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Abstract

Biodiverse tropical forests are declining rapidly, due in part to the appropriation of natural land
for human use. There is an urgent need to better understand how biodiversity changes in
response to this landscape transformation, and to find conservation solutions that support both
people and nature. Cacao farming, a valuable source of agricultural revenue in many tropical
countries, can lead to a mosaic of both active and abandoned agroforests. These abandoned
agroforests undergo secondary succession and have the potential to be important reservoirs of
biodiversity. To evaluate this potential, I assessed the biodiversity of active cacao agroforests,
abandoned agroforests, and primary forest on the tropical island of Trinidad. I surveyed tree,
ground vegetation, epiphyte, and bird assemblages, and computed taxonomic and functional
diversity. I further asked whether there are generalisable patterns of biodiversity change over
succession across taxa, and how my results fit within the wider narrative of ecological
succession theory and research. I found that taxonomic and functional alpha-diversity in all
assemblages were mostly either maintained throughout succession, or recovered quickly across
taxa. There were, however, substantial changes in taxonomic and functional composition (beta-
diversity) over succession, with patterns of biodiversity change largely uncorrelated across
taxa. Overall, there was little congruence between expectations based on theory and existing
empirical research, and the results of my study. This outcome emphasises the need to deepen
our understanding of successional processes across biomes, starting points of succession, and
taxa. My research also highlights that, while primary forests contain more specialist species,
actively cultivated cacao agroforests and young secondary forests in Trinidad are remarkably
biodiverse and jointly contribute to supporting regional gamma diversity. These results place
cacao agroforests within a people and nature framework, and demonstrate that human-altered

habitats can be important reservoirs of tropical biodiversity.
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Chapter 1: Biodiversity and forest cover change

1.1 Introduction

Growing anthropogenic pressure on ecosystems are driving rapid changes in biodiversity and
forest cover (Brown et al., 2001; Sax, 2002; Magurran and Dornelas, 2010; Magurran et al.,
2010; Ellis, Antill and Kreft, 2012; Dornelas et al., 2014; Pandolfi and Lovelock, 2014; Isbell
etal.,2017; Pecl et al.,2017; Blowes et al.,2019; FAO and UNEP, 2020; Global Forest
Watch, 2020). This raises important questions such as: What do these changes mean for the
future of forest and biodiversity conservation? How do forests recover following disturbance?
Are patterns of biodiversity change over forest regeneration generalisable and do they
translate across taxa? How can we improve land management and develop conservation
solutions that support both people and nature? These themes (highlighted in bold print in the

following chapter) are considered throughout this thesis.

10°N

62°'W 61°'W

Figure 1.1 Topographic map of Trinidad and Tobago (Sadalmelik, 2007). Trinidad is the larger of the

two islands, with the Northern Range mountains spanning the northern edge of the island.
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My thesis focuses on cacao farming in Trinidad as a case study. Trinidad and Tobago is a
twin-island nation in the Caribbean, located within a prominent biodiversity hotspot
(Maunder et al., 2008; Hosein et al., 2017). Trinidad’s Northern Range mountains are a
mosaic of primary forests, agroforests, and secondary forest at different stages of
regeneration following agricultural abandonment and other disturbances (Helmer et al.,
2012). Tropical forests cover the Northern Range and there are many gaps in our knowledge

of the biodiversity of this area.

This first chapter examines the history of Trinidad’s cacao industry in the context of global
biodiversity and forest cover change. Section 1.2 explores ongoing shifts in biodiversity and
forest cover around the world. Section 1.3 provides further information on how these changes
are reflected in the history of cacao farming in Trinidad. Lastly, section 1.4 outlines the aims

of the following chapters.

1.2 Global biodiversity and forest cover change

Biodiversity

Biodiversity (Box 1.1) is under immense pressure due to increasing anthropogenic stresses on
the environment (Magurran and Dornelas, 2010; Isbell et al., 2017; Blowes et al., 2019).
Habitat loss and degradation, invasive species, the over-exploitation of species and natural
resources, climate change, and the breakdown of ecological networks all contribute to the

ongoing biodiversity crisis (Diamond, 1984; Daba and Dejene, 2018).

Biodiversity is fundamental to human wellbeing. Alongside the aesthetic value of
biodiversity and the intrinsic right of species to exist, it underpins many important services
that we rely on (Ehrlich and Ehrlich, 1997; Alho, 2008). For example, biodiversity is central
to capturing carbon, pollination, the provision of food and industrial resources, climate
regulation, and soil formation (Diaz, Hector and Wardle, 2009; Winfree, 2013; Oliver et al.,
2015; Daba and Dejene, 2018). Furthermore, we depend on genetic diversity (diversity within
species populations), for example, to create pest-resistant crop varieties and new medicines

(Alho, 2008; McCouch er al., 2020).
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The importance of biodiversity is increasingly being recognised and was brought to the
forefront of global attention with the UN Decade on Biodiversity and the adoption of the
2011-2020 Strategic Plan for Biodiversity by the international community. While
conservation efforts increased over this decade, most of the Aichi Targets which aimed to
tackle the ongoing biodiversity crisis were not met by the 2020 deadline and the plan is
widely believed to have failed (Hirsch, Mooney and Cooper, 2020). This highlights the
pressing need for more ambitious conservation policies and actions to monitor and protect
biodiversity. These shortcomings also emphasise the need for further research to deepen our
understanding of how biodiversity changes over time and space, and in response to
human activity, as many knowledge gaps remain (Magurran et al., 2010; McGill et al.,

2015).

While studies have shown that patterns of biodiversity change over time and space are
complex (Vellend et al., 2013; Dornelas et al., 2014; Supp and Ernest, 2014; McGill et al.,
2015; Newbold et al., 2015), it is clear that anthropogenic activity has profoundly affected
the environment, and biodiversity is being impacted. According to the Living Planet Index,
vertebrate species’ populations shrunk by 68% between 1970 and 2016 (McLellan et al.,
2014; Hirsch, Mooney and Cooper, 2020). In addition, the [UCN reported that overall, 27%
of the species they assessed are threatened, and that the risk of extinction is growing rapidly
for many species (especially cycads, amphibians, and corals; Hirsch, Mooney and Cooper,
2020). Global assessments estimate that 25.4% of mammals, 40.7% of amphibians, 21.1% of
reptiles, and 13.6% of birds are at risk of extinction (IUCN, 2020; Cox et al., 2022).

At a global scale, there is evidence that the rate of species extinctions has risen to become
many magnitudes greater in the Anthropocene than average background rates over past
millennia (Barnosky et al., 2011; Pimm et al., 2014; McGill et al., 2015; Benton et al., 2021).
While it is challenging to contextualise these findings without a clear understanding of
whether or how speciation rates have changed over the same geological timeframe, it is likely
that species richness is declining at global scales (McGill et al., 2015). It is also widely
assumed that ecological assemblages are becoming more homogeneous globally, as non-
native and invasive species which are often globally common (eg. feral pigeons Columba
livia) colonise more areas around the world (“biotic homogenisation”; McKinney and

Lockwood, 1999).
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At local scales, compositional change (beta-diversity in Box 1.1) in ecological communities
has accelerated globally, even when there is no change in the number of species (alpha-
diversity; Brown et al., 2001; Sax, 2002; Magurran et al., 2010; Ellis, Antill and Kreft, 2012;
Dornelas et al., 2014; Pandolfi and Lovelock, 2014; Pecl et al., 2017). This elevated temporal
turnover likely results from anthropogenic changes to the environment and landscape. For
example, turnover occurs when species shift their distribution as environmental conditions
change, and when species are introduced to new areas or become locally extinct (McKinney,
2006; Hobbs, Higgs and Harris, 2009; Dornelas et al., 2014; Magurran, 2016). The effects of
species compositional change on ecological interactions and processes remains a key
knowledge gap. Rapid changes in biodiversity (Dornelas et al., 2014; McGill et al., 2015;
Newbold et al., 2015) could endanger ecosystem functioning and the vital services we rely on

(Cardinale et al., 2012).

Forest cover

Forests are key habitats which support much of the world’s terrestrial biodiversity and
provide numerous services, including carbon sequestration, soil creation and stabilisation,
and water regulation (Hansen et al., 2013; Cox et al., 2022). While it is challenging to
accurately quantify the importance of forests in sustaining global biodiversity, it is estimated
that around 80% of terrestrial plants and animals are found within forests despite these forests

only accounting for about 31% of Earth’s total land area (FAO and UNEP, 2020)

However, around 25.8 million hectares (Mha) of forest were lost in 2020 alone (Hansen et al.,
2013; Global Forest Watch, 2020). Most of this deforestation is attributable to agriculture
which accounted for over 70% of forest loss and degradation between 2000 and 2010, as well
as forestry operations, natural and anthropogenic wildfires, mining, and urban expansion

(FAO and UNEP, 2020; Global Forest Watch, 2020).
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Box 1.1 Facets and aspects of biodiversity

Biological diversity (biodiversity) was defined by the UN Convention on Biological
Diversity (1992) as “the variability among living organisms from all sources including,
inter alia, terrestrial, marine and other aquatic ecosystems and the ecological complexes of
which they are part: this includes diversity within species, between species and of

ecosystems” (UNEP, 1992).

Taxonomic diversity Functional diversity

Figure 1.2. Schematic showing the facets and aspects of biodiversity measured in this study.
Taxonomic diversity is related to the number and relative abundance of taxa (a), and the change
in taxonomic composition () within and between assemblages. Functional diversity assesses the

diversity and relative frequency (a), and the change (p) in certain phenotypic and behavioural traits

expressed within and between assemblages.

Multiple facets and aspects of biodiversity were assessed throughout this thesis (Figure
1.2; Chapter 3.4). The facets of biodiversity explored were taxonomic diversity and
functional diversity, and the alpha, beta, and gamma aspects of biodiversity were
considered. Taxonomic alpha-diversity assesses the number and relative abundances of
species in an assemblage (represented by the solid circles), while beta-diversity assess the
change in species composition between assemblages. Functional alpha-diversity measures
the range and prevalence of functional traits expressed by the species in an assemblage,

while functional beta-diversity assesses changes in the functional traits expressed between

Continued
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Box 1.1 Facets and aspects of biodiversity (continued)

assemblages. Gamma-diversity (dotted circle) signifies the overall landscape-level

taxonomic or functional trait diversity.

While most studies focus on measures of taxonomic alpha-diversity such as species
richness (the number of species in an assemblage), interest has been growing in the effects
of species turnover on ecosystem processes (Diaz and Cabido, 2001). Turnover (species
compositional change) in ecological communities has accelerated globally, even when
there is no change in species richness (Brown et al., 2001; Sax, 2002; Magurran et al.,
2010; Ellis, Antill and Kreft, 2012; Dornelas et al., 2014; Pandolfi and Lovelock, 2014;
Pecl et al., 2017). This elevated temporal turnover likely results from anthropogenic

changes to the environment.

For example, turnover occurs when species shift their distribution as environmental
conditions change, and when species are introduced to new areas or become locally extinct
(McKinney, 2006; Hobbs, Higgs and Harris, 2009; Dornelas et al., 2014; Magurran, 2016).
In forests, species composition is changing with the conversion of old-growth to secondary
forests. It is unclear what effect changes in species composition are having on ecosystem

functioning.

Incorporating community composition when investigating the link between biodiversity
and ecosystem functioning is important since not all species are functionally equivalent or
perform the same ecological roles. Species have different phenotypic and behavioural traits
(functional traits) which shape their interactions with other organisms and their

environment (Diaz and Cabido, 2001; Weiher, 2011; Cadotte, 2017).

Species can have the same overlapping traits or different complementary traits. While more
closely related individuals tend to be more similar, convergent and divergent evolution can
cause distantly related individuals to have similar traits and vise-versa (Weiher, 2011;

Schweiger et al., 2018). It is thought that trait overlap can increase functional stability,

Continued
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Box 1.1 Facets and aspects of biodiversity (continued)

while greater trait complementarity can increase the functional capacity of an ecosystem.
For example, if one species becomes locally extinct, a functionally redundant species
could fill the same ecological role and so help maintain functional stability within the
ecosystem (Bai et al., 2004; Tilman, Reich and Knops, 2006; Griffin et al., 2009; Hautier
et al.,2015; Isbell et al., 2015). Greater trait complementarity on the other hand enables
organisms to exploit different niches and capture more resources, such as different plants
in a community capturing different wavelengths of light (Fargione ef al., 2007; Cardinale

et al.,2012; Zuppinger-Dingley et al., 2014; Williams et al., 2017).

The composition and diversity of traits represented within a community affect the
propensity and efficiency of certain ecosystem functions (Tilman et al., 1997; Weiher,
2011; Schweiger et al., 2018), and the most dominant traits within a community tend to
affect ecosystem functioning the most. Furthermore, some species are more effective in
their roles and so contribute disproportionately to ecosystem functioning (Fargione et al.,
2007; Cadotte, 2017). Thus, the species which make up an ecosystem and the traits they
possess can greatly influence ecosystem functioning, and understanding changes in
functional trait diversity and composition is more informative in assessing forest

functioning than changes in species diversity alone.

While temperate forests were mainly exploited historically, tropical forests are most at risk
from anthropogenic deforestation today (Gibson et al., 2011; Mora et al., 2015). Temperate
forests experienced the greatest losses before 1950, when trees were cut to fuel the western
industrial revolution (Millennium Ecosystem Assessment, 2005). Tropical forests are now
bearing the brunt of human destruction due to disproportionately rapid population growth in
tropical regions and socio-political factors including international markets and economic

inequality (Lambin et al., 2001; Geist and Lambin, 2002a; Norden et al., 2015).

The rapid loss of tropical forests is concerning as they are among the most biodiverse

ecosystems, supporting many endemic and threatened species (Myers, 1980; Myers et al.,
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2000; Shvidenko, McCallum and Nilsson, 2005; Aerts and Honnay, 2011; Morales-Hidalgo,
Oswalt and Somanathan, 2015; Betts et al., 2017). It is estimated that tropical forests support
over 50% of all species (Wilson and Frances, 1988; Laurance, 1999; Dirzo and Raven, 2003)
and represent approximately 37% of global terrestrial carbon (Laurance, 1999; Bradshaw,
Sodhi and Brook, 2009; Martin, Newton and Bullock, 2013), yet over 50% of tropical forests
have already vanished globally (Malhi et al., 2014; Lewis, Edwards and Galbraith, 2015;

Brancalion et al., 2019).

Equally concerning is that much of the tropical forest being lost is also primary forest.
Primary forests are centuries old, comprised of native species, and show no indication of
recent severe disturbance or human activity. They are also exceptionally biodiverse, and
support many sensitive and specialist species. Approximately 1.3 giga hectares (Gha) of the
4Gha total forest cover is primary forest (FAO, 2015), but primary forest cover is rapidly
declining. In 2020, a further 12.2Mha of tropical land was deforested, 4.2Mha of which was
humid tropical primary forest (Global Forest Watch, 2020).

Alongside these heavy and concerning losses, approximately 7.3Mha of forest is gained
globally each year, largely from naturally-regenerating secondary forests and planted forests
(estimate based on forest gains of 80.6Mha between 2001 and 2012; Hansen et al., 2013;
Global Forest Watch, 2020). The rate of net forest loss has been declining since 1990; this is
mostly due to gains in temperate and boreal forest cover (FAO and UNEP, 2020). With
current patterns of deforestation and afforestation, the area coverage of secondary forest is
rapidly increasing relative to primary forest (Ellis, Antill and Kreft, 2012; Martin, Newton
and Bullock, 2013). While the decrease in net forest loss is promising, rapid shifts in the
type of forest cover have important implications for ecological interactions, the

maintenance of ecosystem functions and services, and biodiversity conservation.

Secondary forests account for approximately 64% of all earth’s forests (MacDicken et al.,
2016). As the proportion of secondary and planted forests continues to rise, it is becoming
increasingly important that we understand how these human-altered ecosystems change
and recover over time, and their potential to act biodiversity reservoirs. While

conservation initiatives and research have traditionally concentrated on old-growth forests,
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the contributions secondary forests can make to conservation is gaining recognition (Jos

Barlow et al., 2007; Gardner et al., 2009; Tabarelli et al., 2012; Barnosky et al., 2017).

Research on secondary forests demonstrate their ability to sustain biodiverse communities
and some of the same functions as their old-growth counterparts (Chapter 2; Guariguata et
al., 1997). For example, studies following secondary forest processes over succession
indicate that secondary forests can recover species richness and some basic functions,
including structural characteristics and aboveground biomass, quickly (within 50 years;
Schoonmaker and McKee, 1988; Finegan, 1996; Guariguata et al., 1997; Kennard, 2002;
Chazdon, 2003; Lebrija-Trejos et al., 2008; Martin, Newton and Bullock, 2013; Derroire et
al.,2016). More complex functions such as soil properties and nutrient cycling (Alvarez-
Yépiz et al., 2008; Derroire et al., 2016) and tree species composition often remain different
from that of primary forests for centuries (Chapter 2; Riswan, Kenworthy and Kartawinata,
1985; Garcia-Montiel and Scatena, 1994; Finegan, 1996; Derroire et al., 2016). While the
protection of primary forests remains important, forest conservation could benefit from
expanding its focus to further recognise the potential value of secondary and managed forests.
Though they are often overlooked, secondary and managed forests could prove to be
vital reservoirs of biodiversity in the future. Understanding tropical secondary forest
dynamics can help identify which areas to conserve, improve land management, and support

restoration programs.

1.3 People and nature

The importance of forests was acknowledged by 141 world leaders at the COP26 UN climate
change summit in their commitments to halt and reverse deforestation by 2030 (COP26,
2021a,2021c, 2021b). This pledge includes approximately $19.2 billion USD of public and
private funds for forest conservation. The pledge also covers approximately 91% of the
world’s forests, including the Brazilian Amazon, and asserts that countries should conserve
and restore forests, recognise Indigenous Peoples’ rights, engage with local communities, and
manage land sustainably overall. Twenty-eight of the signatories further committed to
ensuring that globally important industries such as soy, palm oil, and cacao do not contribute

to deforestation (COP26, 2021a, 2021c, 2021b). While this is an important step forward,
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previous deforestation initiatives have failed to meet their targets such as the 2006 UN forum
on forests (UN, 2007) and the 2014 New York Declaration on forests (UNFCCC, 2015).
Slowing deforestation has proved challenging and, as with the Aichi targets, past failures
underscore the need for a better understanding of forest biodiversity as well as the need to

expand on our approaches to conservation.

One key conservation challenge is to find solutions that support both people and nature
(Mace, 2014). As the human population and our demand for earth’s limited resources
continues to rise, more and more land is being transformed for human use (Ehrlich and
Pringle, 2008; Semper-Pascual et al., 2019). While this poses a major threat to biodiversity,
there is potential for human-managed land, such as agroforestry systems, to provide income
and resources to humans while also benefitting wildlife (Calvo and Blake, 1998; Rice and
Greenberg, 2000; Tscharntke et al., 2012; Buechley et al., 2015; Arroyo-Rodriguez et al.,
2017). Developing systems which are mutually beneficial for people and nature would allow
us to expand on and improve current approaches to conservation, and better meet
environmental targets for sustaining biodiversity. Consequently, there is a pressing need to
understand how biodiversity conservation can be supported, not as an alternative to

human use of the environment, but as part of it.

Developing agricultural systems that better support local biodiversity is a crucial step towards
improving our capacity to coexist with nature (Grau, Kuemmerle and Macchi, 2013).
Demands on the agricultural industry are increasing as a consequence of population growth.
Agricultural expansion and intensification are of particular concern in biodiverse tropical

regions where they are major drivers of deforestation and environmental degradation (FAO

and UNEP, 2020).

Cacao is one example of a globally important crop that is transforming tropical landscapes.
The annual global market value of chocolate is worth over $100bn USD, and both demand
for cacao products and the industry’s market value have continued to rise dramatically
throughout the past two decades (Vaast and Somarriba, 2014; Borda et al., 2021). The rising
demand and growing market for cacao has driven increases in the number and size of cacao
farms in tropical regions around the world. The spread of cacao has also driven farmers to use

more intensive farming practices with the aim of producing greater yields. Cacao farming is

11



Chapter 1: Biodiversity and forest cover change

already a major driver of tropical deforestation, and the environmental impact of cacao

cultivation is projected to worsen as the industry continues to grow (Vaast and Somarriba,

2014; Borda et al., 2021).

It is estimated that over 80% of cacao is produced on small family-run farms globally (Vaast
and Somarriba, 2014). Despite the booming global chocolate market, many of these small
cacao farmers only receive around 4-6% of the final value of the chocolate and earn less than
$1 USD a day on average (Yeung, 2019; Borda et al.,2021). Demand for ethical and
environmentally responsible cacao products such as fair trade and organic chocolate is
growing, however (Poelmans and Rousseau, 2016; ICCO, 2021). While certification schemes
require more effort and investment initially, they offer greater equality and transparency, and
can generate greater income for farmers. Ethical cacao farmers can sell their cacao for higher
prices and can receive a greater share of the final value of cacao products (ICCO, 2021).
Ethical and sustainable farmers who grow a variety of different agricultural and shade trees
can have a more diverse and stable income, and create more ecologically resilient farming

systems (Chapter 7; Vaast and Somarriba, 2014).

Ethically and sustainably produced cacao, along with other agroforestry systems such as
coffee and vanilla, show promise in being able to support wildlife as well as livelihoods in
the tropics (Calvo and Blake, 1998; Buechley et al., 2015; Arroyo-Rodriguez et al., 2017).
The extent to which these agricultural systems can support biodiversity, however, is not
well understood. Deepening our understanding of agroforestry and the contributions it
makes to biodiversity conservation would allow us to develop land management strategies
which better support wildlife, and which maximise ecosystem services and agricultural

yields.

1.4 Cacao farming in Trinidad & Tobago

The global patterns in biodiversity and forest cover change explored in the previous section
are reflected at a local scale in Trinidad and Tobago. While the change in forest cover was
small overall, analyses using data from Hansen et al. (2013) in Google Earth Engine

illustrated that there was net forest loss between 2001 and 2012 in Trinidad’s Northern Range
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(Figure 1.3; Hansen et al., 2013; Gorelick et al.,2017). An estimated 15.2Kha of forest was
lost, and while 1.6Kha was gained over the same time period in Trinidad and Tobago overall
(Global Forest Watch, 2022). The conversion of land for cacao farming has been a major

driver of land cover change in the Northern Range for over a century.
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Cacao (Theobroma cacao) is a shade-tolerant tree species that naturally grows in the lower
canopy layers of a forest (Tscharntke et al., 2012). While there are different methods of
growing cacao, it is predominantly cultivated in polyculture, multi-strata agroforestry systems
in Trinidad. This form of management involves growing cacao under taller trees which
provide shade (“shade trees”; Seedial, 2009, 2013) and alongside other agricultural trees such
as mango (Mangifera indica), coconut (Cocos nucifera), avocado (Persea americana), and
oranges (Citrus sinensis). Mountain immortelle (Erythrina poeppigiana) are commonly
planted as shade trees for cocoa in Trinidad. In recently established farms, tall herbaceous
plants such as bananas and plantains (Musa sp.) are often used to provide shade until the
shade trees mature. While cacao trees are naturally short, they are pruned in managed
agroforests to ensure cacao pods can be harvested easily. The ground vegetation is sometimes
masticated or suppressed using herbicides to make harvesting the cacao and regular
management of the agroforest easier. Some farmers also use fertilisers to improve crop
yields. Lastly, large epiphytes such as bromeliads and vines are often removed from cacao

trees (Seedial, 2009, 2013). Cacao is cauliflorous (producing fruit from the tree trunk) and it
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is widely thought that epiphytes may supress the growth cacao pods among cacao farmers

(Sporn, Bos and Gradstein, 2007).

Trinidad was the third largest cacao producer in the world by 1830, and the cacao industry
dominated its economy from approximately 1866 to 1920 (Bekele, 2004). Though the cacao
industry has declined in Trinidad and many old cacao estates have been abandoned, much of
Trinidad’s land has been used for cacao production at some point and there are still many
cacao farmers today (an estimated 3,500 farmers in 2004; Bekele, 2004; NATT, 2018). The
cocoa industry has shaped parts of the Northern Range as many of the cacao farms were
periodically abandoned and new farms formed over time, creating a natural chronosequence
of forest regeneration (Bekele, 2004; NATT, 2018). This pattern of transformation provides
an informative case study for understanding how Trinidad’s history of cocoa farming has
shaped patterns of biodiversity, and the potential contributions of actively managed and

abandoned cocoa agroforests to biodiversity conservation.

1.5 Aims of thesis

Quantify the directionality of
change in taxonomic and
functional diversity over

secondary succession

How does taxonomic alpha-diversity
change over secondary succession? (4)

How does species composition change
over secondary succession? (4)

How does functional alpha-diversity
change over secondary succession? (5)

How does functional trait composition
change over secondary succession (5)

L

Understand the extent to which
the results are generalisable and
consistent with theory

Are trends in facets and dimensions of
biodiversity within taxa correlated
over secondary succession? (6)

Are biodiversity trends amongst taxa
correlated over secondary succession?

©

Are correlations between trends
between the different facets and
dimensions of diversity consistent with
theory (6)

Applications

What are the consequences of
these changes for land
management and conservation?

()

What are future steps for
improving our ability to monitor
and assess forest change? (7)

Figure 1.4 Schematic of questions being addressed in this thesis. The chapters in which these questions are

addressed are indicated in brackets.
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There is an urgent need to deepen our understanding of how ongoing changes in

tropical landscapes affect the ability of forests to sustain biodiversity, to improve land

management, and to find conservation solutions which can support both people and

nature.

The objective of this thesis is to assess how species and functional diversity change over

tropical secondary forest succession following cacao farming, and how generalised these

patterns are across taxa in Trinidad. This thesis will also address whether these results align

with expectations from succession theory and previous research. Within this, the following

questions will be addressed:

How does taxonomic alpha-diversity and species composition change over secondary

forest succession following cacao agroforest abandonment in Trinidad? (Chapter 4)

How does functional alpha and beta-diversity change with forest age following cacao

agroforest abandonment in Trinidad (Chapter 5)

Do different taxa, and different facets and dimensions of biodiversity respond similarly

over secondary forest succession following cacao agroforestry in Trinidad? (Chapter 6)

Are patterns of biodiversity change over secondary forest succession following cacao
farming in Trinidad in line with expectations based on succession theory and previous

research (Chapters 2 and 6)

What are the consequences of these changes in biodiversity over secondary forest
succession following cacao agroforestry for conservation and land management?

(Chapter 7)

What are future steps for improving our ability to monitor and assess forest change?

(Chapter 7)

To address these questions, Chapter 4 quantifies how species diversity and composition

change over succession, and Chapter 5 quantifies how functional diversity and functional trait

composition change over succession. Chapter 6 compares trends across the facets and aspects

of biodiversity and across taxa. Chapter 6 also assesses how trends in biodiversity change

compare with expectations from the theory and previous research outlined in Chapter 2. The

methods for these chapters are outlined in Chapter 3. Lastly, Chapter 7 summarises key

15



Chapter 1: Biodiversity and forest cover change

findings and how they fit within global trends and discusses the applications of these findings

for land management and conservation initiatives.
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Chapter 2: Secondary forest succession

2.1 Introduction

Ecological succession (hereafter ‘succession’) refers to the transformation of an ecological
community over time following natural or anthropogenic disturbance, or new land formation
(Chazdon, 2014). Succession has been a central pillar in ecology since the turn of the 20®
century (Glenn-Lewin, Peet and Veblen, 1992). Although many aspects of succession theory
have been contested, it remains inextricably linked to many modern ecological theories, such
as those regarding species coexistence and community assembly (Chang and Turner, 2019).
Furthermore, understanding how ecological communities change over succession is a key
challenge in conservation. For example, information on successional processes can help to
predict the rate and trajectory of ecosystem recovery following disturbance, and inform
decisions concerning which areas to protect and where intervention may be necessary

(Bosselman and Tarlock, 1994).

The relative strengths of various drivers of succession, as well as the predictability and
generalisability of successional processes, have been much debated (West, Shugart and
Botkin, 1981; Glenn-Lewin, Peet and Veblen, 1992; Pulsford, Lindenmayer and Driscoll,
2014). Despite over a century of intensive study, there remains disagreement over theoretical
frameworks, and incongruence in results from empirical research. Understand successional
dynamics and the search for generalities is increasingly important, however, as the impacts of
human activity become ever more acute and pervasive (Chapter 1; Meiners et al., 2015;

Chang and Turner, 2019).

The following chapter will discuss theories and findings from existing research regarding
how ecosystems change over time through succession. Section 2.2 will cover the ongoing
development of succession theory including information regarding links between taxa and
between facets of biodiversity. Section 2.3 will address findings on how ecosystems change
over succession from existing empirical research, focusing on patterns of biodiversity across

taxa.
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Box 2.1 Primary and secondary succession

Ecological succession is typically categorised as either “primary” following new land
formation or complete land clearance, or “secondary” following partial land clearance with
some soil properties remaining intact. Though the two are often treated as distinct
categories, in natural systems the difference between primary and secondary succession is
less discrete (Chazdon, 2014; Meiners et al., 2015). Chazdon (2014) outlines a conceptual
framework for assessing the initial conditions of succession, where primary and secondary
succession lie at opposite ends of a continuum based on species and resource availability.
Secondary succession tends to have higher resource (eg. soil nutrients and water) and
species (eg. seed rain, soil seed bank, and resprouting plant) availability compared to
primary succession. Patches of land undergoing succession can fall onto different places
on this primary-secondary succession gradient, depending on factors such as their
geography and disturbance history, making categorisation difficult. Furthermore, resource
and species availability can affect the rate and trajectory of succession (Pickett and
Cadenasso, 2005), and thus successional processes can differ within both primary and

secondary succession (Chapter 2.4; Chazdon, 2014).

This chapter will focus primarily on tropical secondary forest successional dynamics.
Corlett (1994) defines secondary forests as those which have been mostly or entirely
deforested naturally or anthropogenically, where some residuals (soil, organisms or
propagules) survived, but where the effects of the disturbance are still evident (Corlett,

1994).
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2.2 Succession: theory

Succession has been a primary focus of ecological research for more than a century. Ideas
regarding succession appear in the works of pioneering naturalists such as Darwin (Darwin,
1859; Meiners et al., 2015), and overarching theories of succession have been proposed,
developed, and contested since the late 1800s (eg. Forbes (1880) and Cowles (1899); Connell
and Slatyer, 1977; Johnson, 1979; West, Shugart and Botkin, 1981; Glenn-Lewin, Peet and
Veblen, 1992). Much of our understanding of classical succession stems from research done
on North American plant assemblages in the early 1900s (eg. work by Cowels, Clements,
Gleason and others; Glenn-Lewin, Peet and Veblen, 1992). Classical succession theory, also
referred to as Clementsian succession after Clements’ (1916) seminal work, remained highly
influential through the first half of the 20" century (Clements, 1916; Glenn-Lewin, Peet and
Veblen, 1992).

Classical succession theory follows an equilibrium paradigm which suggests that plant
assemblages will progressively and predictably converge towards a stable equilibrium
following disturbance, (Clements, 1916, 1928, 1949; Cooper, 1926; Gleason, 1927; Odum,
1969; Glenn-Lewin, Peet and Veblen, 1992). Within this, Clements proposed succession as a
process whereby (1) organisms colonise and (2) become established on disturbed land, (3)
interact with each other through competition, and (4) modify their environment. This
continually shifts the relative ability of species to survive until (5) the community reaches a

stable climax (Clements, 1916).

However, this orderly and predictable classical understanding of succession has been widely
criticized since the 1940s as being too simplistic and descriptive, and lacking support in
empirical research (eg. (McCormick, 1968; Drury and Nisbet, 1971; Horn, 1971; Pickett,
1976; Connell and Slatyer, 1977). Succession seldom occurs so neatly in natural systems and
the idea of a ‘climax’ state is illusory (Gleason, 1927; West, Shugart and Botkin, 1981;
Chazdon, 2014; Ellison and Gotelli, 2021). It is now broadly accepted that ecosystems are
dynamic and constantly changing, and there is rarely a clear point at which succession ends
(Cowles 1901; Chazdon, 2014). While some elements of classical succession are still

considered to hold true, many contemporary views of succession have been developed to
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refine classical theory, to apply a more quantitative approach, and to better account for the

complexity in ecological processes.

The search for generalities in the patterns and processes of succession continues today with
disagreement over theoretical frameworks and widely varying results from empirical
research, even within the same ecosystem (West, Shugart and Botkin, 1981; Westoby,
Walker and Noy-Meir, 1989; Tilman, 1990; Vandermeer et al., 2004; Breugel, Martinez-
Ramos and Bongers, 2006; Chazdon et al., 2007; Feldpausch et al., 2007; Lebrija-Trejos,
Pérez-Garcia, et al., 2010; Norden et al., 2015). Furthermore, succession theory has
historically focused on temperate ecosystems (West, Shugart and Botkin, 1981; Glenn-
Lewin, Peet and Veblen, 1992), though research suggests that the rate and trajectory of
succession varies across biomes (Section 2.4; Lugo and Brown, 1991; Lebrija-Trejos et al.,
2008; Lebrija-Trejos et al., 2010; Gibson et al., 2011). Thus, predicting how tropical
ecosystems will change following disturbance based on successional theory can be especially
difficult (Gibson et al., 2011; Mora et al., 2015). Other factors such as the intensity and
frequency of disturbance, habitat connectivity, and biotic interactions can further alter
successional processes and determine the successional pathway of an ecosystem (Section 2.4;
Woods, 1989; Cubiiia and Aide, 2001; Chazdon, 2003; Ingle, 2003; Hooper, Legendre and
Condit, 2004; Derroire et al., 2016; Rolim, Machado and Pillar, 2017).

Disagreement over succession theory largely stems from differences in the starting point of
succession, the idea of a stable climax state that an ecosystem returns to following
disturbance, the primary drivers of succession, and the spatial and temporal scale at which
succession is viewed (West, Shugart & Botkin, 1981). Nonetheless, it is widely recognised
that changing pressures from deterministic processes drive changes in biodiversity and
community composition over succession (traditional niche-based theory; Brown and Lugo,
1990; Cequinel et al., 2018; Chang and Turner, 2019; Chazdon, 2014; Lebrija-Trejos et al.,
2010a; Lohbeck et al., 2012). Deterministic process include environmental filtering, species

traits, and interspecies interactions (Zhou et al., 2014).
Environmental filtering occurs when species arrive at a given location but cannot survive due

to the environmental conditions (also called "abiotic filtering"; Kraft et al., 2015). Thus, local

abiotic factors act as a filter where only species with phenotypic or behavioural traits that
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allow them to survive in a disturbed area can become established (Nobel and Slatyer, 1977;
Bazzaz, 1991; Woodward and Diament, 1991; Kraft et al., 2015). Similarly, species’ traits
(especially life history traits related to life strategy trade-offs such as the number and size of
propagules or offspring, and rate of maturation) can affect the ability of species to colonise at
different stages of succession as well as their relative fitness and competitive ability (West,
Shugart and Botkin, 1981; Chu et al., 2007; Zhang, Qi and Liu, 2018). Lastly, the biotic
interactions of competition, facilitation and inhibition are also thought to strongly influence
successional dynamics (West, Shugart and Botkin, 1981; Glenn-Lewin, Peet and Veblen,
1992; Pulsford, Lindenmayer and Driscoll, 2014; Meiners et al., 2015).

The relative importance of these deterministic processes versus stochastic processes, such as
random colonisations and extinctions, in driving successional dynamics has been the subject
of long-standing dispute. For example, while traditional theory describes succession primarily
as a product of deterministic processes resulting in stable communities, others such as Cowles
(1901) and Gleason (1926) propose that stochastic processes are a major driver of
successional change and assemblages are to some extent random collections of species

(Cowles, 1901; Gleason, 1926).

There are some general features of succession that are well supported by empirical evidence
(Section 2.3). The successional mechanisms of abiotic conditions, biotic interactions and
species traits are commonly observed (West, Shugart and Botkin, 1981; Tilman, 1990;
Glenn-Lewin, Peet and Veblen, 1992; Chu et al., 2007; Cequinel et al., 2018), and there is
evidence that stochastic events play a role in shaping successional trajectories as well
(Norden et al., 2015; Ulrich et al., 2016; Boukili and Chazdon, 2017; Marteinsdottir,
Svavarsdéttir and Thérhallsdéttir, 2018; Maren et al., 2018). However, the extent to which
each of these mechanisms influence successional processes varies over time and across

systems.

This thesis aims to assess how patterns of taxonomic and functional diversity change over
succession in the context of succession theory and research (Chapter 6), and using abandoned
cocao plantations in Trinidad’s Northern Range as a case study. The expectations presented
for this thesis are informed by contemporary views of community assembly (Chang and

HilleRisLambers, 2016) and succession, as driven by a combination of successional
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mechanisms. While neutral processes likely influence succession to some degree, they are not
the focus of this work. The effects of starting point, which are not directly tested in this
thesis, are summarised in Appendix 2.1 for completeness. The following sections delve
further into deterministic successional mechanisms and consider how they may shape
patterns of biodiversity over succession. My goal here is to highlight knowledge gaps and

develop predictions that can be tested using my field study.

Successional mechanisms

Biotic interactions

Competition is often treated as a major driving force of successional processes in both
classical and contemporary ideas on succession (eg. Clements, 1916; Hutchinson, 1951;
Tilman, 1985, 1990; Meiners et al., 2015). For example, Tilman (1985; 1990) put forward the
resource-ratio hypothesis where different plant species have varying abilities to compete for
certain limiting resources such as soil nutrients, light, and water (Tilman, 1985). Therefore, as
the availability of two or more limiting resources changes over time, community composition
will shift. Within this, Tilman found that the transition from grassland to oak woodland was
primarily driven by a nutrient:light ratio hypothesis, where soil nutrients and light were the

two primary limiting resources in the regeneration of these forests (Tilman, 1990).

Competition is commonly thought to promote greater functional diversity (Box 1.1; Chapter
3) through competitive exclusion (Hardin, 1960; Macarthur and Levins, 1967; Grime, 1973).
Species with unique complementary suits of traits are potentially able to exploit new niches
which can facilitate coexistence, while species with overlapping redundant traits may
outcompete and competitively exclude each other (Brown and Lugo, 1990b; Lebrija-Trejos,

Meave, et al., 2010; Lohbeck et al., 2012; Chazdon, 2014).

Contrary to this however, some research has found that competition can generate greater
functional redundancy if certain traits are more competitively advantageous (Chesson, 2000;
Mayfield and Levine, 2010; HilleRisLambers et al., 2012; Godoy and Levine, 2014; Kraft et

al.,2015). Fitness differences between species, such as the relative ability of a species to
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compete for shared resources or endure a shared enemy, drive competitive dominance.
Competitive exclusion can therefore result in greater trait convergence if certain traits give
species a competitive edge (Mayfield and Levine, 2010; Godoy and Levine, 2014; Kraft et
al.,2015).

Along with competition, species can interact through facilitation when one species benefits
another (Stachowicz, 2001). This can be either through commensalism or mutualism. For
example, standing trees can stabilise the soil, moderate temperature and weather, and regulate
soil nutrient and water cycling which can support seed germination (Jones, Lawton and
Shachak, 1997). Similarly, mutualisms between mycorrhizal fungi and plants may influence
successional processes by affecting the ability of plants to take up nutrients and species
ability to tolerate harsh environmental conditions (Skujins, 1991; Emery, 2010). Facilitation
is thought to positively effect both alpha and beta-diversity (Stachowicz, 2001; Mclntire and
Fajardo, 2014). For instance, facilitation can reduce stressors such as harsh environmental
conditions which may support more species, and the modification and creation of new

habitats can increase species turnover over time (Mclntire and Fajardo, 2014).

Conversely, species can interact through inhibition, when one species hinders the growth or
survival of another (Connell and Slatyer, 1977; Walker and Del Moral, 2011). For instance,
one species can monopolise resources and in doing so inhibit the growth of other species.
Within this, one species can have both facilitative and inhibitory effects simultaneously

(Walker and Del Moral, 2011).

Alongside direct interactions between species, species can interact over time through priority
effects where earlier colonisers can affect the ability of later colonisers to survive and thrive
(Fukami, 2015). A classic example of this is when the first plants to colonise contribute to
disturbed land, making it more habitable for future colonisers through facilitative habitat
modification (eg. Clements (1916) and Egler (1954); Walker and Del Moral, 2011; Pulsford,
Lindenmayer and Driscoll, 2014) and less habitable for other pioneer-type species (eg.
facilitation model from Connell and Slatyer, 1977; Horn and MacArthur, 1972). Furthermore,
species can have inhibitory priority effects, for example by producing allelochemicals that

persist in the soil or by changing the soil chemistry (Emery, 2010).
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Species’ traits

Species’ traits are generally agreed to play a role in shaping patterns of biodiversity and
composition over succession as well by determining when different species can colonise
disturbed land and their comparative fitness (West, Shugart & Botkin, 1981; Zhang, Qi and
Liu, 2018). Disturbed and deforested land often has degraded soil (decreased organic matter)
and lower soil stability, as well as greater soil evaporation, wind strength, temperature, and
light exposure (Guariguata and Ostertag, 2001; Sanaphre-Villanueva et al., 2017). These
early successional conditions affect which species are able to colonise and become

established (Finegan, 1996; Guariguata and Ostertag, 2001).

The harsher starting conditions favour pioneer-type species which typically have abiotic
dispersal syndromes (Guariguata and Ostertag, 2001; Sanaphre-Villanueva et al., 2017) and
2004). Thus, they grow and spread rapidly, but are short-lived. They are also typically light-
demanding with high photosynthetic capacities, and generalists which can tolerate wide-
ranging and harsher environmental conditions (Guariguata and Ostertag, 2001; Dent, DeWalt
and Denslow, 2013; Lohbeck, Poorter, Martinez-Ramos, et al., 2013; Lasky et al., 2014;
Craven et al., 2015, 2018; Muscarella et al., 2016; Boukili and Chazdon, 2017).

Unlike these pioneer species, those common in mature forests are often slow-growing, long-
lived, shade tolerant, and successful competitors (Connell and Slatyer, 1977; Uhl and Jordan,
1984; Guariguata and Ostertag, 2001; Garnier et al., 2004; Chazdon et al., 2010). This
change in the types of species which colonise at different stages of succession thus describes
a continuum where early stages favour plant species with fast life history traits, and later
stages favour those with slow life history traits. Therefore, changes in species’ traits and
relative fitness in disturbed areas over succession could facilitate turnover in species and

functional trait composition.

The idea that only certain types of species can become established in the early stages of
succession has been contested, however. For example, alongside neutral theory (Hubbell,
2001), the initial floristic composition model by Egler (1954), and the tolerance and

inhibition models of succession proposed by Connell and Slatyer (1977) assume that any
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species can become established at the start of succession (Egler, 1954; Connell and Slatyer,
1977). In support of these ideas, there is some evidence that shade-tolerant species can
colonise in the early stages of succession, but do not become dominant until later stages

(Chazdon, 2014).

Environmental filtering

Environmental filtering limits the functional diversity of species within an assemblage, as
only species with specific traits that allow them to cope with challenging environmental
conditions can survive (Weiher and Keddy, 1995; Diaz et al., 1999; Kraft et al., 2015; Craven
et al.,2018). Research suggests that the strength of environmental filtering changes over
space and time (Montgomery and Chazdon, 2002; Lohbeck, Poorter, Martinez-Ramos, et al.,
2013; Muscarella et al., 2016; Craven et al., 2018) and is greater in early successional stages
(Lohbeck, Poorter, Martinez-Ramos, et al., 2013; Blanchard et al., 2021). The harsh
environmental conditions at the start of succession can limit initial colonisations, which is
thought to be a key stage in defining successional trajectories due to priority effects (West,
Shugart and Botkin, 1981; Fukami, 2015; Marteinsdéttir, Svavarsdottir and Thérhallsdottir,
2018).

It is commonly predicted that environmental filtering as well as competition strongly
influence the degree of functional redundancy and complementarity in an assemblage, where
environmental filtering is stronger in the early stages of succession, and competition is
stronger later in succession (Letcher, 2010; Lohbeck, Poorter, Martinez-Ramos, et al., 2013;
Blanchard et al., 2021). For example, Lohbeck et al. (2013) found that environmental
filtering primarily determines species dominance in woody plant assemblages early on when
conditions are often harsher, while competitive exclusion becomes an increasingly stronger
driver of community assembly as succession progresses. Over succession the land becomes
more hospitable through biotic facilitation, but plants experience increasing competitive
pressure for space, light, and other resources (Lohbeck, Poorter, Martinez-Ramos, et al.,
2013). Thus, there should be greater functional redundancy in younger forests, and greater

trait complementarity in older forests.
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Chazdon (2014), however, notes that environmental filtering can strongly influence
successional dynamics later in succession. For example, light-demanding pioneer trees are
excluded from mature forest stands since they cannot survive in the low-light conditions.
Shade-tolerant species on the other hand can colonise earlier in succession, but do not
dominate the canopy layer until later successional stages as they grow more slowly (eg.
Kayes, Anderson and Puettmann, 2010). Other sources have likewise concluded that
environmental filtering increases over succession (eg. Raevel, Violle and Munoz, 2012;
Muscarella et al., 2016; Craven et al., 2018). Given this, greater functional redundancy
should be expected in older forests, especially over secondary succession where some

structural and soil properties remain intact (Chazdon, 2014).

Links between taxa

Most successional theory and research specifically focus on plant communities, though some
work has considered patterns of successional change in non-plant taxa with mixed results. For
example, Shelford (1911) found that changes in tiger beetles and pond fish assemblages were
primarily driven by changes in the plant community over succession (Shelford, 1911). In
contrast, Adams (1908) found that bird assemblages in North America were mostly
influenced by a combination of biotic interactions and environmental variables (Adams,

1908).

Furthermore, Fox (1982) proposed the Habitat Accommodation model of succession for
animal taxa based on Connell & Slatyer’s (1977) Facilitation and Tolerance models of
succession (Fox, 1982). The Habitat Accommodation model predicts that animal species will
colonise disturbed land when the vegetation characteristics (eg. structure and composition)
meet their habitat requirements. The animal species will decline if the plant community
changes over succession in such a way that conditions become less favourable (Fox, 1982).
While empirical testing of the Habitat Accommodation model of succession has likewise
yielded varying results depending on the taxon studied (Fox, Taylor and Thompson, 2003;
Lindenmayer et al., 2008; Nimmo et al., 2012; Smith, Michael Bull and Driscoll, 2013), it is
expected that plant and animal community dynamics should be tightly linked (DeWalt,
Maliakal and Denslow, 2003; Bowen et al., 2007).
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Overall, it is generally expected that changes in plant biodiversity and composition will be
correlated with changes in other taxa. Plants are autogenic ecosystem engineers which
disproportionately contribute to forest ecosystem functioning (Jones, Lawton and Shachak,
1994, 1997; Stachowicz, 2001). Trees and other plants create habitat, regulate local
environmental conditions, contribute to nutrient cycling, soil formation and stabilisation, and
provide resources for other species (Diaz and Cabido, 2001; Petchey and Gaston, 2006;
Weiher, 2011). It is thought that greater plant diversity provides more habitat and food
resource heterogeneity, and can increase food stability over time, which may facilitate greater
diversity in other taxa (Hooper et al., 2000; Waldrop et al., 2006; Sobek et al., 2009; Haddad
etal.,2011; Tedersoo et al., 2016; Brockerhoff et al., 2017).

As plant community diversity and composition change over succession, the types and
amounts of habitat and resources available for other organisms to exploit changes as well
(DeWalt, Maliakal and Denslow, 2003; Bowen et al., 2007). Therefore, animal populations
should change in response to changes within the plant community. For example, older trees
usually have more cavities (Santos Jr et al., 2006), and tree cavity nesting bird species are
often confined to older forests (Chazdon, 2014). Even within the plant community, greater
tree diversity is thought to increase habitat heterogeneity, for example in light conditions, soil
properties and resource availability and so positively affect ground vegetation diversity
(Augusto et al., 2003; Lassau et al., 2005; Hobbie et al., 2006; Cesarz et al., 2007; Barbier et
al., 2008; Sobet et al., 2009; Vockenhuber et al., 2011)

Furthermore, changes in animal assemblages such as invertebrates, mammals, and birds may
affect plant communities through mechanisms including herbivory, seed predation and
dispersal, and pollination (Gallagher, 2013; Schleuning, Friind and Garcia, 2014; Tedersoo et
al.,2016; Rolo, Olivier and van Aarde, 2017; Gardner et al., 2019).

It is therefore expected that changes in biodiversity and composition will be correlated
between taxonomic groups, as taxa interact with and influence how other taxa change over
succession (van der Heijden et al., 1998; Vogelsang, Reynolds and Bever, 2006; Hiiesalu e?
al.,2014; Pellissier et al., 2014; Rolo, Olivier and van Aarde, 2017; Catterall, 2018; Gardner

et al.,2019; Diaz-Garcia et al., 2020). Studies that compare trends in biodiversity change
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across taxa are scarce, however, and dynamic linkages between taxa over succession are

complex and poorly understood (Section 2.3).

Links between facets and aspects of biodiversity

As well as between-taxa correlations, it is also expected that species and functional diversity
will be positively correlated. It is hypothesised that the larger the local species pool is, the
more likely there are to be species with complementary traits (Huston, 1997; Mayfield e? al.,
2010) and that complementary traits between species can facilitate coexistence (Brown and
Lugo, 1990b; Lebrija-Trejos, Pérez-Garcia, et al., 2010; Lohbeck et al., 2012; Chazdon,
2014). Several studies have found that species and functional diversity are positively
correlated in various taxa and systems (eg. Heino, 2008; Bihn, Gebauer and Brandl, 2010),
though the relationship is rarely perfectly proportional in nature, and functional richness
should not exceed species richness due to the possible inclusion of functionally redundant
species (Diaz and Cabido, 2001). Overall, however, empirical studies have yielded mixed
results, and mechanisms such as environmental filtering can lead to trait overlap within an
assemblage and affect the degree of correlation between taxonomic and functional diversity
(Cadotte, Carscadden and Mirotchnick, 2011). It is commonly suggested that there is greater
pressure from competition and more specialist species in older forests, which would further
promote functional diversity over succession (Brown and Lugo, 1990b; Lebrija-Trejos,
Pérez-Garcia, et al., 2010; Chazdon, 2014) and thus a positive relationship with taxonomic

diversity.

Summary of knowledge gaps and predictions from theory

Expectations for biodiversity change over succession based on these ideas and theoretical
frameworks are tested in the following chapters of this thesis and used to contextualise the
results of this research within ecological succession theory (Figure 2.1). These expectations
highlight knowledge gaps and uncertainties in our theoretical understanding of succession

(light colours and question marks in Figure 2.1).
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Chapter 2: Secondary forest succession

The long history of succession research has led to a wealth of ideas and theories regarding
how ecological communities change following disturbance, primarily within plant
assemblages. There are many ongoing debates surrounding succession theory, especially
regarding the primary drivers of succession. While the relative importance of different
successional mechanisms remains uncertain and challenging to test, abiotic factors, species
traits, biotic interactions, and stochastic events are all thought to play a role in shaping
successional trajectories. How species alpha-diversity changes over succession is less clear

and remains a key question in ecology.

For plant assemblages, and particularly tree assemblages, taxonomic and functional alpha-
diversity are generally expected to increase over time. Most research and theory has focused
specifically on species richness, however, and the shape of these relationships varies between
theoretical frameworks. For example, many frameworks (eg. Clements (1916), Connell and
Slatyer’s (1977) facilitation model, Egler’s (1953) relay floristics model, and many trait-
based models of succession), predict that plant species alpha-diversity should increase rapidly
with the first waves of colonisers, and quickly reach an asymptote. Some hypothesise that
species and functional alpha-diversity should peak in mid-successional sere when pioneer and
climax-type species co-exist (Schoonmaker and McKee, 1988). Other frameworks (eg. the
tolerance and inhibition models of succession proposed by Connell and Slatyer (1977) and
Egler’s (1953) initial floristic composition) suggest that species richness should increase with

the initial colonisers, and then decrease gradually as early pioneer species die.

It is also commonly proposed that competition is greater in later successional stages and that
there are more species with specialist interactions (Brown and Lugo, 1990b; Lebrija-Trejos,
Meave, et al., 2010; Lohbeck et al., 2012), and thus functional alpha-diversity should
increase over succession. Environmental filtering may also limit species and functional alpha-
diversity early in succession (Lohbeck, Poorter, Martinez-Ramos, et al., 2013; Blanchard et
al.,2021), though the relative strength of environmental filtering and competition over
succession is debated (Raevel, Violle and Munoz, 2012; Chazdon, 2014; Muscarella et al.,
2016; Craven et al., 2018).

Furthermore, most theoretical frameworks agree that there is substantial change in the species
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example, Clementsian succession and similar frameworks propose that species and functional
composition should change gradually over time until reaching a stable climax (Clements,
1916). Further niche and deterministic models of succession predict that there is directional
change in the types of species present within a community (high functional turnover). Species
and functional competition are expected to change in line with changes in environmental
conditions and resource availability over succession (Tilman, 1985). Early successional
stages favour species with high dispersal and fast life cycles, while later successional stages
favour species that are better competitors (Finegan, 1996; Guariguata and Ostertag, 2001;

Sanaphre-Villanueva et al., 2017; Zhang, Qi and Liu, 2018).

While these ideas have principally been applied to plant assemblages, other taxa are expected
to change similarly over succession (Hooper et al., 2000; DeWalt, Maliakal and Denslow,
2003; Waldrop et al., 2006; Bowen et al., 2007; Sobek et al., 2009; Haddad et al., 2011).
Thus species and functional alpha-diversity are expected to increase, and composition is

expected to change through time in other taxa as well.

Lastly, it is also expected that the facets and aspects of biodiversity (Box 1.1) will be
positively correlated (Brown and Lugo, 1990b; Lebrija-Trejos, Pérez-Garcia, et al., 2010;
Lohbeck, Poorter, Martinez-Ramos, et al., 2013; Chazdon, 2014). For example, the more
species there are the more likely there are to be species with unique traits, and greater
functional complementarity is thought to facilitate species coexistence (Brown and Lugo,
1990b; Lebrija-Trejos, Pérez-Garcia, et al., 2010; Lohbeck, Poorter, Martinez-Ramos, et al.,
2013; Chazdon, 2014).

2.3 Succession: empirical evidence

As with theoretical frameworks, most empirical studies have been conducted on plant, and
especially tree, community succession which have yielded varied results. There are some
commonalities which can be drawn from this body of research, however. For example,
studies often find that tree alpha-diversity, composition, and forest functions recover at
different rates (Figure 2.2). In line with expectations from theory, studies support the idea

that tree species richness and evenness (a-diversity) increase quickly over time as more
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species become established (Toky and Ramakrishnan, 1983; Lebrija-Trejos et al., 2010). For
example, Abbas and colleagues (2019) found that species richness increased primarily within

the first 20 years of tropical secondary forest succession in Hong Kong (Abbas et al., 2019).

Though the vegetation species richness may recover quickly (~4-35 years), species
composition can remain altered long into succession (>100 years; Finegan, 1996; Chazdon et
al.,2010; Derroire et al., 2016). For instance, Lebrija-Trejos and colleagues (2008) found
that canopy height, crown cover and vegetation density recovered in under 15 years in
secondary succession in Mexican dry-tropical forest following low-intensity agriculture.
Species richness recovered within 40 years. Species composition became increasingly like
that of old-growth forests, but had not completely converged over the 40 year
chronosequence (Lebrija-Trejos et al., 2008). Garcia-Montiel and Scatena (1994) found that
humid tropical secondary forest near abandoned charcoal kilns, and forests that had
previously been used for agroforestry, remained compositionally different from the
surrounding old-growth forests after 100 years of natural succession (Garcia-Montiel and
Scatena, 1994). Riswan et al. (1985) likewise predict that compositional recovery of
abandoned Indonesian pepper plantations should take over 150 years due to a prolonged
pioneer-dominated phase, and the time needed for old-growth species to become established

(Riswan, Kenworthy and Kartawinata, 1985).

A meta-analysis by Derroire and colleagues (2016) of 13 dry tropical forest chronosequences
(<60 years since abandonment of pasture or shifting agriculture) similarly indicated that
forest structure recovered rapidly and species diversity increased over secondary succession.
The rate of species composition convergence with old-growth forests was much slower,
however, and the authors suggest that the species composition may never fully recover
(Derroire et al.,2016). In another meta-analysis of 600 secondary tropical forest studies by
Martin, Newton, and Bullock (2013), tree species richness recovered within ~50 years while
above and below-ground tree biomass recovered after ~85 years. Species composition
remained altered, however, and many old-growth species were absent in the secondary forests

(Martin, Newton, and Bullock, 2013).

While research on functional diversity change over succession is comparatively limited, some

sources indicate that functional diversity follows a similar pattern to taxonomic diversity. For

34



Chapter 2: Secondary forest succession

example, Craven and colleagues (2018) found that woody vegetation functional richness and
functional dispersion both increase rapidly within the first 10 years of succession (Craven et
al.,2018). Whitfeld et al. (2014) also found that tree species and functional richness
increased over 35 years of succession alongside changes in tree species composition
following subsistence agriculture and other forms of land disturbance in New Guinea

(Whitfeld et al., 2014).

Other research on functional diversity change over succession has yielded varying results (eg.
Lohbeck et al., 2012; Sanaphre-Villanueva et al., 2016). Muscarella et al. (2016), for
example, found that tree height maximum height and sapling seed mass diversity decreased
over 91 years of tropical secondary forest succession in Puerto Rico (Muscarella et al., 2016).
Bonke and colleagues (2014) found that there was little change in overall woody plant
functional diversity (FD) over succession despite increases in Shannon diversity and Shannon
evenness in subtropical forests in China. The lack of pattern was driven by contrasting trends
in trait dissimilarity which decreased, and functional evenness which increased, over

succession (Bohnke er al., 2014)

Links between taxa

There are few studies which compare patterns of biodiversity change over succession across
multiple taxa which makes comparisons between data and theory difficult. However, contrary
to expectations from theory, studies have found that patterns of successional change are not
consistent across taxa or with expectations from plant assemblage dynamics (J. Barlow et al.,
2007; Winter et al., 2015; Tinya et al., 2021). Barlow et al. (2007), for instance, found
disparate patterns of biodiversity change between trees, mammals, insects, lizards,
amphibians, and birds in response to disturbance in the Brazilian Amazon (J. Barlow et al.,
2007). Tinya and colleagues (2021) likewise found that patterns of biodiversity change varied
across multiple plant and insect taxa in response to land management in Hungarian forests

(Tinya et al., 2021).
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Conversely, some studies found similar results across taxa, and to findings from tree
communities. In two meta-analyses by Dunn (2004a,b), for example, ant, lepidopteran, and
bird species richness increased asymptotically with forest age over 30 years of succession,
while species composition took far longer to recover post agriculture and pasture land

abandonment (Dunn, 2004a.b).

There is evidence for links between tree and epiphyte dynamics. Though research on
epiphytes is limited, studies have found that epiphyte diversity increases with tree diversity
(Juriado, Paal and Liira, 2003; Kapusta, Szarek-f.ukaszewska and Kiszka, 2004) and with
forest age (Neitlich and McCune, 1997; Brunialti ef al., 2010). Research has also highlighted
that epiphytes are strongly influenced by humidity and shading (Kantvilas and Minchin,
1989; Kuusinen, 1994; Gustafsson and Eriksson, 1995; Campbell and Fredeen, 2004;
Belinchon et al., 2007; Fritz, Brunet and Caldiz, 2009; Moning et al., 2009; Leppik, Jiiriado
and Liira, 2011). Cryptogenic epiphytes (lichens, mosses, liverworts, and algae) in particular,
have varied tolerances and responses to bark chemistry, texture, and stability, and so are
thought to be strongly influenced by tree composition and diversity (Ihlen, Gjerde and
Satersdal, 2001; Cleavitt, Dibble and Werier, 2009; Ellis, 2012).

Similarly, there is evidence that ground vegetation and tree species diversity are positively
correlated and that ground vegetation alpha-diversity increases over succession (Nadrowski,
Wirth and Scherer-Lorenzen, 2010; Vockenhuber ef al., 2011; Chamagne et al., 2016). There
have been relatively few studies specifically on the ground plant community, however, and
some have found that ground vegetation alpha-diversity decreases due to more limited light
levels in older forests (Kirby, 1988; Jennings, Brown and Sheil, 1999; Délle and Schmidt,
2009; Hofmeister et al., 2009).

In bird assemblages, some studies have found that taxonomic and functional alpha-diversity
are greater in older forests (eg. Barlow et al., 2007; Barnagaud et al., 2017; Hobson and
Bayne, 2000; Owen et al., 2020; Sayer et al., 2017; Sberze et al., 2010), and others that alpha-
diversity remains constant with forest age (eg. Borges, 2007; Borges et al., 2021; Jarrett et al.,
2021; Lee et al., 2020; Rocha et al., 2019; Sayer et al., 2017; Waltert et al., 2005). A study by
Schwab and Sinclair (1994) in British Columbia found that breeding bird species richness
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increased non-linearly over succession with richness peaking at an early ‘shrub’ stage and the
final climax stage of succession (Schwab and Sinclair, 1994). Scheick, Nietfeid, and Stelfox
(1995) likewise found a non-linear relationship where old secondary forests had the greatest
bird species richness, primary forests had the lowest species richness, and young secondary
forests were in between (Schieck, Nietfeid, and Stelfox, 1995). Blake and Loiselle (2001)
found that 4-year-old sites had greater bird species richness than old-growth forests in Costa
Rica (Blake and Loiselle, 2001). Sayer, Bullock, and Martin (2017) found that bird species
richness was greater in primary forests, functional evenness was greater in secondary forests,
and functional dispersion and divergence remained relatively consistent with forest age
(Sayer, Bullock and Martin, 2017). Most studies agree, however, that bird species and
functional composition changes the most over succession and that there are more endemic,
forest specialist, and insectivorous birds in older forests (Jarrett et al., 2021; Oksuz et al.,

2021; Sayer et al., 2017; Waltert et al., 2005; Opposed to: Clavero et al., 2011).

The variability in the strength of correlations between taxa could be due to differences in
their mobility. For example, flying vertebrates typically recover faster than non-flying
vertebrates following disturbance (Barlow et al., 2007; Chazdon, 2014; Dunn, 2004b). A
meta-analysis by Karthik and colleagues (2009) found that 70% of old-growth bird species
recovered within 25 years of shifting cultivation abandonment (Karthik, Veeraswami and
Samal, 2009). Furthermore, while changes in animal assemblages over succession are often
predicted and interpreted through the lens of habitat-wildlife relationships, there are many
other factors which can drive animal community dynamics (Le Borgne, Dupuch and Fortin,
2018). For example, predation risks as well as exploitative (consumption of limited shared
resources), interference (restricting other organisms access to resources), and apparent
competition (competing for survival from a shared predator) all shape the abundance and
distribution of animal taxa (Le Borgne, Dupuch, and Fortin, 2018). Given the degree of
complexity in animal population dynamics, it is unsurprising that research on successional

change across taxa has yielded such mixed results.
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Summary of knowledge gaps and predictions from research

As noted above, expectations for biodiversity change over succession based on this research
are tested in the following chapters of this thesis (Figure 2.2). Research into biodiversity
change is patchy across taxa and facets of biodiversity and results are often contradictory,
leaving many knowledge gaps and uncertainties (light colours and question marks in Figure

2.2).

As with succession theory, most empirical research has focused on changes in tree or overall
plant assemblages through succession. Most studies have found that species richness
increases over time, especially in the early stages of succession, while species composition
changes throughout succession (Riswan, Kenworthy and Kartawinata, 1985; Garcia-Montiel
and Scatena, 1994; Finegan, 1996; Lebrija-Trejos et al., 2008; Chazdon et al., 2010; Lebrija-
Trejos, Pérez-Garcia, et al., 2010; Martin, Newton and Bullock, 2013; Derroire et al., 2016;
Abbas et al., 2019). Most studies measure species richness or indices such as Shannon
diversity which include information on both richness and evenness, however, and thus it is
more difficult to discern how tree species evenness will change based on research.
Furthermore, research on functional alpha-diversity change in tree assemblages is
comparatively limited and has produced varied results, though sources generally agree that
there is change in functional composition over succession (Lohbeck et al., 2012; Bohnke et

al.,2014; Muscarella et al., 2016; Sanaphre-Villanueva et al., 2016; Craven et al., 2018).

Similarly, there is relatively little research on ground vegetation dynamics with studies on
taxonomic alpha-diversity change yielding largely incongruous results (Kirby, 1988;
Jennings, Brown and Sheil, 1999; Délle and Schmidt, 2009; Hofmeister et al., 2009;
Nadrowski, Wirth and Scherer-Lorenzen, 2010; Vockenhuber et al., 2011; Chamagne et al.,
2016). Most sources report that species and functional composition change over time,
however, where understory vegetation progresses throughout succession and shade-tolerant

undergrowth typically develops over time (Finegan, 1996).
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Patterns of biodiversity and composition in other taxa are also unclear and largely
uncorrelated. There is evidence that epiphytes are highly dependent on tree community
dynamics, and may change similarly as a result (Jiiriado, Paal and Liira, 2003; Kapusta,
Szarek-t.ukaszewska and Kiszka, 2004; Ellis, 2012). Likewise, some studies found that
lichen species richness increases over succession (Neitlich and McCune, 1997; Brunialti et
al.,2010). Also, being sensitive to bark and environmental conditions (Ihlen, Gjerde and
S@tersdal, 2001; Cleavitt, Dibble and Werier, 2009; Ellis, 2012), change in epiphyte
taxonomic and functional composition over time is expected alongside change in tree
composition. Though, again, most studies focus on species richness and compositional

turnover.

In contrast, many studies on birds have found that there is relatively little change in
taxonomic alpha-diversity over succession (Waltert et al., 2005; Borges, 2007; Sayer,
Bullock and Martin, 2017; Rocha et al., 2019; Lee et al., 2020; Borges et al., 2021; Jarrett et
al.,2021), though research has yielded widely varying results overall as well. This could be
because birds are highly mobile species and thus may be more dependent on landscape-level
features (Robert R Dunn, 2004; J. Barlow et al., 2007; Chazdon, 2014). Most studies agree,
however, that bird species and functional composition change most over succession, where
there are commonly more rare, endemic, and sensitive species in older forests (Jarrett et al.,

2021; Oksuz et al., 2021; Sayer et al., 2017; Waltert et al., 2005)

Overall, simple ecosystem functions tend to be regained early in succession, followed by
species alpha-diversity. Species composition, functional trait composition, and complex
functions take much longer (Chazdon, 2008). Canopy cover, canopy height, and most
aboveground biomass can be regained within 30 years of succession (Finegan, 1996;
Kennard, 2002; Chazdon, 2003; Lebrija-Trejos et al., 2008). Tree density generally decreases
over succession while stem diameter and basal area cover increase (Guariguata and Ostertag,
2001; Martin, Newton and Bullock, 2013). Complex functions, such as soil properties and
fertility, and the types of species which make up forest ecosystems, can take centuries to
recover (Alvarez—Yépiz et al.,2008; Derroire et al., 2016). Early functional recovery is
supported when multiple species have overlapping functional roles (functional redundancy),
thus allowing ecosystem processes to return even if not all the same species are present

(Guariguata and Ostertag, 2001; Liu et al., 2017).
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Chapter 3: Methods

3.1 Introduction

As outlined in Chapter 1, there are ongoing rapid changes in forest cover globally where the
proportion of secondary and planted forests is rising relative to primary forests (Ehrlich and
Pringle, 2008; Hansen et al., 2013; Vaast and Somarriba, 2014; Semper-Pascual et al., 2019;
FAO and UNEP, 2020; Global Forest Watch, 2020). This is driven in large part by land
conversion for agriculture, timber plantations, and other purposes. Tropical regions, which
are especially biodiverse, are currently experiencing the highest levels of deforestation and
land conversion (Lambin et al., 2001; Geist and Lambin, 2002; Gibson et al., 2011; Mora et
al.,2015).

Cacao is a major crop in tropical regions and the cacao industry is growing rapidly (Vaast and
Somarriba, 2014; Borda et al., 2021). The conversion of land to farm cacao, however, is
considered a major contributor to tropical deforestation (Vaast and Somarriba, 2014; Borda et
al.,2021). Understanding the effects of agricultural expansion on biodiversity and how
forests recover over time through succession requires urgent attention, especially in swiftly
changing tropical landscapes. Further research regarding the contributions of secondary and
agricultural forests make to biodiversity conservation and identifying conservation solutions

that can support both people and nature are also essential.

To address these questions (further detailed in Chapter 1.5), fieldwork was conducted in
Trinidad and Tobago to assess biodiversity change over secondary forest succession
following cacao agroforest abandonment. As described in Chapter 1, Trinidad represents a
case study of a landscape shaped by the cacao industry. The legacy of Trinidad’s long cacao
farming history remains evident in the patchwork forested matrix which covers the Northern
Range. Though cacao production decreased in the mid-late 20" century, cacao production has
been increasing again and there are many cacao farmers in Trinidad and Tobago today
(approximately 3,500 farmers in 2014; Bekele, 2004; NATT, 2018). The following chapter
outlines the field and analysis methods used for the research based in Trinidad detailed in

Chapters 4-6; these approaches were piloted in small field study in Fife (Scotland; Box 3.1).
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Box 3.1 Field methods for pilot research in Scotland

A pilot study was conducted to test the field and analysis methods in eight forest patches
in Fife, Scotland. These sites include mixed timber plantations ranging from 20 to 62 years
old, and two patches of woodland which were c. 90 years old. The ages of the sites were
determined using the Ordnance Survey Historic Map Archive and documentation from
landowners (Dr Edward Baxter and Patrick Bowden-Smith). All the forest patches were
between 1-5ha with over 50% canopy cover and trees over five metres tall. The sites were
predominantly surrounded by agricultural fields and pastureland. The surveys were

conducted between July and September 2018 with the help of Anna Kellner.

Figure 3.1 Map of surveyed forest sites in Fife, Scotland. There were two under 30 year old sites
(red circles), two sites between 40-50 years old (pink diamonds), two sites which were 62 years

old (yellow triangles) and two >90 year old forest sites (dark blue stars).

Trees
Trees were surveyed using five 50m transect lines for each site. The transects were

randomly placed and oriented within each site using a random number table. The path of

Continued
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Box 3.1 Field methods for pilot research in Scotland (continued)

the transect was diverted by 90 degrees if an impassable barrier was encountered. All trees
(woody vegetation >6cm in diameter at breast height (DBH) and >3m in height) within
five metres on either side of the transect line were measured and identified to species level.
For this, the circumference of each tree trunk was measured using a tape measure at
approximately 1.3m from the ground. For multi-stemmed trees, the DBH of all major
stems (>6cm DBH) were measured, and the overall DBH for each multi-stemmed tree was

quantified using the equation:

overall DBH = /Z DBH,?

where DBH,, is the diameter for stem n of a multi-stemmed tree. Lastly, the height of each
tree was estimated. Species were identified with the aid of field guides (Corbet, 1998;
Russell, Cutler and Walters, 2014; Sterry, 2015; Press, 2016), and samples and detailed
pictures were taken of the trees where necessary to identify species. Data collected in the

field was supplemented with existing functional and life history trait data (Chapter 3.3).

Ground vegetation

Ground vegetation in this study is defined as all plants growing on the ground excluding
the tree and shrub layers (woody vegetation >0.5m in height). The ground vegetation
was surveyed using a standard 10-pin point quadrat with the pins approximately 0.5cm
in diameter and spaced 5cm apart. Twenty point quadrat surveys were conducted in each
site. Every plant species (including grasses, herbs, tree and shrub seedlings, bryophytes,
and forbs) that touched a pin was recorded as one individual of a given species, so that
each species was recorded only once per pin. A point quadrat was used because they are
less subjective than frame quadrats and provide abundance data rather than percent
cover. As with the trees, species were identified using field guides (Stary and Jirdsek,

1975;

Continued
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Box 3.1 Field methods for pilot research in Scotland (continued)

Phillips and Grant, 1980; Smith, 1980; Fitter, Fitter and Ferrer, 1984; Sutton, 1988;
Corbet, 1998; Crawford, 2002; Porley, 2008; Sterry, 2008; Wildlife Trusts, 2010;
Godfrey, 2014), and samples and pictures were taken where necessary to confirm species

identifications.

Epiphytes

Epiphytes (plants and lichens growing on trees including lianas, vines, orchids, ferns,
lichens, and bryophytes) were surveyed using the same standard 10-pin point quadrat on
each tree surveyed. The quadrat was placed vertically on the tree trunk at approximately
1.3m from the ground. The direction the quadrat faced on a tree trunk was randomly
assigned using a random number table (a random number generated between 1-8 to
indicate the eight major compass directions). All epiphytes were identified using field
guides (Phillips and Grant, 1980; Smith, 1980; Corbet, 1998; Crawford, 2002; Dobson,
2005b, 2005a, 2013, 2017; Walewski, 2007; Porley, 2008; Wolseley et al., 2013;

Godfrey, 2014), and samples and pictures were taken where necessary.

Birds

Bird surveys were done using a point distance survey method (Gregory, Gibbons and
Donald, 2004; Buckland, Marsden and Green, 2008; Thomas et al., 2013). Five survey
points were randomly placed within each site at least 50m apart. Bird surveys were
conducted near dawn (5:30-7:30am) when birds are more active. All birds seen or heard
within the 15-minute survey period were identified to species level and their estimated
distance from the surveyor recorded. The minute (1-15) in which an individual was
detected was recorded to generate species accumulation curves. Whether the bird was
seen or heard, their behaviour (perched or flying), the number of individuals if grouped,
and the confidence in the species identification was also noted. Individual birds were
counted only once. Binoculars were used, and sound recordings were taken using a
Tascam DR-05X handheld recorder during each survey to verify any uncertain species
identifications.

Continued
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Box 3.1 Field methods for pilot research in Scotland (continued)

ID guides and pre-existing recordings of known bird species further aided species
identifications (Corbet, 1998; Hume, 2014; Harrap, 2015). Any other animals, including
humans, detected during the survey period and their distance to the survey point were
recorded as possible confounding factors. Surveys were not conducted in extreme weather

(wind, fog, or rain) which substantially reduced visibility or changed the bird’s behaviour.

Environmental data

Environmental and topographic data were collected in each site: altitude was measured
using a calibrated GPS, canopy cover was measured using a spherical densiometer, and
the land gradient was measured using an inclinometer. Information on weather conditions
was also recorded at the start of each 50m transect. The dominant matrix habitat was
recorded as well. Additional data compiled from other sources were used to supplement
environmental data recorded in the field. qGIS was used to measure the geographical

distance between site pairs (QGIS Development Team, 2021).

3.2 Analysis methods: Taxonomic diversity

Taxonomic and functional alpha and beta-diversity (Figure 1.2) were measured in the tree,
bird, epiphyte, and ground vegetation communities in order to obtain a more complete
understanding of how biodiversity changes over forest succession across taxa. While most
studies have focused on taxonomic diversity, functional diversity is now often measured as
well. Measuring functional diversity alongside taxonomic diversity provides a more
comprehensive view of biodiversity and ecosystem functioning (Box 1.1; Diaz and Cabido,
2001; Weiher, 2011; Cadotte, 2017). Taxonomic diversity is measured by identifying and
recording the species which make up an assemblage, while functional diversity is measured
by quantifying species’ functional traits (traits which relate to a certain ecosystem function,

such as leaf nitrogen content and soil nutrient cycling; Figure 1.2).
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The following analysis methods were applied to the Trinidad data to assess changes in
taxonomic and functional alpha and beta-diversity with forest age in subsequent chapters.
The pilot study conducted in Fife (Scotland) was used as an example of the analysis methods

described below (pilot study details in Box 3.1).

Taxonomic alpha-diversity

Here, Hill numbers of the order q: species richness (q=0), Shannon diversity (q=1), and
Simpson diversity (q=2; Hill, 1973) are used to quantify taxonomic diversity. The three
orders present a coherent statistical framework. Species richness is simply the number of
species present in an assemblage. Shannon diversity incorporates information on both species
richness and evenness (how evenly the relative abundances of species within an assemblage
are; Maurer & McGill, 2011). Lastly, Simpson diversity is a measure of species evenness

(Maurer & McGill, 2011).

Table 3.1 Equations and descriptions of taxonomic alpha-diversity indices. S is the number of species in an

assemblage and P; is the relative abundance of species i.

Index Formula Description

The number of species in an
Species richness S assemblage (Maurer & McGill,
2011).

A measure encompassing both the

sh di ) Zp;Inp; number and the relative
annon diversity
abundances of species (Maurer &
McGill, 2011).
1 The evenness of species relative
Simpson diversity Tp2 abundances in an assemblage
L

(Maurer & McGill, 2011).
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Extrapolated rarefaction curves generated using the INEXT package (Chao et al., 2014;
Hsieh, Ma and Chao, 2020) are then used to obtain species richness, Shannon, and Simpson
diversity estimates for a consistent sample size for each taxon and each site (Appendix 3.1
extrapolated rarefaction curves for each site, taxon, and order). Extrapolated rarefaction
allows for fair comparisons between sites, which is especially important when using metrics
such as species richness and Shannon diversity that are strongly influenced by sampling
effort (Chao et al., 2004; Magurran, 2004). All the diversity values in the Fife pilot study are
estimated for a sample size of 100 individual trees, 100 individual ground plants, 100
individual epiphytes, and 50 individual birds. These sample sizes were chosen because the
rarefaction curves for each site and taxon neared an asymptote, and the confidence intervals

were small.

Pilot study: Taxonomic alpha-diversity example results

To illustrate the use of these indices, OLS linear regressions were used to assess whether
there was significant change in species alpha-diversity over succession for each taxon using
the Fife pilot study data. The alpha-diversity indices for the pilot study were calculated using
the iINEXT rarefaction/extrapolation approach for a sample size of 100 individual trees, 100

individual ground plants, 100 individual epiphytes, and 50 individual birds across all sites.

There was no significant change in tree species richness with forest age (F; 6= 1.092, adj R>=
0.15, p=0.34), though there was a significant increase in Shannon (F = 17.95, adj R>=0.75,
p=0.005) and Simpson diversity over succession (F = 24.01, adj R?= 0.80, p=0.0027).
There was no significant change in ground vegetation species richness (F = 1.03, adj R>=
0.15, p=0.35), Shannon (F 6= 1.001, adj R?>= 0.002, p=0.97) or Simpson diversity with forest
age (Fq6=0.52, adj R>=0.08, p=0.50). Conversely, epiphyte species richness (F, 5= 23.86,
adj R?=0.80, p=0.003), Shannon (F = 13.56, adj R?>=0.69, p=0.01), and Simpson diversity
(Fi 6= 6.00, adj R?= 0.50, p=0.05) all significantly increased over succession. Lastly, there
was no significant change in bird species richness (F; = 0.09, adj R>=-0.15, p=0.78),
Shannon (F; 6= 0.15, adj R?>= -0.13, p=0.71), or Simpson diversity with forest age (F 6=
0.19, adj R>=-0.13, p=0.68).
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Figure 3.2 Linear regressions of species richness, Shannon, and Simpson diversity with forest age for each taxon

(trees, ground vegetation, epiphytes, and birds) from Fife pilot study. Blue lines indicate a significant change in

the alpha-diversity indices with forest age.

Taxonomic beta-diversity

Pairwise compositional dissimilarity between sites was quantified using the Chao-corrected

Jaccard index (Chao-Jaccard; dis.chao function, CommEcol package; Melo, 2019). Jaccard

dissimilarity ranges between O and 1, where values closer to 1 indicate greater compositional

dissimilarity between site pairs. This index corrects for unseen species and under-sampling

by weighting for the rare species shared between site pairs (Table 3.2; Chao et al., 2004).

50

90

90

90



Chapter 3: Methods

Table 3.2 Equation and description of the taxonomic beta-diversity index Chao-corrected Jaccard. n represents the

individuals in assemblage X, and m represents the individuals in assemblage Y. X; is the frequency of species 7 in

assemblage X. ¥; is the frequency of species i in assemblage Y. fi. and f>, are the number of shared species with only

one individual, and with only two individuals in assemblage X respectively (they may have any frequency >0 in

assemblage Y; add 1 if there are none). fi; and f, are the number of shared species with only one individual, and with

only two individuals in assemblage Y respectively (they may have any frequency >0 in assemblage X; add 1 if there

are none). Lastly, D, is the frequencies of the species observed in both assemblages X and Y (shared species).

Index

Formula

Description

D12
_ X
U= E Ly
£ n
=1

Chao-Jaccard D1z

N X,
7=ty
m

i=1

m=-1) fu oKX
2 2 =

i=1

D12

-1 1+ Xi
(nn )ZJ;TZEI(Y":D

i=1

=)

+

< =
|| <

<)

<

An abundance-based Jaccard index
corrected for unseen shared species
(by using the frequencies of
observed rare shared species; Chao
et al.,2004,2006). This equation
provides Jaccard similarity, but
dissimilarity can be calculated by
subtracting the obtained value from
one (as is done in the dis.chao
function of the CommEcol

package).

Pilot study: Taxonomic beta-diversity example results

Again using the pilot study as an example, quantile regressions were employed to test

whether sites which were farther apart in age were also more compositionally dissimilar (50th

quantile; Figure 3.4; Koenker, 2013). Quantile regressions are more robust to outliers and

unequal variance (heteroscedasticity) compared to standard linear regressions (Cade and

Noon, 2003; John, 2015).

There was no significant change in tree compositional change with increasing age difference

between sites (T 2= 0.01, p=0.98). Thus, the tree composition was similar between sites

close in age and those distant in age. There was likewise no significant change in vegetation

(T26=0.66, p=0.51), epiphyte (T(;26= 0.34, p=0.74), or bird compositional dissimilarity

with age difference between sites (T ;6= 0.07, p=0.94).
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Figure 3.3 50" quantile regressions of tree, ground vegetation, epiphyte and bird species compositional change
(Chao-Jaccard) with age difference between sites for Fife pilot study data. Grey lines indicate no significant

change in species composition with age difference between sites.

3.3 Analysis methods: Functional diversity

Functional diversity was measured using comparable metrics to those used for taxonomic
diversity. Functional diversity analyses are strongly influenced by trait choice. Traits were
chosen based on those which were considered most relevant to habitat provision and life
history, those which had high-quality data for most species, and those which were most
comparable across the taxa. Numeric traits were used where possible, and categorical traits

were transformed onto a numeric scale (Appendix 5.1) to avoid generating negative
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eigenvalues in PCoA, which diminishes the quality of the functional space used in functional

diversity analyses (Laliberté, Legendre and Shipley, 2014).

Data on tree and bird assemblages from the Fife pilot study were used to illustrate these
analysis methods. The traits used for the bird functional diversity analyses were: primary
trophic guild, body length (cm), longevity (years), average number of eggs per clutch,
maximum wingspan (cm), and sexual dimorphism (functional trait information from: Hume,
2014; BirdLife International, 2020). The traits used in tree functional diversity analyses were:
maximum height at maturity (m), average leaf length (cm), flower colour, propagule length
(cm), and primary dispersal mode. Functional trait information was compiled from guide
books and other sources (McGinley et al., 1990; Sullivan, 1994; Herman, Stange and Quam,
1996; Weeda, 2003; Wall, Borchert and Gworek, 2006; Batkhuu and Udval, 2013; Gilman
and Watson, 2015; Sterry, 2015; De Jaegere, Hein and Claessens, 2016; San-Miguel-Ayanz
et al.,2016; Baxter, 2018; Kubinovi er al., 2018).

Functional alpha-diversity

o

o °
OOO
O.Q‘

Functional richness Functional evenness Functional divergence

Figure 3.4 Hypothetical schematic to explain the different functional alpha-diversity measures used in this thesis.
Functional richness quantifies how much of the functional trait space is taken up by the species in an assemblage.
Functional evenness quantifies how even the distances between species in trait space are (using a minimum
spanning tree), as well as how even the relative abundances of species in an assemblage are. Functional divergence
quantifies how many species have extreme trait values, and how populated those species are, relative to the species

towards the centre of trait space.
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Three measures of functional a-diversity were quantified for each taxon: functional richness,
functional evenness, and functional divergence (as outlined in: Cornwell, Schwilk & Ackerly,
2006; Villéger, Mason & Mouillot, 2008; Mouchet et al., 2010; Weiher, 2011; Figure 3.4).
Functional richness (FRic or CHV) is a measure of how much multidimensional functional
trait space is occupied by the species in an assemblage. In other words, it is the volume of the
convex hull surrounding the species in trait space for each assemblage. Functional evenness
is a measure of how evenly spread-out species are in functional trait space, and how evenly
abundant species are. This metric uses a minimum spanning tree, where the evenness of the
distances between species in trait space is measured. Lastly, functional divergence indicates
the relative proportion of species on the edge of functional trait space relative to the centre of
the convex hull. For this measure, the more species that have extreme trait values, the higher
the functional divergence will be. There have been many functional diversity metrics
proposed, and little consensus over which are best (Petchey and Gaston, 2006). This
framework was chosen, however, as it is commonly used, intuitive, and the three metrics are

independent and provide information on different aspects of functional diversity change.
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Table 3.3. Equations and descriptions of functional alpha-diversity indices. EW,is the weighted evenness for branch /

between two species on the MST. dist(i,j) is the Euclidean distance between species i and j (the two species at either

end of a given branch on the MST). PEW, is the partial weighted evenness of the assemblage. V is the species on the

vertices (extreme ends) of the convex hull. Gy is the coordinates of the centre of gravity for the V species. Xi is the

coordinate of species i on trait k. dG; is the distance to the centre of gravity for each species in the assemblage. T is the

number of traits / dimensions of the functional space. dG is the mean distance between the species in the assemblage

and the centre of gravity. Ad is the sum of abundance weighted deviances. Lastly, Ald| is the absolute abundance

weighted deviances from the centre of gravity for the species in an assemblage.

Index

Formula

Description

Functional

richness

Functional

evenness

55

FRic
V(C1)

_ dist(i, )
TR+ P

PEW, = oot
Sy
FEve 2i=1 EWi

=i min (PEW,5=27) = 521

Volume of the minimum convex hull
(minimum convex polytope)
surrounding the species of a given
assemblage in trait space calculated
for all the species across all
assemblages being compared (the
species pool) as outlined in (Barber,
Dobkin and Huhdanpaa, 1996)
(Villéger, Mason and Mouillot, 2008;
Villéger, Grenouillet and Brosse,

2013)

A measure encompassing both the
evenness of species abundances and
the evenness in the distribution of
species throughout trait space using a
minimum spanning tree (MST)
(Villéger, Mason and Mouillot,
2008).
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divergence
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Ad = ZPix(dGi— ac)

i=1

S
Ald| = ZPL- x |dG; — dG|

i=1

Ad + dG
Ald| + wdG

Chapter 3: Methods

A measure encompassing the number
and abundance of species on the
vertices (outer edges) of a convex
hull. It is a measure of how many
species and individuals have extreme
trait values within an assemblage
(Villéger, Mason and Mouillot,
2008).

Pilot study: Functional alpha-diversity example results

There was no significant change in tree functional richness (F; 6= 0.30, adj R*=-0.11,

p=0.60), divergence (F¢=0.05, adj R?>=-0.16, p=0.83), or evenness with forest age (F(, ¢=

541, adj R?>=0.39, p=0.06). There was likewise no significant change in bird FRic (F, 6=
0.43, adj R>=-0.09, p=0.54), FDiv (F 6= 2.32, adj R>=0.16, p=0.18), or FEve over
succession (F; 6= 0.33, adj R>=-0.11, p=0.59).
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Figure 3.5 Functional
richness, evenness,
and divergence with
forest age in tree,
ground vegetation and
bird assemblages.
Grey lines indicate no
significant change in
functional alpha-
diversity with forest

age.
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Functional beta-diversity

Table 3.4. Equation and description of the functional turnover component of the functional beta-diversity index.
V(C1) is the volume of convex hull around species in assemblage X. V(C2) is the volume of convex hull around

species in assemblage Y. V(C1NC?2) is the intersection of the convex hulls around assemblages X and Y.

Index Formula Description

A measure of how different the

functional trait composition is
2 x min(V(C1),V(C2)) — 2xV(C1 n C2)

2 xmin(V(C1),V(C2)) — V(C1n C2)

Functional turnover ~FTurn between two assemblages
(Villéger, Grenouillet and Brosse,

2013).

The functional beta diversity index was used to quantify dissimilarity in functional trait
composition between sites (Villéger, Grenouillet & Brosse, 2013). This is also an intuitive
index which assesses the overlap in functional trait space between two assemblages and

decomposes functional beta diversity into its turnover and nestedness components.

Pilot study: Functional beta-diversity example results

As with taxonomic turnover, 0.5 quantile regressions were employed to assess whether
functional turnover significantly increased with age-difference between sites for the Fife pilot

study data. The same traits were used in the functional alpha and beta-diversity analyses.

The quantile regressions show that there was no significant change in the tree functional trait
composition with age difference between sites (T(; 6= 0.17, p=0.86). Contrary to this, there
was a significant decrease in bird functional trait turnover with increasing age difference

between sites (T 2= -2.73, p=0.01).
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Figure 3.6 50" quantile regressions of tree and bird functional turnover with age difference between sites. Blue

lines signify a significant change in functional trait composition with site age difference.

These results confirm that the approach adopted is tractable and that it yields ecologically
interpretable results. They show, for this system, that the magnitude and direction of temporal
change over secondary succession varies across assemblages, and also differs amongst the

metrics.

3.4 Trinidad field study

For the field study conducted in Trinidad and Tobago, 28 forest sites located in valleys across
the southern slopes of the Northern Range mountains of Trinidad were surveyed (Figure 3.7).
These included active cacao agroforests, secondary forests, and primary forests. The active
cacao agroforests were planted predominantly with cacao, but shade trees such as mountain
immortelle (Erythrina peoppigiana), and other crop trees such as mango (Mangifera indica)
and citrus (Citrus sp.) were commonly present (Seedial, 2009; Seedial, 2013). The secondary
forests were at various stages of regeneration following cacao agroforest abandonment (20-

100 years). The primary forest sites had no indication or record of anthropogenic or natural
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Figure 3.7 Map of field sites in Trinidad. There were seven active sites (red circles), seven 25-50 yo (pink
diamonds), seven 60-80 yo (yellow triangles), four >100 yo (light blue squares) secondary forests, and four

primary forest sites (dark blue stars).

disturbance, and had not been disturbed in local memory. Active cacao agroforests were
given an age of zero. Secondary forest sites ranged from ¢.20 to 100 years old where time
since abandonment was used as a proxy for successional age. Primary sites were given a
conservative age of 200 years old and were used as a baseline for beta-diversity comparisons.
Overall, this chronosequence represents c. 100 years of succession. All surveys conducted in

Trinidad were done with the help of a field team and local experts.!

The aim with site selection was to capture the full chronosequence from active agroforest to
primary forest, with replication. Specific sites were chosen based on where we could obtain
reliable land use history information, as well as where we could obtain permission to survey.
Information on the age and history of each site was based on local knowledge, historic
records, and expert knowledge (Table 3.5). Land history, forest type, matrix habitat type, land
gradient, and altitude were kept as similar as possible between sites. All the sites were
between 1-5ha with over 50% canopy cover and trees over five metres tall. The sites were

situated in lower montane seasonal evergreen forest and were mostly under 250m in altitude

! Field team: Dan Jaggernauth, James Josaphat, Nicholas Manchouck, Keshan Mahabir with help from Dr Amy
Deacon, Dr Aidan Farrell, Dr Alex Sansom, Dr Mark Hulme, Shane Ballah, Vicki Balfour, and Dr Linton
Arneaud
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Figure 3.8 Examples of (A) an active cacao agroforest, (B) a secondary forest and (C) a primary forest in

Trinidad’s Northern Range.

with some higher altitude sites (Kenefick et al., 2013). While older sites tended to be at
higher altitudes for historical reasons, the altitudinal difference between sites was small
(<550m). One active cacao agroforest was located just south of the Northern Range but was
managed similarly to other active agroforests in this study. Sites were spread out latitudinally

so that similarly aged sites were not geographically clustered (Figure 3.7).

Each site was mostly surrounded by similar habitat. The primary forest sites were situated
within larger tracts of primary forest where the size and shape were chosen to be comparable
to the active and abandoned agroforests. Historic estates were large with many adjacent plots
of cacao (De Verteuil, 2000). Thus, the secondary forest patches were surrounded by similar
plots of abandoned agroforests that had once been part of the same estate. The plot
boundaries were determined based on local knowledge and landmarks, such as the crotons
(usually Cordyline fruticosa) which are commonly used as cacao agroforest boundary
markers. The active cacao agroforest plots were likewise surrounded by other active
agroforests managed by different landowners. The minimum distance between sites was

approximately 0.8km (qGIS development team, 2021).
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Table 3.5 Site information. Personal communication and records from site property managers Nikita Nath (NN),
Francisco Rodriguez (FR), Gregory Leotaud (GL), Wayne Hutchinson (WH), Barry and Mary (B and M), Paul
(P), Ramish Jadoo (RM) and Martin (M).

Site  Altitude (m) Slope Precipitation Dominant matrix  Nearest settlement (m) Approximate age Land history source

AME 207 21 90 Forest 942 0 Owner (M)

BR1 321 10 90 Forest 700 70 Pers comm

BSC 52 5 70 Agri 260 0 Owner (B and M)
BST 100 8 90 Forest 370 30 Pers comm

Cl 149 23 90 Forest 735 50 Pers comm
Chag 90 70 Forest 1488 40 Pers comm
CMA 122 70 Forest 815 40 Pers comm

ERE 6 6 90 Suburb 0 0 Records; Owner (RJ)

GL 373 15 90 Agri 0 100 Owner (GL)
LAL 471 14 90 Forest 1236 80 Pers comm
LALP 550 12 90 Forest 724 200 Pers comm
LHC 360 11 90 Forest 1252 100 Owner (WH)
LLP 528 18 90 Forest 1528 200 Pers comm
Lopl 167 5 90 Suburb 0 0 Owner (FR)
MSB 267 7 70 Forest 600 100 Records
MSBT 467 21 90 Forest 1023 25 Pers comm
MW8 244 16 90 Forest 341 80 Pers comm
NRGS 297 28 90 Forest 636 200 Pers comm

OA 100 2 90 Agri 530 0 Records; Owner (NN)
OT1 185 15 90 Forest 1726 80 Records; Owner (NN)
0oT2 221 22 90 Forest 1855 50 Records; Owner (NN)
SASC 92 5 90 Forest 555 0 Owner (P)

SCA 217 15 90 Forest 903 100 Pers comm
Siml 211 6 90 Forest 744 25 Pers comm

ucCl1 158 8 90 Forest 1668 75 Pers comm
UpLop 550 9 90 Agri 380 0 Pers comm
VCR 352 13 100 Forest 4411 65 Pers comm
VCRP 148 4 90 Forest 1385 200 Pers comm

In this study, factors which could affect patterns of biodiversity such as environmental
variables and land management history were controlled for as much as possible through site
choice. Environmental data were also collected in the field to control for the effects of these
external factors (Table 3.5). Altitude was measured as the average of five measurements
taken at random points in each site using a GPS. The slope was also measured as the average
of five measurements taken at random points using an inclinometer. Annual average
precipitation was based on values from Spiers et al. (2008). The dominant matrix (the land
cover most abundant in the area immediately surrounding each site) was recorded. Lastly, the
nearest settlement is the distance from the centre of each site to the nearest settlement with >5

houses and a paved road. Approximate age is the age of each forest site since abandonment as
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indicated by historic records, the property owner, local experts, and personal comments from
residents with knowledge of the area. Field data was supplemented with existing functional

trait data for functional diversity analyses (Chapter 5).

The chronosequence approach used in this study assumes that the management practices used
in the active agroforests are similar to those used in the abandoned agroforests when they
were actively cultivated, that patterns of biodiversity are primarily driven by forest age, and
that the forests are transforming over succession at a similar rate. Local knowledge and local
records, including those in the National Archives of Trinidad and Tobago, confirm that the

agroforests were managed similarly.

As outlined in Chapter 1.4, standard cacao agroforest management in Trinidad involves
pruning the cacao trees so that they remain short and easy to harvest from. Management also
commonly includes removing epiphytes and suppressing the ground vegetation (Seedial,
2009). The sites surveyed for this research followed traditional management systems which

include shade and other crop trees (Chapter 1.4).

The field methods used in this research were the same as those outlined for the pilot study
(Box 3.1), with some exceptions. All epiphytes were identified to species level, except for
some mosses which were only able to be identified to genus level, and lichens which were
assigned to morphospecies (Appendix 3.2 photo library of morphospecies). Samples and

detailed pictures were taken of the trees, ground vegetation, and epiphytes, and the species
identifications were confirmed by the National Herbarium of Trinidad and Tobago where

necessary. Samples of each lichen species were submitted to the herbarium so that species
could be identified using chemical analyses in future. Bryophytes were identified with the

help of a local expert, Shane Ballah.

Additionally, instead of using point counts, birds were surveyed using a single transect
spanning the longest orientation of each site (found using qGIS; QGIS development team,
2021). The transects were set at least 50m from the site edge to avoid counting birds outside
of the site. The bird surveys were conducted in the early morning (7-9am) when birds are
more active between late April to early August (2019) to coincide with the start of the wet

season and the main bird breeding season (Snow & Snow, 1963, ffrench, 1985; Kenefick et
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al.,2013). All birds that were seen or heard over the survey period on either side of the
transect line were recorded. Birds heard behind the surveyors were not recorded to avoid

double counting.

When a large flock of birds was encountered, the number of birds of each species was
estimated and the distance and direction to the centre of the flock was recorded. Binoculars
and sound recordings were used to aid in identifying species. Domesticated captive birds
(Numida meleagris and Gallus sp.) were recorded, but not included in analyses. Bird
behaviour (on the ground, flying over, flying low, perched, eating, or nesting) and the method
of detection (seen, heard, or both) were recorded. Whether a bird was directly interacting
with the site was recorded as well. Birds up to 200m away were recorded and the full dataset
was used for analyses in the following chapters. Results using truncated data which included

only birds within 50m of the transect line are available in Appendix 3.3 for comparison.

The transects were walked three times, 20 minutes apart. The first transect was used in
analyses, while the two repetitions were used to assess the repeatability and precision of the
bird surveys (Appendix 3.4). A GPS was used to ensure the transects were walked at a
consistent walking speed between repetitions and between sites. Surveys were not conducted
in extreme weather that reduced visibility and altered bird behaviour (rain, wind, or fog).
Environmental variables including habitat descriptions, weather conditions, and visibility
(estimated as the distance to which objects were visible and not obscured by foliage etc) were
recorded at the start of each bird survey. All the bird surveys were conducted with assistance

from Dan Jaggernauth and Nicholas Manchouck.
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4.1 Introduction
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Quantify the directionality of
change in taxonomic and
functional diversity over

secondary succession

How does taxonomic alpha-diversity
change over secondary succession? (4)

How does species composition change
over secondary succession? (4)

How does functional alpha-diversity
change over secondary succession? (5)

How does functional trait composition
change over secondary succession (5)
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Understand the extent to which
the results are generalisable and
consistent with theory

Are trends in facets and dimensions of
biodiversity within taxa correlated

over secondary succession? (6)

Are biodiversity trends amongst taxa
correlated over secondary succession?
(6)

Are correlations between trends
between the different facets and
dimensions of diversity consistent with

theory (6)
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Applications

What are the consequences of

these changes for land

management and conservation?
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What are future steps for
improving our ability to monitor
and assess forest change? (7)

Figure 4.1. Schematic of questions being addressed in this thesis. Questions highlighted in blue are the focus of

this chapter.

Biodiversity is under unprecedented threat due to growing anthropogenic pressures on

ecosystems globally (Chapter 1;Magurran and Dornelas, 2010; Isbell et al., 2017; Blowes et

al.,2019). Habitat loss and transformation are major drivers of this ongoing biodiversity

crisis (Ehrlich and Pringle, 2008; Semper-Pascual et al., 2019). While deforestation rates

have slowed over the last decade, the proportion of secondary and planted forests continues

to increase while primary forest cover declines (Ellis, Antill and Kreft, 2012; Martin, Newton

and Bullock, 2013). Tropical regions are experiencing high rates of deforestation and

conversion of land for agriculture (Gibson et al.,2011; Mora et al., 2015). As the proportion

of converted and disturbed land continues to grow relative to primary forests, agricultural and

secondary forests are becoming increasingly important biodiversity reservoirs. Thus,

understanding how tropical forests regrow on abandoned agricultural land is crucial for

conservation. The conversion of primary forest for farming cacao is one widespread form of

land conversion in the tropics (Ruf and Schroth, 2004), though the effects of cacao farming

on tropical biodiversity has received little attention compared to other forms of land

conversion.
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The following chapter will assess how taxonomic alpha and beta-diversity change over c. 100
years of tropical secondary forest succession following cacao agroforest abandonment in
Trinidad, using the methods detailed in Chapter 3 (Figure 4.1). The chapter will also address
whether the rate of taxonomic diversity change varies over succession, as well as how some
basic structural characteristics of the forests change over time. Taxonomic diversity is the
most studied dimensions of biodiversity and provides important insight into how forests

change; this perspective will be developed further in Chapters 5 and 6.

Unlike other forms of agriculture or disturbance, traditionally grown ‘shade-cacao’
agroforests have standing trees with a mostly closed canopy and multiple canopy layers,
which can create similar habitats and microclimates to older forests and attract seed
dispersing animals (details on farming methods in Chapters 1 and 3; Finegan, 1996; Franklin
et al.,2002; Chazdon, 2003; Sandor and Chazdon, 2014; Derroire et al., 2016). This suggests
that cacao agroforests and similar agroforestry systems like coffee and vanilla may retain
some characteristics and functions of older forests, and may recover old-growth
characteristics more rapidly than would be expected following other forms of disturbance and

land use.

Species (i.e. taxonomic) alpha-diversity is expected to increase through time in all taxa
investigated in this system; simple functional characteristics such as forest structure are also
expected to recover over time, especially in the early stages of succession. These predictions
are based on succession theory and findings from research, where species colonise abandoned
areas and accumulate over time as forests regenerate (Chapter 2; DeGraaf, Geis and Healy,
1991; Finegan, 1996; Calvo and Blake, 1998; Keller, Richmond and Smith, 2003; Rey-
Benayas, Galvén and Carrascal, 2010; Buechley et al., 2015; Derroire et al., 2016; Arroyo-
Rodriguez et al., 2017). It is also expected that species composition will change significantly
over succession in all taxa as the biotic and abiotic conditions, such as environmental filtering
and competitive regimes, change within a forest over time (Chapter 2; Guariguata and
Ostertag, 2001). To test these predictions, I first ask how forest structure changes through
succession by assessing canopy cover, tree height, and DBH. I then present the results for
taxonomic alpha and beta-diversity change over succession for each taxon. The methods for

this chapter are described in Chapter 3.
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4.2 Structural characteristics
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Figure 4.2. Canopy cover with forest age. Boxes represent the median value (horizontal line) with the interquartile
range (box), the minimum and maximum values excluding outliers (vertical lines), and outliers (points). Red
boxes are active sites, orange boxes are 25-50 yo secondary forest sites, yellow boxes are 60—80 yo secondary

forests, light blue boxes are >100 yo secondary forests, and dark blue boxes are primary forest sites.

Results from my research show that the forest canopy develops and becomes more
structurally complex over succession. Five measure of canopy cover were taken in random
locations at each site using a spherical densiometer (Chapter 3). Boxplots were used to assess
changes in canopy cover with forest age (ggplot package in R; R Core Team, 2021; Wickham
et al.,2021). Active cacao agroforests had a higher degree of variation in canopy cover than
secondary and primary forest sites, but all sites had >50% cover (Figure 4.2). Canopy closure
occurred early, within the first 20 years of succession, with the result that young secondary
forests had a similar percentage canopy cover to primary forests (Figure 4.2). Overall, there
was little difference in canopy cover between most secondary forests, actively cultivated

cacao agroforest sites, or the primary forest sites.
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Figure 4.3 Kernel density plot of
tree height for each site where the
probability density function
(density) represents the number
of trees which have a given
height value in an assemblage
(probability density per each
height unit). Each line represents
a different site: (a) Active cacao
agroforests, (b) 20-45, (c) 50-80,
(d) >100, (e) primary forest.



Density

0.08
|

0.00
!
«

200

300

400

0.02
|

0.01
!

0.00
I
i
|
|
|

200

300

400

0.00
|
4
i

200

300

0.030
I

0.020

0.010
|

0.000
/

71

T
200

DBH (cm)

300

400

Chapter 4: Taxonomic diversity

(A)

(B)
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Figure 4.4 Tree diameter at
breast height (DBH). The
probability density function
(density) represents the number
of trees which have a given DBH
value in an assemblage
(probability density per unit
DBH). Each line represents a
different site: (a) Active cacao
agroforests, (b) 20-45, (c) 50-80,
(d) >100, (e) primary forest.
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Forest structure was further evaluated by examining tree height. The height of each tree
surveyed in this study was estimated in the field, and kernel density plots were used to assess
changes in canopy height and structure (Chapter 3; sm package in R statistical software;
Bowman and Azzalini, 2021; R Core Team, 2021). Canopy structure became increasingly
bimodal with forest age, indicating the growth of taller trees and the emergence of multiple
canopy layers as the forests recover (Figure 4.3). Lastly, the circumferences of all the trees
surveyed were also measured in the field and the DBH of each tree was calculated from these
values (Chapter 3). The change in tree trunk size (DBH) was less pronounced than in tree

height, but also increased with forest age and became more bimodal (Figure 4.4).

4.3 Alpha-diversity

Taxonomic alpha-diversity was quantified using Hill numbers of the order q: species richness
(g=0), Shannon diversity (q=1), and Simpson diversity (q=2; Chapter 3; Hill, 1973). Species
richness is the number of species present in an assemblage. Simpson diversity emphasises
species evenness (how even the relative abundances of species within an assemblage are).
Shannon diversity provides an intermediate perspective of assemblage diversity as it draws

on both species richness and evenness.

GLM linear regressions of the alpha-diversity indices and forest age were used to assess
whether there were significant changes in species alpha-diversity over succession for each
taxon (Figure 4.5; Table 4.1; taxonomic alpha-diversity analysis method detailed in Chapter
3.2). GLMs were further conducted without primary sites (Appendix 4.2) and used to control
for the effects of environmental variables (altitude, annual average precipitation, and distance
to the nearest settlement; Chapter 3). Environmental variables were used if the addition
increased AIC scores. Lastly, the analyses also tested for break points and, if there was a
significant break point which improved model fit, this was taken as evidence that the rate of
alpha-diversity change varied over succession (segmented package in R statistical software;

Muggeo, 2017; R Core Team, 2021).
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Figure 4.5 Species richness, Shannon diversity and Simpson diversity with forest age in tree, ground vegetation,
epiphyte and bird assemblages. The points represent the field sites, and blue lines indicate statistically significant

trends (regression information is detailed in Table 4.1).

As expected, there was a significant increase in tree species richness (p=0.02), Shannon
diversity (p=0.02), and Simpson diversity with forest age (p=0.01; Table 4.1). There was a
significant break point in tree species richness at 25.4 years indicating that tree species

richness increased more rapidly early on in succession (Figure 4.5; Table 4.1).

Also, in line with expectation, there was a significant decrease in ground vegetation Shannon
(p=0.02) and Simpson diversity with forest age (p=0.02), but there was no significant change

in ground vegetation species richness (p=0.12).
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There was no significant change in epiphyte species richness (p=0.33), Shannon diversity

(p=0.67), or Simpson diversity over time (p=0.26).

There was also no statistically significant change in bird richness (p=0.30), Shannon (p=0.75)

or Simpson estimates over succession (p=0.99). There was one fewer degree of freedom in

the bird surveys due to there being one fewer site included in these analyses (Chapter 3).

No other regressions had significant breakpoints, and environmental variables reduced the

model fit in these analyses. The potential issue of multiple comparisons is noted here. These

statistics are therefore included to provide intuitive information of the fitted linear trend of

each time series, rather than presented in a classical hypothesis-testing context.

Table 4.1 GLM linear regression results for alpha-diversity measures with forest age. Sites is the number of sites
(n) included in each analysis.

Taxon Model Breakpoints df Sites adjR? Fvalue P value
Richness ~ Forest age 254 years 1 on27 29 0.16 647 0.02
Trees Shannon ~ Forest age — 1 on27 29 0.14 5.61 0.03
Simpson ~ Forest age — 1 on27 29 0.17 6.57 0.02
Richness ~ Forest age — 1 on 26 28 0.01 1.13 0.30
Birds Shannon ~ Forest age — 1 on 26 28 -0.03 0.10 0.75
Simpson ~ Forest age — 1 on 26 28 -0.04 <0.01 0.99
Richness ~ Forest age — 1 on27 29 0.05 2.63 0.12
Vegetation Shannon ~ Forest age — 1 on27 29 0.11 4.56 0.04
Simpson ~ Forest age — 1 on27 29 0.14 5.72 0.02
Richness ~ Forest age — 1 on27 29 0.04 0.97 0.33
Epiphytes Shannon ~ Forest age — 1on27 29 0.01 0.19 0.67
Simpson ~ Forest age — 1 on27 29 0.05 1.35 0.26
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4.4 Beta-diversity

The Chao-Jaccard index was used to quantify compositional dissimilarity between sites. This
index corrects for under-sampling and unseen species by weighting for rare species that are
shared between site pairs (Chapter 3.2; Chao et al., 2006). A 0.5 quantile regression was then
used to relate Chao-Jaccard compositional dissimilarity to age difference and environmental
distance between sites in pairwise comparisons for each taxon (Koenker, 2013). Age
difference is the difference in time since abandonment between sites, where actively
cultivated sites have an age of zero and primary sites are given a conservative age estimate of
200 years old. Environmental distance was quantified using non-metric multi-dimensional
scaling (NMDS) on the environmental variables: annual average precipitation (Fick and
Hijmans, 2017), average site altitude, distance to the nearest settlement (measured as distance
to the nearest settlement with >5 houses and a paved road using QGIS), and average land
gradient (Chapter 3; metaMDS function in the vegan package in R; Oksanen et al., 2010).
NMDS provided a measure of the pairwise environmental distance between sites in
multidimensional Euclidean space. Environmental variables were chosen based on their
relative weight and independence in determining environmental distance between sites, and
their ecological relevance. Quantile regressions were used because they are more robust to
outliers and unequal variance (heteroscedasticity) than GLM linear regressions (Cade and

Noon, 2003; John, 2015).

A 0.5 quantile regression found a significant increase in Chao-Jaccard compositional
dissimilarity between tree assemblages with increasing age difference between site pairs (p <
0.001) and with increasing environmental distance (p = 0.01; Table 4.2; Figure 4.6). Out of
all the taxa, the regression model fit tree assemblages best with a markedly higher R? value.
There was likewise a significant change in ground vegetation composition with increasing
age difference between sites (p < 0.001), but not with environmental distance (p = 0.69). A
0.5 quantile regression also found bird compositional dissimilarity increased with age
difference between site pairs (p < 0.001), but not with environmental distance (p = 0.10).
Lastly, there was no significant change in epiphyte composition with age difference between

sites (p = 0.31), or with environmental distance between site pairs (p = 0.77)
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Figure 4.6 Species compositional change (Chao-Jaccard) with age difference and environmental distance between

site pairs. ‘Age difference’ is the pairwise difference in age between sites, and ‘environmental distance’ is the

pairwise distance between sites in environmental Euclidean space. The Euclidean space was built using the

environmental variables: average site altitude, distance to the nearest settlement, annual average precipitation, and

average land gradient. Asterisks indicate statistically significant change in species composition with forest age

from a 0.5 quantile regression (regression information is detailed in Table 4.2).

Table 4.2 Results from 0.5 quantile regression of Chao-corrected Jaccard with age difference and environmental

distance between site pairs. P-values are given for age difference (A) and for environmental distance (E).

Taxon Model df Sites adjR?> Fvalue P valueA P value E
Chao-Jaccard ~ Age difference
Trees 2 on 404 29 0.28 74.86 <0.001 0.01
+ Environmental distance
Chao-Jaccard ~ Age difference
Birds 2 on 375 28 0.06 13.37 <0.01 0.10
+ Environmental distance
Chao-Jaccard ~ Age difference
Vegetation 2 on 404 29 0.05 10.71 <0.001 0.69
+ Environmental distance
Chao-Jaccard ~ Age difference
Epiphytes 2 on 404 29 0.05 10.71 0.31 0.77

+ Environmental distance
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Principal Coordinates Analysis (PCoA) was used to visualise forest age groupings in
multidimensional space based on differences in species composition (Chao-corrected
Jaccard) between sites (pcoa function in the ape package in R; Figure 4.7; Paradis et al.,
2022). For the trees, active cacao agroforests and primary forests had unique species
composition, while the secondary forests largely overlapped in species composition
regardless of forest age. A similar pattern was seen in the bird and ground vegetation
assemblages, where active agroforests and primary forests were more compositionally

unique. The distinction between age categories was less clear in epiphyte assemblages.
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Figure 4.7 Species composition comparisons between age groups. PCoA of species composition between sites
based on chao-corrected Jaccard dissimilarity. X and Y axes are the first and second PCoA axes respectively. A
(red) are active sites, B (pink) are 25-50 yo secondary forest sites, C (yellow) are 60-80 yo secondary forests, D

(light blue) are >100 yo secondary forests, and E (dark blue) are primary forest sites.
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Bubble plots were used to further illustrate changes in species composition with forest age
(inkspot function in the rioja package in R; Figure 4.8; bubble plots with all species in
Appendix 4.1; Juggins, 2020). Some species were more common in active cacao farms,
young secondary forests, or in older forests. Other species were more ubiquitous and present
across sites regardless of successional age. Active cacao agroforests and young secondary
forests were primarily composed of agricultural trees such as cacao, mountain immortelle
(Erythrina poeppigiana), mango (Mangifera indica), breadfruit (Artocarpus altilis), citrus
(Citrus sp. including C. sinensis and C. paradisi), and coconut (Cocos nucifera). Older
secondary and primary forests had more native forest tree species such as toporite
(Hernandia Sonora), sandbox (Hura crepitans), cooperhoop (Brownea coccinea), white
mahoe (Heliocarpus trichopodus), angelin (Andira inermis), roughleaf (Curtella americana),

and mature stranglers including Clusia flavida and Ficus species.

Common bird species such as blue-grey tanagers (Thraupis episcopus), palm tanagers
(Thraupis palmarum), bananaquits (Coereba flaveola), and spectacled thrushes (Turdus
nudigenis) were abundant, especially in active agroforests and young secondary forests.
Forest species including white-bearded manakins (Manacus manacus), long-billed gnatwrens
(Ramphocaenus melanurus), red-eyed vireos (Vireo olivaceus), and rufous-breasted hermits

(Glaucis hirsutus) were more common in older secondary and primary forests.

For ground vegetation, grasses including Axonopus compressus, Bambusa vulgaris, Cyperus
luzulae, and Cyperus rotundus, and herbs such as Fleurya aestuans, Vanto somundipus,
Eryngium foetidum and Centropogon cornatus were more common in active agroforests and
young secondary forests. Saplings of agricultural trees including mountain immortelle and
avocado (Persea americana) were also present mostly in active agroforests and young
secondary forests. Plant species such as the fern Adiantum obliqgum, the herb Heliconia
spathocircinata, and sandbox and palm saplings (including Aiphanes minima and Attalea
maripa) were most common in secondary forests. Ferns such as Sticherus bifidus and
Adiantum latifoliuim, vines such as Philodendron giganticum and Monstera adonsonii, and
herbs such as Ischnosiphon arouma and Stromanthe tonckat were more common in older
forests. Species such as the shrubs Piper aduncum and Pachystachys coccinea, the vine
Philodendron lingulatum and herbs including Heliconia bihai and Costus scaber were

ubiquitous across forest sites.
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Most epiphytes were common across sites regardless of age including liverworts such as
Plagiochila adiantum, Neckeropsis undulata, and Lejeuneaceae species, mosses such as
Calymperes afzelii and Sematophyllum species, vines such as Peperomia rotundifolia and
Philodendron lingulatum, and lichens such as Coenogonium linkii. Y ounger sites tended to
have more lichens and bryophytes such as Plagiochila adiantum, Papillaria and Goutiella
species, though the vine Monstera dubai and the orchid Polystachya concreta were only
found in active agroforests. Older sites had more vines and lianas such as Philodendron
acutatum, P. ornatum, P. venosum, P. rudgeanum, and Desmoncus polycanthos. Older forests

also had more of the strangler tree Clusia rosea.
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Figure 4.8 Bubble plots as a visual example of how species composition changes over time. The size of each
circle represents the abundance of a given species (rows) in a given forest site (columns with age increasing from
left to right). Some species are more common in active agroforests, in young secondary forests or in older forests,

while others are ubiquitous across sites. Plots with all species are available in Appendix 4.1.
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4.5 Discussion
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Figure 4.9 Summary figure of the taxonomic diversity results. Upward arrows (dark blue) indicate a positive
trend with forest age, and yellow downwards arrows are negative trends. Grey dashes indicate no statistically
significant change in the diversity measure over succession. The coloured grid indicates the relationship between
different taxa and aspects of biodiversity. Dark blue indicates a strong positive relationship and light blue squares
indicate conflicting trends with one of the pair increasing and one showing no significant change. Yellow indicates
a strong negative trend, and light yellow squares indicate conflicting trends with one of the pair decreasing and
one showing no change. Green squares represent opposing trends. Grey squares indicate that both the taxon and

aspects of biodiversity being compared did not change over succession.
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The aim of this chapter was to assess how forest structure and taxonomic diversity change
over tropical secondary forest succession following cacao agroforest abandonment in
Trinidad. Results from these analyses found that forests become more structurally complex
over time, but that canopy cover recovered early in succession. This is in line with other
studies that have found that structural characteristics and simple functions can recover early
in succession (~15-50 years; Kubota, Katsuda and Kikuzawa, 2005; Lebrija-Trejos et al.,
2008; Derroire et al., 2016). The standing trees and complex structure of cacao agroforest

may facilitate the recovery of these simple functional attributes.

Alpha-diversity

As expected, there was a significant increase in tree species richness and evenness over
succession. The increase in tree species richness was significantly greater within the first 25
years of succession. This is in line with other studies which have found tree species richness
recovers quickly (within about 440 years; Finegan, 1996; Muiiiz-Castro, Williams-Linera
and Martinez-Ramos, 2012; Derroire et al., 2016), though the results in this chapter also
indicate that species richness continues to increase at a slower rate over c. 100 years of

succession in these forests.

While there was no significant change in ground vegetation richness, Shannon and Simpson
diversity significantly decreased over succession. These results are contrary to the
expectation that ground vegetation alpha-diversity should increase over time alongside tree
diversity and habitat heterogeneity. Conversely, these results support the concept that there is
stronger environmental filtering due to greater canopy closure and lower light availability at
ground level in older forests, which limits ground vegetation diversity (Laska, 1997; Lebrija-
Trejos, Meave, et al., 2010; dos Santos-Junior et al., 2017). Some studies have also found
that ground vegetation species alpha-diversity decreases over succession (Laska, 1997;
Rasingam and Parthasarathy, 2009; dos Santos-Junior et al., 2017). For example, Laska
(1997) found that secondary forest sites had greater shrub species richness compared to
primary forest in Costa Rica (Laska, 1997). Rasingam and Parthasarathy (2009) similarly
found that disturbed forest sites in India had higher understory plant species richness than

undisturbed forest sites (Rasingam and Parthasarathy, 2009). Likewise, dos Santos-Junior and
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colleagues (2017) found that herbaceous ground vegetation species richness was higher in
secondary forest than primary forest in Brazil (dos Santos-Junior et al., 2017). Other studies
on ground vegetation taxonomic diversity over secondary forest succession have yielded

mixed results, however (Costa and Magnusson, 2002).

There was no significant change in bird alpha-diversity with forest age. This is in line with
expectations based on research where many studies have similarly found no change in bird
alpha-diversity over succession (Chapter 2; Borges, 2007; Borges et al., 2021; Jarrett et al.,
2021; Lee et al., 2020; Rocha et al., 2019; Sayer et al., 2017; Waltert et al., 2005). Theory,
however, predicts that bird alpha-diversity should increase, and other studies have found that
bird species richness increases over time, especially early on in succession (<20 years; Keller,
Richmond and Smith, 2003; Dunn, 2004; Acevedo-Charry and Aide, 2019). The stability of
bird species richness and evenness through succession in this study may be because the basic
structural characteristics and functions of a forest often recover quickly and can be sustained
with few tree species (Finegan, 1996; Kennard, 2002; Chazdon, 2003; Lebrija-Trejos et al.,
2008; Derroire et al., 2016). Thus, the trees that are already established in cacao agroforests
could be maintaining core structural features of a forest such as providing shade and shelter
through the early stages of succession. The maintenance of forest structure in cacao
agroforests and young secondary forests, including the presence of epiphytic plants, can
support invertebrate abundance and diversity as well (Diaz et al., 2012; Mottl et al., 2019).
This could provide an ample food source for insectivorous birds. Many of the crop trees in
cacao agroforests and secondary forests regenerating from agroforestry are fruiting trees,
which provide a food source for frugivorous birds. Furthermore, all the sites in this study
were situated within a forest matrix consisting of many different forest types. Research
indicates that highly mobile animals tend to recover more quickly than other taxa following
disturbance (Barlow et al., 2007; Chazdon, 2014; Dunn, 2004b). Birds can easily move
between forest patches, and other studies have found that cacao agroforests can act as habitat
corridors for birds in fragmented landscapes, especially when there is a diverse array of

native shade trees (Clough et al., 2009; Cabral, Faria and Morante-Filho, 2021).
There was likewise no significant change in epiphyte alpha-diversity over succession. Other

studies have found that epiphyte diversity is higher in older forests across epiphytic taxa, with

the exception of vine and liana species richness which are commonly higher in secondary
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forests than in primary forests (Dewalt, Schnitzer and Denslow, 2000; Martin, Sherman and
Fahey, 2004; Chazdon, 2008; Ellis, 2012; Martin, Newton and Bullock, 2013). Some of the
change in epiphyte diversity may have been missed in this study because lichens were
identified as morpho-species rather than species. It could also be that, unlike other forms of
land conversion, the residual shade trees and crop standing trees in actively cultivated
agroforests provide space for epiphytes to grow. Many cacao farmers remove lianas and vines
from the cacao trees to improve crop yields (Bekele, 2004; NATT, 2018), but most lichens
and bryophytes (slow-spreading taxa) are left untouched. In this study there were larger
epiphytes on the cacao trees despite this management, including small vines such as
Peperomia rotundifolia and Monstera dubai, the orchid Polystachya concreta, and

resurrection ferns (Pleopeltis polypodioides).

Beta-diversity

There was significant turnover in tree, ground vegetation, and bird species composition over
time. Tree composition changed both with age difference and environmental distance
between sites which suggests that tree composition is a product of both the location and the
age of the forest. Significant compositional change in the ground vegetation and bird
assemblages over time was also detected, but not with environmental distance between site
pairs. It was expected that species composition would change with forest age across taxa due
to stochastic events and as the relative strength of successional drivers, such as environmental
conditions and competitive regimes, vary over succession driving shifts in the comparative
fitness of species (West, Shugart and Botkin, 1981; Glenn-Lewin, Peet and Veblen, 1992;
Lebrija-Trejos, Meave, et al., 2010; Lohbeck et al., 2012; Chazdon, 2014; Cequinel et al.,
2018; Chang and Turner, 2019). The PCoA plots (Figure 4.7) show that active agroforests
and primary forests have distinct species composition in these taxa. This is in line with other
studies which indicate that it can take centuries for the species composition of secondary
forests to converge with that of primary forests (Finegan, 1996; Derroire et al., 2016;

Rozendaal ef al., 2019).

There was no significant change in epiphyte composition either over time or with

environmental distance, however. Many species were present across sites regardless of forest
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age, especially lichen species (Figure 4.8, Appendix 4.1). Lichens and bryophytes are
sensitive to air quality, atmospheric nitrogen content, humidity, and other microclimate
conditions, and are often used as indicator taxa (Benzing, 1998; Sett and Kundu, 2016; Shi et
al.,2017). Studies have shown that some cryptogenic lichens can be tightly linked to certain
tree bark properties and tree species (Ihlen, Gjerde and S@tersdal, 2001; Cleavitt, Dibble and
Werier, 2009; Ellis, 2012). The consistency of lichen, bryophyte, and other epiphyte alpha
and beta-diversity could be because epiphytes were surveyed within a relatively narrow band
at the same height on each the tree trunk. Epiphyte populations commonly form vertical
stratification patterns on trees due to environmental gradients from ground and canopy levels
such as in light availability and humidity (Nieder et al., 1999; Kromer et al., 2007).
Furthermore, the mature trees present in cacao agroforests can form vertical structural
habitats similar to those in older forests and can survive for decades after a cacao farm is
abandoned, thus allowing epiphytes to become established from the starting point of
succession. The results suggests that the microclimates necessary for the epiphyte species
recorded in this study were maintained throughout succession, and that the epiphytic species
in these forests were robust to changes in the environment and tree composition with forest

age.

Conclusion

Notwithstanding the complexity of the observed trends in biodiversity, it is clear that habitat
heterogeneity created through Trinidad’s history of cacao farming can support greater overall
landscape-level biodiversity (gamma-diversity; Box 1.1; Chapter 3). The Northern Range of
Trinidad is a patchwork landscape of different habitat types which support different species,
thereby increasing the cumulative diversity of the region (Tscharntke ef al., 2002; Peintinger,
Bergamini and Schmid, 2003; Fischer and Lindenmayer, 2005; Socolar et al., 2016). The
turnover in tree, bird, and ground vegetation composition between forest patches at different
stages of succession contributes to the richness of the species pool and maintenance of

gamma-diversity.

Furthermore, active cacao agroforests and young secondary forests sustained high levels of

alpha-diversity across taxa. This suggests that disturbed and actively managed agroforests can
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be important, though often undervalued, reservoirs of tropical biodiversity. While cacao
farming is often cited as a major driver of tropical deforestation (Vaast and Somarriba, 2014;
Borda et al., 2021), findings from this research and those of others suggest that sustainably
managed cacao agroforests have the potential to support wildlife as well as livelihoods
(Calvo and Blake, 1998; Buechley et al., 2015; Rajab et al., 2016; Arroyo-Rodriguez et al.,
2017; Young, 2017; dos Santos et al., 2021; Brodbeck, Hapla and Mitloehner, 2022; Schuler
etal.,2022).

While it is essential to protect primary forests due to their ability to support diverse
ecological assemblages and the slow recovery of species composition in disturbed forests,
these findings highlight the value and potential of agroforests and secondary forests in
sustaining biodiversity, especially in tropical regions. Agroforests and secondary forests
enrich regional gamma biodiversity and provide conservation solutions that support both

people and nature (Mace, 2014). These ideas will be explored further in Chapters 6 and 7.
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5.1 Introduction
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Figure 5.1. Schematic of questions being addressed in this thesis. Questions highlighted in blue are the focus of

this chapter.

Compositional turnover within ecological communities has accelerated globally, with
anthropogenic changes to the environment implicated as a cause (Chapters 2 and 4). For
example, turnover occurs when species shift their distribution due to changes in their
environment, when species are introduced to new locations, or if a species becomes locally
extinct (McKinney, 2006; Hobbs, Higgs and Harris, 2009; Dornelas et al., 2014; Magurran,
2016). In forests across the world, species composition is changing as more land is converted
from primary forest to secondary and planted forests (Hansen et al., 2013; FAO and UNEP,
2020; Global Forest Watch, 2020).

As discussed in Chapter 1, forests provide many important functions and services that are
beneficial to humans including providing habitat and resources for wildlife, contributing to
soil formation, stabilisation and nutrient cycling, and capturing carbon (Hansen et al., 2013;
FAO and UNEP, 2020; Cox et al., 2022). The maintenance of key processes and interactions
within ecosystems is an indicator of ecosystem wellbeing and is essential for maintaining the
services we rely on (Diaz et al., 2018; FAO and UNEP, 2020). The consequences of ongoing

rapid changes in species composition for ecosystem functioning, however, remain unclear.
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While most research has focused on taxonomic diversity, research on functional diversity has
been increasing (Diaz and Cabido, 2001). Functional diversity is measured by quantifying
species’ functional traits (i.e. phenotypic and behavioural traits related to an ecosystem
function; Chapter 2). While the links between biodiversity and ecosystem functioning are
debated, functional diversity is thought to provide important insights into ecosystem
functioning that taxonomic diversity alone cannot (Grime, 1997; Tilman et al., 1997; Chapin

et al., 1998; Tilman, 1999; Loreau, 2003).

For example, taxonomic diversity indices treat all species equally, but not all species are
functionally equivalent. Each have different traits which shape their interactions within an
ecosystem (Dfaz and Cabido, 2001; Weiher, 2011; Cadotte, 2017). While more closely-
related species tend to have more similar traits, divergent and convergent evolution can cause
some closely-related species to have distinct traits and some distantly-related species to share
similar traits (Weiher, 2011; Schweiger et al., 2018). The contributions a species makes to
ecosystem functioning vary as well, depending on their relative ability to perform certain
ecological roles, such as the influence of leguminous plant species on soil nutrients (Fargione

et al., 2007; Cadotte, 2017).

Moreover, the functional diversity represented within a community can affect the proclivity
and capacity of certain ecosystem functions (Tilman et al., 1997; Weiher, 2011; Schweiger et
al., 2018). Traits which are dominant within a community commonly influence ecosystem
processes the most. Accordingly, both species and functional trait composition shape
ecosystem functioning. Assessing changes in functional diversity can therefore generate a
deeper understanding of how ecosystems are changing over time, especially in regard to the

maintenance of ecosystem functions and services.

This chapter explores how functional diversity in tree, ground vegetation, and bird
assemblages change in secondary forests regenerating on abandoned cacao farms in Trinidad
(Chapters 3 and 4). Functional alpha-diversity measures the range and abundance of traits
expressed by the species within an assemblage, while functional beta-diversity measures

changes in the composition of functional traits between assemblages (Chapter 3.3).
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Empirical research on functional diversity change over secondary forest succession is limited,
but it is expected that functional diversity will increase over succession, particularly in plant
assemblages, based on succession theory (Chapter 2). For example, it is thought that
environmental filtering limits plant functional alpha-diversity early in succession, while
greater pressure from competition promotes functional alpha-diversity later in succession. In
line with this, other research on tropical forest succession has found that functional diversity
increases as forests accumulate species over time, and that older forests commonly have more
specialist species and biotic interactions which contributes to functional diversity across taxa
(Arroyo-Rodriguez et al., 2017; Sayer, Bullock and Martin, 2017; Jarrett et al., 2021; In

temperate systems: Oksuz, Palmeirim and Correia, 2021).

Most studies show that bird and plant functional composition change through succession to
include more specialist and sensitive species as species composition changes, and
environmental conditions and competitive regimes shift to favour different types of species
(Sayer, Bullock and Martin, 2017; Jarrett et al., 2021; In temperate systems: Oksuz,
Palmeirim and Correia, 2021). Theory likewise predicts that species composition will shift
from being dominated by fast spreading and growing, but short-lived “pioneer” species which
can tolerate harsh early-successional conditions, to slow-growing and spreading, but long-
lived “climax” species which are better competitors (Dewalt, Schnitzer and Denslow, 2000;
Guariguata and Ostertag, 2001; Garnier et al., 2004; Dent, DeWalt and Denslow, 2013;
Lohbeck, Poorter, Lebrija-Trejos, et al., 2013; Lasky et al., 2014; Sanaphre-Villanueva et al.,
2017; Craven et al., 2018)

There have also been some mixed results regarding functional beta-diversity, however. While
many tropical studies have supported the view that functional beta-diversity changes over
succession (eg. Lohbeck et al.,2012; Bhaskar, Dawson and Balvanera, 2014; Whitfeld ez al.,
2014; In temperate systems: Purschke et al., 2013), other work has revealed that functional
diversity and composition are more stable than taxonomic composition (Bohnke et al., 2014;
Blanco et al., 2021). Blanco and colleagues (2021), for example, found that mammal
functional composition remained relatively stable compared to taxonomic composition over
evolutionary timescales, where functional composition only changed in response to dramatic
perturbations. The maintenance of functional diversity over time could result from there

being enough trait overlap to buffer changes in species composition and ensure niches remain
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filled (Bai et al., 2004; Tilman, Reich and Knops, 2006; Griffin et al., 2009; Loreau and de
Mazancourt, 2013; Hautier et al., 2015; Isbell et al., 2015). Species may also be replaced
like-with-like due to existing functional structures where new species fill vacated niches

(Roopnarine & Banker, 2021).

The aim of this chapter is to assess the rate and nature of functional alpha and beta-diversity
change over c. 100 years of tropical secondary forest succession following cacao farming
(Figure 5.1). I assess changes in functional richness, evenness, and divergence (alpha-
diversity), as well as changes in functional turnover. The chapter also asks how individual
traits change with forest age for each taxon, and whether this fits with expectations of a shift
from pioneer to climax-type species. To do this, changes in the abundance of relevant traits

including plant dispersal syndromes and bird trophic guilds are assessed over succession.

5.2 Alpha-diversity

This research was conducted in 29 forest sites in Trinidad including active cacao agroforests,
secondary forests regenerating from abandoned cacao agroforests, and primary forests
(Chapter 3). Trees, ground vegetation, epiphytes, and birds were surveyed in these sites,
though epiphytes were excluded from functional diversity analyses as lichens were assigned

morphospecies and so do not feature in this chapter.

Functional alpha-diversity was quantified using the metrics FRic for functional richness,
FEve for functional evenness, and FDiv for functional divergence (Chapter 3.3; Villéger,
Mason and Mouillot, 2008). FRic is a measure of the amount of space taken up by the species
of a given assemblage in multi-dimensional trait space. FEve is a measure of both how evenly
species are distributed in multi-dimensional trait space, and how even species’ relative
abundances are. FDiv quantifies the number and abundances of species at the edges of trait
space with extreme trait values, relative to those towards the centre of trait space (Chapter

3.3; Figure 3.4).

The plant traits used in these analyses for the tree and ground vegetation assemblages were:

maximum height at maturity (m), average leaf length (cm), primary dispersal mode, and
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dominant flower colour (Appendix 5.1; Trait data compiled from: Hendrix and Marquis,
1983; Little and Skolmen, 1989; Anderson, 1990; Sheridan, 1994; Scariot, Lleras and Hay,
1995; Milliken and Ratter, 1998; Quesnel and Farrell, 2000; Hewitt, 2005; Plowman, 2012;
Ramirez, Jhala and Singh, 2012; Kuete, 2014; Kachhiyapatel, Patel and Rajput, 2016;
Aximoff, Soares and Bernadello, 2020; Kattge et al., 2020; CABI, 2021; EOL, 2021; Fern,
2021; GBIF.org, 2021; Kew, 2021; NC State University, 2021; Nparks, 2021; Piertro and
Beltramini, 2021; Smithsonian, 2021; University of Florida, 2021). The bird traits used were:
primary trophic guild, body length (cm), generation time (years), average number of eggs per
clutch, sexual dimorphism, forest dependence, and the forest strata (ground, canopy, aerial,
etc) which a species predominantly occupies (trait data compiled from: ffrench, 1973;
Kenefick, Restall and Hayes, 2013; Wilman et al., 2014; Acevedo-Charry and Aide, 2019;
BirdLife International, 2020).

For all the functional diversity analyses, functional trait space quality was tested using the
function qual_funct_space in R statistical software (Villéger, Mason and Mouillot, 2008; R
Core Team, 2021). This was used to select the optimal number of dimensions for the
functional diversity analyses of each taxon. The functional diversity analyses require there to
be more species than functional traits in order to generate a minimum convex hull (Chapter 3;
FRic and FDiv; Villéger, Mason and Mouillot, 2008). As such, four active cacao agroforest
sites were removed from the tree functional diversity analyses because there were too few

tree species (BSC, ERE, OA, and SASC; < 3 species).

As with the taxonomic diversity analyses presented in Chapter 4, GLM linear regressions
were used to test whether there were significant changes in functional alpha-diversity over
succession for birds, trees, and ground vegetation. These analyses were conducted both with
and without primary forest sites to ensure these sites did not have undue influence over the
results of the regressions (Appendix 4.2). Environmental variables (altitude, distance to
settlements, and annual average precipitation; Chapter 3) were also tested in these analyses to
control for their effects. Environmental variables were included if doing so increased AIC
scores. Lastly, the regressions were checked for significant break points to assess whether the
rate of alpha-diversity change varied over succession (segmented package in R statistical

software; Muggeo, 2017; R Core Team, 2021).
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Figure 5.2 Functional richness (FRic), functional divergence (FDiv) and functional evenness (FEve) with forest

age in tree, ground vegetation and bird assemblages. Blue lines indicate statistically significant trends (regression

information is detailed in Table 5.1).

The results of these analyses found that tree functional richness (p=0.03), divergence

(p=0.004), and evenness all increased significantly with forest age (p=0.04; Table 5.1; Figure

5.2). There was a significant break point in tree functional divergence, where the rate at

which FDiv increased was greater in the early stages of succession (<30 years). Contrary to

this, there was no significant change in ground vegetation alpha-diversity over time (Table

5.1). Lastly, bird functional evenness increased significantly over succession (p=0.01), but
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there was no significant change in bird functional richness or divergence (Table 5.1). There
were no other significant breakpoints in ground vegetation or bird functional alpha-diversity

regressions, and the environmental variables did not improve AIC scores for any of the taxa.

Table 5.1 GLM regression results for functional alpha-diversity measures with forest age. Sites is the number of sites
(n) included in each analysis.

Taxon Model Breakpoints df Sites adjR?> Fvalue P value
FRic ~ Forest age — lon23 25 0.16 5.50 0.028
Trees FDiv ~ Forest age 30 years lon23 25 0.08 3.06 0.004
FEve ~ Forest age — lon23 25 0.13 457 0.043
FRic ~ Forest age — lon27 29 -0.02 0.36 0.554
Vegetation FDiv ~ Forest age — lon27 29 <0.01 0.89 0.353
FEve ~ Forest age — lon27 29 -0.04 0.03 0.868
FRic ~ Forest age — lon26 28 0.04 2.27 0.144
Birds FDiv ~ Forest age — lon26 28 -0.04 <0.01 0.962
FEve ~ Forest age — lon26 28 0.21 8.22 0.008

5.3 Beta-diversity

Functional beta-diversity was quantified as functional turnover using the methods outlined by
Villéger, Grenouillet, and Brosse (Chapter 3; Villéger, Grenouillet and Brosse, 2013).
Functional turnover is a measure of dissimilarity in functional trait composition between site
pairs (the degree to which two assemblages do not overlap in functional trait space; Villéger,

Grenouillet and Brosse, 2013).

Also in line with the taxonomic diversity analyses presented in Chapter 4, 0.5 quantile
regressions were used to relate functional turnover to age difference and environmental
distance in pairwise site comparisons within the tree, ground vegetation, and bird
assemblages (Koenker, 2013). Age difference is the difference in time since abandonment
between site pairs, where actively cultivated agroforests were given an age of zero, and

primary forests were given a conservative age estimate of 200 years old. Environmental
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Quantile regressions were again chosen as they are more robust to outliers and

heteroscedasticity than standard linear regressions (Cade and Noon, 2003; John, 2015)

The results of these quantile regressions showed that tree functional trait composition
changed significantly with both increasing age difference (p=0.05; Table 5.2) and increasing
environmental distance between sites (p=0.02). There was likewise significant turnover in
ground vegetation functional trait composition with age difference (P<0.001) and
environmental distance between sites (p=0.03). There was no significant change in bird
functional trait composition with either age difference or environmental distance, however

(Table 5.2).

Table 5.2 Results from 0.5 quantile regression of functional turnover (FTurnover) with age difference and
environmental distance between site pairs. P-values are given for age difference (A) and for environmental
distance (E).

Taxon Model df Sites adjR?> Fvalue PvalueA P valueE
Trees FTurnover ~ Age difference + ' 73 55 g 3.62 0.047 0.008
Environmental distance
Vegetation [ rumover ~ Agedifference + ) 395 59 13 3000 <0.001 0.031
Environmental distance
Birds FTurmover ~ Age difference + ) ' 475 56 (05 1071 0272 0.137

Environmental distance
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Figure 5.3 Functional trait
turnover with age difference and
environmental distance between
site pairs. Age difference is the
pairwise difference in age between
sites, and environmental distance is
the pairwise distance between sites
in Euclidean space built using the
environmental factors: annual
precipitation, average site altitude,
distance to the nearest settlement
and average land gradient. Asterix
indicate statistically significant
change in functional trait
composition with forest age from a
0.5 quantile regression.
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Figure 5.4 Functional trait
compositional turnover between age
groups. PCoA of functional
composition between sites based on
Functional Turnover (Villéger,
Grenouillet and Brosse, 2013). X and
Y axes are the first and second PCoA
axes respectively. A (red) are active
sites, B (pink) are 25-50 yo
secondary forest sites, C (yellow) are
60-80 yo secondary forests, D (light
blue) are >100 yo secondary forests,
and E (dark blue) are primary forest
sites.
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Lastly, PCoA was used to visualise age groupings in multidimensional functional trait space
(PCoA function in the ape package in R; Fig 5.4; Paradis et al., 2022). As with taxonomic
diversity, primary forest sites were slightly further from the other sites across taxa which
suggests the functional composition of these assemblages was more distinct from active
cacao agroforests and secondary forests, especially for ground vegetation. Overall, there was
a high degree of compositional overlap between the active cacao agroforests and secondary

forests.

5.4 Functional trait composition

Trends in ecologically meaningful functional traits were individually assessed to illustrate

change in functional composition in greater detail.

Trees

Locally weight least squares (loess) regressions were used to examine changes in the relative
abundance of dispersal methods within plant assemblages over succession. Loess is a non-
parametric regression which creates a smoothed line through the data points (Cleveland and
Devlin, 1988). Loess plots were chosen as they can illustrate more nuanced patterns of

change compared to standard linear regressions.

First, each plant species was categorised according to its predominant mode of seed dispersal:
anemochory (wind), hydrochory (water), autochory (falling or explosive dispersal), and
zoochory (animal dispersal; Data on dispersal syndromes from TRY database; Kattge ef al.,
2020). The proportion of individual trees which utilise each of these four dispersal syndromes
was quantified and illustrated using a loess plot (geom_smooth function in the ggplot2
package in R; Wickham et al., 2021). The results showed that, while there is little change in
abiotically dispersed tree species, the proportion of biotically dispersed trees decreased with
forest age (Figure 5.5). The proportion of anemochorous trees increased slightly over

succession.
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Figure 5.5 Loess lines representing the relative proportion of anemochorous (purple), autochorous (blue),

hydrochorous (green) and zoochorous (yellow) trees with forest age with confidence intervals shown in grey.

Loess regressions were further used to assess changes in the dominant colour of flowers
within tree assemblages. The proportion of trees with white flowers was higher in active
cacao agroforests and young secondary forests (Figure 5.6), while older forests had more
trees with red, pink, and green flowers compared to the young forests. Yellow flowers were

common in young secondary forests and primary forests.
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Figure 5.6 Tree dominant flower colour with forest age. The loess lines represent the proportion of individual

trees which have flowers of a given colour (lines are coloured according to flower colour) with confidence

intervals shown in grey.

Ground vegetation

As with trees, the proportions of anemochorous, autochorous, hydrochorous, and zoochorous

ground plants were illustrated using loess regrerssions (Figure 5.7). In line with the results

from tree assemblages, the proportion of biotically dispersed ground plants decreased with

forest age while the proportion of wind dispersed ground plants increased. There was little

change in the proportion of hydrochorous or autochorous ground plants over succession.
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Figure 5.7 Loess lines represent the proportion of anemochorous (purple), autochorous (blue), hydrochorous

(green) and zoochorous (yellow) ground plants with forest age with confidence intervals shown in grey.

Unlike the trees, there was a high proportion of red-flowered plants in young secondary
forests (Figure 5.8). The proportion of ground plants with white flowers was highest in
actively managed agroforests and old secondary forests. There was also a higher proportion
of green-flowered plants in active agroforests. The proportion of flowerless plants increased

with forest age.
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Figure 5.8 Ground vegetation dominant flower colour with forest age. The loess lines represent the proportion of
individual trees which have flowers of a given colour (lines are coloured according to flower colour) with

confidence intervals shown in grey. Flowerless plants are shown in black.

Birds

Linear regressions were used to test for changes in the proportion of bird trophic guilds over
succession: granivores (seeds, nuts, and dry fruits), insectivores (invertebrates), omnivores
(generalist diet including animal and plant foods), predators and scavengers (meat and
carrion), and pollinators and seed dispersers (fruits and nectar; information from Acevedo-
Charry & Aide, 2019; Wilman et al., 2014). For these analyses, the proportional abundance
of each trophic guild was calculated as the percentage of the number of bird species in a
given guild out of the total bird population for each site. The results showed that there was a
significant decrease in the proportion of omnivorous birds (p=0.02), and a significant
increase in the proportion of insectivorous birds with forest age (p=0.01; Figure 5.9; Table
5.3). There was no significant change in the proportion of predators and scavengers,

pollinators and dispersers, or granivorous birds over succession (Table 5.3).
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Figure 5.9 Change in the relative abundance of bird trophic guilds over time. Figures show the proportional
abundance of all species in a given trophic group (individuals summed) out of the total number of individuals

surveyed for each site. Blue lines indicate a significant trend.

Table 5.3 GLM regression results for the proportion of birds assigned to different trophic guilds with forest

age.
Model df adj R? F value P value
Insectivores (%) ~ Forest age 1 on 26 0.19 7.30 0.01
Omnivores (%) ~ Forest age 1 on 26 0.17 6.46 0.02
Predators & scavengers (%) ~ Forest age 1 on 26 -0.04 0.02 0.89
Pollinators & dispersers (%) ~ Forest age 1 on 26 -0.02 046 0.5
Granivores (%) ~ Forest age 1 0on26 -0.02 0.46 0.5

Lastly, GLMs were further used to test for changes in the proportion of birds with high,
medium, and low forest dependence using trait information from BirdLife International
(BirdLife International, 2020). The results from these regressions showed that there was a
significant increase in the proportion of highly forest dependant birds with forest age
(p<0.01; Figure 5.10; Table 5.4). There was no significant change, however, in the proportion
of birds with medium and low forest dependence (Table 5.4). Further analyses on changes in

individual bird traits are listed in Appendix 5.2.
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Figure 5.10 Change in the proportion of birds with high, medium, and low forest dependence over time. Figures
show the proportional abundance of all forest-dependent species (individuals summed) out of the total number of

individuals surveyed for each site. Blue lines indicate a significant trend.

Table 5.4 GLM regression results for the proportion of birds with high, medium, and low forest dependence

with forest age.

Model df adj R? F value P value

High dependence (%) ~ Forest age 1 on 26 0.26 10.39 <0.001
Medium dependence (%) ~ Forest age 1 on 26 0.01 1.23 0.28
Low dependence (%) ~ Forest age 1 on 26 -0.02 0.38 0.54
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5.5 Discussion
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Figure 5.12 Summary figure of the functional diversity results. Upward arrows (dark blue) indicate a positive
trend with forest age. Grey dashes indicate no significant change in the diversity measure over succession. The
coloured grid indicates the relationship between different taxa and aspects of biodiversity. Dark blue indicates a
strong positive relationship. Light blue squares indicate conflicting trends with one of the pair increasing and one
showing no change. Grey squares indicate that the taxon and aspects of biodiversity being compared both did not

change over succession.

There was a significant increase in tree functional alpha-diversity, and in bird functional
evenness with forest age. Tree functional divergence primarily increased within the first 30
years of succession. There was no significant change, however in bird functional richness or

divergence, nor in ground vegetation alpha-diversity over time.
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As for beta-diversity, there was significant turnover in tree and ground vegetation functional
trait composition with increasing age difference and environmental distance between sites.
The proportion of zoochorous plants decreased over succession in both the tree and ground
vegetation assemblages. The proportion of anemochorous individuals increased in the
ground-vegetation layer. Most of the trees surveyed in actively cultivated agroforests and
young secondary forests had white flowers while the distribution of flower colours was more
even in secondary and primary forest. The proportion of flowerless plants in the ground
vegetation layer was higher in secondary and primary forests compared to active cacao

agroforests.

In contrast, there was no significant change in bird functional trait composition with either
age difference or environmental distance between sites. There was a significant decrease in
omnivorous birds, and a significant increase in insectivorous birds with forest age. There was
also a significant increase in the proportion of highly forest dependant birds. There was
overall little change in bird body mass, eggs per clutch or generation time with forest age,

however.

Trees and ground vegetation

The significant increase in tree functional alpha-diversity with forest age was generally in
line with expectations based on succession theory and empirical research (Chapter 2). Firstly,
succession theory suggests that taxonomic and functional diversity should be positively
linked, depending on the degree of functional redundancy within an assemblage (Chapter
2.2). It is thought that the more species there are in an assemblage, the more likely there are
to be species with complementary traits (Huston, 1997; Mayfield et al., 2010), and that
greater functional complementarity within an assemblage facilitates greater coexistence
between species (Brown and Lugo, 1990b; Lebrija-Trejos, Pérez-Garcia, et al., 2010;
Lohbeck et al.,2012; Chazdon, 2014).

Results from taxonomic diversity analyses in Chapter 4 found that tree species richness and

evenness increased significantly over time, especially early on in succession. Functional

alpha-diversity increased with forest age as well, with functional divergence increasing
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mostly withing the first 30 years of succession. While results from other research have
yielded mixed results (eg. Bohnke ef al., 2014), some studies have also found that species and

functional alpha-diversity change similarly over time (eg. Craven et al., 2018; Chapter 2.3).

The increase in functional alpha-diversity over succession also supports the concept of
temporal shifts in the relative strength of deterministic processes. These results support a
model of succession where environmental filtering may limit functional diversity early on,
while increasing pressure from competition may promote greater functional diversity over

time (Letcher, 2010; Lohbeck, Poorter, Lebrija-Trejos, et al., 2013; Blanchard et al., 2021).

In contrast, there was no significant change ground vegetation functional alpha-diversity with
forest age, despite there being a significant decrease in taxonomic alpha-diversity (Chapter
4). This can occur when there is sufficient functional redundancy (species with similar traits)
within an assemblage to buffer against declines in taxonomic diversity, where functions can
be supported even without all the species in an assemblage present (Guariguata and Ostertag,

2001; Liu et al., 2017).

The decrease in ground vegetation taxonomic alpha-diversity and increase in shade-tolerant
species abundances over succession suggests that there is strong pressure from environmental
filtering later in more mature forests due to limited light availability (Chapter 4; Laska, 1997;
Lebrija-Trejos et al., 2010; dos Santos-Junior et al., 2017). Contrary to this, however, the
results from the ground vegetation functional diversity analyses are more in line with the tree
assemblage in supporting a theoretical model of succession where environmental filtering
declines and competition increases though time (Letcher, 2010; Lohbeck, Poorter, Lebrija-
Trejos, et al., 2013; Blanchard et al., 2021). There may be greater pressure from competition
later in succession for ground vegetation as well if declines are occurring primarily among
functionally redundant species and there is comparatively greater functional complementarity

in older forests.

Furthermore, there was significant turnover in tree and ground vegetation composition over
time and over environmental distance. This suggests that plant functional trait composition is
a product of both successional processes and the local environment. PCoA plots illustrated

that primary forest sites had more unique functional trait compositions across taxa compared
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to the agroforest and secondary forest sites. These results indicate that, like species
composition, functional trait composition can take over a century to converge with that of
primary forest. Other studies have similarly found that plant functional trait composition
changes throughout succession (Lohbeck et al., 2012; Bohnke et al., 2014; Muscarella et al.,
2016; Sanaphre-Villanueva et al., 2016; Craven et al., 2018).

The proportion of zoochorous plants declined over succession while the proportion of
anemochorous plants increased, especially in the ground vegetation layer. This is contrary to
expectation as zoochorous plants tend to be more specialist and sensitive species common to
older forests compared to abiotically-dispersed plants, which are usually early colonisers
(Chapter 2; Guariguata and Ostertag, 2001; Sanaphre-Villanueva et al., 2017). Other studies
have found that animals are important seed dispersers that can facilitate secondary succession
and that the proportion of zoochorous species increases over time (Parrotta, 1995; Guariguata
and Ostertag, 2001; Muiiiz-Castro, Williams-Linera and Martinez-Ramos, 2012; Sanaphre-
Villanueva et al., 2017).

This result could be because the trees planted in cacao agroforests are usually fruiting trees
with biotic dispersal syndromes (Chapter 4). The sapling composition in the understory
vegetation was similar to the tree composition of the surrounding forest in this study, and
other studies show that standing trees act as direct seed sources (Lambin et al., 2001; Mora et
al.,2015). Thus, since the tree assemblage included more abiotically dispersed species in
older forests, the sapling community likely included more abiotically dispersed individuals as
well. Furthermore, abiotically dispersed species such as ferns and mosses dominated the
understory of older forests which could further drive the patterns of understory vegetation

dispersal modes found in this study (Chapter 4).

These patterns of compositional change could also explain patterns of floral diversity and
composition in the plant assemblages. Cacao trees have predominantly white flowers, as do
some of the other crop trees found in cacao agroforests such as Citrus sinensis and C.
paradisi. Therefore, the high proportion of trees with white flowers is likely due to there
being a high proportion of these crop trees in cacao agroforests. As tree composition changes,

flower colour diversity increases.

109



Chapter 5: Functional diversity

Likewise, secondary forests appeared to have greater ground vegetation floral diversity
compared to active agroforests and primary forests. The ground vegetation was actively
suppressed in the agroforests surveyed for this research, which likely contributed to these
patterns. The increase in flowerless plants, including ferns and bryophytes, over succession is

also reflected in these results (Chapter 4).

Birds

Apart from functional evenness, bird functional alpha and beta-diversity changed little with
forest age. This is counter to expectation from theory, which predicts that bird functional
diversity should increase with plant diversity (Chapter 2). Plants, and especially trees,
provide habitat, food, and resources for other animals (Diaz and Cabido, 2001; Petchey and
Gaston, 2006; Weiher, 2011). Greater plant diversity is thought to increase the diversity of
these resources (Hooper et al., 2000; Waldrop et al., 2006; Sobek et al., 2009; Haddad et al.,
2011; Tedersoo et al., 2016; Brockerhoff et al.,2017), and thus should facilitate greater
species and functional diversity in other taxa. Bird diversity should also positively affect
plant diversity, for example, as a more varied array of seed dispersers may increase seed rain
diversity (Gallagher, 2013; Schleuning, Friind and Garcia, 2014; Tedersoo et al., 2016; Rolo,
Olivier and van Aarde, 2017; Gardner et al.,2019). Environmental filtering may also play a
role in limiting the types of birds can which move through and utilise harsher early-

successional habitats.

While other research on bird functional diversity over succession has produced varied results,
some have similarly found that bird functional alpha-diversity remains consistent over
succession (Sayer, Bullock and Martin, 2017; Rocha et al., 2019; Lee et al., 2020; Borges et
al.,2021; Jarrett et al., 2021). Other studies have found that bird diversity and composition
are able to recover more quickly as they are highly mobile animals (Barlow et al., 2007;
Chazdon, 2014; Dunn, 2004b), and that they are more strongly influenced by habitat
connectivity and condition at larger spatial scales (Lehmkuhl and Ruggiero, 1991; Brotons
and Herrando, 2001; Rey-Benayas, Galvan and Carrascal, 2010). All the sites were situated
within a forested matrix in this study, and the lack of change in bird diversity could therefore

be due to the landscape-level forest cover and habitat connectivity in the Northern Range.
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Furthermore, the lack of change in bird functional alpha-diversity could again be due to the
role of starting point. Unlike other forms of land disturbance, cacao agroforests maintain
many characteristics of older forests such as complex three-dimensional structure and an
abundant and diverse array of food and resources (Calvo and Blake, 1998; Buechley et al.,
2015; Arroyo-Rodriguez et al., 2017). Some studies even concluded that cacao agroforests
can act as wildlife corridors for birds between larger tracts of forest (Clough et al., 2009;

Cabral, Faria and Morante-Filho, 2021b).

The result that bird functional composition did not change over time was also unexpected.
Theory predicts that species and trait composition should change alongside shifts in
environmental conditions and resource availability over succession (Fox, 1982; Dewalt,
Schnitzer and Denslow, 2000; Bowen et al., 2007). In line with theory, other studies
commonly found that bird functional composition changes through time (Jarrett et al., 2021;
Oksuz et al., 2021; Sayer et al., 2017; Waltert et al., 2005). As with alpha-diversity, it could
be that bird assemblages are more affected by larger landscape-level change, and that cacao
agroforests maintain a sufficient degree of natural forest characteristics to support the same

kinds of bird species as older forests.

There was a significant decrease in omnivorous birds, and a significant increase in the
proportion of insectivorous birds, however. This is in line with expectation, as omnivorous
birds are more generalist species while insectivorous birds are commonly specialist species
(Sherry et al., 2020). Other studies have similarly found that there are more specialist species
in older forests (Jarrett et al., 2021; Oksuz et al., 2021; Sayer et al., 2017; Waltert et al.,
2005). Furthermore, the proportion of highly forest dependent species significantly increased
over succession which further highlights the importance of older forests in sustaining

sensitive and specialist species.

Overall, the results of these analyses suggest that bird functional diversity and composition
remain relatively stable despite changes in species composition over succession. Other
studies have also found that functional diversity and composition are more stable than
taxonomic composition over time (eg. Bohnke et al., 2013; Blanco et al., 2021). This could
be the result of a higher degree of functional redundancy in bird assemblages or species being

replaced with similar species as composition changes (Guariguata and Ostertag, 2001; Liu et
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al.,2017). It is encouraging that bird functional diversity remains consistent despite changes
in species composition over succession, and it suggests that cacao agroforests and young
secondary forest can provide some of the same resources as older forests. The independent
responses of taxonomic and functional diversity over succession, however, further highlights

the need to integrate multiple aspects of biodiversity in ecological assessments.

Conclusion

The results of this study reveal heterogenous responses over succession, which reinforces the
need to assess multiple taxa and aspects of biodiversity to obtain a fuller understanding of
how ecosystems change over time. As with taxonomic diversity, agroforests and secondary
forests maintained a high degree of functional alpha-diversity, especially within the ground
vegetation and bird assemblages. Agroforests and secondary forests can therefore be
important biodiversity reservoirs for both taxonomic and functional diversity across taxa. The
functional composition of the plant assemblages changed over time as the community shifted
from agricultural to natural forest species and a shade-tolerant ground vegetation layer. Plant
functional composition in secondary forests remained different from that of primary forests
after c. 100 years of succession, and older forests supported more forest dependant and
insectivorous birds. These findings highlight the importance of primary forests in supporting

different types of species and in maintaining certain ecosystem functions.
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Chapter 6: Comparisons between taxa and facets of biodiversity

6.1 Introduction
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Figure 6.1. Schematic of questions being addressed in this thesis. Questions highlighted in blue are the focus of

this chapter.

Our understanding of succession processes plays a central role in many conservation policies
and initiatives, such as in making environmental impact assessments, in the expansion
renewable resources, and in mitigating the effects of climate change and habitat loss (West,
Shugart and Botkin, 1981). Despite the longstanding history of research into succession, an
overarching theory of it has been illusive and studies have yielded divergent results even
within the same ecosystem (Chapter 2; West, Shugart and Botkin, 1981; Westoby, Walker
and Noy-Meir, 1989; Tilman, 1990; Vandermeer et al., 2004; Breugel, Martinez-Ramos and
Bongers, 2006; Chazdon et al., 2007; Feldpausch et al., 2007; Lebrija-Trejos et al., 2010;
Norden et al., 2015). The degree to which successional changes are consistent across taxa and
facets of biodiversity also remains unclear. Further research is needed to test how
generalisable patterns of succession are and to improve our ability to predict how ecosystems

will change following disturbance, especially in rapidly changing tropical regions.
This chapter will examine the observed correlations in biodiversity change over succession

between different taxa (trees, ground vegetation, epiphytes, and birds), and between

taxonomic and functional diversity within each taxon following cacao agroforest
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abandonment in Trinidad (Figure 6.1). To do this, I ask how the results of this chapter and
those of Chapters 4 and 5 fit within our existing understanding of succession (Chapter 2). The
predictions regarding abandoned agroforests in Trinidad and succession explored in this
chapter are based on more contemporary views of community assembly (Chang and
HilleRisLambers, 2016) and succession driven by a combination of successional mechanisms
including biotic interactions, species’ traits, and environmental conditions, as well as

empirical research (Chapter 2).

While the relative importance and effect of different successional mechanisms is debated,
most theoretical models of succession indicate that plant taxonomic alpha-diversity should
increase over time, especially early on in succession with the initial wave of colonising
species post-disturbance (eg. Clements, 1916; Connell and Slatyer, 1977; Egler, 1953;
Schoonmaker and McKee, 1988; and others). Plant functional alpha-diversity is also
hypothesised to increase over time, given the assumption that environmental filtering is
stronger in early successional stages while competition is stronger later in succession

(Letcher, 2010; Lohbeck, Poorter, Lebrija-Trejos, ef al., 2013; Blanchard et al., 2021).

Furthermore, plant taxonomic and functional composition is also expected to change
throughout succession as changing environmental and competitive regimes shift the relative
fitness of species based on species’ traits (Connell and Slatyer, 1977; Uhl and Jordan, 1984;
Brown and Lugo, 1990; Guariguata and Ostertag, 2001; Garnier et al., 2004; Chazdon et al.,
2010; Lebrija-Trejos, Pérez-Garcia, et al., 2010; Lohbeck et al., 2012; Chazdon, 2014).
Within this, the concept that the types of species which make up plant assemblages shift from
being dominated by pioneer-type species to being dominated by climax-type species is shared
among multiple theoretical frameworks (Finegan, 1996; Guariguata and Ostertag, 2001;
DeWalt, Maliakal and Denslow, 2003; Garnier et al., 2004; Dent, DeWalt and Denslow,
2013; Lasky et al., 2014; Sanaphre-Villanueva et al., 2017; Craven et al., 2018). The relative
abundance of specialist species is expected to increase over succession as well (Brown and

Lugo, 1990a; Lebrija-Trejos, Pérez-Garcia, et al., 2010; Lohbeck et al., 2012).
While most succession theory has revolved around plant dynamics, it is expected that

changes in biodiversity will be correlated across taxa as species interact with and shape their

environment (van der Heijden et al., 1998; Vogelsang, Reynolds and Bever, 2006; Hiiesalu et
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al.,2014; Pellissier et al., 2014; Rolo, Olivier and van Aarde, 2017; Catterall, 2018; Gardner
et al.,2019; Diaz-Garcia et al., 2020). This especially the case for the relationships between
plant and non-plant taxa (eg. Fox, 1982), due to the ability of trees and other plants to provide
habitat and resources, and to regulate local environmental conditions (Diaz and Cabido, 2001;
Petchey and Gaston, 2006; Weiher, 2011). Thus, a diverse plant community should provide
more varied resources for other organisms to exploit, and so support a more diverse biotic
assemblage overall (Hooper et al., 2000; Waldrop et al., 2006; Sobek et al., 2009; Haddad et
al.,2011; Tedersoo et al., 2016; Brockerhoff et al., 2017). Moreover, change in plant
community composition should facilitate change in other taxa as the types of habitat and
resources provided by plants change (DeWalt, Maliakal and Denslow, 2003; Bowen et al.,
2007; Chazdon, 2014). There are other important feedbacks between taxa as well, such as the
role of some animal species as seed dispersers, where a greater diversity of seed dispersers
may increase the diversity of seed rain (Gallagher, 2013; Schleuning, Friind and Garcfa,
2014; Fraser et al., 2015; Tedersoo et al., 2016; Rolo, Olivier and van Aarde, 2017; Garcia,
Donoso and Rodriguez-Pérez, 2018; Gardner et al., 2019).

Overall, trends in taxonomic and functional diversity change are expected to be correlated as
well. It is hypothesised that greater trait complementary between species facilitates
coexistence (Brown and Lugo, 1990a; Lebrija-Trejos, Pérez-Garcia, et al., 2010; Lohbeck et
al.,2012; Chazdon, 2014), and there are likely to be more functionally unique species when
the species pool is larger (Huston, 1997; Mayfield and Levine, 2010). Therefore, taxonomic
and functional diversity should change in parallel, though with possibly reduced change in
functional diversity due to some functional redundancy in the assemblages (Diaz and Cabido,

2001).

Results from previous research have varied greatly, however, illustrating the difficulty in
making predictions based on these theoretical expectations. Field-based research of
succession in tropical forests largely agrees that core functions, such as canopy cover and
forest structure, and plant species richness can recover quickly, within the first 50 years of
succession (Chapter 2; Lebrija-Trejos et al., 2008; Derroire et al., 2016; Martin, Newton and
Bullock, 2013). Plant species composition and complex traits such as soil properties take
longer to develop, however, and it is often centuries before secondary forests recover these

old-growth characteristics (Martin, Newton and Bullock, 2013; Derroire et al., 2016).
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Though the literature reports mixed results, many studies have found relatively little change
in bird alpha-diversity over succession (eg. Waltert et al., 2005; Borges, 2007; Sayer, Bullock
and Martin, 2017; Rocha et al., 2019; Lee et al., 2020; Borges et al., 2021; Jarrett et al.,
2021). Studies have found that both taxonomic and functional composition change over
succession both in plants and in other taxa such as birds (Finegan, 1996; Guariguata and
Ostertag, 2001; Pefa-Claros, 2003; Garnier et al., 2004; Waltert et al., 2005; Sanaphre-
Villanueva et al., 2017; Sayer, Bullock and Martin, 2017; Jarrett et al., 2021; Oksuz,
Palmeirim and Correia, 2021). Overall, while there is some evidence of ecological links
between taxa (eg. Jiriado, Paal and Liira, 2003; Kapusta, Szarek-f.ukaszewska and Kiszka,
2004), patterns of biodiversity change over succession vary widely across taxa (eg. Barlow et

al.,2007; Winter et al., 2015; Tinya et al., 2021).

Similarly, research comparing taxonomic and functional diversity over succession is
relatively limited and results differ. Some sources have found similar patterns in both (eg.
Whitfeld et al., 2014; Craven et al., 2018), while others have found comparatively little

change in functional diversity over succession (Bohnke et al., 2014).

Overall, while some generalities are apparent, there is disagreement over theoretical
frameworks of succession and incongruence in results from empirical research. More
research is needed across taxa and facets of biodiversity, especially in tropical regions, to
improve our understanding of succession and our ability to predict how ecosystems will
change following disturbance. The aim of this chapter is to evaluate the results reported in
Chapters 4 and 5 to assess correlation in biodiversity change between taxa and between facets
of biodiversity over succession as revealed by my study of this Trinidadian system. The
chapter will also synthesise the results from previous chapters within the context of
succession theory and empirical research using the expectations outlined above (discussed in

detail in Chapter 2).

6.2 Methods

Spearman tests were used to examine whether tree, ground vegetation, epiphyte and bird
assemblages exhibited correlated trends in taxonomic and functional alpha-diversity (GGally

package in R; Revelle, 2015; Schloerke, 2021). Next, tanglegrams were used to assess the
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degree of concordance in beta-diversity change between taxa, and between taxonomic and
functional diversity within each taxon. A cluster analysis was performed for each of the four
assemblages, and a tanglegram was used to explore the congruence between dendrograms in

order to understand the extent of agreement in species composition change.

To conduct the tanglegram analyses, dendrograms were created for each taxonomic group
based on Chao-Jaccard and functional turnover values between sites using agglomerative
nesting, hierarchical clustering, the agnes function of the cluster package in R (Maechler et
al.,2019), and the Ward method. Different untangling methods within dendextend (untangle
function) were applied in order to optimise the alignment between dendrogram pairs. The
Side2Step method was chosen as it provided the lowest entanglement values and thus was the
best untangling method for all the tanglegrams in this study. The degree of alignment
between dendrogram pairs was expressed using the entanglement metric, where zero signifies
complete alignment and one is complete entanglement. A cophenetic correlation coefficient
was used to further assess the degree of agreement between dendrograms (cor_cophenetic
function R; Spearman). The cophenetic correlation coefficient measures the correlation
between the cophenetic distance matrices of the two dendrograms being compared. The
cophenetic corelation coefficient is bound between -1 and 1, where values closer to zero

signify there is no significant correlation between the dendrogram pairs.

A null model was used to test if the alignment of each dendrogram pair differed from what
would be expected by chance. In this model, the site names for one of the two assemblages in
a comparison were randomly reshuffled to produce a new dendrogram; the cophenetic
correlation between this and the dendrogram produced by the other, unshuffled assemblage
was then computed. This process was repeated 200 times to generate a null distribution of the
cophenetic correlation coefficients against which the observed alignment value could be
compared (Gotelli and Entsminger, 2003; Galili, 2015). Given that there are multiple
comparisons involved, these statistics are included to provide intuitive information of the

correlations within and between taxa, rather than in a classical hypothesis-testing context.
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6.3 Results

Correlations between alpha-diversity indices

Comparisons were conducted between taxa, and between facets of biodiversity. Results from
Spearman’s correlation analyses found that species richness, Shannon and Simpson diversity
(i.e. taxonomic alpha-diversity) were significantly positively correlated within each

taxonomic group (Figure 6.2-4).

Trees

In tree assemblages, all the functional alpha-diversity indices were also strongly positively
correlated (p<0.05), except for functional richness and functional divergence which were
only weakly correlated (p=0.15; Figure 6.2). Taxonomic and functional diversity indices

were strongly positively correlated within tree assemblages.
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Figure 6.2 Correlation matrix testing for correlated trends in taxonomic and functional alpha-diversity indices for
trees. The upper right side of the matrix displays Spearman correlation coefficients and correlation p values. The
colour gradient indicates the direction of the correlation (red for positive correlations, blue for negative

correlations and white for no correlation). Density plots are shown diagonally across the centre of the matrix.
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Ground vegetation

For the ground vegetation assemblages, the functional alpha-diversity indices were only
weakly correlated (Figure 6.3). Functional richness was strongly positively correlated with
species richness, Shannon and Simpson diversity (p<0.05). There were no strong correlations
between functional divergence or functional evenness with any of the taxonomic alpha-

diversity indices.
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Figure 6.3 Correlation matrix testing for correlated trends in taxonomic and functional alpha-diversity indices for
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ground vegetation. The upper right side of the matrix displays Spearman correlation coefficients and correlation
p values. The colour gradient indicates the direction of the correlation (red for positive correlations, blue for
negative correlations and white for no correlation). Density plots are shown diagonally across the centre of the

matrix.

Birds

For birds, functional alpha-diversity indices were weakly correlated (Figure 6.4). Functional
richness was weakly negatively correlated with functional divergence and functional
evenness, while functional divergence and functional evenness were weakly positively

correlated. Functional richness was strongly positively correlated with species richness,
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Shannon, and Simpson diversity (p<0.05). Functional divergence was strongly negatively
correlated with Shannon and Simpson diversity (p<0.05). Functional evenness was only

weakly correlated with the taxonomic alpha-diversity indices.
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Figure 6.4 Correlation matrix testing for correlated trends in taxonomic and functional alpha-diversity indices for
birds. The upper right side of the matrix displays Spearman correlation coefficients and correlation p values. The
colour gradient indicates the direction of the correlation (red for positive correlations, blue for negative

correlations and white for no correlation). Density plots are shown diagonally across the centre of the matrix.

Correlations in alpha-diversity between taxa

Taxonomic alpha-diversity

There were no strong correlations in taxonomic alpha-diversity indices between taxonomic
groups (Figure 6.5). Tree and ground vegetation taxonomic alpha-diversity indices were
weakly negatively correlated. Epiphyte taxonomic alpha-diversity was weakly positively
correlated with tree and ground vegetation species richness, Shannon, and Simpson diversity.
Bird species richness was weakly negatively correlated with tree and epiphyte species

richness, but weakly positively correlated with tree and epiphyte Shannon and Simpson
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diversity. Conversely, bird species richness was weakly positively correlated with ground
vegetation species richness, but weakly negatively correlated with ground vegetation species

evenness.

Functional alpha-diversity

There were likewise no significantly correlated trends in functional alpha-diversity between
taxa (Figure 6.6). Tree functional richness was weakly positively correlated with ground
vegetation functional richness. Tree and bird functional alpha-diversity indices were weakly
negatively correlated. Bird and ground vegetation functional richness and evenness were
weakly positively correlated, but functional divergence between these taxa was weakly

negatively correlated.
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Correlations in taxonomic and functional beta-diversity

Next, tanglegrams were used to compare taxonomic and functional composition within each
taxonomic group (Figure 6.7). The entanglement value between the tree taxonomic and
functional composition dendrograms was 0.141, the entanglement coefficient was 0.199 for
ground vegetation, and was 0.283 for birds. A null model revealed that turnover in tree
taxonomic and functional composition was more correlated than would be expected by
chance (Appendix 6.1). There was no equivalent correlation between taxonomic and

functional trait composition for ground vegetation or for birds.
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Figure 6.7. Tanglegrams comparing the hierarchical clustering of sites based on tree, ground vegetation, and bird
species and functional trait composition. Red and green branches indicate common groupings between the two
dendrograms. The horizontal axes represent the distance between sites or clusters of sites. Blue indicates that

taxonomic and functional diversity are more correlated than would be expected by chance.

Tanglegrams were further used to test for correlations in compositional turnover between
taxonomic groups (Figure 6.7). The entanglement metric between trees and ground
vegetation was 0.198, entanglement was 0.245 between trees and epiphytes, and 0.183
between trees and birds. The entanglement metric between ground vegetation and epiphytes
was 0.179, and between vegetation and birds was 0.158. Lastly the entanglement coefficient

between birds and epiphytes was 0.213.
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The cophenetic correlation null model found that the observed cophenetic correlation
coefficient between trees and epiphytes lies outside of the confidence limits of the null
distribution and so is greater than would be expected by chance (Appendix 6.1). The
cophenetic correlation coefficient between trees and birds was also greater than would be

expected by chance. All other comparisons between taxa were no more correlated than would

be expected at random.
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Figure 6.6. Tanglegrams comparing the hierarchical clustering of sites based on tree, ground vegetation, epiphyte,
and bird composition. Red lines indicate common branches between the two dendrograms. The horizontal axes
represent the distance between sites or clusters of sites. Blue indicates that the taxa being compared are more

correlated than would be expected by chance.
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6.4 Synthesis of results from Chapters 4-6

Forest structure

Chapters 4 and 5 assessed how forest structural characteristics, taxonomic diversity and
functional diversity changed over secondary succession following cacao agroforest
abandonment in Trinidad’s Northern Range. Forest canopy height and DBH became
increasingly bimodal over succession suggesting the formation of multiple canopy layers and
strata within the forest, though canopy closure occurred quickly following cacao agroforest
abandonment. This is in line with expectation from theory and research, where the forest
became more structurally complex over succession (Guariguata and Ostertag, 2001; Lebrija-

Trejos et al., 2008; Derroire et al., 2016).

Trees

Tree species richness increased significantly in the first 25 years of succession, and species
evenness increased throughout succession. Tree functional alpha-diversity also increased over
succession, and functional divergence increased mostly within the first 30 years of
succession. Species and functional trait composition also changed significantly with forest
age, and the secondary forests had not recovered old-growth characteristics even after c. 100

years of succession in this study.

Of all the taxa, tree assemblages showed the clearest directional change in taxonomic and
functional diversity with forest age and aligned most closely with predictions based on theory
and other research (Chapter 2; Toky and Ramakrishnan, 1983; Lebrija-Trejos et al., 2008;
Lebrija-Trejos et al., 2010; Martin, Newton and Bullock, 2013; Derroire et al., 2016).
Succession research has primarily focused on tree dynamics and there is a clearer
understanding of how and why tree assemblages change over succession compared to other

taxa (Chapter 2).

Most theoretical frameworks suggest that tree alpha-diversity should increase over succession

as more species colonise the area following disturbance, and changes in the relative strength
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of deterministic processes, such as a decrease in environmental filtering and an increase in
competitive pressure over time, are generally expected to facilitate greater taxonomic and
functional alpha-diversity in later successional stages (Chapter 2; Letcher, 2010; Lohbeck e?
al.,2013; Blanchard er al., 2021).

Research further supports the idea that species richness recovers early in succession, while
species composition can remain altered for centuries (Riswan, Kenworthy and Kartawinata,
1985; Garcia-Montiel and Scatena, 1994; Finegan, 1996; Lebrija-Trejos et al., 2008;
Chazdon et al., 2010; Derroire et al., 2016). Expectations for functional diversity change over
succession based on existing research are uncertain as there are relatively few studies and
inconsistent results (Chapter 2). Most studies agree, however, that functional beta-diversity
changes substantially over succession (Lohbeck et al., 2012; Bohnke et al., 2014; Muscarella
et al.,2016; Sanaphre-Villanueva et al., 2016; Craven et al., 2018).

Though functional diversity changed over succession, results from trait analyses suggest that
there is a decrease in zoochorous and an increase in anemochorous species with forest age
(Chapter 5). This result is incongruous with the idea that the tree community shifts from
pioneer-type species to climax-type species, as abiotic dispersal syndromes are more
commonly associated with early colonising plants (Guariguata and Ostertag, 2001; Sanaphre-

Villanueva et al., 2017)
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Ground vegetation

Contrary to expectations from theory and research, there was no significant change in ground
vegetation species richness, and species evenness decreased significantly over succession. As
with trees, ground vegetation was expected to increase following disturbance with an influx
of new colonisers and changing deterministic regimes (Letcher, 2010; Lohbeck et al., 2013;
Blanchard et al., 2021). This suggests that ground plants may experience greater
environmental filtering later in succession due to limited light levels (Laska, 1997; Lebrija-
Trejos, Meave, et al., 2010; dos Santos-Junior et al., 2017) and other studies have reported
similar findings (Laska, 1997; Rasingam and Parthasarathy, 2009; dos Santos-Junior et al.,
2017). This concept is further supported by the significant change in functional composition
(Chapter 5), the increase in flowerless and abiotically-dispersed plants (Chapter 5), and the

increase in shade-tolerant plants such as ferns and bryophytes in older forests (Chapter 4).

Epiphytes

The lack of change in epiphyte species alpha or beta-diversity over succession is also
divergent from expectation. Epiphytes were expected to increase over time as new species
colonise disturbed areas, and greater tree diversity provides more varied microhabitats for
different epiphyte species to exploit (Jiiriado, Paal and Liira, 2003; Kapusta, Szarek-
Lukaszewska and Kiszka, 2004). Many epiphytes, especially cryptogamic species, are also
sensitive to light, humidity, pollution levels, and other environmental factors (Kantvilas and
Minchin, 1989; Kuusinen, 1994; Gustafsson and Eriksson, 1995; Campbell and Fredeen,
2004; Belinchoén et al., 2007; Fritz, Brunet and Caldiz, 2009; Moning et al., 2009; Leppik,
Jiiriado and Liira, 2011). Thus, species composition was expected to change with shifting
environmental conditions over time. The lack of change in epiphyte diversity suggests that
cacao agroforests and young secondary forests were able to maintain suitable structural
characteristics and environmental conditions to support a diverse epiphyte assemblage like

those of local primary forests.
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Functional diversity analyses were not conducted for the epiphyte assemblages as epiphytes
incorporated multiple taxonomic groups (plants and fungi), and lichens were categorised as

morphospecies (Appendix 3.2).

Birds

There was likewise no significant change in bird taxonomic or functional alpha-diversity,
though functional evenness increased significantly over time. While theory predicts that bird
alpha diversity increases through succession with changing environmental conditions and
faciliatory interactions with plant assemblages, other studies have similarly found that bird
diversity changes little over succession (Waltert et al., 2005; Borges, 2007; Sayer, Bullock
and Martin, 2017; Rocha et al., 2019; Lee et al., 2020; Borges et al., 2021; Jarrett et al.,
2021). Research on bird assemblages has yielded widely varying results, however, and thus
making predictions is challenging (Robert R Dunn, 2004; J. Barlow et al., 2007; Chazdon,
2014).

There was significant turnover in bird species composition, but there was no significant
change in functional trait composition over time. Both theory and research suggest that bird
taxonomic and functional beta-diversity change substantially over succession as
environmental conditions, resource availability, and deterministic regimes change (Jarrett et
al., 2021; Oksuz et al., 2021; Sayer et al., 2017; Waltert et al., 2005). The maintenance of
functional composition despite changes in species composition suggests that cacao
agroforests and secondary forests are able to maintain structural characteristics and provide

similar resources to older forests, and so support the same types of species.

The increase in highly forest-dependant and insectivorous birds, and the decrease in
omnivorous birds are in line with predictions from theory and empirical research, where the
proportion of sensitive and specialist birds is expected to increase over succession (Chapter 2;
Lennox et al.,2018). This result emphasises that, while agroforests and secondary forests can
provide valuable habitat for many species, they are not able to support all the same species as

older forests including those of particular conservation concern.
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6.5 Comparisons across taxa and facets of biodiversity

Results from this chapter found that the taxonomic alpha-diversity indices were significantly
positively correlated within each taxonomic group (Figure 6.2). Correlations between the
functional alpha-diversity indices were more complex and taxon-dependant. Overall
taxonomic and functional diversity were positively correlated across taxa. In tree
assemblages, all the taxonomic and functional diversity indices were strongly positively
correlated. For the ground vegetation and birds, functional richness was strongly positively
correlated with the taxonomic alpha-diversity indices. Also in birds, functional divergence
was strongly negatively correlated with Shannon and Simpson diversity, while functional
evenness was only weakly correlated with taxonomic alpha-diversity. There were no
significantly correlated trends in taxonomic alpha-diversity indices or in functional alpha-

diversity indices between taxonomic groups (Figure 6.3).

Turnover in tree taxonomic and functional composition was more correlated than would be
expected by chance. There was no correlation between taxonomic and functional trait
composition for ground vegetation or for birds. Tree and bird, and tree and epiphyte species
compositional change were both more aligned than would be expected at random as well. All

other comparisons between taxa were no more correlated than would be expected by chance.

Comparisons across taxa

There were no strong correlations in taxonomic or functional alpha-diversity indices between
taxa, and there was only significant correlation in compositional change between trees and
epiphytes, and between trees and birds. Overall, there was little agreement between the
taxonomic groups and patterns of successional change varied widely. Based on theory, it was
expected that biodiversity change over succession would be correlated between taxa. For
example, a more taxonomically and functionally diverse tree assemblage could provide more
resource and habitat heterogeneity for other taxa such as birds, ground vegetation, and
epiphytes to exploit (Diaz and Cabido, 2001; Petchey and Gaston, 2006; Waldrop et al.,
2006; Hooper, 2008; Sobek et al., 2009; Haddad et al., 2011; Vockenhuber et al.,2011;
Weiher, 2011; Tedersoo et al., 2016; Brockerhoff et al., 2017). It could be, however, that the
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relative strength of successional mechanisms varies between taxa, or that taxa respond to

successional processes at different temporal and spatial scales (Chapter 2).

While there was no significant correlation between tree and ground vegetation alpha or beta-
diversity in this study, some studies indicate that diversity in tree and understory communities
should be positively correlated (Nadrowski, Wirth and Scherer-Lorenzen, 2010;
Vockenhuber ef al., 2011; Chamagne et al., 2016). For example, tree diversity can increase
heterogeneity in soil conditions and in crown light transmittance which promotes greater
ground vegetation diversity (Augusto, Dupouey and Ranger, 2003; Lassau et al., 2005;
Barbier, Gosselin and Balandier, 2008; Sobek et al., 2009; Vockenhuber ef al., 2011).
Conversely, studies such as research by Vockenhuber and colleagues (2011) have found that
understory diversity is negatively affected by increased canopy cover which can lead to
conflicting results as light becomes increasingly limited over succession (Kirby, 1988;
Jennings, Brown and Sheil, 1999; Hofmeister ez al., 2009). It could therefore be that, in the
secondary forest of Trinidad’s Northern Range, vegetation diversity is more strongly affected
by light transmittance. This is supported by the result that the ground vegetation assemblages
became increasingly dominated by shade-tolerant ferns and bryophytes. Therefore, the lack
of correlation between tree and ground vegetation diversity could be because cacao
agroforests are densely forested and canopy cover remained largely consistent throughout

succession in these forest stands.

There was also no correlation between tree and epiphyte alpha-diversity, which is counter to
expectation. It is hypothesised that greater tree diversity provides more niche variation for
epiphyte species to exploit (eg Ellis, 2012). Cryptogenic epiphytes (lichens, mosses,
liverworts, and algae), for example, have varied tolerances and responses to bark chemistry,
texture, and stability, and so are influenced by tree composition and diversity (Ihlen, Gjerde
and S@tersdal, 2001; Cleavitt, Dibble and Werier, 2009; Ellis, 2012). Though research on
epiphytes is limited, other studies have found that epiphyte diversity increases with tree
diversity (Jiiriado, Paal and Liira, 2003; Kapusta, Szarek-Lukaszewska and Kiszka, 2004;
Ellis, 2012) and with forest age (Neitlich and McCune, 1997; Brunialti et al., 2010). Research
has also highlighted that epiphytes are strongly influenced by humidity and shading
(Kantvilas and Minchin, 1989; Kuusinen, 1994, 1994; Gustafsson and Eriksson, 1995;
Uliczka and Angelstam, 1999; Sillett et al., 2000; Campbell and Fredeen, 2004; Lobel, Snill
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and Rydin, 2006; Belinchén et al., 2007; Fritz, Brunet and Caldiz, 2009; Moning et al., 2009;
Leppik, Jiiriado and Liira, 2011). As with ground vegetation, it could be that epiphyte alpha-
diversity was more strongly affected by forest structure and canopy cover, which remained
relatively consistent over succession following cacao farming in this study. There was a
significant correlation between tree and epiphyte compositional change, however, which

suggests that tree composition did influence epiphyte composition.

Trends in bird and tree alpha-diversity were not correlated. There is some evidence in the
literature that temporal trends in bird and tree assemblages are linked, though studies also
highlight the complexity in these relationships (Hansen et al., 1994; Laiolo, 2002; Zhang et
al.,2013; Muiruri, Rainio and Koricheva, 2016). For example, Muiruri, Rainio, and
Koricheva (2016) found that the relationship between bird predation rates and tree species
richness depended on spatial scale in forest stands in Finland (Muiruri, Rainio and Koricheva,
2016). Other studies have similarly noted the effect of spatial scale on patterns of bird
diversity (Lehmkuhl and Ruggiero, 1991). Factors such as distance to urban centres, forest
patch size and isolation, and matrix habitat conditions can also influence bird assemblages
(Brotons and Herrando, 2001; Rey-Benayas, Galvan and Carrascal, 2010), although these

were largely controlled for in this study.

Many studies indicate that birds are particularly affected by the structural characteristics of a
forest (Cody, 1985; Laiolo, 2002; Diaz et al., 2005; Shahabuddin and Kumar, 2006; Campos-
Silva and Piratelli, 2021). Greater structural complexity can provide more varied habitat and
niches, and so increase faunal diversity (James, 1971; Urban and Smith, 1989). Some studies
have also found that bird diversity increases with forest age (eg. Lack and Lack, 1951; Moss,
1978; Laiolo, 2002; Zhang et al., 2013), and the abundance and diversity of mature trees in
older forests. Older trees tend to have greater bark structural complexity and surface area
which provides more habitat for invertebrates, and more foraging opportunities for
insectivorous birds (Nilsson, 1979; Schieck, Nietfeid and Stelfox, 1995). Laiolo (2002) found
that the responses of different types of birds (eg. hole nesters, trunk feeders, ground feeders
etc) to forest age, diversity, and structural characteristics vary widely, however. For example,
hole nesting birds tend to be confined to mature forests, since older trees tend to have more

crevices which the birds can utilise (Laiolo, 2002). The complexity in responses of different
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bird guilds to changes in tree diversity and composition over succession could confound

correlations between the taxa.

It could also be that birds are more affected by larger-scale landscape changes (Robert R
Dunn, 2004; J. Barlow et al., 2007; Chazdon, 2014). In this study, the stand size was
relatively small due to the small size of cacao agroforests, and all sites were situated within a
forested matrix. Another possibility is that birds were more affected by forest structure
(Robert R Dunn, 2004; J. Barlow et al., 2007; Chazdon, 2014), and thus the maintenance of
many structural elements through succession following cacao farming buffered against

changes in tree diversity.

Despite this complexity, there was a significant correlation between tree and bird
compositional change over succession. This is in line with expectation, and other studies have
similarly found that tree composition can affect habitat quality and bird composition (Fuller
et al., 1995). Furthermore, birds can affect plant communities through pollination and seed
dispersal (Gallagher, 2013; Schleuning, Friind and Garcia, 2014; Fraser et al., 2015;
Tedersoo et al., 2016; Rolo, Olivier and van Aarde, 2017; Garcia, Donoso and Rodriguez-

Pérez, 2018; Gardner et al., 2019).

As with trees, there was no correlation between trends in bird and epiphyte diversity, or
between bird and ground vegetation diversity. It is also hypothesised that ground vegetation
and epiphytes can affect patterns of bird diversity and composition, and vice versa. Ground
vegetation can provide food and habitat for birds, and other studies have found correlations in
biodiversity between the two taxa (eg. McShea and Rappole, 2000; Laiolo, 2002; Diaz et al.,
2005; Vogeler et al., 2014; Dagan and Izhaki, 2019). Some epiphytes such as bromeliads can
be sources of nectar and fruit, and even cryptogamic epiphytes can provide nesting materials
and be sources of insects for birds (Nadkarni and Matelson, 1989; Hayward and Rosentreter,
1994; Nadkarni, 1994; Ellis, 2012; Gotsch, Nadkarni and Amici, 2016). Conversely,
epiphytes such as vines and lianas can impede trunk-feeding birds from foraging (Laiolo,
2002). Birds can act as pollinators, dispersers, and defenders against herbivory for ground
vegetation and epiphytic plants, and subsequently influence patterns of biodiversity in those
assemblages (Nadkarni and Matelson, 1989; Mondragén, Valverde and Herndndez-Apolinar,

2015; Bleiweiss et al., 2019; Spicer and Woods, 2022). The mismatch between the results
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and expectation could be because bird, epiphyte, and ground vegetation diversity and
composition are more strongly influenced by forest structure than by biotic interactions in
this study, as well as because of the inherent complexity in these interactions and feedbacks

as each taxon simultaneously inhibits and facilitates the colonisation and diversity in others.

Trends in taxonomic and functional alpha-diversity were generally positively correlated,
especially between taxonomic alpha-diversity measures and functional richness in plant
assemblages. This follows the expectation that, the more species there are, the more likely
there are to be different functional traits represented within the community, and that
complementary traits support species coexistence (Chapter 2; Huston, 1997; Mayfield et al.,
2010). The only significant correlation observed was between taxonomic and functional
composition change in tree assembles, however, while taxonomic and functional composition
changed independently in bird and ground vegetation assemblages. It could therefore be that
some functional traits are conserved in bird and ground vegetation assemblages throughout

succession despite changes in species composition.

The divergent patterns of biodiversity across taxa and facets of diversity in this study
highlight how focusing on one taxonomic group, or using one measure of biodiversity alone,
may not be sufficient to assess the wellbeing and conservation value of habitats. Other studies
have shown that spatial biodiversity patterns can be uncorrelated across different taxa (Pért
and Soderstrom, 1999; Wolters, Bengtsson and Zaitsev, 2006; Mandl et al., 2010), with the
conclusion that one taxon cannot necessarily be used as a surrogate of others when comparing
biodiversity between sites. This research supports the idea that this is also true for temporal
biodiversity patterns (Magurran et al., 2018), and illustrates that not all taxa will respond

similarly to environmental changes.

Overall correspondence with succession theory and a priori expectations

As with previous research, the results of this study largely deviated from expectations. This is
likely due to the starting point of succession being cacao agroforests. Other studies have
found that agroforests maintain high levels of biodiversity and some of the ecosystem

functions of older forests (dos Santos et al., 2021), and may recover more rapidly as a result.
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For example, many studies have found that shade agroforests and systems which mimic
natural forest can support diverse animal assemblages, similar structural characteristics, and
maintain some ecosystem functions (Calvo and Blake, 1998; Buechley et al., 2015; Rajab et
al.,2016; Arroyo-Rodriguez et al.,2017; dos Santos et al., 2021; Schuler et al., 2022). If
crop trees are planted in an existing secondary forest, or if native trees are used as shade
trees, then species composition could recover more rapidly as well, for example as a direct
seed source and by attracting seed dispersers. The maintenance of biodiversity and ecosystem
functioning could similarly facilitate regeneration if a more abundant and diverse array of

seed dispersers are attracted to the agroforests post abandonment.

Overall, the lack of congruence between succession theory and the results of this and other
research emphasises the gaps in our understanding of successional processes. This is
especially true for tropical regions where there are many species and complex ecological
interactions, which makes predicting how biodiversity will change following disturbance
across taxa all the more challenging. Moving forward, theoretical models of succession will
need to account for more of the complexity in these systems, and particularly the role of
starting point, spatial and temporal scale, and changes in primary drivers of succession over

space and time.
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Chapter 7: Synthesis and future directions

7.1 Introduction
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Figure 7.1. Schematic of questions being addressed in this thesis. Questions highlighted in blue are the focus of

this chapter.

Anthropogenic pressures on ecosystems are growing, and global biodiversity is under
unprecedented threat (Chapter 1; Blowes et al., 2019; Isbell et al., 2017; Magurran &
Dornelas, 2010). Landscape transformation, including the appropriation natural habitat for
crop use, is viewed as a major contributor to this ongoing biodiversity crisis (Ehrlich &
Pringle, 2008; Semper-Pascual et al., 2019). This thesis has quantified biodiversity in active
and abandoned cacao agroforests and primary forests, and has explored how these forests
recover through secondary succession in Trinidad. The results presented in chapters 4-6
showed that tree taxonomic and functional alpha-diversity increased significantly over time,
especially within the first 30 years of succession. While this was in line with expectations
from theory and research, the other taxa studied showed heterogeneous responses. There was
significant change in species and functional trait composition across taxa with forest age,
however, even after c. 100 years of succession. The following chapter will place these results
into the wider context of biodiversity and land cover change, and explore future directions for
research and conservation (Figure 7.1). Section 7.2 will address the value of secondary
forests and cacao agroforests to conservation, and how agroforestry systems can work within
a people and nature framework to support local livelihoods and biodiversity. Section 7.3 will
investigate current knowledge gaps and possibilities for how we can better monitor changes

in forest cover and biodiversity moving forward.
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7.2 People and nature

Secondary forest

The results presented in chapters 4-6 illustrate that young secondary forests and actively
managed cacao agroforests can be valuable for sustaining biodiversity. While tree taxonomic
and functional alpha-diversity increased significantly with forest age, the active cacao
agroforests and young secondary forests sustained high levels of diversity across taxa overall.
Other studies similarly have found that species richness often recovers early in succession
across taxa (Chapter 2; Lebrija-Trejos et al., 2008; Martin, Newton and Bullock, 2013;
Chazdon, 2014; Derroire et al., 2016). Vegetation diversity increases primarily within the
first 50 years (Lebrija-Trejos et al., 2008; Martin, Newton and Bullock, 2013; Derroire et al.,
2016), and bird diversity often recovers within the first 30 years (Blake and Loiselle, 2001;
Borges, 2007; Karthik et al., 2009; Sberze et al., 2010). Other studies have likewise found
that secondary forests provide many other important functions and services such as
sequestering carbon and water cycling (Batterman et al., 2013; Davidson et al., 2007; Hassler
et al., 2011; Martin, Newton, & Bullock, 2013; Neumann-Cosel et al., 2011; Ogden et al.,
2013; Poorter et al., 2016; Zimmermann et al., 2013; Craven et al., 2017). These results
emphasise the potential role of secondary forests as biodiversity reservoirs in a rapidly

changing world (Chapter 1).

The early recovery of taxonomic and functional alpha-diversity over succession also supports
the utility passive restoration programs. Many conservation initiatives involve actively
restoring disturbed land, which can be costly and labour-intensive (Diaz-Garcia et al., 2020).
Passive restoration, which consists of leaving an area of disturbed land to recover naturally
without active management, offers a more cost-effective alternative, though not all disturbed
ecosystems will recover without intervention (“arrested succession”; Chazdon, 2003; Arroyo-
Rodriguez et al., 2017). Field studies have found contrasting results on the relative
effectiveness of passive and active restoration. Some have found that passive restoration is a
viable option in many situations (Meli et al., 2017; Crouzeilles et al., 2017), while others

disagree (Reid, Fagan and Zahawi, 2018).

Generally, passive restoration is most effective where disturbance has been minimal and brief

leaving the soil properties and the soil seed bank largely intact (Guariguata and Ostertag,

143



Chapter 7: Synthesis and future directions

2001; Lawrence, 2005; Sovu et al., 2009; Derroire et al., 2016), where there is remnant
vegetation or existing three-dimensional structure such as dead trees (Franklin et al., 2002;
Chazdon, 2003; Sandor and Chazdon, 2014), and in areas which are situated within a forested
matrix or near mature forest (Chapter 2; Cubifia and Aide, 2001; Hooper, Legendre and
Condit, 2004; Derroire et al., 2016, Rolim, Machado and Pillar, 2017). These conditions

facilitate regeneration and can increase the rate of forest recovery.

Cacao agroforests often incorporate native remnant vegetation for shade, maintain complex
three-dimensional structure, and provide food resources which attract seed dispersers. The
sites in this study were all situated near larger tracts of mature forest as well. Abandoned
cacao agroforests in Trinidad and similar systems may therefore be good candidates for

passive restoration, which can be applied in conjunction with active conservation projects.

Furthermore, the habitat heterogeneity generated from the long history of cacao farming in
Trinidad can increase the collective landscape-level diversity (gamma-diversity) when habitat
patches support different species (Fischer & Lindenmayer, 2005; Peintinger et al., 2003;
Socolar et al., 2016; Tscharntke et al., 2002, 2012). The results presented in Chapter 5 show
that there is considerable turnover in species and functional trait composition between forest
patches at different stages of succession for multiple taxa. Other studies have similarly shown
that forests at different stages of regeneration provide different types of habitat and resources
(Dewalt et al., 2003; Bowen et al., 2007). Thus, the patchwork mosaic of forest types making
up the Northern Range is contributing to the overall richness of the species pool and

maintenance of gamma-diversity.

Conservation has historically focused on preserving pristine natural areas and protecting
charismatic species (Barlow et al., 2007; Barnosky et al., 2017; Chazdon, Harvey, et al.,
2009; Gardner et al., 2009). However, the proportion of secondary forests and transformed
landscapes is growing relative to old-growth forests and unaltered environments globally, and
Trinidad is no exception (Chapter 1; Arroyo-Rodriguez et al., 2017; Derroire et al., 2016;
Lebrija-Trejos et al., 2008; Martin et al., 2013). Thus, understanding the dynamics and
recognising the potential value of altered ecosystems is increasingly important to maximise
conservation efforts (Chazdon, 2014; Chazdon, Harvey, et al., 2009; Chazdon, Peres, et al.,

2009; DeClerck et al., 2010). Such knowledge can inform key decisions faced in managing
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biodiversity, including which areas to conserve, when and how to implement restoration
initiatives, how populations or ecosystems are likely to respond to perturbation, and how to

measure ecosystem health.

Cacao farming

Taken together, the results of this thesis highlight that cacao agroforests can contribute to
biodiversity conservation. Research has found that cacao and similarly managed coffee and
vanilla agroforests can be remarkably biodiverse, though the ability of these systems to
support wildlife depends on how they are managed (Cassano et al., 2011; Schroth et al.,
2011; Arroyo-Rodriguez et al., 2017; Buechley et al., 2015; Calvo & Blake, 1998).

Agricultural trees can be either be planted in single-species plantations or in mixed
agroforests with multiple different tree species. For example, cacao, coffee, and vanilla are
naturally found in the lower canopy layers of a forest and can grow in varying light levels.
They can thus be grown either as a monoculture with full sun exposure in “sun plantations,”
or in the shade of other trees in “shade agroforests” (Ruf and Schroth, 2004; Waldron et al.,
2012; Jezeer et al., 2017; Aradjo et al., 2021). Shade agroforests more closely resemble
natural forest with a mix of different agricultural trees and taller “shade trees” which provide
shade for the shade-tolerant crop trees (Alvim and Nair, 1986; Ruf and Schroth, 2004;
Waldron et al., 2012; Rajab et al., 2016; Jezeer et al., 2017; Aragjo et al.,2021).

Furthermore, agroforestry systems such as forest gardens, multifunctional agriculture, and
successional, dynamic, syntropic, and regenerative analogue agroforestry intentionally mimic
natural forests (Young, 2017; dos Santos et al., 2021; Brodbeck, Hapla and Mitloehner, 2022;
Schuler et al., 2022). These systems utilise a functionally diverse array of herbaceous and
woody crop plants to maintain biodiversity and ecosystem functioning including key services
such as improving soil quality, weed suppression, and pest management. As a result, land
management is often less intensive and damaging in these systems compared to conventional
agricultural practices (Young, 2017; dos Santos et al., 2021; Brodbeck, Hapla and
Mitloehner, 2022; Schuler et al., 2022). Traditional, polyculture shade agroforestry systems

offer multiple canopy layers and a diverse array of flowering and fruiting plants, and so can
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provide valuable habitat for wildlife despite being human-managed and dominated by

agricultural trees.

There are ongoing debates over the best farming methods for cacao which could lead to the
expansion of more intensive sun plantations, however (Waldron et al., 2012). All but one of
the active cacao agroforests surveyed in this study were traditionally managed shade-cocoa
agroforests. Sun plantations can seem attractive economically in the short-term as the cacao
trees may mature more rapidly and produce higher yields. Cacao trees in shade-cocoa
systems, however, commonly live longer, may be less susceptible to pests (Ruf & Schroth,
2004; Andres et al., 2016; Jezeer et al., 2017), and are more protected against the effects of
climate change depending on the shade trees used (Lin, 2007; Padovan et al., 2015; Schroth,
Léaderach, Martinez-Valle, Bunn et al., 2016; Schwendenmann et al., 2010; Tscharntke et al.,
2011; Vaast and Somarriba, 2014; Abdulai et al., 2017). Shade trees also increase the
structural complexity of the agroforests and can contribute towards supporting greater
biodiversity across taxa (Aratjo-Santos et al., 2021; Jezeer et al., 2017; Waldron et al., 2012).
Furthermore, due to the growing market for ethical and environmentally responsible products
(Poelmans & Rousseau, 2016), traditional shade-cacao can be more profitable despite lower
yields as the cacao can be sold for higher prices (Jezeer et al., 2017). Shade and other crop
plants such as mango, orange, avocado, guava, banana, and coconut can provide additional

income and greater financial stability for farmers as well.

Further research is needed on the optimal land management strategies for cacao and similar
farming systems to maximising benefits both to the farmers and to nature conservation. For
example, there may be scope for maintaining native shade tree species, to utilise nitrogen-
fixing plants instead of chemical fertilisers, or to implement integrated pest management
systems. Some cacao farms in Trinidad also grew epiphytic plants such as dragon fruit
(Hylocereus undatus) on shade trees, and ornamental Anthurium species under cacao trees,
which can generate further income for farmers and provide additional habitat for wildlife
(personal communication with local farmers). The location of agroforests affects their
biodiversity value as well, where cocoa farms close to larger tracts of forest or those situated

within a forested matrix are commonly more biodiverse (Chazdon, 2014).
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Despite the potential benefits of cacao agroforestry to nature in supporting biodiversity and
important ecosystem functions, it is a major driver of tropical deforestation (Chapter 1; Dixon
et al., 2001; Vaast and Somarriba, 2014; Borda er al., 2021). While cacao farms are
commonly expanded at the expense of natural forests, there are more sustainable avenues for

development.

For example, successional agroforestry systems (SAFS) and similar systems aim to mimic
successional processes, where crops with different tolerances and which provide different
functions are planted over time, ultimately forming a diverse polyculture shade agroforest
(Young, 2016). The initial planting stage may also include annual and perennial crops and
native plants which can tolerate early successional conditions and improve the soil (eg.
leguminous species), including shade trees and plants such as Inga and Musa species. As the
system develops, crops such as cacao, coffee and vanilla can be planted in the understory. In
this way, each cycle contributes to the land and allows for agroforests to be started in
formerly deforested and degraded areas. Moreover, faster-growing crop species planted early
on can provide income while slower-growing agroforest crops such as cacao mature. The
succession of different crops thus helps offset the initial investment required for starting an

environmentally responsible agroforest (Young, 2018).

Additionally, instead of clearing a forest entirely before planting crop trees, some farmers
‘thin’ existing secondary forests and plant shade-tolerant crops such as cacao in the
understory, thus keeping much of the natural canopy cover which can include endemic and
threatened plant species (Tadesse, Zavaleta and Shennan, 2014; Asigbaase et al.,2019). A
successful example of this from Trinidad can be seen in the village of Brasso Seco, where the
community is reclaiming former cacao agroforests by harvesting cacao pods from abandoned
land using low intensity management methods. In this way, no natural forests are being
compromised and income is created for local people through the tree-to-bar chocolate

products produced (The Brasso Seco Chocolate Company, 2022).

Furthermore, unlike annual herbaceous crops, forestry and agricultural systems that include
woody vegetation have the potential to expedite regeneration post abandonment. Standing
trees can provide microclimates and structural features similar to older forests which can

attract animals, increase seed rain, protect against wind and storms, contribute to soil
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formation, enhance water percolation and stabilise the soil, and create suitable conditions for
plant germination (Lambin et al., 2001; Franklin et al., 2002; Chazdon, 2003; Mora et al.,
2015; Derroire et al., 2016). For example, Parrotta, Turnbull, and Jones (1997) propose that
tree plantations can catalyse succession by modifying environmental conditions such as
temperature and soil moisture, and by altering animal behaviour such as attracting seed
dispersers (Parrotta, Turnbull and Jones, 1997; Rolim et al., 2017). In another study,
Ferguson et al. (2003) found that successional processes, such as basal-area accumulation and
species recruitment, were significantly faster following agroforest abandonment than

following pasture abandonment (Ferguson et al., 2003).

Though research is limited, ‘agro-successional restoration’, which integrates forest
restoration and agriculture, is being considered as an approach to support reforestation
initiatives in tropical regions (Vieira, Holl and Peneireiro, 2009; Jagoret et al., 2012). Agro-
successional restoration uses successional or polyculture shade agroforests as an initial stage
of forest restoration, to reduce the costs of reforestation projects and generate local income
while catalysing succession. There is also some evidence that cacao agroforests could be used
as wildlife corridors in deforested landscapes (Clough et al., 2009; Cabral, Faria and
Morante-Filho, 2021).

Finding agricultural systems, such as cacao, that can support biodiversity, has utility in
reconciling our need to generate local income and meet demands for food and other goods,
with our need to protect biodiversity and important ecosystem functions (Mace, 2014).
Cacao, vanilla, coffee, and similar agroforestry systems have the potential to be conservation

solutions which support both livelihoods and wildlife in the tropics.

Conclusions

In this study, primary forests had unique combinations of species and functional trait
composition, even compared to the oldest secondary forest sites across taxa. This is in line
with other studies which suggest that it can take centuries for the species and functional
composition of secondary forests to converge with that of old-growth forests (Derroire et al.,

2016; Finegan, 1996; Rozendaal et al., 2019). It is clearly important to protect primary forests
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due to their slow recovery. However, these findings emphasise the potential value of
agroforests and secondary forests in sustaining biodiverse assemblages. These habitats are
becoming increasingly important reservoirs of biodiversity as the proportion of planted and
secondary forests continues to rise relative to primary forest (Ellis, Antill and Kreft, 2012;
Martin, Newton and Bullock, 2013). Agroforests and secondary forests not only play an
important role in enriching regional biodiversity, but can also provide conservation solutions

that support both people and nature.

7.3 Future directions

The results of this study showed considerable mismatches with expectations based on
succession theory (Chapter 6). Other empirical research has also yielded mixed results in how
ecosystems change over time following disturbance (West, Shugart & Botkin, 1981; Westoby
et al., 1989; Tilman, 1990). These inconsistencies may be explained by differences in the
starting point of succession, and the spatial and temporal scale at which succession is viewed
(West, Shugart & Botkin, 1981; Chapter 2). Despite inconsistent support, succession theory
plays a key role in many environmental policies and conservation initiatives including in
environmental impact assessments and in mitigating the effects of climate change and habitat
loss (West, Shugart & Botkin, 1981). While finding generalities in successional change has
been challenging due to the inherent complexity in ecosystems, deepening our understanding
of successional patterns and processes helps to improve conservation efforts (Chapters 1 and
6). Further research is needed to better understand and predict successional processes, and to

identify generalities across systems and biomes (Chapter 6).

Also contrary to expectation, patterns in biodiversity change varied widely across taxa and
facets of biodiversity in this study. This underscores that focusing on one taxonomic group or
measuring one aspect of biodiversity may not be sufficient to assess the condition and
conservation value of habitats. Other research has shown that spatial biodiversity patterns can
be uncorrelated across taxa (Mandl et al., 2010; Pirt & Soderstrom, 1999; Wolters et al.,
2006), with the result that one taxon cannot necessarily be used as a surrogate of others. This

study has shown that this is also true for temporal biodiversity patterns (see also: Magurran et
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al., 2018), and illustrates that not all taxa will respond similarly to disturbance and

environmental changes.

Taxonomic and functional diversity were largely uncorrelated in this study. The independent
variation in the different facets and aspects of biodiversity stresses the need for taking a
multifaceted approach and assessing biodiversity change from multiple angles. Changes in
taxonomic composition, functional composition, and ecosystem functioning over time, and
the interconnectivity between them, are especially important to consider as they are often the
most affected by disturbance and the slowest to recover (Finegan, 1996; Diaz and Cabido,
2001; Chazdon, 2014; Derroire et al., 2016; Rozendaal et al., 2019). Research on functional
diversity has grown in popularity, though differences in the traits and analysis methods used
make comparisons across studies difficult (Mouchet et al., 2010) and further research on
functional diversity change over succession is needed. Major gaps in functional trait
information also remain, especially for tropical plant species. The traits used for the
functional diversity analyses in this research were restricted to those where information on a
sufficient number of species could be obtained, and imputation was required to fill remaining

data gaps (Chapter 5; Box 7.1).

Further ecological research in tropical regions is crucial as well. Though tropical forests are
exceptionally biodiverse and complex ecosystems, they are less well studied than temperate
forests. BioTIME is the largest biodiversity time series database with over 12 million records
and 42,000 species from multiple biomes (Dornelas et al., 2018). Despite the extensive
coverage of the BioTIME database and ongoing efforts to incorporate new data from around
the world, there is regional patchiness in the data available. For example, while there are 64
datasets for terrestrial plants in temperate regions, there are only 20 for tropical regions. Box
7.1 analyses some of these datasets to quantify change in taxonomic and functional diversity
with forest age. It reveals clear discrepancies in patterns of taxonomic alpha-diversity change
between the temperate and tropical datasets; functional diversity could only be measured for
the temperate datasets due to lack of functional trait data for the tropical plant species. The
case study presented in Box 7.1 also highlights the potential utility of meta-analyses in
assessing the effects of starting point and biome on the rate and trajectory of successional
processes. Overall, the comparative dearth of data for tropical regions highlights a major

knowledge gap in our understanding of how tropical forests change over time.
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Box 7.1 BioTIME temperate and tropical forest change over time

BioTIME is the largest biodiversity time series database with over 12 million records and 42,000
species from around the world (Dornelas et al., 2018). Twenty-four forest timeseries datasets from
the BioTIME database were used as an example to compare patterns of tree diversity over time in
temperate and tropical forests.

Methods

Species richness, PIE, and Berger-Parker indices were used to quantify temporal change in species
a-diversity. Species richness was quantified using extrapolated rarefaction curves, and the diversity
values of each assemblage at 400 individuals were plotted over time (Hseih, Ma & Chao, 2016). A
positive slope indicates that species richness increased over time. Changes in species evenness (PIE)
and dominance (Berger-Parker) over time were also assessed. A positive slope for the PIE analyses
indicates that species evenness increased over time, while a positive slope in the Berger-Parker
analysis indicates that species dominance increased over time.

Change in species composition over time was quantified using the Jaccard dissimilarity index for
each dataset. The rate of change in species composition was measured as the change in Jaccard
between each sample in the time series relative to the first sampling time (Jaccard slope). A greater
Jaccard slope indicates rapid change in species composition. Linear models were used to further test
for overall changes in each diversity index with time. Firstly, GLMs of each diversity index value as
a factor of time and dataset were used to assess changes in each diversity metric over time for all data,
while controlling for variation between datasets. Further GLMs assessing the interaction between
forest type and year were used to test if changes in the diversity metrics over time differed between
temperate and tropical forests.

Functional diversity analyses were conducted on the 19 temperate datasets. Tree functional traits used
for these analyses were tree maximum height at maturity, longevity, growth form, the presence of
armature (eg. spines or thorns), the number of leaves per node, leaf type (eg. broadleaf or needle),
whether leaves were compound and leaflet formation, leaf length, leaf morphology and venation
pattern, leaf arrangement along the branch, whether the tree produced flowers (angiosperm), and seed
type. Trait information was compiled and checked across multiple databases and resources (Hunt,
1984; Collins, 2007; Gilman & Watson, 2014; Russell et al., 2014; Press, 2016; New England
Wildflower Society, 2018; ConiferBase, 2022; Keele University Arboretum, 2022; Encyclopedia of
Life, 2022). If a tree was only identified to genus level, the most common or average traits for the
genus were used. The functional diversity metrics were tested for changes over time using GLMs as
the variation in each functional diversity metric with time and survey.

Functional a-diversity was measured using the functional richness (FRic), functional evenness
(FEve), and functional divergence (FDiv) indices (Villéger, Mason & Mouillot, 2008). The functional
diversity metrics were plotted over time, where a positive slope in FRic, FEve, or FDiv values
indicates an increase in functional richness, evenness, and divergence respectively (Chapter 3).
Functional trait compositional change was measured using the Villegar er al. (2008) [-diversity
Jaccard-like metric of functional dissimilarity where identical assemblages are zero, and completely
unique assemblages are one. The slope of functional 3-diversity over time (each time point relative
to the first time point) was then measured for each dataset.

Continued
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Box 7.1 BioTIME temperate and tropical forest change over time (continued)
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Figure 7.2 Tree species diversity change over time (n=24 datasets). (A) is the species richness (rarefied
values to 400 individuals), (B) is the Jaccard beta-diversity index for compositional dissimilarity, (C) is the
PIE measure for species evenness, (D) is the Berger-Parker dominance measure. The slope of each diversity
metric for each study is shown with a dotted line. Blue represents temperate forest studies and yellow
represents tropical forest studies. The overall slope of each diversity metric is shown with a solid line (yellow
fitted to all tropical data (n=5 datasets) and blue is fitted to temperate data (n=19 datasets).
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Box 7.1 BioTIME temperate and tropical forest change over time (continued)

There was no significant overall change in species richness over time (. s¢= -1.5, p=0.13). Forest
type likewise did not have a significant effect on species richness change over time (t;77= 0.2,
p=0.84). There was a significant difference in species richness between tropical and temperate
forests across all years, however, with over 5 times more species in tropical assemblages compared
to temperate assemblages (t;75= 14.08, p<0.001).

Species evenness significantly decreased over time overall (t,s= 3.88, p<0.001). There was no
significant difference in the change in evenness over time between temperate and tropical forests
(ta:»=0.97, p=0.33). However, evenness decreased significantly over time in temperate forests and
increased over time in tropical forests.

Species dominance significantly increased over time by 0.004 Berger-Parker values per year overall
(ta s6= -4.38, p<0.001). There was no significant difference in the change in dominance over time
between temperate and tropical forests (t; 7= -1.25, p=0.21). conversely with evenness, though,
dominance increased significantly over time in temperate forests and decreased over time in tropical
forests.

Species dissimilarity (Jaccard) increased significantly over time overall (t;s= 10.31, p<0.001).
There was no significant difference in how species composition changed over time between
temperate and tropical forests (t;77= 0.136, p=0.89). Species dissimilarity increased in both
temperate and tropical forests.

Functional diversity
In temperate forests, there was no significant change in FRic (t;43= 1.78, p=0.8) or in FDiv over
time (t;77= 0.97, p=0.33). There was a significant decrease in the functional evenness over time,

however (t;43= -2.47, p=0.02). Functional [-diversity values were generally low (mean = 0.2),
though there was a significant increase in B-diversity over time overall (t 43= 3.44, p=0.001).

Continued
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Box 7.1 BioTIME temperate and tropical forest change over time (continued)
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Figure 7.3 Tree functional trait diversity change over time (n=19 temperate datasets). Dotted blue lines
represent the slopes of a functional diversity metric over time for individual datasets while the overall slope
of all data is shown with a solid black line. (A) is tree functional trait richness (FRic), (B) is tree functional
trait dissimilarity (functional beta-diversity), (C) is functional trait evenness (FEve), and (D) is functional
trait divergence (FDiv).
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Box 7.1 BioTIME temperate and tropical forest change over time (continued)

Conclusions

Overall, the analysis of these BioTIME datasets found that there was no significant change in
species or functional richness over time. Both species and functional evenness decreased
significantly, while compositional dissimilarity increased significantly over time. Although there
was no statistically significant difference in how the species diversity indices changed over time
between temperate and tropical forests, they do appear to have different trends. Tropical forests
were generally more species rich, and increased in evenness and decreased in dominance over time.
Temperate forests had the opposite trends.

There was also a high degree of variation between datasets within temperate and tropical biomes.
These datasets incorporate multiple forest types beyond tropical and temperate (dry and wet forests,
and different conditions at the starting point of these time series) which may affect how biodiversity
changes over time (Chapter 2). Further accounting for these differences may improve the
detectability of trends in forest biodiversity change

Overall, these analyses indicate that temperate and tropical forests change differently over time.
More research is needed to better understand successional dynamics in tropical ecosystems.
Furthermore, functional diversity analyses were not conducted on the tropical forest assemblages
due to a lack of functional trait data for many of the species. This further demonstrates the exigency
of research on tropical species and ecosystems.

Lastly, while field research can help provide a nuanced understanding of these ecosystems, it
is spatially limited, laborious, and costly to conduct (Levrel et al., 2010). Tropical ecosystems
can be especially challenging to study as they are often less accessible, the terrain is more
difficult to navigate, and infrastructure is commonly limited. Remote sensing (RS) is gaining
momentum as a means of studying spatial and temporal changes in vegetation diversity and
land cover at regional and global scales (Box 7.2; Malatu et al., 2017; Anderson, 2018;
Hansen et al., 2013; Luque et al., 2018). However, there are some limits in using RS to
monitor biodiversity and landcover change. For example, RS only provides information on
the top-most layer of vegetation, uses spectral species which may not align perfectly with
patterns of species diversity, and relies heavily on the quality of the satellite images
(Rocchini et al., 2016; Malatu et al., 2017; Anderson, 2018; Luque et al., 2018; Wang et al.,
2019; Rocchini et al., 2021). This is illustrated in Box 7.2 where taxonomic diversity
generated using field data presented in this thesis (Chapter 3) and diversity estimates

generated using RS techniques for the same sites in Trinidad are compared. Results from the
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case study showed that, unlike the field data, the remote sensing data did not detect a
significant change in alpha-diversity with forest age. However, RS shows promise in
extrapolating on ground data to map vegetation diversity and habitat condition similar to the
work presented in the RS case study, which would be especially useful in tropical regions

where field research can be difficult.

Box 7.2 Remote sensing

Biodiversity is often monitored using field-based approaches (Rozendaal et al., 2019) which can be
difficult, slow, and costly (Levrel et al., 2010). These challenges can be especially acute in tropical
regions where sites are often less accessible, the terrain more difficult to navigate, and infrastructure
may be limited. Surveying biodiversity and land cover at large spatial scales is essential for efficient
monitoring and informed policymaking (Schiller et al., 2001). Scaling up field-based research has
proved challenging (Barton et al., 2013; Cardinale et al., 2018), however, and new strategies are
needed (Proenca et al., 2017).

Remote sensing (RS) presents a solution for monitoring large-scale changes in vegetation cover and
biodiversity (Rocchini et al., 2016; Malatu et al., 2017; Anderson, 2018; Luque et al., 2018; Wang et
al., 2019; Rocchini et al., 2021). Studies have shown that remote sensing can be used for species
identification (Clark et al., 2005; Féret et al., 2013; Baldeck et al., 2015), species diversity assessment
and community mapping (Vaglio et al.,2016; Draper et al., 2019), and for research on plant functional
diversity (Asner et al., 2017; Schneider et al., 2017; Duran et al., 2019). The following case study
compares changes in vegetation biodiversity over c. 100 years of secondary succession following
cacao agroforest abandonment, as detected by RS data compared to the field research presented in
Chapters 3 and 4. Further information on this case study can be found in Chraibi et al. (2021).

Methods

19 of the 29 forest sites in Trinidad (see Chapter 3.2) were analysed using both field and remote
sensing techniques. The sites included five of the active cacao agroforests, five of the 25-50 year old,
and seven of the 60-100 year old secondary forests regrowing following cacao agroforest
abandonment. Two of the primary forests sites were used for comparison. Site choice was limited due
to persistent cloud cover which prevented remote sensing analyses. Field surveys were conducted in
accordance with the methods outlined in Chapter 3.

The RS data presented here were compiled by Chraibi, Féret, and Luque using the methods detailed
in Chraibi et al. (2021). The RS analyses were based on multispectral images obtained from the
Sentinel-2 (S2) satellites (Copernicus open access hub, 2020). The S2 image (tile T20PPS of the S2
tiling grid) taken on February 13 2019 was used as it corresponded with the timing of the field data
collection, included the most plots, and had <50% cloud cover.

Continued
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Box 7.2 Remote sensing (continued)

Diversity indices were quantified for the remote sensing data using the R package BiodivMapR (Féret
and Boissieu, 2020) developed by Féret and Asner (Féret and Asner, 2014; Chraibi et al., 2021). This
method extracts information on the diversity of spectral signals in a given area, and aims to assign a
“spectral species” to each pixel. Diversity indices can then be quantified for the spectral species
assemblage similarly to the tree assemblage data from field surveys.

Shannon diversity (Chapter 3.1) was used to measure tree alpha-diversity, and Bray Curtis
dissimilarity (BC; Bray and Curtis, 1957; Magurran, 2004) was used to measure beta-diversity. BC
is bound between 0 and 1 where higher values indicate greater compositional dissimilarity and lower
values indicate greater compositional similarity between sites. Spearman correlations were used to
assess change in Shannon diversity with forest age and between field and RS-derived data. 0.5
quantile regressions were used to assess changes in BC with age difference between site pairs
(Chapter 3.1; Koenker, 2013). A tanglegram was used to compare field tree species composition and
RS vegetation spectral species composition (BC change between sites; Chapters 3.1 and 6.2;
Maechler et al., 2022).

Results

20

Shannon
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Age since abandonment (years)

Figure 7.4 Shannon diversity with forest age using field data (A) and RS data (B). Primary forests are given a
conservative age estimate of 200 years old. Blue lines indicate a significant correlation between Shannon
diversity and forest age.

There was a significant correlation between Shannon diversity and forest age using field data (r, =
0.50, p =0.03), but not using RS data (Figure 7.4; r, = 0.05, p = 0.85). There was also no correlation
between the two datasets (r, = —0.37, p = 0.21). Quantile regressions showed that there was a
significant increase in compositional dissimilarity with increasing age difference between sites for
both field (t;e9. 171y = 6.70, p < 0.001) and RS data (Figure 7.5; tue.171y = 5.18, p < 0.001).

Continued
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Box 7.2 Remote sensing (continued)
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Figure 7.5 Quantile regression of Bray Curtis dissimilarity with age difference between site pairs
using field data (A) and RS data (B). Primary forests are given a conservative age estimate of 200
years old. Blue lines indicate a significant correlation between Shannon diversity and forest age.

While a tanglegram found that the two dendrograms of Bray Curtis dissimilarity between sites using
field data and RS data aligned well (entanglement =0.15; side2step method), there was no significant
correlation between the topologies of the field and RS dendrograms (Figure 7.6; cophenetic
correlation coefficient = 0.08).

Continued
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y
S

Figure 7.6 Tanglegram comparing Bray Curtis dissimilarity between field ad RS data. Dendrograms for field
data (left) and RS data (right) are based on the degree of compositional dissimilarity between sites using
hierarchical clustering. Grey lines connect corresponding sites. Sites are labelled according to age category:
active agroforests (A), 25-50yo secondary forests (B), 60-80yo secondary forests (C), >100yo secondary
forests (D) and primary forests (E).

Box 7.2 Remote sensing (continued)
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Figure 7.7 Linear regression of the first component of a PCoA analysis using BC dissimilarity and forest age
for RS data.
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Box 7.2 Remote sensing (continued)

The first component of the PCoA using RS Bray Curtis information was strongly correlated with
forest age (Figure 7.7; R2=0.89). The linear relationship between pcol and BC was then used to
extrapolate on existing data and estimate forest age over the entire S2 image (Figure 7.8). There was
high overlap between 100 year old secondary forests and primary forests at around 0.4, however,
which limited the maximum age estimates to 120 years.

Figure 7.8 Map of forest age estimates

The map of forest age estimates indicated that more than 20% of tiles consisted of young forests
(<10y abandoned), primarily in the southwest of Trinidad’s Northern Range. Most of the Northern
Range mountains had older forest cover, however, especially in the North-West of the region.

Conclusions

Overall, there was little congruence in patterns of biodiversity change between RS and field data.
This is likely because RS cannot penetrate to the lower strata of forests and so primarily detects
spectral signals from the canopy-layer. The field surveys included relatively small saplings and
understory trees (>3m in height and 6cm DBH) in order to ensure cacao trees, which tend to be small
multi-stemmed trees, were incorporated. Furthermore, RS analyses are based on spectral species.
Different species may have similar spectral signals and so be lumped together as the same spectral
species which could inhibit the ability of RS methods to detect changes in biodiversity when
compared to taxonomic diversity (Wallis et al., 2017). It could therefore be that RS more closely
aligns with functional diversity, especially using photosynthetic traits and forest structure, than with
taxonomic diversity (Schneider et al., 2017; Ma et al., 2019; Aguirre-Gutiérrez, 2021). Other studies
have had success in using RS methods to estimate alpha-diversity (Schifer et al., 2016), and thus it
could be that incorporating more sites and larger sites in the analyses would yield more comparable
results between the field and RS data (Wang et al., 2018).

Continued
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Box 7.2 Remote sensing (continued)

RS was able to detect distinct compositional change with forest age, however. This allowed RS to be
used to scale-up field surveys and generate a map of forest successional age for the region despite the
limited data. The results of this map are in line with expectations of forest age for the Northern Range.
Forests in the southwest are more densely populated and easier to access (Helmer et al., 2012), and
so have experienced greater anthropogenic disturbance and modification. Conversely, forests in the
northeast of the region and those at higher altitudes are more remote with fewer roads and settlements
and likely older. Understanding patterns of forest cover can provide important insight into both local
and landscape-level ecological processes and patterns of biodiversity. For instance, the matrix
surrounding an agroforest can mediate its habitat value, as well as the rate and trajectory of succession
(Cebral et al., 2021). Maps of forest age can also deepen our understanding of habitat connectivity
and regional gamma diversity as forests at different stages of succession provide different amounts
and types of habitat and resources (DeWalt et al., 2003; Bowen et al., 2007; Chazdon, 2014). RS
therefore provides valuable complementary information to field studies, and there is scope for its
further use in monitoring large-scale changes in biodiversity and land cover.

Overall, this thesis has highlighted gaps in succession theory and our understanding of
biodiversity change over succession across taxa, especially in biodiverse tropical regions.
Further studies that consider multiple facets and aspects of biodiversity, and which assess
change in multiple taxa would help fill gaps in our understanding of successional processes.
Biodiversity time-series meta-analyses and advances in remote sensing are useful tools for
uncovering generalities in successional processes and for providing a more global context of
how biodiversity is changing over time and space. As land continues to be transformed for
and by human use, it is crucial that we monitor and understand what these changes mean for

biodiversity conservation and how ecosystems respond at multiple levels to disturbance.
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Table 7.1 Principal conclusions

Preserving primary forests is important as the recovery of species and functional composition
over secondary succession can take centuries.

Secondary forests are becoming increasingly important biodiversity reservoirs, and patchwork
landscapes can contribute to regional gamma-diversity.

Cacao agroforests and similar systems can be conservation solutions which support both
people and nature. Traditional farming methods are more beneficial than intensive sun
plantations to wildlife and may ultimately provide a more lucrative and stable source of
income.

Species and functional alpha-diversity recover quickly, highlighting the potential utility of
passive habitat restoration, SAFS, agro-successional restoration, and similar systems to
supplement ongoing conservation initiatives.

There is a need for better succession theory to improve conservation policy and actions which
incorporates more of the variability in succession processes, especially regarding the role of
starting point, temporal and spatial scale and the idea of a climax state.

There are major ecological data gaps in biodiverse, yet under-studied, tropical regions limiting
our understanding of these systems.

Future research should take a more multifaceted approach by surveying multiple aspects and
facets of biodiversity change across multiple taxa.

Meta-analyses and remote sensing offer opportunities to monitor changes in biodiversity and
land cover at large spatial and temporal scales, and to uncover generalities in responses to
disturbance.
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Appendices

Appendices
Appendix 2.1 The role of starting point

While there are some well supported aspects of in successional theory, empirical data can
often deviate from expectation due to the role of starting point (West, Shugart and Botkin,
1981; Glenn-Lewin, Peet and Veblen, 1992). Starting point refers to any underlying
processes which affect resource availability and species availability include local
environmental conditions, land management and disturbance history, and the state of the
landscape when a forest begins to regenerate altering the trajectory and rate of successional
processes (Chazdon, 2014). The trajectory and ultimate state of secondary forests is
determined by the interaction of abiotic and biotic factors (Gibson et al.,2011; Mora et al.,
2015; Norden et al.,2015). The cause of deforestation, and the intensity, duration and
frequency of disturbance all shape secondary succession. Environmental and substrate
conditions, and the habitat surrounding a deforested area also influence forest characteristics
and recovery rate. While some secondary forests recover their species diversity, composition
and functioning quickly, severely degraded areas may never regain their historic condition

naturally (Chazdon, 2003).

Secondary succession is variable even between forests with comparable disturbance histories
and environmental conditions. Many combinations of factors operating throughout succession
can influence the trajectory and ultimate climax conditions of secondary forests. The
underlying environmental conditions, how land was cleared, the type and intensity of
disturbance, the duration of disturbance and the condition of the surrounding habitat are all

instrumental in forest recovery. I will now explore some of these factors in more detail.

Environment and forest type

The capacity of a forest to recover over secondary succession depends on local abiotic
conditions. There are many forest types, differentiated by the mean annual temperature,
precipitation, and potential evapotranspiration (Lugo and Brown, 1991). These forest types

vary in their baseline complexity, diversity, and biomass, and recover differently following
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disturbances. Thus, generalisations of successional processes and recovery rates across forest
types are misleading.

For example, successional processes vary across latitudinal gradients (Gibson et al., 2011).
There are few studies on secondary forest succession across ecoregions. Comparing similar
forest types (such as those with comparable water availability) between tropical and
temperate regions may yield meaningful results (Lugo and Brown, 1991). Tropical moist
broadleaf forests typically accumulate aboveground biomass faster than temperate moist
broadleaf forests over the first 40 years of succession (Cole, Lovett and Findlay, 2012).
Although the ultimate aboveground biomass is comparable between the forest types, the

recovery process is slower in the temperate forests (Lugo and Brown, 1991).

Furthermore, successional processes can differ between habitat types within the same
ecoregion. For example, studies in tropical regions highlight that dry and wet forests should
be considered independently (Kennard, 2002; Lebrija-Trejos et al., 2008; Lohbeck et al.,
2013; Rozendaal et al., 2017). Differences in liquid water availability affect the dominant
community traits, tree dispersal ability and forest structure. Above-ground biomass recovery
is usually faster in wet forests within the initial stages (first 20 years) of succession (Silver,
Ostertag and Lugo, 2000; Becknell, Kissing Kucek and Powers, 2012). Research suggests,
however, that overall dry tropical forests recover more quickly than wet forests (Lebrija-
Trejos et al., 2008; Becknell, Kissing Kucek and Powers, 2012). Wet tropical forests
commonly have a successional stage dominated by long-lived pioneer trees which slows
succession. In contrast, a meta-analysis by Lebrija-Trejos ef al. (2008) showed that climax
trees began to dominate after 40 years of succession following an early-pioneer tree phase in
dry tropical forests. Overall, wet forests have greater tree species richness, tree basal area
cover, aboveground biomass, soil carbon and more canopy trees (Lugo and Brown, 1991;
Lebrija-Trejos et al., 2008; Lebrija-Trejos et al., 2010). Thus, succession in wet forests is
complex, with more stages and slower recovery, especially in species composition (Lebrija-

Trejos et al., 2008).

The inconsistencies in how assemblages change over succession in dry and wet forests is seen
across taxa as well. For example, Sitters et al. (2016) found contrasting trends in vegetation
species richness and functional diversity indices in dry forests and wet forests following

forest fires in south-eastern Australia. Furthermore, bird species richness, functional richness
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and functional dispersion were negatively correlated with vegetation diversity in wet forests,

but positively correlated in dry forests (Sitters et al., 2016).

Natural disturbance

Secondary forests may regenerate following natural or anthropogenic disturbances (Chazdon,
2003). Natural disturbances include cyclones, hurricanes, and fires. Wind-disturbances can
severely damage forests, but primarily effect the forest canopy and many trees re-sprout.
Forests usually recover from wind-disturbances quickly and there is seldom lasting damage.
Some studies indicate that wind-driven deforestation can increase tree species richness.
Wind-storms often produce an intermediate-intensity disturbance which prevents any pioneer
species from becoming dominant, and from which many damaged trees can re-grow. Thus,
more tree species coexist in the area (Chazdon, 2003). Vandermeer et al. (2000) found that
large hurricane-damaged sites had greater tree species richness than undisturbed sites 10
years after Hurricane Joan hit Nicaragua. The authors propose that diversity is increased
because pioneer species cannot entirely dominate the large deforested areas, allowing more

species to coexist (Vandermeer et al., 2000).

Fires are another common source of disturbance in secondary forests, especially in areas with
a distinct dry season (Chazdon, 2003). Many damaged trees can re-sprout following low-
intensity forest fires, and large trees may survive. Small trees (diameter at breast height
<10cm) are at greater risk from forest fires and often ~40% are killed (Holdsworth and Uhl,
1997; Cochrane and Schulze, 1999; Chazdon, 2003). Cochran and Shulze (1999) found that
burned forests had lower biomass, tree density and canopy cover. Habitat heterogeneity
increased, however, due to patchiness in burn severity and age since regeneration. Hooper e?
al. (2004) found that fire reduced tree species richness and altered tree composition through
degrading the soil seed bank and limiting the forest’s ability to re-sprout from remnant
vegetation (Hooper, Legendre and Condit, 2004). Forests recover from fires more rapidly if
trees can re-sprout or if many large trees survive. Intense fires can damage the soil seed bank,
limit the regenerative ability of trees, and alter tree composition by favouring fire-tolerant

species, however. Repeated or high intensity fires kill more trees, impeding secondary forest
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succession (Uhl, Buschbacher and Serrao, 1988; Cochrane and Schulze, 1999; Chazdon,
2003).

Anthropogenic disturbance

Anthropogenic deforestation is primarily caused by small-scale shifting cultivation (or ‘slash-
and-burn’), conventional agriculture, pasture, and timber harvesting (Guariguata and
Ostertag, 2001; Chazdon, 2003). While natural and anthropogenic disturbances can have
similar outcomes, the imprint of human disturbance is often strong and longer lasting

(Donohue, Foster and Motzkin, 2000; Chazdon, 2003).

Many studies have shown that anthropogenic disturbances have a greater impact than natural
disturbances. Boucher et al. (2001), for example, compared five-year-old secondary forests
regenerating from hurricanes and from agriculture in Nicaragua. Though the forests had
similar basal area cover and tree density, those recovering from agriculture had lower tree
species richness and the species composition remained altered. Forests regenerating from
hurricanes overall showed greater similarity to old-growth forests (Boucher et al., 2001).
Similarly, Zimmerman et al. (1995) studied the effect of a hurricane on 60-year-old
secondary forests in Puerto Rico. These forests still showed traces of their historic agriculture
and pasture use despite the more recent hurricane suggesting that anthropogenic land-use was
more important in determining species composition than natural disturbance (Zimmerman e?
al., 1995). A study by Burslem et al. (2000) in the Solomon Islands likewise concluded that
the impact of anthropogenic land-use history on vegetation composition was more pervasive
than regular cyclones (Burslem, Whitmore and Brown, 2000). Furthermore, Dupouey et al.
(2002), found that the impact of agriculture was still visible 2,000 years after abandonment in
France. The authors uncovered that the old-secondary forest soil had higher pH and nutrient
content, but less organic matter than true old-growth forests which highlights the lasting

effects of human disturbance (Dupouey et al., 2002).
Natural disturbances mostly damage the forest canopy, and remnant vegetation greatly

contributes to regeneration. Following anthropogenic disturbances however, seed dispersal

and pioneer tree colonisation are more important to regeneration. Human land management
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can directly alter the tree species composition through selective tree removal and planting, or
by introducing exotic species. For example, Garcia-Montiel and Scatena (1994) found that
secondary forests regenerating from agroforestry included naturalised crop species such as
bananas. The compositional changes in areas used for timber harvesting likewise reflected

patterns expected from long-term selective tree removal (Garcia-Montiel and Scatena, 1994).

The successional trajectory of secondary forests is slower and less predictable following
human-disturbances. Land management type, intensity and duration can all impact the
trajectory, but some anthropogenic land-uses are more impactful than others. For example,
land subjected to severe vegetation removal such as overgrazing, bulldozing and repeated
burning or weeding recovers slowly or lacks forest regeneration entirely once abandoned
(Chazdon, 2003). With any disturbance, the secondary forest’s recovery rate and successional
trajectory will depend on the extent of the damage and the size of the deforested area

(Everham and Brokaw, 1996).

Agriculture

Land abandonment following conversion for agriculture and pasture is a major source of
secondary forests, though regeneration is slow. The imprint of agricultural and pastureland
can remain long into succession. Agriculture and pastureland have fewer tree seeds and
remnant trees, greater seed predation, altered environmental and soil conditions, and more
herbs and grasses which suppress tree germination (Aide et al., 1995; Wijdeven and Kuzee,

2000; Cubifia and Aide, 2001; Guariguata and Ostertag, 2001).

Forests are often prepared for agriculture and pastureland by felling trees and burning the
remaining vegetation to prevent woody-plant growth. Using fire in land management further
alters the physical and chemical properties of the soil which affects vegetation colonisation
(Aide et al., 1995; Guariguata and Ostertag, 2001). Alvarez-Yépiz et al (2008) found
significantly lower soil cation exchange capacity and greater soil bulk density in secondary
forests which had been slash-and-burn cultivated compared to uncultivated forests.
Conventional agriculture generally decreases soil fertility as well, though can increase soil

nutrients if the land was fertilised (Derroire et al., 2016). Forests regenerating after small-
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scale shifting cultivation tend to recover more rapidly compared to other forms of agricultural
management which are often more intensive (Moran et al., 2000; Guariguata and Ostertag,

2001; Gehring, Denich and Vlek, 2005).

Forest recovery from pasture is generally slower than following agriculture. Nepstad ef al.
(1996) found that tree recruitment was lower in secondary forests regenerating from
pastureland due to the lack of remnant vegetation, reduced animal seed dispersal, and greater
seed predation. Pastures often have changed soil properties and a prominent grass and herb
layer as well (Nepstad et al., 1996). Reiners et al. (1994) found that soil properties were
altered with forest conversion to pastures, including decreased soil acidity and nitrogen
mineralisation rates (Reiners et al., 1994). Aide et al. (1995) found that tree density and
species richness remained low until ~15 years after pasture abandonment likely due to soil
degradation, compaction and altered structural properties, especially early in secondary
succession. The early pioneer tree composition was also different in forests regenerating from
pastures, likely due to the dense grass and herb layer impeding and filtering which tree

species colonise (Aide et al., 1995).

Agroforestry, orchards, and tree plantations

The effect of agroforestry and orchards on successional processes depends on the nature and
intensity of land management. The types of crop trees planted in an agroforest can affect
forest functioning and succession. For example, Fernandes and Sanford Jr. (1995) found that
palm plantations had significantly lower soil nitrate levels as well as lower nitrification and
nitrogen mineralisation rates compared to cacao plantations (Fernandes and Sanford Jr.,
1995). Agricultural forests can also have varying levels of management regarding the use of
fertilisers and pesticides, and the extent to which the ground vegetation and epiphytes are
removed (Seedial, 2009, 2013). This can affect which plant species are able to colonise

abandoned agricultural forests.

The impact of logging depends on the extent of the tree removal. Low-intensity logging has a
comparable impact to natural disturbances. Some research indicates that low-intensity

selective-logging can even increase tree species diversity. If the abundance of dominant trees
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is lowered, new species, especially small trees, can become established. Cannon et al. (1998)
reported that 8-year-old selectively logged Indonesian forests had lower tree density and
fewer large trees, but comparable or greater species richness than non-logged forests
(Cannon, Peart and Leighton, 1998). Molino and Sabatier (2001) likewise reported 10-year-
old secondary forests in French Guiana had greater species richness following intermediate-
intensity logging, particularly among light-demanding trees (Molino and Sabatier, 2001). If
rare trees are targeted in selective logging, however, the relative abundances of species can

become less even (Ferry Slik, Verburg and KeBler, 2002).

It is further hypothesised that logging can increase landscape-level heterogeneity where
different forest stands sustained varied levels of damage or are different ages of regeneration.
Logging roads and trails add further habitat diversity by creating spaces with compacted soil

and greater light availability (Chazdon, 2003).

Clear-cut forests take much longer to return to pre-disturbance conditions. Clear-cutting can
alter soil properties, nutrient, and carbon cycling (Uhl, Buschbacher and Serrao, 1988), and
damage the soil seed bank. Rolim et al. (2017) found tree species richness increased
throughout succession, but that it was still lower in 33-year-old clear-cut secondary forests
compared with old-growth. The tree species composition also remained altered, though it

became increasingly similar to the surrounding forest (Rolim, Machado and Pillar, 2017).

Disturbance intensity and duration

The nature, severity and duration of a disturbance shapes the initial conditions in which a
forest regenerates. For example, Uhl and Kauffman (1990) found that pastures were on
average 10°C hotter and 30% less humid than old-growth forests in the Brazilian Amazon
(Uhl and Kauffman, 1990), which is a very different starting point for succession. Long-term
land use and deforestation can decrease soil organic matter and increase nutrient leaching.
This ultimately decreases soil fertility and increases acidity over time (Guariguata and
Ostertag, 2001). With agriculture, the extent of soil damage also depends on duration and
intensity of cultivation, and the number of cultivation cycles (Lawrence, 2005; Sovu et al.,

2009; Derroire et al., 2016). Sovu et al. (2009), for example, found that forests recovering
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from shifting cultivation with only one cultivation cycle had greater tree species diversity and
stem density, and lower exotic bamboo abundance compared to areas with three cultivation

cycles.

Soil fertility and texture influence the rate of secondary succession. Specifically, high quality
soil catalyses recovery and degraded soil impedes regeneration (Guariguata and Ostertag,
2001; Chazdon, 2003). Herbert et al. (1999) found that tree damage was higher in forest plots
artificially fertilised with phosphorus following Hurricane Iniki in Kauai, Hawaii, but that
primary productivity and biomass was greater in fertilised plots after two years of recovery
(Herbert, Fownes and Vitousek, 1999). Changes in soil nutrients can further alter the
vegetation species composition where more nutrient-rich soils, for example when land has
been fertilised, tend to favour fast-growing pioneer-type species (Guariguata and Ostertag,

2001).

Generally, the recovery of functional characteristics, species diversity and composition is
faster when disturbance intensity is low and brief (Uhl, Buschbacher and Serrao, 1988;
Guariguata et al., 1997; Chazdon, 2003). Studies found that areas abandoned immediately
after being deforested had three to six times greater tree species richness than those
subsequently used for agriculture or pasture before abandonment (Finegan, 1996). Uhl et al.
(1988) found forests regenerated quickly when pastures had been managed less intensely,
largely due to re-sprouting vegetation. Nepstad ef al. (1996) found that land which had been
managed for pasture over long periods of time had fewer instances of re-sprouting and a
diminished soil seed bank (Nepstad et al., 1996). In large and intensely disturbed deforested
areas the colonisation of pioneer plants is more important than re-sprouting vegetation, and
forest recovery takes longer. This is especially so if the management continues for a long
time (>10 years). Secondary forests are thus better able to recover when the initial damage

and human management was minimal.

Isolation and colonisation

The recolonisation of vegetation in deforested areas relies on the abundance of surviving or

re-sprouting trees and seed availability (soil seed bank and seed rain from nearby mature
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trees). Remnant vegetation, including surviving trees, re-sprouted trees and living seeds,

increase vegetation recruitment and the recovery rate of forests.

Many trees can re-sprout after being injured but not entirely killed (Chazdon, 2003; Nepstad
et al., 1996). Others colonise as direct progeny of surviving mature trees, grow from the soil
seed bank or seed into a deforested area by biotic or abiotic dispersal agents (commonly
vertebrate and wind-dispersal; Lambin et al., 2001; Mora et al., 2015). Surviving mature trees
thus catalyse forest regeneration as a direct seed source. They further offer habitat for animals
which encourages vertebrate-distributed seed germination (Chazdon, 2003). Fruiting trees are
particularly attractive (Derroire et al., 2016), though all remnant trees increase local seed
deposition. Even remnant structures such as standing dead trees and logs can increase the

habitat quality (Franklin et al., 2002).

Remnant trees also generate microclimates suitable for germination (Chazdon, 2003; Derroire
et al., 2016). The detritus produced by trees (eg. leaf litter) enhances soil quality, and their
roots stabilise soil and enhance water cycling. Trees that fix nitrogen (eg. leguminous trees)
directly increase soil fertility. Lastly, shade provided by the tree canopy both regulates
temperature and inhibits grass or herb growth which would otherwise suppress tree and shrub
germination. Remnant trees are therefore focal points of tree growth and diversity in

secondary forests (Franklin et al., 2002; Chazdon, 2014; Sandor and Chazdon, 2014).

Nearby mature forests also influence the regeneration rate, tree diversity and species
composition of secondary forests (Cubifia and Aide, 2001; Hooper, Legendre and Condit,
2004; Derroire et al., 2016; Rolim, Machado and Pillar, 2017). The matrix habitats
surrounding deforested areas are principal seed sources. Deforested areas typically begin to
regrow along any remnant forest edges (Chinea and Helmer, 2003). The species diversity and
composition of nearby remnant forest limits the diversity and composition of seed rain into
deforested areas. Old-growth forests are often refuges for shade-tolerant plants and specialist
species with limited colonisation abilities. They are therefore valuable sources of sensitive

species (Arroyo-Rodriguez et al., 2017).

The distance and direction to the nearest seed source further influences seed rain (Derroire et

al., 2016). Wind-dispersed plants depend on both the proximity of seed sources and their
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position relative to the dominant wind direction. Wind-dispersed trees are common,
especially early in succession, since seeds can travel long distances (Finegan and Delgado,
2000; Cubifia and Aide, 2001; Derroire et al., 2016). The distance and orientation of
secondary forests relative to nearby mature forests further affects the behaviour of biotic seed
dispersal agents (Ingle, 2003). Ingle (2003), for example, found that bird seed dispersal

diminished with increasing distance to a seed source.

The soil seed bank quality also effects tree colonisation (Hyatt and Casper, 2000). As with
seed rain, the soil seed bank composition is affected by seed dispersal from nearby mature
trees and forests. Seeds from diverse plants build up in the soil and may remain dormant for
years. If regeneration is delayed from prolonged disturbance, such as with agricultural or
pastureland, seeds can become inviable. This is particularly important in wet-tropical forests
where seed longevity is often short (Vazquez-Yanes and Orozco-Segovia, 1993; Cubifia and
Aide, 2001). The type of disturbance effects the seed bank quality as well. For example,
slash-and-burn reduces seed density through direct mortality and greater seed predation
(Guariguata and Ostertag, 2001). Managed burning regimes for pasture maintenance likewise
decrease tree seed viability and inhibit re-sprouting (Derroire et al., 2016). Thus, the seed
bank quality depends on the disturbance, seed influx rate, seed longevity and quality of the

seed source.

Multiple disturbances

Forests commonly undergo multiple disturbances simultaneously, or are disturbed at some
point during regeneration. Some disturbances increase the likelihood that an area will be
disturbed again. For example, burnt forests are at greater risk of fire (Woods, 1989; Cochrane
and Schulze, 1999). Uhl and Kauffman (1990) likewise predict that logged forests and
pastureland are more susceptible to wildfires due to their greater fuel load and drier climate.
Multiple disturbances can alter or disrupt the recovery process, further slowing regeneration.
Woods (1989), for example, studied two and six-year-old Malaysian secondary forests re-
growing after logging, which were both burnt in a wildfire in 1983. In both forest, most of the

young trees were killed by the fire leaving the species community altered and diversity
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diminished. The author proposes that the recovery capacity of the forests declined due to the

cumulative damage of the two disturbances.
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Appendix 3.1 Extrapolated rarefaction curves for Trinidad field research

Extrapolated rarefaction curves generated from taxonomic alpha-diversity analyses presented
in Chapter 4. The labels O, 1 and 2 refer to the diversity index: Hill numbers of the order q:
species richness (q=0), Shannon diversity (q=1) and Simpson diversity (q=2; Hill, 1973).
Solid lines represent interpolated data, while dashed lines are extrapolated. The diversity
index increases along the Y axis, and number of individuals along the X axis. Confidence

intervals are shaded around line.
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Ground vegetation
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Ground vegetation
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Epiphytes

AME BR1
1 2 0 1 2
30-
15-
20-
10- S
10~
5-
0% 200 400 600 8000 200 400 600 8000 200 400 600 800 0 200 400 600 8000 200 400 600 8000 200 400 600 800
BR2 BSC
0 1 2 0 1 2
15- 12-
10- =] 8-
" r r—. . )
0 200 400 600 8000 200 400 600 8000 200 400 600 800 0 200 400 600 8000 200 400 600 8000 200 400 600 800
BST C1
0 1 2 0 1 2
25-
i 20- =
20-
15 15-
10~ S R = g
5' ’ 5. r
076 200 400 600 8000 200 400 600 8000 200 400 600 800 OO 200 400 600 8000 200 400 600 8000 200 400 600 800
CH CMA
0 1 D) 0 d 2
gee: 15-
10-
r—' 5. r r—- ——me-
076 200 400 600 8000 200 400 600 8000 200 400 600 800 0 200 400 600 8000 200 400 600 8000 200 400 600 800
ERE GL
0 1 2 0 1 2
30-
= 30- -
20-
20- =0
10- /r—.‘- B 10-
o o ) o N G 1 O O O
0 200 400 600 8000 200 400 600 8000 200 400 600 800 0 200 400 600 8000 200 400 600 8000 200 400 600 800

220



Appendices

Epiphytes
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Epiphytes
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Appendix 3.2 Trinidad lichen morphospecies photo library

Lichen 2 Pale blue leprose lichen

Lichen 3 Pale bluish-grey crustose lichen with white Lichen 4 Bright green crustose lichen with large white
lirellate apothecia lecanorine apothecia

Lichen 5 Green crustose lichen with grey Lichen 6 Bright green leprose lichen with reddish lecideine
arthonioid apothecia apothecia
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Lichen 7 Brownish-green crustose lichen with dark grey Lichen 8 Dark brown folios lichen
lecideine apothecia

“ L:?':‘-‘-‘ !

‘\‘(- A "." a .,“‘J 'v- - 3
Lichen 9 Greenish-brown crustose lichen with Lichen 10 Brown crustose lichen with black
black arthonioid apothecia prothallus and small lecideine apothecia

: gen Yd &, ¥
Lichen 11 Dark green crustose lichen with Lichen 12 Green crustose lichen with slightly lobed margins
brown lecideine apothecia and darker isidia

Lichen 13 Pale green crustose lichen with fine [ jchen 14 Bluish-green placodioid lichen with fine isidia and
isidia and lobed white margins lobed margins similar to L13 but with visible black prothallus
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Lichen 16 Dark green crustose lichen with black prothallus
and arthonioid apothecia

4 g 2 20 =¥ % b
Lichen 17 White crustose lichen with grey- Lichen 18 Yellowish-green crustose lichen with orange
black lirellate apothecia lecideine apothecia

Lichen 19 Yellowish-green crustose lichen Lichen 20 Orange leprose lichen or algae
with black prothallus and arthonioid apothecia

's"! plon

Lichen 21 Pale bluish-green encrusting Lichen 22 Pale green leprose lichen with black lecideine
lichen with small lecanorine apothecia apothecia
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* i Yo
Lichen 23 Pale green crustose lichen with Lichen 24 Bright green crustose lichen with white and brown
pink prothallus margins, and small white lecideine apothecia

Lichen 25 Green crustose lichen with white Lichen 26 Pale bluish-green crustose lichen with white lirellate
lecideine apothecia apothecia and white margins

; Fi ST R
Lichen 29 Orange-yellow crustose lichen
with perithecia
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y* el

Lichen 31 Pale bluish-green crustose lichen with black Lichen 32 Pale yellow crustose lichen with
lirellate apothecia black slightly lobed margins

Lichen 33 A green filamentous lichen cf Coenogonium
linkii
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Appendix 3.3 Analyses on truncated bird data

Birds were observed up to 200m away on surveys and the full dataset was used in the
analyses presented in the main thesis. The bird data were truncated to only include
observations which were within 50 metres of the transect line in order to test whether varying
levels of detectability and different matrix habitat types influenced the results on the whole
dataset which included observations up to 200m. The analysis on the truncated data yielded
similar results: there was no significant change in bird species richness (F(; ,6=1.722,
R?=0.02, p=0.20), Shannon diversity (F 2,=0.85, R>=-0.01, p=0.37) or Simpson diversity
estimates with forest age (F(;2,=0.18, R>=-0.03, p=0.67).
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Figure 3.4.1 Bird species
richness, Shannon diversity
and Simpson diversity with
forest age. The data used in
these analyses were truncated
to only include bird observed
within 50m from the transect

line.
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A 0.5 quantile regression found a significant increase in the probability of compositional
dissimilarity (Raup Crick index) with increasing age (p=<0.01; Koenker, 2013), but no
significant change with environmental distance (p=0.09) between sites. These results
indicate that neither the potential variation in detectability between sites, nor the inclusion of
birds over 50m away which may have been outside of a site in differing matrix habitats

influenced the diversity assessments presented in this thesis.

5000

Raup-Crick dissimilarity

| N s .
4 :

0.0

0 50 100 150 200
Age distance (years)

Figure 3.4.2. Change in bird species compositional dissimilarity (Raup-Crick index) with age difference and
environmental distance between site pairs. Age difference is the age difference between site pairs, and
environmental distance is the pairwise distance of sites in Euclidean space built using the environmental factors:
annual average precipitation, average site altitude, distance of site from nearest settlement and average land

gradient (Chapter 3).
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Appendices

The precision of data collection was tested by re-surveying birds in all sites. Each transects

was walked three times, 20 minutes apart. The first bird survey was used in the main analysis

presented in Chapter 4. The coefficient of variation (CV) between species richness for the

three transects within each site was measured. The CV value between the three transects was

under 23% for all sites, which suggests that species richness remained consistent within sites.
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Table 3.5.1. Coefficient of variation (CV) of
species richness between three bird surveys
along the same transect conducted 20 minutes

apart in each site.

Site CV
AME 11.2
BR1 115
BSC 11.8
BST 59

Cl1 12.6
Chag 229
CMA 54
ERE 9.1

GL 79
LAL 10.9

LALP 5.1
LHC 18.3

LLP 10.7
Lopl 15.0
MSB 17.6

MSBT 15.2
MWS8 13.1
NRGS 16.9

OA 11.0
OT1 9.6
OT2 6.3

SASC 149
SCA 12.4
Siml 104
UC1 59

UpLop 94
VCR 54
VCRP 13.3
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Additionally, the results from each of the bird transect repeats within each site were further
compared using extrapolated rarefaction to test for differences in species richness between
the three bird transects within each site. The confidence intervals of the extrapolated
rarefaction curves for the three transects within site overlap, which indicates there is no
significant difference in species richness between the repeated surveys within each of the

sites.

Furthermore, the Raup Crick index was further to test the degree of within-site compositional
variance. Results found that there was little compositional change between surveys within
each site. All Raup Crick values were below 0.13 which suggests that there was strong
compositional similarity between the replicates. These results demonstrate that the field
methods used to survey birds in Trinidad sites are repeatable and provide a representative

sample of the bird communities.

Lastly, a linear regression was used to test whether CV varied with forest age. A linear
regression found no significant relationship between CV and forest age (F(;,5,=0.02, R?= -

0.04, p=0.9) which suggests that the precision and repeatability of the methods was not

affected by forest age.
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Figure 3.5.1. Change in the Coefficient of variation with forest age.
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Appendix 4.1 Bubble plots

Bubble blots were used to assess changes in species composition with forest age, presented in
part in Chapter 4. The following appendix provides the full bubble plots. The size of each of
the circles on the plot represents the abundance of a given species in a given sites.
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Ground vegetation
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Birds
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Appendix 4.2: Results without primary forests

Taxonomic alpha-diversity
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Figure 4.2.1. Species richness, Shannon diversity and Simpson diversity with forest age in tree, ground
vegetation, epiphyte, and bird assemblages. The points represent the field sites, and blue lines indicate statistically
significant trends (regression information is detailed in Table 4.1). Primary forest sites were not included in

regressions but are shown in blue for comparison.

GLM linear regressions were used to test whether there were significant changes in
taxonomic alpha-diversity over time, excluding primary forest sites. Tree species richness,
Shannon diversity, and Simpson diversity increased significantly with forest age, but there
was no significant change in ground vegetation, epiphyte, or bird assemblages. These results
are in line with those including primary forest sites apart from ground vegetation. Ground
vegetation Shannon and Simpson diversity decreased significantly when primary forest sites

are included in analyses (Figure 4.5; Table 4.1).
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Table 4.2.1 GLM linear regression results for alpha-diversity measures with forest age (without primary forest sites).
Sites is the number of sites (n) included in each analysis.

Taxon Model df Sites adj R? F value P value
Richness ~ Forest age 1 on 23 25 0.26 9.82 <0.01
Trees Shannon ~ Forest age 1 on 23 25 0.15 5.13 0.03
Simpson ~ Forest age 1 on 23 25 0.11 4.10 0.05
Richness ~ Forest age 1 on22 24 0.04 0.90 0.35
Birds Shannon ~ Forest age 1 on22 24 0.05 2.30 0.14
Simpson ~ Forest age 1 on22 24 0.02 1.36 0.26
Richness ~ Forest age 1 on 23 25 -0.01 0.81 0.38
Vegetation Shannon ~ Forest age 1 on 23 25 0.04 212 0.16
Simpson ~ Forest age 1 on 23 25 0.11 398 0.06
Richness ~ Forest age 1 on 23 25 -0.02 0.56 0.46
Epiphytes Shannon ~ Forest age 1 on 23 25 <0.01 1.08 0.31
Simpson ~ Forest age 1 on 23 25 0.01 1.35 0.26

Taxonomic beta-diversity
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Figure 4.2.2. Species compositional change (Chao-Jaccard) with age difference between site pairs. ‘Age
difference’ is the pairwise difference in age between sites. Blue lines indicate statistically significant change in
species composition with increasing difference in forest age between sites from a 0.5 quantile regression

(regression information is detailed in Table 4.2.2).
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0.5 quantile regressions were used to assess whether there was a significant change in species
composition (Chao-Jaccard) with age difference between sites (excluding primary forest sites).
There was significant change in species composition with increasing age difference in tree,
ground vegetation, and epiphyte assemblages. When these analyses were conducted including

primary forest sites, there was also significant change in bird species composition.

Table 4.2.2 Results from 0.5 quantile regression of Chao-corrected Jaccard with age difference between site pairs
(excluding primary forest sites). Sites is the number of sites (n) included in each analysis.

Taxon Model df Sites adjR? T value P value
Trees Chao-Jaccard ~ Age difference 1 on 298 25 0.02 2.73 <0.01
Birds Chao-Jaccard ~ Age difference 1 on274 24 0.03 0.75 046

Vegetation Chao-Jaccard ~ Age difference 1 on 298 25 0.03 9.94 <0.01
Epiphytes Chao-Jaccard ~ Age difference 1 on 298 25 0.02 6.72 <0.01

Functional alpha-diversity

GLM linear regressions were used to test for significant change in functional richness (FRic),
functional evenness (FEve), and functional divergence (FDiv) with forest age in tree, ground
vegetation, and bird assemblages (details in Chapter 3.3 and Chapter 5.2; Villéger, Mason
and Mouillot, 2008). There was a significant increase in tree functional divergence with
forest age. There was no significant change in functional alpha-diversity over time in the

other taxa, however.
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Figure 4.2.3. Functional richness (FRic), functional divergence (FDiv) and functional evenness (FEve) with

forest age in tree, ground vegetation and bird assemblages. Blue lines indicate statistically significant trends

(information in Table 4.2.3). Primary forests were not included but are shown in blue for comparison.

Table 4.2.3 GLM regression results for functional alpha-diversity measures with forest age. Sites is the number of sites
(n) included in each analysis.

Taxon Model df Sites adj R? F value P value
FRic ~ Forest age lon19 21 0.15 327 0.09
Trees FDiv ~ Forest age lon19 21 0.23 6.96 0.02
FEve ~ Forest age lon19 21 -0.01 0.82 0.38
FRic ~ Forest age 1 on 23 25 -0.03 0.35 0.56
Vegetation FDiv ~ Forest age 1 on 23 25 -0.03 0.34 0.56
FEve ~ Forest age 1 on 23 25 -0.03 0.24 0.63
FRic ~ Forest age 1 on22 24 -0.04 0.11 0.75
Birds FDiv ~ Forest age 1 on22 24 -0.04 0.13 0.72
FEve ~ Forest age 1 on22 24 -0.03 0.36 0.55
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Functional beta-diversity
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Figure 4.2.4. Functional trait turnover with age difference between site pairs. Age difference is the pairwise
difference in age between sites. Grey lines indicate no statistically significant change in functional trait

composition with forest age from a 0.5 quantile regression (details in Table 4.2.4).

0.5 quantile regressions were again used to assess whether there was a significant change in
functional trait composition (functional turnover) with age difference between sites (excluding
primary forest sites). There was no significant change in functional composition with
increasing age difference in tree, ground vegetation, and epiphyte assemblages. When these
analyses were conducted including primary forest sites, there was significant change in tree

and ground vegetation functional composition.

Table 4.2.4 Results from 0.5 quantile regression of functional turnover (FTurn) with age difference between site pairs.
Sites is the number of sites (n) included in each analysis.

Taxon Model df Sites  adj R? F value P value A

Trees FTurn ~ Age difference 1 on 208 21 -0.02 0.61 043
Vegetation FTurn ~ Age difference 1 on 298 25 <0.01 1.19 0.28

Birds FTurn ~ Age difference 1 on274 24 -0.003 0.12 0.09
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Appendix 5.1 Functional trait information

The plant traits used to quantify functional diversity for the tree and ground vegetation
assemblages in Trinidad were: maximum height at maturity (m), average leaf length (cm),
primary dispersal mode, and dominant flower colour (Appendix 5.1; Trait data compiled
from: Hendrix and Marquis, 1983; Little and Skolmen, 1989; Anderson, 1990; Sheridan,
1994; Scariot, Lleras and Hay, 1995; Milliken and Ratter, 1998; Quesnel and Farrell, 2000;
Hewitt, 2005; Plowman, 2012; Ramirez, Jhala and Singh, 2012; Kuete, 2014; Kachhiyapatel,
Patel and Rajput, 2016; Aximoff, Soares and Bernadello, 2020; Kattge et al., 2020; CABI,
2021; EOL, 2021; Fern, 2021; GBIF.org, 2021; Kew, 2021; NC State University, 2021;
Nparks, 2021; Piertro and Beltramini, 2021; Smithsonian, 2021; University of Florida, 2021).

The bird traits used were: primary trophic guild, body length (cm), generation time (years),
average number of eggs per clutch, sexual dimorphism, forest dependence, and the forest
strata (ground, canopy, aerial, etc) which a species predominantly occupies (trait data
compiled from: ffrench, 1973; Kenefick, Restall and Hayes, 2013; Wilman et al., 2014;
Acevedo-Charry and Aide, 2019; BirdLife International, 2020).

Categorical traits were transformed onto a numeric scale in order to avoid generating
negative eigenvalues in functional diversity analyses as follows. The primary dispersal modes
of tree and ground vegetation plants were ordered according to the level of specialisation: (1)
autochory, (2) anemochory, (3) hydrochory, (4) zoochory. The dominant flower colours
(according to human vision) were ordered by conspicuousness: (1) green, (2) brown, (3)
white, (4) yellow, (5) pink, (6) purple, (7) blue, (8) orange, and (9) red. Bird trophic guilds
were also ordered according to the general level of specialisation: (1) omnivore, (2) predator /
scavenger, (3) granivore, (4) disperser / pollinator, and (5) insectivore. Forest strata was
ordered according to strata height from low (ground) to high up (aerial). Forest dependence in

birds was ordered as: (1) low, (2) medium, and (3) high.
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Appendix 5.2 Change in bird traits over succession

Violin plots were used to visually assess changes in body mass over succession for the bird

assemblages (ggplot2 in R statistical software; Figure 5.9; Wickham et al., 2021). For these
plots, the width of the line represents the number of individual birds with a given body mass
in an assemblage. The results show that there was no consistent change in bird body mass

through time.

PSRRrSIARRE MR UA“K

Forest age (years)

Figure 5.2.1 Violin plots of bird body mass over succession. The width of the line corresponds with the abundance
of birds with a given body mass and assemblage. Red plots are active sites, pink plots are 25-50 yo secondary
forest sites, yellow plots are 60—80 yo secondary forests, light blue plots are >100 yo secondary forests, and dark

blue plots are primary forest sites.

Bird assemblages were further analysed by looking at changes in the average number of eggs
per clutch (Figure 5.2.1). Violin plots were used to illustrate the density of individual birds
which lay a certain average number of eggs per clutch in each site (Figure 5.2.2; Wickham et
al.,2021). For these violin plots, the width of the lines indicates the abundance of birds which
lay a certain average number of eggs per clutch in each site. There was overall little variation

in the number of eggs per clutch birds lay on average between sites.
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Eggs per clutch

~

I

Forest age (years)

Figure 5.2.2 Violin plots of average number of eggs per clutch over succession. The width of the line corresponds
with the abundance of birds which lay a given number of eggs per clutch in an assemblage. Red plots are active

sites, pink plots are 25-50 yo secondary forest sites, yellow plots are 60—80 yo secondary forests, light blue plots

are >100 yo secondary forests, and dark blue plots are primary forest sites.

Lastly, changes in the average generation time (the average length of time between the birth
of an individual and the birth of that individual’s offspring) of birds over succession were

also analysed using a violin plot (Figure 5.1.3). Again, there was little consistent change in

the generation time of birds with forest age.

Generation time

IS

W a‘_ R

Forest age (years)

Figure 5.2.3 Violin plots of bird generation time (years) over succession. The width of the line corresponds with
the density of birds with a certain generation time in an assemblage. Red plots are active sites, pink plots are 25—

50 yo secondary forest sites, yellow plots are 60—80 yo secondary forests, light blue plots are >100 yo secondary

forests, and dark blue plots are primary forest sites.
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Appendix 6.1 Tanglegram null models

Appendices

Null models were used to test if the alignment of each tanglegram. In this model, the site

names for one of the two assemblages being compared was randomly reshuffled and a new

dendrogram was produces. The cophenetic correlation between this and the dendrogram

produced by the other, unshuffled assemblage was then computed. This process was repeated

200 times to generate a null distribution of the cophenetic correlation coefficients against

which the observed alignment value could be compared (Galili, 2015; Gotelli & Entsminger,

2003).
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Figure 6.1.1 Tanglegrams comparing the hierarchical clustering of sites based on tree,

ground vegetation and bird species and functional trait composition from Chapter 6. Red and

green lines indicate common branches between the two dendrograms.
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Null models test whether the cophenetic correlation coefficient between taxa differed from
what would be expected by chance. Null plots show the observed correlation coefficient (red)
in relation to the null distribution. The correlation coefficient represents how similarly sites
are grouped according to species composition between taxa. Values closer to zero indicate
less correlation between two taxa. The 2.5% and 95.7% quantiles are shown in blue as dashed

lines.

The null model analyses between taxonomic and functional diversity within each taxon found
that tree species and functional compositional change are more aligned than would be
expected by chance (Figure 6.1.1). Null model analyses between taxa further found that the
dendrograms based on tree and epiphyte assemblages, and on tree and bird species

compositional change are more aligned than would be expected by chance (Figure 6.1.2).
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Figure 6.1.2 Tanglegrams comparing the hierarchical clustering of sites based on tree,
ground vegetation, epiphyte, and bird composition from Chapter 6. Red and green lines
indicate common branches between the two dendrograms. Null models test whether the
cophenetic correlation coefficient between taxa differed from what would be expected by
chance. Null plots show the observed correlation coefficient (red) in relation to the null
distribution. The correlation coefficient represents how similarly sites are grouped according
to species composition between taxa. Values closer to zero indicate less correlation between

two taxa. The 2.5% and 95.7% quantiles are shown in blue as dashed lines.
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