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Main Abstract

Secondary forests, which regrow following conversion to non-forest land use, form through
secondary succession. Community assembly processes shape the trajectory of secondary
succession, but our understanding of these mechanisms is mostly based on research in
intact wet tropical forests. Tropical dry forests are relatively understudied but represent a
widespread and vulnerable ecosystem type. We lack a clear understanding of the
environmental gradientsdriving dry forest succession and their efects on species turnover.
Furthermore, secondary forests grow within human-modified landscapes, but the impact of
landscape context on successional trajectories is unclear. This thesis addresses these
knowledge gaps using novel data from a successional tropical dry forest in Mexico, ofering

insights into best practice for forest restoration. In Chapter 2 | examined functional and
taxonomic changesin tree community composition at multiple ontogenetic stagesalong a
successional chronosequence. | found that taxonomic composition appeared stochastic,
but functional composition followed deterministic patterns, with key deterministic
processes acting during tree recruitment. In Chapter 3 | characterised how variation in the
abiotic environment responded to diferent forest restoration interventions and tested
whether increased abiotic heterogeneity promoted greater tree diversity. | found that mean
abiotic conditions, rather than heterogeneity, were more important for recruit diversity at
multiple scales. Tocomplement the observational researchin Chapters 2 and 3, Chapter 4
describes a large-scaleoutplanting experimentin which | manipulated the abiotic and biotic
conditions experienced by planted seedlings. This experiment demonstrated that abiotic
processes alone determined seedlinggrowth and survival early in succession but interacted
with biotic processes later in succession. Overall, the results from my thesis reveal key
diferences between dry and wet forest secondary succession. They suggest that
widespread recovery of ecosystem functioning in tropical dry forests is possible and can be
assisted through targeted interventions addressing the mechanisms involved in tree

recruitment.
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Chapter 1: Main Introduction

A major goal in ecology is to describe and explain patterns of diversity in space and time.
Since the earliest attempts to test theories about species distributions over a century ago
(Grinnell, 1917),ourunderstanding of these patterns has beenimproved and refinedthrough
theoretical and empirical approaches (e.g., Grime, 1973; Hubbell, 2001; Huston, 1979;
Hutchinson, 1957; Tilman, 1982). However, the increasing dominance of human-modified
ecosystems presents a novel challenge for the discipline. The vast majority of anthropogenic
changes since the industrial revolution have been associated with a common suite of
ecological outcomes, including the selective removal of trees (Lance et al., 2019),
homogenisation of the biotic and abiotic environment (Newbold et al., 2018; Rodrigueset
al., 2013),addition or depletion of soil nutrients (Smith et al., 2016),fragmentation (Haddad
et al., 2015) and defaunation (Granados et al., 2017). Reductions in diversity following
anthropogenic disturbances have been well documented (Gibson et al., 2011) but mostly
describe static patterns, while there has been less research into long-term ecological
dynamics. It is therefore crucial to determine whether and how the fundamental
mechanisms that generate patterns of ecological diversity are changed by human activity
(Wearnetal., 2019).Toachievethis,themodels describingthesefundamentalmechanisms,
which have mostly been developed based on research in intact ecosystems, must be

synthesised with the more recent literature on changesto diversity with human land use.

Secondary forests are those that regrow on land that was previously converted to a non-
forest land use, a process known as secondary succession (Poorteret al., 2021). Secondary
forests areincreasingly widespread; between 1990—2020 the rate of net forest loss declined
from 7.8 million hectares (ha) per year to 4.7 million ha per year, as deforestation rates
declined in some countries and global forest cover expandedby an averageof 7.5 million ha
per yearthrough natural regenerationand tree planting(FAO, 2020).Between 2001 and 2010,
net changes in forest cover were positive for many Central American countries, including
Mexico, Honduras, Costa Rica and El Salvador (Aide et al., 2013), and secondary forests

covered 28% of the lowland Latin American tropics in 2008 (Chazdon et al., 2016). The
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processes that determine the tree species composition in these secondary forests may be
influenced by prior and ongoing human activities and so difer from those acting in old-
growth forests (Jakovac et al., 2021). Therefore, secondary forests are an increasingly
widespread and important forest type, but our understanding of the mechanisms that

generatepatterns of diversity in secondary forests lags behind that in old-growth forests.

In addition, another anthropogenic land usetype is becoming increasingly prevalent: active
forest restoration. 4% of forest area worldwide is forest that has been intentionally planted
for purposes other than commercial timber production and since 1990 the area of planted
forest hasincreased by 123 million ha (FAO,2020).0Oneof the drivers of this increase is large-
scale tree planting promoted by international agreements such as the 2011 Bonn Challenge
(www.bonnchallenge.org) and the 2014 New York Declaration on Forests
(forestdeclaration.org) and carried out by governments, private organisations and charities
worldwide. While most of the non-governmentalorganisationsplant crop or timber trees for
their economic and livelihood benefits (Martin et al., 2021), forest restoration projects can
also have diverse aims related to carbon sequestration, biodiversity recovery and
provisioning of ecosystem goods and services (Lamb, 2005, 2018). Thepotential advantages
of applying ecological theory to help achieve the aims of such projects has givenrise to the

scientific field of restoration ecology (Gannet al., 2019; Wainwright et al., 2018).

TheSociety for Ecological Restoration (SER)definesecological restoration as the process of
assisting the recovery of an ecosystem that has been degraded, damaged, or destroyed
(Gann et al., 2019). Forest restoration can be thought of as the practice of intervening in
secondary succession, with a scale of potential levels of human intervention (Chazdon et
al., 2024). The field of restoration ecology aims to support the practice of ecosystem
restoration with insights gained through fundamental ecological research. Importantly,
community assembly theory can be used in the context of forest restoration to understand
the processesthat determine the composition of the tree community throughout secondary
succession, and the efects of human intervention in these processes. The following
sections give an overview of community assembly theory and its potential applicability to

the practice of forest restoration in an understudied ecosystem: tropical dry forests (TDF).
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TDFare forests found between the Tropics of Cancer and Capricorn that have lower annual
precipitation than moist or wet forests and a multi-month dry period with little to no rainfall.
Thereis no consensus on the exact amount of precipitation or length of dry season that
defines a TDF,and TDFcan be found all alonga broad precipitation gradient from 250 mm to
2000 mm per year (Derroire, 2016). TDFare widespread, making up approximately 42% of
tropical forests worldwide (Murphy & Lugo, 1986), but are also highly threatened and
relatively under-examined (Janzen, 1988; Vieira & Scariot, 2006). Researchinto secondary
succession in anthropogenic landscapes has mostly taken place in moist or wet tropical
forests, and more research is needed in TDFto identify generalities and idiosyncrasies
(Jakovacet al., 2021).

My research addressed this knowledge gapby assembling alarge novel dataset on patterns
of tree community composition in aregeneratingTDFin Mexico. In Chapter 2, | surveyedtree
seeds, seedlings, saplings and mature trees along a gradient of secondary succession to
gain insights into the factors that determine which species take hold in a naturally
regeneratingforest. Analysis of these data revealedthat, although the species composition
of TDFtree communities appeared random, the trees present each stage of succession had
apredictable set of functional traits. Thissuggestedthat aspects of the abiotic environment
(e.g., light, water or soil nutrient availability) are important for driving succession, so in
Chapter 3 I looked at how the mean and variance of such properties afected the diversity of
seedling communities. This analysis suggestedthat seedling community composition was
indeed determined by the abiotic environment at large spatial scales, but was mostly
random at small spatial scales, though small-scale variation in the light environment was
important for the establishment of rare shade-tolerant tree species. The research in
Chapters 2 and 3 was observational, limiting my ability to pinpoint the specific mechanisms
guiding community assembly in this ecosystem. Therefore, in Chapter 4 | experimentally
planted trees with arangeof functional traits alongthe successional gradient, and excluded
natural enemies, thereby manipulating both abiotic and biotic filters to establishment. |
found that the abiotic environment alone did not fully explain variation in seedling growth

and survival with succession, but that it interacted with other living parts of the ecosystem,
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specifically pests and pathogens, to determine successional species turnover. Overall, my
research contributes to the mechanistic understanding of community reassembly through

TDFsuccession.

1.1 Community assembly and secondary succession

Community assemblyis frequently understood as a hierarchical series of filters that species
must pass through to form the local site-level community (Fig. 1.1; Gétzenbergeret al.,
2012).Processesof speciation, extinction and migration (phylogeographicassembly, sensu
Gotzenberger et al., 2012) define the regional species pool available to the subsequent
filters, which are collectively known as ecological assembly filters. Ecological filters act
sequentially on the regional species pool to define the local community at a site. Dispersal
filtering is when propagules of a species fail to arrive at a site. If a species arrives at a site but
then fails to germinate and establish as a seedling then it is limited by the establishment
filter. Limitations to further growth and survival of established seedlings eventually
determine the mature tree community. A species may fail to pass through each filter for
deterministic reasons, i.e., a negative species-specific interaction with some aspect of its
abiotic or biotic environment. A species may also fail to pass through each filter due to

random chance, thus increasing the stochasticity of community assembly.
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Figure 1.1 Hierarchical filtering framework of community assembly (adapted from
Goétzenberger et al., 2012). Each ecological assemblyfilter acts at a diferent ontogenetic
stage. Dispersal acts at the seed stage, establishment acts at the seedling stage,and growth

and survival act at the juvenile and adult stages.

Secondaryforests are created through the process of secondary succession, which follows
community assembly rules but takes place within a landscape context altered by historical
and contemporary land use. Anthropogenic land use can influence any stagein the process
of community assembly by afecting both site conditions and landscape composition. A

comprehensive review of land use efects on community reassembly by Jakovacetal. (2021)
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identified multiple ways in which human activities may afect the rate or trajectory of
secondary succession. At the site level, management legacies are common, such as
reduced soil nutrient availability, increased populations of generalist herbivores and the
promotion of certain species. Atthe regionalscale, land use afects propaguleavailability by
changing the cover and composition of mature forest. However, despite such examples of
anthropogenic efects on secondary succession, it is unclear how generalthese impacts
are, as a continent-wide study found that the composition of early successional secondary
forests is determined more by biogeographythan anthropogenic disturbance (Jakovacetal.,
2022). It is therefore important to develop a mechanistic understanding of secondary
successionin diferent anthropogeniccontexts.Integrationofobservedlanduse efects into
the model of community assembly processes (Fig.1.1) can help to predict the rate and/or
trajectory of secondary succession following diferent anthropogenic land uses (Estrada-
Villegas et al., 2020).

1.2 Dispersal limitation

Dispersal limitation refersto the failure of a species to arrive at a site as a seed, either due
to limited seed abundance or non-uniform seed distribution. When dispersal limitation
dominates community assembly, species relative abundances depend on which species
arrive (or arrive first) at a site (Muller-Landau et al., 2002). Dispersal is therefore often
considered to introduce stochasticity into community assembly (Hurtt & Pacala, 1995;
Muller-Landau et al., 2002) but can also be determined by species-specific traits, such that

the dispersalfilter is diferentially permeableto diferent species(Vellendet al., 2007).

It has been proposed that dispersal limitation is weakerin TDFthan in wet tropical forests,
as TDFtend to have a higher proportion of species with wind-dispersed seeds or high
resprouting ability (Derroire et al., 2016a; Jakovacet al., 2021; Lebrija-Trejoset al., 2010a;
Wunderle, 1997). However, proximity to seed sources has been shown to determine tree
species composition and diversity of TDF (Hernandez-Stefanoni et al., 2011), suggesting
dispersal limitation does influence the trajectory of TDFsuccession. | am only aware of two

studies that have attempted to directly quantify dispersal limitation during TDFsuccession
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(Martinez-Ramoset al., 2021; Werden et al., 2020b), and in both cases the authors found
strong dispersal limitation during early succession, which persisted for over a decade of
forest recovery. Unexpectedly, early-successional dispersal limitation in TDF does not
appear to be determined by species functional traits (Box1.1); the phylogenetic dispersion
of seedsin an abandoned pasture was random (Martinez-Ramoset al., 2021),and seed size
only explained interspecific variation in dispersal limitation under certain conditions
(Werden et al., 2020b). Dispersal limitation may therefore play a greater role in the
community assembly of TDFthan previously thought, but our ability to predict the strength

of dispersallimitation for diferent tree speciesis restricted.

Box 1.1 Functional traits

Deterministic community assembly processes assume that there are meaningful
diferences between species in their interactions with abiotic and biotic community
assembly filters (i.e., niches; Lebrija-Trejoset al., 2010b). Such diferences are likely to
manifestin species’functional traits, defined byViolle et al. (2007)as“any morphological,
physiological or phenological feature measurable at the individual level ...which impacts
fitness indirectly viaits efects on growth, reproduction and survival”. As such, functional
trait distributions in communities have often been used to infer community assembly
processes (e.g.,Kraft & Ackerly,2010). Generally, trait clustering is interpreted as resulting
from environmental filtering (i.e., abiotic filters on community assembly), while
overdispersionis interpreted as resulting from biotic interactions such as competition
andconspecific negativedensity dependence(e.g.,Dinget al., 2012).However,functional
trait distributions must be interpreted with caution. The assumption that clustering
implies environmental filtering while overdispersionimplies biotic interactions can be
misleading. Li et al. (2015) demonstrated that modification of the environment through
succession promoted colonisation by more functionally dissimilar speciesto the existing

residents, resulting in a pattern of trait overdispersion, but that this was not driven by

competitive interactions.
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Functional traits can also be used to infer specific drivers of community assembly. For
example, environmental filtering may be caused by limitations in certain essential
resources, which for plants are likely to be light, space, water and/or soil nutrients
(Helbach et al., 2022). Multiple authors have attempted to infer the limiting resource
based on the functional traits of the community (Muscarella et al., 2017). For example,
Lohbeck et al. (2013)inferred that water availability was limiting in an early successional
forest due to the high community-weighted mean (CWM)values of water-use traits like

wood density and compound leaves.

Importantly, functional traits are not completely independent because they must be
integrated within an individual. Functional traits trade-of againstone another such that
common multivariate trait syndromes can be defined (Bravo-Monzonet al., 2022). Such
trade-ofs arethe basis of the leaf economics spectrum (LES),aglobally consistent trade-
of between cheap productive leaves with short lifespans and expensive,tough leaves
with longer lifespans (Bakker et al., 2011; Reich, 2014). The LESmay be related to leaf
phenological habit; deciduous species are considered to be resource-acquisitive, while
evergreenspecies are resource-conservative(Méndez-Alonzo et al., 2012).Pineda-Garcia
etal. (2013)found atrade-of betweenthe ability to maintain xylemfunctioning at low soll
water potential (droughttolerance) and stem water storage and deciduous habit (drought
avoidance), howeverLohbeck et al. (2015)found that the deciduous-evergreen spectrum

was independent of the LES.

It has been proposed that the LESis part of abroader resource economics spectrum (RES)|
due to the whole-plant integration of resource-capturing organs (leaves, stems, and
roots). The evidence for a fully integrated RESis mixed, but within each organthere does
appear to be an independent spectrum from cheap resource-acquisitive organs to

expensive resource-conservative organs (Reich, 2014).
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1.3 Establishment limitation

Establishment limitation refersto the failure of a species to germinate, grow, or surviveat a
site. Thereis no generallyaccepted definition of when atree is considered to be established
(Box 1.2), though the term generally refers to the earliest post-dispersal stages in tree
ontogeny. When community assembly is dominated by establishment limitation, species
relative abundances are determined by their regeneration niches and the availability of
suitable microhabitats (Muller-Landau et al., 2002). Establishment limitation has been
further decomposed into limitation imposed by the abiotic environment and limitation

imposed by the biotic environment.

Box 1.2 Tree ontogeny

The traditional concept of the ecological community focuses on a single trophic level
(Chesson, 2000; de Bello et al., 2021), but consideration of multiple life stages
(ontogenetic stages)within that trophic level can be useful when exploring community
assembly processes. This is because the diferent filters act at diferent ontogenetic
stages. For example, the dispersal filter acts at the seed stage, the establishment filter
acts acrossthe seed-to-seedling transition, and later growth and survival occurs between
the juvenile and adult stages (Fig.1.1). Thisapproach gaverise to the regeneration niche
hypothesis (Grubb, 1977) that posits that abiotic and biotic conditions in the earliest
stages of a plant’s life cycle determine patterns of abundance when mature. Some
authors have arguedthat later ontogenetic stages (i.e., growth and survival from seedling
to sapling to adult stages) are also important (Marques & Burslem, 2015). Nevertheless,
the earliest stages have consistently been identified as an important demographic
bottleneck (Bagchiet al., 2010; Baldeck et al., 2013; Green et al., 2014; Umana et al.,
2016; Zhuet al., 2018).

However, there are no consistent definitions for each ontogenetic stage in a tree’s life

cycle. In tropical forest research alone, seedlings have been variously defined by
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maximum height (from <10 cm (Saavedraet al., 2017; Walker, 2000) to <170 cm (Norden
& Stevenson, 2015)), diameter at breast height (DBH; < 1 cm (Chang-Yanget al., 2021;
Norden & Stevenson, 2015; Oliveira et al., 2021; Queenborough et al., 2009; Zhu et al.,
2015), and/or diameter at base (<2 mm (McLaren et al., 2005) to <2 cm (Vieira et al.,
2015)). Definitions of saplings are equally variable; an individual would be classed as a
sapling by diferent authors if above 10 cm height (Walker,2000), or only if above 160 cm
height (Vieira et al., 2015), and with a maximum DBH from 2.5 cm (Vargas-Rodriguezet
al., 2005) to 10 cm (Paine et al., 2009; Toledo-Aceveset al., 2009) or a maximum basal
diameter from 2 cm (McLaren et al., 2005) to 8 cm (Vieira et al., 2015). Thefull range of
definitions for ontogenetic categories are givenin Table S1.1. The lack of a consistent
definition for each ontogenetic stagereflects the variationin life history between species,
though standardised definitions across demographically comparable species would be
useful (Oliveiraet al., 2019). For simplicity, | will refer to all stagesbetween the seed and

mature adult stagesas juveniles.

1.3.1 Establishment limitation due to abiotic filters (environmentalfiltering)

Environmental filtering sensu stricto refers to conditions in the abiotic environment that
some species are physiologically unable to tolerate, thus preventing their recruitment
through establishment limitation at the seed-to-seedlingtransition (Box1.2)or through later
mortality (Kraftet al., 2015). Thisis therefore the abiotic component of the establishment
filter (Fig.1.1). If there is heterogeneityin the abiotic environment, for example if diferent
patcheshavediferent abiotic conditions, then diferent specieswill be excludedfrom these
patches, resulting in increased diversity. This is known as the heterogeneity-diversity
relationship (HDR; Lundholm, 2009). HDRs are a stabilising coexistence mechanism
because niche diferences can cause species to limit conspecifics more than they limit

heterospecifics (Levine & HilleRisLambers, 2009).
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Thespecific environmental gradients that drive species turnover with succession in TDFare
contested. Many authors have proposed that the most important environmental gradient
with succession is whichever resource is most limiting. It has further been suggestedthat
this resource is light in wet tropical forests, which becomes highly limiting as succession
progresses(Lebrija-Trejoset al., 2011), but is water in TDF,which becomes less limiting with
succession (Lohbecket al., 2015). Testsof this theory have mostly examinedfunctional trait
distributions throughout succession (Box1.1). In wet tropical forests, species shift alongthe
resource economics spectrum with succession, as resource-acquisitive species dominate
in the high-light environment of early succession and are replaced by resource-conservative
species as light levels drop with succession. It has been assumed that TDFwill show the
opposite pattern in functional trait turnover, i.e., shift from conservative to acquisitive as
water becomes less limiting with succession (Lohbeck et al., 2015). Theexpected shift has
been found by Buzzardet al. (2016), Derroire et al. (2018), Poorter et al. (2019), and Werden
et al. (2020a), though the opposite trend was found by Subedi et al. (2019)and changesto
the community-weighted mean (CWM) of individual traits sometimes show unclear or
opposing patterns. For example, the CWM of specific leaf area (SLA),an acquisitive trait,
increased with succession and CWM of wood density, a conservative trait, did not change
with succession in Becknell & Powers(2014), while both wood density and SLAdecreased

with succession in Lohbeck et al. (2013).

Thiscould be due to the extreme seasonal variation in abiotic conditions that characterises
TDF.Studiesthat directly characterised the abiotic environment found that abiotic variables
were determined by an interaction between season and successional stage (Lebrija-Trejos
et al., 2011; Werden et al., 2020a). Indeed, it has been proposed that water is the limiting
resource during the dry season, but light is more limiting during the wet season (Derroire,
2016). Seasonality means that temporal variation is important for vegetation dynamics in
TDF. For example, seasonalleaf-fall in TDFmeans that the spa;al pa<ern of light availability
changesdras; cally throughout the year (Ceccon et al., 2003), andsoanindividual seedlingmust
be able to tolerate a broad range of light levels (Brokaw & Busing, 2000), poten; ally precluding

the narrow niche par; ; oning of the light environment that is suggestedto occurin wet tropical
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forests (Kobe, 1999). Diferences between studies may also be related to average
precipitation; TDFare found along a steep precipitation gradient from 250 —2000 mm per
year, and the expected conservative to acquisitive successional shift has been found at the
upper end of this gradient (Costa Rica, 17700 mm per year) but the opposite pattern was
found towards the lower end of this gradient (Mexico, 900 mm per year; Derroire, 2016). A
final explanationfor the lack of consistency in resourceeconomics turnoverwith succession
is that trait turnover with TDFsuccessioninstead occurs along an axis from drought-avoiding
deciduous species to drought-tolerant evergreenspecies, which islargelyindependent from
the resource economics spectrum (Lohbeck et al., 2015). Such shifts in phenological habit
have been widely documented in TDF (Arroyo-Mora et al., 2005; Derroire et al.,, 2018;
Lohbecket al., 2015),which arelikely to be related to water availability but depend more on
drought severity and length than mean annual precipitation. Indeed, Werden et al. (2020a)
found that ecophysiological traits related to drought-strategy were better predictors of
seedling growth and survival than resource economics. Therefore,species turnover with TDF
succession is related to microclimatic gradients (Werdenet al., 2018b), particularly those
related to drought stress, but the relationship is non-linear due to seasonalvariationin water

availability.

1.3.2 Establishmentlimitation due to biotic filters

A species may fail to establish at a given site due to attack by herbivores and pathogens
(together referred to as natural enemies). This can occur at multiple points throughout
recruitment; seed predation is common (Dirzoet al., 2007),and juvenile trees are vulnerable
to attack by herbivores and infection by fungal, bacterial or viral pathogens that can limit
growth and/or cause increased mortality (Forrister et al., 2019). Natural enemy attack is
often non-random, depending on a complex interplay of natural enemy populations and
specialisation, host plant populationsand defences,andenvironmental conditions(Aguilar-
Peralta et al., 2020; Benitez et al., 2013; Krishnadas et al., 2018; Kulikowski et al., 2022).
Non-random natural enemy pressure has been shown to reinforce species-habitat
associations created by abiotic filtering (Fine et al., 2004)and promote diversity at multiple

ontogenetic stages through conspecific negative density-dependence (CNDD; Forrister et
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al., 2019; Krishnadas et al., 2018). One subcategory of CNDD is the Janzen-Connell
hypothesis (Connell, 1971; Janzen, 1970), which posits that specialised natural enemies
reduce recruitment close to conspecific adult trees (Downey et al., 2018; McCarthy-
Neumann & Kobe, 2010), allowing recruitment of heterospecifics instead (Alvarez-Loayza&
Terborgh, 2011). Overall, specialised natural enemies are expected to increase efective
intraspecific competition relative to efective interspecific competition, and thus stabilise

species coexistence.

The relative balance of abiotic and biotic filtering has been found to shift with TDF
succession. Harsh abiotic conditions in early succession, resulting in physiological seedling
failure, are thought to give way to biotic filtering (e.g., natural enemy pressure) later in
succession (Hammond, 1995; Martinez-Ramoset al., 2021). Functional trait distributions
have been used to explore this dynamic. Assuming phylogenetic trait conservation, Maza-
Villalobos et al. (2020)interpreted a shift from phylogenetic clustering to random dispersion
as supporting the hypothesisedshift from abiotic to biotic filtering. However,patterns of trait
dispersion with TDFsuccession are often unclear, and depend on the trait chosen (Bhaskar
et al.,, 2014; Buzzard et al., 2016; Swenson & Enquist, 2009). Furthermore, common
interpretations of functional trait distributions can be misleading (Box1.1) and phylogenetic
conservatism has been shown to occur for some ecological traits but not others, so cannot
be assumed (Swenson & Enquist, 2009). The evidence for a shift from abiotic to biotic
filtering with TDFsuccession is almost entirely derived from interpretations of functional or
phylogenetic dispersion, and alternative methods are needed to confirm the mechanisms

underlying the observed patterns.

Overall,community assemblyin TDFsuccessiondifers from wet tropical forest succession
due to the efects of seasonality,diferent limiting resources,and simpler forest structure.
However,knowledge gapsremain regardingthe balance of abiotic versusbiotic filtering, the
relative importance of diferent assemblyfilters (i.e., dispersal, establishment, growth, and
mortality), and the complex dynamics of species turnover along the multiple non-linear

environmental gradients associated with secondary succession.
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1.4 Restoration ecology

Community assemblytheory has clear applicability to the practice of forest restoration. For
example, if the dispersalfilter is most limiting, restoration practitioners and land managers
may aim to increase propagule sources by ensuring landscape connectivity (Brokaw &
Busing, 2000) or overcome the dispersal filter through direct seeding or planting (Jakovacet
al., 2021). On the other hand, if establishment is limited by abiotic filtering, local
managementactions designedto ameliorate inappropriate abiotic conditions may be more
appropriate (Jakovacet al., 2021). Therelevant ecological theory may depend on the goals
of the restoration project. Many restoration projects define success by the survival rates of
planted trees (Baninet al., 2022; Schubert et al., 2024), but community assembly theory
suggests that this must be balanced against the need to restore processes that generate
diversity through random and non-random filtering so that restored forests are diverse and
able to self-propagate this diversity (Oliveira et al., 2019). The relationship between
restoration practice and ecological theory is complementary; restoration can act as an“acid
test” of ecological theories (Bradshaw, 1987), allowing for large-scale empirical tests of our

understandingofcommunity assemblyand speciescoexistence(e.g.,Werdenet al.,2020a).

My research was designed to answer questions about applied restoration practice, as well
as fundamental ecological processes. Chapter 2 characterised the shifts in the taxonomic
andfunctional composition of the tree community throughoutsecondary succession, which
can inform species selection for restoration. Thesedata were also separated by ontogenetic
stageto identify the most limiting community assemblyfilters for restoration practitioners to
target. In Chapter 3, | exploredthe hypothesis that the diversity of naturally recruited treesin
restored forests can be increased by enhancing environmental heterogeneity. The
experiment presented in Chapter 4 provided data on the growth and survival of ten native
tree speciesin diferent successional environmentsand quantified the potential magnitude
of tree mortality caused by natural enemies. In addition to the direct utility of these data for
short-term planning, Chapters 3 and 4 both emphasised the importance of long-term
thinking in forest restoration, as both explored the processes of non-random filtering that

may help to promote the self-propagation of diversityin restored forests.
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1.5 Study site

Theresearch presented in this thesis was conducted at a site in the state of Campeche on
the Yucatan Peninsula in south-western Mexico (Fig. 1.2; 18°40'46.2"N, 90°08'24.4"W). The
climate is warm and sub-humid (Aw, Kdppen classification), with a mean annual
temperature of 24 —28°C and a total annual precipitation of 1200 —1500 mm (Garcia Gil et
al., 2002; Pablo-Rodriguez et al., 2023). It therefore represents a mid-point on the
precipitation gradient that TDF span, thus addressing an important research gap as the
majority of researchinto community assembly during TDFsecondary succession has taken
place in drier sites elsewhere in Mexico (e.g., Aimazan-Nunezet al., 2012; Bravo-Monzénet
al., 2022; Ceccon et al., 2004; Lebrija-Trejos et al., 2008, 2010a, 2011; Martinez-Ramos et
al., 2021) or wetter sites in Costa Rica (e.g., Becknell & Powers, 2014; Buzzardet al., 2016;
Werden et al., 2018b, 2020a) and Panama (e.g., Estrada-Villegas et al., 2020). During the
period from 1982 to 2016, precipitation in the region became more intense and more

unevenly distributed throughout the year(Marderoet al., 2020).

The Yucatan Peninsula has a limestone karst geology with little topographic variation,
ranging from about 100 to 360 m above mean sea level. However, even within this limited
topographic range, vegetation varies significantly between the upland areas and low-lying
bajos (Marderoet al., 2020; Vester et al., 2007). Thisresearch was conducted in bajo sites,
which are characterised by seasonally flooding Vertisols that have a high clay content,
causing them to undergo shrink-swell cycles (Werden et al., 2018a). The vegetation is
seasonally dry semi-evergreentropical forest; approximately 25% of the vegetationsheds its
leaves during a pronounced dry season between November and May(Pablo-Rodriguezet al.,
2023). Forests are further categorised in Spanish based on their stature and the seasonal
inundation typical of the bajos, such that the forest in the study site is best described as
selva baja inundable due to its short stature (8 —15 m high; Pablo-Rodriguezet al., 2023;
Vester et al., 2007). In addition to wet season flooding, forest fires are common in the dry

season (Hernandez-Stefanoniet al., 2011, pers. obs.).
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Figure 1.2 Location of study site (red square).

The site is adjacent to the Calakmul Biosphere Reserve, part of the second largest
continuous areaof tropical forest in the Americas and the largestprotected tropical areain
Mexico (Bohn et al., 2014; Pablo-Rodriguezet al., 2023). The Ancient Mayan civilisation
existed in the regionfor 3,000 years (~2,000 BCEto ~900 CE)practicing traditional swidden
agriculture with alternate vegetation removal using slash-and-burn techniques and fallow
periods that allowed the natural process of secondary succession to proceed (Bohnet al.,
2014; Vester et al., 2007). Furthermore, hurricanes regularly flatten large areas of the forest
(Boege, 1995). All forest on the peninsula is therefore secondary (Ceccon et al., 2004;

Sorensen, 2006), though some is old-growth. The precise age of the old-growth forest has
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not been estimated, but some patches may have been undisturbed by human activity for
nearly 1000 years (Vester et al., 2007). A drastic increase in immigration to the region that
beganin the 1960s saw an rise in more intensive agricultural practices and cattle ranching
(Bohn et al., 2014; Vester et al., 2007). However, in more recent years further agricultural
intensification and declining rural populations have also led to some land abandonment, a
trend that is being seen across the tropics (Wright & Muller-Landau, 2006). The current
landscape is therefore a mosaic of patches with difering intensity and duration of human

land use and time since abandonment.

Theresearch site has been owned by a forest restoration organisation, Plant-for-the-Planet
Mexico A.C., since 2021. According to historical Google Earth satellite imagery, the western
section of the site has remained closed-canopy forest for at least the past 30 years, though
some selective logging has taken place (pers. obs.). This site is similar in structure and
composition to old-growth forest found in the Calakmul Biosphere Reserve (Bohn et al.,
2014). A central section of the site was partially cleared of vegetation in 2017 but was not
used further and has been naturally regeneratingsince that time. The eastern section of the
site was used for rice farming and, later, cattle ranching until 2021 (O. E. Verduzco-Salazar,
pers.comm.). From 2021 to present, parts of this eastern section have been planted with a
mix of up to 41 native tree species (see https://www.plant-for-the-planet.org/yucatan/ for
more details), while other regions have been left to regeneratenaturally. Cattle are excluded
from the whole site by wire fencing, though this is not completely efective (pers. obs.).
Where trees were planted, the ground was prepared using a tractor-mounted mechanical
rototiller. Grasses growing around the planted trees are periodically removed using

machetes for 5 yearsafter planting.

Diferent parts of this site were used for Chapters 2, 3, and 4. For Chapter 2, 1-hectare plots
(100m 100 m) were established in each of the three sites described above (old-growth,
abandoned 2017, and abandoned 2021). These plots therefore represent three stages of
secondary succession: late, mid, and early respectively and are indicated by large squares
in Figure 1.3. For Chapter 3, 20 circular plots were established across all three sites

(indicated by stars in Fig. 1.3). Sevenplots were randomly located within the old-growth
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forest, six were randomly located in areas that had regenerated naturally (in both areas
abandoned in 2017 and in 2021), and six plots were randomly located in areas that had
undergonerestorationtree plantingsince 2021.Theseplots thereforerepresenttwo diferent
restoration interventions (natural regenerationand tree planting), as well as an old-growth
forest to act as a reference ecosystem, but are also confounded with the successional
gradient. Finally, for Chapter 4, nine 4 "10 m plots were established for an outplanting
experiment in random locations in the same three successional stages as Chapter 2
(indicated by yellow triangles in Fig.1.3). Theseexperimental plots were close to the three 1-
ha plots, but their exact locations were generated randomly so they were treated as
independent replicates. In all cases, successional stageis confounded with previous land
use intensity. This is a common challenge for studies of secondary succession, as less
productive and intensively used sites are more likely to be abandoned (Chazdon &
Guariguata, 2016; Jakovac et al., 2021). All sites are selva baja inundable growing on

Vertisols.
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Figure 1.3 Satellite images of study site in June 2023 (wet season) with plot locations
indicated. Centre: Locations of circular plots used in Chapter 3 (stars); top: late
successional forest; right: early successional naturally regenerated forest; bottom: mid
successional naturallyregenerated forest. Largesquaresindicate location of 1-haplots used
in Chapter 2; yellow triangles indicate locations of plots used in Chapter 4. Images from

Google Earth, 02025 CNES/ Airbus.
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| directly characterised abiotic conditions across the successional/land use intensity

gradient (Table 1.1). Mean canopy openness decreased by approximately 80% with

succession. In contrast, edaphic properties showed very little variation across the

landscape. Soil carbon and nitrogen content were highly correlated (Pearson’sr =0.90) and

were lowest in the mid successional environment. Soil pH varied independently to soil

carbon (r=-0.06) and nitrogen (r=0.18) and decreased along the successional gradient. Soil

texture was determined with thewidely usedUSDA Soil TextureTrianglebased on the relative

percentages of sand, silt, and clay (Groenendyk et al., 2015). The early successional

environment had sandy clay loam soils, with a higher sand content, while the mid and late

successional environments had sandy clay soils, with a higher clay content.

Successional environment

Early Mid Late
Canopy openness 0.92+0.03 0.26 £ 0.01 0.18 £0.005
Soil carbon (%) 3.49+0.21 3.05+0.14 4.66+0.24
Soil nitrogen (%) 0.33+0.02 0.20+0.01 0.35+0.02
Soil pH 7.78+0.02 6.75+0.04 6.70+0.03
Soil % sand 56.58 +1.53 46.97 +0.46 49.34 +0.35
Soil % clay 29.33 +2.51 45.49 +0.55 43.86+0.34
Soil % silt 14.09+1.25 7.54 +0.36 6.79+0.27

Table 1.1 Mean + standard error of measured abiotic variables across the successional

gradientin the study landscape.
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Chapter 2: Secondary succession of a seasonally dry
tropical forest is taxonomically stochastic but functionally

deterministic

2.1 Introduction

Approximately 72% (2.96 billion ha) of forest area globally has been disturbed, degraded or
otherwise significantly changed by human activities (FAO,2020).Many of these forests are
now recovering,whether through natural regenerationor active restoration eforts, such that
secondary forests are an increasingly important ecosystem type. Over28% of lowland forest
in the Latin American tropics is secondary forest (Chazdonet al., 2016), and these forests
are recognised as important sources of ecosystem goods and services such as biodiversity
habitat, carbon sequestration, and provision of timber and non-timber forest products
(Chazdon,2008; Chazdonet al., 2016). Patterns of tree species diversity and composition in
these secondary forests, vital for ensuring their functioning and resilience, are generatedby
community assembly processes throughout secondary succession (Chazdon& Guariguata,

2016; Norden et al., 2009b).

One framework for understanding community assembly is that species in the global species
pool must passthrough a hierarchical series of filters to form the local site-level community
(Gotzenbergeretal., 2012).In this framework, ecological filters act at diferent stagesof tree
ontogeny: dispersal, establishment and persistence (Marques & Burslem, 2015). The
dispersal filter removes species that do not arrive at the site. The establishment filter
removes species that arrive as propagules but are unable to germinate and establish as
seedlings. Subsequentfilters act by limiting growth and survival of established seedlings. A
species may fail to pass through each filter for deterministic reasons, i.e., the functional
traits of that species interact with the filter in such a way that prevents it from passing
through (Lebrija-Trejos et al., 2010b). This may be due to abiotic processes, such as

environmentalfiltering, and/or biotic processes,which caninclude competition, facilitation
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and attack by pests, pathogens, or predators (Kraft et al., 2015). A species may also fail to
passthroughafilter byrandomchance, introducingan important stochastic componentinto

community assembly (Nordenet al., 2015).

Thereisongoingresearchinto the relativeimportance of abioticversusbiotic filters, and how
important their deterministic interactions with species identity and/or functional traits are
relative to stochastic processes. Thismaps on to the classic niche versus neutral debate in
community assembly (Chase & Leibold, 2003; Hubbell, 2001). As with the move away from
a strict niche-neutral dichotomy, it is generally accepted that both abiotic and biotic
deterministic filters, aswell as stochastic processes, areimportant (Shoo& Catterall, 2013),
but each may play a relatively greateror lesser role in determining community composition
under diferent conditions. It is vital to understand which filters are limiting community
assembly in secondary forest succession because these can prevent natural regeneration,
which is often the most cost-efective approach to the restoration of resilient forest

ecosystems (Chazdon & Guariguata, 2016; Gilroy et al., 2014).

Community assembly processes may also change along a successional gradient. Both
dispersal and establishment are highly limited in early successional forests (Holl, 1999;Holl
et al., 2017; Martinez-Ramos et al., 2021). Werden et al. (2020b) found that dispersal
limitation decreased with succession, while establishment limitation increased, possibly
due to increased negative density-dependence or deeper leaf litter. Furthermore, multiple
authors have hypothesisedthat abiotic processessuch as habitat filtering dominate earlyin
succession while biotic processes become increasingly important as succession
progresses (Lohbeck et al., 2014; Martinez-Ramoset al., 2021). However, the evidence for
this is mostly based on analyses of the dispersion of functional trait or phylogenetic
distributions, a method that has been criticised as the same distribution can result from
diferent processes (Kraft et al., 2015; Li et al., 2015). Understanding how the balance of
stochastic, deterministic, biotic, and abiotic community assembly processes change
throughout succession can help to predict how secondary forest community composition

and patterns of diversity will change through time.
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Conclusions about the relativeimportance of diferent community assemblyprocessesalso
depend on the spatial scale of sampling (Cottenie, 2005). In a meta-analysis of community
assembly studies on woody plants, Gétzenbergeret al. (2012)found that the proportion of
tests suggesting biotic assembly increased with the spatial extent of sampling. This was
unexpected; larger spatial scales encompass more environmental heterogeneity, so it is
generally thought that abiotic filtering is more likely to be observed (Davies et al., 2005;
Nishizawa et al., 2022; Townsend et al., 2008). In contrast, biotic processes, such as
conspecific negativedensity dependence (CNDD),require individuals to be physically close
to each other, and so biotic processes are generally considered to occur at small spatial
scales (Comita & Hubbell, 2009; Kraft & Ackerly, 2010).

Weused large-scale, spatially explicit surveysof tree communities across three ontogenetic
stages (seed, juvenile, and adult) and three stages of secondary succession (early, mid, and
late) to explore the changes in the taxonomic and functional composition of these
communities within a tropical dry forest ecosystem. The majority of research into
community assemblyhastaken place in intact wet tropical forests (Sunderlandet al., 2015).
However, 42% of tropical forests are tropical dry forests (TDF;Murphy & Lugo, 1986) and
there is growingevidence that the balance of assembly processesis changedby the climatic
diferences betweenthese two foresttypes (Cottenie, 2005). Themost important diference
that relates to secondary succession is that the limiting resource in wet tropical forest
successionis often light, while multiple studies havefound that waterlimitation defines the
successional gradient in TDF (Ceccon et al., 2006; Lohbeck et al., 2015). Therefore, while
late successional species in wet tropical forest need conservative traits to survive in the
light-limited understory, in TDF conservative traits are required in the water-stressed
environment of early successional forest. Consistent with this model, Buzzardet al. (2016)
and Poorteret al. (2019)found a shift from conservative to acquisitive trait syndromes with
TDFsuccession, though the picture is complicated as the same individual can have both
conservative and acquisitive traits (Werden et al., 2018a, 2022a) and the selection and
measurement of functional traits most relevant to robustly categorise the community

remains challenging (de Bello et al., 2021; Werden et al., 2020a). As such, there have been
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multiple calls for more researchin TDFecosystemsto identify waysin which they difer from
wetter ecosystems, and gain a fuller picture of how plant communities develop in

regeneratingtropical forests (Jakovacet al., 2021; Werden et al., 2020a).

Our investigation aimed to address four questions in this seasonally dry forest landscape.
Firstly, we investigated how the taxonomic and functional composition of juvenile and adult
tree communities changes along a successional gradient. Secondly, we asked whether
these changes move deterministically through successional stages towards a “climax”
community (Derroire et al., 2016a; Powers et al., 2009; Rozendaal et al., 2019) or are
stochastic and unpredictable (Chazdon et al., 2007; Norden et al., 2015; Poorter et al.,
2021). Third, to explore the drivers of these changes, we assessed whether the abiotic
environment also exhibits predictable changes across the plots, and, fourth, how
community composition might be shaped by abiotic or biotic limitation during juvenile
recruitment (Marques & Burslem, 2015; Muller-Landau et al., 2002; Norden et al., 2009a;
Werden et al., 2020b), when the processes causing non-random mortality are strongest
(Greenet al., 2014).

2.2 Materials and Methods
2.2.1 Study system

The study was carried out in a mosaic TDF landscape in Mexico (18°40'46.2"N,
90°08'24.4"W),described in detail in section 1.5 (Mainintroduction). We established three
1-ha(100°100 m) plots acrossthis landscape. Potential plots wereinitially identified based
on a map of Normalised Diference Vegetation Index (NDVI)across the site (Hartter et al.,
2008), followed by field visits and examination of satellite images to verify successional
stage.Theearly successional plot had beenused for rice cultivation and, later, cattle pasture
for over30 years, up until abandonment 2 yearsbefore the study took place (O.E. Verduzco-
Salazar,pers. obs.). Based on satellite photography, the mid successional plot was cleared
of forest 5 yearsbefore the study took place. Occasional largertrees were left standing, and

the site was not used further and has been naturally regeneratingsince that time. Thelate
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successional plot has continuously remained closed-canopy forest for at least the past 30

years, and only a few trees have been removed.
2.2.2 Treecensus

Within each 1-ha plot, we censused the woody plant community (93 tree species, 1 palm
species and 4 liana species, so we will refer to this as the “tree community”) at three
ontogenetic stages:seeds; seedlings and saplings (henceforth “juveniles”, 10—-200 cm tall);
and adults (>200 cm tall and >5 cm diameter at breast height (DBH)).Seedswere sampled
using0.5°0.5 m seedtraps consisting of a40 cm deep mesh bagsuspended 1 m abovethe
ground. Juvenilesweresampled in 2 "2 m quadrats, and adults weresampledin 10 "10 m
quadratsto account for the diferent sizesof the individuals. Each1-haplot wasdividedinto
100 subplots, and a juvenile quadrat was placed in a random location in everyother subplot
and at the four corners of the plot (Fig.2.1). Half of these quadrats were randomly selected
to also receive a seed trap and adult quadrat, sothat 25 of the 54 sampling stations in each
plot had nested adult, juvenile and seed surveys used to track community reassembly

across ontogenetic stages (Fig.2.1).
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Figure 2.1 Schematic of sampling design. 54 sampling stations were established in each

ofthree100°100 m plots, each of which weredividedinto 1010 m subplots. Astation was
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established within every other subplot, centred on a random location (indicated by a red
cross) and on each of the plot corners. Each station consisted of a2 "2 m quadrat within
which all woody plants between 10 and 200 cm in height were censused. 25 stations in each
plot were randomly selected to also receive a seed trap (0.5 0.5 m) and an adult tree

quadrat(10°10 m).

Individual juveniles and adults wereidentified to speciesin the field. Whereidentification in
the field was not possible, leaves and stems were savedin a plant press and identified after
the census using published local guides. The seed traps were deployed for 11 full months
from May 2022 until March 2023 and were emptied every 2 weeks (every 4 weeks during the
dry season).Dueto sampling limitations, we did not collect seed rain in the month of April,
and so may be missing species that only disperse during this month. If any species are
missing these are likely to be those species that fruit during the rainy season, which tend to
be fleshy-fruited zoochorous species (Derroire,2016). Seedswere counted and identified to
species where possible using published local guides and the seed bank at the Regional
Laboratory for the Study and Conservation of Germplasm, CICY,Mérida. All seedswith >15
individuals were identified to genus or species, except for one morphospecies with 430
individuals and one morphospecies with 60 individuals where we lacked a clear ID. The
majority of unidentified morphospecies were only represented by one or two individuals. In
total, 84.3% of all individual seeds wereidentified to genusor species. Where species could
not be identified, they were givena unique morphospecies identity. In all cases, taxonomic
names follow the World FloraOnline (WFO)Plant List as of 20/11/2024.

2.2.3 Abiotic variables within plots

All abiotic measurements were taken during the dry season between February—May 2022,
the leaf-of period for deciduous species. In the centre of each2 "2 m quadratwe took a
360° hemispherical photosphere (N =162) using the Google Street View app (Google LLC)
and a smartphone camera on a1 m high tripod. Raw canopy photos were processed using

the Python-3and scikit-image tool Cano.py(Waringet al., 2024)to calculate percent canopy
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openness. In brief, images were converted to hemispherical through polar projection, then
automatically binarised with a threshold of 0.8. To ensure the binarisation step was
completed correctly, we checked each image for clouds that were misclassified as canopy
and manually brightened them. Canopy openness is the area of the sky hemisphere that is

not canopy and was calculated following ter Steege(2018).

We also took 3 soil coresto 15 cm depth as close as possible to the centre of each quadrat
and combined the three cores into one sample (N = 162). Soil samples were air-dried and
sieved (2 mm). Soil pH was measured on a 1:5 solution of soil: deionised water using a
HannaHI5222bench pH meter. Soil samples were then groundto fine powder, acidified with
addition of 6% H.SOs;to remove carbonates, oven-dried at 65°C, and analysed for total
organic carbon and nitrogen content (%)on a ThermoFlashEA1112 Elemental Analyser. Soil
particle size distribution (sand, silt and clay percentages) was measured using the
hydrometer method (Gavlak et al., 2005) on bulked soil samples from three adjacent

quadrats (to ensure suficient soil weight (60 g) for the protocol).
2.2.4 Functional traits of tree recruits

Functional trait data for all species were compiled from publicly available TRYdata (Kattge
et al., 2020), data tables in the relevant literature, and field measurements following Pérez-
Harguindeguyet al. (2013).Sources of all functional trait data are givenin Table S2.1.Where
sources gavediferent values, the value obtained from the most geographically proximate
site was givenpreference. Field measurements were taken for 10 focal species chosen using
a stratified method to represent each leaf phenological group and are highlighted in Table
S2.1. Traitswere chosen that were hypothesised to be relevant to species’ responsesto the
expected major resource gradients with secondary succession: light and water availability.
Where species-level trait coveragewas < 60% of species and/or individuals (which was the
case for seed mass, petiole length and specific leaf area(SLA)),weincluded the genus-level
averagevalue where available to increase the trait coverage.Thefinal set of functional traits
used in the study and their coverageis shown in Table 2.1. Where analyses of adult and

juvenile functional community composition required abundance-weighted trait data (i.e.,
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community-weighted mean; CWM), trait coverage was calculated as a percentage of all

individuals in the dataset. The recruitment limitation analysis required species-level trait

data for selected species present as seeds and/or juveniles (see section 2.2.5.4 for further

details of species selection), sotrait coveragewas calculated as a percentage of all species

in the recruitment limitation dataset.

Trait Biological interpretation ~ Trait coverage: Traitcoverage: Trait coverage
juvenile adult of species in
individuals individuals recruitment

limitation
dataset

Maximum Associated with rapid 91% 91% 88%

height (m) growthfor light acquisition

Seed mass Represents a trade-oA 89% 87% 88%

(mg) between

fecundity/dispersal  and
establishment

Petiole Longer petioles maximise 87% 76% 76%

length (mm)  light capture

Specific Leaf Indicates light uptake asa 74% 77% 80%

Area  (SLA) function of investment in

(mm?mg) leaf production

Leaf Deciduous trees are 98% 100% 92%

phenological drought-avoidant,

habit evergreen  trees are

drought-tolerant

Leaftype Compound leaves are 100% 100% 96%

associated with

desiccation avoidance and
fine-tuning the drought

response
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Nitrogen Species that form  99% 99% 96%
fixation symbioses with bacteria
that do biological nitrogen

fixation

Table 2.1 Functional traits used in the analyses.

2.2.5 Statistical analysis

All statistical analysis was done using R version 4.2.3 (R Core Team, 2023) and the vegan
package (Oksanenet al., 2024) was used for all analyses unless otherwise noted. We used
ordination-based methods to address our first question, whether the composition of plant
communities varied among plots (i.e., through a successional/land use gradient). We
explored our second question, whether changes in composition are deterministic or
stochastic, through analysesof the trajectory of the taxonomic and functional composition
of the tree community along the successional chronosequence. To explore the potential
drivers of determinism, we also directly measured how the abiotic environment changed
across the plots. We then used spatially explicit recruitment limitation analysisto explore
how changesin juvenile recruitment respondedto the abiotic and biotic changesassociated

with secondary succession.

2.2.5.1 Exploring changes to taxonomic and functional community composition with

secondary succession.

We first examined how the diversity and community composition of seeds, juveniles, and
adults varied across successional stages. We tested for variation in observed species
richness between plots using ANOVA,treating each station as an independent replicate (N
seeds = 75; N juveniles = 162; N adults = 75). Rarefaction and extrapolation of species
richness in each plot was performed using the INEXTpackage (Hsieh et al., 2016). Species

richness at the curve asymptote was estimated by extrapolation.
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We tested whether communities difered significantly across stages of secondary
succession (i.e., among plots) using permutational multivariate analysis of variation
(PERMANOVA).Pairwisecomparisons between all pairs of successional stages were tested
and p-values Bonferroni corrected for multiple comparisons. The assumption of equal
within-group variance was tested using distance-based tests for homogeneity of
multivariate dispersions (Anderson,2006) and diferences between the mean distance-to-
centroid of the successional stage groups and 95% confidence intervals were calculated
using Tukey’s Honest Significant Diference (HSD) method. The assumption of equal
variance within each group was violated in some cases (see Box S2.1 for details).
PERMANOVAisrobust to violations of the assumption of homogeneity of variances, but any
diferences in community composition may be driven by heterogenous within-group

variation, diferences in the groupmean values, or both.

To visualise how the juvenile and adult tree communities varied in their taxonomic and
functional composition across the successional gradient, we used non-metric
multidimensional scaling(NMDS)to produce unconstrained ordinations of the communities
in all 2’2 m quadrats (for juveniles)or 10 "10 m quadrats (for adults). Forthe taxonomic
composition, the NMDSwas performed on a Chao dissimilarity matrix (Chaoet al., 2005). A
Bray-Curtis dissimilarity matrix (Bray& Curtis, 1957)was also used and gavevisually similar
results. Forthe functional composition, the NMDSwas performed using Gower’s distance
basedontheCWMvalues for traits. Functionaltrait variableswereadditionally fit to the trait-
basedordination to showthe correlation of individual functional traits with overallfunctional
dissimilarity.

2.2.5.2 Are the changes to taxonomic and functional community composition with

secondary succession stochastic or deterministic?

To explore the changes in the composition of plant communities through secondary
succession, we considered each combination of successional and ontogenetic stage to
represent a unique stage in a successional chronosequence and looked for

taxonomic/functional similarities amongthem. Thisis essentially an extensionof the classic
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space-for-time substitution (chronosequence) approach commonly used to study
successional dynamics. During succession, the adult trees modify the abiotic and biotic
environmentsuch that the juvenilesthat recruit underthem experiencediferent conditions
to those experienced by the adult trees when they were recruited (Derroireet al., 2016¢). We
therefore assume that the juveniles of one successional stage are experiencing conditions
closer to that experienced by the adults of the subsequent successional stage. Forexample,
the present-day adult trees in the mid successional plot have regeneratedfollowing forest
clearance ~5 years earlier. Therefore, as juveniles, these plants would have experienced a
similar environment to those currently growing in the early successional (~2 years
abandoned)plot. Assuch, the order of the successional chronosequenceis: juvenilesin the
early successional plot (there were no adults recorded in this plot), adults in the mid
successional plot, juveniles in the mid successional plot, adults in the late successional

plot, and juvenilesin the late successional plot.

We then performed the following analyseson the dataset, each time groupingindividuals in
four diferent ways: by species (taxonomic composition), or by three categorical functional
traits: leaf phenological habit (deciduous, brevi-deciduous or evergreen), leaf type
(compound or simple) and biological nitrogen fixation ability (nitrogen-fixeror non-fixer) We
calculated the relative abundance of each group within each community. Toexplorewhether
the changesin taxonomic and functional composition followed a stochastic or deterministic
pattern at each stagein the successional chronosequence, we compared each community
to the communities directly precedingand directly following it. If communities had a similar
composition, we considered this to be evidencefor deterministic processesin the assembly
of those communities. Thisis because the communities are not actually related (e.g., the
mid successional adults have not actually grown from the early successional juveniles), so
compositional similarity would suggest that similar processes have assembled both

communities despite assemblingat diferent times andin diferent locations.

For each pair of communities, the null hypothesis of no diference in the distribution of
individuals between the taxonomic (species) and functional groups was tested using

Fisher’s Exact Test, as the assumptions of the c? test of independence were violated. P-
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values were computed by Monte Carlo simulation with 9,999 replicates. The relative
abundance of each group in each community was visualised using an alluvial plot, where
each stratum represented a taxonomic (species)or functional group, and each point on the
x-axis represented a stage in the successional chronosequence. Flows were included from

one stageto the next where the species identity was the same.

We then used ecological trajectory analysis (ETA;De Caceres et al., 2019) to explore the
pattern of taxonomic and functional composition with successionin away that enabled us
to include the multidimensionality of the community data. Taxonomic and functional
dissimilarity was calculated as in section 2.2.5.1. Following this we performed Principal
Coordinates Analysis (PCoA) on the dissimilarity matrices and the trajectories in the
ordination space were drawn onto the PCoA plots. The PCoA plot is a two-dimensional
representation of a multidimensional dissimilarity matrix, so the lengths of the drawn
trajectory segments may not correlate linearly with the true distance between two
communities. Likewise,the lengths of the taxonomic and functional trajectories cannot be
directly compared because the dissimilarity matrices were calculated using diferent
metrics (Chao for taxonomic dissimilarity and Gower for functional dissimilarity). We

therefore calculated the length of each segmentas a percentage of total trajectory length.

2.2.5.3 Do changes to functional community composition reflect a resource availability

gradient?

Todetermine whether abiotic variablesinfluenced observedcommunity patterns acrossthe
successional gradient, we tested for variation in abiotic variables (canopy openness, soil pH
and soil particle size distribution) among plots using ANOVAfollowed by Tukey’sHSDtest. If
the variable was markedly non-normal, we used the non-parametric Kruskal Wallis test
followed by the Pairwise Wilcox Test instead. P-values of pairwise tests were Bonferroni

corrected for multiple comparisons.

2.2.5.4 Arechangesto functional composition occurring at the stage of juvenile recruitment

drivenby abiotic or biotic limitations to recruitment?
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Wecalculated observedversusexpecteddispersal and establishment limitation for for each
ungiue combination of species ‘plot (i.e.,for each species at each successional stage),to
assess how abiotic filtering and density-dependent dynamics might play out over our
successional/land-use gradient. Recruitment limitation calculations follow Muller-Landau
et al. (2002). For each species in each plot, dispersal limitation refers to the proportion of
seed traps that did not receive seeds, and establishment limitation refersto the proportion
of stations that receivedseeds but that did not havea juvenile. Thus,dispersal limitation for

species!was calculated as

Pstationsreachedbyseedsofspecies!
B totalnumberofstationsinplot

Establishmentlimitation was calculated as

$stationswithbothseedsandjuvenilesofspecies!
Pstationswithseedsofspecies!

To further decompose recruitment limitation into that arising from limited numbers of
seeds/juveniles and that arising from the limited distribution of available seeds/juveniles
(Muller-Landau et al., 2002), we compared observed recruitment limitation to expected
recruitment limitation under a stochastic uniform distribution of seeds/juveniles.Expected
limitation wascalculated asthe meanrecruitment limitation of 1000simulated distributions
of seeds and juveniles at stations based on a Poissondistribution with an equal expectation
at all stations that is equal to the mean abundance of that species in the plot (following
Norden, et al. (2009b), further details givenin Box S2.2). Thediference between observed
and expected limitation is givenas d recruitment limitation. d recruitment limitation varies
from -1to 1; positive valuesindicate a species is more limited than expected, and vice versa

for negative values.

To assess whether deviations from expected dispersal, and establishment limitation were
linked to species’traits and/or driven by density dependent processes, daispersa limitation and
Jestablishment limitation were modelled as a function of functional traits and conspecific

abundance (of seeds, juveniles and adults). Abundance data were corrected for diferences
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in the sampled areato scale counts of seeds, juveniles and adults to one hectare (Marques
& Burslem, 2015). Only biologically relevant a priori hypotheses were tested. For example,
only maximum heightand seed mass were used as predictor traits for daispersar limitation, as
leaf traits like SLAand phenological habit were not expectedto impact dispersal. Response
variables were bounded between 0 and 1 and so were modelled using generalised linear
mixed models (GLMM)with a zero-inflated beta error distribution, with species as arandom
efect. Wherethe randomefect hadavarianceof 0, it wasremovedfrom the model to avoid
a singular model fit. The marginal and conditional R?for mixed models were calculated

following Nakagawa & Schielzeth (2013). We first tested for interactions between plot and
predictor variablesin modelling daispersa @Nd Oestabiishment limitation values with mixed-efects

two-way ANOVAs(Type-IIl).Wethentested for diferences in daispersal aNd Qestabiishment limitation

values with mixed-efects one-way ANOVAs(Type-Illto account for the unbalanced number

of species in each plot) for each predictor variable.

2.3 Results
2.3.1 Speciesidentification and diversity.

We recorded 15,665 seeds of 65 morphospecies, of which 23 were identified to species
(35.4%)and two were identified to genus (3.1%), representing 96.2% of all seeds collected.
No unidentified morphospecies were used in the analyses except in the estimation of
species richness. We recorded 2,610 juveniles of 65 morphospecies, of which 61 were
identified to species (93.8%)and one was identified to genus (1.5%), together representing
98.7% of individuals. We recorded 531 adults of 35 morphospecies, of which 31 were
identified to species (88.6%), with one identified to genus (2.9%), representing 99.1% of

individuals.

Observedspecies richness was significantly diferent among plots for all three ontogenetic
stages (seed F»7.=23.7, p < 0.001; juvenile Fz159=99.14, p < 0.001; adult F>7.=259.2, p <
0.001). Rarefiedseed species richness was estimated to be intermediate (mean: 40;95%Cl:
23-80)in the early successional plot, lowest (32; 20 —52) in the mid successional plot and

highest (45; 37 — 61) in the late successional plot. Rarefied juvenile species richness
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increased almost six-fold on averageacross the successional gradient: it was estimated to
be lowest (17; 13 —26) in the early successional plot, intermediate (60; 35 —98) in the mid
successional plot, and highest (99; 43 — 168) in the late successional plot. Similarly,
estimated adult species richness increased over three-fold from 10 (9 — 16) in the mid
successional plot to 36 (30—52) in the late successional plot. Therewere no adult trees in

the sampling stations in the early successional plot.

2.3.2Thetaxonomic and functional composition of both adult and juveniletree communities

changed with secondary succession.

Thejuvenile (Fig.2.2A & C) and adult (Fig.2.2B & D) communities associated with early, mid,
and late-successional plots form clearly distinct groups (Juvenilecommunity PERMANOVA:
taxonomic F130 = 42.76, p = 0.001; functional F.13 = 46.27, p = 0.001; p = 0.003 for all
pairwise comparisons. Adult PERMANOVA:taxonomicF 4=23.65, p =0.001; functional F1 o
=68.52, p =0.001). Earlier successional communities are more dispersed in taxonomic and
functional space than late successional communities (Box S2.1). Both taxonomic and
functional composition changedirectionally alongthe NMDSaxeswith succession, and this
is particularly apparent for the juvenile community (Fig.2.2A). The correlation of specific
functional traits with the overallfunctional ordinations (arrows, Fig.2.2C & D) suggeststhat,
with succession, the juvenile community becomes increasingly dominated by evergreen
species with greater maximum height and larger seeds. Species with greater maximum
height also become increasingly important in the adult community, as well as species with

simple leaves, and no ability to fix nitrogen.
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Figure 2.2 The taxonomic (Ajuveniles; B adults) and functional (C juveniles; D adults)

composition of the tree community changed with secondary succession. Non-metric
multidimensional scaling (NMDS) of (A & B) species composition based on the Chao

dissimilarity index (Chao et al., 2005); (C & D) functional composition based on the Gower

dissimilarity index. Stress of the unconstrained ordinations was A=0.06,B=0.08, C=0.11,

D = 0.05. Blue squares are early successional quadrats, green triangles are mid-

successional quadrats, red circles arelate successional quadrats. Thecluster of points was

magnified in A for clarity. Covariation of individual functional traits with overall functional
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dissimilarity is indicated by arrows in C & D, where longer arrows indicate a stronger

association.

2.3.3 Juveniletree community composition appeared to be taxonomically stochastic but

functionally deterministic.

Therewere no clear patterns in the taxonomic composition of plant assemblagesoverthe
successional chronosequence. The proportion of individuals in each taxonomic (species)
group was significantly diferent between each pair of communities. (Fig.2.3A). However,
when exploring functional groups defined by species’ traits, a clear pattern emerged. The
juveniles of a plot belonging one successional stage showed diferent functional
composition to the adult community preceding them but very similar functional

composition to the adult community following them (Fig.2.3B—D).
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Figure 2.3 Community assembly was (A) taxonomically stochastic but (B — D)
functionally deterministic for selected functional traits during secondary succession.
Each community contained a diferent number of total individuals, so the relative
abundance of each species within each community was calculated to make composition
comparable between communities. Species are grouped and coloured by (A) species-level

taxonomic identity, (B) leaf phenological habit, (C) leaf type, and (D) biological nitrogen
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fixation ability. Within acommunity (defined by the unique combination of ontogenetic and
successional stage), species are separated by white lines, and where the same species is
found in two adjacent communities, this is indicated by a flow betweenthem. Fisher’sExact
Testwas usedto test the null hypothesisthat the proportion of individuals in each groupwas
the same between the juvenile and adult communities along the successional gradient.
Significance of Fisher’sExact Testfor each pair of communities is indicated in the figure: p <
0.05%,p<0.01**, p<0.001 ***,

In ecological trajectory analyses (ETA),both the taxonomic and functional trajectories
moved consistently in one direction along the first PCoA axis with succession (Figure?2.4),
suggestinga deterministic successional trajectory. Thefirst two PCoAaxescaptured 77% of
the variation in taxonomic composition (Fig.2.4A) and 92% of the variation in functional
composition (Fig. 2.4B). The taxonomic trajectory was composed of three compositional
shifts of roughlyequal magnitude betweenthe early juvenile, mid adult, mid juvenile and late
adult communities (Fig.2.4A; 33.4%, 30.8% and 29.2% respectively of the total trajectory
length). Thecompositional change between late successional adults and late successional
juveniles (the presumed ofspring of those adults) only represented 6.6% of the total
trajectory length, reflecting the higher number of shared species between these two
communities (Fig.2.4A).By contrast, the magnitude of the shifts in functional composition
varied along the trajectory (Fig.2.4B). Theshift from the early juvenile community to the mid
adult community formed only 9.4% of the total trajectory length. In contrast, the shift from
the mid adult community to the mid juvenile community represented 43.5% of the total
trajectory length. Thisresult for overallfunctional dissimilarity is consistent with the pattern
observed for leaf phenological habit, leaf type and nitrogen fixation ability (Fig.2.3B-D),
whereby adult communities are more functionally similar to the juvenile community
preceding them than the juvenile community following them, indicating that the major
changesin functional composition occur during recruitment. However, the pattern was not

observed later in succession, where the shifts between the mid juvenile community, late
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adult community and late juvenile community are of a similar magnitude (23.2%and 23.9%

of total trajectory length respectively).
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Figure 2.4 Trajectories of (A) taxonomic and (B) functional composition were both
directional with succession,but the major shifts in functional composition took place
during recruitment. Thelength of each segmentas a percentageof total trajectory lengthis
shown, as taxonomic and functional trajectories were based on Chao and Gower
dissimilarity matrices respectively, and as such the lengths are not directly comparable.
Communities are ordered by their position within the successional chronosequence: it
begins with juveniles in the earliest successional plot (where there are no adults) and ends
with the juveniles of the late-successional plots (presumedto be the ofspring of the adults

currently growing there).

2.3.4 Plant communities spanned a strong resource availability gradient

Canopy openness was significantly diferent between all successional stages and
decreased as succession progressed (Fig.2.5A). Soil texture and pH did not difer between

mid and late succession, but in early succession soil pH (Fig.2.5B)and sand and silt content
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(Fig.2.5E & G) was higher, while clay content (Fig.2.5F)was significantly lower. Soil carbon

content was higher in late succession than in early or mid succession (Fig.2.5C) and soil

nitrogen content was lower in mid succession than in early or late succession (Fig.2.5 D).
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Figure 2.5 Light availability decreased with succession, while water availability was

lowest early in succession. All measuredabiotic variablesdifered significantlyacrossthe

successional gradient (ANOVA:canopy openness F» 15e=824.30, p <0.001; pH F2150=303.20,

p <0.001; % carbon F,150=28.51, p <0.001; % nitrogen F150=28.51, p <0.001; % sand F24s
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=28.17, p<0.001; %clay F24=35.41, p<0.001; %silt F24=27.25, p <0.001). Significance

of pairwise comparisons is indicated in figure: p <0.05*, p <0.01 **, p<0.001 ***,

2.3.5 Changes to functional composition occurring at the stage of juvenile recruitment

showed evidence of biotic drivers

Theunit of analysisin our analysis of recruitment limitation was the unique combination of
species identity and successional stage, i.e., ‘Croton arboreus in the early successional
plot’. Recruitment limitation was widespread among identified species, and this was
consistent across successional stages. For21 of the 37 cases for which dispersal limitation
was calculated, species were significantly more dispersal limited than the null expectation
(Table S2.2). In the remaining instances, dispersal limitation did not difer from the null
expectation and daispersar limitation was not negative in any instance. Establishment
limitation, which was consistently high across species and successional stage (30.77
across all instances), was significantly greaterthan expectedfor 9 of the 22 cases for which
it was calculated, and did not difer from the null cases in the remaining instances (Table
S2.3).

Surprisingly, variation in gispersal limitation and Jestaviisment limitation was not explained by
successional stage, selected functional traits, or any interaction between the two (Table
S2.4). destavishment limitation was influenced by the interaction between seed mass and
successional stage, where destavisnment  limitation increased with seed mass in the late
successional plot but not in the early or mid successional plots (Fig. S2.1). However, this
interaction was not significant when a potential outlier species (Gymnopodiumfloribundum)

was removed and therefore was not considered robust.

In contrast to the weakimpacts of functional traits, variationin 0 recruitment limitation was
well-explained by the abundance of conspecifics in the same ontogenetic stage. duispersal
limitation was best explained as a quadratic function of log-transformed conspecific seed

abundance (Fig.2.6A; 2 -1 =33.87, p <0.001), indicating that daispersai limitation peaked at

57



intermediate conspecific seedabundances. destavishment limitation increasedlinearly with log-

transformed conspecific juvenile abundance (Fig.2.6B;c%-1=101.85, p <0.001).
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Successional stage = Early + Mid * Late
Figure2.6drecruitment limitation respondedto abundanceof conspecifics atthe same
ontogenetic stage. (A)daispersa limitation increased with conspecific seed abundance up to
an abundance of approximately 2,600 seeds per hectare, after which Oaispersar limitation
decreased with increasing conspecific seed abundance. (B) destavishment limitation increased
linearly with conspecific juvenile abundance. Shaded area indicates 95% confidence

interval.

2.4 Discussion

We have demonstrated that the composition of juvenile and adult tree communities
changes both taxonomically and functionally with secondary succession. We further
explored the assembly processes that have generated these compositional changes and
assessedwhether the same processes drive the changesin both taxonomic and functional
composition. Below, we discuss how both abiotic and density-dependent processes
influence plant communities in regeneratingtropical dry forest, and how these patterns

might shed light on the best waysto restore this vulnerable ecosystem.
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2.4.1 Secondarysuccession was taxonomically stochastic but functionally deterministic

Movingalong a successional gradient from a recently abandoned pasture to a>30-year-old
forest stand, both juvenile and adult tree communities became markedly more diverse. The
taxonomic composition of both juvenile and adult tree communities also exhibited
pronounced diferences among plots, and the magnitude of the change in taxonomic
composition was roughly equal between each stage in our chronosequence. Despite this
high species turnover, we found a clear pattern in functional composition. Early in
succession, communities were dominated by deciduous, nitrogen-fixing species with
compound leaves, which were replaced throughout succession by simple-leaved evergreen
and brevi-deciduous species with large seeds and a high maximum height, consistent with
other studies in this forest type (Lohbeck et al., 2015). There was a striking similarity in
functional composition between each adult community and the juvenile community in the
prior successional stage. This suggeststhat these adult and juvenile communities, though
temporally and spatially distinct, were likely recruited under similar abiotic conditions that
deterministically shaped their functional composition. Following a similar logic, Norden et
al., (2009b)found that the taxonomic composition of adult trees in old stands of tropical
rainforests was similar to that of youngtrees in secondary forests, which the authors also
interpreted as deterministic taxonomic succession. In contrast to the functional similarity
we observed between juveniles and adults across plots, the juvenile and adult tree
communities within the same plot always exhibited a clearly diferent functional
composition. This pattern is consistent with a model of succession in which adult trees
modify abiotic conditions, and those conditions deterministically create a diferent

functional composition in the juvenile trees that recruit under them (Werdenet al., 2020a).
These results also suggest that processes acting during the recruitment of juveniles, as
opposed to those acting on growth and survival as juveniles become adults, have the

greatestimpact on the functional trajectory of a regeneratingforest stand.

The functional similarity between each adult community and the preceding juvenile
community, despite the diferent land use histories of each plot, suggeststhatdeterministic

secondary succession can overcome land use legacies. Thisremains a controversial topic

59



in the literature; for example, Jakovacet al. (2021)describe severalcases in which land use
legacies lead to alternative successional pathways that can persist for decades, due to
feedbacks between the initial species composition and the abiotic environment it creates.
Although we found that the functional composition of the community was largely
determined by successional stage, the species identities of individuals in each adult
community were mostly diferent from the preceding juvenile community, potentially

reflecting ecological contingencies.

The successional pattern we observed — where species composition is variable, yet
functional trait composition is predictable — has been found in other ecosystems. For
example, Capers et al. (2005) observed taxonomically distinct tree communities in four
secondary forests 13 — 26 years post abandonment that did not converge over 5 years of
sampling, while the functional composition, in terms of the proportion of trees, shrubs,
palms, andlianas,did.We do, however,note anapparentcontradiction inour results relating
to the level of determinism in taxonomic succession. Thetaxonomic composition appeared
to follow a deterministic ecological trajectory with succession in the ecological trajectory
analysis (ETA),despite the taxonomic composition of each community appearingunrelated
in Figure 2.3A. The highly multidimensional nature of community data means that such
patterns can be dificult to distinguish visually but arerevealedby analysessuch as ETAthat
are designed to summarise such data. It remains an open question whether taxonomic
composition follows a stochastic trajectory with secondarysuccession, as found by Capers
et al. (2005) and Chazdon et al. (2007), or whether taxonomic composition is also
deterministic (Lebrija-Trejosetal., 2010a;Norden et al., 2009b). Nonetheless, our finding of
deterministic functional traits assembly along the successional gradient is significant
because the functional composition of a forest community is more important for the
provision of ecosystem goods and services than the particular taxonomic identity of its

components (Cadotteet al., 2011).

2.4.2 Abiotic resource gradients occurred with succession, but abiotic filtering during

recruitment was not explainedby light or water-related functional traits
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The shifts in plant community functional traits across the successional gradient may be
driven by the availability of water, light, and soil nutrients, which also changeoverthe course
of succession. Direct measurements of the abiotic environment revealed two resource
gradients: light availability decreased with succession, while water may be most limited
early in succession in this seasonally dry system. We infer a gradient of water availability as
the sandier soils found in the early successional plot have higher hydraulic conductivity,
meaning water is more easily lost from the soil, and water availability is lower (Suganumaet
al., 2018). Theseresults are consistent with previous research in tropical dry forests that
have found that the important resource gradient in TDF secondary succession is the
increasing availability of water, as opposed to decreasing light availability with succession
in wet tropical forests (Borchert, 1994; Lohbeck et al., 2015; Werden et al., 2020a, though
the latter identified a more complex relationship betweenwater availability and succession

due to interseasonaldiferences).

It is important to note that in our study area, successional stage was confounded with
intensity of previous land use. Thisis acommon phenomenon across the tropics, as more
intensively used lands are presumably more productive and less likely to be abandoned
(Chazdon & Guariguata, 2016; Jakovacet al., 2021). Therefore, the abiotic conditions are a
product of both successional stage and land use history. As such, severalfactors may have
caused the diference in the state of soil properties: the intensity of previousland use, the
impact of successional vegetation,or geologicaldiferences betweenthe plots. Equally,the
degree of canopy closure can reflect a balance between previous removal of trees by
humans and recovery through secondary succession. It is not possible to distinguish

betweenthese factors with the low plot-level replication of this study.

If the changes in functional community composition observed during recruitment of the
juvenile community do reflect an abiotic resource gradient, we would expect relevant
functional traits to predict changesto recruitment limitation along the resource gradient.
Surprisingly, no single functional trait showed a significant interaction with successional
stage in any of our models Of Ouispersal OF Oestabiishment limitation (Table S2.4; see below for

exceptions). This was unexpected because such interactions have been found by previous
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studies. Forexample, Werdenet al. (2020b)found that establishment limitation was highest
in reference forests for small-seeded and early successional species and Muscarella et al.
(2013) found a negative relationship between seed mass and estaviishment limitation but not
daispersal limitation. We also found that destaviishment limitation increased with seed mass only in
the late successional plot (Table S2.4), but that this relationship was dependant on one
species (Gymnopodiumfloribundum)and the interaction disappearedwhenit was removed.
Such interactions suggestthat the relationship between seed size, successional stage and
d recruitment limitation is context-specific, and further investigation would be required to

determine when drecruitment limitation is predictable.

The apparent contradiction between the recruitment limitation analysis (which suggests
limited importance of species’ traits) and our other results (which suggestabiotic filtering
based on traits) may be related to the scale of the analysis. While our plot-level

measurementsindicate a gradientof abiotic conditions with successionthat determinedthe
functional composition of the recruited community at the hectare scale, the recruitment
limitation analysisinstead focused on the spatial dynamics of recruitment within a plot. Itis
possible that there was not enoughvariationin abiotic conditions within each plot to afect

recruitment limitation dynamics at this scale. Indeed, many studies havefound that habitat
filtering only emerges at larger spatial scales that encompass more environmental
heterogeneity (Chase, 2014; Davies et al., 2005; Gomez-Aparicio et al., 2005; Nishizawa et
al., 2022; Townsend et al., 2008 but see Gétzenbergeret al., 2012; Lundholm, 2009). At our
study site, functional shifts from deciduous nitrogen-fixers to evergreenspecies occurred
along the landscape-scale successional gradient, supporting the hypothesis that resource
availability shaped trait distributions at this scale. For example, legumes are likely very
abundant in early successional TDFbecause their small leaflets and high tissue nitrogen
content enable them to tolerate drought stress (Geiet al., 2018). In our system this was most
pronounced in the recently abandoned pasture. Thus, our recruitment limitation analyses
reiterate the finding that community assembly was relatively predictable at the functional
guild level and at large spatial grains,but more stochastic at the individual specieslevel and

at smaller spatial scales.
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2.4.3 Evidence for density-dependent processes as drivers of community assembly during

succession

We found the level of d recruitment limitation was significantly predicted by the abundance
of conspecifics in the same ontogenetic stage. The increase in destaviisnment limitation with
increasing conspecific juvenile abundance suggests conspecific negative density
dependence (CNDD) is acting during establishment, consistent with the finding that
seedling mortality is higher in sites with high conspecific seedling density (Norden et al.,
2009a). Similarly, daispersar limitation peaked with conspecific seed abundance of
approximately 2,600 seeds per hectare, after which it appeared to decrease. It is unclear
why seed abundance would afect the spatial distribution of seeddispersalin this way.One
potential explanation is that the more abundant seeds are those that have a mother tree in
the plot, so dispersal was highly spatially clustered around the mother tree. We did not
surveyall adult treesin the plot, soit wasnot possible to test this hypothesis. It is interesting
that these relationships between conspecific abundance and recruitment limitation held for
all successional stages, as previous studies have suggestedthat the strength of CNDD may
either decrease (Wanget al., 2016) or increase (Kulikowski et al., 2022) with succession.
CNDD is dependent on the biotic neighbourhood of individuals (Comita & Hubbell, 2009),
and its importance for within-plot recruitment limitation dynamics is consistent with the
argumentthat biotic processesplay a greaterrole in community assembly at smaller spatial
scales. We have therefore found that both abiotic and biotic processes were important
duringthe assembly of recruiting tree communities, but that the spatial scale of the analysis

may determine which is givenmore weight.

CNDD processes may have a greaterimpact on taxonomic community composition, while
habitat filtering is more closely linked to functional community composition. Schweizeret
al. (2013) found that whether a neighbouring adult was a conspecific or not was the main
predictor of seedling growth and survival, while the degree of phylogenetic relatedness of
the heterospecific neighbour did not otherwise have a significant efect. The authors
predicted that closely related species would also cause negativedensity dependence (NDD)

due to phylogenetic conservatism of traits and natural enemies, but did not find this.
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Furthermore,Sorensen,(2006)found that the level of NDD experiencedby seedlingswas not
related to their functional trait grouping (based on shade tolerance). CNDD may therefore
act in a trait-blind way to prevent any one species from excluding all others (but see Zhu et
al. (2018)for an interaction between CNDD and functional traits), leading to the stochastic
taxonomic turnover at small within-plot spatial scales, while the species pool at the plot
levelis determined by abiotic conditions, leadingto the functional determinism we observed

at the largerspatial scale.
2.4.4 Implications for restoration practitioners

Our results haveimplications for the management of forest restoration projects in tropical
dry forest ecosystems. Many projects define a target state by its taxonomic composition,
often based on a reference forest. However, natural secondary succession can follow
multiple successionaltrajectories in terms of taxonomic community composition, and the
chosenreferenceforest representsjust one possible outcome of that process(Norden et al.,
2015; Rodrigues et al., 2011). Our results indicate that functional composition is more
deterministic during secondary succession and we therefore concur with Brancalion & Holl
(2016)in suggestingthat the functional composition of old-growth forests may represent a

more appropriate target state for restoration projects than species composition.

Our results also suggest a potential method of achieving such a target. The functional
composition of the adult tree community appeared to be mostly determined by processes
acting during recruitment of the juvenile community, so managementactivities are likely to
be most efective if implemented at the dispersal and establishment stages of community
assembly. Such actions could include, for example, planting trees with large fleshy fruit to
attract the animal dispersers of zoochorous species, or planting nurse trees to create a
suitable microclimate for the seedlingsand saplingsof target species. Consistent with these
arguments, both Li et al. (2018) and Werden et al. (2022b) found that active restoration
interventions such as tree planting accelerated the recovery of functional diversity in
recruiting tree communities. Liet al. (2018)further demonstrated taxonomic stochasticity in

that the taxonomic composition of recruits was not related to the taxonomic composition of
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the planted trees, indicating that recruits grewfrom seedsin the soil seedbank or dispersed
from mother trees outside of planted plots. In other words, rather than attempting to
recreatemature or“climax” tree communities bydirectly plantinglate successional species,
our data and that of Li et al. (2018) and Werden et al. (2022b) suggest that restoration
practitioners should focus on facilitating the natural processesthat drive the early stagesof

TDFsuccession.

2.5 Conclusions

Our results demonstrated that secondary succession in a tropical dry forest ecosystem has
created successional communities with a predictable functional composition through
deterministic community assembly processes that took place during recruitment. While
land use history may lead to diferences in secondary forests in terms of their taxonomic
composition, we arguethat the reassembly of functional community composition without
further human intervention is promising for the recovery of ecological functions and
processes. We have also highlighted that abiotic filtering was an important determinant of
functional composition at a landscape scale, while biotic assembly processes played a
greaterrole at smaller spatial scales. Therefore,practitioners and land managersshould aim

to promote both types of diversity-generatingprocesseswithin restoration projects.
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Chapter 3: The role of small-scale environmental

heterogeneityin the restoration of tropical dry forests

3.1 Introduction

Large-scale forest restoration targets have been set at regional, national and international
levels (e.g., the Bonn Challenge, https://www.bonnchallenge.org/) to mitigate land
degradation, biodiversity loss and climate change. Achievingthese goals requires restored
forests to have both longevity and resilience over multiple centuries (Mackey et al., 2013;
Mori et al., 2017), which depends on the successful recruitment of a diversetree seedling
community following diferent restoration interventions (Holl et al., 2017; Oliveira et al.,
2019; Trevor Caughlin et al., 2019). Tree diversity is often associated with improved
ecosystem multifunctionality, productivity and resilience (Lohbeck et al., 2016; Messier et
al., 2019, 2021; Rodrigues et al., 2011; Steur et al., 2020). It has been suggested that one
potential way to increase the diversity of tree seedling recruitment during forest restoration
is through the promotion of environmental heterogeneity (Helbach et al., 2022; Holl et al.,
2013,2022). Thehypothesis that plant diversity is increased by environmental heterogeneity
has its roots in well-established ecological concepts, including niche and coexistence
theory, but the empirical evidence is mixed and veryfew projects to date have attempted to

leverageenvironmental heterogeneity in forest restoration.
3.1.1 Whydoes theory predict positive heterogeneity-diversity relationships (HDRs)?

Environmental heterogeneity refers here to spatial variation in the abiotic environment.
Based on the classical theory of species coexistence (Chesson, 2000), Hutchinson (1957)
proposed that an increase in the niche space hypervolume (either an increased number or
length of niche axes) will increase the number of species that can coexist (Ben-Hur &
Kadmon, 2020; Stein et al., 2014). In other words, environmental heterogeneity is expected

to increase species richness by increasing the number of available niches for species to sort
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into (Lundholm, 2009; Wilson, 2000), creating a positive heterogeneity-diversity relationship
(HDR).

When assessing whether an HDR exists, the impacts of heterogeneity must be separated
from those of mean resource availability (i.e., resource levels integrated over the discrete
patches that generate heterogeneity). Theaveragequantity of a givenresource available for
plant uptake can itself impact diversity via severalmechanisms. Firstly, some species are
better able to exploit resources when they are supplied in excess, leading to competitive
exclusion and reducing diversity (Balvanera & Aguirre, 2006). Second, increasing resource
availability hasbeen shown to increase species richness entirely through the increasein the
number of stems that can be supported (the “density efect” sensu Denslow, 1995). A
consensus is beginning to form around a hump-shaped relationship between resource
availability and diversity (Reich et al., 2012) that arises from the density efect at lower
absolute resource levels and competitive exclusion at higher absolute resource levels
(Balvanera & Aguirre, 2006). However, it is unclear what relationship would be expected
when stem number (i.e., plant density) is controlled for. Thesefindings suggestthat both the
mean availability of resources and their spatial variation can afect species diversity, so

empirical tests of HDRsmust separatethe two mechanisms.
3.1.2 Empirical evidence for and against HDRs

In a review and meta-analysis of the evidence for and against HDRsin plant communities,
Lundholm (2009)found that positive HDRswere often found in observational studies but not
inexperimental studies, and that most studies of HDRshavebeendone in grasslands.Plants
utilise alimited number of resources(water, soil nutrients, light and space), so some authors
have questioned whether these resources could be partitioned into suficient discrete
niches to support the high plant diversity of ecosystems like tropical forests (Helbach et al.,
2022; Huston, 1979; Silvertown, 2004). In our study we focus on two of these resources: soil

and light.

Many studies have described significant soil-plant associations that can be interpreted as

species sorting along edaphic gradients (Condit et al., 2013; Johnet al., 2007; Pefa-Claros
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et al., 2012;Powerset al., 2009; Sorensen, 2006; Werden et al., 2018b), which is a possible
driver of the HDR. In contrast, experimental manipulations of soil heterogeneity have had
positive (Baeret al., 2020; Gundale et al., 2006; Williams & Houseman, 2014), neutral (Gazol
et al., 2013; Reynoldset al., 2007), and negative (Baeret al., 2004, 2005; Gazol et al., 2013)
impacts on plant diversity. Positiverelationships are found more frequently at large spatial
scales (Davies et al., 2005; Lundholm, 2009; Powerset al., 2009), though soil can show a
high amount of variation even at very small spatial scales (Waring et al., 2016, 2021), so

small-scale soil-plant HDRsare plausible.

Theevidence for an efect of light heterogeneity on plant diversity is weaker. Many studies
have found that diferent plant species cannot partition gradients of light availability
(Beckage & Clark, 2003; Brokaw & Busing, 2000; Dalling & Hubbell, 2002; Denslow &
GuzmanG., 2000) and in one study where light heterogeneity was experimentally induced, it
did notincrease recruit diversity (Holl et al., 2013).1t has been suggestedthat partitioning of
light gradients is possible if relative species performance rankingschange (Kobe, 1999), but
this mechanism has only been empirically demonstrated for guilds segregatingover a very
broad light gradient (Balderrama & Chazdon, 2005; Clark et al., 1993; Kobe, 1999;
Markesteijn et al., 2007; though see Sorensen (2006) for within-guild segregation).
Furthermore, in dry tropical forests, deciduous tree species lose their leaves during the dry
season, so most recruits need to be able to survivein awide rangeof light levels (Ceccon et

al., 2003),further reducing the plausibility of species sorting based on light levels.

Four explanations have been suggested for the failure of many studies to detect an HDR.
Firstly, an HDRrequires that all species are able to reach all available patches (Lundholm,
2009), so dispersal limitation can preclude an HDR. This mechanism has been invoked by
Holl et al. (2013)to explain the lack of HDRsearly in tropical forest succession. Secondly,
mass efects can maintain populations of a species in unsuitable sites through continued
dispersal from a source population (Lundholm, 2009). Thirdly, it has been suggested by
multiple authors that experimental manipulations of environmental heterogeneity may not
be experienced as heterogeneous by the focal organism, either because the wrong

resources have been manipulated, the environmental gradient created is not extensive
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enough, or the scale of the patches created is not suitable (Baeret al., 2016; Williams &
Houseman, 2014). Finally, it has been widely agreedthat spatial scale is crucially important
for HDRs, and at very small scales stochastic demographic processes such as ecological
drift may obscure HDRs (Nishizawa et al., 2022). It is therefore important to carefully
consider the appropriate spatial scale (or scales) at which environmental heterogeneity

should be promoted in forest restoration.
3.1.3 Therole of HDRsand beta diversity in forest restoration

It is critical to accurately assessthe importance of HDRsin maintaining plant diversity, as
land use and land use intensity alter the magnitude and spatial scale of soil and light
variation (Nicotra et al., 1999; Powers,2006). It has been suggestedthat forest restoration
activities may in fact risk reducing the environmental heterogeneity of landscapes due to
similarities in the species planted and interventions implemented at diferent sites (biotic
homogenisation, sensu Holl et al., 2022). This would result in reductions in beta diversity.
Beta diversity has two distinct components that can occur simultaneously and/or
independently (Graco-Rozaet al., 2021). Thefirst, species turnover, refers to changes in
species composition from site to site. Thiscomponent of beta diversity is expectedto arise
under the HDR hypothesis, as species sort into the diferent niches created by
environmental conditions in each patch. The second, nestedness, refers to beta diversity
that arisesthrough changesin species richness, where the species in one patch area subset
of the species in another patch. At landscape scales, beta diversity may be increased by
promoting large-scale environmental heterogeneity through landscape-wide land use
planning that allows multiple land uses and forest management approaches to coexist, an

approach known as Forest Landscape Restoration (FLR;Sayeret al., 2013).

While the concept of beta diversity is generallyapplied to landscapes or regions, it is also
useful for assessing the possibility of leveraging HDR theory at smaller spatial scales
(Balvanera et al., 2002). Restoration sites often lack small-scale environmental
heterogeneity due to previous homogenising disturbances (Holl et al., 2022; Robertson et

al., 1993) and even-agedstands of planted trees may not be efective at recoveringsmall-
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scale heterogeneity (Oliveiraet al., 2019). Atthese scales, the promotion of site-level recruit
alpha diversity by increasing environmental heterogeneity would also be expected to
increase within-site species turnover and nestedness (i.e., beta diversity) if species sort into
smaller within-site patches defined by, for example, high soil nutrient availability or a canopy
gap. Few practitioners have explicitly attempted to manipulate small-scale environmental
heterogeneity to increase tree recruit diversity in their forest restoration projects. One
exception to this is Holl et al. (2013), who attempted to increase environmental
heterogeneity by planting trees in clusters (the applied nucleation method). This
successfully increased variation in canopy openness and soil base saturation, but did not
increase the richness of tree recruits overthat of a conventional spatially uniform planting
design. Alternatively, many authors have advocated for a high number of native tree species
to be included in traditional restoration plantations (Messieret al., 2021; Rodrigueset al.,
2011), sometimes explicitly invoking the impact this is expected to have on environmental
heterogeneity in the understorey and therefore recruit diversity (de la Pefa-Domeneet al.,
2013). Finally, it has also been suggested that heterogeneity can be better achieved by
allowing natural forest regeneration, as the stochastic assembly processes of secondary

succession create spatial and temporal heterogeneity (Chazdon & Guariguata, 2016).

We used two restoration interventions implemented across a mosaic tropical dry forest
landscape to address three questions: 1) How does the type of restoration intervention
(conventional tree plantation versus natural regeneration) impact the recovery of small-
scale environmental heterogeneity? We expected natural regeneration to generate more
environmental heterogeneitythan tree plantations due to the greaterinfluence of stochastic
processes (Chazdon & Guariguata, 2016). 2) Does small-scale environmental heterogeneity
increasetree recruit diversity at the restoration plot level? We predicted that small-scale soil
heterogeneity would have a positive relationship with the diversity of tree recruits, as the
magnitude of variation in soil variables can be large even at small spatial scales (Waringet
al.,, 2016, 2021), but that light heterogeneity would not, as light patches are transient
(Ceccon et al., 2003).3) Does large-scale environmental heterogeneity increase tree recruit

diversity at the landscape level? We predicted that the implementation of a range of
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restoration interventions across the landscape would increase compositional turnover
among recruited tree communities, and therefore result in higher landscape-level beta
diversity (Holl et al., 2022).

3.2 Methods
3.2.1 Study site

The study was conducted in a tropical dry forest landscape adjacent to the Calakmul
Biosphere Reservein Campeche, Mexico (18°40'46.2"N, 90°08'24.4"W), described in detalil

in section 1.5 (Mainintroduction).

The site covers an area of approximately 1,800 hectares (ha) and has been used for large-
scale forest restoration by Plant-for-the-Planet Mexico A.C. since 2021. Thelandscape is a
mosaic of areas historically used to grazecattle that have either 1) been left to regenerate
naturally without any intervention (hereafter ‘natural regeneration’) or 2) have been subject
to assisted recovery in the form of planting native tree species (hereafter ‘planted’).
Restoration interventions have not been randomly applied to the landscape due to the
practical considerations of restoration practice; natural regenerationwas more likely to be
applied to areasthat had been used less intensively and that had more remnant vegetation,
while the plantation approach was more likely to be applied to intensively used areas. All
areas are naturally short-statured semi-evergreen forest (selva baja inundable) growing on
Vertisols with high clay content, which swells during the rainy season, resulting in flooding
(Werden et al., 2018a). We used a stratified random approach to place a roughly equal
number of plots (planted N =6, natural regenerationN =7) at random locations within each

restoration intervention.

Toselect referenceforest sites, we used historical satellite imageryto identify areasof forest
that had continuous closed canopy cover for at least 30 years. In a study in the adjacent
Calakmul Biosphere Reserve, the largest protected tropical area in Mexico, adult tree
species richness in “primary” forest was reported as 211 — 244 species ha' (Bohn et al.,

2014).In our “reference” site wereported 270 species ha from surveysof juvenile trees and
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120 species ha from surveys of adult trees (Gee et al., 2025; all aforementioned values
assume a linear species-area relationship; Bohn et al. censused 900 m? and we censused
2500 m?). Our reference forest also hosted species such as Manilkara zapota, which was
identified as typical of primary forest in Bohn et al. (2014). We therefore considered the
identified forests to be appropriate reference sites for this landscape, though we
acknowledgethat both the undisturbed forestsin our study site and the “primary” forestin
Calakmul Biosphere Reservelikely have a history of Ancient Mayan influence (Sorensen,

2006). Plots were also placed at random locations within these reference forests (N=7).

Plotagewas defined astime since abandonment for the natural regenerationplots, andtime
since planting for the planted plots. Time since abandonment was estimated from Google
Earth historical satellite imagery and verified by field staf at Plant-for-the-Planet México.
Time since planting was sourced from data kept by restoration mangers at Plant-for-the-
Planet México. The mean age of natural regeneration plots was 4.6 years (range 2.0 —5.7),

while the mean age of planted plots was 1 year (0.2—-1.5; Table S3.1).
3.2.2 Vegetation survey design

All data was collected during two dry season survey periods in March — April 2022 and
January —March 2023.
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Figure 3.1 Design of one large circular plot. Treerecruits were surveyed in quadrats,
indicated by rectangles. Sampling points for environmental variables are indicated by stars;
17 points along the four cardinal directions were fixed and consistent across plots, 8 points

were along bearings that were randomly generatedfor each plot.

20 circular plots (radius = 15 m) were established across the landscape, at a minimum
distance of 15 m from one another (median pairwise distance was 1.81 km). Each plot
containedfour 15m "2 m transects, and eachtransectwas divided up into fifteen 1 m "2
m quadrats which were the units of analysis for seedling diversity surveys. Each plot also
contained 25 samplingpoints at defined distances alongthe four cardinal directions andtwo

random bearings (Fig.3.1), at which environmental parameters were measured to estimate
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their mean and variance within the plot. Theplots were designedto allow us to investigate
diversity and environmental heterogeneity at two spatial scales: small-scale (< 30 m;
between quadrats, N = 1,200, and between sampling points, N =500) and large-scale (0.5 —

6 km; between plots, N =20).

Thetree recruit community was surveyedalong the four 15 m transects in the four cardinal
directions from the centre of each plot. Fourplots did not contain any recruits and so could
not beincluded in analysesof species richness and composition. Asdescribed above,each
transect was separatedinto 1 m increments to givefifteen 12 m quadratsper transect with
a known bearing and distance from the plot centre. Within each quadrat, we censused all
woody plants 1 —200 cm in height, surveying 16,855 recruits in total. In this ecosystem we
were able to identify most of the very small recruits (<5 cm) as the dominant species had
distinctive leavesfrom germination (36 very small individuals that could not be identified or
assignedto morphospecies were removed from the analysis). Individuals were identified to
speciesin the field. Whereidentification in the field was not possible, leavesand stems were
saved in a plant press and identified after the census using published local guides. We
identified 4 liana species, 1 palm species, and 71 tree species, but henceforth refer to all
woody plants as “trees” for brevity. Where species could not be identified they were givena
unique morphospecies identity. This included 23 unidentified morphospecies (159
individuals), which made up 0.9% of all individuals. Morphospecies were included in all
analyses. We repeated the analyses with unidentified morphospecies removed, which did
not afect any of our conclusions. In all cases, taxonomic names follow the World Flora
Online (WFO)PIant List as of 20/11/2024.

Importantly, in the planted plots we only censused natural recruits, and did not include the
trees that had been planted. Thediversity and composition of planted treesin these plots is
entirely determined by restoration managers and is not expected to respond to

environmental heterogeneity.

3.2.3 Environmental variables
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In each plot, soil samples and hemispherical photos were taken at the 25 sampling points
(17 fixed points at 0.5, 2.5, 10 and 15 m along the transects, and 8 points at 0.25, 1.5, 6 and
12.5 m along two random bearings). At each sampling point we took a 360° hemispherical
photosphere using the Google Street View app (Google LLC)and a smartphone cameraon a
1 m high tripod. Raw canopy photos were processed using the Python-3 and scikit-image
tool Cano.py (Waring et al., 2024) to calculate percent canopy openness. In brief, images
were convertedto hemispherical through polar projection, then automatically binarised with
a threshold of 0.8. To ensure the binarisation step was completed correctly, we checked
each image for clouds that were misclassified as canopy and manually brightened them.
Canopy opennessis the area of the sky hemisphere that is not canopy and was calculated

following ter Steege (2018).

We also took 3 soil cores to 15 cm depth as close as possible to each sampling point and
combined the three cores into one sample. Soil samples were air-dried and sieved (2 mm).
Soil pH was measured on a 1:5 solution of soil: deionised water usinga Hanna HI5222bench
pH meter. Soil samples were then groundto fine powder, acidified with addition of 6% H>SO3
to remove carbonates, oven-dried at 65°C, and analysed for total organic carbon and

nitrogen content (%)on a ThermoFlashEA1112 Elemental Analyser.
3.2.4 Statistical analysis

All statistical analysis was done using R version 4.2.3 (R Core Team, 2023) and the vegan
package (Oksanenet al., 2024) was used for all analyses unless otherwise noted. For ease

of reference, Table 3.1 defines the terms used in our statistical analyses.

Term Definition Analyses

Small-scale Heterogeneity within a large circular plot Mean and CV of

heterogeneity (radius = 15 m). Each quadrat (seedling environmental
survey) or sampling point (environmental variables, partial
survey)is considered a ‘patch’. regressions, small-
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scale (partial) Mantel
tests and PERMANOVA

Large-scale Heterogeneity across the study landscape (~ Large scale (partial)
heterogeneity 3 ‘6 km). At this scale, each large circular Mantel tests and
plot represents a ‘patch’. PERMANOVA

Incidence-based A metric of alpha diversity which uses the Partial regressions
Coverage incidences of infrequent species to predict
Estimator (ICE)  species richness. It is therefore highly

sensitive to the presence of rare species.

Community A measure of the species turnover (Partial) Mantel tests,
dissimilarity component of beta diversity; nestedness is PERMANOVA and
the other component. Calculated as Bray- variance partitioning
Curtis dissimilarity between communities of
tree recruits. This metric is less sensitive to
the presence of rare speciesbecause shared
common species contribute more to

compositional similarity.

Table 3.1 Definitions of terms used in Chapter 3.

3.2.4.1 Does restoration intervention impact the level of small-scale environmental

heterogeneity?

Tofind the magnitude ofsmall-scale (i.e.,within-plot)heterogeneity, wecalculated the mean
and coeficient of variation (CV)for canopy openness and soil variables for each plot. We
modelled the mean and CV of each environmental variable as a linear function of
intervention type and plot age. We took this approach (rather than comparing treatment-
level means) because restoration treatment is confounded with plot age, as natural
regeneration plots were 2 —6 yearsold, while planted plots were 0 -2 yearsold (Table S3.1).
We then performed Type Il ANOVAon these models to account for the non-independence

of the two explanatory variables (car package; Foxet al., 2024). Reference forests were not
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included in this analysis as their ageis unknown, but their mean and CVis included in Figure
3.2 for comparison. Diagnostic plots were inspected to check that model assumptions

(normality of residuals and homogeneity of variance)were met.

3.2.4.2 Does small-scale environmental heterogeneity increase recruit diversity at the plot

level?

We used two diferent measures of diversitythat are diferentially sensitive to rare species
to explore how patterns of small-scale alpha and beta diversity are driven by species
turnover and nestedness (Table 3.1). As a metric of species richness (alpha diversity) we
used the Incidence-based Coverage Estimator (ICE) as recommended by Chazdon et al.
(1998) for seedling communities in tropical forests. Species richness metrics are highly
sensitive to rare species, as all species contribute equally to species richness regardlessof
their abundance, and the ICEmetric is particularly sensitive to the incidence of rare species,
which it weighs more strongly in its estimation of species richness. Species turnover (one
component of beta diversity) was measured as community dissimilarity, calculated using
the Bray-Curtis dissimilarity index (Bray& Curtis, 1957). Thisindex is less sensitive to rare
species than more modern indices (e.g.,the Chao dissimilarity index; Chao et al., 2005),but
we chose to use Bray-Curtisto emphasisethe diference between the species richness and
compositional dissimilarity indices, thereby exploringthe efect that rare species have on

the diversity patterns observed.

We tested for HDRs by modelling plot-level ICE (alpha diversity) as a function of the plot-
level CV of environmental variables. Stem number has a known efect on species richness
(the “density efect” sensu Denslow, 1995), so we corrected for this by including plot-level
stem number as a covariate in the models (full model: ICE ~ variable CV + stem number).
Mean plot-level stem number was 216.67 in the planted plots (range:27 —329), 441.0 (69 —
677)in the natural regeneration plots and 2139.67 (768 —3252) in the reference plots. In all
cases, adding stem number improved the model performance (indicated by AIC). Previous
studies have suggestedthat mean resource levels also impact species richness (Balvanera

& Aguirre, 2006; Lundholm, 2009) and can be confounding with resource CV, so we also
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modelled ICE as a function of mean plot-level values of environmental values, both
independently and in combination with the CV, again correcting for stem number (ICE ~
variable mean + stem number; ICE ~variable mean + variable CV + stem number). We used
partial regressionplots to visualise the relationships between ICEand the CV and mean of
environmental variables, correcting for stem number by plotting the residuals of each
variable following independent regressions against stem number (Balvanera & Aguirre,
2006). We found the percentage of the variance in ICE explained by each explanatory
variable by calculating a Type-llanalysis of variancetable for the model and calculating the

sum of squares (SSQ)of the explanatory variable as a percentage of the total SSQ.

We then tested for relationships between small-scale environmental heterogeneity and
between-quadratspecies turnover (small-scalebeta diversity). Weperformed partial Mantel
tests to see whether distance decay of Bray-Curtis dissimilarity within plots (between
quadrats) was correlated with environmental distance after correcting for spatial
autocorrelation (Legendre & Fortin, 1989). The environmental distance matrix was
calculated using both Euclidean and Manhattan distances, which produced qualitatively
identical results, soresults using Euclidean distance arereported. Aseparate partial Mantel
test wasrun for each plot, so p-values were Bonferronicorrected to account for the inflated
Type | error risk. We performed the partial Mantel tests using an environmental distance
matrix constructed using all environmental variables together, as well as separate tests for
canopy openness and soil variables to explore the importance of above-and below-ground

heterogeneity separately.

We also performed PERMANOVAonthe Bray-Curtis dissimilarity matrix for all quadrats to
test whether quadrat-level environmental conditions directly predicted community
composition in that quadrat. Permutations were restricted to within-plots, to test whether
between-quadrat variability in environmental conditions at these small spatial scales
explained community composition. Then, we tested whether quadrat-level environmental
variables predicted quadrat-level species richness. All stems in a quadrat were recorded, so

there is no need to estimate quadrat-level richness with ICE. For all quadrats that also
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contained a sampling point (N = 194), we modelled species richness as a function of

quadrat-level values for all environmental variables.
3.2.4.3 Does large-scale heterogeneity increase recruit diversity at the landscape level?

Totest whether compositional dissimilarity (the species turnover component of large-scale
beta diversity) between plots (N = 16) was correlated with environmental dissimilarity
between plots, we performed another partial Mantel test. Community composition data
within each plot was pooled before calculating the Bray-Curtis dissimilarity matrix. We
tested whether this dissimilarity matrix was correlated with the distance matrix for mean
environmental variables of each plot after correcting for spatial autocorrelation. We again
performed the partial Mantel tests using an environmental distance matrix constructed
using all environmental variables together, as well as separate tests for canopy openness
and soil variables.We alsorepeated thePERMANQOVA ,butrestrictedpermutationsto within-
intervention type (allowing between-plot permutations), to test whether the combination of
between-quadrat and between-plot variability in environmental variables explained

community composition.

Finally, we explored how much of the variation in community composition and
environmental variables occurred within-plots, between-plots or between-intervention
types. We used nested ANOVAto partition the variance in community composition and
environmental variablesinto these hierarchical nested scales. Forenvironmental variables,
the proportion of variance explained by intervention type, plot and residual variance was
found by dividing the sum of squares for each scale by the total sum of squares. For
community composition, we performed two (partial) constrained ordinations on the data. To
find the variance explained by intervention type we constrained by type. Tofind the variance
explained by plot we constrained by plot and conditioned by type to removeits efect. The
proportion of variance explained by each scale was calculated as the sum of eigenvaluesfor

the ordination constrained by that scale, divided by the sum of all eigenvalues.

79



3.3 Results

3.3.1 How does restoration intervention (tree planting versus natural regeneration) impact

the level of small-scale environmental heterogeneity?
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Figure 3.2 Mean and CV of environmental variables by intervention type and plot age.

Planted N =6, natural regeneration N =7, reference N =7. Closed symbols represent plot-

level mean values, open symbols represent plot-level CV. Shaded area indicates the 95%

confidence interval.

No environmental variable was predicted byintervention type after plot agewas adjusted for

(Table 3.2). Mean canopy openness declined substantially with plot age,dropping from over
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0.99 (nearly completely open) to 0.20, representing an 80% reduction (Fig.3.2A). Soils also
became slightly more acidic with age,as mean pH dropped from 7.98t0 6.59 (Fig.3.2G). The
only measure of environmental heterogeneity that changed significantly between plots was
the CV of canopy openness, which increased by three orders of magnitude from 0.06% to

77.02% over the first 6 years post-restoration (Fig.3.2B).

Explanatory variable

Intervention type Plot age

Response variable F value Pvalue F value Pvalue
Openness mean 1.85 0.20 103.65 <0.01
Openness CV 0.01 0.94 15.91 <0.01
Soil carbon mean 0.78 0.40 2.99 0.11
Soil carbon CV 0.07 0.80 1.97 0.19
Soil nitrogen mean 0.30 0.59 0.74 0.41
Soil nitrogen CV 0.07 0.80 1.94 0.19
Soil pH mean 0.43 0.53 9.06 0.01
Soil pH CV 0.88 0.37 0.46 0.51

Table 3.2 Type Il ANOVAresults. All linear models included the additive efects of both
explanatory variables; F-valuesand p-values are reported for each model coeficient in the
Type Il ANOVA performed on these linear models. Significant results at a= 0.05 are
highlightedin bold.

3.3.2 Does small-scale environmental heterogeneity increase tree seedling diversity?

3.3.2.1 Speciesrichness (alpha diversity)
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Figure 3.3 Partial regressions of species richness (ICE) against the mean (closed
symbols) and CV (open symbols) of environmental variables (canopy openness, soil

carbon, soil nitrogen, and soil pH) after correcting for stem number. Partialregression
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plots show the residuals of each variable from independent regressions against stem
number. Model coeficients, adjusted R? and p-value are reported for the explanatory
variable after adjusting for stem number. Shaded area indicates the 95% confidence

interval.

The CV of canopy openness was positively associated with species richness at the within
plot scale (N = 16), after adjusting for stem number (Fig. 3.3B), indicating a positive
relationship between heterogeneity and recruit diversity. By contrast, mean canopy
openness had a consistently negative relationship with species richness, even after
adjustingfor stem number(Fig.3.3A).Mean canopy opennesswas negativelycorrelated with
the CV of canopy openness (Pearson’sr = - 0.63); more open plots had lower variation in
canopy cover. Furthermore, when both mean and CVof opennesswere included in the same
model (adjusted for stem number), CV of canopy openness explained almost no variation in
species richness, as most of the variance previously attributed to the CV was instead
attributed to the mean of canopy openness (CV: 2%, mean: 33%, stem number: 13%). The
relationship between species richness and CV was therefore no longer significant when
mean opennesswas also included in the model (CV:p =0.57; mean: p <0.05; stem number:
p =0.11; model Adj. R*=0.70).

Species richness was also positively associated with mean soil carbon content after
adjusting for stem number (Fig.3.3C) but did not respondto the mean or CVof any other soil
variables (Fig.3.3D —H).
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Figure 3.4 Quadrats with a less open canopy had higher species richness in natural

regeneration plots. Only quadrats that also contained an environmental sampling point

wereincluded (N =194). Shadedareaindicates the 95% confidence interval.

To see if mean resource levels impacted plant alpha diversity at small scales as well as at
the whole-plot scale, we investigated relationships between species richness and
environmental variables at the quadrat level (N = 194). There was a negative relationship
between quadrat-level canopy openness and quadrat species richness (i.e., more shaded
quadrats had higherspecies richness) in the natural regenerationplots (coeficient estimate

=-2.95, p <0.001, Adj. R2=0.13), but not in the planted plots or reference plots (Fig.3.4).
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Quadrat species richness was also positively related to quadrat soil C and N content in the
reference plots only (carbon coeficient estimate = 0.52, p <0.01, Adj. R?=0.12; nitrogen
coeficient estimate =7.32, p <0.01, Adj. R2=0.07), and was negatively related to quadrat
soil pH in the natural regenerationplots only (coeficient estimate =-1.94,p <0.001, Adj. R?
=0.15).

3.2.2 Compositional turnover (beta diversity)

Partial Mantel tests within each plot showed no significant correlations between
compositional dissimilarity (Bray-Curtisdissimilarity) and overall environmental distance at
small scales (i.e., within each plot), exceptfor one plot in the reference forest (plot 14; Table
S3.2).Dissimilarity in environmental conditions between quadrats was therefore mostly not
correlated with dissimilarity in community composition at the within-plot scale. These
results were qualitatively the same when only testing for a correlation with distance of soil
variables (Table S3.3), and no correlations were significant with distance of canopy
openness (Table S3.4). Similarly, quadrat-level environmental conditions did not predict
quadrat-level species composition when permutations were restricted to within-plots
(PERMANOVA:F,152= 11.94, p = 0.07, R? = 0.21). All the environmental variables together

explained 21% variation in community composition.

3.3.3 Does large-scale environmental heterogeneity increase tree seedling diversity at the

landscape level?

At the landscape scale (i.e., using whole plots as the unit of replication), compositional
dissimilarity (Bray-Curtis dissimilarity) was also not correlated with overall environmental
distance after correcting for geographicdistance (Pearson’sr=-0.04, p =0.59). However, the
correlation was significant for distance of canopy opennessonly (r=0.61,p =0.001), but not
significant for distance of soil variables (r=-0.07, p =0.71). Diferences in meanlight levels
betweenplots werethereforecorrelated with diferences in recruit community composition,

while diferences in mean soil conditions were not.

Quadrat-level environmental conditions did predict quadrat-level species composition

when permutations were restricted to within-intervention type (i.e., permutations between

85



plots were permitted; PERMANOVA:F, 5= 11.94, p = 0.001, R? = 0.21) and the marginal
efects were significant for all environmental variables except for soil pH (openness:p =

0.001; carbon: p =0.001; nitrogen: p =0.002; pH p =0.44).
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Figure 3.5 The proportion of variance in recruit community composition and
environmental variables explained by the nested hierarchical factors of quadrat within
plot withininterventiontype.Most ofthevariationincommunitycompositionwasbetween

quadrats, while environmental variables showed more variation at largerspatial scales.

The nested variance partitioning analyses (Fig. 3.5) showed that more of the variance in
environmental variables occurred at larger scales than did variancein recruit composition.
Soil carbon and nitrogen content varied most from quadrat to quadrat (within plots) but also

showed a lot of variation from plot to plot (between plots). Soil pH and canopy openness
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variedmost betweenintervention type (natural regenerationversusplantedversusreference
forest).In contrast, mostof the varianceinrecruitcommunity composition occurred at small

spatial scales (between quadrats, within plots).

3.4 Discussion

We have demonstrated that, in our study site, time since disturbance was a key driver of
changesto the mean availability and spatial variability of key plant resources, and that this
had consequences for the diversity and composition of tree recruits. Unexpectedly, we
found no relationship between soil heterogeneityand tree recruit diversity, but we did find a
positive relationship between the heterogeneity of canopy openness and recruit diversity.
Whole-plot mean canopy closure explained recruit community composition at large spatial
scales. Within plots, common speciesin the recruit community were found across all levels
of canopy openness in small-scale patches, while rare species appeared to respond to
small-scale variation in canopy openness. Therefore,the overwhelming importance of the
light environment for recruit diversity was supported at multiple spatial scales. Below, we
discuss how spatial scale, mean site conditions, and dispersal limitation all afect whether
a HDRis observed, and how such information might be leveragedto restore tree recruit

diversity in this vulnerable tropical dry forest ecosystem.

3.4.1 How does restoration intervention impact the level of small-scale environmental

heterogeneity?

Small-scale heterogeneity in canopy openness (CV)increased by three orders of magnitude
over the first 6 years of restoration, concurrent with an 80% decrease in mean canopy
openness. In our study, restoration intervention was confounded with plot age, and there
was no efect of intervention treatment on the mean or CV of canopy openness after
adjusting for plot age. Thissuggeststhat it is the stage of secondary succession, ratherthan
the method of forest establishment, that dictates patterns of light availability and variability.
It is interesting that the CV of canopy openness appeared to increase linearly towards the
mid-successional stagein this dry tropical forest, as this contrasts with the 4-phase model

of succession in wet tropical forests where homogeneouscanopy closure in mid-succession
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reduces light heterogeneity (Denslow & Guzman G., 2000). Surprisingly, small-scale soil
heterogeneity did not respond to intervention type or plot age. Our results indicate that
natural regeneration did not increase soil heterogeneity within 6 years, consistent with
Veldkamp et al. (2020)who found that the efects of anthropogenic degradationon soil are
very slow to be reversed. Soil carbon and nitrogen content did show significant small-scale
within-plot heterogeneity that was not related to plot age or intervention type, and also
showed a lot of variation between plots, highlighting the multi-scale nature of soll

heterogeneity in tropical forest ecosystems (Powers,2006).
3.4.2 Does small-scale environmental heterogeneityincrease tree recruit diversity?
3.4.2.1 Plot-level species richness

At the whole-plot scale, recruit species richness was positively correlated with the CV of
canopy openness and negatively correlated with the mean of canopy openness. However,
when both mean and CV of openness were included in the same model, only mean
opennesssignificantly predicted speciesrichness, suggestingthat mean light levels exertan
overwhelminginfluence on recruit diversity. Theimportance of low mean light levelsfor high

species richness of tropical forest tree recruits was also found by Holl et al. (2013).

In our study system, mean and CV of openness were negatively correlated, so the positive
relationship between CV of opennessand species richness may in part be an artefact of this
relationship. A consequence of this confounding of CV and mean canopy openness is that
mean resource levels can obscure HDRs, or otherwise suggest HDRsthat are caused by
variation in mean resource levels. This is a well-known challenge for experiments that
manipulate heterogeneity of soil resources by adding fertiliser, as, without proper controls,
the “heterogeneity” treatment can also increase the mean amount of fertiliser in the plot,
often resulting in competitive exclusionby the species most able to exploit the high-nutrient
environment (Baeret al., 2004). Studies of HDRsthat include light heterogeneity should also

take care to control for the confounding efect of mean light levelsin their analyses.

Theorypredicts that relationships between mean resource levels and species richness are

drivenbythe density efect (Denslow,1995),s0it is surprisingthat we found positive efects
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of mean canopy closure and soil carbon on species richness even after adjusting for stem
number. One possible explanation is that, in this region, the species pool of closed-canopy
specialists is largerthan the pool of light-tolerant and light-demanding species, so the high
temperatures and light levels associated with open-canopy conditions excluded most
species. Thisinterpretation was also considered by Holl et al. (2013),who arguedthat mean
environmental conditions may be more important than variation in those conditions earlyin

succession.

The observed relationships between canopy openness and recruit diversity were
unexpected, as we predicted that canopy opennesswould be too temporally variable in this
ecosystemto havea consistent efect on tree recruits. We are aware of only one study that
found a positive relationship between light heterogeneityand plant diversity after controlling
for meanlight levels (Helbach et al., 2022), but this correlation wasonly found under certain
conditions. In addition, we are not aware of any studies that have demonstrated a
relationship between mean light availability and plant diversity while fully controlling for
stem number (Hubbell et al., 1999).While the density efect is clearly strong and pervasive,
our results highlight an additional mechanism that may drive relationships between
resource availability and diversity: diferently sized species pools. Furthermore,as noted by
Lundholm(2009), if ahomogeneousenvironmentis colonised by species from arich species
pool and a heterogeneousenvironment is colonised by species from both arich and a poor
species pool, the heterogeneousenvironment may havelower overall species richness if the
patches suitable for the rich species pool coverless areaoveralland are more isolated from
one another. This shows that ecological processes such as the HDRmust be considered in
the context of the phylogeographic assembly processes (speciation, extinction and
migration) that generate the species pool that is available to local community assembly

processes (Gotzenbergeret al., 2012; Murphy & Smith, 2021; Nishizawa et al., 2022).
3.4.2.2 Within-plot community dissimilarity

We also did not find any evidence that small-scale environmental heterogeneity is

associated with compositional turnover within our plots, as measured by Bray-Curtis

89



dissimilarity between quadrats (‘patches’). Between-quadrat compositional dissimilarity
was not explained by environmental distance (exceptby soil variable distance in one plot)
and quadrat composition was not explained by any environmental conditions in the patch.
Community dissimilarity indices are strongly influenced by shared common species. This
may therefore imply that the common species in the tree recruit community were found
across all levels of environmental variables in small-scale patches. Rarespecies, however,
did respond to small-scale environmental variation. Notably, in the natural regeneration
plots, more shaded quadrats had higher species richness. These results suggest that
patches of shade in the natural regeneration plots, which are those currently transitioning
from anopento aclosed canopy and span the full rangeof canopy coverfrom full sunto full
shade, allowed rare closed-canopy specialists to co-occur with the common species
community. This had the ef ect of increasing species richness while not impacting
compositional dissimilarity indices. Forexample, in the natural regenerationplots, Bonellia
flammea and Talisia floresii were only found in the quarter of quadrats that had the most
closed canopy, and only in very small numbers (1 and 2 individuals respectively). Both
species aremore common in the referenceforest plots and are typical of wet tropical forests,
which tend to have dense closed canopies and dark understoreys. Thisfinding is consistent
with the theory advanced by Yanget al. (2015) and Heidrich et al. (2020) that HDRsemerge
under harsh mean environmental conditions because they create more benign patches that

can provide a refuge from the adverseconditions (Steinet al., 2014).

By considering two diferent measures of diversity that are diferentially sensitive to rare
species, and by analysingthe same data at multiple nested scales, we were able to uncover
the mechanisms driving the positive HDR that we observed between small-scale
heterogeneity in canopy openness and species richness. Closed canopies were found to
increase recruit richness at both the plot and the quadrat scale. Whenthese small, shaded
patches were found in the high-light matrix of an early successional forest, it increased both
light heterogeneity and species richness. Therefore,while the two are correlated, it would be
misleading to say that light heterogeneity per se increases species richness, as this

relationship depends on the surrounding context (i.e., species richness only increased
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because the baseline richness in the high-light matrix was low). In other words, we found a
positive relationship between small-scale environmental heterogeneity and the nestedness
component of beta diversity,but not the speciesturnovercomponent.This is consistent with
Balvanera & Aguirre (2006), who found a positive HDR between heterogeneity in water
availability and tree beta diversity that was partially causedby species turnover and partially

caused by the exclusion of many species from the driest patches (i.e., nestedness).

3.4.3 Does large-scale environmental heterogeneity increase tree recruit diversity at the

landscape level?

For landscape-scale heterogeneity, each large circular plot can be considered a ‘patch’.
Compositional dissimilarity of tree recruits between these patches was correlated with
cross-plot variation in canopy openness but not soil variation. Furthermore, environmental
variables (canopy openness, soil carbon and nitrogen content) predicted recruit community
composition in quadrats when permutations were allowed between plots, but not when
permutations were restricted to within plots. Therefore, environmental conditions
(especially canopy closure) appeared to dictate community structure when considering
large spatial scales, but not at small spatial scales. Species-environmentrelationships are
often found to be scale-dependent, and this is usually attributed to small spatial scales
encompassing less variation in environmental variables (Balvanera& Aguirre, 2006; Davies
et al., 2005; Garzon-Lopezet al., 2014; Nishizawa et al., 2022). For example, Freestone &
Inouye (2006) found that community dissimilarity was correlated with diferences in
environmental variables only at the larger scales that encompassed a broader gradient in
those variables. However,other studies haveshown that scaleis inherently important for the
emergence of species-environment relationships. Gémez-Aparicio et al. (2005) found that
soil and light variables predicted seedling performance at a larger spatial scale but not a
smaller spatial scale, eventhough the magnitude of variation for soil variables was the same
at both scales. Many soil variables can vary with the same magnitude across multiple
diferent scales; Palmer& Dixon (1990)found that variancein soil pH on a scale of less than
5m was almost as greatas the variance within 20 '50 m plots. Scale-dependencyhas also

been hypothesised to arise due to an increased importance of stochasticity at smaller
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scales (Bongalov et al., 2019; Garzon-Lopez et al., 2014; Lundholm, 2009). The scale-
dependency observed in our results is possibly a combination of both mechanisms, as
canopy openness and soil pH did indeed seem to vary most overlarger spatial scales, while
just overhalf of the variation in soil carbon and nitrogen content and nearly two-thirds of the

variationin recruit community composition occurred at the within-plot scale.

Overall, our results suggestthat between-plot environmental heterogeneityis an important
driver of variation in tree recruit species composition at the landscape level. However,most
of the variance in community composition was found within plots, also highlighting the
importance of stochastic processes that operate at smaller scales for community

composition.
3.4.4 Implications for restoration practice

Here we consider the relevance of our findings to two diferent conceptual approaches to
restoration. Manyprojects aim to recreatea“climax” community with a speciescomposition
guided by a reference forest. Toachieve this, practitioners may plant late-successional tree
species or attempt to create the same environmental conditions that are found in the
reference forest. On the other hand, some researchers have argued that ecological
functionality and resilience should be the ultimate goals of restoration, instead of the
recreation of a specific referencecommunity (Bullock et al., 2022). Such an approach would
likely emphasise increasing species richness, as functionality and resilience are often
emergent properties of diversity (Bullock et al., 2022; Mori et al., 2017), and may place
emphasis on creating heterogeneity in the abiotic environment to promote co-existence.
Indeed, Hernandez-Stefanoni et al. (2011) have advocated for low-intensity land use to

increase environmental heterogeneity and therefore species diversity.

Our results suggestthat attempting to increase recruit diversity by creating environmental
heterogeneityat small scales (~1-2 m?) may only appearto be efective, in that it creates
patches that can support the larger pool of late successional species in sites that are
otherwise unsuitable. We found that uniformly shaded sites had both the highest species

richness and the environmental conditions typical of a reference forest. In cases where
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financial restrictions or site conditions limit the success of traditional large-scaleplantings,
applied nucleation may allow available resources to be concentrated on ensuring the
success of tree islands, which can act as refugia for low-light specialists (Derroire et al.,
2016b; Holl et al., 2020). We note, however, that the planted plots also contained some
shaded quadrats in a high-light matrix, but these did not have higher species richness. This
could be because dispersal limitation preventedrare species from arriving at these patches
(Holl et al., 2013), or possibly because the adult trees that provide shade are more likely to
be deciduous species early in tropical dry forest succession (Lohbeck et al., 2015), which

provide less of arefugeto shade-tolerant species (Derroire et al., 2016b;2016c).

At the landscape scale, we found that increased environmental heterogeneity was
associated with increased beta diversity due to compositional turnover. Thissuggeststhat
Forest Landscape Restoration (FLR)approaches, which advocate for the coexistence of
multiple diferent forest management approaches within a landscape (Sayeret al., 2013),

should increasethe landscape-level beta diversity of tree recruits.

3.5 Conclusion

Ourresults are consistent with Holl et al. (2013)in highlightingthat mean canopy openness
is a strong predictor of recruit diversity and community composition in tropical forest
restoration, as would be expected if microclimatic conditions drive vegetation dynamics
(Werdenet al., 2018b). Thisexplains why recruit species richness was correlated with mean
canopy openness across plots, species turnover was correlated with canopy openness

across plots, and, evenwithin plots, more shaded quadrats had higher species richness.

Despite this, most of the variationin recruit community composition occurred at the within-
plot level, at a scale smaller than the dominant spatial grainof environmental variation, and
was not explained by the environmental variables we measured. Only rare species appeared
to respond to small-scale heterogeneity in the light environment. This suggestsa large role

of stochastic processesin community assembly.
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There is therefore potential for environmental variation to be leveraged by restoration
practitioners to enhancetreerecruit diversity, forexampleby creatingshadedpatches where
rare shade-tolerant specialists, often absentin secondary forests, can coexist with the more
generalist tree community, or by using diferent restoration interventions across the

landscape to increase large-scale heterogeneity.
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Chapter 4: Interacting abiotic and biotic gradients during
tropical dry forest succession: natural enemy pressure
increases seedling mortality most in the low-resource

environment of late succession

4 1 Introduction

Secondarytropical forests are becoming increasingly widespread, coveringup to 28%o0f the
lowland Latin American tropics (Chazdonet al., 2016) as socio-economic changeslead to
land abandonment (Chazdon & Guariguata, 2016; Poorter et al., 2021; Wright & Muller-
Landau, 2006). Secondary forests recover through the process of secondary succession,
which follows the rules of ecological community assembly (Chazdon& Guariguata, 2016;
Norden et al., 2009b), so understanding how these rules operate in anthropogenic
landscapes will improve our ability to predict the outcomes of forest recovery. Accordingto
onemodel of community assembly,the tree speciesthat make up the new forest community
following a disturbance arethose that are able to passthrough a series of hierarchical filters
(Gotzenberger et al., 2012). In this model, each filter removes some species from the
species pool, either due to some feature of the species that preventsit from passingthrough
a specific filter, or due to random chance (Lebrija-Trejoset al., 2010b; Norden et al., 2015).
For example, if a species arrives at a site as a seed, but the site lacks the environmental
conditions required for it to germinate, it has passed through the dispersal filter but been
limited bythe establishment filter. Thesefilters may be created by both the abiotic and biotic
environment (Lebrija-Trejosetal., 2010b),and much of contemporary community assembly
researchattempts to resolvethe relative balance of abiotic andbiotic filters acrossgradients
of succession (Bhaskaret al., 2014; Martinez-Ramoset al., 2021), disturbance (Dinget al.,
2012;Dobert et al., 2017)and spatial scale (Gétzenbergeretal., 2012).Most of this research
has taken place in wet tropical forests, so community assembly processes in tropical dry

forests (TDF),which represent 42% of tropical forests globally(Murphy & Lugo, 1986), remain
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relatively understudied (Guariguata & Ostertag, 2001; Jakovac et al., 2021). Long-term
experiments and chronosequence studies, mainly in the TDF of Costa Rica (Becknell &
Powers, 2014; Buzzardet al., 2016; Werden et al., 2018b, 2020a) and Mexico (Bravo-Monzon
et al., 2022; Dupuy et al., 2012; Lebrija-Trejos et al., 2010a; Martinez-Ramoset al., 2021;
Saynes et al., 2005), have gone some way to redressing this imbalance (Derroire, 2016;
Derroire et al., 2016a). This developing body of research has highlighted multiple abiotic
filters that change with TDFsuccession, but studies have not found consistent correlations
with plant functional trait turnover. Resolving this inconsistency requires mechanistic
experiments that link these abiotic gradients to the demographic processes (growth and
survival) that arise from community assemblyfiltering. In addition, attempts to disentangle
the importance of abiotic versusbiotic filtering using functional trait responsesare limited
by correlations and trade-ofs between traits related to each type of filter (Box1.1; Kraft et
al.,, 2015). Experimental manipulations of biotic conditions are therefore essential to
determine the combined efects of both abiotic and biotic filters on demographicprocesses

throughout succession.

There are three major abiotic resource availability gradients that correlate with TDF
succession: water, light, and soil nutrients. Water availability increases with succession
(Pineda-Garcia et al., 2013; Werden et al., 2020a) as an increasingly closed canopy
increases soil and air humidity in the understory, though this may only be the case during the
dry season (Derroire, 2016; Werden et al., 2020a). Light levels decrease with succession
(Lebrija-Trejoset al., 2010b), though the light availability gradient is less steep than in wet
tropical forests(Lebrija-Trejos et al., 2011; Lohbeck et al., 2013). Thereis no generallyagreed
pattern of soil nutrient availability with succession. Soil nutrient levels early in succession
are highly dependent on prior land use, which often depletes nutrients (Gei et al., 2018;
Jakovacet al., 2021) but can increase nutrient levels (Aguilar-Peraltaet al., 2020; Sayneset
al., 2005). As a consequence, soil nitrogen (N) availability has been found to be limiting in
both early successional (Ceccon et al., 2003) and old-growth forests (Bravo-Monzénet al.,
2022). Water availability is thought to be the most important of these abiotic gradients for

vegetationturnover with succession (Borchert, 1994; Lohbeck et al., 2015),though all three
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gradients may contribute to species compositional turnover independently and/or in

combination (Lebrija-Trejoset al., 2011).

Speciesturnover along abiotic successional gradientsis mediated by plant functional traits,
which dictate species’ survival and competitive ability in a given water, light, or nutrient
environment. The resource economics spectrum places species along a continuum from
resource-conservative, with higher survival in low-resource environments (e.g., low-light,
low-nutrients), to resource-acquisitive, with faster growth in high-resource conditions
(Reich,2014). It is unclear, however,whether the resource economics spectrum adequately
captures trade-ofs in plant traits relevant to drought strategy, as represented by leaf
phenological habit. In TDF, drought-deciduous trees are generally thought to have an
acquisitive suite of traits. Theygrow rapidly during high-resource wet periods and then avoid
drought stress during dry periods by shedding their leaves. In contrast, evergreenspecies
have high wood density and greaterresistance to cavitation, so are able to retain their leaves
during drought, but at the cost of more resources invested in drought-resilience and slower
growth (Méndez-Alonzo et al., 2012). Poorter & Markesteijn (2008) explained 69% of
interspecific variation in seedling drought survival with phenological habit. However,
Lohbeck et al. (2015) found that, while TDF succession was associated with a shift from
drought-avoiding deciduous species to drought-tolerant evergreenspecies, this shift was
independent of the resource economics spectrum that governs plant strategies for
intercepting light and soil nutrients. Furthermore, Werden et al. (2018b)and Werden et al.
(2020a) found that resource use traits (e.g., high LDMC, thought to indicate drought
tolerance) were mostly not correlated with successional gradients. Theweak link between a
species’ position on the resource economics spectrum, its drought tolerance/avoidance
strategy, and its successional status in TDFmay be further exacerbated by the combination
of both conservative and acquisitive traits within the same species (Werdenet al., 2018a).
This is particularly notable for N-fixing species in the Fabaceae family; Gei et al. (2018)
showed that biological nitrogen fixation (BNF) confers an additional advantage in early
successional TDFdue to their ability to fix N during extreme drought, eventhough many TDF

legumes are also deciduous with low wood density (Palomo-Kumulet al., 2021). Thus, more
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work is neededto determine how traits related to drought tolerance/avoidance and resource

acquisition are linked along successional gradients in TDF.

Biotic assembly filters also change with secondary succession, including pressure from
natural enemies (e.g.,insect herbivores, fungal or bacterial pathogens). The frequency and
impact of attack by natural enemies can vary due to their population dynamics, intrinsic
plant traits (i.e., resistance), and environmental conditions (Aguilar-Peraltaet al., 2020).
Plant resistance can be achieved by escape (e.g., growing out of reach, dormancy), direct
defences (e.g., secondary metabolites, trichomes), indirect defences (e.g., ant symbionts),
and tolerance (Boege& Marquis, 2005). Natural enemy populations tend to be largerin early
successional or disturbed forests (Jakovacetal., 2021; Pablo-Rodriguezetal., 2023; Poorter
et al., 2004)but the negativeimpact of natural enemies on plant performance tends to be
more severeand/or more species-specific in late successional forests (Bagchiet al., 2010;
Krishnadas et al., 2018; Kulikowski et al., 2022). This may be because the species that are
associated with late successional environments invest more in defence traits, thus requiring
increased specialisation by natural enemies (Kulikowskiet al., 2022; Mariano et al., 2018;
Poorteret al., 2004),or it may be driven by interactions between natural enemies and abiotic
conditions. Forexample, efective specialisation of natural enemies on hosts can be driven
by the efect of the abiotic environment on the fithess of both pathogens and host plants
(Benitez et al., 2013; Hersh et al., 2012). The impact of succession on the turnover of

functional traits associated with natural enemyresistance is therefore complex.

Further complexity lies in the way that the resource use traits and the natural enemy
resistance traits of plants may interact. Some have suggested that there is a positive
correlation between drought-tolerance and natural enemy resistance, whereby resource-
conservative species with highwood density also tend to havedirect defencesagainstinsect
herbivores and pathogens, and are better able to compartmentalise natural enemydamage
(Poorteret al., 2014). However, a negative correlation between shade-tolerance and natural
enemy defence has also been proposed, as phytochemicals are involved in both tolerance
of high radiation levels and chemical defence (Bravo-Monzénet al., 2022). Therefore, if the

forest microclimate becomes both more humid and more shaded with succession, it is
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unclear what indirect consequences this may have on the natural enemy resistance of the
plants associated with late successional environments. Perhaps more importantly than
resistance to attack, the ability to recover lost biomass (i.e., resilience) also determines a
species’ ability to passthrough this biotic filter (DeWaltet al., 2004). Allocation of resources
to defence requires a trade-of with growth (Poorter & Kitajima, 2007), so plants generally
follow a slow-growth, high-defence strategy or a fast-growth, low-resistance strategy
(Krishnadaset al., 2020). This trade-of has been shown to modify observed associations
between species and the abiotic environment (Fine et al., 2004). This means that natural
enemy pressure can reduce a species’ realised niche relative to the range of abiotic
conditions in which it could potentially survive in the absence of natural enemies
(fundamental niche), so that apparent abiotic filtering may in fact be caused by the
combined efects of both abiotic and biotic processes (Kraftet al., 2015). Overall,resource-

use traits may afect both the resistance and resilience of plants to natural enemyattack.

Understandingthe relationships among plant traits related to drought tolerance/avoidance,
resource acquisition, and natural enemy resistance has important practical applications in
the context of restoration ecology. Community assembly researchis increasingly integrated
into restoration projects (Wainwrightet al., 2018),allowing large-scale tests of successional
theory (Werden et al., 2020a), as well as contributing to national and international
restoration targets (e.g., the Bonn Challenge, https://www.bonnchallenge.org/). Such work
has revealed that the main causes of seed and seedling mortality in active restoration
programs of TDFare both abiotic (i.e., desiccation) and biotic (i.e., herbivory; Cardenas et
al., 2022). Thespeciesthat areplanted in (orrecruited to) arestored site must therefore have
a suite of functional traits that will enable them to tolerate both their biotic and abiotic
environment (Werden et al., 2018a). Depending upon the successional context of the site
being restored, restoration projects may need to overcome strong abiotic filters associated
with early successional habitats (as when tree seedlings are planted in former cropland or
pasture). Alternatively, site managers may need to focus on protecting restored vegetation
from natural enemies (e.g., if underplanting is used). However, species selection based on

one set of traits (e.g., drought tolerance) could have unintended implications for the
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community response to other stressors, such as disease — and these trait correlations
continuously changeoverthe course of succession. Furthermore, forest restoration projects
must also restore the processes of non-random mortality and interspecific competitive
dynamics that promote species coexistence to ensurethat restored forests are able to self-
propagatediversity into the future. It is therefore important to addressunresolved questions
about the relativeimportance of diferent community filters alongsuccessional gradientsin
TDF,and the role of functional traits in coordinating plant responsesto both abiotic and

biotic stressors.

We established a large-scale experiment to explore the efect of these abiotic and biotic
successional gradients, as well as potential interactions between them, on tree seedling
growth and survival in a TDF ecosystem in southern Mexico. Ten species with varying
functional trait profiles were planted in early, middle, and late-successional habitat, with
and without natural enemy exclusion, and monitored to determine growth and survival over

fifteen months. Thestudy was designedto address three hypotheses:

Hypothesis 1: Species performance (growth and survival) rankings change with water

availability along a successional gradient
1a: Drought-tolerant evergreenspecies havehigher survival later in succession.
1b: Drought-avoidant deciduous species havefaster growth early in succession.

Hypothesis 2: The impact of natural enemy exclusion varies with the successional

environment

2a: The frequency of natural enemy attack (extent of leaf damage) is higher on all
species in early successional environments, because natural enemy populations are

larger.

2b: The negative impact of natural enemy attack on seedling performance (growth
and survival) is higher in late successional environments, because plant-natural

enemy interactions are more specialised, and plant resources are more limited.
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Hypothesis 3: Abiotic (water availability) and biotic (natural enemy)filters interact to drive

species turnover along successional gradients

3a: Natural enemy exclusion is more beneficial to drought-avoidant deciduous

species because drought-tolerance traits are also natural enemyresistance traits.

4.2 Materials and methods
4.2.1 Study system

The experiment took place from December 2022 to March 2024 at a site adjacent to the
Calakmul Biosphere Reserve in Campeche, Mexico (18°40'46.2"N, 90°08'24.4"W),

described in detail in section 1.5 (Mainintroduction).

Theexperimentwas situated within alandscape with a mosaic of land use intensity, duration
and time since abandonment. Land use rangesfrom historical slash-and-burn agriculture
by the Mayancivilisation, present from approximately 2,000 BCEto 900 CE,to contemporary
clearances for cattle ranching and agriculture (Bohn et al., 2014; Ceccon et al., 2004;
Veldkamp et al., 2020). We established nine 10 "4 m plots in this landscape, with three
replicate plots situated within forests at three stages of secondary succession (early, mid
and late). Potential forests were initially identified based on visual assessment of a map of
Normalised Diference Vegetation Index (NDVI)from May 2021 (late dry season) across the
site (Hartter et al., 2008), followed byfield visits and examination of satellite imagesto verify
successional stage. The early successional forest had been used for rice cultivation and,
later, cattle pasture for over30 years, up until abandonment 3 years before the experiment
began (O. E. Verduzco-Salazar, pers. obs.). Based on Google Earth historical satellite
photography, the mid successional forest was cleared and briefly used for cattle grazing6
years before the experiment began. Occasional larger trees were left standing, and the area
was not used further and has been naturally regenerating since that time. The late
successional forest has continuously remainedclosed-canopy forest for at least the past 30
years, based on historical Google Earth satellite imagery, and only a few trees have been

removed (pers. obs.). Threeplots were randomly located within each of these successional
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environments. Theaveragedistance between plots within a successional environment was
161 m, andthe averagedistance between plots in diferent successional environments was
1806 m. Theearly and mid successional plots were both ~1 km from the late successional
plots, and ~ 2 km from one another, and both surrounded by a similar landscape

configuration and forest cover.
4.2.2 Experimentdesign and installation

The experiment used a split-split-plot design with three treatments (forest successional
environment, natural enemy exclusion, and species identity) to explore how tree seedling
growth and survival changed with the abiotic and biotic gradients associated with TDF
secondary succession (Fig.4.1). The successional environment treatment had three levels
(Early, Mid, and Late) and was applied at the whole-plot scale. Thenatural enemy exclusion
treatment had two levels (Control and Exclusion, viainsecticide and fungicide spraying)and
was applied at the sub-plot scale. Thespecies treatment had 10 levels and was applied at

the sub-sub-plot (quadrat) scale.
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Figure4.1 Design of the split-split-plot experiment. (+)indicates naturalenemiespresent

(control), (-) indicates natural enemies excluded. Dots within each quadrat represent

individual tree seedlings. Three whole plots were randomly located within each of three

successional environment treatments (Early, Mid, or Late) and were >50 m apart. Bold lines

indicate 1 m walkways dividing subplots.

Eachwhole plot was divided into four subplots (52 m each). Twosubplots per plot were

randomly allocated to the natural enemy exclusion treatment (- plots in Fig.4.1), while the

other two plots were used as controls (+ plots in Fig.4.1). Each subplot was further divided

into ten sub-sub-plots (1°

1

m quadrats).Eachquadrat was randomly allocated to one of
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ten tree species selected for the experiment (see section 4.2.3 for more detail on species
selection), and ten individuals of that species were planted in the quadrat, with a minimum
spacing of 20 cm. Existing vegetation was left in place as much as possible to create an
environment representative of each successional stage, though some vegetation removal

and cutting of larger shrubs was necessaryto facilitate planting.

Thetotal number of trees at the start of the experiment was 3,600 in 360 quadrats. Tree
seedlings were planted overa 1.5 month period during the growingseason from 28/09/2022
to 19/11/2022. Of the treesinitially planted, 19%died due to transplant shock within the first
~ 1 month. Thesewere replanted in the two weeks between 22/11/2022 and 05/12/2022.
Eachindividual tree was taggedwith a unique number to facilitate measurement of survival
and growth. Meaninitial seedlingheight was34.83cm, and thestandard deviationwas?27.10

cm.
4.2.3 Species selection

Ten native tree species were chosen (Table 4.1) to encompass a gradient from drought-
avoidance (characterised by deciduous phenology) to drought-tolerance (characterised by
evergreenphenology). This was found of be the main axis of functional trait variation with
TDF succession by Lohbeck et al. (2015). While species have been assigned to binary
categories, these representthe extremesof a spectrum of leaf retention times, which often
show intraspecific variation due to climatic diferences within a species’ range (Méndez-
Alonzo et al., 2012); for example, P. yucatanum has been variously categorised as both
evergreen (Huechacona-Ruiz et al., 2020) and deciduous (Ochoa-Gaona et al., 2018). We
have therefore based our categorisations on observations within our study system or the
most geographically proximate literature source. We further note that these categorisations
are often based on adult trees and may not represent the drought strategy of seedlings,
which are generally less able to cope with drought due to small root systems and lack of

storage tissues (Poorter & Markesteijn, 2008).
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Species Family Nursery Phenology Successional
status
Cordia dodecandra Boraginaceae Private Deciduous Generalist
Crescentia cujete Bignoniaceae Commercial ~ Evergreen Late
Gliricidia sepium Fabaceae Commercial  Deciduous Early
Guazumaulmifolia Malvaceae Commercial  (Brevi) Early
Deciduous
Haematoxylum Fabaceae Commercial ~ Evergreen Mid - Late
campechianum
Leucaenaleucocephala Fabaceae Private (Brevi) Early
Deciduous
Lysilomalatisiliquum Fabaceae Commercial  Deciduous Generalist
Piscidiapiscipula Fabaceae Private Deciduous Generalist
Platymiscium yucatanum Fabaceae Private Evergreen Late
Taravesicaria Fabaceae Private Evergreen Early

Table 4.1 Species used in the experiment. Phenologydata from Huechacona-Ruizet al.
(2020),0choa-Gaonaet al.(2018); Pennington& Sarakhan(2005),Powers& Tifin(2010)and

Verduzco-Salazar, O. E., pers. obs. Successional status data from Cardenas et al. (2022),
Estrada-Medina et al. (2013), Pineda-Garcia et al. (2013), Sorensen (2006), Villanueva
(2016), and Verduzco-Salazar, O. E., pers. obs.

4.2.4 Natural enemy exclusion

The subplots allocated to the natural enemy exclusion treatment were sprayed with an
insecticide and a fungicide. This has been used as an efective natural enemy exclusion
treatment by Bagchi et al. (2010), DeWalt et al. (2004), Krishnadas et al. (2018, 2020), and

the global research network BugNet (https://www.bug-net.org). We chose pesticides based

on the criteria of low toxicity to non-target organisms, systemic action, and long-lasting
efects (Krishnadaset al., 2018). The pesticides and spraying schedule were developed in

consultation with a local agrochemical expert and BugNet researchers. The fungicide
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(BAYERPREVICURAENERGY)contains propamocarb 530 gL' and fosetyl 310 gL' and was
applied at a rate of 1 L per hectare. It is a systemic fungicide efective against oomycetes.
The insecticide (BAYERMuralla Maxa) contains imidacloprid 19.6% and beta-cyfluthrin

8.4% and was applied at arate of 3 L per hectare. Imidacloprid is a systemic insecticide and
beta-cyfluthrin is a non-systemic contact insecticide. Thetreatment was applied everyother
month during the wet season and everyfour months during the dry season. Application was
by knapsack sprayer following BugNet (2021). Each application took place over two days,
with the fungicide applied on the first dayand the insecticide applied onthe second day. The
pesticides were mixed with a non-ionic surfactant (COSMOCEL&alnex-A) and water to
achieve the targetdosage. Thecontrol subplots were sprayedwith an equal volume of water
containing the same volume of surfactant. 1 m walkways were left between each subplot
(indicated by bold lines in Fig.4.1)to facilitate accessand to minimise drift of pesticides into

the control subplots.
4.2.5Datacollection

Thefirst full tree census took place in December 2022 and was repeated every four months
until the end of the experimentin March 2024. In each census, we determined survival and
measured the height (at the apical meristem) of all planted trees. Seedlingswere assumed

to be dead if they lacked leavesand had a completely dry stem.

In December 2023 (after 12 months of the experiment) we estimated natural enemy damage
on a stratified random sample of the planted treesfollowingBruna et al.(2024). Werandomly
selected three individual seedlings per quadrat (or all individuals if three or fewer had
survived) for estimates of leaf damage. We recorded the percentage of the 60 uppermost
fully expanded leaves that had insect damage, fungal damage, or both, and pooled these
into one metric (percentage of leaves damaged). We also estimated the percentage of leaf
surface area that had been damaged by natural enemies. Both observers were trained to
estimate leaf area by ZAXHerbivory Trainer (Xirocostas et al., 2022) until a ten-leaf running

accuracy of 98% was achieved. Six individuals per plot were randomly selected and
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assessed by both observers independently to allow estimates of observer accuracy. We

found high inter-observer validity (Fig. S4.2).

4.2.6 Statistical analysis

All statistical analysis was done using Rversion 4.2.3 (RCore Team, 2023).
4.2.6.1 Responsevariables

We used the percentage of leaves damaged as our metric of leaf damage. The unit of
replication was the individual (N =282; data missing from 78 quadrats with no surviving
individuals at 12 months), and values were Box-Coxtransformed (I= 2.63) to improve
normality of model residuals. Theunit of replication for survivaland growth was the quadrat
(N=360).We calculated quadrat-levelsurvivalasthe proportion of the 10individuals in each
quadrat that remained alive at the end of the 16-month experiment. Survivalproportion was

logit transformed to improve the normality of model residuals, where:
logit (survival) =log (survival/1-(survival)).

Wecalculated therelative growthrate (RGR)ofplant heightin mmper dayfor eachindividual
overthe 16 month (480 day) experiment period usingthe classic RGRequation (Hofmann &
Poorter, 2002):

In (height final) —IN (height initiat) / (dayfinal - day initial) -

Negativegrowth rates were either due to measurement error or because the plant was dying
from the tip downwards, so RGRwasset to 0to indicate that the plant had stopped growing.
Wethen averagedRGRovereach quadrat. If all plants in aquadrat died, RGRwasalso set to
0 to indicate that all plants stopped growing. RGRvalues were square root transformed to

improve the normality of model residuals.

We tested for relationships between both measures of leaf damage and RGRusing linear
regression. It was not possible to examinethe relationship between leaf damageand survival

because leaf damagecould only be measuredon individuals that had survivedto 12 months.

4.2.6.2 Split-split-plot models
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All response variables were modelled using linear mixed-efects models (Ime4 package;
Bateset al.,2025). Themodelsof leaf damageand RGRincluded successionalenvironment,
natural enemy treatment, and species identity as fixed efects, and whole plot and nested
whole plot: subplot identity as random efects. All two-way and three-way interactions

betweenfixed efects werealsoincluded:

Leaf damage or RGR ~ successional environment "natural enemy exclusion *

species + (1Iplot code) + (1lplot code: subplot code).

The model of survival included the same fixed efects and an additional fixed efect of

averageinitial seedling height in the quadrat:

Survival~ successional environment ‘'natural enemy exclusion “species + initial

height + (11plot code) + (1Iplot code: subplot code).

Diagnostic plots were visually assessed to ensure the assumptions of homogeneity of
variance and normality of residuals and random efects were met, and conditional and

marginal R2was calculated following Nakagawa& Schielzeth (2013).

Five species were sourced from a commercial tree nursery and five were sourced from a
private restoration nursery (Table4.1). Wetested for an efect of nursery source by including
it asafixedefect in our models (with speciesas arandomefect) andin all casesit wasnot
significant and the model marginal R?decreased, so there was no evidence that the nursery

that seedlingswere sourced from impacted the results.
4.2.6.3 Planned contrasts and post hoc analyses

We performed planned contrasts to address three of our hypotheses. Hypotheses 1
predicted that species’ drought strategy (deciduous versus evergreen) would predict
changesin survival and growth rankings across successional environments, and Hypothesis
3a predicted that drought strategy would explain changes between levels of the natural
enemy treatment. We therefore contrasted survival and growth of deciduous versus
evergreen species at each level of the successional environment and natural enemy

exclusiontreatments. Hypothesis 2b predictedthat natural enemyexclusionwould increase
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growth and survival more in the late successional forest than the early successional forest
due to a stronger biotic filter at that late stage, so we contrasted survival and growth in
control versus exclusion treatments at each level of the successional environment
treatment. Planned contrasts were performed using estimated least-square means
(emmeans package; Lenth et al., 2024). Contrasts between drought strategy groups were
performed by weighting species in the evergreengroup by negative 0.25 (so that the weights
of the four species in this group summed to negative 1) and species in the deciduous group
by 0.16 or 0.17 (so that the weights of the six species in this group summed to positive 1).
Changesin logit survival were converted to the odds ratio for interpretation by calculating
'#3%89)$°+8%) This  indicates the changein the odds of survival under the contrasting

treatments.

We also performed post hoc analyses of the interactions between successional
environment or natural enemy treatment and species identity in the full split-split-plot
models. Foreach treatment, we used pairwise comparisons (Tukeycorrected) of estimated
least-square meansto perform pairwise comparisons between each pair of treatment levels
for each species. Forexample, for the successional environment treatment, this post hoc
analysis compared Early — Mid, Early — Late, and Mid — Late estimated means for each
species, and p-values were adjusted usingthe Tukeymethod for comparing a family of three
estimates. We considered a post hoc comparison to be statistically significant if the

adjusted p-value was <0.05.

4.3 Results

4.3.1 Species’growth and survival rankings change with successional environment, and this

is partially predicted by drought strategy (Hypothesis 1)

4.3.1.1 Hypothesis 1a: Drought-tolerant evergreen species have higher survival later in

succession

Seedlingsurvival in each quadrat (N = 360) rangedfrom full mortality (all 10 individuals in a

quadrat died) to full survival (all 10 individuals survived)in everysuccessional environment
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and both natural enemy treatments. Overall, an averageof 42.8% of individuals in a quadrat
survivedto the end of the experiment, although this decreased by more than half acrossthe
full successional gradient, dropping from 60.6% early in succession to 44.0% in mid

succession and further to 23.6%in late succession (Table4.2).

Fixedef ects NumDF DenDF Fvalue Pvalue
Successional environment 2 5.96 11.57 <0.001
Natural enemy exclusion 1 24.00 1.85 0.19
Species 9 270.96 15.19 <0.001
Initial height 1 291.23 14.64 <0.001
Successionalenvironment "natural enemyexclusion 2 24.06 4.45 0.02
Successionalenvironment species 18 269.34 13.62 <0.001
Naturalenemyexclusionspecies 9 269.11  0.41 0.93
Successional environment ‘natural enemy exclusion’

18 269.07 0.68 0.83

species

Table 4.2 Type lll ANOVATable for linear mixed-ef ects model of seedling survival. Fixed

efects that weresignificantat a= 0.05are highlightedin bold.

68% of the variation in survivalwas explained by the mixed efects model, and most of this
was attributed to the fixed efects (R%=0.68, R?*»=0.61). Survival was predicted by initial
height, as well as by two independent two-way interactions: successional environment *
natural enemyexclusion (seesection 4.3.2), and successional environment “species (Table
4.2). Theinteraction between successional environment and species identity demonstrated
that species survival rankings changed along the successional gradient (Fig. 4.2A),
supporting Hypothesis 1. Survival of most species decreased along the successional
gradient, though there were exceptions to this. Survival of C. cujete remained constant
across the successional gradient, such that it had the highest survival in the late
successional plot. P.yucatanumhad a peakin survivalin mid-succession, but survivalrates

were equal early and late in succession.
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Figure4.2 (A)Survival across the successional gradient was species-specific, such that
species survival rankings changed with succession. (B) Survival decreased with
succession for the deciduous species group more than the evergreenspecies group. In
(A) solid lines indicate significantly diferent survival of a species between successional
environments at a= 0.05. In (B) p-values are shown for planned contrasts between drought
strategy groupingsin each successional environment with + SEbars, * p <0.05, ** p <0.01,

*** p<0.001.

The decrease in survival with succession difered in magnitude between drought strategy
groups (Fig.4.2B), consistent with Hypothesis 1a. In early successional environments there
was no diference in survival between deciduous and evergreenspecies (t ratio =1.55, p =
0.12), but evergreenspecies had higher survival in mid (t ratio =-10.40, p <0.001) and late (t
ratio = -4.65, p < 0.001) successional environments. This is because the survival of
deciduous species decreased more with succession than the survival of evergreenspecies
(Fig.4.2B). Thediference between deciduous and evergreenspecies appears to be driven

by the high survival of C. cujete and P. yucatanum (both evergreen species) in the later

111



successional environments. The remaining evergreen species (T. vesicaria and H.

campechianum) did not fit this pattern (Fig.4.2A).

4.3.1.2 Hypothesis 1b: Drought-avoidant deciduous species have faster growth early in

succession

Relative Growth Rate (RGR)atthe quadrat level (N =360) ranged from 0 —5.4 "10° mm d”,
with a mean of 8.0 "10* mm d'. AverageRGRwas six to eleven times higher early in
successionalenvironments(mean: 1.9 "103; range:0-5.4 "10®) thaninmid (2.8"10%; 0—

1.3710®), andlate succession(1.7°10%*; 0—-1.5"10®), respectively(Table4.3).

Fixedef ects NumDF DenDF Fvalue Pvalue
Successional environment 2 6 61.13 <0.001
Natural enemy exclusion 1 24 5.22 0.03
Species 9 270 12.33 <0.001
Successionalenvironment ‘natural enemyexclusion 2 24 0.88 0.43
Successionalenvironment species 18 270 6.46 <0.001
Natural enemyexclusionspecies 9 270 1.51 0.14
Successional environment "natural enemy exclusion

18 270 0.93 0.54

species

Table 4.3 Type Il ANOVATable for linear mixed-ef ects model of seedling RGR.Fixed

efects that weresignificantat a= 0.05are highlightedin bold.

The mixed-efects model explained 76% of the variation in RGR,and of which 72% was
explained by the fixed efects (R%=0.76, R?,=0.72). RGRwas predicted by a main efect of
natural enemy treatment (see section 4.3.2) and a two-way interaction between
successional environment “species identity (Fig. 4.3A), supporting the hypothesis that

species RGRrankingschange with succession (Hypothesis 1).
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Figure 4.3 RGRof all species (A)and both drought strategy groups (B)was highest in the
early successional forest. (B) The RGRof deciduous species decreased more over the
successional gradient than the RGRof evergreen species, so that deciduous species
had higher RGRearly in succession, but evergreen species had higher RGRin mid and
late succession. In (A)solid lines indicate significantly diferent RGRof a species between
successional environments at a= 0.05. In (B) p-values are shown for planned contrasts
between drought strategy groupingsin each successional environment with + SEbars, * p <

0.05,* p<0.01,** p<0.001.

Variation in RGRwith succession was partially explained by drought strategy. Consistent
with Hypothesis 1b, deciduous species had slightly higher RGRthan evergreenspecies early
in succession (t ratio =2.06, p =0.04), whereas evergreenspecies had higher RGRin mid (t

ratio =-5.74, p<0.001) and late (t ratio =-3.51, p =<0.001) succession (Fig.4.3B).

4.3.2 Natural enemy exclusion impacts vary with succession, although attack rate does not

(Hypothesis 2)
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4.3.2.1 Hypothesis 2a: Thefrequency of natural enemy attack is higheron all speciesin early

successional environments

We quantified leaf damage both to ensure that our natural enemy exclusion treatment had
its intended efect, and to assess whether the level of damage depended upon the
successional environment, as predicted by Hypothesis 2a. Observed leaf damage from
natural enemies was variable, but generally high. It ranged from 0 —100% leaves damaged,
with an averageof 82.85% leaves damaged; the mixed-efects model explained just 43% of
the variation in observedleaf damage, with 33% attributed the fixed efects (R%=0.43, R*»=
0.33). Unexpectedly, mean leaf damage was consistent across the levels of the natural
enemy exclusion treatment; 83.93% in the control and 81.85% when natural enemies were
excluded(Table4.4).Mean leaf damagechangedin the direction expectedunder Hypothesis
2a, decreasing from 86.46% early in succession, to 81.60% in mid successional forest and
78.91%in late successional forest, but the main efect of successional environmentwas not

significant (Table 4.4).

Fixedef ects NumDF DenDF Fvalue Pvalue
Successional environment 2 33.15 0.87 0.43
Natural enemy exclusion 1 33.99 0.03 0.87
Species 9 199.01 7.32 <0.001
Successionalenvironment ‘natural enemyexclusion 2 33.15 1.00 0.38
Successionalenvironment species 18 198.50 2.23 <0.01
Naturalenemyexclusion “species 9 199.01 2.05 0.04
Successional environment ‘natural enemy exclusion ”

18 198.50 0.97 0.50

species

Table 4.4 Type Il ANOVATable for linear mixed-ef ects model of leaf damage. Fixed

efects that weresignificantat a= 0.05are highlightedin bold.

Theabsence of treatment and successional environmentmain efects is likely due to strong

species-specific interactions within these treatments. The percentage of leaves damaged
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was predicted by independent two-way interactions between successional environment ’
species (Table4.4, Fig.4.4A)and between natural enemy exclusion “species (Table4.4, Fig.
4.4C). There was no significant change in the percentage of leaves damaged across the
successional gradient for most species (Fig.4.4A). Theoverall interaction was driven by just
two significant successional environment “species interactions: C. cujete had on average
19%lower leaf damagein early successional forest than late in succession (t ratio =-2.50, p
=0.03),andG. ulmifoliahadon average19%higherdamageinearlysuccessional forestthan
late in succession (t ratio =3.05, p <0.01). Therewas also no diference in the percentage of
leaves damaged when natural enemies were excluded compared to the control for most
species (Fig.4.4B). Thetwo exceptions were H. campechianum, which had on average14%
lower leaf damage when natural enemies were excluded (t ratio = 2.71, p <0.01), and C.
cujete, which saw a surprising increase in leaf damage of 14% when natural enemies were
excluded (t ratio =-2.43, p=0.02).

A B

100 100
ho] ‘ - -G i
3 e
a 90 920 S " Lysitoma fatisiiquum
E ______ ~ Platymiscium y alanur
© e _‘
©
§ 80 ~o o R ’~ . 80 ~ o——~Cordia dodecandra
© S € b N\ Haematoxylum campechianum
2 yh‘,-nwr:.-uﬂx»' um campechianum
© 70 70
°

60 60
Early Mid Late Control Exclusion
Successional environment Natural enemy treatment

Figure4.4 (A)Leaf damage by natural enemies was universally high across successional
environments and (B)did not change with natural enemy exclusion. Percentageofleaves

damagedwas measured of the 60 uppermost fully expandedleavesof up to three individuals
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perquadrat (N=282).Solid lines indicate significantly diferent survivalof a speciesbetween

(A)successional environments and (B) levels of the natural enemy exclusion treatment at a
=0.05.

4.3.2.2 Hypothesis 2b: Theimpact of natural enemy attack on seedling growth and survival

is higherin late successional environments

Survivalincreased with natural enemy exclusionin mid and late successional environments,
but not in the early successional forest environment (Fig. 4.5A), resulting in an interaction
between successional environment ‘natural enemy exclusion (Table 4.2) consistent with
Hypothesis 2b. When natural enemies were excluded, the odds of survival were ~1.94 times
greaterthan the control in late succession (t ratio.s =2.12, p =0.04) and ~ 1.80 times greater
in mid succession (t ratio.. = 1.88, p =0.07), but the odds of survival with natural enemy
exclusion were just ~ 0.6 times that of the control in early succession (t ratio.. =-1.65,p =
0.11). RGRalso increased by 5.25 "10° with natural enemy exclusion in the late
successional environment (t ratiozs = 2.36, p =0.03), but did not change with natural enemy
exclusion in the early (t ratio., = 0.54, p =0.59) or mid (t ratios = 1.06, p =0.30) successional
environments (Fig. 4.5B), though the interaction between successional environment *

natural enemy exclusion was not significant in the full split-split-plot model of RGR(Table
4.3).
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Figure 4.5 (A) Survival and (B) growth rates increased significantly with natural enemy
exclusioninthelate successionalenvironment,but notintheearly ormidsuccessional
environments. Planned contrasts were performed between levels of natural enemy
treatment within each successional environment, solid lines indicate significant contrasts

ata= 0.05, error bars show + SE.

There was no relationship between the percentage of leaves damaged on an individual
seedling and its RGR(p=0.26, Adj. R2=0.001). We also measured the averagearea of each
leaf that was damaged, and this metric did have a weak negative correlation with RGR(Fig.

S4.3;p <0.01, Adj. R?=0.03).

4.3.3 Hypothesis 3a: Natural enemy exclusion is more beneficial to drought-avoidant

deciduous species because drought-tolerance traits are also natural enemyresistance traits

As predicted by Hypothesis 3a, deciduous species showed more leaf damage than
evergreenspecies across all successional environments (Fig.4.6A) and levels of the natural
enemy exclusion treatment (Fig.4.6B). Furthermore, a planned contrast of deciduous and
evergreenspecies groups at each level of the natural enemy exclusion treatment revealed

that natural enemy exclusion increased the survival and RGRof deciduous species slightly
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more than evergreenspecies. Theimpact on survival rates was very small; the survival odds
for deciduous species were ~21% that of evergreenspecies in the control (t ratio.ss =-5.46,
p < 0.001) and ~ 24% that of evergreen species when natural enemies were excluded (t
ratio.z;s =-5.09, p <0.001; Fig. 4.6C). Theimpact on RGRwas clearer; evergreenspecies had
a higher RGRthandeciduous species by 5.1 "10° on averagein the control (t ratio.s =-3.37,
p <0.001),but byonly 3.8 "10° on averagein the exclusion treatment (t ratiozz =-2.50, p =
0.01; Fig4.6eD).
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Figure 4.6 Leaf damage was highest on deciduous species across (A) successional
stages and (B)levels of natural enemy treatment. (C) Survival and (D) growth rates of

evergreen species were always higher than deciduous species but natural enemy
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exclusion reduced the magnitude of the dif erence. P-values are shown for planned
contrasts between drought strategy groupingsin (A)each successional environment and (B,
C & D) each level of the natural enemy exclusion treatment with + SEbars, * p <0.05, ** p <
0.01,** p<0.001.

4.4 Discussion

Overall,our results showthat abiotic and biotic successionalgradientsinteract to determine
seedling survival and growth. The successional gradient encompasses multiple abiotic
gradients, in terms of water, light, and nutrient availability, as well as biotic gradients, in
terms of natural enemypressureand competition from adult trees. Wewere able to untangle
these various drivers of seedling performance by examining the responses of diferent

functional trait groupingsand the efects of natural enemyexclusion.

Changes to the relative growth and survival rankings of the ten species planted in the
experiment across the successional gradient indicated habitat filtering (Hypothesis 1), as
diferent species attained the highest performance in diferent abiotic environments.
Drought-strategy groups partially explained these species-environment associations;
drought-avoidant deciduous species showed higher mortality (Hypothesis 1a) and lower
growth rates (Hypothesis 1b) than drought-tolerant evergreenspecies later in succession.
Frequency of natural enemy damage did not change with succession (Hypothesis 2a), but
natural enemy pressure had a greaterimpact late in succession (Hypothesis 2b); exclusion
of natural enemies increased averagesurvival and RGRinlate succession only. Thissuggests
that seedlings are not able to regrow biomass following natural enemy damage in the low-
light environment of late succession, so the impact of natural enemydamageon survivalis
more severe.Natural enemy exclusion also increased the growth rates of deciduous species
more than evergreen species, possibly because evergreen species have intrinsic natural
enemy defence traits (Hypothesis 3a). Together,these results suggestthat the fundamental

successional niches of these ten species, as defined by drought-strategy traits, was further
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reinforced by natural enemy pressure, thereby defining the realised successional niches

(Kraftet al., 2015).
4.4.1 Abiotic successional gradientsimpacted seedling survival and growth

Relative growth rates were highest early in succession for all species. Thisis consistent with
Werden et al. (2020a), who found that seedlings had dramatically higher growth rates in an
early successional environment. Early successional TDF tends to have higher light
availability (Lebrija-Trejoset al., 2010b) and possibly higher nutrient availability (Aguilar-
Peralta et al., 2020; Bravo-Monzon et al., 2022; Sayneset al., 2005). Werden et al. (2020a)
were able to attribute the diferent growth rates to microclimatic conditions and/or
surrounding vegetation, ruling out edaphic diferences because the early successional
vegetation was created experimentally. Furthermore, despite clear gradients of nutrient
availability between environments, Holl (1999) and Holl et al. (2011) did not find that soll
nutrients limited seedling growth, and Werdenet al. (2018b)found that successional status
was not related to soil nutrient niche. Finally, direct measures of soil samples across our
successional gradient demonstrated that soil carbon and nitrogen content was highest in
the late successional forest, while soil pH was highest in the early successional forest
(section 1.5). We therefore consider it more likely that light limitation, rather than nutrient

limitation, explainsthe low growthrates of seedlingslater in succession.
4.4.2 Drought-strategy groups explained species performance with succession

Drought-strategy categories (deciduous versus evergreenphenology) were good predictors
of the changes in growth and survival across the successional gradient, consistent with
Poorter & Markesteijn (2008). Growth and survival rates decreased more with succession for
deciduous species than evergreen species, thereby creating a large fithess gap between
these categories later in succession. The diference between deciduous and evergreen
species may be related to both the light and water availability gradients;low light levels later
in succession reduce the ability of deciduous species to regrow leaves every season, and
alleviation of water limitation reduces the need for drought-avoidance through leaf drop
(Lohbeck et al., 2013; Pineda-Garciaet al., 2013). Furthermore, Werden et al. (2020a)found
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that early successional TDF growing on Vertisols had lower soil moisture than mid
successional TDFinthe dry season, but highersoil moisture in the rainy season, which might
promote drought-avoidant strategies that are more resource-acquisitive and able to take
advantage of the high-resource rainy season. Thisis consistent with multiple studies of TDF
succession that have found a shift from deciduous to evergreenspecies with succession
(Gee et al., 2025; Lohbeck et al., 2015). This suggests that the performance of seedlings
planted during TDFrestoration will be enhanced by matching of drought-strategy categories
to successional environments, i.e., planting drought-deciduous species in early
successional environments and drought-tolerant evergreenspecies in later successional

environments.

4.4.3 Thebiotic filter was strongerin the late successional forest than in the mid and early

successional forests

Notably, natural enemy exclusion improved survival and growth ratesin late succession, but
not in early succession. Thissupports our hypothesis that the biotic filter is strongerlater in
succession (Martinez-Ramoset al., 2021). It was surprising that, like Lohbeck et al. (2014),
we found no diference in absolute levels of leaf damage along the successional gradient.
Wenote that growth rates were highest early in succession and natural enemy exclusion only
increased survival and growth late in succession. Theseresults are consistent with a model
in which species had fewer resources to regrow lost biomass in the low light of the late
successional environment (Aguilar-Peraltaet al., 2020), so mortality from natural enemy
damage was higher even though absolute levels of damage didn’t change (Poorter et al.,
2004). Theincreased impact of natural enemy pressure in low resource environments has
been found by several other studies in a range of wet and dry tropical forest ecosystems
(Bravo-Monzonet al., 2022; Derroire et al., 2016¢; DeWalt et al., 2004; Fine et al., 2004) and
should therefore be considered a widespread driver of species-habitat associations, which

are often attributed to abiotic conditions alone.

4.4.4 Drought-strategy categories partially explained di_erences in the impact of natural

enemy exclusion
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The drought-strategy categories were less useful for explaining changes to growth and
survival with natural enemy exclusion. It has been suggestedthat drought-tolerant evergreen
species are also more resistant to natural enemy pressure (Bravo-Monzon et al., 2022;
Poorter, 2009; Poorteret al., 2014).Our results partially supported this theory. Leafdamage
was always higher on deciduous species, and natural enemy exclusion appeared to benefit
deciduous species slightly more than evergreenspecies (though the diferences were very

small).

Earlysuccessional growth and survival was high for legumes.Gei et al. (2018)have identified
multiple traits of the Fabaceae that promote their dominance in early successional TDF
systems (Maza-Villalobos et al., 2020). We included 7 species from the Fabaceae and 3
species from other families in this experiment and so were unable to perform a robust
analysis of the efect of BNFability on performance. However,early successional RGRwas
also high for the non-leguminous species C. dodecandra and C. cujete, and early
successional survival was high for C. dodecandra and G. ulmifolia. While legume traits can
be beneficial in the low-water, low-nutrient, high-light environment of early succession,
there are alternative strategies that allow non-legume species to perform well in these
conditions. Disturbed TDF ecosystems are often dominated by legumes, which can
competitively exclude other species, so these results suggestthat planting of non-legumes
species with alternative drought-tolerance strategies may help to counteract this

dominance and increase tree diversity.

4.5 Conclusions

We have demonstrated that abiotic and biotic filters interact to determine seedling growth
and survival across a gradient of TDF succession, with consequences for community
assembly and restoration outcomes. Planting suitable drought-tolerant species in early
successional high-resource environments is likely to lead to rapid growth and may help to
establish a closed canopy, under which the combined efects of natural enemypressureand
resource limitation can promote species turnovertowards the development of tree seedling

communities that are more typical of mature forests. Specifically, recruitment of evergreen
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species under the closed canopy could be monitored to indicate whether these later

successional community assembly processes have recoveredin restored forests.

Our results suggestthat the amelioration of drought stress is a key abiotic driver of species
turnover with TDF succession, inferred from the increasing performance of evergreen
species relative to deciduous specieslater in succession. However,there are also resources
that decrease with succession (light and possibly soil nutrients), which may prevent
seedlings from recovering from natural enemy damage later in succession, such that the
impact of natural enemy pressure on seedling survival is more severe. Therefore, species
turnover with TDFsuccessionresults from an interaction of abiotic resource availability with
biotic natural enemy pressure; natural enemies reinforce species-habitat associations and

make existing successional abiotic gradients more divergent.
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Chapter 5: Main Discussion

5.1 Overview

The research presented in this thesis contributes to the ecological understanding of the
recovery of tropical dry forests (TDF),a vulnerable but understudied ecosystem type. The
focus is on testing fundamental ecological theories that are applicable to the practice of

forest restoration.

Forest restoration can be thought of as making deliberate interventions in the process of
secondary forest succession, guiding or assisting the natural community assembly
mechanisms. Theseinterventions fall along a continuum from minimal human involvement
(i.e., unassisted recovery) to major landscape modification (i.e., intensively assisted
recovery sensu Chazdonet al., 2024). Identifying the appropriate intervention level and type
requires an understanding of the community assembly processes being modified, and how

these are related to the site history and the phylogeographicand landscape context.

This thesis addresses TDF succession along three interrelated community assembly
continua: deterministic versus stochastic assembly (Chapter 2; Chapter 3), abiotic versus
biotic filtering (Chapter 2; Chapter 4), and dispersal versus establishment limitation
(Chapter 2; Chapter 3). Below | highlight my findings about the roles of successional stage,
land use intensity, spatial scale and tree ontogenyin determining how local communities
assemble from the regional pool. | next link these findings to their practical application in
restoration. Myresults suggestthat the targetcommunity should be defined by its functional
composition, rather than its taxonomic composition, that restoration interventions will be
most efective when targeted at the recruitment stagein tree ontogeny, and that restoration
projects must consider the larger phylogeographic and landscape contexts that they are

working in.
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5.2 Thebalance of community assembly processes changeswith:

a) Succession

Community assembly processesdetermine the trajectory of secondary succession, but the
balance of these processes also changes depending on the successional stage. Early
successional assembly processes create the early successional tree community at a site,
which in turn creates the conditions for mid successional assembly processesto act, and
so on. In other words, the balance of community assembly processesis both a cause and a
consequence of the progression of succession, and this positive feedback loop is inherent
to the powerful ability of successionto transform a site with highly disturbed and diminished
vegetation into a mature secondary forest that can provide multiple ecosystem goods and

services (Poorteret al., 2021).

| found strong gradients of resource availability and variability with succession. Light
availability decreasedsubstantially from early to mid succession (Chapter2; Chapter 3), but
became more spatially variable (Chapter 3). Conversely, water availability tended to
increase with succession, though strong interseasonal variability in early successional
environments (Werden et al., 2020a) may have promoted the drought-avoidant, resource-
acquisitive strategy of deciduous species (Chapter 4). Indeed, both juvenile and adult tree
communities shifted from deciduous nitrogen-fixing species with compound leaves to
simple-leaved evergreenand brevi-deciduous species with large seeds and a highmaximum

height (Chapter 2; Chapter 4).

The magnitude of the change in functional community composition was greatest in the
earlier stages of succession (Chapter 2). While this could be interpreted as a greater
influence of abiotic filtering in early succession, as suggested by Bhaskar et al. (2014),
Lohbeck et al. (2014), and Maza-Villalobos et al. (2020), my results provide mixed evidence
for this. | did indeed find that the biotic filter had a greater impact on tree seedling
performance later in succession (Chapter 4), though it does not necessarily follow that the
abiotic filter is stronger early in succession. Furthermore, there was no evidence that

functional traits related to resource use explained patterns of dispersal or establishment
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limitation at any successional stage (Chapter 2). Levels of dispersal and establishment
limitation were high throughout succession, and variation between species was instead
explained by conspecific density across all successional environments (Chapter 2).
Furthermore, natural enemy pressure limited seedling growth and survival in the late
successional environment only, possibly due to a lack of resources to enable plants to
recover lost biomass (Chapter 4). Tree recruitment is a combination of dispersal,
establishment and survival, and | have shown that the biotic environment (in terms of
conspecific density and natural enemy pressure) is important for all three of these
demographic processes. Overall, my results show that both the abiotic and biotic
environments changewith succession due to the development of closed canopy vegetation,
and that these gradientsinteract to afect the community assembly processesinvolvedin
tree recruitment, such that it is dificult to infer these processesfrom patterns of functional
traits alone (Kraft et al., 2015; Kraft & Ackerly, 2010; Li et al., 2015). The experimental
approach takenin Chapter 4 was necessaryto demonstrate the interaction between abiotic
and biotic filtering, so observational research (e.g., Chapters 2 and 3) is limited by the

potential for misinterpretation of patterns that arise from multiple interacting mechanisms.

b) Land use intensity

Thesuccessional gradientacross my study site was confounded with a gradient of prior land
use intensity. Thisis a common phenomenon in human-modified landscapes, as the least
productive or accessible sites are likely to both be used less intensively and be abandoned
first (Chazdon & Guariguata, 2016; Jakovac et al., 2021). Additionally, restoration
interventions had been applied non-randomly across the landscape, as less disturbed sites
were prioritised for natural regeneration, while more disturbed sites were planted with a
native species mix. Therefore,both historical and contemporary human land use may have

influenced community assembly processes.

| identified some changesto community assembly processesthat are likely attributable to
diferences in land use intensity. For example, a positive relationship between light

heterogeneity and tree recruit diversity was caused by shaded patches within a high-light
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matrix that providedrefugiafor speciesfrom therichershade-tolerant speciespool (Chapter
3). However, this did not occur in all cases, possibly because extreme dispersal limitation,

caused by the loss of nearby closed-canopy forestto act as a propagule source (Holl, 1999),
prevented species from reaching all sites with a suitable light environment. This suggests
that positive heterogeneity-diversity relationships (HDRs)are more likely to emergein sites
with intermediate levels of disturbance, where the abiotic environment is more

heterogeneous,but suficient seedsourcesremainto overcomedispersal limitation.

However, my research overall suggests that successional gradients overcame any
diferences in land use intensity across this landscape to determine the functional
composition of the tree community. While the taxonomic composition of juvenile and adult
tree communities was generally stochastic (Chapter 2; Chapter 3) and may partially reflect
ecological contingencies created by land use legacies, there was clear functional similarity
between each adult community and the juvenile community that preceded it in a
successional chronosequence despite diferent land use histories (Chapter 2). This

indicates that deterministic functional secondary succession overcameland use legacies.

c) Spatial scale

Spatial scale repeatedly emergedas a keyfactor that determined the balance of community
assembly processes observed across the study landscape. Deterministic assembly was
detected at larger spatial scales (where study extent was 0.5 —6 km) but not at small spatial
scales (wherestudy extentless than140 m; Chapter2;Chapter 3).Large-scaledeterministic
assembly of the recruit community waslikely caused by filtering by the abiotic environment,
which resulted in a predictable community composition in terms of functional traits and a
positive relationship between landscape scale environmental heterogeneity and beta

diversity of recruits through compositional turnover (Chapter 2; Chapter 3).

Theabiotic environment exhibited variation at multiple scales, and there was a remarkable
amount of variation in soil carbon and nitrogen content even at spatial scales below 30 m.
Therewas also a lot of species turnover at these small spatial scales. Despite this, recruit

community composition and species turnover was mostly not explained by the abiotic
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environment at small spatial scales (Chapter 3). Instead, conspecific negative density
dependencewas found to predict species’level of dispersal and establishment limitation at
smaller spatial scales (Chapter 2). Overall, community assembly processes tended to be
more deterministic and abiotic filtering dominant at larger spatial scales, but more

stochastic and with anincreasingimportance of biotic filters at smaller spatial scales.

d) Ontogenetic stage

While community assembly processes can act at multiple ontogenetic stages of the tree
community (Marques & Burslem, 2015), the focus of this thesis was on tree recruitment.
While there is no generally accepted definition of when a tree can be considered to be
“recruited” (Oliveiraet al., 2019),the focus on the earliest ontogenetic stages (specifically
dispersal, establishment, and seedling growth and survival) is justified as this is when most
non-random mortality occurs (Greenet al., 2014). Indeed, | showed that the deterministic
processesthat createda predictable functional community composition occurred between
the reproductive adult stage and the juvenile stage, defined here as trees between 10 —200
cm tall (Chapter?2).

Dispersal and establishment limitation were found to be strong and pervasive throughout
succession (Chapter 2) and mediated the emergence of patterns such as HDRsthat are
predicted by ecological theory (Chapter 3). In Chapter 4, | used a planting experiment to
overcome dispersal limitations and explore post-germination assembly processes. Growth
and survival of the planted seedlingsrespondedto the independent and combined efects
of both abiotic and biotic filters. Specifically, the performance of deciduous species
decreased with succession more than evergreen species. This occurred even though all
species have a poor ability to cope with drought when small (Poorter & Markesteijn, 2008).
When dispersal limitation was not controlled for, functional traits did not predict
establishment limitation (Chapter 2), and small-scale species-habitat associations did not
appear (Chapter 3). This highlights the importance of strong dispersal limitation in
community assembly, which may preclude the action of other assembly mechanisms later

in tree ontogeny.
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5.3 Implications for TDFrestoration

Thereare increasing calls for the practice of forest restoration to be improved through the
application of ecological theory (Wainwright et al., 2018). Thisis of particular concern in
tropical dry forest (TDF)ecosystems; nearly 90% of TDF globally has been disturbed by
agriculture or ranching, and 70% of the pre-Hispanic TDFin Mexico has been deforested
(Mesa-Sierraet al., 2022). The negative consequences of such forest loss for ecosystem
services like soil fertility and the regulation of climatic and hydrological systems haveled to
national and international ecosystem restoration commitments, which cover 8 million
hectares in Mexico alone (Mesa-Sierraet al., 2022). My research successfully utilised the
infrastructure of a large-scale forest restoration project to test community assembly
hypotheses within a restoration framework. Thefollowing recommendations for restoration

best practice have emergedfrom my work:

1. Definethe targetcommunity by its functional composition, ratherthan

its taxonomic composition

Restoration projects often select one (or several) reference site(s) that help to define the
target species composition for the project (Nelson et al., 2024; Rodrigueset al., 2011). This
approach has the advantage of ensuring that the restored vegetation is appropriate to the
climatic and edaphic conditions of the site and can help to ensure that targets are
suficiently ambitious, for example in terms of species richness. However, there are
drawbacks to this approach. Firstly, the goals of restoration projects, which should be
developed in meaningful consultation with all relevant stakeholders (Nelson et al., 2024),
may require the landscape to provide additional or alternative ecosystem goods and
services to those provided by the reference ecosystem (Lamb, 2005, 2018; Martin et al.,
2021). Secondly, climate and environmental change may mean that conditions are no longer
suitable for species that historically existed at a site (Howe,2014). Thirdly,identification of a
suitable reference site is dificult, as 91% forests have experienced the impacts of some
form of anthropogenic disturbance (Grantham et al., 2020) over the many centuries of

human-forest interactions, so establishing a baseline “undisturbed” condition is often
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impossible in practice. For example, the impacts of extensive deforestation and forest
management by the Mayancivilisation until 1,100 yearsago (Bohnet al., 2014; Vesteret al.,
2007) still afect the vegetation and soil of the forests of southern Mexico and northern
Guatemala (Chazdonet al., 2007; Veldkamp et al., 2020). Finally, natural succession can be
highly stochastic, and the chosen reference forest represents just one possible outcome of

that natural process (Norden et al., 2015; Rodrigueset al., 2011).

Instead of defining the target of a restoration project basedon the taxonomic composition of
areferenceforest, | concur with Brancalion & Holl (2016)that the functional composition of
late-successional forests may representamoreappropriate target. Thiswould addresseach
potential drawbackof the referenceforest approach. Firstly,functional traits that providethe
desired ecosystem goods and services can be actively promoted (Meli et al., 2014).
Secondly,functional redundancymeansthat multiple speciesfulfil the samefunctional role
in aforest (Cadotte et al., 2011), so a species that is expectedto be suited to future climatic
and environmental conditions may be a functional substitute for a climatically obsolete
species. Thirdly, a focus on the functional composition of a forest reduces the need to
identify appropriate baseline sites or historical periods. Finally, my own work in Chapter 2
demonstrated that TDFsuccession was functionally deterministic, despite stochasticity in
the taxonomic trajectories of diferent sites. The functional composition of the tree
community is more important for ecosystemfunctioning (Cadotteet al., 2011), and as such

should be the focus of applied restoration work.

2. ldentify and remove barriers to natural regenerationat the recruitment
stage

Natural regeneration (i.e., unassisted recovery) has multiple benefits as an approach to
forest restoration (Chazdon & Guariguata, 2016). Consistent with this argument, | found that
natural regenerationrestored the functional composition of the secondary forest studied in
this thesis (Chapter 2) and appeared to increase environmental heterogeneity over time
(Chapter 3). However, natural regeneration may be limited, leading to a state of arrested

succession (Chazdon et al., 2007; Chazdon & Guariguata, 2016). To overcome arrested
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succession, the barriers preventing natural regeneration must be identified and removed.
Chapter 2 identified that processes acting during tree recruitment mostly determined the
functional composition of the adult tree community, so managementinterventions arelikely

to be most efective if targetedat this stagein tree ontogeny.

Forexample, Chapter 3 suggestedthat strong dispersal limitation prevented shade-tolerant
specialists from growingin environmentally suitable patches in early successional or highly
disturbed areas. In TDF, shade-tolerant late-successional tree species tend to have large
zoochorous seeds (Lohbeck et al., 2013, 2015). Therefore,planting trees with fleshy fruits to
attract animal dispersersmay help to reduce this dispersal limitation (Derroireet al., 2016b;
Parrotta, 1995; Reidet al., 2015; Sanseveroet al., 2011).

My results also suggestthat establishment of some species was limited by light availability
(Chapter 3; Chapter 4). The open canopy of early succession promoted the growth and
survival of the ten species planted in the experiment (Chapter 4), but high radiation levels
and temperatures can also be damagingto shade-tolerant species (Chapter 3;Bazzaz,1979;
Benitez-Malvidoet al., 2005; Bonilla-Moheno & Holl, 2010;Holl etal., 2011).Therefore, while
open canopy conditions may be best for the growth and survival of planted trees in this
ecosystem (Werdenet al., 2020a),recovery of all functional groups may be promoted by the

re-establishment of aclosed canopy (Bourgeoiset al., 2016; Viani et al., 2017).

3. Consider the phylogeographiccontext

Gotzenberger et al. (2012) use the term “phylogeographic assembly”to refer to the
processes that define the regional species pool, which is the species pool that ecological
assembly rules (the focus of this thesis) act upon. Phylogeographicassembly processes are
speciation, extinction and migration. Restoration projects rarely consider such processes
(Hamilton et al., 2020),but in Chapter 3 | demonstrated the relevanceofthe phylogeographic
context to patterns of tree recruitment at a landscape scale. An apparently positive HDR
between heterogeneityin canopy openness and recruit species richness was caused by the
colonisation of abiotic patches by species from diferently sized species pools. Acommon

aim of restoration projects is to increase the alpha diversity of tree recruits, and these results

132



suggestthat one way to achieve this is to create the appropriate abiotic conditions for the

largest regional species pool.

Thereare also ways in which restoration can increase the size of the regional species pool
by ensuringthere is suficient genetic diversity to provide the material for speciation (Kardos
et al,, 2021). In other words, the maintenance or restoration of diversity-promoting
processes should be encouraged. This research identified two diversity-promoting
processes: conspecific negative density dependence (CNDD; Chapter 2) and species-
specific natural enemy pressure (Chapter 4). CNDD has been shown to enhance diversity at
multiple ontogenetic stages,including during dispersal (Chapter 2; Hille Ris Lambers et al.,
2002), across the seed to seedling transition (Harms et al., 2000), and during the juvenile
stages (Chapter 2; Green et al., 2014; LaManna et al., 2017; Webb & Peart, 1999). | found
that CNDD acted during dispersal and establishment in all successional environments,
though it has been suggested that CNDD is eroded in disturbed or early successional
habitats (Pillayet al., 2018).In contrast,the results of Chapter 4 did show that natural enemy
pressure only impacted seedling growth and survival in a late successional environment,
suggestingthat the diversity-promoting efects of species-specific natural enemy pressure
may not act earlierin succession or in disturbed environments (in accord with Krishnadaset

al., 2018 and Kulikowski et al., 2022).

It is alsoimportant for restorationplannersand practitioners to ensurethat they do not afect
speciation, extinction and migration in ways that may decrease the size of the regional
species pool. Thereis arisk that restoration work leads to biotic homogenisation (Holl et al.,
2022). For example, a limited number of species are commonly planted in restoration
projects because they are easier to propagate and have a record of successful
establishment (Holl et al., 2022). The ten species planted in the experiment in Chapter 4
illustrate this point well; they were chosen based on availability in local plant nurseries,
suggesting they are commonly planted. However, many of these species are likely to
regeneratenaturally anyway,and so plantingwill further exacerbatetheir existingdominance
in disturbed landscapes. A clear example of this is Guazumaulmifolia, which is commonly

found in abandoned pastures and thrives in anthropogenic landscapes (Griscom & Ashton,
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2011; Holl et al., 2022; Jakovacet al., 2022), but is also the 18" most commonly planted
species by tree planting organisationsin the tropics and subtropics (Martin et al., 2021)and
the most commonly planted species in reported TDFrestoration projects in Mexico (Mesa-
Sierra et al., 2022). The widespread propagation and promotion of such species risks
reducing genetic, functional and phylogenetic diversity (Holl et al., 2022) and therefore the

potential for adaptation to changingclimatic conditions, or evenspeciation.

4. Thinkat alandscape scale

Restoration projects often focus on increasing alpha diversity, but less attention is paid to
beta or gamma diversity, with potential negative consequences for landscape
multifunctionality and resilience (Holl et al., 2022). Forest Landscape Restoration (FLR)
approaches aim to counter this by promoting landscape-level planning that incorporates
multiple land uses and forest management approaches (Sayeret al., 2013). My results in
Chapter 3 suggestedthat a combination of diferent restoration interventions across the
landscape was associated with high compositional turnover of recruits (i.e., beta diversity).
FLRapproaches may therefore be efective in promoting landscape scale beta diversity of
tree recruits and may have the additional benefits of increasing landscape-level resilience
through redundancy efects and moving towards the systemic experimental restoration

advocated by Howe & Martinez-Garza (2014).

5.4 Futurework

Here | suggestfuture researchthat could be conducted to fill knowledge gapsthat were not

resolvedin this thesis, or to address new questions raised by the work presented here.

Overcomingthe limitations of large-scale observational plant surveys

Therewere three aspects of the designof my research that limited my ability to draw robust
conclusions or make statements about the wider applicability of my results: the replication-
scale trade-of, the confounding of successional stage with disturbance history, and the
confounding of restoration plot age with restoration intervention type. Here | address each

of these limitations and suggesthow they could be overcomein future work.
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InChapter 1, | conducted spatially explicit nested surveysof the seed, juvenile and adult tree
communities across three 1-hectare plots, each of which represented a diferent

successional stage. Due to the time required to intensively survey such a large area (|
surveyed a total of 19,465 juvenile and 879 adult trees), | was not able to increase the
number of replicate plots within each successional stage.Suchatrade-of betweenplot size
and plot replication has been made in several studies (Capers et al., 2005; Huang et al.,
2022; Norden et al., 2009b; Powers, 2006) but has clear disadvantages for the replicability
and applicability of the results. It is therefore vital that future studies leverageopportunities
to increase plot-level replication, while also using large, intensively surveyedplots, without

which lwould not havebeen able todemonstrate the scale-dependencyof abiotic and biotic
community assembly processes. It has been suggested that large-scale forest restoration
projects could represent one such opportunity (Howe & Martinez-Garza, 2014); many
projects globally are already planting trees across large areas, and some are monitoring the
outcomes (Schubert et al., 2024). Theseplanting designs and monitoring plans could be
adapted to allow restoration-focused projects to also act as large-scale experimental tests

of ecological theory, as demonstrated by Werdenet al. (2020a)and Chapter 4 of this thesis.

Increased replication would also help to address the issues with confounded variables in
this research. Firstly, the successional gradient explored in Chapters 2 and 4 was
confounded with land use history, asis common in human-modified landscapes (Jakovacet
al., 2021). Thismeant | was not able to attribute observed changesin the abiotic and biotic
environment to either secondary succession or disturbance intensity. Forexample, the level
of canopy openness, which wasrepeatedly identified as a keyfactor in tree recruitment, is a
result of the balance of tree removal by humans and canopy recovery through secondary
succession. Future research into secondary succession in TDF should either control for
diferences in historical land use intensity or include well replicated plots where land use
intensity and successional stage vary orthogonally, so that their relative efects can be
evaluated statistically. This could be used to test the hypothesis that diferent land use
histories send secondary forests along diferent successional trajectories, for which the

evidence is currently mixed (Derroire et al., 2016a; Estrada-Villegas et al., 2020; Guariguata
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& Ostertag, 2001; Jakovacet al., 2021, 2022; Lebrija-Trejos et al., 2010a; Norden et al.,
2009b, 2015; Rozendaalet al., 2019).

Similarly, the confounding of plot age with restoration intervention type in Chapter 3 meant
that | was unable to identify the independent efects of diferent restorationinterventions.
Thisfurther highlights the value of long-term experimental restoration projects (e.g., Holl et
al., 2020). However, there is tension between the need for randomisation in the application
of restoration interventions as experimental treatments and the need to tailor the
intervention to the site. In my study site, plot age and intervention type were confounded
because natural regeneration (i.e., unassisted recovery) was more appropriate in less
intensively used sites that had more remnant vegetation, while tree planting (i.e.,moderately
assisted recovery sensu Chazdon et al., 2024) was more appropriate in more intensively
used sites, as per restoration best practice guidelines (Chazdon, 2013). This is a clear
limitation to the use of restoration projects to experimentallytest ecological theories, andin
each case the trade-of should be made clear to all relevant stakeholders and decisions
made based on the circumstances and aims of each project. In addition, some ecological
research may require vegetation removal (e.g., Werden et al., 2020a) to disentangle the
efects of diferent community assemblyprocesses(Gdtzenbergeretal.,2012;experimental
removal of conspecific seeds or juveniles may have helped to uncover the mechanistic
causes of the relationships between conspecific abundance and recruitment limitation in
Chapter 2), which may be antithetical to the goalof increasingwoody plant biomass through
forest restoration. Communication and collaboration between projects (e.g., The Atlantic
Forest Restoration Pact; Viani et al., 2017) may further allow for coordination to ensure that
both restoration and research aims are met, and are each pursued in the most appropriate

sites.

Selection and measurement of relevant functional traits

In Chapter 2, | was unable to explain variation in recruitment limitation by functional traits.
This was unexpected because the study site encompassed strong abiotic gradients and

clear changesto the functional composition of juvenile and adult communities. | attributed
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this result to the spatial scale of the analysis, but it must also be considered that the
selection of relevant functional traits is challenging (de Bello et al., 2021). It has been
suggested that easy to measure “soft” traits are less relevant for growth and survival of
seedlings in TDF than ecophysiological “hard” traits, and that hard and soft traits are
generally uncorrelated (Werden et al., 2020a). Similarly, drought strategy categories of
species were based on their phenological categories in Chapter 3. However, these binary
categories did explain variation in natural enemy damage, growth and survival, eventhough
deciduous and evergreenphenological habit can also be considered to be two extremes of
a continuum of leaf retention time (Lohbeck et al., 2015; Méndez-Alonzoet al., 2012). There
may therefore be a trade-of betweenthe ease of measurementof a functional trait and its
relevanceto community assemblyprocesses,and the appropriate amount of efort put into

measuringfunctional traits will depend on the aims of future research.

5.5 Summary

In conclusion, | have shown that the ecological community assembly rules that act during
tree recruitment changed throughout secondary succession of a TDF. Abiotic filtering
dominated earlier in succession (Chapter 2; Chapter 4), leading to predictable changesin
the functional community composition of recruits, while biotic filters provided important
diversity-promoting mechanisms in late successional forests (Chapter 2; Chapter 4). My
results further demonstrated that deterministic abiotic filtering only emerged between
patches 0.5 — 6.0 km apart (Chapter 2; Chapter 3), suggestingthat landscapes should be
managed to promote environmental heterogeneity at larger spatial scales. By testing
community reassemblytheories in a relatively understudied tropical dry forest ecosystem, |
have produced results that can be applied to the restoration of this ecosystem and
suggested how such large-scale restoration work could be leveraged to further test

hypotheses generatedby classical ecological theory.
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7. Supplementary Material

7.1 Mainintroduction

Table S1.2Definitions of seedling, sapling and adult stages in tree ontogeny. All papers

on Web of Science returned from the search string "tropical forest seedling sapling" were

checked for a quantitative definition of a seedling, sapling, or adult tree.

Reference Seedlingdefinition Saplingdefinition Adult definition
(Norden & <170 cmheight and<1cm 1-5cmDBH >10 cm DBH
Stevenson, DBH

2015)

(Vargas- <130 cm height = 130 cm height and <25 cm =25 cmDBH
Rodriguez et al., DBH

2005)

(Dupuy & 20-100 cm height =100 cm height and <5 cm DBH

Chazdon, 2006)

(Russell-Smith, <200cmor >200 cmheight but

1996) <5cm DBH

(Slot & Winter, 30 - 250 cm height

2018)

(Chaturvedi et 100 - 680 cm height and 3.6 -

al., 2014) 9.6 cm stem diameter

(Ramage et al., 1-5cm DBH

2017)

(Walker, 2000) <10 cmheight 10 - 100 cm height

(Velazquezet al., 1-4cm DBH

2016)

(McLaren et al., 0-2mm RCD <130 cmheight and2 -20mm =2 cm DBH
2005) RCD

(Dent et al, 20-100cm height =100cm height and <5cmDBH =5 cm DBH
2013)

(Gilbert et al, =50cm height 1-39cmDBH

2006)

(Guariguata,

1998)

(Paine et al, 10-50cmheight >1 mheight and <10 cm DBH

2009)

(Olvera-Vargas < 130 cm height =130cm height and<5cmDBH =5 cm DBHand =
etal, 2014) 130 cm height
(Toledo-Aceves 50 - 100 cm height > 100 cm height and < 10 cm

et al., 2009) DBH

(T. O. Vieira et <50 cm height and <2 cm 160 - 200 cm height and <8 cm
al., 2015) diameter at ground level diameter at ground level
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(Nishimura & <98 cm height >15cm DBH

Suzuki, 2001)

(Krishnadas et 1-5cm DBH >5 cm DBH

al., 2018)

(Queenborough > 1 cm height and <1 cm

et al., 2009) DBH

(Oliveira et al., <1cmDBH 1-5cm DBH =5 cm DBH

2021)

(Chang-Yang et <1cm DBH

al., 2021)

(Saavedra et al, <10cm height 15 - 100 cm height

2017)

(Zhuet al., 2015) <20 cm height and <1 cm 1-4.9cmDBH =10 cm DBH
DBH

(Teegalapalli et <25cm height 25 - 100 cm height

al., 2010)

(Botzat et al, =1cmdiameter atbaseor< <=5cmdiameter atbaseor=75 =5cm DBH

2015) 75 cm height cm height

7.2 Chapter2

Table S2.1Functional traits of woody plant species surveyed. Traitsusedin this study:
Growth form; Maximum height (m); Leaf phenological habit; Seedmass (g); Petiole length
(mm); Leaftype; SLA(mg mm2); Capable of biological nitrogen fixation (Y/N).Field

measurements were taken for the 10 species in bold, sources of trait data for all other
species are givenin the reference list below.

Species Family Growth Max Leaf Seed Petiole  Leaftype SLA N
form height  phenology ~ mass length fix
Amyris elemifera Rutaceae Tree! 15! Evergreen®®  0.06'° 40" Compound®7.6212 N'
3
Annonareticulata ~ Annonaceae Tree! 10! Deciduous'40.197° 205 Simple™ 13.4214 N'
3
Aphelandra Acanthaceae Shrub! 3151 Evergreen'® &P Simple™® N'
scabra g
Ateleia gummifera  Fabaceae Tree! 15 Deciduous’ 0.021° 25 Compound'® Y’
Bauhinia Fabaceae Tree/ 7 Deciduous?20.06'° S Simple® 17.418 Y’
divaricata shrub?
Bonelliaflammea  Primulaceae Tree/ 5! Evergreen® 2 Simple® 11.718 N'
shrub’ 3
Burserasimaruba  Burseraceae Tree! 30' Deciduous®'  0.114 110.582 Compound'418.518 N7
9 0
Byrsonima Malpighiaceae ~ Tree' 15! Brevi- Simple® 17.118 N*
bucidifolia deciduous? 8
Calophyllum Calophyllaceae  Tree! 20! Brevi- 2.54 158 Simple?® 11.23% N7
brasiliense deciduous’®
Cameraria Apocynaceae Tree/ 151 Deciduous? 527 Simple'® N'
latifolia shrub’ 3
Casearia Salicaceae Tree/ 6! Evergreen? 0.20 3 Simple® 18.15 N’
emarginata shrub’ (genus) 8
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Cenostigma
gaumeri
Chamaedorea
seifrizii
Chloroleucon
mangense
Chrysobalanus
icaco
Coccoloba
acapulcensis
Coccoloba
barbadensis
Coccoloba
cozumelensis
Coccoloba spp

Cochlospermum
vitifolium
Cordiaalliodora

Cordia
dodecandra
Coulteriamollis

Crescentia
cujete
Croton arboreus

Dalbergia glabra

Damburneya
salicifolia
Diospyros
anisandra
Diospyros
bumelioides
Diospyros
salicifolia
Diphysa
carthagenensis
Ehretiatinifolia

Entada
polystachya
Erythrostemon
yucatanensis
Erythroxylum
bequaertii
Erythroxylum
rotundifolium
Eugeniaaxillaris

Eugeniacapuli
Ficus cotinifolia
Gliricidia sepium

Guazuma
ulmifolia
Guettarda
gaumeri
Gymnopodium
floribundum
Haematoxylum
campechianum

Fabaceae
Arecaceae
Fabaceae
Chrysobalanac
-eae
Polygonaceae
Polygonaceae
Polygonaceae
Polygonaceae

Bixaceae

Boraginaceae

Boraginaceae
Fabaceae
Bignoniaceae
Euphorbiaceae
Fabaceae
Lauraceae
Ebenaceae
Ebenaceae
Ebenaceae
Fabaceae
Boraginaceae
Fabaceae
Fabaceae
Erythroxylaceae
Erythroxylaceae
Myrtaceae
Myrtaceae
Moraceae
Fabaceae
Malvaceae
Rubiaceae
Polygonaceae

Fabaceae

Tree!

Palm?’

Tree!

Tree/
shrub?
Tree!

Tree!

Tree/
shrub'’
Tree/
shrub?
Tree!

Tree!

Tree!

Tree!

Tree!

Tree/
shrub?
Liana®

Tree/
shrub
Tree/
shrub'’
Tree/
shrub?
Tree/
shrub?”
Tree!

Tree!

Liana®

Tree/
shrub?®
Tree®®

Tree/
shrub'’
Tree/
shrub®
Tree!

Tree®
Tree!
Tree!
Tree/
shrub?
Tree/

shrub'’
Tree!

20

157

10!

20

121

157

151

251
25

251

10!

157

517

25

107

10!

637

10!

25!

15%

102

102

81

916

12!

205

151

201

10!

121

181

Deciduous'?

Evergreen? 200%8
Deciduous® 0.04%° 18°
Evergreen® 7 432
Deciduous?

Deciduous? 0.031° 20°
Deciduous?

Deciduous? 0.05°

Deciduous'’ 0.031°

Deciduous'0.0094

Deciduous'92.4410 21.93¢

Deciduous?30.1210

Brevi- 0.031° 3.728

deciduous®

Deciduous? 0.038

Evergreend 0.041° 2517

Evergreend

Evergreen® 0.157 227

Evergreen3® 0.51 il
(genus)

Brevi- 0.51 4.7120

deciduous®”  (genus)

Evergreend 0.021°

Brevi-

deciduous?

Brevi- 0.30"° 70"

deciduous®®

Deciduous?® 0.2170

Deciduous?®®

Deciduous? 0.0210

Evergreen® 0.081°

Brevi-

deciduous’

Evergreen'® 0.00021°905

Deciduous'™  0.08% 29.64¢

,19

Deciduous™  0.004%° 15.058

19

Deciduous? 0.03¢ 777

Deciduous?20.003°

Evergreen'?0.021° 8.09¢

14.403%5Simple?®

Compound®12.4721

Compound'®15.11
(genus)
Compound’525.5780

Simple'®

Simple® 19.818

Simple'® 9.69%

Simple® 13.718

Simple®

Simple! 16.65%
12.28%°

Simple'® 8.68°

Compound®13.418
Simple's 6.658
Simple® 16.118

Compound?®30.49

(genus)
Simple 11.718
Simple'® 11.14

(genus)
Simple® 11.14

(genus)
Simple®® 11.318

Compound®12.392!

Simple's 5.70
(genus)

Compound’515.1212

Compound®7.732!

Simple®

Simple's 6.85"2
Simple's 9.5212
Simple® 12.72%
Simple'®

Compound?  12.058
0

Simple2° 13.478
Simple®

Simple's 17.118
Compound'  13.55%

5

N7
N1
N7

N7

24
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Hamelia patens

Havardia albicans

Hiraea fagifolia

Hyperbaena
winzerlingii
Jatropha gaumeri

Leucaena
leucocephala
Lonchocarpus
rugosus
Lysiloma
latisiliguum
Machaerium
salvadorense

Machaonia
lindeniana
Malpighia lundellii

Malvaviscus
arboreus
Manilkara zapota

Mariosousa
dolichostachya
Metopium
brownei
Mimosa
bahamensis
Mosannona
depressa
Neea
psychotroides
Parathesis
cubana
Parmentiera
millspaughiana
Paullinia
bracteosa
Piscidia
piscipula
Pithecellobium
lanceolatum
Platymiscium
yucatanum
Plumeria rubra

Pouteria
amygdalina
Psidium
oligospermum
Randiaaculeata

Randialongiloba

Rinorea
guatemalensis
Roseodendron
donnell-smithii
Sebastiania
glandulosa
Semialarium
mexicanum

Rubiaceae

Fabaceae
Malpighiaceae
Menispermace-
ae
Euphorbiaceae
Fabaceae
Fabaceae

Fabaceae

Fabaceae

Rubiaceae
Malpighiaceae
Malvaceae

Sapotaceae

Fabaceae
Anacardiaceae
Fabaceae
Annonaceae
Nyctaginaceae
Primulaceae
Bignoniaceae
Sapindaceae
Fabaceae
Fabaceae
Fabaceae

Apocynaceae

Sapotaceae
Myrtaceae
Rubiaceae
Rubiaceae
Violaceae
Bignoniaceae
Euphorbiaceae

Celastraceae

Tree/
shrub’
Tree!

Liana%

Tree!

Tree/
shrub’
Tree/
shrub?
Tree!

Tree!

Shrub/
tree/
liana®
Tree/
shrub!
Tree/
shrub?s
Shrub?

Tree!

Tree!

Tree!

Tree/
shrub’
Tree!

Tree/
shrub’
Tree/
shrub’
Tree!

Liana®
Tree!
Tree/
shrub’

Tree!

Tree?”
Tree!
Tree?
Tree/
shrub’
Tree/
shrub
Tree®
Tree%°

Tree®

Tree!

10!
3.5

121

10!

121

15!

25!

10°

10!

102

51

251
15

258

10!

15!

15!

12!

51

20°

25!

2077
251

3027

12!

12

3550

10!

20!

Deciduous? 0.00005"
0

Deciduous?320.071°

Evergreen?

Deciduous?

Evergreen® 0.05%

Brevi- 0.081°

deciduous™

Deciduous'°0.03

Evergreen®

Evergreen

Deciduous? 0.05"
Evergreen'® 0.131°

Deciduous90.041°

Deciduous'®
Deciduous? 0.021°
Deciduous? 0.36*
Evergreen® 0.244
Evergreen? 0.08¢
Deciduous?®
Evergreen? 0.06°

Deciduous+%0.0210

Evergreen?
Evergreen? 0.05'°
Deciduous™0.041°
Evergreen? 2.04
(genus)
Brevi- 4.13
deciduous™  (genus)
Deciduous? 0.1047
(genus)
Evergreen® 0.10%7
(genus)
Evergreen* 0.05*
Deciduous'90.0061°
Evergreen®
Deciduous? 0.08'°

80°

og
125

10°

125

25.476

Simple®® 51.74%

Compound'513.8721

Simple'®
Simple®
Simple'® 18.58!
Sompound‘ 12.62¢6

38.012°Compound?°19.718

25.438

527

46.372°Simple?2°

235

2011

2.09%2

225

40

220%

30°

39.32¢

6027
1927

332

132

5.384

260

3.19%

Compound!  16.06°
5

Compound?622.4226

Simple®
Simple®

28.34%
Simple'® 10.1%8
Compound

Compound’515.218

Compound’10.68

Simple's 10.418
Simple’ 18.0%
Simple'®

Simple®

Compound'519.4044
Compound'  14.9'8
5

Compound’®15.412

Compound!  12.526
5
Simple™® 38.85%
Simple's 22.50
(genus)
Simple's 11.398%0
Simple's 12.218
Simple! 1418
Simple's 15.874
Simple's 15.98%
Simple™
Simple® 13.50%°

N
N
N
N1

N

N7
N'

3

N7
N
N
N
N1

N
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Senegaliagaumeri  Fabaceae Tree/ 20' Deciduous? 0.04% Compound®14.612! Y’

shrub’
Sennaracemosa Fabaceae Tree/ 10’ Deciduous? 0.03¢ 4517 Compound'$12.562! N7
shrub?
Sideroxylon Sapotaceae Tree! 257 Evergreen® 0.071 1227 Simple! N'
salicifolium 3
Simira Rubiaceae Tree! 257 Evergreen®  0.031° 4227 Simple'® N'
salvadorensis S
Solanum Solanaceae Tree/ 8% Deciduous? 0.0008%'1005 Simple™® 14.90 N'
erianthum shrub?® (genus) 3
Spondias spp Anacardiaceae  Tree/ Deciduous® 1.09 Compound' N’
shrub? (genus) g
Tabernaemontana  Apocynaceae Tree/ 10° Deciduous?  0.06* 25%7 Simple'® N
alba shrubs 3
Talisia floresii Sapindaceae Tree! 25! Evergreen? 65 Compound'® N?
3
Taravesicaria Fabaceae Tree/ 95 Evergreen? 0.175 37.32° Compound®10.816 N2
shrub® 4
Terminalia Combretaceae  Tree! 30! Evergreen? 0.01 12° Simple'® 15.7112 N’
buceras g
Trema Cannabaceae Tree! 101 Evergreen? 0.002% 18%2 Simple® 20.56% N”
micranthum
Trichilia glabra Meliaceae Tree' 157 Deciduous? Compound’#16.02"  N!
3
Vachellia Fabaceae Tree/ 7 Deciduous?:20.084 105 Compound®15.71 Y’
cornigera shrub'’
Wimmeria Celastraceae Tree?” 2527 Evergreen 8° Simple?® 11.86% N'
bartlettii g
Xylosmaflexuosa  Salicaceae Tree/ 51 Evergreen? 0.4%2 1.5220 Simple?® 11.5420 N'
shrub? 3
Zygiaconzattii Fabaceae Tree® 2 Evergreen 0.33¢ 35 Compound® Y2
(genus)® ‘
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Box S2.1 Tests of the assumption of equal variance among groups for
PERMANOVA

Theearly successional juvenile community had highervariance than the mid andlate
successional juvenile communities (for taxonomic composition, a mean diference
with 95% Cl of 0.16 (0.08 —0.24) and 0.20 (0.13 — 0.28) respectively; for functional
composition, a mean diference of 0.09 (0.03 — 0.14) and 0.07 (0.02 — 0.13)
respectively). Themid successional adult community also had higher variance than
the late successionaladult community for taxonomic composition (meandiference
of 0.28 (0.18-0.38) but not for functional composition (mean diference of 0.04 (-
0.04 —0.11)).
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BoxS2.2Recruitment limitation calculations

For calculations of establishment limitation, the number of stations with seeds
present was multiplied by four to scale it to the same area as the area over which
juveniles were measured (asthe juvenile quadrats are four times the areaof the seed
traps; Werden et al., 2020b). This assumes that seeds would have been evenly
distributed across the area of the quadrats at the same density as they were found in
the traps. The establishment limitation calculation gives for each species the
proportion of stations that received seeds that did not then have a juvenile. It is
biologically impossible for a station to have juveniles but no seeds; any instances of
this were an artefact generatedby the temporal disconnect of the surveysof diferent
life stagesor the presence of seedsthat were not caught in the seed traps, and were
removedfrom the dataset. Establishment limitation was only calculated for species
that had 310 seedsin the plot to ensure the calculations had a suficiently high
denominator to be robust. All species were included in the calculations of dispersal
limitation, as rare seeds can be interpreted as highly dispersal limitated. Expected
dispersallimitation is also equal to source limitation, as it is the number of traps that
would be reached if the total number of seeds of a species in the plot were equally

distributed between traps (Muller-Landauet al., 2002).
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Table S2.2 Observed and expected dispersal
Dispersal limitation
Early Mid Late
Species Observed Expected Observed Expected Observed Expected
Arrabidaea spp 0.88 0.70(0.51-0.88) 0.96 0.62(0.41-0.82)
Bonellia flammea
Bursera simaruba
Casearia emarginata
Cenostigma gaumeri
Coccoloba acapulcensis 0.84 0.47 (0.26 - 0.67 )
Coccoloba spp 0.84 0.26 (0.08-0.43) 0.80 0.01(-0.03-0.05)
Cochlospermum vitifolium
Cordia dodecandra 0.96 0.85(0.71-1.00)
Croton arboreus 0.20 0.00 (0.00-0.00) 0.08 0.00(0.00-0.00) 0.16 0.00(-0.02-0.02)
Dalbergia glabra 0.92 0.70(0.52-0.88) 0.92 0.93(0.83-1.03)
Erythrostemon yucatanensis
Erythroxylum bequaertii
Gliricidia sepium 0.88 0.88(0.75-1.01)
Guettarda gaumeri 0.80 0.03(-0.04-0.11) 0.68 0.21(0.05-0.37)
Gymnopodium floribundum 0.96 0.96 (0.88-1.04) 0.00 0.00(0.00-0.00) 0.56 0.02 (-0.04 - 0.08)
Haematoxylum campechianum 0.92 0.85(0.71-0.99) 0.84 0.67 (0.48-0.87)
Havardia albicans 0.96 0.79(0.62-0.95) 0.48 0.23(0.07-0.38)
Hiraea fagifolia 0.76 0.62(0.43-0.82)
Hyperbaena winzerlingii
D73
ID74
ID77
Jatropha gaumeri
Leucaena leucocephala 0.96 0.96(0.88-1.04)
Lonchocarpus rugosus 0.92 0.92(0.81-1.03)
Lysiloma latisiliquum
Manilkara zapota 0.92 0.92(0.81-1.03)
Metopium brownei
Mimosa bahamensis 0.60 0.01 (-0.03-0.06) 0.52 0.00(0.00-0.00)
Parathesis cubana 0.96 0.92(0.81-1.03)
Paullinia bracteosa 0.76 0.11(-0.02 - 0.23)
Piscidia piscipula 0.96 0.82(0.66-0.98)
Platymiscium yucatanum 0.96 0.96(0.89-1.04)
Plumeria rubra
Pouteria amygdalina
Psidium oligospermum 0.48 0.00(-0.01-0.02)
Sebastiania glandulosa
Senna racemosa 0.80 0.38(0.18-0.58)
Talisia floresii
Tara vesicaria 0.80 0.60(0.41-0.80)
Terminalia buceras 0.08 0.00 (0.00-0.00)
Vachellia cornigera 0.96 0.64 (0.45-0.83) 0.88 0.73(0.56-0.90)

Zygia conzattii

limitation
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Table S2.3 Observed and expected establishment limitation

Establishment limitation

Early Mid Late
Species Observed Expected Observed Expected Observed Expected
Arrabidaea spp 1.00 1.00 (1.00 - 1.00)
Coccoloba acapulcensis 1.00 1.00 (1.00 - 1.00)
Coccoloba spp 0.94 0.55(0.31-0.78) 0.95 0.20 (0.04-0.36)
Croton arboreus 1.00 1.00 (1.00 - 1.00) 0.92 069 (0.51-0.87) 0.95 0.57 (0.36 - 0.78)
Guettarda gaumeri 0.85 064 (0.45-0.84) 1.00 096 (0.87-1.05)
Gymnopodium floribundum 0.95 0.40(0.21-0.59) 1.00 1.00 (1.00 - 1.00)
Haematoxylum campechianum 1.00 096 (0.81-111)
Havardia albicans 1.00 1.00 (1.00 - 1.00)
Hiraea fagifolia 1.00 0.72 (0.42-1.02)
Mimosa bahamensis 0.92 0.76 (0.59 - 0.93) 0.92 0.73 (0.56 - 0.90)
Paullinia bracteosa 0.79 0.14 (-0.01-0.28)
Psidium oligospermum 0.77 0.00 (0.00-0.00)
Senna racemosa 1.00 1.00 (1.00 - 1.00)
Tara vesicaria 1.00 0.81(0.56-107)
Terminalia buceras 0.97 086 (0.72-099)
Vachellia cornigera 1.00 0.89 (0.66 - 1.11)

Table S2.4Table of results for models of d recruitment limitation.

d dispersallimitation d establishment
limitation

Explanatory variable DF ¢? p-value c? p-value
Successional stage 2 0.58 0.75 1.25 0.53
Successional stage * 2 21.71 <0.001t - -
Maximum height
Maximum height 1 - - 0.47 0.49
Successional stage * 2 - - 8.19 0.02
Seed mass
Seed mass 1 023 0.63 - -
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Leaf phenological 3 - 3.78 0.29
habit

Leaftype 1 - - 1.19 0.28
SLA 1 - - 0.51 0.47
Nitrogen fixation 1 - - 0.72 0.40
TFixedefects of model explained only 4% of variation (Marginal R?= 0.04, conditional R2=
0.22).
1.5

1.0

Coccoloba spp fgospermum e

L ]
N Paullinia bracteosa
e Gymnopodium floribundum

Mimosa bahamensis i Croton arboreus
llia cornigeras Tara vesicaria

[puceras Guettarde Havardia albicans
GyMmnopodium floribundum /\CFoton arboreus
Senna racemosa

0 Establishment limitation
(@) o
o 3)

2 4 6 8
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FigureS2.1desunisnmentlimitation increasedwith seedmassin the late-successionalplot,

but not in the early or mid successional plots. Grey area indicates 95% confidence

interval.
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7.3 Chapter3

Table S3.1 Intervention type and age of plots. Referenceplots have been continuously

closed canopy for at least 30 vyears, and actual age is not known.

Plot number Forest type Age (years)

1 Planted 1
2 Nat. Regen. 6
3 Reference 30
4 Planted 0
5 Nat. Regen. 6
6 Nat. Regen. 6
7 Reference 30
8 Reference 30
9 Reference 30
10 Planted 1
i Planted 1
12 Reference 30
13 Reference 30
14 Reference 30
15 Nat. Regen. 6
16 Nat. Regen. 6
17 Nat. Regen. 2
18 Nat. Regen. 2
19 Planted 2
20 Planted 2
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Table S3.2Within-plot partial Mantel tests of the correlation between compositional

dissimilarity and environmental distance (all environmental variables), correcting for

spatial autocorrelation.

Plot number Pearson correlation p-value Corrected p-value Forest type

1

© 0 N o o

13
14
15
16
17
18
19
20

NA
-0.24
0.01
-0.12
-0.03
0.27
-0.09
0.32
-0.06
0.46
-0.02
-0.09
-0.24
0.46
0.06
0.03

NA
0.80
0.45
0.75
0.48
0.05
0.66
0.10
0.68
0.00
0.51
0.76
0.73
0.04
0.40
0.43

NA
1.000
1.000
1.000
1.000
0.735
1.000
1.000
1.000
0.015
1.000
1.000
1.000
0.675
1.000
1.000

Planted
Nat. Regen.
Nat. Regen.
Nat. Regen.
Reference
Reference
Reference
Reference
Reference
Reference
Nat. Regen.
Nat. Regen.
Nat. Regen.
Nat. Regen.

Planted

Planted
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Table S3.3Within-plot partial Mantel tests of the correlation between compositional

dissimilarity and environmental distance (soil variables only), correcting for spatial

autocorrelation.

Plot number Pearson correlation p-value Corrected p-value Forest type

1

2

12

13

14

15

16

17

18

19

20

NA
-0.21
0.01
-0.12
-0.03
0.31
-0.21
0.26
-0.05
0.44
-0.02
-0.02
-0.16
0.43
-0.02

-0.01

NA
0.765
0.440
0.771
0.491
0.031
0.876
0.091
0.684
0.001
0.503
0.561
0.654
0.047
0.538

0.468

NA
1.000
1.000
1.000
1.000
0.465
1.000
1.000
1.000
0.015
1.000
1.000
1.000
0.705
1.000

1.000

Planted
Nat. Regen.
Nat. Regen.
Nat. Regen.

Reference
Reference
Reference
Reference
Reference
Reference
Nat. Regen.
Nat. Regen.
Nat. Regen.
Nat. Regen.
Planted

Planted
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Table S3.4 Within-plot partial Mantel tests of the correlation between compositional

dissimilarity and environmental distance (canopyopennessonly), correctingfor spatial

autocorrelation.

Plot number Pearson correlation p-value Corrected p-value Forest type

1

2

12

13

14

15

16

17

18

19

20

NA
-0.14
0.40
-0.13
0.30
-0.18
-0.09
-0.26
-0.02
=0.23
-0.31

0.00

0.20
-0.06

-0.05

NA
0.676
0.025
0.823
0.100
0.944
0.690
0.974
0.575
0.972
0.974
0.496
0.318
0.206
0.556

0.501

NA

1.000

0.375

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

1.000

Planted
Nat. Regen.
Nat. Regen.
Nat. Regen.

Reference
Reference
Reference
Reference
Reference
Reference
Nat. Regen.
Nat. Regen.
Nat. Regen.
Nat. Regen.
Planted

Planted
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7.4 Chapter4
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Figure S4.1 Most growth happened in the early successional treatment during the wet
season (months 8-12).Season had asignificantefect ongrowth.Thefixedefect of season
alone explained 10% of the variation in RGR (R?% = 0.28, R%,= 0.10). The fixed efects of
season ‘successional environment explained 40% of the variation in RGR(R%.=NA, R, =
0.40). Therewas a significant interaction between seasonand successional environment —

the fastest growth was in the early successional environment during the wet season.
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Figure S4.2 Observer accuracy for (A) the percentage of leaves with natural enemy
damage on each individual, and (B) average area of leaf surface with natural enemy
damage. Redpoints = Observer 1, blue points = Observer 2. Variation between groups was

significantly biggerthan variation within groups (A:F=7.95,p <0.001;B:F=11.47, p<0.001).
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Figure S4.3 The average area of leaf that was damaged by natural enemies was

negatively correlated with RGR.
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