caribbean SIDS.

Its topography ranges from flat alluvial plains which are situated between al-

most equidistant areas of high elevation along (i) the northern coast (Northern

Range), (ii) central region (Central Range) and (iii) southern coast (Southern

Range) of the island (see Section 4.2.3 for problems posed to SDM by areas of high

elevations). These are interspersed with a variety of different habitats, some of

which are characterised by sharp boundaries due to edaphic features. Apart from

almost fifty percent of the island still being under forest cover, it has resources

that can effectively facilitate an SDM study. These include a well inventoried

and documented flora, a comprehensive, data-based collection of its flora (within

the National Herbarium of Trinidad and Tobago) and access to up-to-date and

reliable GIS and remote sensing data.

This chapter will explore the feasibility of using SDM within the Caribbean

island of Trinidad. This is accomplished by (i) generating SMs of the potential

present distributions of selected tree species (from Chapter 3); and (ii) discern-

ing which environmental predictor variables are most relevant in defining the

distribution of these species.
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4.2 Methods

To model the potential present distributions of the list of tree species (Chapter

3) several steps were essential.

4.2.1 Data requirements for Species Distribution Modelling

The following input data were used to model the potential distribution of a given

species during present climate conditions: (i) species distribution data (recorded

presence locations) within the island – in terms of geographic co-ordinates (latit-

ude/longitude) (Section 4.2.2); (ii) present climate data for Trinidad – expressed

in the form of Bioclim variables (Section 4.2.3), (iii) soil drainage data (Section

4.2.4); (iv) Slope data (Section 4.2.5) and (v) Elevation data (Section 4.2.6).

4.2.2 Species distribution data

4.2.2.1 Sources of species location data

For each of the twenty-one species defined in Table 3.6 (Chapter 3), geographic

co-ordinates of recorded presence locations were determined. The majority of

these co-ordinates were extracted from the RBS inventory described in Chapter

3. However, a total of twelve co-ordinates were also extracted from the following

databases: (i) voucher specimens of the National Herbarium of Trinidad and

Tobago; and (ii) the National Forestry Division PSPs. These twelve co-ordinates

were included in order to both augment species occurrence points for the rarer

species as well as to honour the use of data provided by partner institutions that

were involved in the RBS survey.
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4.2.2.2 Spatial resolution of species location data

Once geographic co-ordinates for all species were compiled, a ‘global location

dataset’ was created by merging the locations (geographic co-ordinates) of all 21

species and removing the replicates. The points of this global location dataset

were mapped in geographic space using ArcGIS 9.3. By overlaying the WorldClim

1 km2 grid (see 4.2.3.1) onto this global location dataset, location points were

edited so that no two points were with a 1 km radius to each other (Figure 4.1).

This spatial resolution threshold was administered in order to conform to the

spatial resolution of the present climate data described in Section 4.2.3.3 below.

The list of geographic co-ordinates for each species was re-defined to exclude any

points which were not part of the global location dataset. This was done to

ensure that the environmental conditions associated with the species occurrence

data corresponded to the environmental conditions depicted by the climate data.

4.2.2.3 Testing of global dataset for spatial bias

The global location dataset was tested for spatial autocorrelation using the Aver-

age Nearest Neighbour Index test within ArcGIS 9.3 (Figure 4.2). This measures

the degree of spatial dispersion in a distribution based on the distance between

adjacent points (Ebdon 1985; Mitchell 2005). Based on the null hypothesis that

the points within the distribution are randomly distributed, it is expressed as the

ratio of the observed distance divided by the expected distance; where the expec-

ted distance is the mean distance between neighbouring points in a hypothetical

distribution. Index values of less than 1 indicate a tendency towards clustering,

while values greater than one suggests that the trend is towards dispersion or

competition. The statistical significance of the result is measured by the z-score

and the p-value – which indicate whether or not the null hypothesis should be
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rejected (Mitchell 2005).

4.2.3 Present climate data for Trinidad

4.2.3.1 WorldClim data

A fundamental premise of biogeography is that climate is a major factor that

influences the natural distribution of species. Evidence for this comes both from

palaeoecological studies (Clark 1998; Woodward 1987), as well as documentation

of recent trends of changes in species range (Botkin et al. 2007; Pearson and

Dawson 2003; Thuiller et al. 2006). Hence it is important to first look at the

relationship between present climate conditions and the distribution of the spe-

cies selected for this study before attempting to project the impacts of a future

changed climate (Chapter 5).

The WorldClim website (Hijmans et al. 2005b) provides access to global climate

data layers (climate grids) for past, present and future climate scenarios. Its

present climate data is based on observed data (between 1950 and 2000) that

were collected from a multitude of weather stations across the globe. These

observed data were interpolated (thin-plate smoothing spline) to create climate

grids of mean monthly climate data (monthly: total precipitation (P), maximum

(Tmax), minimum (Tmin) and mean (Tmean) temperatures). These climate

grids in addition to nineteen derived bioclimatic variables, are available on the

WorldClim website at different resolutions which range from 30 arcseconds to

10 arcminutes (Hijmans et al. 2005b).

Monthly averages of the 30 arcseconds (1 km2) resolution for P (mm), Tmax

(°C x 10), Tmin (°C x 10) and Tmean (°C x 10) were downloaded from Tile 23

within the WorldClim present climate dataset in a generic grid format. These
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generic grids were imported into a DIVA GIS (Hijmans et al. 2005a) environment

– within which the spatial extent of Trinidad was cropped then converted into

American Standard Code for Information Interchange (ASCII) files (e.g., Figures

4.3 to 4.6).

Hijmans et al. (2005b) note that there are areas of uncertainty associated with

the WorldClim data at a 30 arcsecond resolution. These are due the quality of

the observed on data in conjunction with the interpolation method used. They

explained that the quality of the interpolated climate surfaces would depend on

(i) “the local climate variability”, (ii) “quality and density of the observations”

and (iii) “the degree to which the spline could be fitted”. The distribution of the

weather stations that were used to generate the climate surfaces were not random,

with a dearth of these stations within (i) areas with low population densities and

(ii) high elevations.

Indeed, little weather station data were available for many islands of the Carib-

bean which are characterised by high elevations and associated complex topo-

graphy. Additionally, the WorldClim data omits locally important variables

(which are especially within areas of complex topography) such as aspect. This

leads to the inability of the 1 km2 data to adequately capture all the variation at

this resolution.

4.2.3.2 Bioclim(atic) variables

Bioclimatic (Bioclim) variables are biologically meaningful variables which have

been derived from monthly precipitation (P) and temperature (Tmax, Tmin and

Tmean) values over a given number of consecutive years (Hijmans et al. 2005b).

They represent patterns which are useful in ecological niche modelling – such as

annual means (e.g., annual precipitation, mean annual temperature); seasonality
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(e.g., annual range in precipitation and temperature) as well as limiting environ-

mental factors (e.g., precipitation of the wet and dry quarters (three consecutive

month period) and temperature of the coldest and warmest month).

4.2.3.3 Generation of Bioclim variables for present climate conditions

Because of the uncertainty associated with the WorldClim data for the Caribbean

islands (particularly the low density of weather station data) (Section 4.2.3.1),

the degree of variation across Trinidad captured by the Bioclim variables was un-

known. In order to determine which of these variables were adequately captured

for the island, the surfaces for all thirty-five Bioclim variables were calculated

from the ASCII files of the cropped WorldClim’s monthly P, Tmax, Tmin and

Tmean data for Trinidad (Section 4.2.3.1). Table 4.1 below lists these Bioclim

variables and the formulae used for their calculation (where applicable). The res-

olution of these Bioclim surfaces was the same as that of the P, Tmax, Tmin and

Tmean data (1 km2) that were initially downloaded from the WorldClim website.

A comparison of Bioclim data generated using the methods published by World-

Clim and the original Bioclim surfaces that are published on the WorldClim web-

site revealed further inconsistencies for some variables. The published WorldClim

method states the values generated for all climate surfaces were rounded but this

was not consistently done; values for BIO3, BIO8, BIO9, BIO10, BIO11 were

chopped rather than rounded. To avoid this inconsistency, these analyses were

based on newly generated Bioclim surfaces with consistently rounded values.

Inspection of these generated Bioclim grids revealed questionable patterns for

several of the temperature-derived variables (BIO2, BIO3, BIO5, BIO6 and

BIO7). Some of these suspect Bioclim grids showed concentric circles radiat-

ing from a single point situated along the North-Western peninsula of the island
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(BIO2, BIO3 and BIO7), and were linked to two issues of concern. Firstly,

the WorldClim database used temperature data for Tmax and Tmin from just

one point within Trinidad. Secondly, due to many more records being available

for Tmean than for Tmax and Tmin, all WorldClim Tmax and Tmin surfaces

were not calculated directly from Tmax and Tmin data – but instead from the

Tmean surface plus or minus half the temperature range (Hijmans et al. 2005b).

Therefore, these Bioclim variables (BIO5, BIO6 and BIO7) were also omitted as

possible predictor variables to be used for the SDM analyses (Table 4.1). Maps

of the selected Bioclim variables are illustrated in Appendix C.

4.2.4 Soil Drainage data

Substrate characteristics are frequently used to model the distribution of plant

species because of their nutrient and drainage characteristics (Franklin 2009). Soil

drainage was included as a predictor variable for these analyses as it has been

identified by local experts as an important factor that influences the distribution

of vegetation across Trinidad (Baksh-Comeau, pers. comm. 2010).

A coarse soil drainage index – was developed to express the drainage capacity

of all soils across Trinidad. The index was created from the ‘Summary of Soil

Data’ tables taken from the Land Capability Survey (GOTT 1972c). Within these

tables, each soil type within Trinidad is labelled with a unique numeric id that is

representative of its soil drainage capacity.

These numeric ids were categorised into a ‘soil drainage index’ which ranged

from 1 (free drainage in sandy soils) to 7 (slow drainage in heavy clays) (Table

4.2). This index was then mapped in ArcGIS 9.3 by adding a ‘soil drainage’

category to the attribute tables of the ‘Soils of Trinidad’ polygon shape file. This

shape file, which was derived from the 1:25,000 Soil Map Series (GOTT 1972a),
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was provided by the DGLM at the St. Augustine Campus of the UWI. Within the

attribute tables, the ‘soil drainage’ column was populated with soil drainage index

values corresponding to the unique numeric soil id for each soil type polygon.

The resulting map of the soil drainage index was then converted from a polygon

to an ASCII format, which was then input into MaxEnt for modelling.

4.2.5 Generation of Slope data

4.2.5.1 Contours to Triangulated Irregular Network (TIN)

Within the terrain of a study region, slope influences overland and subsurface

flows of water, and hence, affects potential soil moisture and a range of other soil

characteristics (e.g., moisture regime) which can impact upon the distribution of

plant species. Additionally, it has been suggested that the inclusion of predictor

variables from more than one hierarchical scale may help to yield more accurate

SMs (Meyer and Thuiller 2006). Hence the incorporation of ‘meso-scale’ predictor

variables such as slope (and soil drainage above) in conjunction with the ‘macro-

scale’ climate parameters was selected for these analyses.

Slope data for the extent of Trinidad was generated within ArcGIS 9.3 from a

10 m contour shape file obtained from the DGLM at the St. Augustine Campus

of the UWI. The contour shape file was derived from the 1:25,000 Topographic

Map Series (GOTT 1972b) to a ±5 m accuracy.

The 3-D Analyst extension within ArcGIS 9.3 was used to build a TIN for

the island based on this contour data. TINs are vector-based digital geographic

data commonly used to represent the surface morphology of landscapes. TINs

are constructed by the triangulation of vertices within a given surface – which

are connected via a series of edges to create a network of triangles. The edges of
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this triangular network form contiguous, non-overlapping facets which are used to

define and capture linear features within the landscape, such as ridges (Lillesand

et al. 2008).

4.2.5.2 TIN to Slope

The slope function of the Surface Analysis Tool within the 3-D analyst was then

used to create a slope grid from the TIN. This tool computes the maximum rate

of change between each cell and its 8 neighbours. The value of each pixel within

the output slope grid was expressed as degrees (Lillesand et al. 2008).

The Slope grid was then converted to an ASCII grid format (for input into

MaxEnt) within ArcGIS 9.3.

4.2.6 Generation of Elevation Data

Land surface elevation has been known to affect several parameters which directly

influence the distribution of plant species. These include temperature and radi-

ation regimes, as well as precipitation via orographic lifting and geology (which

affects the availability of mineral nutrients) (Franklin 1995). Elevation data was

therefore included as another meso-scale predictor variable for these analyses.

The TIN created in Section 4.2.5.1 above was also used to create a Digital

Elevation Model (DEM). A DEM is a regularly spaced raster grid, within which

pixel values correspond to elevation points recorded from the terrain of the area.

Within ArcGIS 9.3 the TIN was converted to a raster format (DEM) by using

the ‘TIN to raster’ function within the 3D Analyst Tools. This DEM was then

converted to an ASCII grid format for input into MaxEnt.
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4.2.7 Removal of highly correlated variables

Because MaxEnt does not detect multicollinearity, correlation tests on the pre-

dictor variables to be used for the modelling were performed to identify and

remove highly correlated variables. This was necessary to ensure that the distri-

bution models would not be over-parameterised with redundant climatic inform-

ation.

A rectangular matrix was created within an SPSS Statistics environment (SPSS

Inc. 2008) containing the values of each pixel (1 km2) within the surfaces gener-

ated (Sections 4.2.3.3 to 4.2.6) for: (i) each of the thirty-five Bioclim variables,

(ii) the soil drainage index, (iii) the slope and (iv) the elevation across Trin-

idad. As the values of these data varied in orders of magnitude, these data were

square-root-transformed.

A two-tailed Pearson’s correlation coefficient (significance level = 0.01) matrix

was then generated from the transformed data. Treating all correlations which

were ≥ ±0.85 as highly correlated, the parameters were arranged in groups of

highly correlated predictor variables (Rissler et al. 2006; Rissler and Apodaca

2007).

The correlation values between each parameter within a given group – and all

parameters external to the group were then summed and the average ‘external

correlation’ calculated. The parameter with the lowest average external correla-

tion within a given group was taken as the representative predictor variable (from

that group) to be used in the modelling.

This list of least externally correlated predictor variables to be used in the mod-

elling consisted of BIO4 = Temperature Seasonality (standard deviation x 100),

BIO13 = Precipitation of Wettest Month, BIO15 = Precipitation Seasonality

(Coefficient of Variation), BIO18 = Precipitation of Warmest Quarter, BIO19 =
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Precipitation of Coldest Quarter, BIO9m4 = Mean Temperature of Driest Third

(4 months) as well as elevation, slope, drainage (Table 4.1).

BIO12 = Annual Precipitation, BIO14 = Precipitation of Driest Month, BIO16

= Precipitation of Wettest Quarter and BIO17 = Precipitation of Driest Quarter

were also added to the above list because of their ecological meaningfulness (Table

4.1).

4.2.8 Calibration of MaxEnt

4.2.8.1 MaxEnt

SDM analyses were conducted using the MaxEnt software (version 3.3.3e; http:

//www.cs.princeton.edu/~schapire/maxent/; Phillips et al. (2004, 2006)). De-

tails of this model are included in Section 4.1.6.

4.2.8.2 Input into MaxEnt

The input requirements into MaxEnt consisted of (i) species location data in terms

of geographic co-ordinates (latitude/longitude) and (ii) a directory of selected

predictor variables.

The geographic co-ordinates for all 21 species were input into MaxEnt as a

multi-species dataset csv file which consisted of species names, followed by the

geographic coordinates (longitude, latitude).

The environmental directory consisted of layers within which the selected con-

tinuous environmental variables (Table 4.1) were expressed within ASCII raster

grids (ESRI’s .asc format). Categorical data (soil drainage) was also included

within the environmental directory (indicated in the run window). It was ne-
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cessary that all ASCII file headings were identical, in order to have the same

geographic boundaries and cell size. It was also imperative that the same co-

ordinate system (in this case WGS 84) be used for both the location data and

the environmental layers.

4.2.8.3 Maximising AUC accuracy

This study used the AUC of the Receiver Operating Characteristic (ROC) of the

test data (test-AUC) to evaluate the predictive accuracy of the species distribu-

tion models that were generated by MaxEnt (Peterson et al. 2008). The ROC

curve expresses the relationship between the proportion of true positives (sens-

itivity) and the proportion of false negatives (1-specificity) across the range of

possible probability thresholds (Pearce and Ferrier 2000), where sensitivity refers

to the proportion of presences selected within a model, and specificity is a measure

of correctly projected absences.

In essence, test-AUC values generated by presence-absence models are inter-

preted as the probability that a model will correctly distinguish between a pres-

ence and an absence record if each record is selected randomly from the set of

presences and absences (Fielding and Bell 1997; Pearce and Ferrier 2000). How-

ever, as outlined by Phillips et al. (2006), for presence-only models, AUC values

instead express the probability of the model classifying a presence more accur-

ately than a random prediction (rather than the ability to distinguish presence

from absence).

There are subjective guidelines within the literature as to what test-AUC values

constitute ‘good model performance’. For presence-absence models, test-AUC

values range from 0.5 – where the model’s predictive ability is no better than

random to 1.0 for perfect predictive ability. Test-AUC values of >0.9 denote
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very good predictive ability while a test-AUC value between 0.7–0.9 is good and

test-AUC values <0.7 are considered to be uninformative (Baldwin 2009). But

according to Phillips et al. (2009), the AUC values for presence-only models

are not as easy to interpret; while 0.5 still indicates that the model’s ability to

discriminate is no better than random, the maximum attainable test-AUC score

is usually less than 1.0 (Phillips et al. 2006).

Additionally, it is useful to keep in mind that many authors (e.g., Franklin 2009;

Peterson et al. 2008) have suggested that a true test of the model is whether it is

useful for a given application. While subjective, it is worth considering that, for

example, if the aim of the application is to predict the actual distribution of a

species, a presence-absence algorithm is preferable; with a good model predicting

both presences and absences with equal frequency. However, such models also

consider the prediction of an unoccupied area to be environmentally suitable as a

model error; hence these models may be assessed as poor despite them providing

biologically sound output. In contrast, presence-only algorithms may be the

preferred option if the aim of the study is to estimate the potential distribution

of a species. Because of the lack of absence data, such models are categorised

as useful (versus correct) if they are able to successfully predict the presence of

species within most/all test localities. However, if such a model does successfully

predict all test locations – but within the entire study area, it will be accurate but

not useful – as its output will not be more insightful than a random prediction.

As this study sought to generate the potential distributions of selected species,

the use of the presence-only technique MaxEnt was considered relevant. The

usefulness of these SMs were assessed by a combination of the AUC scores and

expert opinion (Section 4.2.13).
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4.2.8.4 MaxEnt settings used for developing the species distribution models

Once the location and environmental data were input into MaxEnt, a choice

among six options (ranging from linear to hinge features) was required to de-

termine how the predictor variables (or features) should be treated during model

generation. Based on exploratory model runs of all six options on a subset of

the species selected for these analyses, hinge features (which applies both linear

and step functions to the predictor variables) consistently produced the strongest

models – for the majority of species.

For each species, the final SM used for these analyses was hence based on the

mean output of cross-validation model runs (see Section 4.2.9) which were gener-

ated using hinge features and an accompanying regularisation parameter of 0.5.

According to the work of Phillips and Dudík (2008), the use of hinge features has

been shown to increase significantly the average test-AUC values (of 226 species

found within a variety of global environments), compared to models run without.

Hinge features are thought to increase a model’s performance by allowing for

simpler and more succinct estimations of the ‘real’ species response to the envir-

onment, and can be used with both random and biased backgrounds. This feature

is however based on the limitations that: (i) the number of presence records is

at least 15; and (ii) the regularisation parameter is set to 0.5. As mentioned

above, the regularisation parameter affects how closely-fitted the output should

be to the presence records with values less than 1.0 resulting in a closer fit, while

those greater than 1.0 result in a model output that is relatively more dispersed.

Additional features selected included the ‘Make pictures of the predictions’ and

the ‘Do jackknife to measure variable importance’ options. The former results in

the inclusion of jpeg map images of the projected species distribution niche the

within the output file and the latter results in the inclusion of jackknife test plots
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which indicate variable importance (Section 4.2.12).

4.2.8.5 MaxEnt Output

Details of the final SM (mean output from cross-validation runs) generated for

each species were output within an html file. From this file, the (i) ‘Omission

and Predicted Area’ curve and the (ii) ROC curve were both checked in order to

verify that (i) test and training datasets remained independent of each other and

(ii) the model’s test-AUC performed better than random.

Additionally, MaxEnt’s output included a probability distribution grid map

within which each pixel illustrates the probability of finding the species of interest

within that given area (Phillips and Dudík 2008). These maps were expressed in

a logistic format, which according to Phillips and Dudík (2008), improves model

calibration by expressing large differences in output values as corresponding large

differences in suitability.

4.2.9 Choice of species for further analyses (Test AUC threshold)

Test-AUC (referred to as AUC) performance for the model of a given species

was tested by conducting a series of cross-validation runs for each species. These

runs varied in the number of cross-validation replicates – which ranged from 10

to 100 (Table 4.3). This was done to ensure that the accuracy of the AUC values

used for each species’ potential distribution was robust and maximised. From

these results, graphs of ‘Number of replicates’ versus ‘Average Test AUC’ (Figure

4.7) and ‘Number of replicates’ versus ‘Standard deviation of the individual AUC

scores’ (Figure 4.8) were used to discern the species which produced robust models

(AUC > 0.7). From these graphs, 11 species (out of the initial 21) were used for
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further analyses (Table 4.3).

4.2.10 Correlation of distribution maps to model strength

Maps of the presence locations recorded for each of the original 21 species were

plotted using ArcGIS 9.3 (Table 4.8). These were visually inspected to determine

any correlation between distribution extent and model strength (AUC value).

4.2.11 MaxEnt – present output

4.2.11.1 MaxEnt output

MaxEnt’s logistic output for the potential present distribution of each of the

selected 11 species was expressed as a continuous grid map (e.g., Figure 4.9)

– within which the value (ranging from 0 to 1) of each pixel represented the

probability of presence within the given pixel (Section 4.2.8.5).

4.2.11.2 Threshold of Occurrence

Binary categorisation of the logistic output into ‘present’ or ‘absent’ was necessary

for further analysis of the distribution patterns of the 11 species. To do this,

a ‘threshold of occurrence’ needed to be decided upon. Several methods for

determining such a threshold are available in the literature (Liu et al. 2005;

Pearson et al. 2006; Pearson et al. 2004; Phillips et al. 2006) with the choice

depending both on the type of data that is available and the objective of the

research. For presence-only data, one approach involves the use of an arbitrary

fixed probability level (e.g., 50%) derived from the model output (Robertson et

al. 2001). However, this method is subjective and the chosen probability level
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may not be ecologically relevant to each species being modelled. Hence, other

methods have been used in the literature that are based upon data that are used

to calibrate the model (e.g., occurrence records) such as the ‘lowest predicted

value’ of an observed occurrence record (Pearson et al. 2006) or ‘fixed sensitivity’

approach (Pearson et al. 2004).

As the objective of this study was to define the potential distribution niche

of the selected tree species within Trinidad, the fixed sensitivity approach was

employed. A threshold was selected that maximised the number of observed

presences categorised as ‘present’, but imposed standardisation to accommodate:

large differences in the number of observed localities among the eleven species

being modelled. This is in complete contrast, for example, to a scenario where

the objective of the study is to reintroduce an endangered species. Such an

objective would instead require a much higher threshold in order to reduce the

risk of choosing unsuitable areas and also to facilitate choosing sites with the

highest suitability for the species survival (Pearce and Ferrier 2000).

The threshold of occurrence was set at a 5% omission level (analogous to setting

a fixed sensitivity of 0.95). This was achieved by ordering the logistic probabilities

of presence (from the MaxEnt output grid) of all observed localities for a given

species in ascending order of magnitude and selecting the probability value rep-

resentative of the first 5% of the locality points as the threshold. This threshold

of occurrence value varied from species to species (Table 4.4) depending on the

distribution of the logistic probability of presence across the number of observed

localities.
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4.2.11.3 Presence/absence maps

From the raw MaxEnt logistic output grid for each species (e.g., Figure 4.9),

all pixels with probabilities less than the selected threshold of occurrence were

given the value ‘0’ (absent) while all pixels with values more than or equal to

the threshold of occurrence were labelled as ‘1’ (present). The resulting ASCII

binary grid was then imported into ArcGIS 9.3 as a raster image of the potential

distribution of the given species under present climate conditions (Figure 4.10).

The presence/absence raster image of the potential distribution of each of these

eleven species was then clipped with the GIS forest cover polygons for 1969 and

2007 (Chapter 2) in order to discern the net loss of each species’ potential dis-

tribution due to limitations in forest cover during both these years (Table 4.5).

The resulting proportions of each species’ potential distribution range being en-

compassed by forest cover during 1969 and 2007 were then used to calculate the

percent change in the area of each species’ potential distribution from 1969 to

2007 (as a result of alterations in forest cover during this period).

4.2.12 Variables which contributed the most to models

4.2.12.1 Jackknife tests

For each species, the results of the Jackknife test, which was carried out while

the model was being built by MaxEnt, were used to determine the variables

which contributed the most to explaining the species’ potential distribution. Put

simply, the jackknife test tracks the contribution of each predictor variable at

each step in the building of the model and displays these results in three formats:

(i) gain of the model with all predictor variables; (ii) gain of the model with

just one predictor variable in isolation; and (iii) gain of the model exclusive of
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the predictor variable. These results of all three jackknife plots were compared

and incorporated to determine the four variables which contributed most to the

model’s gain (Table 4.6). Collated results show the frequencies at which indi-

vidual predictor variables contribute to the models generated within the set of

11 (Figure 4.11).

4.2.12.2 Climate space graphs

The validity of the top two contributing predictor variables (Table 4.6) responsible

for defining the potential present climate niche of a given species was tested by

the construction of a climate space graph (e.g., Figures 4.12 and 4.13).

Within Microsoft Excel, the relationship between the values of the two top pre-

dictor variables at each pixel within their ASCII grids was plotted. Additionally,

the locations of all known presences of the species were also incorporated into the

graph. The inclusion of all/most of the latter within the former was used as a

method of understanding how widely distributed the species is (expected to be)

in these environmental spaces (of the top two predictor variables) during both

the present and future (SRES A2 scenario) climates.

4.2.13 Assessment of the presence/absence maps by ‘expert
knowledge’

An estimation of the field accuracy of the present distribution models, which

were generated for these eleven species, was done by the assessment of the pres-

ence/absence maps described above (Section 4.2.11.3), by ‘experts’ in the field

who were well acquainted with the distribution of each of these species.

Within ArcGIS 9.3 each of the presence/absence raster images above (Section
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4.2.11.3) were clipped with the Dissolved Forest Cover polygon for 2007 (Sec-

tion 2.5.2) using the Data Management Tools. The resulting images showed the

potential distribution of a given species within the present forested areas of Trin-

idad, effectively excluding all other areas of forest within Trinidad which had

been cleared for development.

Each of these modified presence/absence images were then overlain with the

‘Major Roads’ and ‘Major Towns and Cities’ shape files (acquired from the

DGLM, UWI, St. Augustine) (Figures 4.14 to 4.24). However the known occur-

rence points of the species were excluded in order to prevent biased assessments.

These resulting maps of the potential distributions of the species within exist-

ing forested areas (together with major towns, cities and roads for reference) were

then sent to four Foresters within the Forestry Division of Trinidad and Tobago

each of whom have been involved in the island-wide management of these species

for over 20 years. They were asked to use their knowledge of the species’ distri-

bution over the last 20 years to rate the accuracy of the maps (Table 4.7). The

ranking scheme was simple and consisted of four categories:

• Poor = ≤50% accuracy

• Fair = >50% and <70% accuracy

• Accurate = ≥70% and <90% accuracy

• Very accurate = ≥90% accuracy

Additionally, the foresters were asked to indicate their level of confidence/skill

regarding the distribution of each species. Again, this ranking scheme was simple,

consisting of five categories: poor, fair, good, very good and excellent. The

forester skill level for each species was also included in Table 4.7. Foresters were

also asked to indicate, by drawing on a printed copy of the map, areas where

they believed: (i) should be included as part of the species’ distribution (under-
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estimated model) and (ii) areas which they believe should be excluded from the

species’ distribution (over-estimated model).

4.3 Results

4.3.1 Spatial Autocorrelation

The results of the Average Nearest Neighbour Index test (Figure 4.2) indicated

that the global set of species locations used for these SDM analyses were near to

random (very small degree of clustering which is more than likely due to random

chance) with respect to their spatial arrangement. This increases confidence that

the species distribution models created during the analyses would not be affected

by inflated AUC scores.

4.3.2 Variation of AUC scores

Fluctuation of AUC values decreased as the number of cross-validation replic-

ates increased (Table 4.3, Figures 4.7 and 4.8). Further, for each given species,

AUC values and their standard deviations eventually stabilised beyond a certain

number of cross-validation replicates. These points of stabilisation coincided in

all cases with the number of occurrence points for that given species. A good

example of this is the occurrence dataset of species Mora excelsa which consisted

of 18 location sites. As seen in Figures 4.7 and 4.8, the AUC and its standard

deviation became constant from twenty replicates onwards. This is due to the

fact that for cross-validation replicates, the occurrence data of a species is di-

vided into equal sized groups called replicate folds. As the replicates within a

run progress, models are created by omitting each fold in turn (the omitted folds
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are used to test the model’s performance). Hence, once the number of replicate

folds is exhausted, the AUC value becomes constant. The biggest advantage of

cross-validation is that it makes use of all of the data for validation, and hence

is ideal for making better use of small datasets which are typical of occurrence

datasets of many tropical plants (Feeley and Silman 2011).

4.3.3 Change in potential species distribution range resulting
from alterations in forest cover between 1969 and 2007

Net losses in species’ potential distributions for this group of eleven species as a

result of restrictions in forest cover availability ranged between 29.8% and 18.4%

during 1969, and 29% and 16.2% during 2007 (Table 4.5).

However, it was found that the alteration in forest cover across Trinidad from

1969 to 2007 yielded no large changes in the area of these species’ potential dis-

tributions (that were supported by available habitat). During this period, spe-

cies’ potential distributions varied from an increase of 5.3% (Tabernaemontana

attenuata) to a decrease of 5% (Brosimum alicastrum). Additionally, the majority

of these species were shown to experience slight increases in their potential distri-

bution ranges, with just three species (Brosimum alicastrum, Carapa guianensis

and Sterculia puriens var. glaberscens) experiencing slight decreases, and only one

species’ Virola surinamensis distribution range remaining unchanged.

4.3.4 Correlation of AUC scores with the distribution range of
a species

Test-AUC scores were lower for species with ubiquitous sets of occurrence points

(Table 4.8), while species with restricted ranges consistently scored high test-

AUC values. That is, MaxEnt creates an ‘environmental envelope’ for a given
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species based on the combination of predictor variable conditions occurring at

all of its location points. It then identifies and highlights the probability of the

species existing within other parts of the study area based on the combination

of environmental conditions defined within the species’ climate envelope. A ubi-

quitous species which exists within the majority of a given study area will have a

climate envelope which leaves very little room for such interpolation. Hence such

species will accrue lower AUC scores than range restricted species, the climate

envelopes (well defined and narrow) of which have a lot more room within the

study area for such interpolation.

4.3.5 Most frequent top contributing predictor variables

For each species model, confirmation of the importance and relevance of the

top two contributing predictor variables (outlined in Table 4.6) was provided by

the construction of climate space graphs (e.g., Figures 4.12 and 4.13). As seen

in the examples, this confirmation lies in the fact that the entire set of loca-

tion points for Tabernaemontana attenuata and Brosimum alicastrum were each

encompassed within the ‘climate space’ of their top two contributing predictor

variables. Similar patterns were observed for the remaining nine species.

It is noteworthy that these climate space graphs do not imply that the re-

maining predictor variables were redundant. Instead, these graphs were meant

to simply illustrate how each species fit in the leading environmental variables

– i.e., that within the environmental hyperspace, each species’ occurrence was

well encompassed within the envelope of the two variables – which were shown

by the model breakdown to be major contributors to the final output (Table

4.6). This does not automatically imply that the species distribution is not also

a consequence of the distribution of other environmental variables to an equal
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or lesser extent. Hence if the model breakdown of variable importance is robust

(determined by the AUC value) – then it is likely that the envelope coverage

of these occurrences would vary depending on how much the selected variables

(used to create the envelope) contributed to the model output.

Finally, it was shown (Table 4.6 and Figure 4.11) that BIO17 (precipitation of

driest quarter) was the predictor variable with the greatest frequency of occur-

rence (as one of the top four contributing predictors) among the eleven species

models that were generated. This was followed by BIO13 (precipitation of wettest

month) and a tie for the third most frequent place between BIO14 (precipitation

of driest month) and Elevation.

4.3.6 Assessment of model accuracy by foresters

Assessment of the present distribution models by the foresters showed that the

majority of the models appeared to represent an accuracy level greater than

50% (Table 4.7). Eight of the eleven species models were ranked as either a

combination of Fair and Accurate or better, with just three models being ranked

as only Fair. The best performing species (in decreasing order) were Mora excelsa,

Sterculia puriens var. glabrescens and Virola surinamensis while the species which

performed the poorest was Ilex arimensis. It was also clear from Table 4.7 that

the SMs which were ranked as Excellent or Accurate were generally associated

with species for which the foresters reported higher confidence levels compared to

those SMs which were ranked as Fair or Poor. According to the foresters, species

for which their confidence levels were rated Fair or Poor were all those which were

not commonly observed within the island’s forests.

Additionally, none of the foresters suggested that areas within any of the

model outputs should be excluded, however, they did suggest that the distribu-
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tions projected for for Ilex arimensis, Tabernaemontana attenuata and Brosimum

alicastrum were under-estimated. Apart from being a subset of those for which

the foresters reported low confidence levels, all three of these species distribu-

tions were assessed to have been under-estimated within the same region of the

island – the area between the central and eastern portions of the Northern Range

(e.g., Figure 4.22). According to the foresters, despite these being uncommon

species, this area of underestimation was obvious to them because of historical

observations which clearly place these species within this area.

4.4 Discussion

The above analyses suggest that SDM can be used to model the present potential

distributions of tree species within the Caribbean SIDS. However, several factors

need to be taken into consideration when designing these analyses:

4.4.1 Importance of forest cover change upon species’ potential
present distributions

It has been well established in the literature (e.g., Parmesan and Yohe 2003) that

habitat availability, and not solely climate change, may be a major determinant

of whether a species will be able to survive into the future. Indeed, the potential

distributions of majority of species within this group would automatically be

decreased by 20% or more because of limited habitat availability during both

1969 and 2007 (Table 4.5).

However, from 1969 to 2007, the effect of changes in habitat availability (forest

cover) was minimal on the change in area of the potential distributions of species

within this group. The (i) near congruence of the net losses among species’
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potential distributions during 1969 and 2007 and (ii) the small overall changes

in the area of species’ potential distributions as a result of alterations in forest

cover from 1969 to 2007 (Table 4.5) can be attributed to two factors. Firstly,

there was a less than 10,000 ha decrease in forest cover across Trinidad from 1969

to 2007 (Figure 2.3). Additionally, examination for Figures 2.4 and 2.5 revealed

that the distribution patterns of forest cover across the island during both these

years were strikingly similar in geographical space. Such unsubstantial changes of

forest cover in both area and geographical space therefore led to minimal changes

in the potential distributions of these species during this period of time. However,

this also implies that if the rate of deforestation continues to increase (Section

2.5.3), continued and accelerated encroachment of forested areas by anthropogenic

activity will lead to the potential distributions of these species decreasing with

time.

4.4.2 Useful for conservation planning of range-restricted species

The above described pattern of range restricted species giving rise to models

which have generally higher AUC scores than ubiquitous species conforms to the

findings of other studies which have shown that model accuracy increases with

species range restriction (Franklin et al. 2009; Segurado and Araújo 2004). This

suggests that range-restricted species may be specialists that have more predict-

able patterns of occurrence relative to environmental gradients within the island.

The application of SDM within the Caribbean SIDS is likely to be more useful

for the rare and endemic species with restricted ranges rather than those that

are widespread across these island. Any range-restricted island endemic or en-

dangered species should give rise to species distribution models with satisfactory

to high levels of predictive performance (AUC test scores >0.7). However, this
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is not expected to be the case for ubiquitous species, which are likely to produce

models that have lower levels of predictive performance associated with them. Al-

though less than ideal, this situation shows potential for SDM to be very useful in

conservation management and planning endeavours which focus on the conserva-

tion of endemic and rare species populations that are highly vulnerable because

of their restricted habitats within these islands. Additionally, the potential for

the generation of more robust models for ubiquitous species may be enhanced by

both the incorporation of data from, and increasing the size of, the study area to

include other islands of the Caribbean and/or mainland South America.

Within the short and medium term (before a larger climate signal needs to be

considered) SMs based on present climatic conditions may aid the above men-

tioned conservation management efforts within these islands in several ways. For

example, SMs of invasive species, pests and disease carriers can be used to high-

light areas within islands’ PANs that are most susceptible and which require more

careful management. Additionally, SMs of timber species can be used to inform

and prioritise harvesting based on suitability of conditions, with the least suit-

able areas being harvested before those where environmental conditions presently

promote maintained growth and the establishment of seed banks. Although, the

latter may be considered a double-edged sword – as it also has the potential to

reduce the genetic diversity of the species, hence reducing its capacity to adapt to

climate change. In general however, such applications are particularly valuable

given the small scale of the PAN within these islands.

4.4.3 Concurrence with results of ecological analyses

Because of the dominance of precipitation-based predictor variables used to de-

velop these SMs, it cannot be assumed that it is more than co-incidental that the
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most frequent of the top contributing predictor variables outlined were related to

precipitation. However, the top contributing variables being related to precipita-

tion and elevation (Table 4.6 and Figure 4.11) also conforms to the results of the

ecological analyses (Chapter 3) – which identified precipitation and elevation as

major factors influencing the distribution and ecology of Trinidad’s vegetation.

This concordance of both sets of results from independent analyses may provide

increased confidence that precipitation-based and elevation predictor variables

are important factors influencing the distribution of the modelled species.

4.4.4 Expert evaluation of models

The prospect of using location points in conjunction with environmental data

to estimate the species distribution has led to opportunities in conservation and

planning impossible without SDM. However, this prospect comes with the caveat

that inferences are only as good as the models themselves. This can be partic-

ularly problematic given the frequent inability to assess how well these models

reflect ecological reality (Elith and Leathwick 2009). Expert assessment has been

traditionally used in many ecological studies to derive or assess solutions when

detailed empirical data are lacking or when uncertainty is large (Daehler et al.

2004; Grist et al. 2005; Petersen et al. 2003). Hence, expert opinion as a possible

means of model evaluation was seen as a way of gauging the reality associated

with this study; especially given that the availability of such knowledge is rare

and has been infrequently mentioned in the SDM literature to date.

Despite this survey of expert opinion consisting of a very small sample size

(four foresters), the results in Table 4.7 were still considered to be useful as this

group of foresters was comprised of individuals who are experienced in identifying

trees across the entire island. Additionally, each forester’s experience does not
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represent just a snapshot of one point in time, but instead encompasses a period

of more than twenty years of species observation per forester. This temporal

perspective was seen as being particularly valuable in the assessment of these

models.

The assessment of the eleven species distribution models by these foresters was

interpreted to be positive as: (i) with the exception of one rating for one species,

none of the models were ranked as poor (less than 50%); (ii) the majority of

these species were assessed as being over 70% field accurate and (iii) none of

the models were judged to be over-estimations of the foresters’ perception of the

species’ distributions.

However, with respect to the under-estimation of the distribution of three spe-

cies (Section 4.3.6), the (same) area which was assessed as being under-estimated

within all three SMs also happens to be the only area within the Northern Range

that was sparsely represented within the global set of species location points used

for these analyses (Figure 4.1). Indeed, only one RBS site was located within this

area (between the central and eastern portions of the Northern Range). Given

the complex topography of this region, it is likely that high variation in the dis-

tribution of parameters such as elevation (a top contributing predictor variable

for all three species) may have resulted in little or no correlation from lower, less

complex terrain to this region. This highlights the high uncertainty associated

with developing SMs within regions of complex terrain without relatively high

resolution, evenly distributed occurrence data.

Both under-estimation and over-estimation are equally important in analyses

such as this – which seek to assess the potential of PANs within the Caribbean

SIDS to support species survival into the future. Indeed both the assessed absence

of over-estimation, as well as indications of under-estimation in three out of the

eleven models, was instrumental in indicating persistent strengths and potential
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weaknesses of these models. That the models were effective in excluding localit-

ies that the species were not known to exist (absence of false-positive errors) is

particularly valuable as it does not facilitate the planning of conservation efforts

in areas which are not suitable for species survival. This is particularly important

within small islands which are typically characterised by extremely limited space

available for the establishment of PAs. However, a few of these models were not

as good in representing the entire realised distributions of a few species; such

false-negative errors could lead to application errors such as the design of PAs

that are too small or which do not adequately encompass areas that are necessary

for the species survival. However, generally speaking, these results indicate that

cautious interpretation of SDM can be a very instrumental tool in the predic-

tion of the potential distributions of range restricted species with the Caribbean

SIDS. Further, the supplementation of SDM results with independent forms of

verification such as expert assessment and/or independent occurrence databases

(e.g., herbarium) also provides a means of refining the area within which the

distribution of the species has been defined.

4.4.5 Need for more detailed climate data within the Caribbean

It should be acknowledged that seven out of nine of the ‘least externally correlated

predictor variables’ used for these analyses (Section 4.2.7) were precipitation-

based variables. This is may be a result of the exclusion of all Bioclim variables

derived from Tmax and Tmin data due to suspect patterns – which is elaborated

upon in Section 4.2.3.3. Indeed, the perceived usefulness of these SMs by the

foresters is remarkable, especially in light of the fact that the climate data (from

the WorldClim website) used for these analyses were not perceived to be very good

representations of climate across the island. As explained above, the WorldClim
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climate grids are interpolations based on climate data collected from weather

stations across the globe. However, the number of data points on the island

of Trinidad was limited to just a few points across the island. The paucity of

data collection points across not just Trinidad, but most of the Caribbean region

implies high observational uncertainty – which could limit the accuracy of the

climate layers required for SDM analyses within most of the Caribbean SIDS

(Tabor and Williams 2010).

This has resulted in a paucity of sound temperature-based predictor variables

that can currently be used for SDM analyses within most of this region. This cer-

tainly introduced a bias regarding the results of this SDM exercise by increasing

the likelihood of a precipitation-based variable featuring as a top predictor within

a given SM. According to some authors such as Graham et al. (2009) and Franklin

(2009), there is to date, no simple guideline with respect to how many predictor

variables should be used in a modelling exercise. However, these variables, apart

from being direct, should have a hypothesised direct mechanistic influence upon

a species’ distribution – as a result of their influence on bioenergetics and hence

population parameters (Guisan and Thuiller 2005). Local experts believe that

precipitation meets both these requirements, however, there is no literature or

expert opinion of how temperature influences the distribution of these species

(Baksh-Comeau, pers. comm. 2010). Indeed, the inclusion of precipitation-based

ecologically meaningful predictor variables was done based upon the strong sug-

gestion of local experts. Given the lack of knowledge on the effect of temperature

upon the distribution of these species, it is unsurprising that no temperature-

based predictor variables were suggested as ecologically meaningful. Indeed it

may not be co-incidental that there is both a paucity of sound temperature-

based climate data as well as literature or expert opinion on the mechanistic

impact of temperature upon the flora within these islands. Perhaps the latter is
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symptomatic of the former.

Climate scientists across the region echo the sentiment that there is a need for

more accurate climate data that detail regional variation of climate and complex

topography across the Caribbean (Charlery and Nurse 2010). They cite the lack

of historical climate observations as one of the main contributors to this paucity.

The solution to this problem may lie both in (i) the mining of such data within the

region and (ii) developing a means of generating sound temperature-based climate

surfaces from the scarce, poorly distributed and usually intermittent temperature

data that have been collected within these islands.

Several sources of historical precipitation and temperature data, dating back

to the early 1800s were stumbled across while researching the early ecological

studies done in Trinidad (Chapter 3). As many of these islands were centres of

the nineteenth century cocoa, coffee and sugar-cane industries, it seems plausible

that similar data may also have been recorded at several stations across many

of these islands. Perhaps the mining and incorporation of these and similar

data could be used to contribute to the development of more detailed climate

data in the future. Additionally, a search for more recent data held by local oil

refineries, the Water and Sewage Authority and botanical gardens may help to

further this cause. Furthermore, the dearth of climate data highlights the need for

the establishment of strategically located weather stations across the island(s), if

climate change is to be incorporated into future policy and planning within the

region.

Finally, apart from the mining and pooling together of historical climate data,

progress may be enhanced by the conglomeration of research efforts and expertise

within the Caribbean region as a whole. Until such progress has been made, SDM

efforts such as this study need to acknowledge and incorporate into interpretation

– the biased usage of precipitation-based predictor variables. Additionally, the
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incorporation of non-climate predictor variables such as elevation may serve as

indirect indicators of temperature functions.

4.4.6 Biased-background approach is not suited for SDM within
the Caribbean SIDS

The stratified random sampling design that was used for development of the

RBS sites (Chapter 3) contributed a great deal to the low degree of spatial bias

of the global location dataset used for the SDM analyses in this chapter. This is

because the distribution of the RBS occurrences (which constituted the majority

of the global location dataset used in this chapter) was itself random. Hence

the incorporation of just twelve occurrence points from the Herbarium and PSP

datasets did not greatly alter the random nature of these points. This was ideal for

the SDM analyses that occurred within this chapter since the proposed solution

of modelling occurrence data against a biased background when these data are

spatially auto-correlated is difficult at best within study areas as small as the

Caribbean SIDS.

The biased background approach is, at its present stage of development and

testing, not very suitable for small islands. There are several reasons for this,

foremost of which is the fact that using a target-group background would involve

selecting only of subsets of the geographic, and hence environmental space within

these small islands for construction of the SMs. This could lead to predictions

that are misleading, especially given the fact that many Caribbean SIDS contain

a large variety of environments which are sometimes marked by sharp boundaries

due to complex geographic, edaphic and topographic terrain that are accompanied

by steep climate gradients (Helmer et al. 2002).

Additionally, a key assumption of the target-group approach is that data for all
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the species comprising the group have been collected using the same methods and

equipment, as this concept aims to represent an approximation of the sampling

effort for each taxa within the group. This is impractical within many of the

Caribbean SIDS as despite there being a great deal of on-going collection and

description of the flora in many islands by several different institutions, there is

little guarantee of concordance of survey techniques for taxa that would naturally

comprise a target group. A good example of this is the data used for modelling

analyses of this chapter – all three sources (RBS, herbarium and PSP data) were

collected using very different methods.

Furthermore, as models are built on random backgrounds, the effect and suc-

cess of a target-group background has been shown to vary depending on the

prevalence of the selected species within the study area, with the greatest per-

formance being associated with species that have strong biases in occurrence

data. However, because target-groups effectively decrease the size of the area

being modelled (compared to the original random background of the island), this

increases the similarity between the spatial distributions of the training and test

sites, automatically decreasing the prediction strength of the model (compared to

a model generated from a random background). There is still no clear indication

in the literature as to how to interpret these lower AUC scores with respect to

confidence in gauging the model’s predictive ability.

Finally, Phillips et al. (2009) noted that the target-group approach was de-

veloped with the intention of generating models within fixed geographic areas

and under fixed climatic conditions. They point out that these results do not

necessarily transfer when the models are projected to future climate conditions

(Thomas et al. 2004). Since then a study by Elith et al. (2011) has used the biased

background approach in two case studies which involved projection onto future

climates, however, they were unable to derive any conclusive evidence that such
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projections can be done with the same or more confidence than models generated

from a random background. The biased-background approach therefore decreases

the value of using SDM within the Caribbean SIDS by potentially limiting it to

the modelling of the potential distribution of a species during the present climate.

It has not been shown to produce confident projection of these results onto future

climate scenarios, which is vital for the conservation planning and management

of the endemic species of the Caribbean SIDS into a warmer, drier future.

4.4.7 Prospect of SDM at a regional scale within the Caribbean

One of the main drivers responsible for the surge in popularity of presence-only

species distribution models is that it enables the use of large amounts of herb-

arium and museum data in the creation of models which portray the potential

distributions of the many species within these collections. The vast potential of

herbaria and museum occurrence data should certainly not be ignored as scient-

ists scramble to develop strategies to conserve what is left of the world’s biod-

iversity. The flora of many islands within the Caribbean have been, and still

are being surveyed and documented by several institutions across the world such

as the Natural History Museum, London, the New York Botanical Gardens and

the Missouri Botanical gardens to name a few. There is no doubt that these

data are valuable resources which will be of great use to Caribbean SIDS wishing

to develop pro-active conservation planning for their endemic and endangered

species.

However, as explained above, the use of herbarium data alone to develop models

of species distributions can be misleading and has potential to result in erroneous

conservation planning strategies when applied. This study suggests a possible

solution for this dilemma: a strategic combination of stratified random RBS
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surveys designed to fill the gaps within existing herbarium data in order to create

spatially unbiased species occurrence datasets that are well suited for SDM. While

this alternate approach is certainly not a ‘quick-fix’ solution, the small size of

these islands makes such stratified random RBS sampling logistically possible

and hence presents a unique opportunity for SDM within this region that is

not possible within similar large-scale studies based in continental regions. This

approach also brings with it the potential for several added advantages in the

long term.

Apart from these RBS surveys serving to add to or develop much needed

baseline data within many of these islands, they would also provide the opportun-

ity to detect and eliminate critical sources of error such as incorrect geographic

co-ordinates which are common within online databases. Further, there is great

potential in the establishment of a network of co-operation among islands of the

Caribbean wishing to conduct RBS surveys – by forging agreements with the

established herbaria in the region.

Finally, many of these species do not exist on one island alone. If such studies

are conducted across several islands within the region, this presents the oppor-

tunity to develop and document a ‘large-scale’ perspective of the distribution of a

given species across the entire Caribbean basin instead of within an individual is-

land. Such an endeavour would be invaluable in promoting regional co-operation

with respect to conservation planning and management across the entire basin

rather than just within individual islands.
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4.5 Tables

Bioclim
variable

Description Selection Status
for SDM analyses
(X = not selected)

(√ = selected)
BIO1 Annual Mean Temperature X

Multicollinearity
BIO2 Mean Diurnal Range

(Mean of monthly [max temp - min temp])
X

Suspect pattern
BIO3 Isothermality

(BIO2/BIO7) (* 100)
X

Suspect pattern
BIO4 Temperature Seasonality

(standard deviation *100)

√

Least correlated
predictor

BIO5 Maximum Temperature of Warmest Month X
Unreliable Tmax data

BIO6 Minimum Temperature of Coldest Month X
Unreliable Tmin data

BIO7 Temperature Annual Range
(BIO5-BIO6)

X
Unreliable Tmax and

Tmin data
BIO8 Mean Temperature of Wettest Quarter X

Multicollinearity
BIO8m2 Mean Temperature of Wettest consecutive 2

month period
X

Multicollinearity
BIO8m4 Mean Temperature of Wettest consecutive 4

month period
X

Multicollinearity
BIO9 Mean Temperature of Driest Quarter X

Multicollinearity
BIO9m2 Mean Temperature of Driest consecutive 2

month period
X

Multicollinearity
BIO9m4 Mean Temperature of Driest consecutive 4

month period

√

Least correlated
predictor

BIO10 Mean Temperature of Warmest Quarter X
Multicollinearity

BIO10m2 Mean Temperature of Warmest consecutive 2
month period

X
Multicollinearity

BIO10m4 Mean Temperature of Warmest consecutive 4
month period

X
Multicollinearity

BIO11 Mean Temperature of Coldest Quarter X
Multicollinearity

BIO11m2 Mean Temperature of Coldest consecutive 2
month period

X
Multicollinearity
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BIO11m4 Mean Temperature of Coldest consecutive 4
month period

X
Multicollinearity

BIO12 Annual Precipitation
√

Ecologically meaningful
BIO13 Precipitation of Wettest Month

√

Least correlated
predictor

BIO14 Precipitation of Driest Month
√

Ecologically meaningful
BIO15 Precipitation Seasonality

(Standard deviation/mean * 100)

√

Least correlated
predictor

BIO16 Precipitation of Wettest Quarter
√

Ecologically meaningful
BIO16m2 Precipitation of Wettest consecutive 2 month

period
X

Multicollinearity
BIO16m4 Precipitation of Wettest consecutive 4 month

period
X

Multicollinearity
BIO17 Precipitation of Driest Quarter

√

Ecologically meaningful
BIO17m2 Precipitation of Driest consecutive 2 month

period
X

Multicollinearity
BIO17m4 Precipitation of Driest consecutive 4 month

period
X

Multicollinearity
BIO18 Precipitation of Warmest Quarter

√

Least correlated
predictor

BIO18m2 Precipitation of Warmest consecutive 2 month
period

X
Multicollinearity

BIO18m4 Precipitation of Warmest consecutive 4 month
period

X
Multicollinearity

BIO19 Precipitation of Coldest Quarter
√

Least correlated
predictor

BIO19m2 Precipitation of Coldest consecutive 2 month
period

X
Multicollinearity

BIO19m4 Precipitation of Coldest consecutive 4 month
period

X
Multicollinearity

Elevation Elevation surface over the island of Trinidad
√

Least correlated
predictor

Slope Slope surface over the island of Trinidad
√

Least correlated
predictor
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Soil
Drainage

Soil drainage index for soils within the island of
Trinidad

√

Least correlated
predictor

Table 4.1: List of predictor variables considered for the Species Distribution
Modelling. Where green highlighting denotes least correlated pre-
dictor variables and yellow highlighting denotes ecologically meaning-
ful predictor variables.

Major soil
categories

Soil Drainage description Soil Drainage Index

Sands Free to excessive 1
Free 2
Free to moderate 3
Free in topsoil, moderate in subsoil 4
Free in topsoil, slow in subsoil 4
Free in topsoil, very slow in subsoil 4
Moderate 5

Heavy clays Slow to moderate 6
Slow 7

Table 4.2: Soil Drainage Index.
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Number of cross-validation replicates
Species 10 15 20 25 30 40 50 100

Andira inermis 0.6488 0.6499 0.6433 0.6396 0.6461 0.6522 0.638 0.6454
Brosimum
alicastrum

0.711 0.704 0.7084 0.7013 0.7143 0.7092 0.7133 0.7133

Brownea coccinea
ssp. capitella

0.646 0.6471 0.638 0.6374 0.6485 0.6291 0.6408 0.6408

Calophyllum
lucidum

0.8381 0.827 0.8382 0.8403 0.8388 0.836 0.836 0.836

Carapa guianensis 0.7451 0.7444 0.744 0.7484 0.747 0.7518 0.7505 0.7534
Coccoloba latifolia 0.5069 0.4946 0.4917 0.5046 0.4996 0.4925 0.4975 0.498
Coursetia ferruginea 0.6572 0.6766 0.6591 0.6686 0.6686 0.6686 0.6686 0.6686
Eschweilera
subglandulosa

0.6381 0.6388 0.6374 0.6426 0.6352 0.6422 0.6397 0.639

Eugenia confusa 0.8755 0.8731 0.8674 0.8799 0.8739 0.8739 0.8739 0.8739
Ilex arimensis 0.7345 0.741 0.7573 0.7516 0.7436 0.7424 0.7424 0.7424
Manilkara bidentata
ssp. bidentata

0.6431 0.6394 0.6486 0.6527 0.6536 0.6463 0.6528 0.6528

Mora excelsa 0.7831 0.7665 0.7431 0.7431 0.7431 0.7431 0.7431 0.7431
Spondias mombin 0.6182 0.6077 0.6102 0.6122 0.6072 0.6049 0.5991 0.5989
Sterculia pruriens
var.glabrescens

0.7055 0.711 0.7115 0.7126 0.7073 0.7078 0.7093 0.7118

Swartzia pinnata 0.6883 0.6578 0.6842 0.6726 0.6722 0.6804 0.6747 0.6747
Tabebuia stenocalyx 0.8203 0.8267 0.832 0.8299 0.8354 0.8439 0.8245 0.8245
Tabernaemontana
attenuata

0.857 0.855 0.8538 0.8496 0.857 0.8471 0.8471 0.8471

Terminalia
amazonia

0.6891 0.6932 0.6942 0.6915 0.6921 0.6841 0.6887 0.6996

Tovomita eggersii 0.8053 0.8042 0.8 0.8097 0.8149 0.8002 0.8002 0.8002
Virola surinamensis 0.7274 0.7223 0.7303 0.7234 0.726 0.7261 0.7259 0.7299
Zanthoxylum
martinicense

0.7093 0.712 0.6918 0.6931 0.6899 0.6968 0.6968 0.6968

Table 4.3: Variation of species models strength (Test AUC) with number of
cross-validation replicates. Where species highlighted in green are
those with robust models that were chosen for further analyses.
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Species 5% omission
probability value

# POINTS

Brosimum alicastrum 0.2688 55
Calophyllum lucidum 0.3137 39
Carapa guianensis 0.1876 101
Eugenia confusa 0.1805 33
Ilex arimensis 0.2616 35
Mora excelsa 0.1733 18
Sterculia puriens var. glabrescens 0.214 141
Tabebuia stenocalyx 0.1519 44
Tabernaemontana attenuata 0.3121 35
Tovomita eggersii 0.0806 41
Virola surinamensis 0.2067 98

Table 4.4: 5% omission threshold values used to create species presence/absence
maps.
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Species Net loss of
potential

present species
range due to the

limitations of
forest cover
during 1969

(%)

Net loss of
potential

present species
range due to the

limitations
forest cover
during 2007

(%)

Change in area
of potential

present species
range resulting
from alterations
in forest cover
between 1969

and 2007
(%)

Brosimum
alicastrum

24 29 -5

Calophyllum
lucidum

22.5 20 2.5

Carapa guianensis 20.3 21 -0.7
Eugenia confusa 18.4 16.2 2.2
Ilex arimensis 29.8 27.2 2.6
Mora excelsa 21.5 18.7 2.8
Sterculia puriens
var.
glabrescens

22 22.4 -0.4

Tabebuia
stenocalyx

21.5 19.5 2

Tabernaemontana
attenuata

22.5 17.2 5.3

Tovomita eggersii 28 25.1 2.9
Virola
surinamensis

22.5 22.5 0

Table 4.5: Change in area of potential present species distribution range result-
ing from alterations in forest cover between 1669 and 2007.
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Contributing importance of parameters to present
climate models

Species 1st 2nd 3rd 4th
Brosimum
alicastrum

Elevation BIO17 BIO14 BIO15

Calophyllum
lucidum

BIO17 BIO13 BIO14 Elevation

Carapa guianensis BIO17 BIO12 BIO14 BIO13
Eugenia confusa BIO17 BIO12 BIO13 BIO14
Ilex arimensis Slope Drainage Elevation BIO9m4
Mora excelsa BIO17 BIO15 BIO14 BIO12
Sterculia puriens
var. glabrescens

BIO13 BIO17 Elevation BIO12

Tabebuia stenocalyx BIO13 BIO16 Drainage BIO17
Tabernaemontana
attenuata

Drainage Elevation BIO13 BIO17

Tovomita eggersii Slope Elevation BIO13 BIO16
Virola surinamensis BIO13 BIO17 BIO12 BIO14

Table 4.6: Contributing importance of Bioclim and topographical parameters
to present climate models of species.
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Accuracy ranking of Species
Distribution Model Map

Species Poor Fair Accurate Excellent Comments
Brosimum
alicastrum

√3 √3 √5
√4

Under-
prediction

Calophyllum
lucidum

√4 √2 √3 √2

Carapa guianensis
√2 √2 √2
√1

Eugenia confusa
√5 √5 √5 √4

Ilex arimensis
√5 √4 √4 √4 Under-

prediction
Mora excelsa

√2 √1 √2 √1

Sterculia puriens
var.glabrescens

√2 √1 √2 √2

Tabebuia
stenocalyx

√3 √2 √2 √1

Tabernaemontana
attenuata

√4 √5 √4
√4

Under-
prediction

Tovomita eggersii
√4 √3 √4 √3

Virola
surinamensis

√3 √3 √2 √2

Table 4.7: Accuracy assessment of species distribution models (present climatic
conditions) by Foresters of the National Forestry Division of Trinidad
and Tobago. Where 1 to 5 represent the skill/confidence of the for-
ester with respect to a given species: 1 = Excellent; 2 = Very Good;
3 = Good; 4 = Fair and 5 = Poor.
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Distribution of species with Test AUC scores ≥0.7

Species
Test
AUC
values

Species
Test
AUC
values

Eugenia confusa

0.8739

Mora excelsa

0.7431

Tabernaemontana attenuata

0.8471

Ilex arimensis

0.7424

Calophyllum lucidum

0.836

Virola surinamensis

0.7299

Tabebuia stenocalyx

0.8245

Brosimum alicastrum

0.7133
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Tovomita eggersii

0.8002

Sterculia pruriens var.
glabrescens

0.7118

Carapa guianensis

0.7534

Distribution of species with Test AUC scores <0.7
Terminalia Amazonia

0.6996

Andira inermis

0.6454

Zanthoxylum martinicense

0.6968

Brownea coccinea ssp.
capitella

0.6408

244



4.5 Tables

Swartzia pinnata

0.6747

Eschweilera subglandulosa

0.639

Coursetia ferruginea

0.6686

Spondias mombin

0.5989

Manilkara bidentata ssp.
bidentata

0.6528

Coccoloba latifolia

0.498

Table 4.8: Variation of model strength with species distribution within Trinidad.
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4.6 Figures

Toco

Port-of-Spain

San Fernando

Point Fortin

Mayaro

¬

Legend
Species sample locations

Trinidad Coastline
0 30

Kilometers

Figure 4.1: Global set of species location points used for Species Distribution
Modelling.
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Observed Mean Distance: 2342.550572
Expected Mean Distance: 2429.293990
Nearest Neighbour Ratio: 0.950990
Z Score: -1.500162
p-value: 0.133573

Z score (standard
deviation)

p-value (probability) Confidence interval

< -1.65 OR > 1.65 < 0.10 90.00%
< -1.96 OR > 1.96 < 0.05 95.00%
< -2.58 OR > 2.58 < 0.01 99.00%

Figure 4.2: Average Nearest Neighbour Summary for global set of species loca-
tions used for the species distribution modelling.
Based on the values in the above table, the z and p values obtained
from the Average Nearest Neighbour Index test of the global set of
species locations used for the species distribution modelling indic-
ate that while there was a small degree of clustering, this pattern is
more than likely due to random chance.
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¬

0 30
Kilometers

Legend
Trinidad Coastline

Present climate - Precipitation (mm) for October
High : 341

Low : 122

Figure 4.3: Precipitation during October for the present climate (WorldClim)
(at a 1 km2 resolution).
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¬
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High : 27.5

Low : 21.8

Figure 4.4: Tmean during October for the present climate (WorldClim) (at a
1 km2 resolution).
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¬
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Legend
Trinidad Coastline

Present climate - Tmax (°C) for October
High : 31.8

Low : 26

Figure 4.5: Tmax during October for the present climate (WorldClim) (at a
1 km2 resolution).
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High : 23.4
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Figure 4.6: Tmin during October for the present climate (WorldClim) (at a
1 km2 resolution).
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Figure 4.7: Variation of species models strength (Test AUC) with number of cross-validation replicates.
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Figure 4.8: Standard deviation of species models strength (Test AUC) with number of cross-validation replicates.

253



Chapter 4 Development of present-day species distribution models

1

probability of
species presence

0.92
0.85
0.77
0.69
0.62
0.54
0.46
0.38
0.31
0.23
0.15
0.08
0

Figure 4.9: Raw MaxEnt logistic output grid for Brosimum alicastrum (present
climate).
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Figure 4.10: Potential climatically suitable areas within Trinidad for the distri-
bution of Brosimum alicastrum under present climate conditions.
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Figure 4.11: Predictor variables that were consistently main contributors to the
species models.
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Figure 4.12: Climate space graph: the present distribution of Tabernaemontana
attenuata in relation to its present and projected future climate
spaces.
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Figure 4.13: Climate space graph: the present distribution of Brosimum
alicastrum in relation to its present and projected future climate
spaces.

258



4.6 Figures

#

#

#

##

#

#
#

#

#

#

#

#
#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

##

#

#

#
#

#

#

#

#

#
#

#

#

#

#

#

#

#

#

#

#

#

#

Toco

Port-of-Spain

San Fernando

Point Fortin

Mayaro

¬

0 30
Kilometers

Area A

PA-ne

PA-sw

× ×
×

PA-se
×

PA-sc
×

Area C×

PA-ce×
Legend

# Observed occurrence of Brosimum alicastrum

Towns

First Class Roads

Trinidad Coastline

Protected Areas

Species present

Species absent
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Figure 4.16: Potential climatically suitable areas within the forested regions of
Trinidad for the distribution of Carapa guianensis (Crappo) under
present climate conditions.
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under present climate conditions.
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Figure 4.18: Potential climatically suitable areas within the forested regions of
Trinidad for the distribution of Ilex arimensis (Biscuitwood) under
present climate conditions.
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Figure 4.19: Potential climatically suitable areas within the forested regions of
Trinidad for the distribution of Mora excelsa (Mora) under present
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Figure 4.20: Potential climatically suitable areas within the forested regions of
Trinidad for the distribution of Sterculia puriens var. glabrescens
(Mahoe) under present climate conditions.
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Figure 4.21: Potential climatically suitable areas within the forested regions of
Trinidad for the distribution of Tabebuia stenocalyx (Wild Cala-
bash) under present climate conditions.

266



4.6 Figures

#

#

#

#

#

#

#
#

#

#

#

#

#

#

#

#

#
#

#
#

#

#

#

#

#
#

##

#

#

#

#

#

#

Toco

Port-of-Spain

San Fernando

Point Fortin

Mayaro

¬

0 30
Kilometers

Area A

PA-ne

PA-sw

× ×
×

PA-se
×

PA-sc
×

Area C×

PA-ce×
Legend

# Observed occurrence of Tabernaemontana attenuata

Towns

First Class Roads

Trinidad Coastline

Protected Areas

Species present

Species absent

Figure 4.22: Potential climatically suitable areas within the forested regions of
Trinidad for the distribution of Tabernaemontana attenuata (Wild
Jasmine) under present climate conditions.
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Figure 4.23: Potential climatically suitable areas within the forested regions of
Trinidad for the distribution of Tovomita eggersii (Cocoa Mangue)
under present climate conditions.
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Figure 4.24: Potential climatically suitable areas within the forested regions
of Trinidad for the distribution of Virola surinamensis (Cajuca)
under present climate conditions.
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Chapter 5

Projecting future distributions of
selected tree species within Trinidad

and its protected areas network

5.1 Introduction

This chapter is the second of this thesis’ two part investigation into the use of

SDM as a potential tool for integrating climate change into conservation plan-

ning within a Caribbean SIDS. It involves the projection of the present potential

distributions of the eleven selected tree species (generated in Chapter 4) to the

climate conditions projected for an SRES A2 future. For each species, the SMs

for both present and future climates are then combined to create a ‘change map’

which illustrates areas of suitable climate space gain, loss or no change from the

present to the future scenario. Change maps for the eleven species are combined

to create a collective change map which portrays areas of anticipated gains, losses

or no change in suitable climate space for the collective rather than individual

species. These change maps are used to assess the ability and effectiveness of the

PAN within the island to cope with projected changes in collective species dis-

tribution into the future. Finally, suggestions are made towards the use of SDM
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for conservation initiatives at a regional rather than the island scale in order to

enhance the potential of species survival.

5.1.1 Projected species response to an already changing climate

An accumulating body of observations indicate anthropogenic climate change is

having impacts on the natural world. These include climate-related extinctions,

phenological alterations and shifting of geographic distributions across a range of

taxonomic and functional groups (Hickling et al. 2006; Jonzén et al. 2006; Lenoir

et al. 2008; Parmesan and Yohe 2003; Pounds et al. 2006; Root et al. 2003).

Furthermore, paleoecological records (Graham and Grimm 1990), and modelled

simulations of future range shifts, indicate greater changes within the coming

century, with the potential that future species assemblages will be substantially

different from those that exist today (Huntley et al. 2006; Pereira et al. 2010;

Thuiller et al. 2011).

Some of these studies suggest that the net effect of these range shifts will

be a general reduction in species distribution ranges and hence, an increased

risk of extinction for species which migrate in upslope or poleward directions

within continents (Hickling et al. 2006; Lenoir et al. 2008; Thomas et al. 2004).

This is because the upslope migration of species will meet with progressively

smaller areas of suitable habitat (due to montane geometry) resulting in the

isolation and eventual extinction of the species (Lenoir et al. 2008). Additionally,

poleward shifting species are projected to meet with either decreasing continental

areas (southern hemisphere) or lower levels of endemism and species richness

(continents of the northern hemisphere) (Walther et al. 2002). This combination

of the shifting and reduction of species distribution ranges is expected to challenge

severely the effectiveness and relevance of present-day biodiversity conservation
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planning and management strategies.

However, there are no clear indications as to whether the projected effects

mentioned above will be of the same intensity and direction within terrestrial

ecosystems of small islands; despite the much publicised concern that SIDS will

be among the first areas affected by climate change (Chapter 1). This is because

the increasingly rich literature on the use of SDM to predict species distributions

(present and future), and for use in conservation planning, has been based within

continental settings (where space is not a critical limiting factor and where com-

petition for alternative uses of large areas of land is much less than in islands).

Indeed, a thorough literature search yielded no SDM studies that were based

upon predicting the shifts of terrestrial species (and the resulting consequences

for conservation strategies) within small islands and/or their PAs. Instead, the

vast majority of the very few SDM-based studies were focused upon the expected

impacts upon coral reefs and other coastal ecosystems, in addition to economic

and infrastructural impacts (Hoegh-Guldberg et al. 2007; Tompkins and Adger

2005). The analyses of this chapter attempt to project the potential distributions

of the eleven selected tree species (Chapter 4) within a future SRES A2 scenario,

and in the process highlight the main uncertainties that were encountered as a

result of no available guidance in the literature for SDM analyses at this scale.

5.1.2 Difference between modelling present-day and future species
climate space

A key distinction between the modelling applications used in Chapter 4 and those

used to predict species distributions under climate change is that the former gen-

erates predictions within the period matching the training data. This contrasts

with the latter which uses models generated for the potential present species dis-
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tribution to forecast (or hindcast) distributions at another point in time – during

which some environmental predictors may extend beyond the current climate.

Forecasting is inherently uncertain as no observations of species occurrence can

be used from the training data to support directly or test these predictions (Elith

and Leathwick 2009). MaxEnt addresses this problem by ‘clamping’, in which

variables outside the training range are treated as if they were instead, at the

limit of the corresponding training range (Phillips et al. 2006, 2009). A clamping

image is produced which illustrates the absolute difference in predictions between

a clamped versus a non-clamped output, in effect showing where clamping has

had large effects on the projected output. While this does not remove forecast-

ing uncertainties, it aids in pointing out areas where extreme caution should be

exercised during interpretation.

Many authors believe that ignoring the future because of these uncertainties

is not an option (Wiens and Bachelet 2010), hence a rich literature attempts to

integrate climate change into conservation management and planning. SDM is

increasingly being used to facilitate this integration by projecting how the distri-

butions of species may change under different climate change scenarios (Akçakaya

et al. 2006; Botkin et al. 2007; Lawler et al. 2009; Thuiller 2004). These SMs are

based on the premise that species respond to climate change by: (i) adapting to

changing conditions or remaining in isolated pockets of unchanged refugia, (ii)

shifting their distribution ranges to follow their required environmental condi-

tions or (iii) becoming extinct (Holt 1990). Much literature has focused on (ii)

in which SMs are used to project future potential species distributions (Botkin

et al. 2007; Franklin et al. 2009).

A great many of these SMs utilise environmental variables which characterize

the places that a given species is known to occur to develop correlative models.

These models are then extrapolated to project potential future distributions based
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upon the expected future locations of required environmental features. Addition-

ally, correlative models do not require detailed (and usually scarce) physiological

data about individual species; therefore they can easily be applied to a large num-

ber of species. This enables conservation planners to assess potential impacts of

climate change upon a wide range of species and hence habitat assemblages (Berry

et al. 2002).

5.1.3 Assumptions and uncertainties of SDM

As with all models, SMs are based on assumptions and hence incorporate accom-

panying uncertainties (Thuiller 2004). One assumption is that species are able

to disperse to suitable locations under a changing climate (Jeschke and Strayer

2008; Pearson and Dawson 2003). However, species’ dispersal capacity may be

compromised if environmental conditions change more rapidly than a species’

ability to disperse (McLachlan et al. 2007). Additionally, landscapes through

which species move may be fragmented by anthropogenic activity, introducing

dispersal barriers as well as creating mosaics of habitat patches with varying

degrees of suitability (Araújo et al. 2006; Midgley et al. 2006; Thuiller et al.

2006). Some authors believe the impacts of this phenomenon may exceed those

of climate change (Hof et al. 2011; Jetz et al. 2007; Pyke 2004). However, conser-

vation strategies involving the ‘assisted migration’ of species show potential for

addressing many of these problems associated with disrupted habitat connectiv-

ity, especially with respect to ‘slow-moving’ species such as plants (Collingham

and Huntley 2000; McLachlan et al. 2007). Further, as mentioned in Chapter 4,

this thesis treats the results of its SM analyses as representations of the poten-

tial distribution range of the species being modelled. It does not attempt to infer

whether or not these species will be able to migrate to new areas that are suitable
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for their survival.

Correlative SDM also assumes that natural communities are Gleasonian in

nature (after Gleason 1926) and hence do not account for species interactions

(Guisan et al. 2006). Some authors argue that the contribution of biotic in-

teractions to the distribution of a given species at the macro-scale may have

been under-estimated (Araújo and Luoto 2007; Gutiérrez et al. 2005); however it

should not be forgotten that attempts to resolve the vast array of direct and in-

direct interactions within even a small subset of a community is an overwhelming

challenge. This is particularly because the nature of these interactions, species

presence and abundance can be dynamic and prone to constant change in space

and time (Franklin et al. 2009; Pearson and Dawson 2003). However, it has been

shown that application of SMs at macro-scales (at which climatic influences on

species distributions are dominant) can reduce the impact of biotic interactions

(Luoto et al. 2006; Pearson and Dawson 2003; Pearson et al. 2004). Further,

the reality that many SMs have been highly successful at simulating potential

present species distributions fundamentally conflicts with the notion that species

distributions cannot be adequately defined (Pearson and Dawson 2003).

Several studies argue that despite the rate of current and future environmental

change exceeding the capacity of most species to adapt genetically (e.g., long-lived

species with limited dispersal) (Etterson and Shaw 2001; Williams and Jackson

2007), there have been documented cases of some species that are capable of

rapid evolutionary change (Franks et al. 2007). Additionally, some species have

exhibited rapid behavioural adjustments to changing environmental conditions

which demonstrate their capacity to adapt to changing conditions without shifting

distributions (Root et al. 2003). For example Root et al. (2003) noted that some

bird species have advanced their timing of breeding activity in association with

warmer temperatures. However, it still remains to be seen if such adaptations
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will remain viable as climate and other interacting species continue to change.

5.1.4 Climate scenarios

In order to forecast the potential impacts of twenty-first century climate change

upon species distributions, climate scenarios with sufficient spatial resolution are

required to represent potential changes across heterogeneous biological and phys-

ical landscapes. According to Beaumont et al. (2008), ‘climate scenarios are

plausible future climates that have been constructed to determine the impacts of

climate change on resources and the environment’. For the purpose of impacts

modelling, future climate scenarios are of two types: (i) idealised scenarios; or

(ii) simulated scenarios derived from climate models incorporating assumptions

about future concentrations of greenhouse gas emissions (Beaumont et al. 2008).

5.1.4.1 Idealised scenarios

Idealised scenarios represent specified a priori changes in climatic variables across

a region, for example, precipitation changes of ±5%, ±10%, ±15% and temper-

ature changes of 1 °C, 2 °C, 3 °C, 4 °C. These scenarios allow sensitivity analyses

to be conducted over a range of change possibilities to explore species responses

as well as to identify thresholds above which species may be adversely affected

by changing conditions (Williams et al. 2003). There are disadvantages attached

to idealised scenarios. Relationships between climate variables are assumed to

be linear. Additionally, apart from implying uniform change in climate across

regions of interest, they do not facilitate the estimation of a temporal scale of

species response. However, despite these disadvantages, idealised scenarios that

consider a range of possible future climates can be an effective intermediate step

in assessing species response to this range of conditions – which can then be
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refined further with the use of simulated scenarios (Beaumont et al. 2008).

5.1.4.2 Simulated scenarios

The simulated climate scenario used for the analyses in this thesis was derived

from one of the climate models within the Fourth Assessment Report (AR4) of

the IPCC. The climate models from the AR4 are fully coupled models that incor-

porate oceanic, atmospheric, land surface, seasonal snow cover and ice dynamics.

These provide credible climate simulations at continental scales that range from

seasonal to decadal time scales (Randall et al. 2007). Additionally, some of these

models have been shown to perform well regionally at daily time scales (Perkins

et al. 2007).

These climate models also incorporate emissions scenarios by first using biogeo-

chemical models to convert estimates of future greenhouse gas emissions to changes

in greenhouse gas concentrations. These concentrations are then incorporated

into the future based on four narrative storylines developed by the IPCC. These

storylines (A1, A2, B1, B2) are set along two orthogonal axes: (i) Global vs Re-

gional and (ii) Economic vs Environmental; they represent estimations of projec-

ted emission, environmental, social, technological and demographic developments

over several decades (Nakićenović et al. 2000). All scenarios derived from the same

storyline constitute a scenario family and forty scenarios have been defined by

the Special Report on Emissions Scenarios (SRES). Together these scenarios are

considered to account for the current uncertainty range of future greenhouse gas

emissions (Nakićenović et al. 2000). While these were initially believed to rep-

resent emissions scenarios that are both plausible and pertinent, it should be

noted that alternative futures are possible(Nakićenović et al. 2000). Indeed, re-

cent studies have shown present rates of increase in carbon dioxide emissions are
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surpassing the highest of the SRES scenarios (Canadell et al. 2007; Raupach et

al. 2007; Sokolov et al. 2009), and there is now the expectation that projections

summarised by the IPCC may underestimate future change. Consequently, some

authors have suggested that conservative B1 and B2 emission scenarios should be

replaced by the more extreme A1 and A2 scenarios for analyses involving SDM

(Beaumont et al. 2008).

Indeed, a new generation of scenarios are being developed to incorporate and

reflect (i) advances in climate models and (ii) almost a decade of data on emer-

ging technologies, environmental observations (e.g., land cover change) and eco-

nomic data (Moss et al. 2010). The development of these new scenarios involves

three (preparatory, parallel and integration) phases. The preparatory phase in-

volved the selection of four existing scenarios [(i) 8.5 Wm-2 – very high emission

scenario, (ii) 6 Wm-2 – high stabilisation scenario, (iii) 4.5 Wm-2 – intermedi-

ate stabilisation scenario, (iv) 2.6 Wm-2 – very low mitigation scenario] from

the literature. The associated concentration and emission pathways of these are

referred to as Representative Concentration Pathways (RCPs). The following

parallel stage involves: use of these RCPs to generate climate model runs while

other research groups simultaneously develop new socio-economic scenarios and

appropriate storylines that are consistent with the RCPs. As the name suggests,

the integration phase involves the amalgamation of the socio-economic pathways

with the results from the climate model runs to develop a final set of integrated

scenarios. These new scenarios will facilitate and link research on the impacts,

adaptation and mitigation of climate change (Moss et al. 2010).

These new scenarios were unavailable for this study and hence analyses were

conducted using the SRES A2 scenario (Section 5.2.1). The latter is consistent

with the scenario mentioned above – which is characterised by the assumption

of minimal international cooperation and hence little technology development,
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in conjunction with the high dependence of Asian economies on domestic coal

resources (Moss et al. 2010).

5.1.5 Climate model uncertainties

SMs can project potential shifts in a species’ distribution due to changes in cli-

mate by incorporating the future projections based on GCMs with the correlative

relationship between the species being modelled and its required environmental

conditions. The GCM grids consist of ten to twenty vertical layers of the atmo-

sphere and up to thirty ocean layers across horizontal distances that range from

approximately 250 km to 600 km (Jones et al. 2004; Wiens and Bachelet 2010).

Different GCMs rely on and incorporate different parameters and functions in an

effort to describe the dynamics of atmospheric circulation, ocean effects and feed-

backs between land surfaces and the atmosphere. Hence different future climate

projections may exist for a given level of greenhouse gas emissions – depending

on the GCM being used (Jones et al. 2004).

Although GCMs may provide realistic representations of the large-scale aspects

of climate, they generally do not facilitate good descriptions of climate at the re-

gional and local scales (Hawkins and Sutton 2009, 2011) which are necessary

for the assessment of potential impacts of climate change upon species distri-

butions (Benestad 2004). Further, GCMs also assume homogeneous cloud cover

and elevation within each grid cell, hence the complexity and climate patterns

of heterogeneous landscapes, peninsulas and small islands which occupy only a

small portion of a given grid may be overlooked and assumed to be ocean (Jones

et al. 2004; Wiens and Bachelet 2010).

This coarse resolution is a problem for most conservation and impact assess-

ment as many of these studies have documented cases in which the species that
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are most vulnerable to climate change are at present already confined to small

areas (Kremen et al. 2008). Additionally, the planning of PAs tends to occur at

a fine scale, with approximately 75% of internationally recognised PAs being ap-

proximately 300 km2 in area or less (Tabor and Williams 2010). There is therefore

an urgent need for high resolution future climate scenarios, which can be derived

by the downscaling of GCMs (Jones et al. 2004).

5.1.6 Downscaling GCMs

The coarse resolution of GCMs can be refined to capture sub-grid cell heterogen-

eity by downscaling to the regional scale (Wilby et al. 1998). Two main types of

downscaling exist: statistical downscaling and dynamical downscaling; both of

which aim to incorporate the effects of land cover and topography. Importantly,

both these methods are constrained by the coarse-scale output of the GCM from

which they are derived. They are therefore not GCM substitutes but tools which,

when used in combination with a GCM, add high resolution detail to broader

projections (Jones et al. 2004). The former involves interpolations from empirical

relationships among variables derived from GCM data or weather station obser-

vations in order to incorporate greater spatial variability into the climate change

scenarios (Wilby et al. 2004). Common techniques include weather classification

schemes, weather generators and regression models (Wilby et al. 2004). While

computationally less demanding, statistical downscaling depends heavily upon

the availability of sufficient weather observation data and also assumes that past

relationships between regional climate and local weather persist into the future.

Dynamical downscaling involves the use of RCMs which are nested within a

GCM (Fowler et al. 2007; Spak et al. 2007). RCMs explicitly represent the at-

mospheric processes operating at sub-grid scales and are resolved to simulate cli-
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mate patterns at a fine scale (approximately 10 to 50 km). This allows for more

detailed, realistic representation of climate features including regional scale an-

omalies, orographic precipitation and extreme climate events (Fowler et al. 2007;

Spak et al. 2007). Although computationally demanding, an RCM is able to simu-

late most of the processes, interactions and feedbacks among climate components

represented in the GCM (Daly et al. 2007; Jones et al. 2004). They are also bet-

ter at representing the incidence of extreme weather events such as hurricanes

(Jones et al. 2004), which is particularly useful for forecasting within Caribbean

SIDS. A consequence of computational intensity is that for many regions (includ-

ing the Caribbean) limited numbers of RCM simulations are presently available.

This, in turn, prevents sufficient characterisation of uncertainty for these climate

projections within SDM analyses (Diffenbaugh et al. 2008).

5.1.7 RCMs for the Caribbean region

Most small islands, including those in the Caribbean, have strong concerns about

the potential impacts of climate change, which are very different to those of their

continental neighbours. The close proximity of the small islands of the Caribbean

to the large land masses of northern South America and Central America implies

that some islands may partly share the climate features of one or the other of

these land masses. However, these islands also share other climate features that

are more important in defining their individual climates such as the strong re-

lationship of their climate to sea surface temperatures (Jones et al. 2004). The

coarse resolutions of GCMs do not distinguish the climate of these islands from

the surrounding ocean. Additionally, many of the islands have areas of complex

topography, such as mountains and uplands, which may substantially influence

precipitation patterns, as well as overall climate heterogeneity across the island.
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The Hadley Centre of the United Kingdom’s Met Office has generated an RCM

(HadRM3P) which is based on an the HadAM3H, an improved version of atmo-

spheric component of the most recent Hadley Centre’s coupled Atmosphere-Ocean

General Circulation Model (AOGCM), the HadCM3 (Jones et al. 2004). Referred

to as the Providing REgional Climates for Impacts Studies (PRECIS) RCM, it

has been defined at horizontal resolutions of 50 km and 25 km and includes 19

atmospheric levels (reaching up to 30 km in the stratosphere) as well as four soil

levels. It describes and diagnoses dynamical flow, clouds, precipitation, the atmo-

spheric sulphur cycle, radiative processes, the land surface and deep soils, while

maintaining the same formulation of the climate system as that of the GCM. This

aids in ensuring that the model provides high-resolution regional projections of

climate change that are considered consistent with changes projected at the con-

tinental scale by the GCM (Jones et al. 2004). This RCM is freely available for

use by non-Annex I Parties to the United Nations Framework Convention on

Climate Change and can be applied to many area of the world for generation of

high-resolution climate change projections. It was used by the Cuban Metero-

logical Institute to simulate the SRES A2 Greenhouse Gas emission scenario at

resolutions of 50 km2 and 25 km2.

When applied to generating future climate scenarios of the Caribbean the PRE-

CIS RCM was shown to ‘reasonably’ represent the current climate of the region

with respect to the (wet and dry) seasonal rainfall, as well as annual and seasonal

temperature patterns. It was also able to show an improvement in detail (com-

pared to the GCM), particularly with respect to changes in topography, relief

and surface type (Campbell et al. 2011).
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5.1.8 Other issues of uncertainty

Climate change is believed to operate differently at different scales; being driven

mainly by dynamics that operate at global and continental scales, its effects

descend to alter climate and weather at the regional and local scales (Pearson and

Dawson 2003). Hence its impacts may affect biological systems in different ways

at different scales. The choice of spatial scale for SDM depends on the scales of

the available species distribution data as well as the environmental/climate data.

A common dilemma of the choice with respect to the spatial scale to be used in

SDM modelling is based upon the fact that at a fine scale species distributions

may be more influenced by biotic interactions, while environmental and climate

factors appear to be more pertinent at coarse resolutions of broad geographic

scales (Pulliam 2000). According to Wiens et al. 2009 some of the uncertainties

associated with the discrepancy between climate and species occurrence data can

be averaged out if the scale of the projected distribution is large, although this

approach is prone to substantial over-estimations of suitable areas (Jetz et al.

2009; Seo et al. 2009). Additionally, while SMs that model fine-scale features are

more likely to capture the factors that determine the realised distribution of a

species, sufficiently fine-scale data may not be available for the region of interest.

SMs, like all other models, are sensitive to the quantity and quality of the data

with which they operate. Apart from the uncertainty related to the degree of

spatial auto-correlation and other factors related to the reliability of species oc-

currence records (Chapter 4), uncertainties also exist regarding the characteristics

of the GCM used for projection of the potential future distribution of a given spe-

cies. The spatial and temporal resolution of the climate data used to construct

a GCM also affects its downscaling. Further, the uncertainties associated with

the downscaling become important for conservation planning and management
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at the eco-regional and local scales.

Incoherence in scale between the species occurrence data and the grain-size

of the climate model (and other environmental data) used to generate an SM

can amplify the uncertainties related to the analyses (Root and Schneider 1993;

Wiens and Bachelet 2010). When considering the distribution of target species

in order to identify suitable areas for survival, it has been recommended that

the climate change projections should correspond at least approximately to the

scales of the species occurrence data (e.g., 25 km x 25 km pixels) (Wiens and

Bachelet 2010). This matching of the scales of conservation management with

climate change projections can be more problematic within the Caribbean SIDS

(e.g., unavailability of sufficiently downscaled climate data); and care should be

taken to acknowledge the uncertainties associated with these downscaled products

(Wiens and Bachelet 2010). For example, some islands of the Caribbean can be

encompassed within just one 50 km x 50 km pixel of an RCM; this makes matching

of species occurrence data with climate change projections impractical for SDM.

Finally, there is little guidance on how to go about selecting the most appro-

priate climate model for a given application, with the final decision usually being

influenced by data access (Beaumont et al. 2008). A good example of this is the

paucity of data for the Caribbean region. SDM within the Caribbean using RCM

data was impossible until the recent publication of the PRECIS RCM simulations

for the region by the Caribbean Community Climate Change Centre (CCCCC)

in Belize during 2010. Hence, SDM analyses are, at present, limited to the PRE-

CIS RCM simulations at 50 km2 and 25 km2 resolutions and it is therefore not

possible attempt to characterize the uncertainty with respect to other climate

projections (from alternative climate projections of other GCMs) within SDM

analyses at this point in time.

285



Chapter 5 Future species distribution models and the PAN of Trinidad

5.1.9 The way forward

The limitations of SDM that use a correlative approach to forecast species distri-

butions are well documented in the literature, yet SMs remain an important tool

for the estimation of the first-order effects of a changing climate upon species dis-

tributions (Pearson and Dawson 2003). Despite all the uncertainties mentioned

above, SDM and in particular, correlative models are currently the only prac-

tical options for exploring the future responses of a wide range of species to an

already changing climate. Some authors believe that the results of SMs can ef-

fectively contribute to conservation planning once their results are assessed and

interpreted in conjunction with the uncertainties and limitations of the SM and

climate model used for projection (Elith and Leathwick 2009).

Several authors have observed that this area of research is constantly being

modified, improved and updated in its applications (Elith and Leathwick 2009;

Franklin 2009). They believe that future efforts to incorporate dispersal, demo-

graphy and the mechanistic constructs of species’ responses to biogeo-physical

factors will enhance the ecological realism of SMs (Lawler et al. 2009; Pearson

et al. 2006; Thuiller et al. 2006). At present, there are several means that can

be used to improve the use of SMs for extrapolation as well as reduce or ex-

pose sources of errors. For example, the use of ensemble forecasting (Araújo and

New 2007), the retrospective testing of predictions (Araújo et al. 2005) or the

reduction of differences between models by consensus (Pearson et al. 2006). Al-

ternatively, where available, SMs can be linked with estimates of evolutionary

change or with dispersal, physiological, landscape and/or population models in

order to represent potential processes of change (Kearney and Porter 2009; Keith

et al. 2008). However, considerable challenges still remain, especially with respect

to how to model the likely change in biotic interactions as climate changes (Elith
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and Graham 2009). Nevertheless this is a work in progress which must be sus-

tained, as the one thing that ecologists do seem to agree upon in the literature is

that assessing the consequences of anthropogenic climate change for biodiversity

is an essential task which must not be ignored (Thuiller 2007).

5.1.10 The effectiveness of PANs challenged

One area of improvement and development is the incorporation of SDM within

reserve selection algorithms to determine the most suitable areas for: (i) the es-

tablishment of future conservation areas and/or (ii) identifying sensitive areas

within existing PANs. Despite the dynamic nature of expected species distribu-

tion changes in response to climate change (Section 5.1.1), PANs (and the PAs

that comprise them) remain at the centre of modern conservation efforts (Rodrig-

ues et al. 2004). The establishment of current PANs have been based upon the

implicit assumption of a relatively stable climate and takes no account of the dy-

namic nature of species’ geographic ranges in response to climate change (Hannah

et al. 2002).

Indeed, since the early 1800s conservation strategies involved the establishment

of PAs – based on the assumption that individual species and their biological

attributes are inextricably linked to location (Hannah 2010). Over the last two to

three decades, these conservation strategies have expanded to also encompass the

maintenance of biological diversity. However, this new goal was still often linked

to a paradigm of place, with each region having its unique suite of species, genetic

characteristics and ecosystems that required conservation. This ‘paradigm of

place’ has continued to persist because the core of our conservation tools consists

of networks of Protected Areas, which are also location focused. Furthermore,

spatially fixed PANs within many countries are becoming increasingly isolated as

287



Chapter 5 Future species distribution models and the PAN of Trinidad

a result of habitat destruction and are hence believed by many to be unsuitable

(in their present state) for sustaining biodiversity conservation targets into the

future (Hannah 2008, 2010; Pressey et al. 2007).

Some authors have surmised that the already occurring shifting of species geo-

graphic range to new areas will result in many species moving out of already

established PANs (Araújo et al. 2004; Hannah et al. 2005). In addition, other re-

search has demonstrated that the expected overall trend of a reduction of species

range with climate change will also serve to contribute to net loss of representa-

tion within existing PANs (Hannah et al. 2005, 2007; Thomas et al. 2004). Such

species range dynamics are therefore expected to reduce the effectiveness and

relevance of the present PANs within a region with respect to future conserva-

tion strategies and objectives. These authors argue that much more research

is required in order to develop mechanisms for the planning and management

of PANs to cope effectively with these changes (Hannah et al. 2002; Scott and

Lemieux 2005; Scott et al. 2002). This call for further research is not an isolated

one, indeed the IPCC’s special report, Climate Change and Biodiversity (Gitay

et al. 2002, page 41) has highlighted that

“the placement and management of reserves and protected areas will

need to take into account potential climate change if the reserve systems

are to continue to achieve their full potential”.

Additionally, institutions such as the World Wildlife Fund (Hansen et al. 2003)

have gone further by stating that in light of the limited defence that current PANs

offer against the already occurring rapid environmental changes, they need to be

“changed and adapted if they are to meet the challenges posed by global

warming”.
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5.1.11 Analyses for improving the effectiveness of PAN within
a changing climate

In an effort to address this need, some studies have examined the impact of climate

change upon PAs (Coetzee et al. 2009; Hole et al. 2009), usually focusing on

mechanisms to facilitate range shifts such as the enhancement of connectivity and

dispersal (Hodgson et al. 2009). However, this study (assumes perfect dispersal)

will not focus upon these areas in this discussion except to briefly mention that

it has been found that long-distance connectivity between PAs is more costly

and less feasible than attempts to establish connectivity within and adjacent

to PAs (Hannah 2008). Additionally, the effectiveness of such connectivity is

heavily dependent upon the degree and extent of anticipated species range shifts

(Hodgson et al. 2009).

Empirical studies have shown that SDM, if carefully implemented are able to

forecast successfully broad-scale directional changes of species range under cli-

mate change scenarios (Araújo et al. 2005; Dobrowski et al. 2011; Kearney et al.

2010; Rodríguez-Sánchez and Arroyo 2008). SDM has however been less effective

in estimating the magnitude of these changes as this is contingent on unmeas-

ured factors, such as dispersal capacity and availability of refugia (Araújo et al.

2005). However, it has been demonstrated that SMs are able to indicate range

increase or decrease with reasonable accuracy. Hence it is possible to provide

conservative interpretation of model projections by indicating direction, as well

as increase/decrease in range (as with the winners, losers, shifters and grounded

used in Section 5.2.7 below) without quantitative inference of unmeasured factors,

such as extinction risk, population parameters or abundance (Brook et al. 2009).

Taking the potential of SDM further in an attempt to address this need, other

researchers have argued that the creation of new reserves to supplement already
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existing PANs is the most logical way to curtail the expected future loss of species

representation (and habitat) mentioned above (Anderson and Martínez-Meyer

2004; Coulston and Riitters 2005; Hannah et al. 2007; Hossell et al. 2003). Two

main methods have been discussed in the literature for the identification of such

new reserves, these focus upon either achieving ample species or climatic repres-

entation within PANs.

The former involves the coupling of SDM with reserve selection algorithms

(which reflect suitability of habitat inside and outside the PAN). SDM simula-

tions are used to facilitate the calculation of hundreds to thousands of species

range gains or losses within existing PANs. The reserve selection algorithms are

then used to add systematically potential reserves in order to compensate for

anticipated lost representation, to the point where no further improvement can

be obtained for future climate scenarios. The maximum achievable improvement

in species representation is then measured and gauged against pre-defined target

levels of species representation (which varies place to place depending on conser-

vation objectives) (Araújo et al. 2004; Pressey and Cowling 2001; Pressey et al.

2007; Williams et al. 2005).

The latter method involves the adding of areas which contain climates that are

poorly represented within a given PAN. Again, new areas are added incrementally

until climatic representation targets are achieved. These climatic representation

targets are determined by the climatic tolerance ranges of target species which

are being protected. Hence, as with the species representation method, the cli-

matic representation targets ultimately depend upon the number of species whose

ranges are modelled and incorporated into the prevailing conservation strategies

(Pyke and Fischer 2005; Pyke et al. 2005).

While both these approaches are believed to increase the chances of maximising

species representation within PANs as climate changes, the species representation
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method has the advantage of being the only one which can meet specific targets

regarding the area under protection for a given species (Hannah 2008). Because

species survival into the future depends on having ample area available to support

viable populations, this option has been explored to a greater depth. Hence based

on the premise that species representation objectives are the most relevant means

of determining whether a PAN will be able to conserve effectively into the future;

a PAN is considered to remain effective as a conservation tool if it alone, or in

conjunction with additional areas, is able to capture the expected climate driven

shifts of targeted species. However, if, even with additional areas, a PAN is unable

to sustain species representations, then it is considered to be of limited use for

future conservation efforts (Hannah 2008; Hannah et al. 2007).

In several areas of the globe PANs can still be used as important tools for

substantially augmenting the chances of species conservation into the future

(Alagador et al. 2011; Araújo et al. 2011). This can be done by (i) incorpor-

ating climate change into conservation planning and (ii) creating new PAs which,

together with current PAs, satisfy biodiversity targets for both the present and

future climates simultaneously. Authors such as Hannah et al. (2007) go as far

as inferring that such investment in new PAs is likely to be necessary in all parts

of the world where the conservation of biodiversity into the future is sought.

5.1.12 Climate change needs to be constrained

Several of the main goals within the Protected Areas Policy of Trinidad and

Tobago (GOTT 2009b) have incorporated species conservation within their de-

scriptions. These include:

“ (i) Preserve genetic materials as elements of natural communities, pre-

vent the loss of any plant or animal species, maintain biological diversity,
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and protect natural ecological patterns and processes

(ii) Protect and restore populations of rare, endangered, and endemic

species and the habitats on which they depend for survival

(iii) Manage populations of species and areas of ecosystems that are used

for extraction of goods (e.g. timber harvesting, wildlife hunting, harvesting

of craft materials).”

Hence, a naturally occurring question is whether the addition of new PAs will

be sufficient to sustain successfully species representation targets into the future.

Analyses of this nature are difficult to justify if taken from the perspective that

storylines of anthropogenic development are likely to be very different between

trajectories that exist at present and those that will be formulated in fifty years

from now. One study was found which directly addressed this question (assum-

ing that storylines will remain unchanged) (Hannah et al. 2007). It was able to

demonstrate that while the addition of new PAs within three varied regions of

the world (the Cape Floristic Region in South Africa, Europe and Mexico) were

able to restore substantially species representations that are projected to be lost

by 2050 due to climate change, complete restoration was impossible (restored

species representation varied between 78% to 94%). Further, despite a strong

performance up to 2050, these findings did not imply that representation will be

maintained later on, especially if climate change becomes more severe (Hannah

2008).

Efforts to conserve biodiversity into the future are expected to achieve little

success unless the international community finds a way to constrain and stabilise

the concentration of greenhouse gases in the atmosphere (Franklin 2009; Hannah

et al. 2007). Today, as greenhouse gas emissions continue to increase, strong and

rapid climate change, in conjunction with other anthropogenic disturbance (e.g.,

deforestation), have created an urgent need to adapt traditional conservation
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techniques, such as the establishment of PAs. It has become clear that apart

from providing sustainable management of ecosystems and habitats, in order

to be effective, conservation strategies require simultaneous mitigation of the

impacts of climate change. For example, the above study (Hannah et al. 2007)

indicates that greenhouse gas levels of only double that of pre-industrial carbon

dioxide levels would already decrease the capacity of many improved PANs (new

PAs added) to maintain their biodiversity targets. Hence, despite the postulation

that these additional PAs, if adequately sized and placed can compensate for the

projected shifts in species range outside of existing PAs; this is based on the

assumptions that climate change will be limited to the lower range (2 °C) of

current international objectives and that range dynamics can be constrained to

scales that can be captured by PAs (Hannah et al. 2005).

5.1.13 Plight of the Small Island Developing States

In addition to the above requirements, the level of climate change experienced,

the physical and biotic geography, the existing PAN and the taxa which are

targeted by conservation efforts within any two areas in the world will be unique.

Hence there is great variation in the area of additional PAs that will be required

to facilitate this conservation of biodiversity into the future. But what are the

options for countries or regions which may not be able to allocate substantial

amounts of land to the creation of new PAs? For many regions of the world such

as many of the Caribbean SIDS, the creation of new PAs will be difficult if not

impossible due to limited survival of undisturbed natural habitat, increasing levels

of habitat destruction and intense competition for alternative uses of land within

such small, fixed geographic spaces. Yet, according to the discussion above, it is

more than likely that the current fixed PANs of these islands will be insufficient
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to preserve the biodiversity of these islands.

The potential of this problem is further exacerbated by the fact that the estab-

lishment of the majority of PAs within many developing countries including many

of the Caribbean SIDs has been carried out on an ad-hoc basis, with PAs being

established in areas that are considered unsuitable for development and agricul-

ture (Section 2.1.5). Also, the few PAs that were not established on the basis of

such convenience were however based on conservation planning strategies which

effectively ignored the dynamic nature of species’ geographic range as they re-

spond to climate change. Additionally, in the case of Trinidad, the opaque nature

of jurisdiction, legislation and policy governing different PAs (Section 2.2) which

together comprise the PAN poses a further impediment to the application of any

strategy which may seek to add and manage new PAs to the existing PAN. Fur-

thermore, while some recent research has reported results which can be viewed

as potential analogues to SDM within SIDS [e.g., the limitation and potential

isolation and extinction of cold-adapted and higher elevation species within Scot-

land and western Europe (Berry et al. 2007; Lenoir et al. 2008; Walmsley et al.

2007)]; no literature was found on examples of assessment of future species rep-

resentation within the terrestrial PANs of small islands in the Caribbean, nor any

suggestions for adaptation measures at such a small scale. What is to become

of species representation within the PANs of these islands as climate continues

to change? The answers will remain elusive until steps are taken to begin the

process of assessment at this scale.

It is beyond the scope of this chapter and even this thesis to replicate analyses

involving the use of reserve selection algorithms described above. However it does

seek to take the first steps of (i) forecasting the potential future distributions

(suitable climate space) of the selected eleven species (from Chapter 4) and (ii)

combining these eleven future projections to create a ‘collective model’ in order to
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highlight areas across Trinidad and its PAN which are projected to lose, maintain

and gain representation of suitable climate space for these species forty years into

an SRES A2 scenario.

5.2 Methods

5.2.1 Regional Climate Models

For these analyses, simulated monthly averages (P, Tmax, Tmin and Tmean)

based on the PRECIS Caribe RCM (generated for the Central America, Mex-

ico and the Caribbean region) were obtained from the Department of Computer

Science, Mathematics and Physics at the Cave Hill campus of the UWI in Bar-

bados. These data were originally derived from the HADRM3P RCM which

was generated from the HadAm3H GCM (an improved version of the HadCM3

GCM). Simulations based on the SRES A2 greenhouse gas emission scenario at

a resolution of 25 km2 were used for these analyses.

From the SRES collection of storylines mentioned in Section 5.1.4.2 (Figure

5.1), the SRES A2 storyline describes a very heterogeneous world which is based

on a theme of self-reliance and the preservation of local identities. It describes

a continuously increasing population (due to slow convergence of fertility pat-

terns across regions) in conjunction with economic development that is regionally

focused. Additionally, it incorporates fragmented and relatively slower (com-

pared to the other SRES storylines) per capita economic growth and technolo-

gical change. This scenario also predicts an increase in global carbon dioxide

concentrations from 380 ppm in 2000 to 700 ppm in 2080 that is accompanied by

rises in temperature of 2.8 K (Nakićenović et al. 2000).
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5.2.2 Preparation of Future Climate Data

5.2.2.1 Time frame of study

As the SDM analyses for this study focused on the potential impacts of changes

in climate within the next 40 years; ‘future climate data’ was derived (below) to

represent simulations of the SRES A2 scenario for changes in climate over the

island of Trinidad between the present (2000–2010) and the 2035–2065 periods.

5.2.2.2 Preparation of future climate data from the RCM’s simulated monthly
averages

Several steps were involved in the derivation of the future climate data. The

RCM data obtained consisted of simulated monthly averages for P, Tmax, Tmin

and Tmean from the year 2000 to 2099. For each year the data consisted of a

total of 48 ASCII grids [12 grids per parameter (one for each month)] each with

a resolution of 25 km2 (e.g., Figures 5.2 to 5.5).

5.2.2.3 Calculation of a ‘climate signal’ between present and future climates

The first stage required the calculation of the simulated ‘climate signal’ between

the present and the future period of interest (2035–2065). The following steps

were involved:

1. Monthly averages for P, Tmax, Tmin and Tmean were calculated for the

periods representative of the present (2000 to 2010) and future (2035 to

2065) climates (e.g., Figures 5.6 to 5.9). The unavailability of simulations

for years prior to 2000 prevented the present time period from spanning

more than 10 years. Ideally, the present average should have been calcu-

lated from 1960 to 1990 to match the period from which WorldClim used
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observation data to generate its present climate surfaces.

2. For P, the climate signal was calculated by dividing the future precipitation

values by those of the present (e.g., Figure 5.10).

3. For Tmax, Tmin and Tmean, the difference in climate simulations between

present and future periods were calculated by subtracting the present para-

meter values from the future values (e.g., Figure 5.11).

4. The result consisted of 48 ‘climate signal grids’ – comprising of 12 (monthly)

climate signal grids for each parameter.

5.2.2.4 Interpolation of climate signal grids to a resolution of 1 km2

The resolution of these climate signal grids was 25 km2 which contrasted with

the WorldClim present climate dataset of 1 km2 resolution. In order to proceed

further, the resolution of both datasets needed to be the same. This was achieved

by interpolating the simulated climate signal data from 25 km2 to 1 km2 using

the Inverse Distance Weighted (IDW) interpolation technique.

IDW interpolation is based on the premise that points within the interpolating

surface that are close to one another are more similar than those which are far

apart. Therefore in order to predict the value of an unmeasured point, the IDW

uses the known values of surrounding locations – with the closest having more

weight than those which are further away. The final interpolated surface is a

weighted average of scatter points with the weight assigned to each scatter point

inversely related to the distance from the unmeasured point (Kennedy 2004).

The IDW was seen as the most suitable interpolation method for the purpose

of this study as, apart from being intuitive and efficient, it is ideally suited to

evenly spaced points (as with the 25 km2 simulated climate grids) and is sensitive
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to outliers. Furthermore, unlike some other interpolation techniques, it does not

extrapolate values beyond the value limits of known location points (Kennedy

2004).

The 48 ASCII climate signal grids generated in Section 5.2.2.3 above were im-

ported as raster images into ArcGIS 9.3 and interpolated to a spatial resolution

of 1 km2 using the IDW function of the Spatial Analyst Tools within the ArcTool-

box. These 1 km2 raster images were then converted to and ASCII format using

the ‘Raster to ASCII’ function of the Conversion Tools within the ArcToolbox

(e.g., Figures 5.12 and 5.13).

5.2.2.5 Future climate data

These 48 interpolated climate signal ASCII grids were then combined with cor-

responding ASCII grids of WorldClim’s present data for the P, Tmax, Tmin

and Tmean data described in Section 4.2.3.1. This combination represented the

‘future climate scenario data’ for the monthly averages of P, Tmax, Tmin and

Tmean to be used in the generation of the future Bioclim variables for the SDM

analyses.

Combination of these data involved:

1. Finding the product of the interpolated climate signal and WorldClim

present ASCII grids for Precipitation (e.g., Figure 5.14).

2. Adding the interpolated climate signal ASCII grids for Tmax, Tmin and

Tmean to their respective WorldClim present data counterparts (e.g., Fig-

ure 5.15).
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5.2.3 Creation of future Bioclim variables

This future climate scenario data generated for P, Tmax, Tmin and Tmean were

used to generate Bioclim variables following the same procedure outlined in Table

4.1 of Chapter 4. These were limited to the Bioclim variables that were selected

for further SDM analyses in Section 4.2.3.3 (Table 4.1).

Differences between future and present grids of (i) these Bioclim variables (Fig-

ures C.1 to C.30), (ii) mean annual temperature (BIO1) (Figures C.31 to C.33),

(iii) mean annual precipitation (BIO12) (Figures C.7 to C.9), (iv) mean seasonal

temperature (BIO1 split into dry and wet seasons) (Figures C.34 to C.39) and

(v) mean seasonal precipitation (BIO12 split into dry and wet seasons) (Figures

C.40 to C.45) (Appendix C) were also generated to assist in the explanation of

the species distribution patterns analysed below.

5.2.4 Projecting future distributions of species using MaxEnt

5.2.4.1 MaxEnt requirements

The potential distribution model of each species under the SRES A2 scenario was

generated within MaxEnt by taking the model trained on the suite of predictor

variables for the present climate (Chapter 4) and ‘projecting’ it by applying it to

a new suite of corresponding predictor variables for the SRES A2 scenario.

In addition to the species location data and directory of predictor variables for

the present climate (as used in Chapter 4), the input requirements into MaxEnt

also included a directory of corresponding predictor variables for the future SRES

A2 scenario.

Apart from this single modification, the procedure and settings configuration
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in MaxEnt was identical to those used for the generation of the potential present

distribution models in Chapter 4 (Section 4.2.8).

5.2.4.2 Future projection output

As with the potential distribution models built in Chapter 4, the projected future

distribution of each species was expressed as a probability distribution grid map –

with each pixel illustrating the probability of occurrence of suitable climate space

for the species of interest (e.g., Figure 5.16). There was also another accompa-

nying grid map which showed the effects of ‘clamping’ upon the projected future

distribution (e.g., Figure 5.17).

Additionally, for each Bioclim variable used in the construction of the SMs, the

MATLAB software (The MathWorks Inc. 2009) was used to locate and compute

the number of pixels for which future conditions extended beyond the range of

the present. These were used to calculate the proportion (%) of Trinidad that

was projected to experience novel climate conditions for each Bioclim variable.

These data were also mapped in ArcGIS 9.3 to show the location of these novel

climate conditions across the island (Table 5.2).

5.2.5 Presence/absence maps for the SRES A2 scenario

Species presence/absence maps for the SRES A2 scenario (e.g., Figure 5.18) were

then created in the same manner as the presence/absence maps for present cli-

matic conditions described in Sections 4.2.11.2 and 4.2.11.3.

Each of these presence/absence maps was then clipped with the GIS forest

cover polygon for 2007 (Chapter 2) in order to discern the net loss of each species’

potential future (SRES A2 scenario) distribution due to limitations in forest cover
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during this year (Table 5.3).

5.2.6 Change maps

The presence/absence ASCII grids of each species for both the present climate

(generated in Section 4.2.11.3) and the future SRES A2 scenario (generated in

Section 5.2.5) were both combined to create a ‘change map’ within a MATLAB

environment. These change maps illustrated the anticipated changes in each

species’ distribution range (across the entire island) from its potential present

distribution to its projected distribution forty years into the future under the

SRES A2 scenario. The following steps were involved in the construction of these

change maps:

1. The presence/absence ASCII grids – consisted of pixel values: 0 (absent)

and 1 (present).

2. For each pixel within the ASCII grids, a binary chronological sequence of

pixel values was developed by combining corresponding values from the

present and future grids in the format (present future). For example, if at

a given pixel, species A was absent during the present climate but present

during the future climate scenario, this would be depicted by the sequence

(0 1).

3. There were four possible chronological sequences which could occur:

(i) (0 0) = species does not occur now and may not occur in the future

(ii) (0 1) = species does not occur at present but could occur in future

(iii) (1 0) = species occurs at present but may not occur in the future

(iv) (1 1 ) = species occurs now and could occur in the future
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4. The resulting ASCII grid contained pixels labelled with the decimal values

derived in step 4 above. It expressed the change status of each pixel within

the grid.

5. These species ‘change’ ASCII files were then imported into ArcGIS 9.3 as

raster images – where they were referred to as ‘change maps’ (Figures 5.19

to 5.29) which depicted the projected change in species range across the

entire island.

6. Insets for these change maps were then created (see insets within Figures

5.19 to 5.29) which limited the change maps (described in point 5 above)

to the areas of existing forest within the island, effectively excluding all

other areas within Trinidad which had been cleared for development. These

were created by overlaying and clipping the change maps above with the

Dissolved Forest Cover polygon for 2007 (Section 2.3.2) within ArcGIS 9.3.

5.2.7 ‘Winners’, ‘losers’, ‘shifters’ and ‘grounded’

Inspired by a concept used in the MONARCH report (Walmsley et al. 2007)

the change maps of the eleven species were used to categorise the species as

‘winners’ , ‘losers’, ‘shifters’ and ‘grounded’. These categories were all based

upon anticipated changes in the distribution range of a given species compared

to the size of the area of its potential present distribution range (Chapter 4). As

the names suggest, a ‘winner’ refers to a species which is projected to experience

an overall increase in the total area of its distribution range while a ‘loser’ refers

to a species which is projected to experience a decrease of 50% or more of the area

occupied by its present distribution range. Additionally, a ‘shifter’ was defined as

a species whose distribution range is anticipated to experience (i) less than a 50%

decrease in area compared to its potential present range (inclusive of new areas
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of expansion) and (ii) a noticeable expansion into previously unoccupied areas

(see summary table below). Finally, a ‘grounded’ species referred to one which

is projected to experience no change in its entire potential present distribution

under the SRES A2 scenario.

5.2.8 RCM sensitivity analysis

Because only the SRES A2 Greenhouse Gas emission was available for use in this

study, it was desirable to explore the projected response of the 11 species to slight

climate deviations from this scenario.

This involved the following steps:

1. Within a MATLAB environment, the ASCII grids of the future climate

scenario monthly averages for P, Tmax, Tmin and Tmean generated in

Section 5.2.2.5 were modified by changing the precipitation values of each

pixel by ±10% and/or the temperature values (Tmax, Tmin and Tmean)

by ±1 °C. This effectively created a range of alternate scenarios which fell

either within the SRES A1F1 marker scenario range (least optimistic SRES

scenario) or the lower edge of the SRES B1 marker scenario range (most

optimistic SRES scenario) (Figure 5.1).

2. These changes allowed for a total of 9 possible scenarios (Table 5.4) inclusive

of the original SRES A2 scenario.

3. The Bioclim variables selected for further analyses in Section 4.2.3.3 were

generated for all 8 modified scenarios following the same procedure outlined

in Table 4.1 of Chapter 4.

4. MaxEnt was then used to generate future projections of all eleven species

– for each of the modified scenarios.
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5. Species presence/absence maps for all modified scenarios were created in

the same manner as were the presence/absence maps for present climatic

conditions described in Sections 4.2.11.2 and 4.2.11.3.

6. For each species, the number of pixels categorised as ‘present’ were tabu-

lated and compared across all 9 scenarios.

7. The effects of changes in temperature and precipitation upon each species

were then calculated and expressed as the anticipated change the area of

a species’ distribution compared to the original SRES A2 scenario (Table

5.5).

5.2.9 Total maps – Present and Future

The set of eleven binary presence/absence ASCII grids generated in Chapters 4

(Sections 4.2.11.2 and 4.2.11.3) and this Chapter’s Section 5.2.5 for the selected

tree species were summed within a MATLAB environment to create a ‘total count

grid’ for the present and the future (SRES A2) climates. Within both of these

total count grids, each pixel value represented the total number of species present

within that pixel. Each of these total count grids was then mapped in ArcGIS 9.3

to create a ‘total count map’ which illustrates the distribution of species density

for the present and the future climates (Figures 5.30 and 5.31).

5.2.10 Choosing a threshold for the creation of collective presence/absence
maps

From each of the total count grids (Figures 5.30 and 5.31), the number of species

present at each pixel was tallied (Figure 5.32). Frequency distribution curves

(for present and future) of the number of species versus number of pixels were
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then plotted – from which an inflexion point on each curve was discerned (Figure

5.32). The number of species at this inflection point was used as a guide to

determine a threshold (equal to 3 for both present and future) from which the

‘collective species presence/absence map’ for (i) the present and (ii) the future

climates were created (Figures 5.33 and 5.34). Within the ASCII grids of these

maps, all pixels with species numbers up to and excluding this threshold was

mapped as ‘absent’ and all pixels with species totals more than or equal to the

threshold was labelled ‘present’. For the purposes of this study, these collective

species presence/absence maps represent the areas of Trinidad within which a

general rather than individual species presence are projected to occur during the

present and future climates.

5.2.11 Collective change map

Using the method described in Section 5.2.6, the (binary) ASCII grids for the

collective species presence/absence maps of the present and future climates were

then combined to create a ‘collective species change map’ (Figure 5.35). This

map illustrates the anticipated changes (range contractions, expansions and stable

areas) in the ‘collective’ species presence from the present to forty years into the

future under the SRES A2 scenario.

The creation of such a map represents a method of analysing projected changes

in suitable climate space for any set of species – such as those comprising a

particular community of interest or other sets of concern.
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5.2.12 Connection between the collective change map and projected
changes in climate

This collective species change map (Figure 5.35) was then compared – both visu-

ally and statistically to the Bioclim difference maps (Section 5.2.3) in order to

discern whether the anticipated changes in collective species distribution was

related to anticipated changes in climate. The Bioclim maps used for this com-

parison were all located within Appendix C.

The statistical component of this comparison was done using the Band Col-

lection Statistics tool within ArcGIS 9.3. This tool was used to generate a cor-

relation matrix within which the correlation coefficients represented the ratio of

the covariance between both maps – divided by the product of their standard

deviations. Ranging from +1 to -1, these correlation coefficients represented a

measure of dependency between (the cell values of) both maps. Positive cor-

relations represented a direct relationship between the contents of both maps,

while negative correlations indicated an inverse relationship. A correlation coeffi-

cient of 0 implies that the contents of both maps were independent of each other

(Snedecor and Cochran 1968).

5.3 Results

The results described in this section refer specifically to patterns or trends ob-

served with respect to the set of eleven tree species that were selected for the

SDM analyses in Chapter 4 (Section 4.2.9). Hence care should be taken not to

confuse species-related terminology with inferences regarding all of the vegeta-

tion present within a given area. For example, the terms ‘species richness’ and

‘densities’ refer only to the density within this set of eleven species and not to
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the density of all species within a given area.

Furthermore, it should be remembered that the term ‘potential future distri-

bution’ of a given species refers specifically to the availability of suitable climate

space for that species (thereby indicating areas which will be favourable for its

future distribution). It does not take into account the species ability to disperse

to these areas and the availability of suitable habitat nor does it predict where

that species will actually occur in the future.

5.3.1 Loss of species’ potential future distributions due to limitations
in forest cover during 2007

Net losses in the potential future distributions for this group of eleven species as

a result of restrictions in forest cover availability ranged between 0% and 40.3%

during 2007 (Table 5.3), with five out of eleven species expected to experience

net losses greater than 25% of their potential future distributions.

5.3.2 Anticipated changes in Bioclim variables from present to
an SRES A2 future

This section begins by discussing projected changes in BIO1 (mean annual tem-

perature) and BIO12 (mean annual precipitation) – on both an annual (Table

5.6) and seasonal (Table 5.7) basis. This is in order to provide context regarding

the general picture of changes in overall ‘climate’ (i.e., precipitation and temper-

ature) to be expected from the RCM data. It is against this general picture that

changes in the Bioclim variables (specific, biologically meaningful) used to build

the SMs are discussed (Table 5.8).
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5.3.2.1 Annual differences

Some general patterns were discerned from the maps that illustrated the change

between present and future Bioclim conditions across the island (Figures C.1 to

C.33 in Appendix C) under a SRES A2 scenario. Details of the annual differences

between BIO12 (Annual Precipitation) (Figure C.9) and BIO1 (Annual Mean

Temperature) (Figure C.33) are given in Table 5.6

5.3.2.2 Seasonal differences

Trinidad experiences two seasons per year, the dry season (January to June) and

the wet season (July to December). Details of the seasonal differences between

the present and SRES A2 scenario for BIO12 (Figures C.42 and C.45) and BIO1

(Figures C.36 and C.39) are described in Table 5.7.

5.3.2.3 Remainder of Bioclim variables

A description of the differences between the present and SRES A2 scenario for the

remaining Bioclim variables [BIO13 to BIO19 (Figures C.10 to C.30), BIO9m4

(Figure C.6) and BIO4 (Figure C.3)] employed within these analyses is provided

in Table 5.8.

Additionally, as can be seen from Table 5.2, the novel climate conditions (out-

side the range of present climate) projected for Trinidad within a SRES A2 scen-

ario ranged from 0.1% (BIO19) to 36% (BIO13) of the island’s area. It is also

clear that six (BIO9m4, BIO12, BIO13, BIO16, BIO17 and BIO18) of the ten

Bioclim variables were projected to experience novel climate conditions – to vary-

ing extents, within the north-eastern ‘quarter’ of the island. In contrast, the novel

climate conditions for BIO14, BIO15 and BIO19 were located along the central
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region of Trinidad’s western coast. BIO4 was the only exception – for which novel

climate conditions were projected to be scattered across the island.

5.3.3 Species change maps and the winner, losers and shifters

The change maps generated in Section 5.2.6 illustrated individual changes between

the potential present and future distributions (with respect to the SRES A2 scen-

ario) for all eleven species that were modelled in these analyses (Figures 5.19 to

5.29). A loss in distribution range was anticipated for all species, with the propor-

tion and location of these losses varying dramatically. It was also very noticeable

that these areas of projected range contractions were generally large and contigu-

ous in nature. In a contrasting manner, while proportions of stable distribution

ranges of all species were projected for all species, these areas were generally

much smaller and less contiguous than the projected areas of range contractions.

Areas of range expansion occurred for all species, except Sterculia puriens var.

glabrescens and Calophyllum lucidum (Figures 5.25 and 5.21). These areas of

expansion were generally smaller than areas of stable and contracting range, and

varied in terms of both location and contiguity.

The majority (eight) of the 11 species were categorised as losers, and are projec-

ted to lose more than 50% of their potential distribution range under the SRES

A2 scenario (Table 5.1). Particularly noteworthy are Calophyllum lucidum and

Sterculia puriens var. glabrescens, Tabebuia stenocalyx, Eugenia confusa, Carapa

guianensis, and Tovomita eggersii – all of which were projected to lose more than

90% of their present distributions. The remaining area (relative to the size of

their present potential distributions) ranged from 49.9% (Figure 5.23) to 0.9%

(Figure 5.21), with Calophyllum lucidum and Sterculia puriens var. glabrescens

projected to suffer the greatest loss of distribution range, bordering on almost
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complete disappearance (Figures 5.21 and 5.25).

Two species Brosimum alicastrum (Figure 5.19) and Virola surinamensis (Fig-

ure 5.29) were categorised as shifters. These were forecasted to maintain areas

equivalent to 64.8% and 52.4% respectively of their potential present distribution

range. When the change maps of both these species were compared, a striking,

contiguous concurrence of projected presence (categories 1 and 3 in change maps)

was noticed within the south-western and south-central region of the island.

The lone winner, Mora excelsa (Figure 5.24), was projected to experience a

22.7% increase in range size compared to that of its potential present distribution.

Again, forecasted presence of this species indicated a strong, fairly contiguous

presence across the south of the island.

However, interpretation of these patterns should also take into consideration

that the SMs generated for these analyses do not include other factors (e.g., dis-

persal ability and habitat availability) which may influence the actual distribution

of a given species – especially at finer scales (Berry et al. 2005, 2007; Pearson and

Dawson 2003). Hence, these change maps may portray an optimistic impression of

what may actually occur relative to, and should not be mistaken for, the realised

niche of a given species.
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Species Percentage of
current distribution
range projected to:

Anticipated change in species
distribution

(Winner/Loser/Stable/Shifter)
(i)
(ii)
(iii)

occur
be lost
expand (new)

Brosimum
alicastrim

(i)
(ii)
(iii)

65
51
16

Shifter – Expansion within north-
eastern region of island; maintains dis-
tribution within south-central Trinidad

Calophyllum
lucidum

(i)
(ii)
(iii)

1
99
0

Loser – almost entire range lost

Carapa
guianensis

(i)
(ii)
(iii)

11
91
2

Loser – most of range lost – with pockets
of distribution remaining intact within
the south-central region of the island

Eugenia confusa (i)
(ii)
(iii)

10
92
2

Loser – most of range lost with small
pockets remaining intact within North
and Central Trinidad

Ilex arimensis (i)
(ii)
(iii)

50
65
15

Loser – At least half of range lost, with
new pockets of climate space scattered
within central and southern Trinidad

Mora excelsa (i)
(ii)
(iii)

123
55
78

Winner – despite contracting within the
NE part of its distribution range – this
species gains about 1/5 area – expand-
ing westwards – especially within south-
ern Trinidad

Sterculia puriens
var. glabrescens

(i)
(ii)
(iii)

1
99
0

Loser – Majority of climate space lost

Tabebuia
stenocalyx

(i)
(ii)
(iii)

2
98
0

Loser – Majority of climate space lost

Tabernaemontana
attenuata

(i)
(ii)
(iii)

39
81
20

Loser – Over 70% of climate space lost
– with new pockets of suitable climate
space occurring in scattered locations
across Trinidad – but concentrated in the
NE, NW, SW and SE regions of the island

Tovomita eggersii (i)
(ii)
(iii)

11
91
2

Loser – Majority of climate space lost
with stable or new range located along
the western coast of central Trinidad as
well as the NE, north-central, NW re-
gions of the island.

Virola
surinamensis

(i)
(ii)
(iii)

52
77
29

Shifter – despite contracting within the
northern and eastern parts of island –
this species gains about significant cli-
mate space within southern Trinidad

Table 5.1: Anticipated changes in species distribution range based on the SRES
A2 scenario.
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5.3.4 RCM sensitivity analysis

It is noteworthy that when the range of change in annual temperature values

(+0.2 °C to +2.7 °C) and annual precipitation levels (-21.4% to 34.4%) used for

these RCM sensitivity analyses were compared to the range of local warming

and changes in precipitation projected for Trinidad from the A2, A1B and B1

(no data available for A1F1) scenarios (available at http://country-profiles.

geog.ox.ac.uk/); both temperature and precipitation ranges of the former ef-

fectively encompassed the combined projection range of the latter (A2, A1B and

B1 scenarios) which spanned from +0.7 °C to +2.6 °C and -21% to 1% in precip-

itation. This therefore achieved the purpose of the sensitivity analyses (Section

5.2.8) which was to compensate for the use of only one SRES scenario for the

SDM.

Change in the projected area occupied by a given species in response to de-

viations of ±10% precipitation and/or ±1 °C varied among the eleven species –

with the response of each species to all four scenarios being unique (Table 5.5).

The future distributions of seven out of the eleven species were projected to de-

crease in size in response to an increase in temperature relative to the SRES A2

scenario; while three species (Virola surinamensis, Tabernaemontana attenuata

and Mora excelsa) were projected to increase. The inverse trend was observed

for scenarios where there was a decrease in temperature relative to the SRES A2

scenario, with the same sub-set of seven species showing an increase in expec-

ted range size while Virola surinamensis, Tabernaemontana attenuata and Mora

excelsa were shown to decrease. Brosimum alicastrum was the only species which

showed no projected change in range size in response to deviations of temperature

from the SRES A2 scenario.

However, changes in the size of forecasted future species distributions in re-
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sponse to deviations of precipitation (relative to the SRES A2 scenario) were not

as uniform as the species response to deviations in temperature. Seven of the el-

even species exhibited decreases in their relative areas in response to an increase

in precipitation, while Carapa guianensis, Eugenia confusa, Tabebuia stenocalyx

and Tovomita eggersii were seen to increase. A more obvious trend was observed

in response to a decrease in precipitation, with ten of the eleven species show-

ing increases in area, while only Brosimum alicastrum was projected to suffer a

decrease in area.

From these observations generalised inferences can be made about species re-

sponse to deviations of precipitation and temperature from the SRES A2 scenario.

The strongest inference derived was that species tended to favour conditions of

relatively lower precipitation; while greater precipitation resulted in a general

decrease in the size of projected future species distributions. Species also ap-

peared to favour relatively lower temperatures, with general decreases in species

distribution size observed for scenarios with higher temperatures. Hence the gen-

eral response to deviations of precipitation and temperature seemed to indicate

that the size of the forecasted future distributions increased under drier, cooler

conditions than those of the SRES A2 scenario.

This is unsurprising as, despite tropical forests being generally portrayed as con-

sisting of a collection of plant species which thrive in humid, moist conditions, this

applies only to some types of tropical forests – such as tropical rainforest. There

are other types of tropical forests which do not exist under such humid, moist

conditions (Richards 1996). Indeed consultation with local experts from Trinidad

confirmed that many tree species within the island require drier conditions dur-

ing important phases of their reproductive cycles and are known to be limited by

too much moisture availability (Baksh-Comeau, pers. comm. 2010). Hence, it is

not at all strange that the distributions of most of the species modelled for these

313



Chapter 5 Future species distribution models and the PAN of Trinidad

analyses increased under drier conditions simulated by the sensitivity analyses.

5.3.5 Total Map – Present

From the analyses described in Section 5.2.9, species richness across Trinidad for

the present climate was observed to vary, with certain regions having low species

richness (0 to 2 species) while other parts of the island were projected to have

medium (3 to 5 species) and high richness (6 to 11 species) (Figure 5.30). Based

on these subjectively selected thresholds, three clearly defined zones of medium-

to-high species richness were defined within the island (Figure 5.36). These zones

were used purely for illustrative purposes and do not have a functional value. The

largest of these (containing 3 to 11 species) was observed along a horizontal zone

that stretches across the Northern Range (the Northern Horizontal Zone (NHZ)).

The majority of this NHZ was considered to have a high density of species, with

medium and low species densities (1 to 5 species) occurring mainly between the

eastern and central regions of this zone.

A zone of medium-to-high species richness also extends longitudinally from

the east-central part of the NHZ in a southerly direction towards the southern

coastline (the Longitudinal Zone (LZ)). Species richness was observed to gradually

decrease in a southerly direction within the LZ, with relatively higher density

levels occurring within its northern and central regions (4 to 9 species) compared

to that of its southern region (2 to 7 species). A third zone of mainly medium

species richness was observed to occur horizontally along the southern edge of the

island (the Southern Horizontal Zone (SHZ)), especially within its south-western

(2 to 6 species) and south-eastern (2 to 7 species) portions. The central region

of this zone was characterised mainly by low species richness (1 to 3 species).

Areas with mainly low species richness included the area between the central
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and eastern regions of the Northern Range (1 to 4 species) and the western region

of the island (0 to 2 species). Finally, visual inspection of Figures 5.19 to 5.29

revealed that with the exception of Tabernaemontana attenuata (the potential

distribution range of which was confined to the NHZ and the LZ); the remain-

ing ten species were distributed within all three of these zones of higher species

richness.

5.3.5.1 Species richness within the PAN

The existing PAN within the island was observed to contain projected medium

and/or high levels of species richness for the present climate. All of the PAs within

the Northern Range as well as all of the large PAs within the central region of

the island were encompassed within the NHZ and the LZ. The PAs along the

southern edge of the island were also, for the most part, included within the

SHZ. The main exception to this was the PA-sc, half of which coincided with the

relatively lower species densities projected to occur within the central portion of

the SHZ (Figure 5.30).

When limited to areas of existing forest on the island, most of the PAs were

also projected to contain medium and/or high levels of species richness. The two

main exceptions to this were the PA-sw and the PA-se which have been recently

deforested (see Chapter 2).

5.3.6 Collective Species presence/absence Map – Present

The map produced from Section 5.2.10 (Figure 5.33) mirrors the trends described

for the present total map (Figure 5.30) in Section 5.2.9. Collective species pres-

ence was found to exist across the majority of the Northern Range as well as
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within the LZ. Additionally, collective species presence occurred along the SHZ,

except for the central region of this zone.

Similarly, collective species presence is projected to occur throughout most of

the existing PAN of the island – with the exception of approximately half of

the PA-sc, and a quarter of the PA-sw (due to the harvesting of T. grandis and

agriculture (Section 2.4.2) (Figure 5.33).

5.3.7 Total Map – Future

A big contrast was observed between projected species richness across the island

for the future SRES A2 climate (Figure 5.31) compared to that of the present

climate. Low species richness is projected to pervade the island, with the medium-

to-high species densities across the majority of the NHZ and LZ (for the present

period) being greatly reduced (0 to 2 species).

A single zone of mainly medium species richness (3 to 6 species) for the future

is projected to be located within the central and western portions of the SHZ.

Further, unlike the present total map, the central region of the SHZ is projected

to contain medium (instead of low) density levels which extend northward in a

narrow band that tapers off at the central part of the island (within the LZ).

There are also small pockets of medium-to-high species richness within the

south-eastern and north-eastern corners of the island (3 to 7 species) as well as

scattered along the western half of the island’s northern edge.

Unlike the present climate, visual inspection of Figures 5.19 to 5.29 revealed

that within an SRES A2 future, just five species (Brosimum alicastrum, Carapa

guianensis, Ilex arimensis, Mora excelsa and Virola surinamensis) were distrib-

uted within all three of these zones (NHZ, LZ and SHZ). Further, these areas of
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future distribution were much smaller and less continuous compared to those of

present climatic conditions.

5.3.7.1 Species richness within the PAN

The PAs located within the Northern Range as well as those within Area A

are not expected to contain high species richness during the SRES A2 scenario.

However large portions of the PA-ce, PA-se as well the entire PA-sc and PA-sw are

encompassed within this zone of mainly medium species richness (Figure 5.34).

Further, when limited to areas of existing forest on the island, large portions of

the PA-sw and the PA-sc are excluded due to recent deforestation described in

Section 2.4.2.

5.3.8 Collective Species presence/absence Map – Future

The collective species presence projected for the future SRES A2 scenario (Figure

5.34) also followed the trends illustrated within the total map for the future

(Figure 5.31).

It is projected to be limited to only a few PAs within the southern part of

the island, with no PA completely containing this presence. Of these, the PA-sw

and PA-sc are expected to contain the highest proportions of collective presence,

with the majority of their areas being encompassed. The PA-se and PA-ce are

also expected to contain part of the collective species range, although these areas

are less contiguous (compared to the PA-sw and PA-sc) and do not represent

very large portions of these PAs. The PA-ne is projected to completely lack

collective species presence, while the smaller PAs along the north-western coast

are projected to contain scattered fragments of the collective species range.
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When limited to the areas of existing forest within the island, the two PAs (PA-

sw and PA-sc) containing the highest proportions of collective species presence

were observed to lose large areas of this presence due to deforestation (Chapter

2). However, in light of the fact that almost 50% of the island has been forested

since 1969 (Section 2.4.4.1), there are several means by which these PAs can be

reforested to eventually represent long-term reserves. These are highlighted in

Sections 5.4.8 and 6.2.1.

5.3.9 Collective change map

The anticipated change in collective species presence between the present and

future climates (Figure 5.35) follows a similar pattern to the collective species

map for the future (Figure 5.34). It shows that a greater part of the collective

species range is projected to contract in the future to less than half its present

size, with stable collective species presence occurring mainly along the central and

south-western regions of the SHZ and extending northward into the LZ up to the

central part of the island. Additionally, pockets of stable collective species range

are also projected to occur within the south-eastern and north-eastern corners

of the island as well as being scattered across the western part of the island’s

northern coast.

Areas of collective species expansion were in total, much less than the total area

of anticipated stable collective species presence. These areas of expansion were

also limited to the central and south-western parts of the SHZ – again extending

northward in a tapering manner towards the central region of the island. As

with the stable collective range, small areas of expansion are projected within the

south-eastern and north-eastern corners of the island.
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5.3.9.1 Collective presence within the PAN

Similar to the distribution of the collective species presence for the future, the

majority of the stable collective species range is expected to be limited to the

majority of the PA-sw and PA-sc, and to lesser extents within the PA-se and

PA-ce. Additionally, smaller, less contiguous areas of future collective species

presence are also projected to be scattered within small areas of the PAs along

the north-western and north central coast of the island.

Areas of collective species expansion are however limited to the PA-sw, PA-

sc and the western edge of the PA-se as well as their external peripheries. In

particular, the area between the PA-sc and the PA-se appears to be the most

contiguous part of this collective species expansion range. Scattered areas of

collective species range expansion are also projected to occur along the southern

external periphery of the PA-ce.

These areas of projected stable and expanding collective species range represent

areas of conservation interest. However, when limited to areas of existing forest

within the island, the majority of the area projected to be suitable for collective

range expansion both inside and outside the boundaries of the PAs is elimin-

ated due to deforestation. This occurs particularly along the eastern periphery

of the PA-sw (settlement, industry and agriculture) (Figure 2.13) and within the

PA-sc and its northern periphery (harvesting of T. grandis) (Figure 2.14). The

remaining areas of projected collective range expansion are confined to mainly

within the PA-sc and the edges of the PA-se as well as the noticeably contiguous

area between both these PAs. In a similar manner, large sections the projected

collective stable range have been removed due to deforestation within the PA-sw

and PA-sc, the non-protected region between the PA-se and the PA-ce and the

north-eastern corner of the island. The major areas of collective stable range
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which remain, and hence which represent areas of interest for conservation pur-

poses – are now limited to the southern edge of the island, parts of the PA-se and

PA-ce as well as the western half of the island’s northern edge.

5.3.10 Correlation of collective species presence to changes in
Bioclim variables

From the correlation coefficients derived by comparing the collective change map

with the Bioclim difference maps (Section 5.2.12), correlation coefficients ranged

from 0.08 (BIO1 – dry season) to 0.74 (BIO17) (Table 5.9). Bioclim variables with

coefficients greater than an arbitrary 0.65 (BIO12, BIO13, BIO14 and BIO17)

were then visually compared in greater detail.

Visual patterns within the collective change map (Figure 5.35) also appeared to

concur most strongly to the maps that illustrated the projected difference between

present and future conditions for BIO17 (Figure C.24), and to lesser extents, for

BIO12 (Figure C.9), BIO13 (Figure C.12) and BIO14 (Figure C.15) in decreasing

order.

From Figures 5.35 and C.24, it was observed that the majority of the projected

areas of collective species presence (both stable and expanding range) during the

future strongly concurred with areas where the change in precipitation of the

driest quarter (BIO17) was anticipated to be between 0% and a 20% increase.

This included areas within the SHZ, the south-eastern and north-eastern ends

of the island as well as western half of the island’s north coast. Additionally,

the majority of projected zone of collective species contraction in Figure 5.35

concurred with areas in Figure C.24 that are projected to experience a decrease

in precipitation within the driest quarter.

A similar, though less pronounced and detailed concurrence was observed between
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Figure 5.35 and the difference patterns for BIO12 and BIO13 (Figures C.9 and

C.12). Areas of future collective species presence within the SHZ and southern

regions of the LZ were observed to concur within areas that are projected to

experience between approximately 0% and 20% increases in both mean annual

precipitation (Figure C.9) and precipitation of the wettest month (Figure C.12).

However future collective species presence within the western half of the island’s

north coast were observed to concur with relatively lower increases of between

7% to 10% in mean annual precipitation and -5% to 10% in precipitation of the

wettest month. This difference between the SHZ (and southern LZ) and the

NHZ is thought to be associated with areas of higher elevations within the latter

and the accompanying atmospheric lapse rate which occurs with increases in alti-

tude. The influence of elevation upon collective species change within the NHZ

is discussed further within Section 5.4.6.

The concurrence of collective species presence with the difference pattern pro-

jected for BIO14 (Figure C.15) was less pronounced than those of BIO12 and

BIO13. Within the SHZ this ranged from no change in precipitation of the driest

month to increases of up to 40%. However, the most noticeable concurrence with

projected collective species presence in the future was observed for the south-

eastern and north-eastern corners of the island where increases of between 40%

to 48% are projected to occur.

The seasonal difference maps for BIO12 were also observed to be concurrent

with the collective future species presence. While the difference map for the wet

season (Figure C.45) showed almost the same concurrence and relationship as

BIO12 (Figure C.9), the difference map for the dry season (Figure C.42) indic-

ated that there is projected to be an approximate increase of about 10% to 12% in

precipitation within the area that contains the tapering band of collective future

species presence which extends from the SHZ into the LZ towards the central
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region of the island. This increase in range was noticeably less than the areas on

either side of this band, which are projected to experience increases in precipita-

tion that are greater than 20% precipitation and were characterised by no future

collective presence.

5.4 Discussion

These analyses were based upon several assumptions and hence careful data inter-

pretation is required for this discussion. This study was focused upon projecting

where suitable climate space (both present and future) may occur for selected spe-

cies with no attempt to predict actual distributions as a result of climate change.

In addition to the uncertainties discussed in Chapter 4 and this chapter, there are

seven key caveats which need to be considered. Firstly, climate was assumed to be

the dominant factor influencing present distribution of the eleven study-species.

An equilibrium of present species distributions with climate was assumed, but

other factors, e.g., biotic interactions, species dispersal ability (assumed to be

perfect) and habitat suitability, were assumed to be temporally stable and were

not incorporated. The study focused on a species’ Trinidadian climate space and

did not consider whether its entire climate space existed within the Caribbean

region or beyond. Climatic extremes were also ignored which may have a pro-

found effect on the distribution of a species at its range margins. Finally, only

one GCM (HadAM3H) under only one climate scenario (SRES A2) was used,

hence the full range of uncertainty may not be illustrated.

In particular, it should be noted that these analyses did not incorporate spe-

cies dispersal because, apart from no information being available on the dispersal

potential of the species modelled within Trinidad; there is also a lack of con-
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gruence within the literature regarding the importance of animals as agents of

plant species dispersal to and within insular environments. For example, studies

such as Whittaker and Jones (1994) report the important role played by birds

in facilitating inter-island dispersal of some plant species; as well as the import-

ance of frugivorous bats in the endogenous dispersal of already established plant

species within islands such as Krakatau. However, dispersal does not guaran-

tee establishment – as seen with several legumes which make it to the shores

of Hawaii, but seldom become established Carlquist (Carlquist 1980). There are

other studies such as Cody and Overton (1996) and Carlquist (1966a) which re-

port decreased dispersal potential of many taxa – both plants and animals within

insular environments. Additionally, authors such as Hansen et al. (2008) have

reported that the already few frugivorous taxa (e.g., birds, bats, tortoises and

lizards) which facilitate plant dispersal within islands may be limited in doing so

due to drastic reductions in native habitat within many islands (e.g., the Carib-

bean SIDS). Such reduced habitat may not be able to support viable populations

of some plants as seedlings may not be dispersed far enough to escape natural en-

emies (Janzen-Connell model). This situation is further compounded by reports

of increases in invasive species due to increasing temperatures and human visitor

frequency – which may lead to these invasive species successfully out-competing

other establishing species that have been dispersed by bats, birds or other frugi-

vores (Bergstrom and Chown 1999).

5.4.1 Conceptual challenges regarding scale

Modelling the potential species distributions within Trinidad presented concep-

tual challenges that were distinctive when compared to the majority of SDM

studies conducted over larger landmasses. It has been well described in the liter-
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ature that different factors influence species distribution at different scales; with

climate exerting a greater influence at the macro-scale, while biotic interactions

are believed to be a more dominant driving force at local scales (Pearson and

Dawson 2003; Wiens and Bachelet 2010). However, this hierarchical concept was

derived from SDM studies carried out in much larger areas within continental

settings. Within small islands, there is no available guidance with respect to the

dimensions of such a hierarchical system. For example, are these hierarchical

scales fixed and absolute (at a continental scale) or do fractal alternatives exist

at the small island scale (Halley et al. 2004)? If yes, then at what dimensions does

a ‘macro-scale’ or ‘local-scale’ exist within this island? If no, then is it justified

using climate data to generate SMs at the small island scale?

These questions became particularly important when considering the validity of

the resolution of the climate data that were used for these analyses. In the absence

of relevant answers in the literature, the results of Chapter 3 were referred to;

where it was observed that precipitation (climate) at the island-wide/ ‘macro-

scale’ and elevation (topography) within the Northern Range/ ‘intermediate-

scale’, appeared to influence the location of ecologically similar groups of ve-

getation within the island. This was used as a guide to infer that the use of

25 km2 climate data could contribute in a meaningful way to the SDM analyses

of this chapter.

5.4.2 Discrepancy between present and future climate data

A resolution of 1 km2 (WorldClim’s climate grids) was selected to represent the

present climate instead of a more coarse-grained climate grid (e.g., a 5 km2 or

10 km2 resolution) as the former would be able to capture the way that climate is

affected by the complex topography of the Northern Range more clearly than the
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latter. While some authors have pointed out that the representation of climate

at such fine resolutions could lead to misleading interpretation of results (Wiens

and Bachelet 2010), it can also be argued that choosing slightly coarser girds

such as 5 km2 or 10 km2 would not change the general patterns depicted in the

model output. This is in keeping with the prevailing recommendation which

dictates that uncertainties related to the use of SDM for forecasting require that

interpretation be limited to this general pattern rather than emphasis on details

(Franklin 2009). Adherence to this recommendation would to help to ensure that

the results generated from 1 km2 data were not misinterpreted.

There was also an obvious discrepancy between the resolutions of the present

and future climate data used for the analyses with the future climate data being

of a 25 km2 resolution. Future climate projections were also available on the

WorldClim website at a 1 km2 resolution. Despite these data being of the same

resolution as the present climate data, they were not chosen for these analyses

because they were generated using a ‘change factor technique’ which involved

the interpolation of changes from a GCM. This study used the same ‘change

factor technique’ (Sections 5.2.2.2 to 5.2.2.5) to generate the future climate data

that were input into MaxEnt – but made use of the added resolution and detail

from the PRECIS RCM instead of a GCM. These WorldClim data were therefore

not as representative of regional climate details as simulations from the PRECIS

RCM, especially since there were much fewer observation points on the island

that were used to generate the WorldClim climate grids. In contrast, while the

25 km2 simulations of the PRECIS RCM were coarser, its dynamical downscaling

allowed for a more realistic representation of climate features in response to the

complex topography of the Northern Range, regional scale anomalies, orographic

precipitation and extreme climate events.

Additionally, the 25 km2 climate grids used for this interpolation consisted only
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of twelve data points, which led to some pixels having three or fewer adjacent

pixels (e.g., Figure 5.2). However, this issue regarding resolution of climate change

projections is not unique to these analyses. Nevertheless, there are a number of

limitations to the interpolation of these climate change surfaces which arose –

and which should be taken into consideration. These include:

(i) The RCM data were derived from only one model, hence even if the resolu-

tion was perfect, this would still be a snapshot of a plausible climate change

future.

(ii) The 25 km2 data used for these analyses is the highest resolution projection

data that currently exists for this region, hence these analyses used the best

data available (compared to GCM data at 250 km2 – which does not even

‘recognise’ the island as land).

(iii) Interpolation is a conservative method of superimposing these RCM data

onto the higher resolution baseline (WorldClim) data (and WorldClim is by

no means considered realistic for the Caribbean region)

(iv) The 25 km2 data (12 points) adds regional variation to the projection com-

pared to alternative GCM data (1 point). These 12 points were able to

show contrasting changes between the northern and southern regions of the

island, and also ‘recognised’ regions of higher elevation within the island’s

interior.

(v) Nonetheless the interpolation process only projected the 25 km2 response in

the RCM onto the higher resolution baseline; it is assuredly the case that

the RCM missed higher resolution local responses that are additional to

those simulated at 25 km2, and this is a fundamental limitation that should

be borne in mind.

(vi) Statistical downscaling could be used to take the RCM data and estimate
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point or high resolution, but this requires time-series of observed data at

the point or WorldClim gridded resolution. However, these were/are not

available for the island. Therefore, these analyses did the maximum that

was possible with the available climate change data.

5.4.3 The losers prevail

One of the main points emerging from these analyses (Table 5.1) is that none

of the species modelled were projected to maintain entirely stable distributions

(‘grounded’ species) under the SRES A2 scenario, with large contractions in po-

tential distribution range being projected for the majority of species under such

future conditions (Figures 5.19 to 5.29). A noteworthy example of this trend in

range reduction is that of the loser Stercilua puriens var. glabrescens (Table 5.1).

As outlined in Section 3.2.6, this species was included in the list of tree species

chosen for the SDM analyses because it was identified as the most ubiquitous of

the ecologically important species within the island. As shown in Figure 5.25,

its potential present range which encompassed the majority of remaining forested

regions on the island is projected to almost completely disappear.

Such contraction of these species’ potential distribution range is likely to be

exacerbated in the future if forest cover across the island decreases as a result

of the increasing deforestation rates and anthropogenic encroachment of forested

areas reported in Section 2.5.3. As seen in Table 5.3, the already contracted

potential future distributions of almost half of the species within this group would

automatically suffer net losses of 25% or more in area if forest cover remains as

it was during 2007. Should forest cover decrease beyond that of 2007, then the

already small potential distributions of these species (under SRES A2 conditions)

would contract further – and hence further lowering their chances of survival
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within the island into the future.

Many authors have suggested that species response to a changing climate may

be individualistic and that the composition of communities which exist today is

likely to be different to those of a future, changed climate (Milly et al. 2008;

Pearson et al. 2004; Thuiller et al. 2008). It is now generally accepted that the

drivers which lead to these distribution changes are varied and interdependent.

These include, but are not limited to, climate, biotic interactions such as dispersal

and competition, physiological requirements and genetic properties of the species

(Hampe 2004; Pearson and Dawson 2003; Pearson and Dawson 2004). However, as

in many other studies, very little, if any of such information exists for the species

modelled in these analyses. This scarcity of data is one of the main reasons that

SDM, for all of the uncertainties associated with it, is still the only method which

allows for the forecasting of species response to climate change.

A good example of this paucity of data is that of a well-studied species within

the island, the sole winner of this study, Mora excelsa. These analyses show that

its distribution range is projected to change from a range-limited potential present

distribution to one which expands to encompass an area almost 20% greater than

the size of its potential present distribution range (Figure 5.24). Mora excelsa

is an enigmatic mono-dominant species which can form up to 85–95% of the

canopy trees within a forest (Beard 1946a). This is in contrast to most other

tropical forests within which the dominant tree species seldom rises to more than

10% of the canopy trees. The reason behind this mono-dominance and hence

its distribution range has been a source of mystery to ecologists over the years

(Beard 1946a; Huston 1994; Richards 1996); and while this has been hypothesised

to be linked to its prolific reproductive ability which results in an unusually

large amount of seedlings carpeting the forest floor (Beard 1946a; Janzen 1970),

the factors responsible for its distribution and mono-dominance are yet to be

328



5.4 Discussion

discovered.

5.4.4 Species response to an SRES A2 future

The results of the RCM sensitivity analyses revealed that the majority of the el-

even species modelled generally appeared to favour cooler, drier conditions than

those projected for the SRES A2 scenario. The maps that illustrate the differ-

ence between present and projected SRES A2 conditions for BIO12 and BIO1

(Figures C.9 and C.33 from Appendix C) indicate that these conditions occur

within ‘transition zones’ between the hotter, drier western and central regions of

the island and its cooler wetter southern and eastern edges. This transition zone

along the southern periphery as well as north-eastern and south-eastern ends of

the island also coincides with large portions of the anticipated areas within which

both shifters as well as the lone winner are projected to exist and expand in the

future (Figures 5.19, 5.29 and 5.24).

However, the transition zone along the (central) eastern periphery of the island

neither concurred with the projected future distribution ranges of the shifters and

winner nor with those of any of the other species modelled (Figures 5.19 to 5.29).

This is likely to be at least partially as a result of edaphic factors, with a large

part of this region consisting of the Nariva Swamp, one of the major wetlands

of the island. Forests within this area tend to be categorised as swamp-forests

and were excluded from the ecological analyses in Chapter 3 which determined

the species that were selected for these SDM analyses. If swamp-forest species

were included as part of these analyses, it is likely that the RCM sensitivity

analyses would not have indicated such a strong tendency of the set of species

towards cooler, drier conditions – as species within these forests are generally

believed to prefer moist/humid, warmer conditions. In such a situation, a less
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acute preference for cooler, drier conditions together with the lower elevation of

such areas – and hence a lack of additional cooling from an atmospheric lapse

rate (Section 5.4.6) may contribute to an increased probability that the collective

species presence would extend to include the transition zone within the eastern

region of the island.

Further, none of the eleven species were observed to exist or expand within the

central Northern Range, which is anticipated to experience the highest increases

in precipitation (Figures 5.19 to 5.29). A similar pattern was observed for the

western periphery of the island, which, with the exception of Mora excelsa and

Virola surinamensis, is not anticipated to contain suitable climate space for any

of the other species during an SRES A2 scenario (Figures 5.19 to 5.29). Some may

view this as a lucky co-incidence because as outlined in Chapter 2, this western

region also represents the portion of the island that has been most converted to

irreversible forms of development.

5.4.5 The influence of precipitation-based climate parameters

When compared to the maps which illustrate the anticipated difference in the

highlighted Bioclim variables (Section 5.3.10) across the island between the present

and SRES A2 climates (Appendix C), it was observed that collective species

presence is projected to be maintained and/or expand in areas which experience

between stable to moderate increases in precipitation, during not just the dry,

but also the wet season (BIO13). It was also clear that areas which are projec-

ted to (i) continue to experience large amounts of precipitation in spite of, or

as a result of projected changes between the present and future climates (e.g.,

the region between the central and eastern parts of the NHZ) or (ii) areas which

expect decreases in precipitation (e.g., the western region of the island) will not
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be expected to support collective species presence in the future.

Taking these local variations in ‘climate’ conditions into consideration, it is

feasible that these results (distribution of collective species presence) do not con-

tradict – but actually conform to the results of the RCM sensitivity analyses

(species preference of drier and cooler conditions – Section 5.3.4). The collect-

ive species presence is anticipated to occur within regions of the island that are

projected to experience a combination of zero to moderate increases in precipita-

tion in conjunction with temperature change zones that range from stable to the

lowest available increases within the island (Figure C.33). It is possible that the

congruence of collective species presence with areas of stable to moderate increase

in precipitation instead of areas projected to experience a decrease in precipita-

tion may simply be a response to the condition that there are no areas within

the island that are projected to experience a decrease in temperature. Hence,

hotter conditions are ‘physiologically compensated’ by mild increases in precip-

itation (Figure C.33). Conditions which deviate from this combination such as

(i) high levels of, or increases in precipitation, (ii) decreases in precipitation –

together with /or greater than minimal increases in temperature would result in

conditions which do not lead to the physiological equivalent of cooler, drier con-

ditions – hence a loss of collective presence occurs. Additionally, that the pattern

of collective species presence for the future appeared more crafted to the details

of projected changes in precipitation parameters rather than temperature pat-

terns is not unexpected; as the findings of Chapter 3 (Section 3.3.2.3) which were

based on independent (non-modelling based) analyses, highlighted precipitation

as a major influence upon the community composition within the island.

This explanation highlights a potential difference with respect to the interpret-

ation and explanation of SDM conducted at the small scale of a Caribbean SIDS

compared to large, continental scale analyses. It demonstrates the need for de-
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tails of local climate conditions at a finer than 25 km2 resolution within islands

of this size. However, the paucity of published work on such finer-scaled climate

conditions may lead to the requirement of greater access to ‘expert’ knowledge.

5.4.6 Influence of elevation within the NHZ

However, apart from the influence of precipitation-based parameters mentioned

in Section 5.4.5, elevation was also perceived to influence areas of both future

collective species stable and contracting range within the NHZ. A comparison

of altitude above sea level (Figure 3.22) with the collective change map (Figure

5.35) revealed that regions within the NHZ which were projected to support stable

collective species range belonged to one of two elevation categories. Firstly, areas

within the NHZ ranging from 0 to 304 m above sea level which were also projected

to experience (i) between 1 °C and 1.2 °C increases in annual temperature (Figure

C.33) and (ii) annual precipitation increases of between 8% to 12% (Figure C.9).

Secondly areas within fringes of the north-western peninsula which were greater

than 304m above sea level and which were projected to experience (i) increases

in annual temperature between 1 °C and 1.3 °C and (ii) 7% to 10% increases in

annual precipitation.

In the case of the former, the final outcome of incorporating temperature de-

creases due to an atmospheric lapse rate of 1.66 °C per 309 m with projected

changes in annual temperature (Figure C.36) led to an anticipated final temper-

ature range increase of between 0.3 °C to 1.2 °C – within areas of projected mild

increases in precipitation. As suggested in Section 5.4.5 such projected small in-

creases in temperature may be ‘compensated’ for by stable to moderate increases

in precipitation – and hence conform to the cooler, drier conditions required to

sustain species range survival as indicated by the RCM analyses. Also, incor-
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poration of the same atmospheric lapse rate in the latter situation would result

in overall decreases in temperature (compared to the present BIO1 map – which

does not incorporate the effect of an atmospheric lapse rate) combined with very

small projected increases in precipitation within the already naturally arid north-

western peninsula. Such conditions would again create cooler, dry conditions

which conform to the findings of the RCM analyses.

In contrast, the majority of the NHZ which was projected to experience col-

lective species range contraction belonged to an altitude above sea level range of

179 m to 968 m. Incorporation of temperature decreases due to the atmospheric

lapse rate with projected increases in annual temperature resulted in overall tem-

perature decreases ranging from approximately 0 °C to 4 °C (compared to the

BIO1 map for the present climate). When combined with projected increases

in annual precipitation in excess of 20%, such cooler, more moist conditions are

likely to lead to collective species range contraction due to non-conformance with

the cooler, drier conditions that are required to sustain future species survival.

5.4.7 Caution with respect to interpretation

Firstly, based on the patterns of novel climate conditions projected for the Bioclim

variables used in these analyses (Table 5.2), there was a greater uncertainty asso-

ciated with (i) the north-eastern quarter and (ii) the central region of the western

coast of Trinidad within the SMs that were generated by MaxEnt. When com-

pared to the collective change map, these areas of greater uncertainty also coincide

with the regions within which collective range contraction is projected. From a

simplified perspective, if one considers that these novel climate conditions do not

correlate with the present climate conditions that were used to construct these

models, then it is likely that such areas would not be projected as suitable climate
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space for these species in the future. However, because the MaxEnt clamping was

invoked for these analyses, these novel climate conditions were not incorporated

in the construction of the SMs. This is because, as mentioned in Section 5.1.2,

the MaxEnt clamping treats variables outside the training range as if they are in-

stead, at the limit of their training range. This is likely to be the reason for small

areas within the north-eastern corner of the island being projected as suitable for

the future survival of the individual species within this group (Figures 5.19 to

5.29). Additionally, it is noteworthy that, for the most part, the collective pres-

ence projected for the future does not coincide with these areas of novel climate

conditions, but instead occur within areas that are projected to experience climate

conditions within the present climate range. Such areas of collective presence are

therefore associated with relatively less uncertainty. Therefore, apart from the

small area of collective presence projected to occur at the north-eastern corner

of the island, the collective change map concurs with areas of less uncertainty

within the SMs that were generated by MaxEnt.

Secondly, the pattern of collective species range response is contrary to the

trends that have been reported in the literature which describe the movement of

species either pole-ward or upward (in altitude) in search of pre-existing climatic

conditions as the climate changes (Hickling et al. 2006; Lenoir et al. 2008). This

is perhaps because as demonstrated by these analyses and those of Chapter 3,

the distribution of these eleven species appears to be mainly driven by suitable

combinations of precipitation-based climate variables and elevation. Hence it

is unsurprising that the collective species presence was observed to follow areas

within the island that are projected to experience suitable precipitation and el-

evation levels rather than simply migrating northwards towards the poles.

However, all of the eleven species modelled during these analyses, are anticip-

ated to experience at least partial range contraction within the NHZ. It could be
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therefore be inferred that the species which live in the moist, cooler conditions of

the NHZ but may not be able to ‘adapt’ to the projected increases in temperat-

ure within this region (e.g., Figures 5.21 and 5.22) when compared to the species

which are able to live within the hotter, drier conditions of the SHZ. Hence it

may require less effort on the part of the SHZ species to adjust to increases in

temperature (and mild increases in precipitation) compared to those which are

found within the NHZ.

However, this argument does not hold as there are more examples (Figures 5.19,

5.20, 5.23, 5.24 and 5.29) which have potential distribution ranges that span the

length of the island from the NHZ to the SHZ. While all of these are projected

to maintain a stable presence within the SHZ and contract from the NHZ, this

cannot be attributed to the loss of specialised temperature conditions (within the

NHZ) because of the wide range of environments within which these ‘generalists’

are known to exist. Indeed the only inference that can be made from the results

of these analyses is that the ‘climate space’ of these species are projected to shift

to the SHZ and its environs, which is anticipated to result in the contraction of

the collective presence range to the southern part of the island.

5.4.8 Potential of incorporating Trinidad’s PAN into future
conservation strategies

There are several foreseeable problems that such a contraction of the collective

presence is likely to pose for the development of any future conservation strategies

which seek to incorporate the future survival of these species within the PAN of

the island. It can be seen from Figure 5.35, that apart from a small scattering

of areas within the small PAs along the north-western coast of the island (which

occur within the difficult terrain of the Northern Range – and are hence not
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threatened by deforestation); the future collective survival of these species is

projected to be limited, for the most part, to (i) the smaller PAs within the SHZ

and its environs and (ii) the northeastern corner of the island – which is situated

mostly outside of the PA-ne. Hence the largest PA within the island (PA-ne) is

not projected to contribute towards the future collective survival of these species,

in addition to which, the second and third largest PAs, the PA-se and the PA-

ce are only anticipated to contribute partially towards collective presence in the

future.

At first glance, it may be considered that (i) the merging of the PAs within

the SHZ as well as (ii) the expansion of these PAs to encompass their present

external peripheries (which are important for future collective species expansion)

could enhance the potential of ensuring the future collective survival of these

species. However, while the PA-sw and PA-sc are almost completely encom-

passed within the projected collective range, as mentioned in Section 5.3.9.1,

forest within the PA-sw and its periphery have been cleared to make way for

irreversible forms of development such as settlement and industry. Additionally,

a large part of the PA-sc has been have been converted to teak (Tectona grandis)

and Caribbean pine (Pinus caribea) plantations by the Forestry Division of Trin-

idad and Tobago. Further, approximately 50% of the projected range of collective

expansion is expected to lie at the external peripheries of these PAs, particularly

noteworthy is the contiguous region of projected expansion between the PA-sc

and the PA-se. However, these areas are known to be under private ownership

and apart from being eroded due to deforestation (Figures 2.21, 2.22 and inset of

Figure 5.35), could also prove difficult to acquire due to the widespread squatting

upon these lands (Section 1.1.5). Likewise, the majority of the area within the

north-eastern corner of the island that is projected to sustain stable collective

presence is privately owned and has been deforested to make way for settlement
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and agriculture.

This brings almost to a full circle the issues discussed in Chapter 2, which

highlight the need to ensure adequate allocation of natural areas for the conser-

vation of the island’s flora and fauna. There are some means by which some

of the above impediments to the expansion and merging of the PAs within the

SHZ may be addressed. Firstly, legislation within the National Protected Areas

Policy and the National Forest Policy (Sections 2.5.4) may provide an opportun-

ity for the teak and Caribbean pine plantations within the PAs of this southern

region to be allowed to revert (or be actively reforested) to natural forest once

harvested. Alternatively, exploration of the potential for adjustment of the is-

land’s PAN through de-gazettement and restoration may yield possibilities for

promoting and maintaining areas of greater, more contiguous forest cover within

this region. As discussed in Section 2.5.2, the establishment and maintenance of

secondary forest can be used to increase connectivity of forested areas within the

SHZ (both inside and outside the PAs), thereby helping to increase its potential

to support the survival of these modelled species into the future. Additionally,

the co-operation of private land owners in order to facilitate the establishment of

such reforestation and connectivity may be gained by the introduction of com-

munity incentives such as ‘payments for environmental services (PES)’ which are

discussed further in Section 6.2.1. In a similar manner, encouraging the replace-

ment of row-crop and intensive agriculture with agroforestry such as cocoa, coffee

and nutmeg plantations within the privately-owned areas of the north-eastern

corner of the island may help to both quell the spread of settlement and create

secondary forest.

Further, in conjunction with these strategies, solutions are also required to ad-

dress: (i) the intense competition for already limited land that is required for

settlement, agriculture, industry and other anthropogenic activity and (ii) illegal
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and widespread squatting for agriculture and settlement. Despite the above men-

tioned implementation of the National Protected Areas Policy and the National

Forest Policy, any development of conservation strategies involving the alloca-

tion and management of areas for the future survival of these species will require

the co-operation of science (Chapter 6) political will and co-operation from the

private stakeholders who may own the lands which border the peripheries of the

PAs. There is also a need to address the tenure rights of agricultural and resid-

ential squatters before community participatory schemes such as the PES can be

effective both within the SHZ and the north-eastern region of the island. How-

ever, before any recommendation can be made with respect to the area of land

which will be needed to ensure the future survival of these species into the future,

further analyses (involving the use climate data derived from multiple GCMs)

which are beyond the scope of this thesis are needed. These are highlighted in

Chapter 6.

Finally, even if it was possible to expand and merge these southern PAs to

facilitate survival of these species, would it be possible to sustain their survival

beyond forty years into the future? This would depend on several factors includ-

ing: (i) the stabilisation of greenhouse gas concentrations and (ii) the prevention

of encroachment of the PAN by anthropogenic activity. Assuming that (ii) was

possible, any progression of climate change beyond the levels used in these ana-

lyses would be likely to result in a further reduction or even disappearance of the

climate space of these species. Because of the small, fixed, limited geographic

space that is available within the Caribbean SIDS for the establishment and sub-

stantial increase of their respective PANs, perhaps an alternative approach would

be to incorporate similar SDM analyses that focus on detecting future suitable

climate space across the entire Caribbean region rather than on just one island.

This would require a great deal of collaboration and coordination of conservation
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initiatives across many levels of planning – ranging from the selection of species

to be targeted for regional conservation to the eventual assisted translocation of

target species to PAs within the region that have been deemed suitable for their

future survival. In addition, such a ‘regional PAN’ would require a more compre-

hensive modelling approach involving the construction of model ensembles based

on multiple SDM algorithms (Araújo and New 2007) as well as climate data de-

rived from multiple GCMs. Suggestion for such analyses are outlined in Sections

6.2.3 and 6.2.6. While such an endeavour is likely to be complex, the successful

collaboration and ‘combining’ of the PANs of individual islands has the potential

to provide much needed additional space and therefore opportunity to preserve

target species into the future.

339



Chapter 5 Future species distribution models and the PAN of Trinidad

5.5 Tables

Bioclim
variable

Area of island
projected to

experience novel
climate conditions
within a SRES A2

scenario
(%)

Location of novel climate conditions
within Trinidad for SRES A2 scenario

Where:
(Black = novel climate conditions)

(White = conditions within range of
present climate conditions)

BIO4 3.7

BIO9m4 7.5

BIO12 17.8

BIO13 36

BIO14 11
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BIO15 1

BIO16 23.4

BIO17 15.3

BIO18 10.9

BIO19 0.1

Table 5.2: Area and location of novel climate conditions projected for Trinidad
within a SRES A2 scenarios.
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Species Net loss of species’ potential
future distributions due to the
limitations forest cover during

2007
(%)

Brosimum alicastrum 27.7
Calophyllum lucidum 0
Carapa guianensis 16.9
Eugenia confusa 11.1
Ilex arimensis 10.6
Mora excelsa 37.3
Sterculia puriens var. glabrescens 0
Tabebuia stenocalyx 13.9
Tabernaemontana attenuata 35.2
Tovomita eggersii 37.1
Virola surinamensis 40.3

Table 5.3: Net loss of species’ potential future (SRES A2 scenario) distributions
due to limitations in forest cover during 2007.

SRES A2
Temperature -

1 °C

SRES A2
Temperature

SRES A2
Temperature +

1 °C
SRES A2 Precipitation

+
10% Precipitation

Scenario 1 Scenario 2 Scenario 3

SRES A2 Precipitation Scenario 4 Scenario 5 Scenario 6
SRES A2 Precipitation

-
10% Precipitation

Scenario 7 Scenario 8 Scenario 9

Table 5.4: Climate scenarios used for the RCM sensitivity analysis.
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Change in area of potential species distribution (%)
Species Temperature

increase
Temperature

decrease
Precipitation

increase
Precipitation

decrease
Brosimum
alicastrim

0 0 ↓ (-11.7) ↓ (-2.6)

Calophyllum
lucidum

↓ (-93.4) ↑ (157.8) ↓ (-55.8) ↑ (297.7)

Carapa guianensis ↓ (-10.4) ↑ (29.9) ↑ (5.2) ↑ (68.1)
Eugenia confusa ↓ (-26.4) ↑ (31.1) ↑ (170.4) ↑ (147)
Ilex arimensis ↓ (-69.1) ↑ (79.5) ↓ ( -4.5) ↑ (35.8)
Mora excelsa ↑ (22.6) ↓ (-55.7) ↓ (-11.1) ↑ ( 3.9)
Sterculia puriens
var. glabrescens

↓ (-99.2) ↑ (381) ↓ (-32.6) ↑ (101.3)

Tabebuia stenocalyx ↓ (-50.2) ↑ (121) ↑ (81.6) ↑ (194.2)
Tabernaemontana
attenuata

↑ (152.9) ↓ (-56.9) ↓ (-1.3) ↑ (33.5)

Tovomita eggersii ↓ (-27.8) ↑ (43.3) ↑ (51.4) ↑ (168.7)
Virola surinamensis ↓ (28.9) ↓ (-70) ↓ (-24.1) ↑ (42.8)

Table 5.5: Anticipated response of species to deviations in temperature and pre-
cipitation relative to the SRES A2 scenario.
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Bioclim
variable

Description of Annual Differences (between present
and SRES A2 conditions) across the island of Trinidad

BIO12

(i) Projected to decrease by approximately 5% along the
central-western regions of the island (Figure C.9)

(ii) As one proceeds in an eastward direction, these drier condi-
tions give way to conditions which range from 5% decrease
to stable (no change) within:
(a) the central part of the island
(b) the NW peninsula

(iii) The remainder of the island is projected to experience
between 1% and 31% increase in precipitation:
(a) the largest increase of precipitation (ranging between

22% and 31%) being limited to the central Northern
Range and its periphery

(b) increase between 15% and 22% projected for: Areas
nearer to the coast (southern, eastern and the eastern
half of the north coast)

(c) smaller increases from 10% to 15% projected for: the
north-eastern tip of the island

BIO1

(i) A somewhat inverse pattern to that of the projected change
in BIO12 (Figure C.33)

(ii) No decreases in annual temperature projected for any re-
gion within the island

(iii) Instead, an increase of approximately 1.3 to 1.4 °C is anti-
cipated for the western region of the island including por-
tions of the southern reaches of the NW peninsula

(iv) There is a gradual decrease to an anticipated 1.2 °C in-
crease within:
(a) the central part of the island
(b) the northern parts of the NW peninsula

(v) Lowest increase of approximately 1 °C projected for
(a) the southern and eastern coasts
(b) the entire north-eastern corner of the island

Table 5.6: Anticipated changes (annual differences) in BIO12 and BIO1 from
present to SRES A2 conditions.
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Bioclim
variable

Description of Seasonal Differences (between present
and SRES A2 conditions) across the island of Trinidad

Wet Season Dry Season
BIO12

(i) Very different to dry sea-
son

(ii) Pattern of projected
change was remarkably
similar to that of BIO12
(annual)

(iii) Main difference: north-
western peninsula is pro-
jected to have a slightly
lower, more uniform dif-
ference [compared to that
of BIO1 (annual)]

(i) Very different to wet sea-
son.

(ii) Western and central re-
gions of the island pro-
jected to experience the
highest increases of pre-
cipitation (from 10% to
20%)

(iii) Lower changes in precip-
itation projected (range
= 1%↓ to 3%↑) within:
(a) southern and eastern

peripheries
(b) north-eastern corner

of island

BIO1

(i) Very similar patterns to:
(a) dry season’s differ-

ences
(b) differences projected

for BIO1 (annual)
(Table 5.6)

(ii) Greatest increases in
temperature: concen-
trated along the central
western periphery of
island

(iii) This increase [from
(ii)] dropped by ap-
proximately 0.1 °C
within the central and
north-western peninsula.

(i) Very similar patterns to:
(a) wet season’s differ-

ences
(b) differences projected

for BIO1 (annual)
(Table 5.6)

(ii) Greatest increases in
temperature: again
concentrated along the
central western periphery
of island

(iii) This increase [from
(ii)] dropped by ap-
proximately 0.1 °C
within the central and
north-western peninsula.
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(iv) Similar to BIO1 (Table
5.6): the southern, east-
ern and north-eastern re-
gions of the island are
projected to experience
the lowest increase in
temperature

(v) The most obvious differ-
ences between the dry
and wet season: the
outer ‘cooler’ zone along
the southern, eastern and
north-eastern areas of the
island is larger than dur-
ing the dry season; (in-
verse applies for the wet
season)

(iv) Similar to BIO1 (Table
5.6): the southern, east-
ern and north-eastern re-
gions of the island are
projected to experience
the lowest increase in
temperature

(v) The most obvious differ-
ences between the dry
and wet season: the ‘hot-
ter’ zones along the west-
ern and central regions of
Trinidad as well as the
north-western peninsula
appeared larger during
the dry season than dur-
ing the wet season; (in-
verse occurs during wet
season).

Table 5.7: Anticipated changes (seasonal differences) in BIO12 and BIO1 from
present to SRES A2 conditions.
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Bioclim
vari-
able

Description of Differences (between present and SRES
A2 conditions) across the island of Trinidad

BIO13

(i) Similar general pattern to differences expected for BIO12
(Table 5.6)

(ii) Highest precipitation increases projected to occur consist-
ently within the central Northern Range and its periphery

(iii) This was followed by a consistent mild to moderate increase
in precipitation along southern coast of the island

(iv) In contrast, the western region of the island, in particular,
is projected to experience decreases or very small increases
in precipitation

(v) These relatively dry conditions are projected to gradually
extend to:
(a) the central region of the island
(b) the NW peninsula

BIO14 Similar pattern to BIO13
BIO15 Similar pattern to BIO13
BIO16 Similar pattern to BIO13
BIO17

(i) Similar general pattern to differences expected for BIO12

(ii) Highest precipitation increases projected to occur consist-
ently within the central Northern Range and its periphery

(iii) This was followed by a consistent mild to moderate increase
in precipitation along the southern coast of the island

(iv) In contrast, the western region of the island in particular is
projected to experience decreases or very small increases in
precipitation

(v) These relatively dry conditions are projected to gradually
extend to the central region of the island exclusive of the
NW peninsula
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(vi) NW peninsula is projected to experience increases in precip-
itation that are more similar to that of the southern coast
than the western and central regions of the island (Figure
C.24)

BIO18 Similar pattern to BIO13
BIO19 Similar pattern to BIO13

BIO9m4

(i) Projected increase between 1.4 °C and 1.9 °C for:
(a) the western and central regions of the island
(b) most of the NW peninsula (Figure C.6)

(ii) Lower increases of up to 1.2 °C projected along the southern
and south-eastern edges of the island

(iii) Unlike BIO1 (Table 5.6), the lowest increases of approxim-
ately 0.5 °C are projected for:
(a) the majority of the eastern parts of the island, extending

into the north-eastern tip of the island
(b) along the majority of the northern coastal periphery.

BIO4

(i) Very different pattern (Figure C.3) to BIO9m4 above

(ii) Greatest changes (increase between 5 °C and 6 °C) projected
within:
(a) the SW peninsula
(b) the southern and eastern edges of the island

(iii) The remainder of the island projected to experience changes
that range between: an increase in temperature variation by
3 °C and a decrease of up to 1.2 °C

Table 5.8: Anticipated changes in remaining Bioclim variables from present to
SRES A2 conditions.
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Difference map for Bioclim
variable

Correlation with species
collective change map

Bio1 (dry season) 0.08
Bio1 (wet season) 0.12

Bio1 (annual) 0.18
Bio12 (dry season) 0.63
Bio12 (wet season) 0.67

BIO12 (annual) 0.69
Bio13 0.67
Bio14 0.66
BIO15 0.23
Bio16 0.34
Bio17 0.74
Bio18 0.15
Bio19 0.11

Table 5.9: Correlation between Bioclim difference maps and the Collective
Change Map.
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5.6 Figures

Scenarios for GHG emissions from 2000 to 2100 (in the absence of
additional climate policies) and projections of surface temperatures

Figure 5.1: Left Panel: Global GHG emissions (in GtCO2-eq) in the absence
of climate policies: six illustrative SRES marker scenarios (coloured
lines) and the 80th percentile range of recent scenarios published
since SRES (post-SRES) (gray shaded area). Dashed lines show the
full range of post-SRES scenarios. The emissions include CO2, CH4,
N2O and F-gases. Right Panel: Solid lines are multi-model global
averages of surface warming for scenarios A2, A1B and B1, shown
as continuations of the 20th-century simulations. These projections
also take into account emissions of short-lived GHGs and aerosols.
The pink line is not a scenario, but is for Atmosphere-Ocean Gen-
eral Circulation Model (AOGCM) simulations where atmospheric
concentrations are held constant at year 2000 values. The bars at
the right of the figure indicate the best estimate (solid line within
each bar) and the likely range assessed for the six SRES marker
scenarios at 2090–2099. All temperatures are relative to the period
1980–1999. Figure taken from the Climate Change 2007 Synthesis
Report (IPCC 2007, Figure SPM.5).
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Figure 5.2: Simulated distribution of Precipitation across Trinidad for October
2010 (from the PRECIS RCM at a 25 km2 resolution).
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Figure 5.3: Simulated distribution of Tmean across Trinidad for October 2010
(from the PRECIS RCM at a 25 km2 resolution).
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Figure 5.4: Simulated distribution of Tmax across Trinidad for October 2010
(from the PRECIS RCM at a 25 km2 resolution).
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Figure 5.5: Simulated distribution of Tmin across Trinidad for October 2010
(from the PRECIS RCM at a 25 km2 resolution).
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Figure 5.6: Distribution of Precipitation for October during the present period
(2000 to 2010) (at a 25 km2 resolution).
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Figure 5.7: Distribution of Tmean for October during the present period (2000
to 2010) (at a 25 km2 resolution).
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Figure 5.8: Distribution of Precipitation for October during the future period
(2035 to 2065) (at a 25 km2 resolution).
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Figure 5.9: Distribution of Tmean for October during the future period (2035
to 2065) (at a 25 km2 resolution).
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Figure 5.10: Climate signal (future/present) for Precipitation during October
(at a 25 km2 resolution).
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Figure 5.11: Climate signal (future-present) for Tmean during October (at a
25 km2 resolution).
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Figure 5.12: Climate signal for precipitation (future/present precipitation) dur-
ing October interpolated to 1 km2 resolution (from 25 km2) using
IDW.
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Figure 5.13: Climate signal for Tmean (future-present Tmean) during October
interpolated to 1 km2 resolution (from 25 km2) using IDW.
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Figure 5.14: Future precipitation for October (climate signal + present climate)
at a 1 km2 resolution.
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Figure 5.15: Future Tmean for October (climate signal + present climate) at a
1 km2 resolution.
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Figure 5.16: Raw MaxEnt logistic output grid for Brosimum alicastrum (future
climate).
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Figure 5.17: Clamping image of Brosimum alicastrum.
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Figure 5.18: Projected future distribution of Brosimum alicastrum.
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Figure 5.19: Potential species distribution change map of Brosimum alicastrum.
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Figure 5.20: Potential species distribution change map of Carapa guianensis.
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Figure 5.21: Potential species distribution change map of Calophyllum lucidum.
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Figure 5.22: Potential species distribution change map of Eugenia confusa.
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Figure 5.23: Potential species distribution change map of Ilex arimensis.
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Figure 5.24: Potential species distribution change map of Mora excelsa.
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Figure 5.25: Potential species distribution change map of Sterculia puriens var.
glabrescens.
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Figure 5.26: Potential species distribution change map of Tovomita eggersii.
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Figure 5.27: Potential species distribution change map of Tabernaemontana
attenuata.
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Figure 5.28: Potential species distribution change map of Tabebuia stenocalyx.
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Figure 5.29: Potential species distribution change map of Virola surinamnesis.
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Figure 5.30: Number of the 11 modelled species per pixel for the present
climate.
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Figure 5.31: Number of the 11 modelled species per pixel for the future (SRES
A2) climate.
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Figure 5.32: Frequency distribution of species during both present and future
climates.
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Figure 5.33: Collective species presence/absence map for the present climate.
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Figure 5.34: Collective species presence/absence map for the future (SRES A2)
climate.
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Figure 5.35: Collective species change map (present vs future [SRES A2]
climate).
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Figure 5.36: Location of zones of high species density.
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Chapter 6

Conclusion

“No man is an island, entire of itself; every man is a piece of the continent, a part of
the main…”

John Donne 1624 Meditation XVII

This chapter synthesises the interconnections among the main conclusions from

this thesis and consists of two main parts. The first highlights the main findings

of the analyses conducted, while the second outlines the problems encountered,

especially from a small island perspective, and where possible, suggests plausible

solutions or future work which may help in their resolution.

6.1 Synopsis of main findings

Four main objectives were addressed in this thesis:
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6.1.1 Objective: (i) documentation of change in forest cover
occurring at varying scales within Trinidad between 1969
and 2007 and (ii) assessment of the effectiveness of the
PAN in maintaining forest cover during this period

It was found that Trinidad is currently experiencing an increasing rate of defor-

estation both inside and outside of its PAN. This has resulted in the reduction

of forest cover (internal and external of the PAN) to areas which are presently

smaller than what existed in 1969. Additionally, there has been a noticeable

eastward migration of the ‘band of deforestation’ external to the PAN from areas

of high anthropogenic development in the western half of the island. This has

led to progressive encroachment into the forests outside the PAN to the point

where deforestation is now immediately adjacent to many portions of the PAN

boundary, with no forested buffer areas to separate development from the PAN.

6.1.2 Objective: assessment of the distribution and ecology of
Trinidad’s vegetation in order to develop a list of tree
species (based on ecological and commercial importance
and global/regional rarity) to be used in the SDM analyses

Contrary to the main account of Trinidadian vegetation communities upon which

the current management strategies for state-owned forests are based (Beard 1946b),

Trinidadian vegetation communities were found to exist as a continuum and not

as discrete units. Furthermore, this continuum appeared to be a response to

precipitation and, to a lesser extent, elevation. The pervading influence of pre-

cipitation means it may be used as an indirect method of indicating the relevance

of climate for the distribution of Trinidadian species.
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6.1.3 Objective: to develop models of the potential distributions
of selected tree species under present climate conditions
using the MaxEnt SDM algorithm

Robust models could not be derived for ubiquitous species, while range-restricted

species proved to be ideal candidates. Assessment of these models by a small

group of ‘experts’ yielded positive results and the conclusion that cautious in-

terpretation of SMs in conjunction with expert assessment could enable the use

of SDM as a valuable conservation tool within small islands. Further, like with

the ecological analyses that were conducted (Chapter 3), the MaxEnt algorithm

indicated that precipitation and to a lesser extent elevation appeared to be the

main drivers of the potential present distribution of these species.

Additionally, because the small size of the Caribbean SIDS leaves little room

for error when allocating areas to be used for the conservation of species, it was

recommended that SDM should be conducted using spatially unbiased species

occurrence data instead of herbarium data alone. Collection RBS sites within a

stratified random framework is proposed as the optimum means of procuring such

spatially unbiased occurrence data. It was also suggested that if taken further,

RBS surveys conducted across the Caribbean could lead to the development of

SDM as a conservation tool which could enhance species conservation planning

and management at a regional scale.
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6.1.4 Objective: (i) to forecast the potential future distributions
of the selected eleven tree species and (ii) to combine
these future models with corresponding present models
to create a ‘collective model output’ (highlighting areas
across Trinidad and its PAN that are expected to lose,
maintain and gain the collective presence of this set of
species forty years into an SRES A2 scenario

The construction of future models for these analyses revealed that the majority

of species were projected to experience a reduction in suitable climate space (as-

suming perfect dispersal) [e.g., Berry et al. (2007); Hickling et al. (2006); Lenoir

et al. (2008); Walther et al. (2002)]. Indeed, within the majority of the SMs gen-

erated, a greater than 50% reduction in distribution range was projected, with

comparatively miniscule areas of range expansion. Further, the majority of these

species are projected to prefer drier, cooler conditions to those expected under

the SRES A2 scenario. The three species which did not conform to this trend

(Virola surinamensis, Tabernaemontana attenuata and Mora excelsa) preferred

hotter, drier conditions instead. However, no details of their known ecology or

physiology (relative to the other eight species) were able to account for this dif-

ference.

The collective presence of these species did not conform to the trend observed

by many other studies which have reported the poleward and upslope migration

of species in response to climate change (Hickling et al. 2006; Lenoir et al. 2008).

This was attributed to the strong influence of precipitation patterns upon the

distribution and ecology (Chapter 3) of these species; with suitable precipita-

tion conditions projected to shift to the south of the island – in a non-poleward

direction and away from regions of high elevation to the north. The collective

model also revealed a drastic reduction in expected collective presence, with the

latter being limited to (i) the southern, (ii) the north-eastern corner and (iii) a

390



6.1 Synopsis of main findings

scattering across the north-western parts of the island. This effectively implies

that the majority of the large PAs within the island’s PAN are expected to be

ineffective in future conservation efforts which involve these species.

This implication is further exacerbated by the evidence that there is an in-

creasing rate of deforestation both inside and outside of the Trinidadian PAN

(Sections 2.4.1 and 2.4.2; Chapter 2). Consequently, forest cover, both inside

and outside the PAN (Section 2.4.2.2) is less than during the post-independence

era (1969). Furthermore, eastward migration of a ‘band of deforestation’ from

areas of high anthropogenic development in the west towards the PAN boundaries

in the east has occurred in the last two decades (Section 2.4.2.1). Progressive

encroachment into the forests outside the PAN has meant deforestation is now

contiguous with portions of the PAN boundary; with no forested buffer areas to

separate development from the PAN (Figures 2.13 and 2.14).

Finally, during the interpretation of these results, it also became clear that

model ensembles built with SMs derived from RCM data generated from other

scenarios and GCMs were necessary in order to develop useful, more confident

suggestions of the placement of future PAs. While it is unlikely individual islands

will be able to maintain the survival of these species into the distant future if

climate continues to change, a regional approach to conservation may be the only

option ensuring the survival of these species into the future.

6.1.5 Findings in relation to other studies of climate change
impacts within islands

Like studies based in many other islands across the globe, this study identified an

increasing rate of deforestation and hence, of habitat loss within Trinidad. Addi-

tionally, similar to findings within larger islands, the majority of species within
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this study were forecasted to experience a contraction in suitable climate space

(Consiglio et al. 2006; Hannah et al. 2008; Schatz et al. 2008). However, altliud-

inal shifts in suitable climate space were not discerned as seen in studies such as

Benning et al. (2002). This is believed to be as a result of these species being bet-

ter suited to a combination of cooler, drier conditions – which are not projected

to occur within areas of higher elevation to the North of the island. Even when

the effects of an atmospheric lapse rate is incorporated to produce cooler condi-

tions within such higher elevations, these areas are also projected to experience

increased precipitation levels and hence were projected to be unsuitable for the

future survival of these species.

6.2 Problems encountered and possible solutions

The process of modelling potential present and future distributions of the 11 tree

species within Trinidad has shown that SDM within small islands is possible.

However, six unique challenges are associated with the application of SDM at

the small island scale. The following section outlines these problems, and where

possible, suggests possible solutions or future work which may help in their resol-

ution. Finally, it should be noted that this discussion is limited to the application

of SDM to the flora and not to mobile faunal species within these islands.

6.2.1 The stemming of Trinidad’s increasing rate of deforestation

Increasing deforestation rates (Section 6.1.1) in conjunction with increasing pop-

ulations and demand for land imply that in many of the Caribbean SIDS (Section

2.1), there is an urgent need to control, reduce and ultimately stop deforestation

from occurring both inside and outside of the PAN.
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Recommendation

There are several strategies which may help to maintain forest cover outside the

PAN and hence contribute to both the maintenance of forest cover and biod-

iversity as well as to the buffering of the PAN. Firstly, forest restoration within

areas that have been degraded and abandoned by agriculture or settlement can

be sustainably restored using mixtures of native species – especially those which,

apart from having a high timber value (future income to stakeholder), can also

provide resources for wildlife (Lamb et al. 2005; Montagnini 2001). Additionally,

efforts should be made to sustain agricultural land use types such as cocoa and

coffee plantations which have over the years been replaced by monoculture sys-

tems. These plantations provide natural harbours to both wild and agricultural

biodiversity (Moguel and Toledo 1999; Rice and Greenberg 2000). Such systems

can also be designed to incorporate integrated fire management strategies (e.g.,

fire breaks) which can be invaluable mechanisms in reducing the threat of annual

forest fires across the country (Section 2.5.4) (Myers 2006). Further, there are

many small holdings of agricultural land which, for the most part are used for

intensive row-crop monocultures. The implementation of policies which target

these smallholders with the intention of disseminating agro-ecological knowledge

and encouraging diverse farming landscapes will be an effective way of promoting

a matrix of semi-natural areas across these islands (Castillo and Toledo 2000).

Such initiatives could be supported by economic instruments such as PES –

which pays landowners to protect remaining forest within their holdings and to

integrate trees into their farming systems. There are several successful examples

of such schemes in Central American territories such as Costa Rica (Pagiola et al.

2005). Additionally, the establishment of private forest reserves by local NGOs

have also shown potential in helping to maintain forest cover outside the PAN.
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For example, the Asa Wright Nature Centre in Trinidad has over the years, been

actively involved in purchasing land within the Arima watershed. As a result of

this action, forest cover has been maintained over large areas of the watershed

which were being competed for by limestone quarrying and intensive agricultural

activity. Finally the active involvement of local communities in the management

of these forests and other natural areas has been shown to be equally, or in some

cases, even more effective in maintaining forest cover than efforts which are based

solely on exclusion (Ellis and Porter-Bolland 2008; Porter-Bolland et al. 2012).

However, for such incentives to be successfully maintained, there is an urgent need

for updated and enforced legislation (Section 2.2 which restricts deforestation,

regulates logging and promotes the maintenance of secondary forest (Wallace et

al. 2005).

6.2.2 Lists of target species for conservation within the Caribbean
SIDS required

Based on the pervading message from the SDM literature, shifts together with

a reduction in the distribution range of many species are expected to occur as

the climate continues to change (Berry et al. 2005; Hickling et al. 2006; Lenoir

et al. 2008; Pereira et al. 2010; Thuiller et al. 2011). While such changes are

likely within large continental land masses, the small, fixed geographical spaces of

small islands may result in eventual species extinction on individual islands within

the Caribbean SIDS. Hence assessment and prioritisation of species, considered

valuable enough for investment into their conservation within a future changing

climate, is urgently needed.

It is therefore noteworthy that the distributions of only three members within

the set of eleven species used for these analyses are known to be confined to
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Trinidad and/or its immediate environs (Guyana and Venezuela); while just five

and three species have known distributions which also extend to the Lesser and

Greater Antilles respectively (Tables 6.1, 3.4 and 3.5). Instead, the overall dis-

tributions of the majority (nine) of these species also occur, to varying extents,

within further reaches of the South American continent. Additionally, four mem-

bers of this set of species are also known to have distributions which extend to

Central America and/or the southern parts of the North American continent.

Hence the majority of members within this particular set of species are not irre-

placeable. This is unsurprising given the continental nature of Trinidad together

with the criteria used for choosing the set of species used for these analyses.

However, the extensive distribution of these species outside of Trinidad does

not imply that SDM does not have the potential to be a useful conservation tool

within the Caribbean SIDS. For example, while the species used in these analyses

may not require urgent conservation from a global perspective, their conservation

may be of importance at the island or regional scale (e.g., planning for timber

production and harvesting). Additionally, as mentioned in Section 1.1.3, these

islands are well known for their high levels of biodiversity and endemicity – which

occupy increasingly threatened habitats. Hence, the use of SDM for informing

the conservation of endemics and other globally rare or threatened species within

the islands of this region remains perfectly justified.

Further, as seen within the set of species used for this study (Table 6.1), there

are species which may occur on more than one island, hence the application of

SDM for conservation purposes within the Caribbean may be more informative

when conducted within a regional instead of an island scale. Indeed, authors

such as Kark et al. (2009) have pointed out that cross-border collaboration can

be an effective and less costly way of increasing the efficiency of conservation

planning efforts. Such results can then be compared to extra-Caribbean SIDS
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distributions in order to assess the urgency for overall conservation. However, as

mentioned within Section 6.2.7, before the application of SDM at a regional scale

for conservation purposes, some immediate steps need to be taken. Firstly, there

is a need for the agreement and involvement among the stakeholders of the region

such as Caribbean Community (CARICOM) and Venezuela. Further, in order

to determine which species should be prioritised for conservation, research is first

necessary to determine species distributions within the islands of the Caribbean

from which a regional (and individual island) list can be developed.

However, within Caribbean SIDS there are no set guidelines and accompanying

regional list of species that have been highlighted as being important for conser-

vation into the future. The method used to select species for the SDM analyses

in this thesis is but one example of a means for generating such a species list.

Indeed, because of the unique characteristics of the flora of each island within the

Caribbean, the set of criteria used to determine the final species choice for future

conservation may ultimately be very different among individual islands. This

choice depends upon the perspective adopted by both policy and conservation

planners, in conjunction with the characteristics of each island’s flora which may

be of greatest value or concern.

For example, Trinidad, because of the continental nature of its flora, is not

home to many endemic species (approximately 2% of its flora); and until the

recent passing of the National Forest Policy and the National Parks Policy by

Cabinet in 2011, very little local legislation supported by scientific publication

for the preservation of these few endemics existed (GOTT 2009a; 2009b). In view

of this, the list of species that were used for these analyses was instead developed

by combining the criteria which did not include endemicity as a specific criteria

(ecological importance, commercial importance and global/regional rarity) – but

instead included it indirectly under the global/regional rarity criterion. These
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criteria were perceived to encompass broad ranging factors that are expected to

be important during both the present-day and in the future – especially for tree

species. However, they may not all be as relevant to non-tree (including animal)

species; for example, the commercial importance criterion may not be of as much

practical value as a criterion based on the level of threat from hunting/poaching

or other uncontrolled forms of the harvesting of wild populations. In a similar

manner, this method and criteria may be very different to the method that is

likely to be developed within an island such as Jamaica, where the high levels of

endemism would be expected to feature as a major criterion.

Further, even if such lists of target species did exist for these islands, spatially

unbiased occurrence data is also needed to use SDM as a tool for developing

conservation strategies that incorporate future climate change. While species

distribution data does exist within herbarium collections (both local and interna-

tional) for many of these islands, the extent of these collections varies from island

to island depending on the purpose of the collecting institutions or individuals

(Baksh-Comeau, pers. comm. 2010). Furthermore, apart from not indicating spe-

cies abundance or rarity within an island, herbarium data are spatially biased

and do not accurately represent the distribution of a given species across these

islands (Schulman et al. 2007) (see Section 6.2.5 below).

Recommendation

It is first necessary to determine what species exist within each individual island

before deciding which species should be conserved. Island wide RBS surveys,

which sample all existing vegetation within a randomly stratified framework of

sites, will provide both spatially unbiased location data for SDM analyses, as

well as a much needed baseline (or updating thereof) of the existing flora and
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associated abundances within a given island. The small size of the majority of

these islands confers a unique advantage as it allows for realistic and detailed

stratified random sampling across a given island; whereas a similar survey at a

continental scale would not be possible because of the sheer size of the area that

would need to be sampled (Feeley and Silman 2011).

However, such an endeavour is not a ‘quick-fix’ solution and is expected to re-

quire a great deal of resources in terms of finance, personnel and taxonomic skills.

But as seen with the financing of the RBS survey in Trinidad, there are several

sources of international funding such as the World Bank and the Inter-American

Development Bank (IADB) that are now being made available to help SIDS in

their attempt to adapt to future climate change. In addition, enlistment of local

institutions such as local universities and Forestry Departments within govern-

ments can aid in the allocation of resources and personnel who will also benefit

from capacity building of this science within the island. Finally, RBS surveys

that are conducted within islands which do not have a herbarium will more than

likely require collaboration with already existing herbaria on other islands within

the Caribbean. This creates an environment of regional co-operation and sharing

of expertise which will be necessary if SDM is to be used successfully as a tool to

aid adaptive conservation within this region. Once such a survey has been com-

pleted, conservation managers and planners will have the information required to

generate a list of species which should be targeted for future protection – based

on the unique features of the island’s flora.

These suggestions of (i) conducting of RBS surveys across these islands in order

to (ii) generate a list of species for conservation within the region fall within the

first and second steps of the Systematic Conservation Planning (SCP) framework

that has been prescribed by authors such as Margules and Pressey (2000) as

an effective means of allocating limited resources for biodiversity conservation.
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Consisting of six inter-linked stages, the SCP framework for a given study region

includes: (i) compilation of data on the biodiversity of study region; (ii) identific-

ation of conservation goals for the study region; (iii) reviewing of existing conser-

vation areas; (iv) selection of additional conservation areas; (v) implementation

of conservation actions and (vi) maintenance of the required values of conser-

vation areas. In an ideal world, this SCP framework represents a flexible and

accountable means of addressing competing land uses and allowing for critical

review of decisions (McDonald 2009).

However, in reality, this framework has proven difficult to achieve, with success

being limited to implementation of only parts of – but not the entire framework.

Within the Caribbean, the same situation is expected – as the economic, polit-

ical and social requirements of these densely populated islands continue to take

precedence over the allocation of conservation areas. Additionally, as mentioned

in Chapter 1, the limited resources of these islands impedes delivery of several

components within the stages of SCP – such as the measuring of the extent to

which quantitative targets of PAs have been achieved, or the identification of un-

der represented targets/features within existing reserves. Additionally, required

maintenance of conservation areas has thus far, had a poor performance rating,

with many PAs failing to prevent illegal encroachment and poaching due to a lack

of enforcement (Chapter 2). Also, there is a characteristic lack of management

actions such as zoning around PAs which are required in SCP to aid in their

maintenance or monitoring. Furthermore, even if the application of SCP was

successful in preventing the ad-hoc placement of conservation areas, this would

not be able to prevent the ad-hoc placement of competing and irreversible forms

of development such as housing and industry – which continue to occur as human

population levels continue to rise within these already densely populated islands.

Finally, a further advantage of conducting of RBS surveys is that abundance
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data can also be collected which can be used to analyse the ecological dynamics of

the vegetation communities within an island (as seen in Chapter 3). Such analyses

are invaluable aids to SDM analyses as they can be used to assess environmental

parameters that are important drivers of the ecology of vegetation communities

within an island. This provides an independent, non-modelling based perspective

which can be compared to the results derived from the SDM analyses. As was the

case with this study, such information is also critical for aiding the interpretation

of SDM analyses at the small island scale as there is currently no literature that

defines whether there are fractal alternatives to a continental ‘macro-scale’ which

is believed to be the scale at which climate drives changes in species distributions.

6.2.3 Non-range restricted species produce poor models

One of the limitations that can be expected with the use of SDM is that ubiquit-

ous species will be expected to produce less robust models than range restricted

species. This limitation will not affect the use of SDM for many range restricted

endemic and other rare species, however it will restrict the use of SDM for widely

occurring species that may be important for commercial or economic reasons, for

example, ubiquitous timber species.

Recommendation

One effective means of increasing the confidence of the area within which a given

species is expected to exist in the future is by the creation of model ensembles

(Araújo and New 2007). Because, the variance of output among alternative SDM

techniques can range from small to large – especially when used to project species

distributions within novel conditions such as climate change, some authors have

suggested the use of several models (ensembles) in order to explore the range
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among projections. The construction of model ensembles is flexible and can

involve the use of several model algorithms, predictor variables, initial conditions

and so forth to yield more robust forecasts (Araújo and New 2007).

Model ensembles designed to increase the confidence of output for ubiquitous

species can involve the overlaying of SMs produced by several SDM algorithms

(and climate scenarios) instead of just one, which is then followed by the high-

lighting of the areas within which the individual SMs that comprise the ensemble

overlap. Within these highlighted zones, areas with a greater degree of SM over-

lap represent a higher level of confidence that a given species will be likely to

exist. Such a model ensemble would provide a measure of central tendency and

a range of confidence values at which the distribution of a given species can be

defined; this provides greater confidence, flexibility and increases the ability of

conservation planners to develop conservative estimations compared to using SMs

generated from only one SDM algorithm. Such flexibility will be especially useful

in light of the limited amount of land that is available for conservation purposes

within many SIDS.

Such model ensembles are being carried out by an increasing number of con-

servation applications. Examples include broad scale conservation studies which

examine the impact of climate change upon the distributions of various species.

For example, Thuiller et al. (2005) used model ensembles to project the distri-

butions of 1,350 European plant species into the late 21st century – under seven

climate change scenarios. Marini et al. (2009, 2010) used model ensembles to

assess and improve upon present conservation actions for almost 40 bird species

by (i) estimating the overlap between existing reserve locations and the present

(and future) predicted distributions as well as (ii) determining areas that were cli-

matically suitable for reintroduction programmes of these species. Additionally

model ensembles have been applied to the assessment of invasive species such
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as studies of weed risk assessment (Crossman and Bass 2008). Also, Carvalho

et al. (2011) used model ensembles to assess how uncertainties associated with

species distributions can affect resource allocation decisions within conservation

programmes.

Finally, it should be noted that these analyses did not incorporate such en-

sembles because the aim of this work was exploratory – seeking to determine the

utility of SDM for conservation planning under climate change within the Carib-

bean. Hence, these analyses sought to assess whether SDM could be applied to

the Caribbean small island setting; and how these results could be used in com-

bination with PA networks to plan adaptation responses. Further, it was also not

the aim of this study to create policy suggestions – which would certainly require

the use of multiple SDM algorithms and climate scenarios to capture uncertainty

in a more robust manner.

6.2.4 Does the macro-scale exist within an island setting?

Within the nested hierarchy of factors believed to influence a species’ distribution

across a range of spatial scales, climate is believed to impact particularly at

a macro-scale, while biotic interactions are believed to be the main driver at

the local scale (Pearson and Dawson 2003; Wiens and Bachelet 2010; Wiens

et al. 2009). However, there is no indication in the literature as to how this

applies to a small island setting. Are small islands too small for climate to

be a factor that influences species distribution within them? And hence are

biotic interactions the main drivers of species distributions at this scale? Or do

fractal alternatives for the continental macro-scale exist within an island setting?

Additionally, could climate have an effect on the distribution of species at much

finer scales within the mountains of these islands due to the Massenerhebung
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Effect? Because of the virtual absence of almost any SDM modelling within a

small island setting, there are no answers to these questions. However, the results

of this study have indicated that, at the scale of a small island the size of Trinidad,

climate (precipitation) may in fact be a driver of the distribution ranges of the

tree species that were selected for this study.

Recommendation

When applied to a small island setting, the construction of robust SMs of present

potential species distributions which incorporate climate parameters in conjunc-

tion with expert opinion can be used as an indirect means to infer whether climate

variables influence species distributions. This can be further supported by concur-

rence with patterns derived from independent ecological analyses (non-modelling

based) that incorporate climate parameters. For example, the construction of

strong SMs which were based upon climate parameters in conjunction with pos-

itive expert assessment was found to concur with the findings of Chapter 3. These

indicated that precipitation was a major driving force that influenced the veget-

ation communities within the island. This combination of results was used as an

indirect means to support the relevance of forecasting future species distribution

models based upon changes in climate at the scale of a small island the size of

Trinidad.

6.2.5 Spatial bias of species observation data

The current state of advancement within SDM algorithms does not adequately

account for the spatially biased species occurrence data derived from herbarium

collections. Such spatial bias can lead to the inflation of test AUC scores and can

be very misleading during the interpretation of model results. This problem may
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be further exacerbated within a small island setting in which the small limited

space leaves little room for error.

Biased background techniques have been suggested to reduce the effects of

spatially biased data within SMs generated by MaxEnt (Phillips et al. 2009).

The literature indicates that this technique produces lower AUC test scores but

does not define an acceptable range of values which would indicate whether an

SM can be considered to be robust (Elith et al. 2011). Additionally, this technique

was developed with the intention of generating SMs within fixed geographic areas

and under fixed climatic conditions; and its benefits do not necessarily transfer

when the models are projected to future climate conditions (Phillips et al. 2009).

Finally, apart from no indications of performance with respect to small versus

large scale study areas, this method is not a solution for the problem of spatially

biased data but simply a means of reducing the effect of such bias.

Recommendation

This problem of spatial bias can be prevented by the sampling of species within

a stratified random sampling design across a given island (Section 6.2.2). The

results of such a sampling endeavour will provide detailed, spatially unbiased

occurrence data that will produce less misleading and hence more robust mod-

els. Additionally, the collection of spatially unbiased occurrence datasets from a

number of small islands has the potential to be used for the calibration of per-

formance of SDM algorithms such as MaxEnt at a small island scale, which is an

area of uncertainty within the SDM literature that is yet to be addressed.
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6.2.6 RCM data urgently needed

There is an acute paucity of available RCM data for the Caribbean region. In

order for SDM to be effectively applied as a conservation tool within the Carib-

bean, it is necessary to construct and compare SMs that have been based on a

variety of likely future climate scenarios which have been generated from several

GCMs. Hence sole reliance on the RCM data generated from the HadAM3H

GCM is inadequate.

This problem is exacerbated by recent findings which indicate that while the

IPCC’s SRES scenarios were relevant in the previous decade, they are becoming

less and less representative of current conditions (Canadell et al. 2007; Raupach

et al. 2007; Sokolov et al. 2009). This has come about as a result of many reasons

including the underestimation of global population increases and too much op-

timism being allocated to the potential of sustainable development (Moss et al.

2010). Hence a new suite of up-to-date scenarios are required.

Recommendation

A new generation of future climate scenarios is currently being developed from

RCPs that have recently been agreed upon by the IPCC; these are expected to

be released with the IPCC’s upcoming Fifth Assessment Report (AR5) that is

scheduled between 2013 and 2014 (Moss et al. 2010). These scenarios represent

projections that are expected to characterise a broad range of potential future

climate conditions that have been based upon updated and new information on

climate processes, greenhouse gas emissions, demographic estimations, economic

data, emerging data from new technologies and observation data of changes in

land cover, land use and other environmental factors (Moss et al. 2010). They

are also designed to better facilitate the needs of impact and adaptation studies
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which require data at higher spatial and temporal resolutions, as well as better

representation of extreme events.

This new system consists of scenarios built around four RCPs which represent

updated estimations of radiative forcing levels. These four RCPs are currently

being used in the Climate Intercomparison Project 5 (CMIP5) to produce model

ensemble projections (and associated scenarios) for future climate change which

will be assessed within the AR5. If these CMIP5 ensemble-based projections and

scenarios are applied to model ensembles of SMs generated from multiple SDM

algorithms within the Caribbean SIDS; the confidence levels of the resulting SMs

produced will be greatly enhanced.

6.2.7 Need for adaptive studies which incorporate climate change
into terrestrial conservation planning

It should be noted that details of the results described in this study were based

on a group of 11 tree species, and hence, may not represent in detail, the response

of all species within Trinidad. Indeed, a group consisting of different species to

the ones used in this study may have yielded different responses to a future SRES

A2 scenario. However, it should also be noted that general trends such as species

range contractions and the shifting of suitable climate space reported by this

study also conforms to the findings of many other studies within the literature.

Therefore it is likely that the application of these methods to a different group

of species may yield projections which, while different in specific details, may

indicate similar overall trends.

A thorough literature search yielded no adaptive studies within the Caribbean

SIDS that focus on incorporating climate change into the planning and placement

of terrestrial PAs. As shown in these analyses (and from other studies at the
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continental scale), plant species may be expected to decrease the sizes of their

distribution ranges as their climate space across a given island continues to be

altered with the changing climate. Hence, PANs within these islands may not be

able to sustain the survival of many species into the future as climate continues

to change.

Apart from extending PAN networks to facilitate these changes, a range of other

adaptation strategies have been suggested from studies based in other threatened

island systems such as the Galapagos islands and the United Kingdom – to con-

serve both the range and ecological variability of species and their associated

habitats. These include but are not limited to the conservation of other high

quality (but non-protected) habitats, minimising habitat fragmentation by the

maintenance of existing and the creation of new ecological networks, the creation

of buffer zones around high quality habitat, prevention of the spread of invasive

species and the creation of more resilient landscapes (e.g., agroforestry) (Sachs

and Ladd 2011; Smithers et al. 2008).

Many of these require, to varying extents, the extension and/or maintenance

of natural habitat beyond the boundaries of the PAN. However, while actual

extensions of PAN networks or non-protected natural habitat may be feasible

within continental settings, the former may not be very practical within most

small islands because of space limitations; while the latter can only be imple-

mented with co-operation from private and political stakeholders – which has yet

to be developed within many of the Caribbean SIDS. Furthermore, even if these

suggestions were all implemented, their benefits are likely to be limited based on

the degree of shifting and/or contraction of suitable species climate space that

occurs across a given island.
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Recommendation

Taking into consideration that species may exist within more than one island,

there is a possibility that while a given species may be expected to disappear

completely on islands A and B, it may remain stable or increase its range on

islands C and D, respectively. Hence, there is a need for inter-island collaboration

and co-operation in order to develop a medium to long-term regional perspective

to the conservation of target species instead of simply focusing on individual

islands. This enhances the chances of ensuring the survival of these species within

the region.

Consideration should be given to whether suitable climate space for a species

which is expected to disappear from all islands that it presently inhabits can

be found within other islands in the future. If yes, then the future survival of

disappearing species may be sustained by Assisted Translocation (AT) to PAs

within other islands. The literature on the AT of species is dominated by a

debate which focuses heavily on the risks involved with this strategy. However,

the AT of plant species is not a novel activity, as humans have been introducing

plants to new regions throughout our history. Indeed, modern agricultural and

horticultural industries have and continue to translocate species on a wide-scale

basis (Veken et al. 2008). Additionally, in attempts to revegetate marginal or

highly impacted regions, or to preserve dwindling populations, both restoration

ecologists and conservation biologists have been translocating species for decades

(Bowles and McBride 1996).

It should however be noted that AT is not a quick procedure, but requires

planning, ongoing monitoring and adaptive management. There are also potential

impacts upon the recipient communities that are associated with AT that need to

be taken into consideration, for example, the associated risk of the translocated
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species becoming invasive by competitive exclusion of existing species (Levine

et al. 2003). However, according to Williamson and Fitter (1996) less than 1% of

all species (plants and animals) become invasive when imported to a new region.

Furthermore, Mueller and Hellmann (2008) report that the risk associated with

vascular plants becoming invasive is relatively low compared to other taxa such

as freshwater invertebrates. There is also a risk of pathogens being transported

along with the translocated species (Hodder and Bullock 1997) – the prior removal

of which may increase the likelihood of the species becoming invasive (Callaway

and Maron 2006). Hybridisation is also a risk, although it is possible to assess how

readily a plant is likely to hybridise based on an extensive existing literature. For

example, hybridisation is known to be an infrequent mechanism used by invasives

to disrupt a given site – and is therefore believed to represent a small element of

risk from AT (Gurevitch and Padilla 2004).

Additionally, a large number of practical factors need to be considered when un-

dertaking AT such as the genetic structure of the individuals being translocated,

the selection of suitable recipient sites as well as the occurrence of essential biotic

interactions (e.g., mutualism) within these sites. Additionally it is likely that

repeated introductions may be required in order to ensure survival of the trans-

located species within the recipient site (Mueller and Hellmann 2008). It has also

been highly recommended that there be long-term monitoring of both the recip-

ient sites and nearby control sites. This is in order to detect negative impacts

of the AT as well as to aid in understanding the details of what is required for

greater success in AT – by allowing for the assessment and isolation from impacts

of concomitant but unrelated factors. Such requirements make AT an expensive

venture, which is usually applied as a ‘last resort’ that is adopted only when other

conservation strategies have, or are likely to fail.

Indeed, within the islands of this region AT may be a last resort technique
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which may be necessary to ensure the survival of many species as their climate

space within these small geographic spaces shift or contract. Also, because the

forests within many of these islands have been, and continue to be, highly im-

pacted and fragmented from both natural events (e.g., frequent hurricanes), and

anthropogenic activity (Bloem et al. 2005; Emanuel 2005; Imbert and Portecop

2008; Lugo et al. 1981); this suggestion of re-locating plant species to new host

islands having suitable climate space in the future may be taken a step further.

The highly disturbed vegetation within many of these islands’ PAs may provide

a good opportunity for an ‘experiment’ in developing a new paradigm for creating

high value ecosystems or ‘Novel Community Arks’. Using SDM as a tool to inform

the architecture (placement of valued species) of these ‘Novel Community Arks’,

selected PAs would be deliberately populated with valued plant species from the

region instead of trying to maintain existing vegetation communities which are

neither pristine nor highly valued. Such communities would be engineered to

maintain existing ecosystem functions but would be potentially more resilient to

projected future climate conditions.

A great deal of apprehension to this suggestion of circa situ conservation is

expected from concerns of potentially disastrous ecological imbalance and the

introduction species which may unexpectedly become invasive within new en-

vironments (Hunter 2007; Willis et al. 2010). However, within the Caribbean

context, it can be argued that alien species have been, and continue to be intro-

duced to these islands ever since European colonisation. It can further be argued

that if these ‘experiments’ are not successful, then the vegetation within these

PAs would ultimately remain disturbed – as they would have been before the

setting up of these ‘experiments’. Furthermore, this suggestion offers a choice

to an otherwise stalemate situation in which the expansion of PANs is neither

adequate nor an option. It provides an opportunity to protect ecosystems and
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improve the resilience of forests which will continue to be impacted by (i) an-

thropogenic activity, (ii) natural disasters, (iii) fragmentation and (iv) climate

change.

Based on SDM conducted on a regional basis, initial ‘experiments’ of ‘Novel

Community Arks’ within several islands (preferably with low endemism) can be

monitored for impacts on the ecological balance within these PAs. The first

introductions would consist of tree species as they are major ecosystem pillars

and are also generally easier to identify and remove in the case of unforeseen

negative feedback effects. These experiments would however, not be a short-term

solution as the translocation of these species would have to be carried out over

several generations in order to ensure the survival of suitable genotypes within the

new environments as well as the development of associations with pollinators, soil

mycorrhizae and other organisms necessary for survival. This long establishment

time (introduction of several generations) in conjunction with the long growth

period required by trees therefore implies that these ‘Novel Community Arks’ be

implemented as soon as possible.

However, while in theory this may offer a plausible solution, apart from adaptive

management, much consideration and collaboration between regional conserva-

tion agencies responsible for such an option will be needed. This is because apart

from being potentially expensive, investigations will be required to ensure that

the introduction of new species within a potential host island will not adversely

impact upon the ecological balance within this island. Additionally, such an en-

deavour will require the revisiting of agreements within international conventions

such as the Convention on Biological Diversity (CBD) and others which address

the individual rights of countries to unique aspects of their biodiversity.
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6.3 Concluding remarks

Regional collaboration for PAN establishment will require co-ordination

This study, along with the many others conducted in continental settings, indic-

ate that species biodiversity is likely to be greatly altered as climate continues

to change. Presently, there is an extensive literature on using SDM to project

potential future species distributions in response to climate change, and the range

shifts are likely to result in novel communities. Additionally, as described above,

despite the translocation of species being utilised as a strategy to aid the con-

servation of species facing extinction over the last several decades, there is still

an on-going debate focused on the risks involved. While conventional conserva-

tion strategies may be sufficient for many species – especially within continental

regions, well-conceived, planned and managed translocations of species to neigh-

bouring islands (and continental regions) may be the only means of ensuring the

continued survival of valued species within the Caribbean region. Additionally,

in contrast to the pervading sentiment that (oceanic) islands generally experi-

ence ‘ecologically stable’ conditions which ultimately give rise to high levels of

endemism (Cronk 1997); the small islands of the Caribbean continue to be subjec-

ted to both natural and anthropogenic disturbance, and do not have the luxury

of space to facilitate shifts in species range. Hence, less conservative strategies

may be required in an attempt to secure the survival of valuable plant species

within this region. SDM shows potential to be a very useful tool in aiding such

adaptation strategies.

As climates change, Caribbean SIDS will eventually run out of the climate space

that is required to sustain many of its valuable species. Yet to date, no practical

strategy for addressing this situation has been suggested or implemented. A
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plausible contribution to controlling and, to some extent, managing species loss

is the adoption of a regional perspective to biodiversity planning, placement of

PAs (where possible), and the establishment of ‘Novel Community Arks’; instead

of focusing exclusively upon conserving species which presently occur within in-

dividual islands Even a regional approach is not expected to conserve all target

species but it may increase our ability to manage the rate of species loss. Addition-

ally, a regional approach to biodiversity planning would provide an opportunity

for regional collaboration which could produce other benefits, such as capacity

building and the construction and maintenance of a much needed regional data-

base of the conservation status for plant species within the Caribbean. Moreover,

such a collective approach to biodiversity planning will certainly increase the

chances of both individual islands and the region as a whole to adapt in the face

of an already changing climate.
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6.4 Tables

Species Distribution outside of Trinidad Global
Range

Star

Brosimum
alicastrum

Greater Antilles (Cuba, Jamaica, Puerto
Rico), Lesser Antilles (St. Vincent, the
Grenadines – Carriacou),
United States (Florida),
Mexico (Campeche, Chiapas, Quintana
Roo, Tabasco, Veracruz, Yucatan),
Central America (Belize to Costa Rica,
[Panama]),
Colombia,
Venezuela,
the Guianas,
Brazil,
Ecuador,
Peru,
Bolivia,
Hawaii.

5 GN

Calophyllum
lucidum

Guyana, [French Guiana]. 3 GD

Carapa guianensis Greater Antilles (Cuba, Hispaniola),
Lesser Antilles (Guadeloupe, Marie
Galante, Dominica, Martinique, St.
Lucia, St. Vincent, Grenada),
Central America (Belize to Honduras,
Nicaragua to Panama),
Colombia,
Venezuela,
the Guianas,
Brazil,
Ecuador,
Peru.

5 GN

Eugenia confusa Bahamas,
Greater Antilles (Cuba, Hispaniola, Ja-
maica , Puerto Rico),
Virgin Islands (St. John),
Lesser Antilles (Antigua to St. Lucia),
United States (Florida).

3 GD

Ilex arimensis Endemic to Trinidad and Tobago. 1 BK
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Mora excelsa Venezuela,
Guyana,
Surinam,
Brazil.

4 BU

Sterculia puriens
var. glabrescens

Lesser Antilles (St. Vincent),
Venezuela,
western Guyana,
Ecuador

4 ???

Tabebuia
stenocalyx

Venezuela,
Guyana,
French Guiana,
Brazil.

5 GN

Tabernaemontana
attenuata

Venezuela,
Surinam,
French Guiana.

3 GD

Tovomita eggersii Venezuela,
Guyana.

3 GD

Virola
surinamensis

Lesser Antilles (Martinique),
Central America (Costa Rica, Panama),
Colombia,
Venezuela,
the Guianas,
Brazil,
Ecuador,
Peru,
Bolivia.

5 GN

Table 6.1: Star ranking and distribution of species outside of Trinidad.
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Appendix A

Presence-absence analyses

A.1 Method

For this appendix, the analyses carried out are the same as those described within

the Methods of Chapter 3 (Section 3.2.2.1 to 3.2.4.7) – apart from the following

exceptions:

1. Section 3.2.3.1: the abundance data matrix was presence/absence trans-

formed instead of square root transformed.

2. Section 3.2.4.2: restrictions within the structure of the dendrogram derived

from the cluster analysis of this presence/absence transformed data required

that clusters were defined at a 10% instead of a 9.17% similarity level.

3. Section 3.2.4.3: restrictions in dendrogram structure again required that

the sub-division of selected large clusters be done at an 18% similarity level

instead of the 13.26% similarity level used in Chapter 3.
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A.2 Results

A.2.1 SIMPROF and Cluster results

The results of the SIMPROF test based on the set of 165 RBS samples collected

from sites scattered across Trinidad’s forests, show that the real similarity profile

(red line) fell a long way outside the 95% limits of the null curve – for virtually

its entire length (Figure 3.2). This confirms that that there is statistical evidence

for the sub-structures within the data defined by the cluster analysis (Figure A.1)

to be justifiably interpreted.

When mapped in geographical space, the RBS components of the eleven clusters

defined at a 10% similarity level within Figure A.1 did not appear to be organised

in a haphazard manner. These clusters were, for the most part, located within

clearly defined ‘zones’ within the island (Figure A.2). These zones were very

similar in terms of (i) location and (ii) RBS site components to the clusters

defined and mapped in Chapter 3 (Figures 3.3 and 3.4).

However, clusters g and k (similar to clusters 8 and 5 respectively of Figure

3.4) were located in north-south zones which spanned the entire length of the

island. Additionally cluster b (similar to cluster 2 of Figure 3.4) was observed to

contain RBS points scattered across the Northern Range. Unlike the results of

the analyses in Chapter 3 (Figures 3.5 and 3.6), these clusters, when sub-divided

at an 18% similarity level (Figure A.3), did not separate into sub-sections which

were located in distinct geographical regions from each other (Figure A.4).

Cluster g remained unchanged (sub-cluster g2) apart from three RBS points

(sub-cluster g1) located along the south-western coastline (Figure A.4). Cluster

k separated into sub-cluster k1 which consisted of RBS sites located within the

south-western peninsula, central Trinidad as well as along the entire span of the
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Northern Range (east to west). Sub-cluster k2 was not as widespread – with

RBS sites located within both central Trinidad as well as the central region of

the Northern Range. Division of cluster B yielded sub-cluster which were also not

located in very different regions. Sub-cluster b1 consisted of RBS sites which were

mainly scattered from the north-eastern to the central regions of the Northern

Range. Sub-cluster b2 was less ‘cohesive’ with RBS sites scattered to the south of

the Northern Range (within central Trinidad) as well as within the north-eastern

and north-western ends of the Northern Range (Figure A.4).

A.2.2 NMDS ordinations

Like with the NMDS ordinations illustrated in Figure 3.7 of Chapter 3, the stress

level of Figure A.5 was moderately high at 0.16 – indicating some difficulty in

displaying the relationships among these 165 RBS samples within two and three

dimensions. Nevertheless according to (Clarke and Gorley 2006) these stress

levels still gave a potentially useful general two and three-dimensional pictures,

however, not much emphasis could be placed on details within the plot. From

this prescribed general perspective, both plots indicated that the sub-clusters

were closely inter-related to each other. With the exception of sub-cluster C1, no

distinct pattern or grouping of RBS sites was discerned.

A.2.2.1 Ordination plots of Groups 1, 2 and 3

Despite the 165 RBS plots being split into three groups based on well-defined

subsets of clusters that were shown by SIMPROF to be statistically significant

at a similarity level of 0.5%, the stress levels of the two-dimensional NMDS plots

were still relatively high. Stress levels of 0.16, 0.18 and 2.0 for the two-dimensional

NMDS ordinations of Groups 1, 2 and 3 (Figures A.6, A.7 and A.8) implied yet
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again, that while useful at the ‘big-picture’ scale, not much emphasis could be

placed on the details within these plots. This scenario is similar to the ordination

of Groups 1 and 2 (Figures 3.9 and 3.10) in Chapter 3, where stress levels within

the same range required that interpretation be limited to a ‘big-picture’ scale.

From Figure A.6 it was seen that sub-clusters that appeared cohesive and closely

related in terms of the distance between each other. Sub-cluster C1 appeared

more distinct from the other sub-clusters – with its RBS sites located close to each

other and collectively further away from the all other sub-cluster components.

Additionally sub-cluster A1, appeared different to the other sub-clusters as its

component RBS sites were spaced further apart (and hence less similar) from

each other and from the components of the other sub-clusters. Sub-clusters C1

and A1 represent the same grouping of RBS points referred to as sub-clusters 3A

and 6A within the analyses of Chapter 3 (Figure 3.6).

The arrangement of the sub-clusters within Figure A.8 again indicated that

they were very similar to each other as there was no major division from one

group to another within the plot. Sub-clusters I1, K1 and K2 appeared cohesive

as individual groups, with some interspersion of the RBS sites comprising their

peripheries. This gave the impression that these sub-clusters, while representing

different ‘associations’ of vegetation, were very closely related to each other. Sub-

clusters H1 and J1, while closely situated to sub-clusters I1, K1 and K2, were not

as cohesive, with their respective RBS components scattered further distances

away from each other. This increased distance among the RBS sites of H1 and J1

corresponded to the scattered distribution of these RBS sites within geographic

space (Figure A.4).
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A.2.2.2 Summary NMDS

The stress level of 0.15 for the two-dimensional summary NMDS ordination plot

(Figure 3.11) again required that not much emphasis be placed on the details of

these ordinations. As with the analyses in Chapter 3, these sub-clusters appeared

to be arranged in a gradual ‘continuum’ with no sharp division among them

except for sub-cluster C1. In this continuum sub-clusters located within the

north-eastern part of the island were located at one extreme of the two or three-

dimensional NMDS space, which then gradually progressed to the other end of

the continuum which contained the sub-clusters that were situated in the south-

western parts of Trinidad.

A.2.2.3 Superimposed Precipitation bubble plots

In a similar manner to results in Chapter 3, a distinct gradient was observed when

the two-dimensional scatter plots of Groups 1, 2, 3 and the summary NMDS were

superimposed with annual precipitation data for Trinidad (Figures A.9, A.10,

A.11 and A.12). There was also visual concordance between the order of sub-

clusters arrangement within the NMDS plots and amount of annual precipitation

received, however, this was not as well defined or smooth as within Figure 3.18 of

Chapter 3. Within the summary NMDS (Figure A.12) annual precipitation levels

were highest at sub-clusters located to the upper and lower right-hand corners

of the summary plot (corresponding to the north-easterly part of the island) and

gradually decreased towards the left regions of the graph (in a south-westerly

direction across the island) (Figure A.13).
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A.2.2.4 Superimposed Altitude plots

A similar, but less distinct gradient was observed when the two-dimensional

NMDS scatter plots were superimposed with the altitude above sea level data

for the island (Figures A.14, A.15, A.16 and A.17). Visual concordance (al-

though less acute than with annual precipitation) was again observed between

the sub-clusters and altitude at sea level. As with annual precipitation, the sub-

clusters situated to the right of Figure A.17 were also found to occur within

relatively high altitudes; while those located at the left of the plot occurred in

areas of low altitude (Figure A.18). Sub-clusters within the Northern Range

were clearly defined within this NMDS, with C1 occurring at the highest alti-

tude. This was followed by sub-clusters D1, B2, B1 and K2 in decreasing order

of altitude. There was however no representation of RBS sites located within

the relatively high altitudes of the north-western part of the Northern Range.

This is because, as mentioned above, the RBS components of cluster G, when

sub-divided into sub-clusters G1 and G2 did not separate into separate sites that

were located exclusively within the north-western peninsula or the south-western

peninsula. Instead sub-cluster G2 contained RBS sites located within both the

north-western and south-western peninsulas, making it less likely that a site from

the north-western peninsula would be selected for the summary NMDS.

A.2.2.5 Superimposed Soil Drainage plots

As with the SDC ordinations in Chapter 3, when the two-dimensional NMDS

scatter plots were superimposed with SDC data for the island (Figures A.19,

A.20, A.21 and A.22) no distinct pattern or gradient was observed. This is

also supported by Figure A.23 within which no relationship between sub-cluster

location and SDC could be discerned within geographical space.
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In summary, the NMDS bubble plots (Groups 1, 2, 3 as well as the summary

plots) of annual precipitation and to a lesser extent altitude above sea level,

indicate potential gradients with symbols proportional in size to one or both of

these parameters showing visual concordance with the different sub-clusters. The

gradient across the annual precipitation summary diagram suggests that annual

precipitation is the best overall explanatory variable. In addition altitude above

sea level appears to be a secondary explanatory variable for sub-clusters C1, D1,

B2, B1 and K2.

As with the Chapter 3 analyses, these results suggest that the vegetation within

Trinidad is not composed of unique vegetation types, but is instead, a continuum

within which the combination of species change in response to gradual changes

in precipitation (and also altitude) across the island.

A.3 Figures
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Figure A.1: Cluster dendrogram at a 10% similarity level.
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ance data.

427



A
ppendix

A
Presence-absence

analyses

Sim
ila

rit
y

RBS samples

0

20

40

60

80

100

Sub-Clusters A1 B1 B2 C1 D1 E1 F1 G1 G2 H1 I1 J1 K1 K2

10

18

Figure A.3: Cluster dendrogram showing sub-cluster arrangement.

428



A.3 Figures

X

!

_̂

E

_̂#

_̂

"

#

E

#

!

E

E

_̂

#

"

X

X

!

!

"

#

"

!

EE

!

E

"

E

#

E

_̂

!

"

#

"

_̂##

#

#

#

k

!

#

"

k

!
k

_̂

_̂

E

_̂

#

!

#!

#

k

k

!
!

k

!!

!

!

!

k

k
k

#

!

!

_̂

!

E

E

E

"

_̂

!

E

!

"

_̂

"

E

#

_̂

!

!

!

"

"

E
!

_̂

_̂

"

"

#

" "
_̂

"

_̂

!

k
k

!

k
EE

k

k

E
!

!

k

!

!

!

!

E

"

E

E

X

!

!

k

!

E

E

! E

!

#

!

!

!

!

E

k

#

!

" "#

!

#

E
"
k

k
E

#

E

!

!

!

!

Toco

Port-of-Spain

San Fernando

Point Fortin

Mayaro

¬

0 30
Kilometers

Legend
Trinidad Coastline

Sub-clusters derived from multivariate analyses

#

A1

" B1

" B2

# C1

_̂ D1

! E1

! F1

k G1

k G2

#

H1

! I1

X J1

E K1

E K2

Figure A.4: Sub-clusters derived from presence/absence transformation of
abundance data.

429



A
ppendix

A
Presence-absence

analyses

Sub-clusters

A1
B1
B2
C1
D1
E1
F1
G1
G2
H1
I1
J1
K1
K2

2D Stress: 0.16

Figure A.5: 2D NMDS of sub-clusters.

430



A
.3

Figures

Sub-clusters

A1
B1
B2
C1
D1

2D Stress: 0.16

Figure A.6: 2D NMDS of sub-clusters: Group 1.
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Figure A.7: 2D NMDS of sub-clusters: Group 2.
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Figure A.8: 2D NMDS of sub-clusters: Group 3.
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Figure A.9: 2D NMDS of sub-clusters (Group 1) superimposed with a bubble plot of Annual Precipitation.
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Figure A.14: 2D NMDS of sub-clusters (Group 1) superimposed with a bubble plot of Altitude above sea level.
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Figure A.15: 2D NMDS of sub-clusters (Group 2) superimposed with a bubble plot of Altitude above sea level.

440



A
.3

Figures

J1

I1

K2

H1

K1

I1

K1

K1

J1

J1

I1

I1

I1

K2

K2

I1

K2

K2

K1

I1

H1

H1

I1

I1

K2
I1

I1

I1

K2

K1
K2

I1

K2

I1

K1

H1

I1

I1

I1

K1 I1

H1

I1K1

K1

K1

I1
I1

I1 I1

I1 I1

K1

K1

K1

J1

I1 I1

K2

K2

I1

K2

I1

I1

I1

I1

I1

K1
I1
I1

K1

K2

H1

K1

I1

I1

I1

2D Stress: 0.2 Altitude above seal level (m)

85.3
332
579
826

Figure A.16: 2D NMDS of sub-clusters (Group 3) superimposed with a bubble plot of Altitude above sea level.
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Figure A.17: 2D NMDS: central representatives from all sub-clusters (Groups 1, 2 and 3) superimposed with a bubble plot of
Altitude above sea level.
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Appendix B

SIMPER analysis results of
subclusters

The SIMPER analysis process breaks down the Bray-Curtis measure into its con-

stituents, giving the values at which each family contributes to both the similarity

within clusters and the dissimilarity between clusters. The analysis was set to

report these contributions up to the 90% level.

Similarity within sub-clusters

The two most important categories in the similarity reports within each cluster

are the Average Similarity (Av. Sim) and Similarity/Standard Deviation (Sim/SD).

The Av. Sim indicates the actual average contribution of each plant species to the

similarity index (derived from the modified abundance values); Sim/SD is a meas-

ure of the reliability of the species by collating the variability of counts among

all the replicates of the sites in each cluster. Average Abundance (Av. Abund)

refers to a simple average of the data values for each species over all samples

within each sub-cluster. Contribution Percentage (Contrib%), is simply the con-

tribution of each taxa to the overall Av. Sim values of each group. Cumulative

Percentage (Cum.%) refers to the cumulative total of the Contrib% for each taxa

in the results below.
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Appendix B SIMPER analysis results of subclusters

Group 1A
Average similarity:
23.19

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Sterculia pruriens var.
glabrescens 1.4 1.75 3.45 7.54 7.54

Manilkara bidentata ssp.
bidentata 1.33 1.67 3.17 7.22 14.77

Euterpe precatoria 1.67 1.6 0.9 6.89 21.65
Virola surinamensis 1.39 1.33 0.91 5.74 27.4
Pentaclethra macroloba 1.34 1.21 0.91 5.22 32.61
Diplasia karatifolia 1.11 1.03 0.9 4.42 37.03
Manicaria saccifera 1.38 0.95 0.78 4.1 41.14
Abarema jupunba 0.97 0.92 0.9 3.98 45.12
Protium guianense 1.12 0.89 0.88 3.82 48.94
Desmoncus polyacanthos 0.94 0.82 0.87 3.52 52.46
Eschweilera subglandulosa 1 0.79 0.91 3.41 55.87
Forsteronia acouci 0.92 0.79 0.91 3.41 59.27
Mascagnia sepium ssp.
bierosa 0.92 0.79 0.91 3.41 62.68

Tapirira guianensis 0.9 0.74 0.89 3.18 65.86
Amaioua corymbosa 0.82 0.7 0.9 3.01 68.87
Attalea maripa 1.01 0.47 0.41 2.02 70.89
Heliconia psittacorum 1.01 0.47 0.41 2.02 72.91
Philodendron ornatum 0.96 0.41 0.41 1.77 74.67
Smilax cumanensis 0.8 0.38 0.41 1.65 76.32
Monstera obliqua 0.86 0.36 0.41 1.55 77.87
Bactris simplicifrons 1.01 0.34 0.41 1.44 79.31
Philodendron acutatum 0.88 0.31 0.41 1.34 80.66
Ryania speciosa 0.78 0.31 0.41 1.34 82
Doliocarpus dentatus ssp.
dentatus 0.72 0.29 0.41 1.27 83.26

Calophyllum lucidum 0.66 0.29 0.41 1.26 84.53
Heteropterys
macrostachya 0.65 0.28 0.41 1.23 85.76

Ouratea purdieana 0.58 0.27 0.41 1.16 86.92
Rollinia exsucca 0.58 0.27 0.41 1.16 88.08
Anthurium jenmanii 0.63 0.24 0.41 1.02 89.11
Carapa guianensis 0.63 0.24 0.41 1.02 90.13
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Group 7A
Average similarity:
33.35

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Brownea coccinea ssp.
capitella 1.21 1.11 2.66 3.32 3.32

Sabal mauritiiformis 1.22 1.08 1.97 3.24 6.57
Anthurium pentaphyllum 1.09 0.91 2 2.72 9.28
Rudgea hostmanniana 1.11 0.9 1.68 2.71 11.99
Costus scaber 1 0.83 1.74 2.48 14.47
Spondias mombin 0.88 0.79 2.34 2.36 16.83
Bactris major 1.04 0.73 1.07 2.2 19.03
Macfadyena unguis-cati 0.88 0.64 1.19 1.92 20.94
Swartzia pinnata 0.87 0.63 1.27 1.88 22.83
Trichilia pallida 0.8 0.62 1.39 1.84 24.67
Heliconia spathocircinata 0.86 0.56 1 1.69 26.36
Guarea glabra 0.79 0.56 1.18 1.67 28.03
Eschweilera subglandulosa 0.82 0.55 1.04 1.64 29.67
Philodendron krugii 0.87 0.54 0.84 1.6 31.27
Desmoncus orthacanthos 0.79 0.51 0.93 1.53 32.8
Pentaclethra macroloba 0.79 0.51 0.94 1.52 34.32
Anthurium jenmanii 0.71 0.48 1.02 1.44 35.76
Carapa guianensis 0.7 0.46 1.03 1.38 37.15
Pharus latifolius 0.75 0.45 0.87 1.36 38.5
Mansoa verrucifera 0.74 0.44 0.76 1.32 39.83
Trichilia pleeana 0.68 0.42 0.93 1.27 41.09
Heliconia hirsuta 0.72 0.41 0.78 1.24 42.33
Monstera dubia 0.65 0.39 0.88 1.18 43.51
Guazuma ulmifolia 0.6 0.38 0.87 1.14 44.65
Dieffenbachia seguine 0.63 0.37 0.82 1.11 45.76
Cecropia peltata 0.61 0.37 0.87 1.1 46.86
Guapira salicifolia 0.61 0.34 0.75 1.03 47.89
Brosimum alicastrum 0.64 0.34 0.69 1.01 48.91
Roystonea oleracea 0.62 0.33 0.69 0.99 49.89
Manilkara bidentata ssp.
bidentata 0.55 0.33 0.76 0.99 50.88

Garcinia madruno 0.56 0.32 0.76 0.96 51.84
Coccoloba fallax 0.61 0.32 0.68 0.95 52.79
Omphalea diandra 0.58 0.32 0.71 0.95 53.74
Sterculia pruriens var.
glabrescens 0.52 0.31 0.76 0.93 54.67
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Appendix B SIMPER analysis results of subclusters

Philodendron lingulatum 0.64 0.3 0.61 0.9 55.57
Drymonia serrulata 0.55 0.3 0.72 0.9 56.46
Faramea occidentalis 0.66 0.29 0.53 0.88 57.34
Ceratophytum
tetragonolobum 0.59 0.29 0.57 0.86 58.2

Miconia acinodendron 0.62 0.28 0.56 0.84 59.04
Bauhinia glabra 0.63 0.28 0.56 0.84 59.88
Pterocarpus rohrii 0.5 0.28 0.71 0.84 60.72
Desmoncus polyacanthos 0.55 0.25 0.57 0.76 61.48
Calathea altissima 0.53 0.24 0.58 0.72 62.2
Sapium glandulosum 0.47 0.24 0.57 0.72 62.92
Protium sagotianum 0.48 0.23 0.62 0.7 63.62
Casearia guianensis 0.46 0.23 0.62 0.69 64.31
Mouriri rhizophoraefolia 0.48 0.23 0.61 0.68 64.99
Ceiba pentandra 0.44 0.21 0.53 0.63 65.62
Sarcoglottis metallica 0.46 0.21 0.53 0.63 66.25
Pouteria coriacea 0.45 0.21 0.57 0.62 66.87
Paullinia fuscescens 0.49 0.2 0.5 0.6 67.47
Serjania paucidentata 0.49 0.2 0.49 0.59 68.06
Philodendron fendleri 0.45 0.19 0.54 0.58 68.64
Guzmania lingulata var.
lingulata 0.47 0.19 0.49 0.58 69.22

Andira inermis 0.43 0.19 0.53 0.58 69.79
Psychotria cuspidata 0.49 0.19 0.46 0.57 70.36
Bravaisia integerrima 0.44 0.19 0.53 0.56 70.92
Piresia sympodica 0.51 0.19 0.46 0.56 71.48
Heliconia bihai 0.51 0.18 0.4 0.54 72.02
Philodendron scandens 0.47 0.18 0.5 0.54 72.57
Clathrotropis brachypetala 0.47 0.18 0.44 0.53 73.1
Swartzia simplex 0.42 0.17 0.53 0.52 73.62
Asplenium serratum 0.43 0.17 0.5 0.51 74.14
Zanthoxylum pentandrum 0.39 0.16 0.45 0.49 74.63
Coccoloba latifolia 0.38 0.16 0.5 0.49 75.12
Erythrina pallida 0.39 0.16 0.5 0.49 75.61
Myrciaria floribunda 0.39 0.16 0.5 0.47 76.09
Gonzalagunia spicata 0.43 0.16 0.45 0.47 76.56
Brosimum guianense 0.38 0.16 0.5 0.47 77.03
Philodendron acutatum 0.45 0.16 0.38 0.47 77.49
Cupania americana 0.36 0.15 0.5 0.45 77.94
Phryganocydia corymbosa 0.45 0.15 0.35 0.44 78.39
Paullinia leiocarpa 0.4 0.14 0.42 0.43 78.82
Acalypha grisebachiana 0.45 0.14 0.39 0.43 79.24
Coccoloba cruegeri 0.39 0.14 0.42 0.42 79.67
Pachira aquatica 0.37 0.14 0.46 0.41 80.08
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Inga laurina 0.34 0.13 0.42 0.38 80.46
Hylocereus lemairei 0.34 0.13 0.39 0.38 80.84
Thelypteris pennata 0.41 0.12 0.35 0.37 81.21
Olyra latifolia 0.43 0.12 0.28 0.36 81.57
Coccoloba venosa 0.34 0.12 0.43 0.36 81.93
Ischnosiphon arouma 0.39 0.12 0.36 0.35 82.28
Guapira cuspidata 0.33 0.11 0.43 0.34 82.62
Piper glabrescens 0.39 0.11 0.32 0.33 82.96
Xiphidium caeruleum 0.4 0.11 0.32 0.33 83.28
Chrysophyllum argenteum
ssp. argenteum 0.33 0.11 0.39 0.32 83.6

Tabebuia chrysantha 0.33 0.1 0.39 0.31 83.92
Tabernaemontana cymosa 0.31 0.1 0.39 0.31 84.23
Miconia nervosa 0.35 0.1 0.35 0.3 84.53
Inga ingoides 0.3 0.1 0.39 0.3 84.83
Adiantum obliquum 0.37 0.1 0.33 0.3 85.13
Amphilophium
paniculatum 0.36 0.1 0.31 0.3 85.42

Psychotria deflexa 0.37 0.1 0.32 0.29 85.72
Calyptranthes fasciculata 0.31 0.1 0.36 0.29 86
Paragonia pyramidata 0.36 0.09 0.32 0.28 86.28
Seguieria macrophylla 0.31 0.09 0.36 0.28 86.56
Attalea maripa 0.36 0.09 0.3 0.28 86.84
Eugenia trinervia 0.28 0.09 0.36 0.26 87.11
Smilax cumanensis 0.29 0.09 0.36 0.26 87.37
Protium guianense 0.31 0.08 0.33 0.24 87.61
Hura crepitans 0.33 0.08 0.26 0.24 87.85
Adiantum petiolatum 0.29 0.08 0.3 0.24 88.09
Genipa americana 0.31 0.08 0.28 0.23 88.32
Casearia sylvestris 0.28 0.07 0.29 0.22 88.54
Coursetia ferruginea 0.26 0.07 0.3 0.21 88.75
Maranta gibba 0.29 0.07 0.26 0.2 88.95
Tillandsia fasciculata var.
fasciculata 0.27 0.07 0.27 0.2 89.14

Terminalia amazonia 0.24 0.06 0.3 0.19 89.33
Talisia hexaphylla 0.25 0.06 0.3 0.19 89.51
Mesechites trifida 0.27 0.06 0.26 0.18 89.69
Monstera obliqua 0.31 0.06 0.2 0.18 89.87
Hymenocallis tubiflora 0.28 0.06 0.23 0.17 90.04

Group 4A
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Appendix B SIMPER analysis results of subclusters

Average similarity:
32.34

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Carapa guianensis 1.15 1.1 4.89 3.4 3.4
Philodendron lingulatum 1.21 1.07 2.16 3.32 6.72
Sterculia pruriens var.
glabrescens 0.91 0.96 8.91 2.97 9.7

Psychotria muscosa 1.05 0.9 1.69 2.79 12.48
Philodendron ornatum 1.08 0.87 1.3 2.7 15.18
Heliconia hirsuta 1.03 0.87 1.63 2.68 17.86
Brownea coccinea ssp.
capitella 1.08 0.82 1.27 2.54 20.39

Eschweilera subglandulosa 0.91 0.76 1.72 2.35 22.74
Costus scaber 0.95 0.74 1.33 2.29 25.03
Miconia nervosa 0.83 0.65 1.36 2.02 27.05
Virola surinamensis 0.79 0.64 1.39 1.99 29.04
Terminalia amazonia 0.74 0.64 1.39 1.98 31.02
Anthurium pentaphyllum 0.81 0.58 1.12 1.79 32.81
Andira inermis 0.73 0.58 1.14 1.78 34.59
Swartzia pinnata 0.76 0.56 1.14 1.72 36.31
Heliconia spathocircinata 0.83 0.54 0.9 1.66 37.97
Guzmania lingulata var.
lingulata 0.82 0.53 0.91 1.65 39.62

Philodendron scandens 0.82 0.52 0.92 1.62 41.24
Euterpe precatoria 0.79 0.5 0.92 1.55 42.79
Miconia acinodendron 0.71 0.48 0.95 1.48 44.27
Pachira aquatica 0.66 0.47 0.96 1.45 45.72
Pentaclethra macroloba 0.82 0.46 0.68 1.43 47.15
Philodendron fendleri 0.67 0.45 0.96 1.39 48.53
Desmoncus polyacanthos 0.68 0.45 0.96 1.38 49.92
Ryania speciosa 0.81 0.44 0.68 1.36 51.28
Serjania paucidentata 0.74 0.44 0.8 1.35 52.63
Thoracocarpus bissectus 0.69 0.41 0.79 1.28 53.91
Inga ingoides 0.6 0.39 0.81 1.21 55.12
Spondias mombin 0.62 0.39 0.81 1.21 56.33
Piresia sympodica 0.76 0.39 0.57 1.2 57.53
Monotagma spicatum 0.71 0.34 0.57 1.05 58.58
Omphalea diandra 0.63 0.33 0.69 1.01 59.59
Anthurium hookeri 0.64 0.31 0.58 0.96 60.55
Becquerelia cymosa 0.63 0.3 0.55 0.93 61.49
Ischnosiphon arouma 0.65 0.3 0.57 0.92 62.41
Brosimum guianense 0.53 0.3 0.7 0.92 63.33
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Clathrotropis brachypetala 0.58 0.28 0.58 0.85 64.19
Rudgea hostmanniana 0.52 0.26 0.59 0.8 64.99
Asplundia rigida 0.62 0.26 0.49 0.8 65.79
Diospyros cayennensis 0.52 0.26 0.59 0.79 66.58
Pharus latifolius 0.58 0.24 0.49 0.74 67.33
Psychotria cuspidata 0.58 0.24 0.49 0.74 68.06
Hymenocallis tubiflora 0.57 0.23 0.49 0.71 68.78
Licania heteromorpha var.
heteromorpha 0.54 0.22 0.49 0.69 69.47

Aniba citrifolia 0.52 0.22 0.5 0.68 70.15
Polybotrya caudata 0.52 0.21 0.5 0.65 70.8
Monstera dubia 0.51 0.21 0.5 0.65 71.45
Geonoma interrupta 0.54 0.21 0.48 0.65 72.1
Psychotria poeppigiana 0.46 0.2 0.5 0.62 72.71
Dieffenbachia seguine 0.46 0.2 0.5 0.61 73.32
Garcinia madruno 0.42 0.2 0.51 0.61 73.92
Philodendron krugii 0.48 0.19 0.5 0.6 74.53
Hernandia sonora 0.42 0.19 0.5 0.58 75.1
Orthoclada laxa 0.49 0.18 0.41 0.55 75.66
Cyclanthus bipartitus 0.5 0.18 0.41 0.54 76.2
Mora excelsa 0.51 0.17 0.35 0.51 76.71
Cymbopetalum brasiliense 0.41 0.15 0.42 0.47 77.18
Tillandsia monadelpha 0.43 0.15 0.42 0.47 77.65
Abarema jupunba 0.38 0.15 0.42 0.47 78.12
Myrciaria floribunda 0.37 0.15 0.42 0.46 78.58
Protium guianense 0.4 0.15 0.42 0.45 79.03
Miconia chrysophylla 0.39 0.15 0.42 0.45 79.48
Guarea glabra 0.47 0.14 0.33 0.44 79.92
Cecropia peltata 0.38 0.14 0.42 0.43 80.35
Sarcoglottis metallica 0.39 0.14 0.42 0.42 80.77
Bauhinia glabra 0.43 0.13 0.35 0.4 81.17
Palicourea crocea 0.4 0.12 0.34 0.38 81.55
Adiantum obliquum 0.44 0.12 0.34 0.38 81.93
Philodendron simsii 0.39 0.12 0.34 0.37 82.31
Lacistema aggregatum 0.35 0.12 0.35 0.36 82.67
Doliocarpus dentatus ssp.
dentatus 0.42 0.12 0.34 0.36 83.03

Quiina cruegeriana 0.36 0.11 0.35 0.35 83.38
Attalea maripa 0.4 0.11 0.34 0.34 83.72
Smilax cumanensis 0.39 0.11 0.34 0.34 84.06
Dioscorea cayenensis 0.32 0.11 0.35 0.34 84.4
Pachira insignis 0.36 0.11 0.35 0.33 84.73
Laetia procera 0.3 0.1 0.35 0.31 85.04
Lomariopsis japurensis 0.34 0.1 0.35 0.31 85.35
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Appendix B SIMPER analysis results of subclusters

Microgramma tobagensis 0.32 0.1 0.35 0.3 85.65
Leandra rufescens 0.31 0.08 0.27 0.25 85.9
Piper demeraranum 0.35 0.08 0.27 0.25 86.15
Bactris major 0.33 0.08 0.28 0.23 86.38
Chimarrhis cymosa 0.32 0.07 0.28 0.23 86.62
Desmoncus orthacanthos 0.3 0.07 0.28 0.22 86.84
Psiguria triphylla 0.29 0.07 0.28 0.22 87.06
Euterpe oleracea 0.33 0.07 0.27 0.22 87.28
Coccoloba dussii 0.31 0.07 0.28 0.21 87.49
Hieronyma alchorneoides 0.26 0.07 0.28 0.21 87.71
Manilkara bidentata ssp.
bidentata 0.25 0.07 0.28 0.21 87.92

Dichapetalum
pedunculatum 0.28 0.07 0.28 0.21 88.13

Trichilia pallida 0.27 0.07 0.28 0.21 88.34
Symphonia globulifera 0.27 0.07 0.28 0.21 88.55
Bactris setulosa 0.3 0.07 0.28 0.21 88.76
Guapira salicifolia 0.26 0.07 0.28 0.21 88.97
Pouteria coriacea 0.26 0.07 0.28 0.21 89.18
Mouriri rhizophoraefolia 0.27 0.07 0.28 0.2 89.39
Ficus maxima 0.26 0.07 0.28 0.2 89.59
Psiguria umbrosa 0.26 0.06 0.28 0.2 89.79
Rourea surinamensis 0.27 0.06 0.28 0.2 89.99
Casearia sylvestris 0.26 0.06 0.28 0.2 90.18

Group 5A
Average similarity:
34.10

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Rudgea hostmanniana 1.16 0.98 2.07 2.87 2.87
Heliconia hirsuta 1.09 0.91 2.11 2.68 5.55
Terminalia amazonia 0.94 0.9 6.55 2.64 8.19
Sterculia pruriens var.
glabrescens 1.03 0.85 2 2.5 10.69

Eschweilera subglandulosa 0.94 0.83 2.34 2.43 13.12
Desmoncus polyacanthos 0.88 0.78 2.37 2.27 15.4
Miconia acinodendron 1.02 0.77 1.2 2.27 17.67
Philodendron acutatum 0.93 0.75 1.6 2.2 19.86
Euterpe precatoria 0.87 0.72 1.64 2.12 21.99
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Xiphidium caeruleum 1.01 0.72 1.19 2.11 24.1
Dieffenbachia seguine 0.86 0.7 1.64 2.06 26.16
Protium guianense 0.85 0.7 1.63 2.06 28.22
Scleria secans 0.96 0.67 1.14 1.95 30.17
Virola surinamensis 0.82 0.67 1.62 1.95 32.13
Byrsonima spicata 0.77 0.65 1.63 1.91 34.04
Guarea glabra 0.82 0.6 1.25 1.76 35.79
Psychotria cuspidata 0.87 0.56 1 1.65 37.45
Amaioua corymbosa 0.73 0.56 1.26 1.63 39.08
Cecropia peltata 0.71 0.55 1.27 1.62 40.69
Piresia sympodica 0.86 0.53 0.83 1.55 42.25
Miconia chrysophylla 0.85 0.52 0.81 1.51 43.76
Costus scaber 0.74 0.5 1.02 1.48 45.24
Pentaclethra macroloba 0.78 0.49 1 1.44 46.68
Scleria latifolia 0.73 0.47 1.03 1.39 48.07
Brosimum guianense 0.69 0.46 1.02 1.34 49.42
Attalea maripa 0.82 0.46 0.72 1.33 50.75
Cordia bicolor 0.58 0.37 0.85 1.1 51.85
Bauhinia glabra 0.71 0.37 0.71 1.09 52.94
Spondias mombin 0.56 0.36 0.85 1.04 53.98
Manicaria saccifera 0.7 0.34 0.59 1 54.98
Serjania paucidentata 0.67 0.32 0.68 0.95 55.93
Doliocarpus dentatus ssp.
dentatus 0.63 0.32 0.7 0.95 56.87

Desmoncus orthacanthos 0.58 0.31 0.71 0.92 57.8
Laetia procera 0.52 0.3 0.71 0.89 58.69
Clathrotropis brachypetala 0.6 0.3 0.69 0.87 59.55
Coccoloba latifolia 0.5 0.29 0.71 0.84 60.39
Brownea coccinea ssp.
capitella 0.56 0.29 0.71 0.84 61.23

Lygodium volubile 0.65 0.28 0.58 0.82 62.05
Rollinia exsucca 0.5 0.28 0.71 0.81 62.86
Pouteria coriacea 0.51 0.25 0.59 0.73 63.6
Ischnosiphon arouma 0.6 0.25 0.49 0.73 64.32
Heliconia spathocircinata 0.55 0.25 0.59 0.72 65.04
Psychotria poeppigiana 0.59 0.23 0.48 0.68 65.72
Inga ingoides 0.46 0.23 0.59 0.67 66.39
Psychotria deflexa 0.55 0.22 0.48 0.66 67.05
Monstera obliqua 0.54 0.22 0.49 0.64 67.69
Schefflera morototoni 0.44 0.22 0.6 0.63 68.32
Trichilia pallida 0.48 0.21 0.6 0.63 68.95
Martinella obovata 0.55 0.21 0.49 0.61 69.56
Miconia nervosa 0.54 0.2 0.49 0.59 70.14
Adiantum obliquum 0.56 0.2 0.48 0.58 70.73
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Appendix B SIMPER analysis results of subclusters

Philodendron scandens 0.47 0.19 0.49 0.55 71.28
Calathea altissima 0.49 0.19 0.48 0.55 71.82
Miconia punctata 0.47 0.18 0.49 0.53 72.36
Olyra caudata 0.54 0.18 0.4 0.52 72.88
Philodendron fendleri 0.44 0.17 0.49 0.51 73.39
Cupania americana 0.4 0.17 0.49 0.5 73.9
Macfadyena unguis-cati 0.43 0.17 0.49 0.5 74.4
Carapa guianensis 0.4 0.17 0.49 0.5 74.89
Warszewiczia coccinea 0.46 0.16 0.49 0.48 75.38
Smilax cumanensis 0.39 0.16 0.49 0.47 75.85
Philodendron lingulatum 0.48 0.16 0.4 0.47 76.32
Olyra latifolia 0.48 0.16 0.4 0.47 76.78
Bactris major 0.51 0.16 0.39 0.46 77.25
Lundia corymbifera 0.46 0.15 0.4 0.44 77.69
Heliconia bihai 0.38 0.13 0.4 0.39 78.08
Sabicea villosa 0.4 0.13 0.4 0.39 78.47
Ouratea purdieana 0.35 0.13 0.4 0.38 78.85
Aristolochia rugosa 0.43 0.13 0.4 0.38 79.24
Monstera dubia 0.41 0.13 0.4 0.38 79.62
Guapira salicifolia 0.39 0.13 0.4 0.38 79.99
Pera glabrata 0.35 0.13 0.4 0.38 80.37
Abarema jupunba 0.35 0.13 0.4 0.38 80.75
Bactris simplicifrons 0.42 0.13 0.39 0.37 81.12
Genipa americana 0.42 0.13 0.39 0.37 81.48
Sarcoglottis metallica 0.34 0.12 0.4 0.35 81.84
Mascagnia sepium ssp.
bierosa 0.35 0.12 0.4 0.35 82.18

Tabebuia chrysantha 0.35 0.12 0.4 0.34 82.53
Vismia cayennensis 0.34 0.12 0.4 0.34 82.87
Sapium glandulosum 0.33 0.11 0.4 0.33 83.2
Guazuma ulmifolia 0.33 0.11 0.4 0.33 83.53
Coussarea paniculata 0.37 0.11 0.4 0.33 83.86
Anemopaegma karstenii 0.41 0.11 0.32 0.33 84.19
Scleria melaleuca 0.4 0.11 0.32 0.33 84.51
Casearia spinescens 0.38 0.11 0.41 0.32 84.83
Piper aequale 0.41 0.1 0.32 0.3 85.14
Wulffia baccata 0.38 0.1 0.32 0.3 85.44
Manilkara bidentata ssp.
bidentata 0.31 0.1 0.32 0.3 85.74

Paullinia fuscescens 0.38 0.1 0.32 0.29 86.03
Philodendron krugii 0.37 0.1 0.32 0.28 86.31
Lacistema aggregatum 0.32 0.09 0.32 0.26 86.57
Renealmia alpinia 0.31 0.09 0.32 0.26 86.83
Diplasia karatifolia 0.36 0.09 0.31 0.25 87.08
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Guarea guidonia 0.29 0.09 0.32 0.25 87.33
Pachira insignis 0.29 0.09 0.32 0.25 87.58
Pachira aquatica 0.29 0.08 0.32 0.24 87.83
Senna undulata 0.29 0.08 0.32 0.24 88.07
Coccoloba ascendens 0.3 0.08 0.32 0.24 88.31
Ryania speciosa 0.38 0.08 0.24 0.24 88.55
Nectandra pearcei 0.29 0.08 0.32 0.24 88.79
Xylophragma
seemannianum 0.29 0.08 0.32 0.24 89.03

Stigmaphyllon finlayanum 0.35 0.08 0.32 0.24 89.27
Ficus maxima 0.29 0.08 0.32 0.23 89.5
Castilla elastica ssp.
elastica 0.28 0.08 0.32 0.23 89.73

Oeceoclades maculata 0.28 0.07 0.32 0.22 89.95
Spathiphyllum
cannifolium 0.36 0.07 0.24 0.21 90.16

Group 3A
Average similarity:
36.47

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Philodendron lingulatum 1.51 1.78 6.17 4.87 4.87
Piper trigonum 1.34 1.47 4.59 4.02 8.89
Anthurium hookeri 1.38 1.34 1.57 3.68 12.58
Coccoloba ascendens 1.02 1.21 8.81 3.31 15.89
Philodendron ornatum 1.3 1.19 1.56 3.26 19.15
Psychotria muscosa 1.26 1.18 1.53 3.24 22.39
Geonoma interrupta 1.24 1.18 1.63 3.24 25.63
Becquerelia cymosa 1.25 1.17 1.6 3.22 28.84
Sterculia pruriens var.
glabrescens 0.98 1.16 8.15 3.17 32.02

Licania heteromorpha var.
heteromorpha 1.09 1.03 1.55 2.84 34.85

Mikania hookeriana 1.02 1.02 1.68 2.79 37.64
Marcgravia elegans 1.13 0.96 1.04 2.64 40.28
Notopleura uliginosa 1.02 0.93 1.61 2.55 42.83
Diospyros cayennensis 0.97 0.91 1.65 2.48 45.31
Piper demeraranum 1.01 0.86 1.05 2.35 47.67
Danaea leprieurii 1.06 0.83 1.03 2.29 49.95
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Appendix B SIMPER analysis results of subclusters

Heliconia hirsuta 0.91 0.77 1.04 2.11 52.06
Euterpe broadwayi 0.94 0.76 1.04 2.08 54.14
Richeria grandis var.
grandis 0.97 0.75 1.04 2.05 56.19

Ocotea eggersiana 0.87 0.7 1.04 1.93 58.11
Symphonia globulifera 0.76 0.65 1.04 1.79 59.9
Palicourea crocea 0.95 0.63 0.71 1.74 61.63
Macrolobium trinitense 0.79 0.6 1.04 1.66 63.29
Miconia chrysophylla 0.9 0.57 0.72 1.56 64.85
Miconia plukenetii 0.77 0.51 0.73 1.39 66.24
Evodianthus funifer ssp.
funifer 0.93 0.49 0.51 1.35 67.59

Polybotrya osmundacea 0.83 0.49 0.71 1.35 68.94
Bactris setulosa 0.73 0.48 0.73 1.31 70.25
Sloanea stipitata 0.66 0.47 0.73 1.28 71.53
Salpichlaena volubilis 0.81 0.47 0.71 1.28 72.81
Plinia pinnata 0.67 0.46 0.73 1.26 74.07
Leandra clidemioides 0.78 0.42 0.51 1.14 75.21
Miconia nervosa 0.77 0.4 0.51 1.1 76.31
Guzmania lingulata var.
lingulata 0.82 0.39 0.49 1.07 77.38

Psychotria poeppigiana 0.63 0.32 0.51 0.89 78.27
Psychotria capitata 0.68 0.32 0.51 0.88 79.15
Notopleura guadalupensis 0.65 0.31 0.51 0.85 80.01
Prestoea pubigera 0.61 0.31 0.51 0.84 80.85
Quiina cruegeriana 0.55 0.26 0.51 0.72 81.57
Pleurothallis ruscifolia 0.61 0.26 0.5 0.71 82.28
Cybianthus surinamensis 0.49 0.25 0.51 0.67 82.96
Eschweilera decolorans 0.49 0.24 0.51 0.65 83.61
Anthurium aripoense 0.56 0.19 0.34 0.51 84.12
Stromanthe tonckat 0.55 0.18 0.33 0.5 84.62
Richeria grandis 0.45 0.16 0.34 0.43 85.05
Trichomanes elegans 0.48 0.16 0.34 0.43 85.48
Dichapetalum
pedunculatum 0.55 0.15 0.31 0.42 85.89

Peperomia emarginella 0.49 0.15 0.34 0.42 86.31
Tabebuia stenocalyx 0.4 0.15 0.34 0.4 86.71
Cestrum schlechtendahlii 0.47 0.14 0.34 0.4 87.11
Elaphoglossum
longifolium 0.46 0.14 0.34 0.39 87.5

Miconia fragrans 0.46 0.14 0.34 0.37 87.87
Codonanthe caribaea 0.38 0.14 0.34 0.37 88.24
Marcgravia hartii 0.38 0.13 0.34 0.37 88.61
Swartzia trinitensis 0.39 0.13 0.34 0.37 88.98
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Monotagma spicatum 0.44 0.13 0.34 0.36 89.34
Epidendrum nocturnum 0.38 0.13 0.34 0.36 89.7
Micropholis guyanensis
ssp. guyanensis 0.38 0.13 0.34 0.36 90.06

Group 5B
Average similarity:
34.68

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Sterculia pruriens var.
glabrescens 1.05 0.91 3.44 2.63 2.63

Ryania speciosa 1.16 0.91 1.5 2.63 5.26
Piresia sympodica 1.13 0.86 1.19 2.48 7.74
Carapa guianensis 0.92 0.85 5.51 2.44 10.18
Terminalia amazonia 0.85 0.75 2.25 2.15 12.33
Tovomita eggersii 0.98 0.73 1.36 2.09 14.43
Attalea maripa 0.99 0.68 1.12 1.96 16.38
Licania heteromorpha var.
heteromorpha 0.85 0.68 1.56 1.95 18.34

Virola surinamensis 0.83 0.65 1.55 1.89 20.22
Psychotria capitata 0.88 0.64 1.14 1.83 22.05
Scleria secans 0.85 0.63 1.54 1.83 23.88
Laetia procera 0.73 0.61 1.55 1.77 25.66
Abarema jupunba 0.72 0.6 1.55 1.74 27.4
Simaba multiflora 0.84 0.6 1.15 1.72 29.12
Bauhinia glabra 0.84 0.58 1.18 1.67 30.79
Calliandra guildingii 0.87 0.55 0.95 1.59 32.38
Lygodium volubile 0.9 0.55 0.92 1.59 33.97
Manilkara bidentata ssp.
bidentata 0.76 0.54 1.17 1.55 35.52

Protium guianense 0.76 0.51 1.16 1.47 36.98
Psychotria poeppigiana 0.8 0.49 0.94 1.42 38.4
Tabernaemontana
undulata 0.77 0.48 0.96 1.39 39.79

Maprounea guianensis 0.64 0.48 1.21 1.38 41.17
Pera glabrata 0.65 0.45 0.97 1.3 42.48
Eugenia confusa 0.7 0.44 0.96 1.26 43.73
Heliconia hirsuta 0.76 0.42 0.77 1.2 44.93
Byrsonima spicata 0.65 0.42 0.96 1.2 46.13

461



Appendix B SIMPER analysis results of subclusters

Trichomanes pinnatum 0.77 0.41 0.75 1.19 47.32
Parinari campestris 0.59 0.41 0.96 1.17 48.49
Microgramma
lycopodioides 0.59 0.39 0.97 1.13 49.62

Smilax cumanensis 0.68 0.38 0.78 1.09 50.71
Triplophyllum funestrum 0.71 0.37 0.76 1.06 51.78
Miconia punctata 0.67 0.36 0.77 1.04 52.81
Eschweilera subglandulosa 0.56 0.36 0.8 1.02 53.84
Oenocarpus bataua var.
oligocarpa 0.61 0.34 0.8 0.99 54.83

Rudgea hostmanniana 0.62 0.34 0.79 0.98 55.81
Euterpe precatoria 0.61 0.34 0.79 0.97 56.78
Amaioua corymbosa 0.59 0.33 0.79 0.96 57.74
Desmoncus polyacanthos 0.59 0.33 0.79 0.96 58.71
Cnemidaria spectabilis 0.67 0.32 0.64 0.92 59.63
Brosimum guianense 0.57 0.31 0.79 0.9 60.53
Tabebuia stenocalyx 0.62 0.29 0.63 0.85 61.38
Palicourea crocea 0.61 0.29 0.65 0.84 62.23
Diplasia karatifolia 0.65 0.27 0.53 0.78 63.01
Miconia affinis 0.57 0.26 0.66 0.76 63.77
Quiina cruegeriana 0.49 0.26 0.65 0.76 64.53
Philodendron scandens 0.56 0.26 0.65 0.76 65.29
Lacistema aggregatum 0.54 0.26 0.66 0.75 66.04
Serjania paucidentata 0.55 0.26 0.64 0.75 66.79
Adiantum tetraphyllum 0.62 0.25 0.53 0.73 67.52
Monotagma spicatum 0.62 0.25 0.53 0.72 68.24
Philodendron ornatum 0.61 0.25 0.51 0.72 68.96
Brownea coccinea ssp.
capitella 0.55 0.25 0.64 0.71 69.67

Psychotria muscosa 0.56 0.24 0.53 0.69 70.36
Miconia ciliata 0.54 0.22 0.53 0.64 71
Philodendron lingulatum 0.58 0.22 0.51 0.64 71.64
Pouteria coriacea 0.54 0.22 0.52 0.62 72.26
Doliocarpus dentatus ssp.
dentatus 0.52 0.21 0.54 0.6 72.86

Metaxya rostrata 0.57 0.2 0.43 0.59 73.45
Symphonia globulifera 0.43 0.2 0.54 0.58 74.02
Miconia acinodendron 0.48 0.19 0.54 0.56 74.58
Calophyllum lucidum 0.47 0.19 0.53 0.54 75.13
Cordia bicolor 0.41 0.19 0.54 0.54 75.67
Hieronyma alchorneoides 0.42 0.19 0.54 0.54 76.21
Trichilia micrantha 0.41 0.18 0.54 0.53 76.74
Andira inermis 0.4 0.17 0.54 0.5 77.24
Tabebuia serratifolia 0.42 0.16 0.44 0.45 77.69
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Ormosia monosperma 0.44 0.15 0.44 0.44 78.12
Miconia nervosa 0.45 0.15 0.43 0.42 78.54
Aniba panurensis 0.37 0.14 0.44 0.42 78.96
Bredemeyera lucida 0.36 0.14 0.44 0.41 79.37
Monstera obliqua 0.4 0.14 0.44 0.4 79.77
Coussarea paniculata 0.39 0.14 0.44 0.4 80.17
Swartzia pinnata 0.41 0.14 0.43 0.4 80.56
Mikania psilostachya 0.36 0.14 0.44 0.4 80.96
Dieffenbachia seguine 0.44 0.14 0.42 0.39 81.35
Warszewiczia coccinea 0.43 0.14 0.43 0.39 81.74
Calycolpus goetheanus 0.36 0.14 0.43 0.39 82.13
Costus scaber 0.44 0.13 0.43 0.39 82.52
Ischnosiphon arouma 0.43 0.13 0.42 0.38 82.9
Anthurium jenmanii 0.35 0.13 0.44 0.36 83.27
Adiantum obliquum 0.42 0.11 0.34 0.32 83.58
Guzmania lingulata var.
lingulata 0.38 0.11 0.35 0.31 83.89

Philodendron
fragrantissimum 0.38 0.11 0.35 0.31 84.2

Trichilia pleeana 0.36 0.1 0.35 0.3 84.5
Olyra caudata 0.4 0.1 0.34 0.3 84.8
Miconia prasina 0.36 0.1 0.35 0.29 85.08
Sloanea stipitata 0.37 0.1 0.34 0.28 85.36
Licania membranacea 0.35 0.1 0.34 0.28 85.64
Scleria latifolia 0.34 0.09 0.35 0.27 85.91
Ilex arimensis 0.33 0.09 0.35 0.27 86.18
Philodendron acutatum 0.36 0.09 0.34 0.26 86.44
Dipteryx odorata 0.3 0.09 0.35 0.26 86.7
Pleonotoma variabilis 0.29 0.09 0.35 0.26 86.96
Diospyros cayennensis 0.34 0.09 0.35 0.26 87.21
Licania cruegeriana 0.29 0.09 0.35 0.25 87.46
Inga pilosula 0.29 0.08 0.35 0.24 87.7
Thoracocarpus bissectus 0.29 0.08 0.35 0.24 87.94
Alchornea triplinervia 0.29 0.08 0.35 0.24 88.18
Smilax solanifolia 0.29 0.08 0.35 0.23 88.41
Coccoloba excelsa 0.34 0.08 0.26 0.22 88.64
Dicranoglossum desvauxii 0.27 0.08 0.35 0.22 88.85
Rourea surinamensis 0.36 0.07 0.26 0.22 89.07
Lindsaea lancea 0.36 0.07 0.26 0.21 89.28
Calyptrocarya
glomerulata 0.36 0.07 0.25 0.2 89.48

Eugenia baileyi 0.29 0.07 0.26 0.19 89.67
Dichapetalum
pedunculatum 0.3 0.07 0.26 0.19 89.87
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Arrabidaea patellifera 0.31 0.06 0.26 0.18 90.05

Group 6A
Average similarity:
23.02

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Philodendron acutatum 1.04 0.98 1.99 4.28 4.28
Lygodium volubile 1.04 0.87 1.33 3.79 8.07
Protium guianense 0.99 0.82 1.36 3.56 11.63
Attalea maripa 0.96 0.81 1.38 3.51 15.14
Terminalia amazonia 0.87 0.73 1.36 3.16 18.3
Coccoloba latifolia 0.82 0.72 1.38 3.15 21.45
Rollinia exsucca 0.8 0.6 1.06 2.61 24.06
Olyra latifolia 0.87 0.6 0.84 2.59 26.65
Scleria secans 0.89 0.56 0.84 2.44 29.09
Wulffia baccata 0.86 0.53 0.82 2.32 31.4
Miconia acinodendron 0.83 0.48 0.67 2.08 33.48
Rhynchospora cephalotes 0.85 0.45 0.66 1.95 35.43
Rudgea hostmanniana 0.68 0.42 0.83 1.83 37.27
Andira inermis 0.68 0.42 0.81 1.83 39.09
Ryania speciosa 0.68 0.36 0.63 1.56 40.65
Euterpe precatoria 0.66 0.35 0.67 1.51 42.16
Heliconia psittacorum 0.7 0.34 0.53 1.49 43.65
Costus scaber 0.67 0.33 0.65 1.45 45.1
Tabebuia serratifolia 0.56 0.32 0.67 1.39 46.49
Bromelia plumieri 0.56 0.31 0.67 1.33 47.81
Palicourea crocea 0.6 0.28 0.52 1.2 49.02
Smilax cumanensis 0.57 0.27 0.53 1.16 50.18
Ilex arimensis 0.6 0.26 0.51 1.12 51.3
Cecropia peltata 0.52 0.25 0.53 1.1 52.4
Heliconia hirsuta 0.59 0.25 0.52 1.09 53.49
Amaioua corymbosa 0.53 0.24 0.53 1.06 54.56
Lacistema aggregatum 0.48 0.24 0.53 1.02 55.58
Macfadyena unguis-cati 0.5 0.23 0.53 1.02 56.59
Byrsonima spicata 0.47 0.23 0.53 1 57.6
Pera glabrata 0.47 0.23 0.53 1 58.6
Cordia bicolor 0.48 0.22 0.53 0.94 59.54
Chelonanthus alatus 0.46 0.18 0.41 0.78 60.31
Renealmia alpinia 0.44 0.17 0.41 0.74 61.05
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Miconia prasina 0.5 0.17 0.41 0.74 61.79
Virola surinamensis 0.46 0.17 0.41 0.73 62.52
Cordia curassavica 0.45 0.16 0.41 0.71 63.23
Dioclea guianensis 0.5 0.16 0.31 0.7 63.92
Oeceoclades maculata 0.45 0.16 0.41 0.69 64.62
Lygodium venustum 0.48 0.16 0.4 0.69 65.3
Manilkara bidentata ssp.
bidentata 0.42 0.16 0.41 0.68 65.99

Desmoncus polyacanthos 0.48 0.15 0.42 0.67 66.65
Pharus latifolius 0.39 0.15 0.41 0.67 67.32
Bredemeyera lucida 0.46 0.15 0.41 0.65 67.97
Guazuma ulmifolia 0.38 0.15 0.42 0.65 68.62
Schefflera morototoni 0.4 0.15 0.41 0.64 69.26
Swartzia simplex 0.45 0.15 0.41 0.64 69.9
Merremia macrocalyx 0.4 0.14 0.41 0.61 70.51
Adiantum tetraphyllum 0.47 0.14 0.31 0.61 71.12
Casearia guianensis 0.37 0.14 0.42 0.61 71.73
Genipa americana 0.42 0.14 0.42 0.59 72.32
Pleonotoma variabilis 0.36 0.14 0.42 0.59 72.91
Brosimum guianense 0.36 0.13 0.42 0.58 73.49
Abarema jupunba 0.35 0.13 0.42 0.56 74.05
Miconia ciliata 0.46 0.12 0.3 0.53 74.58
Scleria melaleuca 0.43 0.11 0.31 0.49 75.07
Roupala montana 0.34 0.11 0.31 0.48 75.54
Calliandra guildingii 0.39 0.11 0.31 0.48 76.02
Mangifera indica 0.4 0.11 0.31 0.47 76.49
Rourea surinamensis 0.44 0.11 0.3 0.47 76.96
Passiflora auriculata 0.37 0.11 0.31 0.47 77.43
Doliocarpus dentatus ssp.
dentatus 0.4 0.11 0.3 0.47 77.9

Lantana camara 0.37 0.1 0.31 0.44 78.34
Olyra caudata 0.4 0.1 0.31 0.43 78.77
Solanum asperum 0.39 0.1 0.3 0.42 79.19
Pachira insignis 0.32 0.1 0.31 0.42 79.61
Ischnosiphon arouma 0.38 0.1 0.3 0.41 80.02
Vismia cayennensis 0.31 0.09 0.31 0.41 80.43
Protium sagotianum 0.39 0.09 0.31 0.41 80.84
Trichilia pallida 0.31 0.09 0.31 0.4 81.24
Psychotria gracilenta 0.35 0.09 0.31 0.4 81.64
Ficus guianensis 0.33 0.09 0.31 0.39 82.04
Warszewiczia coccinea 0.37 0.09 0.3 0.39 82.42
Calophyllum lucidum 0.3 0.09 0.31 0.38 82.8
Swartzia pinnata 0.38 0.09 0.31 0.38 83.17
Eschweilera subglandulosa 0.31 0.09 0.31 0.37 83.55
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Brownea coccinea ssp.
capitella 0.3 0.09 0.31 0.37 83.91

Dieffenbachia seguine 0.31 0.08 0.31 0.37 84.28
Scleria bracteata 0.41 0.08 0.21 0.35 84.64
Sterculia pruriens var.
glabrescens 0.35 0.08 0.31 0.35 84.98

Mandevilla hirsuta 0.38 0.08 0.22 0.34 85.32
Psychotria capitata 0.4 0.08 0.22 0.34 85.67
Clidemia pustulata 0.35 0.08 0.22 0.33 85.99
Tetracera costata ssp.
costata 0.35 0.07 0.22 0.31 86.3

Chiococca alba 0.37 0.06 0.21 0.28 86.58
Ormosia monosperma 0.29 0.06 0.22 0.27 86.85
Clidemia sericea 0.31 0.06 0.21 0.27 87.13
Panicum maximum 0.36 0.06 0.21 0.27 87.4
Calea solidaginea 0.29 0.06 0.22 0.27 87.67
Davilla kunthii 0.34 0.06 0.2 0.26 87.93
Guapira cuspidata 0.3 0.05 0.22 0.24 88.17
Licania cruegeriana 0.25 0.05 0.22 0.23 88.4
Lundia corymbifera 0.28 0.05 0.21 0.22 88.62
Cassipourea guianensis 0.25 0.05 0.21 0.22 88.84
Enicostema verticillatum 0.27 0.05 0.22 0.22 89.07
Inga ingoides 0.23 0.05 0.22 0.22 89.28
Cupania rubiginosa 0.29 0.05 0.22 0.21 89.5
Ceratophytum
tetragonolobum 0.31 0.05 0.21 0.21 89.71

Psychotria cuspidata 0.3 0.05 0.21 0.21 89.92
Chrysophyllum argenteum
ssp. argenteum 0.29 0.05 0.22 0.21 90.13

Group 8B
Average similarity:
29.96

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Brownea coccinea ssp.
capitella 1.02 0.88 1.86 2.94 2.94

Costus scaber 1.02 0.86 1.79 2.88 5.81
Dieffenbachia seguine 1.11 0.85 1.19 2.83 8.65
Heliconia hirsuta 1.09 0.83 1.15 2.76 11.41
Protium guianense 0.94 0.81 1.9 2.7 14.11
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Gonzalagunia spicata 0.92 0.66 1.21 2.2 16.32
Swartzia pinnata 0.87 0.63 1.2 2.12 18.43
Desmoncus polyacanthos 0.78 0.61 1.26 2.04 20.47
Tectaria incisa 0.9 0.57 0.86 1.9 22.37
Adiantum tetraphyllum 0.94 0.56 0.69 1.87 24.24
Attalea maripa 0.87 0.54 0.86 1.8 26.04
Rudgea hostmanniana 0.84 0.51 0.87 1.71 27.76
Sarcoglottis metallica 0.76 0.51 0.91 1.7 29.45
Swartzia simplex 0.77 0.51 0.91 1.69 31.14
Chrysophyllum argenteum
ssp. argenteum 0.83 0.51 0.86 1.69 32.83

Sterculia pruriens var.
glabrescens 0.82 0.5 0.88 1.68 34.51

Trichilia pallida 0.82 0.5 0.89 1.66 36.17
Cupania americana 0.63 0.45 0.92 1.51 37.68
Philodendron acutatum 0.78 0.41 0.65 1.38 39.06
Warszewiczia coccinea 0.77 0.41 0.67 1.35 40.41
Xiphidium caeruleum 0.72 0.38 0.68 1.27 41.68
Ischnosiphon arouma 0.71 0.38 0.68 1.27 42.95
Macfadyena unguis-cati 0.73 0.36 0.66 1.22 44.17
Cyclopeltis semicordata 0.7 0.36 0.67 1.19 45.36
Monstera adansonii 0.59 0.35 0.7 1.18 46.55
Guazuma ulmifolia 0.55 0.34 0.7 1.15 47.7
Castilla elastica ssp.
elastica 0.66 0.34 0.69 1.15 48.85

Tabebuia serratifolia 0.55 0.34 0.7 1.12 49.97
Ceratophytum
tetragonolobum 0.66 0.34 0.68 1.12 51.09

Wulffia baccata 0.63 0.33 0.69 1.11 52.2
Philodendron krugii 0.62 0.33 0.69 1.09 53.29
Pouteria multiflora 0.54 0.33 0.69 1.08 54.37
Schefflera morototoni 0.54 0.32 0.69 1.08 55.46
Rourea surinamensis 0.54 0.32 0.69 1.08 56.53
Terminalia amazonia 0.54 0.32 0.7 1.06 57.59
Spondias mombin 0.53 0.32 0.7 1.05 58.64
Miconia nervosa 0.63 0.26 0.51 0.86 59.5
Miconia acinodendron 0.62 0.26 0.52 0.85 60.35
Guarea guidonia 0.56 0.25 0.52 0.83 61.18
Pachira aquatica 0.57 0.24 0.51 0.79 61.97
Paragonia pyramidata 0.53 0.24 0.53 0.78 62.75
Mangifera indica 0.46 0.23 0.53 0.77 63.52
Casearia guianensis 0.58 0.23 0.51 0.77 64.29
Simaba multiflora 0.59 0.23 0.51 0.77 65.06
Pleonotoma variabilis 0.52 0.23 0.53 0.76 65.82
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Guarea glabra 0.58 0.22 0.5 0.75 66.57
Lygodium volubile 0.55 0.22 0.52 0.74 67.31
Serjania paucidentata 0.57 0.22 0.51 0.74 68.05
Licania cruegeriana 0.46 0.22 0.53 0.74 68.79
Psiguria umbrosa 0.52 0.22 0.52 0.74 69.53
Pterocarpus rohrii 0.46 0.22 0.52 0.73 70.26
Cecropia peltata 0.46 0.22 0.52 0.73 70.98
Oeceoclades maculata 0.51 0.22 0.53 0.72 71.7
Heliconia spathocircinata 0.51 0.21 0.52 0.72 72.42
Drymonia serrulata 0.45 0.21 0.53 0.71 73.13
Pharus latifolius 0.45 0.21 0.53 0.71 73.85
Ficus yoponensis 0.48 0.21 0.53 0.71 74.55
Protium sagotianum 0.51 0.21 0.53 0.69 75.24
Faramea occidentalis 0.44 0.21 0.53 0.69 75.94
Piper dilatatum 0.58 0.2 0.37 0.65 76.59
Theobroma cacao 0.53 0.16 0.37 0.55 77.14
Psychotria cuspidata 0.53 0.16 0.37 0.53 77.67
Olyra caudata 0.47 0.15 0.38 0.49 78.15
Anthurium pentaphyllum 0.37 0.14 0.39 0.47 78.62
Eschweilera subglandulosa 0.38 0.14 0.39 0.47 79.09
Miconia virescens 0.37 0.14 0.39 0.47 79.56
Virola surinamensis 0.37 0.14 0.39 0.46 80.02
Pera glabrata 0.37 0.14 0.39 0.46 80.48
Zanthoxylum pentandrum 0.37 0.14 0.39 0.46 80.95
Olyra latifolia 0.44 0.14 0.39 0.46 81.41
Hymenocallis tubiflora 0.45 0.14 0.39 0.46 81.87
Hymenaea courbaril 0.37 0.14 0.39 0.46 82.33
Ceiba pentandra 0.37 0.14 0.39 0.45 82.78
Cedrela odorata 0.36 0.13 0.39 0.45 83.23
Brosimum guianense 0.41 0.13 0.39 0.45 83.67
Coccoloba latifolia 0.44 0.13 0.39 0.45 84.12
Manilkara bidentata ssp.
bidentata 0.36 0.13 0.39 0.44 84.56

Anthurium jenmanii 0.4 0.13 0.39 0.43 84.99
Dioscorea bulbifera 0.36 0.13 0.39 0.43 85.42
Chiococca alba 0.43 0.13 0.39 0.43 85.85
Smilax cumanensis 0.36 0.13 0.39 0.42 86.26
Calyptranthes fasciculata 0.36 0.12 0.39 0.41 86.67
Inga ingoides 0.35 0.12 0.39 0.41 87.08
Eugenia trinervia 0.42 0.12 0.39 0.4 87.48
Piper hispidum 0.47 0.11 0.26 0.36 87.84
Garcinia macrophylla 0.42 0.09 0.25 0.3 88.14
Heliconia bihai 0.41 0.09 0.25 0.29 88.44
Cyclanthus bipartitus 0.4 0.09 0.26 0.29 88.72
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Philodendron lingulatum 0.41 0.08 0.25 0.28 89
Maranta gibba 0.4 0.08 0.26 0.27 89.28
Philodendron scandens 0.38 0.08 0.26 0.27 89.55
Piper marginatum 0.4 0.08 0.25 0.26 89.81
Hura crepitans 0.35 0.08 0.26 0.25 90.06

Group 4B
Average similarity:
30.57

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Heliconia hirsuta 1.19 1.11 3.64 3.64 3.64
Sterculia pruriens var.
glabrescens 1.03 1.02 9.28 3.35 6.99

Miconia nervosa 0.99 0.95 6.11 3.12 10.11
Psychotria muscosa 1.04 0.8 1.35 2.62 12.73
Cnemidaria spectabilis 1.03 0.8 1.46 2.61 15.33
Tabernaemontana
attenuata 1.01 0.76 1.37 2.5 17.83

Piper trigonum 0.95 0.76 1.51 2.49 20.32
Adiantum tetraphyllum 1.12 0.75 0.91 2.46 22.78
Rudgea hostmanniana 0.89 0.74 1.53 2.43 25.21
Ryania speciosa 1.11 0.73 0.91 2.4 27.61
Microgramma
lycopodioides 0.78 0.67 1.48 2.18 29.79

Serjania paucidentata 0.84 0.65 1.49 2.12 31.91
Byrsonima spicata 0.77 0.65 1.49 2.11 34.02
Miconia acinodendron 0.9 0.59 0.91 1.94 35.96
Palicourea crocea 0.89 0.55 0.91 1.8 37.76
Philodendron lingulatum 0.88 0.52 0.91 1.71 39.47
Philodendron ornatum 0.88 0.52 0.89 1.7 41.18
Miconia chrysophylla 0.83 0.52 0.87 1.7 42.88
Ischnosiphon arouma 0.81 0.52 0.91 1.69 44.57
Miconia affinis 0.79 0.49 0.88 1.6 46.16
Costus scaber 0.67 0.47 0.93 1.54 47.71
Brownea coccinea ssp.
capitella 0.64 0.47 0.93 1.52 49.23

Dichapetalum
pedunculatum 0.76 0.45 0.89 1.48 50.71

Geonoma interrupta 0.69 0.44 0.93 1.45 52.16
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Licania heteromorpha var.
heteromorpha 0.69 0.44 0.93 1.45 53.61

Tovomita eggersii 0.69 0.44 0.9 1.45 55.06
Terminalia amazonia 0.65 0.43 0.91 1.42 56.48
Diospyros cayennensis 0.71 0.42 0.91 1.39 57.87
Notopleura uliginosa 0.64 0.42 0.91 1.39 59.26
Virola surinamensis 0.64 0.42 0.91 1.39 60.65
Euterpe precatoria 0.7 0.42 0.91 1.36 62.01
Pera glabrata 0.71 0.41 0.91 1.35 63.36
Sloanea stipitata 0.7 0.34 0.6 1.12 64.48
Bauhinia glabra 0.69 0.32 0.61 1.06 65.54
Elaphoglossum luridum 0.63 0.29 0.61 0.96 66.5
Swartzia pinnata 0.54 0.29 0.62 0.95 67.45
Tabebuia stenocalyx 0.69 0.29 0.57 0.95 68.4
Tabebuia serratifolia 0.61 0.28 0.62 0.93 69.33
Philodendron krugii 0.6 0.28 0.62 0.93 70.26
Polybotrya osmundacea 0.58 0.28 0.61 0.92 71.18
Andira inermis 0.51 0.27 0.62 0.89 72.07
Hieronyma alchorneoides
var. alchorneoides 0.51 0.27 0.62 0.89 72.96

Cybianthus surinamensis 0.56 0.26 0.6 0.86 73.82
Cecropia peltata 0.48 0.24 0.61 0.79 74.61
Alchornea triplinervia 0.49 0.24 0.61 0.78 75.39
Brosimum guianense 0.49 0.24 0.61 0.78 76.17
Monotagma spicatum 0.64 0.21 0.39 0.68 76.84
Psychotria capitata 0.63 0.19 0.38 0.61 77.45
Piper glabrescens 0.57 0.18 0.39 0.58 78.03
Mollinedia ovata 0.53 0.16 0.39 0.54 78.57
Pinzona coriacea 0.51 0.16 0.4 0.53 79.1
Ocotea oblonga 0.48 0.16 0.39 0.52 79.62
Philodendron scandens 0.54 0.16 0.39 0.52 80.14
Becquerelia cymosa 0.46 0.15 0.4 0.48 80.62
Eschweilera subglandulosa 0.42 0.15 0.4 0.48 81.1
Miconia splendens 0.53 0.15 0.36 0.48 81.58
Anthurium pentaphyllum 0.49 0.15 0.4 0.48 82.06
Arrabidaea inaequalis 0.45 0.14 0.4 0.47 82.53
Desmoncus polyacanthos 0.41 0.14 0.4 0.47 83
Myrcia amazonica 0.41 0.14 0.4 0.47 83.48
Simaba multiflora 0.41 0.14 0.4 0.47 83.95
Smilax solanifolia 0.48 0.14 0.4 0.47 84.42
Codonanthe crassifolia 0.39 0.14 0.4 0.47 84.88
Marcgravia hartii 0.43 0.14 0.4 0.46 85.35
Sarcoglottis metallica 0.38 0.14 0.4 0.46 85.81
Guarea glabra 0.38 0.14 0.4 0.46 86.26
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Thoracocarpus bissectus 0.43 0.14 0.4 0.45 86.72
Guzmania lingulata var.
lingulata 0.5 0.14 0.4 0.45 87.17

Hernandia sonora 0.39 0.14 0.4 0.44 87.61
Piper demeraranum 0.47 0.13 0.38 0.43 88.04
Anemopaegma karstenii 0.39 0.13 0.39 0.41 88.45
Miconia prasina 0.39 0.13 0.39 0.41 88.86
Cordia bicolor 0.39 0.12 0.39 0.4 89.26
Licania membranacea 0.5 0.12 0.39 0.39 89.66
Miconia multispicata 0.45 0.12 0.39 0.38 90.04

Group 2A
Average similarity:
30.58

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Ryania speciosa 1.5 1.59 4.02 5.21 5.21
Eugenia confusa 1.31 1.24 1.89 4.06 9.28
Psychotria muscosa 1.21 1.08 1.52 3.53 12.81
Tabebuia stenocalyx 1.04 0.99 1.54 3.25 16.06
Cassipourea guianensis 1.08 0.98 1.43 3.21 19.27
Ronabea latifolia 0.99 0.91 1.21 2.96 22.24
Sterculia pruriens var.
glabrescens 0.94 0.87 1.49 2.84 25.08

Palicourea crocea 0.98 0.84 1.15 2.76 27.83
Psychotria capitata 1.05 0.79 0.95 2.58 30.41
Manilkara bidentata ssp.
bidentata 0.95 0.78 1.11 2.54 32.95

Licania heteromorpha var.
heteromorpha 0.83 0.66 0.96 2.15 35.1

Eschweilera subglandulosa 0.83 0.62 0.94 2.02 37.12
Philodendron lingulatum 0.82 0.61 0.96 2.01 39.12
Virola surinamensis 0.81 0.58 0.92 1.9 41.03
Miconia ciliata 0.86 0.55 0.65 1.79 42.82
Philodendron ornatum 0.81 0.53 0.77 1.73 44.55
Amaioua corymbosa 0.66 0.47 0.78 1.53 46.08
Smilax cumanensis 0.74 0.44 0.64 1.42 47.51
Protium guianense 0.67 0.43 0.79 1.41 48.92
Calliandra guildingii 0.77 0.41 0.63 1.35 50.27
Euterpe precatoria 0.78 0.41 0.62 1.34 51.61
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Diplasia karatifolia 0.79 0.41 0.53 1.33 52.93
Diospyros cayennensis 0.62 0.37 0.64 1.22 54.16
Philodendron acutatum 0.74 0.37 0.52 1.19 55.35
Ormosia monosperma 0.57 0.35 0.66 1.15 56.5
Rourea surinamensis 0.69 0.35 0.53 1.13 57.63
Licania membranacea 0.61 0.34 0.65 1.12 58.75
Mora excelsa 0.74 0.33 0.44 1.08 59.82
Doliocarpus dentatus ssp.
dentatus 0.65 0.33 0.53 1.07 60.9

Terminalia amazonia 0.55 0.32 0.65 1.06 61.96
Anthurium jenmanii 0.56 0.32 0.66 1.06 63.01
Psychotria poeppigiana 0.56 0.31 0.54 1.02 64.03
Pinzona coriacea 0.62 0.3 0.54 0.98 65.01
Becquerelia cymosa 0.71 0.3 0.44 0.97 65.98
Scleria latifolia 0.62 0.29 0.43 0.94 66.92
Calophyllum lucidum 0.52 0.28 0.53 0.93 67.85
Tovomita eggersii 0.59 0.28 0.53 0.91 68.76
Metaxya rostrata 0.64 0.27 0.43 0.89 69.64
Marlierea ferruginea 0.58 0.26 0.52 0.86 70.5
Tabernaemontana
attenuata 0.55 0.26 0.53 0.84 71.34

Philodendron scandens 0.53 0.24 0.54 0.79 72.13
Guzmania lingulata var.
lingulata 0.5 0.24 0.54 0.78 72.92

Coccoloba ascendens 0.58 0.23 0.42 0.74 73.66
Tapirira guianensis 0.47 0.22 0.44 0.71 74.37
Byrsonima spicata 0.45 0.2 0.43 0.67 75.04
Carapa guianensis 0.46 0.2 0.43 0.64 75.68
Scleria secans 0.52 0.19 0.34 0.61 76.29
Garcinia madruno 0.47 0.19 0.43 0.61 76.89
Eugenia baileyi 0.41 0.17 0.44 0.57 77.46
Cybianthus surinamensis 0.42 0.17 0.44 0.57 78.03
Heliconia hirsuta 0.41 0.17 0.44 0.55 78.58
Pouteria coriacea 0.4 0.17 0.44 0.55 79.13
Miconia affinis 0.46 0.16 0.35 0.52 79.64
Monotagma spicatum 0.5 0.15 0.34 0.49 80.13
Miconia fragrans 0.44 0.15 0.35 0.48 80.61
Manicaria saccifera 0.49 0.14 0.33 0.46 81.08
Parinari campestris 0.38 0.13 0.34 0.44 81.52
Mikania hookeriana 0.4 0.13 0.34 0.42 81.94
Microgramma
lycopodioides 0.36 0.13 0.35 0.41 82.35

Guapira eggersiana 0.4 0.12 0.34 0.41 82.75
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Brownea coccinea ssp.
capitella 0.42 0.12 0.34 0.4 83.16

Ilex arimensis 0.36 0.12 0.35 0.4 83.56
Quiina cruegeriana 0.34 0.12 0.35 0.38 83.94
Philodendron fendleri 0.35 0.12 0.35 0.38 84.32
Hirtella racemosa 0.35 0.11 0.35 0.37 84.69
Symphonia globulifera 0.33 0.11 0.35 0.36 85.05
Andira inermis 0.33 0.11 0.35 0.35 85.4
Isertia parviflora 0.41 0.11 0.26 0.35 85.75
Clathrotropis brachypetala 0.42 0.11 0.26 0.34 86.09
Lacistema aggregatum 0.36 0.1 0.26 0.34 86.43
Podocarpus trinitensis 0.4 0.1 0.26 0.31 86.75
Piresia sympodica 0.42 0.09 0.26 0.29 87.04
Clidemia involucrata 0.34 0.09 0.26 0.29 87.34
Oenocarpus bataua var.
oligocarpa 0.39 0.09 0.26 0.29 87.62

Codonanthe caribaea 0.31 0.09 0.26 0.28 87.9
Philodendron
fragrantissimum 0.36 0.08 0.25 0.27 88.18

Abarema jupunba 0.31 0.08 0.26 0.27 88.45
Anemopaegma karstenii 0.36 0.08 0.26 0.27 88.72
Coccoloba marginata 0.38 0.08 0.25 0.27 88.99
Lindsaea lancea 0.35 0.08 0.26 0.26 89.25
Leandra rufescens 0.36 0.08 0.26 0.26 89.51
Bauhinia glabra 0.33 0.08 0.26 0.26 89.76
Mikania psilostachya 0.36 0.08 0.24 0.25 90.02

Group 8A
Average similarity:
33.92

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Sabal mauritiiformis 0.94 0.85 4.99 2.51 2.51
Desmoncus orthacanthos 0.92 0.76 1.8 2.25 4.76
Costus scaber 0.96 0.73 1.8 2.16 6.91
Macfadyena unguis-cati 0.92 0.72 1.87 2.12 9.03
Cecropia peltata 0.86 0.71 1.84 2.1 11.13
Piper marginatum 1.01 0.71 1.24 2.1 13.23
Spondias mombin 0.9 0.69 1.82 2.04 15.27
Zanthoxylum
martinicense 0.8 0.68 1.84 2 17.27
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Heliconia bihai 0.97 0.65 1.18 1.91 19.18
Trichilia pallida 0.82 0.65 1.9 1.91 21.09
Andira inermis 0.76 0.63 1.93 1.86 22.94
Faramea occidentalis 0.76 0.63 1.93 1.86 24.8
Sapium glandulosum 0.76 0.63 1.93 1.86 26.66
Casearia spinescens 0.81 0.56 1.18 1.64 28.3
Monstera dubia 0.75 0.53 1.21 1.56 29.86
Guapira salicifolia 0.74 0.52 1.24 1.55 31.41
Lygodium venustum 0.76 0.51 1.23 1.52 32.92
Rudgea hostmanniana 0.7 0.51 1.22 1.5 34.42
Cupania americana 0.68 0.5 1.24 1.48 35.9
Dieffenbachia seguine 0.73 0.5 1.24 1.47 37.37
Casearia sylvestris 0.68 0.49 1.25 1.46 38.82
Tabebuia chrysantha 0.71 0.49 1.24 1.45 40.27
Heliconia spathocircinata 0.85 0.49 0.85 1.44 41.72
Ceiba pentandra 0.65 0.48 1.26 1.41 43.13
Piper tuberculatum 0.65 0.41 0.89 1.22 44.34
Urera baccifera 0.7 0.41 0.91 1.2 45.54
Tabernaemontana cymosa 0.62 0.39 0.9 1.15 46.69
Guazuma ulmifolia 0.63 0.39 0.91 1.15 47.84
Olyra latifolia 0.75 0.38 0.69 1.11 48.95
Protium guianense 0.64 0.37 0.91 1.1 50.05
Swartzia pinnata 0.59 0.37 0.91 1.09 51.14
Guapira cuspidata 0.6 0.37 0.92 1.08 52.22
Calathea lutea 0.75 0.36 0.67 1.05 53.27
Brosimum guianense 0.56 0.35 0.92 1.04 54.31
Gouania polygama 0.73 0.35 0.67 1.04 55.35
Xiphidium caeruleum 0.7 0.34 0.67 0.99 56.34
Monstera obliqua 0.7 0.33 0.67 0.96 57.3
Pharus latifolius 0.63 0.31 0.68 0.9 58.2
Miconia acinodendron 0.63 0.3 0.66 0.9 59.1
Attalea maripa 0.65 0.3 0.69 0.89 59.99
Bactris major 0.68 0.3 0.66 0.89 60.88
Entada polystachya 0.57 0.29 0.68 0.87 61.75
Coccoloba latifolia 0.53 0.28 0.69 0.82 62.57
Castilla elastica ssp.
elastica 0.58 0.28 0.69 0.82 63.39

Eschweilera subglandulosa 0.54 0.27 0.68 0.8 64.19
Prionostemma aspera 0.57 0.27 0.69 0.79 64.98
Inga ingoides 0.51 0.27 0.69 0.79 65.76
Cordia collococca 0.51 0.26 0.69 0.77 66.54
Wulffia baccata 0.63 0.26 0.52 0.77 67.3
Phryganocydia corymbosa 0.63 0.25 0.53 0.75 68.05
Rollinia exsucca 0.49 0.25 0.7 0.75 68.8
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Oeceoclades maculata 0.54 0.25 0.69 0.75 69.55
Cordia bicolor 0.48 0.25 0.7 0.74 70.29
Martinella obovata 0.59 0.23 0.51 0.67 70.96
Sterculia pruriens var.
glabrescens 0.53 0.22 0.51 0.66 71.62

Panicum pilosum 0.59 0.22 0.52 0.63 72.26
Brosimum alicastrum 0.54 0.21 0.52 0.62 72.87
Casearia guianensis 0.53 0.21 0.52 0.61 73.48
Paullinia fuscescens 0.51 0.2 0.51 0.6 74.08
Hylocereus lemairei 0.52 0.2 0.52 0.58 74.66
Cordia curassavica 0.49 0.19 0.53 0.56 75.22
Sarcoglottis metallica 0.44 0.18 0.53 0.54 75.76
Euterpe precatoria 0.51 0.18 0.51 0.54 76.3
Roystonea oleracea 0.48 0.18 0.52 0.54 76.84
Adiantum obliquum 0.56 0.18 0.39 0.52 77.36
Flemingia strobilifera 0.46 0.18 0.53 0.52 77.88
Schefflera morototoni 0.42 0.17 0.52 0.51 78.39
Warszewiczia coccinea 0.42 0.17 0.53 0.5 78.88
Ficus maxima 0.42 0.17 0.53 0.49 79.38
Trichilia pleeana 0.41 0.17 0.53 0.49 79.86
Brownea coccinea ssp.
capitella 0.39 0.16 0.53 0.48 80.34

Clathrotropis brachypetala 0.39 0.16 0.53 0.48 80.82
Protium sagotianum 0.39 0.16 0.53 0.48 81.3
Thelypteris poiteana 0.45 0.15 0.38 0.44 81.74
Stachytarpheta
cayennensis 0.48 0.15 0.38 0.43 82.17

Hymenocallis tubiflora 0.46 0.14 0.37 0.42 82.59
Prestonia quinquangularis 0.41 0.13 0.38 0.39 82.98
Ceratophytum
tetragonolobum 0.45 0.13 0.38 0.39 83.37

Tournefortia hirsutissima 0.44 0.13 0.38 0.39 83.76
Paullinia pinnata 0.47 0.12 0.38 0.37 84.12
Psiguria umbrosa 0.38 0.12 0.39 0.37 84.49
Smilax cumanensis 0.37 0.12 0.39 0.34 84.83
Momordica charantia 0.43 0.12 0.37 0.34 85.18
Lundia corymbifera 0.43 0.12 0.38 0.34 85.52
Cissus verticillata 0.38 0.12 0.38 0.34 85.86
Coccoloba venosa 0.37 0.11 0.39 0.34 86.2
Scleria latifolia 0.41 0.11 0.38 0.33 86.52
Philodendron acutatum 0.38 0.11 0.38 0.32 86.84
Bromelia plumieri 0.35 0.11 0.39 0.32 87.16
Gonzalagunia spicata 0.33 0.11 0.39 0.32 87.47
Guarea guidonia 0.35 0.11 0.38 0.31 87.79
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Appendix B SIMPER analysis results of subclusters

Desmoncus polyacanthos 0.35 0.11 0.39 0.31 88.1
Pterocarpus rohrii 0.34 0.11 0.39 0.31 88.41
Erythrina poeppigiana 0.35 0.1 0.38 0.31 88.72
Solanum stramoniifolium 0.33 0.1 0.39 0.3 89.02
Genipa americana 0.33 0.1 0.39 0.29 89.31
Nectandra pearcei 0.31 0.1 0.39 0.28 89.59
Cyperus simplex 0.41 0.09 0.26 0.26 89.85
Orthoclada laxa 0.43 0.09 0.26 0.25 90.1

Group 9A
Average similarity:
22.78

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Piper marginatum 1.1 0.89 1.46 3.91 3.91
Paullinia leiocarpa 1.06 0.88 1.48 3.88 7.79
Brosimum alicastrum 1.02 0.77 0.82 3.37 11.16
Spondias mombin 0.82 0.73 1.46 3.19 14.35
Phryganocydia corymbosa 1.02 0.69 0.88 3.02 17.38
Olyra latifolia 1.02 0.68 0.78 2.97 20.35
Oeceoclades maculata 1.1 0.67 0.82 2.92 23.27
Melicoccus bijugatus 0.91 0.61 0.82 2.66 25.93
Trichilia pallida 0.85 0.58 0.89 2.57 28.5
Coursetia ferruginea 0.89 0.54 0.82 2.37 30.86
Cordia panamensis 0.81 0.49 0.86 2.14 33
Psiguria umbrosa 0.74 0.46 0.9 2.04 35.04
Cupania americana 0.62 0.42 0.9 1.83 36.87
Maranta gibba 0.73 0.42 0.9 1.83 38.71
Bromelia plumieri 0.78 0.42 0.59 1.83 40.54
Sabal mauritiiformis 0.74 0.35 0.61 1.55 42.08
Cordia curassavica 0.66 0.34 0.57 1.51 43.59
Mansoa verrucifera 0.69 0.33 0.61 1.44 45.03
Arrabidaea patellifera 0.7 0.31 0.61 1.38 46.41
Gouania polygama 0.7 0.31 0.61 1.38 47.79
Hura crepitans 0.59 0.31 0.59 1.35 49.14
Anthurium jenmanii 0.7 0.3 0.59 1.32 50.46
Lygodium venustum 0.7 0.29 0.59 1.29 51.76
Chiococca alba 0.68 0.29 0.39 1.29 53.05
Cecropia peltata 0.54 0.29 0.6 1.29 54.34
Macfadyena unguis-cati 0.64 0.29 0.59 1.29 55.63
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Smilax cumanensis 0.54 0.29 0.6 1.28 56.91
Maclura tinctoria 0.53 0.29 0.6 1.27 58.18
Cedrela odorata 0.53 0.28 0.6 1.23 59.41
Ceiba pentandra 0.53 0.28 0.6 1.22 60.63
Protium sagotianum 0.57 0.26 0.59 1.16 61.79
Hiraea reclinata 0.53 0.26 0.61 1.15 62.94
Casearia guianensis 0.53 0.26 0.6 1.15 64.09
Croton gossypiifolius 0.63 0.26 0.38 1.14 65.22
Cordia collococca 0.49 0.24 0.61 1.05 66.27
Genipa americana 0.54 0.23 0.61 1.02 67.3
Guazuma ulmifolia 0.48 0.23 0.61 1.02 68.32
Zanthoxylum
martinicense 0.48 0.23 0.61 1.02 69.34

Hamelia patens 0.61 0.19 0.39 0.85 70.18
Cyperus simplex 0.57 0.18 0.39 0.78 70.97
Casearia spinescens 0.5 0.18 0.39 0.78 71.74
Bactris major 0.52 0.17 0.39 0.73 72.47
Lasiacis anomala 0.52 0.17 0.4 0.73 73.2
Rudgea hostmanniana 0.53 0.16 0.39 0.72 73.92
Adiantum villosum 0.45 0.16 0.4 0.71 74.63
Hymenaea courbaril 0.51 0.16 0.37 0.7 75.33
Desmoncus orthacanthos 0.5 0.15 0.4 0.66 75.99
Dieffenbachia seguine 0.46 0.15 0.38 0.65 76.64
Wulffia baccata 0.51 0.14 0.38 0.64 77.27
Erythrina poeppigiana 0.41 0.14 0.39 0.64 77.91
Costus scaber 0.4 0.14 0.38 0.63 78.54
Diospyros inconstans 0.52 0.14 0.38 0.6 79.14
Scleria melaleuca 0.41 0.13 0.39 0.58 79.72
Bursera simaruba 0.38 0.13 0.39 0.57 80.29
Guapira salicifolia 0.38 0.13 0.39 0.57 80.86
Passiflora tuberosa 0.37 0.13 0.39 0.55 81.41
Commelina obliqua 0.44 0.12 0.39 0.55 81.96
Adiantum petiolatum 0.45 0.12 0.39 0.54 82.5
Lantana camara 0.44 0.12 0.22 0.53 83.02
Swartzia simplex 0.43 0.12 0.39 0.52 83.55
Morisonia americana 0.39 0.12 0.4 0.52 84.06
Nectandra martinicensis 0.37 0.12 0.4 0.51 84.57
Tabernaemontana cymosa 0.37 0.12 0.4 0.51 85.07
Aphelandra pulcherrima 0.52 0.11 0.22 0.49 85.56
Guapira cuspidata 0.36 0.11 0.4 0.49 86.05
Capparis hastata 0.34 0.11 0.4 0.48 86.53
Sapium glandulosum 0.34 0.11 0.4 0.48 87.01
Adiantum lucidum 0.42 0.1 0.22 0.46 87.47
Prionostemma aspera 0.49 0.09 0.22 0.4 87.87
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Cissus verticillata 0.45 0.08 0.22 0.35 88.21
Randia armata 0.45 0.07 0.22 0.31 88.53
Machaerium robiniifolium 0.45 0.07 0.22 0.3 88.83
Securidaca lophosoma 0.45 0.07 0.22 0.3 89.14
Serjania caracasana 0.43 0.07 0.22 0.29 89.43
Bredemeyera lucida 0.45 0.07 0.22 0.29 89.72
Petrea volubilis 0.51 0.07 0.22 0.29 90.01

Group 10A
Average similarity:
23.53

Species Av.
Abund

Av.
Sim Sim/SD Contrib% Cum.%

Cissus verticillata 1.08 0.97 1.88 4.12 4.12
Smilax cumanensis 1 0.9 1.81 3.81 7.93
Spondias mombin 0.93 0.76 1.17 3.25 11.17
Flemingia strobilifera 1.01 0.76 1.2 3.24 14.41
Cecropia peltata 0.98 0.76 1.16 3.23 17.65
Bromelia plumieri 0.87 0.73 1.25 3.12 20.77
Cordia curassavica 0.83 0.69 1.2 2.94 23.71
Andira inermis 0.78 0.59 0.91 2.51 26.22
Psidium guajava 0.84 0.58 0.9 2.47 28.68
Cordia collococca 0.78 0.54 0.91 2.3 30.99
Casearia guianensis 0.73 0.52 0.88 2.21 33.2
Piper marginatum 0.79 0.51 0.88 2.18 35.37
Oeceoclades maculata 0.78 0.51 0.89 2.17 37.55
Solanum hirtum 0.72 0.51 0.89 2.16 39.7
Wulffia baccata 0.8 0.42 0.68 1.78 41.48
Tabebuia chrysantha 0.66 0.41 0.69 1.72 43.2
Acroceras zizanioides 0.67 0.39 0.69 1.66 44.86
Sabal mauritiiformis 0.73 0.39 0.69 1.65 46.52
Senna bacillaris 0.66 0.38 0.67 1.6 48.12
Guapira salicifolia 0.62 0.37 0.67 1.57 49.69
Blechum pyramidatum 0.64 0.36 0.67 1.54 51.23
Costus scaber 0.61 0.36 0.68 1.53 52.76
Genipa americana 0.6 0.35 0.68 1.49 54.25
Sapium glandulosum 0.6 0.35 0.68 1.48 55.73
Phryganocydia corymbosa 0.76 0.34 0.51 1.45 57.19
Heliconia bihai 0.67 0.31 0.52 1.33 58.51
Scleria melaleuca 0.62 0.3 0.52 1.29 59.8
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Roystonea oleracea 0.57 0.27 0.52 1.14 60.95
Cissampelos pareira 0.5 0.25 0.53 1.05 62
Cupania americana 0.52 0.24 0.51 1 63
Gouania polygama 0.57 0.23 0.51 1 64
Piper tuberculatum 0.5 0.23 0.51 0.98 64.98
Desmodium incanum 0.55 0.23 0.51 0.97 65.95
Guazuma ulmifolia 0.5 0.22 0.51 0.95 66.9
Diospyros inconstans 0.53 0.22 0.51 0.95 67.85
Desmoncus orthacanthos 0.54 0.22 0.52 0.94 68.79
Paspalum fasciculatum 0.65 0.22 0.38 0.94 69.72
Stachytarpheta
cayennensis 0.47 0.21 0.52 0.91 70.63

Panicum maximum 0.57 0.19 0.39 0.8 71.43
Casearia sylvestris 0.45 0.17 0.39 0.73 72.16
Mimosa pigra 0.49 0.17 0.39 0.72 72.88
Sapindus saponaria 0.48 0.16 0.39 0.69 73.57
Stigmaphyllon finlayanum 0.49 0.16 0.39 0.69 74.26
Prestonia quinquangularis 0.43 0.15 0.37 0.66 74.91
Lygodium venustum 0.42 0.15 0.39 0.65 75.56
Lantana trifolia 0.43 0.15 0.37 0.63 76.19
Lasiacis anomala 0.45 0.13 0.37 0.57 76.76
Malachra fasciata 0.4 0.13 0.38 0.57 77.32
Mangifera indica 0.4 0.13 0.38 0.56 77.89
Passiflora foetida 0.38 0.13 0.38 0.55 78.44
Albizia niopoides var.
niopoides 0.38 0.13 0.38 0.55 78.98

Brosimum alicastrum 0.4 0.13 0.38 0.54 79.53
Casearia spinescens 0.39 0.13 0.38 0.54 80.07
Enicostema verticillatum 0.37 0.12 0.38 0.52 80.59
Corchorus siliquosus 0.35 0.1 0.26 0.41 80.99
Heliconia psittacorum 0.42 0.09 0.26 0.4 81.39
Rottboellia
cochinchinensis 0.39 0.09 0.26 0.4 81.79

Adiantum obliquum 0.41 0.09 0.26 0.39 82.18
Ochroma pyramidale 0.35 0.09 0.26 0.38 82.57
Stachytarpheta
jamaicensis 0.35 0.09 0.26 0.38 82.94

Merremia umbellata 0.38 0.09 0.26 0.36 83.31
Adiantum villosum 0.33 0.08 0.26 0.36 83.67
Solanum stramoniifolium 0.33 0.08 0.26 0.35 84.02
Vismia cayennensis 0.33 0.08 0.26 0.35 84.37
Rhynchosia minima 0.4 0.08 0.26 0.35 84.72
Justicia secunda 0.33 0.08 0.26 0.35 85.07
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Appendix B SIMPER analysis results of subclusters

Zanthoxylum
martinicense 0.33 0.08 0.26 0.35 85.42

Trema micrantha 0.33 0.08 0.26 0.34 85.76
Chromolaena odorata 0.32 0.08 0.26 0.34 86.1
Tabebuia rosea 0.31 0.08 0.26 0.33 86.43
Mandevilla subsagittata 0.32 0.08 0.26 0.33 86.76
Lasiacis ligulata 0.37 0.08 0.26 0.33 87.09
Commelina erecta 0.39 0.08 0.26 0.33 87.42
Cedrela odorata 0.31 0.08 0.26 0.32 87.74
Lonchocarpus
domingensis 0.3 0.08 0.26 0.32 88.06

Borreria remota 0.33 0.07 0.26 0.32 88.38
Hura crepitans 0.31 0.07 0.26 0.31 88.69
Maclura tinctoria 0.3 0.07 0.26 0.31 89
Paullinia pinnata 0.31 0.07 0.26 0.31 89.31
Tabernaemontana cymosa 0.32 0.07 0.25 0.3 89.6
Macfadyena unguis-cati 0.32 0.07 0.26 0.29 89.89
Ruellia tuberosa 0.3 0.07 0.26 0.28 90.18

Table B.1: SIMPER analysis results for the RBS collection of vascular plants
within Trinidad.
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Appendix C

Present, Future and Change (from
present to future) maps of Bioclim
variables selected for SDM analyses
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Appendix C Bioclim present, future and change maps
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Figure C.1: BIO4 (Temperature seasonality) across Trinidad for the present
climate.
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Figure C.2: BIO4 (Temperature seasonality) across Trinidad for the future
(SRES A2 scenario) climate.
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Appendix C Bioclim present, future and change maps
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Figure C.3: Change in BIO4 (Temperature seasonality) across Trinidad between
the present and future (SRES A2 scenario) climates.
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Figure C.4: BIO9m4 (Mean temperature of driest consecutive 4 month period)
across Trinidad for present the climate.
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Figure C.5: BIO9m4 (Mean temperature of driest consecutive 4 month period)
across Trinidad for the future (SRES A2 scenario) climate.
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Figure C.6: Change in BIO9m4 (Mean temperature of driest consecutive 4
month period) across Trinidad between the present and future
(SRES A2 scenario) climates.
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Appendix C Bioclim present, future and change maps
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Figure C.7: BIO12 (Annual precipitation) across Trinidad for present climate.
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Figure C.8: BIO12 (Annual precipitation) across Trinidad for the future (SRES
A2 scenario) climate.
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Figure C.9: Change in BIO12 (Annual precipitation) across Trinidad between the present and future (SRES A2 scenario)
climates compared to Collective Species Change Map.
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Figure C.10: BIO13 (Precipitation of wettest month) across Trinidad for
present climate.
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Figure C.11: BIO13 (Precipitation of wettest month) across Trinidad for the
future (SRES A2 scenario) climate.
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Figure C.12: Change in BIO13 (Precipitation of wettest month) across Trinidad between the present and future (SRES A2
scenario) climates compared to Collective Species Change Map.
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Figure C.13: BIO14 (Precipitation of driest month) across Trinidad for present
climate.
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Figure C.14: BIO14 (Precipitation of driest month) across Trinidad for the fu-
ture (SRES A2 scenario) climate.
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Figure C.15: Change in BIO14 (Precipitation of driest month) across Trinidad between the present and future (SRES A2
scenario) climates compared to Collective Species Change Map.
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Figure C.16: BIO15 (Precipitation seasonality) across Trinidad for present
climate.
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Figure C.17: BIO15 (Precipitation seasonality) across Trinidad for the future
(SRES A2 scenario) climate.
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Figure C.18: Change in BIO15 (Precipitation seasonality) across Trinidad
between the present and future (SRES A2 scenario) climates.
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Figure C.19: BIO16 (Precipitation of wettest quarter) across Trinidad for
present climate.
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Figure C.20: BIO16 (Precipitation of wettest quarter) across Trinidad for the
future (SRES A2 scenario) climate.
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Figure C.21: Change in BIO16 (Precipitation of wettest quarter) across Trin-
idad between the present and future (SRES A2 scenario) climates.
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Figure C.22: BIO17 (Precipitation of driest quarter) across Trinidad for present
climate.
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Figure C.23: BIO17 (Precipitation of driest quarter) across Trinidad for the
future (SRES A2 scenario) climate.
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Figure C.24: Change in BIO17 (Precipitation of driest quarter) across Trinidad between the present and future (SRES A2
scenario) climates compared to Collective Species Change Map.
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Appendix C Bioclim present, future and change maps
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Figure C.25: BIO18 (Precipitation of warmest quarter) across Trinidad for
present climate.
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Figure C.26: BIO18 (Precipitation of warmest quarter) across Trinidad for the
future (SRES A2 scenario) climate.
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Appendix C Bioclim present, future and change maps
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Figure C.27: Change in BIO18 (Precipitation of warmest quarter) across Trin-
idad between the present and future (SRES A2 scenario) climates.
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Figure C.28: BIO19 (Precipitation of coolest quarter) across Trinidad for
present climate.
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Appendix C Bioclim present, future and change maps
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Figure C.29: BIO19 (Precipitation of coolest quarter) across Trinidad for the
future (SRES A2 scenario) climate.
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Figure C.30: Change in BIO19 (Precipitation of coolest quarter) across Trin-
idad between the present and future (SRES A2 scenario) climates.
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Appendix C Bioclim present, future and change maps
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Figure C.31: BIO1 (Annual mean temperature) across Trinidad for present
climate.
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Figure C.32: BIO1 (Annual mean temperature) across Trinidad for the future
(SRES A2 scenario) climate.
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Appendix C Bioclim present, future and change maps
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Figure C.33: Change in BIO1 (Annual mean temperature) across Trinidad
between the present and future (SRES A2 scenario) climates.
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Figure C.34: BIO1 (Annual mean temperature) across Trinidad (Dry Season)
for the present climate.
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Appendix C Bioclim present, future and change maps
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Figure C.35: BIO1 (Annual mean temperature) across Trinidad (Dry Season)
for the future (SRES A2 scenario) climate.

516



¬

0 30
Kilometers

Legend
Trinidad Coastline

BIO1 - Dry Season (Future-Present) (°C)
High : 1.3

Low : 1

Figure C.36: Change in BIO1 (Annual mean temperature) across Trinidad dur-
ing the Dry Season: between the present and future (SRES A2
scenario) climates.
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Appendix C Bioclim present, future and change maps
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Figure C.37: BIO1 (Annual mean temperature) across Trinidad (Wet Season)
for the present climate.
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Figure C.38: BIO1 (Annual mean temperature) across Trinidad (Wet Season)
for the future (SRES A2 scenario) climate.
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Appendix C Bioclim present, future and change maps
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Figure C.39: Change in BIO1 (Annual mean temperature) across Trinidad dur-
ing the Wet Season: between the present and future (SRES A2
scenario) climates.
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Figure C.40: BIO12 (Annual precipitation) across Trinidad (Dry Season) for
the present climate.
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Appendix C Bioclim present, future and change maps
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Figure C.41: BIO12 (Annual precipitation) across Trinidad (Dry Season) for
the future (SRES A2 scenario) climate.
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Figure C.42: Change in BIO12 (Annual precipitation) across Trinidad during the Dry season: between the present and future
(SRES A2 scenario) climates compared to Collective Species Change Map.
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Appendix C Bioclim present, future and change maps
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Figure C.43: BIO12 (Annual precipitation) across Trinidad (Wet Season) for
the present climate.
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Figure C.44: BIO12 (Annual precipitation) across Trinidad (Wet Season) for
the future (SRES A2 scenario) climate.
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Figure C.45: Change in BIO12 (Annual precipitation) across Trinidad during the Wet season: between the present and future
(SRES A2 scenario) climates compared to Collective Species Change Map.
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