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ABSTRACT

Forest and savanna represent two alternative ecosystem stable states. Shifts
between states are not easily reversible. Fire can determine state shift, with shifts
from savanna to forest occurring when trees cross the fire suppression or resistance
threshold. This study investigated these thresholds in the seedlings of five tropical
forest tree species across a forest-savanna transition in West Africa. The fire
suppression threshold was not found. Below a threshold of 30% canopy openness
herbaceous biomass decreased, however fire was not suppressed nor seedling
survival increased. The fire resistance threshold was found. Seedlings taller than a
threshold 380mm had a higher survival rate through fire than shorter seedlings.
Trade-offs between growth traits and ability to recover from fire were observed
across all species. Bombax buonopozense’s allocation patterns favoured fire
recovery and it survived especially well in the savanna vegetation type, making it an
excellent indicator species for forest encroachment into mesic tropical West African

savannas.



GENERAL INTRODUCTION

Many of the responses of ecosystems to environmental change are characterised
not by gradual linear behaviour but by thresholds and abrupt transitions from one
stable state to another (Beisner et al., 2003). Tropical forest and savanna are two
such ecosystems (Hirota et al., 2011; Staver et al.,, 2011a), with the transition
between them providing an interesting model system for investigating how and why
such thresholds occur. Whether a forest or savanna state exists at a point in space
and time is determined by the interaction between fire, climate, resources, and
species traits (Hoffmann et al., 2012). Shifts of state from savanna to forest, or vice
versa, as a result of climate change or fragmentation, are neither smooth nor easily

reversible (Staver et al., 2011a).

The switch in states from savanna to forest, or forest encroachment, is an important
process of tropical environmental change that has been well documented in several
southern African savannas (Wigley et al., 2009) as well as multiple regions in tropical
Africa (Mitchard et al., 2009; Mitchard & Flintrop, 2013). Furthermore, according to
global circulation models, under climate change predictions alone the savannas of
West Africa are predicted to contract by 2050 with tree cover predicted to increase
by 1 - 10 % in large parts of Benin, Burkina Faso, Céte D’lvoire, Ghana, and Togo
(Heubes et al., 2011). Forest encroachment into savanna will be further enhanced if
fire and herbivory are suppressed (Mayer & Kahlyani, 2011; Hopkins 1992, Swaine
et al., 1992) and if atmospheric carbon dioxide increases and favours the growth of

trees over herbaceous plants (Dai et al., 1993; Ogren, 1984).



Savannas are fire maintained ecosystems while forests are ecosystems largely
unaffected by fire (Hoffmann et al., 2012). Fire driven tipping points, or thresholds,
are likely to exist in savanna and once crossed will lead to the system shifting to
forest (Hoffmann et al., 2012). Understanding these thresholds is vitally important to
effectively monitor and manage these important ecosystems as these thresholds are
likely to be affected by current and future global and local environmental change
(Bond & Midgley, 2012; Hoffmann et al., 2012; Archibald et al., 2005). As it stands,
we are on the cusp of several fire-driven thresholds in many of the world’s woody
biomes, including savanna, as a result of changing climate and human management
(Adams, 2013). This study will investigate these fire driven thresholds in a tropical

African savanna-forest transition zone.



LITERATURE REVIEW AND BACKGROUND FOR HYPOTHESES

What are forests and savannas and why do they matter?

Tropical forests have a closed canopy of trees with an understory but no continuous
herbaceous layer (Hoffmann et al., 2012). Tropical savannas have a discontinuous
tree layer which lies within a continuous C4 herbaceous layer (Lehmann et al., 2014;
Veenendaal et al., 2014). Tropical forests are largely unaffected by regular fire
(Hoffmann et al., 2012), while drier forests are affected only by occasional ground
fires (Bond & Van Wilgen, 1996). Tropical savannas, however, as a result of their
continuous herbaceous fuel layer, are one of the most fire prone ecosystems in the
world (Mouillot & Field, 2005), with 2.6 million km? of savanna burning in Africa each

year (Schultz et al., 2008).

Tropical savannas and forests are both globally important ecosystems. The tropical
forest biome contributes 33% to total global land surface metabolic activity and gross
primary productivity (Malhi, 2012). These forests are valuable both for their roles in
carbon and water cycling and their extensive biodiversity (Malhi, 2012). The savanna
biome covers 20% of the earth’s land surface and contributing 25% to total global
gross primary productivity (Beer et al.,, 2010) and 30% to global net primary
production (Scholes & Archer, 1997; Field et al., 1998; Archibald et al., 2013). It
covers large regions of tropical and subtropical Africa (Bond & Midgley, 2000), is
currently home to one fifth of the human population, and sustains most of the global
megafauna population (Scholes & Archer, 1997). The transition between savannas
and forests is important as, especially in Africa and South America, many people

depend on it for the ecosystem services it provides, such as land for grazing and



agriculture (Skarpe, 1991). Changes affecting the savanna, the forest, or the

transition between the two will thus have direct socio-economic consequences.

Alternative stable states, hysteresis and thresholds

Forest and savanna are alternative stable states (Hirota et al., 2011; Staver et al.,
2011a). The theory of alternative stable states is that in the same geographical area
two or more different stable ecosystem states may exist at different times (Holling,
1973; Scheffer et al., 2001; Dent et al., 2002). The analogy most often used to
describe alternative stable state theory is that of a ball in a basin, next to adjacent
basins, with each basin representing an alternative stable state of that ecosystem
(Beisner et al., 2003, Figure 1). If perturbed, the ball can move up the sides of its
current basin, and if sufficient perturbation occurs it can roll into the adjacent basin,
representing a shift from one stable state to another. The ball, or ecosystem, is more
likely to roll into the other basin, or shift states, under repeated perturbations to the
system or if perturbations are more extreme (Beisner et al., 2003). The degree of
difficulty the ball experiences in switching basins is determined by the steepness of
the edges and the size of the basin, and the ability to resist changing basins, or
states, is referred to as “ecological resilience” (Beisner et al, 2003; Peterson et al.,

1998).

Associated with the idea of changing states is the idea of hysteresis, or irreversibility,
and tipping points, or thresholds. Hysteresis is why it is easy for a ball to roll downhill
into a steep basin, but much more difficult to roll out. In an ecological context,

hysteresis means that while a system may be resilient to perturbations up to a point,



once a threshold is crossed and a state shift has occurred, far greater perturbations
may be required to return it to the previous state (Beisner et al., 2003). The threshold

that, if crossed, leads to this irreversible state shift is called a tipping point.

STARTING STATE FORWARD PERTURBATION SAME REVERSE PERTURBATION

>

Figure 1: Simplified ball-in-basin model of the theory of alternative stable states and
hysteresis. Alternative states “A” and “B” are the two basins, the current state of the system is
the grey ball. A perturbation of size X it may push the ball from one state to another, however
the same perturbation of size X cannot return it to the previous state (hysteresis). [Figure

based on Beisner et al., 2003].

The theory of alternative stable states, especially as it applies to savanna and forest
ecosystems, has recently been questioned. Veenendaal et al. (2014), after looking at
floristic and structural patterns of forest-savanna transitions across tropical areas in
Africa, South America and Australia, found a much less marked transition between
these two states than expected. This implies a continuum between these two states
rather than a discontinuum or sudden state shift, thus providing some evidence
against the alternative stable states hypothesis (Veenendaal et al., 2014). Hanan et

al. (2014) also suggest that evidence of the presence of alternative stable states may



be an artefact of errors in remote sensing products. Despite this recent controversy,
there still remains ample support for the theory of alternative stable states in
savanna-forest transitions (inter alia Hoffmann et al., 2012; Hirota et al., 2011; Staver
et al.,, 2011la; Sankaran et al., 2005) and therefore this framework still remains

relevant.

Climate, especially rainfall, plays an important role in determining whether a

system is forest or savanna

The distribution of savanna across the globe is largely defined by precipitation, with
mesic savannas being wetter than arid savannas (Lehmann et al.,, 2011). Both
effective rainfall (mean annual precipitation—potential evapotranspiration) and rainfall
seasonality (dry season length) are important for determining where the transition
from savanna to forest occurs (Lehmann et al., 2011). Globally, the transition from
forest to mesic savanna is most likely to occur where effective rainfall is less than
570mm, as long as the rainfall is seasonal (dry season exceeding five months)
(Lehmann et al., 2011). The transition from shrubland/thicket type forest to arid
savanna is less predictable and varies between continents (Lehmann et al., 2011).
As a result of being wetter and more productive, mesic savannas have increased
herbaceous biomass and therefore higher fuel loads than their drier, less productive
arid counterparts (Hoffmann et al., 2012; Bond et al., 2003, 2005; Sankaran et al.,

2005; Higgins et al., 2000). Mesic savannas, such as those of tropical West Africa,



therefore burn more regularly and with higher intensity than arid savannas (Bond et

al., 2003, 2005; Sankaran et al., 2005; Higgins et al., 2000).

One of the biggest differences between savanna and forest is their difference in
above-ground biomass, which is largely determined by tree biomass (Sankaran et
al., 2005). Forests have closed canopies and therefore a higher tree biomass than
savannas (Sankaran et al, 2005). Tree biomass and formation of a closed canopy is
largely determined by rainfall (Sankaran et al., 2005; Lehmann et al., 2011). When
mean annual precipitation (MAP) is below ~650mm, tree biomass and thus canopy
closure is limited by water availability (Sankaran et al., 2005). Despite this, above
~650mm MAP tree biomass is often below the climate determined potential, where a
high tree biomass and closed canopy is not always observed, despite there being

enough water to provide for it (Sankaran et al., 2005; Bond et al., 2005).

Other factors, including fire, also play an important role in determining
whether a system is forest or savanna

When the tree biomass and degree of canopy closure of a system is below the
climatically determined potential, the ecosystem is said to be under “consumer
control” (Bond et al., 2005; Bond & Keeley, 2005). “Consumer control” is where a
consumer, such as fire or herbivory, consumes part of the biomass in an ecosystem,
causing the ecosystem to not reach its climate-determined biomass potential (Bond
et al., 2005). The discrepancy between actual and potential biomass is often so
pronounced that it is estimated that closed canopy forest would double its current

global range if “consumer control” was not present (Bond & Keeley, 2005).
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Savannas are an excellent example of consumer controlled ecosystems, as they
often have a lower biomass than their climatic potential as predicted by precipitation
(Sankaran et al., 2005 in Higgins et al., 2007). This discrepancy between actual and
potential biomass is extremely pronounced in savannas in the wetter regions of
Africa, and, since these are some of the most frequently burnt ecosystems in the
world, fire is often invoked as a key “consumer” in these systems (Bond & Keeley,
2005). Fire has been shown to be a factor playing a pivotal role in reducing tree
cover in West, East, and Southern African savannas where mean annual
precipitation is above ~650mm (Sankaran et al., 2008). Fire, therefore, is a key driver

in determining whether forest or savanna is the current stable state of an ecosystem.

How fire maintains savanna: the fire-trap hypothesis

In the past, models for tree-herbaceous layer coexistence in savannas were often
implicitly equilibrium based, for example the root niche-separation hypothesis
(Walter, 1971) that postulated that trees and grasses coexisted by separating their
rooting depths and therefore their water sources. More recent hypotheses draw on
non-equilibrium models where savannas are seen as dynamic and often unstable
systems (Scholes & Archer, 1997; Bond & Midgley, 2000). One of the primary tree-
herbaceous layer coexistence non-equilibrium theories is the “fire-trap” hypothesis
(Bond, 2005; Bond et al., 2005; Sankaran et al., 2005; Higgins et al., 2000;

Hoffmann, 1999).



Fires in savanna typically burn the herbaceous layer, with trees not tall enough to
escape the flames experiencing top-kill (whole or partial death of above-ground
biomass) (Trollope, 1984; Glitzenstein et al., 1995; Williams et al., 1999; Higgins et
al., 2012). Top-kill in savannas seldom leads to whole plant death (Bond & Van
Wilgen, 1996; Hoffmann et al., 2009; Werner & Franklin, 2010), therefore repeated
top-kill by fire leads to a demographic bottleneck with a large number of trees unable
to reach canopy height (Bond & Keeley, 2005; Bond & Von Wilgen, 1996; Higgins et
al.,, 2012). Trees therefore persist for many years within the herbaceous layer,
resprouting vigorously but never reaching escape height (Bond & Midgley, 2001;
Higgins et al., 2007). This phenomenon is known as the “fire-trap”, and acts as a
mechanism to prevent canopy closure in savannas via repeated top-kill of smaller
trees and more infrequent killing of entire trees in extreme events (Hoffmann et al.,
2012; Williams et al., 1999; Hoffmann & Solbrig, 2003; Holdo, 2005; Higgins et al.,
2007). There are only two ways trees can escape the fire-trap: by crossing the “fire

resistance” or “fire suppression” threshold.

Crossing either the fire suppression or fire resistance threshold facilitates the
encroachment of forest into savanna

The “fire suppression” threshold acts on an ecosystem level and occurs when trees
grow at such a density or large enough that the canopy closes and excludes fire
(Hoffmann et al., 2012; Figure 2). Under a closed canopy, the understory fuel layer
is reduced due to lack of light. Light is often a limiting factor in forests, and
decreased light can result in dramatic decreases in the success of herbaceous

plants by decreasing photosynthetic capacity (Sims & Pearcy, 1989). The resulting
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decrease in biomass of the herbaceous fuel layer combined with the moister, less
windy microclimate associated with a closed canopy results in decreasing fire
frequency and intensity as fire requires fine dry fuels to spread (Biddulph & Kellman,
1998; Uhl & Kauffman, 1990; Ray et al., 2005; Hoffmann et al., 2012) (Figure 2).
The fire suppression threshold occurs at the point when canopy openness is low
enough to decrease herbaceous biomass sufficiently to suppress fire (Hoffmann et

al., 2012, Figure 3).

The “fire resistance” threshold acts on the scale of individuals and occurs when trees
grow large enough to no longer experience top-kill by fire (Hoffmann et al., 2012;
Figure 2). Increased size increases bark thickness as bark thickness is dependant
on stem diameter (Hedge et al., 1998). Thicker bark has an insulting effect during
fire, protecting the xylem and phloem transport systems from being damaged,
therefore enabling photosynthates and water to continue to be transported between
root and shoot (Higgins et al., 2012; Gill & Ashton, 1968; Bauer et al., 2010). Bark
also functions to protect the tree from top-kill as, if it is moist with water, it can
prevent ignition during fire as a result of its higher heat capacity (Gill & Ashton, 1968;
Higgins et al., 2012). Increased tree size, specifically height, also helps prevent top-
kill during fire by raising the fire-sensitive canopies, and thus the majority of the
photosynthetic material, out of the flames, preventing them from reaching critical
temperatures (Higgins et al., 2012; Gill & Ashton, 1968; Bauer et al., 2010). Stem
diameter, height, and bark thickness are good predictors as to whether a tree will be
top-killed by fire or not (Hoffmann et al., 2012). Only certain individual trees ever
manage to get big enough to escape fire, and these tend to be the individuals with

growth rates exceeding the mean growth rate of the species (Wakeling et al., 2011).
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The fire resistance threshold occurs at the point where the diameter, a proxy for bark
traits, or height of a tree is associated with a dramatic decrease in top-kill by fire

(Hoffmann et al., 2012, Figure 3).

(@) State maintained by fire State independent of fire

_ Long interval
Short interval without fire
without fire

P

Fire

L 2

(b)
Long interval

Short interval s )
without fire

without fire
—_—

N

Fire

Figure 2: Trees can overcome the fire-trap and shift from a state maintained by fire (eg.

savanna) to one independent of fire (eg. forest) by crossing a) the fire resistance threshold or

b) the fire suppression threshold. In (a) saplings are unable to grow big enough to avoid top-kill

by fire and therefore the system remains in a fire maintained state, however if the interval

between fires is long enough then saplings have sufficient time to grow large enough to be

able to resist top-kill by fire and the state shifts to one independent of fire. In (b) saplings are

unable to grow mature crowns that overlap sufficiently to close the canopy and restrict the

growth of the herbaceous fuel layer and therefore the system remains in a fire maintained

state, however if the interval between fires is long enough then saplings are able to form

closed canopies and therefore restrict herbaceous fuel and suppress fire (broken arrow) and

the state shifts to one independent of fire. [Figure: Hoffmann et al., 2012].
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Figure 3: a) The fire resistance threshold, represented as the decreased probability of
top-kill above a certain bark thickness in high and low fire intensities and b) the fire
resistance threshold, represented by the decreasing grass leaf area index (LAI) with

increasing tree LAI. (Data from Brazilian Cerrado) [Figure: Hoffmann et al., 2012].

The encroachment of forest into savanna represents a shift between alternative
stable states and is facilitated by the crossing of either the fire resistance or
suppression threshold. Once either threshold is crossed the state shift is self-
enforcing due to positive feedbacks (Lehmann et al., 2011). Having a closed canopy

that suppresses fire further promotes the growth of trees which further closes the
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canopy and suppresses fire; and trees that grow large enough to resist top-kill by fire

will continue, even under repeated fire, to resist top-kill by fire.

Global environmental change drivers can determine whether a forest or

savanna state occurs by interfering with these thresholds

The time taken to cross either the fire suppression or fire resistance threshold is
critical (Hoffmann et al., 2012). Factors that increase or decrease this time can
therefore have effects on tree density (Hoffmann et al., 2012) and ultimately lead to a
switch from savanna to forest or vice versa (Figure 4). Changes in climate and
resources, which are often global scale processes, can thus have local effects and

determine whether a system is forest or savanna.

Atmospheric carbon dioxide (CO,) is important in determining the time taken to
reach either threshold as increased CO, can enhance plant growth (Kgope et al.,
2010), particularly in trees (Dai et al., 1993; Ogren, 1984). Palynological and isotopic
evidence shows that the boundaries between forest and savanna are not constant
but shift through time (Kershaw, 1992; Desjardins et al., 1996; Schwartz et al., 1996;
Sanaiotti et al., 2002). Historically, some of the largest scale changes in vegetation
cover have been associated with changes in atmospheric CO, (Wills & McElwain,
2002). In greenhouse experiments, African Acacia seedlings showed increased
photosynthesis, total stem, total stem diameter, shoot dry weight, and root dry weight
under increased CO, concentrations, implying that CO, has a direct effect on these

seedlings’ ability to recruit in savanna systems (Kgope et al., 2010).
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Figure 4: Increased resource availability can decrease the time taken to cross either the
a) fire resistance or b) fire suppression threshold by increasing growth rate and rate of
canopy closure respectively. [Figure: Hoffmann et al., 2012].

Increased atmospheric CO, enhances tree success in savannas as the growth
benefit it confers onto trees, which are C3, is relative more than it confers onto
herbaceous plants, which are C4 (Dai et al., 1993; Ogren, 1984). Plants that do C4
photosynthesis are less likely to photorespire than plants that do C3 photosynthesis
(Dai et al., 1993; Ogren, 1984). Photorespiration is the wasteful process whereby

oxygen instead of the preferred CO, is reduced by the photosynthetic enzyme
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Rubisco and is more likely to occur when atmospheric CO, is lower, as the
decreased CO;, concentration means that there is proportionally more oxygen in the
air entering the stomata of the leaf (Dai et al., 1993; Ogren, 1984). When
atmospheric CO, increases, photorespiration decrease, conferring a growth benefit
to plants as photosynthesis becomes more efficient. Since C4 plants, including the
herbaceous layer of savanna, are evolved to experience little photorespiration at
most CO, concentrations, this benefit is felt more strongly by C3 plants, such as the
trees of savanna (Dai et al., 1993; Ogren, 1984). Increased CO, in the atmosphere
has therefore been suggested to have the ability to enhance tree seedling growth
rate, therefore enabling more individuals to escape the fire-trap, promoting forest

encroachment into savanna (Bond & Midgley, 2012).

Crossing the fire resistance threshold is associated with allocation trade-offs
and these can determine which species lead the encroachment of forest into
savanna

Linked to the fire resistance threshold is the idea of allocation trade-offs. Allocation
trade-offs are not uncommon in plants, with the way resources are allocated to
above- and below-ground biomass being an adaptive trait, with trade-offs existing
between above- and below-ground resource capture (Tilman, 1988; Brouwer, 1962;
Thornley, 1972; Bloom et al., 1985). In scrub species these trade-offs are well
documented, with carbon allocation in species that have carbon storage organs
indicating that resources are either devoted to growth, specifically post fire recovery,
or reproduction, specifically seed production (Bond & Midgley, 2001). In woody shrub

seedlings, allocation patterns and trade-offs may even affect competitive ability

16



(Clarke & Knox, 2009). For example, in woody shrubs growing in grassy
communities, species that recovered from fire by resprouting as opposed to
releasing seeds allocated more to roots than their reseeding counterparts and were
therefore less affected by above-ground competition with grasses (Clarke & Knox,

2009).

Trade-offs between ability to compete and ability recover from fire have been found
in comparisons of savanna and forest tree species. The difference in processes
governing forest and savanna biomes mean that the tree species associated with
each biome are not usually the same, and therefore the communities have different
species traits and thus different responses to fire (Bowman, 2000; Hoffmann et al.,
2003, 2005, 2009; Ratnam et al., 2011; Gotsch et al., 2010; Rossato et al., 2009).
Savanna tree species tend to have a carbon expensive life history strategy, investing
heavily in increasing root carbohydrates (Hoffmann et al., 2004), root biomass
(Hoffmann & Franco, 2003), and bark (Hoffmann et al., 2012). High investment
below-ground means that these trees have an extensive energy store, enabling them
to effectively resprout after top-kill by fire and quickly regrow their lost photosynthetic
material (Hoffmann, 2000). Forest species, having evolved where fire was not as
strong a selective pressure, tend to have up to three fold thinner bark than savanna
species, meaning that they have to reach much larger sizes than savanna species to
avoid being top-killed by fire (Hoffmann et al., 2012; Hoffmann et al., 2003). Forest
seedlings growing in savanna therefore experience higher rates of top-kill than
savanna species (Hoffmann et al., 2009). This difference in survival is partially offset
by forest trees growing faster than savanna trees when both are growing in savanna

conditions, making them superior competitors and able to reach escape height faster
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than savanna trees (Hoffmann et al., 2012; Rossato et al., 2009). These trade-offs
have been documented in congeneric pairs of savanna and forest tree species,
where there was greater allocation of resources to coarse roots in savanna species
than their forest counterparts, a trait that helped them recover more effectively from
fire as they had an increased sprouting ability (Hoffmann & Franco, 2003).
Furthermore, tree species in tropical savannas that were from mesic savannas
allocated more to roots than those from arid savannas, presumably because fire is

more frequent in these environments (Tomlinson et al., 2012).

The differences in allocation patterns seen in forest and savanna tree species is
evidence that trade-offs between competitive ability and ability to recover from fire
exist. Since allocation trade-offs can be adaptive traits (Tomlinson et al, 2012),
savanna tree species in fire-prone environments generally favour fire recovery
allocation patterns and forest tree species in low-light, competitive environments
generally favour allocation patterns that increase competitive ability (Hoffmann et al.,
2012). Plants with similar leaf properties therefore have different growth rates if one
is allocating resources below ground in anticipation of resprouting after fire and one
is not (Bond & Midgley, 2001). The inability of forest tree species to deal with fire is
one of the primary factors decreasing their success in savanna environments
(Hoffmann et al., 2004, 2012), limiting the ability of forest to encroach upon savanna.
Following this logic, forest tree species that exhibit allocation patterns most like
savanna species, favouring recovery from fire rather than competitive ability, are
more likely to succeed in savanna environments and thus lead the encroachment of

forest into savanna.
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Current knowledge gaps

The fire-trap hypothesis has been studied in Southern African arid savannas in
savanna tree species (Wakeling et al., 2011; Staver et al., 2009) and in gallery forest
and savanna tree species in Brazil (Hoffmann et al., 2012; Hoffmann et al., 2009),
where it was found to apply to observational data. Both the fire suppression and fire
resistance threshold theories were developed in the Cerrado region of Brazil using
Brazilian gallery forest and savanna tree species (Hoffmann et al., 2012). The fire
suppression threshold has been demonstrated in the Venezuelan savanna-forest
transition (Biddulph & Kellman, 1998) and the fire resistance threshold in South
African arid savanna tree species (Higgins et al., 2012). This study is novel as
neither the fire-trap nor its associated thresholds have been studied in tropical mesic
forest tree species, and there has been no study in the northern hemisphere African
tropics, which appears to be a very active region of widespread forest encroachment

into savanna (Mitchard & Flintrop, 2013).
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AIMS AND HYPOTHESES

Aims

This study aims to investigate the fire-trap hypothesis across a tropical forest-
savanna transition. Specifically, it will investigate aspects of the fire resistance
threshold and the fire suppression threshold in five West African tropical forest tree

species.

Hypotheses

i) The fire suppression threshold exists in this system, therefore below a threshold of
canopy openness, decreased canopy openness will be accompanied by a decrease
in herbaceous biomass and this will be accompanied by a decrease in fire.

i) Decreased herbaceous biomass will be associated with increased tree seedling
survival as a result of fire being suppressed by lack of fuel.

iii) The fire resistance threshold exists in these tree seedlings; therefore a threshold
of pre-fire size (diameter and height) in seedlings will be associated with a marked
increase in seedlings’ post-fire survival.

iv) Trade-offs between competitive ability, as measured by growth, and ability to
recover from fire, as measured by below-ground starch storage capacity, exist in

these tree seedlings.

An experimental approach was taken to examine the thresholds, where plant traits

were studied over time in a natural environment, in order to best incorporate as
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much of the natural variation that occurs in the system as possible and therefore

make the results as representative of the true-life situation as possible.

The study used seedlings as opposed to mature trees as the fire-trap acts on
seedlings. Allocation patterns and trade-offs in seedlings are important to understand
as they can drastically influence survival and therefore community structure (Clarke
& Knox, 2009). Seedlings are also the most sensitive life stage to environmental

impacts (Bond, 2008; Van Langeveelde et al., 2011).

The choice of forest as opposed to savanna species was made as aspects of the
fire-trap have been examined in savanna seedlings species (eg. Kgope et al., 2010;
Higgins et al.,, 2012; Staver et al., 2009) but not forest seedlings species.
Furthermore, when savanna is encroached upon by forest, the invasion tends to
come from forest species invading savanna as opposed to savanna species closing
the canopy (Bowman & Fensham, 1991; San José & Farifias, 1991; Swaine et al.,
1992; Russell-Smith, 2004; Hennenberg et al., 2005; Pinheiro & Monteiro, 2006;
Geiger et al., 2011), as savanna species often don’t have a high enough leaf area
index (LAI) to form a closed canopy (Hoffmann et al., 2012). Forest species that
grow in the forest-savanna transition zone or that occur in both biomes are
particularly important as they often represent the first stages of forest expansion

(Geiger et al., 2011), and thus some of our study species fit this description as well.
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METHODS

Study Site

The study took place in Ghana, West Africa. Ghana has ten vegetation types
according to White’s vegetation map of Africa (White, 1983; Figure 5). Broadly,
these are rain forests, swamp forests, woodlands, forest-grassland mosaics and

mangroves.

The study took place in Kogyae Strict Nature Reserve (SNR) (Figure 5). Kogyae
SNR is 386km? and is situated in the north-eastern part of the Ashanti region of
Ghana. Kogyae SNR lies on the border between Guinea-Congolian rainforest of the
drier type and mosaic of lowland rainforest rain forest and secondary grassland
(White, 1983), with the large majority of its area falling into the latter (Figure 5).
Kogyae SNR is one of only two protected areas in Ghana that cover the transitional
vegetation zone between savanna and forest, making it an ideal study site for this

experiment.

There are 105 vascular plant species in the reserve, with 57 of these being trees
(Ghana Wildlife Department, 1994). The savanna in Kogyae SNR is made up of tall

tussocky grasses and medium to short trees, usually with corky bark (Ghana Wildlife
Department, 1994). The trees are widely spaced and do not form a closed canopy.
The forest in the reserve is transitional forest, and is made of two sub-communities
(Ghana Wildlife Department, 1994): transitional forest towards the true forest zone in

the south-eastern part of the reserve (Ghana Wildlife Department, 1994) and the
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transitional forest towards Guinea savanna woodland, covering about a third of the

reserve (Ghana Wildlife Department, 1994).

The effects of large mammal herbivory in the study area were negligible.
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[] Mosaic of lowland rain forest and secondary grassland
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Figure 5: Location of the Kogyae Strict Nature Reserve (shown in red) in Ghana, West Africa
where the study took place. Colours represent different vegetation types according to the
classification by White (1983). Major Ghanaian cities are labelled with a filled triangle, the large

lake (shown in blue) running along the right side of Ghana is Lake Volta.
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Study species
Five tropical West African forest tree species were chosen: Nauclea diderrichii,
Khaya ivorensis, Terminalia superba, Triplochiton scleroxylon and Bombax

buonopozense.

Nauclea didderrichii (family Rubiaceae), or the Opepe or African Peach, grows in
moist evergreen and transitional-to-moist semi-deciduous forests and is found
throughout the tropical rainforest in West Africa, with its range extending to Angola
(Orwa et al., 2009). It is a light demanding species, regenerating in forest gaps and
openings (Orwa et al., 2009). It is particularly successful in freshwater swamp to

lowland forest transitions (Orwa et al., 2009).

Khaya ivorensis (family Meliaceae), or African mahogany, is found in semi-
deciduous lowland rainforests that have a short dry season, generally preferring
moist valley sites (Orwa et al., 2009). It is a light demanding species although
seedlings are shade tolerant (Orwa et al., 2009). Its range covers coastal West

Africa, mostly in the rainforests but extending into dry forests (Orwa et al., 2009).

Terminalia superba (family Combertaceae), or Limba, grows in deciduous forests
and high secondary forest areas with a dry season of four months, however does not
respond well to long dry spells (Orwa et al., 2009). It is tolerant to occasional flooding
and very sensitive to fire (Orwa et al., 2009). It is a light demanding, pioneer species

(Orwa et al., 2009).
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Triplochiton scleroxylon (family Sterculeaceae), or Wawa or African Whitewood, is a
deciduous tree, found mostly in forest at low and medium altitudes in the mosoonal
equatorial forest belt (Orwa et al., 2009). It grows in the semi-deciduous moist forest,
and notably in the transition zone between forest and moist savanna (Orwa et al.,
2009). It is also characteristic of drier or more disturbed areas (Orwa et al., 2009). Its
range covers much of West Africa, from Guinea to DRC and from Gabon to Nigeria

(Orwa et al., 2009). It is a pioneer species (Orwa et al., 2009).

Bombax buonopozense (family Bombaceae), or Wild Kapok or Wild Silk Cotton Tree,
has seedlings that grow rapidly, up to 3m in the first two years (Oyen, 2011). It
occurs throughout the dense forests of Guinea, usually at low elevations, and usually
in primary rainforest, secondary forest, gallery forest and swamp forest (Oyen,
2011). Its range extends into drier areas, such as wooded savanna, coastal thicket,

and grasslands, however it is much rarer here (Oyen, 2011).

Study design

Twenty-four 10m x 10m (100m?) plots were set up in Kogyae SNR with eight plots in
each vegetation type: savanna, transition zone, and forest (Figure 5). Forty
seedlings were planted in each plot, eight seedlings of each of the five study
species. Seedlings were grown from seed in identical nursery conditions, were three
months old when planted, and were planted randomly and equidistantly in the plots.
When seedlings were planted all of the above-ground herbaceous cover was
removed in order to minimise above-ground competition during the seedlings’

establishment phase.

25



Seedlings were planted in June 2013 and the study ran over the course of a year
until June 2014, when all surviving seedlings were uprooted. Fire burnt the majority
of the plots in February 2014. The fire was not deliberately set as part of the study,
but occurs annually in this area, usually due to local bush management and hunting

practises.

Seedlings’ ecophysiological measurements

The height, stem diameter at ground level, and number of leaves of each surviving
seedling was recorded. These measurements were done five times during the study:
three times before fire (June and September 2013 and January 2014) and twice after
(April and June 2014). The number of surviving seedlings was recorded at each time
step. All surviving seedlings were uprooted in June 2014 and root length was

measured.

After uprooting, all leaves on each seedling were scanned on a CanoScan LIiDE110
(Canon) flatbed scanner at 300dpi. Total leaf area of each seedling was calculated
from these images in MATLAB (2014) using an algorithm specifically developed for
this purpose (Neyret, unpublished data). The algorithm went through each image
and subjected it to a thresholding process in order to differentiate leaf area from the
background. Each leaf area then had its area calculated in pixels and converted to
cm?®. After scanning, seedlings were dried in a 70°C oven for a minimum of 48 hours

before root, stem, and leaf dry weights were recorded.
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Upon uprooting, seedlings were placed immediately into sealed bags with a piece of
wet paper towel to prevent excess transpiration. Within six hours of uprooting all
seedlings were microwaved at 800W for 30s in order to kill them (Hoch, 2014,
personal communication). Seedlings were then separated into root, leaf, and stem
material and analysed for starch content following the protocol of Duranceau et al.
(1999) and Damesin et al. (2013) with minor changes (Appendix). Since many
seedlings were very small, their volumes proved difficult to determine and thus
seedlings material was collated into categories. Materials that were of the same
tissue type (root, stem, leaves), the same species, the same vegetation type (forest,
savanna, mixed), and the same fire treatment (burnt, unburnt) were collated together
and analysed as one sample. Despite this, certain samples were still present in
guantities too small to be analysed for starch concentration. Where enough material
was available, all collated samples were analysed in triplicate. In total, 159 starch
concentration analyses were performed. Measures were taken to ensure that each

starch analysis was as independent as possible.

Aside from the basic ecophysiological measurements done between June 2013 and
April 2014, which were performed by field assistants, all ecophysiological

measurements and analyses, including starch analyses, were performed by me.

Herbaceous biomass and canopy openness

Herbaceous biomass in each plot was recorded at the time of the seedlings being
harvested (June 2014). This was done using a disc pasture meter following the

method described by Dorgeloh (2002). A disc pasture meter is a round lightweight
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disc about 50cm in diameter with a rod running through the middle which it can move
freely up and down. When gently placed onto herbaceous vegetation, the settling
height of the disc on the vegetation has a linear relationship with the biomass of the
vegetation (Dorgeloh, 2002). Therefore, after calibrating the disc, the settling height
of the disc can be used to estimate herbaceous biomass in the plots. At each plot ten
disc pasture readings were taken, the average of these ten readings was used to

calculate herbaceous biomass per plot using a calibration equation.

To determine the calibration equation five 50cm x 50cm (0.25 m?) plots were marked
out in each vegetation type, these were outside of the study plots and so were
independent measures. In each of these plots, four disc pasture meter settling height
readings were taken and the mean settling height calculated. The entire plot was
then harvested of all of its above-ground herbaceous biomass, which was then
weighed. A sub-sample of this biomass was also weighed before being dried at 70°C
for 48 hours and weighed again. These measurements could then be used to
calculate the relationship between mean disc settling height and dry herbaceous
biomass (Mg per m?) and thus work out the calibration equation to be applied to all

plots (Dorgeldh, 2002).

In order to determine the level of canopy openness at each plot, hemispheric
pictures were taken in November 2013 using a Nikon E4500 camera with a fisheye
lens on a tripod mounted at 1.50m at 180°. These pictures were used to calculate
canopy openness (%) using Gap Light Analyser imaging software according to

Frazer et al. (1999).
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Herbaceous biomass measurements and calculations were done by me, canopy

openness measurements were done by field assistants.

Precipitation

The nearest meteorological station to Kogyae SNR is in Ejura (25km away). Kogyae
SNR has two rainy seasons between May and October, with precipitation peaking in

June and September.

Total precipitation was recorded at the meteorological station in Ejura. Due to
unforeseen technical issues, precipitation data was only available from September
2013. Precipitation data was missing between 17 April 2014 and 27 May 2014. The
total precipitation for this period was therefore estimated by applying a mean total
daily precipitation amount to each missing day. The mean used for this was the
mean daily total precipitation of the fifteen preceding and proceeding days on either
side of the missing data period (i.e. the mean of 2-16 April 2014 and 28 May-10 June

2014).

Fire

Fire occurred in Kogyae SNR on 2™ February 2014 at 15:00. At the time of the fire,
the wind speed was 1.13 m.s™, the air temperature was 33.5°C, and the relative

humidity was 12%.
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Area burnt of each plot was calculated as the mean of three independent visual
estimates. Plots that had more than 30% of their area burnt in the fire were
considered to be “burnt” and plots with less than this amount were considered to be
‘unburnt”. All three vegetation types had burnt and unburnt plots. Seedlings that
were planted in plots that burnt are classified as “burnt seedlings” while seedlings

grown in unburnt plots were classified as “unburnt seedlings”.

Fire temperature was estimated using 16 different temperature sensitive paints
painted on an iron rod at 30cm from the ground. The paints liquefied and changed
appearance at maximum temperatures of 107, 149, 204, 253, 302, 343, 399, 454,
510, 566, 621, 649, 704, 760, 816 and 927 °C, therefore the maximum temperature
at 30cm above ground could be determined. Flame height was determined using
pieces of cotton tied at 30cm intervals up an iron pole, burnt cotton at a given height

indicated that flames reached at least that high.

After the fire, all three vegetation types had plots that were classified as “burnt”.
“‘Burnt” plots experienced no significant difference in burning temperature at the
30cm from ground level (Chi-squared, X?=2, df=2, p>0.05). Flame height was less
than 30cm, with the lowest piece of cotton at 30 cm above ground remaining unburnt

after fire.

Fire measurements were performed by field assistants.
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Data analysis

Herbaceous dry biomass at the time of seedling harvest was estimated by applying a
calibration equation to the mean settling height of a disc pasture meter in each plot
(Figure 6). The equation was determined via linear regression. The calibration points
(five in each vegetation type) were well fitted to a linear model, with the model
explaining 93% of the variation between points (R?=0.93, p<0.001, Figure 6).
Significant differences in this biomass between vegetation types was assessed using
an analysis of variance (ANOVA) test, which was appropriate as the data were
normally distributed (Sokal & Rohlf, 1995). Post-hoc Tukey HSD tests on the ANOVA
revealed where significant differences between vegetation types lay in a pairwise

manner (Sokal & Rohlf, 1995).
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Figure 6: Calibration of the disc pasture meter across savanna, forest, and mixed
vegetation types. Each point represents a calibrated sample. Five calibration samples
were taken in each vegetation type. The line shows the calibration equation: y = 0.1894x -
0.3625 (linear regression, R? = 0.93, p<0.001).
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Canopy openness measurements were also assessed similarly to the herbaceous
biomass measurements using an ANOVA test and post-hoc Tukey HSD tests as the
data were also normally distributed (Sokal & Rohlf, 1995). The relationship between
herbaceous biomass and % seedling survival in each plot was assessed using a
Spearman’s rank correlation test as the response variable was not normally

distributed even under transformation (Sokal & Rohlf, 1995).

Measured traits of all surviving seedlings were compared between species using one
Kruskal-Wallis test per trait (Sokal & Rohlf, 1995). The Kruskal-Wallis test was
chosen as the data were non-normal and often the sample size was small, therefore
an ANOVA would have been unsuitable (Sokal & Rohlf, 1995). The trait variables
assessed were: height, diameter, number of leaves, leaf dry mass, root dry mass,
stem dry mass, specific root length (" *""/,,o; 4y mass), root to shoot ratio (" ¥

A stem-+leaf dry mass)), l€af starch concentration, root starch concentration, stem starch

concentration, and specific leaf area (°* 2¥/\ea dry mass)-

Survival of seedlings was compared between burnt and unburnt treatments overall
as well as for each species and each vegetation type. The G-test was chosen for this
as it compares observed vs expected frequencies for multiple factors (Sokal & Rohlf,
1995). The G-test involved comparing counts of observed seedling survival for each
burning treatment (burnt and unburnt) to expected values. This was done fifteen

times, one test of burnt vs unburnt seedling survival per species per vegetation type.
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Expected survival frequencies were calculated manually in burnt and unburnt plots

across all vegetation types according to the formula:

expected number of surviving seedlings in burnt savanna

_ (total number of surviving seedlings in savanna/t cal ber Al lanted i )
otal number for seedlings planted in savanna

X (number of seedlings planted in burnt savanna plots)

The total G-value was then calculated as the sum of G-values for the fifteen
individual G-tests above in order to determine whether there was a significant
difference between burnt and unburnt seedling survival across all vegetation types.
(Sokal & Ronhlf, 1995). The pooled G-value of each vegetation type was calculated
by summing the G-values of the comparisons between burnt and unburnt for each
vegetation type to determine whether or not there was a significant difference
between burnt and unburnt survival frequencies in each vegetation type (Sokal &
Rohlf, 1995). The heterogeneity G-value was calculated to test whether or not the
pooled G-value was appropriate to use, with significance (p<0.05) indicating that it is
inappropriate to use the pooled G-value as sample sizes are too different from one
another (Sokal & Rohlf, 1995). The heterogeneity G-value was non-significant,
therefore the pooled G-value was appropriate to use (heterogeneity-G=18.63, df=12,

p>0.05, Appendix Table 1).

Starch concentrations for each tissue type (leaf, stem, and root) were compared
between species, between vegetation types and between burnt and unburnt
treatments. This was done using a factorial ANOVA in order to determine which
factors had a significant effect on starch concentrations of each seedling (Sokal &

Rohlf, 1995). The factorial ANOVA was chosen as the data and the residuals
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complied with the ANOVA assumption of having a normal distribution after log,
transformation (Sokal & Rohlf, 1995). A post-hoc Tukey HSD test on this factorial
ANOVA was performed to establish which factors (species, vegetation type, fire
treatment) and which interactions between factors had a significant effect on starch
concentrations for each tissue type (Sokal & Rohlf, 1995). For this analysis, the three
replicates, where available, for the collated starch samples were used as

independent measures.

The surviving proportion of seedlings, taken to be the number of surviving seedlings
at each time period divided by the total number of seedlings planted at time zero,
was also examined across species using line plots with 95% confidence intervals
around the mean. These survival rates were compared by inspection to patterns of

total precipitation.

In order to determine which variables explained survival, a principle components
analysis (PCA) was done on all surviving seedlings’ measured traits (Sokal & Rohlf,
1995). In addition to the measured variables, each seedling was also categorised by
vegetation type and species, therefore the PCA was able to disentangle which
measured variables contributed to survival in which vegetation types and for which
species. In the final presentation of results, all superfluous (those that explained very
little of the variation in the seedlings) or repetitive (those that were used to derive
other variables) variables were removed. The variables shown in the PCA were
examined using boxplots; significant differences between burnt and unburnt

seedlings of each species for each of these variables were determined using
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Kruskal-Wallis tests as the data were non-normal and the sample size small (Sokal &

Rohlf, 1995).

Traits to compete (growth related traits) and traits to recover from fire (starch related
traits) were plotted against one another to assess whether a trade-off was present or
not. Evidence of a trade-off was considered to be where growth traits were favoured
and fire recovery traits reduced or vice versa. Evidence of seedlings that displayed
strength in both competitive traits and fire recovery traits were taken to indicate that
a trade-off was not present. To look for evidence of the fire-trap in the seedlings, pre-
fire height and diameter measurements of all seedlings alive just before the fire were
sorted into size class bins. The associated percentage of seedlings that survived the
fire in each size class was then calculated. These results were plotted in a
histogram, where sharp increases in survival above a certain size class in burnt
seedlings indicated the fire-trap’s presence. Due to low sample sizes, this approach

was unfortunately not suited to analysis by species.

To examine how pre-fire traits may determine survival through fire on a species
level, burnt seedlings across all vegetation types were examined by species.
Significant differences in pre-fire height and diameter between seedlings that
survived fire and those that died after fire for each species were determined using
Kruskal-Wallis tests. The Kruskal-Wallis test was used as the data was not normally
distributed and sample sizes were small, therefore an ANOVA or T-test would have

been inappropriate (Sokal & Rohlf, 1995).
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All analyses were done in R v3.1.1 (R core team, 2014). In all statistical tests, overall

differences were noted significant when p<0.05 unless otherwise stated.
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RESULTS

In the savanna, all but one of the eight plots was classified as burnt by fire,

compared to six of eight in the forest and five of eight in the mixed vegetation types.

Herbaceous biomass increased with an increase in canopy openness, up until a
threshold canopy openness of 30%, above which there was relatively little increase
in herbaceous biomass despite canopy openness’ continued increase (Figure 7).
Forest and certain plots in the mixed vegetation type displayed increased
herbaceous biomass with increased canopy openness, while the remaining mixed
plots and the savanna plots did not show this, with large increases in canopy

openness not being associated with increases in herbaceous biomass (Figure 7).

There was a significant relationship between herbaceous biomass and seedling
survival, with an increase in herbaceous biomass being associated with an increased
seedling survival rate (Figure 8). Seedling survival count was highest in the savanna
with 41 out of the original 320 seedlings surviving the entire year, followed by mixed
(36 surviving) and forest (14 surviving) vegetation types (Table 1). Savanna had
significantly higher herbaceous biomass than forest and significantly higher canopy
openness than forest and mixed vegetation types (Figure 9). The mixed vegetation
type was not significantly different to forest or savanna with respect to herbaceous
biomass, and was not significantly different from forest with respect to canopy
openness (Figure 9). The mixed plot had the highest variability in herbaceous

biomass however had the lowest variability in canopy openness (Figure 9).
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Figure 7: Canopy openness and herbaceous biomass across the three vegetation types

[forest (FOR), mixed (MXD) and savanna (SAV)].
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Figure 8: Relationship between seedling survival and herbaceous biomass per plot in all

vegetation types (Spearman correlation test, Rho=0.63, p<0.001).
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Figure 9: Herbaceous biomass as determined by the mean of ten disc pasture meter settling
height readings per plot and canopy openness as determined by hemispheric photographs
across forest (FOR), mixed (MXD) and savanna (SAV) vegetation types. Different letters
indicate a significant (p>0.05) difference between the vegetation types according to a Tukey
HSD post-hoc test on an ANOVA.

Overall, there was a significant difference in number of surviving seedlings between
burnt and unburnt plots (G-test, G=44.6, df=15, p<0.0001, Table 1 and Appendix
Table 1). According to total survival counts, more seedlings died when they were
burnt than unburnt (Table 1). Furthermore, there was a significant difference
between seedling survival in burnt and unburnt plots in forest and in mixed
vegetation types, however no significant difference in savanna (Table 1 and
Appendix Table 1). In forest plots, K.ivorensis was the only species to have a
significant difference in survival rate between seedlings in burnt and unburnt plots
(Table 1). The opposite is true for the mixed vegetation type, which has its significant
different in survival rate between burnt and unburnt seedlings driven by all surviving

species except K.ivorensis (Table 1).
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Table 1: Seedling survival (humber of seedlings surviving and percentage of total seedlings

originally planted) in each vegetation type for burnt and unburnt plots. Red values indicate

significant (p<0.05) difference between burnt and unburnt seedling survival rates according to a

G-test (Appendix Table 1). The last column shows the totals for each species, the last two rows

the totals for each vegetation type and burnt and unburnt plots in each. The bottom right hand

corner shows the total number of seedlings that survived the entire year (=91) and the top right

hand corner how this total was proportioned between burnt and unburnt. Species are:

BB=B.buonopozense, KI=K.ivorensis, ND=N.diderrichii, TS=T.superba and WW=T.scleroxylon.

Vegetation types are: forest=FOR, mixed=MXD and savanna=SAV.

FOR MXD SAV burnt=49
burnt | unburnt| burnt | unburnt burnt | unburnt [unburnt=42
N of each sp planted 48 16 40 24 56 8 =192*5spp=960

N survival 2 1 3 10 23 4 =43

BB % survival 4 6 13 42 41 50 =22
N survival 0 2 1 1 3 2 =9
Ki % survival 0 13 4 17 5 25 =5
N survival 0 0 0 0 0 0 =0
ND % survival 0 0 0 0 0 0 =0

N survival 0 1 3 8 2 0 =14
TS % survival 0 6 13 33 4 0 =7

N survival 4 4 3 7 5 2 =25

WwW % survival 8 25 13 29 9 25 =13

=6 (3%) | =8(10%)| =10 (5%) | =26 (22%) | =33 (12%) | =8 (20%)
tot=14 (1%) tot=36 (4%) tot=41 (4%) =91

In the burnt plots, seedlings falling into a greater pre-fire size class for both height

and diameter had a greater percentage survival post-fire (Figures 10 a and b).

Specifically, seedlings with a pre-fire height greater than 380mm had a greater

survival rate than those with a shorter pre-fire heights (Figure 10 a). In the unburnt

plots, only increased diameter was associated with an increase in survival, with

increased height not associated with an obvious increase in survival (Figures 10 ¢

and d). When examining these traits by species, T.superba and B.buonopozense

seedlings that survived the fire were significantly taller than those that died in the fire

(Figure 11). T.superba seedlings that survived the fire also had a significantly
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greater diameter than those that died in the fire (Figure 11). No other significant
differences in pre-fire traits between seedlings that survived the fire and those that

died in the fire were found (Figure 11).
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Figure 11: Pre- fire traits of seedlings that survived the fire and those that died after the fire.
Boxplots show the median and interquartile range in the box, whiskers show the 95% confidence
interval of the median, outliers are shown as individual points. Species are:
BB=B.buonopozense, Kl=K.ivorensis, ND=N.diderrichii, TS=T.superba and WW=T.scleroxylon.
Note that all of ND died in the fire so there were no surviving seedlings. Red stars indicate
significant difference (p<0.05) between burnt and unburnt individuals for each species as
determined by a Kruskal-Wallis test.

At the time of harvesting, 91 of the original 960 planted tree seedlings were alive
(Tables 1 and 2). B.buonopozense had the highest number of surviving seedlings
with 43 out of the original 192 that were planted surviving, followed by T.scleroxylon

with 25, T.superba with 14 and K.ivorensis with 9 (Table 2). N.didderichii had no
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surviving seedlings. At the time of harvest T.superba seedlings were significantly
taller and had more leaves than the other species (Table 2). K.ivorensis had

significantly lower root mass and root starch concentration than the other species
(Table 2). K.ivorensis also had a significantly higher specific root length than the
other species, which was the result of shorter roots that had a lower dry mass than
the other species (Table 2). All four of the surviving species had significantly
different root starch concentrations from one another, with B.buonopozense having
the highest, followed by T.scleroxylon and then T.superba, with K.ivorensis having

the lowest (Table 2).

Leaf starch concentration in surviving seedlings had 75% of its variability explained
by species, vegetation type and whether or not it was burnt (factorial ANOVA,
adjusted R? =0.75, F=8.8.34, df=18. p<0.0001). Species had the most significant
effect on leaf starch concentrations (post-hoc Tukey HSD, F=15.30, df=3, p<0.0001).
The interaction between vegetation type and species also had a highly significant
effect on leaf starch concentration (post-hoc Tukey HSD, F=6.41, df=6, p<0.0001).
Whether a seedling was burnt or not had a significant effect on leaf starch
concentration (post-hoc Tukey HSD, F=4.40, df=1, p<0.05) as did the interaction
between burning treatment and species (post-hoc Tukey HSD, F=6.16, df=3,
p<0.005). Leaf starch concentration was significantly higher in burnt than unburnt
seedlings (Figure 12). Seedlings grown in savanna had significantly higher leaf
starch concentrations than those grown in mixed, with seedlings grown in forest
showing no significant difference in leaf starch concentration to seedlings grown in
either of the other vegetation types (Figure 12). B.buonopozense had significantly

higher leaf starch concentrations than all other species (Figure 12). K.ivorensis had
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significantly lower leaf starch concentrations than all other species (Figure 12).
T.superba and T.scleroxylon had intermediate leaf starch concentrations that were

not significantly different from each other (Figure 12).

Table 2: All variables measured in all seedlings that survived until harvest. In total, 91 of the original
960 seedlings survived. The number of surviving seedlings of each species is shown in the top row
(n=x). Species are: BB=B.buonopozense, Kl=K.ivorensis, ND=N.diderrichii, TS=T.superba and
WW=T.scleroxylon. Vegetation types are: forest=FOR, mixed-MXD, savanna=SAV. The data did not
fit a normal distribution therefore the median and interquartile range are shown. Shared letters next
to the median value indicate that species are not significantly different (p<0.05) from each other for
that variable according to a non-parametric Kruskal-Wallis test.

BB (n=43) KI (n=9) TS (n=14) WW (n=25)
Height (mm) 150 b 110b 282a 150 b
(70-210) (90-128) (140-570) (80-365)
Diameter (mm) 4.42a 3.4b 4.6a 4.4 ab
(3.7-6.1) (2.2-4.4) (4.4-6.2) (2.2-6.6)
Number of leaves 5¢ 5c 16 a 8b
(4-7) (4-6) (11-25) (5-17)
Leaf dry mass (g) 0.17 a 0.08a 0.73a 0.30a
(0.07-0.37) (0.05-0.5) (0.10-2.00) (0.03-1.30)
Stem dry mass (g) 0.26 b 0.13 b 0.65 ab 0.32a
(0.05-0.46) (0.08-0.29) (0.23-2.11) (0.05-1.47)
Root dry mass (g) 0.77 a 0.36b 1.04a 0.63a
(0.46-1.20) (0.28-0.54) (0.60-1.80) (0.37-1.12)
Specific root length (mm/g 242.54 b 473 .6a 235.24 b 261.06 b
(184.17-367.54) (373.34-532.68) (166.41-325.44) (177.36-405.41)
Root:Shoot (g) 1.43a 1.63 ab 0.63 b 0.82 ab
(0.84-3.67) (0.42-3.93) (0.32-1.71) (0.41-4.40)
[Leaf starch] (mg/g) 95.43a 16.0c 17.1b 20.4b
(95.4-107.3) (5.35-22.95) (17.1-46.4) (17.6-33.8)
[Root starch] (mg/g) 56.4 a 10.7d 16.5¢ 30.5b
(56.4-63.5) (8.05-11.0) (16.5-18.6) (24.8-30.7)
[Stem starch] (mg/g) 38.8a 29.5a 20b 18.6 b
(38.8-49.5) (25.6-58.6) (14.7-20.0) (12.0-30.1)
Specific leaf area (cm2/g) 255.46 a 223.78 a 252.96 a 322.62a
(202.93-298.48) (200.89-247.36) (126.90-305.13) (84.66-363.42)
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Stem starch concentration in seedlings had 28% of its variability explained by
species, vegetation, and whether or not it was burnt (factorial ANOVA, adjusted
R?=0.28, F=2.12, df=18. p<0.05). Species was the only factor that significantly
explained the difference in stem starch concentrations between seedlings (post-hoc
Tukey HSD, F=3.60, df=3, p<0.05). B.buonopozense had significantly higher stem
starch concentrations than T.superba and T.scleroxylon, but not K.ivorensis (Figure
12). K.ivorensis also did not differ significantly in stem starch concentrations to any
of the other species and T.superba and T.scleroxylon did not differ significantly from

each other in stem starch concentrations (Figure 12).

Root starch concentration in seedlings had 60% of its variability explained by
species, vegetation type and whether or not it was burnt (factorial ANOVA, adjusted
R?=0.60, F=5.11, df=18. p<0.0001). Species was the only factor that significantly
explained the difference in root starch concentrations between seedlings (post-hoc
Tukey HSD, F=22.64, df=3, p<0.0001). B.buonopozense had significantly higher root
starch concentrations than all the other species (Figure 12). K.ivorensis had
significantly lower root starch concentrations than all other species (Figure 12).
T.superba and T.scleroxylon had intermediate root starch concentrations that were

not significantly different to each other (Figure 12).

A decrease in precipitation during the dry season (October to December 2013) was
accompanied by a decrease in seedling survival, with a large proportion
(approximately 50%) of seedlings dying before fire occurred (Figure 13). For the
period before the fire, N.diderrichii showed the sharpest decrease in survival, with

survival reaching zero following the fire (Figure 13). Both T.superba and K.ivorensis
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showed large decreases in survival before the fire, but not as extreme as
N.diderrichii (Figure 13). B.buonopozense and T.scleroxylon had the highest
survival rates before the fire (Figure 13). After fire, seedlings that were burnt
continued to show decreased survival until April. After April, survival stopped
declining as sharply, and even increased in B.buonopozense, indicating resprouting.
This decreased mortality was associated with an increase in precipitation. At the
time of harvesting in June 2014, burnt seedlings of K.ivorensis, T.superba, and
T.scleroxylon all had similar surviving proportions, which were lower than the
proportion of B.buonopozense that survived. After fire, seedlings that were not burnt
also show a continued decrease in survival. This decrease, however, was not as
extreme the decrease seen in burnt seedlings (Figure 13). At the end of one year
(June 2014) the unburnt seedlings showed more of a difference in proportion

surviving between species than the burnt seedlings (Figure 13).

The first axis of the principle component analysis (PCA), which explained 35.7% of
the variation in traits between seedlings, separated seedlings surviving in the three
vegetation types, with the split between forest and mixed being particularly well
drawn out (Figure 14). The second axis of the PCA, which explained 21.7% of the
variation in traits between seedlings, separated seedlings surviving in savanna from
other vegetation types (Figure 14). In addition to separating seedlings based on
vegetation type, the first two axes also separated species from one another (Figure
14). This separation of species coincided closely with the separation based on
vegetation type: B.buonopozense survived very well in the savanna, K.ivorensis
survived the best in the forest and T.scleroxylon and T.superba survived mostly in

mixed and forest vegetation types (Figure 14). B.buonopozense’s survival in the
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Figure 14: Results of a principle components analysis of all surviving seedlings.
Principle components (PC’s) 1 and 2 cumulatively explain 57.4 % of the variation within
the data. Variables included were: leaf starch concentration, root starch concentration,
root:shoot (g:g), specific leaf area (SLA) (cm?%g), specific root length (SRL) (mm/g dry
weight), diameter, height, and number of leaves. A variable to indicate vegetation type
was also added (forest/mixed/savanna) so differential survival across vegetation types
could be seen. Species names are: BB=B.buonopozense, Kl=K.ivorensis,
ND=N.diderrichii, TS=T.superba and WW=T.scleroxylon. Ellipses around species were
drawn using cluster analysis. Overlapping labels at the 12 o’clock position are for root

and leaf starch concentrations, whose vectors lie almost in exactly the same position.

49



savanna was strongly driven by its starch properties, with leaf and root starch
concentrations being strong predictors of survival (Figure 14). The survival of
K.ivorensis in the forest was strongly driven by biomass variables, specifically
specific root length, root to shoot ratio and specific leaf area (Figure 14). Survival of
T.scleroxylon and T.superba in the mixed vegetation type was driven by size

variables, specifically number of leaves, height and diameter (Figure 14).

To closer examine potential trade-offs that occurred between traits to cope with fire,
such as increased root starch concentrations, and traits to compete, such as growth
and resource capture related traits, pairwise comparisons of the traits used in the
PCA were plotted (Figure 15). Points falling in the top right hand corner of any plot
indicated that trade-offs did not exist for that trait comparison as seedlings displayed
strength in both traits. None of the comparisons showed this behaviour, indicating
that trade-offs between fire recovery traits and competition traits existed. Specifically,
trade-offs between root starch concentration and root to shoot ratio, specific leaf
area, seedling height, stem diameter, and number of leaves were evident (Figure
15). In all trade-offs, B.buonopozense showed preferential allocation to fire tolerance
traits (higher root starch concentrations) (Figure 15). In addition to these trade-offs
being present between species they were also present within species, with
individuals of the same species showing either a preference for allocation to root

starch concentration or to competitive or growth traits, but not to both (Figure 15).

In order to establish whether recovery post-fire had occurred in burnt seedlings, traits
between burnt and unburnt seedlings as measured at the time of harvest were

compared for each species (Figure 16). All species showed no difference in height
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between burnt and unburnt seedlings except B.buonopozense, whose burnt
seedlings were significantly shorter when unburnt (Figure 16). B.buonopozense also
had significantly lower above-ground biomass in burnt than unburnt seedlings
(Figure 16). As a result, B.buonopozense also had significantly higher root to shoot
ratios in burnt than unburnt seedlings (Figure 16). There was no significant
difference in diameter, specific leaf area or specific root length between burnt and
unburnt seedlings for any species (Figure 16). B.buonopozense had the highest
proportion of surviving seedlings that showed evidence of resprouting (Appendix

Table 2).
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Figure 15: Potential trade-offs between root starch concentrations (a trait related to recovery
from fire) and various growth and resource capture traits (traits that affect competitive ability).
Different colours represent different species; each point represents a single surviving seedling
and the traits it possessed at the time of harvesting. Species names are: BB=B.buonopozense,

KI=K.ivorensis, ND=N.diderrichii, TS=T.superba and WW=T.scleroxylon.
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DISCUSSION

This study examined the fire-trap hypothesis in West African tropical forest tree
seedlings. Aspects of the fire resistance and fire suppression thresholds were tested
in order to gain insight into the processes likely to affect whether a savanna or forest
stable state is present at a point in space and time. Limited support was found for the
hypothesis that the fire suppression threshold existed in this system, while the
hypothesis that decreased herbaceous biomass would be associated with increased
tree seedling survival was disproved altogether. Support for the hypothesis that the
fire resistance threshold exists in this system was found, as well as the hypothesis

that trade-offs between competitive ability and ability to recover from fire existed.

A threshold of canopy openness existed, below which herbaceous biomass
decreased, however fire was not suppressed by this decrease

The fire suppression threshold is the point at which canopy openness is low enough
to decrease herbaceous biomass sufficiently to suppress fire (Hoffmann et al., 2012;
Biddulph & Kellman, 1998; Hennenberg et al., 2006). The first hypothesis tested was
that the fire suppression threshold exists in this system and that therefore below a
threshold of canopy openness, decreased canopy openness will be accompanied by
a decrease in herbaceous biomass and this would be accompanied by a decrease in

fire.

The results supported part of the first hypothesis in that there was evidence that

below the threshold of 30% canopy openness a decrease in herbaceous biomass
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occurred. The forest vegetation type had the lowest canopy openness and also the
lowest the herbaceous biomass. This is as expected as the decreased canopy
openness decreases light reaching the forest understory, which decreases
herbaceous growth as its C4 photosynthesis’ metabolic cost is too high to cope with
low light conditions (Sage & Kubien, 2003). These findings can be compared to
those of Hoffmann et al. (2012) which led to the initial development of the fire
suppression threshold hypothesis. Hoffmann et al. (2012) demonstrated that
increased tree leaf area index (LAI), as a measure of canopy openness, of trees in
the Brazilian Cerrado was associated with decreased grass LAI, which is related to
herbaceous biomass (Figure 4). The results are novel, however, as they show a
clear threshold of canopy openness at 30%, below which herbaceous biomass

decreases with a decrease in canopy openness.

Despite this, the results do not support the first hypothesis fully as the decreased
canopy openness and associated reduced herbaceous biomass in the forest plots
did not suppress fire. Despite having a more closed canopy and less herbaceous
biomass, more plots were burnt in the forest than the mixed vegetation type. This
indicates that despite the reduced herbaceous biomass in the forest reducing fuel
load, a critical minimum fuel threshold to suppress fire was not reached. A possible
cause of this is litter fall from the canopy increasing fine fuel load, the presence of

which facilitates the spread of fire (Biddulph & Kellman, 1998).

While the results did not support of the fire suppression threshold hypothesis, they
did not necessarily refute it. Though the plots in the study did not reach low enough

levels of canopy openness and herbaceous biomass to suppress fire, the threshold
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may still exist. The results from this study are novel as, despite other studies finding
that fire suppression occurred below 50-55% canopy openness (Archibald et al.,
2009; Pueyo et al., 2010; Staver et al., 2011b), this study found no suppression of

fire even below 30% canopy openness.

Contrary to expectation, increased herbaceous biomass was associated with
increased seedling survival

The second hypothesis stated that decreased herbaceous biomass would be
associated with increased tree seedling survival as a result of fire being suppressed
by lack of fuel. Decreased herbaceous biomass has been shown to suppress fire
due to the decrease in fine fuel available to facilitate the spread of fire (Biddulph &
Kellman, 1998; Hoffmann et al., 2012). Decreased fire is an effective means to
increase seedlings survival, especially in forest tree seedlings as these are
especially sensitive to top-kill by fire as a result of their relatively thin bark (Hoffmann
et al., 2012). Decreased herbaceous biomass also acts to increase seedling survival
by decreasing competition between herbaceous biomass and tree seedlings as
herbaceous biomass suppresses tree seedling growth, especially in the

establishment phase (Menaut et al., 1990; Jeltsch et al., 1997).

Contrary to the expectation of the second hypothesis, results indicated that
increased herbaceous biomass was associated with increased seedling survival.
Savanna, with high herbaceous biomass, had the highest percentage of surviving

seedlings (4%). Conversely the forest, with low herbaceous biomass, had the lowest

56



percentage of surviving seedlings (1%). Non-fire factors are likely influencing survival
rates as although survival was lower in burnt than unburnt plots, burnt savanna plots
had greater seedling survival rates than unburnt forest plots (12% in burnt savanna

vs 10% in unburnt forest).

Light is a non-fire factor that likely affects survival. Increased canopy openness was
associated with increased herbaceous biomass, likely as a result of increased light
reaching the understory. Light is often a limiting resource in forest environments, and
one of the primary factors reducing herbaceous biomass in the understory (Sage &
Kubien, 2003). The same increased access to light that enhances herbaceous
biomass in savanna environments may also be enhancing seedlings survival in this
vegetation type. Increased light functions to increase seedlings survival as it
increases non-structural carbohydrate concentrations (which includes starch) in
tropical tree seedlings (O’Brien et al.,, 2014), which increases seedling survival
through drought (O’Brien et al., 2014) and fire (Miyanashi & Kellman, 1986; Canadell
& Lbépez-Soria, 1998; Chapin et al., 1990; Iwasa & Kubo, 1997; Bowen & Pate, 1993;

Hoffmann et al., 2003, Olano et al., 2006).

Increased non-structural carbohydrate (NSC) concentrations increases tropical tree
seedling survival during drought as these NSC concentrations help tropical tree
seedlings maintain osmoregulation and hydraulic function during times of water
deficit (O’Brien et al., 2014). Tropical tree seedlings that enter into a drought period
with increased NSC concentrations maintain higher stem water potentials and
sustain their NSC concentrations during the drought better than seedlings that

entered the drought with reduced NSC concentrations (O’Brien et al., 2014). The
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ability of increased NSC concentrations to enhance seedling survival through
drought explains the increased survival of tree seedlings in the savanna compared to
other environments, as the significantly higher canopy openness increased the light

available to the seedlings, allowing them to accumulate more NSCs.

Increased NSC concentration also help increase tropical tree seedlings survival
through fire. Below-ground NSCs, or starch, reserves are essential for recovery and
growth post fire (Hoffmann et al., 2009). Species who survive fire are at an
advantage if they have immediate access to stored NSCs with which to power the
new growth until enough photosynthetic area has been recovered that the plant can
start supporting itself in that way (Miyanashi & Kellman, 1986; Canadell & Lopez-
Soria, 1998; Chapin et al., 1990; Ilwasa & Kubo, 1997; Bowen & Pate, 1993;
Hoffmann et al., 2003, Olano et al., 2006). Stored NSCs are so vital in the post-fire
recovery process that pre-fire NSC concentrations actually determine the ability of
trees to survive fire and how well they grow after being burnt (Bowen & Pate, 1993;
Kays & Canham, 1991). It is as a result of this relationship between NSC
concentrations and fire recovery ability that seedlings of savanna tree species,
having to deal with much more frequent fire than forest tree species seedlings, have
much higher total NSCs than forest tree species seedlings (Hoffman et al., 2004).
The ability of increased NSC concentrations to enhance seedling survival through
fire explains the increased survival of tree seedlings in the savanna compared to
other environments, as the significantly higher canopy openness increased the light

available to the seedlings, allowing them to accumulate more NSCs.
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Another cause of reduced survival in the forest plots may have been the nature of
the fire in these areas. While it was not explicitly tested in this study, the litter fall
from the canopy that facilitated the spread of fire in forest may have also allowed fire
to burn more slowly as its moisture content was likely higher as a result of the
increased humidity that accompanies decreased canopy openness in the forest
(Biddulph & Kellman, 1998). This slower burning may cause more damage to
seedlings by exposing them to increased temperatures for a longer period of time,
therefore increasing top-kill. Despite this, unburnt forest seedlings still had a lower
survival rate than seedlings in unburnt savanna or mixed, reinforcing that non-fire

factors such as light are still important in determining seedling survival rate.

Evidence of the fire resistance threshold was found, with T.superba and

B.buonopozense most strongly exhibiting this threshold response in survival

rates

The fire resistance threshold is the point at which a tree seedling escapes the fire-
trap, with its increased size decreasing its probability of being top-killed by fire
(Hoffmann et al., 2012). Fire is an important factor controlling seedling survival in all
vegetation types, with significantly more seedlings dying in burnt than unburnt plots.
The fire resistance threshold can be found by comparing pre-fire traits of seedlings
that survived fire to those that died in the fire. The third hypothesis stated that this
threshold existed in the system and that a threshold of pre-fire size (diameter and

height) in seedlings would be associated with a marked increase in post-fire survival.
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Stem diameter, height, and bark thickness are good predictors as to whether a tree
will be top-killed by fire or not (Hoffmann et al., 2012). Differences in relative bark
thickness are particularly important for fire resistance (Midgley et al., 2010) with the
limited success of forest species in fire-prone savanna environments attributed to
their increased rates of juvenile mortality as a result of thinner bark (Hoffmann et al.,
2009). In addition to predicting likelihood of top-kill, height is also a good indicator of
how well a tree will recover from fire (Schutz et al., 2009). For example, in African
savanna Acacia trees that were under 3m tall, taller trees had bigger roots,

increasing shoot growth post-fire (Schutz et al., 2009).

Seedlings that fell into a greater pre-fire height size class showed an increase in
survival compared to those that fell into a smaller pre-fire height class. This pattern
was not observed in unburnt seedlings, and therefore indicates that the fire-trap
hypothesis is true for seedling height, and that being taller conferred an advantage to
seedlings subjected to fire and increased their likelihood of survival. Evidence for the
fire resistance threshold was found for height, with seedlings taller than 380mm
showing a marked increase in survival rate. These findings can be compared to
those of Hoffmann et al. (2012) from the Brazilian Cerrado that led to the initial
development of the fire resistance threshold hypothesis. The results are novel,
however, as they show support for the fire resistance threshold existing for seedling

height, while it has only previously been demonstrated for bark thickness (Figure 4).

The same patterns were not seen for diameter, where increasing diameter class
conferred seemingly equal advantages to burnt and unburnt seedlings, with both

showing increased survival with increased size. This indicates that diameter in these
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small seedlings has not yet reached the fire resistance threshold, but rather that

seedlings with larger diameters may be more successful in capturing resources.

In examining species individually for evidence of the fire-trap, both T.superba and
B.buonopozense show evidence for its existence. In T.superba, seedlings that
survived the fire were both taller and had a greater diameter than seedlings that died
in the fire. Similarly, B.buonopozense seedlings that survived the fire had a greater

diameter than those that died in the fire.

There was evidence of trade-offs between competitive ability (i.e. growth and
resource capture traits) and ability to recover from fire (i.e. starch
concentration traits)

Trade-offs between competitive ability and ability to recover from fire were
hypothesised to exist. Since allocation trade-offs can be adaptive traits (Tomlinson et
al., 2012), it was predicted that there would be allocation trade-offs between fire
recovery traits, such increased starch concentrations in roots, and competitive
advantage traits relating to growth and resource capture, such as height and specific

leaf area.

Allocation trade-offs in plants are common, and allocation trade-offs between
competitive ability and dispersal ability (Sevenster & van Alphen, 1993; Rees, 1995;
Westoby et al., 1996) as well between competitive ability and colonisation ability
(Levins & Culver, 1971; Horn & MacArthur, 1972; Levin & Paine, 1974; Hastings,

1980, Tilman, 1994) are well documented. Most commonly, allocation trade-off
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patterns have been studied where the underlying trade-off is one where an
investment in resprouting ability, or below-ground starch reserves, has been
associated with a decline in investment in reproductive ability (Bellingham &
Sparrow, 2000). The trade-off between investment in below-ground starch reserves
and above-ground growth has not been demonstrated in tropical forest tree

seedlings, and therefore the results of this study are novel.

Allocation patterns in seedlings indicated that trade-offs existed between growth and
resource capture traits, which may enhance competitive ability, and starch
concentration traits, which may enhance ability to cope with fire. There was an
absence of any seedlings exhibiting both high root starch concentrations and great
height, diameter, number of leaves, specific leaf area or root to shoot ratio. The
implication of this is that seedlings are either allocating resources to below-ground
starch storage in large root biomass, or to growing tall and big and capturing more
light to increase photosynthesis and competitive ability. B.buonopozense showed
this trade-off clearly, having the highest root starch and leaf starch concentration of
all the surviving seedling species but not exhibiting greater growth and resource
capture traits, such as height, stem diameter, number of leaves, specific leaf area or
specific root length. Conversely, the other species had lower root and starch
concentrations than B.buonopozense, but were often superior to B.buonopozense in
other growth traits such as height or number of leaves (eg. T.superba was taller than

B.buonopozense and had more leaves).

The principle components analysis (PCA) further examined these trade-offs and how

they may be influencing survival. The first two principle components clearly separate
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the tree species from one another and the species separate clearly according to
which vegetation type they survived the best in. B.buonopozense survived well in
savanna, K.ivorensis survived well in forest, and T.scleroxylon and T.superba
survived well in mixed and forest environments. The enhanced survival of different
species in different vegetation types and a lack of species that survive well in all
three vegetation types implied that trade-offs were present in these seedlings, with
different allocation strategies causing differential survival of species in different

vegetation types.

The PCA showed that seedlings surviving in savanna did so based on leaf and root
starch concentrations, traits that allowed them to recover from fire. Species that
survived well in mixed environments did so on the basis of growth and resource
capture or competition traits, such as height, diameter and number of leaves.
Similarly, species that survived in forest also did so based on competition traits,
however these were more biomass based, such as specific root length, specific leaf
area and root to shoot ratio. These results indicate that fire drives survival in
savanna, while competition drives survival in mixed and forest environments. The
existence of trade-offs is not unexpected as trade-offs are a central part of the life
history strategy of plants in frequently disturbed areas, with trade-offs between
damage avoidance and resprouting ability observed across a wide range of woody

plants (Vesk, 2006).
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The existence of these trade-offs mean certain forest species may be better
poised to encroach into savanna than others

Encroachment of forest into savanna is a process occurring in savannas worldwide
(Archer, 1995; van Auken, 2000; Roques et al., 2001, Moleele et al., 2002). It has
been specifically noted in tropical African savannas (Mitchard et al., 2009; Mitchard
& Flintrop, 2013) and in the southern hemisphere African savannas (Wigley et al.,
2010; Buitenwerf et al., 2012). The encroachment of forest into savanna is not simply
a matter of closing the canopy, but is also a change in species composition as
savanna tree species have a lower leaf area index than forest species, and therefore
are not be able to develop a closed canopy (Hoffmann et al., 2005). Understanding
which forest species are able to succeed in savanna is thus crucial if encroachment

of forest in savanna is to be monitored and managed effectively.

A model that may explain how forests encroach into savannas is the “storage effect”
(Warner & Chesson, 1985; Chesson & Huntly, 1989), whereby reproductive potential
is stored between generations in the large number of small trees trapped in the fire-
trap that are able to recruit strongly when conditions become favourable. The
“storage effect” hypothesis hinges on the fact that under appropriate fire regimes
forest species will be unable to encroach into savanna, and under fire suppression
the opposite is true. This importance of fire in maintaining the savanna ecosystem is
demonstrated well in fire suppressed savanna systems, for example in a Brazilian
savanna under fire suppression forest tree species accounted for more than one
third of all seedlings in the savanna and 14% of the adult trees, indicating that under
continued fire suppression the forest would continue encroaching into the savanna

(Geiger et al., 2011).
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Following the logic of the “storage effect”, forest tree species that survive better in
savanna environments are able to build up a larger store within the grass layer,
making them better poised to encroach upon savanna when conditions are suitable
for the fire-trap to be overcome. Fire is one of the most important factors controlling
tree success in savannas (Bond, 2008; Staver et al., 2011a), therefore greater ability
survive frequent fire is a distinct advantage to trees growing in a savanna
environment. Forest species seedlings are rare in regularly burnt savanna (Hoffmann
et al., 2012), but more abundant when fire is suppressed (San José & Farifias, 1991;
Geiger et al., 2011), suggesting that fire is limiting their success in the savanna
(Hoffmann et al., 2012, 2004). Furthermore, under fire suppression the recruitment of
forest species can exceed that of savanna species in savanna, with forest tree
species being especially common at forest-savanna border, indicating that under
continued fire suppression forest will encroach into savanna (San José & Farifias,

1991; Russell-Smith, 2004; Geiger et al., 2011).

The observed trade-off patterns that allowed B.buonopozense to have greater
survival rates in the savanna than other species both before and after fire indicate
that this species has the potential to lead the encroachment of forest into savanna.
B.buonopozense was the most successful species in the study, it had the highest
number of surviving seedlings and most these survived in the savanna, despite this
being the most extensively burnt of the vegetation types. B.buonopozense also had
the highest root and leaf starch concentration, with the PCA linking these to its
increased survival in the savanna. Starch accumulation was a trait that allowed it to

survive and recover effectively from fire (Miyanashi & Kellman, 1986; Canadell &
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Lopez-Soria, 1998; Chapin et al., 1990; lwasa & Kubo, 1997; Bowen & Pate, 1993;
Hoffmann et al., 2003, Olano et al., 2006), it also would have contributed to the
increased pre-fire survival rate of this species by increasing its ability to survive
drought (O’Brien et al., 2014). B.buonopozense also showed a higher ability to
resprout than the other species, which would have further enhanced its survival in

this frequently burnt environment.

B.buonopozense also shows remarkable ability to recover from fire. Within five
months of fire, B.buonopozense seedlings that were burnt show no significant
difference to unburnt seedlings in diameter, specific leaf area or specific root length.
Furthermore, root starch concentration was not significantly affected by whether or
not seedlings were burnt, indicating that in addition to biomass recovery post-fire, in
this same short time period starch reserves had also been replenished. Similarly fast
rates of recovery have been reported for a fire-adapted African savanna Acacia tree
species, where root starch concentrations in burnt trees reached the levels of
unburnt trees within a year after fire (Schutz et al.,, 2009). This places
B.buonopozense in a good position to deal with repeated fire, an essential if this

forest species is to survive in the frequently burnt savanna (Hoffmann et al., 2012).

The encroachment of forest into savanna represents a shift from one stable state to
another (Lehmann et al., 2011; Ray et al., 2005; Bowman, 2000). The ability,
therefore, of seedlings to cross either the fire resistance or fire suppression threshold
is vital, as once either threshold is crossed positive feedbacks within the system
make reverse shifts to the previous state both difficult and unlikely (Lehmann et al.,

2011). Woody thickening and encroachment of forest into savanna has already been
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reported in various southern African savannas, and here it has been attributed to
global drivers such as increased atmospheric carbon dioxide and not to local drivers
such as land use change (Wigley et al., 2010; Bond & Midgley, 2012). It therefore it
remains a relevant issue for the mesic West African savannas pre-emptive
monitoring of this would be wise. Considering B.buonopozense’s success in
savannas as well as its preferential allocation to fire recovery traits, it is a species
ideally poised to flourish in the frequently burnt savanna if the right conditions
prevail. These factors, combined with B.buonopozense’s ability to grow in the
transition zone between forest and savanna, make it a prime candidate as an
indicator species of forest encroachment into savanna in mesic West African

savannas.

Non-fire factors, such as drought, are also likely important for seedling

survival

Drought and herbivory are important drivers of open canopies in savanna, often
acting in a way similar to fire (Hoffman, 2012). In fact, fire and drought are the two
most important constraints in seedlings development in the Brazilian Cerrado
(Hoffmann, 2000). Forest seedlings may be specifically vulnerable to the effects of
drought, and changes in precipitation regimes as a result of climate change have
already been shown to be causing dieback of tropical forests across the globe (Potts,

2003; Phillips et al., 2010; Andregg et al., 2012; Chaot et al., 2012).

The sharp decrease in survival seen in all seedlings before the fire and in unburnt

seedlings after the fire indicates that fire alone is not responsible for the lack of
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success of these species. Drought is a likely cause of this as a strong association
was found between decreased total precipitation and lower seedling survival.
Drought is not an uncommon challenge for savanna tree species, and savanna
seedlings tend to have a deeper taproot that develops quickly at a young age to help
with drought tolerance by providing access to water at deeper levels (Rizzini, 1965;
Moreira, 1992; Oliveira & Silva, 1993; Hoffmann, 2000). Forest seedlings do not
have this ability, and the lower survival of forest than savanna seedlings when both
are grown in a savanna environment has been attributed to drought stress (Hoffman

et al., 2004).

B.buonopozense and T.scleroxylon show the highest survival rates before the fire,
when drought may have possibly been the factor most affecting survival. These two
species had higher leaf starch concentrations than T.superba, which shows a lower
pre-fire survival rate, suggesting that the ability of T.scleroxylon and
B.buonopozense to accumulate starch may be helping them survive through drought
conditions, as carbohydrates are important for drought tolerance (O’Brien et al.,
2014). The better ability to deal with drought before the fire allowed them to both
have a higher number of seedlings go into the fire, but also a higher number survive

the fire.

Possible improvements and future research opportunities

This study did well to examine how certain tropical forest tree species fit into the fire-
trap hypothesis. However, a larger sample size with more species would make the

tests even more powerful. The incorporation of savanna species as well as forest
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species would be advised. Measures to specifically test the effect of drought on the
seedlings, such as soil moisture measurements, would allow for more conclusions
on factors affecting seedlings survival to be drawn. Similarly, including herbivory
exclosures could provide fascinating results as field observations indicated that
insect herbivory was widespread. Splitting the plots into those with no grass
biomass, i.e. reducing competition, may also be helpful for determining what the

greater survival of seedlings in savanna could possibly be attributed to.
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CONCLUDING REMARKS AND MANAGEMENT IMPLICATIONS

This study found evidence for the fire suppression threshold in this system to a
certain degree. A threshold canopy openness of approximately 30% existed, below
which herbaceous biomass decreased with a decrease in canopy openness.
However, this decreased herbaceous biomass was associated with neither the
suppression of fire nor the increased survival of seedlings, with fire burning many low
herbaceous biomass plots and seedlings survival increasing with increasing
herbaceous biomass. Evidence for the fire resistance threshold was found, with
seedlings with a pre-fire height above 380mm showing an increased post-fire
survival rates. Trade-offs between competitive ability and ability to recover from fire
were found both within and between species, with no individuals able to allocate
extensive resources to both simultaneously. Allocation trade-offs in B.buonopozense
increased its survival rate in savanna as it was the most equipped to deal fire and

drought as a result of its high starch concentrations.

The implication of these fire thresholds being present, to varying degrees, in this
West African tropical system is that this system is vulnerable to state shift. Following
alternative stable states theory, the presence of thresholds in this system implies that
once a threshold has been crossed a state shift from forest to savanna will occur and
will not be easily reversible. Since global scale environmental drivers, such as
increasing atmospheric carbon dioxide, can cause trees to cross these thresholds
faster, effective monitoring is essential in order to be able to pre-emptively manage

this system and avoid loss of the savanna biome. According to this study,
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B.buonopozense is a species whose increased success in savanna systems may be

a warning sign of encroachment of forest.

Once early signs of encroachment have been noted, the management of these
systems in order to maintain both states of the ecosystem can be effectively
accomplished by altering the fire regime of the area using the knowledge about
thresholds in these forest species. However whether or not these systems should be
managed to maintain both forest and savanna or not is a matter widely debated.
While both ecosystem states have value, environmental change may make
management of these states futile. Recent findings indicate that the effects of
increasing atmospheric carbon dioxide will override the effects of alternative stable
states theory across tropical and subtropical Africa, resulting in many alternative
stable state ecosystems that are tree dominated or herbaceous layer dominated

becoming deterministically tree dominated in the future (Moncrieff et al., 2014).
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APPENDIX

Starch extraction

Since many seedlings were very small, their volumes proved difficult, thus seedlings
material was collated into categories. Material that was from the same section of the
seedlings (root, stems, leaves), the same species, the same vegetation type, and the
same fire treatment (high, low) were collated together and analysed as one sample.
Despite this, certain samples were still present in quantities too small to be analysed.
Where enough material was available, all collated samples were analysed in

triplicate.

Collated samples were ground into a powder in a kitchen spice grinder with a special
attachment for grinding very small quantities of spice without waste. Root samples
were specifically difficult to grind finely and so samples were passed through a 500
micron sieve to ensure no especially large pieces contaminated the powder. The
grinder was cleaned and dried thoroughly between samples to avoid contamination.
Samples were stored in a 40°C oven to avoid excess uptake of water vapour in the

air.

Approximately 50 mg of each collated sample was placed into a 2 ml Eppendorf
tubes, the exact weight of the sample was recorded (the scale used was accurate to
0.0001 g). 1 ml of water was added to each tube before vortexing on high speed for
30 s and placed in a freezer for 10 min before being vortexed again for 30 s and
back in the freezer for 10 min. It was ensured that samples were not freezing during

their time in the freezer, and if they seemed to be cooling to the point of solidifying
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they were removed from the freezer. Samples were then centrifuged at 10 000 g in
an Eppendorf Centrifuge 5415C for 10 min. The supernatant was then removed
carefully with a capillary Pasteur pipette and discarded. The remaining pellets were

stored in a -15 °C freezer overnight.

The next morning the frozen pellets in their tubes were put onto ice and 1 ml of
ethanol was added using an automatic pipette. Samples were then vortexed on high
speed for 30 s. Many pellets were not completely dissolved after 30 s and so these
samples were vortexed until the pellet completely dissolved. Samples were then
placed in a 70 °C oven for 10 min before being cooled down again in a freezer for 10
min and then centrifuged for 10 min at 10 000 g in the same centrifuge as before.
The supernatant was then discarded in a similar as manner as before. These steps
were repeated until the supernatant looked clear (i.e. not green because of
chlorophyll), this was twice for root, three times for stem, and 4 — 6 times for leaf

material. Washed pellets were stored overnight in a -15 °C freezer.

The next day the pellets in their tubes were put on ice and 1 ml of 6M HCI was
added using an automatic pipette. The tubes were vortexed on high speed for 30 s
and then an additional 0.5 ml of HCI was added to the tubes. The tubes were cooled
for 1 hin a 4-5 °C fridge. The samples were then centrifuged for 20 min at 10 000 g
in the same centrifuge as before. The supernatant was then transferred carefully into
a 50 ml plastic centrifuge tube using Pasteur pipettes in a similar manner as before.
Care was taken to clean pipettes using water carefully between samples to avoid
contamination. 1 ml of 6M HCI was then added to the tubes with the pellets in them

before they were vortexed on high speed for 30 s. A further 0.5 ml was then added to
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the tubes before they were cooled for 1 h in a 4-5 °C fridge and centrifuged again for
20 min at 10 000 g in the same centrifuge as before. The supernatant was again
recovered in a similar manner and added to the same 50 ml tube. 1 ml of 6M HCI
was added to each 50 ml tube to make the total HCI| volume per tube 4 ml. 16 ml of
methanol was then added to each tube (giving a ratio of 1 part 6M HCI to 4 parts
methanol) and all 50 ml tubes were vortexed. The 50 ml tubes were stored in a 4-5

°C fridge over the weekend.

The 50ml plastic tubes were centrifuged at 10 000 g for 10 min at 5 °C (Sorval SS-34
centrifuge) The supernatant was then removed and discarded using a Pasteur
pipette as before. All of the remaining starch in the tube was transferred to a pre-
weighed 2 ml Eppendorf tube using a Pasteur pipette. The 50 ml tubes were rinsed
with methanol and each time this rinsing methanol containing starch was added to
the same 2 ml Eppendorf as the starch, this was done until all starch was removed
and the 2 ml mark was reached on the Eppendorf tube. Care was taken to not leave
any starch behind. The 2 ml tubes containing methanol and starch were centrifuged
at 16 000 g for 10 min in the same Eppendorf centrifuge as before. The supernatant
was then carefully removed and discarded using a Pasteur pipette. The 2 ml tubes
were then left open in a 50 °C oven for 60 min until the methanol had evaporated.
The tubes were then closed left for 15 min and re-weighed with the dried starch
inside. In this manner the starch content of each sample could be determined
gravimetrically (mg starch per g plant material = ((weight of 2 ml tube with dried

starch — weight of empty 2 ml tube weight) / original sample weight)*1000).
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Note: 159 samples were processed in four days working very long hours. The speed
of processing is almost entirely dependent on how many samples the centrifuge can

spin at a time.
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Appendix Table 1: Results of G-tests performed on the observed frequencies of seedling
survival in burnt and unburnt plots in Table 1. Values in red indicate a significant difference
between observed and expected frequencies for burnt vs unburnt in that comparison. Species
names are coded as follows: BB=B.buonopozense, Kl=K.ivorensis, ND=N.diderrichii,
TS=T.superba and WW=T.scleroxylon. Vegetation types are coded as follows: forest=FOR,
mixed-MXD and savanna=SAV. Total G is the sum of G-values for each individual
comparison, indicating whether across all vegetation types and all species there was a
significant difference between burnt and unburnt seedling survival frequencies. Pooled G is
the sum of the G-values of the comparisons between burnt and unburnt for each vegetation
type. Heterogeneity G is the G-value that tests whether or not the pooled G-value is
appropriate to use, in this case it is not significant (p>0.05) indicating that underlying sample
sizes are not different enough from one another that the pooled G-value would be
inappropriate.

G test for burnt v unburnt

Species  Veg Type G-value df p-value
BB FOR 0.10 1 0.747
BB MXD 8.39 1 0.004
BB SAV 0.13 1 0.723
Kl FOR 16.64 1 0.000
Kl MXD 0.13 1 0.719
Kl SAV 2.39 1 0.122
ND FOR 0.00 1 1.000
ND MXD 0.00 1 1.000
ND SAV 0.00 1 1.000
TS FOR 2.77 1 0.096
TS MXD 5.62 1 0.018
TS SAV 0.53 1 0.465
WW FOR 2.30 1 0.065
WW MXD 4.33 1 0.037
WW SAV 1.28 1 0.258
Total G 44.617 15 0.000

Pooled G test
FOR fire/funburnt 6.511 1.000 0.005
MXD fire/unburnt 17.863 1.000 0.000
SAV fire/unburnt 1.612 1.000 0.204
Pooled G 25.986 3.000 0.000
Heterogeneity G 18.631 12.000 0.098
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Appendix Table 2: Number of burnt seedlings that showed evidence of resprouting at the
time of harvest in June 2014. Species names are coded as follows: BB=B.buonopozense,
Kl=K.ivorensis, ND=N.diderrichii, TS=T.superba and WW=T.scleroxylon. Vegetation types are
coded as follows: forest=FOR, mixed-MXD and savanna=SAV.

FOR MXD SAV
resprouting | no resprouting | resprouting | no resprouting | resprouting | no resprouting [sum
BB Count 2 0 1 2 17 6 28
% of total surviving 100 0 33 67 74 26
Kl Count 0 0 0 1 1 2 4
% of total surviving 0 0 0 100 33 67
ND Count 0 0 0 0 0 0 0
% of total surviving 0 0 0
TS Count 0 0 0 3 1 1 5
% of total surviving 0 0 0 100 50 50
ww Count 4 0 0 3 3 2 12
% of total surviving 100 0 0 100 60 40
6 0 1 9 22 11
6 10 33 49
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